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Abstract
The	physiological	role	played	by	uncoupling	protein	3	(UCP3)	in	white	adipose	
tissue	(WAT)	has	not	been	elucidated	so	far.	In	the	present	study,	we	evaluated	
the	impact	of	the	absence	of	the	whole	body	UCP3	on	WAT	physiology	in	terms	
of	 ability	 to	 store	 triglycerides,	 oxidative	 capacity,	 response	 to	 insulin,	 inflam-
mation,	and	adipokine	production.	Wild	 type	 (WT)	and	UCP3 Knockout	 (KO)	
mice	 housed	 at	 thermoneutrality	 (30°C)	 have	 been	 used	 as	 the	 animal	 model.	
Visceral	gonadic	WAT	(gWAT)	from	KO	mice	showed	an	impaired	capacity	to	
store	 triglycerides	 (TG)	 as	 indicated	 by	 its	 lowered	 weight,	 reduced	 adipocyte	
diameter,	and	higher	glycerol	release	(index	of	lipolysis).	The	absence	of	UCP3	
reduces	the	maximal	oxidative	capacity	of	gWAT,	increases	mitochondrial	 free	
radicals,	and	activates	ER	stress.	These	processes	are	associated	with	increased	
levels	of	monocyte	chemoattractant	protein-	1	and	TNF-	α.	The	response	of	gWAT	
to	in	vivo	insulin	administration,	revealed	by	(ser473)-	AKT	phosphorylation,	was	
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1 |  INTRODUCTION

Uncoupling	protein	3	(UCP3)	is	a	mitochondrial	protein	
localized	in	the	inner	membrane	and	mainly	expressed	in	
striated	muscles	and	adipose	tissues.	Among	these,	brown	
adipose	 tissue	 (BAT)	 mitochondria	 present	 the	 highest	
amount	of	the	protein,	while	similar	content	was	detected	
in	heart,	skeletal	muscle,	and	white	adipose	tissue	(WAT).1	
Involvement	for	UCP3	in	mild	uncoupling,	fatty	acid	oxi-
dation	rate,	and	prevention	of	damage	induced	by	reactive	
oxygen	species	(ROS)	and	lipid	hydroperoxides	has	been	
proposed.2–	4

Most	studies	have	focused	on	the	role	played	by	UCP3	
on	the	heart	and	skeletal	muscle,	while	few	studies	have	
been	 dedicated	 to	 adipose	 organs.	 Only	 recently	 we	 re-
ported	that	the	absence	of	UCP3 has	a	profound	effect	on	
brown	adipose	 tissue	metabolism5	and	some	 indications	
also	suggest	that	it	could	affect	WAT	physiology.6	Indeed,	
when	housed	at	thermoneutrality	(30°C),	UCP3 KO	mice	
fed	a	standard	diet,	despite	presenting	unchanged	whole-	
body	composition	compared	to	WT	littermate	(in	terms	of	
protein,	 lipid,	 and	 water	 percentage),	 show	 reduced	 vis-
ceral	WAT	mass	associated	with	increased	WAT	lipolysis	
and	 ectopic	 lipid	 accumulation	 in	 lean	 tissues,	 such	 as	
liver	and	skeletal	muscle.5	An	increase	in	serum	free	fatty	
acids	 (FFA)	has	been	found	associated	with	 the	absence	
of	UCP3	in	mice	under	standard	housing	temperature	20–	
24°C.7	These	data	suggest	that	the	absence	of	UCP3 likely	
compromises	 the	 ability	 of	 WAT	 to	 store	 triglycerides	
(TGs),	a	process	central	in	the	maintenance	of	the	whole	
body's	 homeostasis.	The	 regulation	 of	WAT	 lipolysis	 oc-
cupies	a	key	position	in	carbohydrates	and	lipids	metabo-
lism,	and	insulin	plays	the	role	of	the	conductor.	Insulin	
significantly	acts	on	adipose	tissue	by	(i)	stimulating	glu-
cose	 uptake	 and	 triglyceride	 synthesis	 (ii)	 suppressing	
triglyceride	 hydrolysis	 and	 release	 of	 FFA	 and	 glycerol	
into	 the	 circulation,	 and	 (iii)	 enhancing	 the	 activity	 of	
lipoprotein-	lipase,	responsible	for	the	uptake	and	storage	

of	blood	lipoproteins	in	WAT.	Thus,	it	is	plausible	that	in	
UCP3	null	mice	a	failure	in	WAT	response	to	insulin	could	
take	place,	also	given	the	pieces	of	evidence	obtained	on	
mice7–	10	 and	 human11,12	 indicating	 a	 role	 for	 UCP3	 in	
protecting	against	insulin	resistance.	How	the	absence	of	
UCP3 leads	to	WAT	lipolysis	and	whether	this	reflects	an	
impaired	response	of	WAT	to	insulin	is	not	known.

Crucial	 for	 adipocyte	 homeostasis	 is	 the	 functional	
bidirectional	relationship	between	mitochondria	and	en-
doplasmic	reticulum	(ER)	so	a	dysfunction	on	either	side	
can	 severely	 disrupt	 cell	 homeostasis	 and	 lead	 to	 meta-
bolic	derangements,	such	as	insulin	resistance.12	Indeed,	
the	folding	of	proteins	within	ER	is	an	energy-	consuming	
process	that	is	profoundly	affected	by	the	cell's	redox	state.	
Consequently,	the	inability	of	mitochondria	to	produce	ad-
equate	levels	of	ATP	and/or	enhanced	mitochondrial	ROS	
production	could	 induce	ER	stress	and	 the	activation	of	
associated	signaling	pathways	[known	as	unfolded	protein	
response	(UPRER)],	finalized	to	return	the	ER	to	homeo-
static	conditions.13	In	turn,	when	under	stress,	ER	could	
relay	 calcium	 signals	 to	 mitochondria	 that	 other	 than	
activating	 mitochondrial	 ATP	 production	 induces	 ROS	
production,	 thus	 leading	 to	 mitochondrial	 dysfunction.	
Thereby,	 a	 vicious	 cycle	 is	 established	 and	 perpetuated.	
Accordingly,	because	of	the	ability	of	UCP3	to	mitigate	ox-
idative	stress	and	to	 influence	mitochondrial	 functional-
ity,4,5	it	is	possible	that	the	absence	of	UCP3	could	lead	to	
ER	stress.	This	is	particularly	intriguing	since,	in	adipose	
tissue,	mitochondrial	dysfunctions	and	ER	stress	are	as-
sociated	with	 insulin	 resistance,	 inflammation,	 lipolysis,	
and	adipokine	production.14

The	 mechanism	 by	 which	 ER	 stress	 interferes	 with	
insulin	 receptor	 signaling	 is	 multifactorial15	 and	 differ-
ent	 branches	 of	 UPRER	 seem	 to	 be	 involved.	 Notably,	
ER	stress	has	 recurrently	been	shown	 to	 induce	cellular	
inflammation	 through	 activation	 of	 pathways	 involved	
in	 the	 regulation	 of	 inflammatory	 cytokines	 release.16	
Cytokines,	produced	by	the	adipocyte	itself	or	by	adipose	

blunted	in	KO	mice,	with	a	putative	role	played	by	eif2a,	JNK,	and	inflammation.	
Variations	 in	 adipokine	 levels	 in	 the	 absence	 of	 UCP3	 were	 observed,	 includ-
ing	reduced	adiponectin	levels	both	in	gWAT	and	serum.	As	a	whole,	these	data	
indicate	an	important	role	of	UCP3	in	regulating	the	metabolic	functionality	of	
gWAT,	with	its	absence	leading	to	metabolic	derangement.	The	obtained	results	
help	to	clarify	some	aspects	of	the	association	between	metabolic	disorders	and	
low	UCP3 levels.

K E Y W O R D S

endoplasmic	reticulum,	insulin	resistance,	lipolysis,	mitochondria,	uncoupling	protein,	white	
adipose	tissue
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tissue-	infiltrated	 macrophages,	 lead	 to	 a	 chronic	 sub-	
inflammatory	state,	central	to	the	onset	and/or	to	the	pro-
gression	 of	 insulin	 resistance.16	 In	 addition,	 when	 FFA	
are	released	by	lipolytic	adipocytes,	they	may	also	activate	
Toll-	like	receptors	4	(TLR4)	and	then	chemokines	and	cy-
tokines	release,	thus	amplifying	insulin	resistance,	lipoly-
sis,	and	inflammation	in	all	WAT.16

Based	on	what	was	 stated	above	and	considering	 the	
role	played	by	UCP3	in	mitigating	mitochondrial	oxidative	
stress,2–	4	we	 investigated	 the	possibility	 that	 in	WAT	the	
absence	of	UCP3	could	lead	to	mitochondrial	dysfunction,	
ER	stress,	 inflammation,	and	insulin	resistance.	In	addi-
tion,	since	ER	has	a	fundamental	role	in	adipokines	syn-
thesis	and	secretion,	we	also	tested	whether	the	absence	
of	UCP3	could	affect	tissue	and	serum	levels	of	these	sig-
naling	 molecules.	 Visceral	 adipose	 tissue,	 in	 particular	
the	gonadic	depot	(gWAT),	has	been	used	throughout	the	
study	as	it	is	of	particular	concern	because	it's	a	key	player	
in	 metabolic	 derangements,	 much	 more	 so	 than	 subcu-
taneous	WAT.16–	18	To	 fully	underscore	 the	role	of	UCP3,	
during	experimentation	mice	were	housed	at	thermoneu-
trality	(30°C)	since	(i)	a	clear	role	of	UCP3	on	energy	and	
lipid	metabolism	has	been	observed	at	thermoneutrality5	
(ii)	 standard	 housing	 temperature	 (20–	24°C)	 for	 these	
rodents	 represents	 constant	 cold	 stress,	 that	 impacts	 re-
search	outcomes.

2 	 | 	 METHODS

2.1	 |	 Animals

UCP3 knockout	(KO)	Swiss	black	background	mice	were	
originally	 from	 the	 Reitman	 group.19	 KO	 mice	 and	 WT	
control	 mice	 (Swiss	 Black	 originally	 from	 Taconic,	 New	
York,	USA)	were	housed	at	30 ± 1°C,	with	a	12/12 h	light-	
dark	cycle	and	free	access	to	food	and	water	for	4 weeks.	
At	 the	 end	 of	 treatment,	 mice	 were	 anesthetized	 with	
Pentotal	 (30 mg/kg)	 and	euthanized	by	cervical	disloca-
tion.	Blood	was	collected,	gWAT	was	dissected	weighted,	
immediately	 processed,	 or	 frozen	 in	 nitrogen	 for	 later	
measurements.

To	evaluate	the	response	of	gWAT	to	insulin,	mice	were	
fasted	for	5 h,	before	receiving	a	single	administration	of	
insulin	(0.5 U/Kg)	or	saline.	30 min	after	the	administra-
tion	mice	were	sacrificed.

This	study	was	carried	out	in	accordance	with	recom-
mendations	in	the	EU	Directive	2010/63	for	the	Care	and	
Use	 of	 Laboratory	 Animals.	 All	 animal	 protocols	 were	
approved	 by	 the	 Committee	 on	 the	 Ethics	 of	 Animal	
Experiments	of	the	University	of	Naples	Federico	II	and	
the	 Italian	Minister	of	Health.	Every	effort	was	made	 to	
minimize	animal	pain	and	suffering.

Project	number:	374/2017PR.
General	 reagents	 were	 of	 the	 highest	 available	 grade	

and	were	obtained	from	Merck-	Sigma	Aldrich	Chemical	
(St.	Louis,	MO,	USA).

2.2	 |	 gWAT glycerol release

To	 evaluate	 the	 diffusion	 of	 glycerol	 from	 gWAT	 to	 the	
medium	50 mg	of	tissue	were	used.	The	tissue	was	incu-
bated	 at	 37°C	 for	 1  h	 at	 37°C	 in	 250  μl	 of	 Krebs	 Ringer	
buffer	 (12  mM	 HEPES,	 121  mM	 NaCl,	 4.9  mM	 KCl,	
1.2  mM	 MgSO4,	 0.33  mM	 CaCl2)	 containing	 2%	 FA-	
free	 bovine	 serum	 albumin	 (BSA)	 and	 0.1%	 glucose.	
Incubations	were	performed	under	shaking	in	the	absence	
and	in	the	presence	of	isoproterenol	(10 µM),	and	samples	
were	gassed	with	95%	O2–	5%	CO2.	At	the	end	of	the	incu-
bation	period,	an	aliquot	of	the	medium	was	used	for	the	
analysis	of	glycerol	content.	An	absorbance-	based	enzyme	
assay	for	glycerol,	commercially	available	(Free	Glycerol	
Reagent;	Merck	Sigma	Aldrich	Chemical),	was	converted	
to	 fluorescence-	based	 detection	 by	 the	 inclusion	 of	 the	
hydrogen	peroxide-	sensitive	dye	Amplex	UltraRed,	as	re-
ported	by	Clark	2009.20

2.3	 |	 gWAT lysates and western blot

100 mg	of	gWAT	were	homogenized	in	300 µl	RIPA	buffer	
(150 mM	NaCl,	1.0%	Triton	X-	100,	0.5%	sodium	deoxycho-
late,	0.1%	SDS,	50 mM	Tris,	pH	8.0)	supplemented	with	a	
broad-	range	antiprotease	cocktail	(Merck,	Sigma-	Aldrich	
Chemical).	Homogenates	were	left	on	ice	for	1 h,	and	then	
centrifuged	at	17.000× g	for	30 min,	at	4°C;	the	resulting	
supernatants	were	collected.

Thereafter,	 15  μg	 of	 adipose	 tissue	 lysates	 were	 sep-
arated	 by	 SDS-	PAGE	 and	 transferred	 to	 nitrocellulose	
membranes	 in	 a	 dry	 blotting	 system	 (iBLOT	 2,	 Thermo	
Fisher	 Scientific	 -		 USA).	 Membranes	 were	 blocked	 with	
Tris-	buffered	saline	containing	0.1%	Tween	and	5%	non-
fat	dry	milk	and	were	subsequently	 incubated	overnight	
with	 the	 appropriate	 antibodies.	 After	 washing,	 filters	
were	 incubated	 with	 secondary	 horseradish	 peroxidase	
coupled	 antibody	 and	 processed	 for	 enhanced	 chemilu-
minescence	detection	using	Excellent	Chemiluminescent	
Substrate	 Kit	 (Elabscience	 USA).	 Signals	 were	 visual-
ized	 by	 ChemiDoc™	 XRS+	 Imaging	 Systems	 (Bio-	Rad	
Laboratories,	Italy).

Primary	antibodies	used	throughout	the	study	were	the	
following:	anti-	SOD-	2	(ab	13533;	abcam	UK,	Cambridge),	
anti-	glutathione	 peroxidase	 4	 (GXP-	4)	 (MAB5457	 R&D	
system,	 Minneapolis	 USA),	 anti-	CAT	 (ab	 16731	 abcam),	
cocktail	of	antibody	used	to	detect	CI-	NDUF88,	CII-	SDHB,	
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CIII-	UQCRC2,	 CIV-	MTCO1	 and	 CV-		 ATP	 VA	 subunits	
(oxophos	 ab110413,	 abcam),	 anti-	perilipin-	1	 (PLIN-	
1)	 (ab3526	 abcam),	 anti-		 ATGL	 (#2138	 Cell	 Signaling	
Technology,	Massachusetts,	USA),	anti	eIF2alpha	(L57A5,	
Cell	 Signaling),	 anti	 (ser	 51)	 eIF2alpha	 phosphorylated	
form	(D9G8,	Cell	Signaling),	anti	Akt/PKB	total	 (#4691,	
Cell	 Signaling)	 and	 Ser	 473	 -	phosphorylated	 Akt/PKB	
form	(#9271,	Cell	Signaling),	anti	JNK	(sc-	7345,	Santa	Cruz	
Biotechnology,	 inc.	 Dallas,	TX,	 USA),	 anti	 (Thr	 183	 and	
Tyr	185)	JNK	phosphorylated	 form	(sc-	6254,	Santa	Cruz	
Biotechnology,	 inc.),	 anti-	Tumor	 Necrosis	 Factor	 Alpha	
TnFalfa	 (ab1793,	 Abcam),	 anti	 i	 Monocyte	 Chemotactic	
protein	(MCP1)	(Elabscinece	E-	AB-	67848),	anti-	Calnexin	
(ab22595	 abcam),	 anti	 GRP78-	BIP	 (ab	 108613	 abcam),	
anti	UCP3	(ab	3477,	Abcam).

Protein	 representation	 was	 quantified	 by	 densitome-
try	(Image	Lab	Software	Biorad	or	Image	J	software)	and	
normalized	based	on	loading	controls	α-	tubulin	(ab4074,	
Abcam)	 or	 β	 actin	 (E-	AB-	20031,	 Elabscience)	 or	 HSP60	
(GTX	110089	GeneTex).

2.4	 |	 Histological analysis

For	histological	analysis,	samples	of	gWAT	were	fixed	by	
immersion	 in	 4%	 v/v	 formaldehyde	 in	 0.1  M	 phosphate	
buffer	 at	 4°C,	 overnight.	 The	 samples	 were	 then	 dehy-
drated	 in	 ethanol,	 cleared,	 and	 embedded	 in	 paraffin	
blocks.	For	morphological	examination,	the	tissues	were	
cut	into	serial	sections	(6-	µm-	thick)	and	then	were	stained	
with	 hematoxylin-	eosin.	 Sections	 were	 viewed	 with	 a	
Nikon	Eclipse	80i	 light	microscope	 (Nikon	 Instruments,	
Milan,	Italy)	at	20×	magnification.	Images	were	obtained	
with	 a	 Sony	 DS-	5M	 camera	 connected	 to	 an	 ACT-	2U	
image	analyzer.

2.5	 |	 Cytochrome oxidase activity

To	detect	Cytochrome	oxidase	activity,	100 mg	of	gWAT	
was	 homogenized	 in	 1  ml	 of	 a	 buffer	 constituted	 by	
(220  mM	 mannitol,	 70  mM	 sucrose,	 20  mM	 Tris-	HCl,	
1  mM	 EDTA,	 5  mM	 EGTA	 (pH	 7.4)).	 The	 homogenate	
was	centrifuged	at	500× g	and	the	upper-	fat	layer	was	re-
moved.	The	 remaining	 supernatant	and	 the	pellet	were	
resuspended	and	re-	homogenized.	The	samples	were	di-
luted	1:2	with	the	same	buffer	containing	lubrol	(1%	w/
vol)	 and	 then	 kept	 on	 ice	 for	 30  min.	 Cytochrome	 oxi-
dase	 activity	 was	 determined	 polarographically	 at	 37°C	
by	 using	 the	 Oroboros	 2k-	Oxygraph	 system	 instrument	
(Innsbruck	Austria).	Homogenate	was	incubated	in	2 ml	
of	reaction	medium	containing	30 µM	cytochrome	c,	4 µM	

rotenone,	 0.5  mM	 dinitrophenol,	 10  mM	 Na-	malonate,	
and	 75  mM	 HEPES	 at	 pH	 7.4.	 After	 about	 10  min	 the	
substrate	 [4  mM	 Na	 ascorbate	 with	 0.3  mM	N,N,N′,N′-	
tetramethyl-	p-	phenylenediamine]	was	added	and	oxygen	
consumption	 was	 detected.	 The	 auto-	oxidation	 of	 the	
substrate	was	evaluated	in	parallel	measurements	in	the	
absence	 of	 homogenate.21	 Sample	 protein	 content	 was	
determined	 using	 Bio-	Rad	 Protein	 Assay	 Dye	 (Bio-	Rad	
Laboratories).

2.6	 |	 Insulin and glucose serum levels

Insulin	and	glucose	were	detected	in	sera	from	mice	under	
5 h	of	fasting,	by	mouse	insulin	Elisa	Kit	(Mercodia	AB,	
Sweden)	and	glucose	assay	kit	by	Merck	(Sigma	Aldrich),	
following	manufacturers'	indications.

2.7	 |	 Mitochondrial ROS levels

Mitochondrial	ROS	content	was	detected	in	isolated	mi-
tochondria.	Fragments	of	gWAT	(500 mg)	were	immersed	
in	ice-	cold	isolation	buffer	(220 mM	mannitol,	70 mM	su-
crose,	20 mM	Tris-	HCl,	1 mM	EDTA,	5 mM	EGTA,	and	1%	
fatty	acid-	free	bovine	serum	albumin	[BSA];	pH	7.4),	and	
then	 homogenized	 in	 a	 Potter-	Elvehjem	 homogenizer	
(Heidiolph	 Instruments,	 Germany).	 To	 remove	 fat,	 the	
homogenate	was	centrifuged	at	10.000× g	for	10 min	at	
4°C.	Floating	fat	was	removed,	the	pellet	resuspended	in	
the	original	volume	and	centrifuged	at	700× g	for	10 min.	
The	 resulting	 supernatant	 was	 centrifuged	 at	 3000×  g	
to	 obtain	 a	 mitochondrial	 pellet.	 Mitochondrial	 pellets	
were	 washed	 twice	 and	 resuspended	 in	 a	 minimal	 vol-
ume	of	isolation	medium	and	kept	on	ice.	Mitochondrial	
ROS	 levels	 were	 measured	 following	 the	 ROS-	induced	
conversion	 of	 2′,7′-	dichlorodihydrofluorescin	 diacetate	
(DCFH-	DA,	 nonfluorescent	 compound)	 in	 dichloro-
fluorescein	 (DCF,	 fluorescent	 compound)	 according	 to	
Driver	 et	 al.	 2000.22	 In	 brief,	 10  µg	 mitochondrial	 pro-
teins	in	200 μl	of	monobasic	phosphate	buffer	0.1 M,	pH	
7.4,	were	 incubated	 for	15 min	with	10 µM	DCFH-	DA.	
Then,	 FeCl3	 was	 added	 (final	 concentration	 100  µM),	
and	the	mixture	was	incubated	for	30 min.	The	conver-
sion	 of	 DCFH-	DA	 to	 the	 fluorescent	 product	 DCF	 was	
measured	using	a	multimode	microplate	 reader	 (Tecan	
Infinite	200	pro	plate	reader)	with	excitation	and	emis-
sion	 wavelengths	 of	 485	 and	 530  nm,	 respectively.	
Background	 fluorescence	 (conversion	of	DCFH	to	DCF	
in	the	absence	of	mitochondria)	was	corrected	with	par-
allel	blanks.	A	standard	curve	of	DCF	was	used	to	calcu-
late	pmol	DCF	formed.
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   | 5 of 15GENTILE et al.

2.8	 |	 Adipokines content analysis

A	 Proteome	 Profiler	 Mouse	 Adipokine	 Array	 (R&D	
Systems,	USA)	has	been	used	for	the	parallel	determina-
tion	of	the	relative	levels	of	selected	mice	Adipokine,	by	
following	the	manufacturer's	indication.

2.9	 |	 Statistical analysis

Data	 are	 reported	 as	 mean  ±  SEM.	 Data	 were	 analyzed	
by	a	two-	tailed	Student's	t-	test	and	differences	have	been	
considered	statistically	significant	at	p < .05.

3 	 | 	 RESULTS

3.1	 |	 Absence of UCP3 reduces gWAT 
weight, adipocytes size and increases the 
lipolytic processes

The	 absence	 of	 UCP3	 reduced	 the	 weight	 of	 gWAT	 (by	
43%)	as	well	as	its	contribution	to	the	total	animal	weight	
(by	33%),	while	no	differences	were	observed	when	con-
sidering	 heart,	 gastrocnemius,	 interscapular	 brown	 adi-
pose	tissue,	and	liver	(Table 1).

In	gWAT	from	mice	under	thermoneutral	conditions,	a	
UCP3-	specific	signal	was	detected	in	mitochondria	from	
WT	samples	but	not	in	KO	ones	(Figure 1A).	Histological	
analysis	of	gWAT	from	WT	and	KO	mice	indicated	that	ad-
ipocytes	size	was	approximately	halved	in	KO	mice	com-
pared	 to	 the	 WT	 control	 ones	 (Figure  1B,C).	 Moreover,	
in	 gWAT	 from	 KO	 mice,	 an	 enhanced	 lipolytic	 capacity	
was	 observed,	 as	 revealed	 by	 increased	 glycerol	 release	
(Figure  1D),	 as	 well	 as	 by	 the	 reduction	 in	 Perilipin-	1	
(PLIN1)	(−90%	vs.	WT)	(Figure 1E),	a	protein	fundamental	

in	lipolysis	process.	No	changes	in	adipose	triglycerides	li-
pase	(ATGL)	protein	levels	were	observed	between	the	WT	
and	KO	mice	(Figure 1F).

3.2	 |	 Absence of UCP3 blunts AKT 
phosphorylation in response to in vivo 
insulin administration

KO	mice,	following	5 h	fasting,	displayed	unchanged	glu-
cose	serum	(Figure 2A)	and	enhanced	insulin	(Figure 2B),	
thus	 accounting	 for	 a	 condition	 of	 insulin	 resistance.	
Accordingly,	the	response	of	gWAT	to	the	in	vivo	adminis-
tration	of	insulin	was	blunted	in	KO	mice.	In	basal	condi-
tions	the	total	level	of	Akt/PKB	and	Ser	473	-	phosphorylated	
Akt/PKB	 were	 not	 significantly	 affected	 by	 the	 absence	
of	 UCP3	 (Figure  2C),	 while	 the	 administration	 of	 insulin	
enhanced	AKT	phosphorylation,	with	the	effect	being	sig-
nificantly	lower	in	KO	mice	Significant	activation	of	AKT	
following	insulin	administration	was	observed	only	in	WT	
mice,	as	revealed	by	the	ratio	pAKT/AKT	(Figure 2C).

3.3	 |	 Absence of UCP3 influences gWAT 
mitochondrial functionality, oxidative 
stress, and enzymatic antioxidant capacity

We	 next	 evaluated	 whether	 alterations	 in	 mitochondria	
functionality	 take	 place	 in	 gWAT	 from	 UCP3  KO	 mice.	
Tissue	 Cytochrome	 Oxidase/complex	 IV	 activity	 (COX),	
a	 known	 index	 of	 maximal	 tissue	 oxidative	 capacity,	
was	 significantly	 inhibited	 in	 KO	 mice	 (−19%	 vs.	 WT)	
(Figure  3A).	 To	 have	 indications	 about	 an	 eventual	 dif-
ference	in	mitochondrial	tissue	content	between	WT	and	
KO	mice,	the	levels	of	the	five	respiratory	complexes	both	
in	total	tissue	and	in	isolated	mitochondria	were	detected.	
As	 reported	 in	 Figure  3C,	 despite	 any	 difference	 in	 res-
piratory	 complexes	 level	 in	 isolated	 mitochondria,	 they	
were	significantly	enhanced	in	total	tissue	lysate	from	KO	
mice	(Figure 3D),	thus	indicating	an	enhancement	of	mi-
tochondrial	 tissue	 content	 (about	 doubled	 in	 KO	 mice).	
Accordingly,	specific	COX	activity,	obtained	by	normaliz-
ing	tissue	COX	activity	for	COX	tissue	level	(i.e.,	complex	
IV	levels),	was	further	reduced	in	KO	mice	compared	to	
WT	(−68%)	(Figure 3B).

Given	the	suggested	role	of	UCP3	in	mitigating	oxida-
tive	stress,	we	also	evaluated	ROS	levels	in	mitochondrial	
enriched	fraction,	and	the	mitochondrial	enzymatic	anti-
oxidant	capacity	(Figure 4).	The	absence	of	UCP3	is	asso-
ciated	with	an	increase	in	mitochondrial	ROS	abundance	
(+58%	in	KO	vs.	WT	ones,	Figure 4A).	In	addition,	super-
oxide	 dismutase	 protein-	2	 (SOD2)	 and	 glutathione	 per-
oxidase-	4 levels	were	significantly	enhanced	in	KO	mice	

T A B L E  1 	 Body	weight,	WAT	weight,	and	contribution	of	
tissues	to	the	whole	body	weight	detected	in	WT	and	KO	mice

WT KO

Body	weight	(g) 32.3 ± 1.0 29.3 ± 1.1*

gWAT	weight	(g) 1.20 ± 0.08 0.68 ± 0.02*

Tissue	weight/body	weight * 100

gWAT 3.68 ± 0.32 2.34 ± 0.06*

BAT 0.74 ± 0.04 0.69 ± 0.04

Heart 0.42 ± 0.02 0.43 ± 0.02

Liver 4.04 ± 0.16 4.31 ± 0.14

Gastrocnemius	Skeletal	
muscle

0.91 ± 0.04 1.06 ± 0.06

Note: Values	represent	the	mean ± SE	of	10	different	mice.
*p < .01	versus	WT.
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(+120%	 and	 +40%	 vs.	 WT,	 respectively,	 Figure  4C,D),	
while	 the	 levels	 of	 catalase	 were	 not	 affected	 by	 the	 ab-
sence	of	UCP3	(Figure 4B).

3.4	 |	 In gWAT, the absence of UCP3 leads 
to ER stress

To	shed	light	on	the	possibility	that	the	absence	of	UCP3	
could	be	associated	with	ER	stress,	we	evaluated	the	level	
of	its	specific	markers,	such	as	the	chaperones	GRP78-	BIP	
and	Calnexin.	In	gWAT	from	KO	mice	increased	levels	of	
the	two	chaperones	were	observed	(by	about	six-		and	two-	
fold	vs.	WT	control,	for	GRP78-	BIP	and	calnexin,	respec-
tively)	(Figure 5A),	thus	indicating	the	occurrence	of	ER	
stress	in	KO	tissues.	In	addition,	we	observed	that	in	KO	
mice	some	signaling	pathways,	associated	with	ER	stress	
and	involved	in	the	reduction	of	adipocytes'	responsivity	
to	insulin,	are	activated,	too.

The	 Eukaryotic	 translation	 initiation	 factor	 2	 alpha	
(eIF2a)	 is	 a	 key	 component	 of	 RNA-	dependent	 protein	
kinase	(PKR)-	like	ER	eukaryotic	initiation	factor-	2	alpha	
kinase	(PERK)	associated	branch	of	UPRER.	Although	no	
significant	changes	in	its	levels	can	be	observed	between	
WT	 and	 KO	 samples,	 significantly	 higher	 levels	 of	 the	
phosphorylated/active	 form	 of	 the	 protein	 as	 well	 as	 an	
enhanced	p-	eIF2-	α/eIF2-	α	ratio	were	detected	in	the	KO	
mice	 (by	 about	 7	 and	 9	 fold	 vs.	 WT,	 respectively),	 thus	
indicating	the	activation	of	the	eIF2-	α	signaling	pathway	
(Figure 5B).

Terminal	 Kinase	 (JNK)	 is	 known	 to	 be	 activated	 by	
inositol-	requiring	ER-	to-	nucleus	signaling	protein	1	(IRE-	
1)	 associated	 UPRER	 branch.	 Total	 and	 phosphorylated	
levels	 JNK	 were	 increased	 in	 tissue	 from	 KO	 mice	 (by	
about	 four-		 and	15-		 fold	vs.	WT	mice,	 respectively).	The	
p-	JNK/JNK	ratio	was	also	enhanced	in	KO	mice	(by	about	
three-	fold),	 thus	 indicating	 the	 activation	 of	 the	 kinase	
(Figure 5C).

F I G U R E  1  UCP3 levels	(A),	gWAT	morphology	(B)	and	adipocytes	mean	area	(C),	glycerol	release	by	gWAT	(D),	and	levels	of	proteins	
involved	in	lipolysis	(E,	F)	detected	in	gWAT	from	WT	and	KO	mice.	Panel	A	shows	a	representative	western	blot	of	UCP3 levels	detected	in	
gWAT	isolated	mitochondria	lysates	(30 μg	of	protein/mouse/lane)	from	WT	and	KO	mice	receiving	vehicle	or	insulin.	HSP60	was	used	as	
a	loading	control.	Panel	B	shows	representative	histological	analysis	of	gWAT	from	WT	and	KO	mice	acclimated	at	thermoneutrality	(30°C)	
for	4 weeks.	Hematoxylin	and	eosin	staining.	Values	represent	the	mean ± SE.	n = 3.	Panel	D	shows	glycerol	release	by	gWAT	detected	
in	basal	conditions	and	in	the	presence	of	isoproterenol	(ISO).	Panels	E	and	F	show	a	representative	Western	blot	of	perilipin	1	(PLIN-	1),	
adipose	triglycerides	lipase	(ATGL)	levels	detected	in	gWAT	tissue	lysates	(15 μg	of	protein/mouse/lane)	from	WT	and	KO	mice.	α-	tubulin	
or	β	actin	were	used	as	the	loading	controls	for	total	tissue	lysates	(15 μg	of	protein/mouse/lane).	The	relative	histograms	represent	the	
quantification	of	signals	data.	Data	were	normalized	to	the	value	obtained	for	WT	animals,	set	as	1.	Values	represent	the	mean ± SEM	of	8	
different	mice	*p < .01	versus	WT
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   | 7 of 15GENTILE et al.

3.5	 |	 Absence of UCP3 affects 
adipokines levels

Next,	 we	 performed	 an	 adipokines	 array	 to	 evaluate	
whether	the	absence	of	UCP3	could	affect	adipokines	lev-
els	in	gWAT	as	well	as	in	sera.	In	gWAT,	Adiponectin	and	
IGFBP1 levels	were	downregulated	in	KO	mice	versus	WT	
ones	(−20%	and	−40%	vs.	WT,	respectively),	while	DPPIV	
and	Fetuin	were	significantly	increased	(+13%	and	+16%,	

respectively).	 (Figure  6).	 Western	 blot	 analysis	 revealed	
that	 chemotactic	 protein-	1	 (MCP1)	 and	 Tumor	 Necrosis	
Factor	 Alpha	 (TNF-	α)	 were	 significantly	 enhanced	 in	
KO	 mice	 (four-	fold	 and	 sevenfold	 vs.	 WT,	 respectively)	
(Figure 7A,B).

A	decrease	in	adiponectin	levels	was	also	observed	in	KO	
mice	when	the	adipokines	protein	array	was	performed	on	
serum	samples	(−38%	vs.	WT).	In	addition,	in	sera,	we	also	
observed	a	significant	reduction	in	Endocan,	IGFBP-	6,	and	

F I G U R E  2  Serum	levels	of	glucose	(A)	and	insulin	(B)	and	response	to	insulin	of	gWAT	from	WT	and	KO	mice	(C).	Representative	
western	blot	of	total	AKT	and	Ser	473	AKT	phosphorylation,	detected	in	gWAT	tissue	lysates	(15 μg	of	protein/mouse/lane)	from	WT	and	
KO	mice	receiving	vehicle	or	insulin.	α-	tubulin	was	used	as	a	loading	control.	The	relative	histograms	represent	the	quantification	of	signals	
data.	Data	were	normalized	to	the	value	obtained	for	WT	animals,	set	as	1.	Values	represent	the	mean ± SEM	of	8	different	mice	*p < .01	
versus	WT	sham	**p < .01	versus	KO	sham	and	WT	ins
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8 of 15 |   GENTILE et al.

Tissue	inhibitor	of	metalloproteinases-	1	(TimP-	1)	protein	lev-
els	(−48%,	−28%,	and	−45%	vs.	WT,	respectively)	associated	
with	high	levels	of	Serpin	E-	1,	also	known	as	Plasminogen	
activator	inhibitor	1	(PAI-	1)	(two-	fold)	(Figure 8).

4 	 | 	 DISCUSSION

The	role	of	UCP3	in	homeostasis	is	progressively	emerg-
ing	and	the	present	study	helps	to	clarify	 its	 importance	

F I G U R E  3  Cytochrome	oxidase	activity	and	respiratory	complexes	abundance	in	gWAT	from	WT	and	KO	mice.	Cytochrome	oxidase	
activity	was	reported	as	nmolesO2/min	mg	tissue	proteins	(A)	or	normalized	for	tissue	COX	(also	known	as	Complex	IV)	levels	and	
expressed	in	arbitrary	units	(B).	Panels	C	and	D	show	representative	Western	blots	of	CI-	NDUF88,	CII-	SDHB,	CIII-	UQCRC2,	CIV-	MTCO1,	
and	CV-	ATP	VA	subunits	detected	in	isolated	mitochondria	from	gWAT	and	in	tissue	lysate,	respectively.	HSP60	and	α-	tubulin	were	used	as	
loading	controls	for	mitochondrial	lysates	(15 μg	of	protein/mouse/lane)	and	total	tissue	lysates	(15 μg	of	protein/mouse/lane),	respectively.	
Histograms	represent	the	quantification	of	data.	Data	were	normalized	to	the	value	obtained	for	WT	animals,	set	as	1.	Values	represent	the	
mean ± SEM	of	8	different	mice
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   | 9 of 15GENTILE et al.

in	 the	 functionality	of	adipose	 tissue	which	exerts	a	 sig-
nificant	control	on	energy	metabolism.	We	report	that	the	
absence	of	UCP3	 impacts	 the	capacity	of	gWAT	to	store	
TG,	its	response	to	insulin,	as	well	its	endocrine	functions.

The	reduced	capacity	of	KO	mice	to	store	TG	in	gWAT	
is	reflected	by	the	lower	contribution	of	tissue's	weight	to	
animal	 weight,	 the	 reduced	 adipocytes	 size,	 and	 the	 en-
hanced	lipolysis.	PLIN-	1,	one	major	lipid	droplet	binding	
protein	that	prevents	“attack”	of	TGs	by	lipases,	whose	de-
ficiency	in	mice	is	associated	with	reduced	fat	mass.23	In	
addition,	PLIN-	1	binds	the	ATGL	co-	activator	(α/β	hydro-
lase	 domain-	containing	 protein	 5	 ABHD5/CGI-	58),	 thus	
preventing	the	latter	from	interacting	with	and	activating	
ATGL.24	The	dissociation	of	PLIN-	I	from	the	lipid	droplet	

detaches	 ABHD5/CGI-	58	 from	 the	 same	 PLIN-	1,	 which	
allows	ATGL	activation.	In	view	of	the	above,	the	strong	
reduction	 of	 PLIN-	1  levels	 detected	 in	 KO	 mice	 likely	
contributes	to	the	enhanced	basal	lipolysis.	Inflammatory	
processes,	mediated	by	TNF-	α,	are	known	to	activate	lip-
olysis	 and	 to	 reduce	 PLIN-	1  mRNA	 and	 protein	 expres-
sion25	thus,	the	increased	levels	of	TNF-	α	observed	in	KO	
mice	might	contribute	to	influencing	adipose	lipolysis	via	
PLIN-	1	 downregulation,	 other	 than	 influencing	 insulin	
sensibility	of	the	tissue	(later	discussed).

Here,	we	also	report	that	the	absence	of	UCP3 leads	to	
mitochondrial	dysfunction/damage	since,	even	though	in	
KO	 mice	 tissue'	 mitochondrial	 content	 was	 almost	 dou-
bled,	gWAT	maximal	oxidative	capacity	was	significantly	

F I G U R E  4  Mitochondrial	ROS	levels	(A)	and	abundance	of	mitochondrial	antioxidant	enzymes	(B-	D)	detected	in	gWAT	from	WT	
and	KO	mice.	Panel	A	ROS	content,	detected	in	gWAT	isolated	mitochondria,	by	evaluating	changes	in	the	DCF	oxidation.	Panels	B-	D	
Representative	Western	blots	of	catalase	(CAT)	(B)	superoxide	dismutase	2	(SOD-	2)	(C),	and	glutathione	peroxidase	4	(GPX-	4)	(D)	in	gWAT	
lysate	(15 μg	of	protein/mouse/lane).	Histograms	represent	the	quantification	of	data.	Data	were	normalized	to	the	value	obtained	for	WT	
animals,	set	as	1,	and	represent	the	mean ± SEM	of	8	different	mice.	*p < .01	versus	WT
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10 of 15 |   GENTILE et al.

reduced.	The	higher	ROS	levels	observed	in	mitochondria	
from	KO	mice	as	well	as	the	enhancement	of	SOD-	2	and	
GPX-	4,	 two	 enzymes	 involved	 in	 the	 first	 line	 antioxi-
dants	defense	and	strategic	to	protect	mitochondria	from	
the	damage	induced	by	O2

−,	H2O2	and	LOOH	are	in	line	
with	the	role	played	by	UCP3	in	mitigating	mitochondrial	
oxidative	 stress.	 The	 higher	 mitochondrial	 ROS	 content	
detected	in	gWAT	from	KO	mice,	linked	to	mitochondrial	
dysfunction	 despite	 an	 increase	 in	 gWAT	 mitochondria	
content,	implies	a	failure	in	mitochondrial	quality	control.

ER	 stress	 is	 associated	 with	 pathologic	 mitochon-
drial	 dysfunction.13	 Our	 data	 demonstrate	 that	 the	
absence	of	UCP3 leads	 to	ER	stress,	associated	with	mi-
tochondrial	 dysfunction,	 insulin	 resistance,	 and	 inflam-
mation.	 The	 mechanism	 by	 which	 ER	 stress	 interferes	
with	 insulin	 signaling25	 is	 multifactorial	 (for	 review,	 see	

Villalobor-	Labra	 et	 al.15);	 it	 seems	 to	 involve	 two	 differ-
ent	branches	of	UPRER,	such	as	IRE1α/JNK,	and	PERK/
eif2α/ATF4 signaling.	Concerning	 the	 first,	 following	 its	
activation,	 JNK	 directly	 phosphorylates	 IRS1	 and	 IRS2	
at	 serine	 and	 threonine	 residues,	 leading	 to	 reduced	
tyrosine-	phosphorylation	of	IRS1/2 molecules	and	to	de-
creased	recruitment	of	 the	PI3K-	AKT	signaling	pathway	
in	 response	 to	 insulin.26–	28	 In	 addition,	 the	 activation	 of	
PERK/eif2α/ATF4  signaling	 leads	 to	 the	 expression	 of	 a	
tribbles-	like	 protein	 3	 (TRB3),	 a	 pseudokinase	 that	 con-
trasts	insulin-	induced	Akt	activation.29,30	gWAT	from	KO	
mice	is	insulin	resistant,	as	revealed	by	the	impaired	abil-
ity	of	the	hormone	to	induce	the	activation/phosphoryla-
tion	of	Akt	(ser	473).	The	activation	of	both	eif-	2α	(ser	51)	
and	the	increased	levels	of	 the	total	and	phosphorylated	
form	of	JNK	(Thr83/tyr185),	observed	in	gWAT	from	KO	

F I G U R E  5  Levels	of	proteins	involved	in	ER	stress	and	UPRER	response	detected	in	gWAT	from	WT	and	KO	mice.	Representative	
Western	blots	of	GRP78/BIP,	Calnexin	(A),	total	and	phosphorylated	(ser	78)	levels	of	eIF2α	(B),	and	total	and	phosphorylated	levels	(Thr	
183	tyr	185)	of	JNK,	performed	in	gWAT	lysate	(15 μg	of	protein/mouse/lane).	Histograms	represent	the	quantification	of	data.	Data	were	
normalized	to	the	value	obtained	for	WT	animals,	set	as	1,	and	represent	the	mean ± SEM	of	6–	8	different	mice.	*p < .01	versus	WT
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F I G U R E  6  Adipokines	profiles	obtained	in	gWAT	from	WT	and	KO	mice.	Adipokine	profile	detected	in	gWAT	from	WT	and	KO	mice,	
by	a	mouse	adipokine	protein	array	(A).	The	arrowheads	indicate	signals	with	significant	changes	that	were	then	magnified	(B).	Histograms	
represent	the	quantification	of	relative	levels	of	adipokines	with	observable	changes	(C).	The	values	represent	the	mean ± SEM	of	4	different	
samples,	each	one	obtained	by	a	pool	of	two	different	animals.	Data	were	normalized	to	the	value	obtained	for	WT	animals,	set	as	1.	*p < .01	
versus	WT

F I G U R E  7  MCP1	and	TNFα	levels	detected	in	gWAT	from	WT	and	KO	mice.	Representative	Western	blots	of	MCP1	(A)	and	TNF-	α	
(B)	in	gWAT	lysates	(15 μg	of	protein/mouse/lane)	detected	in	gWAT	lysates.	Histograms	represent	the	quantification	of	data.	Data	were	
normalized	to	the	value	obtained	for	WT	animals,	set	as	1,	and	represent	the	mean ± SEM	of	8	different	mice.	*p < .01	versus	WT
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mice,	 likely	underly	 the	reduction	of	 the	responsivity	of	
gWAT	to	insulin.	However,	it	is	important	to	highlight	that	
both	eif2α	and	JNK	are	considered	“stress	proteins”,	thus	
it	is	possible	that	signaling	pathways,	other	than	that	di-
rectly	involved	in	UPRER,	could	have	participated	in	their	
activation.	 In	 addition	 to	 insulin	 resistance,	 ER	 stress	 is	
also	closely	associated	with	inflammation.31,32

gWAT	from	KO	mice	has	increased	levels	of	monocyte	
chemoattractant	protein	1	(MCP-	1),	known	to	induce	the	
recruitment	 of	 monocytes	 and	 to	 activate	 proinflamma-
tory	 macrophages,	 which	 in	 turn	 release	 inflammatory	
proteins.	Among	these,	TNF-	α	was	significantly	increased	
in	KO	mice,	likely	contributing	to	blunting	insulin	signal-
ing,	and	in	enhancing	lipolysis.33,34

FFA	 released	 by	 lipolytic	 adipocytes	 may	 also	 activate	
TLR4	 (present	 both	 on	 macrophages	 and	 adipocytes)	 and	
then	chemokines	and	cytokines	release,	thus	amplifying	in-
sulin	resistance,	lipolysis,	and	inflammation.16	The	activation	
of	TLR4	4	by	FFA,	indeed	requires	the	adipokine	Fetuin-	A,	

an	endogenous	presenter	of	FFAs	to	TLR4	to	promote	lipid-	
induced	insulin	resistance35,36	as	well	as	a	key	player	in	re-
ducing	 adiponectin	 transcription	 as	 well	 their	 circulating	
levels.37	 By	 means	 of	 adipokines	 array,	 we	 reported	 that	
gWAT	from	KO	mice	displayed	enhanced	levels	of	Fetuin-	A,	
thus	suggesting	its	contribution	to	insulin	resistance	and	in-
flammation	observed	in	that	tissue.	Interestingly,	it	has	been	
reported	that	in	adipocytes	Feutin	A	and	adiponectin	levels	
are	changed	 following	 the	 induction	of	ER	stress,38,39	and	
that	TNF-		α	 is	able	 to	 inhibit	adiponectin	gene	expression	
and	secretion	from	3T3-	L1	adipocytes.40	Thus,	our	data	sug-
gest	that	the	occurrence	of	ER	stress	in	gWAT	from	KO	mice	
and	the	consequent	inflammation	could	have	been	involved	
in	changing	the	levels	of	the	two	adipokines.

By	 adipokine	 protein	 array	 we	 also	 observed	 that	 in	
gWAT	the	absence	of	UCP3	is	associated	with	an	enhance-
ment	 of	 Dipeptidyl	 peptidase-	4	 (DPPIV)	 and	 a	 decrease	
in	IGF-	binding	protein-	1	(IGFBP-	1),	two	proteins	that	can	
modulate	 the	 availability	 of	 signaling	 molecules	 for	 the	

F I G U R E  8  Adipokines	profiles	obtained	in	sera	from	WT	and	KO	mice.	Adipokine	profile	detected	in	sera	from	WT	and	KO	mice,	by	
a	mouse	adipokine	protein	array	(A).	The	arrowheads	indicate	signals	with	significant	changes	that	were	then	magnified	(B).	Histograms	
represent	the	quantification	of	relative	levels	of	adipokines	with	observable	changes	(C).	The	values	represent	the	mean ± SEM	of	4	different	
samples,	each	one	obtained	by	a	pool	of	two	different	animals.	Data	were	normalized	to	the	value	obtained	for	WT	animals,	set	as	1.	*p < .01	
versus	WT
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adipocytes.	 DPPIV,	 also	 known	 as	 adenosine	 deaminase	
binding	 protein,	 in	 WAT	 may	 have	 multiple	 autocrine	
and	 paracrine	 functional	 implications	 for	 the	 tissue's	
physiology	and	resistance	to	insulin,	since	(i)	it	 interacts	
and	 recruits	 adenosine	 deaminase	 to	 the	 cell	 surface,	
thus	modulating	 the	well-	known	antilipolytic	 effects	 ex-
erted	by	adenosine	on	adipocyte33,41	and	its	(ii)	it	cleaves	
neuropeptide	Y,	 thus	 reducing	 its	 antilipolytic	 action	 on	
adipose	tissue42	and	(iii)	it	directly	impairs	insulin	signal-
ing	in	adipocytes	in	vitro.43	Thus,	the	increased	levels	of	
DPPIV	in	gWAT	from	KO	mice	could	have	plausibly	con-
tributed	 to	 enhanced	 lipolysis	 as	 well	 to	 the	 occurrence	
of	 insulin	 resistance.	 Reasonably	 the	 high	 level	 of	TNF-	
α,	 detected	 in	 samples	 from	 KO	 mice,	 could	 have	 been	
responsible	 for	 the	upregulation	of	DPPIV.43	 In	addition	
to	 the	 above	 adipokines,	 adiponectin,	 an	 adipose-	tissue-	
derived	hormone,	plays	an	 important	role	 in	 the	regula-
tion	of	 lipid	metabolism	and	 insulin	sensitivity	and	also	
possesses	anti-	inflammatory	effects44–	46	being	considered	
as	an	antiatherogenic	adipokine.45	In	sera	from	KO	mice,	
the	reduced	adiponectin	levels	are	in	line	with	alteration	
in	fatty	acids	and	glucose	metabolism,	previously	reported	
for	these	mice6–	9	and	with	data	obtained	in	human.47	The	
changes	 in	 PAI-	1	 and	TIMP-	1  levels	 (that	 are	 known	 to	
be	oppositely	regulated	by	adiponectin48	and	that	are	in-
volved	in	the	formation,	progression,	and	stabilization	of	

atherosclerotic	plaques,49,50	associated	with	 reduced	adi-
ponectin	levels	might	support	occurrence	or	atherogenesis.

Interestingly,	 in	 gWAT	 from	 KO	 mice,	 some	 mecha-
nisms	tending	to	contrast	insulin	resistance	seem	to	be	ac-
tivated,	too.	Indeed,	the	local	down-	regulation	of	IGFBP-	1	
observed	in	gWAT	from	KO	mice,	that	would	increase	the	
availability	 and	 the	 effect	 of	 IGF-	1,	 could	 be	 considered	
a	compensatory	mechanism,	finalized	to	minimize	gWAT	
insulin	resistance	and	the	associated	derangements.	It	 is	
well	known	that	IGF-	1	affects	adipocyte	metabolism	and	
that	its	activity	is	acutely	regulated	by	the	binding	to	IGF-	
binding	protein-	1	(IGFBP-	1).	In	vitro	studies	indicate	that	
IGF-	1	and	IGF-	2	are	equipotent	with	insulin	in	regulating	
adipocyte	metabolism,	in	terms	of	stimulation	of	cell	glu-
cose	uptake	and	lipolysis	inhibition43	and	that	the	effects	
of	IGF1	are	blunted	in	the	presence	of	IGFBP-	1.51

5 	 | 	 CONCLUSIONS

As	a	whole	major	advances	have	been	made	in	the	under-
standing	of	the	physiological	role	of	UCP3	through	the	anal-
ysis	of	genetically	modified	animal	models.	We	show	that	
UCP3	contributes	to	gWAT	insulin	sensitivity	by	influenc-
ing	mitochondrial	and	ER	compartments	in	the	regulation	
of	 inflammatory	 and	 lipid	 metabolism-	related	 pathways.	

F I G U R E  9  The	schema	represents	the	interrelated	processes	occurring	in	gWAT	from	KO	mice	that	lead	to	insulin	resistance,	lipolysis,	
and	reduced	ability	of	the	tissue	to	store	lipids.	The	grey	box	indicates	that	the	processes	described	in	it	are	not	directly	assayed	and	refer	to	
the	functions	attributed	to	UCP3	reported	in	literature
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In	KO	mice,	the	occurrence	of	multifactorial	processes	in-
terrelated	 and	 influencing	 each	 other,	 such	 as	 impaired	
mitochondrial	 functionality,	 ER	 stress,	 insulin	 resistance	
and	inflammation,	underlie	the	reduced	ability	of	gWAT	to	
store	lipids	(Figure 9),	but	at	the	moment	it	is	not	possible	
to	define	univocally	which	of	the	listed	processes	was	estab-
lished	first.	However,	when	considering	the	role	proposed	
by	UCP3	in	protecting	mitochondria	 from	oxidative	stress	
(i.e.,	 mitigation	 of	 ROS	 production	 by	 mild	 uncoupling2,3	
and	extrusion	of	 lipid	hydroperoxides	 from	mitochondrial	
matrix4),	we	speculate	that	the	absence	of	UCP3	first	leads	
to	 mitochondrial	 dysfunction;	 this	 will	 induce	 the	 other	
mentioned	interrelated	processes	(Figure 9).	It	is	important	
to	underly	that,	since	we	employed	whole	body	UCP3 KO	
mice,	we	cannot	exclude	some	other	factors	related	to	the	
absence	 of	 UCP3	 in	 tissues	 expressing	 the	 protein	 other	
than	WAT	(i.e.,	heart,	brown	adipose	tissue,	skeletal	mus-
cle)	could	have	contributed	to	influence	WAT	functionality	
in	our	model.	Further	investigation	of	the	molecular	role	of	
UCP3	in	gWAT	is	an	important	task	for	the	future	and	may	
provide	new	insights	into	its	function	in	energy	homeostasis.
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