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Enhanced long-chain fatty acid uptake contributes to overaccumulation of
triglyceride in hyperinsulinemic insulin-resistant 3T3-L1 adipocytes
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Abstract

The precise pathogenesis of obesity remains controversial. In obesity, diminished adipose glucose utilization suggests that some other
substrates may be responsible for the adipose triglyceride (TG) overaccumulation. Here we attempted to evaluate if long-chain fatty acid
(LCFA) flux was modulated by a physiologically relevant condition of hyperinsulinemia in 3T3-L1 adipocytes and if the altered LCFA influx
might eventually contribute to the TG overaccumulation in obesity. The effects of prolonged insulin exposure to adipocytes on basal, insulin-
stimulated LCFA uptake as well as intracellular LCFA metabolism were measured. Prolonged insulin exposure was found to induce insulin
resistance (IR) yet enhance basal and insulin-stimulated LCFA uptake in normoglycemic condition, and the addition of high glucose
exacerbated these abnormalities of both glucose and LCFA influx. Along with the enhanced LCFA uptake was an increase in the rates of
intracellular LCFA deposition and incorporation into TG; but a decrease was found in basal and insulin-suppressive LCFA oxidation, as well
as in isoproterenol-induced fatty acid efflux. Inhibition of either phosphatidylinositol 3-kinase or mitogen-activated protein kinase (MAPK)
pathway did not prevent the induction of IR, whereas the enhanced basal and insulin-stimulated LCFA uptake was abrogated by inhibition of
MAPK pathway. In hyperinsulinemic insulin-resistant 3T3-L1 adipocytes, basal and insulin-stimulated LCFA uptake tends to increase via a
MAPK-dependent mechanism. The increment of LCFA influx predominantly accounts for TG overaccumulation, but not for mitochondrial
oxidation, and is prone to retain within adipocytes. These findings may interpret the plausible mechanism of pathogenesis for obesity in
hyperinsulinemia-associated IR.
© 2010 Elsevier Inc. All rights reserved.
1. Introduction

Obesity increases the risks of type 2 diabetes mellitus,
hypertension, and cardiovascular diseases and significantly
reduces the average life expectancy [1]. Serving as an
anabolic hormone, insulin has multiple effects such as
promoting glucose uptake, lipogenesis, and antilipolysis.
Many studies have reported that the sensitivity of glucose
uptake to insulin is diminished, whereas that of antilipolysis
to insulin is normal [2-4]. These alterations in insulin actions
have also been reported to be associated with the develop-
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ment of obesity [5]. Nevertheless, the pathophysiology of
obesity remains uncertain.

The plasma levels of both glucose and nonesterified fatty
acids tend to elevate during the postprandial state [6]. In
adipocytes, the stimulatory effect of insulin on glucose
uptake has been well studied; and more than 90% of the
long-chain fatty acid (LCFA) uptake is via a transporter-
mediated process [7]. After entering the adipocytes, most of
the glucose and LCFAs are incorporated into triglyceride
(TG). A recent study further demonstrated the stimulatory
effect of insulin on LCFA uptake and the concomitant
translocation of fatty acid transport proteins to plasma
membranes in adipocytes [8]. Accordingly, there is little
doubt that insulin serves a prominent role in the regulation of
glucose and LCFA uptake in adipocytes.

Obesity is generally considered to induce insulin
resistance (IR) and hyperinsulinemia by secreting excess
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free fatty acids and cytokines that impair insulin actions [5],
but some investigations have questioned if IR and hyper-
insulinemia per se also contribute to the development of
obesity [5]. For example, these 2 factors are the root causes
of IR syndrome that usually includes obesity [9]; and their
existence has already been observed during weight gain in
subjects who are not obese [10]. Nevertheless, it appears that
adipose IR is not the primary cause of obesity because
adipose-specific glucose transporter (GLUT) 4 abrogation
induces IR without developing obesity [11]. Considering the
lipogenic effect of insulin, hyperinsulinemia seems to serve
as an inducer of obesity or an important factor for
deteriorating this pathologic state.

The observation that adipose TG stores keep increasing
despite the decreased influx of glucose raises the possibility
that there might be some other substrates responsible for
the overproduction of adipose TG in obesity, and LCFA
can be the candidate substrate. Interestingly, elevated
cardiac LCFA uptake and TG storage are observed in
genetic [12] or diet-induced [13] models of IR. Therefore,
we hypothesized that, in the IR state, hyperinsulinemia can
stimulate the increase of adipose LCFA uptake to render
overproduction of TG and eventually the development
of obesity.

Prolonged exposure to insulin impairs the insulin-
stimulated glucose uptake in rats [14] and in 3T3-L1
adipocytes [15]. Numerous studies have further reported
that 3T3-L1 adipocytes develop IR in response to
physiologically relevant concentrations of insulin [16-18].
In the present study, we attempted to assess whether
continual exposure to physiologic doses of insulin could
enhance LCFA uptake in 3T3-L1 adipocytes and, if so,
whether this enhancement could account for the overpro-
duction of TG, but not for further oxidation of LCFA.
Meanwhile, we also evaluated the mechanism for altered
LCFA uptake and the mechanism underlying the selectiv-
ity of substrate utilization.
2. Research design and methods

2.1. Materials

Dulbecco modified Eagle medium (DMEM) and
penicillin-streptomycin-glutamine solution were purchased
from Gibco BRL (Gaithersburg , MD). Fetal bovine
serum (FBS) was obtained from Hyclone Laboratories
(Logan, UT). [9, 10(n)-3H]-palmitate, [1-14C]-palmitate,
and 2-deoxy-D-[1-3H]-glucose were purchased from
Amersham Biosciences (Aylesbury, United Kingdom).
Fatty acid–free bovine serum albumin (BSA), isobutyl-
methylxanthine (IBMX), dexamethasone, insulin, 2-deox-
yglucose, palmitic acid, and other lipid standards were
obtained from Sigma (St Louis, MO). LY294002 and
U0126 were obtained from Biomol International (Ply-
mouth Meeting, PA).
2.2. Cell culture

3T3-L1 fibroblasts (American Type Culture Collection,
Rockville, MD) were maintained in growth medium
containing DMEM, with low glucose (5.5 mmol/L)
supplemented with 10% FBS and 1% penicillin-streptomy-
cin-glutamine solution in incubators equilibrated with 10%
CO2, as described by Ho et al [19] with modifications. Two
days after confluence, differentiation was induced by IBMX
(0.5 mmol/L), dexamethasone (0.25 μmol/L), and insulin (1
μg/mL) in growth medium. Another 2 days later, the medium
was replaced by growth medium containing insulin (1 μg/
mL) for another 2 days. Thereafter, cells were fed with
growth medium every 2 days. Eight to 12 days after the
initiation of differentiation, cells exhibiting 90% to 95%
adipocyte phenotype, as evaluated by light microscopy, were
used in all experiments.
2.3. Induction of IR and treatment

Insulin resistance in 3T3-L1 adipocytes was induced
following the procedure described by Thomson et al [16]
with modifications. Briefly, 3T3-L1 adipocytes were
incubated in DMEM containing 1 nmol/L insulin, 5 or 25
mmol/L glucose, as well as 1% FBS for 16 hours. Krebs-
Ringer HEPES buffer (KRH buffer; 128 mmol/L NaCl, 4.7
mmol/L KCl, 1.25 mmol/L CaC12, 1.25 mmol/L MgSO4,
6.24 mmol/L Na2HPO4, 3.76 mmol/L Na2HPO4, and 20
mmol HEPES, pH 7.4) was used during the following
washing procedures and metabolic assays. To remove insulin
before the determination of glucose transport activity or the
conduction of other assays, cells were extensively washed by
warm KRH buffer containing 5 mmol/L glucose and 0.1%
bovine serum albumin at 20-minute intervals over 2 hours.

Next, adipocytes were acutely stimulated with insulin for
30 minutes and assigned to glucose uptake, LCFA uptake, or
other LCFA metabolic assays, in which 1 μmol/L and 100
nmol/L insulin was used, respectively. The Δ insulin-
stimulated deoxyglucose or LCFA uptake was calculated as
the absolute difference between insulin-stimulated state and
basal state [18]; the area under the curve (AUC) was
calculated by the trapezoid rule. Fifty micromoles per liter
palmitate bound to BSA resulting in a palmitate-to-BSA
ratio of 2 was used in all LCFA metabolic studies.
2.4. Glucose uptake

2-Deoxyglucose uptake was measured as previously
described [20,21] with some modifications. Adipocytes
were washed 3 times with 2 mL of warm KRH buffer
containing 0.1% BSA. It was initiated by an addition of 0.2
mmol/L 2-deoxy-D-[1-3H]-glucose (0.5 μCi/mL) at 37°C for
10 minutes. The reaction was terminated by buffer aspiration
and 3 times of washing with 2 mL ice-cold KRH buffer/0.1%
BSA, and then dissolved in 0.1% sodium dodecyl sulfate for
scintillation counting.
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2.5. LCFA uptake

Long-chain fatty acid uptake was measured as previously
described [20] with some modifications. Adipocytes were
washed 3 times with 2 mL of warm KRH buffer containing 5
mmol/L glucose and 0.1% BSA. Long-chain fatty acid
uptake was initiated by adding transport buffer containing 50
μmol/L [3H]-palmitate bound to BSA (0.5 μCi/mL) at 37°C
for 5 minutes. The reaction was also terminated by buffer
aspiration and 3 times of washing with 2 mL ice-cold KRH
buffer/0.1% BSA, and then dissolved in 0.1% sodium
dodecyl sulfate for scintillation counting.

2.6. Pretreatment of pharmacologic inhibitors

To assess the involvement of phosphatidylinositol 3-
kinase (PI3K) pathway and mitogen-activated protein kinase
(MAPK) pathway in the accompanied responses after the
induction of IR, cells were first preincubated in 5 mmol/L
glucose serum-starved DMEM containing LY294002 (10
μmol/L) or U0126 (25 μmol/L) for 1 hour before the IR
induction. Afterward, the cells were refed with 25 mmol/L
glucose serum-starved DMEM containing 1 nmol/L insulin
in the continual presence of inhibitors for 16 hours, followed
by 2-hour extensive washing.

2.7. Determination of LCFA incorporation into lipid

Long-chain fatty acid incorporation into lipid was
determined as previously described [20]. Adipocytes were
washed 3 times with 2 mL of warm KRH buffer containing 5
mmol/L glucose and 0.1% BSA. After pretreatment of
hormones for indicated times, adipocytes were incubated in
the same buffer containing 50 μmol/L [3H]-palmitate bound
to BSA (0.5 μCi/mL) for 2 hours. The reaction was
terminated by buffer aspiration and 3 times of washing
with 2 mL ice-cold KRH buffer/0.1% BSA. The cells were
then scraped into 300 μL KRH buffer and taken for Folch
extraction. Folch extracts were analyzed by thin-layer
chromatography on Silica Gel 60A plates (Merck, Darm-
stadt, Germany) using a 2-solvent system [22]. The first
solvent (diethyl ether:benzene:ethanol:acetic acid,
40:50:2:0.2) was run up to three fourths of the plate. Plates
were air dried, heated briefly to remove traces of acetic acid,
and run in the second solvent (diethyl ether:hexane, 6:94) to
1 cm from the top. The thin-layer chromatography plates
were again dried for 30 minutes. The spots of each lipid
class, visualized by spraying the plates with 0.0001%
rhodamine 6G, were scraped and counted.

2.8. LCFA oxidation

The rate of fatty acid oxidation was estimated by
measuring CO2 production as previously described [23,24]
with some modifications. Briefly, the monolayer cells were
trypsinized, washed twice with warm KRH buffer containing
0.1% BSA and 5 mmol/L glucose, and suspended in the
same buffer. Afterward, the cell suspensions were transferred
into plastic vials. After pretreatment of hormones for
indicated times, transport buffer containing 50 μmol/L
[14C]-palmitate bound to BSA (0.5 μCi/mL) was added;
and the vial was immediately sealed with a rubber stopper
that was attached to a central well (Kontes, Vineland, NJ;
respectively, no. 882310-0000 and no. 882320-0000). Cells
were incubated at 37°C during the experiment with constant
shaking (60 strokes per minute). At the end of a 2-hour
incubation, 0.5 mol/L perchloric acid was injected into the
incubation vials through the rubber stopper to destroy the
cells and terminate the metabolic reaction. To trap 14CO2

produced during the incubation period, 0.3 mL of 2 N NaOH
was injected into the suspended central well. Trapping of
14CO2 was completed overnight with gentle shaking at 37°C.
Eventually, NaOH containing the trapped 14CO2 was
collected and counted for radioactivity.

2.9. Fatty acid efflux

During the course of IR induction, 50 μmol/L 14C-
palmitate bound to BSA (0.5 μCi/mL) was concomitantly
added into DMEM of both control and chronically insulin-
treated cells. After a 16-hour incubation, unincorporated
fatty acids were removed by extensive washing as described
in IR induction. Cells were then incubated in KRH buffer
containing 5 mmol/L glucose and 0.1% BSA at 37°C. After
pretreatment of hormones for indicated times, supernatant
and monolayers were collected and counted for radioactivity.
No significant difference was found in the incorporated 14C-
radioactivity between control and insulin-resistant cells
(283969 ± 5125 vs 282082 ± 5685 cpm per well, P =
.809; results are the means ± SE from 4 independent
experiments). Fatty acid efflux was expressed as the ratios of
radioactivity in the supernatant to the total radioactivity
found in the supernatant and the cells, as described
previously [8].

2.10. Statistical analysis

Data were expressed as means ± SE. Differences between
control and IR cells were determined with an unpaired
Student 2-tailed test. Differences in the results between basal
and insulin-stimulated state, as well as between control and
IR cells, were determined by 1-way analysis of variance,
followed by Tukey post hoc analysis. A value of P b .05 was
considered statistically significant.
3. Results

3.1. Insulin-stimulated deoxyglucose and LCFA uptake in
differentiated 3T3-L1 adipocytes cultured in growth media
at physiologically relevant glucose levels

3T3-L1 adipocyte as a prominent tool is widely used for
investigation of adipocyte metabolism. To reduce the
possibility that high glucose or insulin concentrations
potentially modify the adipocyte metabolism, we used a
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standard IBMX, dexamethasone, and insulin differentiation
protocol, which contained 1 μg/mL insulin in the differen-
tiation cocktail and 5.5 mmol/L glucose, as described by Ho
et al [19]. Hence, a normoglycemic environment that is
physiologically relevant could be established during the
whole culture period. Using such a protocol, stable
differentiation of adipocytes was reproducibly achieved,
characterized by neutral fat accumulation and the morpho-
logic changes into adipocyte phenotype (Fig. 1A). In serum-
starved adipocytes, acute insulin stimulation induced a 4.7-
fold (P b .001) increase in deoxyglucose uptake and a 1.5-
fold (P b .05) increase in LCFA uptake (left and right side of
Fig. 1B, respectively), assuring us of a regular ability for
substrate uptake in response to acute insulin treatment.

3.2. Diminishment of insulin-stimulated glucose uptake and
enhancement of insulin-stimulated LCFA uptake in 3T3-L1
adipocytes through chronic exposure to insulin and glucose

To evaluate the consequence of chronic exposure to
physiologically relevant levels of insulin in our experiments,
adipocytes were preincubated in serum-starved media
containing 1 nmol/L insulin for 16 hours, in the presence
of 5 or 25 mmol/L glucose (denoted as HI/5mM Glc or HI/
25mM Glc, respectively). Subsequently, cells were exten-
sively washed and assigned to deoxyglucose or LCFA
uptake assays. Basal deoxyglucose uptake was not affected,
whereas insulin-stimulated deoxyglucose uptake was signif-
icantly decreased by chronic insulin exposure in normogly-
cemic environment (Fig. 2A, P b .05 vs “acute insulin” in
control) and was further exacerbated in the concomitant
challenge of 25 mmol/L glucose (Fig. 2A, P b .001 vs “acute
insulin” in control and HI/5mM Glc). The finding that
glucose down-regulates deoxyglucose uptake was consistent
with that of the previous reports [14,16]. Interestingly, the
Fig. 1. Characterization of adipocyte differentiation and the stimulatory effect of ins
accumulation and morphologic changes of differentiated 3T3-L1 adipocytes were
and treated with vehicle (white squares) or insulin (black squares) for 30 minutes, a
results are mean ± SE from 3 independent experiments. ⁎Significantly different fr
same chronic insulin treatment increased both basal and
insulin-stimulated LCFA uptake in normoglycemic condi-
tion (Fig. 2B, P b .001 vs “basal” and P b .001 vs “acute
insulin” in control, respectively); and the increments in basal
and insulin-stimulated LCFA uptake were additionally
augmented in the continual presence of 25 mmol/L glucose
(Fig. 2B, P b .001 vs “basal” in control and HI/5mM Glc; P
b .001 vs “acute insulin” in control and HI/5mM Glc). These
results revealed that chronic treatment to physiologic
concentration of insulin enhances basal and insulin-stimu-
lated LCFA uptake, and glucose acts synergistically with the
hyperinsulinemic environment by a pattern similar to that in
IR induction [18].

3.3. Alterations in the dose-response curves for insulin-
stimulated glucose uptake and LCFA uptake after chronic
exposure to HI/25mM Glc

To precisely assess the influence of prolonged exposure
of insulin and glucose on the acute insulin actions on
glucose and LCFA uptake, we compared the alterations of
dose-response curves for deoxyglucose uptake and LCFA
uptake after the chronic treatment of HI/25mM Glc. As
for deoxyglucose uptake, in addition to the decreased
responsiveness to maximal insulin stimulation by pre-
incubation with HI/25mM Glc, the dose-response curve
was shifted to the right by an order of magnitude (Fig.
3A). These insulin-resistant adipocytes remained unre-
sponsive to 10 nmol/L insulin acute challenge (Fig. 3A,
C); and the AUC of Δ insulin-stimulated deoxyglucose
uptake was reduced (Fig. 3C, 1.77 ± 0.06 vs 1.15 ± 0.07
arbitrary units, P b .05 vs control), indicating the
development of IR.

In control adipocytes, insulin elicited LCFA uptake in a
regular dose-related manner. A mild response was observed
ulin on deoxyglucose and LCFA uptake in 3T3-L1 adipocytes. A, Neutral fat
examined by light microscopy (200×). B, Serum-starved cells were washed
nd then cellular uptake of 2-deoxyglucose and palmitate was measured. The
om basal (no insulin additions, P b .05).



Fig. 2. Effect of chronic insulin exposure and glucose on insulin-stimulated deoxyglucose uptake and LCFA uptake in 3T3-L1 adipocytes. After incubation in
serum-starved media containing HI/5mMGlc or HI/25mMGlc, adipocytes were extensively washed and stimulated with insulin for 30 minutes; and then cellular
uptake of 2-deoxyglucose (A) or palmitate (B) was measured. Each panel represents the mean ± SE from 3 independent experiments. ⁎Significantly different
from “basal” (no insulin additions) in control (P b .05); #significantly different from the same state (“basal” or “acute insulin”) in control (P b .05); †significantly
different from the same state (“basal” or “acute insulin”) in HI/5mM Glc (P b .05).

Fig. 3. Dose-response curves for insulin-stimulated deoxyglucose uptake and LCFA uptake after chronic exposure to insulin at high glucose concentrations.
After incubation in serum-starved media containing HI/25mMGlc, adipocytes were extensively washed and assigned to deoxyglucose and LCFA uptake assays.
Cells were then washed and stimulated with insulin for 30 minutes, and then cellular uptake of 2-deoxyglucose (A) and palmitate (B) was measured. The Δ
insulin-stimulated deoxyglucose (C) and LCFA uptake (D) were calculated as the absolute difference between insulin-stimulated state and basal state. Each panel
represents the mean ± SE from 4 independent experiments. ⁎Significantly different from the vehicle alone in corresponding dose-response curve (P b .05);
#significantly different from each corresponding dose of insulin stimulation in control (P b .05).
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in LCFA uptake at 0.1 nmol/L, and maximal response was
reached at 1 nmol/L (Fig. 3B, white squares). Interestingly,
to elicit an observable or the maximal response, the doses
of insulin were much lower in LCFA uptake than those in
deoxyglucose uptake (Fig. 3, compare black squares in
panels A and B). Sixteen-hour preincubation of HI/25mM
Glc substantially elevated the basal uptake and insulin-
stimulated LCFA uptake, at any given dose of acute insulin
(Fig. 3B, black squares). Notably, there was also a decrease
in the AUC of Δ insulin-stimulated LCFA uptake in HI/
25mM Glc–pretreated adipocytes (Fig. 3D, 2.31 ± 0.21 vs
1.75 ± 0.03 arbitrary units, P b .05 vs control), suggesting
that insulin-stimulated LCFA uptake was blunted by HI/
25mM Glc. Taken together, chronic exposure to HI/25mM
Glc led to a remarkable elevation of LCFA influx
accompanied by a tendency of loss of the capacity for
insulin-stimulated LCFA uptake, reflecting that the major-
ity of LCFA uptake elevation virtually originated from up-
regulation of basal LCFA uptake.
Fig. 4. Alterations in intracellular LCFA metabolism after chronic exposure to insu
media containing HI/25mM Glc, adipocytes were extensively washed and assigned
minutes; and then the rate of LCFA oxidation (A), intracellular 3H-LCFA accum
micromoles per liter 14C-palmitate bound to BSA was concomitantly added into D
course of IR induction. Unincorporated 14C-palmitate was removed by extensive w
for 1 hour, and then fatty acid efflux was measured. In panels A, C and D, the resul
mean ± SE from 3 independent experiments. ⁎Significantly different from correspo
different from the same state (“basal” or “acute insulin”) in control (P b .05).
3.4. Elevation of LCFA influx accounted for adipose TG
overaccumulation but not for LCFA oxidation

The elevation of LCFA influx could be further partitioned
into esterification and/or the mitochondrial machineries for
LCFA oxidation. To clarify the metabolic fate of LCFA
after the transmembrane uptake, adipocytes chronically
exposed to HI/25mM Glc were pretreated with 100 nmol/L
insulin for 30 minutes; and then LCFA oxidation and
esterification were measured after a 2-hour incubation. In
control adipocytes, insulin exhibited a remarkable suppres-
sive effect on the rate of LCFA oxidation (Fig. 4A, P b
.001 vs “basal” in control). In HI/25mM Glc–pretreated
adipocytes, basal LCFA oxidation was substantially
reduced (P b .001 vs “basal” in control); and insulin still
suppressed the rate of LCFA oxidation (Fig. 4A, P b .001
vs “basal” in HI/25mM Glc). Notably, insulin suppressed
LCFA oxidation by 47% in control adipocytes, whereas
only a 24% reduction of LCFA oxidation by insulin was
lin at high glucose concentrations. A to C, After incubation in serum-starved
to various assays. Cells were then washed and stimulated with insulin for 30
ulation (B), and LCFA incorporation into TG (C) was measured. D, Fifty
MEM of both control and HI/25mM Glc–pretreated adipocytes during the
ashing. Cells were then washed and stimulated with 1 μmol/L isoproterenol
ts are mean ± SE from 4 independent experiments. In panel B, the results are
nding “basal” (no insulin or isoproterenol additions) (P b .05); #significantly
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observed in HI/25mM Glc–pretreated adipocytes, indicat-
ing that the regular suppressive effect of insulin on LCFA
oxidation was impaired by such a treatment. Acute insulin
moderately increased the rate of 3H-labeled palmitate
deposition into the intracellular unesterified LCFA pool
in both control and HI/25mM Glc–pretreated adipocytes
(Fig. 4B, P b .05 vs “basal” in control and P b .05 vs
“basal” in HI/25mM Glc, respectively). In these HI/25mM
Glc–pretreated adipocytes, the magnitude of intracellular
LCFA deposition was significantly increased by 1.45- and
1.32-fold in basal and insulin-stimulated states, as com-
pared with that in control adipocytes (Fig. 4B, P b .05 vs
each corresponding states in control). The rate of LCFA
esterification into TG was unresponsive to acute insulin
addition with or without any chronic treatment (Fig. 4C).
Interestingly, consistent with the trend of LCFA deposition,
the rate of esterification into TG was increased in all HI/
25mM Glc–pretreated adipocytes (Fig. 4C, P b .05 vs each
corresponding states in control). To exclude the possibility
Fig. 5. Effect of pharmacologic inhibition of PI3K pathway andMAPK pathway on
incubation with 5 mmol/L glucose serum-starved DMEM containing PI3K inhibitor
hour, 3T3-L1 adipocytes were refed with serum-starved DMEM containing HI/25
hour extensive washing. Cells were then washed and stimulated with insulin for 30
(C and D) was measured. In panels A and B, the results are mean ± SE from 8
additions) (P b .05); #significantly different from the “acute insulin” in control (P b
⁎Significantly different from vehicle only in control (no inhibitor additions) (P b .
additions) (P b .05). In panel D, the results are mean ± SE from 8 independent e
additions) (P b .05); #significantly different from “insulin” in HI/25mM Glc (no i
for discharge of the accumulated LCFA within the
adipocytes, we compared the ability of fatty acid efflux
between control and HI/25mM Glc–pretreated adipocytes.
After chronic exposure to HI/25mM Glc, the maximal fatty
acid efflux induced by 1 μmol/L isoproterenol was
significantly impaired (Fig. 4D, P b .001 vs “isoproterenol”
in control). Considering all of these findings, prolonged
exposure to HI/25mM Glc resulted in several defects in
mitochondrial LCFA oxidation and hormone-induced
lipolysis; and the intracellular LCFA from enhanced influx
tended to accumulate within the cells, which eventually
contributed to overaccumulation of adipose TG.

3.5. Increment of LCFA influx in both basal and insulin-
stimulated states was governed by the MAPK pathway of
insulin signaling cascades

Phosphatidylinositol 3-kinase–dependent and MAPK-
dependent pathways are 2 major branches of insulin
the HI/25mMGlc–induced abnormalities in glucose and LCFA influx. After
LY294002 (10 μmol/L) or MAPK kinase inhibitor U0126 (25 μmol/L) for 1
mM Glc in the continual presence of inhibitors for 16 hours, followed by 2-
minutes, and then cellular uptake of 2-deoxyglucose (A and B) and palmitate
independent experiments. ⁎Significantly different from “basal” (no insulin
.05). In panel C, the results are mean ± SE from 3 independent experiments.
05); #significantly different from vehicle only in HI/25mM Glc (no inhibitor
xperiments. ⁎Significantly different from “insulin” in control (no inhibitor
nhibitor additions) (P b .05).
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signaling cascades after insulin binding to its receptor and
the subsequent receptor autophosphorylation. Phosphatidy-
linositol 3-kinase is a key molecule mediating most of
metabolic actions of insulin [25,26], and the MAPK
pathway is primarily associated with the regulation of
mitogenesis [27]. Although MAPK pathway is not
responsible for the insulin-stimulated glucose uptake and
glycogen synthesis [28], Stahl et al reported that both PI3K
and MAPK mediate the insulin-stimulated LCFA uptake
[8]. Insulin can rapidly activates both PI3K and MAPK
pathways within few minutes [26] and has been reported to
chronically induce the desensitization of insulin signaling at
multiple levels [29]. Hypothetically, if IR and elevated
LCFA influx, which was induced by HI/25mM Glc,
originated from chronic stimulation (and/or desensitization)
of PI3K and MAPK pathways, then the inhibition of these
pathways would prevent the metabolic abnormalities they
make. To test this hypothesis, we pretreated adipocytes
with pharmacologic inhibitors against PI3K or MAPK
activation for 1 hour and then exposed them chronically to
HI/25mM Glc in the continual presence of inhibitors,
followed by extensive washing and assays. The HI/25mM
Glc–pretreated adipocytes consistently exhibited an im-
paired insulin-stimulated deoxyglucose uptake (Fig. 5A, P
b .001; Fig. 5B P b .001 vs “acute insulin” in control).
LY294002 is a potent PI3K inhibitor that can rapidly
abolish insulin-stimulated glucose uptake. In the present
study, continual exposure to LY294002 (10 μmol/L) alone
did not affect basal deoxyglucose uptake but mildly
suppressed insulin-stimulated deoxyglucose uptake (Fig.
5A), possibly because of the residual effect of LY294002
after extensive washing. The MAPK kinase inhibitor
(U0126; 25 μmol/L) alone showed no effect on basal and
insulin-stimulated deoxyglucose uptake (Fig. 5B). Neither
LY294002 nor U0126 pretreatment abrogated the impaired
insulin-stimulated deoxyglucose uptake by HI/25mM Glc
(Fig. 5A, B); thus, the possibility of chronic activation of
PI3K or MAPK pathway to mediate the development of HI/
25mM Glc-induced IR can be excluded. On the other hand,
chronic exposure to HI/25mM Glc elevated basal LCFA
uptake as expected (Fig. 5C, P b .05 vs vehicle only in
control); and this elevated LCFA uptake was not affected
by LY294002, but was fully blocked by U0126 (P b .05 vs
vehicle only in HI/25mM Glc). Acute insulin treatment
consistently stimulated LCFA uptake in all control
adipocytes (Fig. 5D, P b .001 vs vehicle only in control)
and HI/25mM Glc–pretreated adipocytes (P b .05 vs
vehicle only in HI/25mM Glc). In HI/25mM Glc–
pretreated adipocytes, insulin-stimulated LCFA uptake
was also elevated (P b .05 vs “insulin” in control); and
the elevation in insulin-stimulated LCFA uptake was
prevented by U0126 (P b .05 vs “insulin” in HI/25mM
Glc), but not LY294002. Taken together, this indicated that
chronic activation of MAPK pathway mediates the HI/
25mM Glc–induced elevation of LCFA uptake in both
basal and insulin-stimulated states.
4. Discussion

Obesity has been regarded as one of the components of IR
syndrome [30], although the interrelationship between
obesity and IR remains controversial. The predominant
explanation was that obesity causes IR and compensatory
hyperinsulinemia [5]. Nevertheless, IR and hyperinsuline-
mia, the root causes of IR syndrome, have also been reported
to contribute to the development of obesity [5]. Our present
study demonstrated that continual exposure to a physiolog-
ically relevant concentration of insulin did induce IR, but this
exposure inversely increased basal and insulin-mediated
LCFA influx and subsequently contributed to TG over-
accumulation. In this experimental model of adipose IR, the
selectivity of substrate utilization indicated that LCFA could
be the major substrate responsible for overproduction of TG
in obesity.

The mechanisms required for IR induction caused by
physiologic concentrations of insulin have been widely
explored in 3T3-L1 adipocytes [16-18,31], whereas several
unsolved issues need to be further investigated. Thomson et
al [16] and Chen et al [31] reported that chronic exposure to
physiologic concentrations of insulin impaired GLUT4
translocation. However, studies by Ross et al [17] and
Nelson et al [18] demonstrated that GLUT4 protein amount
[17,18] and GLUT4 translocation [18] were not affected by
such chronic insulin exposure. In agreement with our
findings (Fig. 2A) in the present study, Thomson et al [16]
reported that the presence of high glucose concentrations
exacerbated the IR induced by insulin; but the effect of high
glucose concentrations was not remarkable in the study by
Chen et al [31]. The study by Nelson et al [18] further
confirmed that high glucose flux was not involved in the
development of IR through hexosamine pathway. Neverthe-
less, the precise change in glucose metabolism in this state
was not fully elucidated. Because 2-deoxyglucose may differ
kinetically from glucose, the correction factor lumped
constant [32] must be used to derive rates of glucose
utilization from rates of 2-deoxyglucose uptake and
phosphorylation. Consequently, to assess the glucose
metabolism or to delineate the impact of glucose metabo-
lism-mediated effects, D-[U-14C]-glucose appears to be more
useful and worth to be used in further studies. Phosphati-
dylinositol 3-kinase–dependent and MAPK-dependent path-
ways are 2 major branches of insulin signaling cascades; our
findings (Fig. 5A, B) excluded that chronic activation of
PI3K or MAPK pathway is essential for this induction of IR.
Notably, several evidences [17,18,31] demonstrated that
proximal insulin signaling remained intact after long-term
exposure to physiologic concentrations of insulin, suggest-
ing that if a signaling defect exists, it likely lies more distal in
the insulin signaling pathway. The small GTP-binding
protein TC10 pathway functions in parallel with PI3K to
stimulate GLUT4 translocation in response to acute insulin
[33]. Interestingly, hyperinsulinemic state caused a marked
loss of cortical F-actin [31]; and TC10 may control the
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dynamics of actin dynamics [34]. Future studies are required
to confirm these speculations of the TC10 abnormalities in
IR induction.

Another major finding in this study was that chronic
exposure to physiologic concentrations of insulin also
enhances basal and insulin-stimulated LCFA uptake (Figs.
2B and 3B) and that MAPK pathway plays a mediating
role in enhancing the LCFA uptake, at both basal and
insulin-stimulated conditions (Fig. 5C, D). Coort et al [12]
reported that LCFA uptake is enhanced in cardiomyocytes
from obese Zucker rats through redistribution of FAT/
CD36, and they speculated that this enhanced LCFA
uptake in cardiomyocytes is due to the physiologically high
plasma insulin levels. In addition, these insulin-resistant
cardiomyocytes from obese Zucker rats are unresponsive to
acute insulin stimulation to elicit regular LCFA uptake
[12]. In accordance with the findings and interpretation by
Coort et al, our present study provided direct evidence that
LCFA uptake is enhanced in response to chronic exposure
to physiologic concentrations of insulin. Besides, in our
dose-response experiments (Fig. 3B, D), the decreased
AUC of Δ insulin-stimulated LCFA uptake also shows the
diminished responsiveness for insulin-stimulated LCFA
uptake after chronic exposure to insulin. However, in
adipocytes, the respective transporters responsible for basal
and insulin-stimulated LCFA uptake were not fully
understood [8,35]; and the insulin-stimulated LCFA uptake
could be fatty acid specific [35]. Further studies will be
required to clarify the components mediating the alterations
of LCFA uptake after chronic insulin exposure. Similar to
the results of IR induction (Fig. 2A), the role of glucose
that potentiates the enhancement in LCFA uptake (Fig. 2B)
also needs further elucidation.

The influence of prolonged insulin exposure on intracel-
lular LCFA metabolism is general (Fig. 4A-D). The
deposition of intracellular unesterified LCFA (Fig. 4B),
which was parallel to the trend for enhanced LCFA influx,
has been reported to strongly interfere with the physiology of
membrane functions and eventually lead to membrane
instability and disruption [36]. Hence, the general effect of
prolonged insulin exposure on intracellular LCFA metabo-
lism might be secondary to the rise in intracellular
unesterified LCFA. The apparently impaired basal and
insulin-suppressed LCFA oxidation (Fig. 4A) suggested
that some defects occur in the machineries of mitochondrial
LCFA oxidation. The TG pool of these treated adipocytes
exhibited a reduced lipolytic rate in response to adrenergic
stimulation (Fig. 4D), as previously described by Olansky
and Pohl [37]. This impaired isoproterenol-induced lipolysis
could be due to that hyperinsulinemic conditions disrupt β-
adrenergic signaling to protein kinase A in the study by
Zhang et al [38]. The robust increase in the rate of LCFA
incorporation into TG (Fig. 4C) reflected that intracellular
LCFA deposit is extensively partitioned into esterification
and is prone to retain within adipocytes chronically exposed
to insulin.
In conclusion, chronic exposure to physiologic concen-
trations of insulin, potentiated by adding high glucose, may
induce IR and inversely enhance basal and insulin-
stimulated LCFA uptake in 3T3-L1 adipocyte. Insulin
resistance is not mediated by the chronic activation of PI3K
or MAPK pathway. However, MAPK pathway plays a role
in enhancing LCFA influx in basal and insulin-stimulated
states. The enhanced LCFA influx further induces intra-
cellular LCFA deposition and TG overaccumulation and,
meanwhile, impairs the mitochondrial LCFA oxidation and
adrenergic agent–induced lipolysis. The present study
demonstrated that, in the presence of hyperinsulinemia,
LCFA serves as the substrate for TG storage during the
development of IR-associated obesity. Targeting the
MAPK branch of adipose insulin signaling may be
considered as a therapeutic approach against hyperinsuli-
nemia-associated obesity.
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