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Abstract
Aim: Force	expression	is	characterized	by	an	interplay	of	biological	and	molecu-
lar	determinants	that	are	expected	to	differentiate	males	and	females	in	terms	of	
maximal	performance.	These	 include	muscle	characteristics	(muscle	size,	 fiber	
type,	contractility),	neuromuscular	regulation	(central	and	peripheral	factors	of	
force	expression),	and	individual	genetic	factors	(miRNAs	and	gene/protein	ex-
pression).	This	research	aims	to	comprehensively	assess	these	physiological	vari-
ables	and	their	role	as	determinants	of	maximal	force	difference	between	sexes.
Methods: Experimental	evaluations	include	neuromuscular	components	of	iso-
metric	contraction,	intrinsic	muscle	characteristics	(proteins	and	fiber	type),	and	
some	biomarkers	associated	with	muscle	function	(circulating	miRNAs	and	gut	
microbiome)	in	12	young	and	healthy	males	and	12	females.
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1 	 | 	 INTRODUCTION

Despite	 the	well-	established	 fact	 that	human	physiology	
differs	between	males	and	females,	much	of	the	research	in	
this	area	has	been	disproportionately	focused	on	males.1,2	
Only	recently,	a	renewed	effort	to	examine	the	impact	of	
sex	on	integrative	physiological	responses	during	exercise	
has	been	prompted.3,4	While	it	is	widely	accepted	that	sex	
differences	 in	 muscular	 force	 account	 for	 sex	 disparities	
in	exercise	performance,5	the	physiological	and	molecular	
basis	of	these	differences	are	still	poorly	understood	and	
require	further	investigation.

Males	 present	 superior	 maximal	 force,	 usually	 30%–
75%	 greater	 than	 females,	 commonly	 attributable	 to	 the	
larger	 skeletal	 muscle	 mass.1,2,6	 However,	 several	 other	
factors	 can	 affect	 maximal	 force	 expression	 other	 than	
the	cross-	sectional	area	of	the	skeletal	muscle.7,8	Indeed,	
males	usually	display	higher	distribution	and	area	of	type	
II	fibers,9,10	leading	to	greater	force	and	power	production,	
quicker	Ca2+	kinetics,	and	faster	shortening-	relaxation	ve-
locities.	On	the	other	hand,	females	recruit	a	higher	num-
ber	of	motor	units	during	force	expression,	with	a	greater	
neural	drive	and	motor	unit	discharge	rate	at	maximum	
contraction	 intensities.11	 All	 of	 these	 traits	 are	 corrobo-
rated	by	the	magnitude	of	gene	expression	of	various	hor-
mones,5,12	such	as	testosterone	and	myostatin,	which	are	
linked	to	skeletal	muscle	mass	growth,13	hence	exacerbat-
ing	anatomical	differences.

Moreover,	post-	transcriptional	genetic	regulators	mod-
ulate	 and	 may	 be	 modulated	 by	 exercise	 performance.14	
Indeed,	 the	 circulating	 miRNAs,	 important	 for	 different	
cellular	processes15–18	like	myogenesis,19,20	are	increasingly	
being	studied	as	biomarkers	in	response	to	different	types	
of	exercise.14,21	However,	their	role	in	the	individuals'	max-
imal	 force	expression	capacity	has	yet	 to	be	 investigated.	

Recently,	distinct	miRNA	expression	patterns	due	to	hor-
monal	and	genetic	differences	have	been	found	in	males	
and	 females.22–24	 Interestingly,	 37%	 of	 genes	 have	 a	 sex	
bias	 in	at	 least	one	 tissue,	with	a	preference	 for	regional	
genome	regulation.25	Nowadays,	sex-	biased	expression	of	
circulating	miRNAs	is	still	poorly	characterized.

The	 human	 gut	 microbiome	 (GM)	 is	 another	 func-
tional	biomarker	recently	linked	to	physical	exercise	(see,	
for	review,	Boytar,	et al26).	GM	has	been	reported	to	have	
close	 communication	 with	 the	 central	 nervous	 system,	
regulating	brain	excitability	and	the	related	neurochemi-
cal	pathways,27	and	the	type	of	exercise	and	lifestyle	influ-
ences	its	composition	and	abundance.28,29	Indeed,	because	
the	gut-	brain	axis	is	a	bi-	directional	pathway	between	the	
brain	 and	 the	 gastrointestinal	 system,	 it	 is	 reasonable	 to	
believe	that	it	can	affect	central	nervous	system-	regulated	
behaviors,30	such	as	maximal	force	expression	and	muscle	
recruitment	 capacity.	 Furthermore,	 although	 conflicting	
data	 have	 been	 documented,	 gut	 bacteria	 could	 possibly	
influence	the	skeletal	muscles	directly.	Indeed,	the	abun-
dance	 of	 certain	 bacteria	 in	 the	 gut	 enhanced	 muscle	
growth/damage	 and	 strength/endurance	 performance	 in	
mice31	but	not	in	humans.	Nonetheless,	sex	differences	in	
the	human	gut	microbiota	are	not	well-	documented,32	nor	
is	their	possible	influence	on	maximal	force	expression.

This	study	endeavored	to	investigate	the	impact	of	sex	
on	 force	 generation	 by	 integrating	 traditional	 and	 novel	
approaches,	to	provide	a	comprehensive	and	multifaceted	
understanding	of	this	phenomenon.	We	hypothesized	that	
sex	may	 significantly	 impact	muscle	 force,	 and	 that	 this	
effect	could	be	mediated	through	various	of	muscle	size.	
Therefore,	 the	 primary	 aim	 of	 this	 study	 was	 to	 explore	
the	morpho-	functional	and	molecular	variables	standing	
behind	 the	 sex-	specific	 physical	 characteristics	 associ-
ated	 with	 lower	 limbs'	 maximal	 force.	 Identifying	 these	
variables	 could	 pave	 the	 way	 to	 better	 understand	 sex	

Results: Male	strength	superiority	appears	to	stem	primarily	from	muscle	size	
while	 muscle	 fiber-	type	 distribution	 plays	 a	 crucial	 role	 in	 contractile	 proper-
ties.	 Moderate-	to-	strong	 pooled	 correlations	 between	 these	 muscle	 parameters	
were	established	with	specific	circulating	miRNAs,	as	well	as	muscle	and	plasma	
proteins.
Conclusion: Muscle	size	is	crucial	in	explaining	the	differences	in	maximal	volun-
tary	 isometric	 force	generation	between	males	and	females	with	similar	 fiber	 type	
distribution.	Potential	physiological	mechanisms	are	seen	from	associations	between	
maximal	force,	skeletal	muscle	contractile	properties,	and	biological	markers.

K E Y W O R D S

gut	microbiota,	miRNA,	muscle	force,	muscle	proteins,	neuromuscular	determinants,	sex	
differences
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differences	in	maximal	force.	The	secondary	goals	were	to	
investigate	 the	 possible	 connections	 between	 functional	
biomarkers	and	 the	expression	of	maximal	 force,	and	 to	
determine	 whether	 these	 differences	 were	 due	 to	 sex	 or	
physical	adaptations.

2 	 | 	 RESULTS

2.1	 |	 Anthropometry and muscle 
architecture

The	 main	 differences	 between	 males	 and	 females	 in	
anthropometric	 parameters	 were	 height	 (178	±	5	 vs.	
163	±	7	cm;	 Choen's	 d	=	0.8),	 body	 weight	 (76	±	10	 vs.	
59	±	9	kg;	 d	=	1.8),	 and	 total	 fat	 percentage	 (18	±	5	 vs.	
26	±	6%;	d	=	1.4,	all	p	<	0.001).	Males	had	a	higher	 total	
lean	mass	of	the	dominant	thigh	(10	±	1	vs.	7	±	1	kg;	d	=	3),	
knee-	extensors	 CSA	 (Figure  1E;	 94	±	15	 vs.	 68	±	3	cm2;	
d	=	2.4),	 and	 vastus lateralis	 fascicle	 pennation	 angle	
(Figure 1F;	26	±	3	vs.	20	±	3	deg;	d	=	2,	all	p	<	0.001).

2.2	 |	 Muscle fiber type characteristics

The	 total	number	of	 fibers	 in	 the	biopsies	was	not	dif-
ferent	 (p	>	0.05)	 between	 sexes.	 There	 were	 no	 differ-
ences	in	the	distribution	of	type	I	(48	±	14	vs.	59	±	13%;	
d	=	0.8,	p	=	0.07)	and	type	II	fibers	(52	±	14	vs.	41	±	13%;	
d	=	0.8,	 p	=	0.07)	 in	 males	 and	 females.	 The	 Linear	
Mixed	Model	with	a	random	intercept	variable	revealed	
that	males	had	a	higher	type	I	 fibers	CSA	(6689	±	1748	
vs.	5047	±	1183	μm2,	d	=	1.1,	p	=	0.038)	and	type	II	fibers	
CSA	(6762	±	2304	vs.	4610	±	1499	μm2,	d	=	1.1,	p	=	0.036)	
(Table S1,	Figure 2B).

2.3	 |	 Muscle torque and 
contractile properties

Males	showed	a	higher	absolute	 torque	compared	to	
females	(Figure 3A;	196	±	51	vs.	138	±	34	Nm;	d	=	1.3,	
p	=	0.004),	 but	 when	 expressed	 relative	 to	 the	 mus-
cle	extensor	CSA,	the	difference	was	not	statistically	
significant	 (Figure  3B;	 2.2	±	0.6	 vs.	 2.0	±	0.5	Nm/
cm2;	d	=	0.3,	p	=	0.57).	The	RTD	was	faster	 for	males	
at	 the	 50,	 100,	 and	 200	ms	 time	 phases	 (Figure  4A;	
d	=	1.2,	p	=	0.004;	d	=	1.4,	p	=	0.002;	d	=	1.4,	p	=	0.002;	
respectively),	 but	 when	 expressed	 for	 the	 individual	
MVIC	peak	 torque,	 the	differences	were	not	statisti-
cally	significant	(Figure 4C;	d	=	0.8,	p	=	0.07;	d	=	0.7,	
p	=	0.10;	d	=	0.04,	p	=	0.92,	respectively).	Both	groups	
had	 similar	 voluntary	 muscle	 activation	 (92	±	5	 vs.	

95	±	5%;	d	=	0.6,	p	=	0.68).	The	absolute	resting	twitch	
showed	significant	differences	(Figure 3A;	66	±	14	vs.	
43	±	8	Nm;	 d	=	2.0,	 p	<	0.001),	 but	 when	 accounted	
for	 muscle	 CSA,	 males	 and	 females	 expressed	 the	
same	 torque	 (0.7	±	0.2	 vs.	 0.6	±	0.1	Nm/cm2;	 d	=	0.6,	
p	=	0.07)	 (Figure  3B).	 The	 contractile	 properties	
highlighted	 by	 the	 different	 slopes	 of	 the	 resting	
twitch	 indicate	 faster-	evoked	 contraction	 (3.2	±	0.6	
vs.	2.1	±	0.4	Nm/ms;	d	=	2.2,	p	<	0.001)	and	relaxation	
(−1.9	±	0.4	 vs.	 −1.1	±	0.3	Nm/ms;	 d	=	2.3,	 p	<	0.001)	
for	the	males	(Figure 4B).	However,	when	accounted	
for	the	muscle	CSA,	the	results	showed	no	difference	
in	 the	 contraction	 rate	 (Figure  4D;	 0.04	±	0.01	 vs.	
0.03	±	0.01	Nm/cm2/ms,	d	=	1.0,	p	=	0.09),	which	is	in	
accordance	with	the	lack	of	difference	in	the	contrac-
tion	 time	 (65	±	7	 vs.	 69	±	9	ms;	 d	=	0.5,	 p	=	0.09).	 The	
normalized	 relaxation	 rate	 was	 still	 faster	 in	 males	
(Figure  4D;	 −0.021	±	0.005	 vs.	 −0.016	±	0.004	Nm/
cm2/ms;	 d	=	1.1,	 p	=	0.03),	 similarly	 shown	 by	 the	
half	 relaxation	 time	 (69	±	7	 vs.	 80	±	16	ms;	 d	=	0.2,	
p	=	0.05).

2.4	 |	 Corticospinal excitability

The	Mmax	of	the	rectus femoris	and	the	vastus lateralis	did	
not	show	differences	(d	=	0.5,	p	=	0.18	and	d	=	0.7,	p	=	0.08,	
respectively).	 During	 the	 MVICs,	 the	 MEP/Mmax	 was	
not	different	between	the	sexes	for	both	the	vastus later-
alis	(0.3	±	0.1	vs.	0.3	±	0.1	MEP/Mmax;	d	=	0,	p	=	0.25)	and	
the	rectus femoris	(0.3	±	0.2	vs.	0.3	±	0.2	MEP/Mmax;	d	=	0,	
p	=	0.84).

2.5	 |	 Muscle and plasma proteins

Skeletal	muscle	proteomics	showed	no	sex	differences	in	
the	 expression	 of	 mTOR	 (Figure  S1;	 d	=	0.5,	 p	=	0.139).	
Females	had	lower	Nrf2	levels	(d	=	1.0,	p	=	0.017)	and	in-
creased	 levels	 of	 TNF-	α	 (d	=	1.2,	 p	=	0.010)	 and	 pNFKB	
(d	=	1.3,	 p	=	0.009)	 in	 skeletal	 muscle	 (Figure  5).	 Other	
proteins	are	shown	in	Table 1	and	Figure S1.

2.6	 |	 Circulating miRNA

In	 this	 study,	 five	 out	 of	 24	 miRNAs	 analyzed	 by	 mi-
croarray	 analysis	 were	 differentially	 regulated	 be-
tween	 males	 and	 females	 (Figure  6	 and	 Table  2).	
MiR-	15b-	5p	 and	 miR-	326-	3p	 were	 significantly	 up-
regulated	in	females	compared	to	males,	with	log2	fold	
change	values	of	1.5	(d	=	1.8,	p	<	0.001)	and	1.4	(d	=	0.7,	
p	=	0.02),	respectively.	On	the	other	hand,	a	significant	
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downregulation	in	females	was	observed	for	miR-	27a-	3p	
(log2	fold	change	of	0.4;	d	=	1.1,	p	=	0.02),	miR-	30b	(log2	
fold	change	of	1.7;	d	=	1.8,	p	=	0.001),	and	miR-	128	(log2	
fold	change	of	1.3;	d	=	0.9,	p	=	0.03).

2.7	 |	 Gut microbiota

Analysis	of	bacterial	abundance	at	 the	 taxon	phylum	
showed	that	Firmicutes	and	Bacteroidota	were	the	most	

common	phyla	across	all	samples	(Figure 7),	account-
ing	 for	 more	 than	 90%	 of	 total	 bacteria;	 Firmicutes	
showed	 a	 relative	 abundance	 of	 58%	 in	 males	 and	
60%	 in	 females	 (p	=	0.21,	 p-	adj	=	0.53),	 whereas	
Bacteroidota	were	40%	and	36%,	respectively	(p	=	0.24,	
p-	adj	=	0.53).	 The	 distribution	 of	 some	 families	 dif-
fered	between	males	and	females	before	adjustment	for		
multiple	 comparisons,	 namely,	 Streptococcaceae	
(p	=	0.008,	 p-	adj	=	0.20)	 and	 Peptostreptococcaceae	
(p	=	0.034,	 p-	adj	=	0.61)	 that	 were	 more	 common	 in	

F I G U R E  1  On	the	top,	representative	ultrasound	images	of	muscle	extensors	cross-	sectional	area	(CSA;	A,B)	and	angle	of	pennation	
(C,D)	for	males	and	females.	The	CSA	was	acquired	in	an	extended	panoramic	field	of	view	at	50%	of	the	tight	length;	the	angle	of	pennation	
of	the	vastus lateralis	was	acquired	at	50%	of	the	tight	length	in	the	middle	transversal	portion	of	the	muscle	belly.	On	the	bottom,	muscle	
extensors'	CSA	(E)	and	vastus lateralis	pennation	angle	(F)	in	males	and	females.	Data	are	presented	as	mean	±	SD.	*p	<	0.05	males	(M)	vs.	
females	(F).
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females,	 and	 Tannerellaceae	 (p	=	0.005,	 p-	adj	=	0.20)	
that	was	more	abundant	in	males.	No	sex-	related	dif-
ference	 was	 observed	 regarding	 gut	 microbiota	 rich-
ness	(p	=	0.24).

2.8	 |	 Pooled data correlation matrix

Positive	pooled	correlations	were	observed	on	24	subjects	
(12	 males	 and	 12	 females)	 between	 the	 absolute	 MVIC	
and	 the	 knee	 CSA	 (r	=	0.59,	 p	<	0.001,	 adj-	p	=	0.013)	 and	
the	resting	twitch	absolute	values	(r	=	0.78,	p	<	0.001,	adj-	
p	<	0.001,	Table 3).	Moreover,	people	with	higher	MVIC	
had	 a	 faster	 contraction	 (Figure  8A;	 r	=	0.75,	 p	<	0.001,	
adj-	p	<	0.001)	 and	 relaxation	 rates	 (Figure  8B;	 r	=	−0.64,	

p	<	0.001,	adj-	p	=	0.004).	From	a	histological	point	of	view,	
higher	expressed	torque	positively	correlated	(observed	on	
20	subjects;	10	males	and	10	females)	with	the	type	I	and	
II	fibers'	CSA	(type	I:	r	=	0.64,	p	=	0.003,	adj-	p	=	0.013;	type	
II:	r	=	0.61,	p	=	0.004,	adj-	p	=	0.021,	Table 3).	Other	correla-
tions	are	presented	in	Table 3.

The	exploratory	matrix	showed	that	the	absolute	MVIC	
was	moderately	negatively	correlated	with	the	miR-	495-	3p	
(Figure  8D;	 r	=	−0.64,	 p	=	0.002)	 and	 the	 miR-	15b-	5p	
(Figure 8C;	r	=	−0.51,	p	=	0.037).	The	increase	in	the	MVIC	
was	negatively	associated	with	the	abundance	of	certain	
enterotypes	 families	 of	 the	 gut	 microbiota:	 specifically,	
UCG- 010	 (r	=	−0.47,	 p	=	0.035)	 and	 Anaerovoracaceae	
(Figure  8E;	 r	=	−0.59,	 p	=	0.006)	 families	 (Firmicutes	
phylum).

F I G U R E  2  On	the	top	(A),	a	representative	immunohistochemical	image	demonstrating	males'	(left)	and	females	(right)	type	I	fibers	
(green)	and	laminin	(blue).	On	the	bottom	(B),	boxplots	and	raincloud	plots	as	a	result	of	the	linear	mixed	model	analysis	performed	for	type	
I	and	type	II	fiber	CSA	data	of	M	(green)	and	F	(orange)	participants.	The	fibers	CSA	analysis	was	conducted	on	at	least	50	fibers	of	10	males	
(M)	and	10	females	(F).	*p	<	0.05.
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3 	 | 	 DISCUSSION

This	study	is	the	first	to	comprehensively	explore	the	im-
pact	of	sex	on	the	neurophysiological	and	biological	con-
tributing	 factors	 of	 maximal	 isometric	 force	 expression.	
We	confirm	our	hypothesis	that	sex	differences	in	maxi-
mal	isometric	torque	expression	are	mainly	due	to	deter-
minants	of	muscle	size.	Males'	larger	muscle	mass	is	the	
main	 reason	 for	 the	 higher	 torque,	 which	 is	 moderately	
to	 strongly	 correlated	 with	 the	 evoked	 contractile	 prop-
erties	of	the	muscle,	indicating	a	predisposition	in	males	
for	quicker	Ca2+	kinetics	and	faster	shortening-	relaxation	
velocities.	 The	 biochemical	 analysis	 of	 the	 muscle	 tis-
sue	 revealed	 that	 males	 present	 higher	 stress	 biomark-
ers,	whereas	females	have	a	stronger	inflammatory	state.	
Interestingly,	we	are	the	first	to	show	in	humans	that	the	
capacity	 to	 generate	 maximal	 torque	 is	 moderately	 to	
strongly	 associated	 with	 some	 miRNAs,	 but	 is	 only	 par-
tially	 related	 to	 sex	 differences.	 Moreover,	 the	 gut	 mi-
crobiota	 did	 not	 show	 any	 substantial	 differences	 at	 the	
phylum	level	but	expressed	some	sex-	biased	enterotypes	
at	the	family	level.

3.1	 |	 Peripheral variables primarily 
regulate sex differences in maximal torque 
but not the ability to generate force rapidly

The	 expression	 of	 voluntary	 force	 is	 the	 outcome	 of	 a	
sequence	of	events	 that	occur	 in	the	motor	pathway,33	a	
synergy	between	the	central	nervous	system	(central	de-
terminant	 of	 force	 expression)	 and	 the	 muscle	 (periph-
eral	determinant	of	force	expression).	Our	data	reinforce	
previous	 reports	 of	 sex	 differences	 in	 absolute	 torque	 in	
the	knee	extensors,2,34,35	and	the	association	with	the	skel-
etal	muscle	CSA	indicates	that	males'	greater	capacity	to	
generate	 torque	 is	primarily	due	 to	 their	 larger	muscles.	
Indeed,	the	number	of	fibers	in	a	muscle	and	the	amount	
of	 tension	 that	can	be	generated	 influence	 the	degree	of	
force	production.	Furthermore,	the	increased	size	allows	
for	 the	recruitment	of	a	greater	number	of	 fibers,	boost-
ing	the	muscle's	 force-	generating	ability.	The	lack	of	sex	
difference	in	voluntary	activation	and	corticospinal	excit-
ability	suggests	that	the	central	nervous	system	does	not	
contribute	to	the	observed	difference	in	torque	expression	
between	 males	 and	 females.	 Accordingly,	 a	 substantial	

FIGURE 3 Representative	resting	twitch	(RT)	and	maximal	voluntary	contraction	(MVIC)	with	the	interpolation	of	peripheral	electrical	
stimulation	(PNS,	solid	line)	and	transcranial	magnetic	stimulation	(TMS,	dashed	line).	It	is	appreciable	the	peak	torque	(MVIC)	difference	
and	the	resting	twitch	(RT)	between	males	(gray	line)	and	females	(red	line).	On	the	right,	the	representative	trial	is	translated	in	individual	
participants	of	the	two	groups	and	median,	expressed	as	Newton•lever	length	(A),	and	then	normalized	for	the	muscle	cross-	sectional	area	
(B).	*p	<	0.05	males	(M)	vs.	females	(F).
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   | 7 of 21GIURIATO et al.

F I G U R E  4  Maximal	capacities	of	the	voluntary	rate	of	expressing	force	and	muscle	evoked	contractile	properties	for	males	(gray)	and	
females	(white).	(A)	Absolute	rate	of	torque	development	(RTD)	and	(C)	RTD	expressed	relative	to	the	individual	peak	torque	during	the	
3	phases	(early,	mid	and	late)	to	highlight	the	different	components	of	the	ability	to	generate	maximal	torque,	(B)	the	absolute	and	(D)	
normalized	(for	the	muscle	cross-	sectional	area	(CSA))	contraction	(Max)	and	relaxation	(Min)	slopes	of	the	resting	twitch	(RT),	as	an	index	
of	muscle	contractility.	Data	are	presented	as	Mean	(Panels	A–C)	or	median	±	SD	(Panels	B–D).	*p	<	0.05	males	(M)	vs.	females	(F).

 17481716, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/apha.14118 by U

niversity D
egli Studi D

i V
ero, W

iley O
nline L

ibrary on [24/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 21 |   GIURIATO et al.

part	of	the	difference	in	torque	expression	is	likely	due	to	
peripheral	mechanisms.

Our	 data	 show	 a	 pooled	 positive	 relationship	 be-
tween	muscle	CSA	and	the	rate	of	evoked	muscle	con-
traction,	meaning	that	 individuals	with	greater	muscle	
mass	demonstrated	a	 faster-	evoked	muscle	contraction	
(Table 3).	Muscle	 contraction	 speed	 is	primarily	deter-
mined	by:	(i)	the	number	and	type	of	muscle	fibers	and	
(ii)	the	nervous	system's	ability	to	recruit	and	coordinate	

those	 fibers.	 Indeed,	 in	 this	 study,	 the	evoked	contrac-
tion	rate	was	initially	correlated	with	the	fiber	distribu-
tion	 but	 not	 their	 CSA;	 however,	 upon	 adjustment	 for	
multiple	 comparisons,	 the	 observed	 significance	 was	
not	 sustained.	 On	 another	 note,	 during	 the	 aforemen-
tioned	 evoked	 contraction,	 females	 had	 slower	 relax-
ation	rates	and	half	 relaxation	 times,	usually	 linked	 to	
the	 modulation	 of	 SERCA	 pump	 activity	 and	 a	 slower	
re-	uptake	 into	 the	 sarcoplasmic	 reticulum	 of	 the	 Ca2+	

F I G U R E  5  Protein	levels	in	males	(M,	gray	dot)	and	females	(F,	white	dot),	and	corresponding	western	blot	analysis.	In	detail,	males	
presented	higher	expression	of	Nrf2	(A),	and	lower	levels	of	Phospho-	NF-	kB	(p-	NF-	kB)	(males	n	=	10)	(B)	and	TNF-	α	(C).	The	individual	
participants	are	represented	as	data	points,	while	the	median	of	the	group	is	represented	by	horizontal	bars.	*p	<	0.05	males	(M)	vs.	females	(F).
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   | 9 of 21GIURIATO et al.

ions.36	On	this	note,	we	also	observed	higher	expression	
of	miR-	15b	in	females,	which	is	described	to	downregu-
late	target	genes	involved	in	regulating	cellular	ATP	and	
SERCA	pump	activity.37,38

Other	 indices,	 such	 as	 the	 ability	 to	 increase	 force	 as	
quickly	as	possible,	have	gained	interest	due	to	their	rela-
tionship	with	most	performances	of	both	sport-	specific	and	
functional	daily	tasks.39	For	this	reason,	we	investigated	the	

RTD	characteristics	and	initially	observed	a	sex	difference;	
however,	since	RTD	is	affected	by	peak	force	capacity,40	we	
further	compared	males	and	 females	using	 the	RTD	nor-
malized	 for	 their	 peak	 MVIC	 torque.	 Accordingly,	 males	
and	females	presented	similar	values	for	the	early	phase	of	
RTD,	suggesting	that	the	contribution	of	the	neural	factors,	
such	 as	 motor	 unit	 recruitment	 and	 firing	 rates,41,42	 was	
similar.43–47	 Interestingly,	 it	 has	 been	 reported	 that	 some	
physiological	 adaptations	 might	 mediate	 the	 association	
between	the	RTD	and	the	maximal	torque	as	a	“confounder	
factor.”47	The	 logical	 thread	of	 the	 first	part	of	 this	 study	
made	us	account	for	the	knee	extensors'	CSA,	resulting	in	
muscle	mass	not	influencing	the	different	phases	of	RTD.	
This	makes	us	suppose	that	the	physiological	mechanisms	
influencing	the	RTD,	independently	of	the	maximal	torque	
generated,	cannot	be	ascribed	to	the	muscle	size48	and	sex.

Because	there	exists	an	enhanced	capacity	to	conduct	
explosive-	type	actions	as	type	II	fiber	area	increases,49–51	
we	investigated	a	potential	pooled	fiber-	RTD	association.	
Neither	the	type	II	fiber	distribution	nor	their	area	cor-
related	 with	 the	 normalized	 RTD	 phases.	This	 implies	
that	additional	elements	 that	affect	 the	muscle-	tendon	
unit	 and/or	 the	 nervous	 system	 may	 be	 important	 in	
determining	maximal	RTD.39	Among	 these	 factors,	 sex	
hormones	play	a	role	in	influencing	the	biomechanical	
properties	 of	 tendons.	 Indeed,	 connective	 tissues	 pos-
sess	receptors	for	estrogen,	progesterone,	and	testoster-
one.	 Testosterone	 reduces	 the	 elastic	 properties	 of	 the	
tendons52	 with	 increased	 dysfunction	 and	 fibrosis,53	
whereas	 estrogens	 have	 been	 associated	 with	 a	 higher	
relative	number	of	smaller	fibrils54	and	tend	to	decrease	
the	 diameter	 of	 tendons.55	 However,	 in	 this	 study,	 the	
biomechanical	properties	(i.e.,	electromechanical	delay	
and	 force	 transmission	 to	 the	 tendon)	 have	 not	 been	
investigated.

T A B L E  1 	 Densitometric	analysis	of	proteins	studied	by	immunoblot	in	12	males	and	12	females,	unless	otherwise	specified.

M/F

Relative IOD

p- valueMales Females

Plasma

IL-	6	(pg/mL) 12/12 2.1	±	2.3 2.6	±	3.3 0.932

Nrf2/GAPDH 12/12 0.4	±	0.4 0.1	±	0.1 0.017

pNF-	kB/NF-	kB/β-	actin 10/12 9.6	×	10−5	±	1.5	×	10−4 4.2	×	10−4	±	3.4	×	10−4 0.009

Muscle

SIRT1/GAPDH 10/11 0.8	±	1.1 0.8	±	1.0 0.809

LC-	3B/GAPDH 10/12 0.3	±	0.3 0.1	±	0.1 0.175

4-	HNE/total	protein 12/12 4.7	±	7.3 7.7	±	8.7 0.410

mTOR/GAPDH 12/12 0.5	±	0.5 0.3	±	0.3 0.443

TNF-	α/GAPDH 12/12 1.1	±	1.3 3.0	±	1.8 0.010

Abbreviation:	IOD,	integrated	optical	density.
The	values	in	bold	are	the	one	with	a	p<0.05,	considered	as	statistical	significant.

F I G U R E  6  Significantly	different	circulating	miRNAs	analysis	
in	males	(gray)	and	females	(white).	The	individual	participants	
are	represented	as	data	points,	while	the	median	of	the	group	is	
represented	by	horizontal	bars.	*p	<	0.05,	**p	≤	0.001	males	(M)	vs.	
females	(F).
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10 of 21 |   GIURIATO et al.

3.2	 |	 Blood miRNAs in sex difference and 
as predictors of the maximal torque 
in humans

The	sex-	biased	expression	of	circulating	miRNAs	in	hu-
mans	is	poorly	understood.	Identifying	the	confounding	
element	of	sex	in	their	expression	has	recently	acquired	
relevance,	 primarily	 because	 several	 miRNAs	 are	 en-
coded	on	sex	chromosomes.	Of	24	miRNAs	investigated,	
4	showed	different	expression	in	males	and	females.	In	
particular,	hsa-	miR-	15b-	5p	was	upregulated	in	females	
while	 hsa-	miR-	30b-	5p,	 hsa-	miR-	27a-	3p,	 and	 hsa-	miR-	
155-	5p	 were	 downregulated.	 Among	 those,	 Maillot	
et  al56	 showed	 on	 a	 breast	 cancer	 cell	 line	 that	 miR-	
27a	 transcriptional	 regulation	 is	 estrogen-	dependent,	
indicating	 and	 verifying	 the	 reduced	 expression	 we	
observed	 in	 males.	 The	 largest	 difference	 we	 observed	
was	in	hsa-	miR-	30b-	5p,	from	the	miR-	30	family,	which	
is	 important	 in	 adipocyte	 differentiation	 and	 fat	 syn-
thesis.57	 In	particular,	 its	expression	 is	elevated	during	
adipose	differentiation	and	greatly	boosted	thermogenic	
gene	 expression	 in	 primary	 adipocytes	 when	 forcedly	
overexpressed.58

Our	 findings	did	not	confirm	 the	 increased	expres-
sion	of	miR-	155-	5p	in	males,	which	has	been	linked	to	
higher	 levels	 of	 neuroinflammation	 in	 cell	 lines	 and	
mice.59,60	Moreover,	males	in	our	study	did	not	present	
higher	inflammatory	cytokines,	showing	lower	levels	of	
TNF-	α	 in	 the	muscle	 tissue.	On	 the	other	hand,	other	
miRNAs	 and	 cytokines	 regulate	 muscle	 growth,	 thus,	
muscle	 force.	 In	 fact,	 miR-	15b-	5p	 has	 a	 fundamen-
tal	 role	 in	 the	 primary	 protein	 degradative	 pathways,	
including	 autophagy	 pathways	 and	 the	 ubiquitin-	
proteasome.61	 We	 observed	 a	 higher	 expression	 of	

circulating	miR-	15b	in	females,	and	equally	important,	
we	found	a	pooled	significant	negative	association	with	
the	 maximal	 torque	 expressed	 (Figure  8C;	 r	=	−0.51,	
p	=	0.037).	 Moreover,	 this	 miRNA	 has	 been	 described	
to	 target	 genes	 involved	 in	 fatty	 acid	 synthase62	 and	
the	modulation	of	SERCA	pump	activity/expression	in	
humans.37,38	The	latter	catalyzes	the	hydrolysis	of	ATP	
in	conjunction	with	the	translocation	of	Ca2+	from	the	
cytosol	 into	 the	 sarcoplasmic	 reticulum	 lumen	 and	 is	
involved	 in	 the	 control	 of	 the	 contraction/relaxation	
cycle.	 This	 finds	 confirmation	 in	 our	 analysis,	 with	 a	
negative	 association	 with	 the	 evoked	 contraction	 rate	
(r	=	−0.61,	 p	=	0.009)	 and	 a	 strong	 positive	 association	
with	the	relaxation	rate	(r	=	0.74,	p	<	0.001)	of	the	quad-
riceps.	In	addition,	the	maximal	torque	was	negatively	
correlated	with	miR-	495-	3p	(Figure 8D),	which	is	pre-
dicted	to	target	the	TNF	receptor	superfamily	member	
1B63	and	encode	 the	Ca2+-	dependent	activator	protein	
for	 secretion	 2	 (CADPS2).64	 The	 CADPS2	 is	 a	 pro-
tein	 that	 affects	 the	 brain-	derived	 neurotrophic	 factor	
(BDNF)	 secretion,65	 associated	 with	 developing	 myo-
fibers	which	later	express	myosin	heavy	chain	IIB,66,67	
and	is	more	expressed	in	slow	muscle	fibers	than	in	fast	
phenotype	 muscle	 fibers.68–70	 These	 findings	 indicate	
that	 individuals	 possessing	 higher	 levels	 of	 torque	 ex-
hibit	reduced	expression	of	miR-	495-	3p,	as	seen	in	our	
male	 participants.	 This	 observation	 is	 consistent	 with	
prior	predictions	that	miR-	495-	3p	encodes	the	CADPS2,	
expressed	 at	 lower	 levels	 in	 type	 II	 muscle	 fibers.68–70	
Our	findings	support	this	mechanism	and	suggest	that	
the	maximum	ability	to	produce	force	includes	miRNA	
expression	and	appears	to	be	partly	independent	of	in-
dividual	 sex;	however,	a	more	 focused	 investigation	 is	
required	to	demonstrate	a	conclusive	connection.

miRNA M/F Log2 FC p- value Upregulated in

miR-	15b-	5p 12/11 1.47 ≤0.001 Females

miR-	27a-	3p 12/12 −0.42 0.02 Males

miR-	29a-	3p 12/12 −0.35 0.27 Males

miR-	30b-	5p 12/12 −1.67 ≤0.001 Males

miR-	122-	5p 11/7 −1.50 0.13 Males

miR-	128-	3p 12/12 −1.33 0.03 Males

miR-	140-	5p 12/12 0.18 0.97 Females

miR-	146a-	5p 12/12 −0.04 0.90 Males

miR-	155-	5p 12/8 −1.13 0.06 Males

miR-	326-	3p 12/12 1.35 0.02 Females

miR-	495-	3p 12/11 0.02 0.38 Females

miR-	532-	5p 12/12 0.67 0.33 Females

miR-	941 11/6 −0.50 0.81 Females

Abbreviation:	FC,	fold	change.
The	values	in	bold	are	the	one	with	a	p<0.05,	considered	as	statistical	significant.

T A B L E  2 	 Differences	in	circulating	
miRNA	expression	between	males	and	
females.
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3.3	 |	 Proteins in sex difference and as 
muscle regulators

The	role	of	Nrf2	and	pNF-	kB	in	human	skeletal	muscle	
on	exercise	capacity	has	much	to	be	investigated.	Studies	
showed	 that	 Nrf2	 is	 essential	 for	 normal	 muscle	 func-
tion,	and	when	upregulated,	muscle	contractility	 is	 im-
proved.71,72	Moreover,	NF-	kB	activity	is	one	of	the	most	
critical	signaling	pathways	associated	with	skeletal	mus-
cle	 mass	 loss	 in	 various	 physiological	 and	 pathological	
circumstances,73	and	its	activation	causes	inflammation,	

fibrosis,	 and	 the	 breakdown	 of	 particular	 muscle	 pro-
teins.74	 In	 this	 study,	 we	 observed	 positive	 associations	
of	 Nrf2	 with	 the	 evoked	 muscle	 contraction	 (index	 of	
muscle	contractility)	and	the	muscle	CSA,	but	no	associ-
ations	when	the	central	nervous	system	was	involved	in	
the	contraction	(as	during	the	MVIC).	Similarly,	negative	
correlations	were	observed	between	pNF-	kB,	the	evoked	
muscle	 contraction,	 and	 its	 contraction	 and	 relaxation	
rates.	The	lower	levels	of	Nrf2	in	females	with	the	higher	
expression	 of	 NF-	kB	 support	 our	 results	 regarding	 the	
differences	in	muscle	contractility	and	size.

F I G U R E  7  Gut	microbiota	composition	in	males	and	females	at	Phylum	(A)	and	Family	(B)	level.
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The	 catabolic	 process	 is	 fundamental	 in	 the	 skeletal	
muscle.	Among	the	most	critical	factors	is	the	activity	of	
LC-	3B	 (an	 autophagy-	promoting	 gene)	 and	 TNF-	α	 (an	
inflammatory	 cytokine	 produced	 during	 acute	 inflam-
mation).	The	TNF-	α	activity	has	been	widely	studied,	and	
its	presence	has	been	related	to	diminished	specific	force	
in	murine	skeletal	muscle.75	The	mechanism	behind	this	
phenomenon	is	believed	to	be	mediated	by	decrements	in	
the	function	of	Ca2+-	activated	myofibrillar	proteins.	If	we	
translate	these	results	into	our	human	model,	we	identi-
fied	a	higher	level	of	TNF-	α	in	females,	along	with	higher	
circulating	miR-	15b	(negatively	associated	with	the	max-
imal	 torque)	 and	 a	 lower	 presence	 of	 LC-	3B	 genes,	 cor-
responding	to	sex	differences	in	voluntary	torque,	evoked	
contractility,	and	muscle	size.

Overall,	the	data	on	the	sex	differences	indicate	that	
females	 have	 a	 higher	 inflammatory	 state	 in	 the	 mus-
cle	(with	higher	pNF-	kB	and	TNF-	α)	while	males	seem	
to	have	higher	cellular	resistance	regulators	to	oxidants	
(higher	 Nrf2	 levels).	 Furthermore,	 we	 showed	 that	
higher	 Nrf2	 presence	 (as	 in	 males)	 is	 associated	 with	
greater	evoked	torque,	contraction,	and	relaxation	rates.	
The	opposite	effect	appears	when	higher	pNF-	kB	levels	
are	exhibited.

3.4	 |	 Gut microbiota in sex 
difference and torque expression

Sex	 is	 considered	 an	 important	 biological	 variable	 af-
fecting	 gut	 microbiota	 and	 the	 microbiota-	dependent	
gut–brain	 pathway,32	 but	 contrasting	 findings	 on	 the	
sex	difference	appear	from	human76,77	and	animal	stud-
ies.78,79	 Females	 have	 a	 more	 active	 hypothalamus-	
pituitary-	adrenal	axis	than	males,	which	is	thought	to	be	
partly	due	to	the	action	of	estrogen.80	In	our	investiga-
tion,	males	and	females	did	not	show	substantial	differ-
ences	in	the	microbiota	population	at	the	phylum	level,	
with	a	similar	abundance	of	Firmicutes	and	Bacteroidota.	
Moreover,	 the	 ratio	 Firmicutes/Bacteroidota81–83	 was	
similar	between	males	and	females.	After	conducting	a	
thorough	analysis,	it	was	discovered	that	there	are	sex-	
based	differences	in	the	composition	of	certain	anaero-
bic	bacteria	families	belonging	to	the	Firmicutes	phylum	
(Streptococcaceae	 and	 Peptostreptococcaceae),	 which	
were	 more	 prevalent	 in	 females.	 On	 the	 other	 hand,	
Tannerellaceae,	a	member	of	 the	Bacteroidota	phylum,	
was	more	abundant	in	males.

The	 microbiota-	dependent	 gut–brain	 pathway	 is	 a	
communication	 system	 operated	 directly	 via	 the	 vagus	
nerve,	which	links	the	central	to	the	autonomic	nervous	
system.84	The	vagus	nerve	connects	with	the	gut	bacte-
ria	 in	 the	 enteric	 nervous	 system	 and	 conveys	 critical	T
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   | 13 of 21GIURIATO et al.

F I G U R E  8  Correlation	of	pooled	data	between	the	maximal	voluntary	isometric	contraction	(MVIC)	and	the	evoked	contraction	rate	from	the	
resting	twitch	(A),	the	evoked	relaxation	rate	from	the	resting	twitch	(B),	the	expression	of	the	miR-	15b-	5p	(12	males,	11	females)	(C),	the	expression	
of	the	miR-	495-	39	(12	males,	11	females)	(D),	the	gut	microbiota	abundance	of	the	Anaerovoracaceae	family	(10	males,	10	females)	(E).	The	individual	
participants	are	represented	as	data	points	(Males	in	gray	vs.	Females	in	white),	the	95%	confidence	bands	are	represented	by	the	dotted	lines.
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information	to	the	central	nervous	system,	resulting	in	
an	 appropriate	 central	 nervous	 system	 or	 various	 neu-
rotransmitter	responses.85,86	In	this	study,	we	examined	
the	corticospinal	pathway's	excitability	and	found	a	pos-
itive	correlation	with	the	presence	of	Ruminococcaceae	
bacteria	 (r	=	0.52,	 p	=	0.02;	 Firmicutes	 phylum).	 The	
Firmicutes	phylum	is	known	to	be	highly	responsive	to	
exercise-	induced	 changes	 in	 the	 body.84	 Yet,	 previous	
studies	 have	 focused	 just	 on	 aerobic	 exercise,83	 which	
has	a	limited	impact	on	muscle	recruitment	and	neural	
adaptations	 compared	 to	 resistance-	type	 exercise.87,88	
Acknowledging	that	the	correlation	between	gut	micro-
biota	 and	 the	 transmission	 of	 descending	 signals	 from	
higher	 brain	 areas	 may	 be	 spurious,	 further	 investiga-
tion	is	warranted	to	gain	a	comprehensive	understand-
ing	of	its	implications.

Because	fitness	status,	diet,	and	physical	exercise	inter-
act	with	gut	microbiota,	altering	its	composition	and	pro-
moting	homeostasis	and	energy	balance,89–91	it	should	be	
acknowledged	that	our	study	participants	consisted	exclu-
sively	of	active	young	individuals	who	were	instructed	to	
maintain	their	usual	dietary	habits,	perhaps	limiting	the	
interpretation	of	our	results	on	the	microbiota.	However,	
the	 potential	 impact	 of	 the	 gut	 microbiota	 on	 muscle	
function	calls	for	additional	research.	This	line	of	investi-
gation	holds	promise	for	developing	new	interventions	to	
optimize	muscle	health	by	selectively	modulating	the	gut	
microbiome.

4 	 | 	 MATERIALS AND METHODS

4.1	 |	 Study participants

The	sample	size	was	computed	using	G-	Power	3.192	and	
subjected	to	an	independent	sample	t-	test	between-	effects	
analysis	of	two	groups	(males	and	females).	Assuming	an	
expected	effect	size	[Cohen's	d93]	of	around	1.87	for	the	sex	
difference	in	knee	extensors'	maximum	voluntary	isomet-
ric	contraction	force	(MVIC),34	a	p-	value	(type	I	error)	of	
0.05,	and	power	of	0.95,	the	total	sample	size	obtained	was	
18	(i.e.,	9	participants	per	group).	More	participants	were	
enrolled	 to	 account	 for	 possible	 dropouts	 and	 maximize	
statistical	 power.	 Therefore,	 12	 males	 (mean	±	SD;	 age:	
25	±	3	years)	and	12	females	(age:	23	±	2	years)	completed	
the	study.	All	participants	were	healthy	and	active,	with-
out	any	known	cardiovascular,	neuromuscular,	or	meta-
bolic	disease.	They	were	also	aware	of	the	purpose	and	the	
risks	associated	with	the	study	and	gave	informed	written	
consent	 in	 accordance	 with	 the	 most	 recent	 revisions	 of	
the	 Declaration	 of	 Helsinki.	 The	 protocol	 (IRB	 #27111)	
was	 approved	 by	 the	 Institutional	 Review	 Board	 of	 the	

University	of	Verona.	All	the	experiments	were	performed	
following	 the	safety	procedure	 for	exercise	 testing	 in	 the	
scenario	of	COVID-	19,94	and	all	the	material	submitted	is	
conform	with	good	publishing	practice	in	physiology.95

4.2	 |	 Study design

The	 participants	 visited	 the	 laboratory	 on	 four	 differ-
ent	 occasions.	 The	 first	 visit	 was	 dedicated	 to	 anthro-
pometric	 measurements	 and	 a	 questionnaire	 to	 assess	
leg	 dominance	 (i.e.,	 the	 Revised	 Waterloo	 Footedness	
Questionnaire96).	 During	 the	 second	 visit,	 participants	
performed	a	 familiarization	session	 involving	submaxi-
mal	 and	 maximal	 voluntary	 isometric	 knee	 extensor	
contractions.	During	the	third	visit,	the	participants	un-
dertook	a	warm-	up	protocol	followed	by	a	series	of	MVICs	
of	the	dominant	knee	extensors	(see	Neuromuscular test-
ing protocol).	Knee	extensors	were	chosen	as	target	mus-
cle	group	since	they	play	a	key	role	during	ambulatory,	
functional,	 and	 sporting	 activities.97,98	 The	 first	 three	
visits	 were	 separated	 by	 7	days,	 and	 each	 participant	
performed	all	tests	at	the	same	time	of	day.	Because	the	
neuromuscular	function	of	the	knee	extensors	can	be	in-
fluenced	by	the	different	phases	of	the	menstrual	cycle,99	
the	 first	 day	 of	 menstruation	 was	 considered	 as	 day	 1	
of	the	cycle	and	females	visited	the	lab	on	day	14	±	2	of	
their	menstrual	cycle.	After	~10	days	from	the	third	visit,	
participants	reported	to	 the	 lab	 in	a	 fasted	state	 for	 the	
fourth	and	last	session	involving	a	blood	draw,	a	muscle	
biopsy,	and	a	fecal	sample	collection	(Figure 9).

4.3	 |	 Anthropometrics

Body	 composition	 (height,	 weight,	 body	 fat	 percentage,	
and	the	lean	mass	of	the	dominant	thigh)	was	measured	
using	 a	 dual-	energy	 x-	ray	 absorptiometry	 (DXA)	 total	
body	scanner	(QDR	Horizon,	Hologic	MA,	USA;	fan-	beam	
technology,	software	for	Windows	XP	version	13.6).	Our	
laboratory's	detailed	preparation	and	scanning	procedure	
have	been	previously	described.100

4.4	 |	 Muscle architecture

The	 knee	 extensors	 muscle	 cross-	sectional	 area	 (CSA)	
was	 determined	 from	 panoramic	 ultrasound	 scans	 (GE	
Logiq-	7,	 General	 Electric	 Medical	 Systems,	 Milwaukee,	
WI,	USA)101	using	a	12–14	MHz	probe	and	manually	post-	
processed	directly	on	the	ultrasound.	Details	on	the	proto-
col	used	can	be	found	in	Appendix S1.
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4.5	 |	 Neuromuscular testing protocol

The	 neuromuscular	 testing	 protocol	 consisted	 of	 two	
neuromuscular	 assessments	 (separated	 by	 2	min;	 see	
Neuromuscular assessment	section	and	Figure 9)	with	tran-
scranial	magnetic	stimulation	(TMS)	and	peripheral	nerve	
stimulation	 (PNS).	 Before	 beginning	 the	 neuromuscular	
assessment,	 participants	 undertook	 a	 warm-	up	 protocol	
involving	three	repetitions	of	knee	extension	at	10%,	30%,	
50%,	and	one	contraction	at	70%	of	the	maximum	voluntary	
isometric	 contraction	 (MVIC)	 recorded	 during	 the	 famil-
iarization	session.	Each	warm-	up	contraction	was	5	s	long,	
with	5	s	of	rest	in	between	contractions.	The	warm-	up	was	
followed	by	two	5-	s	MVICs,	with	2	min	of	rest	in	between.

4.6	 |	 Neuromuscular assessment

The	 neuromuscular	 assessment	 consisted	 of	 two	 se-
ries	of	three	maximal	voluntary	isometric	contractions	
of	 the	 dominant	 knee	 extensors	 (interspersed	 with	
1	min	 of	 rest	 between	 the	 contractions	 and	 2	min	 be-
tween	sets)	with	and	without	TMS	and	PNS	(Figure 9).	
Specifically,	participants	performed	one	~4	s	MVIC	su-
perimposed	with	a	PNS	and	a	TMS	delivered	at	the	force	
plateau	and	another	PNS	evoked	2	s	after	the	end	of	the	
MVIC	on	the	relaxed	muscle	in	a	potentiated	state	(i.e.,	

potentiated	resting	twitch	(RT);	see	Figure 3	for	a	rep-
resentative	 MVIC	 and	 RT).	 One	 minute	 after	 the	 RT,	
participants	performed	another	similar	MVIC	with	the	
RT.	The	third	MVIC	was	performed	after	another	min-
ute,	 and	 a	 TMS	 followed	 by	 a	 PNS	 were	 delivered	 at	
force	plateau.	No	RT	was	performed.	Participants	were	
also	 requested	 to	 return	 to	 their	 pre-	stimulus	 level	 of	
force	 as	 quickly	 as	 possible	 following	 the	 stimuli.102	
Once	 the	 participant	 returned	 to	 the	 maximal	 force,	
PNS	or	TMS	was	delivered.	All	the	peak	forces	from	the	
six	MVIC	trials	were	within	5%	of	each	other.	Details	on	
the	force,	electromyography	(EMG),	PNS,	and	TMS	are	
in	Appendix S1.

4.7	 |	 Biopsy procedures

Muscle	tissue	samples	were	obtained	from	the	lateral	por-
tion	of	the	vastus lateralis	of	the	dominant	leg	using	a	13G	
semi-	automatic	 mini-	invasive	 biopsy	 needle	 (Vantage	 B	
GSB	13-	10,	Zamar,	Italy).	The	samples	were	obtained	after	
proper	 aseptic	 preparation	 and	 local	 lidocaine	 injection.	
Participants	were	asked	to	restrain	from	physical	activity	
the	2	days	preceding	the	procedure.103	Samples	were	im-
mediately	frozen	in	liquid	nitrogen-	cooled	isopentane	for	
20–30	s	 and	 stored	 at	 −80°C	 for	 immunohistochemical	
and	biochemical	analysis.

F I G U R E  9  Study	design.	Participants	arrived	at	the	laboratory	on	four	occasions.	The	force	test	consisted	of	two	sets	of	three	maximal	
voluntary	contractions.	DXA,	dual-	energy	x-	ray	absorptiometry	total	body	scanner;	MVIC,	maximal	voluntary	isometric	contraction;	PNS,	
peripheral	nerve	stimulation;	TMS,	transcranial	magnetic	stimulation.
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4.8	 |	 Muscle tissue immunohistochemistry

Well-	oriented	muscle	tissue	samples	were	cross-	sectionally	
placed	on	a	cork	with	Tissue	Tek	optimal	cutting	tempera-
ture	 (OCT;	 Thermo	 Fisher	 Scientific,	 Rockford,	 IL,	 USA)	
for	 immunohistochemical	 analysis,	 following	 the	 details	
of	 the	 previously	 described	 procedure.104,105	 Briefly,	 sec-
tions	(7-	μm	thick)	were	cut	in	a	cryostat,	air-	dried	for	1	h,	
and	 repeatedly	 incubated	 at	 room	 temperature	 with	 anti-	
myosin	heavy	chain	isoforms	type	I	(DSHB;	BA.D5,	IgG2b)	
and	laminin	(L9393;	Sigma	Aldrich,	St.	Louis,	MO,	USA).	
The	next	day,	slides	were	incubated	with	specific	secondary	
antibodies,	mounted	with	fluorescent	mounting	media,	and	
analyzed.	Additional	information	regarding	the	preparation	
is	illustrated	in	Moro	et al104	fiber-	type	distribution	and	CSA	
were	then	calculated105	on	129	±	97	(mean	±	SD)	fibers	per	
subject.	Fiber	CSA	analysis	was	possible	on	10	males	and	
10	females,	on	the	samples	without	freezing	damages.	All	
immunofluorescence	analyses	were	completed	in	a	blinded	
fashion.

4.9	 |	 Plasma IL- 6 determination

IL-	6	 concentration	 was	 detected	 by	 enzyme-	linked	
immuno-	sorbent	 assay	 (ELISA)	 Enzyme	 Immunoassay	
Kit	(#KHC0061	Thermo	Fisher),	according	to	the	manu-
facturer's	 protocol.	 The	 amount	 of	 IL-	6	 was	 determined	
by	measuring	absorbance	at	450	nm.	The	standard	curve	
demonstrated	 a	 direct	 relationship	 between	 optical	 den-
sity	 and	 IL-	6	 concentration.	 Plasma	 IL-	6	 concentration	
was	expressed	in	pg/mL.

4.10	 |	 Protein extraction and 
immunoblots on muscle tissue

For	 immunoblots,	 samples	 were	 weighed	 and	 resus-
pended	 in	 ice-	cold	 Cell	 Lytic	 MT	 Lysis	 Buffer	 (Sigma-	
Aldrich,	 C3228)	 with	 a	 cocktail	 of	 protease	 inhibitors	
(Roche)	 (300	μL	 every	 10	mg	 of	 tissue).	 Then	 after	 pre-
liminary	homogenization	in	a	1-	mL	potter,	the	samples	
steadily	maintained	in	ice	were	further	processed	3	times	
(15	s	each	with	intervals	of	1	min)	with	a	sonicator.	Then,	
the	samples	 left	 in	 ice	 for	1	h	were	centrifuged	twice	at	
12	000	rpm	for	20	min	at	4°C	to	recover	in	the	supernatant	
the	 total	 protein	 extract	 that	 was	 maintained	 at	 −80°C	
until	 use.	 BCA	 protein	 assay	 (Pierce	 Biotechnology,	
Rockford,	 IL,	 USA)106	 was	 used	 to	 measure	 total	 pro-
tein	 concentrations;	 bovine	 serum	 albumin	 (BSA)	 was	
used	 as	 an	 external	 standard.	 Proteins	 (20	μg)	 were	 re-
solved	 by	 10%–12%	 SDS-	PAGE	 and	 immobilized	 on	 a	

nitrocellulose	 membrane	 (Thermo	 Fisher	 Scientific).	
Five	 percent	 skim	 milk	 (Euroclone)	 in	 Tris-	buffered	
saline	 (20	mM	 Tris,	 150	mM	 NaCl,	 pH	7.4)	 and	 0.1%	
Tween-	20	(Sigma-	Aldrich)	were	incubated	with	the	rel-
evant	 antibodies	 according	 to	 Bartolini	 et  al107	 Further	
details	are	in	Appendix S1.

4.11	 |	 Circulating miRNAs

Five	milliliter	of	blood	samples	were	obtained	from	par-
ticipants	 and	 collected	 into	 vacutest	 tubes.	 Serum	 was	
obtained	from	samples	allowing	blood	to	clot	for	30	min	
at	room	temperature	before	centrifugation.	Samples	were	
then	centrifuged	at	1900	g	for	15	min	at	4°C,	and	serum	
samples	 were	 collected	 in	 cryovials	 and	 kept	 at	 −80°C	
for	 further	 analyses.	 Extracellular	 vesicles	 (EVs)	 were	
isolated	from	500	μL	of	serum	using	exoRNeasy	Midi	Kit	
(Qiagen)	according	to	the	manufacturer's	instructions.108	
RNA	 extraction	 was	 performed	 as	 described.108	 Briefly,	
the	 serum	 samples	 were	 loaded	 onto	 the	 exoEasy	 spin	
column	 and	 centrifuged	 for	 1	min	 at	 500	g.	 QIAzol	 so-
lution	was	added	to	the	column	to	collect	 the	 lysate	by	
centrifugation.	Then	chloroform	was	added	to	the	mix-
ture	and	shaken	vigorously	for	15	s.	After	centrifugation,	
the	upper	aqueous	phase	was	collected	and	mixed	with	
two	volumes	of	ethanol.	The	samples	were	then	loaded	
onto	 an	 RNeasy	 MinElute	 spin	 column	 and	 centrifuge	
at	10	000	rpm	for	15	s	at	 room	temperature.	Finally,	 the	
column	 was	 washed	 with	 buffer	 ribulose-	5-	phosphate-	
3-	epimeras	 three	 times,	 and	 the	 RNA	 was	 eluted	 from	
the	column	with	RNase-	free	water.	Further	details	are	in	
Appendix S1.

4.12	 |	 Gut Microbiota gene sequencing

Microbial	genomic	DNA	was	extracted	using	the	Stool	DNA	
Isolation	kit	(Norgen	Biotek	Corp.,	Canada).	Quantity,	pu-
rity,	and	integrity	of	extracted	DNA	were	checked	by	Qubit	
2.0	 Fluorometer	 (Life	 Technologies,	 USA),109	 Nanodrop	
spectrophotometer	 (Thermo	 Fisher	 Scientific,	 UK),	 and	
Fragment	 Analyzer	 capillary	 electrophoresis	 system	
(Agilent,	 Santa	 Clara,	 CA,	 USA),	 respectively.	 16S	 rRNA	
gene	 libraries	 were	 constructed	 based	 on	 six	 overlapping	
amplicons	covering	the	9	hypervariable	regions	of	the	16S	
rRNA	gene	(QIAseq	16S/ITS	Screening	Panel	kit	–	Qiagen,	
Hilden,	 Germany).	 Library	 sequencing	 was	 performed	
using	a	276PE	approach	on	an	Illumina	MiSeq	NGS	system	
(MiSeq	Reagent	Kit	v3),	as	indicated	in	the	customer	instruc-
tions	(QIAGEN	protocol–QIAseq	16S/ITS	panel	handbook:	
www.	qiagen.	com).	Further	details	are	in	Appendix S1.
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4.13	 |	 Statistics

The	 Gaussian	 distribution	 of	 variables	 was	 determined	
with	 the	 Shapiro–Wilks	 test,	 and	 when	 required,	 data	
were	 transformed	 logarithmically	 before	 further	 analy-
sis	 and,	 if	 necessary,	 compared	 using	 a	 nonparametric	
Mann–Whitney	 test	 or	 a	 Parametric	 test	 with	 Welch's	
correction.	The	Bonferroni	correction	was	applied	when	
needed.	Additionally,	to	specifically	examine	the	CSA	of	
muscle	fibers,	a	Linear	Mixed	Model	(LMM)	with	a	ran-
dom	intercept	variable	was	employed,	to	account	for	the	
variability	within	groups	or	clusters	in	the	data.

For	 the	 microbiota	 analysis,	 a	 differential	 abun-
dance	analysis	was	performed	at	all	six	taxonomic	levels	
(Phylum,	Class,	Order,	Family,	Genus,	Species)	and	ASV	
level	using	the	library	DESeq2110	of	R	that	compared	ASV	
counts	 between	 groups.109	 The	 FDR	 algorithm	 was	 ap-
plied	to	compute	the	adjusted	p-	value	to	control	the	false	
discovery	rate.110

To	 evaluate	 the	 global	 association	 between	 variables,	
a	pooled	data	correlation	matrix	was	generated	(Table 3).	
A	full	Pearson's	r	correlation	coefficient	for	each	pair	was	
computed,	 and,	 where	 appropriate,	 a	 Bonferroni	 correc-
tion	was	applied.	A	second	pooled	data	matrix	 intended	
for	exploratory	purposes	was	generated.	Statistical	signif-
icance	 was	 set	 at	⍺	≤	0.05.	 A	 correlation	 was	 considered	
strong	 if	 the	 r	 value	 was	 larger	 than	 0.7,	 and	 moderate	
if	 between	 0.5	 and	 0.7.111	 Before	 that,	 the	 identification	
of	 the	 outliers	 was	 automatically	 performed	 using	 the	
Grubbs'	method,	with	an	⍺	=	0.010.

All	the	statistic	was	performed	using	GraphPad	Prism	
(V.6.0,	GraphPad	Software)	and	Rstudio	version	1.4.1717.	
Results	are	shown	as	males	vs.	females	and,	unless	other-
wise	stated,	reported	as	mean	±	SD.

5 	 | 	 CONCLUSION

The	 integrative	 and	 comprehensive	 design	 of	 this	 study	
investigates	sex	differences	in	force	generation	under	sev-
eral	 spotlights,	 representing	 a	 significant	 opportunity	 in	
muscle	physiology	research.	Our	results	suggest	that	the	
major	“macroscopic”	factor	responsible	for	males'	ability	
to	generate	higher	and	 faster	 force	with	 the	knee	exten-
sors	can	be	ascribed	 to	 their	greater	muscle	mass	rather	
than	differences	in	the	central	nervous	system's	ability	to	
generate	 force.	However,	our	 investigation	 into	 the	“mi-
croscopic”	world	reveals	that	the	ability	to	produce	force	
is	 linked	 to	 the	 control	 of	 gene	 expression,	 with	 the	 ex-
pression	of	some	miRNAs	associated	with	varying	degrees	
of	maximal	force	generation,	regardless	of	sex.	Moreover,	
males	balance	their	greater	force	with	higher	antioxidant	
proteins,	essential	for	battling	damage	and	inflammation	

in	 the	 muscle	 tissue,	 while	 females	 tend	 to	 have	 higher	
levels	 of	 pro-	inflammatory	 cytokines,	 related	 to	 muscle	
injury/regeneration	ability.	Furthermore,	 the	abundance	
of	some	gut	microorganisms	at	the	family	level	can	play	
a	role	 in	the	capacity	to	express	maximal	force	indepen-
dently	 of	 sex.	 By	 understanding	 the	 molecular	 mecha-
nisms	 and	 the	 potential	 role	 of	 the	 gut	 microbiota	 in	
influencing	muscle	 function,	we	may	be	able	 to	develop	
targeted	interventions	to	improve	muscle	force	and	func-
tion	and	 to	optimize	muscle	health	 through	modulation	
of	the	gut	microbiome	in	males	and	females;	thus,	further	
investigation	is	required	to	clarify	the	role	of	these	factors	
in	sex-	related	differences	of	muscle	physiology.
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