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A B S T R A C T   

The Warburg effect links growth and glycolysis in cancer. A key purpose of the Warburg effect is to generate 
glycolytic intermediates for anabolic reactions, such as nucleotides → RNA/DNA and amino acids → protein 
synthesis. The aim of this study was to investigate whether a similar ‘glycolysis-for-anabolism’ metabolic 
reprogramming also occurs in hypertrophying skeletal muscle. To interrogate this, we first induced C2C12 
myotube hypertrophy with IGF-1. We then added 14C glucose to the differentiation medium and measured 
radioactivity in isolated protein and RNA to establish whether 14C had entered anabolism. We found that 
especially protein became radioactive, suggesting a glucose → glycolytic intermediates → non-essential amino 
acid(s) → protein series of reactions, the rate of which was increased by IGF-1. Next, to investigate the impor-
tance of glycolytic flux and non-essential amino acid synthesis for myotube hypertrophy, we exposed C2C12 and 
primary mouse myotubes to the glycolysis inhibitor 2-Deoxy-D-glucose (2DG). We found that inhibiting glycol-
ysis lowered C2C12 and primary myotube size. Similarly, siRNA silencing of PHGDH, the key enzyme of the 
serine biosynthesis pathway, decreased C2C12 and primary myotube size; whereas retroviral PHGDH over-
expression increased C2C12 myotube size. Together these results suggest that glycolysis is important for hy-
pertrophying myotubes, which reprogram their metabolism to facilitate anabolism, similar to cancer cells.   

1. Introduction 

Having sufficient muscle mass and strength is associated with low 
morbidity and mortality [1,2]. An individual’s muscle mass and strength 
depends on both genetics [3,4] and environmental factors. Of the 

environmental factors, resistance (strength) training increases muscle 
mass and strength in most individuals [5]. Resistance training increases 
muscle mass by elevating protein synthesis for 48 [6] to 72 [7] hours 
post-exercise, resulting in a positive protein balance in fed individuals. 
The main mechanism by which resistance exercise increases protein 
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Sweden.  
3 shared last author. 

Contents lists available at ScienceDirect 

Experimental Cell Research 

journal homepage: www.elsevier.com/locate/yexcr 

https://doi.org/10.1016/j.yexcr.2023.113820 
Received 30 June 2022; Received in revised form 10 October 2023; Accepted 14 October 2023   

mailto:r.t.jaspers@vu.nl
www.sciencedirect.com/science/journal/00144827
https://www.elsevier.com/locate/yexcr
https://doi.org/10.1016/j.yexcr.2023.113820
https://doi.org/10.1016/j.yexcr.2023.113820
https://doi.org/10.1016/j.yexcr.2023.113820
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yexcr.2023.113820&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Experimental Cell Research 433 (2023) 113820

2

synthesis is the activation of the serine/threonine kinase mTOR, which is 
part of the mTORC1 complex [8]. In addition, hypertrophy-inducing 
stimuli such as synergist ablation [9] and acute resistance exercise 
[10,11] extensively change gene expression. The transcription factor 
MYC is one of the most robustly changed transcripts, increasing 
>10-fold in synergist-ablated hypertrophying mouse plantaris [9] and 
≈6-fold 2.5 h after resistance exercise in human vastus lateralis muscle 
[10,11]. 

Both MTOR and MYC are cancer genes [12] and one of their func-
tions is to contribute to the metabolic reprogramming seen in cancer 
cells [13]. Nearly 100 years ago, the metabolic reprograming of cancer 
cells was first experimentally demonstrated by Otto Warburg [14]. In a 
key experiment, the Warburg group compared glucose uptake and 
lactate production of sarcomas with those of healthy organs in rats. They 
noted that sarcomas took up more glucose and produced more lactate 
than other organs, such as the liver, kidney, or brain [14]. This 
demonstrated that cancer cells take up more glucose and have a higher 
glycolytic flux in the presence of oxygen. This phenomenon was termed 
the ‘Warburg effect’ by Efraim Racker, in contrast to anaerobic glycol-
ysis (also known as the ‘Pasteur effect’) [15]. The purpose of the 
metabolic reprogramming of cancer cells was long poorly understood. 
Today we know that the pathways affected by metabolic reprogramming 
vary greatly between different types of cancer [16], and that a key 
function of this metabolic reprogramming is to shunt glycolytic in-
termediates and other metabolites into anabolic reactions. These 
anabolic reactions include amino acids into protein and nucleotides into 
RNA/DNA synthesis, which enables cancer cells to produce the biomass 
necessary for growth and proliferation [13]. 

Given that the metabolic reprograming regulator mTORC1 is active 
and that MYC is highly expressed in hypertrophying muscle, the ques-
tion arises: Do hypertrophying skeletal muscle fibres reprogram their 
metabolism to support growth in a similar way to cancer cells? Several 
lines of evidence support this idea [17]. First, resistance exercise not 
only increases protein synthesis [6] but also glucose uptake for at least 
one day post-exercise [18,19]. Second, Semsarian et al. noted that 
IGF-1-induced hypertrophy of C2C12 myotubes was associated with 
increased lactate production and an elevated expression of lactate de-
hydrogenase [20], which is essentially the Warburg effect. Similarly, 
muscle activation of AKT1, a known cancer metabolism regulator [21], 
not only causes hypertrophy but also increases the expression of 
glycolytic enzymes [22]. Similarly, mTORC1 activation, through loss of 
its inhibitor NPRL2, results in muscle hypertrophy and induces aerobic 
glycolysis in mice [23]. Finally, a loss of myostatin both induces muscle 
hypertrophy and promotes a shift towards a more glycolytic metabolism 
[24]. Collectively, these data suggest that the stimulation of muscle 
hypertrophy - through increased IGF1-AKT1-mTORC1 or reduced 
myostatin signaling - is associated with glycolysis and a metabolic 
reprogramming reminiscent to that which occurs in cancer cells [13]. 

We recently reported that the protein abundance of glycolytic and 
cancer metabolic reprogramming enzyme pyruvate kinase muscle (PKM; 
EC 2.7.1.40) isoform 2 (PKM2) increases in human vastus lateralis after 
6 weeks of resistance training, and is necessary for basal and IGF-1 
stimulated C2C12 myotube growth [25]. Another specific cancer 
metabolism-associated enzyme that may support muscle hypertrophy is 
3-phosphoglycerate dehydrogenase (PHGDH, E.C. 1.1.1.95) [17,26]. 
PHGDH channels 3-phosphoglycerate out of glycolysis and into serine 
biosynthesis and one-carbon metabolism, which is crucial for nucleotide 
and amino acid synthesis, epigenetics, and redox defence [27,28]. The 
knockdown of PHGDH inhibits proliferation of cancer cells [29], endo-
thelial cells [30], and fibroblasts [31], suggesting that PHGDH-mediated 
metabolic reprograming is important for proliferation and cellular 
growth. Muscle stem cells express more Phgdh mRNA when they become 
activated and start to proliferate (supplementary data of [32]). Phgdh 
gene expression also increases in terminally differentiated pig muscles 
when hypertrophy is stimulated with the β2-agonist ractopamine [33]. 
Together, this shows that PHGDH becomes activated and/or more 

abundant in proliferating cells and in at least one model of skeletal 
muscle hypertrophy. 

Currently, it is unclear whether a hypertrophying muscle reprograms 
its metabolism similar to cancer cells so that glycolytic intermediates 
can facilitate anabolic reactions, such as serine biosynthesis and one- 
carbon metabolism. Therefore, the aim of this study was to investigate 
whether hypertrophying mouse myotubes shunt carbon from glucose 
into amino acids and nucleotides to support protein and RNA synthesis, 
respectively. We also investigated whether inhibition of glycolytic flux 
and manipulation of Phgdh expression affected myotube size in un-
treated or IGF-1-treated myotubes. We found that mouse myotubes 
indeed convert carbon from glucose into protein and RNA, and that 
glucose-carbon incorporation into protein increases during IGF-1- 
induced hypertrophy. Additionally, inhibition of glycolysis and knock-
down of Phgdh expression attenuates myotube size, whereas over-
expression of PHGDH increases myotube size. Collectively, these 
findings suggest that glycolysis is important for hypertrophying mouse 
myotubes, presumably through the provision of biosynthetic in-
termediates that support anabolism, reminiscent of proliferating cancer 
cells. 

2. Materials and methods 

2.1. Cell culture 

2.1.1. C2C12 muscle cells 
C2C12 muscle cells (ATCC, Cat#CRL-1772, RRID:CVCL_0188; Mid-

dlesex, UK; cells were regularly tested for contamination) were grown to 
confluency in growth medium containing Dulbecco’s Modified Eagle’s 
Medium (DMEM; Gibco, Cat#31885, Waltham, MA, USA), 10 % foetal 
bovine serum (FBS; Biowest, Cat#S181B, Nuaillé, France), 1 % peni-
cillin/streptomycin (Gibco, Cat#15140, Waltham, MA, USA), and 0.5 % 
amphotericin B (Gibco, Cat#15290–026, Waltham, MA, USA), and 
incubated at 37 ◦C in humidified air with 5 % CO2. Once ≈90 % 
confluent, medium was changed to differentiation medium consisting of 
DMEM supplemented with 2 % horse serum (HyClone, Cat#10407223, 
Marlborough, MA, USA) and 1 % penicillin/streptomycin. This medium 
was refreshed daily until treatment. 

2.1.2. Primary mouse muscle cells 
Primary muscle stem cells were obtained from extensor digitorum 

longus (EDL) muscles of 6-week to 4-month old mice of a C57BL/6 
background. The experiments were conducted with post-mortem ma-
terial from surplus mice (C57BL/6 J) due to breeding excess, which had 
to be terminated in the animal facility and therefore did not fall under 
the Netherlands Law on Animal Research, in agreement with the 
Directive 2010/63/EU. The EDL muscles were incubated in collagenase 
type I (Sigma-Aldrich, Cat#C0130, Saint Louis, MO, USA) at 37 ◦C in air 
with 5 % CO2, for 2 h. The muscles were washed in DMEM containing 1 
% penicillin/streptomycin and incubated in 5 % bovine serum albumin 
(BSA)-coated dishes with DMEM for 30 min, at 37 ◦C in air with 5 % 
CO2, to inactivate collagenase. Single muscle fibres were separated by 
gently blowing with a blunt-ended, sterilized Pasteur pipette. Subse-
quently, muscle fibres were seeded in a matrigel (VWR, Cat#734–0269, 
Radnor, PA, USA)-coated 6-well plate containing growth media (DMEM, 
1 % penicillin/streptomycin, 10 % horse serum), 30 % FBS, 2.5 ng ml− 1 

recombinant human fibroblast growth factor (Promega, Cat#G5071, 
Madison, WI, USA), and 1 % chicken embryo extract (Seralab, Cat#CE- 
650-J, Huissen, The Netherlands). Primary myoblasts were allowed to 
proliferate and migrate from the muscle fibres for 3–4 days at 37 ◦C in 
air with 5 % CO2. After gentle removal of the muscle fibres, myoblasts 
were cultured in matrigel-coated flasks until passage 5. Cells were pre- 
plated in an uncoated flask for 15 min with each passage to reduce 
the number of fibroblasts in culture. Cell population was 99 % Pax 7+. 
All experiments with primary myoblasts were performed on matrigel- 
coated plates and once confluent myoblasts were cultured in 

L.E.M. Stadhouders et al.                                                                                                                                                                                                                     



Experimental Cell Research 433 (2023) 113820

3

differentiation medium until treatment. 

2.2. Cell compound treatments 

2.2.1. Inhibition of mTORC1 via rapamycin 
On day 2–3 of differentiation, C2C12 myotubes were incubated in 

differentiation medium plus one of the following treatments for 48 h: 
bovine serum albumin (BSA) vehicle control, IGF-1 (100 ng ml− 1; re-
combinant Human IGF-1, Peprotech, Cat#100–11, London, UK), rapa-
mycin (100 ng ml− 1; Calbiochem, Cat#553210, Watford, Hertfordshire, 
UK), and IGF-1 + rapamycin. 

2.2.2. Inhibition of glycolysis via 2-deoxyglucose (2DG) 
On day 3–4 of differentiation, C2C12 and primary myotubes were 

treated with differentiation media supplemented with either IGF-1 (100 
ng ml− 1), 2DG (5 mM, Cat#D6134, Sigma Aldrich), or IGF-1 + 2DG for 
24 h. 

2.2.3. Inhibition of AKT via compound MK-2206 
Differentiation medium was refreshed daily and on day 3-4 C2C12 

myotubes were treated with MK-2206 (Bio-Connect, Cat#HY-10358, 
Netherlands). After a 1-h incubation with MK-2206 (10 μM, 100 μM 
or 1000 μM), IGF-1 (100 ng ml− 1) was added. Cells were harvested after 
24 h of IGF-1 treatment. 

2.3. Phgdh/PHGDH manipulation 

2.3.1. siRNA-mediated silencing of phgdh 
For PHGDH loss-of-function experiments, Phgdh was silenced in 

C2C12 and primary myotubes using small interfering RNA (Ambion, 
Carlsbad, CA, USA, see Table 1 for siRNA sequences). C2C12 myoblasts 
or primary myoblasts were grown and differentiated as described. On 
day 2 of differentiation, myotubes were transfected with siRNA targeted 
against Phgdh using the liposome-mediated method (Lipofectamine 
RNAiMAX, Invitrogen, Cat#13778100, Carlsbad, CA, USA). As a nega-
tive control, a non-targeting siRNA sequence (siControl) was used. 
siRNA was diluted in Opti-MEM reduced serum medium (ThermoFisher, 
Cat#31985070, Waltham, MA, USA) and incubated for 5–10 min with 
Lipofectamine mixture. RNA-lipofectamine complexes were added to 
each well at a final concentration of 20 nM of siRNA. On day 3, the 
differentiated myotubes were treated with IGF-1 (100 ng ml− 1) and 
harvested on day 4 (≈48 h post-transfection). 

2.3.2. PHGDH plasmid cloning, retrovirus, and retroviral transduction 
For PHGDH gain-of-function experiments, we subcloned a human 

PHGDH pMSCV retroviral vector and transduced C2C12 myoblasts prior 
to differentiation. Human PHGDH cDNA (transcript variant 
NM_006623.4, which encodes a protein of 533 amino acids) was 
amplified by RT-PCR and cloned into a pMSCV-IRES-eGFP plasmid using 
the In-Fusion® HD Cloning Kit (Takara, Cat#638920, Shiga, Japan) 
following manufacturer instructions (see Table 2 for primer sequences). 

For retroviral particle production, HEK293T cells were seeded at a 
density of 3 × 106 cells per T75 flask 24 h prior to transfection. 1 h 
before transfection, medium was changed to 7 ml of fresh growth me-
dium (DMEM Glutamax (Gibco, Cat#10566016, Waltham, MA, USA), 
10 % FBS), into which the transfection mixture was added. For trans-
fection mixture, 4 μg of PHGDH plasmid or 4 μg of empty vector plasmid 
(Addgene, plasmid #52107) was combined with 4 μg of DNA RV helper 

plasmid (Addgene, plasmid #12371) in 1800 μl of Opti-MEM. 6 μl of 
Lipofectamine Plus reagent was then added and incubated for 5 min at 
room temperature, followed by 24 μl of Lipofectamine LTX (Thermo-
Fisher, Cat#15338100, Waltham, MA, USA) for a further 30-min incu-
bation at room temperature. Transfection medium was changed to fresh 
growth media 6 h and 24 h after transfection. 48 h post transfection, 
medium was changed to 7 ml of fresh growth medium and retroviral 
particles were collected 12, 24, and 36 h after the last medium change by 
passing all 7 ml of harvested medium through 0.45 μm filters. 

For retroviral infection, 3 × 104 C2C12 cells were seeded in a 6-well 
plate overnight at 37 ◦C in a 5 % CO2 incubator. 1 h prior to infection, 
medium was changed to 1.5 ml of fresh growth medium and cells were 
transduced by adding retroviral particles at a ratio of 1:4. Cells were 
incubated until reaching ≈90 % confluence and then differentiated as 
described in virus-free medium. Diameter measurements (see section 
2.6.2.) of transduced myotubes were performed on days 3 and 4 of 
differentiation, prior to- and after- 24 h of ±IGF-1 (100 ng ml− 1) stim-
ulation, respectively. 

2.4. Determination of protein abundance and signal transduction 

2.4.1. Protein extraction 
Cells were lysed on ice in 500 μl of radioimmunoprecipitation assay 

(RIPA) buffer (Sigma-Aldrich, R0278, Saint Louis, MO, USA) supple-
mented with phosphatase (1:250, Sigma-Aldrich, 04,906,837,001, Saint 
Louis, MO, USA) and proteinase (1:50, Sigma-Aldrich, 
Cat#11836153001, Saint Louis, MO, USA) inhibitor cocktails, 0.5 M 
Ethylenediaminetetraacetic acid (EDTA; 1:500), sodium fluoride (NaF; 
1:50) and sodium orthovanadate (1:50). Lysates were left on ice for 15 
min and cellular debris removed by centrifuging at 13,000 rpm for 15 
min at 4 ◦C. Supernatants were then transferred to fresh eppendorfs and 
frozen at − 80 ◦C (for radiolabelled glucose to protein) or their protein 
concentrations calculated (for Western blotting) using a Pierce BCA 
Protein Assay kit (Thermo Scientific, Cat#23225, Waltham, MA, USA). 

2.4.2. SDS-PAGE immunoblotting 
Respective volumes of lysate were diluted in 5× Laemmli SDS buffer 

and denatured for 5 min at 95 ◦C, prior to immunoblotting. Samples 
were then electrophoresed on 4-12 % Bis-Tris gels (Bio-Rad, 
Cat#3450125, Hemel Hempstead, UK) and transferred onto PVDF 
membranes (GE Healthcare, Cat#15269894, Chicago, IL, USA) using a 
semi-dry transfer blotter (Bio-Rad). Membranes were blocked in prime 
blocking agent (GE Healthcare, Cat#RPN418, Chicago, IL, USA), then 
incubated with primary Phospho-P70S6K (Thr389; 1:2000; Cell 
Signaling Technology, Cat#9234, Leiden, The Netherlands, RRID: 
AB_2269803), Phospho-AKT (Ser473, 1:2000; Cell Signaling Technol-
ogy, Cat#4060, Leiden, The Netherlands, RRID:AB_2315049), 
α-TUBULIN (1:10,000; Cell Signaling Technology, Cat#2125, Leiden, 
The Netherlands, RRID:AB_2619646), pan-ACTIN (1:1000, Cell 
Signaling Technology, Cat#8456, Leiden, The Netherlands, RRID:AB 
_10998774), PHGDH (1:1000; Cell Signaling Technology, Cat#13428, 
Leiden, The Netherlands, RRID:AB_2750870), Phospho-AMPK (Thr172, 
1:500; Cell Signaling Technology, Cat#2531, Leiden, The Netherlands, 
RRID:AB_330330), and anti-rabbit/mouse IgG secondary antibody 
(1:2000; Roche, Cat#12015218001, Basal, Switzerland) prior to fluo-
rescent imaging. Protein bands from blot images were normalized to 
loading control by densitometric analysis using ImageJ software (http:// 
rsbweb.nih.gov/ij/, National Institutes of Health, Bethesda, MD, USA; 
RRID:SCR_003070). 

Table 1 
siRNA information.  

Silenced 
gene 

Sense Anti-sense 

Phgdh CCCGAAUGCAAUCCUUUGGTT CCAAAGGAUUGCAUUCGGGTG 
Control AGUACUGCUUACGAUACGGTT CCGUAUCGUAAGCAGUACUTT  

Table 2 
Primers.  

Gene PHGDH 

Forward CGCCGGAATTAGATCTATGGCTTTTGCAAATCTGCG 
Reverse GGAAGGTCAAGGTGAAGATTGAGCTCATATACAATT  
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2.5. 14C-glucose incorporation analysis 

1 μl ml− 1 of 0.1 mCi ml− 1 14C glucose (PerkinElmer, Cat#NEC042-
V250UC, Waltham, MA, USA) was added to differentiation medium at 
the time of C2C12 myotube treatments with vehicle, IGF-1, or IGF-1 +
rapamycin compounds (see section 2.2.1). 

2.5.1. Gel phosphor-imaging 
Protein was extracted, and samples prepared and electrophoresed as 

described in section 2.4. The 4-12 % Criterion XT pre-cast Bis-Tris gel 
(Bio-rad, Cat#3450123, Hemel Hempstead, UK) was stained with Silver 
Stain (Bio-rad, Cat#1610481, Hemel Hempstead, UK) and imaged as a 
loading control quality check. The gel was then dried using a gel dryer 
and incubated with an imaging plate, protected from light, inside a 
radiography cassette. After 48 h the plate was imaged using a phosphor- 
imager (Fuji FLA3000). 

2.5.2. 14C-glucose to protein and RNA flux 
Protein was isolated from other macromolecules by acetone precip-

itation of harvested lysates and the resulting protein pellet was resus-
pended in phosphate buffered saline (PBS). RNA was extracted using the 
RNeasy Mini Kit (Qiagen, Cat#74104, Valencia, CA, USA) according to 
manufacturer’s instructions. The elution was then placed in 4 ml of 
scintillation fluid (Insta-Gel Plus, PerkinElmer) for 24 h (to homogenize 
samples) before measuring radioactivity of the samples in a scintillation 
counter. Results for protein and RNA are presented in counts per minute 
(CPM) per 10 cm diameter Petri dish (growth surface area ≈55 cm2). 

2.6. Myotube size measurement 

2.6.1. Immunocytochemistry 
C2C12 myoblasts were seeded in chamber slides coated with extra-

cellular matrix gel (E6909; Sigma-Aldrich, St. Louis, MO, USA), then 
differentiated and treated as described in sections 2.1.1. and 2.2.1, 
respectively. Chamber slides were fixed with 4 % paraformaldehyde in 
PBS for 10 min at room temperature, washed 3 times in PBS, and then 
permeabilized for 6 min with 0.5 % Triton X-100 in PBS. Cells were 
washed 3 more times in PBS, blocked for 30 min in blocking buffer (20 % 
goat serum in PBS; Dako, Ely, UK), and incubated with anti-myosin 
heavy chain primary antibody (1:400; MF20 IgG2b), diluted in 0.025 
% Tween 20 in PBS, overnight with gentle rocking at 4 ◦C. Cells were 
then washed 3 times in 0.025 % Tween 20 in PBS, and incubated with 
anti-mouse secondary antibody (1:500; Licor, Cambridge, UK) in 0.025 
% Tween 20 in PBS, for 90 min at room temperature with gentle rocking. 
Slides were counterstained with ProLong Gold antifade reagent with 
DAPI (Invitrogen, Paisley, UK), then fluorescently imaged on an Axi-
oscan. Z1 slide scanner (Zeiss, Cambridge, UK). Images from 3 random 
fields of view were taken per chamber at 5× magnification. This was 
repeated for 3 biological replicates, giving a total of 9 images per 
treatment. Images were exported into ImageJ software and blinded 
measurements were taken according to methods modified from Tren-
delenburg et al. (2009) [34]: 5–10 myotubes were measured per image 
and the average size of each myotube was calculated as the mean of 3 
diametric measurements taken at equidistant intervals along its length. 
The average myotube diameter of the 5 largest myotubes per biological 
replicate (n = 3) per condition was used for statistical analysis. 

2.6.2. Light microscopy 
Four images were taken per well at 10× magnification after 24 h of 

either 2DG ± IGF-1 (section 2.2.2.), MK-2206 ± IGF-1 (section 2.2.3.), 
or PHGDH silencing/overexpression ± IGF-1 (section 2.3) treatment. 
Diameters were measured in 20–50 myotubes per biological replicate at 
3 equidistant locations along the length of the cell using ImageJ, taking 
into consideration the pixel-to-aspect ratio. 

2.7. Lactate concentration 

Cultured medium was directly removed of lactate dehydrogenase 
using a 10 kDa molecular weight cut-off spin filter. Lactate was subse-
quently measured in 0.5 μl of filtrate and assayed in duplicate in a 96 
well plate using the Lactate Assay Kit (Sigma-Aldrich, Cat#MAK064, 
Saint Louis, MO, USA) according to manufacturer’s instructions. 
Colorimetric absorbance was measured at 570 nm and lactate concen-
trations were determined against the standard curve. 

2.8. Gene expression 

2.8.1. RNA isolation 
After washing cells with PBS, cells were lysed in TRI reagent (Invi-

trogen, 11,312,940, Carlsbad, CA, USA) and stored at − 80 ◦C. RNA was 
isolated using RiboPureTMkit (Applied Biosystems, Foster City, CA, 
USA), and concentration and purity determined by NanoDrop spectro-
photometry. RNA was converted to cDNA with high-capacity RNA-to- 
cDNA master mix (Applied Biosystems, Foster City, CA, USA). cDNA was 
diluted 10× and stored at − 20 ◦C. 

2.8.2. Real-time quantitative PCR 
Gene expression was assessed by real-time quantitative PCR (see 

Table 3 for primer details) using fluorescent SYBR Green Master Mix 
(Fischer Scientific, Cat#10556555, Pittsburgh, PA, USA). Reactions 
were run in duplicate and referenced to the 18 S ribosomal RNA (rRNA) 
housekeeping gene. Relative changes in gene expression were deter-
mined by the ΔΔCt method. 

2.9. Statistical analysis 

The Shapiro–Wilk test was used to assess normality. Normally 
distributed data were analysed as appropriate using: ratio paired t-test, 
repeated measures one-way analysis of variance (ANOVA), or a repeated 
measures two-way ANOVA/mixed-effects model with Šidák correction. 
When assumptions of a two-way ANOVA were not met, data were 
transformed using Tukey’s Ladder of Powers (rcompanion). If assump-
tions were still not met, or for one-factor comparisons of non-normally 
distributed data, a Friedman’s or (in the case of missing values) 
Kruskal-Wallis test was used with Dunn’s multiple comparisons. The 
statistical method used, as well as main and interaction effects, are 
included in figure legends. Post-hoc analyses were only performed if 
main or interaction effects passed a threshold of p < 0.05, and signifi-
cant comparisons are presented in figures by stars (*); however, exact p- 
values for p ≤ 0.1 are also reported. In the results section, changes 
discussed are significant (i.e. main, interaction, or post-hoc effect) unless 
stated otherwise. Normal data are presented as bar plots with mean ±
SD and individual data points, whereas nonparametric data are visual-
ized using box and whisker plots with Tukey distribution and individual 
data points (except for Fig. 6d, as described in the figure legend). Sta-
tistical analyses were performed using Prism 9.4.0 (GraphPad Prism, 
RRID:SCR_002798) and R 4.1.2 (www.r-project.org). 

Table 3 
qPCR primers.  

Gene Forward Reverse 

18S rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
Phgdh CCCACTATGATTGGCCTCCT AGACACCATGGAGGTTTGGT 
Trim63 

(MuRF1) 
GGGCTACCTTCCTCTCAAGTGC CGTCCAGAGCGTGTCTCACTC 

Fbxo32 
(MAFbx) 

AGACTGGACTTCTCGACTGC TCAGCTCCAACAGCCTTACT  
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Fig. 1. Glucose-derived (14C) carbon can be converted into protein and RNA, particularly in IGF-1-stimulated C2C12 myotubes, suggesting cancer-like 
metabolic reprogramming so that energy metabolites are channelled into anabolic pathways. (a) Schematic depiction of the experimental strategy. (b) 
Representative images and (c) quantification of myotube diameter after IGF-1 and/or rapamycin treatment (IGF-1 effect, p = 0.089; Rapamycin effect, p = 0.017) (n 
= 3). Scale bar is 200 μm. (d) Dried gel showing all protein bands and radioactivity detected in the gel using a phosphor-imager (n = 3 on a single gel). The phosphor- 
image provides visual confirmation that radioactivity was detectable in protein but was not quantified. (e, f) Radioactivity (n = 4, in counts per minute; CPM) per 10 
cm dish in (e) precipitated protein lysates (IGF-1 effect, p < 0.0001; Rapamycin effect, p = 0.006; interaction, p = 0.001) and (f) extracted RNA (IGF-1 effect, p =
0.07). *Significantly different between indicated conditions, repeated measures two-way ANOVA with Šidák correction (*p < 0.05, **p < 0.01, and ***p < 0.001). 
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3. Results 

3.1. IGF-1 induced myotube growth increases 14C-incorporation into 
protein and RNA 

A key feature of metabolic reprogramming in cancer is increased 
glucose uptake and a greater shunting of glucose-derived glycolytic in-
termediates, and other metabolites, from energy metabolism into 
anabolic pathways [13]. In relation to skeletal muscle hypertrophy, a 
key question is: does a similar shunting of glucose-derived metabolites 
occur in hypertrophying muscles? To try to answer this question, we 
stimulated growth of C2C12 myotubes with 100 ng ml− 1 of IGF-1 [35] 
± 100 ng ml− 1 of the mTORC1 inhibitor rapamycin for 48 h and 
measured the rate at which 14C derived from 14C-glucose was incorpo-
rated into protein and RNA (Fig. 1a). 

These experiments revealed that 14C-incorporation into both protein 
and RNA was already measurable at baseline (Fig. 1d–f). IGF-1 tended to 
increase myotube diameter by ≈50 ± 39 % (IGF-1 effect, p=0.089) 
(Fig. 1b and c) and 14C-incorporation into protein by ≈72 ± 10 %, 
versus control (Fig. 1e). Additional treatment with rapamycin attenu-
ated IGF-1-stimulated myotube growth and reduced 14C incorporation 

into protein by ≈59 ± 10 % compared to control, and ≈76 ± 4 % to ≈39 
± 12 % versus IGF-1 and IGF-1 + rapamycin stimulation, respectively 
(Fig. 1e). This suggests that 14C incorporation into protein is somewhat 
mTORC1-dependent. Nevertheless, 14C detection was still ≈156 ± 17 % 
higher in IGF-1 + rapamycin conditions versus rapamycin alone, 
consistent with mTORC1-independent protein synthesis [36] and the 
complimentary role of rapamycin-insensitive pathways during muscle 
hypertrophy [37]. Generally, little 14C was incorporated into RNA 
(IGF-1 effect, p = 0.07; Fig. 1f). 

Together this data indicates that C2C12 myotube growth is associ-
ated with a presumed increase in ‘glucose → glycolytic intermediates → 
non-essential amino acid(s) → protein’ series of reactions. However, the 
possibility of detecting protein glycosylation cannot be ruled out in the 
current experimental design. 

3.2. Blocking glycolysis attenuates myotube growth 

Glycolysis is not only a key metabolic pathway but also a feeder 
pathway for anabolic reactions [13]. We therefore tested whether in-
hibition of glycolysis affected C2C12 and primary mouse myotube size 
and growth. For this purpose, we inhibited glycolysis for 24 h with 

Fig. 2. Glycolysis inhibition attenuates C2C12 and primary myotube growth. Effects of 2DG and IGF-1 on (a) lactate concentrations (IGF-1 effect, p = 0.01; 2DG 
effect, p = 0.031) (n = 3), (b, c) C2C12 myotube diameter (IGF-1 effect, p = 0.0004; 2DG effect, p = 0.0008; interaction, p = 0.022) (n = 5) and (d) primary myotube 
diameter (IGF-1 effect, p = 0.005; 2DG effect, p = 0.002) (n = 4). Scale bar is 200 μm *Significantly different between indicated conditions, repeated measures two- 
way ANOVA with Šidák correction (*p < 0.05 and **p < 0.01). 
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2-deoxy-D-glucose (2DG) [38], and measured the diameter of control 
and IGF-1 stimulated myotubes. In C2C12, we found that 2DG treatment 
reduced lactate concentrations as expected (Fig. 2a) (2DG effect, p =
0.031), and attenuated myotube growth in non-treated (≈30 ± 10 %) 
and IGF-1-treated (≈49 ± 7 %) myotubes (Fig. 2b and c). 

In primary muscle cells, despite an overall effect of IGF-1 (p =
0.005), the impact of IGF-1 on myotube growth was less apparent than 
in C2C12 (6 ± 7 % versus 38 ± 20 %). Still, consistent with effects in 
C2C12 the addition of 2DG also blunted primary myotube diameter by 
≈30 ± 7 % and ≈16 ± 5 % under basal and IGF-1 conditions, respec-
tively (Fig. 2d). Both C2C12 and primary myotubes showed an IGF-1- 
induced growth response under 2DG conditions (Fig. 2c and d); 
although, the magnitude of myotube growth was reduced by 2DG in 
C2C12 cultures (≈38 ± 19 % versus ≈18 ± 10 %; IGF-1 x 2DG inter-
action, p = 0.022) (Fig. 2c). Collectively, these data suggest that inhi-
bition of glycolytic flux impairs basal myotube size and may also be rate- 
limiting for IGF-1-stimulated growth. 

3.3. Glycolysis inhibition and IGF-1 affect regulators of protein turnover 
and PHGDH 

The inhibition of glycolytic flux through 2DG may not only affect the 
generation of glycolytic intermediates for anabolic reactions but also 
energy-sensitive signaling mechanisms, such as activation of AMP- 
activated protein kinase (AMPK), which could have contributed to the 
observed attenuation of myotube growth. Under conditions of nutrient 
stress, rising ADP and/or AMP levels displace ATP binding at regulatory 
sites in AMPK subunits, leading to Thr172 phosphorylation (by up-
stream kinase LKB1) and increased AMPK enzymatic activity [39]. Once 
active, AMPK can suppress mTORC1-dependent protein synthesis 
[39–42], and promote myofibrillar catabolism through FOXO-mediated 
upregulation of the E3-ubiquitin ligases MAFbx (Fbxo32) and MURF1 
(Trim63) [41]. Conversely, FOXO transcription factors are negatively 
regulated by IGF-1 [43]. 

We observed the expected decrease of AMPK phosphorylation 
(Fig. 3a, c) and E3-ligase mRNA (Fig. 3d and e) in C2C12 myotubes 
under IGF-1 conditions. Alternatively, there was no evidence of 
increased AMPK activation (Fig. 3a, c) or Fbxo32 and Trim63 gene 
expression (Fig. 3d and e) with 2DG treatment, indicating that a 
diminished energy state did not attenuate myotube size through AMPK. 
mTORC1 can also be inhibited via AMPK-independent mechanisms in 
response to glucose starvation [42]. Consistent with this, 2DG decreased 
phosphorylation of key mTORC1 substrate P70S6K compared to IGF-1 
stimulation (Fig. 3b and c), suggesting modest reduction of basal 
mTORC1 signaling when glycolysis was attenuated. However, 2DG had 
no apparent effect on phospho-P70S6K under IGF-1 conditions (Fig. 3b 
and c). These data suggest that the 2DG-associated impairment of 
myotube size may stem from inhibition of mTORC1-dependent myofi-
brillar protein synthesis at baseline; whereas availability of glycolytic 
intermediates for anabolic reactions, as opposed to mTORC1 activity per 
se, may be rate-limiting under IGF-1-treated/growth-stimulated condi-
tions, at least in C2C12 (Fig. 2c). Albeit, this latter effect was not suffi-
cient to completely prevent myotube growth in response to IGF-1 + 2DG 
(Fig. 2c and d). 

3.4. Silencing of PHGDH attenuates myotube growth 

To address the potential importance of glycolysis-derived biosyn-
thetic precursors, we next studied the role of cancer reprogramming- 
associated enzyme PHGDH. PHGDH catalyses the first reaction of the 
serine biosynthesis pathway (3-phosphoglycerate + NAD+ → 3-phos-
phooxypyruvate + H+ + NADH) and is important for one-carbon 
metabolism [27]. PHGDH limits cell proliferation [29] but may also 
play a role in post-mitotic growth. Indeed, PHGDH and other serine 
biosynthesis enzymes are upregulated when stimulating muscle hyper-
trophy in pigs with the β2-agonist ractopamine [33]. In agreement, we 

observed that C2C12 myotubes increased Phgdh mRNA (≈219 ± 70 %) 
and protein (≈90 %, interquartile range [IQR] 60–293 %) expression 
upon IGF-1 stimulation (Fig. 3f–h). However, after 
lipofectamine-mediated siRNA transfection the effect of IGF-1 on Phgdh 
mRNA was not reproduced in negative control (siControl) C2C12 myo-
tubes (Fig. 4a) and Phgdh was only modestly upregulated in siControl 
primary myotubes (≈9 ± 3 %; adjusted post-hoc, p = 0.331) (Fig. 4f). As 
the process of transfection can substantially alter the transcriptome 
independently from the cargo being delivered [44], future studies 
should look to confirm our findings of IGF-1 induced PHGDH expression 
under native conditions. 

To investigate whether normal levels of PHGDH limit myotube size 
and growth-response, we knocked-down PHGDH through siRNA 
silencing of mRNA and determined the effect on myotube diameter. In 
C2C12, siRNA interference reduced Phgdh mRNA to ≈31–37 % of 
baseline levels (Fig. 4a) and PHGDH protein to ≈18–27 % of baseline 
(Fig. 4b and c). Knockdown of PHGDH decreased average C2C12 myo-
tube size in control and IGF-1-treated cells by ≈30 ± 4 % and ≈51 ± 8 
%, respectively (Fig. 4d and e). Consistently, PHGDH silencing (by 
52–54 %) (Fig. 4f) also impaired primary myotube growth by ≈25 ± 8 % 
and ≈35 ± 8 % under the same conditions (Fig. 4g). In contrast to 2DG 
(Fig. 2c and d), silencing of PHGDH also blocked the effect of IGF-1 in 
both C2C12 (Fig. 4e) and primary (Fig. 4g) myotubes, implying that 
PHGDH is necessary for both maintenance of basal myotubes size and 
IGF-1-mediated growth. 

3.5. PHGDH overexpression increases myotube growth 

Because PHGDH silencing reduced myotube growth, we then inves-
tigated whether a gain of PHGDH is sufficient to increase C2C12 myo-
tube diameter. Overexpression of human PHGDH (PHGDHOE) by ≈10 ±
8-fold (Fig. 5a) tended to increase myotube growth (Fig. 5b). Compared 
to empty vector control (EV), the diameter of PHGDHOE myotubes was 
≈19 ± 14 % greater at timepoint 1 (control) (PHGDHOE effect, p =
0.061) and ≈11 ± 8 % greater 24 h later (PHGDHOE effect, p = 0.032) 
(Fig. 5c). The size of PHGDHOE myotubes was further augmented (≈27 
± 17 %) by IGF-1 (adjusted post-hoc, p = 0.089), although no interac-
tion was detected (PHGDHOE x IGF-1, p = 0.374) (Fig. 5c). Together, 
these results indicate that silencing PHGDH attenuates- whereas PHGDH 
overexpression increases-myotube size, suggesting that PHGDH is a 
regulator of skeletal muscle mass. 

3.6. AKT regulates PHGDH in C2C12 myotubes 

Activation of AKT stimulates aerobic glycolysis (i.e. the Warburg 
effect) in cancer cells [21], promotes muscle hypertrophy [45], and is 
associated with a shift towards glycolysis [22]. Therefore, we assessed 
whether AKT also regulates PHGDH. To study this, we used IGF-1 and 
MK-2206 to activate and repress AKT, respectively. The highest dose of 
MK-2206 treatment (1000 μM) tended to reduce activity-associated AKT 
phosphorylation when compared to IGF-1 stimulation (Fig. 6a), as well 
as P70S6K phosphorylation – although the effect on P70S6K did not 
reach statistical significance (one-way ANOVA, p = 0.092) (Fig. 6b). 
1000 μM of MK-2206 also decreased PHGDH protein abundance by ≈43 
± 20 % versus IGF-1-treatment alone (Fig. 6c and d). Interestingly, this 
inhibition of AKT and PHGDH at 1000 μM of MK-2206 was coincident 
with (≈36–38 %) smaller C2C12 myotube diameter compared to IGF-1 
treated conditions (Fig. 6e and f). These findings imply that AKT regu-
lates PHGDH, providing a possible mechanism through which meta-
bolism is altered in growing muscle to facilitate anabolism. 

4. Discussion 

This study reports five findings that support the idea that hypertro-
phying muscles reprogram their metabolism to support anabolism and 
growth, reminiscent of cancer cells (Fig. 7). First, the stimulation of 
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Fig. 3. 2DG effects on protein abundance and mRNA expression in C2C12 myotubes. Effects of 2DG and IGF-1 on (a) phospho-AMPK at residue Thr172 (IGF-1 
effect, p = 0.038) and (b) phospho-P70S6K at residue Thr389 (Friedman test, p = 0.01) (n = 6). (c) Representative western blots for phospho-AMPK and phospho- 
P70S6K, with α-TUBULIN as loading control. (d) Impact of compound treatment on Fbxo32 (MAFbx) (IGF-1 effect, p < 0.0001; 2DG effect, p = 0.065; interaction, p 
= 0.001) and (e) Trim63 (MuRF1) gene expression (IGF-1 effect, p < 0.0001; IGF-1 x 2DG interaction, p = 0.021) (n = 5–6). (f) IGF-1 and 2DG effects on Phgdh mRNA 
(Friedman test, p = 0.0002) and (g, h) protein abundance (IGF-1 effect, p = 0.028; 2DG effect, p = 0.013) in C2C12 (n = 6). *Significantly different between 
indicated conditions; repeated measures two-way ANOVA or mixed-effects model with Šidák correction; or Friedman test with Dunn’s multiple comparisons (*p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). 
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C2C12 myotube growth, through IGF-1, increases shunting of carbon 
from glucose into protein synthesis. Second, we confirm that IGF-1 in-
creases glycolytic flux in C2C12 myotubes [20] and report that attenu-
ating glycolytic flux, through 2DG-mediated inhibition, attenuates 
C2C12 and primary mouse myotube size. Third, silencing of the serine 
biosynthesis-catalysing enzyme Phgdh inhibited C2C12 and primary 

myotube growth. Fourth, the overexpression of PHGDH in C2C12 in-
creases myotube diameter, collectively suggesting that PHGDH regu-
lates normal myotube size and myotube growth. Fifth, the muscle 
hypertrophy-promoting kinase AKT regulates the expression of PHGDH. 

The first conceptual advance of this study is that glucose is not just a 
substrate for energy metabolism - it also contributes to cell mass as a 

Fig. 4. PHGDH silencing by siRNA attenuates myotube growth in control and IGF-1-stimulated myotubes. (a) Phgdh mRNA (siPhgdh effect, p = 0.0004) (n = 6) 
and (b, c) PHGDH protein (siPhgdh effect, p = 0.032) (n = 2–3) levels after siRNA treatment. (d) Morphology of C2C12 myotubes and (e) the impact of PHGDH 
knockdown on C2C12 myotube diameter (IGF-1 effect, p = 0.04; siPhgdh effect, p < 0.0001; interaction, p = 0.001) (n = 6). Scale bar is 200 μm. (f) Efficiency of 
Phgdh silencing (Friedman test, p = 0.0009) (n = 4) and (g) effect on myotube size (Friedman test, p = 0.0002) (n = 8) in primary mouse myotubes. *Significantly 
different between indicated conditions; repeated measures two-way ANOVA or mixed-effects model with Šidák correction; or Friedman test with Dunn’s multiple 
comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). 
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substrate for anabolic reactions, both in proliferating C2C12 myoblasts 
[46] and in post-mitotic growing myotubes (Fig. 1). Specifically, we 
found that carbon derived from glucose can be incorporated especially 
into protein, presumably via a glucose → glycolytic intermediates → 
amino acid(s) → protein sequence of reactions. This echoes results re-
ported by Hosios et al. showing that 6 % of the total carbon in C2C12 
myotubes was derived from glucose over 14 days [46]. Non-essential 
amino acids are indeed synthesized by human tissues, including skel-
etal muscle [47], but the regulation of this process is incompletely un-
derstood. Furthermore, non-essential amino acids may be required to 
sustain muscle protein synthesis above fasting levels in the ≥3-5-h 
post-exercise recovery period [48]; however, it is unclear whether the 
rate of non-essential amino acid synthesis increases and limits skeletal 
muscle hypertrophy. The conversion of glucose into biomass may also 
contribute to the lasting effects on glucose uptake after resistance ex-
ercise [18,19] and might further explain the benefits of resistance 
training for metabolic health [49]. 

The second finding of this study is that the inhibition of glycolysis 
blunts C2C12 and primary myotube diameter (Fig. 2), revealing an as-
sociation between glycolysis and muscle size. A link between glycolytic 
flux and growth was first demonstrated by Otto Warburg, who showed 

that sarcomas (i.e. fast-growing tissues) consumed more glucose and 
synthesized more lactate than normal organs in rats [14]. In mouse 
muscle, the stimulation of hypertrophy – through IGF-1 in vitro [20] or 
via gain of Akt1 [22] or loss of myostatin (Mstn) [24] in vivo – not only 
results in skeletal muscle growth but also increases glycolytic capacity of 
the hypertrophying muscles. So far there is little data to show whether 
increased glycolytic flux limits muscle size. However, consistent with 
our findings (Fig. 2), the deletion of glycolytic enzymes results in smaller 
muscle fibres in both flies [50] and C2C12 [25]. 

In addition to reducing the supply of glycolytic intermediates as 
substrates for anabolic reactions, inhibition of glycolysis could affect the 
signaling of energy-sensitive molecules, such as AMPK [39], and in-
crease the expression of E3 ubiquitin ligases [41,51]. We did not find 
any effect of the glycolysis inhibitor 2DG on activity-related AMPK 
phosphorylation or E3-ligase gene expression (Fig. 3). Instead, smaller 
myotube size after 24 h of glycolysis inhibition (Fig. 2c and d) may result 
from attenuated basal rates of protein synthesis. Mechanistically, under 
low-glucose conditions the glycolytic enzyme GAPDH prevents Rheb 
from binding mTORC1, thereby inhibiting mTORC1 signaling and pro-
tein synthesis [52]. Indeed, 2DG tended to decrease resting 
phospho-P70S6K levels, but did not impair IGF-1-induced P70S6K 

Fig. 5. Overexpression of PHGDH (PHGDHOE) in C2C12 increases PHGDH protein levels and myotube size. (a) PHGDH protein abundance after over-
expression of human PHGDH in C2C12 myotubes (n = 4). Ratio paired t-test. Note that we could not distinguish between endogenous mouse PHGDH and over-
expressed human PHGDH. (b, c) C2C12 myotube size upon PHGDH overexpression compared to empty vector (EV). Control = untreated cells prior to- and +24 
hours = vehicle or IGF-1-stimulated cells after 24 h of exposure (n = 4). Scale bar is 200 μm. Overexpression x time analysis: PHGDHOE effect, p = 0.061; Time effect, 
p = 0.017; interaction, p = 0.08. Overexpression x IGF-1 analysis: PHGDHOE effect, p = 0.032; IGF-1 effect, p = 0.008. *Significantly different between indicated 
conditions, repeated measures two-way ANOVA with Šidák correction (*p < 0.05). 
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phosphorylation (Fig. 3b and c). Conceivably, IGF-1-stimulated growth 
may instead be limited by reduced availability of glycolytic in-
termediates for macromolecular biosynthesis when glycolysis is blunted 
by 2DG (Fig. 2b and c). 

Related to the association between glycolytic flux and muscle 

hypertrophy, it is worth noting that glycolytic type 2 fibers typically 
hypertrophy more after resistance training than less glycolytic type 1 
fibers [53,54]. This is true even though type 1 fibers have a higher ca-
pacity for protein synthesis than type 2 fibers [55]. Future studies should 
investigate whether the greater hypertrophic potential of type 2 fibers is 

Fig. 6. Blocking AKT in C2C12 myotubes prevents IGF-1 induced PHGDH upregulation. Effect of the AKT inhibitor MK-2206 on (a) phospho-AKT Ser473 
(Kruskal-Wallis test, p = 0.036) (n = 4–5) and (b) phospho-P70S6K Thr389 (repeated measures one-way ANOVA, p = 0.092) (n = 5) in untreated and IGF-1 treated 
myotubes. (c) Impact of MK-2206 dose on PHGDH protein abundance (Friedman test, p = 0.025), (d) specifically in IGF-1 treated myotubes (Friedman test, p =
0.006) (n = 5). For (d), dots represent median and error bars depict interquartile range. (e) Representative images and (f) quantification of MK-2206 treatment (1000 
μM) on C2C12 myotube diameter (Friedman test, p = 0.0001) (n = 5). Scale bar is 200 μm. *Significantly different between indicated conditions; Kruskal-Wallis or 
Friedman test with Dunn’s multiple comparisons (*p < 0.05 and **p < 0.01). 
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at least in part because these fibers can provide more glycolytic in-
termediates as substrates for anabolic reactions. 

The third and fourth findings are that a loss (Fig. 4) or gain-of- 
function (Fig. 5) of PHGDH decreases and increases basal and IGF-1- 
stimulated myotube growth, respectively. PHGDH was of interest to us 
because β2-agonist-mediated muscle hypertrophy increases the mRNA 
and protein levels of PHGDH in pigs [33], and Phgdh expression almost 
doubles when muscle hypertrophy is stimulated through synergist 
ablation in mice (reanalysis of data from Ref. [9]). Our data indicate that 
PHGDH not only limits cellular proliferation [29] but also the size of 
post-mitotic muscle cells. This might seem surprising, as PHGDH catal-
yses the de novo synthesis of a non-essential amino acid; thus, one might 
assume that the loss of PHGDH would have little impact so long as di-
etary serine intake is sufficient. However, a complete loss of Phgdh is 
embryonal lethal in mice [56]. PHGDH mutations in humans also cause 
severe inborn diseases, such as Neu-Laxova syndrome [57], which is 
associated with atrophic or underdeveloped skeletal muscles [58]. The 
importance of PHGDH for normal development and muscle size regu-
lation could be explained through serine’s role as a key metabolite for 
one-carbon metabolism, which is linked to nucleotide and amino acid 
synthesis, epigenetics, and redox defence [27,28]. A metabolomics 
analysis showed that PHGDH is required to maintain nucleotide syn-
thesis [28] and, hence, might affect RNA and ribosome biogenesis in 
muscle cells. Another mechanism through which PHGDH possibly reg-
ulates muscle size in vivo is via alpha-ketoglutarate (AKG). This 
metabolite is generated downstream of PHGDH and is diminished ≈50 
% upon PHGDH knockdown [29]. Muscle concentrations of AKG are 
elevated after resistance exercise and AKG supplementation increases 
lean body mass in mice [59]. Future studies should seek to identify the 

mechanisms by which PHGDH contributes to post-mitotic muscle ho-
meostasis and growth. 

The fifth finding of this study is that AKT regulates PHGDH expres-
sion in C2C12 myotubes (Fig. 6). Further investigation is needed to 
assess whether PHGDH also increases in mice where overexpression of 
AKT causes muscle hypertrophy [45], and whether the reduction of 
PHGDH in these models or in other models of PHDGH 
activity/expression-associated hypertrophy [9] attenuates muscle size. 

Several additional questions remain unanswered. First, our study 
only reports in vitro data obtained by studying C2C12 and primary 
mouse myotubes. Whilst both C2C12 myotubes [25,35,60] and mouse 
muscles respond to IGF-1 with hypertrophy [61], it is unclear whether in 
vivo hypertrophy involves the same metabolic reprogramming that we 
report here. Second, whilst mRNA markers of myogenesis [62] and 
myonuclear fusion [63] of C2C12 cells peak at day 3 of differentiation, 
we cannot exclude the possibility that myotubes were still undergoing 
differentiation-related myofibrillar growth at the time of 
gain/loss-of-function and compound experiments. Thus, some reported 
effects may represent an interaction between myotube differentiation 
and treatment. Third, although 14C is incorporated into protein (Fig. 1d 
and e), future studies should use de-glycosylation treatments to delin-
eate the extent to which this is because glucose is used as a substrate for 
amino acids-to-protein synthesis versus post-translational modification 
(i.e. glycosylation) of proteins [64]. 

5. Conclusions 

Here we provide evidence that glycolysis is important in growing 
C2C12 and primary mouse myotubes. Reminiscent of cancer-like 

Fig. 7. Schematic showing how PHGDH is involved in IGF-1-induced myotube hypertrophy. Glucose is taken up by muscle cells and, via several glycolytic 
intermediates, catalysed to pyruvate for energy production in mitochondria. Alternatively, cancer-like metabolic remodelling shunts the glycolytic intermediate 3- 
phosphoglycerate (3PG) into the de novo serine synthesis pathway. Phosphoglycerate dehydrogenase (PHGDH) catalyses the first step of 3PG to 3-phosphohydrox-
ypyruvate, which is then converted into 3-phosphoserine and, ultimately, serine. Serine is subsequently used for protein synthesis or as a precursor for nucleotide 
synthesis. IGF-1 induces hypertrophy in post-mitotic muscle cells, which is abolished by 2DG administration or siRNA against PHGDH. AKT stimulates glycolysis and 
promotes hypertrophy through phosphorylation of P70S6K, thereby increasing protein synthesis. Blocking AKT with compound MK-2206 decreases PHGDH 
abundance and impairs P70S6K phosphorylation, which leads to reduced myotube size. Dark red indicates where experimental manipulations were applied in this 
study. Green arrows denote the pathway by which glucose and PHGDH can contribute to muscle size. 2DG, 2-deoxyglucose; MK-2206, AKT inhibitor. 
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metabolic reprogramming, this glycolysis-for-anabolism metabolic shift 
critically determines typical myotube size and IGF-1-stimulated muscle 
growth, at least in part through PHGDH. 
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