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Caffeine has been shown to promote calcium-dependent activation of AMP-activated protein kinase
(AMPK) and AMPK-dependent glucose and fatty acid uptake in mammalian skeletal muscle. Though caf-
feine has been shown to promote autophagy in various mammalian cell lines it is unclear if caffeine-
induced autophagy is related to the calcium-dependent activation of AMPK. The purpose of this study
was to examine the role of calcium-dependent AMPK activation in regulating caffeine-induced autophagy
in mammalian skeletal muscle cells. We discovered that the addition of the AMPK inhibitor Compound C
could significantly reduce the expression of the autophagy marker microtubule-associated protein 1 light
chain 3b-II (LC3b-II) and autophagic vesicle accumulation in caffeine treated skeletal muscle cells. Addi-
tional experiments using pharmacological inhibitors and RNA interference (RNAi) demonstrated that the
calcium/calmodulin-activated protein kinases CaMKKp and CaMKII contributed to the AMPK-dependent
expression of LC3b-II and autophagic vesicle accumulation in a caffeine dose-dependent manner. Our
results indicate that in skeletal muscle cells caffeine increases autophagy by promoting the calcium-
dependent activation of AMPK.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The release of endogenous calcium stores from the extensive
sarcoplasmic reticular (SR) network represents one of the primary
signaling mechanisms in skeletal muscle cells [1]. During periods
of exercise and physical activity, the increased frequency and
amplitude of intracellular calcium spikes can substantially contrib-
ute to cellular protein turnover and removal of dysfunctional or
damaged organelles [2]. Eukaryotic cells degrade long-lived
proteins, organelles, and bits of cytoplasm via the lysosome-depen-
dent mechanism of macroautophagy, here after referred to as
autophagy [3,4]. Autophagy is a highly conserved and tightly regu-
lated process, which involves the formation of double membrane
vesicles (autophagosomes) around molecules that have been tar-
geted for degradation [5]. Once the autophagosome has enveloped
the targeted molecules it shuttles its cargo to the lysosome where
it subsequently fuses with the lysosomal membrane to form an
autophagolysosome [5]. Though autophagy is a constitutively
active process in skeletal muscle cells it is also highly inducible

* Corresponding author at: Smith Science Building, University of South Carolina
Upstate, 800 University Way Spartanburg, SC 29303, USA.
E-mail address: bbaumgar@uscupstate.edu (B.L. Baumgarner).

http://dx.doi.org/10.1016/j.bbrc.2014.09.094
0006-291X/© 2014 Elsevier Inc. All rights reserved.

under specific physiological conditions [6]. Nutrient and energy
deprivation, as well as muscle contraction, can promote a cal-
cium-induced increase in autophagosome formation in eukaryotic
cells [7-9].

Multiple pathways have been shown to regulate calcium-
induced autophagy in mammalian cells [10]. Perhaps the most well
characterized pathway is the calcium/calmodulin-dependent pro-
tein kinase kinase B (CaMKKR) activation of AMP-activated protein
kinase (AMPK) [11]. Activated AMPK phosphorylates UNC-51-like
kinase-1 (ULK1) and forkhead box O3a (FOXO3a), both of which
promote autophagosome formation [11]. Previous investigations
have found that increasing cytoplasmic calcium levels in several
mammalian cell types, including skeletal muscle, can promote an
AMPK-independent increase in calcium-induced autophagy
[12,13]. In addition, other calcium-induced protein kinases, besides
CaMKKB, have been shown to play a direct role in promoting
autophagy [14]. Calcium/calmodulin-dependent protein kinase I
(CaMKI) was previously shown to promote autophagy in an
AMPK-independent manner in human osteosarcoma cells [14].
However, CaMKI is not highly expressed in mammalian skeletal
muscle cells [15]. The most highly expressed CaMK in skeletal
muscle cells is CaMKII [15]. Previous investigations have shown
that CaMKIl can contribute to AMPK activity in mammalian
skeletal muscle cells [16,17]. It remains unclear, however, if
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CaMKII can contribute to AMPK-dependent autophagy induction in
skeletal muscle cells.

Caffeine specifically increases the calcium-sensitivity of the
luminal domain of the reticular ryanodine receptor (RyR) [18].
Therefore, caffeine significantly reduces the threshold for reticular
calcium-induced calcium release, which greatly increases the fre-
quency, but not necessarily the amplitude, of intracellular calcium
spikes [18-20]. Previous studies have demonstrated that caffeine
can significantly increase autophagy in mammalian liver [21] and
cancer cell lines [22]. Caffeine has been shown to promote
increased AMPK-dependent glucose uptake and fatty acid utiliza-
tion by increasing the calcium-dependent activation of AMPK in
mammalian skeletal muscle cells [16]. However, it remains unclear
if caffeine can promote autophagy in skeletal muscle cells by spe-
cifically promoting the calcium-dependent activation of AMPK. The
purpose of this study was to examine the role of calcium-induced
AMPK activation in regulating caffeine-induced autophagy in
mammalian skeletal muscle cells. We hypothesized that caffeine
would promote a calcium-dependent increase in AMPK-mediated
autophagy in mammalian skeletal muscle cells. Our findings sug-
gest that caffeine promotes autophagy in an AMPK-dependent
manner and that both CaMKKp and CaMKII significantly contribute
to AMPK-dependent autophagy in caffeine treated skeletal muscle
cells.

2. Materials and methods
2.1. Materials

Fetal bovine serum (FBS), horse serum (HS), penicillin/strepto-
mycin (pen/strep), and Dulbecco’s modified Eagle’s medium
(DMEM) were purchase from Life Technologies (Grand Island, NY,
USA). Primary antibodies for tubulin, phospho-AMPKx1/2 (p-
AMPK, Thr172) and AMPKa1/2 and small interfering RNA (siRNA)
for CaMKIIB, CaMKIIs and CaMKIly were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Primary antibodies for
phospho-CaMKII (p-CaMKII, Ser286), and CaMKII were purchased
from Cell Signaling Technology (Beverly, MA, USA). Primary anti-
bodies for microtubule-associated protein 1 light chain 3b (LC3b)
were purchased from Novus Biologicals (Littleton, CO, USA). All
secondary antibodies were purchased from Vector Laboratories
(Burlingame, CA, USA). All pharmacological agents were purchased
from EMD Millipore (Darmstadt, Germany).

2.2. Cell culture

C2C12 myoblasts were purchased from ATCC (Manassas, VA,
USA). Myoblasts were grown to confluence in normal growth
media (DMEM plus 10% FBS, 100 U/ml penicillin, 100 pg/ml strep-
tomycin) at 37 °C in a water-saturated atmosphere of 5% CO,. To
promote differentiation of mono-nucleated myoblasts into multi-
nucleated myotubes the media was switched to differentiation
media (DMEM plus 2% HS, 100 U/ml penicillin, 100 pg/ml strepto-
mycin). Fully differentiated myotubes were normally present upon
5-6 d incubation in differentiation media.

2.3. Pharmacological inhibitor-based experiments

Myoblasts were seeded on 6-well plates in growth media at a
density of 1 x 10* cell/well. After 2-3 d in growth media, all cells
were switched to differentiation media and incubated for an addi-
tional 5-6 d. For caffeine experiments, myotubes either received
vehicle (DMSO) or a caffeine dose of 2.5 mM or 10 mM. To assess
the overall role of AMPK in regulating caffeine-induced autophagy
cells either received vehicle or a 20 uM dose of the specific AMPK-

inhibitor Compound C. To determine the role of CaMKII, myotubes
either received 10 uM of the specific CaMKII inhibitor KN93 or
10 uM of its negative control KN92. To examine the role of CaM-
KKB, myotubes either received vehicle, a 30 uM dose of the CaM-
KKB-inhibitor STO. All experiments were conducted for 6 h and
all possible experimental scenarios were tested.

2.4. RNA interference (RNAi) experiments

Myoblasts were seeded on 6-well plates in antibiotic free
growth media at a density of 1 x 10% cell/well and incubated for
48 h and then switched into antibiotic free differentiation media
for an additional 48 h. To inhibit the expression of CaMKII isoforms
expressed in skeletal muscle cells, each well (experimental repli-
cate) received 60 nM siRNA for CaMKIIB, CaMKII$, and CaMKIly
(180nM total). Control cells received 180 nM control siRNA
(scramble) per well. All samples were transfected according to
the manufacturers protocol and incubated in antibiotic free differ-
entiation media for an additional 72 h. Triplicate groups of control
and CaMKII siRNA transfected cells received either vehicle or
10 mM caffeine for 6 h.

2.5. Western blotting

Cell lysates were collected in lysis buffer (1x TBS, 1% Nonidet P-
40, 0.5% sodium deoxycholate, 0.1% SDS, 0.004% sodium azide,
2 mM PMSF, 1 mM sodium orthovanadate, 10 pl protease inhibitor
cocktail), immediately snap frozen in liquid nitrogen, and stored at
—20°. All samples were vortexed and centrifuged at 15,000g for
15 min at 4 °C and the supernatants were collected. The total pro-
tein concentration of each sample was determined using a Brad-
ford assay. An equal volume of supernatant was combined with
2x Laemmli buffer and boiled for 10 min. Twenty micrograms of
each denatured sample was submitted to SDS-PAGE using either
7.5% or 12% polyacrylamide gels and subsequently transferred on
to a PVDF membrane (EMD Millipore, Darmstadt, Germany). All
membranes were blocked for 1h in 5% bovine serum albumin
(BSA) dissolved in Tris-buffered saline plus 0.1% Tween 20 (TBST),
incubated with primary antibody (1/1000) over night at 4 °C and
subsequently labeled with an appropriate HRP-labeled secondary
antibody (1/10,000) for 1 h at room temperature. Once satisfactory
images were obtained each membrane was stained with coomassie
brilliant blue (R-250) for 5 min, washed in TBST and imaged for
total protein assessment. Unless otherwise stated, all blots were
normalized to total protein. Blots were developed using standard
ECL detection and images were acquired on a FluorChem E System
imager (ProteinSimple, Santa Clara, CA, USA). Digital images were
analyzed using Image] 1.47v (National Institutes of Health,
Bethesda, MD, USA).

2.6. Fluorescence microscopy

Myoblasts were seeded on 35 mm dishes that contained a
1.5 mm thick collagen coated coverslip (MatTek Corporation, Ash-
land, MA, USA) in normal growth media. Once the cells were 75%
confluent they were switched into differentiation media for 5-
6 d to promote the formation of multi-nucleated myotubes. Tripli-
cate groups of cells were exposed to vehicle (DMSO, control) or a
combination of 10 mM caffeine, 20 uM Compound C, 10 uM
KN92, 10 uM KN93 and 30 pM STO. All possible experimental sce-
narios were tested using these treatment groups. All samples were
incubated in normal differentiation media containing 2 pl/ml of
Cyto-ID Green (fluorescein) Detection Reagent (Enzo Life Sciences,
Farmingdale, NY, USA) and 1 pl/ml of Hoechst 33342 nuclear stain
for 30 min at 37 °C. All samples were washed in TBS and fixed with
4% paraformaldehyde for 20 min. Samples were analyzed using a
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Nikon Eclipse TS100-F microscope and NIS Elements Br software
(Nikon Instruments, Melville, NY, USA). Autophagic vesicle accu-
mulation was analyzed using the method of Williams et al. [23].
Briefly, images were captured in the FITC channel using a 40x fluo-
rite objective. Because the fluorescein containing Cyto-ID dye
selectively labels autophagic vesicles (autophagosomes and auto-
phagolysosomes) the mean FITC intensity for a given sample was
used as a quantitative measure of autophagic vesicle accumulation.
Ten images were randomly captured on each coverslip (replicate
sample), which were subsequently used to calculate the mean FITC
intensity for each given sample and thus for each experimental
treatment (n = 3).

2.7. Statistical analysis

Each experiment was repeated at least three times. Statistical
differences between groups were analyzed using a student’s t-test

or a one-way ANOVA with subsequent post hoc analysis, as appro-
priate. A p-value <0.05 was considered significant.

3. Results

3.1. Caffeine promotes autophagy in skeletal muscle cells in an AMPK-
dependent manner

To determine if AMPK significantly contributes to autophagy
induction in caffeine treated skeletal muscle cells we first con-
ducted Western blot analysis to examine the dose-dependent
expression of the autophagy marker LC3b-II. Our analysis revealed
that the addition of 20 uM Compound C could significantly atten-
uate the expression of LC3b-II in 10 mM caffeine treated cells
(Fig. 1A). To verify these results we conducted an autophagy assay
in which autophagic vesicles were labeled with fluorescein-con-
taining Cyto-ID dye and analyzed using fluorescence microscopy
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Fig. 1. AMPK contributes to autophagy induction in caffeine treated skeletal muscle cells. (A) C2C12 myotubes were treated with either vehicle or Compound C (20 uM) alone
or in combination with 10 mM caffeine for 6 h (n = 3). Western blot analysis revealed that caffeine significantly increased LC3b-II expression in an AMPK-dependent manner.
Once a satisfactory image was obtained each membrane was stained with coomassie brilliant blue (R-250) and imaged for total protein assessment to allow each sample to be
normalized to total protein content of each lane (data not shown). (B) Fluorescence microscopy analysis confirmed that Compound C inhibited autophagic vesicle formation
in caffeine treated myotubes (n = 3). *“Indicate significant difference between treatments without same letters (P < 0.05).
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Fig. 2. CaMKII contributes to AMPK phosphorylation in caffeine treated skeletal muscle cells. C2C12 myotubes were treated with the CaMKII inhibitor KN93 (10 uM) or its
positive control KN92 (10 uM) alone or in combination with CaMKK@ inhibitor STO (30 uM) for 6 h. (A-C) Western blot analysis revealed that CaMKII contributed to AMPK
phosphorylation in 10 mM, but not 2.5 mM, caffeine treated myotubes. (D) Further analysis revealed that CaMKII phosphorylation was significantly increased in only the
10 mM caffeine treated cells. (E) The efficiency of siRNA knockdown of CaMKII and (F) the effect of CaMKII knockdown on 10 mM caffeine-induced AMPK phosphorylation
was assessed by Western blot. Once a satisfactory image was obtained each membrane was stained with coomassie brilliant blue (R-250) and imaged for total protein
assessment to allow each sample to normalized to total protein content of each lane (data not shown). *“Indicate significant difference between treatments without same
letters (P < 0.05).
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Fig. 3. CaMKII contributes to AMPK-mediated LC3b-II expression in caffeine treated myotubes. C2C12 myotubes were treated with the CaMKII inhibitor KN93 (10 uM) or its
positive control KN92 (10 uM) alone or in combination with CaMKK inhibitor STO (30 uM) for 6 h. (A and B) Western blot analysis revealed that caffeine increased LC3b-II
expression in a dose-dependent manner and that CaMKII contributed to increased LC3b-II expression in 10 mM, but not 2.5 mM, caffeine treated myotubes (n = 6). (A and C)
The addition of CaMKKp inhibitor STO (30 uM) completely attenuated the caffeine-induced increase in LC3b-II expression (n=6). (D) Western blot analysis revealed a
significant reduction in LC3b-II expression in 10 mM caffeine-treated myotubes transfected with CaMKII siRNA vs. control siRNA (n=3). Once a satisfactory image was
obtained each membrane was stained with coomassie brilliant blue (R-250) and imaged for total protein assessment to allow each sample to be normalized to total protein
content of each lane (data not shown). *“Indicate significant difference between treatments without same letters (P < 0.05).

(Fig. 1B). Our analysis revealed that 10 mM caffeine significantly
increased the accumulation of autophagic vesicles, which was
completely inhibited by the addition of Compound C.

3.2. CaMKII contributes to increased AMPK phosphorylation in caffeine
treated skeletal muscle cells in a dose-dependent manner

We utilized the specific CaMKII inhibitor KN93 and its negative
control KN92 to examine the contribution of CaMKII to AMPK phos-
phorylation in caffeine treated myotubes. Our Western blot analysis
revealed that treating myotubes with 2.5 mM caffeine for 6 h pro-
moted a significant increase in AMPK phosphorylation that was
independent of CaMKII (Fig. 2A-C). In contrast, treating myotubes

with 10 mM caffeine for 6 h promoted a significant increase in
AMPK phosphorylation that was partially dependent upon CaMKII
activation (Fig. 2A-C). However, the addition of 30 uM STO largely
inhibited caffeine induced AMPK phosphorylation, indicating that
CaMKKp was the primary mediator of calcium-induced AMPK phos-
phorylation in caffeine treated myotubes (Fig. 2A and C). Further
analysis revealed that treating myotubes with 10 mM caffeine pro-
moted a significant increase in CaMKII phosphorylation, while treat-
ing myotubes with 2.5 mM caffeine had no significant effect on
CaMKII phosphorylation (Fig. 2D). To verify the results of our phar-
macological inhibitor-based experiments, we conducted experi-
ments using siRNAs for all three isoforms of CaMKII that are
expressed in skeletal muscle cells. We were able to consistently
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Fig. 4. CaMKKR is the primary mediator of AMPK-dependent autophagic vesicle accumulation in caffeine treated skeletal muscle cells. C2C12 myotubes were treated with the
CaMKII inhibitor KN93 (10 pM) or its positive control KN92 (10 uM) alone or in combination with CaMKKp inhibitor STO (30 uM) and incubated in media containing vehicle
(DMSO) or 10 mM caffeine for 6 h. For the last 30 min of incubation the cells received 1 pM of Hoechst 33342 and 2 pl/ml of Cyto-ID Green (fluorescein) dye to label
autophagic vesicles (autophagosomes and autolysosomes). Fluorescence microscopy analysis was conducted to examine the accumulation autophagic vesicles in each
experimental treatment (n = 3). Ten individual images were taken in random locations on each coverslip (sample). The mean FITC fluorescence intensity was calculate for
each sample and was used to for the quantitative assessment of autophagic vesicle accumulation between experimental treatments. Cells treated with KN92 and
KN93 + 10 mM caffeine displayed a significant increase in autophagic vesicle accumulation (FITC intensity) compared to other experimental treatments (P < 0.05). The
addition of STO completely inhibited the caffeine-induced increase in autophagic vesicle accumulation (P > 0.05).

reduce the expression of CaMKII isoforms by approximately 75%
(Fig. 2E). Western blot analysis revealed a significant reduction in
AMPK phosphorylation in 10 mM caffeine-treated myotubes that
were transfected with CaMKII siRNA versus myotubes transfected
with control siRNA (Fig. 2F).

3.3. CaMKII contributes to increased LC3b-II expression in caffeine
treated skeletal muscle cells

To determine if CaMKII contributed to AMPK-dependent
autophagy induction we conducted Western blotting to analyze
the expression of autophagy marker protein LC3b-II in samples
from both pharmacological inhibitor and RNAi experiments. Our
results indicate that caffeine increases LC3b-II expression in a

dose-dependent manner and that CaMKII activation is required
for maximal LC3b-II expression in 10 mM, but not 2.5 mM, caffeine
treated myotubes (Fig. 3A, B and D). To determine if caffeine-
induced autophagy was dependent upon CaMKKB activation of
AMPK, we treated myotubes with the CaMKKp inhibitor STO. Using
Western blot analysis we found that adding 30 uM STO completely
inhibited the increased expression of LC3b-II in 2.5 mM and 10 mM
caffeine treated myotubes (Fig. 3A and C).

3.4. CaMKKQp is the primary mediator of AMPK-dependent autophagic
vesicle accumulation in caffeine treated skeletal muscle cells

To further analyze the role of CaMKKp and CaMKII in regulating
AMPK-dependent autophagy in caffeine treated skeletal muscle
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cells we conducted an autophagy assay using fluorescence micros-
copy. Skeletal muscle cells treated 10 uM KN92 + 10 mM caffeine
for 6 h displayed a significant increase in autophagic vesicle accu-
mulation (Fig. 4.) Though the addition of 10 pM KN93 was able to
reduce the mean FITC intensity of 10 mM caffeine treated cells by
approximately 30% the difference was not statistically significantly
(P=0.06). However, treating cells with either KN92 or
KN93 +30 uM STO completely inhibited the 10 mM caffeine-
induced increase in autophagic vesicle accumulation in skeletal
muscle cells (Fig. 4).

4. Discussion

Calcium-activated protein kinases play an important role in reg-
ulating calcium-mediated pathways in skeletal muscle cells. In the
present study we found that CaMKII contributed to AMPK phos-
phorylation in myotubes treated with the highest caffeine dose.
Our data regarding the contribution of CaMKII to increased AMPK
phosphorylation in 10 mM, but not 2.5 mM, caffeine treated myo-
tubes is similar the study of Raney et al. [16], which found that
CaMKII directly contributed to AMPK activity in electrically stimu-
lated, but not 3 mM caffeine treated, rat skeletal muscle. Given that
our highest caffeine dose was more than three times that of Raney
et al. [16], it is possible that the CaMKII-dependent increase in
AMPK activity that was observed in the present study was similar
to that observed in electrically stimulated skeletal muscle. Though
CaMKII contributed significantly to AMPK phosphorylation at the
highest caffeine dose, CAMKKP contributed more substantially to
AMPK phosphorylation at both caffeine doses (Fig. 1). A previous
investigation found that as the frequency of calcium spikes
increased the level of CaMKII activity increased significantly, as
well [24]. We observed a 54% increase in CaMKII phosphorylation
in 10 mM caffeine treated myotubes, which likely explains why
CaMKII significantly contributed to increased AMPK phosphoryla-
tion in 10 mM caffeine, but not 2.5 mM, treated myotubes.

While caffeine has been shown to promote autophagy in
numerous mammalian cell lines, to the best of our knowledge
the current work represents the first published report of caffeine
promoting autophagy in skeletal muscle cells. We found that the
addition of the AMPK inhibitor Compound C prevented the signif-
icant increase in LC3b-Il expression and autophagic vesicle
accumulation in 10mM caffeine treated myotubes (Fig. 1).
Caffeine-induced autophagy was largely dependent upon the cal-
cium-induced activation of AMPK (Figs. 3 and 4). Our data suggests
that CaMKKR is the primary calcium-activated regulator of AMPK-
dependent autophagy in caffeine treated skeletal muscle cells as
LC3b-II expression and autophagic vesicle accumulation were
completely inhibited in cells treated with the CaMKKp inhibitor
STO (Figs. 3 and 4). The addition of STO similarly inhibited LC3b-
Il and autophagic vesicle accumulation in the presence of either
KN92 or KN93. These data strongly suggests that even though
CaMKII was able to promote a small but significant increase in
AMPK phosphorylation when CaMKKp activity was inhibited
(Fig. 2), CaMKII alone was not able to significantly increase
AMPK-dependent autophagy in caffeine treated skeletal muscle
cells. However, CaMKII did significantly contribute to increased
LC3b-Il expression in 10 mM caffeine treated muscle cells
(Fig. 3). Also, the addition of the CaMKII inhibitor KN93 was able
to reduce the 10 mM caffeine-induce increase in autophagic vesicle
accumulation (mean FITC intensity) by approximately 30% (Fig. 4),
though again the difference was statistically significant. These data
indicate that CaMKII not only plays an role in promoting the max-
imal calcium-induced activation AMPK, it also plays an important
role in promoting the maximal level of AMPK-dependent autoph-
agy in caffeine treated skeletal muscle cells. To the best of our
knowledge the current study represents the first published report

of CaMKII directly contributing to AMPK-dependent autophagy in
any mammalian cell line.

Our conclusions are seemingly in contrast with a previous
investigation by Saiki et al. [22], which found that 10 mM caffeine
significantly increased autophagy in human neuroblasts (SH-SY5Y)
and Hela cells by inhibiting the PI3K/Akt/mTOR pathway. AMPK is
a well-known inhibitor of the PI3K/Akt/mTOR pathway [25].
However, Saiki et al. [22] did not specifically address the possible
involvement of AMPK in caffeine-dependent autophagy. Also, in
the current study we did not investigate the specific AMPK-depen-
dent mechanism that was responsible for caffeine-induced autoph-
agy. Additional investigations are needed to determine the
contribution of AMPK-dependent phosphorylation of Foxo3a and
ULK1 and the regulation of the PI3K/Akt/mTOR pathway in pro-
moting caffeine-induced autophagy.

In summary, our results strongly suggest that caffeine promotes
autophagy in skeletal muscle cells in an AMPK-dependent manner.
In addition, we found that both CaMKKB and CaMKII significantly
contributed to AMPK-dependent autophagy in caffeine treated
skeletal muscle cells, though CaMKKp was the primary mediator
AMPK-dependent autophagy.
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