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Abstract
Background: Activation of the unfolded protein response (UPR) is closely associated with the
pathogenesis of many metabolic diseases. There is increasing evidence for the interdependence of the
UPR and metabolic signaling pathways. The AMP-activated protein kinase (AMPK) signaling pathway
controls energy balance in eukaryotes.

Objective: This study was to investigate the possible interaction between AMPK signaling and the UPR in
muscle cells exposed to a saturated fatty acid, as well as the underlying mechanism.  

Methods: The UPR was induced in C2C12 myotubes by treatment with the saturated fatty acid palmitate.
Compound C or knocking down AMPKα with short hairpin RNA (shRNA) was used to inhibit AMPK
signaling pathway in palmitate-treated muscle cells. AMPK signaling was activated in myotubes using 5-
amino-1-β-D-ribofuranosylimidazole-4-carboxamide (AICAR) or ex229. Taurourdodeoxycholic acid
(TUDCA) was pre-treated to C2C12 myotubes to inhibit UPR before adding palmitate. Real-time PCR and
Western blotting were conducted to evaluate the expression of UPR markers and AMPK activation.

Results: The UPR was induced in C2C12 myotubes by treatment with palmitate along with activation of
AMPK signaling. Inhibiting the AMPK pathway with compound C or knocking down AMPKα with shRNA
attenuated palmitate-induced UPR activation, while inhibiting the UPR with TUDCA alleviated palmitate-
induced AMPK activation, suggesting a positive feedback loop between the UPR and AMPK. Additionally,
pharmacologic activation of the AMPK pathway with either AICAR or ex229 was su�cient to induce
signi�cant upregulation of UPR markers.

Conclusions: These results provide the �rst evidence for the involvement of AMPK signaling in the early
activation of the UPR induced by saturated fatty acid in skeletal muscle, and suggest that physiologic or
pharmacologic activation of the AMPK pathway (ie, by exercise or metformin, respectively) can promote
muscle health and function and thus improve quality of life for individuals with metabolic disorders due
to a high-fat diet or obesity.

Introduction
Adult skeletal muscle shows considerable plasticity that allows a rapid response under a variety of
physiologic and pathologic conditions [1], which is facilitated by the sarcoplasmic reticulum, a
specialized form of the endoplasmic reticulum (ER) [2]. Environmental or cell-intrinsic stimuli such as
nutrient or oxygen deprivation, exposure to toxic substances, and oxidative stress can disrupt cellular
homeostasis and induce ER stress, which leads to activation of the unfolded protein response (UPR) [3–
5]. The canonical UPR in mammals is initiated by activation of 3 major ER transmembrane sensors—
namely, PKR-like endoplasmic reticulum kinase (PERK), activating transcription factor (ATF)6, and
inositol-requiring enzyme (IRE)1 [6–8]—that trigger the expression of downstream transcription factors
(eg, ATF4, ATF6c, C/EBP homologous protein [CHOP], and spliced X-box binding protein 1 [XBP1s]). The
main outcome of UPR signaling—speci�cally, of the early phase of the UPR—is the restoration of ER
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homeostasis through inhibition of protein synthesis or upregulation of ER chaperone proteins [9, 10].
However, prolonged UPR due to continuous stress can lead to the induction of apoptotic cell death [11,
12]. Thus, the UPR is a cellular mechanism that controls cell fate in response to stress.

ER stress and the UPR also can be activated in skeletal muscles exposed to metabolic stress, as occurs in
diabetic patients [13] or by consumption of a high-fat diet [14, 15]. The high concentration of free fatty
acids (especially saturated fatty acids [SFAs]) in plasma under these conditions is one of the main
factors that trigger the UPR in skeletal muscle [16–18]. The UPR is closely associated with SFA-induced
in�ammation, autophagy, insulin resistance, and apoptosis in skeletal muscle [18–20], implying crosstalk
between the UPR and signaling pathways that regulate metabolism [21, 22]. The AMP-activated protein
kinase (AMPK) pathway, which is conserved across eukaryotes, integrates signals from multiple sources
to control cellular energy balance. There is increasing evidence for the interaction of AMPK signaling with
the UPR [23–30], but the mechanistic basis for the crosstalk between these two pathways has yet to be
elucidated in different models of ER stress.

In this study we investigated whether there is crosstalk between AMPK signaling and the UPR induced by
palmitate in skeletal muscle cells, as well as the possible underlying mechanism. We found that AMPK
was activated in myotubes in response to treatment with the palmitate. Moreover, we showed that AMPK
signaling crosstalks with early activation of the UPR via a positive feedback mechanism. Additionally,
pharmacologic AMPK activation induced UPR. These �ndings provide insight into the interactions
between metabolic signals and homeostatic mechanisms in skeletal muscle cells that may be perturbed
in metabolic disorders.

Methods

Cell culture
Mouse C2C12 myoblast cells were cultured in growth medium [high-glucose Dulbecco’s modi�ed Eagle
medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich, St. Louis, MO, USA) and 1% antibiotics (100 U/ml penicillin and 0.1 mg/ml streptomycin;
Gibco)] at 37°C in a 5% CO2 atmosphere. After reaching 80–90% con�uence, C2C12 cells were then
differentiated into myotubes by replacing growth medium with differentiation medium (high-glucose
DMEM supplemented with 2% horse serum and 1% antibiotics) for 4 days.

Experimental treatments
Palmitate (Sigma-Aldrich; cat. no. P0500) was dissolved in ethanol and diluted to 500 µmol/l in DMEM
containing 2% AlbumiNZ bovine serum albumin (MP Biomedicals, Solon, OH, USA; cat. no. 199896), 2%
FBS (Atlanta Biologicals, Flowery Branch, GA, USA), 2 mmol/l l-carnitine (Sigma-Aldrich; cat. no. C0283),
and 1% antibiotics [31]. Control C2C12 myotubes were incubated in the same medium except that
palmitate was substituted with an equal volume of ethanol. In some treatment conditions, 10 µmol/l
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compound C (prepared in dimethylsulfoxide [DMSO]; Sigma-Aldrich) was coincubated with palmitate for
12 h; DMSO was also used as a vehicle control for the treatments. To inhibit ER stress, C2C12 myotubes
were pretreated for 1 h with 1 mM taurourdodeoxycholic acid (TUDCA) (Millipore, Billerica, MA, USA; cat.
no. 580549) before adding palmitate for another 12 h. To activate AMPK signaling, the AMPK agonist 5-
amino-1-β-d-ribofuranosylimidazole-4-carboxamide (AICAR) (Sigma-Aldrich; cat. no. A9978) or ex229
(Selleckchem; cat. no.S8654) was added to the myotubes at a concentration as indicated in �gure legend
for different times.

RNA interference
Adenoviral constructs containing short hairpin RNA (shRNA) against AMPKα1 (PRKAA1, NM_001013367)
or scrambled shRNA (negative control) were constructed by Genechem (Shanghai, China). C2C12
myotubes were transfected with the adenoviral constructs (multiplicity of infection of 100) for 12 h, and
then treated with palmitate or left untreated as described above.

RNA extraction and real-time (RT-) PCR
Total RNA was extracted from C2C12 myotubes using TRIzol reagent (Invitrogen, Carlsbad, CA, USA; cat.
no. 15596-026). RNA concentration and quality were veri�ed using a Bio Photometer (Eppendorf,
Hamburg, Germany). The PrimeScript RT reagent kit (Takara Bio, Otsu, Japan; cat. no. RR037A) was used
to reverse transcribe total RNA (2 µg) into cDNA with random hexamer primers. RT-PCR was performed on
a StepOnePlus RT-PCR system (Invitrogen) with fast SYBR Green Master Mix (Applied Biosystems, Foster
City, CA, USA; cat. no. 4385612). Each RT-PCR mixture (�nal reaction volume = 50 µl) contained 21 µl
sterile water, 25 µl SYBR Green, 2 µl cDNA (500 ng/µl), and 1 µl each of forward and primers (10 pmol/µl).
The reaction conditions were as follows: denaturation at 95°C for 10 s, annealing at the melting
temperature of the speci�c primer set for 15 s, elongation at 72°C for 20 s, and a melting curve step.
Target gene expression levels were normalized to that of the 18S rRNA gene. The following forward and
reverse primers were used: binding immunoglobulin protein (BIP), 5′-AAACCAAGACATTTGCCCCAG-3′ and
5′-AGACACATCGAAGGTGCCG-3′; CHOP, 5′-CCTAGCTTGGCTGACAGAGG-3′ and 5′-
CTGCTCCTTCTCCTTCATGC-3′; ATF4, 5′-GGAATGGCCGGCTATGG-3′ and 5′-TCCCGGAAAAGGCATCCT-3′;
growth arrest and DNA damage-inducible protein (GADD)34, 5′-CGGAAGGTACACTTCGCTGA-3′ and 5′-
CGGACTGTGGAAGAGATGGG-3′; XBP1s, 5′-GAGTCCGCAGCAGGTG-3′ and 5′-GTGTCAGAGTCCATGGGA-3′;
unspliced XBP1 (XBP1u), 5′-AAGAACACGCTTGGGAATGG-3′ and 5′-ACTCCCCTTGGCCTCCAC-3′; and 18S
rRNA, 5′-CCAGAGCGAAAGCATTTGCCAAGA-3′ and 5′-TCGGCATCGTTTATGGTCGGAACT-3′.

Immunoblotting
C2C12 myotubes were lysed in radioimmunoprecipitation assay buffer (Merck, Darmstadt, Germany) with
complete EDTA-free protease and phosphatase inhibitors (Roche, Basel, Switzerland; cat. no.
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04906845001). The supernatant was collected by centrifugation at 12,000×g for 10 min at 4℃ and the
protein concentration was determined using a microplate reader (Thermo Fisher Scienti�c, Waltham, MA,
USA). Equal amounts of extracted protein (30 µg per lane) were denatured with gel loading buffer after
centrifugation to remove insoluble material and separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis. The proteins were transferred to a nitrocellulose membrane that was blocked in 5%
nonfat milk diluted in Tris-buffered saline with 0.1% Tween 20 (TBST) for 2 h and then incubated
overnight at 4°C with primary antibodies against CHOP (cat. no. 5554), ATF4 (cat. no. 11815), AMPKα
(cat. no. 2532), p-AMPKα (cat. no. 2531) (all from Cell Signaling Technology, Danvers, MA, USA), and β-
actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA; cat. no. sc130656). The following day, the
membrane was washed 3 times with TBST and incubated for 2 h at room temperature with secondary
antibodies in 5% nonfat milk, followed by incubation with enhanced chemiluminescence reagent (Thermo
Fisher Scienti�c; cat. no. 34580) in a dark room. Protein bands were quanti�ed using Image-Pro Plus v6.0
software (Media Cybernetics, Rockville, MD, USA); the densitometry of the protein signal was normalized
to that of β-actin.

Statistical analysis
Data are presented as mean ± SD. One-way analysis of variance followed by the Bonferroni posthoc test
was used to compare the means of multiple groups using Prism v8.0 software (GraphPad, La Jolla, CA,
USA). P ≤ 0.05 was considered statistically signi�cant.

Results

AMPK signaling is activated in the early stage of the UPR in
myotubes
We investigated AMPK phosphorylation status and the expression of UPR markers in C2C12 myotubes
treated with palmitate (a major component of dietary saturated fats) for different times. While total
AMPKα levels remained constant over time, AMPKα phosphorylation was increased after 3 h of palmitate
treatment, reaching a peak after 12 h; however, after 24 h, p-AMPKα level was lower than that in the
control group (Fig. 1A). The gene expression of UPR markers such as CHOP, ATF4, and XBP1s was also
upregulated after 3 h of palmitate treatment and peaked at 12 h (Fig. 1B). These results indicate that
activation of AMPK signaling is closely associated with early activation of UPR induced by palmitate in
myotubes.

AMPK signaling is involved in palmitate-induced UPR in
myotubes
To clarify the interaction between the AMPK pathway and UPR, we treated C2C12 myotubes with
palmitate for 12 h with or without compound C, a widely used speci�c inhibitor of AMPK. As expected,



Page 7/19

multiple factors involved in the UPR including ATF4, CHOP, GADD34, chaperone BIP, XBP1u, and XBP1s
were upregulated by palmitate, as determined by RT-PCR (Fig. 2A); this was accompanied by increased
AMPKα phosphorylation (Fig. 2B). AMPK inhibition by treatment with compound C abrogated the
palmitate-induced upregulation of UPR markers (Fig. 2A). In agreement with the above �ndings, palmitate
induced a marked increase in ATF4 and CHOP protein levels, which was partly abrogated by treatment
with compound C (Fig. 2B). As a control, we con�rmed that compound C completely abolished AMPK
activation induced by palmitate (Fig. 2B). To more speci�cally inhibit the AMPK signaling pathway, we
infected C2C12 myotubes with adenovirus expressing AMPKα shRNA and con�rmed the reduction of
both total and phosphorylated AMPKα levels in C2C12 myotubes with or without palmitate treatment
(Fig. 3). Moreover, palmitate-induced upregulation of ATF4 and CHOP was also signi�cantly blocked by
knocking down AMPKα (Fig. 3). These data demonstrated that AMPK signaling contributes to early
activation of the UPR induced by palmitate.

Inhibition of the UPR with TUDCA attenuates palmitate-
induced AMPK activation
We further investigated whether inhibiting the UPR alters AMPK activation in C2C12 myotubes. The
myotubes were pretreated with the UPR inhibitor TUDCA for 1 h before adding palmitate for 12 h. TUDCA
signi�cantly attenuated the palmitate-induced upregulation of ATF4 and CHOP (Fig. 4), con�rming the
pharmacologic inhibition of the UPR. Interestingly, TUDCA also abolished palmitate-induced AMPKα
phosphorylation (Fig. 4), suggesting a positive feedback loop between the UPR and AMPK pathway in the
early stage of palmitate treatment in muscle cells.

Pharmacologic activation of AMPK signaling induces UPR
Given our �nding that AMPK activation contributes to palmitate-induced UPR, we speculated that
pharmacologic activation of AMPK would be su�cient to induce the UPR in C2C12 myotubes. To test our
hypothesis, C2C12 myotubes were treated with the AMPK agonist AICAR at concentrations ranging from
0.125–2 mM for 12 h to activate AMPK signaling. AMPK phosphorylation increased with AICAR
concentration and was highest at 1 mM AICAR (Fig. 5A). Meanwhile, ATF4 and CHOP were upregulated
by AICAR in a dose-dependent manner at concentrations < 1 mM (Fig. 5B). A higher concentration of
AICAR (2 mM) failed to induce AMPK activation to a greater extent than 1 mM, and the same was true for
ATF4 and CHOP expression (Fig. 5A). At the gene expression level, we also found that AICAR induced UPR
markers such as Bip, ATF4, and GADD34 in a dose- and time-dependent manner (Supplemental Figs. 1
and 2). Ex229 is another allosteric activator of the AMPK pathway that is more potent than AICAR [32].
We observed that ex229 treatment activated AMPKα phosphorylation at a much lower concentration than
AICAR (Fig. 5B). As expected, the protein expression of ATF4 and CHOP was also upregulated by ex229 in
a dose-dependent manner (Fig. 5B). Taken together, these data indicate that pharmacologic activation of
AMPK is su�cient to induce the UPR in C2C12 myotubes.
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Discussion
The results of this study provide novel evidence for the interaction between the AMPK pathway and UPR
in muscle cells exposed to palmitate, a major component of dietary saturated fats [33]. Speci�cally, we
�rst observed unexpected activation of AMPK signaling within 12 h of palmitate treatment, which was
accompanied by acute induction of the UPR. In support of our �ndings, a previous report showed that
peroxisome proliferator-activated receptor gamma coactivator (PGC)-1α-one of the main downstream
target genes of the AMPK pathway-was transiently upregulated after 4 and 8 h of palmitate treatment
[34]. However, another study found that the AMPK pathway was inhibited in cells treated with palmitate
for 16 h [18]. We speculate that this discrepancy is due to differences in treatment duration, especially
given that changes induced by palmitate occur much more rapidly and are more dramatic in vitro than
those observed in clinical obesity or induced by a high-fat diet. In fact, we also found that p-AMPKα was
downregulated in cells exposed to palmitate for 24 h.

The association between the UPR and AMPK has been previously investigated [25, 35–38]. Some studies
on palmitate-induced ER stress have demonstrated an inhibitory effect of AMPK signaling on the UPR in
different tissues and cells [25, 35, 38]. For instance, pharmacologic activation of AMPK with AICAR was
shown to suppress palmitate-induced ER stress in rat vascular endothelial cells [27]. In C2C12 myotubes,
both GW501516 (a peroxisome proliferator-activated receptor [PPAR]δ receptor agonist) and oleate
blocked palmitate-induced ER stress through an AMPK-dependent mechanism [18, 39]. Similarly, 5-
lipoxygenase protected C2C12 myotubes from palmitate-induced ER stress via AMPK activation [40].
AMPK activation with AICAR (2 mM) effectively attenuated palmitate-induced ER stress in muscle cells
[18]. However, our data showed that inhibiting the AMPK pathway attenuated the UPR induced by
palmitate in myotubes, demonstrating a stimulatory effect of the AMPK pathway on palmitate-induced
UPR. In agreement with our �ndings, the antidiabetic drug phenformin was shown to activate ER stress in
an AMPK-dependent manner, while AMPK de�ciency completely abolished phenformin-induced UPR [41].
Similarly, it was reported that AMPK activation induced mild UPR in C3H10T1/2 mouse mesenchymal
stem cells [29]. Moreover, we demonstrated that inhibiting the UPR mitigated palmitate-induced AMPK
activation, indicating a positive feedback loop between AMPK and the UPR in the early stage of palmitate
treatment in muscle cells. This is the �rst report of a positive feedback regulatory mechanism between
the AMPK pathway and UPR.

Interestingly, we also found that pharmacologic AMPK activation with AICAR or ex229 was su�cient to
induce the upregulation of UPR components in myotubes. In line with this �nding, PGC-1α was shown to
induce the expression of a variety of UPR-related genes in skeletal muscle [30]. Moreover, ER stress
markers (eg, ATF3 and CHOP) and chaperones (eg, BIP and GRP94) were signi�cantly unregulated in
gastrocnemius muscle from transgenic mice with muscle-speci�c overexpression of PGC-1α [30]. PGC-1α
overexpression also induced the expression of genes related to protein folding and the UPR in primary
myotubes [30]. The increased expression of BIP and GADD34 caused by exercise was abolished in
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muscle-speci�c PGC-1α knockout mice, demonstrating that PGC-1α is important for the UPR in skeletal
muscle [30]. Given the essential role of PGC-1α as an effector of the AMPK signaling pathway and its
upregulation in the period soon after palmitate treatment [34], we speculate that PGC-1α is involved in the
early activation of palmitate-induced ER stress in skeletal muscle.

Conclusions
In summary, we reported here the bidirectional crosstalk between AMPK signaling and early activation of
the UPR in myotubes exposed to an SFA. We also showed that pharmacologic activation of AMPK was
su�cient to induce a mild UPR in skeletal muscle cells. Our �ndings demonstrate an essential role for the
AMPK pathway in restoring ER homeostasis through activation of the UPR in response to metabolic
stress, which can guide the development of new strategies for the treatment of diseases such as obesity
and diabetes through improvement of skeletal muscle metabolism.
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Figures

Figure 1

AMPK signaling is activated within 12 h of palmitate treatment. (A) C2C12 myotubes were incubated with
0.5 mM palmitate for 0, 3, 6, 12, and 24 h. Proteins levels of AMPKα and p-AMPKα were evaluated by
Western blotting (n=4). (B) RT-PCR analysis of ATF4, CHOP, and XBP1s mRNA levels in C2C12 myotubes
treated as described in panel A (n=4). Data are shown as the mean±SD. *P<0.05, **P<0.01, ***P<0.001 vs
control (0h) group (1-way analysis of variance). 
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Figure 2

AMPK inhibition with compound C attenuates palmitate-induced UPR in C2C12 myotubes. (A) C2C12
myotubes were incubated for 12 h with 0.5 mM palmitate in the presence or absence of 10 μM AMPK
inhibitor compound C. BIP, ATF4, CHOP, GADD34, XBP1u, and XBP1s mRNA levels were determined by RT-
PCR (n=6). (B) Western blotting analysis of AMPKα, p-AMPKα, CHOP, and ATF4 proteins levels in C2C12
myotubes treated as described in panel A (n=6). Data are shown as mean±SD. *P<0.05, **P<0.01,
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***P<0.001 vs control (Con) group; #P<0.05, ##P<0.01, ###P<0.001 vs Pal group (1-way analysis of
variance). 

Figure 3
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AMPKα knockdown attenuates palmitate-induced UPR in C2C12 myotubes. C2C12 cells were infected
either with control shRNA or AMPKα shRNA for 12 h and then treated with 0.5 mM palmitate or not for a
further 12h. Total protein was extracted and the protein levels of AMPKα, p-AMPKα, CHOP and ATF4 were
evaluated by Western blotting analysis (n=6). All data are shown as mean±SD. *P<0.05, ***P<0.001 vs
Con shRNA group; ##P<0.01, ###P<0.001 vs Con shRNA+Palmitate group (1-way analysis of variance). 
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Figure 4

TUDCA alleviates palmitate-induced AMPK activation in C2C12 myotubes. C2C12 myotubes were
pretreated for 1 h with 1 mM TUDCA or left untreated before palmitate was added for another 12 h.
Protein levels of AMPKα, p-AMPKα, ATF4, and CHOP were evaluated by western blotting (n=6). Data are
shown as mean±SD. ***P<0.001 vs control group; ###P<0.001 vs palmitate group (1-way analysis of
variance).

Figure 5

Pharmacologic activation of AMPK induces UPR. (A) C2C12 myotubes were treated with different
concentrations of AICAR (125-2000 μM) for 12 h. Proteins levels of AMPKα, p-AMPKα, ATF4 and CHOP
were determined by western blotting (n=3). (B) C2C12 myotubes were treated with different
concentrations of ex229 (2-25 μM) for 12 h. Proteins levels of AMPKα, p-AMPKα, ATF4 and CHOP were
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determined by western blotting (n=3). Data are shown as mean±SD. *P<0.05, **P<0.01, ***P<0.001 vs
control (0μM) group (1-way analysis of variance). 

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementalFigure1.jpg

SupplementalFigure2.jpg

Theuncroppedblotscansinall�gures.docx

https://assets.researchsquare.com/files/rs-1431895/v1/64e299d00088f76b27415754.jpg
https://assets.researchsquare.com/files/rs-1431895/v1/cf76f087f49b42715b791cda.jpg
https://assets.researchsquare.com/files/rs-1431895/v1/479132bc9dd5d93065c89c84.docx

