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Abstract

The serine/threonine kinase AMP-activated protein kinase (AMPK) is a drug target for 

the treatment of obesity and type 2 diabetes (T2D). Metformin, a widely prescribed anti

hyperglycemic agent, and β-guanidinopropionic acid (β-GPA), a dietary supplement and creatine 

analog, have been shown to increase activity of AMPK. Macroautophagy is an intracellular 

degradation pathway for aggregated proteins and dysfunctional organelles, which can be 

mediated by AMPK. The present study sought to elucidate how metformin and β-GPA affect 

cell morphology, AMPK activity, autophagy and mitochondrial morphology and function in 

developing C2C12 myotubes. β-GPA reduced myotube diameter and increased length throughout 

differentiation, while metformin increased myotube diameter only at the 48-h time point. 

β-GPA treatment enhanced AMPK signaling and expression of autophagy-related proteins. β

GPA treatment also increased the density of autophagosomes, autolysosomes, and lysosomes. 

Metformin also increased activation of AMPK after 48 h, but in contrast to β-GPA, led to a 

dramatic reduction in the density of autophagosomes and lysosomes. Both metformin and β-GPA 

reduced the mitochondrial oxygen consumption rate, and differentially altered mitochondrial 

morphology. Obesity and T2D have been shown to increase mitochondrial dysfunction and reduce 

autophagic flux in skeletal muscle cells. Therefore, β-GPA may help to alleviate the effects of 

metabolic disease by increasing autophagic flux in skeletal muscle cells. In contrast, the reduction 

of autophagy by metformin may lead to dysregulation of mitochondrial maintenance, as well as 

muscle development.
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Introduction

AMP-activated protein kinase (AMPK) plays a role in the regulation of glucose and lipid 

metabolism, and has been considered an attractive drug target for the treatment of obesity 

and type 2 diabetes (T2D) (Winder and Hardie 1999; Zhou, et al. 2001). AMPK is a cellular 

energy sensor that regulates metabolic homeostasis by responding to cellular energy deficits 

manifested as changes in the AMP/ATP ratio (Oakhill, et al. 2011; Hardie 2007; Hardie 

2005). Such cellular energy deficits are caused by glucose deprivation, oxidative stress, 

exercise, and muscle contraction (Winder and Hardie 1996; Hutber, Hardie, and Winder 

1997; Williamson, Butler, and Alway 2009). Phosphorylation of a threonine residue (Thr172) 

on the catalytic subunit is required for activation of the kinase domain of AMPK (Hawley, 

et al. 1996). Increased AMPK activity leads to inhibition of hepatic glucose production and 

increased fatty acid oxidation in the liver and muscle (Merrill, et al. 1997; Hardie, et al. 

1999; Foretz, et al. 2010; Zhou, et al. 2001; Suwa, Nakano, and Kumagai 2003). In skeletal 

muscle, increased AMPK activity results in enhanced insulin sensitivity and increased 

glucose uptake via increased expression and translocation of the glucose transporter GLUT4 

(Holmes, Kurth-Kraczek, and Winder 1999; Kurth-Kraczek, et al. 1999; Winder and Hardie 

1999; Iglesias, et al. 2002). Further, chronic activation of AMPK mimics the results of 

exercise training by increasing mitochondrial turnover (Jager, et al. 2007; Bergeron, et al. 

2001; Zong, et al. 2002), and expression of muscle hexokinase (Holmes, Kurth-Kraczek, and 

Winder 1999). As such, AMPK has been proposed as a drug target with the potential to 

mediate beneficial effects for the treatment of metabolic conditions such as obesity and T2D 

(Zhou, et al. 2001; Zhang, Zhou, and Li 2009; Hardie 2003).

Metformin (dimethylbiguanide) is one of the most widely prescribed anti-hyperglycemic 

and insulin sensitizing agents for the treatment of obesity and T2D (Viollet, et al. 2012; 

Stumvoll, et al. 1995; Stumvoll, Haring, and Matthaei 2007). The principal glucose lowering 

effects of metformin are attributed to an inhibition of hepatic glucose production and an 

increase in glucose utilization in skeletal muscle (Foretz, et al. 2010; Galuska, et al. 1994; 

Cusi and DeFronzo 1998; Hundal, et al. 2000). It has been suggested that AMPK may 

mediate many of the beneficial effects of metformin, as metformin has been shown to 

activate AMPK in hepatocytes and skeletal muscle (Musi, et al. 2002; Zhou, et al. 2001). 

It has been proposed that activation of AMPK by metformin is a result of an increase 

in the AMP/ATP ratio caused by mitochondrial stress in the form of electron transport 

Complex I inhibition (Stephenne, et al. 2011; Fryer, Parbu-Patel, and Carling 2002). The 

mechanism by which metformin reduces plasma glucose levels remains controversial, as 

some work has demonstrated LKB1 and AMPK deficient mice treated with metformin 

still exhibit glucose reduction (Foretz, et al. 2010). However, other work has shown that 

deletion of LKB1 abolishes the metformin-induced reduction in blood glucose (Shaw, et al. 

2005). Similarly, while there are a number of studies that demonstrate metformin-induced 

inhibition of Complex I, some report that metformin does not alter Complex I in cell free 

assays (El-Mir, et al. 2000), or in human skeletal muscle (Larsen, et al. 2012). Despite 

the controversy, many studies agree that metformin inhibits mitochondrial Complex I and 

activates AMPK (Stephenne, et al. 2011; Ota, et al. 2009). It has also been suggested that 
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AMPK may mediate the long-term insulin-sensitizing effects of metformin (Rena, Hardie, 

and Pearson 2017).

In skeletal muscle, creatine kinase catalyzes the transfer of a high-energy phosphate 

between creatine and ADP, forming phosphocreatine or ATP (Wallimann, et al. 1998). 

Creatine kinase therefore plays an important role in skeletal muscle ATP synthesis. β

guanidinopropionic acid (β-GPA) is a creatine analog that competitively inhibits cellular 

creatine uptake (Shields and Whitehair 1973; Fitch, et al. 1975). This in turn leads to the 

depletion of cellular creatine, phosphocreatine, and ATP levels, and reduces the cell’s ability 

to buffer ATP concentration during increases in ATP demand (Fitch, Jellinek, and Mueller 

1974; Shoubridge, et al. 1985). Dietary β-GPA supplementation reduces skeletal muscle 

mass and body mass (Williams, et al. 2009; Baumgarner, et al. 2015; Roussel, et al. 2000). 

In addition, β-GPA has been shown to enhance endurance capacity and fatigue resistance in 

skeletal muscle, which is accompanied by shifts toward more oxidative fiber types (Ohira, 

et al. 2003; Ren, et al. 1995; Wakatsuki, et al. 1995). Studies have also demonstrated that 

β-GPA leads to increases in mitochondrial oxidative enzymes, mitochondrial biosynthesis 

(Reznick and Shulman 2006; Reznick, et al. 2007), and fatty acid oxidation (Pandke, et al. 

2008). Additionally, β-GPA increases skeletal muscle glucose uptake and enhances insulin 

sensitivity (Ohira, et al. 1994). Many of these effects are attributed to the activation of 

AMPK, which is a direct result of the reduced cellular ATP levels (Rush, Tullson, and 

Terjung 1998).

The activation of AMPK is associated with inhibition of protein synthesis and enhanced 

protein degradation via the ubiquitin-proteasome system and the autophagy-lysosomal 

system (Gwinn, et al. 2008; Egan, et al. 2011). Macroautophagy (hereafter referred 

to simply as autophagy) is a highly conserved intracellular degradation pathway for 

nutrient recycling. Autophagy is characterized by the engulfment of cellular material 

such as aggregated proteins and dysfunctional organelles, followed by lysosomal fusion 

and degradation (Levine and Klionsky 2004; Kim and Klionsky 2000). Autophagy is 

constitutively active at a basal level in most tissues, but it also can be induced by low 

cellular energy levels or shifts in nutrient availability (Kim and Lee 2014). AMPK and the 

mechanistic target of rapamycin complex 1 (mTORC1) play a significant role in autophagy 

regulation. In addition to autophagy, mTORC1 is involved in regulation of cell growth, 

protein synthesis, and lipogenesis (Laplante and Sabatini 2009; Wullschleger, Loewith, and 

Hall 2006; Hay and Sonenberg 2004). The autophagy initiating kinase UNC-51-like kinase 

1 (ULK1) forms a complex with three other autophagy related proteins, FIP200, ATG13, 

and ATG101 (Jung et al. 2009). When nutrients are plentiful, mTORC1 phosphorylates the 

ULK1 complex, inhibiting autophagy (Hosokawa, et al. 2009). When nutrients are limited, 

mTORC1 is inhibited, the ULK1 complex dissociates from mTORC1, and autophagy is 

initiated (Jung, et al. 2009; Ganley, et al. 2009). AMPK activates autophagy by inhibiting 

mTORC1 and directly phosphorylating ULK1 at a different site than mTORC1 (Kim, et 

al. 2011; Egan, et al. 2011). Vesicle elongation is mediated by several autophagy proteins, 

including microtubule-associated protein 1 light chain 3 (LC3), which exists in a cytosolic 

form (LC3-I) and a form associated with the autophagosome membrane (LC3-II) (Kabeya, 

et al. 2000). Nutrients generated from lysosomal degradation reactivate mTORC1, leading to 
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autophagy termination. Autophagy can be general, or specifically targeted to organelles such 

as mitochondria, which is referred to as mitophagy (Lemasters 2005).

Mitochondria are highly dynamic organelles that can vary morphologically from 

symmetrical spheres to an interconnected network (Bereiterhahn and Voth 1994). These 

morphological alterations are regulated by mitochondrial fission and fusion. Fission and 

fusion dynamics, and subsequent mitochondrial morphology, are influenced by a number 

of factors including nutrient availability and cellular stress (Chan 2006; Yu, Robotham, and 

Yoon 2006). Mitochondrial dysfunction can lead to insulin resistance, a primary risk factor 

for obesity and T2D (Morino, Petersen, and Shulman 2006). In skeletal muscle of obese 

and T2D individuals, mitochondrial dysfunction is accompanied by morphological changes, 

such as reduced size (Kelley, et al. 2002). Agents that alter energy status and mitochondrial 

function, such as metformin and β-GPA, may lead to changes in mitochondrial morphology 

and autophagy in muscle. Further, autophagy and mitochondrial function have been 

implicated as potential therapeutic targets for metabolic disease (Jheng, et al. 2012; 

Rubinsztein, Codogno, and Levine 2012). While metformin and β-GPA have been shown 

to alter skeletal muscle metabolism, it remains unclear how these pharmacological agents 

effect autophagy and mitochondrial function.

The primary objective of this study was to investigate how metformin and β-GPA treatment 

affects autophagy in developing myotubes. Since the AMPK/mTORC1 pathway plays 

an important role in autophagy regulation, relative expression of key proteins in this 

pathway were examined. Similarly, given that autophagy and AMPK activity are associated 

with various cellular stressors, myotube morphology, mitochondrial morphology, and 

mitochondrial function were also examined. Since both β-GPA and metformin have been 

shown to cause energetic stress and activate the AMPK signaling pathway, we hypothesized 

that after short-term (48 h) treatment, both β-GPA and metformin: 1) will decrease myotube 

diameter, 2) will increase AMPK phosphorylation, 3) will enhance autophagy, 4) will 

increase mitochondrial fragmentation, since mitochondrial fission precedes mitophagy, and 

5) will reduce the cellular oxygen consumption rate. These hypotheses were all supported 

following β-GPA treatment. In contrast, while metformin did lead to an increase in AMPK 

phosphorylation and a decrease in the oxygen consumption rate, it also led to an increase 

in myotube diameter, a decrease in autophagy, and elongation of mitochondria instead 

of increased fission. Thus, these two AMPK activating compounds have fundamentally 

different effects on autophagy.

Methods and Materials

Cell culture

C2C12 mouse myoblasts were purchased from ATCC (Manassas, VA, USA) and cultured 

in growth media comprised of Dulbecco’s modified eagle medium (DMEM, high (25 

mM) glucose, GlutaMAX supplement, pyruvate) (Life technologies, Carlsbad, CA, USA) 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were 

grown to <70% confluence in 75 cm² culture flasks (Sigma-Aldrich, Natick, MA, USA), 

and maintained in a Nuaire air-jacketed incubator at 37°C and 5% CO₂. Cells were 

passaged using TrypLE Express (Life technologies). Following seeding, cells remained in 
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growth media for 24 h, and were subsequently switched to differentiation media (DM) 

(DMEM, 2% horse serum, and 1% penicillin/streptomycin) to promote differentiation of 

mononucleated myoblasts to multinucleated myotubes. Metformin or β-GPA treated cells 

were supplemented with either 1 mM metformin or 5 mM β-GPA when GM was replaced 

with DM.

Myotube measurements

Cells were seeded in 6-well plates (Corning, NY, USA) at a density of 200,000 cells per well 

and cultured as described above. Phase-contrast images were captured each day, starting 

at 48 h post-treatment. Three images were taken per well, one in the middle, one in the 

top right, and one in the bottom left. This was conducted for four plates (n=12), each day 

of treatment for five days, resulting in 36 images per treatment type (control, metformin, 

or β-GPA) per day, and each developing myotube in the frame was measured using FIJI 

(Schindelin, et al. 2012).

Western blot analysis

Cells were seeded into 6-well plates at a density of 200,000 cells per well and cultured 

as described above. Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer 

(Santa Cruz Biotechnology, Dallas, TX, USA) with 10μl/ml of Na-orthovanadate, PMSF, 

and protease inhibitor. Samples were centrifuged at 12,000 rpm for 20 min at 4°C and the 

supernatants were collected. Protein content was quantified using a Bradford assay. Lysates 

were combined with 2x Laemmli buffer in a 1:1 ratio, denatured for 5min and 10–15 μg 

of protein was loaded into a 10% SDS polyacrylamide gel (Bio-Rad, Hercules, CA, USA). 

Proteins were transferred to a PVDF membrane at approximately 250 mA for 1 h using 

a wet transfer technique. Membranes were washed 2x in Tris-buffered saline with 0.1% 

Tween 20 (TBST), and blocked in 3% milk or BSA in TBST for 1 h. Membranes were 

incubated in 3% milk or BSA with the primary antibody (in a 1:1000 dilution) at 4°C 

overnight. Membranes were washed in TBST 4x for 5 min, incubated in an HRP-linked 

secondary antibody (1:2000 dilution) in 3% milk or BSA for 1 h, and rinsed in TBST 4x 

for 5 min. Blots were incubated for 5 min in an enhanced chemiluminescent (ECL) substrate 

(Bio-Rad) and imaged using a CCD camera. Following detection, membranes were stained 

for total protein using Coomassie Brilliant Blue R-250 for 5 min, de-stained, and rinsed 

with DI H2O. Densitometry was conducted using FIJI, by selecting each lane and analyzing 

the area under each peak. The following antibodies (Cell Signaling Technology, Danvers, 

MA, USA) were used LC3B (#83506S), ULK1 (#8054), Phospho-ULK1 (Ser317), AMPK 

(#2532), Phospho-AMPK (Thr172) (#40H9), Phospho-p70 S6 Kinase (Thr389) (#9205), and 

p70 S6 kinase (#9202).

Fluorescence microscopy

Cells were seeded into collagen-coated coverslip dishes (MatTek, Ashland, MA, USA), and 

stained with 50 nM LysoTracker Red DND-99 (Life technologies, Carlsbad, CA, USA) in 

DM for 30 min in a CO₂ air-jacketed incubator at 37°C and 5% CO2. Cells were washed in 

phosphate-buffered saline (PBS) 2x, fixed in 4% paraformaldehyde for 15 min, and stained 

with DAPI for 20 min at 37°C. All samples were permeated with 0.5% Triton X-100 in PBS 

for 15 min and blocked in 0.5% BSA in PBS for 1 h at room temperature. Samples were 
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incubated in 1:500 dilution of LC3B primary antibody (Cell Signaling; #83506S) in 0.25% 

BSA in PBS for 1 h at room temperature, washed 3x with PBS, and incubated in 0.25% 

BSA in PBS with an Alexa Fluor 488 conjugated secondary antibody in a 1:4000 dilution 

(Abcam, Cambridge, UK) for 1 h at room temperature. Imaging was conducted on an 

Olympus Fluoview 1000 laser scanning confocal microscope. Fifteen images were collected 

from each coverslip (n=3), and images were analyzed in FIJI. Density was calculated as a 

ratio of the number of LC3-II or lysosome puncta to the number of nuclei in each image 

frame.

Transmission electron microscopy

Cells were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M Sorenson’s 

phosphate buffer (pH 7.40) for 15 min and centrifuged for 3–4 min to pellet cells. Fixative 

was decanted, and fresh primary fixative was added and left overnight. Samples were rinsed 

2x in 0.1 M phosphate buffer for 15 min and fixed in 1% osmium tetroxide with 0.8% 

potassium ferricyanide in 0.1 M phosphate buffer for 2 h. Samples were then rinsed in 

phosphate buffer 2x for 15 min, rinsed in DI H2O 2x for 5 min, and dehydrated in a graded 

ethanol series. Samples were infiltrated with a 1:1 mixture of Spurr epoxy resin and 100% 

ethanol for 1 h, and subsequently placed resin overnight. Samples were placed in fresh resin 

in BEEM capsules and cured in a vacuum oven at 70°C for 8 h. Samples were cut in 90 nm 

sections on a Leica (Wetzler, Germany) UC7 ultramicrotome, and sections were collected 

on 200 mesh Formvar-coated copper grids. Grids were stained with 50% uranyl acetate in 

ethanol for 15 min, rinsed in DI H2O and stained with lead citrate for 15 min. Imaging was 

performed in bright field mode on a FEI Tecnai 12 Spirit transmission electron microscope 

with an accelerated voltage of 80kev. Ten images were collected for each sample (n=3), and 

images were analyzed by point counting using a 15 μm2 grid overlay in FIJI.

Metabolic flux analysis

Mitochondrial function was evaluated in cells for both metformin and β-GPA 48-h treatment 

groups, as the mitochondrial electron transport system is a proposed target of metformin, 

and β-GPA has been shown to alter oxygen consumption rate in vivo. Cells were cultured 

as described above and seeded at a density of 6,000 cells per well into Seahorse XFp 8-well 

microplate cartridges. The only difference from the previously described culture methods 

is that 45 min prior to measurement, the media was replaced with Seahorse XFp culture 

media, supplemented with 25 mM glucose, 1 mM pyruvate and 2 mM glutamine. This 

supplemented media has the same composition as the DMEM culture media used in the rest 

of this study, with the exception that there is no sodium-bicarbonate, which would interfere 

with the measurements of pH. To prevent acidification from occurring in this non-buffered 

media, the cells were maintained in a non-CO2 incubator for the final 45 min prior to the 

experiments.

Two of the 8 wells of the microplate cartridge were used as calibration controls, containing 

only media, and six wells contained cells; three controls and three treatment wells. 

Experiments were conducted in triplicate for a total of nine replicates per treatment. Prior to 

and after each experiment the wells were examined microscopically. In all cases, a confluent 

layer of cells was observed for both treatments before and after the experiment, with a 
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mixture of myocytes and myotubes like that shown for the 48-h treatment in Fig. 1 A and D. 

To account for the possibility that the treatments affected total cell density, all measurements 

were normalized to total protein.

The cellular oxygen consumption rate (OCR) was measured in a Seahorse XFp metabolic 

flux analyzer (Seahorse Bioscience, North Billerica, MA, USA). To evaluate mitochondrial 

function, OCR was measured in the presence of (1) only media to obtain basal rates, (2) 

1 μM oligomycin to inhibit the ATP synthase and measure OCR from the mitochondrial 

proton leak + non-mitochondrial OCR, (3) 2 μM FCCP to uncouple mitochondria and 

measure maximal OCR, and (4) 0.5 μM rotenone/antimycin A to inhibit the electron 

transport system and measure only non-mitochondrial OCR. The OCR dedicated to 

different processes is calculated as follows: basal = initial OCR – non-mitochondrial OCR, 

maximal = post-FCCP OCR – non-mitochondrial OCR, ATP production = basal OCR – 

post-oligomycin OCR, proton leak = post-oligomycin OCR – non-mitochondrial OCR, and 

non-mitochondrial = post-rotenone/antimycin-A OCR. Basal OCR was collected for 3 time 

points, and 3 time points also were collected following each inhibitor injection (each time 

point is about 6 min, including mixing time). For the calculations described above, we used 

the OCR measurement at the third (last) time point under each condition to give the cells 

a chance to reach equilibrium (i.e., the 3rd, 6th, 9th, and 12th measurements were used). 

Simultaneous measurements of the extracellular acidification rate (ECAR), which is caused 

largely by anaerobic metabolism but also by aerobic CO2 production, were also made. All 

data were analyzed using t-tests, and all data are presented as means ± sem.

Results

β-GPA and metformin alter myotube morphology

Myotubes treated with β-GPA were significantly longer and smaller in diameter than 

controls at 48 h, 72 h, 4 days, and 5 days (Fig. 1A, B). TEM revealed no significant 

response in cell size following 48 h β-GPA treatment (Fig. 1C). Myotubes treated with 

metformin were significantly larger in diameter, but only at the 48-h time point, and with 

no difference in length. Thus, controls and treatments were not morphologically different 

at 72 h, 4 days, or 5 days (Fig. 1D, E). This observation was further confirmed by TEM, 

where 48 h metformin treatment resulted in a 52.5% (P<0.001) increase in cell size (Fig. 

1F). Phase contrast imaging revealed no significant differences in number of myotubes per 

field following either β-GPA or metformin treatment.

48 h treatment with β-GPA and metformin increased AMPK activation

Both AMPK and ULK1 phosphorylation were investigated to determine the role of β

GPA and metformin on AMPK signaling and autophagy. Given that mTORC1 regulates 

autophagy in a reciprocal manner from AMPK, mTORC1 signaling was also evaluated. P70 

S6 kinase (P70S6K) is a downstream target of mTORC1 and plays a role in regulation of 

protein synthesis. β-GPA treatment for 48 h significantly increased AMPK phosphorylation 

at Thr172 (P<0.05), as well as phosphorylation of the autophagy initiating kinase ULK1 at 

Ser317 (P<0.05). Phosphorylation of P70S6K was significantly reduced at Thr389 (P<0.05), 

suggesting a reduction in mTORC1 signaling, consistent with increased AMPK activity and 
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autophagy induction (Fig. 2A). Metformin treatment induced phosphorylation of AMPK, but 

unlike β-GPA did not have an effect ULK1, or P70S6K phosphorylation (Fig. 2B).

β-GPA and metformin differentially impacted autophagy in skeletal myotubes

To further elucidate the role of β-GPA and metformin on autophagy, we used confocal 

microscopy to analyze LC3b-II and lysosome staining, TEM to evaluate autophagosome 

density and ultrastructure, and western blotting to determine protein expression of LC3b

II. Confocal microscopy revealed that 48 h β-GPA treatment induced a 66% increase 

in autophagosome (LC3b-II) density (P<0.001) and a 67% increase in lysosome density 

(P<0.05) (Fig. 3A, B). Total area of LC3b-II puncta was also investigated using a threshold 

analysis and was found to be significantly increased (53%; P<0.05) in β-GPA treated cells. 

TEM complemented these findings, revealing a 3-fold increase in autophagosome density 

(P<0.001) and 7-fold increase in autolysosome density (P<0.001) (Fig. 3C, D). However, 

western blot analysis revealed no significant difference in LC3b-II expression (Fig. 3E).

In contrast to β-GPA, confocal microscopy revealed a significant reduction in autophagy 

following metformin treatment, marked by a 29% reduction in autophagosomes (LC3b-II) 

(P<0.01) and a 55% reduction in lysosomes (P<0.05) (Fig. 4A, B). Total area of LC3b-II 

puncta was also significantly reduced (P≤0.01). TEM analysis revealed a 3-fold reduction in 

autophagosome density (P<0.001) and no significant change in autolysosome density (Fig. 

4C, D). Further, western blot analysis showed that metformin significantly reduced LC3b-II 

expression (P<0.05) (Fig. 4E). Neither β-GPA nor metformin treatment elicited a significant 

difference in co-localization of LC3b-II and lysosomes (P=0.135 and P=0.190, respectively).

β-GPA and metformin decreased mitochondrial respiration

To evaluate mitochondrial function, oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) were measured during the injection of inhibitors following 48 h 

of β-GPA or metformin treatment (Fig. 5A–D). β-GPA led to significant reductions to basal 

(P<0.05) and maximal OCR (P<0.05), as well as non-mitochondrial OCR (P<0.05) (Fig. 

5E). Metformin, a known electron transport inhibitor, led to a more substantial reduction 

in OCR, and a significant decrease in basal (P<0.01) and maximal OCR (P<0.01), as well 

as the OCR devoted to ATP production (P<0.01) and non-mitochondrial OCR (P<0.01) 

(Fig. 5F). β-GPA reduced ECAR after FCCP injection, suggesting that total metabolic 

rate (aerobic and anaerobic) is lower following β-GPA treatment (Fig. 5C). In contrast, 

metformin caused a chronically high ECAR that was greater than the controls for all time 

points except when control ECAR was maximal during FCCP-induced uncoupling (Fig. 

5D). This is consistent with metformin acting as a potent inhibitor of the electron transport 

system, and cellular recruitment of anaerobic glycolysis to compensate for the deficit in ATP 

production by mitochondria.

β-GPA and metformin differentially altered mitochondrial morphology

β-GPA increases mitochondrial biogenesis in vivo (Bergeron, et al. 2001), and metformin 

has been shown to alter mitochondrial morphology (Izzo, et al. 2017). As such, 

mitochondrial morphology was investigated using transmission electron microscopy. 48 h 

β-GPA treatment led to a 40% increase in the density of fragmented mitochondria (P<0.05), 
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with no change in elongated mitochondrial density (Fig. 6A, B). Metformin, in contrast, 

increased the density of elongated mitochondria by 84% (P<0.001), with no change in 

the density of fragmented mitochondria (Fig. 6C, D). Total mitochondrial density was 

not altered by β-GPA or metformin, which is not surprising for the relatively short 48 h 

treatment period.

Discussion

The aim of this study was to determine how the anti-hyperglycemic drug metformin 

and the creatine analog β-GPA affect cell morphology, AMPK signaling, autophagy, 

and mitochondrial morphology and function in developing skeletal myotubes. β-GPA has 

been shown to reduce skeletal muscle mass and myofiber diameter in vivo, and this has 

been attributed to a shift toward more aerobic fiber types that are typically smaller to 

promote adequate diffusive flux of oxygen (Ross, et al. 2017). While most investigations 

of β-GPA have been primarily focused on in vivo experiments, some work has examined 

the morphological effects of β-GPA in cultured myoblasts. Ohira et al. (2011) discovered 

that adding 1 mM β-GPA near the end of myogenic differentiation did not alter myotube 

diameter or number of myotubes per field. Nichenko et al. (2016) found that 1 mM β-GPA 

treatment throughout differentiation led to a significant increase in the number of myotubes 

per field. In contrast to Ohira et al. (2011) and Nickenko et al. (2016), the present study 

found that myoblasts treated with β-GPA throughout differentiation were longer and smaller 

in diameter each day from 48 h to 5 days, with no change in the number of myotubes per 

field. The cell volume density results obtained by TEM were non-significant and did not 

reflect those obtained by phase contrast, possibly due to difficulty imaging entire cells and 

the much smaller sample size analyzed with TEM. Metformin treated cells were larger in 

diameter at 48 h, with no change in length or diameter at any other time point. This is 

consistent with Pavlidou et al. (2017), who found that the effects of metformin on myogenic 

differentiation was dose dependent, with low doses (100 μM and 500 μM, which is similar 

to the 1 mM dose in the present study) having no effect on differentiation. Neither β-GPA 

nor metformin treatment altered the number of myotubes per field (Fig. 1). Thus, β-GPA and 

metformin alter myotube shape in different ways, but the mechanisms of these effects are 

unclear.

β-GPA supplementation has been shown to reduce ATP content in skeletal muscle, 

leading to subsequent increases in AMPK activity (Bergeron, et al. 2001; Rush, Tullson, 

and Terjung 1998; Zong, et al. 2002). In cultured muscle cells, one study reported 

no effect of β-GPA treatment on AMPK phosphorylation (Hanke, et al. 2008), while 

another study found AMPK activity was significantly reduced following β-GPA treatment 

(Ohira, et al. 2011). In the present study, β-GPA treatment significantly increased 

phosphorylation of AMPK, which was associated with increased ULK1 phosphorylation 

and reduced phosphorylation of P70S6K (Fig. 2A–C), which are results consistent with 

AMPK-induced enhancement of autophagy and inhibition of protein synthesis. P70S6K 

is a downstream target of mTORC1, which inhibits autophagy by inactivating the ULK1 

complex (Hosokawa, et al. 2009). Further, P70S6K phosphorylates the ribosomal protein 

S6, thereby activating protein synthesis (Gingras, Raught, and Sonenberg 2001). Thus, the 

reduced P70S6K phosphorylation is expected to lead to reduced protein synthesis, and 
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enhanced phosphorylation of ULK1 is indicative of increased autophagy, both of which 

are consistent with the observed increase in AMPK phosphorylation. These results are 

in agreement with our findings that β-GPA treatment led to increased autophagosome, 

autolysosome, and lysosome density (Fig. 3A–D). In contrast, protein expression of LC3b-II 

was not altered (Fig. 3E). This could have resulted from increased autophagosome synthesis 

and degradation, i.e., LC3b-II was rapidly turned over, as evidenced by the 7-fold increase 

in autolysosome density. These results in myotubes are consistent with those of Yang et al. 

(Yang, et al. 2015), where β-GPA was shown to increase AMPK signaling and autophagy in 

Drosophila.

Metformin has been shown to increase AMPK phosphorylation in hepatocytes and myocytes 

(Musi, et al. 2002; Zhou, et al. 2001), while Pavlidou et al. (2017) found that low doses 

of metformin did not lead to alterations in AMPK activity. The 48-h metformin treatment 

in the present study increased phosphorylation of AMPK but had no effect on ULK1 or 

P70S6K (Fig. 2D–F). If metformin had led to the expected changes in ULK1 and P70S6K 

phosphorylation, then we would also expect an upregulation of autophagy similar to that 

caused by β-GPA. Metformin, however, had the opposite effect on autophagy, suggesting a 

non-AMPK mediated mechanism. Studies assessing the effects of metformin on autophagy 

have focused primarily on cancer cells. In melanoma and lymphoma cells, metformin 

treatment has been shown to induce autophagy, although this was observed using high 

(5–10 mM) concentrations (Tomic, et al. 2011; Shi, et al. 2012). However, in micromolar 

concentrations, metformin has been shown to inhibit autophagy by decreasing glutamine 

metabolism and ammonia accumulation (Saladini, et al. 2019). Similarly, in the present 

study, a dose of 1 mM metformin led to a significant reduction in autophagy, evidenced by 

a dramatic reduction in LC3b-II expression, autophagosome density, and lysosome density 

(Fig. 4). In any case, the effect of metformin on autophagy activation is likely to be 

dose-dependent and cell-type specific.

Mitochondrial morphology, function, and degradation are impacted by cellular energy status 

and stress (Benard, et al. 2007; Yu, Robotham, and Yoon 2006; Melser, et al. 2013). In this 

study, both β-GPA and metformin reduced mitochondrial OCR, but the effect was greater for 

metformin (Fig. 5). The combined OCR and ECAR data suggest that overall metabolic rate 

is decreased in the β-GPA treated cells. This may reflect that β-GPA was inducing cellular 

remodeling toward a more aerobic phenotype, and metabolism is compromised during this 

period. This is consistent with in vivo β-GPA treatment, which leads to deterioration of 

exercise performance in the short-term while muscle remodeling occurs, but an enhancement 

of both metabolic rate and exercise performance in the long-term (Ross et al. 2017). The 

large effect of metformin on OCR is consistent with its role as an inhibitor of electron 

transport, as is the chronically high ECAR. The ECAR data suggests that anaerobic 

glycolysis is compensating for the decrease in ATP production by mitochondria in the 

metformin group. The fact that both the control and metformin groups reach the same ECAR 

following FCCP injection (when ECAR is maximal due to the combination of anaerobic 

glycolysis and aerobic CO2 production) suggests that, unlike the β-GPA treatment, the 

overall ATP demand is the same in the control and metformin groups. The compromised 

mitochondria in the metformin treatment may be linked to changes in glutamine metabolism 
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and ammonium accumulation, as described above, which is a potential mechanism for the 

metformin-induced reduction in autophagy.

β-GPA treatment also led to an increase in the density of fragmented mitochondria (Fig. 

6). Mitochondrial fission precedes mitophagy (Gomes, Di Benedetto, and Scorrano 2011), 

so the sizable β-GPA-induced increase in autophagy observed in the present study may be 

associated with enhanced turnover of mitochondria. Further, in vivo β-GPA supplementation 

enhances AMPK activation, which can mimic the effects of exercise, including increases 

in mitochondrial biogenesis (Jager, et al. 2007). Exercise training favors mitochondrial 

fission, promoting mitophagy and aiding in the clearance of damaged or superfluous 

mitochondria, thereby improving mitochondrial quality (Yan, Lira, and Greene 2012; Lira, 

et al. 2013; Laker, et al. 2014; Drake, Wilson, and Yan 2016). However, mitochondrial 

fragmentation is also associated with mitochondrial dysfunction. Excess mitochondrial 

fission can result in accumulation of fragmented mitochondria, and is associated with 

diabetes related complications, such as diabetic cardiomyopathy and diabetes-induced 

atherosclerosis (Wang, et al. 2017; Toyama, et al. 2016).

Metformin treatment led to an increased density of elongated mitochondria. Metformin 

previously has been shown to promote mitochondrial elongation, restoring the mitochondrial 

network in fibroblasts (Izzo, et al. 2017). Metformin has also been reported to suppress 

mitochondrial fragmentation in an AMPK-dependent manner in endothelial cells, and inhibit 

the development of atherosclerosis in mice (Wang, et al. 2017). Moreover, elongated 

mitochondria are spared from autophagic degradation (Gomes, Di Benedetto, and Scorrano 

2011), so the reduction in autophagy elicited by metformin may be associated with a 

reduction in mitophagy. In response to a variety of cellular stressors, some cell lines exhibit 

mitochondrial elongation, referred to as stress induced mitochondrial hyperfusion (Tondera, 

et al. 2009). In such situations, mitochondrial fusion allows mixing of matrix contents, 

and can thereby promote ATP production (Chan 2012). Given that metformin elicited a 

significant reduction in OCR associated with ATP production, mitochondrial elongation may 

have been a response to compensate for the reduction in ATP production and mitochondrial 

stress.

Obesity and T2D can cause perturbations in a whole host of cellular processes, including 

AMPK signaling, autophagy, and mitochondrial function (Kelley et al. 2002; Kosacka et al. 

2015). In human skeletal muscle, obesity and T2D have been shown to elicit mitochondrial 

damage and mitochondrial size reduction (Kelley, et al. 2002). Further, while autophagy 

is essential for regular maintenance of skeletal muscle (Masiero, et al. 2009), alterations 

or reductions in skeletal muscle autophagy caused by obesity and T2D may lead to 

deleterious effects on muscle development, regeneration, and maintenance. Thus, agents 

that enhance autophagy and AMPK activity, such as β-GPA, may be potentially beneficial in 

the restoration of these cellular processes and therefore could have therapeutic implications 

for the treatment of these metabolic conditions. However, mitochondrial fragmentation, 

as observed in this study following β-GPA treatment, is associated with obesity, and 

may contribute to insulin resistance in skeletal muscle (Jheng, et al. 2012). Prior work 

has revealed increases in AMPK activity elicited by metformin treatment in hepatocytes 

and skeletal muscle (Zhou et al. 2001). While some studies have reported restoration of 
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AMPK activity and autophagy in response to metformin (Masini, et al. 2009; Xie, et al. 

2011), the present study found that metformin activated AMPK, but led to a significant 

reduction in autophagy in cultured myocytes. It is well-established that metformin reduces 

hepatic glucose production and increases glucose disposal in skeletal muscle (Galuska et 

al. 1994; Foretz et al. 2010). However, the severe reduction in mitochondrial OCR and 

autophagy observed in the present study may impact skeletal muscle maintenance, thereby 

compromising the integrity of muscle fibers. As such, more work is required to evaluate 

the effects of β-GPA and metformin on skeletal muscle autophagy and mitochondrial 

maintenance in models of obesity and T2D.

In conclusion, β-GPA enhances autophagy and AMPK activity in developing C2C12 

myotubes. This was accompanied by a reduction in myotube diameter, a decrease in basal 

and maximal OCR, and an increase the fragmented mitochondrial density. In contrast, 

metformin activated AMPK but led to a reduction in autophagy. Metformin also increased 

myotube diameter only at 48 h post-treatment, severely reduced basal and maximal 

OCR, and increased the density of elongated mitochondria. As autophagy and AMPK 

activation have been proposed as targets for the treatment of obesity and T2D, these results 

suggest that β-GPA could be beneficial for such metabolic conditions, despite the increase 

in mitochondrial fragmentation. While metformin is a widely used anti-hyperglycemic 

agent, the observed reduction in autophagy may lead to dysregulation of skeletal muscle 

maintenance, since basal autophagy is required to maintain skeletal muscle mass. Currently, 

more work is needed to further elucidate the effects of obesity and T2D on basal autophagy 

in skeletal muscle. To expand on the present study, future work should focus on how β-GPA 

and metformin influence mitochondrial fission and fusion machinery, and how these agents 

effect autophagy and insulin sensitivity in vivo.
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Fig. 1. 
β-GPA and metformin differentially alter myotube morphology. A, B) β-GPA increased 

myotube length and reduced myotube diameter each day throughout differentiation. Scale 

bar = 100 μm. C) TEM (scale bar = 1 μm revealed 48 h β-GPA treatment led to 16.5% 

reduction in mean cell volume, but this was not significant (P=0.139). D, E) Metformin 

treatment increased myotube diameter at 48 h, with no significant difference in length or 

diameter at any other time point. F) TEM (scale bar = 1 μm) complemented these findings, 

revealing a 52.5% increase in cell size. n=36; *P≤0.05, ** P≤0.01.
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Fig. 2. 
48 h β-GPA treatment led to an increase in phosphorylation of A) AMPK, reduced 

phosphorylation of P70S6K, and increased phosphorylation of C) ULK. Metformin led to 

increased phosphorylation of D) AMPK, but did not alter phosphorylation of E) P70S6K 

or F) ULK1. Molecular weight markers typically did not show up in the western blot ECL 

detection, so in those cases blots were aligned with total protein images and markers from 

total protein gels are shown adjacent to blots above and separated by a gap. n=6 (n=9 for 

control and metformin groups of AMPK); *P≤0.05.
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Fig. 3. 
β-GPA enhances autophagy in developing myotubes. A, B) Confocal microscopy revealed 

that β-GPA treatment led to an increase in autophagosome (green LC3-II labeling; beveled 

arrowheads) and lysosome (red lysotracker labeling; arrowheads) density, with no significant 

difference in colocalization (arrows) (n=45). Scale bar = 20 μm. C, D) TEM also revealed 

that 48h β-GPA increased autophagosome and autolyosome density (n=30). E) 48 h β-GPA 

treatment did not alter relative expression of LC3b-II. There was insufficient total protein 

staining near the 15 kDa molecular weight marker, so LC3b-II was normalized to total 

protein from the 50–100 kDa range. n=6; *P≤0.05, ** P≤0.01.
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Fig. 4. 
Metformin reduces autophagy in developing myotubes. A, B) Confocal microscopy 

revealed that metformin treatment reduced autophagosome (green LC3-II labeling; beveled 

arrowheads) and lysosome (red lysotracker labeling; arrowheads) density, with no significant 

difference in colocalization (arrows) (n=45). Scale bar = 20 μm. C, D) TEM also revealed 

a reduction in autophagosome density (n=30). E) Relative expression of LC3b-II was also 

reduced following metformin treatment. There was insufficient total protein staining near 

the 15 kDa molecular weight marker, so LC3b-II was normalized to total protein from the 

50–100 kDa range. n=6; *P≤0.05, ** P≤0.01.
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Fig. 5. 
Both β-GPA and metformin reduce mitochondrial oxygen consumption rate (OCR) in 

C2C12 cells. The time course of measurements of OCR and extracellular acidification rate 

(ECAR) are shown in A-D, while the allocation of OCR to different processes is shown 

in E-F. Mean OCR was reduced following both β-GPA A, E) and metformin treatment C, 
D). ECAR was reduced by β-GPA following addition of FCCP C), but metformin, a known 

inhibitor of the electron transport chain, led to chronically high ECAR that was significantly 

higher than controls for all time points except when FCCP was added and mitochondria 

were uncoupled D). n=9; ** P≤0.01.
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Fig. 6. 
β-GPA and metformin differentially alter mitochondrial morphology. A, B) 48 h β-GPA 

increased the density of fragmented mitochondria, and elicited no change in elongated 

mitochondria or total mitochondrial density. C, D) 48 h Metformin increased the density of 

elongated mitochondria, but did not alter the density of fragmented mitochondria, or total 

mitochondrial density. n=30; *P≤0.05, ** P≤0.01.
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