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Abstract

Background: Skeletal muscle atrophy, whether caused by chronic disease, acute critical 

illness, disuse or aging, is characterized by tissue-specific decrease in oxidative capacity and 

broad alterations in metabolism that contribute to functional decline. However, the underlying 

mechanisms responsible for these metabolic changes are largely unknown. One of the most 

highly upregulated genes in atrophic muscle is AMP deaminase 3 (AMPD3: AMP→IMP+NH3), 

which controls the content of intracellular adenine nucleotides (AdN; ATP+ADP+AMP). Given 

the central role of AdN in signaling mitochondrial gene expression and directly regulating 

metabolism, we hypothesized that overexpressing AMPD3 in muscle cells would be sufficient 

to alter their metabolic phenotype similar to that of atrophic muscle.

Methods: AMPD3 and GFP (control) were overexpressed in mouse tibialis anterior (TA) 

muscles via plasmid electroporation and in C2C12 myotubes using adenovirus vectors. TA 

muscles were excised one week later, and AdN were quantified by UPLC. In myotubes, targeted 
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measures of AdN, AMPK/PGC-1α/mitochondrial protein synthesis rates, unbiased metabolomics, 

and transcriptomics by RNA sequencing were measured after 24 h of AMPD3 overexpression. 

Media metabolites were measured as an indicator of net metabolic flux. At 48 h, the AMPK/

PGC-1α/mitochondrial protein synthesis rates, and myotube respiratory function/capacity were 

measured.

Results: TA muscles overexpressing AMPD3 had significantly less ATP than contralateral 

controls (−25%). In myotubes, increasing AMPD3 expression for 24 h was sufficient to 

significantly decrease ATP concentrations (−16%), increase IMP, and increase efflux of IMP 

catabolites into the culture media, without decreasing the ATP/ADP or ATP/AMP ratios. When 

myotubes were treated with dinitrophenol (mitochondrial uncoupler), AMPD3 overexpression 

blunted decreases in ATP/ADP and ATP/AMP ratios but exacerbated AdN degradation. As such, 

pAMPK/AMPK, pACC/ACC, and phosphorylation of AMPK substrates, were unchanged by 

AMPD3 at this timepoint. AMPD3 significantly altered 191 out of 639 detected intracellular 

metabolites, but only 30 transcripts, none of which encoded metabolic enzymes. The most altered 

metabolites were those within purine nucleotide, BCAA, glycolysis, and ceramide metabolic 

pathways. After 48 h, AMPD3 overexpression significantly reduced pAMPK/AMPK (−24%), 

phosphorylation of AMPK substrates (-14%), and PGC-1α protein (−22%). Moreover, AMPD3 

significantly reduced myotube mitochondrial protein synthesis rates (−55%), basal ATP synthase­

dependent (−13%), and maximal uncoupled oxygen consumption (−15%).

Conclusions: Increased expression of AMPD3 significantly decreased mitochondrial protein 

synthesis rates and broadly altered cellular metabolites in a manner similar to that of atrophic 

muscle. Importantly, the changes in metabolites occurred prior to reductions in AMPK signaling, 

gene expression, and mitochondrial protein synthesis, suggesting metabolism is not dependent 

on reductions in oxidative capacity, but may be consequence of increased AMP deamination. 

Therefore, AMP deamination in skeletal muscle may be a mechanism that alters the metabolic 

phenotype of skeletal muscle during atrophy and could be a target to improve muscle function 

during muscle wasting.
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1. INTRODUCTION

Skeletal muscle atrophy is a detrimental consequence of chronic diseases, acute critical 

illnesses, disuse, and aging, that decreases patient quality of life and survival. In addition 

to the loss of contractile proteins and muscle strength, atrophic muscles have a profound 

difference in metabolism and increased fatigability. Common metabolic changes that occur 

in atrophying muscle include decreases in the content of adenine nucleotides (AdN: ATP, 

ADP, and AMP)[1] and mitochondrial oxidative enzymes[2, 3], increases in branched chain 

amino acid (BCAA) transamination to support increased de novo synthesis of glutamine and 

alanine[4–8], increases in polyol sugars (sorbitol and fructose)[9, 10], and increased de novo 

synthesis and accumulation of ceramides[11–13]. Collectively, these alterations partially 

characterize a common metabolic phenotype that distinguishes atrophic and healthy skeletal 
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muscles. However, the precise molecular mechanisms and genes enabling these changes in 

skeletal muscle metabolism during atrophy are still unknown.

Skeletal muscle metabolism is regulated by absolute free concentrations of AdN, and 

their relative ratios to ATP, both acutely (i.e. post-translationally) and chronically (i.e. 

transcriptionally), through direct and indirect mechanisms. For example, ADP and the 

ATP/ADP ratio directly regulate mitochondrial ATP synthase activity, which subsequently 

has indirect effects on metabolism due to ATP synthase activity being the primary regulator 

of oxidative phosphorylation flux[14]. Additionally, ATP and AMP directly bind and 

allosterically modulate the activities of key enzymes that regulate metabolism, such as 

phosphofructokinase[15] and AMP-activated protein kinase (AMPK)[16, 17]. By regulating 

AMPK activity, AdN impact metabolism chronically due to AMPK having numerous 

downstream targets that selectively determine gene transcription. A well characterized 

example is AMPK’s ability to increase the transcription of mitochondrial oxidative enzymes 

by phosphorylating and activating the transcription factor coactivator PGC-1α[18], which 

results in chronic increases in mitochondrial oxidative enzyme levels and oxidative capacity 

of muscles[19].

A possible mechanism causing the decreases in intramuscular AdN and mitochondrial 

oxidative enzymes during atrophy is increased activity of the enzyme AMP Deaminase 

3 (AMPD3). AMPD3 is a cytosolic enzyme that catalyzes the thermodynamically 

irreversible deamination of AMP to IMP and ammonia (AMP → IMP+NH3), and its 

expression is increased up to 100-fold in muscles undergoing atrophy[2, 3, 20, 21]. The 

irreversibility of this reaction, in conjunction with the near equilibrium of adenylate kinase 

(ADP+ADP↔ATP+AMP), allows cells to maintain favorable ATP/ADP and ATP/AMP 

ratios at the cost of depleting the total adenine nucleotide pool[22]. Therefore, increased 

AMP deamination due to upregulated AMPD3 expression may be a mechanism altering 

skeletal muscle metabolism during atrophy.

The main purpose of this study was to determine if increased levels of AMPD3 expression 

in skeletal muscle would be sufficient to alter their metabolite levels and mitochondria 

similar to that of atrophying muscles. To address this, we overexpressed AMPD3 in 

C2C12 myotubes and characterized their metabolic phenotype over time using targeted and 

unbiased approaches to determine how and when metabolism may be altered with changes 

in AMP deamination.

2. METHODS

2.1 Plasmid electroporation into mouse muscle

Eight (4 male and 4 female), 22-week old C57BL/6J mice from Jackson Laboratories were 

housed 2–3 per cage with free access to food and water. These studies were approved by the 

Indiana School of Medicine Animal Care and Use Committee.

Mice were anaesthetized via 2% isoflurane and subsequently provided a subcutaneous 

injection of sustained release buprenorphine as an analgesic (3.25 mg/kg body weight Ethiqa 

XR, Fidelis Pharmaceuticals). After the fur was shaved from the lower legs, the skin was 
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scrubbed with a 10% povidone-iodine swab and wiped clean with 70% isopropyl alcohol. 

An ~1cm incision was made longitudinally in the skin over the belly of the tibialis anterior 

(TA), and a plate electrode was slid underneath the TA. pAMPD3 or pGFP lasmid DNA 

(25 μg in 40 μL 0.9% NaCl) was injected mid-belly with the needle inserted parallel to 

muscle fibers. (The pGFP consists of the pIRES-hrGFP II plasmid originally designed by 

Stratagene. The pAMPD3 plasmid consists of mouse AMPD3 cDNA clone (#4503933) from 

OpenBiosystems inserted into the pIRES-hrGFP II plasmid.) Another plate electrode was 

placed above the TA, and electrical pulses (five pulses, 15 V, each lasting 20 ms with 200 

ms interval) were delivered using an ECM 830 Electroporator (BTX Harvard Apparatus). 

The incision was sutured using 5–0 Prolene (FS-2, Ethicon), and mice were monitored to 

confirm proper healing of the surgical site.

Muscles were collected 1 week after the electroporations. Mice were anesthetized by 

intraperitoneal injection of ketamine (20 mg/mL)/xylazine (2mg/mL) and placed on a 37°C 

heating pad. To maintain oxygen delivery to the muscles, the mice were administered 100% 

O2 at a flow rate of 1 L/min. Immediately following their removal, the TA muscles were 

blotted dry and immediately frozen using steel clamps cooled in liquid nitrogen.

2.2 Cell Culture

C2C12 mouse myoblasts (ATCC) were grown on gelatin-coated (Sigma G9391) 6-well 

plates in Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L glucose, L­

glutamine, and sodium pyruvate, and supplemented with 10% heat inactivated fetal bovine 

serum (Gibco 16140-071), and penicillin (100 IU/mL)/streptomycin (100 μg/mL). When 

myoblasts were 75–90% confluent, media was switched to DMEM with 2% horse serum 

(Hyclone SH30074.03) and penicillin/streptomycin to induce differentiation into multi­

nucleated myotubes. Cells were maintained at 37°C and 5% CO2, and media was changed 

every 48 h. Adenovirus constructs Ad-Ampd3-IRES-GFP and Ad-GFP (Vector Biolabs; 

Malvern, PA) were used to overexpress mouse AMPD3 + GFP or GFP alone as described 

previously[23]. Adenovirus constructs encoding mouse AMPD1 (ad-Ampd1-IRES-GFP; 

Vector Biolabs, Malvern, PA) was used to generate a loading control for western blots for 

positive identification of AMPD1 protein in C2C12 myotubes. DNP (2,4 Dinitrophenol; 

Sigma D198501) stock was prepared at 0.2 M concentration dissolved in 100% methanol. 

Stock was then diluted in warm DMEM before adding to culture wells, and equal volumes 

of methanol were used as vehicle control.

2.3 Western blots

Proteins were extracted from cells in radio-immunoprecipitation assay (RIPA) buffer 

including protease and phosphatase inhibitors (Roche) and quantified by BCA Assay 

(Pierce). Equal amounts of protein were separated by SDS-PAGE (6–12% BioRad TGX 

stain free gels) then transferred to polyvinylidene difluoride (PVDF) membranes. Equal 

loading and transfer of proteins was confirmed by imaging protein fluorescence after 

photoactivation of gels and membranes. Membranes were blocked for 1 hour at room 

temperature using a solution of 5% BSA (Sigma A7906) in TBS plus 0.1% tween-20 

(TBS-T). Primary antibodies were purchased from ThermoFisher (AMPD3 PA5-76912), 

Santa Cruz (AMPD1 sc-393117), Abcam (PGC-1α ab54481, OXPHOS cocktail ab110413), 
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and Cell Signaling (AMPKα #5831S, pAMPK Thr172 #2531S, ACC #8578S, pACC 

Ser79 #3661S, Phospho-AMPK Substrate Motif [LXRXX(pS/pT) #5759S). Antibodies were 

diluted in a solution of TBS-T with 2–5% BSA. Membranes were incubated in primary 

antibody overnight at 4°C. Secondary antibodies conjugated to horseradish peroxidase (Cell 

Signaling #7074, ThermoFisher #31444) were detected with Western Chemiluminescence 

HRP Substrate (EMD Millipore). Band intensities were captured using a Bio-Rad Chemi 

Doc XRS imager and analyzed using Image Lab Software 6.1 (Bio-Rad). Approximate 

molecular weights of protein were calculated relative to PageRuler Plus protein ladder 

(ThermoFisher).

2.4 Nucleotide Measurements

Skeletal muscles were weighed to the nearest 0.1 mg and then homogenized in ice cold 0.5 

N perchloric acid + 5mM EDTA using a glass-on-glass tissue grinder. Homogenates were 

then centrifuged, and the supernatants neutralized with ice-cold 1N KOH. Perchlorate salts 

were removed by centrifugation. For C2C12 myotubes, metabolites were extracted using 

ice cold 0.5 N perchloric acid + 5mM EDTA, sonication, and centrifugation to remove 

precipitated proteins. Supernatants were neutralized with ice cold 1 N KOH and centrifuged 

at 4°C to remove the potassium-perchlorate salt. Protein pellets were re-suspended in 0.2 N 

NaOH for protein estimation by BCA Assay (Pierce). For media analysis, media aliquots 

were collected in ice-cold tubes and immediately treated with perchloric acid. Samples were 

processed exactly as above apart from protein assay. Adenine nucleotide (ATP, ADP, AMP) 

and degradation product (IMP, inosine, and hypoxanthine) concentrations were quantified 

by UV absorbance at 210 nm after separation by ultra-performance liquid chromatography 

(UPLC) using a Waters Acquity UPLC H-Class system and an Acquity UPLC HSS T3 1.8 

μm, 2.1 mm × 150 mm column (Waters) as we have done previously [24].

2.5 PGC-1α Promoter Luciferase Reporter assay

To measure PGC-1α promotor activity, myoblasts were transfected with plasmids encoding 

proximal 2kb PGC-1α promotor-firefly luciferase (Addgene, plasmid #8887). Twenty-four 

hours after transfection, myoblasts were switched to differentiation media. Luciferase 

activity was determined by following the Promega Dual-Luciferase Reporter Assay 

manufacturer’s protocol. Briefly, myotubes were washed twice with PBS, and then passive 

lysis buffer was added. After a 15–30-minute incubation at room temperature, cell lysates 

were collected. Firefly luciferase activity was measured and normalized to total protein 

content.

2.6 Transcriptomics

Myotubes were washed twice with PBS and 1 ml of TRIzol (Invitrogen) was added to 

each well of a 6-well plate. Myotubes were lysed by trituration, and the resulting solution 

was then passed through a syringe until clear and non-viscous. Tubes were snap frozen in 

liquid nitrogen and shipped to Novogene for transcriptomic analysis. Downstream analysis 

was performed using a combination of programs including STAR, HTseq, Cufflink, and our 

wrapped scripts. Alignments were parsed using Tophat program and differential expressions 

were determined through DESeq2/edgeR. GO and KEGG enrichment were implemented by 

the ClusterProfiler. Gene fusion and difference of alternative splicing event were detected 
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by Star-fusion and rMATS software. FPKM of each gene was calculated based on the 

length of the gene and reads count mapped to this gene. Differential expression analysis 

was performed using the DESeq2 R package (2_1.6.3). The resulting P-values were adjusted 

using the Benjamini and Hochberg’s approach for controlling the False Discovery Rate 

(FDR). Corrected P-value of 0.05 and absolute fold change of 1 were set as the threshold for 

significant differential expression.

2.7 Cellular Metabolomics

C2C12 myotubes were removed from plates with trypsin/EDTA, washed in DMEM, 

centrifuged to pellet the cells, and then flash frozen in liquid nitrogen. Metabolite extraction 

and metabolomics analysis were conducted by Metabolon Inc. Several recovery standards 

were added prior to the first step in the extraction process for QC purposes. Proteins 

were precipitated with methanol under vigorous shaking followed by centrifugation. 

The resulting extract was divided into five fractions: two for analysis by two separate 

reverse phase (RP)/UPLC-MS/MS methods with positive ion mode electrospray ionization 

(ESI), one for analysis by RP/UPLC-MS/MS with negative ion mode ESI, one for 

analysis by HILIC/UPLC-MS/MS with negative ion mode ESI, and one sample was 

reserved for backup. Following normalization to Bradford protein concentration, log 

transformation and imputation of missing values, if any, with the minimum observed value 

for each compound, two-tail unpaired t-tests were used to identify significantly different 

biochemicals between experimental groups. Statistical analysis and graphs were performed 

using Viime (Viime.org).

2.8 Media Metabolomics

To determine the cellular uptake and release of endogenously produced metabolites, media 

samples were prepared by filtering 1 ml of media through a 10 kDa molecular weight cutoff 

filter to remove the macromolecules, e.g. proteins & lipoprotein particles. The filtrate was 

then lyophilized and the dried material resuspended in 600 ul of deuterated water containing 

0.5 mM 2,2,-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS) as a chemical shift and 

quantitation reference. NMR data were acquired on a Bruker Avance III 700MHz NMR 

spectrometer. This instrument has a TXI triple resonance probe operating at 25°C. Spectra 

were collected with a 1D NOESY pulse sequence covering 12 ppm. The spectra were 

digitized with 32768 points during a 3.9 second acquisition time. The mixing time was set 

to 100 ms and the relaxation delay between scans was set to 2.0 seconds. The data were 

processed using Advanced Chemistry Development Spectrus Processor (version 2016.1, 

Toronto, Canada). The spectra were zero filled to 65536 points and apodized using a 0.3Hz 

decaying exponential function and fast Fourier transformed. Automated phase correction and 

baseline correction were applied to all samples. Metabolite concentrations were quantified 

using the Chenomx NMR Suite (version 8.2, Edmonton, Canada). Quantitative fitting of 

each spectrum was carried out in batch mode, followed by manual adjustment for some 

spectra to correct for errors arising from spectral overlap.

2.9 Subfraction Protein Synthesis

Myotubes were pulsed for 2 h with L-[2,3,4,5,6-3H]-Phenylalanine (5 μCi/ml) in 

differentiation media (DMEM with 2% horse serum). After the pulse, myotubes were rinsed 
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in cold PBS, trypsinized, and scraped off the dish. Samples were homogenized using Teflon 

pestles on glass tubes in ice cold STE buffer (250 mM sucrose, 5 mM Tris, 2 mM EGTA, 

pH 7.4). The samples were then centrifuged for 10 min at 4°C at low speed (1500 × 

g) to remove nuclei and cellular debris. The supernatant was collected and subsequently 

centrifuged for 15 min at 4°C at high speed (14,600 × g) to isolate the mitochondrial pellet. 

The supernatant was saved as the cytosolic fraction. Radioactivity was measured from the 

crude homogenate, the cytosolic fraction, and the mitochondrial fraction using a scintillation 

counter. An aliquot of each fraction was also saved to measure total protein concentration by 

Pierce BCA Protein Assay kit. The subfraction purities were confirmed by immunoblotting 

for nuclear (Histone 2b, Cell Signaling #cs2934), cytosolic (GAPDH, Abcam #ab8245), and 

mitochondrial (COXIV, Cell Signaling #cs4844) proteins.

2.10 Mitochondria Functional Analysis

Mitochondria functional analyses were performed 48 h after virus transduction using the 

XF Cell Mitostress test kit (Agilent) according to manufacturer’s protocol. Briefly, one hour 

prior to the assay, myotubes were washed and given warm Seahorse DMEM supplemented 

with 2 mM glutamine and 1 mM pyruvate and incubated at 37°C (no CO2) for 1 h. Oxygen 

consumption rates (OCR) were measured in an XF24 Analyzer at 37°C after sequential 

addition of 1 μM oligomycin, 1 μM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP), and 0.5 μM rotenone/antimycin A. OCR were then normalized to total protein per 

well, which was quantified using Pierce BCA Protein Assay Kit.

2.11 Statistics

Unless otherwise stated, all data are presented as mean ± standard deviation. Statistical 

comparisons were performed using two-tailed unpaired t-test between groups of two and 

two-way ANOVA with Tukey’s or Sidak’s multiple comparisons between groups of four. 

For two-way ANOVA analysis, data were tested for normality using Shapiro-Wilk test 

and Spearman’s test for heteroscedasticity. For data of unequal variance, data were log 

transformed and ANOVA was repeated. Data were analyzed using GraphPad Prism 9 

software, and a p value < 0.05 was considered significantly different. All cell culture 

experiments were repeated completely independently (i.e. on different days using a different 

stock of frozen cells) at least twice in order to verify the reproducibility of our results.

3. RESULTS

3.1 Increased AMPD3 expression is sufficient to deplete ATP without decreasing 
ATP/ADP and ATP/AMP ratios

To study the effects of increased AMPD3 in muscle in vivo, we electroporated plasmids 

encoding GFP or AMPD3 into mouse tibialis anterior muscles. This resulted in increases in 

AMPD3 protein expression after one week (Fig 1A). TA muscles overexpressing AMPD3 

had significantly less ATP and total adenine nucleotides compared to contralateral muscles 

expressing GFP (Fig 1B), but no significant differences were detected in muscle weights 

(Fig 1C).
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In order to more precisely identify potential metabolic alterations related specifically to 

AMPD3 upregulation in muscle cells and remove confounding variables such as exogenous 

hormones and other cell types, we utilized a cell culture model of differentiated skeletal 

myotubes (Fig 1D–O). C2C12 myotubes were incubated with adenoviruses encoding 

AMPD3+GFP or GFP alone (control) for 24 h. As expected, AMPD3 protein was 

upregulated, and we confirmed that we specifically increased the expression AMPD3 with 

no apparent changes in the amount of AMPD1, the predominant isoform typically expressed 

in adult skeletal muscle (Figure 1D). Next, we measured intracellular AdN and their 

breakdown products in the media after 24 h incubation with the adenoviruses. In addition, 

given that AMPD is best known in skeletal muscle for protecting the energetic state during 

periods of intense energy demands (contractions) or limited energy supply (ischemia)[22], 

we also treated myotubes with vehicle or the mitochondrial uncoupler 2,4 dinitrophenol 

(DNP) for 1 h to limit ATP production and increase AMP levels. This dose and duration 

of DNP treatment was selected based on findings from a dose-response experiment using 

myotubes grown under identical conditions but not incubated with adenoviruses (Sup Fig 1). 

A concentration of 0.6 mM was the lowest concentration able to significantly increase AMP 

without significantly decreasing the total adenine nucleotide pool plus IMP (TAdN+IMP) 

(Sup Fig 1).

Increasing AMPD3 expression for 24 h in the vehicle group was sufficient to decrease 

intracellular ATP, ADP, and AMP (Fig 1G–I), due to increased AMPD activity, as evidenced 

by increased IMP (Fig 1J). Moreover, because ADP and ATP were decreased proportional 

to AMP deamination, AMPD3 groups had similar ATP/ADP (Fig 1K), and significantly 

higher ATP/AMP (Fig 1L), compared to GFP. AMPD3 groups also had significantly less 

TAdN+IMP (Fig 1M) and greater amounts of inosine in the culture media (Fig 1N), 

demonstrating that IMP produced by AMPD3 was further degraded.

As expected, GFP groups treated with 0.6 mM DNP had significant reductions in 

intracellular ATP, with reciprocal increases in ADP, AMP, and IMP (Fig 1G–J). However, 

AMPD3 groups treated with DNP had even greater reductions in intracellular ATP, but 

with significantly less ADP and AMP, and higher levels of IMP compared to GFP (Fig 

1G–J). These differences in AMP deamination resulted in maintaining higher intracellular 

ATP/ADP and ATP/AMP (Fig 1K–L), at the cost of significantly decreasing TAdN+IMP 

(Fig 1M), and increasing media inosine and hypoxanthine (Fig 1N–O). Importantly, despite 

having less ATP and TAdN+IMP, myotubes overexpressing AMPD3 had no obvious 

qualitative differences in size or differentiation (Fig 1E), and protein content per well was 

actually higher in the DNP treated groups (Fig 1F).

3.2 AMPD3-mediated ATP depletion does not increase AMPK activity

Decreases in ATP are typically accompanied by reciprocal increases in ADP and AMP, 

and subsequent activation of AMPK[17]. Therefore, to determine if the decreases in 

ATP caused by AMPD3 (which do not increase ADP and AMP) would activate AMPK 

differentially than decreases in ATP caused by DNP (which do increase ADP and AMP), 

we repeated the experiment and performed western blots to determine the phosphorylation 

of AMPK and its downstream substrates (Fig 2A). DNP treatment caused a significant 

Miller et al. Page 8

Metabolism. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increase in pAMPKα(Thr172), pAMPK/AMPK ratio, pACC(Ser79), pACC/ACC ratio, and 

phosphorylated AMPK substrates [LXRXX(pS/pT)], versus vehicle treated groups (Fig 2 

B–D). However, no differences were detected between AMPD3 and GFP groups. Thus, 

AMPK was not activated by 24 h of AMPD3 overexpression, despite a significant loss of 

ATP.

Another downstream target of AMPK is PGC-1α, which upon phosphorylation by AMPK, 

translocates to the nucleus where it acts as a transcriptional coactivator for nuclear encoded 

mitochondrial genes, as well as its own gene in a positive feedback mechanism[18, 25]. No 

differences were detected in PGC-1α protein expression with DNP or AMPD3 groups (Fig 

2E), and no differences were found in OXPHOS proteins between AMPD3 vs GFP groups 

(Fig 2F). However, AMPD3 (without DNP) overexpression led to approximately 50% less 

PGC-1α promotor activity quantified by luciferase-reporter activity (Fig 2G). Therefore, 

an observable decrease in AMPK phosphorylation/activation is not required for decreased 

PGC-1α promotor activity, which suggests that AMPD3 may elicit metabolic remodeling 

independent of AMPK.

3.3 AMPD3 alters the cellular metabolome independent of changes in gene expression

Given that AMPD3 was sufficient to decrease intracellular ATP and PGC-1α promotor 

activity, subsequent studies were focused at understanding the effects of AMPD3 alone, 

i.e. in the absence of DNP. Thus, we questioned whether global gene expression and cell 

metabolism would be altered by AMPD3 at this timepoint. After incubating myotubes with 

AMPD3 or GFP adenoviruses for 24 h, we isolated RNA for RNA-sequencing analysis, 

pelleted cells for intracellular metabolomics analysis, and collected media for extracellular 

metabolomics analysis.

RNA seq. revealed minimal differences between AMPD3 and GFP groups (Fig 3A). A total 

of only 30 out of 21,995 detected transcripts were significantly different between AMPD3 

and GFP (Sup Table 1). Of these, 29 were significantly upregulated in AMPD3 groups while 

only 1 was downregulated. As would be predicted, AMPD3 was the most upregulated gene, 

but the modest upregulation of most other genes was associated with virus exposure and not 

AMPD3 per se. To our knowledge, none of the altered genes have known functions in cell 

metabolism.

Analysis of intracellular metabolites revealed substantial alterations in response to AMPD3 

(Fig 3B). A total of 191 out of 639 identified metabolites were significantly different 

between AMPD3 and GFP (Sup Table 2). Pathway enrichment analysis was used to 

determine the most significantly altered metabolic pathways (Fig 3C). Not surprisingly, 

purine metabolism was the most altered by AMPD3. In addition, branched chain amino 

acid (leucine, isoleucine, valine), glycolysis, and ceramide metabolic pathways were also 

among the most highly enriched by AMPD3. Analysis of the media samples also revealed 

differences between AMPD3, GFP, and untreated media (Fig 3D). A total of 14 out of 

26 measured metabolites were significantly different (Sup Table 2) suggesting that either 

metabolite consumption or production differed among the three conditions.
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When attempting to decipher how AMPD3 altered these metabolic pathways independent 

of changes in gene expression, we began by considering the metabolic fates of the AMPD 

products, IMP and ammonia. As presented in Fig. 1, the nucleoside (inosine) and purine 

base (hypoxanthine) catabolites of IMP were significantly higher in the culture media of 

AMPD3 groups due to their efflux from the cells. Metabolomics analysis also found a 

trend for higher intracellular levels of hypoxanthine (p=0.09), and a significant increase in 

its oxidation product uric acid, in AMPD3 versus GFP groups (Fig 4). Additionally, the 

levels of succinyl-AMP (sAMP), the intermediate metabolite produced in the process of 

aminating AMP from IMP, was significantly lower in AMPD3 groups (Fig 4) suggesting 

that less IMP was being converted to AMP. Hypoxanthine and xanthine are irreversibly 

oxidized to uric acid by the enzyme xanthine oxidoreductase (XOR), and this reaction can 

be a major source of reactive oxygen species production[26]. Levels of oxidized glutathione 

and methionine sulfoxide, which are markers of oxidative stress, were significantly higher in 

AMPD3 expressing cells (Sup Fig 2), which may be related to increased XOR activity.

The other product of AMPD is free ammonia (NH3), which can have cytotoxic effects[27]. 

Detoxification of ammonia in muscle is accomplished exclusively by the enzyme glutamine 

synthetase (GS), which condenses free ammonia with glutamate forming glutamine[28, 29]

(Fig 5A). Glutamate consumed by GS originates from the transfer of BCAA’s amino group 

to α-ketoglutarate (α-KG), yielding branched chain keto-acids (BCKA’s) and glutamate in 

a reversible reaction catalyzed by branched chain aminotransferase 2 (BCAT2)[30]. Higher 

intracellular levels of BCAA’s and BCKA’s were found in AMPD3 vs. GFP groups (Fig 

5B & C), yet no differences were detected in intracellular glutamate or glutamine (Fig 

5E & D). Glutamate synthesized from BCAA catabolism is also the substrate for alanine 

aminotransferase (ALT), which transfers glutamate amino group to pyruvate, yielding 

alanine and α-KG[31](Fig 5A). Higher intracellular levels of pyruvate and α-KG, but no 

differences in intracellular alanine, were detected in AMPD3 vs GFP groups (Fig 5D). 

However, typically intramuscular alanine does not increase when ALT activity is elevated 

due to alanine being released into circulation[29]. Analysis of media metabolites revealed 

higher levels of BCKA’s and a trend for higher levels of alanine (p=0.06) in AMPD3 vs 

GFP groups (Fig 5F). Collectively these data indicate that AMPD3 increased the BCAT and 

ALT aminotransferase reactions and the flux of these pathways culminated in the release of 

BCKA’s and alanine into the culture media.

Another consequence of elevated resting state AMP deamination is depletion of AdN 

without decreasing ATP/ADP, ATP/AMP, and activating AMPK (Fig 1 & 2). Absolute 

concentrations of AdN, and their relative ratios to ATP, influence metabolism of 

glucose and fatty acids because they are required substrates/co-factors for hexokinase II, 

phosphoglycerate kinase, pyruvate kinase, and mitochondrial ATP synthase, as well as, 

allosteric regulators of rate limiting enzymes such as phosphofructokinase[15]. Additionally, 

they control AMPK activity, which regulates cellular uptake and mitochondrial oxidation of 

glucose and fatty acids by targeting key enzymes such as AS160 and ACC[32–35]. AMPD3 

caused an approximately 57-fold increase in intracellular glucose, however, none of the 

glycolysis intermediates between glucose and 3-PG were changed by AMPD3 (Fig 6A). 

Moreover, the reduction in media glucose after 24 h exposure to myotubes was less in the 

AMPD3 vs. GFP groups suggesting a decrease in glycolytic flux (Fig 6B). If glucose is 
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not catabolized through glycolysis, it can be metabolized by alternative pathways such as 

the polyol pathway, which involves the reduction glucose to sorbitol followed by sorbitol 

oxidation to fructose[36]. Sorbitol and fructose were significantly higher in AMPD3 groups 

(Fig 6C) suggesting increased glucose flux into the polyol pathway.

A heat map of detected lipids shows an overall increase in lipids in AMPD3 groups 

(Fig 7A), with particularly higher levels of ceramides and metabolites within the de novo 

ceramide synthesis pathway (Fig 7B–C). Additionally, palmitoylcarnitine was significantly 

higher in AMPD3 (Sup. Table 2), but this was the only difference detected in acylcarnitine’s 

between AMPD3 and GFP, indicating that fatty acid oxidation was unaffected by AMPD3 at 

this timepoint.

3.4 Prolonged AMPD3 expression decreases PGC-1a protein, mitochondrial protein 
synthesis, and basal and maximal mitochondrial respiration

The previous data demonstrated that 24 hours of AMPD3 overexpression led to a 

major shift in cell metabolism, without measurable differences in markers of AMPK 

activation, PGC-1α protein expression, or mRNA of mitochondrial genes. However, 

PGC-1α promotor activity was significantly decreased by 24 h which suggested that 

longer durations of AMPD3 expression may be required to detect changes in the AMPK/

PGC-1α/mitochondrial protein synthesis signaling pathway. Therefore, we performed 

similar measures of AMPK, PGC-1α and OXPHOS protein expression (Fig 8A). Protein 

levels of PGC-1α, pAMPKα(thr172), pAMPK/AMPK ratio, and phosphorylation of AMPK 

substrates were all significantly lower in AMPD3 vs GFP (Fig 8B). Yet, pACC(Ser79) 

and pACC(Ser79)/ACC ratio was not different between groups. Further, no significant 

differences were observed with AMPD3 overexpression among the five mitochondrial 

proteins tested, each from a different electron transport chain subunit. Protein synthesis 

rates of the total cell homogenate, cytosolic, and mitochondrial subfractions were similar 

between AMPD3 and GFP at 24 h (Fig 8C). However, at 48 h AMPD3 expressing 

cells had significantly lower mitochondrial protein synthesis rates compared to GFP, but 

no difference in total homogenate and cytosolic subfraction protein synthesis rates (Fig 

8C). Additionally, basal oxygen consumption trended lower (p=0.07), while ATP synthase­

dependent and maximal uncoupled oxygen consumption rates were significantly lower in 

myotubes expressing AMPD3 vs. GFP (Fig 8 E–H). AMPD3 overexpression did not alter 

total protein per well (Fig 8I).

4. DISCUSSION

AMPD3 is highly upregulated in atrophying muscle, however, the effects of increased 

AMPD3 expression on muscle metabolism are unknown. The main purpose of this study 

was to determine if high levels of AMPD3 expression in skeletal muscle cells would 

be sufficient to alter their metabolic phenotype similar to that of atrophying muscles. 

Increasing AMPD3 expression acutely (24 h), was sufficient to cause profound alterations 

in the intra- and extracellular metabolomes, and some of the notable alterations were: 

1) Decreased intracellular ATP, TAdN, and increased intracellular and extracellular AdN 

degradation products; 2) Increased intracellular and extracellular BCKA concentrations; 3) 
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Increased intracellular glucose, sorbitol, and fructose levels without differences in media 

glucose; 4) Increased intracellular ceramides and de novo ceramide synthesis pathway 

metabolites (Fig 8J). These metabolome changes occurred despite no differences in mRNA 

levels of metabolic enzymes, markers of AMPK activity, PGC-1α protein expression, or 

mitochondrial protein synthesis. However, increasing AMPD3 expression chronically (48 

h), was sufficient to cause significant reductions in markers of AMPK activity, PGC-1α 
protein expression, mitochondrial protein synthesis, and basal ATP synthase-dependent and 

maximal uncoupled oxygen consumption. Therefore, high levels of AMPD3 expression in 

skeletal muscle cells was sufficient to alter their metabolic phenotype similarly to that of 

atrophying muscles.

Reductions in intramuscular ATP and TAdN, and increases in intramuscular and/or blood 

concentrations of AdN degradation products (IMP, inosine, hypoxanthine, xanthine, uric 

acid) have been found across a broad variety of atrophy conditions[1]. We have previously 

shown that AMPD3 overexpression is sufficient to decrease intracellular ATP and the 

TAdN+IMP in C2C12 myotubes[23], and in this study we expand upon these findings 

by showing that IMP produced by AMPD3 is further degraded to its purine nucleoside 

(inosine) and purine base (hypoxanthine, xanthine, uric acid) degradation products. This 

was evidenced by our UPLC measures of increased media concentrations of inosine and 

hypoxanthine which typically do not accumulate in muscle fibers due to their efflux 

through membrane transporters and/or further oxidation[37, 38]. Moreover, intracellular 

metabolomics analysis found higher levels of uric acid which is produced exclusively from 

oxidation of purine bases by xanthine oxidoreductase (XOR) whose activity is increased in 

muscles during atrophy[39–42]. Therefore, our data suggests that increased IMP degradation 

caused by increased AMPD3 mediated AMP deamination may be a mechanism linking 

decreased adenine nucleotides and elevated XOR activity during muscle atrophy.

Increased de novo synthesis and release of glutamine and alanine by skeletal muscles occurs 

during diabetes[43–45], cancer cachexia[46], acute critical illnesses[47], denervation[6, 48], 

hindlimb suspension[49], chronic uremia[4], aging[50], glucocorticoid treatment[5, 51–53], 

TNF-α treatment[54], sepsis[55], and fasting/starvation[29, 56, 57]. Increased de novo 

synthesis of these amino acids creates a heightened demand for glutamate that is met by 

transferring a BCAA amino group to the carbon backbone of α-ketoglutarate, yielding a 

BCKA and glutamate, in a reversible reaction catalyzed by branched chain aminotransferase 

2 (BCAT2)[30, 31]. To form glutamine, glutamate is condensed with free ammonia in an 

irreversible reaction catalyzed by glutamine synthetase (GS). To form alanine, the glutamate 

amino group is transferred to pyruvate, yielding α-KG and alanine, in a reaction catalyzed 

by alanine aminotransferase (ALT). It is not fully understood what causes the increase in 

GS and ALT reactions during atrophy conditions. However, glutamine synthetase is the only 

enzyme capable of de novo glutamine synthesis and it exclusively uses free ammonia, thus, 

in order for its activity to be increased an increased source of free ammonia must also be 

available. Indeed, by comparing the arterial-venous differences across the hindquarters of 

wild-type and skeletal muscle specific GS knockout mice during prolonged fasting, it was 

found that only GS knockout muscles released ammonia, and they also failed to release 

glutamine and alanine[29]. At least two insights can be made from this finding: 1) GS 

is required for muscles to handle increases in free ammonia produced endogenously by 
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an unknown source; and 2) De novo synthesis and release of alanine is dependent on, 

and likely a secondary effect of, increased glutamine synthetase activity. Considering that 

AMPD3 is highly upregulated in muscle during fasting[2], and AMP deamination is a major 

producer of free ammonia in muscle[58], increased deamination of AMP by AMPD3 may 

be a mechanism stimulating/supporting de novo glutamine and alanine synthesis during 

atrophy. Moreover, this process may play a causative role in increasing the transamination 

of BCAA’s and α-KG to support the heightened demand for glutamate. Based on our 

findings that AMPD3 increased intracellular BCAA’s, BCKA’s, pyruvate, and α-KG, with 

concomitant increased release of BCKA’s and a trend for alanine (p=0.06), it is likely that 

increased AMPD3 activity drove the BCAT2 and ALT reactions. The increase in BCAT2 

an ALT activity may have been caused by a heightened demand for glutamate due to 

elevated ammonia production and GS activity. However, we cannot definitively attribute 

the effects to increases in GS activity because we did not detect intra- or extracellular 

differences in glutamate or glutamine between AMPD3 and GFP. This may have been due 

to supplementing our culture media with exogenous glutamine which has been found to 

oppose increases in GS activity[59, 60] and thus may have weakened our sensitivity to 

detect changes in glutamine.

Increased de novo ceramide synthesis and accumulation of ceramides has been found 

in myotubes after TNF-α treatment[11], and in rodent skeletal muscles after C26 

carcinoma implantation[11], hindlimb unloading[12], glucocorticoid treatment[61], and 

obesity induced insulin resistance[61]. Palmitoyl-CoA availability is the rate limiting 

factor in de novo ceramide synthesis. This is based on multiple studies showing elevated 

palmitoyl-CoA levels, due to either excess fatty acid consumption (e.g. high-fat diet[13], 

leptin receptor deficiency[13], exogenous palmitate supplementation[61]), enhanced de novo 

fatty acid synthesis[34], or insufficient/impaired fatty acid oxidation (e.g. CPT-1 KO[62]), 

result in increased de novo ceramide synthesis and accumulation. Conversely, ceramide 

accumulation is prevented by increasing mitochondrial respiration and fatty acid oxidation 

with AICAR or resveratrol treatments[63–65], or in transgenic mice with elevated fatty 

acid oxidation rates[66]. Our finding that AMPD3 caused an increase in many different 

ceramide species and metabolites of the de novo ceramide synthesis pathway, suggests that 

it elevated free palmitoyl-CoA levels which may have arisen from increased de novo fatty 

acid synthesis from TCA metabolites, triacylglycerol lipolysis, and/or reduced fatty acid 

oxidation.

An increase in polyol pathway metabolites sorbitol and fructose have been found in skeletal 

muscle during diabetes[9, 67, 68], after nerve damage[10], and hindlimb ischemia[69]. 

The polyol pathway involves the reduction of glucose to sorbitol by aldose reductase, 

followed by sorbitol oxidation to fructose by sorbitol dehydrogenase[36]. That the polyol 

pathway is induced by ischemia is interesting because hypoxia is a known stimulus of rapid 

AMP deamination and purine nucleotide degradation that culminates in elevated uric acid 

production[70]. In hepatocytes, uric acid has been shown to activate aldose reductase which 

caused glucose flux into the polyol pathway and correlated with lipid accumulation[71]. 

Therefore, our finding that AMPD3 increased the polyol metabolites along with various 

lipids may be related to the effects of increased uric acid on aldose reductase.
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Although RNAseq analysis did not reveal any differences in metabolic genes, AMPD3 

overexpression did cause an increase in HSPa1a and HSPa1b mRNA. These transcripts 

encode for heat shock protein 70 (Hsp70), which is a critical chaperone protein that 

functions to maintain protein homeostasis during periods of cell stress[72]. Hsp70 mRNA 

typically has a half-life of fifty minutes, but upon loss of ATP its half-life increases 

dramatically[73]. Therefore, AMPD3 mediated increases in Hsp70 mRNA and the expected 

increase in chaperone capacity may partly explain our previous findings that AMPD3 is 

capable of slowing protein degradation[23].

In addition to acutely regulating metabolism, AdN chronically influence the metabolic 

phenotype of muscles due to their regulation of enzymes involved in signaling pathways that 

selectively determine gene expression. The AMPK/PGC-1α/mitochondrial protein synthesis 

pathway is a well characterized example that is critical for muscles to chronically match 

the transcription of nuclear encoded mitochondrial genes with the energy demands of 

the muscle fiber[34, 74–76]. While the evidence for AMPK activity during atrophy are 

inconsistent, reductions in mRNA and protein expression of PGC-1α and mitochondrial 

oxidative enzymes are consistently found during atrophy[2, 3, 77, 78]. Moreover, treating 

animals during atrophy with chemicals that activate AMPK indirectly by decreasing 

the ATP/AMP, such as resveratrol or AICAR[79], can preserve PGC-1α expression, 

mitochondrial enzymes, and/or oxidative capacity of muscles[65, 78, 80–82]. The effects 

of these chemicals are dependent on the activation of AMPK[35, 83]. These studies suggest 

that the AMPK/PGC-1α/mitochondrial protein synthesis pathway is reduced during atrophy 

but still capable of being activated. Here we show that increased AMPD3 expression for 

48 hours leads to reductions in pAMPKα(Thr172)/AMPKα and phosphorylation of AMPK 

targeted residues, PGC-1α promotor activity and protein expression, mitochondrial protein 

synthesis, and both ATP synthase dependent and maximal uncoupled oxygen consumption 

rates of myotubes. However, we were unable to detect significant decreases in mitochondrial 

proteins. This apparent discrepancy is likely due to the kinetics of mitochondrial loss. 

Mitochondrial protein synthesis rates were decreased at 48h but not at 24h, which suggests 

that changes in synthesis rates may have only been present for a short duration. Only 

sustained changes in mitochondrial protein synthesis rates would be expected to result in 

measurable changes in mitochondrial protein content. Thus, increased AMPD3 and AMP 

deamination may contribute to decreases in oxidative metabolism and oxidative capacity 

of skeletal muscles during atrophy by chronically suppressing mitochondrial ATP synthase 

activity and the AMPK/PGC-1α/mitochondrial protein synthesis signaling pathway.

This current study using overexpression of AMPD3 in cultured C2C12 myotubes has at 

least two limitations. First, common C2C12 differentiation media (DMEM with 2% horse 

serum) has high levels of glucose (25 mM), pyruvate (1 mM), and glutamine (4_mM) 

and low levels of fatty acids as compared to mouse plasma. Since media composition can 

impact mitochondrial content and perhaps other aspects of metabolism[84], our studies of 

AMPD3 overexpression in myotubes should be interpreted in the context of a different 

metabolic baseline as compared to adult muscle. A second potential limitation is the use 

of adenoviruses to induce high levels of AMPD3 overexpression (AMPD3 mRNA was 

157-fold greater than GFP controls). However, in skeletal muscles undergoing atrophy 

AMPD3 has repeatedly been identified as one of the most highly upregulated genes. For 
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example, AMPD3 mRNA is increased 100-fold in streptotozcin-induced diabetes[2], 28-fold 

in chronic renal failure [2], and 46-fold in denervation [21]. Therefore, our adenoviral­

induced overexpression is greater than that found in vivo but is comparable in magnitude. 

Future studies, conducted in vivo utilizing preclinical animal models of muscle atrophy will 

help to further elucidate the function of AMPD3 upregulation in skeletal muscles during 

atrophy conditions.

Because of the broad metabolic effects induced by AMPD3, targeting this gene may 

have therapeutic potential. Increased accumulation of intramuscular ceramides[13, 61, 

85], increased oxidative stress[41, 86], and increased glucose metabolism via the polyol 

pathway[9, 36, 67] have been shown to reduce muscle insulin signaling pathways 

and glucose uptake, and promote systemic hyperglycemia Since AMPD3 can drive the 

accumulation of ceramides and the polyol pathway, inhibition of AMPD3 may allow 

for the attenuation of these unfavorable metabolic alterations and improve muscle and 

systemic metabolic health. This has been partly tested using AMPD1 (the predominant 

AMPD isoform in skeletal muscle) knockout mice fed a high fat diet. In this study, loss of 

AMPD1 did not attenuate rises in blood glucose in response to oral glucose tolerance tests 

compared to wild-type controls [87]. However, AMPD3 is upregulated in muscles during 

hypoinsulinemia induced diabetes [2]. Therefore, a dual knockout of both AMPD isoforms 

may be required to test whether AMPD inhibition would be a molecular target for increasing 

muscle glucose uptake. Atrophic muscles have severe reductions in oxidative capacity[88–

90], which results in enhanced fatigability during daily physical activity and reduced quality 

of life of affected individuals[91–93]. The decrease in oxidative capacity is greatly mediated 

by reductions in total mitochondria content of the muscle fibers. Therefore, therapeutic 

approaches aimed at inhibiting AMPD3 in skeletal muscle, possibly in combination with 

tolerable contractile activity if feasible, to prevent the loss of mitochondria, may represent 

a therapeutic strategy to preserve oxidative metabolism and oxidative capacity of muscle 

fibers during atrophy conditions.

In conclusion, our study shows that increasing AMPD3 expression in C2C12 myotubes is 

sufficient to replicate many of the metabolic changes that occur in skeletal muscles during 

atrophy. These changes occur temporally, such that the changes in metabolism occur prior 

to substantial changes in gene expression, AMPK signaling, and mitochondrial protein 

synthesis rates, suggesting that changes in metabolism are not dependent on reductions 

in oxidative capacity. Therefore, increased AMP deamination due to upregulated AMPD3 

expression may be a cellular mechanism altering the metabolic phenotype of skeletal 

muscles during atrophy.
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Highlights

• AMP deaminase (AMPD) decreases ATP without activating AMPK or its 

substrates

• AMPD alters the intracellular metabolome similar to atrophic muscle

• AMPD slows mitochondria synthesis and oxygen consumption similar to 

atrophic muscle

• Metabolome shift is independent of metabolic genes and precede 

mitochondria changes
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Fig. 1. AMPD3 overexpression is sufficient to increase resting state adenine nucleotide 
degradation and accelerate degradation in response to mitochondrial uncoupling
Plasmids encoding GFP or AMPD3 were electroporated into mouse TA muscles. One 

week later, muscles were excised for biochemical analysis. (A) Western blots for AMPD3 

and AMPD1 in TA muscles. (B) Intramuscular concentrations of adenine nucleotides and 

the total adenine nucleotide pool (TAdN; ATP+ADP+AMP). (C) TA muscle wet weights. 

C2C12 myotubes were incubated with adenovirus encoding GFP or AMPD3+GFP for 24 

h. During the final hour, myotubes were treated with either 0.6 mM 2,4 dinitrophenol 

(DNP) or vehicle (methanol). (D) AMPD3 and AMPD1 protein expression demonstrating 

specific upregulation of AMPD3. (E) Fluorescent images of C2C12 myotubes captured prior 

to DNP treatment. (F) Total protein content of experimental groups. (G-L) Intracellular 

concentrations of adenine nucleotides, IMP, and ratio of ATP to ADP and AMP. (M) Sum 

concentrations of TAdN plus IMP (ATP+ADP+AMP+IMP). (N-O) Media concentrations of 

inosine and hypoxanthine (purine nucleoside and base degradation products of IMP). All 

values are presented as mean±SD, n=5–6/condition, N.D.=none detected, two-way ANOVA 

with Tukey’s multiple comparisons or two-tailed unpaired t-test when comparing fewer than 

four groups, * p<0.05, ** p<0.01 vs GFP. $ p<0.05 vs vehicle. # p<0.01 main effect of DNP.
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Fig. 2. AMPD3 overexpression does not activate AMPK and decreases PGC-1α promotor 
activity
C2C12 myotubes were incubated with adenovirus encoding GFP or AMPD3+GFP for 24 h. 

During the final hour, myotubes were treated with either 0.6 mM 2,4 dinitrophenol (DNP) 

or vehicle (methanol). (A) Representative Western blot images for pAMPKα(Thr172), 

AMPKα, pACC(Ser79), ACC, phosphorylation of pAMPK targeted residues, PGC-1α, 

and OXPHOS proteins. (B-D) Densitometry analysis of Western blots demonstrating 

AMPD3 overexpression does not increase pAMPK(Thr172) expression, pACC(Ser79), or 

pAMPK targeted residues. (E-F) Densitometry analysis of PGC-1α and OXPHOS proteins 

expression. (G) Luciferase activity in C2C12 myotubes transfected with PGC-1α-promoter 

luciferase reporter plasmid. Mean±SD, n=6/condition, two-way ANOVA with Tukey’s 

multiple comparisons or two-tailed unpaired t-test when comparing fewer than four groups. 

# p<0.05 main effect of DNP, ** p<0.01 vs GFP.
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Fig. 3. AMPD3 significantly alters the cellular metabolome independent of changes in gene 
expression
C2C12 myotubes were incubated with adenovirus encoding GFP or AMPD3+GFP for 24 

h. (A) Volcano plot of significantly altered genes between AMPD3 and GFP controls as 

detected by RNAseq. n=3 (B) Heat map of significantly altered intracellular metabolites 

between AMPD3 and GFP as detected by metabolomics analysis. n=7 (C) Top 12 metabolic 

pathways altered by AMPD3 as determined by pathway enrichment analysis. (D) Heat map 

of significantly altered media metabolites between DMEM (untreated media), AMPD3 and 

GFP as detected by metabolomics analysis. n=3
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Fig. 4. AMPD3 increases IMP flux into purine degradation pathway
Box plots of intracellular adenine nucleotides, purine degradation metabolites, and the 

metabolites involved in IMP amination to AMP, determined by metabolomics analysis. 

Metabolites values were normalized to protein concentration. Statistical significance was 

determined by two-tailed unpaired t-test. * p<0.05, ** p<0.01, *** p<0.001. n=7/group
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Fig. 5. AMPD3 increases BCAA transamination and BCKA efflux
(A) Simplified schematic depicting the connection between de novo glutamine synthesis, 

de novo alanine synthesis, and BCAA transamination. (B-C) Intracellular branched chain 

amino acids (BCAA’s) and branched chain keto-acids (BCKA’s), KIC (α-ketoisocaproate), 

KMV (α-keto-β-methylvalerate), and KIV (α-ketoisovalerate) (E) Intracellular glutamine 

(D) Intracellular substrates (glutamate + pyruvate) and products (alanine + α-KG) of ALT. 

Metabolite values were normalized to protein concentration. Statistical significance was 

determined by two-tailed unpaired t-test between GFP vs AMPD3. * p<0.05, ** p<0.01, 

*** p<0.001. n=7/group (F) Extracellular (media) levels of BCAA’s, BCKA’s, glutamate, 

glutamine, alanine, and pyruvate. Statistical significance was determined by ordinary one­

way ANOVA. * p<0.05 vs. DMEM, # p<0.05 vs. GFP. n=3/group
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Fig. 6. AMPD3 does not increase glucose uptake and increases polyol pathway metabolites
(A) Intracellular metabolites of the glycolysis pathway. Metabolite values were normalized 

to protein concentration. Statistical significance was determined by two-tailed unpaired 

t-test. * p<0.05, ** p<0.01, *** p<0.001. n=7/group. (B) Media concentrations of substrates 

and products of glycolysis (glucose, pyruvate, and lactate). Statistical significance was 

determined by one-way ANOVA with Tukey post-hoc test, if required. * p<0.05 vs. DMEM. 

n=3 (C) Intracellular metabolites of the polyol pathway. Metabolite values were normalized 

to protein concentration. Statistical significance was determined by two-tailed unpaired 

t-test. * p<0.05, ** p<0.01, *** p<0.001. n=7/group.
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Fig. 7. AMPD3 increases intracellular ceramides and metabolites of de novo ceramide synthesis 
pathway
(A) Heat map containing all detected intracellular lipids. (B) Ceramide levels (C) 
Metabolites of the de novo ceramide synthesis pathway. Metabolites were normalized to 

protein concentration. Statistical significance was determined by two-tailed unpaired t-test. * 

p<0.05, ** p<0.01, *** p<0.001. n=7
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Fig. 8. Prolonging AMPD3 expression reduces AMPK/PGC-1α/mitochondrial protein synthesis 
pathway activity and decreases cellular respiration
C2C12 myotubes were incubated with adenovirus encoding GFP or AMPD3+GFP for 

48 h. (A) Representative Western blot images for PGC-1α, pAMPKα(thr172), AMPKα, 

pACC(ser79), ACC, phosphorylation of pAMPK targeted residues, and OXPHOS proteins. 

(B) Densitometry analysis of western blots demonstrating significant reductions in PGC-1α, 

pAMPK(thr172), pAMPK/AMPK, and pAMPK targeted residues. n=6/group. Two-tailed 

unpaired t-test. ** p<0.01. (C) Quantifications of total homogenate, cytosolic, and 

mitochondrial protein synthesis rates after 24 or 48 h of AMPD3 or GFP overexpression. 

n=4/group. Two-way ANOVA with Sidak’s multiple comparison ** p<0.01 vs GFP. (D) 
Representative Western blots of proteins specific to cytosolic (GAPDH), mitochondrial 

(COXIV), and nuclear (H2B) cellular subfractions, demonstrating the efficacy of our 
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mitochondrial isolation method. (E) Representative tracing of oxygen consumption rates 

by C2C12 myotubes overexpressing AMPD3 or GFP for 48 h and sequentially treated 

with an electron transport chain complex V inhibitor (oligomycin), inner-membrane 

uncoupler (FCCP), or complex I inhibitor (Rotenone). (F) Quantification of basal oxygen 

consumption (measure 3 minus the minimal rate between measures 10–12) normalized 

to protein concentration. (G) Quantification of complex V (ATP synthase) dependent 

oxygen consumption (measure 3 minus the minimal rate between measures 4–6) normalized 

to protein concentration. (H) Quantification of maximal uncoupled oxygen consumption 

(maximal rate between measures 7–9 minus the minimal rate between measures 10–12) 

normalized to protein concentration. (I) Total protein determined by BCA assay. n=15/

group. Two-tailed unpaired t-test. ** p<0.01. (J) Schematic summarizing the main findings 

of the study.
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