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Abstract
This	study	investigated	the	direct	roles	of	hydrogen	peroxide	(H2O2) in kidney aging 
using	transgenic	mice	overexpressing	glutathione	peroxidase-1	(GPX1	TG).	We	dem-
onstrated that kidneys in old mice recapitulated kidneys in elderly humans and were 
characterized	by	glomerulosclerosis,	tubular	atrophy,	interstitial	fibrosis,	and	loss	of	
cortical	mass.	Scavenging	H2O2	by	GPX1	TG	significantly	reduced	mitochondrial	and	
total	 cellular	 reactive	 oxygen	 species	 (ROS)	 and	mitigated	 oxidative	 damage,	 thus	
improving	these	pathologies.	The	potential	mechanisms	by	which	ROS	are	increased	
in	the	aged	kidney	include	a	decreased	abundance	of	an	anti-aging	hormone,	Klotho,	
in	kidney	tissue,	and	decreased	expression	of	nuclear	respiratory	factor	2	(Nrf2),	a	
master regulator of the stress response. Decreased Klotho or Nrf2 was not improved 
in	 the	kidneys	of	old	GPX1	TG	mice,	 even	 though	mitochondrial	morphology	was	
better	preserved.	Using	laser	capture	microdissection	followed	by	label-free	shotgun	
proteomics	analysis,	we	show	that	 the	glomerular	proteome	 in	old	mice	was	char-
acterized by decreased abundance of cytoskeletal proteins (critical for maintaining 
normal	glomerular	function)	and	heat	shock	proteins,	leading	to	increased	accumula-
tion of apolipoprotein E and inflammatory molecules. Targeted proteomic analysis of 
kidney tubules from old mice showed decreased abundance of fatty acid oxidation 
enzymes	and	antioxidant	proteins,	as	well	as	increased	abundance	of	glycolytic	en-
zymes	and	molecular	chaperones.	GPX1	TG	partially	attenuated	the	remodeling	of	
glomerular	and	tubule	proteomes	 in	aged	kidneys.	 In	summary,	mitochondria	 from	
GPX1	TG	mice	are	protected	and	kidney	aging	is	ameliorated	via	its	antioxidant	ac-
tivities,	independent	and	downstream	of	Nrf2	or	Klotho	signaling.
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1  | INTRODUC TION

Kidney aging manifests as a progressive decline in kidney function 
with	age,	which	increases	the	risk	of	chronic	kidney	diseases	(CKD)	
and	 end-stage	 renal	 diseases	 (ESRD).	 It	 is	 characterized	 by	 slow,	
progressive	glomerulosclerosis,	tubular	atrophy,	interstitial	fibrosis,	
and	arteriosclerosis	(Bitzer	&	Wiggins,	2016).	Epidemiological	stud-
ies show that CKD are present in >30% of the elderly population 
in	the	US,	and	old	age	per	se	has	the	highest	correlation	with	a	low	
glomerular	filtration	rate	(“2018	USRDS	annual	data	report:	Volume	
one:	CKD	in	the	General	Population,”	2018).	CKD	increase	the	risk	of	
all-cause	and	cardiovascular	deaths	by	~2-fold	(Tonelli	et	al.,	2006).	
In	the	elderly	that	do	not	meet	the	criteria	of	CKD,	old	age	increases	
susceptibility to acute kidney injury and decreases its reparative ca-
pacity	(Chen	et	al.,	2007;	Wang,	Bonventre,	&	Parrish,	2014).	These	
data emphasize the importance of understanding the molecular 
mechanisms of kidney aging in order to develop therapies to prevent 
or	delay	this	condition	(Bitzer	&	Wiggins,	2016).

Reactive	oxygen	species	(ROS)	signaling	pathways	are	central	to	
several paradigms that modulate aging and healthspan. The mito-
chondrial free radical theory of aging proposes that mitochondria are 
both	primary	sources	of	ROS	and	primary	 targets	of	ROS-induced	
damage	(Harman,	1972).	Notably,	mitochondrial	damage	is	a	hallmark	
of	several	aging	phenotypes,	and	primary	mitochondrial	damage	due	
to	 the	 accumulation	 of	 mitochondrial	 DNA	 deletion	 “accelerates”	
aging	 (Vermulst	 et	 al.,	 2008).	Protection	of	mitochondria	by	mito-
chondrial-targeted antioxidants extends lifespans and attenuates 
changes	due	to	aging	in	several	organ	systems	(Schriner	et	al.,	2005).	

These findings suggest a causal link between mitochondrial dam-
age	 induced	 by	 ROS	 and	 the	 aging	 process.	 The	 critical	 roles	 of	
mitochondrial oxidative stress have been demonstrated in murine 
aging	 (Schriner	et	al.,	2005)	and	healthspan,	 including	cardiac	 (Dai	
et	al.,	2009)	and	skeletal	muscle	aging	 (Lee	et	al.,	2010).	However,	
the	direct	role	of	ROS	has	not	been	investigated	in	kidney	aging.

Glutathione	 peroxidase-1	 (GPX1)	 is	 an	 intracellular	 antioxidant	
enzyme	 which	 uses	 reduced	 glutathione	 (GSH)	 to	 convert	 H2O2 
to	water	 to	 limit	 its	harmful	effects.	GPX1	 is	present	within	mito-
chondria	as	well	as	in	the	cytosol	(Li,	Yan,	Yang,	Oberley,	&	Oberley,	
2000).	 GPX1	 modulates	 redox-dependent	 mitochondrial	 function	
(Handy	et	 al.,	 2009).	Overexpression	of	GPX1	attenuates	myocar-
dial	ischemia–reperfusion	injury	(Yoshida	et	al.,	1996)	and	doxorubi-
cin-induced	cell	death	(Gouaze	et	al.,	2001),	both	of	which	involves	
mitochondria.	 In	 the	present	 study,	we	 tested	 the	hypothesis	 that	
ROS	and	genetic	overexpression	of	GPX1	may	play	critical	roles	 in	
kidney	aging.	We	demonstrate	that	scavenging	ROS	and	preserving	
mitochondrial	function	by	overexpression	of	GPX1	improved	kidney	
pathology associated with aging and prevented the remodeling of 
glomerular and tubular proteomes in old mice.

2  | RESULTS

2.1 | Overexpression of GPX1 in transgenic mice

Overexpression	of	 the	GPX1	transgene	 (TG)	was	confirmed	 in	 the	
kidney.	Aging	had	no	effect	on	GPX1	expression	in	wild-type	(WT)	

F I G U R E  1  Levels	of	GPX1	protein	
in	kidneys	of	wild-type	(WT)	and	GPX1	
transgenic	(TG)	mice,	at	young	(Y,	
4–5	months	old)	and	old	(O,	21–23	months	
old) ages. (a–f) Immunohistochemistry for 
GPX1.	The	GPX1	TG	was	overexpressed	in	
tubular	epithelial	cells	(d,	e)	and	podocytes	
(f,	arrow).	(g,	h)	Immunoblots	showing	an	
~3-fold	increase	of	GPX1	in	kidneys	from	
old	TG	mice	compared	with	old	WT	mice.	
N = 4–5. *p < .05
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mice	 (Figure	 1a,b).	 In	 TG	 mice,	 GPX1	 was	 overexpressed	 in	 the	
cortical	 tubular	 epithelial	 cells	 (Figure	1d,e),	 and	 in	 the	glomerular	
podocytes	 (Figure	1f).	 Immunoblots	 of	 kidney	 lysates	 showed	~3-
fold	overexpression	of	GPX1	 in	old	TG	mice,	compared	to	old	WT	
mice	 (Figure	 1g,h).	 Immunofluorescence	 showed	 that	GPX1	 stain-
ing	highly	overlapped	with	the	staining	of	VDAC1,	a	mitochondrial	
protein	 (Figure	 S1),	 indicating	 that	GPX1	 is	 highly	 enriched	 in	 the	
mitochondria.	Additionally,	 scattered,	non-overlapping	 staining	 for	
GPX1	indicated	that	GPX1	was	also	present	outside	mitochondria.

2.2 | GPX1 overexpression attenuates kidney 
pathologies in old mice

Age-dependent	 glomerulosclerosis	 was	 evaluated	 using	 a	 glo-
merular	 injury	 score	 (GS)	 ranging	 from	normal	 (score	 0)	 to	 severe	
(75%–100%)	glomerulosclerosis	 (score	3,	 see	Section	4	 for	details)	
(Figure	 2).	 Proportional	 odds	 linear	 regression	modeling	was	 used	
to	 analyze	 the	 effects	 of	 aging	 (old	 versus	 young	WT)	 and	GPX1	
overexpression	 (old	TG	versus	old	WT)	on	GS	 (Figure	2).	 It	 is	well	
known that glomerulosclerosis is generally more severe in the jux-
tamedullary	region	than	the	outer	cortex	(Sweetwyne	et	al.,	2017),	
which we confirmed in this study. The fitted regression for the outer 
cortex showed a coefficient of β1	 =	 2.48	 and	 β2	 =	 −0.856	 (both	
p	<	.01)	for	effects	of	aging	and	the	GPX1	transgene	on	the	severity	
of	glomerular	 injury,	respectively.	 In	addition,	the	fitted	regression	
for the juxtamedullary cortex showed a coefficient of β1	=	2.64	and	
β2	=	−1.49,	 (both	p	<	 .01).	A	 larger	β1	 (“slope”)	 in	 the	 juxtamedul-
lary cortex relative to the outer cortex indicated a more prominent 
change	 in	 this	 region	 due	 to	 aging,	 consistent	with	 a	 previous	 re-
port	 (Sweetwyne	 et	 al.,	 2017).	 GPX1	 overexpression	 significantly	
attenuated	glomerular	injury,	providing	~35%	and	~56%	protection	
from	changes	due	to	aging	in	the	outer	and	juxtamedullary	cortices,	

respectively	 (Figure	2e).	 The	average	glomerular	 size	 increased	by	
~25%	with	aging,	from	3,179	±	208	μm2	in	young	wild-type	(YWT)	to	
4,224	±	145	μm2	in	old	wild-type	(OWT;	p	<	.01),	suggesting	a	com-
pensatory glomerular hypertrophy in response to the loss of glomer-
ular	mass.	GPX1	overexpression	partially	attenuated	this	glomerular	
hypertrophy (p	<	.05	OTG	versus	OWT,	Figure	2f).

Increased glomerulosclerosis was accompanied by tubular 
atrophy	 and	 interstitial	 fibrosis	 in	 old	 mice,	 with	 cortical	 fibro-
sis	 observed	 in	 ~10%	 of	 the	 area	 in	 OWT	 versus	 ~5%	 in	 YWT	
(Figure	 3a,b).	 In	 contrast,	 GPX1	 overexpression	 significantly	 re-
duced	 interstitial	 fibrosis	 (Figure	3c,d).	Kidney	cortical	atrophy	 is	
well	documented	 in	human	aging	 (Glodny	et	al.,	2009),	 likely	due	
to	glomerulosclerosis	(Neugarten,	Gallo,	Silbiger,	&	Kasiske,	1999),	
tubular	atrophy	and	interstitial	fibrosis.	Consistent	with	this,	there	
was	 a	 significant	 thinning	 of	 the	 kidney	 cortex	 in	OWT,	with	 an	
~25%	decrease	in	cortical	thickness	(Figure	3h).	However,	overex-
pression	of	GPX1	significantly	preserved	cortical	thickness	in	old	
mice	(Figure	3h).

2.3 | GPX1 overexpression, independent of 
Nrf2, attenuates oxidative damage and preserves 
mitochondria

Immunohistochemistry	 was	 performed	 to	 examine	 nitrotyrosine,	 a	
marker	of	protein	oxidative	damage.	A	significant	increase	in	nitroty-
rosine was observed in tubular epithelial cells and podocytes of old 
mice	 (Figure	 4b,d),	 which	 was	 significantly	 decreased	 upon	 GPX1	
overexpression	 (Figure	4c,d).	 F2	 isoprostane	 is	 an	oxidative	product	
formed	by	ROS-induced	peroxidation	of	arachidonic	acid	and	was	sig-
nificantly increased in old mice compared with young mice (p < .05). 
Overexpressing	GPX1	tended	to	decrease	F2	isoprostane	in	old	mice	
(Figure	4e).	Furthermore,	old	mice	had	a	decreased	GSH/GSSG	ratio	

F I G U R E  2  Glomerular	injury	scores	(GS)	of	young	WT	(YWT),	old	WT	(OWT)	and	old	TG	(OTG)	mice.	(a–d)	Representative	images	
of	glomeruli	with	GS	of	0	(normal),	1	(mild	mesangial	sclerosis),	2	(moderate	glomerulosclerosis),	and	3	(severe	glomerulosclerosis).	(e)	
Quantification	of	GS	in	the	outer	cortex	and	juxtamedullary	cortex	of	the	three	groups	of	mice.	Proportional	odds	linear	regression:	the	log	
odds	of	GS	that	is	greater	than	score	k is = β1	×	YO	β2	×	TG	−	ζk; β1	is	the	difference	in	the	log	odds	of	GS	between	young	and	old	mice	(age	
effects); β2	is	the	difference	in	the	log	odds	of	GS	between	old	WT	and	old	TG	(effect	of	GPX1	overexpression)	(See	text	and	supplement	for	
details). (f) Quantification of glomerular areas. N	=	4–6;	*p	<	.05	versus	YWT,	#p	<	.05	versus	OWT
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(p	=	.1),	indicative	of	a	more	oxidized	“redox	status,”	and	this	was	largely	
attenuated	upon	GPX1	overexpression	(p	=	.08;	Figure	4f).

We	 used	 electron	 microscopy	 to	 examine	 the	 mitochondrial	
ultrastructure in the kidney cortex. Kidneys from old mice had far 
fewer	mitochondrial	 cristae	 than	 young	 kidneys,	 suggesting	mito-
chondrial oxidative phosphorylation was less efficient in the kidneys 
of	 old	 mice.	 Impressively,	 GPX1	 overexpression	 preserved	 mito-
chondrial	cristae	in	kidney	cortex	of	old	mice	(Figure	4g–j).

Decreases in mitochondrial cristae are expected to impair 
electron	 transport	 and	 increase	ROS	production	 in	 kidneys	of	 old	
mice	 (Cogliati	 et	 al.,	 2013).	 We	 performed	 ex	 vivo	 staining	 with	
MitoSOX	and	DCFDA	to	detect	mitochondrial	superoxide	and	total	

cellular	ROS	levels,	respectively,	in	fresh	kidney	tissues	(Figure	5a–
d).	Staining	of	both	MitoSOX	and	DCFDA	was	increased	in	old	mice	
(Figure	5b)	versus	young	mice	(Figure	5a),	and	GPX1	TG	significantly	
decreased mitochondrial superoxide and tended to decrease total 
ROS	levels	(Figure	5c,d).

To	examine	the	potential	mechanisms	that	lead	to	increased	ROS	
and	oxidative	damage	in	aging,	we	analyzed	the	expression	of	a	mas-
ter	regulator	of	oxidative	stress,	Nrf2,	by	quantitative	RT-PCR.	We	
found a significant decrease in Nrf2 expression and its downstream 
target	 genes	 in	 the	 kidneys	 of	 old	mice.	 Overexpressing	 GPX1,	 a	
downstream	target	of	Nrf2,	did	not	have	any	effect	on	Nrf2	expres-
sion	(Figure	5e).

F I G U R E  3   (a–c) Representative 
images	of	Masson	trichrome	staining	
of	the	kidney	cortex:	from	YWT,	OWT,	
and	OTG	mice.	Blue	indicates	fibrosis.	
(d) Quantification of blue areas. N	=	4–6.	
*p	<	.05	versus	YWT,	#p < .05 versus 
OWT.	(e–g)	Representative	of	the	kidney	
cortex	(indicated	by	black	lines)	in	YWT,	
OWT,	and	OTG	mice.	(h)	Quantification	of	
cortical thickness. N	=	4–6.	*p < .05 versus 
YWT,	#p	<	.05	versus	OWT.	Red	scale	bar:	
0.5 mm



     |  5 of 13CHU et al.

2.4 | Glomerular proteomics and effects of GPX1 
overexpression in old mice

To gain a deeper understanding of the changes that occur in the kid-
ney	due	to	aging,	we	performed	separate	proteomic	analysis	on	glo-
meruli	and	tubules.	Glomeruli,	which	function	in	the	ultrafiltration	of	
plasma	to	produce	urine,	are	the	primary	site	affected	in	several	kid-
ney	diseases	that	often	progress	to	CKD.	We	collected	glomeruli	by	
laser capture microdissection and performed label-free shotgun pro-
teomics	(Figure	6a).	Six	hundred	and	sixteen	proteins	were	identified	
in	all	glomerular	samples,	of	which	48	proteins	significantly	changed	
with age (p	<	.05,	Table	S1).	The	relative	abundance	of	77	proteins	

with	differential	expression	between	OWT	versus	YWT	(p < .1) are 
shown	 in	 heat	maps	 (Figure	 6b).	 Approximately	 3/4	 of	 these	 pro-
teins	decreased	with	aging	 (lower	abundance	 in	OWT,	blue	on	the	
heat	map),	whereas	the	remaining	~1/4	increased	with	aging	(higher	
abundance	 in	OWT,	red	on	the	heat	map).	Of	the	56	proteins	that	
were	decreased	with	aging,	24	were	partially	attenuated	by	GPX1	
overexpression	 (red,	 or	 increase	 in	 OTG	 versus	 OWT,	 Figure	 6c).	
Conversely,	 of	 the	 16	 proteins	 that	 were	 increased	 with	 aging,	 8	
were	decreased	in	OTG	versus	OWT	(blue	in	Figure	6c).	Thus,	GPX1	
TG	reversed	the	aging	changes	in	~50%	of	the	proteins	 in	the	glo-
meruli,	as	shown	by	the	reversal	of	color	in	OTG/OWT	versus	OWT/
YWT	(Figure	6b,c).

F I G U R E  4   (a–c)	Immunohistochemistry	for	nitrotyrosine	(brown	color)	in	YWT,	OWT,	and	OTG,	with	quantification	of	staining	density	
(d).	(e)	Levels	of	F2	isoprostanes,	a	marker	of	lipid	oxidative	damage,	in	kidney	lysates	(ng/g	tissue).	(f)	Ratios	of	reduced	glutathione	to	
oxidized	glutathione	(GSH/GSSG)	in	kidney	lysates.	Nitrotyrosine	and	F2	isoprostanes	were	significantly	increased	in	old	mice,	and	GPX1	
overexpression	significantly	decreased	(nitrotyrosine)	or	tended	to	reduce	(F2	isoprostanes)	the	increases	observed	in	old	mice.	In	contrast,	
the	GSH/GSSG	ratio	tended	to	decrease	in	old	mice,	and	GPX1	overexpression	tended	to	rescue	the	decrease.	N	=	4–6.	(g–i)	Representative	
electron	micrographs	of	mitochondria	isolated	from	kidney	cortex	of	YWT,	OWT,	and	OTG.	Scale	bar:	0.5	µm.	(j).	Quantification	of	
mitochondrial	cristae	density	(number	of	cristae/µm).	N = 3

(a)

(d)

(g) (h) (i)

(j)

(e) (f)

(b) (c)
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To	confirm	the	above	proteomic	findings,	we	selected	two	pro-
teins	to	analyze	by	immunoblotting:	ATP	synthase	(ATP5A),	a	mi-
tochondrial	complex	V	protein	involved	in	ATP	generation	during	
the	 final	 step	 of	 oxidative	 phosphorylation,	 and	 Hsp70,	 a	 heat	
shock protein which assists in protein folding and proteostasis. 
Immunoblots	 confirmed	 that	 ATP5A	was	 significantly	 decreased	

in	old	mice	and	that	overexpression	of	GPX1	attenuated	this	de-
crease	 (Figure	 S2a).	 Similar	 results	 were	 obtained	 with	 HSP70	
(Figure	S2b).	Thus,	changes	detected	through	our	proteomics	anal-
ysis	were	validated	by	immunoblotting,	consistent	with	our	previ-
ous	study	(Dai	et	al.,	2012).

2.5 | Targeted proteomics of tubules in old 
mice and the effects of GPX1 TG

To investigate changes in proteins involved in essential pathways 
in	kidney	tubules,	including	glycolysis,	fatty	acid	oxidation,	Krebs	
cycle,	 antioxidant,	 proteostasis,	 and	 peroxisomal	 pathways,	 we	
performed targeted proteomics of kidney tubules from young and 
old	mice	(Figure	6d,	detailed	in	Table	S2).	Six	out	of	23	glycolytic	
proteins,	 including	 the	 key	 enzyme	 phosphofructokinase,	 were	
significantly	increased	in	old	mice.	In	contrast,	5	out	of	9	enzymes	
responsible	 for	 fatty	 acid	 oxidation,	 including	 those	 involved	 in	
key	initial	steps	of	oxidation	(i.e.,	acyl-CoA	dehydrogenase	within	
mitochondria	 and	 acyl-CoA	 oxidase	 within	 peroxisomes),	 were	
significantly decreased in old mice. Other enzymes involved in 
the intermediate steps of oxidation were upregulated in old mice 
(Table	S2).

Among	Krebs	cycle	proteins,	isocitrate	dehydrogenase	and	suc-
cinate dehydrogenase complex were significantly increased with 
aging,	whereas	aconitase	was	slightly	decreased	in	old	mice.	Old	mice	
showed	 increases	 in	 pyruvate	 dehydrogenase	 kinase,	 which	 func-
tions to inhibit the activity of the pyruvate dehydrogenase complex 
that	oxidizes	pyruvate	to	acetyl-CoA	in	the	Krebs	cycle.	Respiratory	
complexes	I,	III	and	IV	were	not	changed,	however	complex	II	(suc-
cinate	dehydrogenase	complex,	which	also	belongs	to	Krebs	cycle)	
and	complex	V	(ATP	synthase)	significantly	increased	with	age.	The	
antioxidants aldo-keto reductase and catalase were significantly de-
creased	in	old	mice,	which	might	contribute	to	 increased	oxidative	
damage	 to	 lipids	 and	proteins.	 Further,	 there	were	 increased	heat	
shock	proteins	and	proteases/peptidases	in	old	mice	(Table	S2).

Like	 OWT,	 OTG	 kidney	 tubules	 had	 an	 increase	 in	 enzymes	
that are involved in glycolysis and a decrease in enzymes that are 
involved	 in	 fatty	 acid	 oxidation.	 OTG	 had	 significantly	 higher	 al-
do-keto	 reductase,	 GPX1,	 glutathione	 S-transferase,	 but	 slightly	
lower peroxiredoxin.

2.6 | ROS and Klotho in kidney aging

Klotho	 is	 an	 anti-aging	 hormone	 involved	 in	 senescence,	 endog-
enous	antioxidants,	apoptosis	and	phosphate	homeostasis	 (Kuro-o	
et	al.,	1997;	Kurosu	et	al.,	2005).	Kidney	tubular	epithelial	cells	are	
the	main	source	of	circulating	Klotho	(Olauson,	Mencke,	Hillebrands,	
&	 Larsson,	 2017).	We	 found	 that	 full-length	 membranous	 Klotho	
(designated	tissue	Klotho)	was	significantly	decreased	in	OWT	kid-
ney	 tissue	 by	 ~45%,	 and	 GPX1	 TG	 did	 not	 prevent	 this	 decrease	
(Figure	 S3).	 The	 decrease	 of	 Klotho	 expression	 in	 kidney	 tubular	

F I G U R E  5   (a–c) Representative images of ex vivo staining 
with	MitoSOX	(top	row),	an	indicator	of	mitochondrial	superoxide,	
DCFDA	(middle	row),	an	indicator	of	total	cellular	ROS, and the 
overlay	images	(bottom	row)	with	Hoechst	33342	nuclear	stain.	
(D)	Quantification	of	relative	fluorescence	intensity	for	MitoSOX	
and	DCFDA.	N = 3. *p	<	.05	versus	YWT,	#p	<	.05	versus	OWT.	(e)	
Relative	mRNA	abundance	of	Nrf2	and	its	targets	Gclm,	Nqo1	and	
Hmox1	in	kidney.	N = 3–5. *p	<	.05	versus	YWT
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F I G U R E  6  Label-free	shotgun	proteomics	of	glomeruli	from	YWT,	OWT,	and	OTG	mice	(n	=	4	per	group)	(a–c).	(a)	Glomeruli	were	
collected	using	laser	capture	microdissection,	processed	for	proteomics	(Orbitrap	Lumos),	and	analyzed	using	Student's	t tests (with 
corrections)	for	OWT	versus	YWT	(aging	effect)	and	OTG	versus	OWT	(transgenic	effect).	(b,	c)	Heatmaps	show	comparisons	of	protein	
abundance	of	OWT	versus	YWT	and	OTG	versus	OWT,	respectively.	Red	indicates	increases,	and	blue	indicates	decreases,	of	abundance.	
Proteins	were	ranked	according	to	fold-change	with	age	for	77	proteins	(see	Table	S1	for	details),	N = 4. (d) Targeted proteomics of tubules 
from	YWT,	OWT	and	OTG,	which	was	focused	on	139	selected	proteins	involved	in	glycolysis,	Krebs	cycle,	mitochondrial	respiratory	
complexes,	fatty	acid	oxidation	&	biosynthesis,	peroxisomes,	antioxidants,	and	proteostasis	(see	Table	S2	for	details).	In	each	heatmap,	top	
row	indicates	OWT	versus	YWT	(aging	effect)	and	bottom	row	indicates	OTG	versus	OWT	(effect	of	GPX1	overexpression).	*Substantial	
decrease in key enzymes of fatty acid oxidation with aging



8 of 13  |     CHU et al.

epithelial cells may represent another potential mechanism of kid-
ney	 aging.	 As	 such,	 kidneys	 of	 8-week-old	 Klotho-deficient	 mice	
(Klothokl/kl)	with	accelerated	aging	phenotypes	(Xie	et	al.,	2012)	had	
a	significant	decrease	in	GPX1	(Figure	S4).	This	was	in	parallel	with	an	
~2.5-fold	increase	in	nitrotyrosine,	and	a	>3-fold	increase	in	intersti-
tial	fibrosis	and	glomerulosclerosis	in	the	kidney	cortex	(Figure	S5).	
Collectively,	 these	 findings	 suggest	 that	 Klotho	 deficiency	 (in	 the	
context of aging or Klotho-deficient mice) may augment protein 
oxidative damage by decreasing proteins in the antioxidant defense 
pathways,	such	as	GPX1.

3  | DISCUSSION

There	are	5	major	findings	presented	in	this	study.	First,	the	aging	
phenotype in mouse kidneys recapitulates the pathology observed 
in	the	kidneys	of	elderly	people.	Second,	scavenging	H2O2	by	GPX1	
overexpression	 significantly	 ameliorate	 kidney	 aging	 phenotypes,	
concomitant with reduced oxidative damage and preserved mito-
chondria.	 These	 findings	 provide	 evidence	 that	 ROS	 play	 a	 direct	
role in pathologic phenotypes in the kidney that arise with aging 
and	 indicate	 the	potential	benefits	of	overexpressing	GPX1	 to	cir-
cumvent	these	effects.	Third,	the	glomerular	proteome	of	old	mice	
is characterized by decreased expression of several cytoskeletal 
proteins that are critical for maintaining normal glomerular filtration. 
These novel findings suggest that proteome remodeling that occurs 
in aging is similar to protein changes found in several glomerulopa-
thies.	Fourth,	analysis	of	the	tubular	proteome	in	old	mice	suggests	
that there is decreased abundance of proteins involved in fatty acid 
oxidation and an increase in those involved in the glycolytic path-
way.	Fifth,	the	partial	protection	afforded	by	overexpressing	GPX1	
is downstream and independent of Nrf2 and Klotho.

Imaging studies of aged human kidneys demonstrate decreased 
cortical thickness and increased medullary volume and atherosclero-
sis	(Lorenz	et	al.,	2010).	Histopathological	analysis	shows	increased	
global	 glomerulosclerosis,	 tubular	 atrophy,	 interstitial	 fibrosis,	 ar-
teriosclerosis,	 and	 glomerular	 hypertrophy	 (Rule	 et	 al.,	 2010).	Our	
data from aged mice show increased glomerulosclerosis and com-
pensatory	glomerular	hypertrophy,	tubular	atrophy,	interstitial	fibro-
sis,	 and	 reduced	 cortical	 thickness,	 resembling	 findings	 from	aged	
human	kidneys.	However,	 in	contrast	to	significant	arteriosclerosis	
observed	in	humans,	we	did	not	find	evidence	of	arteriosclerosis	in	
aged	mice,	consistent	with	a	prior	study	 (Sweetwyne	et	al.,	2017).	
This phenotype coincides with reduced severity of other age-related 
comorbidities	in	mice,	such	as	the	absence	of	diabetes	and	hyperten-
sion	(Dai	et	al.,	2009).

In	this	study,	overexpression	of	GPX1	significantly	ameliorated	
many pathological features observed in kidneys from aged mice 
(Figures	 2–4)	 and	 was	 accompanied	 by	 protection	 from	 oxida-
tive	 damage,	 indicated	 by	 nitrotyrosine	 (protein	 nitrosylation)	 and	
F2	 isoprostane	 (lipid	 peroxidation)	 (Figure	 5).	 Further,	 the	 cellular	
redox	status	changed	to	a	more	oxidized	state	 in	aged	kidneys,	as	
shown	 by	 a	 decreased	GSH/GSSG	 ratio	 due	 to	 depletion	 of	 GSH	

reducing	equivalent	and	accumulation	of	oxidized	GSSG	(Figure	5f).	
Overexpression	of	GPX1	partially	improved	this	redox	status.	Taken	
together,	 these	 findings	 emphasize	 the	 roles	 of	 ROS,	 particularly	
mitochondrial	H2O2, in kidney pathology due to aging. Our findings 
are	also	consistent	with	a	recent	study	using	SS31	to	reverse	kidney	
aging	 (Sweetwyne	et	 al.,	 2017).	 SS31	 is	 a	 tetra-peptide	 that	binds	
to cardiolipin in the inner mitochondrial membrane to improve cou-
pling	of	oxidative	phosphorylation	and	increase	ATP	synthesis	(Birk	
et	al.,	2013;	Szeto,	2014).	They	reported	that	SS31	improved	age-re-
lated mitochondrial morphology and glomerulosclerosis in parallel 
with reduced senescence and increased density of glomerular epi-
thelial	and	endothelial	cells	(Sweetwyne	et	al.,	2017).	SS31	acts	by	
binding to cardiolipin to preserve mitochondrial cristae ultrastruc-
tures,	enhance	super-complex	formation	and	electron	transfer	effi-
ciency,	and	indirectly	reduce	ROS.	Therefore,	it	 is	unclear	whether	
the	beneficial	effects	of	SS31	are	mediated	by	reducing	production	
of	ROS	or	through	other	beneficial	effects	on	mitochondria.	In	con-
trast,	 our	 findings	 demonstrate	 that	 overexpression	 of	 GPX1	 en-
hances	 scavenging	of	H2O2,	 providing	evidence	of	 a	direct	 role	of	
ROS	on	kidney	pathology	associated	with	aging.

To	the	best	of	our	knowledge,	 the	present	study	 is	 the	first	 to	
assess glomerular and tubular proteome changes that are associ-
ated	with	aging	and	the	effects	of	an	antioxidant	enzyme,	GPX1.	As	
shown	in	Table	S1,	expression	of	several	cytoskeletal	and	focal	adhe-
sion	proteins	is	significantly	decreased	in	aged	glomeruli,	 including	
tensin-1	(Tns1),	plastin-3,	various	tubulin	subunits,	actinin-4,	talin-1,	
and podocin (Nphs2). Deletion of the focal adhesion molecule Tns1 
in	mice	caused	polycystic	kidney	disease	and	glomerulosclerosis	(Lo,	
Yu,	Degenstein,	Chen,	&	Fuchs,	1997),	suggesting	a	critical	role	for	
Tns1 in maintaining intact cell-matrix junctions in tubular epithelial 
cells	and	podocytes	(Nishino	et	al.,	2012).	A	previous	targeted	pro-
teomics study in a rat diabetic nephropathy model reported that 
several proteins involved in the reorganization of the actin cytoskel-
eton	were	significantly	decreased	in	the	glomeruli,	including	plastin,	
tubulin,	and	actinin	(Nakatani	et	al.,	2011).	This	suggests	that	aged	
glomeruli undergo changes in expression of cytoskeletal proteins 
that	are	similar	to	diabetic	glomerulosclerosis.	Furthermore,	podocin	
(Nphs2)	 is	a	critical	protein	component	of	podocyte	filtration	slits,	
and its deficiency or mutation can cause focal segmental glomeru-
losclerosis	 leading	to	nephrotic	syndrome,	with	massive	leakage	of	
albumin	 into	 urine	 (Mollet	 et	 al.,	 2009).	 In	 addition,	 there	 are	 sig-
nificant	 decreases	 in	 glutathione	 S-transferase,	 an	 enzyme	 in	 the	
glutathione	 antioxidant	 system,	 and	 in	most	 heat	 shock	 proteins/	
chaperones. The latter findings suggest glomerular proteostasis 
is	 impaired.	 Consistent	 with	 impaired	 proteostasis,	 there	 is	 a	 >3-
fold	 accumulation	 in	 the	 inflammatory	markers,	 S100	 and	 ferritin,	
and	a	>9-fold	accumulation	of	apolipoprotein	E	(Apo	E).	Apo	E	is	a	
protein involved in cholesterol metabolism that accumulates in a 
wide	range	of	glomerular	diseases	(Andeen,	Yang,	Dai,	MacCoss,	&	
Smith,	 2018).	 This	 glomerular	 proteome	 remodeling	 suggests	 that	
aging is associated with an increased susceptibility to glomeruloscle-
rosis.	Overexpression	of	GPX1	partially	reversed	the	changes	asso-
ciated	with	glomerular	aging,	as	reversed	expression	was	observed	
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in	 ~	 50%	 of	 these	 proteins	 (i.e.,	 OTG/OWT	when	 compared	with	
OWT/YWT;	Figure	6b,c,	Table	S1).

Targeted proteomics was performed on renal medullary tis-
sues,	 predominantly	 tubules	 and	 collecting	ducts,	with	 a	 focus	on	
139	proteins	that	are	 involved	 in	metabolism,	proteostasis,	antiox-
idants,	or	mitochondrial	and	peroxisomal	pathways.	The	pattern	of	
tubular proteome remodeling observed in aged mice is suggestive 
of	 a	 switch	 in	 substrate	 utilization,	 in	which	 there	 is	 an	 increased	
use of glycolytic enzymes and a decreased use of fatty acid oxida-
tion	enzymes	 in	old	mice.	Although	this	novel	observation	has	not	
been	 reported	 in	 kidneys	 from	aged	mice,	 the	 switch	 in	 substrate	
utilization from predominantly fatty acids to glucose has been well 
documented	in	hearts	from	aged	mice	(Dai	et	al.,	2014),	heart	fail-
ure	(Dai	et	al.,	2012),	and	chronic	kidney	disease	(Kang	et	al.,	2015).	
Interestingly,	in	contrast	to	a	decrease	in	heat	shock	proteins	in	the	
glomeruli,	we	observed	a	significant	increase	in	heat	shock	proteins	
1	and	90,	and	Ion	peptidases,	in	tubules	(Table	S2),	which	could	be	a	
response to increased oxidative damage in kidneys from aged mice. 
GPX1	TG	did	not	have	a	protective	effect	on	the	switch	of	substrates	
that	were	utilized.	However,	GPX1	TG	mice	did	attenuate	increases	
in	heat	shock	proteins,	in	conjunction	with	better	preservation	of	the	
antioxidant	system	and	less	oxidative	damage	(Figure	5).

To	 investigate	 the	 relationship	 between	 Klotho	 and	 ROS,	 we	
examined	 tissue	Klotho	 in	GPX1	TG	mice	 and	measured	oxidative	
damage	 in	 kidneys	 from	 8-week-old	 Klotho-deficient	 mice	 with	
hypomorphic Klotho allele (Klothokl/kl). Klothokl/kl mice manifest 
multiple	“accelerated”	aging	phenotypes,	including	skin	and	muscle	
atrophy,	 hyperphosphatemia,	 osteoporosis,	 vascular	 calcification,	
and	premature	death	 (Kuro-o	 et	 al.,	 1997).	 Immunohistochemistry	
demonstrated a substantial increase in nitrotyrosine in kidneys from 
Klothokl/kl	mice	 (Figure	S3),	 and	 the	 increased	oxidative	damage	 is	
consistent	 with	 previous	 reports	 (Kimura	 et	 al.,	 2018;	 Yamamoto	
et	al.,	2005).	The	lack	of	a	protective	effect	on	Klotho	expression	in	
aged	tubular	epithelial	cells	from	GPX1	TG	mice	suggests	that	reduc-
ing	ROS	does	not	affect	the	age-dependent	decline	in	tissue	Klotho	
expression	(Figure	S3).	Combined	with	the	increased	oxidative	dam-
age observed in kidneys from Klothokl/kl	(Figure	S4),	these	findings	
suggest	that	increased	ROS	play	a	role	downstream	of	Klotho	defi-
ciency and that loss of Klotho may represent one mechanism under-
lying kidney aging.

In	contrast	to	the	lack	of	an	effect	on	Klotho	expression	in	GPX1	
TG	mice,	 inhibiting	mTOR	 by	 rapamycin	 ameliorated	 vascular	 dis-
ease	in	CKD	by	upregulating	tissue	and	secreted	Klotho	expression,	
whereas overexpression of mTOR suppressed Klotho gene expres-
sion	(Zhao	et	al.,	2015).	Increased	mTOR	signaling	in	kidneys	from	old	
rats	promoted	cellular	 senescence	 (Zhuo	et	al.,	2009).	Conversely,	
inhibiting mTOR by rapalogs attenuated aging-associated nephropa-
thy	(Shavlakadze	et	al.,	2018).

We	 previously	 demonstrated	 that	 inhibiting	 mTOR	 by	 either	
calorie restriction or rapamycin rejuvenates the aging heart (Dai 
et	 al.,	 2014),	 the	 mechanisms	 of	 which	 are	 not	 fully	 understood.	
Together with the fact that Klotho-deficient mice had acceler-
ated vascular calcification and exaggerated pathological cardiac 

hypertrophy	(Xie	et	al.,	2012),	and	that	soluble	Klotho	ameliorated	
cardiac hypertrophy in heterozygous Klotho-deficient mice with 
CKD	(Xie,	Yoon,	An,	Kuro-o,	&	Huang,	2015),	the	above	findings	sug-
gest that age-related Klotho deficiency may be a mechanism that 
promotes pathology in both the kidneys and heart. The deficiency 
of	Klotho	was	 reversed	by	 inhibiting	mTOR,	 indicating	 that	mTOR	
is	 an	 upstream	 regulator	 of	Klotho	 expression,	whereas	 increased	
ROS	 function	 downstream	 of	 both	 mTOR	 activation	 and	 Klotho	
deficiency.

In	 summary,	 scavenging	 H2O2 by modest overexpression of 
GPX1	attenuates	oxidative	damage,	preserves	mitochondrial	cristae	
structure,	 and	 ameliorates	 pathologies	 and	 proteome	 remodeling	
in the glomeruli and tubules of old mouse kidneys. These benefi-
cial effects are likely downstream and independent of Klotho and 
Nrf2	 signaling.	 Thus,	 the	 present	 study	 provides	 a	 scientific	 basis	
for the potential application of mitochondrial-targeted antioxidants 
and mitochondrial protective strategies to delay kidney aging and 
attenuate chronic kidney diseases.

4  | E XPERIMENTAL METHODS

Detailed methods are provided in the supplemental material.

4.1 | Mouse studies

Animal	experiments	were	approved	by	the	University	of	Iowa	Animal	
Care	 and	Use	Committee.	The	GPX1	 transgene	 comprised	2.2	Kb	
of	5′	flanking	sequence,	1.05	Kb	encoding	mRNA,	and	2.1	Kb	of	3′	
flanking	sequence	of	the	mouse	GPX1	locus	under	its	endogenous	
promoter,	 as	described	 (Cheng	et	 al.,	 1997).	Klotho-deficient	mice	
were the result of an insertional mutagenesis screen of the Klotho 
gene,	as	described	(Kuro-o	et	al.,	1997).	The	GPX1	TG	mice	and	mice	
homozygous	for	hypomorphic	Klotho	allele	were	on	the	C57BL/6J	
background.	Young	(4–5	months	old)	and	old	(21–23	months	old)	lit-
termates	were	used	as	controls.	All	mice	were	fed	with	regular	chow.

4.2 | Immunohistochemistry, 
immunofluorescence, and immunoblotting

For	 immunohistochemistry	and	 immunofluorescence,	kidney	slices	
were embedded in OCT and sections were processed with stand-
ard	procedures.	For	immunoblotting,	kidneys	were	homogenized	in	
RIPA	containing	protease	inhibitor	cocktail	(Roche).	After	quantifica-
tion	with	BCA,	equal	 amount	of	proteins	 (30–80	µg)	were	 loaded	
onto	 an	 SDS-PAGE	 gel,	 followed	 by	 standard	 immunoblotting.	
Band	 densities	 were	 quantified	 with	 Image	 J.	 Primary	 antibodies	
used	were	anti-GPX1	(R&D	Systems,	AF3798,	1:200),	nitrotyrosine	
(MilliporeSigma,	 #06-284,1:1000),	 VDAC1	 (Abcam,	 15895,	 1:100),	
mKlotho	 (R&D;	AF1819,	1:100),	ATP5A	 (Abcam;	ab176569,	1:500),	
and	 HSP70	 (Cell	 Signaling	 Technology,	 4872,	 1:500).	 Secondary	
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antibodies	were	Santa	Cruz	Biotechnology	anti-goat	 IgG-HRP	(SC-
2354),	anti-rabbit	IgG-HRP	(sc-2357),	anti-mouse	IgG-HRP	(Abcam;	
ab97046),	AlexaFluor	568	donkey	anti-goat	IgG,	and	AlexaFluor	488	
goat	anti-rabbit	IgG	(Thermo	Fisher).

4.3 | Assessment of glomerulosclerosis, interstitial 
fibrosis, and cortical thickness

Kidney	 sections	 (2	 µm)	 were	 stained	 with	 PAS	 and	 Masson	 tri-
chrome.	Using	PAS	staining,	we	ranked	glomeruli	on	a	scale	of	0	to	
3 for glomerulosclerosis: normal with no injury (score 0); mild me-
sangiosclerosis: mesangial expansion in <50% with limited Bowman 
capsule thickening (score 1); moderate mesangiosclerosis: mesangial 
expansion	>50%,	with	extensive	loss	of	capillary	loop	structure	and	
podocytes,	and	more	extensive	Bowman	capsule	thickening	 (score	
2); and severe glomerulosclerosis: complete or nearly complete 
(>75%)	glomerulosclerosis	with	extensive	adhesion	to	Bowman	cap-
sules and shrinkage of glomerular tufts with little or no visible/pat-
ent capillaries (score 3). The percentage of glomeruli with each score 
was presented separately as outer cortex and juxtamedullary cortex. 
Masson	trichrome	staining	was	used	to	assess	the	degree	of	 inter-
stitial fibrosis. Three representative images at low power from each 
kidney	section	were	used	to	quantify	the	blue	area	relative	to	total	
tissue	area	by	Image	J.	Cortical	thickness	was	measured	at	three	dif-
ferent	sites	for	each	kidney	section,	at	a	perpendicular	distance	from	
the	renal	capsule	to	the	medullary	regions,	which	were	marked	by	
arrays	of	tubules	with	frequent	intratubular	pink	PAS-positive	pro-
teinaceous casts.

4.4 | Transmission Electron Microscopy

Kidney cortex was fixed in 2.5% glutaraldehyde/cacodylate. Electron 
microscopy	was	performed	on	a	JEOL	JEM	1200EXII	at	a	magnifica-
tion	 of	 15,000X.	 Density	 of	 mitochondrial	 cristae	 was	 quantified	
blindly	from	5–8	images,	with	numbers	of	cristae	normalized	to	the	
length of mitochondria.

4.5 | Ex vivo staining of ROS with fluorescent dyes

Ex	vivo	staining	was	performed	as	previously	described	(Johnson	&	
Rabinovitch,	2012).	Immediately	following	euthanasia,	kidney	slices	
(2–3	mm)	were	 rinsed	 quickly	 in	HBSS	 and	 transferred	 to	DMEM	
containing	5%	FBS,	L-Glutamine,	pyruvate,	sodium	bicarbonate,	and	
gentamycin.	 Ex	 vivo	 fresh	 kidney	 slices	were	 stained	 “live”	 in	 the	
DMEM	medium	containing	5	µM	MitoSOX,	5	µM	DCFDA,	and	1	µg/
ml	Hoechst	at	37C	for	30	min.	After	washing	once	with	DMEM	me-
dium,	kidney	slices	were	immediately	embedded	in	OCT	and	frozen.	
Frozen	kidney	slices	(5	µm)	were	sectioned	within	3	days,	and	cov-
erslips	were	placed	over	sections	with	VECTA	SHIELD	and	imaged	
with	a	Leica	SP8	confocal	microscope.

4.6 | Quantitative RT-PCR

Total	RNA	was	extracted	from	kidneys	with	TriZol	and	then	reverse	
transcribed.	Equal	amounts	of	cDNA	were	used	to	quantify	gene	ex-
pression	using	the	TaqMan-∆∆Ct	method,	a	FAM	dye	for	the	gene	
of	 interest,	and	a	HEX	dye	for	a	ribosomal	gene	for	normalization,	
all	 in	 a	 single	 reaction	 (Chu	 et	 al.,	 2013).	 Quantitation	 was	 per-
formed	using	the	TaqMan	Gene	Expression	Assay	 (predesigned	by	
Applied	Biosystems	or	Integrated	DNA	Technologies)	on	an	Applied	
Biosystems	 7900HT	 Real-time	 PCR	 System.	 The	 genes	 quanti-
fied	 were:	 Nrf2	 (Mm00487471_m1),	 Gclm	 (Mm.PT.58.17443532),	
Nqo1	 (Mm00500921_m1)	 and	 Hmox1	 (Mm00516007_m1).	
Quantifications	were	normalized	with	Rplp0	(Mm.PT.58.43894205).

4.7 | Measurement of oxidative damage and 
redox status

Levels	of	F2-isoprostanes	in	kidneys	were	determined	as	described	
(Roberts	&	Morrow,	2000),	with	modifications.	Briefly,	 100	mg	of	
tissue	was	homogenized	in	10	ml	of	ice-cold	Folch	solution	(CHCl3:	
MeOH,	2:1).	F2-isoprostanes	were	extracted	and	quantified	by	gas	
chromatography-mass spectrometry using the internal standard 
[2H4]8-Iso-PGF2α,	which	was	added	to	the	samples	at	the	beginning	
of extraction to correct for yield of the extraction process. Esterified 
F2-isoprostanes	 were	 measured	 using	 gas	 chromatography–mass	
spectrometry and calculated as nanograms/gram of tissue.

GSH	and	GSSG	were	extracted	from	tissue	homogenate	with	5%	
metaphosphoric acid. Proteins were precipitated on ice for 20 min 
and	pelleted	by	 centrifugation	 (16,000	g	 for	 10	min).	 Supernatant	
was filtered (0.45-μm	on	syringe)	and	analyzed	for	GSH	and	GSSG	
with	HPLC	and	electrochemical	detection	(ESA	HPLC	system).

4.8 | Shotgun proteomic analyses of glomeruli

Glomeruli	 from	 18	 mice,	 6	 each	 from	 YWT,	 OWT,	 and	 OTG,	
were	harvested	by	microdissection	with	a	Leica	LMD	7000	Laser	
Microdissection	 System	 and	 processed	 for	 reduction,	 alkyla-
tion,	 and	 digestion	 using	 filter-aided	 sample	 preparation	 (FASP)	
(Wisniewski,	Zougman,	Nagaraj,	&	Mann,	2009).	Trypsin-digested	
peptides	 were	 cleaned	 with	 StageTip	 (Thermo	 Fisher	 Scientific)	
and	 loaded	 for	 liquid	 chromatography/MS/MS	 analysis	 using	
higher-energy	collisional	dissociation	(HCD)	on	an	Orbitrap	Fusion	
Lumos	mass	 spectrometer	 (Thermo	Fisher	 Scientific)	 in	 the	 top-
speed data-dependent mode to identify peptides to respective 
proteins.

4.9 | Targeted proteomic analysis of tubules

Kidney	medulla	tissues	from	18	mice,	6	each	from	YWT,	OWT,	and	
OTG,	were	homogenized	in	RIPA	buffer	containing	protease	inhibitor	
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cocktail. One hundred micrograms of total protein from each sam-
ple was used for targeted proteomics analysis. Total proteins were 
mixed	with	200	µl	of	1%	SDS	and	20	µl	of	BSA	 internal	standard.	
The	mixtures	were	separated	on	SDS-PAGE	gels,	and	proteins	were	
extracted	 from	 gels.	 These	 proteins	were	 determined	with	 a	 TSQ	
Quantiva	 triple	 quadrupole	 mass	 spectrometry	 system	 in	 the	 se-
lected	reaction	monitoring	mode.	The	Skyline	program	was	used	to	
determine the integrated area of the appropriate chromatographic 
peaks	for	quantification.

4.10 | Statistical analysis

Data	were	analyzed	using	Stata	IC10	and	presented	as	means	±	SEM. 
Two-sample t	 test	 or	 ANOVA	 was	 used	 to	 compare	 differences	
among	groups,	followed	by	post	hoc	tests	for	significance.	p < .05 
was considered significant. Proportional odds linear regression 
(POLR)	model	(via	the	polr	function	in	the	R	library	MASS)	was	used	
to	analyze	effects	of	aging	and	GPX1	overexpression	on	glomerular	
injury	score	(GS).	Briefly,	the	log	odds	of	GS	greater	than	score	k is 
β1YO	+	β2TG	−	ζk,	for	any	k	=	0,	1,	2,	where	YO	is	the	dummy	variable	
for	old	mice,	 and	TG	 for	 transgenic	mice,	 and	hence,	β1 is the dif-
ference	in	the	log	odds	between	young	and	old	mice	(i.e.,	the	aging	
effects) and β2	 is	 the	effect	of	GPX1	overexpression,	given	every-
thing	else	being	equal.	The	ζks are nuisance parameters modeling the 
baseline	distribution	of	GS.

For	 shotgun	proteomics	 data,	 differentially	 expressed	proteins	
between groups were determined by applying a t test with adjusted 
significance level of p	<	 .05	corrected	by	 the	Storey	Q-values cal-
culated	 to	 adjust	 for	 false	 discovery	 rate.	 A	 total	 of	 77	 proteins	
with p	<	.1	between	OWT	and	YWT	were	used	to	plot	a	heatmap.	
Shotgun	 proteomics	 analysis	 of	 glomeruli	 was	 performed	 using	
Partek	Genomics	Suite	7.0.

Targeted proteomics data were analyzed pathway by pathway on 
the log scale via a penalized linear regression model that accounts 
for	protein-specific	baselines,	protein-specific	aging	effects,	and	pro-
tein-specific	effects	of	GPX1	overexpression;	selection	of	significant	
effects was enforced by the use of the composite minimax concave 
penalty with the tuning parameter determined by 10-fold cross-vali-
dation and other defaults as implemented in the R library grpreg.
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