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Abstract
Cachexia	 is	 a	 systemic	 disease	 associated	 with	 several	 pathologies,	 including	
cancer,	that	leads	to	excessive	weight	loss	due	to	enhanced	protein	degradation.	
Previously,	 we	 showed	 that	 cachectic	 features	 in	 myotubes	 are	 provoked	 by	
a	 metabolic	 shift	 toward	 lactic	 fermentation.	 Our	 previous	 results	 led	 us	 to	
hyphotesise	that	increasing	pyruvate	concentration	could	impede	the	metabolic	
modifications	 responsible	 for	 induction	 of	 cachexia	 in	 myotubes.	 Here,	 we	
demonstrated	that	the	addition	of	sodium	pyruvate	in	conditioned	media	from	
CT26	 colon	 cancer	 cells	 (CM	 CT26)	 prevents	 the	 onset	 of	 either	 phenotypic	
and	 metabolic	 cachectic	 features.	 Myotubes	 treated	 with	 CM	 CT26	 containing	
sodium	 pyruvate	 show	 a	 phenotype	 similar	 to	 the	 healthy	 counterpart	 and	
display	 lactate	 production,	 oxygen	 consumption,	 and	 pyruvate	 dehydrogenase	
activity	 as	 control	 myotubes.	 The	 use	 of	 the	 Mitochondrial	 Pyruvate	 Carrier	
inhibitor	UK5099,	highlights	the	importance	of	mitochondrial	pyruvate	amount	
in	the	prevention	of	cachexia.	Indeed,	UK5099-	treated	myotubes	show	cachectic	
features	as	those	observed	in	myotubes	treated	with	CM	CT26.	Finally,	we	found	
that	sodium	pyruvate	is	able	to	decrease	STAT3	phosphorylation	level,	a	signaling	
pathway	 involved	 in	 the	 induction	 of	 cachexia	 in	 myotubes.	 Collectively,	 our	
results	show	that	cachexia	in	myotubes	could	be	prevented	by	the	utilization	of	
sodium	pyruvate	which	impedes	the	metabolic	modifications	responsible	for	the	
acquisition	of	the	cachectic	features.
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1 	 | 	 INTRODUCTION

Cancer	cachexia	is	a	devastating	and	systemic	syndrome	
that	appears,	although	at	a	different	levels,	in	the	majority	
of	cancer	patients.	A	great	disadvantage	of	cancer	cachexia	
is	 the	diminished	 response	 to	anticancer	 treatments,	 as-
sociated	 with	 the	 worsening	 of	 the	 quality	 of	 life.1,2	 In	
skeletal	 muscle,	 cachexia	 induces	 profound	 phenotypic	
and	 metabolic	 changes	 that	 lead	 to	 pronounced	 weight	
loss.	Decreased	mass	in	cachectic	muscles	is	mainly	due	
to	 unbalanced	 pathways	 of	 protein	 synthesis	 and	 degra-
dation,	 in	 which	 the	 ubiquitin-	proteasome	 system	 and	
the	 autophagy-	lysosome	 pathway	 are	 greatly	 involved.3,4	
Particularly,	 protein	 degradation	 is	 accomplished	 with	
the	 increased	expression	of	 the	muscle-	specific	E3	ubiq-
uitin	 ligases,	 such	 as	 Muscle-	Atrophy-	F-	box	 (MAFbx/
Atrogin-	1)	and	muscle-	RING	finger-	1	 (MuRF1).5	Weight	
loss	is	associated	with	several	metabolic	alterations	such	
as	enhanced	glucose	demand,	and	depleted	glycogen	de-
posits.	Moreover,	a	reduction	in	pyruvate	dehydrogenase	
(PDH)	and	succinate	dehydrogenase	(SDH)	enzymatic	ac-
tivities	was	reported	in	cachectic	skeletal	muscles.6

Pyruvate	plays	a	key	role	in	glucose	metabolism.	In	aer-
obic	conditions,	pyruvate	produced	by	glycolysis	is	driven	
into	 mitochondria	 through	 the	 mitochondrial	 pyruvate	
carrier	 (MPC)	 and	 transformed	 in	 Acetyl-	Coenzyme	 A	
(Acetyl-	CoA)	 by	 the	 Pyruvate	 Dehydrogenase	 Complex	
(PDC).7	 Acetyl-	CoA	 is	 then	 used	 in	 the	 Krebs	 cycle.	
Pyruvate	dehydrogenase,	one	of	the	three	components	of	
PDC,	shows	decreased	activity	in	cachectic	muscle	com-
pared	to	the	healthy	one,8	thus	underlining	the	key	role	of	
this	enzyme	in	cachexia	onset.

Several	 molecular	 pathways	 contribute	 to	 muscle	
growth	 and	 wasting	 processes.	 Among	 them,	 the	 Signal	
Transducer	and	Activator	of	Transcription	3	(STAT3)	sig-
naling	cascade	is	noteworthy.	A	number	of	stimuli	is	able	
to	 induce	 STAT3	 phosphorylation/activation.	 Upon	 acti-
vation,	STAT3	dimerizes	and	translocates	in	the	nucleus	to	
transcribe	target	genes.	Activated	STAT3	promotes	skeletal	
muscle	atrophy	in	muscle	diseases,	as	shown	in	Duchenne	
muscular	dystrophy	(DMD),9	and	Merosin-	deficient	con-
genital	 muscular	 dystrophy	 (MDC1A).11	 STAT3	 cascade	
was	proven	to	be	greatly	involved	in	cancer	cachexia,10	as	
observed	in	muscle	wasting	in	pancreatic	tumour-	bearing	
mice.12	In	addition,	in	vitro	studies,	where	myotubes	were	
treated	with	Lewis	lung	carcinoma	conditioned	medium,	
reported	 that	 STAT3	 phosphorylation	 is	 associated	 with	
myosin	heavy	chain	loss	and	muscle	atrophy.13	Moreover,	
STAT3	 cascade	 was	 also	 demonstrated	 to	 drive	 muscle	
wasting	induced	by	Interferon-	gamma	and	tumour	necro-
sis	factor	alpha	through	NF-	kB.14

Recently,	we	demonstrated	that	cachexia	onset	in	myo-
tubes	is	associated	with	a	metabolic	change	toward	lactic	

fermentation	 in	 aerobic	 conditions.	 In	 this	 state,	 myo-
tubes	behave	as	cancer	cells	and	can	be	considered	“can-
cer	myotubes.”	The	block	of	 the	metabolic	alteration,	by	
inhibiting	glycolysis	with	2-	deoxy-	glucose	or	lactic	dehy-
drogenase	activity	with	oxamate,	prevents	metabolic	mod-
ification	and	the	acquisition	of	the	cachectic	phenotype.15	
Cachectic	 myotubes	 enhance	 lactate	 production	 and	
decrease	 oxygen	 consumption	 compared	 to	 the	 healthy	
counterpart,	 thus	 driving	 the	 majority	 of	 pyruvate	 pro-
duced	by	glycolysis	toward	lactate	formation.	On	that	ac-
count,	we	speculate	that	the	cachectic	features,	acquired	
by	myotubes	treated	with	CM	CT26,	could	be	hampered	
by	increasing	intracellular	pyruvate	concentration.	In	this	
paper,	we	report	that	the	addition	of	sodium	pyruvate	to	
CM	CT26	really	prevents	 the	 induction	of	either	pheno-
typic	or	metabolic	cachectic	characteristics	in	myotubes.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Materials

Murine	C2C12	myoblasts	were	from	ECACC.	The	murine	
CT26	colon	carcinoma	cell	line	was	purchased	from	ATCC.	
Unless	otherwise	specified,	all	used	reagents	were	obtained	
from	Sigma-	Aldrich,	Inc.	(St.	Louis,	MO,	USA);	SDS-	PAGE	
materials	 and	 ECL	 detection	 reagents	 were	 purchased	
from	Bio-	Rad	Laboratories,	 (Hercules,	USA);	anti-	Fbx32/
Atrogin1	 (ab168372),	 anti-	OXPHOS	 (ab110413),	 anti-	
STAT3	(ab68153),	and	anti-	Myosin	Heavy	Chain	(MHC)	(ab	
91506)	primary	antibodies	were	from	Abcam	(Cambridge,	
UK);	 anti-	PDH-	E1	 (sc-	377092)	 and	 anti-	ubiquitin	 (sc-	
8017)	primary	antibodies,	mitochondrial	pyruvate	carrier	
(MPC)	inhibitor	UK5099	(sc-	361394)	and	STAT3	inhibitor	
WP1066	(sc-	203282)	were	from	Santa	Cruz	Biotechnology	
(Dallas,	TX,	USA);	anti-	LC3B	 (#3868)	and	anti-	phospho-	
Tyr705-	STAT3	(#9145)	primary	antibodies	were	from	Cell	
Signaling	 Technology	 Inc.	 (Danvers,	 MA,USA);	 Tetra-	
methyl-	rhodamine	methyl	ester	(TMRM)	probe	was	from	
Molecular	Probe	(Eugene,	OR,	USA);	K-	LATE	kit	for	lac-
tate	 assay	 was	 from	 Megazyme	 (Bray,	 Ireland);	 pyridine	
and	N-	tert-	Butyldimethylsilyl-	N-	methyltrifluoroacetamide	
with	 1%	 tert-	Butyldimethylchlorosilane	 (MBTSTFA	+  1%	
TBDMCS)	 were	 from	 Pierce,	 ThermoFisher	 Scientific	
(Waltham,	MA,	USA).

2.2	 |	 Methods

2.2.1	 |	 Cell	culture

Murine	 C2C12	 myoblasts	 and	 CT26	 colon	 carcinoma	
cells	were	routinely	grown	in	Dulbecco's	modified	Eagle's	
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medium	 (DMEM,	 #ECB7501	 Euroclone,	 Milan,	 Italy)	
supplemented	with	10%	fetal	bovine	serum	in	a	5%	CO2	
humidified	atmosphere	(growing	medium).	Myoblast	dif-
ferentiation	into	myotubes	has	been	obtained	by	shifting	
sub-	confluent	 C2C12	 myoblasts	 to	 differentiating	 me-
dium	 composed	 of	 DMEM	 containing	 2%	 Horse	 Serum	
(HOS)	for	at	least	4	days.

2.2.2	 |	 Preparation	of	conditioned	media	
(CM)	and	treatment

CT26	 colon	 carcinoma	 cells	 were	 cultured	 until	 sub-	
confluence.	Cells	were	washed	twice	with	PBS	and	then	
the	 medium	 was	 replaced	 with	 serum-	free	 DMEM	 for	
48	h.	 During	 this	 time,	 the	 culture	 medium	 became	 a	
conditioned	medium	(CM)	from	the	secretory	activity	of	
CT26	 tumor	 cells.	 Obtained	 CM	 CT26	 was	 centrifuged	
at	 1500	rpm	 to	 remove	 debris	 and	 immediately	 stocked	
at	 −80°C	 until	 used.	 For	 myotube	 treatment,	 CM	 CT26	
was	 diluted	 at	 20%	 final	 as	 reported.15	 Sodium	 pyruvate	
(20	mM	final)	was	added	to	20%	CM	CT26	and	maintained	
throughout	the	experiment.

2.2.3	 |	 Gas	chromatography-	mass	
spectrometry	(GC–	MS)

Gas	 chromatography-	mass	 spectrometry	 (GC–	MS)	 anal-
ysis	 of	 myotube	 intracellular	 metabolomic	 profile	 was	
performed	 using	 selected	 ion	 monitoring	 (SIM)	 mode	
MS.	Myotubes	were	scraped	in	80%	methanol	and	phase	
separation	 was	 achieved	 by	 centrifugation	 at	 4°C.	 The	
methanol-	water	 phase	 containing	 polar	 metabolites	 was	
separated	and	dried	using	a	vacuum	concentrator.	Dried	
polar	 metabolites	 were	 dissolved	 in	 10  μl	 of	 40	mg/ml		
methoxamine	 hydrochloride	 in	 pyridine	 (Pierce,	
ThermoFisher	Scientific)	and	kept	at	37°C	for	2 h.	After	
dissolution	and	reaction,	50	μl	of	MBTSTFA	+	1%	TBDMCS	
was	 added	 to	 the	 samples	 that	 were	 then	 incubated	 at	
60°C	for	1 h.	Metabolite	chromatographic	separation	was	
performed	 using	 Intuvo	 9000	 GC	 system	 equipped	 with	
HP-	5MS	 UI	 (30	m	×	250	μm	×	0.25	μm)	 chromatographic	
capillary	 column	 (Agilent	 Technologies,	 Palo	 Alto,	 CA,	
USA)	 and	 coupled	 with	 5977B	 MSD	 mass	 spectrom-
etry	 system.	 Gas	 chromatography	 runs	 were	 performed	
with	helium	as	carrier	gas	at	1.1 ml/min.	The	split	 inlet	
temperature	 was	 set	 to	 250°C	 and	 the	 injection	 volume		
of	1 μl.	The	temperature	of	the	GC	oven	was	from	70	to	
280°C.	The	first	temperature	ramp	was	from	70	to	140°C	
at	3°C/min.	The	second	temperature	ramp	was	from	140	
to	150°C	at	1°C/min.	Finally,	 the	 last	 temperature	ramp	

was	from	150	to	280°C	at	3°C/min.	The	data	acquisition	
rate	was	10 Hz.	For	 the	quadrupole,	a	source	EI	 (70	eV)	
was	used.	The	ion	source	and	transfer	line	temperatures	
were	 set	 to	 250	 and	 290°C,	 respectively.	 Using	 the	 SIM	
mode,	characteristic	 ions	 for	each	analyte	were	used	 for	
peak	identification	and	quantification	(Table S1).	For	the	
determination	of	the	relative	abundances	of	metabolites,	
the	integrated	signal	of	all	ions	for	each	metabolite	frag-
ment	was	normalized	on	the	total	protein	content	of	each	
sample.

2.2.4	 |	 Immunoblot	analysis

Cells	were	lysed	for	10 min	on	ice	in	100 μl	of	complete	
radio-	immunoprecipitation	 assay	 (c-	RIPA)	 buffer	
(150	mM	 NaCl,	 100	mM	 NaF,	 2	mM	 EGTA,	 50	mM	 Tris	
HCl	 pH  7.5,	 5	mM	 orthovanadate,	 1%	 triton,	 0.1%	 SDS,	
and	 0.1%	 protease	 inhibitor	 cocktail).	 Clarified	 lysates	
were	obtained	by	centrifugation	at	14	000	rpm	at	4°C	for	
10  min.	 The	 total	 protein	 content	 of	 each	 sample	 was	
obtained	using	the	Bradford	assay	(Bio-	Rad	Laboratories,	
Hercules,	USA).	10–	20	μg	of	total	proteins	for	each	sample	
were	separated	by	SDS-	PAGE	and	transferred	onto	PVDF	
membranes.	PVDF	membranes	were	incubated	with	the	
target	primary	antibody	 in	2%	non-	fat	dry	milk	 solution	
(PBS,	0.05%	tween)	at	4°C	for	24	h	and	with	horseradish-	
conjugated	 secondary	 antibody	 for	 1  h	 at	 room	
temperature.	PVDF	membranes	were	washed	3	 times	 in	
washing	solution	(PBS,	0.1%	tween)	for	10 min	and	then	
a	 chemiluminescence	 reaction	 was	 achieved	 by	 probing	
PVDF	 membranes	 with	 ECL	 (Bio-	Rad	 Laboratories,	
Hercules,	USA).	Target	protein	bands	have	been	detected	
and	 analyzed	 using	 Amersham	 Imager	 600	 and	 ImageJ	
software,	 respectively.	The	expression	 level	of	 the	 target	
protein	 was	 obtained	 using	 Coomassie-	stained	 PVDF	
membranes	for	normalization.

2.2.5	 |	 Oxygen	consumption	rate	(OCR)		
analysis

After	treatments,	myotubes	were	detached	and	suspended	
in	 1  ml	 of	 growing	 medium.	 The	 cell	 suspension	 was	
transferred	 to	 an	 airtight	 thermostatic	 chamber	 main-
tained	 at	 37°C.	 Myotube	 oxygen	 consumption,	 meas-
ured	 by	 using	 a	 Clark-	type	 O2	 electrode	 (Oxygraph	
Hansatech)	for	10 min,	has	been	achieved	by	taking	the	
rate	of	oxygen	consumption	(nmol/min/ml)	as	an	index	
of	respiratory	ability.	The	value	of	oxygen	consumption	
rate	(OCR)	was	normalized	on	the	total	protein	content	
of	each	sample.
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2.2.6	 |	 PDH	activity

PDH	 activity	 was	 assayed	 in	 cell	 lysates	 using	 PDH	
Activity	Assay	Kit	(#MAK183,	Sigma–	Aldrich,	St.	Louis,	
USA).	 PDH	 activity	 (nmol/min/ml)	 was	 normalized	 on	
total	protein	content	in	each	sample.

2.2.7	 |	 Lactate	assay

The	lactate	amount	was	assayed	in	a	culture	medium	using	
the	K-	LATE	kit	 (Megazyme,	Bray,	 Ireland)	according	 to	
the	manufacturer's	instructions.	To	obtain	the	amount	of	
lactate	produced	exclusively	from	myotubes,	the	amount	
of	 lactate	 in	CM	CT26	was	subtracted	from	the	quantity	
of	 lactate	 in	 the	 medium	 of	 CM-	treated	 myotubes.	 The	
values	 were	 normalized	 using	 total	 protein	 content	 in	
each	sample.

2.2.8	 |	 Confocal	analysis

C2C12	 myoblasts	 were	 grown	 to	 80%	 confluence	 on	
glass	 coverslips	 and	 then	 differentiated	 for	 four	 days.	
The	 obtained	 myotubes	 were	 treated	 with	 CM	 CT26	
with	or	without	pyruvate	for	24	h,	washed	in	PBS,	and	
immediately	 fixed	 in	 4%	 paraformaldehyde	 at	 4°C	 for	
20	min.	Subsequently,	the	membrane	was	washed	three	
times	 with	 50	mM	 Tris–	HCl	 (pH  7.4),	 150	mM	 NaCl,	
and	 0.1%	 Triton	 X-	100	 (PBST)	 to	 obtain	 cell	 permea-
bilization,	 then	 the	 membrane	 was	 treated	 for	 60	min	
with	 a	 blocking	 solution	 (5.5%	 horse	 serum	 in	 PBST).	
Coverslips	 with	 permeabilized	 cells	 were	 incubated	
with	anti-	MHC	primary	antibody	(Abcam,	Cambridge,	
UK)	diluted	1:100	in	PBST	3%	BSA	at	4°C	for	24	h.	Cells	
were	firstly	washed	with	PBST	for	15	min	and	then	with	
0.1%	BSA	in	PBST	for	15	min.	Coverslips	were	then	in-
cubated	 with	 secondary	 antibody	 (1:400)	 in	 PBST	 3%	
BSA	at	 room	temperature	 for	1 h.	For	nuclei	 staining,	
cells	 were	 finally	 labeled	 with	 DAPI	 (250	nM	 final)	 at	
room	 temperature	 for	 10  min.	 Analysis	 of	 mitochon-
drial	 membrane	 potential	 was	 performed	 by	 treating	
viable	 myotubes	 with	 a	 TMRM	 probe	 (40	nM	 final)	 at	
37°C	for	15	min	and	immediately	observed	using	a	con-
focal	 fluorescence	 microscope	 Leica	 TCS	 SP8	 (Leica	
Microsystems,	Germany).

2.2.9	 |	 Electrophysiological	analysis

The	passive	properties	of	myotubes	have	been	assayed	by	
the	 whole	 cell	 patch-	clamp	 technique	 in	 voltage-	clamp	
mode.	For	the	electrophysiological	records,	the	plate	was	

placed	in	the	proper	chamber	located	on	the	stage	of	the	
Nikon	Eclipse	TE200	inverted	microscope	(Nikon	Europe	
BV,	 1076	 ER	 Amsterdam,	 The	 Netherlands)	 and	 con-
stantly	superfused	at	a	rate	of	1.8 ml/min	with	the	follow-
ing	physiological	bath	solution	(mM):150	NaCl,	5	KCl,	2.5	
CaCl2,	1	MgCl2,	10	d-	glucose	and	10	HEPES	(pH	7.4	with	
NaOH).	 Patch	 pipettes	 were	 achieved	 from	 borosilicate	
glass	capillaries	(GC150-	7.5,	Harvard	apparatus	LTD)	by	
a	two-	stage	vertical	puller	(Narishige,	Tokyo,	Japan)	and	
were	 filled	with	an	 internal	solution	(mM):	130	KCl,	10	
NaH2PO4,	0.2	CaCl2,	1	EGTA,	5	MgATP	and	10	HEPES	
(pH	7.2).	When	filled,	 the	patch	pipette's	resistance	was	
1.5–	2 MΩ.	The	patch	pipette	was	inserted	in	a	CV203BU	
head-	stage	 (Axon	 Instruments,	 Foster	 City,	 CA)	 at-
tached	 to	 a	 three-	way	 coarse	 manipulator	 and	 micro-	
manipulator	(Narishige,	Tokyo,	Japan)	and	an	Axopatch	
200	B	 amplifier	 (Axon	 Instruments,	 Foster	 City,	 CA)	 as	
previously	 described.16	 Voltage-	clamp	 protocol	 genera-
tion	and	data	acquisition	were	managed	by	the	A/D-	D/A	
interfaces	(Digidata	1200;	Axon	Instruments)	and	Pclamp	
6	software	(Axon	Instruments	Foster	City,	CA).	Starting	
from	 a	 holding	 potential	 (HP)	 of	 −70	mV,	 we	 applied	 a	
10-	mV	negative	and	positive	step	pulse	to	evoke	only	the	
passive	 currents,	 consisting	 of	 an	 early	 capacitive	 tran-
sient	 (Ic)	 followed	 by	 a	 steady	 resistive	 current	 (Ir).	 The	
parameter	Cm	represents	the	cell	linear	capacitance	and	is	
used	as	an	index	of	the	cell	surface,	being	the	membrane-	
specific	 capacitance	 constant	 at	 1  μF	cm−2.	 The	 mem-
brane	resistance	(Rm)	was	calculated	as	already	reported17	
and	the	membrane	conductance	Gm = 1/Rm	is	indicative	
of	membrane	permeability.	The	ratio	Gm/Cm	is	intended	
as	specific	conductance.	Records	were	made	at	room	tem-
perature	(22°C).

2.2.10	 |	 Statistical	analysis

Data	 are	 presented	 as	 mean	±	SD	 from	 at	 least	 three	
independent	experiments.	Statistical	analysis	of	 the	data	
was	performed	by	Student's	t	test	or	by	one-	way	ANOVA,	
using	GraphPad	Prism	(Graphpad	Holdings,	LLC,	USA),	
version	 6.0.	 A	 p-	value	 <.05	 was	 considered	 statistically	
significant.

3 	 | 	 RESULTS

3.1	 |	 Metabolomic analysis of the 
cachectic myotubes

Recently,	 we	 described	 that	 cachectic	 myotubes	 dis-
play	 a	 metabolic	 change,	 upregulating	 lactate	 produc-
tion	and	decreasing	oxygen	consumption.15	To	study	in	
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   | 5 of 13MANNELLI et al.

depth	 what	 happened	 within	 cachectic	 myotubes,	 we	
performed	 intracellular	 metabolomic	 analysis,	 focusing	
on	glycolysis	and	Krebs	cycle	metabolites.	Metabolomic	
analysis	 shows	 decreased	 level	 of	 glucose-	6	 phosphate	
and	 increased	 amounts	 of	 both	 pyruvate	 and	 lactate	 in	
CM	 CT26-	treated	 myotubes	 in	 comparison	 with	 con-
trol.	 These	 results	 are	 in	 agreement	 with	 our	 previous	
observations,	 showing	 enhanced	 glucose	 uptake	 and	
increased	 lactate	 production	 in	 cachectic	 myotubes.15	
Regarding	 Krebs	 cycle	 intermediates,	 CM	 CT26-	treated	
myotubes	 display	 decreased	 amounts	 of	 citrate,	 succi-
nate,	and	malate	and	enhanced	α-	ketoglutarate	content,	
while	fumarate	level	is	unchanged	compared	to	control	
myotubes	(Figure 1).

In	agreement	with	published	results,15	 these	 findings	
demonstrate	 that	 glycolysis	 and	 lactic	 fermentation	 are	
up-	regulated	in	cachectic	myotubes.

3.2	 |	 Sodium pyruvate impedes the 
development of the cachectic features 
in myotubes

We	hypothesized	that,	upon	cachexia	induction,	the	ma-
jority	of	pyruvate	in	cachectic	myotubes	is	driven	toward	
lactic	fermentation,	with	a	little	amount	of	the	metabolite	
driven	into	mitochondria.	Hence,	we	planned	to	analyze	
the	 effect	 of	 pyruvate	 addition	 on	 the	 onset	 of	 cachexia	
in	 myotubes.	 For	 this	 aim,	 sodium	 pyruvate	 (20	mM	
final)	has	been	added	to	CM	CT26	and	used	for	treating	
myotubes	 for	24 h.	 Images	of	myotubes	 from	a	confocal	
microscope	 show	 that	 myotubes	 treated	 with	 CM	 CT26	
containing	sodium	pyruvate	display	a	phenotype	similar	
to	control	myotubes	(Figure 2A).	A	deeper	analysis	dem-
onstrates	 that	 sodium	 pyruvate	 blocks	 the	 thinning	 of	
myotubes	(Figure 2B),	and	the	decrease	in	MHC	level	(as	

F I G U R E  1  Intracellular	metabolomics	in	control	and	CM	CT26-	treated	myotubes.	Bar	graphs	illustrate	the	level	of	the	metabolites	
involved	in	glycolysis,	Krebs	cycle,	and	the	amino	acids	fuelling	the	three	carboxylic	acid	cycle.	*p	<	.05,	**p	<	.005,	***p	<	.001,	****p	<	.0001	
vs.	control	(C).	n = 3.
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6 of 13 |   MANNELLI et al.

shown	 by	 the	 green	 fluorescence	 measure)	 (Figure  2C),	
induced	by	CM	CT26.	Moreover,	myotubes	 treated	with	
CM	CT26	containing	pyruvate	show	decreased	Atrogin-	1	
level,	 which	 appears	 up-	regulated	 in	 CM	 CT26-	treated	
myotubes	in	comparison	to	control	myotubes	(Figure 2D).

Moreover,	we	assayed	whether	sodium	pyruvate	could	
revert	both	phenotypic	and	metabolic	features	in	cachec-
tic	myotubes.	We	observed	that	this	treatment	reverts	the	
phenotype	and	the	metabolism	of	diseased	myotubes	like	
control,	as	shown	by	myotube	width	(Figure	S1A,B),	MHC	
expression	level	(Figure	S1C),	lactate	production	(Figure	
S1E)	and	oxygen	consumption	(Figure	S1F),	thus	demon-
strating	 that	 this	 metabolite	 induces	 the	 reversion	 of	 a	

pre-	existing	cachectic	condition.	With	regard	to	the	elec-
trophysiological	 passive	 properties	 of	 myotubes,	 the	 Rm	
values	 resulted	 significantly	 altered	 in	 myotubes	 treated	
with	CM	CT26	compared	to	control	counterpart.	Pyruvate	
addition	 in	 CM	 CT26-	treated	 myotubes	 induced	 similar	
effects	to	those	observed	in	the	control	condition,	whereas	
myotubes	 treated	 with	 sodium	 pyruvate	 alone	 does	 not	
show	 alterations	 of	 membrane	 resistance	 (Figure  2E).	
This	 suggests	 that	 the	 significant	 modification	 of	 mem-
brane	permeability	induced	by	the	CM	CT26	is	hindered	
by	the	use	of	sodium	pyruvate.	Based	on	the	observation	
that	 CM	 CT26-	treated	 myotubes	 show	 smaller	 mem-
brane	capacitance	 than	control	ones,	we	normalized	the	

F I G U R E  2  Sodium	pyruvate	prevents	the	acquisition	of	cachectic	features	in	CM	CT26-	treated	myotubes.	Myotubes	have	been	treated	
with	CM	CT26	for	24 h.	Where	indicated	sodium	pyruvate	(20	mM	final)	was	added	to	CM	CT26.	(A)	Representative	confocal	images.	
MHC	is	shown	by	green	fluorescence,	while	DAPI	staining	(blue	fluorescence)	evidences	nuclei.	(B)	Myotube	width	measured	in	at	least	10	
randomly	chosen	fields	using	Image	J	software.	The	mean	value	for	each	sample	has	been	reported	in	the	bar	graph.	(C)	MHC	fluorescence.	
At	least	10	randomly	chosen	fields	are	used	to	measure	green	fluorescence	by	Image	J	software	and	the	mean	value	for	each	sample	has	been	
reported	in	the	bar	graph.	(D)	Anti-	atrogin-	1	immunoblot.	The	bar	graph	reports	the	atrogin-	1	level	in	myotubes.	n = 4;	*p	<	.05.	(E)	Analysis	
of	membrane	resistance	(Rm).	Rm	values,	measured	as	MΩ,	in	control	myotubes,	indicated	as	C,	(n = 37),	in	CM	CT26-	treated	myotubes	
(n = 21),	in	control	myotubes	containing	sodium	pyruvate	(n = 25),	and	in	CM	CT26-	treated	myotubes	containing	sodium	pyruvate	(n = 23).	
*p	<	.05	vs.	C.	(F)	Analysis	of	membrane	conductance	(Gm/Cm).	Gm/Cm	values	measured	in	control	myotubes	indicated	as	C	(n = 15),	
in	CM	CT26-	treated	myotubes	(n = 11),	in	control	myotubes	containing	sodium	pyruvate	(n = 15)	and	in	CM	CT26-	treated	myotubes	
containing	sodium	pyruvate	(n = 11).	*p	<	.05	vs.	C.
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   | 7 of 13MANNELLI et al.

membrane	 conductance,	 Gm,	 (obtained	 from	 Rm	 values)	
with	membrane	capacitance,	Cm.	Interestingly,	the	mean	
Gm/Cm	values	resulted	significantly	increased	in	myotubes	
treated	with	CM	CT26.	The	addition	of	sodium	pyruvate	
to	 CM	 CT26	 re-	establishes	 Gm/Cm	 values	 comparable	 to	
those	observed	in	control	myotubes.	This	suggests	that	the	
clear	 alteration	 of	 membrane-	specific	 conductance	 ob-
served	in	the	CM	CT26	is	effectively	recovered	by	the	use	
of	sodium	pyruvate	(Figure 2F).

Collectively,	these	findings	demonstrate	that	increasing	
sodium	pyruvate	concentration	impedes	the	acquisition	of	
cachectic	features	in	myotubes	treated	with	CM	CT26.

3.3	 |	 Sodium pyruvate blocks the 
metabolic shift induced by CM CT26 in  
myotubes

We	 then	 tested	 the	 influence	 of	 sodium	 pyruvate	 in	 the	
promotion	of	the	metabolic	change	occurring	in	cachectic	
myotubes.	Myotubes	treated	for	24 h	with	CM	CT26	con-
taining	sodium	pyruvate	show	a	lactate	production	simi-
lar	to	that	observed	in	control	myotubes.	In	contrast	and	
as	 expected,  	 myotubes	 treated	 with	 CM	 CT26	 without	
sodium	pyruvate	produce	higher	amounts	of	lactate	com-
pared 	to	control	cells	(Figure 3A).	At	the	mitochondrial	
level,	the	treatment	of	myotubes	with	CM	CT26	induces	

the	decrease	of	mitochondrial	membrane	potential,	oxy-
gen	consumption,	and	OXPHOX	level.15	In	contrast,	 the	
addition	 of	 sodium	 pyruvate	 to	 CM	 CT26	 prevents	 the	
decrease	of	the	oxygen	consumption	rate	(Figure 3B),	the	
depolarization	 of	 mitochondrial	 membrane	 (observed	
using	the	TMRM	probe)	(Figure 3C),	and	the	reduction	of	
OXPHOX	levels	(Figure 3D).

These	 observations	 demonstrate	 that	 the	 increase	 of	
sodium	 pyruvate	 concentration	 impedes	 the	 metabolic	
shift	 induced	by	CM	CT26,	hindering	the	appearance	of	
the	cachectic	features	in	myotubes.

3.4	 |	 PDH activity is unaffected in  
myotubes treated with CM CT26 containing  
sodium pyruvate

We	believe	that	reactivation	of	PDH	activity	could	be	a	key	
step	for	blocking	the	metabolic	shift	observed	in	myotubes	
following	CM	CT26	treatment,	and	for	impeding	the	induc-
tion	of	the	cachectic	characters.	Although	metabolomic	anal-
ysis	shows	high	pyruvate	amount	in	cachectic	myotubes,	the	
majority	 of	 this	 metabolite	 could	 be	 driven	 toward	 lactate	
formation,	 thus	subtracting	 the	substrate	 for	PDH.	Hence,	
we	 hypothesized	 that	 PDH	 activity	 could	 be	 recovered	 by	
adding	sodium	pyruvate	to	CM	CT26.	As	expected,	PDH	ac-
tivity	is	decreased	in	myotubes	treated	with	CM	CT26,	while	

F I G U R E  3  Sodium	pyruvate	impedes	
the	shift	toward	lactic	fermentation	in	
CM	CT26-	treated	myotubes.	Myotubes	
have	been	treated	with	CM	CT26	for	
24 h.	Where	indicated	sodium	pyruvate	
(20	mM	final)	was	added	to	CM	CT26.	(A)	
Lactate	assay.	(B)	Oxygen	Consumption	
Rate	(OCR).	(C)	Representative	confocal	
images	of	mitochondria.	Mitochondria	
have	been	stained	with	TMRM	probe	
(red	fluorescence),	while	DAPI	staining	
shows	nuclei	(blue	fluorescence).	TMRM	
fluorescence	has	been	measured	using	
Image	J	software	in	at	least	10	randomly	
chosen	fields	and	reported	as	the	mean	
value	in	the	bar	graph.	(D)	Anti-	OXPHOX	
immunoblot.	Bar	graph	reports	the	
level	of	each	mitochondrial	complex	in	
myotubes.	C,	Control	myotubes.	n = 3;	
*p	<	.05.
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8 of 13 |   MANNELLI et al.

F I G U R E  4  PDH	activity	is	unaffected	by	CM	CT26	in	the	presence	of	sodium	pyruvate.	Myotubes	have	been	treated	with	CM	CT26	
for	24 h.	Where	indicated	sodium	pyruvate	(20	mM	final)	was	added	to	CM	CT26.	(A)	PDH	activity.	(B)	Anti-	PDH	immunoblot.	C,	control	
myotubes.	n = 4;	*p	<	.05.

F I G U R E  5  Myotubes	treated	with	
the	MPC	inhibitor	UK5099	acquire	
cachectic	features.	Myotubes	have	been	
treated	with	UK5099	(10 μM	final)	
for	24 h.	(A)	Representative	images	of	
control	and	UK5099-	treated	myotubes.	
(B)	Myotube	width	obtained	by	ImageJ	
and	calculated	in	at	least	10	randomly	
chosen	fields.	(C)	Ubiquitin	immunoblot.	
(D)	LC3II	immunoblot.	In	(C)	and	(D)	
the	bar	graph	reports	the	mean	value	of	
each	sample	obtained	by	the	ratio	with	the	
PVDF	membrane	used	for	normalization.	
(E)	Lactate	assay.	(F)	Oxygen	
consumption	rate	(OCR).	(G)	Analysis	
of	mitochondrial	membrane	potential	
by	confocal	microscopy.	Mitochondria	
are	stained	with	TMRM	probe	(red	
fluorescence),	while	blue	fluorescence	
shows	the	nuclei.	The	bar	graph	reports	
the	mean	value	of	fluorescence	for	each	
sample	measured	using	ImageJ	software	
in	at	least	10	randomly	chosen	fields.	(H)	
PDH	activity.	C,	control	myotubes.	n = 3;	
*p	<	.05.
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   | 9 of 13MANNELLI et al.

the	addition	of	sodium	pyruvate	actually	hamp	the	decrease	
of	PDH	activity	(Figure 4A).	At	the	same	time,	PDH	expres-
sion	level	is	not	affected	by	any	treatment	(Figure 4B).

3.5	 |	 Inhibition of the mitochondrial 
pyruvate carrier is sufficient to induce 
cachectic features in myotubes

To	 investigate	 the	 role	of	 the	mitochondrial	pyruvate	 flux	
in	 the	 induction	 of	 cachexia,	 myotubes	 have	 been	 treated	
with	 the	 mitochondrial	 pyruvate	 carrier	 (MPC)	 inhibitor	
UK5099.	 Then,	 the	 acquisition	 of	 the	 cachectic	 features,	
as	well	as	the	metabolic	modifications,	have	been	tested	in	
UK5099-	treated	myotubes.	We	observed	that	the	treatment	
of	myotubes	with	UK5099	(10 μM	final)	 for	24 h,	 induces	
the	acquisition	of	cachectic	phenotype	in	myotubes,	as	dem-
onstrated	by	the	thinning	of	their	width	(Figure 5A,B)	and	
the	activation	of	the	ubiquitin	(Figure 5C)	and	autophagic	

pathways	(Figure 5D).	As	regards	metabolism,	the	UK5099	
treatment	 provokes	 metabolic	 modifications	 similar	 to	
those	 induced	 by	 CM	 CT26,	 namely	 an	 increased	 lactate	
production	(Figure 5E)	and	a	decreased	oxygen	consump-
tion	(Figure 5F).	Moreover,	UK5099	treatment	provokes	the	
decrease	of	mitochondrial	membrane	potential	(Figure 5G)	
associated	to	the	reduction	of	PDH	activity	(Figure 5H).

These	results	show	that	mitochondrial	pyruvate	depriva-
tion	is	involved	in	cachectic	feature	development,	highlight-
ing	 the	 importance	 of	 a	 suitable	 mitochondrial	 pyruvate	
amount	to	counteract	cachexia	induction	in	myotubes.

3.6	 |	 Sodium pyruvate addition impedes  
the activation of the STAT3 pathway  
due CM CT26 treatment

We	analyzed	STAT3	phosphorylation	in	CM	CT26-	treated	
myotubes	and	how	the	addition	of	sodium	pyruvate	can	

F I G U R E  6  STAT3	signaling	pathway.	(A)	Myotubes	have	been	stimulated	with	CM	CT26	for	the	indicated	period	and	STAT3	
phosphorylation	(Tyr705)	has	been	analyzed	by	immunoblot.	The	bar	graph	shows	the	STAT3	phosphorylated	level	on	Tyr705.	Myotubes	
have	been	treated	with	CM	CT26	for	24 h.	Where	indicated,	the	STAT3	inhibitor	WP1066	(10 μM)	has	been	added	to	CM	CT26	along	the	
experiment.	(B)	Representative	images	of	myotubes.	(C)	Myotube	width	measured	using	Image	J	software	in	at	least	10	randomly	chosen	
fields.	The	mean	value	for	each	sample	has	been	reported	in	the	bar	graph.	(D)	Lactate	assay.	(E)	Oxygen	consumption	rate	(OCR).		
(F)	Myotubes	have	been	stimulated	with	CM	CT26	for	the	indicated	period.	Sodium	pyruvate	(20	mM	final)	has	been	added	30 min	before	
the	treatment	with	CM	CT26.	STAT3	phosphorylation	(Tyr705)	has	been	analyzed	by	immunoblot.	The	bar	graph	shows	the	STAT3	
phosphorylated	level	on	Tyr705.	C,	control	myotubes.	n = 4;	*p	<	.05.
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10 of 13 |   MANNELLI et al.

affect	the	activation	of	this	pathway.	We	observed	that	CM	
CT26	induces	high	STAT3	phosphorylation	(Figure 6A).	
To	study	the	effective	involvement	of	STAT3	signaling	in	
the	 induction	 of	 cachexia,	 the	 STAT3	 inhibitor	 WP1066	
has	been	added	to	CM	CT26.	The	inhibition	of	the	STAT3	
pathway	 actually	 impedes	 the	 onset	 of	 cachectic	 fea-
tures	 since	myotubes	 show	width	 (Figure 6B,C),	as	well	
as	lactate	production	(Figure 6D)	and	OCR	consumption	
(Figure 6E)	like	control	cells	(Figure	6B,C),	strongly	sug-
gesting	that	the	activation	of	STAT3	pathway	is	engaged	
in	 the	 CM	 Ct26-	induced	 cachexia.	 Notably,	 addition	
of	 sodium	 pyruvate	 decreases	 STAT3	 phosphorylation	
(Figure  6F),	 thus	 blocking	 the	 cachexia	 onset	 induced	
by	 CM	 CT26.	 Decreased	 STAT3	 phosphorylation	 is	 also	
observed	when	sodium	pyruvate	is	added	to	pre-	existing	
cachectic	 myotubes,	 demonstrating	 that	 the	 rescue	 of	 a	
normal	 phenotype	 and	 metabolism	 is	 driven	 by	 STAT3	
signaling	(Figure	S2).

Overall,	 these	observations	 strongly	demonstrate	 that	
STAT3	signaling	is	significantly	involved	in	the	CM	CT26-	
induced	 cachexia	 and	 that	 sodium	 pyruvate	 impairs	 the	
activation	of	this	signaling	cascade.

4 	 | 	 DISCUSSION

This	paper	shows	that	enhanced	pyruvate	concentration	
prevents	the	acquisition	of	both	phenotypic	and	metabolic	
cachectic	features	in	myotubes.	In	particular,	the	sodium	
pyruvate	 addition	 to	 CM	 CT26	 prevents	 the	 thinning	 of	
myotubes	 and	 the	 metabolic	 alterations	 important	 for	
cancer	 cachexia	 onset.	 In	 our	 previous	 paper,	 we	 dem-
onstrated	 that	 the	 appearance	 of	 the	 cachectic	 features	
in	 myotubes	 is	 strictly	 associated	 with	 a	 metabolic	 shift	
toward	 lactic	 fermentation.	Namely,	cachectic	myotubes	
increase	 lactate	 production	 and	 decrease	 oxygen	 con-
sumption.	Interestingly,	when	this	metabolic	alteration	is	
impeded,	by	inhibiting	glycolysis	with	2-	deoxyglucose	or	
by	decreasing	lactate	dehydrogenase	activity	with	oxam-
ate,	the	appearance	of	the	cachectic	features	is	hampered.	
This	observation	certainly	highlights	the	key	role	of	such	
metabolic	alterations	in	cachexia	onset.15	It	is	abundantly	
reported	 that	 cancer	 cachexia	 is	 associated	 with	 several	
metabolic	 changes.18,19	 Our	 research	 group	 previously	
reported	 that	 cachectic	 myotubes	 show	 enhanced	 glu-
cose	 uptake.15	 Our	 metabolomic	 data	 confirm	 that	 CM	
CT26-	treated	 myotubes	 show	 enhanced	 glycolysis,	 as	
demonstrated	by	 increased	pyruvate	production,	and	 in-
creased	 lactate	 formation.	 On	 the	 contrary,	 citrate,	 the	
first	product	of	the	Krebs	cycle	is	greatly	reduced	in	CM	
CT26-	treated	 myotubes,	 thus	 suggesting	 an	 impairment	
of	 the	 tricarboxylic	 acid	 cycle.	 The	 high  level	 of	 alpha-	
ketoglutarate	 observed	 in	 cachectic	 myotubes	 could	 be	

due	to	anaplerotic	reactions,	using	glutamate,	glutamine,	
or	 histidine	 as	 substrates,	 aimed	 at	 fuelling	 the	 Krebs	
cycle.	In	agreement,	glutamate,	glutamine,	and	histidine	
amounts	are	decreased	in	cachectic	myotubes	in	compari-
son	to	the	control	counterpart.

Increased	 lactate	 amount	 suggests	 that	 the	 majority	
of	pyruvate	produced	by	glycolysis	 is	converted	 into	 lac-
tate,	and	only	a	small	amount	enters	in	the	mitochondria.	
Pyruvate	 comes	 into	 mitochondria	 by	 means	 of	 MPCs	
(MCP1	 and	 MCP2	 in	 mammals),	 integral	 mitochondrial	
inner	membrane	proteins20	that	carry	pyruvate	through	a	
proton	 symport	 mechanism.21	 An	 adequate	 entry	 of	 py-
ruvate	 in	 mitochondria	 could	 regulate	 cell	 metabolism,	
while	 its	 inhibition	 promotes	 metabolic	 modifications.	
As	 well,	 the	 cytosolic	 pyruvate	 concentration	 can	 influ-
ence	 MPC	 activity,	 since	 a	 rise	 in	 the	 cytosolic	 pyruvate	
concentration	prevents	the	conversion	of	pyruvate	to	lac-
tate.22	 Moreover,	 MCP	 destruction	 in	 mice	 leads	 to	 en-
hanced	glucose	uptake	and	lactate	extrusion23	in	muscle	
and	 to	 increased	 glutaminolysis	 to	 produce	 Krebs	 cycle	
intermediates.24	Here,	we	demonstrate	the	importance	of	
MPC	 involvement	 in	 metabolism	 and	 phenotypic	 modi-
fications	by	treating	the	myotubes	with	the	MPC	inhibi-
tor	UK5099.	This	molecule	covalently	binds	to	MPC	and	
blocks	pyruvate	transport.25	Our	results	demonstrate	that	
MPC	inhibition	leads	to	the	acquisition	of	phenotypic	fea-
tures	typical	of	cachexia	associated	with	metabolic	modifi-
cations,	thus	highlighting	the	key	role	of	the	pyruvate	flux	
in	mitochondria.

Within	mitochondria,	pyruvate	can	be	used	as	a	sub-
strate	by	pyruvate	carboxylase	or	pyruvate	dehydrogenase	
(PDH),	the	latter	belonging	to	the	Pyruvate	Dehydrogenase	
Complex	 (PDC).	 PDC	 catalyzes	 the	 irreversible	 conver-
sion	 of	 pyruvate	 into	 Acetyl-	CoA,	 which	 is	 used	 in	 the	
first	 reaction	 of	 the	 Krebs	 cycle.7	 PDC	 consists	 of	 three	
subunits	called	E1,	E2,	and	E3.	Among	these,	the	E1	sub-
unit,	that	corresponds	to	PDH,	catalyzes	the	first	reaction	
of	PDC,	leading	to	the	decarboxylation	of	pyruvate.26	PDC	
activity	 is	 controlled	 by	 the	 PDH	 phosphorylation	 level.	
Pyruvate	 dehydrogenase	 kinases	 (PDKs)	 induce	 PDH	
phosphorylation	on	specific	serine	residues,	thus	inducing	
PDH	inactivation.27	Several	metabolites	regulate	PDKs	ac-
tivity,	being	activated	by	the	high	NADH+H+/NAD+	and	
Acetyl-	CoA/CoA	ratio,	and	inhibited	by	pyruvate	through	
an	 allosteric	 mechanism.28	 Particularly,	 PDK4	 exerts	 a	
role	 in	 muscle	 wasting	 both	 in	 C2C12	 cultures	 and	 ca-
chectic	mice.	 Increased	PDK4	activity,	obtained	 through	
pharmacological	treatment	with	WY-	14643	(an	agonist	for	
the	PPAR-	α)	or	by	PDK4	overexpression,	leads	to	muscle	
wasting	in	myotubes.8	Moreover,	decreased	PDH	activity	
has	been	shown	both	in	myotubes	and	in	the	muscles	of	
cachectic	mice.8,15	Based	on	the	role	of	PDH	in	cancer	ca-
chexia	onset,	we	hypothesized	that	PDH	activity	could	be	
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restored	 by	 enhancing	 the	 enzyme	 substrate.	This	 could	
lead	 to	 the	 formation	 of	 Acetyl-	CoA	 by	 the	 PDC,	 while	
a	 smaller	 amount	 of	 pyruvate	 can	 be	 used	 by	 the	 LDH.	
In	 agreement	 with	 this	 hypothesis,	 we	 found	 that	 the	
increase	in	pyruvate	amount	in	the	culture	media	abun-
dantly	inhibits	the	formation	of	cachectic	myotubes,	both	
for	the	acquisition	of	the	cachectic	phenotype	and	for	the	
metabolic	modifications.

Our	 data	 clearly	 indicate	 that	 PDH	 activity	 remains	
similar	to	control	myotubes,	thus	suggesting	that	PDH	re-
activation	could	be	a	crucial	point	in	cachexia	onset	and	
sodium	pyruvate	addition	could	be	a	modality	to	reach	this	
aim.	Moreover,	mitochondria	undergo	several	disorders	in	
cachectic	conditions,	ranging	from	membrane	depolariza-
tion,	decrease	of	OXPHOS	level,	and	reduction	of	oxygen	
consumption.29–	32	In	agreement	with	the	results	on	PDH,	
we	found	that	pyruvate	addition	impedes	the	acquisition	
of	these	modifications	in	mitochondria.

Regarding	 passive	 properties	 of	 membrane	 myotube,	
our	results	support	an	effect	of	CM	CT26	in	inducing	an	
increase	in	specific	membrane	conductance.	This	outcome	
is	 in	 agreement	 with	 previous	 observations	 on	 atrophic	
myotubes	made	by	our	 research	group.	 Indeed,	atrophic	
myotubes	 showed	 an	 increased	 membrane	 permeability	
and	 a	 reduction	 of	 cell	 capacitance.16	 Here,	 we	 demon-
strate	that	the	presence	of	sodium	pyruvate	in	CM	CT26	
counteracted	the	occurence	of	these	alterations,	showing	
membrane	parameters	similar	to	untreated	myotubes.

The	signal	transducer	and	activator	of	transcription	3	
(STAT3)	signaling	pathway	is	greatly	involved	in	the	devel-
opment	of	muscle	atrophy	during	cancer	cachexia.	STAT3	
activation	is	known	to	induce	the	enhanced	expression	of	
MAFbx/Atrogin-	1	and	 the	ubiquitin-	proteasome	system,	
thus	promoting	cachexia.13,33–	35	Conversely,	the	blockade	
of	 STAT3	 signaling	 suppresses	 cancer	 cachexia	 both	 in	
vitro	and	in	vivo.36	In	the	present	study,	we	reported	that	
CM	CT26	induces	STAT3	phosphorylation	and	the	inhibi-
tion	of	 the	STAT3	signaling,	achieved	by	using	WP1066,	
prevents	the	formation	of	cachectic	features,	such	as	the	
thinning	 of	 myotubes	 and	 the	 metabolic	 modifications.	
Indeed,	 the	 myotubes	 treated	 with	 the	 STAT3	 inhibitor	
show	lactate	production	and	oxygen	consumption	similar	
to	control	myotubes.	Our	results	show	that	pyruvate	added	
to	CM	CT26	prevents	the	formation	of	cachectic	myotubes	
through	the	downregulation	of	the	STAT3	signaling	path-
way.	 Figure	 7	 shows	 the	 effects	 induced	 by	 pyruvate	 on	
CM	CT26-	treated	myotubes.

Our	study highlights	the	importance	of	the	adequate	
amount	of	mitochondrial	pyruvate	for	the	maintenance	
of	normal	phenotype	and	metabolism.	The	decrease	of	
this	 metabolite	 in	 mitochondria	 for	 example	 through	
MPC	block,	can	lead	to	the	inhibition	of	crucial	metabolic	

enzymes,	 such	 as	 PDH,	 involved	 in	 the	 occurrence  of	
the	 cachectic	 features.	 On	 the	 basis	 of	 our	 results,	 we	
suggest	 that	 pyruvate	 could	 be	 a	 new	 tool	 to	 counter-
act	 the	 development	 of	 cancer	 cachexia	 in	 myotubes.	
Enhanced	 pyruvate	 amount	 leads	 to	 PDH	 reactivation	
and	to	the	block	of	metabolic	changes	that	predispose	to	
cachexia	onset.	We	speculate	that	an	increased	pyruvate	
amount	 could	 force	 PDH	 reaction	 towards	 the	 forma-
tion	of	Acetyl-	coA	and	decrease	the	substrate	for	LDH.	
Moreover,	pyruvate	can	act	as	an	allosteric	inhibitor	of	
PDK4	activity,	that	does	not	induce	the	PDH	inhibitory	
phosphorylation.	 Although	 these	 results	 arise	 from	 an	
in	vitro	study,	they	highlight	the	identification	of	a	me-
tabolite,	 namely	 pyruvate,	 as	 a	 new	 target	 to	 counter-
act	 cancer	 cachexia.	 However,	 deeper	 studies	 will	 be	
necessary	 for	 a	 possible	 translation	 of	 this	 knowledge	
on	 cachectic	 patients.	 Future	 studies	 will	 be	 focused	
on	 the	prevention	of	mitochondrial	pyruvate	decrease.	
For	 example,	 in	 vivo	 studies	 could	 be	 achieved	 on	 ca-
chectic	 mice	 fed	 with	 a	 pyruvate	 rich	 diet.	 Moreover,	
the	 involvement	 of	 other	 metabolites	 in	 the	 induction	
of	cancer	cachexia	could	be	investigated.	Among	these,	
lactate,	 whose	 production	 is	 considerably	 increased	 in	
cachectic	myotubes,	could	play	a	prominent	role	in	the	
onset	of	the	pathology,	thus	deserving	further	in-	depth	
study.

F I G U R E  7  Effects	of	pyruvate	in	myotubes.	The	scheme	
summarizes	the	main	features	of	cachectic	myotubes	and	the	effect	
of	pyruvate	addition	to	CM	CT26.	The	arrows	indicate	the	trend	
compared	to	the	healthy	myotubes	(up	arrow,	increase;	down	
arrow,	decrease;	equal	sign,	no	change).
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