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Abstract
The	liver	plays	a	pivotal	role	in	mammalian	aging.	However,	the	mechanisms	under-
lying liver aging remain unclear. Cisd2 is a pro- longevity gene in mice. Cisd2 medi-
ates lifespan and healthspan via regulation of calcium homeostasis and mitochondrial 
functioning.	Intriguingly,	the	protein	level	of	Cisd2	is	significantly	decreased	by	about	
50% in the livers of old male mice. This down- regulation of Cisd2 may result in the 
aging	 liver	 exhibiting	 non-	alcoholic	 fatty	 liver	 disease	 (NAFLD)	 phenotype.	 Here,	
we use Cisd2 transgenic mice to investigate whether maintaining Cisd2 protein at 
a	persistently	high	 level	 is	 able	 to	 slow	down	 liver	aging.	Our	 study	 identifies	 four	
major	discoveries.	Firstly,	that	Cisd2	expression	attenuates	age-	related	dysregulation	
of	lipid	metabolism	and	other	pathological	abnormalities.	Secondly,	revealed	by	RNA	
sequencing	 analysis,	 the	 livers	 of	 old	male	mice	 undergo	 extensive	 transcriptomic	
alterations,	 and	 these	 are	 associated	with	 steatosis,	 hepatitis,	 fibrosis,	 and	 xenobi-
otic	detoxification.	 Intriguingly,	a	youthful	 transcriptomic	profile,	 like	 that	of	young	
3-	month-	old	mice,	was	 found	 in	old	Cisd2	 transgenic	male	mice	at	26	months	old.	
Thirdly,	Cisd2	 suppresses	 the	age-	associated	dysregulation	of	various	 transcription	
regulators	(Nrf2,	IL-	6,	and	Hnf4a),	which	keeps	the	transcriptional	network	in	a	normal	
pattern.	Finally,	a	high	level	of	Cisd2	protein	protects	the	liver	from	oxidative	stress,	
and	this	is	associated	with	a	reduction	in	mitochondrial	DNA	deletions.	These	find-
ings demonstrate that Cisd2 is a promising target for the development of therapeutic 
agents	 that,	 by	 bringing	 about	 an	 effective	 enhancement	 of	Cisd2	 expression,	will	
slow down liver aging.
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1  |  INTRODUC TION

Elderly individuals present with a higher susceptibility to acute liver 
injury,	 liver	 viral	 infections,	 and	 non-	alcoholic	 fatty	 liver	 disease	
(NAFLD),	the	latter	being	mainly	manifested	as	an	excessive	accumu-
lation	of	fat	in	hepatocytes.	In	addition,	due	to	their	decreased	liver	
regenerative	capacity	and	immune	response	dysfunction,	elderly	in-
dividuals are also more prone to liver fibrosis progression. Chronic 
steatosis and hepatitis have been proposed to contribute to fibrosis/
cirrhosis	and	possible	HCC	development	(Anstee	et	al.,	2019).

Although	 the	 precise	 etiology	 of	 liver	 aging	 remains	 elusive,	 a	
number	of	studies	have	indicated	that	CDGSH	iron–	sulfur	domain-	
containing	protein	2	(Cisd2)	plays	a	pivotal	role	in	regulating	lifespan	
and	aging-	associated	organ	deterioration.	A	deficiency	in	Cisd2	has	
been	 found	 to	 lead	 to	 a	 shortened	 lifespan	 (Chen	 et	 al.,	 2009a).	
Conversely,	 enhanced	 expression	 of	 Cisd2	 promotes	 longevity,	
exerts	 an	 anti-	aging	effect,	 and	ameliorates	 aging-	associated	phe-
notypes	 (Chen	et	al.,	2009a,	2010;	Wu	et	al.,	2012).	Furthermore,	
our previous study has shown that Cisd2 haploinsufficiency pre-
disposes	mice	to	NAFLD	and	HCC,	especially	under	HBx	challenge.	
Overexpression	of	Cisd2	was	found	to	have	beneficial	effects	and	
improve	HBx-	mediated	hepatic	 lipid	 accumulation,	 protect	 against	
lipotoxicity,	 and	protect	against	hepatocarcinogenesis	 (Shen	et	al.,	
2017,	 2018).	Moreover,	 numerous	 studies	 have	 further	 confirmed	
that Cisd2 mitigates age- related functional decline in a wide range of 
tissues,	including	skeletal	muscle,	neurons,	skin,	and	heart	(Wu	et	al.,	
2012;	Yeh	et	al.,	2019,	2020).	Additionally,	Cisd2	is	mainly	located	in	
the	ER,	the	mitochondrial	outer	membrane,	and	the	mitochondria-	
associated	ER	membrane	(MAM).	 In	terms	of	function,	Cisd2	plays	
a pivotal role in the maintenance of Ca2+ homeostasis and is in-
volved in modulating mitochondrial function and oxidative stress 
(Shen	et	al.,	2021;	Wang	et	al.,	2014).	Thus,	Cisd2	 is	able	 to	exert	
a wide range of cytoprotective actions via the regulation of the ER 
and of mitochondrial functionality; these scenarios have been pos-
tulated as the way that Cisd2 brings about extensions of lifespan and 
healthspan	(Shen	et	al.,	2021).

The	synergistic	effects	of	multiple	factors,	 including	 insulin	re-
sistance,	adipose	dysregulation,	inflammation,	and	oxidative	stress,	
have	been	shown	to	be	involved	in	age-	related	NAFLD	progression	
(Marjot	 et	 al.,	 2020;	 Tilg	 &	Moschen,	 2010).	 A	 number	 of	 recent	
studies	 have	 shown	 that	 reactive	oxygen	 species	 (ROS)	 and	mito-
chondrial dysfunction play a vital role in this process (Chakravarthy 
&	Neuschwander-	Tetri,	2020;	Chen	et	al.,	2020).	Although	oxidative	
stress	has	been	implicated	in	the	progression	of	NAFLD	through	its	
various	stages,	it	is	still	unclear	how	ROS	triggers	hepatic	inflamma-
tion	and	fibrogenesis	during	aging.	It	is	thought	that	a	large	amount	
of	ROS	might	result	in	lipid	peroxidation,	inflammation,	protein	ox-
idation,	and	various	types	of	cell	death,	and	that	these	collectively	
contribute	to	the	onset	and	development	of	NAFLD	(Masarone	et	al.,	
2018).

The protein level of Cisd2 was found to be dramatically de-
creased	by	about	50%	in	the	aged	 livers	of	old	mice	at	26	months	
old compared with young mice at 3 months old. This age- dependent 

down-	regulation	of	Cisd2	was	correlated	with	a	NAFLD	phenotype	
in the aging liver. The present study was designed to apply a genetic 
approach to investigate whether maintaining the Cisd2 protein at 
a	persistently	high	level	during	old	age,	namely	a	 level	comparable	
to	the	Cisd2	level	at	a	young	age,	 is	able	to	slow	down	liver	aging,	
attenuate age- related functional decline and mitigate structural 
damage; this was investigated using the livers of Cisd2 transgenic 
(Cisd2TG)	mice	that	carry	two	additional	copies	of	the	Cisd2	gene.	
Furthermore,	we	carry	out	 transcriptomic	 analysis	 to	pinpoint	 the	
potential	 mechanism(s)	 of	 action	 associated	 with	 the	 anti-	aging	
effect	 of	Cisd2	on	 the	 liver.	Our	 findings	 provide	 evidence	 show-
ing	 that	providing	a	high	 level	of	Cisd2	 (about	a	 twofold	 increase)	
throughout a mouse's lifetime is able to preserve a youthful tran-
scriptomic profile in the liver and slow down liver aging.

2  |  RESULTS

2.1  |  Cisd2 maintains the structure of the liver 
and protects the liver from age- related pathological 
damage

To	 study	 the	 role	 of	Cisd2	during	 liver	 aging,	 the	 expression	of	 the	
Cisd2 was assessed by immunoblotting of liver samples from old Cisd2 
transgenic	(Cisd2TG)	mice	and	old	wild-	type	(WT)	mice.	At	26	months	
old,	 the	WT	mice	were	 found	 to	 have	 undergone	 about	 a	 46%	 re-
duction	in	Cisd2	protein	in	the	liver	compared	to	young	WT	mice	at	
3	months	old	(Figure	1a).	On	the	contrary,	a	persistently	high	level	of	
Cisd2	protein	(about	twofold)	was	found	to	be	maintained	in	the	liv-
ers	of	Cisd2TG	mice	throughout	their	lifetime	(Figure	1a;	Figure	S1a).	
Although	the	body	weights	of	the	old	WT	and	old	Cisd2TG	mice	were	
similar	(Figure	1b),	the	liver-	to-	body	weight	ratio	was	found	to	be	sig-
nificantly decreased in the old Cisd2TG mice compared to that in the 
old	WT	mice	(Figure	1c),	which	suggests	that	a	high	level	of	Cisd2	sup-
presses	 hepatic	 fat	 deposition	 during	 aging.	 In	 addition,	 aging	 was	
found to be associated with elevated serum levels of various liver 
damage	 markers,	 namely	 aspartate	 aminotransferase	 (AST),	 alanine	
aminotransferase	 (ALT),	 and	alkaline	phosphatase	 (ALP);	 all	 of	 these	
liver damage markers were significantly lower in the old Cisd2TG mice 
compared	to	the	old	WT	mice	(Figure	1d–	f).	The	aged	livers	of	old	mice	
display	 a	 combination	 of	 hepatic	 steatosis,	 macrophage	 infiltration,	
and	fibrosis	(Figure	1g,h).	Strikingly,	Cisd2	overexpression	was	able	to	
suppress	the	development	of	these	pathological	changes	(Figure	1g,h;	
Figure	S2).	Similar	results	were	found	when	the	percentage	of	prolif-
eration	marker	Ki67-	positive	hepatocytes	was	quantified.	In	the	aged	
liver	of	old	mice,	there	was	found	to	be	a	significant	increase	in	Ki67-	
positive	 hepatocytes;	 on	 the	 contrary,	 hepatocyte	 proliferation	was	
barely	detectable	in	the	livers	of	young	WT,	young	Cisd2TG,	and	old	
Cisd2TG	mice	(Figure	1g,i).	Furthermore,	Cisd2	appears	to	attenuate	
the	increase	of	triglyceride	(TriG)	associated	with	old	livers	(Figure	1j).	
These findings indicate that enhanced Cisd2 expression appears to 
delay	 liver	 aging	 and,	 furthermore,	 is	 able	 to	 ameliorate	 age-	related	
pathological damage.
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2.2  |  Cisd2 retains a youthful transcriptomic profile 
pattern in the liver during natural aging

To identify the molecular basis of Cisd2- mediated protection against 
liver	aging,	we	used	RNA	sequencing	(RNA-	seq)	technology	to	gen-
erate the transcriptomic profiles of livers from old Cisd2TG mice at 

26	months	old	and	we	compared	these	profiles	with	those	of	WT	mice	
at	3	months	old	(young)	and	at	26	months	old	(natural	aging).	The	ex-
pression	levels	of	11,316	genes	were	quantified	in	this	study.	Principal	
component	analysis	(PCA)	showed	a	dramatic	difference	in	the	tran-
scriptome	 profiles	 of	 young	 (3-	mo)	WT	mice	 and	 old	 (26-	mo)	WT	
mice	 (Figure	2a).	 Intriguingly,	 the	 transcriptomic	profile	 of	Cisd2TG	

F I G U R E  1 High	level	of	Cisd2	protects	the	liver	from	age-	related	pathological	changes,	namely	hepatic	steatosis,	inflammation,	and	
fibrosis	during	natural	aging.	(a)	Immunoblotting	of	Cisd2	protein	in	the	livers	of	wild-	type	(WT)	mice	and	Cisd2TG	mice	at	3-	mo	or	26-	mo	
old (n =	3–	4).	(b)	Body	weight	and	(c)	ratios	of	liver/body	weight.	(d)	Serum	AST	levels	(n =	6).	(e)	Serum	ALT	levels	(n =	6).	(f)	Serum	ALP	
levels (n =	6).	(g)	The	liver	sections	of	3-	mo	WT,	3-	mo	Cisd2TG,	26-	mo	WT,	and	26-	mo	Cisd2TG	mice	stained	with	H&E,	IHC	of	F4/80	
(Kupffer	cell	marker)	or	Ki67,	and	Masson's	trichrome.	Overt	fat	deposition,	hepatocyte	ballooning,	inflammation	(arrow),	and	fibrosis	were	
detected	in	the	naturally	aged	livers.	(h)	Quantitative	analysis	of	liver	fibrosis	was	performed	by	measuring	the	positive	area	of	Masson's	
trichrome	staining.	For	each	mouse,	three	micrographs	(100×)	were	used	for	the	quantification	(n =	3).	(i)	Quantitative	analysis	of	nuclear	
Ki67-	positive	hepatocytes.	For	each	mouse,	three	micrographs	(400×)	were	used	for	the	quantification.	(j)	Total	triglyceride	(TriG)	levels	in	
the	liver	tissues.	See	Figure	S2	for	microphotographs	at	low	magnification.	Scale	bar,	50	μm. Data are presented as mean ±	SD.	*p < 0.05; 
**p <	0.005.	AST,	aspartate	aminotransferase;	ALT,	alanine	aminotransferase;	ALP,	alkaline	phosphatase
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(26-	mo)	mice	clusters	together	with	and	is	very	close	to	that	of	the	
young	(3-	mo)	WT	mice,	suggesting	that	a	high	level	of	Cisd2	protein	
appears	to	delay	liver	aging.	A	total	of	1,212	genes	were	found	to	be	
significantly	up-	regulated	or	down-	regulated	with	age	(Figure	2b).	Of	
these,	491	of	the	1,077	up-	regulated	genes	and	88	of	the	135	down-	
regulated	genes	were	reversed	in	Cisd2TG	mouse	liver	at	26	months	
(Figure	2c,d).	During	 liver	 aging,	 six	of	 the	 top	 ten	 significantly	 en-
riched	Gene	Ontology	(GO)	categories	of	the	differential	genes	were	
associated	with	 inflammatory	 processes	 (e.g.,	 the	 type	 I	 interferon	
signaling	pathway,	defense	response	to	virus,	and	the	toll-	like	recep-
tor	signaling	pathway)	(Figure	2e),	which	indicates	that	inflammation	
seems to be one of the critical determinants during liver aging.

2.3  |  Cisd2 counteracts the age- associated changes 
that affect the liver transcriptome with respect to 
cellular functions, pathways, and pathology

Ingenuity	pathway	analysis	(IPA)	identified	several	significant	path-
ways (p <	0.05)	when	the	following	paired	comparisons	were	made:	

(a)	natural	aging	(26-	mo	WT	vs.	3-	mo	WT),	and	(b)	anti-	aging	(26-	mo	
Cisd2TG	vs.	26-	mo	WT).	There	are	five	major	functional	groupings	
within	these	pathways,	and	these	are	as	follows:	(1)	oxidative	stress;	
(2)	inflammation/hepatitis;	(3)	hepatic	fibrosis;	(4)	lipid	metabolism;	
and	 (5)	 xenobiotic	 metabolism	 signaling	 (Figure	 3a,b).	 All	 five	 of	
these are of interest when investigating mouse liver phenotypes. 
Specifically,	 for	 lipid	metabolism,	 the	 levels	 of	 the	 genes	 involved	
in	fatty	acid	biosynthesis	(Scd1),	fatty	acid	transport	(Cd36,	Abcg1),	
and	 fatty	 acid	 transcription	 regulation	 (Ppargc1a/PGC-	1α,	 Id1)	 are	
significantly	increased	upon	aging.	Remarkably,	enhanced	Cisd2	ex-
pression in the liver of Cisd2TG mice significantly lowered the ex-
pression	levels	of	these	genes,	which	are	also	known	to	be	involved	
in	the	pathogenesis	of	NAFLD	(Figure	3c).	Additionally,	in	the	livers	
of	Cisd2TG	mice,	most	 of	 the	 age-	related	 differentially	 expressed	
genes	 (DEGs)	 that	are	associated	with	 fibrosis	and	stellate	cell	 ac-
tivation	(Figure	3d),	as	well	as	with	xenobiotic	metabolism	and	the	
cytochrome	P450	panel	(Figure	3e),	still	have	a	young	pattern	that	
is	similar	to	that	found	in	3-	mo	WT	mice.	Taken	together,	both	PCA	
and	the	IPA	data	indicate	that	age-	related	impairment	of	liver	meta-
bolic function can be significantly attenuated by an enhanced level 

F I G U R E  2 High	level	of	Cisd2	preserves	a	young	transcriptomic	pattern	in	the	liver	of	old	Cisd2TG	mice.	(a)	Principal	component	analysis	
(PCA)	of	RNA-	seq	data	for	mice	made	up	of	three	groups	(3-	mo	WT	mice,	26-	mo	WT	mice,	and	26-	mo	Cisd2TG	mice).	(b)	Volcano	plot	
showing	transcriptome	change	in	26-	mo	vs.	3-	mo	WT	mice.	Horizontal	line	shows	the	5%	false	discovery	rate	(FDR)	threshold.	Red	or	blue	
plots	display	genes	above	the	indicated	FDR	and	fold	change	threshold.	(c)	Pie	chart	shows	the	number	of	mRNAs	that	are	differentially	
expressed	in	26-	mo	WT	compared	to	3-	mo	WT	mice.	Blue	indicates	the	down-	regulated	genes	associated	with	aging	in	the	liver,	and	red	
indicates	the	up-	regulated	genes	associated	with	aging	in	liver.	The	mRNAs	that	underwent	differential	reversal	on	overexpression	of	Cisd2	
in	the	Cisd2TG	mice	were	identified.	(d)	Heatmap	representing	the	age-	dependent	579	DEGs	that	had	their	expression	changes	attenuated	
by	overexpression	of	Cisd2	in	the	Cisd2TG	mice.	(e)	Over-	represented	PANTHER	GO-	Slim	Biological	Processes	of	transcriptome	changes	
during	aging	(1212	DEGs).	The	top	10	GO	processes	are	shown
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F I G U R E  3 Functional	analyses	of	the	differential	expression	genes	(DEGs),	the	expression	patterns	of	which	are	affected	by	aging	and	
the	pattern	of	which	are	reversed	by	overexpression	of	Cisd2	in	the	Cisd2TG	mice.	(a,	b)	Ingenuity	pathway	analysis	(IPA)	toxicity	list	linking	
the	RNA-	seq	data	in	the	livers	of	26-	mo	WT	mice	(a)	and	26-	mo	Cisd2TG	mice	(b)	with	the	cellular	functions,	pathways,	and	pathological	
phenotypes.	The	highest	enriched	functions	related	to	liver	are	grouped	into	various	different	categories,	namely	oxidative	stress,	
inflammation,	fibrosis,	steatosis,	and	xenobiotic	metabolism.	(c–	e)	Heat	maps	depicting	expression	of	age-	associated	DEGs	related	to	liver	
steatosis	(c),	fibrosis	(d),	and	xenobiotic	metabolism	(e)	(n =	3).	The	age-	related	DEGs	(26-	mo	vs.	3-	mo)	that	are	significantly	reversed	in	the	
Cisd2TG mice are marked with an asterisk (FDR <	0.05)
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of Cisd2 expression and that a youthful pattern of transcriptome is 
preserved in the liver of Cisd2TG mice.

2.4  |  Cisd2 attenuates aging- induced 
dysregulation of various transcriptional networks

Using	the	upstream	regulator	analysis	routine	of	the	IPA	program,	we	
were able to predict that Cisd2 expression at a level similar to that 
found	 in	young	WT	mice	affected	a	number	of	upstream	regulators	
and that these regulators play important roles in attenuating liver stea-
tosis.	A	total	of	seven	down-	regulated	and	five	up-	regulated	transcrip-
tion regulators were identified (p <	0.05	&	absolute	Z score >2; Table 
S1).	 Interleukin-	6	 (IL-	6)	and	nuclear	factor	E2-	related	factor	2	 (Nrf2)	
were identified as being significantly activated (activation z- score >2)	
upstream	 regulators;	 on	 the	 contrary,	 hepatocyte	nuclear	 factor-	4α 
(Hnf4a)	was	significantly	inhibited	(activation	z- score <	−2,	Figure	4a).	
In	the	old	WT	mice	(26-	mo),	aging	may	increase	IL-	6-	mediated	tran-
scriptional	 activity;	 consequently,	 the	 expression	 of	 several	 of	 its	
downstream	target	genes,	such	as	Orm2,	Saa2,	Apcs,	and	Emr1,	was	
increased	 (Figure	4b).	 In	 fact,	one	of	 the	 IL-	6	potential	downstream	
target	 genes,	 Emr1	 (F4/80),	 is	 the	macrophage	marker	 used	 in	 the	
immunostaining	(Figure	1g).	As	shown	in	Figure	4c,	Nrf2	appears	to	
activate a variety of genes that are involved in the adaptive response 
to oxidative/xenobiotic stress. This effect could be a compensatory 
response to the increased level of damage present during liver aging. 
Notably,	IPA	also	revealed	that	Hnf4a,	which	is	a	master	regulator	of	
hepatocyte differentiation and a key determinant for liver function 
(Lu,	 2016),	was	 significantly	 suppressed	 in	 the	 aged	 liver	 of	 26-	mo	
WT	mice	(Figure	4d;	Table	S1).	Importantly,	in	the	liver	of	old	Cisd2TG	
(26-	mo)	mice,	a	high	level	of	Cisd2	protein	maintains	these	three	tran-
scription	regulators,	namely	IL-	6,	Nrf2,	and	Hnf4a,	in	a	normal	young	
pattern,	thus	preventing	their	downstream	target	genes	from	under-
going	abnormal	up-	regulation	or	down-	regulation	(Figure	4b–	d;	Table	
S2).	As	a	result,	a	younger	liver	is	likely	to	be	preserved	via	the	main-
tenance of a normal transcriptional network in the old Cisd2TG mice.

2.5  |  Cisd2 suppresses age- related oxidative stress 
in the liver

To study whether an increased level of Cisd2 has a beneficial effect 
on	the	suppression	of	oxidative	stress	and	liver	injury,	we	examined	
ROS/RNS	levels,	as	well	as	the	markers	of	ROS-	mediated	damage,	in	
the	livers	of	WT	and	Cisd2TG	mice.	Remarkably,	there	is	a	significant	
increase	in	the	total	ROS/RNS	level	and	the	level	of	lipid	oxidation	
product	malondialdehyde	(MDA)	 in	the	aged	 liver	of	old	WT	mice,	
which indicates that the antioxidant capacity of the liver declines 
with	age	(Figure	5a,b).	ROS-	mediated	damage	is	known	to	be	associ-
ated with liver dysfunction and may cause overt pathology in the 
aging	 liver.	 For	 example,	 ROS	 can	 generate	 double-	strand	 breaks	
and	 large	 mitochondrial	 DNA	 (mtDNA)	 deletions	 and	 these	 have	
been associated with mitochondrial dysfunction and aging (Chocron 

et	al.,	2019;	Nissanka	et	al.,	2019).	The	mtDNA	containing	deletions	
in	the	liver	samples	were	able	to	be	detected	by	PCR.	Notably,	the	
level	of	mitochondrial	DNA	 (mtDNA)	deletion	was	significantly	 in-
creased	in	the	aged	livers	of	old	WT	mice	(Figure	5c).	Conversely,	in	
the	old	Cisd2TG	mice,	our	results	revealed	that	there	is	a	significant	
decrease	 in	 the	ROS/RNS	and	MDA	 levels,	as	well	as	a	significant	
reduction	in	mtDNA	deletion	(Figure	5a–	c).

A	previous	study	has	revealed	that	the	ratio	of	the	reduced	form	
of	 glutathione	 (GSH)	 to	 the	 oxidized	 form	 of	 glutathione	 (GSSG)	
is	 able	 to	 serve	 as	 an	 indicator	 of	 the	 redox	 environment	 (Wang	
et	al.,	2020).	To	calculate	the	GSH/GSSG	ratio,	the	amounts	of	glu-
tathione of these two types in liver tissue samples were determined 
(Figure	5d,e).	 In	 the	 livers	of	old	WT	 (26-	mo)	mice,	 the	GSH/GSSG	
ratio was significantly lower compared with that the livers of young 
WT	(3-	mo)	mice	(Figure	5f).	Remarkably,	the	GSH/GSSG	ratio	was	sig-
nificantly	higher	in	the	livers	of	old	Cisd2TG	(26-	mo)	mice	compared	
with	old	WT	(26-	mo)	mice.	These	results	indicate	that	Cisd2	appears	
to	rescue,	at	least	in	part,	the	aging-	induced	elevation	of	oxidized	glu-
tathione.	Moreover,	in	the	aged	liver	of	old	WT	mice,	several	antiox-
idant	enzymes,	namely	Sod3,	Nqo1,	Gstm2,	Gstm4,	and	Mgst3,	have	
significantly increased expression levels in response to the elevated 
oxidative	stress.	 Interestingly,	 in	the	old	Cisd2TG	mice,	the	expres-
sion	pattern	of	these	antioxidant	enzymes	was	found	to	be	similar	to	
that	in	the	young	WT	mice	(Figure	5g).	Taken	together,	these	findings	
suggest that a high level of Cisd2 protein effectively suppresses the 
increase	in	oxidative	stress	associated	with	aging,	thereby	limiting	li-
potoxicity	and	attenuating	mitochondrial	DNA	deletion.

2.6  |  Cisd2 appears to protect the liver via an 
autonomous effect on the hepatocytes

To study whether Cisd2 protects the liver via an autonomous regu-
lation	 of	 hepatocyte	 lipid	 metabolism,	 oxidative	 stress,	 and	mito-
chondrial	function,	we	use	the	AML12	cell	line	as	a	hepatocyte	cell	
model; this was established from the hepatocytes of a transgenic 
mouse	(Wu	et	al.,	1994).	The	AML12-	Cisd2KO	cell	 line	was	gener-
ated	in	vitro	via	the	use	of	CRISPR/Cas9-	mediated	genome	editing	
technology	 to	 disrupt	 both	 alleles	 of	 the	Cisd2	 gene	 (Figure	 S3a).	
Furthermore,	 these	 Cisd2KO	 cells	 then	 had	 the	 Cisd2	 protein	 re-	
expressed by a lentivirus- mediated methodology that generated 
the	AML12-	Cisd2RE	cell	line	(Figure	S3a);	the	Cisd2RE	cell	line	was	
used as a control to make sure that the phenotypic defects of the 
Cisd2KO	cell	line	are	indeed	caused	by	Cisd2	deficiency	rather	than	
an	off-	target	effect.	Notably,	 in	the	AML12-	Cisd2KO	hepatocytes,	
there	is	a	significant	increase	in	the	level	of	intracellular	lipids,	in	the	
level	of	ROS/RNS,	and	 in	 the	amount	of	 lipid	peroxidation	 (Figure	
S3b–	d);	these	abnormalities	affecting	lipid	metabolism	and	oxidative	
stress are very similar to those observed in the aged livers of the old 
WT	mice	(Figure	1g;	Figure	5a,b).	Moreover,	in	the	AML12-	Cisd2KO	
hepatocytes,	there	 is	a	significant	decrease	in	mitochondrial	respi-
ration as monitored by the mitochondrial oxygen consumption rate 
(OCR)	(Figure	S3e).	Intriguingly,	in	the	AML12-	Cisd2RE	hepatocytes,	
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all	of	 the	metabolic	defects,	as	well	as	 the	oxidative	stress,	disap-
pear	 (Figure	 S3b–	e),	 which	 indicates	 that	 Cisd2	 deficiency	 is	 in-
deed the factor that leads to the metabolic abnormalities in the 
AML12-	Cisd2KO	hepatocytes.	Interestingly,	in	the	AML12-	Cisd2KO	
hepatocytes,	we	also	confirmed	that	the	mRNA	levels	of	Apoa4	and	

Hmox1,	which	are	the	downstream	target	genes	of	Hnf4a	and	Nrf2,	
are	up-	regulated,	while	in	the	AML12-	Cisd2RE	hepatocytes,	the	up-	
regulation	of	these	two	genes	is	reversed	(Figure	S3f–	i).	Additionally,	
in	mice	 at	 an	 age	 of	 3	months	 old,	 fresh	 liver	 tissue	 samples	 ob-
tained	 from	 the	 hepatocyte-	specific	 Cisd2KO	 mice	 displayed	 a	

F I G U R E  4 Age-	dependent	dysregulation	of	various	upstream	transcription	regulators	and	their	downstream	target	genes	is	attenuated	
in	the	livers	of	Cisd2TG	mice.	(a)	Significantly	activated	or	inhibited	upstream	regulators	based	on	activation	z- score (absolute z- score >2.0)	
from	IPA	upstream	regulator	analysis.	(b)	Interleukin-	6	(IL-	6)	(c)	Nrf2	(d)	Hnf4a-	mediated	transcriptional	changes	in	gene	expression.	TF,	
transcription	factor.	See	Table	S1	for	complete	gene	list
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mitochondrial phenotype that had impaired respiration as evidenced 
by	a	decrease	of	mitochondrial	OCR.	On	the	contrary,	similar	tissue	
samples obtained from the Cisd2TG mice show an improved trend in 
mitochondrial	OCR	compared	to	the	controls	(Figure	S1b).	Taken	to-
gether,	these	findings	suggest	that	Cisd2	has	an	autonomous	effect	
in	 the	 liver	on	hepatocytes	 via	 the	 regulation	of	 lipid	metabolism,	
oxidative	stress,	and	mitochondrial	function.

3  |  DISCUSSION

The major finding of the present study is that a persistently high level 
of Cisd2 expression in the Cisd2TG mice is able to slow down liver 

aging,	attenuate	age-	related	functional	decline	of	the	liver,	and	reduce	
structural	damage	to	the	liver	(a	graphic	summary	is	shown	in	Figure	6).	
Several	novel	 findings	are	pinpointed.	Firstly,	Cisd2	attenuates	age-	
related dysregulation of lipid metabolism and mitigates the progres-
sion	of	NAFLD	toward	NASH	and	fibrosis.	Secondly,	consistent	with	
the	pathological	findings,	the	aged	livers	of	old	mice	undergo	extensive	
transcriptomic	alterations	that	can	be	associated	with	steatosis,	hepa-
titis,	 fibrosis,	 and	xenobiotic	detoxification,	 as	 revealed	by	RNA	se-
quencing	analysis.	Intriguingly,	a	youthful	transcriptomic	profile,	which	
is	similar	to	that	present	in	the	young	mice	at	3	months	old,	was	able	
to	be	observed	in	old	Cisd2	transgenic	mice	at	26	months	old.	Thirdly,	
an enhanced level of Cisd2 expression suppresses age- associated dys-
regulation	of	various	 transcription	regulators,	 specifically	Nrf2,	 IL-	6,	

F I G U R E  5 Negative	correlation	of	Cisd2	levels	with	age-	related	oxidative	stress	in	the	liver.	(a)	Total	reactive	oxygen	and	nitrogen	species	
levels	(ROS/RNS)	in	the	liver	tissues	of	old	WT	mice	and	old	Cisd2TG	mice	(n =	3).	(b)	Hepatic	contents	of	malondialdehyde	(MDA).	(n =	3–	4).	
(c)	Deletions	of	the	mitochondrial	genome	(mtDNA)	are	attenuated	in	liver	tissue	of	old	Cisd2TG	mice	compared	to	old	WT	mice.	Manba	is	
used as the control nuclear gene (n =	4).	(d)	The	reduced	form	of	glutathione	(GSH)	levels	in	the	liver	tissues	of	old	WT	mice	and	old	Cisd2TG	
mice (n =	3).	(e)	The	oxidized	form	of	glutathione	(GSSG)	levels	in	the	liver	tissues	of	old	WT	mice	and	old	Cisd2TG	mice	(n =	3).	(f)	GSH/
GSSG	ratios	in	the	liver	tissues	of	WT	mice	and	Cisd2TG	mice	at	3	months	or	26	months	old	(n =	3).	(g)	Differentially	expressed	genes	that	
are	involved	in	the	antioxidant	defense	of	the	livers	of	naturally	aged	mice.	The	young	WT	control	group	was	set	to	have	a	value	of	1.	DCF,	
2’,	7'-	dichlorodihydrofluorescein.	Data	are	presented	as	mean	±	SD;	not	significant	(n.s.).	*p <	0.05;	**p < 0.005
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and	Hnf4a,	and	this	maintains	the	transcriptional	network	resulting	in	
a	more	normal	pattern	similar	to	that	observed	in	young	mice.	Finally,	a	
high level of Cisd2 protein appears to be able to protect the liver from 
oxidative	stress	and	reduce	mitochondrial	DNA	deletions.

3.1  |  A higher level of Cisd2 during old age results 
in a youthful transcriptomic profile in the livers of 
old mice

There	 are	 a	 number	 of	 known	 liver	 pathologies,	 including	 he-
patic	steatosis,	increased	infiltration	of	inflammatory	cells	(mainly	
Kupffer	cells),	 fibrosis	 (hepatic	stellate	cells	activation	and	colla-
gen	deposition),	and	abnormal	cell	death,	all	of	which	are	present	
in	the	aged	livers	of	old	mice	(Hunt	et	al.,	2019).	Given	that	an	age-	
dependent decrease of Cisd2 expression has been detected in var-
ious	tissues	during	normal	aging	(Chen	et	al.,	2009b,	2010;	Shen	
et	al.,	2021),	it	is	not	surprising	that	Cisd2	is	also	down-	regulated	
in	 the	 aging	 liver	 (Figure	 1a).	 Cisd2	 haploinsufficiency	 in	 the	

heterozygous	Cisd2	knockout	 (KO)	mice	predisposes	the	mice	to	
develop	NAFLD	and	then	accelerates	the	carcinogenesis	of	HCC	
at	a	later	stage	(Shen	et	al.,	2017).	Therefore,	down-	regulation	of	
Cisd2 by 50% during old ages is likely to create a phenotype re-
sembling	 the	heterozygous	Cisd2KO	mice.	 In	addition,	moderate	
fibrosis is a prominent histological hallmark of aging in a range of 
organ	systems,	including	the	heart,	kidney,	and	liver.	In	our	study,	
the	 presence	 of	 overt	 steatosis,	macrophage	 infiltration,	 and	 fi-
brosis in aged livers was found to be remarkably attenuated in the 
Cisd2TG	mice	 (Figure	 1g–	j),	which	 supports	 the	 hypothesis	 that	
maintaining a persistently high level of Cisd2 throughout a life-
time indeed is able to delay aging and result in an old mouse that 
has	a	younger	and	healthier	 liver.	Conversely,	a	recent	study	has	
suggested that Cisd2 deficiency drives a vicious cycle of impaired 
mitochondrial	function,	disruption	of	Ca2+	homeostasis,	increased	
ROS	levels,	and	higher	levels	of	ER	stress	(reviewed	in	Shen	et	al.,	
2021).	Taken	together,	these	molecular	events	are	all	likely	to	con-
tribute to the development of fatty liver disease and metabolic 
dysfunction when Cisd2 is down- regulated.

F I G U R E  6 Cisd2	slows	down	liver	aging	by	maintaining	metabolic	homeostasis	and	attenuating	age-	related	pathological	damage	and	its	
associated	functional	decline.	(a)	During	natural	aging,	the	protein	level	of	Cisd2	is	significantly	decreased	by	about	50%	in	the	aged	livers	
of	old	mice,	which	was	associated	with	dysregulated	lipid	metabolism	and	fatty	liver	disease.	Elevated	levels	of	ROS/RNS,	increased	lipid	
peroxidation,	and	a	higher	frequency	of	mitochondrial	DNA	deletion,	as	well	as	mitochondrial	dysfunction	thus	form	a	vicious	cycle.	Various	
Nrf2-	mediated	mechanisms	are	then	activated	to	deal	with	the	oxidative	stress.	This	Nrf2	pathway	is	likely	to	be	a	compensatory	effect	
that	occurs	in	response	to	the	elevated	ROS/RNS	levels.	Subsequently,	the	vicious	cycle	of	oxidative	stress	and	mitochondrial	dysfunction	
is	likely	to	lead	to	metabolic	stress,	and	the	disruption	of	various	important	gene	networks,	including	the	Hnf4a	pathway,	which	is	crucial	to	
hepatocyte	function,	as	well	as	the	activation	of	a	range	of	inflammation	responses,	such	as	the	IL-	6	pathway.	Overall,	these	changes	will	
accelerate	the	development	of	steatosis	(fatty	liver	disease),	NASH	(fatty	liver	disease	with	inflammation),	and	fibrosis,	thereby	triggering	
liver	aging.	(b)	In	the	Cisd2TG	mice,	a	persistently	high	level	of	Cisd2	in	the	liver	throughout	the	mouse	lifetime	appears	to	maintain	a	
youthful	transcriptomic	profile,	thus	counteracting	the	age-	related	structural	damage	and	related	functional	decline



10 of 13  |     HUANG et Al.

3.2  |  Aging is characterized by increased variation 
between different individuals in terms of their 
transcriptomic profiles

The	PCA	scatter	plot	shows	that	young	mice	cluster	tightly	together,	
while	old	mice	show	much	greater	 individual	variability	 (Figure	2a),	
which strongly implies the presence of increased variation in terms of 
gene expression and supports the hypothesis that this is the mecha-
nism	that	brings	about	age-	related	cellular	degeneration	(Bahar	et	al.,	
2006).	With	 increasing	age,	we	were	able	 to	note	 that	more	genes	
are	up-	regulated	than	down-	regulated	(Figure	2b),	which	 is	consist-
ent	with	previous	microarray	and	RNA-	seq	analyses	(Lee	et	al.,	2012;	
White	et	al.,	2015).	If	we	consider	that	actively	transcribed	genes	need	
to	be	tightly	regulated,	we	can	speculate	that	epigenetic	remodeling	
present	during	liver	aging	(Bacalini	et	al.,	2019)	may	be	the	potential	
mechanism	causing	universal	transcriptional	 induction.	 Importantly,	
our findings provide evidence that alterations in the global transcrip-
tome	profile,	as	well	as	the	dramatic	variations	in	gene	expression	as-
sociated	with	aging,	are	reversed	in	26-	mo	Cisd2TG	mice.	This	favors	
a prominent role for Cisd2 in liver aging.

3.3  |  Oxidative stress and mitochondrial 
dysfunction in the aging liver

Our	 results	 reveal	 that	 there	 is	 an	 elevated	 level	 of	 ROS/RNS,	 as	
well	as	a	reduced	GSH/GSSG	ratio,	in	the	aged	livers	of	old	WT	mice	
(Figure	5a,f).	Additionally,	 our	 previous	 and	 current	 studies	 suggest	
that,	in	the	Cisd2TG	mice,	an	enhanced	level	of	Cisd2	maintains	redox	
homeostasis	 across	 a	 variety	 of	 organs	 and	 tissues	 (Huang	 et	 al.,	
2018;	Shen	et	al.,	2017;	Yeh	et	al.,	2019).	Oxidative	stress	is	a	major	
risk factor during aging and is associated with age- related diseases. 
ROS	produces	harmful	effects	on	 lipids,	proteins,	and	nucleic	acids,	
and these result in an accumulation of lipid peroxidation products and 
extensive	mtDNA	damage.	Notably,	in	the	aging	liver,	previous	studies	
have	reported	that	there	is	a	higher	level	of	mtDNA	oxidative	damage	
compared	with	nuclear	DNA	oxidative	damage	(Hamilton	et	al.,	2001).	
ROS-	induced	mtDNA	damage	impairs	mitochondrial	oxidative	phos-
phorylation	and	this	further	enhances	the	production	of	ROS,	thereby	
establishing	a	vicious	cycle	in	the	aging	liver.	However,	it	would	seem	
that	 Cisd2	 expression	 at	 a	 level	 similar	 to	 young	 WT	 mice	 in	 the	
Cisd2TG mice prevents the liver from developing this vicious cycle.

3.4  |  The Nrf2- mediated stress response

Both	 the	 IPA	 upstream	 regulator	 analysis	 and	 the	 IPA	 toxicity	
list	 reveal	 that	 “NFE2L2	 (NRF2)”	 and	 “NRF2-	mediated	 oxidative	
stress”	 are	 among	 the	 top	 regulated	 regulators	 and	 pathways	
(Figures	 3a	 and	 4a).	 NRF2	 protects	 against	 oxidative	 stress	 by	
controlling	the	expression	of	various	cytoprotective	enzymes	and	
antioxidant	proteins	(Schmidlin	et	al.,	2019).	A	previous	study	has	
suggested	that	 induction	of	HO-	1	 (HMOX1),	which	 is	one	of	 the	

most important antioxidant proteins among the downstream tar-
get	genes	of	Nrf2,	has	a	protective	effect	on	the	 liver	under	the	
stress	conditions	found	during	various	liver	diseases	(Protzer	et	al.,	
2007;	Tsui	et	al.,	2005).	 In	 the	aged	 liver	of	old	WT	mice,	an	 in-
creased	ROS	level	was	found	to	be	accompanied	by	up-	regulation	
of	Nrf2	target	genes.	However,	 in	the	 liver	of	old	Cisd2TG	mice,	
the	ROS	level	is	significantly	reduced;	this	was	accompanied	by	a	
significant	decrease	in	the	expression	of	Nrf2	downstream	target	
genes	(Figure	4c).	Thus,	it	seems	likely	that	the	activation	of	Nrf2	
pathway in the aging liver is an adaptive response that protects 
against increased oxidative stress.

3.5  |  Lipid metabolism in the aging liver

The present study has also elucidated how Cisd2 acts as a protec-
tive mechanism against age- related fatty liver and dysregulation of 
lipid	metabolism.	In	the	Cisd2TG	mice,	a	persistently	high	level	of	
Cisd2 is able to suppress the age- related induction of various lipid 
metabolism	 genes,	 including	 Scd1	 (a	 lipogenic	 enzyme),	G0S2	 (a	
lipolysis	inhibitor),	Cd36	(a	fatty	acid	transporter),	Nrip1	(RIP140),	
and	 Id1	 (a	 transcription	 corepressor),	 as	 shown	 in	 Figure	 3.	Up-	
regulation of these lipid metabolism genes in the aged liver seems 
to	result	in	an	increase	in	de	novo	lipogenesis,	which	then	leads	to	
fat	accumulation	in	the	liver.	Interesting,	an	increase	in	Ppargc1a	
(PGC-	1α)	expression	was	also	found	in	the	aged	liver	of	old	mice	
(Figure	3c).	In	addition	to	this	finding,	a	number	of	age-	dependent	
changes in various upstream transcription regulators were pre-
dicted,	 and,	 among	 these,	 the	 transcription	 regulator	 PPARα 
(Table	S1)	was	clearly	 identified	as	a	strong	candidate.	 Increased	
expression	of	PGC-	1α	 and	PPARα has been reported to increase 
fatty	acid	oxidative	metabolism	(Cheng	et	al.,	2018).	Whether	the	
increase	 in	 PGC-	1α	 expression	 and	 the	 activation	 of	 PPARα are 
compensatory effects in response to the lipid accumulation in the 
aged liver remain unclear and deserves further investigation in the 
future.

4  |  CONCLUSION

The	 liver	 plays	 a	 pivotal	 role	 in	 the	 aging	 of	 mammals,	 and	 this	
seems to occur via the modulation of a variety of metabolism and 
detoxification pathways. The present study provides genetic evi-
dence demonstrating that Cisd2 is a promising target for slowing 
down	liver	aging.	Since	Cisd2	is	down-	regulated	in	the	liver	during	
natural	aging,	the	up-	regulation	of	Cisd2	expression	by	a	Cisd2	ac-
tivator should help to protect the liver from age- related structural 
damage	and	the	associated	 functional	decline.	We	anticipate	 that	
development of therapeutic agents that bring about an effective 
enhancement of Cisd2 expression will promote longevity and im-
prove	healthspan.	However,	the	potential	causal	roles	of	the	Hnf4a,	
IL-	6,	 and	 Nrf2	 signal	 pathways	 in	 Cisd2-	mediated	 longevity	 re-
mained to be explored.
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5  |  E XPERIMENTAL PROCEDURES

5.1  |  Mice

The	 Cisd2	 BAC	 transgenic	 (Cisd2TG)	 mice	 were	 generated	 on	 a	
C57BL/6	background	(Shen	et	al.,	2017;	Wu	et	al.,	2012).	The	Cisd2TG	
mice	carry	four	copies	of	Cisd2	genes,	namely	two	endogenous	Cisd2	
alleles	and	two	transgenic	copies	of	the	Cisd2	BAC.	Since	the	preva-
lence	of	NAFLD	in	males	is	significantly	higher	than	in	females	at	all	
ages	(Lonardo	et	al.,	2019),	male	mice	were	used	for	all	experiments	
in this study. The mice were maintained at 21 ± 1°C under a regular 
12/12	h	light/dark	cycle	and	fed	a	normal	chow	diet	ad	libitum.	When	
assessing	age-	dependent	hepatic	steatosis,	the	experiments	were	per-
formed	using	wild-	type	mice	aged	3	and	26	months	old.	Additionally,	
Cisd2TG	mice	were	sacrificed	at	26	months	old.	The	body	weights	and	
liver weights were recorded at sacrifice. The serum concentrations 
of	alanine	aminotransferase	(ALT),	aspartate	aminotransferase	(AST),	
and	alkaline	phosphatase	(ALP)	of	the	mice	were	determined	using	a	
DRI-	CHEM	3500s	(FUJIFILM).	All	animal	protocols	were	approved	by	
the	Institutional	Animal	Care	and	Use	Committee	(IACUC)	of	National	
Yang	Ming	Chiao	Tung	University	(No.	1080410).

5.2  |  Liver histopathology

Liver	 tissue	 samples	were	 harvested	 and	 then	 fixed	 in	 10%	 buff-
ered	 formalin	 solution	 for	 paraffin	 embedding.	 Hematoxylin	 and	
eosin	 (H&E)	 staining	 and	Masson's	 trichrome	 staining	 (Muto	 Pure	
Chemicals)	of	3	μm thickness liver sections were carried out using 
standard	protocols.	Areas	of	fibrosis	and	the	total	area	investigated	
were	determined	by	Image	J	software	from	a	number	of	image	fields	
obtaining from each slide.

5.3  |  Immunohistochemistry

Immunohistochemistry	 (IHC)	 staining	was	 carried	out	on	paraffin-	
embedded liver sections (3 μm)	 using	 antibodies	 against	 F4/80	
(123101,	 BioLegend)	 and	 against	 Ki67	 (550609,	 BD	 Pharmingen)	
separately,	and	this	was	followed	by	counterstaining	with	hematox-
ylin.	Briefly,	sections	were	deparaffinized	and	rehydrated,	and	they	
then underwent antigen- retrieved using target retrieval solution 
(S1699,	Dako).	Next,	the	liver	sections	were	treated	with	3%	H2O2 in 
PBS,	which	was	followed	by	blocking	with	5%	bovine	serum	albumin	
solution.	After	 incubation	with	each	primary	 antibody	 in	 antibody	
diluent	(ab64211,	Abcam),	the	signals	were	detected	by	the	Labeled	
Streptavidin–	Biotin	(LSAB)	staining	method	(K0679,	Dako).

5.4  |  Western blotting

Liver	tissues	from	each	mouse	from	the	three	different	groups	were	
homogenized	 in	 lysis	buffer	 (50	mM	Tris	at	pH	7.4,	100	mM	NaCl,	

1	mM	EDTA,	and	1%	Triton	X-	100	in	the	presence	of	complete	pro-
tease	 inhibitor	 and	 phosphatase	 inhibitor	 cocktails	 (Roche).	 The	
hepatic lysates (10 μg	proteins)	were	separated	by	12%	SDS-	PAGE	
and	transferred	onto	polyvinylidene	fluoride	(PVDF)	membrane.	The	
membranes	were	blocked	using	5%	(w/v)	non-	fat	freeze-	dried	milk	
in	buffer,	then	probed	with	anti-	Cisd2	(Chen	et	al.,	2009a)	or	anti-	
Gapdh	 (MAB374,	Millipore)	 antibody,	 and	 finally	 developed	 using	
ECL	reagents	(34580,	Thermo).	Quantitative	densitometric	analysis	
using	Image	J	software	was	performed.

5.5  |  Liver TriG, MDA, ROS/RNS, and GSH/
GSSG levels

Liver	triglyceride	(TriG)	content	was	extracted	by	homogenization	of	
each liver tissue sample with a mixture of 1:2 chloroform and metha-
nol	(v/v)	as	described	previously	(Shen	et	al.,	2017).	The	hepatic	con-
tent	of	TriG	was	determined	using	a	TriG	assay	kit	(TR0100,	Sigma).	
Hepatic	 levels	 of	 lipid	 peroxidation	 products	 (malondialdehyde,	
MDA)	were	determined	by	 thiobarbituric	acid	 reactive	 substances	
(TBARS)	 assay	 using	 a	 commercially	 available	 kit	 (STA-	330,	 Cell	
Biolabs).	Quantification	of	total	reactive	oxygen	species	(ROS)	and	
reactive	nitrogen	species	(RNS)	present	 in	the	liver	tissue	was	car-
ried	out	using	a	specific	ROS/RNS	probe,	namely	dichlorodihydroflu-
orescein	DiOxyQ	(DCFH-	DiOxyQ),	through	the	use	of	a	OxiSelect	
in	vitro	ROS/RNS	assay	kit	(STA-	347,	Cell	Biolabs).	The	levels	were	
normalized	to	total	protein	amount	of	liver	tissues.	The	levels	of	GSH	
and	GSSG	were	measured	using	a	GSH/GSSG	Ratio	Detection	Assay	
Kit	II	(ab205811,	Abcam).

5.6  |  Presence of mitochondrial DNA 
(mtDNA) deletions

Detection	and	quantification	of	DNA	deletions	in	mitochondrial	ge-
nome	were	performed	by	PCR	analysis	of	genomic	DNA	extracted	
from	 the	 liver	 (Tanhauser	 &	 Laipis,	 1995).	 In	 brief,	 specific	 dele-
tions	in	the	mtDNA	flanked	by	known	direct	repeat	sequences	(D-	1	
or	D-	17)	were	amplified	using	a	short	PCR	cycle.	The	D-	1	primers	
were	able	to	amplify	either	a	748-	bp	mtDNA	deletion	product	or	
a	full-	length	4,615-	bp	undeleted	mtDNA	product	(mtDNAWT).	The	
D-	17	primers	were	 able	 to	 amplify	 either	 a	851-	bp	mtDNA	dele-
tion	product	or	a	 full-	length	4,672-	bp	undeleted	mtDNA	product	
(mtDNAWT).

5.7  |  RNA extraction, sequencing, and analysis

Total	RNA	extraction	from	the	mouse	 liver	tissue	samples	was	per-
formed	using	TRI	Reagent	(T9424,	Sigma)	using	the	phenol/chloroform	
method.	The	library	preparation	and	sequencing	were	performed	by	
National	Yang-	Ming	University	VYM	Genome	Research	Center.	The	
analysis	 generated	 a	 sequencing	 depth	 of	 at	 least	 20	million	 reads	
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for	 each	 sample	 by	 single-	end	 sequencing.	 Transcript	 abundance	
was	measured	 as	 transcripts	 per	million	 (TPM).	 A	 total	 of	 11,000–	
12,000	genes	were	retained	after	filtering	for	expressed	genes	(mini-
mal	count	of	TPM	>1	detected	in	at	least	50%	samples).	The	resulting	
p	 values	 from	 Student's	 t	 test	were	 adjusted	 using	 the	 Benjamini–	
Hochberg	method.	Differentially	expressed	genes	(DEGs)	were	iden-
tified	using	cutoff	thresholds	for	the	false	discovery	rate	 (FDR)	and	
using	a	fold	change,	as	indicated	in	the	legend	of	each	figure.

5.8  |  Functional analysis of differentially 
expressed genes

Gene ontology annotation of the DEGs was carried out using the 
statistical	 overrepresentation	 test	 from	 PANTHER	 (http://panth	
erdb.org/)	with	GO-	Slim	Biological	Process.	The	top	ten	significant	
processes with a fold enrichment of >4.5	and	an	FDR	of	<5% are 
presented	 in	the	GOslim	analysis.	Upstream	regulator	analysis	and	
the	Ingenuity	Tox	List	tool	were	used	to	the	identified	genes	via	IPA	
(Ingenuity®Systems,	http://www.ingen	uity.com).	The	top	ontologies	
that are able to give relevant biological insights related to the liver 
are presented.

5.9  |  Statistical analysis

All	data	are	presented	as	mean	±	SD.	Unpaired	two-	tailed	Student's	
t	test	was	used	to	compare	two	groups.	Significant	differences	were	
defined as having a p  <	0.05.	The	RNA-	seq	dataset	from	the	TPM	
was	 loaded	 into	 the	EZinfo	3.0.3	 software	 (Umetrics)	 package	 for	
principal	component	analysis	(PCA).	TPM	values	were	transformed	
into z-	scores	and	these	were	used	to	create	heatmaps,	which	were	
in	turn	generated	by	Multi	Experiment	Viewer	(MEV)	4.9	software	
(Saeed	et	al.,	2003).
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