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Abstract
Follistatin-	like	1	(FSTL1),	which	is	mainly	secreted	from	skeletal	muscle	and	my-
ocardium,	upregulates	protein	kinase	B	(Akt)	and	endothelial	nitric	oxide	syn-
thase	(eNOS)	phosphorylation	in	vascular	endothelial	cells.	It	is	unclear	whether	
skeletal	muscle-		 and	myocardium-	derived	FSTL1 secretion	 induced	by	aerobic	
exercise	training	is	involved	in	the	reduction	of	arterial	stiffness	via	arterial	NO	
production	 in	 obese	 rats.	 This	 study	 aimed	 to	 clarify	 whether	 aerobic	 exercise	
training-	induced	FSTL1 secretion	in	myocardium	and	skeletal	muscle	is	associ-
ated	with	a	reduction	in	arterial	stiffness	via	arterial	Akt-	eNOS	signaling	pathway	
in	obese	rats.	Sixteen	Otsuka	Long-	Evans	Tokushima	Fatty	(OLETF)	obese	rats	
were	 randomly	 divided	 into	 two	 groups:	 sedentary	 control	 (OLETF-	CON)	 and	
eight-	week	 aerobic	 exercise	 training	 (treadmill	 for	 60min	 at	 25m/min,	 5days/
week,	OLETF-	AT).	Eight	Long-	Evans	Tokushima	Otsuka	(LETO)	rats	were	used	
as	a	healthy	sedentary	control	group.	In	OLETF-	CON,	serum	FSTL1,	arterial	Akt	
and	eNOS	phosphorylation,	and	arterial	nitrite/nitrate	(NOx)	levels	were	signifi-
cantly	lower,	and	carotid-	femoral	pulse	wave	velocity	(cfPWV)	was	significantly	
greater	than	those	in	LETO.	These	parameters	were	improved	in	the	OLETF-	AT	
compared	 to	 the	OLETF-	CON.	 In	 the	OLETF-	AT,	FSTL1  levels	 in	slow-	twitch	
fiber-	rich	 soleus	 muscle	 were	 significantly	 greater	 than	 those	 in	 the	 OLETF-	
CON,	but	not	in	myocardium,	fast-	twitch	fiber-	rich	tibialis	anterior	muscle,	and	
adipose	tissue.	Serum	FSTL1 levels	were	positively	correlated	with	soleus	FSTL1,	
arterial	 eNOS	 phosphorylation,	 and	 NOx	 levels	 and	 negatively	 correlated	 with	
cfPWV.	Thus,	aerobic	exercise	training-	induced	FSTL1 secretion	in	slow-	twitch	
fiber-	rich	muscles	may	be	associated	with	a	reduction	in	arterial	stiffness	via	arte-
rial	NO	production	in	obese	rats.
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1 	 | 	 INTRODUCTION

Obesity	accompanied	by	excessive	fat	accumulation	causes	
arterial	stiffness	via	endothelial	dysfunction	and	vascular	
hypertrophy,	 leading	 to	 increased	 cardiovascular	 disease	
mortality	(Aroor	et	al.,	2018;	Zong	et	al.,	2016).	However,	
habitual	aerobic	exercise	reduces	arterial	stiffness,	and	its	
underlying	mechanism	is	associated	with	vasodilation	by	
nitric	 oxide	 (NO)	 production	 via	 activation	 of	 endothe-
lial	NO	synthase	(eNOS)	phosphorylation	in	the	arteries	
(Fujie	et	al.,	2021;	Hasegawa	et	al.,	2018).	Thus,	aerobic	ex-
ercise	training-	induced	arterial	NO	production	is	import-
ant	 for	 the	primary	prevention	of	cardiovascular	disease	
in	obesity.	However,	the	regulating	factor	associated	with	
aerobic	exercise	training-	induced	increase	in	arterial	NO	
production	remains	unclear.

Follistatin-	like	1	(FSTL1)	is	an	endocrine	hormone	that	
belongs	 to	 the	 follistatin	 family	 and	 is	 mainly	 secreted	
from	 the	 skeletal	 muscle	 and	 the	 myocardium	 (Görgens	
et	 al.,	 2013;	 Hayakawa	 et	 al.,	 2015;	 Miyabe	 et	 al.,	 2014;	
Oshima	 et	 al.,	 2008).	 FSTL1	 improves	 cardiac	 function	
and	 suppresses	 vascular	 hypertrophy,	 resulting	 in	 cardi-
oprotective	 effects	 (Miyabe	 et	 al.,	 2014;	 Shimano	 et	 al.,	
2011).	 Importantly,	 FSTL1	 transfection	 promotes	 phos-
phorylation	of	protein	kinase	B	(Akt)	and	eNOS	in	human	
umbilical	vein	endothelial	cells	(HUVECs)	(Ouchi	et	al.,	
2008).	In	addition,	the	binding	of	FSTL1	to	disco	interact-
ing	protein	2 homolog	A	(DIP2A)	elevates	Akt	phosphor-
ylation	in	HUVECs	(Ouchi	et	al.,	2010).	Therefore,	FSTL1	
activates	 the	 arterial	 Akt-	eNOS	 signaling	 pathway	 by	
binding	to	DIP2A	in	vascular	endothelial	cells	(Mattiotti	
et	al.,	2018).

A	 recent	 study	 showed	 that	 obesity	 reduces	 circulat-
ing	FSTL1 levels	(Horak	et	al.,	2018).	On	the	other	hand,	
in	myocardial	infarction	model	rats,	intermittent	aerobic	
exercise	 training	 increases	 circulating	 FSTL1  levels	 and	
concomitantly	 increases	 the	expression	 levels	of	 skeletal	
muscle	 and	 myocardial	 FSTL1	 protein	 (Xi	 et	 al.,	 2016).	
Thus,	we	hypothesized	that	the	increase	in	skeletal	mus-
cle-		 and	 myocardium-	derived	 FSTL1  secretion	 induced	
by	 aerobic	 exercise	 training	 is	 involved	 in	 the	 reduction	
of	 arterial	 stiffness	 via	 the	 arterial	 Akt-	eNOS	 signaling	
pathway	 in	 obese	 rats.	 This	 study	 examined	 the	 effects	
of	 eight-	week	 aerobic	 exercise	 training	 on	 skeletal	 mus-
cle-		 and	 myocardium-	derived	 FSTL1  secretion	 in	 obese	
rats.	We	investigated	the	relationship	between	circulating	
FSTL1 levels	and	arterial	NO	production	via	Akt-	eNOS	or	
arterial	 stiffness.	 Moreover,	 we	 measured	 FSTL1	 expres-
sion	in	slow-	twitch	fiber-	rich	soleus	and	fast-	twitch	fiber-	
rich	tibialis	anterior	muscle	because	different	muscle	fiber	
types	may	differ	from	the	FSTL1 secretory	response	to	ex-
ercise	training	(Norheim	et	al.,	2011).

2 	 | 	 METHODS

2.1	 |	 Animals and protocol

This	study	was	approved	by	the	Committee	on	Animal	
Care	 at	 Ritsumeikan	 University	 and	 conducted	 ac-
cording	 to	 the	 Guiding	 Principles	 for	 the	 Care	 and	
Use	 of	 Animals,	 based	 on	 the	 Declaration	 of	 Helsinki	
(Helsinki,	 Finland).	 Six-	week-	old	 male	 Otsuka	 Long-	
Evans	 Tokushima	 Fatty	 (OLETF)	 rats	 (Japan	 SLC,	
Shizuoka,	 Japan)	were	used	as	a	 rat	model	of	obesity.	
OLETF	 rats	 were	 individually	 housed	 in	 cages	 under	
controlled	 conditions	 (12:12  h	 light:	 dark	 cycle)	 and	
were	given	ad libitum	access	to	water	and	fed	a	stand-
ard	laboratory	diet	(CE-	2;	CLEA	Japan,	Tokyo,	Japan)	
during	 the	 experimental	 period.	 After	 14  weeks,	 the	
20-	week-	old	 OLETF	 rats	 were	 randomly	 divided	 into	
the	 following	 two	 experimental	 groups:	 (1)	 Sedentary	
control	 (OLETF-	CON,	 n  =  8)	 group	 and	 (2)	 the	 aero-
bic	exercise	training	(OLETF-	AT,	n = 8)	group.	In	ad-
dition,	 age-	matched	 Long-	Evans	 Tokushima	 Otsuka	
(LETO)	rats	(n = 8,	Japan	SLC)	were	used	as	a	healthy	
sedentary	 control	 group.	 Post-	treatment	 experiments	
and	sacrifice	of	OLETF-	AT	were	performed	more	than	
48 h	after	the	last	aerobic	exercise	session	to	avoid	any	
acute	effects	of	 the	aerobic	exercise	 training	 interven-
tion.	In	addition,	 food	was	removed	from	all	cages	for	
12  h	 before	 measuring	 the	 bodyweight	 and	 carotid-	
femoral	 pulse	 wave	 velocity	 (cfPWV;	 examined	 as	 an	
index	of	 central	arterial	 stiffness)	of	 rats	 in	all	groups	
under	 general	 anesthesia.	 After	 that,	 blood	 samples	
were	 obtained	 from	 the	 abdominal	 aorta.	 After	 sacri-
fice,	the	epididymal	fat,	soleus	muscle,	tibialis	anterior	
muscle,	left	ventricle,	and	aorta	were	quickly	resected,	
rinsed	in	ice-	cold	saline,	weighed,	and	frozen	in	liquid	
nitrogen.	All	samples	were	stored	at	−80°C	for	further	
analysis.

2.2	 |	 Aerobic exercise training protocol

We	 used	 the	 same	 aerobic	 exercise	 training	 program,	
which	 consisted	 of	 moderate-	intensity	 treadmill	 run-
ning,	according	 to	 the	methods	of	previous	 studies	with	
minor	modifications	(Horii	et	al.,	2019;	Sato	et	al.,	2017;	
Wang	et	al.,	 2020).	Before	 the	 training	experimental	pe-
riod,	the	OLETF-	AT	group	exercised	on	a	treadmill	at	10–	
15 m/min	for	three	days	to	get	used	to	the	exercise.	The	
OLETF-	AT	 group	 ran	 on	 the	 treadmill	 for	 1  h	 at	 25  m/
min,	without	incline,	5 days/week	for	eight	weeks	begin-
ning	at	20 weeks	of	age.	Exercise	intensity	remained	con-
stant	during	the	training	period.
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2.3	 |	 Blood pressures and cfPWV

Systolic	 (SBP)	 and	 diastolic	 (DBP)	 blood	 pressure,	 as	
well	 as	 cfPWV,	 were	 measured	 as	 previously	 described	
(Hasegawa	et	al.,	2018).	Prior	to	sacrifice,	rats	were	anes-
thetized	with	an	 intraperitoneal	 injection	of	pentobarbi-
tal	sodium	(0.1 ml/kg)	and	inhalation	of	2%	sevoflurane.	
Blood	pressure	and	cfPWV	were	measured	using	two	cath-
eters,	and	an	animal	heating	board	was	used	to	maintain	
the	body	temperature	of	the	rats	at	37°C.	Catheters	with	
pressure	 transducer	 (DT4812;	 Nihon	 Kohden,	 Tokyo,	
Japan)	was	implanted	at	two	points	in	the	aortic	arch	via	
the	left	carotid	artery	(SP45,	Natume,	Tokyo,	Japan)	and	in	
the	proximal	abdominal	aortic	bifurcation	via	the	left	fem-
oral	artery	(SP31,	Natume,	Tokyo,	Japan).	Pulse	pressure	
waves	recorded	using	the	two	pressure	transducers	were	
simultaneously	 imported	 to	 an	 amplifier	 and	 displayed	
on	 a	 data	 acquisition	 system	 (PEG-	1000,	 Nihon	 Koden,	
Tokyo,	Japan)	at	a	sampling	rate	of	10,000 Hz.	After	that,	
the	straight-	line	distance	between	the	tips	of	the	two	cath-
eters	was	measured.	The	propagation	time	from	the	aortic	
arch	to	the	abdominal	aortic	bifurcation	is	the	difference	
in	 time	 between	 the	 commencement	 of	 the	 upstroke	 of	
each	pulse	waveform.	The	cfPWV	was	calculated	by	divid-
ing	the	propagation	distance	by	the	propagation	time,	and	
SBP	and	DBP	were	simultaneously	measured	using	pulse	
pressure	waves	in	the	left	carotid	artery.

2.4	 |	 Fasting glucose and insulin 
concentrations

Fasting	 glucose	 was	 assessed	 in	 the	 tail	 vein	 after	 over-
night	fasting.	Glucose	concentrations	were	assessed	three	
times	using	a	blood	glucose	meter	(Terumo	Corporation,	
Tokyo,	Japan).	Serum	insulin	concentrations	were	meas-
ured	 using	 an	 enzyme-	linked	 immunosorbent	 assay	 kit	
(Shibayagi,	Gunma,	Japan).	Optical	density	at	450 nm	was	
quantified	using	a	microplate	reader	(Horii	et	al.,	2019).

2.5	 |	 Insulin sensitivity

As	 an	 index	 of	 insulin	 sensitivity,	 the	 quantitative	 insu-
lin	sensitivity	check	index	(QUICKI)	was	calculated	from	
fasting	glucose	and	insulin	concentrations	based	on	a	pre-
vious	study	(Horii	et	al.,	2019).

2.6	 |	 Citrate synthase (CS) activity

CS	 activity,	 a	 marker	 of	 aerobic	 exercise	 training	 ad-
aptation	 (Vigelsø	 et	 al.,	 2014),	 was	 investigated	 using	

slow-	twitch	fiber-	rich	soleus	muscles	recruited	by	aerobic	
exercise	training.	Soleus	muscle	tissues	of	the	three	groups	
were	 homogenized	 in	 ten	 volumes	 of	 250  mM	 sucrose,	
1 mM	Tris-	HCl	(pH	7.4),	and	130 mM	NaCl	on	ice	using	a	
Teflon	homogenizer.	After	that,	CS	activity	was	measured	
at	 412  nm	 for	 3  min	 using	 a	 spectrophotometer	 (xMark	
microplate	 spectrophotometer,	 Bio-	Rad	 Laboratories,	
Hercules,	CA,	USA)	as	previously	described	(Horii	et	al.,	
2019;	Sato	et	al.,	2011).

2.7	 |	 Immunoblot analysis

Western	blot	analysis	was	performed	as	described	previ-
ously	 (Hasegawa	 et	 al.,	 2018;	 Horii	 et	 al.,	 2019).	 Briefly,	
arterial	(20 µg	protein),	soleus,	tibialis	anterior,	 left	ven-
tricle	 (40  µg	 protein),	 adipose	 (10  µg	 protein)	 proteins,	
and	 serum	 (1  µL)	 were	 separated	 by	 10%	 SDS-	PAGE	
and	 then	 transferred	 to	 polyvinylidene	 difluoride	 mem-
branes	 (Millipore,	Billerica,	MA,	USA).	The	membranes	
were	 treated	with	blocking	buffer	 (3%	serum	FSTL1,	2%	
soleus,	tibialis	anterior,	and	left	ventricle	FSTL1,	DIP2A,	
phospho-	Akt,	total	Akt,	phospho-	eNOS,	and	total	eNOS,	
or	1%	adipose	FSTL1	in	skim	milk	in	PBS	with	0.1%	Tween	
20	[PBS-	T])	for	1 h	at	room	temperature.	The	membranes	
were	 incubated	 with	 antibodies	 against	 FSTL1	 (1:1000;	
Cat.	 No.	 ab11805,	 Abcam,	 Cambridge,	 UK),	 DIP2A	
(1:1000;	 Cat.	 No.	 LS-	C356726,	 LifeSpan	 Biosciences,	
Seattle,	 WA,	 USA),	 phospho-	Akt	 (Ser473,	 1:1000;	 Cat.	
No.	 9271S,	 Cell	 Signaling	 Technology,	 Danvers,	 MA,	
USA),	 total	 Akt	 (1:1000;	 Cat.	 No.	 9272S,	 Cell	 Signaling	
Technology),	 phospho-	eNOS	 (Ser1177,	 1:500;	 Cat.	 No.	
sc-	12972-	R,	Santa	Cruz	Biotechnology,	Dallas,	TX,	USA),	
and	total	eNOS	(1:500;	Cat.	No.	610297,	BD	Biosciences,	
Franklin	 Lakes,	 NJ,	 USA)	 diluted	 in	 blocking	 buffer	 for	
12 h	at	4°C.	α-	Tubulin	protein	(1:	1000;	Cat.	No.	PM054,	
MBL,	Tokyo,	Japan)	was	used	as	the	loading	control.	After	
washing	three	times	with	PBS-	T,	the	membranes	were	in-
cubated	with	horseradish	peroxidase-	conjugated	anti-	goat	
(FSTL1;	 1:3000;	 Cat.	 No.	 611620,	 Invitrogen,	 Waltham,	
MA,	USA),	anti-	rabbit	(DIP2A	and	α-	tubulin;	1:3000;	Cat.	
No.	NA9340V,	GE	Healthcare	UK	Ltd,	Buckinghamshire,	
UK;	phospho-	Akt	and	 total	Akt;	1:3000;	Cat.	No.	7074S,	
Cell	Signaling	Technology)	or	anti-	mouse	(phospho-	eNOS	
and	 total	 eNOS;	 1:3000;	 Cat.	 No.	 7076S,	 GE	 Healthcare	
UK	 Ltd)	 immunoglobulin	 diluted	 in	 blocking	 buffer	 for	
1 h	at	room	temperature.	After	that,	the	membranes	were	
washed	 with	 PBS-	T	 three	 times.	 Finally,	 protein	 levels	
were	 detected	 using	 the	 Enhanced	 Chemiluminescence	
Plus	 System	 (GE	 Healthcare	 UK	 Ltd)	 and	 visualized	
on	 a	 LAS4000	 imager	 (GE	 Healthcare	 Bio-	Sciences	
AB,	 Uppsala,	 Sweden)	 or	 FUSION	 FX7	 EDGE	 (Vilber	
Lourmat,	Collégien,	France).
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2.8	 |	 Griess assay

The	arterial	nitrite/nitrate	(NOx)	concentrations	were	meas-
ured	using	 the	Griess	assay	 (R&D	Systems,	Minneapolis,	
MN,	USA).	The	optical	density	was	measured	at	540 nm	
using	a	microplate	reader	(xMark	microplate	spectropho-
tometer,	Bio-	Rad	Laboratories).	The	values	were	converted	
into	concentrations	using	a	linear	fit	of	the	log-	log	plot	of	
the	standard	curve	(Hasegawa	et	al.,	2018).

2.9	 |	 Statistical analysis

Values	 are	 expressed	 as	 the	 mean  ±  standard	 deviation	
(SD).	A	one-	way	analysis	of	variance	(ANOVA)	was	used	to	
compare	differences	between	the	LETO,	OLETF-	CON,	and	
OLETF-	AT	groups.	A	post	hoc	comparison	test	was	used	to	
correct	for	multiple	comparisons	(Fisher's	test)	when	ANOVA	
analyses	showed	significant	differences.	The	relationships	be-
tween	the	serum	FSTL1 levels	and	the	soleus,	tibialis	anterior,	
myocardium,	adipose	FSTL1	protein	levels,	eNOS	phospho-
rylation	levels,	arterial	NOx	levels,	or	cfPWV,	and	arterial	NOx	
levels	and	cfPWV	in	the	three	groups	were	determined	using	
Pearson	correlation	coefficients.	A	p < 0.05	was	considered	
statistically	significant.	All	statistical	analyses	were	performed	
using	Stat	View	(5.0;	SAS	Institute,	Tokyo,	Japan).

3 	 | 	 RESULTS

3.1	 |	 Animal characteristics

Bodyweight,	 epididymal	 fat	 mass,	 fasting	 blood	 glu-
cose	 levels,	 and	 fasting	 insulin	 levels	 were	 significantly	
greater	(p < 0.05,	Table	1),	and	the	left	ventricular	mass,	
soleus	muscle	mass,	tibialis	anterior	muscle	mass,	soleus	

LETO OLETF- CON OLETF- AT

Body	weight	(g) 498.4 ± 24.6 609.6 ± 22.9* 477.9 ± 29.1**

Epididymal	fat	mass/BW	
(mg/g,	BW)

14.7 ± 2.0 19.6 ± 4.4* 12.5 ± 4.3**

Left	ventricular	mass/BW	
(mg/g,	BW)

2.46 ± 0.19 2.16 ± 0.30* 2.56 ± 0.35**

Tibialis	anterior	muscle	mass/
BW	(mg/g,	BW)

1.39 ± 0.15 1.15 ± 0.14* 1.33 ± 0.23**

Soleus	muscle	mass/BW	
(mg/g,	BW)

0.45 ± 0.02 0.34 ± 0.02* 0.45 ± 0.05**

Soleus	CS	activity	(µmol/g/
min)

18.0 ± 4.9 12.5 ± 2.6* 24.0 ± 3.4*,**

Heart	rate	(beats/min) 339.5 ± 41.4 354.7 ± 24.5 339.8 ± 21.1

SBP	(mmHg) 98.0 ± 13.1 106.0 ± 11.5 98.7 ± 4.8

DBP	(mmHg) 71.0 ± 11.0 78.7 ± 6.1 76.3 ± 5.4

Fasting	blood	glucose	levels	
(mmol/l)

6.0 ± 0.9 20.0 ± 1.5* 8.0 ± 1.2*,**

Fasting	insulin	levels	(pmol/l) 1.28 ± 0.15 11.0 ± 2.8* 7.3 ± 0.6*,**

QUICKI	(A.U.) 0.45 ± 0.02 0.27 ± 0.01* 0.32 ± 0.01*,**

Note:	Values	are	mean ± standard	deviation	(SD).
Abbreviations:	BW,	body	weight;	CS,	citrate	synthase;	DBP,	diastolic	blood	pressure;	LETO,	healthy-	
sedentary	control	group;	OLETF-	CON,	OLETF-	sedentary	control	group;	OLETF-	AT,	OLETF-	aerobic	
exercise	training	group;	QUICKI,	quantitative	insulin	sensitivity	check	index;	SBP,	systolic	blood	
pressure.
*p < 0.05	vs.	LETO;	**p < 0.05	vs.	OLETF-	CON.

T A B L E  1 	 Animal	characteristic

F I G U R E  1  Carotid-	femoral	pulse	wave	velocity	(cfPWV)	in	the	
LETO,	OLETF-	CON,	and	OLETF-	AT	groups.	One-	way	ANOVA	
followed	by	Fisher's	post	hoc	test.	n = 5	in	each	group

P<0.05 P<0.05

0.3

0.4

0.5

0.6

0.7

0.8

LETO CON AT

OLETF

(m/sec)

cf
P

W
V



   | 5 of 10INOUE et al.

CS	 activity,	 and	 QUICKI	 were	 significantly	 lower	 in	
the	 OLETF-	CON	 group	 compared	 to	 the	 LETO	 group	
(p  <  0.05,	 Table	 1).	 Compared	 with	 the	 OLETF-	CON	
group,	 bodyweight,	 epididymal	 fat	 mass,	 fasting	 blood	
glucose	levels,	and	fasting	insulin	levels	were	significantly	
lower	 (p < 0.05,	Table	1),	 and	 the	 left	 ventricular	mass,	
soleus	muscle	mass,	tibialis	anterior	muscle	mass,	soleus	
CS	 activity,	 and	 QUICKI	 were	 significantly	 greater	 in	
the	OLETF-	AT	group	(p < 0.05,	Table	1).	No	significant	
differences	 in	 heart	 rate,	 SBP,	 and	 DBP	 were	 observed	
among	 the	 three	 groups	 (Table	 1).	 Furthermore,	 cfPWV	
was	 significantly	 greater	 in	 the	 OLETF-	CON	 group	
than	 in	 the	 LETO	 group	 (p  <  0.05,	 Figure	 1)	 and	 lower	
in	the	OLETF-	AT	group	than	in	the	OLETF-	CON	group	
(p < 0.05,	Figure	1).

3.2	 |	 FSTL1 levels in the serum, skeletal 
muscle, myocardium, and adipose tissue

Serum	 FSTL1  levels	 were	 significantly	 lower	 in	 the	
OLETF-	CON	group	 than	 in	 the	LETO	group	 (p < 0.05,	
Figure	 2).	 Serum	 and	 soleus	 FSTL1  levels	 were	 sig-
nificantly	 higher	 in	 the	 OLETF-	AT	 group	 than	 in	 the	
OLETF-	CON	 group	 (p  <  0.05,	 Figures	 2,	 3a–	b).	 There	
were	 no	 significant	 differences	 in	 the	 tibialis	 anterior,	
myocardium,	and	adipose	FSTL1 levels	among	the	three	
groups	(Figure	3a,c–	e).

3.3	 |	 Arterial DIP2A, Akt, eNOS 
phosphorylation, and arterial NOx levels

No	 significant	 differences	 in	 arterial	 DIP2A	 levels	 were	
observed	among	the	three	groups	(Figure	4a–	b).	Arterial	
Akt	 and	 eNOS	 phosphorylation	 levels	 and	 arterial	 NOx	
levels	were	significantly	lower	in	the	OLETF-	CON	group	
than	 in	 the	 LETO	 group	 (p  <  0.05,	 Figure	 4a,c–	e),	 and	
higher	in	the	OLETF-	AT	group	than	in	the	OLETF-	CON	
group	(p < 0.05,	Figure	4a,c–	e).

3.4	 |	 Relationship between serum 
FSTL1 levels and other variables

Serum	FSTL1 levels	were	positively	correlated	with	soleus	
FSTL1 levels	(p < 0.05,	r = 0.462,	Figure	5a),	arterial	eNOS	
phosphorylation	(p < 0.05,	r = 0.487,	Figure	5b),	and	NOx	
levels	(p < 0.05,	r = 0.591,	Figure	5c)	and	were	negatively	
correlated	with	cfPWV	(p < 0.05,	r = −0.538,	Figure	5d)	
in	 the	 LETO,	 OLETF-	CON,	 and	 OLETF-	AT	 groups.	 No	
significant	 correlation	 between	 the	 serum	 FSTL1  levels	
and	tibialis	anterior,	myocardium,	and	adipose	FSTL1 lev-
els	was	observed	in	the	three	groups.	Arterial	NOx	levels	
were	negatively	correlated	with	cfPWV	in	the	three	groups	
(p < 0.05,	r = −0.515).

4 	 | 	 DISCUSSION

This	study	found	that	aerobic	exercise	training	increased	
serum	FSTL1 levels,	arterial	Akt	and	eNOS	phosphoryla-
tion	 levels,	 arterial	 NOx	 levels,	 and	 decreased	 cfPWV.	
Serum	FSTL1 levels	were	positively	correlated	with	arte-
rial	eNOS	phosphorylation	and	NOx	levels	and	negatively	
correlated	 with	 cfPWV.	 Moreover,	 soleus	 FSTL1  levels	
were	increased	by	aerobic	exercise	training	and	positively	
correlated	with	serum	FSTL1 levels.	However,	FSTL1 lev-
els	in	the	tibialis	anterior	muscle,	myocardium,	and	adi-
pose	tissue	were	not	changed	by	aerobic	exercise	training	
and	were	not	correlated	with	serum	FSTL1 levels.	Thus,	
these	data	suggest	that	aerobic	exercise	training-	induced	
FSTL1 secretion	 in	slow-	twitch	muscles,	 such	as	 the	so-
leus	muscle,	is	associated	with	arterial	NO	production	via	
the	Akt-	eNOS	signaling	pathway	in	obese	rats,	leading	to	
a	reduction	in	cfPWV.

A	previous	study	showed	that	FSTL1	transfection	en-
hances	 eNOS	 phosphorylation	 via	 Akt	 phosphorylation	
in	 HUVECs	 (Ouchi	 et	 al.,	 2008).	 FSTL1	 recombinant	
binds	 to	 DIP2A,	 leading	 to	 accelerated	 Akt	 phosphory-
lation	 in	 HUVECs	 (Ouchi	 et	 al.,	 2010).	Therefore,	 bind-
ing	 FSTL1	 to	 DIP2A	 stimulates	 the	 Akt-	eNOS	 signaling	

F I G U R E  2  Serum	follistatin-	like	1	(FSTL1)	levels	in	the	
LETO,	OLETF-	CON,	and	OLETF-	AT	groups.	Representative	
immunofluorescence	image	of	serum	FSTL1	is	shown.	The	relative	
serum	FSTL1 levels	are	represented	as	fold	changes	from	the	LETO	
group.	A.U.:	Arbitrary	units.	One-	way	ANOVA	followed	by	Fisher's	
post	hoc	test.	n = 8	in	each	group
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pathway	 in	 vascular	 endothelial	 cells	 (Mattiotti	 et	 al.,	
2018).	We	revealed	that	serum	FSTL1 levels,	arterial	Akt	
and	 eNOS	 phosphorylation	 levels,	 and	 arterial	 NOx	 lev-
els	 were	 decreased	 in	 obese	 rats.	 In	 the	 exercised	 rats,	
serum	FSTL1 levels,	arterial	Akt	and	eNOS	phosphoryla-
tion	levels,	and	arterial	NOx	levels	were	increased.	Serum	
FSTL1 levels	positively	correlated	with	arterial	eNOS	phos-
phorylation	and	arterial	NOx	levels.	Arterial	DIP2A	levels	
did	not	differ	among	the	three	groups.	Thus,	our	findings	
suggest	that	obesity-	induced	decrease	or	aerobic	exercise	
training-	induced	increase	in	circulating	FSTL1 levels	may	
be	associated	with	changes	in	arterial	NO	production	via	
the	Akt-	eNOS	signaling	pathway	without	changes	in	the	
arterial	FSTL1	receptor	expression	levels.

Aerobic	 exercise	 mainly	 recruits	 slow-	twitch	 fibers,	
largely	 depends	 on	 aerobic	 energy	 production,	 and	 pro-
motes	secretion	of	muscle-	derived	factors,	such	as	 inter-
leukin-	6,	in	slow-	twitch	fiber-	rich	soleus	muscle,	but	not	
in	fast-	twitch	fiber-	rich	extensor	digitorum	longus	muscle	
(D'Amico	et	al.,	2021;	Laursen,	2010).	Furthermore,	aer-
obic	exercise	training	has	been	reported	to	increase	lipid	
peroxidation,	which	is	an	oxidative	damage	marker	in	the	
slow-	twitch	 fiber-	rich	soleus	muscle,	but	not	 in	 the	 fast-	
twitch	 fiber-	rich	 tibialis	anterior	muscle	 (Abruzzo	et	al.,	
2013).	 These	 responses	 to	 aerobic	 exercise	 are	 caused	
only	 in	 slow-	twitch	 muscle	 fibers.	 We	 examined	 FSTL1	

expression	 by	 using	 two	 opposite	 types	 of	 skeletal	 mus-
cle	differing	in	fiber	type	composition:	the	soleus	muscle	
as	 a	 slow-	twitch	 muscle	 and	 the	 tibialis	 anterior	 mus-
cle	as	a	 fast-	twitch	muscle.	Slow-	twitch	 fiber-	rich	soleus	
FSTL1 levels	were	increased	by	aerobic	exercise	training	
and	 positively	 correlated	 with	 serum	 FSTL1  levels.	 In	
contrast,	fast-	twitch	fiber-	rich	tibialis	anterior	FSTL1 lev-
els	 did	 not	 change	 and	 were	 not	 correlated	 with	 serum	
FSTL1  levels.	These	 results	 suggest	 that	 the	 response	 of	
FSTL1	 expression	 to	 aerobic	 exercise	 training	 was	 dif-
ferent	 between	 slow	 and	 fast-	twitch	 fibers.	 Therefore,	
aerobic	 exercise	 training-	induced	 FSTL1	 expression	 in	
slow-	twitch	fibers	may	contribute	to	an	increase	in	circu-
lating	 FSTL1  levels.	 A	 previous	 study	 that	 used	 muscle-	
specific	 FSTL1	 deficient	 and	 muscle-	specific	 FSTL1	
overexpression	 mice	 confirmed	 that	 skeletal	 muscle	 is	
one	of	the	main	secretory	sources	of	FSTL1	(Miyabe	et	al.,	
2014).

Cardiac	 myocyte-	specific	 FSTL1  knockout	 decreases	
circulating	FSTL1 levels	in	a	transverse	aortic	constriction-	
induced	cardiac	hypertrophy	mouse	model	(Shimano	et	al.,	
2011).	A	previous	study	reported	that	heart	tissue	is	one	
of	the	secretory	sources	of	FSTL1	(Hayakawa	et	al.,	2015;	
Oshima	 et	 al.,	 2008).	 Interval	 aerobic	 exercise	 training	
(treadmill	running,	alternated	between	7 min	at	25 m/min	
and	3 min	at	15 m/min)-	induced	increase	in	myocardial	

F I G U R E  3  Soleus	(a–	b),	tibialis	anterior	(a,	c),	myocardium	(a,	d),	and	adipose	(a,	e)	follistatin-	like	1	(FSTL1)	levels	in	the	LETO,	
OLETF-	CON,	and	OLETF-	AT	groups.	Representative	immunofluorescence	images	of	soleus,	tibialis	anterior,	myocardium,	adipose	FSTL1,	
and	α-	tubulin	are	shown	(a).	The	relative	soleus,	tibialis	anterior,	myocardium,	and	adipose	FSTL1 levels	are	represented	as	fold	changes	
from	the	LETO	group.	A.U.:	Arbitrary	units.	One-	way	ANOVA	followed	by	Fisher's	post	hoc	test.	n = 8	in	each	group
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FSTL1	expression	attenuates	cardiac	dysfunction	in	a	rat	
model	of	myocardial	infarction	(Xi	et	al.,	2016).	However,	
in	this	study,	25 m/min	treadmill	running	training	did	not	

affect	 myocardial	 FSTL1  levels.	 In	 the	 obese	 rats	 in	 this	
study,	severe	cardiac	dysfunction	was	probably	not	caused	
because	the	left	ventricle	mass	did	not	increase	compared	

F I G U R E  4  Arterial	disco	interacting	protein	2 homolog	A	(DIP2A)	(a–	b)	levels,	arterial	protein	kinase	B	(Akt)	(a,	c),	endothelial	nitric	
oxide	synthase	(eNOS)	(a,	d)	phosphorylation	levels,	and	arterial	nitrite/nitrate	(NOx)	levels	(e)	in	the	LETO,	OLETF-	CON,	and	OLETF-	
AT	groups.	Representative	immunofluorescence	images	of	DIP2A,	α-	tubulin,	p-	Akt,	t-	Akt,	p-	eNOS,	and	t-	eNOS	are	shown	(a).	The	relative	
arterial	DIP2A	level,	arterial	Akt	and	eNOS	phosphorylation	levels	are	represented	as	fold	changes	from	the	LETO	group.	A.U.:	Arbitrary	
units.	One-	way	ANOVA	followed	by	Fisher's	post	hoc	test.	n = 8	in	each	group
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F I G U R E  5  Correlations	between	
serum	FSTL1	and	soleus	FSTL1 levels	(a),	
arterial	endothelial	nitric	oxide	synthase	
(eNOS)	phosphorylation	levels	(b),	arterial	
nitrite/nitrate	(NOx)	levels	(c),	or	carotid-	
femoral	pulse	wave	velocity	(cfPWV)	(d)	
in	the	LETO,	OLETF-	CON,	and	OLETF-	
AT	groups.	n = 5–	8	in	each	group
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with	 healthy	 rats.	 Since	 myocardial	 infarction	 decreases	
maximal	oxygen	uptake	(Rodrigues	et	al.,	2013),	 the	rel-
ative	 intensity	 of	 aerobic	 exercise	 in	 this	 study	 may	 be	
lower	than	that	in	a	previous	study.	Therefore,	the	inten-
sity	of	exercise	in	this	study	may	be	insufficient	to	increase	
myocardial	FSTL1	expression	in	obese	rats.

Obesity	has	been	reported	to	decrease	serum	FSTL1 lev-
els	in	both	the	present	and	previous	studies	(Horak	et	al.,	
2018).	 However,	 no	 significant	 differences	 in	 the	 myo-
cardium,	soleus,	tibialis	anterior,	and	adipose	FSTL1 lev-
els	 between	 obese	 and	 non-	obese	 rats	 were	 found.	 The	
obesity-	induced	 decrease	 in	 circulating	 FSTL1  levels	 is	
not	explained	by	the	skeletal	muscle,	myocardium	or	adi-
pose	FSTL1	expression.	FSTL1	is	expressed	in	the	myocar-
dium,	skeletal	muscle,	adipose	tissue,	and	multiple	organs	
(Adams	et	al.,	2010).	Therefore,	low	FSTL1	expression	in	
other	organs	may	be	associated	with	a	reduction	in	circu-
lating	FSTL1 levels	in	obesity.

Lower	circulating	FSTL1 levels	in	patients	with	severe	
obesity	than	in	non-	obese	adults	and	lower	adipose	FSTL1	
expression	levels	in	obese	mice	than	in	healthy	mice	have	
been	observed	(Horak	et	al.,	2018;	Prieto-	Echagüe	et	al.,	
2017).	 Conversely,	 serum	 FSTL1  levels	 in	 overweight/
obese	 patients	 compared	 to	 healthy	 adults	 and	 adipose	
FSTL1	 expression	 levels	 in	 db/db	 mice	 compared	 with	
wild-	type	 mice	 were	 increased	 (Xu	 et	 al.,	 2020).	 In	 the	
present	 study,	 adipose	 FSTL1	 expression	 levels	 did	 not	
change	 among	 healthy-	sedentary,	 obese-	sedentary,	 and	
obese-	exercise	training	rats,	but	circulating	FSTL1 levels	
decreased	in	obese-	sedentary	OLETF	rats.	Therefore,	be-
cause	of	the	discrepancy	in	FSTL1	expression	responses	to	
obesity,	the	difference	in	genetic	background	or	severity	of	
obesity	may	be	associated	with	transcriptional	and	trans-
lational	regulation	of	FSTL1 levels.

In	this	study,	aerobic	exercise	training-	induced	increases	
in	serum	FSTL1 levels	were	positively	correlated	with	arterial	
eNOS	 phosphorylation	 and	 NOx	 levels.	Various	 hormonal	
factors	 are	 involved	 in	 the	 regulation	 of	 NO	 production	
(Duckles	&	Miller,	2010;	Sudar-	Milovanovic	et	al.,	2017).	To	
clarify	whether	FSTL1	contributes	to	low	arterial	stiffness	via	
increased	NO	production,	the	effect	of	exercise	training	on	
arterial	stiffness	should	be	examined	using	skeletal	muscle-	
specific	FSTL1 knockout	mice.	In	this	study,	we	showed	that	
aerobic	exercise-	induced	FSTL1 secretion	might	be	involved	
in	 increased	 NO	 production	 via	 activation	 of	 the	 arterial	
Akt-	eNOS	 pathway.	 The	 Akt-	eNOS	 pathway	 is	 also	 regu-
lated	 by	 irisin,	 an	 exercise-	induced	 myokine	 (Inoue	 et	 al.,	
2020).	However,	as	FSTL1 may	be	involved	in	increasing	NO	
production	 via	 GDF-	15,	 FSTL1  may	 affect	 NO	 production	
via	multiple	pathways	(Eddy	&	Trask,	2021;	Ha	et	al.,	2019;	
Widera	et	al.,	2012).	Therefore,	further	studies	are	needed	to	
elucidate	the	regulation	of	NO	production	by	FSTL1.	KLF-	15	
and	c-	Jun	are	transcription	regulating	factors	of	FSTL1	(Wu	

et	al.,	2010;	Zheng	et	al.,	2017).	Therefore,	further	studies	are	
needed	to	examine	these	transcription	factors	in	response	to	
exercise	training.

In	conclusion,	we	demonstrated	 that	aerobic	exercise	
training	 increases	serum	FSTL1  levels	with	an	elevation	
of	FSTL1	expression	in	the	soleus	muscle	but	not	 in	the	
myocardium,	tibialis	anterior	muscle,	and	adipose	tissue.	
Thus,	aerobic	exercise	training	may	promote	FSTL1 secre-
tion	in	slow-	twitch	fiber-	rich	muscles.	We	also	confirmed	
a	significant	association	between	circulating	FSTL1 levels	
and	arterial	NO	production	and	cfPWV.	Therefore,	aerobic	
exercise	 training-	induced	 increase	 in	 FSTL1  secretion	 is	
related	to	the	reduction	of	arterial	stiffness	via	arterial	NO	
production	in	obese	rats.
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