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Abstract
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Trivalent chromium (Cr3+) is known to improve glucose homeostasis. Cr3+ has been shown to
improve plasma membrane-based aspects of glucose transporter GLUT4 regulation and increase
activity of the cellular energy sensor 5′ AMP-activated protein kinase (AMPK). However, the
mechanism(s) by which Cr3+ improves insulin responsiveness and whether AMPK mediates this
action is not known. In this study we tested if Cr3+ protected against physiological
hyperinsulinemia-induced plasma membrane cholesterol accumulation, cortical filamentous actin
(F-actin) loss and insulin resistance in L6 skeletal muscle myotubes. In addition, we performed
mechanistic studies to test our hypothesis that AMPK mediates the effects of Cr3+ on GLUT4 and
glucose transport regulation. Hyperinsulinemia-induced insulin-resistant L6 myotubes displayed
excess membrane cholesterol and diminished cortical F-actin essential for effective glucose
transport regulation. These membrane and cytoskeletal abnormalities were associated with defects
in insulin-stimulated GLUT4 translocation and glucose transport. Supplementing the culture
medium with pharmacologically relevant doses of Cr3+ in the picolinate form (CrPic) protected
against membrane cholesterol accumulation, F-actin loss, GLUT4 dysregulation and glucose
transport dysfunction. Insulin signaling was neither impaired by hyperinsulinemic conditions nor
enhanced by CrPic, whereas CrPic increased AMPK signaling. Mechanistically, siRNA-mediated
depletion of AMPK abolished the protective effects of CrPic against GLUT4 and glucose transport
dysregulation. Together these findings suggest that the micronutrient Cr3+, via increasing AMPK
activity, positively impacts skeletal muscle cell insulin sensitivity and glucose transport regulation.
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INTRODUCTION
A review of randomized controlled trials analyzing the effects of trivalent chromium (Cr3+)
supplementation on glucose metabolism found that Cr3+ supplementation significantly
improved glycemic control among patients with type 2 diabetes [1]. During the course of our
studies to identify and dissect the mechanism(s) by which Cr3+ improves glycemic status,
we found that Cr3+ enhances glucose transporter GLUT4 translocation and glucose transport
in 3T3-L1 adipocytes via lowering plasma membrane cholesterol [2–3].
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Building on these in vitro findings, analyses of glucose-intolerant humans and animal
models revealed increased skeletal muscle membrane cholesterol and reduced cortical
filamentous actin (F-actin) [4]. Studies using 3T3-L1 adipocytes and L6 myotubes suggest
that key metabolic derangements (e.g., hyperinsulinemia, hyperlipidemia) known to
accelerate the worsening of insulin resistance and progression to type 2 diabetes increase
plasma membrane cholesterol [4–6]. In these insulin-resistant cell model systems this gain in
plasma membrane cholesterol was found to compromise cortical F-actin structure essential
for GLUT4 and glucose transport regulation [4–6]. Further investigation demonstrated that
actin cytoskeletal dynamics are an essential feature of insulin-stimulated glucose transport in
intact skeletal muscle [7–8], which is responsible for approximately 80% of postprandial
glucose disposal [9] and a major peripheral site of insulin resistance [10]. However, the
impact of Cr3+ supplementation on membrane cholesterol, cortical F-actin and glucose
transport regulation in skeletal muscle cells is not known. Interestingly, in vitro and in vivo
studies have reported that Cr3+ treatment increases 5′-AMP activated protein kinase
(AMPK) activity [2, 11–15]. Given that AMPK phosphorylates and inhibits 3-hydroxy-3methyl-glutaryl coenzyme A reductase (HMGR), the rate-limiting enzyme in cholesterol
synthesis, Cr3+ could potentially mediate its beneficial effects on GLUT4 and glucose
transport regulation via AMPK activation.
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Currently, Cr3+ can be found in several nutritional supplements including Cr3+ picolinate
(CrPic). CrPic, the most popular form of Cr3+, represents the second overall highest-selling
nutritional supplement only behind calcium supplements [16]. Interestingly, CrPic
effectiveness in 3T3-L1 adipocytes has been demonstrated to be dependent on the diabetic
milieu [3], similar to the observation that CrPic supplementation does not affect glycemic
status in people without diabetes [1]. What is not known is whether CrPic supplementation
can protect against membrane cholesterol accumulation and F-actin loss in the insulinresistant state, and whether these beneficial aspects of CrPic action can prevent the
development of insulin resistance in skeletal muscle cells. Here we report that CrPic
supplementation in vitro prevents L6 skeletal muscle myotube membrane cholesterol
accumulation, cortical F-actin loss and glucose transport dysfunction induced by
physiological hyperinsulinemia. These studies were paired with mechanistic investigation to
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determine whether AMPK mediates the beneficial effects of CrPic on GLUT4 and glucose
transport regulation.
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RESULTS
CrPic protects against hyperinsulinemia-induced GLUT4/glucose transport dysfunction
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Studies first evaluated if CrPic protects against physiological hyperinsulinemia-induced
glucose transport dysfunction in L6 myotubes. Our CrPic treatment parameters were
selected based on our in vitro data showing that exposing 3T3-L1 adipocytes to CrPic,
ranging from 10 nM to 10 μM, for 16 h lowered plasma membrane cholesterol and enhanced
glucose transport [2]. Given that the lower 10–100 nM dose of CrPic is closely akin to
concentrations expected to be observed in tissues from individuals supplemented with CrPic
in vivo [2], we incubated L6 myotubes in the absence or presence of 100 nM CrPic for a
total of 16 h with or without 5 nM insulin for the last 12 h. Acute insulin-stimulation
increased glucose transport by 97% in control, non-CrPic treated cells (Fig. 1A, compare
bars 1 and 2), and this was inhibited by 67% in myotubes exposed to hyperinsulinemia with
no CrPic (Fig. 1A, compare bars 2 and 4). No change in basal glucose transport levels were
observed (Fig. 1A, compare bars 1 and 3). This hyperinsulinemia-induced glucose transport
dysfunction was not observed in CrPic-treated myotubes (Fig. 1A, compare bars 2 and 8). A
similar insulin-stimulated GLUT4 translocation defect and protective effect of CrPic was
observed (Fig. 1B, compare bars 2, 4 and 8). Basal and acute insulin-stimulated glucose
transport and GLUT4 translocation in control cells were not affected by CrPic (Figs. 1A and
1B, compare bars 1 and 5, 2 and 6).
Membrane and cytoskeletal defects do not occur in the presence of CrPic
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Recent evidence has suggested that AMPK agonists protect against hyperinsulinemiainduced GLUT4 dysregulation in L6 myotubes [17]. This beneficial effect of AMPK activity
was shown to involve protection against excess membrane cholesterol accumulation and
cortical F-actin loss [17]. Similarly, we find here that insulin-induced insulin-resistant L6
myotubes display a slight increase (20%, p<0.05) and decrease (11%, p<0.05) in membrane
cholesterol and cortical F-actin, respectively (Figs. 2A and 2B, compare bars 1 and 2). In
contrast, these hyperinsulinemia-induced changes were not seen in myotubes cultured in the
presence of CrPic (Figs. 2A and 2B, compare bars 1, 2, and 4). No significant effect on
membrane cholesterol or F-actin was seen in control myotubes exposed to CrPic alone (Figs.
2A and 2B, compare bars 1 and 3).
Insulin signal transduction is not impaired by hyperinsulinemia nor enhanced by CrPic
Studies have documented that neither physiological hyperinsulinemia nor effects of CrPic
are attributed to decreases or increases, respectively, in insulin signaling [2–3, 8, 18],
although some studies have suggested that CrPic amplifies insulin signaling [19–21].
Therefore, key signaling parameters of insulin action were evaluated. As previously reported
in this insulin-resistant L6 myotube model system [8], basal or insulin-stimulated
phosphorylation of Akt2 at serine residue 474 (Ser474) was not impaired (Fig. 3A, compare
lanes/bars 1–4). Phosphorylation of the Akt substrate of 160 kDa (AS160)/TBC1 domain
family, member 4 (TBC1D4), which will be referred to in all subsequent text and figures as
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AS160, was detected using a phospho-Akt substrate antibody and was also not impaired
(Fig. 3B, compare lanes/bars 1–4). In addition, the presence of CrPic in the medium did not
affect basal or insulin-stimulated phosphorylation of Akt2 Ser474 or AS160 under control or
hyperinsulinemic conditions (Figs. 3A and 3B, lanes/bars 5–8).
CrPic increases AMPK activity and AMPK loss prevents CrPic’s beneficial action
Consistent with previous observations in Cr3+-treated cells [2, 11–13] and tissues from Cr3+supplemented animals [14–15], myotubes cultured in either control or hyperinsulinemic
conditions showed a CrPic-stimulated increase in AMPK activity, as evidenced by increased
phosphorylation of the catalytic alpha subunit at Threonine residue 172 (Thr172) (Fig. 4A).
Chronic insulin exposure did not affect Thr172 phosphorylation (Fig. 4A, compare lanes/
bars 1 and 3). In addition, CrPic-stimulated Thr172 phosphorylation trended (*p=0.06) to be
greater in hyperinsulinemia-induced insulin-resistant myotubes compared to control
myotubes (Fig. 4A, compare lanes/bars 2 and 4).
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To confirm that CrPic treatment of L6 myotubes resulted in increased AMPK activity, the
phosphorylation of acetyl CoA carboxylase (ACC) at Serine residue 79 (Ser79), a well
characterized substrate of AMPK, was evaluated. A 17% increase in phosphorylation of
ACC at Ser79 in myotubes treated with CrPic compared to control (Fig. 4B, compare lanes/
bars 1 and 2) was detected, similarly to the increase in AMPK Thr172 phosphorylation in
the presence of CrPic. Hyperinsulinemia had no effect on ACC Ser79 (Fig. 4B, compare
lanes/bars 1 and 3). In line with AMPK Thr172 findings, CrPic also induced a significant
increase in phosphorylation of ACC at Ser79 in myotubes exposed to hyperinsulinemia that
was significantly enhanced compared to control myotubes (Fig. 4B, compare lanes/bars 2
and 4). An antibody that recognizes HMGR when phosphorylated at Serine residue 872 was
also tested to determine if CrPic-induced AMPK activation was associated with an increase
in phosphorylation of HMGR Ser872, yet the intensity of the bands detected were too faint
for accurate analysis.
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To determine if AMPK activation was required for CrPic action, we next tested the effect of
siRNA-mediated knockdown of the catalytic α subunits of AMPK (siAMPK). Since L6
myotubes express α1 and α2 AMPK subunits, oligonucleotides against both were used
simultaneously for knockdown of AMPK catalytic activity. The combination of α1 and α2
isoform-specific oligonucleotides reduced the detectable pan-AMPKα protein by 75% (Fig.
5A). Increased AMPK phosphorylation was observed in control and hyperinsulinemic
myotubes transfected with scrambled control (siScramble) oligonucleotides and treated with
CrPic (Fig. 5B, lanes/bars 1–4). Although the CrPic-mediated increase in AMPK
phosphorylation did not reach statistical significance in siScramble myotubes, this trend was
apparent. In addition, we observed a characteristic AMPK activation by the AMPK agonist
5-aminoimidazole-4-carboxamide-1-beta-D-ribonucleoside (AICAR) in siScramble
myotubes (data not shown), as we have previously reported in these cells using this
knockdown system [17]. Consistent with the substantial loss of AMPK in siAMPK
myotubes, the stimulatory effect of CrPic and AICAR on AMPK Thr172 phosphorylation in
these cells was abolished under both control and hyperinsulinemic conditions (Fig. 5B,
lanes/bars 6, 8, and 9). The reduction in AMPKα did not impair basal and insulin-stimulated
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insulin receptor signaling (data not shown) or signaling to Akt2 Ser474 in any of the
treatment groups (Fig 5C). Mechanistically, the protective effects of CrPic on insulinstimulated GLUT4 translocation and glucose transport observed in hyperinsulinemiainduced insulin-resistant siScramble myotubes (Figs. 6A and 6B, compare bars 2 and 4)
were not observed in siAMPK myotubes (Figs. 6A and 6B, compare bars 6 and 8).

DISCUSSION
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Skeletal muscle from insulin-resistant animal models and humans display excess membrane
cholesterol that diminishes F-actin structure and GLUT4/glucose transport regulation by
insulin [4]. This pathologic cholesterol accumulation was also evident in this study and was
associated with a loss of cortical F-actin and GLUT4 regulation in insulin-resistant L6
myotubes. Previous studies with skeletal muscle isolated from obese, insulin-resistant
Zucker rats demonstrated (via methyl-β-cyclodextrin-mediated removal of cholesterol) that
excess membrane cholesterol and decreased F-actin impair insulin-stimulated glucose
transport [17]. With new data supporting that key derangements of the prediabetic milieu
(e.g., hyperinsulinemia, hyperlipidemia) provoke a cholesterolgenic response via increasing
hexosamine biosynthesis activity, plasma membrane cholesterol accumulation may represent
a previously unrecognized stress contributing to the development of skeletal muscle insulin
resistance and acceleration to type 2 diabetes [4–6].
Therapeutically, we found that CrPic positively impacts membrane cholesterol and cortical
F-actin levels important for normal GLUT4 and glucose transport regulation by insulin in
vitro. We also did not observe any effect of CrPic on Akt or AS160 activation, consistent
with our previous studies in 3T3-L1 demonstrating that the regulation of GLUT4
translocation by CrPic did not involve known insulin signaling proteins such as the insulin
receptor, insulin receptor substrate-1, phosphatidylinositol 3-kinase, and Akt [2]. A caveat
here is that we did not evaluate the phosphorylation of TBC1 domain family, member 1
(TBC1D1), a TBC1 family member functionally involved in contraction- and AMPKstimulated rather than insulin-stimulated GLUT4 translocation in skeletal muscle [22–25].
Although it is possible that TBC1D1 is a target of CrPic, AS160 is the primary GLUT4containing vesicle Rab-GAP implicated in insulin-stimulated GLUT4 translocation (as
reviewed in [26]) and has also been shown to be phosphorylated by AMPK [27].
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Our studies utilizing siRNA-targeted knockdown of AMPK catalytic activity are consistent
with AMPK mediating the protective effect of CrPic against GLUT4 and glucose transport
dysregulation. Unfortunately, due to the large amount of siRNA oligos and cellular starting
material required for membrane cholesterol and F-actin analyses in siScramble and siAMPK
myotubes, these analyses were not performed in the present study. Nevertheless, in support
of this membrane cholesterol mechanism of Cr3+/AMPK action, we have found that ATPindependent (i.e., AICAR conversion to the 5′-AMP analogue ZMP) and ATP-dependent
(i.e., 2,4-Dinitrophenol (DNP)-induced mitochondrial uncoupling that prevents cellular
production of ATP) mechanisms of AMPK activation lowered membrane cholesterol in L6
myotubes. The cholesterol-lowering action of AICAR was also observed to protect against
insulin-induced membrane cholesterol accumulation, F-actin loss and insulin resistance [17].
Moreover, the beneficial effect of these AMPK-activating agents on enhancing the insulin-
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stimulated increase in membrane GLUT4 was eliminated by replenishing the reduced
membrane cholesterol back to levels observed in control cells. Intriguingly, this did not
suppress the insulin mimetic stimulation of GLUT4 translocation by AICAR and DNP;
whereas siAMPK knockdown did, suggesting that increased AMPK activity affects basal
and insulin-stimulated GLUT4 regulation by divergent mechanisms. As we previously
reported in 3T3-L1 adipocytes [2], the present study showed that CrPic, unlike AICAR and
DNP, did not increase functional plasma membrane GLUT4 content or glucose transport in
the absence of insulin. Perhaps this is due to the slight activation of AMPK observed in
insulin-sensitive cells that may not be sufficient to stimulate GLUT4 translocation and
glucose transport. Whereas the greater increase in AMPK activity seen in insulin-resistant
cells may not signal directly to GLUT4, per se, it may rather suppress excess cholesterol
biosynthesis that then positively impacts GLUT4 regulation by insulin. Because AMPK
activation can occur rapidly, for example in response to cellular energy stress or stimulation
by an AMPK agonist, we tested shorter CrPic treatment times in L6 myotubes. We observed
increased phosphorylation of AMPK by 100 nM CrPic only after overnight incubations, thus
we used the 16-h treatment period in the present study (see Supplemental Fig. 1). Previous
studies in 3T3-L1 adipocytes demonstrated similar increases in phosphorylation of AMPK
following overnight incubations with 10 nM–1000 nM CrPic [2, 11]. Similarly, other studies
have shown that long-term 24 h treatment with 10 nM CrPic increases levels of
phosphorylated AMPK and ACC [12]. Consistent with the protective effects of overnight
CrPic treatment observed in this study, previous studies in 3T3-L1 adipocytes have shown
that CrPic treatment increases GLUT4 translocation to the PM [2–3, 28–29]. Studies have
suggested that CrPic treatment in skeletal muscle cells can also increase GLUT4
transcription [30]. Although it is possible that increased GLUT4 transcription contributed to
increased GLUT4 translocation, our previous study in 3T3-L1 adipocytes did not observe
any affect of CrPic on total GLUT4 protein levels in crude membrane fractions [2].
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As yet, we have a limited understanding about the temporal relationship and basis of AMPK
activation by CrPic, and this deserves further experimental dissection. As reviewed in [31],
there exist several signaling pathways that modify Thr172 phosphorylation within the
activation loop of the AMPK α-subunit kinase domain, which is essential for kinase activity.
The level of phosphorylation at this site is exquisitely regulated by AMP and ADP levels,
both due to stimulation of phosphorylation by upstream kinases and inhibition of
dephosphorylation by the protein phosphatase PP2A, both effects being antagonized by high
concentrations of ATP. These effects are entirely substrate mediated; i.e., they are due to
binding of the nucleotides to AMPK and not to the upstream kinase or protein phosphatase.
AMPK is only active after phosphorylation of the critical Thr172 residue within the kinase
domain by upstream kinases. The major upstream kinase is a complex between the tumor
suppressor LKB1 and two accessory subunits, STRAD and MO25. The calmodulindependent protein kinase kinases (CaMKK)s, especially CaMKKβ, can also act as alternate
upstream kinases phosphorylating Thr172. This latter effect is triggered by a rise in
cytosolic calcium without requiring an increase in AMP.
The fact that AMPK is a key sensor of cellular fuel and energy status is of interest in the
context of CrPic-responsiveness, as it appears that the diabetic milieu, and thus cellular
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energy status, greatly influences CrPic action similarly to that of AMPK. Perhaps the
baseline fuel/energy status determines AMPK’s responsiveness to CrPic. Interestingly, data
suggest that one potential mechanism by which metformin enhances insulin action is by
increasing membrane fluidity [32–33]. As we have observed after CrPic treatment,
metformin has also been reported to increase GLUT4 translocation [34–36]. It has also been
shown that the relative enhancing effect of metformin is higher in myotubes incubated in 25
mM glucose rather than in 5 mM glucose, consistent with its selective action in
hyperglycemic conditions in vivo [37]. We have observed that the relative enhancing effect
of CrPic on GLUT4 translocation is also higher in 3T3-L1 adipocytes incubated in 25 mM
glucose rather than 5 mM glucose [3]. An increase in plasma membrane cholesterol was
noted in adipocytes cultured in 25 mM glucose, and the beneficial action of CrPic was
attributed to lowering plasma membrane cholesterol content to levels measured in control,
insulin-sensitive adipocytes cultured in 5 mM glucose [3]. As reported for metformin [38–
41], the effects of CrPic are not attributed to increased expression of GLUT4 protein, but
rather its translocation and/or activation state [2, 42–44]. In line with these observations, our
studies herein suggest a shared mechanism for the beneficial effects of metformin and CrPic
on cellular insulin sensitivity. Although intermittent study has coupled membrane fluidity to
insulin sensitivity [45–47], a mechanistic understanding has remained elusive. It is an
interesting concept that plasma membrane cholesterol lowering may be a common
mechanism of action of CrPic and metformin, as well as several other antidiabetic agents
known to display AMPK-stimulating and cholesterol-lowering properties, e.g. berberine
[48–50], cryptotanshinone [51] and fibrates [52–53]. Moreover, skeletal muscle contraction
and exercise signaling may enhance insulin sensitivity via AMPK-mediated suppression of
cholesterol synthesis.
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In summary, the present study suggests that AMPK activation is an important aspect of the
mechanism of Cr3+ action in insulin-resistant skeletal muscle cells. Furthermore, this study
demonstrates that membrane cholesterol influences cytoskeletal structure essential for
insulin-regulated GLUT4 translocation and glucose transport. Although speculative, we
view these findings as a possible indication that hyperinsulinemia-induced membrane and
cytoskeletal defects in skeletal muscle could negatively impinge on GLUT4 regulation,
perhaps before defects are induced in the insulin signaling machinery (as discussed in [26]).
The present study, using an in vitro model of hyperinsulinemia that resembles the
pathophysiological insulin concentrations observed in prediabetic patients, provides
evidence that CrPic improves insulin action by protecting against pathological increases in
membrane cholesterol that compromise F-actin integrity required for proper insulinregulated GLUT4 translocation. While these findings are noteworthy, future studies are
warranted to test the effects of CrPic against the complex in vivo milieu (i.e., secreted
factors and cytokines, altered circulating/intramyocellular lipid profile, etc.) reflecting the
pathophysiology of prediabetes. It is interesting that many clinical studies involving Cr3+
supplementation have been performed in patients already diagnosed with type 2 diabetes.
Therefore, the effects of Cr3+ in these patients may have been less if other defects, which
may not be amendable to Cr3+ therapy, are already present. In addition, many of these
studies were performed in patients already receiving antidiabetic and cardiovascular
therapies such as metformin and statins that may mask the mechanism of Cr3+ action. Future
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animal and human Cr3+ supplementation studies are required to determine if the cholesterollowering action of Cr3+ and increased AMPK activity in skeletal muscle could potentially
delay and/or prevent the onset of insulin resistance and type 2 diabetes.

METHODS AND MATERIALS
Cell culture and treatments
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Rat L6 muscle cells stably expressing GLUT4 that carries an exofacial myc-epitope (L6GLUT4myc; generously obtained from Dr. Amira Klip, (The Hospital for Sick Children,
Toronto, Canada) were cultured as previously described [8]. Myoblasts were maintained in
α-Minimum essential medium (α-MEM) containing 5.5 mM glucose (Gibco, Grand Island,
NY) and 10% fetal bovine serum (FBS; HyClone Laboratories, Grand Island, NY), and
differentiated into multinucleated myotubes with 2% FBS. All studies used myotubes
between 4 and 6 days post-initiation of differentiation. Differentiated cells were cultured in
control medium in the absence or presence of 100 nM CrPic (Nutrition 21, Purchase, NY)
for 16 h. Induction of insulin-induced insulin resistance was performed as previously
described [8] by treating the cells with 5 nM insulin for 12 h. Note that induction of insulininduced insulin resistance began 4 h after the initiation of CrPic exposure. Cells were serum
starved for 30 min before all experiments. During the final 20 min (or 5 min for insulin
signaling analyses) of this serum starvation, cells were left untreated or acutely stimulated
with 100 nM insulin. Note longer serum starvation periods we tried did not enhance the
characteristic low response (1.5–2.0 fold) of this cell line to insulin.
Immunocytochemistry
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GLUT4myc and F-actin labeling was performed as previously described [8]. Briefly,
myotubes were fixed with 2% paraformaldehyde/PBS. After fixation, cells were either left
unpermeabilized (GLUT4myc) or were permeabilized (F-actin) for 15 min at room
temperature in 0.2% Triton X-100/PBS. Cells were then blocked for 1 h at room temperature
in Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE). Samples were incubated
in a 1:50 dilution of primary antibody overnight at 4°C, followed by incubation at room
temperature with infrared-conjugated secondary antibody for 1 h. Images were collected and
quantified with the LI-COR Odyssey imaging system as previously described [8].
Immunofluorescent intensity was normalized to intensity from Syto60, a fluorescent nucleic
acid stain (Life Technologies, Grand Island, NY).
Membrane and cholesterol analyses
A plasma membrane-enriched fraction from cultured cells was prepared as described by
Khayat et al. [54]. Briefly, myotube monolayers grown on 10-cm-diameter dishes were
gently scraped with a rubber policeman in 5 ml of ice-cold HES homogenization buffer (in
mM: 250 sucrose, 20 HEPES, 2 EGTA and 3 NaN3, pH 7.4) containing freshly added
protease inhibitors (in μM: 200 PMSF, 1 leupeptin and 1 pepstatin A) and homogenized
through a 22-gauge needle 10 times. The homogenate was centrifuged at 760 g for 5 min at
4°C, and the resultant supernatant was centrifuged at 31,000 g for 20 min to separate a
plasma membrane-enriched pellet from an intracellular microsome supernatant. The plasma
membrane pellet was resuspended in HES buffer and assayed for protein (Bradford) and
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cholesterol (Amplex Red) content as previously described. Several unpublished analyses we
have performed revealed that measured changes in plasma membrane cholesterol were
similarly reflected in total cellular membrane fractions prepared by centrifuging the original
cellular homogenate at 5,000 g for 20 min at 4°C and then subjecting the supernatant to
centrifugation at 100,000 g for 30 min. As the number of 10-cm-diameter dishes required to
obtain this total membrane fraction were half that required to prepare plasma membraneenriched fractions, we obtained total membrane fractions in the current study.
2-deoxy-D-glucose transport assays
Following treatments, cells were incubated in glucose-free buffer (125 mM NaCl, 5 mM
KCl, 1.8 mM CaCl2, 2.6 mM MgSO4, 25 mM HEPES, 2 mM pyruvate and 2% BSA) for 30
min, then either left in the basal state or stimulated with 100 nM insulin for 20 min. Glucose
uptake was initiated with the addition of 2-deoxy-[1,2-3H]-D-glucose (0.055 μCi/μl).
Nonspecific uptake was quantitated via cell-associated radioactivity in the presence of 20
μM cytochalasin B. After 5 min, uptake was terminated via four quick washes with ice-cold
PBS. Cells were solubilized in 1 N NaOH and [3H] was measured by liquid scintillation.
Counts were normalized to total cellular protein, as determined by the Bradford method.
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SDS-PAGE analyses
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Total cell extracts were prepared from 10-cm-diameter dishes of L6 myotubes. Myotubes
were washed two times with ice-cold PBS and scraped or homogenized using a Polytron,
respectively, in 1 ml lysis buffer (25 mM Tris, pH 7.4, 50 mM NaF, 10 mM Na3P2O7, 137
mM NaCl, 10% glycerol and 1% Nonidet P-40) containing 2 mM PMSF, 2 mM Na3VO4, 5
μg/ml aprotinin, 10 μM leupeptin and 1 μM pepstatin A then rotated for 15 min at 4°C.
Insoluble material was separated from the soluble extract by centrifugation for 15 min at
4°C. Protein concentrations were determined via the Bradford method and equivalent
protein amounts were separated by 7.5% SDS-PAGE. The resolved fractions were
transferred to nitrocellulose (Bio-Rad, Hercules, CA). Phospho-Akt-2 and total Akt-2 were
detected with anti-phospho-Akt-2 (Ser474) (Genscript, Piscataway, NJ) and anti-Akt-2 (Cell
Signaling Technology, Danvers, MA) antibodies. We also used phosphospecific antibodies
to AMPK Thr172 and AS160 (Cell Signaling Technology, Danvers, MA) and to HMGR
Ser872 and ACC Ser79 (Millipore, Temecula, CA). Equal protein loading was confirmed by
Ponceau staining and by immunoblot analysis with anti-ACC and anti-AMPK (Cell
Signaling Technology, Danvers, MA), and anti-Actin antibody (Cytoskeleton, Denver, CO).
All immunoblots were labeled with IR-conjugated secondary antibodies and analyzed via
the Odyssey imaging system (LI-COR Biosciences, Lincoln, NE).
siRNA design and transfection
Three independent oligonuceotide sequences, designed and purchased from Ambion
(Austin, TX), were tested for each of the two alpha subunit isoforms. The oligonucleotides
with the highest knockdown efficiency for α1 and α2 were respectively: CGA GUU GAC
UGG ACAUAA Att (siRNA ID#: 194424) and GCA ACU AUC AAA GAC AUA Ctt
(siRNA ID#: 194794). As these cells express both alpha isoforms, the combination of the
two nucleotides led to the greatest knockdown efficiency. Ambion’s Negative Control #1
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siRNA (Cat #:4635) was used as a control in all experiments. For all knockdown
experiments cells were seeded as described before. Cells were first transfected at
approximately 48 h post seeding (or ~60% confluency). Calcium phosphate transfection
protocol was utilized as follows, 60 pmol of siRNA was added to siRNA mix: 15 μl ddH2O,
15 μl Buffer A (0.5 M CaCl2, 0.1 M HEPES (pH 7.0)) and 30 μl Buffer B (0.28 M NaCl,
0.75 mM NaH2PO4, 0.75 mM Na2HPO4 and 0.05 M HEPES (pH 7.0)) and after 10 min at
room temperature, the siRNA mix was added to each well of a 12 well plate containing 600
μl DMEM + 5% FBS and incubated 12–16 h. Following 12–16 h incubation, media was
aspirated and replaced with DMEM + 2% FBS. Additional transfection was repeated 72 h
after initial transfection. Cells were treated and assayed 72 h after final transfection.
Statistics
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Values are presented as means ± SEM. The significance of differences between means was
evaluated by ANOVA. Where differences among groups were indicated, the Newman-Keuls
test was used for post hoc comparison between groups. Statistical comparisons of the
percent change of cholesterol, F-actin, pAMPK/AMPK, and pACC/ACC from control were
performed by a one-sample, two-tailed Student’s t test. GraphPad Prism 5 software (La
Jolla, CA) was used for all analyses. P < 0.05 was considered significant.
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Fig. 1. CrPic protects against hyperinsulinemia-induced GLUT4/glucose transport dysfunction
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L6-GLUT4myc myotubes were pretreated without (white bars) or with (black bars) 5 nM
insulin for 12 h in the absence or presence of 100 nM CrPic, which was added to the
culturing medium 4 h before the 12-h insulin pretreatment. After these pretreatments, cells
were either left untreated (bars 1, 3, 5, and 7) or treated (bars 2, 4, 6, and 8) with 100 nM
insulin for 20 min. Immediately following this acute 30-min insulin treatment, 2-deoxy-Dglucose transport (A) and cell surface GLUT4myc immunofluorescence normalized to Syto
60 nuclear stain (B) were determined as described in Materials and Methods. Mean values
±SEM of are shown from 6–7 independent experiments. All insulin-stimulated transport and
GLUT4myc values were significantly (P<0.05) elevated over their respective controls. *,
P<0.05 vs. insulin-stimulated control.
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Fig. 2. Hyperinsulinemia-induced membrane cholesterol accumulation and F-actin loss is not
present with CrPic pretreatment

Cells were pretreated with or without CrPic and chronic insulin as described in Fig. 1.
Membrane cholesterol (A) and cortical F-actin (B) content were determined as described in
Materials and Methods. Mean values ±SEM are shown from 4–11 independent experiments.
*, P<0.05 vs. control.
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Fig. 3. Insulin signal transduction is not impaired by hyperinsulinemia nor enhanced by CrPic

Cells were pretreated with CrPic and chronic insulin as described in Fig. 1. Cells were then
either left untreated (lanes/bars 1, 3, 5, and 7) or treated (lanes/bars 2, 4, 6, and 8) with 100
nM insulin for 5 min. Immediately following this acute 5-min insulin stimulation, whole-cell
lysates were prepared, subjected to SDS/PAGE analysis, and immunoblotted for Akt2
(Ser474) phosphorylation (A), phospho-Akt substrate phosphorylation (B) and β-actin (C).
Note that the representative immunoblot shown for p-AS160 in (B) has been cut between
lanes 4 and 5 to align the corresponding treatment groups with the representative
immunoblot for total AS160. White and black bars represent control and hyperinsulinemic
groups, respectively. Immunoblots are representative of 3–8 experiments. Quantitated values
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are means ± SEM from those 3–8 separate experiments. All insulin-stimulated values were
significantly (*, P<0.05) elevated over their respective controls.
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Fig. 4. CrPic increases AMPK activity
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Cells were treated with or without 100 nM CrPic for 16 h in the absence or presence of 5 nM
insulin for the last 12 h. Following these treatments, whole-cell lysates were prepared,
subjected to SDS/PAGE analysis, and immunoblotted for AMPK (Thr172) phosphorylation
(A) and ACC (Ser79) phosphorylation (B). White and black bars represent control and
hyperinsulinemic groups, respectively. Representative immunoblots from 5 separate
experiments are shown. Quantitated values normalized to total protein are means ±SEM
from these 5 independent experiments. *, P<0.05 vs. respective control.
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Fig. 5. A substantial loss of the AMPK α-catalytic subunit prevents AMPK activation by CrPic
and is not associated with impaired insulin signaling

Following transient siRNA transfection of scrambled control oligos (siScramble) or oligos
targeting the α catalytic subunits of AMPK (siAMPK), cells were left untreated, pretreated,
and treated as described in preceding legends. Whole-cell lysates were then prepared,
subjected to SDS/PAGE analysis, and immunoblotted to assess knockdown efficiency of
AMPKα (A), AMPK phosphorylation (B), and Akt2 phosphorylation (C). Representative
immunoblots are shown along with quantitated values normalized to β-actin (A) or total
protein (B and C) presented as means ± SEM from 4–5 independent experiments. *, P<0.05
vs siScramble controls.
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Fig. 6. AMPK activity is required for the protective effects of CrPic against hyperinsulinemiainduced GLUT4 and glucose transport dysfunction

Basal and insulin-stimulated GLUT4myc translocation (A) and 2-deoxy-D-glucose transport
(B) were determined in siScramble and siAMPK cells pretreated and treated as described in
Fig. 1. Mean fold stimulation values ±SEM are shown from 6–8 independent experiments. *,
P<0.05 vs. insulin-stimulated control.
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