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Abstract
Aging-	associated	renal	dysfunction	promotes	the	pathogenesis	of	chronic	kidney	dis-
ease.	Mitochondrial	dysfunction	in	renal	tubular	epithelial	cells	is	a	hallmark	of	senes-
cence and leads to accelerated progression of renal disorders. Dysregulated calcium 
profiles	 in	mitochondria	 contribute	 to	 aging-	associated	 disorders,	 but	 the	 detailed	
mechanism of this process is not clear. In this study, modulation of the sirtuin 1/an-
giotensin	II	type	1	receptor	(Sirt1/AT1R)	pathway	partially	attenuated	renal	glomeru-
lar	sclerosis,	 tubular	atrophy,	and	 interstitial	 fibrosis	 in	D-	galactose	 (D-	gal)-	induced	
accelerated	aging	mice.	Moreover,	modulation	of	the	Sirt1/AT1R	pathway	improved	
mitochondrial	dysfunction	induced	by	D-	gal	treatment.	Transient	receptor	potential	
channel,	 subtype	C,	member	3	 (TRPC3)	 upregulation	mediated	dysregulated	 cellu-
lar	and	mitochondrial	calcium	homeostasis	during	aging.	Furthermore,	knockdown	or	
knockout	(KO)	of	Trpc3	in	mice	ameliorated	D-	gal-	induced	mitochondrial	reactive	ox-
ygen species production, membrane potential deterioration, and energy metabolism 
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1  |  INTRODUC TION

Aging is a huge health burden worldwide, with kidneys being particu-
larly	susceptible	to	aging-	associated	changes	(O'Sullivan	et	al.,	2017).	
Aging kidneys are vulnerable to both intrinsic and environmental 
challenges, which result in the increased incidence of chronic kidney 
disease	(CKD)	with	age.	Aged	individuals	over	70 years	old	are	at	risk	
of	a	13-	fold	 increase	in	CKD	morbidity	compared	with	young	sub-
jects	(Minutolo	et	al.,	2015).	Aging-	associated	renal	changes	include	
glomerulosclerosis, arteriosclerosis, tubular atrophy and interstitial 
fibrosis, while cell senescence plays an important role in renal aging 
(Fang	et	 al.,	2020).	 Therefore,	 investigating	 the	mechanism	of	 cell	
senescence	may	provide	more	clues	and	potential	targets	for	CKD	
treatments.

Among	 various	 animal	 models	 of	 aging,	 D-	galactose	 (D-	gal)-	
induced models have been widely used to investigate aging mech-
anisms because of their convenience, lack of side effects, and a 
high	 survival	 rate	 throughout	 the	 experimental	 period	 (Azman	 &	
Zakaria, 2019).	D-	gal	is	an	aldohexose,	a	reducing	sugar	that	exists	
naturally in the body and in many foods. Chronic administration 
of	 D-	gal	 may	 enhance	 the	 generation	 of	 reactive	 oxygen	 species	
(ROS),	causing	physiological	states	similar	to	those	observed	during	
natural	 aging,	 such	 as	 cell	metabolism	disorders	 and	 injury	 (Wang	
et al., 2022).	 More	 importantly,	 D-	gal-	induced	 aging	 models	 are	
widely used in the study of renal aging because they mimic the 
aging	process,	with	 increased	oxidative	stress,	 lipid	hydroperoxide	
levels,	 inflammatory	 status,	 and	 impaired	 renal	 functions	 (Azman	
& Zakaria, 2019).	Renal	tubules	account	for	more	than	90%	of	the	
total renal mass and are the kidney structures most affected by 
aging	(Fang	et	al.,	2020).	Renal	tubular	epithelial	cells	 (RTECs)	rep-
resent the major type of kidney parenchymal cell and play dominate 
roles in reabsorption and secretion of nutrients, water, and key ions. 
Therefore, a high energy demand and large number of mitochon-
dria	 are	 key	 characteristics	 of	 RTECs.	 Mitochondria	 have	 essen-
tial	 roles	 in	both	energy	production	and	 redox	balance;	 therefore,	
their	normal	functions	are	important	for	cellular	homeostasis	(Miao	
et al., 2019).	 Mitochondrial	 dysfunction-	induced	 impaired	 energy	
production	 and	 excessive	 oxidative	 stress	 are	 the	 major	 contrib-
utors	 to	 aging-	associated	 pathologies	 (Uzhachenko	 et	 al.,	 2017).	

Furthermore,	 mitochondrial	 dysfunction	 of	 RTECs	 contributes	 to	
a	 variety	 of	 CKDs,	with	 increased	 ROS	 generation	 and	 activation	
of inflammation, leading to accelerated progression of renal fibro-
sis	(Miguel	et	al.,	2021).	These	findings	highlight	the	importance	of	
identifying the mechanisms that underlie mitochondrial dysfunction 
in	 RTECs	 for	 understanding	 aging-	associated	 renal	 disorders	 (Lee	
et al., 2021).

Among the various regulatory functions of mitochondria, cal-
cium homeostasis is considered important in various pathological 
conditions.	 Dysregulated	 calcium	 status	 exists	 in	 aged	 mesen-
chymal	stem	cells	and	aging	rat	aorta	 (Ahamad	et	al.,	2021;	Erac	
et al., 2010),	while	we	have	previously	shown	that	modulation	of	
mitochondrial	calcium	overload	ameliorates	age-	associated	disor-
ders	(Gao	et	al.,	2020).	Moreover,	calcium,	ROS,	and	mitochondria	
comprise a close triangle that modulate not only cell function and 
cell	 fate,	but	also	functions	 involved	 in	aging	and	age-	associated	
diseases	 (Madreiter-	Sokolowski	 et	 al.,	2020).	Among	 the	various	
calcium	 channels,	 transient	 receptor	 potential	 canonical	 (TRPC)	
channels are a group of nonselective cation channels that are 
widely	expressed	and	exhibit	a	close	relationship	with	mitochon-
drial	 metabolism	 (Nan	 et	 al.,	 2021).	 Generally,	 TRPC	 channels	
control	 the	 flux	of	 cations	across	 the	plasma	membrane	and	are	
permeable	to	both	monovalent	cations	(Na+	and	K+)	and	divalent	
cations	(Ca2+	and	Mg2+).	Among	them,	transient	receptor	potential	
channel,	subtype	C,	member	3	(TRPC3)	(TRP,	subtype	C,	member	
3)	has	been	considered	to	be	 localized	 in	 the	plasma	membrane;	
however,	recent	study	by	Feng	et	al.	(2013)	and	ourselves	(Wang	
et al., 2017)	show	that	TRPC3	may	also	be	localized	in	mitochon-
dria.	Moreover,	a	 fraction	of	TRPC3-	interacting	proteins	 investi-
gated by mass spectrometry was associated with mitochondria 
(Lockwich	et	al.,	2008).	Therefore,	TRPC3	might	be	involved	with	
mitochondrial	metabolism.	Electrophysiologically,	TRPC3	channels	
are more permeable to Na+ than to Ca2+	ions	(PNa: PCa~6:1)	(Earley	
&	Brayden,	2015).	TRPC3-	mediated	Na+	influx	may	increase	intra-
cellular Ca2+	levels	by	activating	voltage-	dependent	Ca2+ channels 
or the Na+/Ca2+	exchanger.	We	have	demonstrated	that	enhanced	
cellular	 and	mitochondrial	 expression	 of	 TRPC3	 in	 hypertension	
modulates mitochondrial calcium entry and respiratory functions 
(Wang	 et	 al.,	 2017).	 Moreover,	 TRPC3	 is	 upregulated	 in	 atrial	
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disorder.	Mechanistically,	activation	of	the	AT1R/PKA	pathway	promoted	CREB	phos-
phorylation	and	nucleation	of	CRE2	binding	to	the	Trpc3	promoter	(−1659	to	−1648 bp)	
to enhance transcription. Trpc3	KO	significantly	improved	the	renal	disorder	and	cell	
senescence	in	D-	gal-	induced	mice.	Taken	together,	these	results	indicate	that	TRPC3	
upregulation	mediates	age-	related	renal	disorder	and	is	associated	with	mitochondrial	
calcium	overload	and	dysfunction.	TRPC3	is	a	promising	therapeutic	target	for	aging-	
associated renal disorders.
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fibrosis	 in	 both	 aging	 and	 spontaneously	 hypertensive	 rats	 (He	
et al., 2019).	However,	it	is	unknown	whether	mitochondrial	dys-
function	in	aging	RTECs	correlates	with	TRPC3	and	investigating	
TRPC3-	associated	mitochondrial	dysfunction	 in	RTECs	may	help	
reveal	the	mechanisms	of	RTEC	senescence	and	renal	fibrosis.	In	
this study, an accelerated aging mouse model was established with 
D-	gal	to	determine	the	expression	profile	of	TRPC3	and	to	identify	
the	mechanism	 and	 role	 of	 TRPC3-	mediated	mitochondrial	 dys-
function in renal disorders during aging.

2  |  RESULTS

2.1  |  Modulation of the Sirt1/AT1R axis improved 
renal disorders in accelerated aging mice

We established an accelerated aging mouse model by subcutane-
ous	 D-	gal	 injection.	 As	 shown	 by	 hematoxylin	 and	 eosin	 (H&E)	
staining, control group kidneys displayed normal tissue structure, 
size,	 and	glomerular	 shape	 and	 lacked	 inflammatory	 cell	 prolifera-
tion,	atrophy,	or	sclerosis	in	the	kidney	tubules	(Figure 1a).	Injection	
of	D-	gal	 resulted	 in	glomerular	 sclerosis	and	cavity	expansion	and	
a decreased number of normal glomeruli. In addition, sclerosis, 
atrophy, and edema were observed in kidney tubules with inflam-
matory cell infiltration. However, these pathological changes were 
significantly	attenuated	upon	sirtuin	1	(Sirt1)	activation	(resveratrol	
administration)	 or	 angiotensin	 II	 type	 1	 receptor	 (AT1R)	 inhibition	
(losartan	administration).	Histological	assessment	of	periodic	acid-	
Schiff	(PAS)-	stained	renal	sections	revealed	advanced,	diffuse,	and	
global	sclerosis	of	glomeruli	with	glomerular	matrix	increase	in	the	
D-	gal-	injected	 group	 compared	 with	 the	 control	 group,	 while	 ad-
ministration of resveratrol or losartan significantly improved these 
changes	 (Figure 1a).	 To	 clarify	 the	degree	of	 kidney	 fibrosis,	 renal	
sections	were	assessed	with	Masson's	trichrome	staining	(Figure 1a).	
Significant differences in collagen accumulation in the kidney stroma 
and	perivascular	areas	were	observed	between	the	control	and	D-	
gal-	treated	 groups,	 while	 administration	 of	 resveratrol	 or	 losar-
tan significantly decreased the collagen accumulation induced by 
D-	gal.	 Meanwhile,	 D-	gal	 intervention	 hampered	 renal	 functions,	
with increased serum urea and creatinine levels, while resveratrol 
or	 losartan	supplementation	 improved	these	functions	 (Figure 1b).	
Urinary	 albumin	 concentrations	 and	 urinary	 albumin	 to	 urinary	
creatinine	 ratios	 (UACR)	were	measured.	Resveratrol	 and	 losartan	
significantly decreased the upregulated urinary albumin concentra-
tions	 induced	by	D-	gal,	while	UACRs	 remained	unchanged	among	
these	groups	 (Figure 1c).	To	further	quantify	the	renal	senescence	
and	kidney	 injuries,	 immunoblotting	of	key	aging-	associated	mark-
ers and renal fibrotic markers were conducted using renal tissues. 
D-	gal	 intervention	 upregulated	 the	 levels	 of	 Collagen	 I,	 Collagen	
IV,	 fibronectin,	 P16INK4a, and P21 while downregulated the levels 
of Sirt1. Intervention with resveratrol or losartan partially reversed 
these	 changes	 of	 key	 fibrotic	 and	 senescence-	associated	markers	
(Figure 1d,e).	 Furthermore,	 the	 levels	 and	 distribution	 patterns	 of	

these proteins were detected using immunohistochemical staining 
of	renal	sections,	with	similar	patterns	observed	(Figure 1f,g).	To	fur-
ther	 support	 the	observations	 in	 the	D-	gal	model,	 changes	of	key	
renal	parameters	were	verified	using	both	young	mice	(6 months	of	
age)	and	naturally	aged	mice	(22 months	of	age).	Naturally	aged	mice	
exhibited	increased	glomerular	sclerosis	and	cavity	expansion	with	
sclerosis, atrophy and edema in renal tubules with inflammatory cell 
infiltration	 (Figure S1a,b).	 Renal	 functions	 were	 impaired	 in	 aged	
mice,	with	increased	urinary	albumin	concentrations,	but	the	UACR	
remained	unchanged	 (Figure S1c).	Key	parameters	were	measured	
using both immunoblots and immunohistochemistry, and the trends 
were	similar	to	those	in	the	D-	gal-	induced	model	(Figure S1d–g).	Also,	
activation of Sirt1 and inhibition of AT1R signaling ameliorated the 
expression	of	senescence-	associated	β-	galactosidase	activity	(SA-	β-	
gal)	in	renal	tubular	epithelial	cells	compared	with	the	D-	gal-	treated	
group	 (Figure 1f).	 These	 results	 indicate	 that	modulation	of	Sirt1/
AT1R	signaling	improved	senescence-	associated	renal	disorders.

2.2  |  Modulation of the Sirt1/AT1R axis improved 
mitochondrial functions

Sirt1 plays important roles in both regulation of mitochondrial func-
tion and aging; therefore, we measured the effects of Sirt1/AT1R on 
mitochondrial	functions	in	RTECs.	As	shown	in	Figure S2, the purity 
of	the	RTEC	population	was	more	than	95%	based	on	the	morphol-
ogy	 and	 cytokeratin	 18	 and	 E-	cadherin	 staining.	 Resveratrol	 and	
losartan	intervention	decreased	the	dihydroethidium	(DHE)	and	mi-
toSOX fluorescence and improved the ATP content and mitochon-
drial	 membrane	 potential	 (MMP)	 in	 RTECs,	 which	 were	 affected	
by	 D-	gal	 intervention	 (Figure 2a–d).	 Moreover,	 high-	resolution	
respiratory evaluation was performed, revealing that resveratrol 
and	 losartan	 intervention	 improved	 routine	 oxygen	 consumption	
rate	(OCR)	values,	Complex	I-	dependent	oxidative	phosphorylation	
(CIOXPHOS),	 and	 Complex	 I	 plus	 II-	dependent	 oxidative	 phospho-
rylation	(CI + IIOXPHOS),	which	were	suppressed	by	accelerated	aging	
(Figure 2e,f).	To	directly	demonstrate	the	role	of	mitochondrial	ROS	
on	 aging-	associated	 renal	 disorders,	 a	 mitochondria-	specific	 ROS	
scavenger,	mitoTEMPO,	was	 use	 in	 vivo	 in	 the	D-	gal	model	mice.	
MitoTEMPO	is	a	new	cell-	permeable	mitochondria-	targeted	antioxi-
dant	that	eliminates	mitochondrial	superoxide	and	preserves	MMP	
(Shetty	et	al.,	2019).	It	consists	of	piperidine	nitroxide	TEMPOL	con-
jugated with a positively charged triphenylphosphonium cation that 
facilitates	 1000-	fold	 accumulation	 into	 the	 mitochondrial	 matrix	
(Dikalov,	2011).	MitoTEMPO	 intervention	 reversed	 the	glomerular	
sclerosis	and	 tubular	 fibrosis	 induced	by	D-	gal,	 as	 shown	by	H&E,	
PAS,	and	Masson	staining	and	by	immunohistochemical	staining	of	
Collagen	I,	Collagen	IV,	and	fibronectin	(Figure 2g,h).	Furthermore,	
immunoblotting	of	Collagen	I,	Collagen	IV,	and	fibronectin	showed	
the	same	trends	as	 the	 immunohistochemical	staining	 (Figure 2i,j).	
More	importantly,	mitoTEMPO	intervention	partially	attenuated	D-	
gal-	induced	impaired	renal	functions	and	increased	urinary	albumin	
concentrations	(Figure 2k,l).	These	results	indicate	that	Sirt1/AT1R	



4 of 15  |     WANG et al.



    |  5 of 15WANG et al.

modulation improved mitochondrial functions, which play important 
roles	in	the	pathogenesis	of	aging-	associated	renal	disorders.

2.3  |  The expression patterns of TRPC channels in 
aging kidney upon resveratrol and losartan treatment

TRPC channels function as a link between intracellular calcium 
and	mitochondrial	functions	(Nan	et	al.,	2021);	therefore,	the	renal	
expression	patterns	of	TRPC	channels	were	analyzed	 in	 the	D-	gal	
model mice. The mRNA levels of TRPC channels in renal tissues 
were	measured	using	quantitative	reverse-	transcription	polymerase	
chain	 reaction	 (qRT-	PCR).	The	mRNA	 levels	of	TRPC3	and	TRPC6	
were	upregulated	upon	D-	gal	treatment,	while	those	of	TRPC1	and	
TRPC7	did	not	change.	Upon	D-	gal	intervention,	only	TRPC3	mRNA	
levels were significantly decreased upon resveratrol or losartan 
treatment	 (Figure 3a).	We	also	detected	TRPC	protein	 levels	using	
immunoblotting.	 Similar	 trends	 were	 exhibited	 for	 protein	 levels,	
showing	that	TRPC3	and	TRPC6	were	upregulated	upon	D-	gal	inter-
vention, while resveratrol or losartan treatment partially reversed 
TRPC3	upregulation	 (Figure 3b,c).	TRPC6	protein	 levels	also	mani-
fested a decreased trend upon resveratrol or losartan treatment, but 
this change was not statistically significant. These results indicate 
that TRPC3 might be a key factor linking calcium homeostasis and 
mitochondrial function in aging.

2.4  |  TRPC3 plays important roles in cellular and 
mitochondrial calcium homeostasis in aging kidney

We	next	investigated	the	key	players	in	modulating	calcium	homeo-
stasis	in	aging	RTECs.	Using	oleyl-	acetyl	glycerol	(OAG)	to	activate	
calcium	 influx	 through	 TRPC	 channels,	 we	 showed	 that	 D-	gal	 in-
tervention	increased	the	calcium	influx	induced	by	OAG	in	primary	
RTECs,	 while	 resveratrol	 or	 losartan	 treatment	 partially	 reversed	
these	trends	(Figure 3d).	Meanwhile,	using	thapsigargin	(TG)	to	 in-
duce	 store-	operated	 calcium	entry	 (SOCE),	we	demonstrated	 that	
resveratrol or losartan treatment partially reversed the increased 
SOCE,	 induced	 by	 D-	gal	 in	 primary	 RTECs	 (Figure 3d).	 2-	APB	 or	
SKF-	96365	were	used	to	inhibit	SOCE	and	TRPC	channels-	induced	
calcium	influx	and	showed	no	significant	difference	among	the	four	

groups	(Figure 3e,f).	More	specifically,	a	TRPC3	inhibitor,	Pyr3,	was	
added	and	inhibited	TG-	induced	calcium	influx	and	partially	inhibited	
OAG-	induced	calcium	influx	(Figure 3g).	TRPC3	can	function	as	both	
a	store-	operated	calcium	channel	and	a	receptor-	operated	channel	
(Liu	et	al.,	2007);	therefore,	these	results	indicate	that	TRPC	chan-
nels, especially TRPC3, play important roles in dysregulated calcium 
homeostasis	 upon	 D-	gal	 intervention.	 To	 better	 demonstrate	 the	
role of mitochondrial TRPC3 in calcium regulation, ATP was added 
to	 induce	mitochondrial	 calcium	 influx.	 Figure 3h	 (untreated	 cells)	
and Figure 3i	(digitonin-	treated	permeabilized	cells)	show	that	D-	gal	
intervention also induced dramatic increases in mitochondrial cal-
cium	influx,	while	Pyr3	treatment	greatly	suppressed	those	calcium	
influxes	in	primary	RTECs.	Together,	these	results	demonstrate	that	
TRPC3 functions during dysregulated cellular and mitochondrial cal-
cium	influx	upon	D-	gal	intervention.

2.5  |  Increased TRPC3 expression hampers 
mitochondrial functions in aging kidney

To better validate the role of TRPC3 in regulating mitochondrial 
functions,	 both	 primary	 RTECs	 from	 wild-	type	 and	 Trpc3−/− mice 
and	HK-	2	cells	were	used	with	D-	gal	intervention.	D-	gal	treatment	
upregulated	both	DHE	and	mitoSOX	 fluorescence	 intensity	 in	pri-
mary	RTECs	and	HK-	2	cells.	Trpc3 deficiency significantly decreased 
the	 fluorescence	 intensity	 of	 both	DHE	 and	mitoSOX	 upon	D-	gal	
intervention, while no significant effects were observed between 
wild-	type/siNC	 and	 Trpc3−/−/siTRPC3	 groups	 in	 untreated	 RTECs	
(Figure 4a,b).	Moreover,	Trpc3 deficiency partially reversed the de-
creased	MMP	levels	and	ATP	production	upon	D-	gal	treatment,	with	
no	significant	difference	in	MMP	and	ATP	values	between	wild-	type/
siNC and Trpc3−/−/siTRPC3	groups	in	untreated	RTECs	(Figure 4c,d).	
The	enzyme	activities	of	Complex	 I	 and	 II	 from	 the	mitochondrial	
respiratory	chain	were	then	measured.	D-	gal	intervention	inhibited	
the	enzyme	activity	of	Complex	I	in	both	RTECs	and	HK-	2	cells,	while	
Trpc3	knockout	(KO)	or	knockdown	partially	recovered	the	enzyme	
activity	 (Figure 4e,f).	No	 significant	difference	between	untreated	
wild-	type/siNC	and	Trpc3−/−/siTRPC3 groups was observed regard-
ing	Complex	I	enzyme	activity.	No	significant	difference	in	Complex	
II	 enzyme	 activity	 was	 observed	 these	 groups.	 The	 mitochon-
drial respiratory functions were then assessed. The routine OCR, 

F I G U R E  1 The	effects	of	Sirt1	activation	and	AT1R	inhibition	on	aging-	associated	renal	disorders.	(a)	Representative	kidney	sections	
of	mice	treated	with	control,	D-	Galactose	(D-	gal),	D-	gal	plus	resveratrol	and	D-	gal	plus	losartan,	stained	with	hematoxylin	and	eosin	
(H&E),	periodic	acid-	Schiff	(PAS)	and	Masson	dyes,	with	tubular	injury	score	analysis,	PAS-	positive	area	percentage	and	Masson	fibrotic	
area	percentage	presented	(n = 6).	The	arrows	indicate	tubular	atrophy,	glomerulosclerosis,	and	tubular	cell	death.	(b)	The	effects	of	Sirt1	
activation	and	AT1R	inhibition	on	serum	urea	and	creatinine	levels	of	control	and	D-	gal	treated	mice	(n = 6).	(c)	The	effects	of	Sirt1	activation	
and	AT1R	inhibition	on	urinary	albumin	concentrations	(mg/L)	and	urinary	albumin/creatinine	ratio	(UACR,	mg/μg)	levels	of	control	and	D-	gal	
treated	mice	(n = 6).	(d,	e)	The	western	blot	analyses	showed	the	expression	profiles	of	senescence-	associated	(P16INK4a,	P21	and	Sirt1),	and	
fibrotic	(Collagen	I,	Collagen	IV,	Fibronectin)	markers	in	renal	tissues,	with	glyceraldehyde-	3-	phosphate	dehydrogenase	(GAPDH)	as	a	loading	
control	in	the	above-	mentioned	groups.	Quantitative	analysis	of	these	bands	was	performed	and	calculated	for	statistical	significance	(n = 4).	
(f,	g)	Representative	kidney	sections	of	the	above-	mentioned	mice,	with	immunohistochemical	staining	of	AT1R,	Sirt1,	P16INK4a, Collagen I, 
Collagen	IV,	Fibronectin.	Also,	representative	kidney	sections	with	senescence-	associated	β-	galactosidase	activity	(SA-	β-	gal)	staining	were	
presented.	Positive	area	percentage	of	these	target	proteins	were	analyzed	by	Image	J	(n = 6).	*p < 0.05,	**p < 0.01,	***p < 0.001.
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CIOXPHOS,	CI + IIOXPHOS,	and	Complex	I	plus	II-	supported	noncoupled	
respiration	 (CI + IIETS)	values	 in	primary	RTECs	were	 reduced	upon	
D-	gal	treatment,	with	Trpc3	KO	partially	reversing	these	parameters	
(Figure 4g,h).	 Intestinally,	Trpc3 deficiency greatly ameliorates the 
above-	mentioned	 changes	 induced	 by	D-	gal	 intervention	 by	 com-
paring the Trpc3	deficient	groups	with	or	without	D-	gal	intervention.	
These	 results	 indicate	 that	 TRPC3	 upregulation-	mediated	 calcium	
overload	promoted	mitochondrial	dysfunction	in	aging	RTECs.

2.6  |  Dysregulated AT1R/PKA/CREB pathway 
is responsible for enhanced TRPC3 transcription in 
HK- 2 cells

To	 investigate	 the	 detailed	 mechanisms	 of	 enhanced	 TRPC3	 ex-
pression,	 we	 detected	 the	 expression	 profiles	 of	 key	 signaling	
pathway components upstream of TRPC3. We observed enhanced 
levels	of	AT1R,	and	phosphorylation	of	protein	kinase	A	(PKA)	and	
cAMP-	response	element	binding	protein	(CREB)	upon	D-	gal	 inter-
vention, while resveratrol or losartan partially attenuated these 
changes	 (Figure 5a).	We	 then	 examined	 the	 effects	 of	 inhibitors	
on	the	expression	of	TRPC3.	The	Sirt1	activator,	resveratrol,	PKA	
inhibitor,	 H89,	 and	 CREB	 inhibitor,	 KG501,	 partially	 blunted	 the	
upregulation	of	TRPC3	induced	by	D-	gal	(Figure 5b).	CREB	knock-
down	also	inhibited	the	upregulation	of	TRPC3	by	D-	gal	treatment	
in	HK-	2	 cells,	 compared	with	 siNC	 (Figure 5c).	Using	 the	 JASPAR	
database for promoter prediction, we identified a predicted bind-
ing	sequence	of	CRE	with	two	possible	CRE	binding	sites,	 located	
at	 −1865	 to	 −1854 bp	 and	 −1659	 to	 −1648 bp	 (Figure 5d).	 Dual-	
luciferase	reporter	assays	showed	that	CREB	knockdown	inhibited	

the luciferase activity of the recombinant reporters, PT1, PT2 and 
PT1-	Mut,	compared	with	siNC,	while	no	significant	changes	were	
observed	after	 transfection	of	pGL3-	basic,	PT3	or	PT2-	Mut,	 indi-
cating	 that	CRE2	 is	 the	 potential	 binding	 site.	 Co-	transfection	 of	
pCMV-	CREB	 showed	 similar	 trends,	 further	 demonstrating	 that	
CRE2	is	the	binding	site	of	CREB	(Figure 5e).	Furthermore,	chroma-
tin	immunoprecipitation	(ChIP)-	PCR	assay	revealed	that	CREB	can	
directly	 bind	 to	 the	 TRPC3	 promoter	 region	 (−1659	 to	 −1648 bp)	
(Figure 5f,g).	These	 findings	 indicate	 that	activation	of	 the	AT1R/
PKA	 pathway	 promoted	 the	 binding	 of	 CREB	 to	 the	 TRPC3	 pro-
moter to activate transcription.

2.7  |  Trpc3 KO further ameliorates 
aging- associated renal disorders

To	 further	 validate	 the	 role	 of	 TRPC3	 in	 modulating	 aging-	
associated	renal	disorders,	both	wild-	type	and	Trpc3−/− mice were 
treated	with	D-	gal.	Trpc3	KO	partially	ameliorated	the	glomerular	
sclerosis, tubular atrophy, and renal interstitial fibrosis induced 
by	D-	gal	 intervention	(Figure 6a,b).	Moreover,	 increased	levels	of	
key	fibrotic	markers	(Collagen	I,	Collagen	IV	and	fibronectin)	were	
determined to be partially attenuated by Trpc3	KO	using	both	im-
munohistochemical staining and western blotting. Trpc3	KO	also	
partially	decreased	the	size	of	the	SA-	β-	gal	positive	area	induced	by	
D-	gal	 intervention	 (Figure 6c–f).	Furthermore,	Trpc3	KO	partially	
attenuated	D-	gal-	induced	impaired	renal	functions	and	increased	
urinary	albumin	concentrations	(Figure 6g,h).	These	findings	pro-
vide	further	evidence	of	TRPC3	modulating	aging-	associated	renal	
disorders.

F I G U R E  2 The	associations	between	sirtuin	1/angiotensin	II	type	1	receptor	(Sirt1/AT1R)	signaling	pathway	and	mitochondrial	function.	
(a,	b)	The	ROS	levels	in	primary	renal	tubular	epithelial	cells	(RTECs)	from	mice	of	control,	D-	gal,	D-	gal	plus	resveratrol	and	D-	gal	plus	losartan	
groups,	using	dihydroethidium	(DHE)	and	mitoSOX	as	indicating	dyes	(n = 6).	(c)	The	ATP	contents	of	primary	RTECs	from	the	above-	mentioned	
groups	(n = 6).	(d)	The	mitochondrial	membrane	potential	(MMP)	levels	of	primary	RTECs	from	the	above-	mentioned	groups,	using	JC-	1	as	
the	indicating	dye	(n = 6).	(e,	f)	The	mitochondrial	respiratory	function	of	primary	RTECs	from	the	above-	mentioned	groups.	The	Routine	
OCR	levels,	Complex	I	OXPHOS,	Complex	I	plus	II	OXPHOS	and	ETS	were	calculated	and	analyzed	in	(f)	(n = 9–18).	(g)	Representative	kidney	
sections	staining	with	hematoxylin	and	eosin	(H&E),	periodic	acid-	Schiff	(PAS)	and	Masson	dyes	from	the	above-	mentioned	groups	(n = 6).	
(h)	Representative	immunohistochemical	kidney	sections	of	mice	treated	with	control,	D-	gal,	and	D-	gal	plus	mitoTEMPO,	stained	with	key	
fibrotic	markers	and	quantified	with	Image	J	(n = 6).	(i,	j)	The	western	blot	analyses	showed	the	expression	levels	of	fibrotic	markers	(Collagen	
I,	Collagen	IV,	Fibronectin),	with	GAPDH	as	a	loading	control	in	the	above-	mentioned	groups.	Quantitative	analysis	of	these	bands	was	
performed	and	calculated	for	statistical	significance	(n = 4).	(k,	l)	The	effects	of	mitoTEMPO	intervention	on	renal	functions,	urinary	albumin	
concentrations	(mg/L),	and	urinary	albumin/creatinine	ratio	(UACR,	mg/μg)	(n = 6).	*p < 0.05,	**p < 0.01,	***p < 0.001.

F I G U R E  3 The	expression	profiles	of	TRPC	channels	and	calcium	influx	patterns	in	aging	renal	tubular	epithelial	cells	(RTECs).	(a)	
QRT-	PCR	evaluation	of	the	mRNA	levels	of	TRPC	channels	in	renal	tissues	from	mice	of	control,	D-	gal,	D-	gal	plus	resveratrol,	and	D-	gal	
plus	losartan	groups	(n = 6).	(b,	c)	The	protein	levels	of	TRPC	channels	using	immunoblotting	in	renal	tissues	from	the	above-	mentioned	
mice	(n = 4).	(d)	Cellular	calcium	influx	was	measured	in	primary	RTECs	using	oleyl-	acetyl	glycerol	(OAG)	and	(thapsigargin)	TG	as	agonists,	
respectively	(n = 3).	(e,	f)	The	role	of	store-	operated	calcium	and	TRPC	channels	on	cellular	calcium	influx	in	primary	RTECs	by	pre-	incubation	
of	2-	APB	and	SKF-	96365	as	inhibitors,	respectively	(n = 3).	(g)	The	role	of	transient	receptor	potential	channel,	subtype	C,	member	3	(TRPC3)	
on	cellular	calcium	influx	in	primary	RTECs	by	pre-	incubation	of	TRPC3	inhibitor	Pyr3	(n = 3).	(h,	i)	The	role	of	TRPC3	on	mitochondrial	
calcium	entry	in	primary	RTECs	using	complete	RTECs	(h)	or	digitonin-	treated	permeabilized	RTECs	(i),	in	the	absence	or	presence	of	Pyr3	
(n = 3).	*p < 0.05,	**p < 0.01,	***p < 0.001.
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3  |  DISCUSSION

Investigating	 the	 detailed	 mechanisms	 of	 aging-	associated	 mito-
chondrial dysfunction and renal disorders is vital to understand 

the	pathogenesis	 senescence-	related	CKD.	 In	 this	 study,	we	dem-
onstrated	 that	modulation	of	 the	Sirt1/AT1R	axis	 improved	aging-	
associated mitochondrial function and renal disorders, effects 
that are associated with TRPC3 upregulation. TRPC3 upregulation 

F I G U R E  4 The	effects	of	transient	receptor	potential	channel,	subtype	C,	member	3	(TRPC3)	on	mitochondrial	function	in	aging	renal	
tubular	epithelial	cells	(RTECs).	(a,	b)	Cellular	and	mitochondrial	ROS	levels	were	detected	using	dihydroethidium	(DHE)	and	mitoSOX	as	
fluorescence	dyes	in	primary	RTECs	and	HK-	2	cells	(treated	with	siNC/siTRPC3),	respectively	(n = 6).	(c,	d)	The	mitochondrial	membrane	
potential	(MMP)	levels	and	ATP	contents	were	measured	in	the	above-	mentioned	RTECs	(n = 6).	(e,	f)	The	enzyme	activities	of	Complex	I	and	
Complex	II	in	mitochondrial	respiratory	chain	were	measured	in	both	primary	RTECs	and	HK-	2	cells	(n = 6).	(g,	h)	Mitochondrial	respiratory	
functions	were	measured	in	primary	RTECs	(n = 9–18).	*p < 0.05,	**p < 0.01,	***p < 0.001.
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induced dysregulated cellular/mitochondrial calcium homeostasis 
and	mitochondrial	dysfunction,	which	promoted	oxidative	stress	and	
pathogenesis of renal fibrosis. Trpc3	KO	partially	attenuated	D-	gal-	
induced renal disorders by improving mitochondrial function. Our 
study	 reveals	 a	 new	mechanism	of	 dysregulated	 redox	 status	 and	
impaired mitochondrial function, which promotes cell senescence in 
the aging kidney. TRPC3 may also be an important target to improve 
mitochondrial	function	and	aging-	associated	renal	injury.

There are various types of in vivo accelerated aging 
model,	 namely	 radiation-	induced,	 jet	 lag-	induced,	 the	 Klotho	
mouse,	 thymus-	removed,	 and	 D-	gal-	induced	 models	 (Azman	 &	
Zakaria, 2019).	Among	them,	the	D-	gal-	induced	model	 is	the	most	
preferred and widely used in the study of aging. Chronically admin-
istered	 D-	gal	 is	 converted	 into	 aldose	 and	 hydroperoxide	 by	 ga-
lactose	 oxidase,	 resulting	 in	 the	 generation	 of	 ROS,	 inflammation,	
mitochondrial	 dysfunction,	 and	 apoptosis	 (Ullah	 et	 al.,	 2015).	 The	
D-	gal-	induced	 aging	model	 has	 been	 used	 to	mimic	 natural	 aging	
and	 to	 investigate	 various	 aging-	associated	 dysfunctions,	 such	 as	
systemic	changes,	brain	aging,	 liver	aging,	and	kidney	aging	 (Hong	
et al., 2023;	Miao	et	al.,	2019; Sumbalová et al., 2022).	In	the	natur-
ing	process	of	aging,	 impaired	 redox	homeostasis	 is	 considered	 to	
play	a	dominant	role.	D-	gal	 intervention	mimics	this	aging	process	
by	inducing	oxidative	stress	in	kidney	tissues	through	the	elevation	
of	 renal	 malondialdehyde,	 nitric	 oxide,	 protein	 carbonyl	 and	 ROS	
levels	while	diminishing	 superoxide	dismutase,	 catalase	and	gluta-
thione	levels	(E	et	al.,	2023).	Oxidative	stress	may	further	activate	a	
variety	of	inflammatory	signaling	pathways	and	lead	to	the	expres-
sion	of	inflammatory	cytokines	(Azman	&	Zakaria,	2019).	Moreover,	
D-	gal	administration	significantly	increases	the	levels	of	serum	urea	
and creatinine, and can lead to histological changes in the kidney 
(Gao	et	al.,	2022).	Azman	&	Zakaria	also	concluded	that	the	extent	
of	damage	is	different	between	D-	gal-	induced	and	natural	aging	but	
that	 this	damage	 is	not	easy	 to	measure	 (Azman	&	Zakaria,	2019).	
Therefore,	the	D-	gal-	induced	aging	model	is	a	relatively	good	model	
to mimic natural aging and to investigate its mechanisms.

Human aging is associated with both structural and functional 
changes in various organ systems, including the kidney. During the 
aging	 process,	 the	 kidney	 exhibits	 progressive	 functional	 decline	
with	 histological	 alterations	 (Fang	 et	 al.,	 2020).	 Renal	 tubules	 ac-
count	for	more	than	90%	of	the	total	renal	mass	and	are	mostly	af-
fected	by	kidney	ageing;	 therefore,	RTECs	are	challenged	by	both	
intrinsic	 (replicative)	 senescence	 and	 extrinsic	 (stress-	induced)	
senescence	 (Sturmlechner	 et	 al.,	 2017).	 Recent	 studies	 indicate	

that	 senescence	of	RTECs	 accelerates	 the	 progression	of	 renal	 fi-
brosis	 (Wang	 et	 al.,	2021).	Mechanistically,	 senescent	 RTECs	may	
secrete	 senescence-	associated	 secretory	 phenotype	 (pro-	fibrotic	
and	 pro-	inflammatory)	 factors,	 further	 promoting	 the	 senescence	
of	 renal	 cells,	 and	accelerating	 renal	 aging	 (Docherty	et	 al.,	2019).	
Zhang	et	al.	concluded	that	oxidative	stress	and	telomere	attrition	
with	DNA	damage	are	the	major	causes	of	RTEC	senescence,	with	
oxidative	 stress	 acting	 as	 the	 initiation	 step	 (Zhang	 et	 al.,	 2023).	
Moreover,	Wnt/β-	catenin/renin-	angiotensin	 system	 (RAS),	 nuclear	
factor	erythroid	2-	related	factor	2	(Nrf2)/ARE	and	signal	transducer	
and	 activator	 of	 transcription-	3	 (STAT-	3)/NF-	kB	 pathways	 are	 in-
volved	 in	 the	pathogenesis	of	 renal	 disorders	during	 aging	 (Zhang	
et al., 2023).	 The	 detailed	mechanism	 underlying	 these	 pathways	
have	been	studied.	For	instance,	Miao	et	al.	revealed	that	the	Wnt/
RAS	axis	functions	in	age-	related	renal	fibrosis	through	the	deterio-
ration	of	mitochondrial	function	and	redox	status	(Miao	et	al.,	2019).	
In this study, we revealed the downstream mechanisms of Sirt1/
AT1R	 signaling	 involvement	 in	 redox	 status	 and	 pathogenesis	 of	
aging-	associated	renal	disorders.

Mitochondrial	 dysfunction	 and	 ROS	 production	 are	 central	 to	
RTEC	 senescence	 (Zhang	 et	 al.,	 2023).	 Mitochondria	 are	 funda-
mental	 to	 energy	 metabolism	 and	 redox	 homeostasis;	 therefore,	
their dysfunction is a crucial underlying factor in aging. Aging im-
pairs	mitochondrial	oxidative	phosphorylation	 in	heart	tissue,	with	
an	approximately	50%	decrease	in	function,	especially	of	Complex	
I	 (Lesnefsky	et	al.,	2016).	Moreover,	 impaired	mitochondria	during	
aging	are	major	producers	of	excessive	ROS,	and	prime	targets	for	
excessive	ROS-	induced	damage,	leading	to	deterioration	of	oxidative	
phosphorylation	and	redox	balance.	Changes	to	mitochondria	during	
senescence include changes in mitochondrial morphology/function, 
OXPHOS	function,	and	calcium	homeostasis.	For	instance,	dysreg-
ulation of the Wnt/β-	catenin/RAS	pathway	promotes	mitochondrial	
dysfunction	and	renal	fibrosis	during	aging	(Miao	et	al.,	2019).	The	
mitochondrial	 protein,	 Fus1/Tusc2,	 also	 functions	 in	 age-	related	
pathologies	 by	 modulating	 energy	 homeostasis	 (Uzhachenko	
et al., 2017).	Therefore,	mitochondrial	metabolic	reprogramming	has	
been proposed to be an important therapeutic strategy for aging 
and	age-	related	diseases	(Chung	et	al.,	2018; Lee et al., 2021).	In	this	
study,	mitochondrial	functions	in	D-	gal-	treated	RTECs	were	system-
atically assessed in aged renal tissues, and showed increased ROS 
production, impaired ATP production and OXPHOS, and decreased 
MMP	levels.	More	importantly,	we	showed	that	D-	gal-	induced	mi-
tochondrial	 dysfunction	 and	 aging-	associated	 renal	 disorders	 can	

F I G U R E  5 The	regulatory	mechanism	of	enhanced	transient	receptor	potential	channel,	subtype	C,	member	3	(TRPC3)	transcription	in	
renal	tubular	epithelial	cells	(RTECs).	(a)	Immunoblotting	detection	of	the	key	proteins	in	the	(sirtuin	1/angiotensin	II	type	1	receptor)	Sirt1/
AT1R	signaling	pathway	of	the	renal	tissues	from	the	above-	mentioned	groups,	using	GAPDH	as	a	loading	control	(n = 4).	(b,	c)	The	effects	
of	Sirt1/AT1R	signaling	pathway	on	TRPC3	levels	by	combined	usage	of	inhibitors	and	siRNAs	transfection	(n = 3).	(d)	The	possible	CRE	
binding	sequence	and	location	in	the	TRPC3	promoter	region	by	JASPAR	database,	with	the	schematic	diagram	of	different	recombinant	
vectors	used	for	dual-	luciferase	reporter	assay.	(e)	Dual-	luciferase	reporter	assay	was	performed	by	co-	transfection	of	recombinant	vectors,	
siNC/siCREB	or	pCMV/pCMV-	cAMP-	response	element	binding	protein	(CREB),	and	pRL-	TK	plasmids	in	HK-	2	cells	(n = 3).	(f,	g)	Chromatin	
immunoprecipitation	(ChIP)-	PCR	assay	to	demonstrate	the	direct	binding	site	in	the	TRPC3	promoter	region	(n = 3).	*p < 0.05,	**p < 0.01,	
***p < 0.001.
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be partially attenuated by modulation of Sirt1/AT1R signaling or by 
knockdown of TRPC3.

Among the various alterations to mitochondrial functions 
during aging, changes in Ca2+ homeostasis appear to initiate these 
alterations	 (Müller	et	al.,	2018).	Mitochondria	are	 important	cal-
cium stores in the cell and are affected by the calcium status of the 
whole	cell	(Bou-	Teen	et	al.,	2021).	Generally,	dysregulated	calcium	
homeostasis leads to mitochondrial calcium overload through 
multiple calcium channels located in the mitochondrial membrane, 
such as mitochondrial calcium uniporter. A mutual interplay be-
tween ROS and Ca2+	 in	aging	and	age-	related	diseases	has	been	
suggested	 (Madreiter-	Sokolowski	 et	 al.,	 2020).	 Therefore,	 dys-
regulated calcium homeostasis has been shown to function in 
aging-	associated	 disorders.	 Previously,	 increased	 cytosolic	 Ca2+ 
levels	 were	 observed	 in	 aging	MSCs	 (Ahamad	 et	 al.,	2021),	 and	
were	correlated	with	age-	related	diseases	(Madreiter-	Sokolowski	
et al., 2020).	 Moreover,	 targeting	 mitochondrial	 calcium	 ho-
meostasis	 is	 a	 therapeutic	 strategy	 to	 improve	 aging-	associated	
diseases	(Gao	et	al.,	2020; Lee et al., 2021).	We	previously	demon-
strate that TRPC3 functions to regulate mitochondrial calcium 
uptake and mitochondrial function in hypertensive vasculature 
(Wang	et	al.,	2017).	TRPC3	is	different	from	other	calcium	chan-
nels because it is located in both the plasma and mitochondrial 
membranes	 (Feng	 et	 al.,	 2013).	 Therefore,	 TRPC3	 upregulation	
may directly lead to mitochondrial calcium overload, with the 
mitochondrial calcium imbalance resulting in mitochondrial and 
redox	dysfunctions.	However,	the	role	of	TRPC3	has	not	been	in-
vestigated	 in	aging-	associated	renal	changes.	Erac	et	al.	have	re-
ported	 increased	 expressions	 of	 TRPC1	 and	 TRPC6	 in	 aging	 rat	
aorta	 (Erac	 et	 al.,	2010).	He	 et	 al.	 reported	 that	 upregulation	of	
TRPC3 induced atrial fibrosis in both spontaneously hyperten-
sive	 and	 aging	 rats	 (He	 et	 al.,	 2019).	 Here,	 we	 investigated	 the	
expression	 profiles	 of	 TRPC	 channels	 and	 showed	 that	 TRPC3	
exhibited	 the	 largest	 increase	 in	 both	mRNA	 and	 protein	 levels,	
while TRPC1 and TRPC6 showed a mild increase in protein levels. 
Interestingly, the mRNA level of TRPC1 did not change signifi-
cantly, indicating that TRPC1 mRNA translation may be affected 
during aging, which is a promising avenue to pursue in the study 
of	renal	diseases	(Kasinath	et	al.,	2009).	Furthermore,	we	showed	
that upregulation of TRPC3 promotes both cytosolic and mito-
chondrial	calcium	overload,	mitochondrial	dysfunction,	and	redox	
imbalance,	 thereby	 promoting	 aging-	associated	 renal	 fibrosis.	
Inhibition of TRPC3 by Pyr3 or Trpc3	knockdown/KO	partially	at-
tenuated	cytosolic/mitochondrial	calcium	influx,	ROS	production,	

and	mitochondrial	 respiratory	 dysfunction.	Moreover,	 Trpc3	 KO	
partially	ameliorated	D-	gal-	induced	CKD,	evidenced	by	improved	
renal function with reduced pathological changes and renal fi-
brosis.	Furthermore,	 the	mechanism	of	TRPC3	upregulation	was	
revealed	 in	 RTECs	 as	 dysregulated	 AT1R/PKA/CREB	 signaling.	
TRPC3 functions as a link between calcium entry, mitochondrial 
metabolism and ROS in aging kidney and is a promising therapeu-
tic	target	for	aging-	associated	renal	disorders.

TRPC3 and TRPC6 are both involved in several physiological 
processes and the pathogenesis of diseases. TRPC3 and TRPC6 
are	 store-	operated	 calcium	 channels	 and	 form	 functional	 hetero-
multimers	 in	 the	plasma	membrane	 (Dryer	 et	 al.,	 2019).	 The	 roles	
of TRPC3 and TRPC6 have also been investigated in renal fibrosis 
(Wu	 et	 al.,	 2017)	 and	CKD	 (Dryer	 et	 al.,	 2019).	More	 specifically,	
TRPC3 and TRPC6 may play different roles in certain circumstances. 
For	instance,	increased	TRPC3	expression	in	vascular	smooth	mus-
cle cells leads to changes in TRPC3/C6 heteromultimeric assem-
bly	 and	 promotes	 depolarization	 of	 hypertensive	 vascular	 smooth	
muscle	 cells	 (Álvarez-	Miguel	 et	 al.,	 2017).	 TRPC6	 can	 counteract	
the	 TRPC3-	Nox2	 protein	 complex,	 thereby	 leading	 to	 decreased	
levels	of	cytokines	and	attenuation	of	hyperglycemia-	induced	heart	
failure	 in	mice	 (Oda	et	 al.,	 2017).	 Furthermore,	mutual	 interaction	
also	exists	between	the	expression	patterns	of	TRPC3	and	TRPC6.	
For	instance,	Dietrich	et	al.	reported	that	the	expression	of	TRPC3	
was	upregulated	upon	TRPC6	KO	in	smooth	muscle	cells	 (Dietrich	
et al., 2005).	 Therefore,	 the	 detailed	 regulatory	 mechanisms	 be-
tween TRPC3 and TRPC6 need further investigation, especially in 
kidney diseases.

In summary, dysregulation of the Sirt1/AT1R pathway, which 
induced	 PKA/CREB	 activation	 to	 promote	 TRPC3	 transcription,	
was	observed	in	RTECs	during	aging.	Enhanced	TRPC3	expression	
induced cellular calcium overload, mitochondrial dysfunction, and 
ROS production, thereby promoting the pathogenesis of renal disor-
der	during	aging.	TRPC3	is	a	promising	therapeutic	target	for	aging-	
associated renal disorders.
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