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Abstract
Cisplatin	(CP),	an	anticancer	drug,	often	causes	kidney	damage.	However,	the	mecha-
nism	of	CP-	induced	acute	kidney	injury	(AKI)	is	not	completely	understood.	AKI	was	
induced	 by	 intravenous	 injection	 (i.v.)	 of	 cisplatin	 at	 doses	 of	 5,	 8,	 and	 10	mg/kg.	
Anemoside	B4	(B4)	(20	mg/kg,	i.m.)	and	dexamethasone	(DXM)	(0.5	mg/kg,	i.v.)	were	
used	for	AKI	treatment.	Biochemical	indicators	were	assessed	using	an	automatic	bio-
chemical	analyzer,	protein	expression	was	analyzed	by	western	blotting,	and	morpho-
logical	changes	in	the	kidney	were	examined	by	PAS	staining.	The	serum	creatinine	
(Cre)	 and	blood	urea	nitrogen	 (BUN)	 levels	did	not	 change	 significantly	 in	 the	 first	
2 days but abruptly increased on the third day after CP injection. The serum albumin 
(ALB)	and	total	protein	(TP)	levels	decreased	in	both	a	time-		and	dose-	dependent	man-
ner.	The	urine	protein	 level	 increased,	the	clearing	rate	of	Cre	decreased	distinctly,	
and	morphologic	changes	appeared	in	a	dose-	dependent	manner.	The	protein	expres-
sion	of	p53/caspase-	3,	NLRP3,	IL-	6,	and	TNF-	α was obviously upregulated on day 3; 
concurrently,	nephrin	and	podocin	were	downregulated.	The	expression	of	LC3II	and	
p62	was	upregulated	significantly	as	the	CP	dose	increased.	B4	and	DXM	obviously	
decreased	the	BUN	and	Cre	levels	after	3	or	5	days	of	treatment.	AKI	appeared	dis-
tinctly	in	a	time-	dependent	manner	at	2	to	5	days	after	the	administration	of	5	mg/
kg	CP	and	in	a	dose-	dependent	manner	upon	the	administration	of	5,	8,	and	10	mg/
kg	CP.	The	third	day	was	a	significant	time	point	for	renal	deterioration,	and	treatment	
with	B4	and	DXM	within	the	first	3	days	provided	significant	protection	against	AKI.
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1  |  INTRODUC TION

Cisplatin	 (CP)	 is	a	nonspecific	 cytotoxic	antitumor	drug	commonly	
used	 in	the	clinic.	 It	kills	 tumor	cells	and	causes	toxicity	to	normal	
cells;	for	example,	renal	tubular	 injury	 is	common	and	observed	as	
acute renal damage in the clinic.1-	3 Studies have shown that the inci-
dence of renal dysfunction after CP use is 3.8% in clinical antitumor 
practice,4	thus,	patients	using	CP	are	at	a	higher	risk	for	developing	
kidney	injury	(approximately	20%–	30%).5-	7	Therefore,	improving	the	
monitoring	of	renal	function	to	protect	the	kidney	in	a	timely	manner	
is the focus of clinical CP chemotherapy.

CP	can	 act	 directly	 on	 the	 guanine	bases	of	 the	DNA	double-	
strand,	 leading	 to	 DNA	 damage	 and	 the	 induction	 of	 apoptosis	
and necrosis.8-	14	CP	 specifically	 acts	on	 renal	mitochondrial	DNA,	
causing	an	ATP	energy	metabolism	disorder	 that	 results	 in	 kidney	
injury.15	 In	 recent	 years,	 accumulating	 studies	 have	 reported	 not	
only apoptosis and necrosis16-	18 but also autophagy19,20	 in	the	kid-
ney	after	CP	treatment.	In	addition,	CP	damage	in	the	kidney	is	also	
related	 to	multiple	mechanisms,	 such	as	 the	PI3K/Akt,	 JAK/STAT/
SOCS,	and	MAPK	signaling	pathways.21,22

The	 mechanism	 of	 CP-	induced	 renal	 impairment	 is	 complex.	
However,	there	are	no	reports	on	the	dynamic	response	to	CP	from	
the	onset	of	renal	 injury.	A	detailed	systematic	observation	of	this	
process	 could	 precisely	 elucidate	 the	 mechanism	 underlying	 CP-	
induced	kidney	damage	and	is	 important	for	the	timely	prevention	
and	treatment	of	CP-	induced	kidney	damage.	Therefore,	we	inves-
tigated	the	dynamic	process	of	CP-	induced	experimental	acute	kid-
ney	injury	(AKI)	in	rats	and	the	expression	of	inflammatory	apoptotic	
factors.	 During	 the	 observation,	 we	 unexpectedly	 discovered	 the	
key	time	point	of	CP-	induced	renal	function	damage,	as	an	obvious	
difference in the renal function index was observed between the 
second and third days after CP injection. We then conducted exper-
iments to further study this time frame.

2  |  MATERIAL S AND METHODS

2.1  |  Animal treatment and experimental 
procedure

Male	SD	rats	weighing	160–	180	g	were	purchased	 from	Hunan	
SJA	 Laboratory	 Animal	 Co.,	 Ltd.	 (SCXK	 (Xiang)	 2016-	0002).	
This	 experiment	 was	 performed	 in	 the	 Laboratory	 of	 Barrier	
Environment	 of	 Jiangxi	 Bencao-	Tiangong	 Technology	 Co.,	 Ltd.	
(SYXK	 (Gan)	 2018-	0002).	 The	 animals	were	 housed	 in	 temper-
ature-		 and	 humidity-	controlled	 rooms	 under	 a	 12	 h	 light/dark	
cycle	and	provided	unrestricted	access	to	rodent	chow	and	drink-
ing	water.	All	experiments	were	performed	according	to	the	US	
National	 Institutes	 of	Health	 guidelines	 for	 humane	 animal	 use	
(NIH	 publication	 no.	 8023,	 revised	 1978).	 All	 procedures	 de-
scribed	were	reviewed	and	approved	by	the	Institutional	Animal	
Care	&	Use	Committee	of	Jiangxi	University	of	Traditional	Chinese	
Medicine	(TCM)	and	the	Animal	Welfare	&	Ethics	Committee	of	

Jiangxi	 University	 of	 TCM	 (approval	 ID:	 17-	JunLi-	B4).	 The	 ex-
perimental procedure was performed in strict accordance with 
the	guidelines	of	the	Experimental	Animal	Welfare	and	Ethics	of	
China.

AKI	 induced	by	different	doses	of	CP:	Rats	were	 randomly	di-
vided into four groups (n =	 10):	 the	 normal	 group	 and	 three	 CP	
groups	at	doses	of	5,	8,	and	10	mg/kg.	The	doses	of	CP	were	de-
termined according to our previous study.23	 CP	 (CP,	 from	 Jiangsu	
Hansoh	Pharmacy,	batch	number:	180804)	was	mixed	with	normal	
saline and injected into the tail veins of rats in the CP groups at an 
injection	volume	of	5	ml/kg	only	once,	and	rats	in	the	normal	group	
were injected with an equal volume of normal saline.

Effect	of	B4	on	AKI:	Rats	were	divided	into	six	groups	(n =	10):	
a	normal	group,	model	group,	model	+	B4	(5)	group	(B4	treatment	
for	 5	 days),	model	+	 B4	 (3	+	 2)	 group	 (B4	 treatment	 for	 3	 days	
and	no	treatment	for	2	days),	model	+	DXM	(5)	group	(DXM	treat-
ment	 for	 5	 days),	 and	model	+	 DXM	 (3	+	 2)	 group	 (DXM	 treat-
ment	 for	3	days	and	no	 treatment	 for	2	days).	CP	 (5	mg/kg)	was	
intravenously	injected	to	induce	AKI.	Anemoside	B4	was	obtained	
from	 Prof.	 YuLin	 Feng	 of	 the	 Phytochemical	 Department	 (batch	
no.	20161107,	98%	purity	as	determined	by	HPLC),	and	20	mg/kg	
B4	was	 administered	 (i.m.	 5	ml/kg).	DXM	 (PubChem	CID:	5743),	
a drug commonly used in clinical immunoinflammatory therapies 
and	often	used	for	AKI,24,25	was	purchased	from	Anhui	Golden	Sun	
Biochemical	 Pharmaceutical	 Co.,	 Ltd.	 (batch	 number:	 15032521)	
and	dissolved	 in	normal	saline	 (0.5	mg/kg)	before	being	adminis-
tered	via	the	tail	vein	(5	ml/kg)	after	CP	administration.	The	dose	
was determined according to our previous experiments and as re-
ported	by	Asayama	et	al.26

On	 day	 5,	 rat	 urine	 was	 collected	 using	 ZH-	B6	 metabolite	
cages	 (Anhui	 Zhenghua	 Biological	 Instrument	 Equipment	 Co.,	
Ltd.).	On	days	2,	3,	and	5,	blood	samples	were	collected	from	the	
orbital venous plexus on the corresponding days for biochemical 
analysis. Some rats in each group were anesthetized and eutha-
nized	 (10%	 urethane,	 10	ml/kg	 bodyweight,	 i.p.).	 Their	 kidneys	
were	 isolated;	 the	 right	kidney	was	 fixed	with	10%	formalin	 for	
morphological	 examination,	 and	 the	 left	 kidney	 was	 stored	 at	
−80°C	for	protein	expression	analysis.	Treatment	was	withdrawn	
from	the	remaining	rats.	On	day	14,	serum	was	collected	for	bio-
chemical	analysis,	and	the	kidneys	were	removed	for	protein	ex-
pression analysis.

2.2  |  Biochemical analysis

The	 quantity	 of	 urine	 collected	 after	 24	 h	 was	 determined,	 and	
the protein content was determined. Serum was collected for bio-
chemical	 analysis.	 BUN	 (R1	 TG836,	 R2	 TG837),	 TP	 (TH619),	 and	
ALB	 (TF126)	 were	 all	 purchased	 from	 Japan	 Pure	 Pharmaceutical	
Industry	Co.,	Ltd.	Urine	protein	concentration	(CSF)	(706061E)	and	
Cre	(710241H)	were	purchased	from	Beijing	Leadman	Biochemistry	
Co.,	Ltd.	 Indexes	 reflecting	kidney	 function	were	assessed	using	a	
7100	Biochemistry	Automatic	Analyzer	(Hitachi).
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2.3  |  Histological examination

The	kidney	tissue	was	analyzed	using	a	periodic	acid	Schiff	reaction	
(PAS)	staining	kit	purchased	from	Leagene	Biotechnology	Co.,	Ltd.,	
and	the	staining	was	evaluated	using	a	microscope	(Leica	DM2500).	
Histological	changes	attributed	to	the	acute	tubular	necrosis	(ATN)	
score were quantified by calculating the percentage of tubules that 
displayed	epithelial	cell	shedding	or	necrosis,	 loss	of	brush	border,	
cast	formation,	and	tubule	dilatation	as	follows:	0	= none; 1 = <10%; 
2 =	10%–	25%;	3	=	26%–	45%;	4	=	46%–	75%,	and	5	= >75%.	Six	fields	
(×200)	were	evaluated	for	each	kidney	slice.

2.4  |  Protein expression

Protein expression was analyzed by western blot as described previ-
ously.27,28	The	kidney	tissues	were	lysed	with	2%	SDS,	and	the	pro-
teins	were	separated	by	10%	sodium	dodecyl	sulfate-	polyacrylamide	
gel	electrophoresis	and	transferred	onto	NC	membranes.	The	mem-
branes	were	 blocked	with	 5%	 skim	milk	 at	 room	 temperature	 for	
2	h	and	then	incubated	overnight	at	4°C	with	the	following	diluted	
primary	 antibodies:	 NF-	κB	 (rabbit	 polyclonal	 antibody,	 ab16502),	
TNF-	α	(rabbit	polyclonal	antibody,	ab6671),	NLRP3	(rabbit	polyclonal	
antibody,	ab210491),	IL-	1β	(rabbit	polyclonal	antibody,	ab9722),	IL-	6	
(mouse	monoclonal	antibody,	ab9324),	caspase-	1	(rabbit	polyclonal	
antibody,	ab1872),	nephrin	(rabbit	monoclonal	antibody,	ab216341)	
and	LC3II	(rabbit	monoclonal	antibody,	ab192890)	(all	from	Abcam).	
Antibodies	 against	 ASC	 (mouse	monoclonal	 antibody,	 sc-	271054),	
Bcl-	2	 (mouse	monoclonal	antibody,	sc-	56015),	and	TGF-	β1 (mouse 
monoclonal	antibody,	sc-	130348)	were	purchased	from	Santa	Cruz	
Biotechnology.	Antibodies	against	IL-	18	(rabbit	polyclonal	antibody,	
TA324190)	and	podocin	(rabbit	polyclonal	antibody,	TA351459)	were	
purchased	from	Origene,	antibodies	against	p53	(mouse	monoclonal	
antibody,	60283-	2-	lg),	and	p62	(rabbit	polyclonal	antibody,	18420-	1-	
AP)	were	purchased	from	Proteintech,	and	antibodies	against	BAX	
(rabbit	 polyclonal	 antibody,	 14796),	 PARP	 (rabbit	 polyclonal	 anti-
body,	 9532T),	 cleaved	 PARP	 (rabbit	 polyclonal	 antibody,	 94885S)	
and	 caspase-	3	 (rabbit	 polyclonal	 antibody,	 9662)	 were	 purchased	
from	CST.	The	membranes	were	 incubated	with	HRP-	labeled	goat	
anti-	mouse	 IgG-	HRP	 (ZB2305)	 and	goat	 anti-	rabbit	 (ZB2301)	 IgG-	
HRP	 secondary	 antibodies	 (ZSGB-	Bio)	 at	 room	 temperature	 for	
1.5	h,	and	an	ECL	solution	was	used	to	visualize	the	target	protein	
bands	on	an	imaging	system	(Bio-	Rad	ChemiDocXRS+).	ImageJ	soft-
ware	was	used	to	quantify	the	gray	levels,	and	β-	actin	(mouse	mono-
clonal	 antibody,	 TA-	09,	 Zhongshan	 Jinqiao	Biotech	Company)	was	
used as an internal control.

2.5  |  Statistical analysis

All	values	are	expressed	as	the	mean	± SEM. Data were statistically 
analyzed	 using	 two-	way	 analysis	 of	 variance	 (ANOVA)	 followed	
by post hoc Dunnette's multiple comparison with GraphPad Prism 

8.01	 software	 (GraphPad).	 p values below .05 were considered 
statistically significant. The statistical graph was produced using 
GraphPad Prism 8.01 software as mentioned above.

3  |  RESULTS

3.1  |  Kinetic changes in the serum BUN and Cre 
levels in rats

After	an	intravenous	injection	of	CP,	the	BUN	and	Cre	levels	in	rat	
serum	increased	in	a	dose-		and	time-	dependent	manner	(Figure	1A,C)	
and	peaked	on	the	fifth	day.	Notably,	the	third	day	after	the	injec-
tion	was	determined	to	be	a	critical	time	point	at	which	the	BUN	and	
Cre	levels	were	markedly	increased	compared	with	those	on	day	2,	
suggesting that important pathologic changes occurred at that time. 
This	abrupt	increase	was	dose-	dependent	(Figure	1B,D),	and	even	a	
small	dose	of	CP	(5	mg/kg)	caused	a	significant	increase	in	the	BUN	
and Cre levels on day 3 compared with day 2 after CP injection.

On	day	5	after	CP	injection,	the	serum	ALB	level	was	decreased	
in	a	dose-	dependent	manner,	and	the	renal	excretion	abilities	of	the	
rats	were	significantly	reduced	(Figure	2A).	The	urine	protein	con-
centration	(CSF)	and	24	h	urine	protein	(urine	protein	=	CSF	× urine 
volume)	 level	 were	 increased,	 and	 the	 24	 h	 volume	 of	 urine	 was	
markedly	decreased,	suggesting	that	the	glomerular	membrane	was	
damaged,	causing	protein	leakage	(Figure	2B–	D).	The	urine	Cre	ex-
cretion	was	markedly	decreased,	and	the	clearing	rate	of	Cre	 [Cre	
clearing rate = (urine volume ×	urine	Cre)/(serum	Cre	×	1440)]	was	
also	markedly	decreased	due	only	to	the	urine	volume	is	significantly	
reduced,	indicating	that	the	clearing	function	of	the	rat	kidneys	was	
reduced	after	CP	injection	(Figure	2E,F).

To	confirm	these	pathological	changes,	we	repeated	the	exper-
iment	 in	CP-	injured	kidneys.	Figure	3	shows	 that	 the	serum	 levels	
of	BUN	and	Cre	were	significantly	increased	after	CP	injection	in	a	
time-		 and	 dose-	dependent	manner.	 Simultaneously,	 the	 serum	TP	
and	ALB	levels	were	decreased	in	both	a	time-		and	dose-	dependent	
manner.	Additionally,	day	3	was	a	notable	 time	point	at	which	 the	
protein levels were decreased significantly compared with those on 
day	2,	especially	 in	 the	 large-	dose	group	 (10	mg/kg).	All	 these	 re-
sults	indicate	that	day	3	is	a	critical	time	point	for	CP-	induced	kidney	
damage.

3.2  |  Expression of protein markers related to 
apoptosis and inflammation in rat kidneys

To	explore	the	molecular	mechanism	of	CP	injury	in	rat	kidneys,	we	
investigated proteins related to apoptosis and inflammation signal-
ing	pathways	using	the	western	blot	assay	(Figure	4).	The	p53	and	
caspase-	3	 levels	 were	markedly	 increased	 after	 CP	 injection,	 and	
their levels on day 3 were higher than those on day 2. The expres-
sion	of	p53	peaked	on	day	5	in	the	5	mg/kg	group	but	not	in	an	obvi-
ous	dose-	dependent	manner.	Caspase-	3	expression	peaked	on	day	
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5	in	a	dose-	dependent	manner,	 indicating	that	caspase-	3	responds	
positively	to	CP	toxicity.	Notably,	cleaved	caspase-	3	was	expressed	
at	a	higher	level	on	day	3	after	CP	administration,	in	agreement	with	
the previously described indicators of renal function impairment 
(Figure	4A–	C).	Poly	(ADP-	ribose)	polymerase	(PARP),	another	indica-
tor	of	apoptosis,29	was	also	expressed	at	a	higher	level,	and	cleaved	
PARP	expression	was	obviously	increased	on	day	5	in	the	5	mg/kg	
group	(Figure	4D,E),	supporting	that	apoptosis	was	detected	in	the	
kidney.	The	protein	expression	levels	of	BAX	and	Bcl-	2	were	obvi-
ously	enhanced	on	day	3	compared	with	day	2,	but	there	were	no	
differences	in	the	Bcl-	2/BAX	ratio,	suggesting	that	the	response	to	
CP	 stress	occurred	on	day	3	 (Figure	4F–	H).	These	 results	 confirm	
that apoptosis occurs even in the early stage of CP administration 
and	that	p53-	caspase-	3	is	a	major	apoptosis	pathway.

To	 determine	 whether	 inflammatory	 cytokines	 contributed	 to	
the	acute	 injury	of	rat	kidneys	 induced	by	CP,	we	 investigated	the	
protein	 expression	 of	 nuclear	 factor-	κB	 (NF-	κB),	 TNF-	α,	 and	 the	
NLRP3	inflammasome.	Figure	5	shows	that	in	the	early	stage	of	CP	
injury,	 IL-	6	and	TNF-	α	were	distinctly	upregulated,	and	their	 levels	
peaked	on	day	3	after	exposure	to	CP	(Figure	5C,D),	indicating	that	
the acute inflammatory reaction was initiated immediately. The ex-
pression	 of	NF-	κB was upregulated on day 2 and then decreased 

over	time	but	 increased	as	the	dose	 increased,	which	 is	worthy	of	
further	in-	depth	study	(Figure	5B).

The	 NLRP3	 inflammasome	 consists	 of	 NLRP3,	 an	 apoptosis-	
associated	 speck-	like	 protein	 containing	 a	 caspase	 recruitment	
domain	 (ASC),	 caspase-	1,	 interleukin	 18	 (IL-	18),	 and	 IL-	1β. The 
expression	 of	 ASC,	 IL-	18,	 and	 IL-	1β was obviously upregulated 
(Figure	5E,F,I),	 suggesting	 that	 the	NLRP3	 inflammasome	was	also	
activated	 in	 the	 pathological	 AKI	 induced	 by	CP.	Additionally,	 the	
expression	 levels	 of	 these	 proteins	 peaked	 on	 day	 3	 after	 CP	 ad-
ministration,	 consistent	with	 those	of	BUN	and	Cre,	 as	previously	
described.	Similar	to	NF-	κB	and	TNF-	α,	ASC,	 IL-	18,	and	IL-	1β were 
not	enhanced	in	a	dose-	dependent	manner.	In	addition,	NLRP3	was	
downregulated	and	caspase-	1	was	unchanged	after	the	CP	injection	
(Figure	5H,J),	which	needs	to	be	studied	further.

Regarding	autophagy	markers,	the	expression	of	light	chain	3	II	
(LC3II)	in	rats	administered	5	mg/kg	CP	was	lower	than	that	in	the	
normal	 group	within	 3	 days.	However,	 as	 the	 dose	 increased,	 the	
expression	of	LC3II	was	significantly	increased	and	was	significantly	
higher	than	that	in	the	normal	group.	In	addition,	the	expression	of	
p62	was	also	significantly	 increased,	suggesting	that	the	 induction	
of	autophagy	by	CP	was	dose-	dependent	(Figure	5G,K,L).	In	the	lit-
erature,	autophagy	has	been	shown	to	be	negatively	correlated	with	

F I G U R E  1 Kinetic	changes	of	Cre	and	BUN	of	rat	acute	kidney	injury	by	CP.	(A)	Linear	alteration	of	Cre	at	difference	days.	(B)	Difference	
of	Cre	between	day	2	and	day	3	after	CP	injection.	(C)	Linear	alteration	of	BUN	at	difference	days.	(D)	Difference	of	BUN	between	day	2	and	
day 3 after CP injection. The data are shown as mean ± SEM (n =	10).	#p <	.05,	##p < .01 versus normal. **p < .01 versus day 2
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F I G U R E  2 (A)	The	change	of	albumin	(ALB)	in	rat	serum	in	dose	dependent	manners.	(B–	D)	The	change	of	24	h	urine	protein	in	dose	
dependent	manners.	(E,	F)	The	changes	of	urine	Cre	and	clearing	rate	of	Cre	after	CP	injection.	The	changes	of	kidney	index	in	the	urine	of	
acute	kidney	injury	rat	induced	by	CP	with	different	doses.	The	data	are	shown	as	mean	± SEM (n =	10).	#p <	.05,	##p < .01 versus normal

F I G U R E  3 Kinetic	changes	of	creatinine	(Cre),	blood	urea	nitrogen	(BUN),	total	protein	(TP),	and	albumin	(ALB)	in	rat	serum	in	both	time	
and	dose-	dependent	manners.	(A,	B)	Linear	alternation	of	BUN	and	Cre	after	cisplatin	(CP)	injection.	(C,	D)	Difference	of	BUN	and	Cre	
between	day	2	and	day	3	caused	by	CP.	(E,	F)	Linear	alternation	of	TP	and	ALB	after	CP	injection.	(G,	H)	Difference	of	TP	and	ALB	between	
day 2 and day 3 caused by CP. The data are shown as mean ± SEM (n =	10).	#p <	.05,	##p < .01 versus normal. *p <	.05,	**p < .01 versus day 2
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NLRP3	expression.30,31	Our	 results	did	not	show	a	significant	cor-
relation,	which	needs	to	be	further	studied.

3.3  |  Pathological changes in rat kidneys

Morphological	changes	in	rat	kidneys	appeared	after	the	CP	injection	
(Figure	6).	In	the	normal	group,	normal	glomeruli	and	tubular	struc-
tures	were	observed.	 In	the	day	2	group	 (5	mg/kg),	small	amounts	
of	interstitial	congestion,	partial	shedding	of	renal	tubular	epithelial	
cells,	 and	 vacuolar	 degeneration	were	 observed,	 but	 protein	 casts	
were	not.	However,	in	the	day	3	group	(5	mg/kg),	protein	casts	along	
with	partial	tubular	dilatation,	epithelial	cell	shedding,	and	necrosis	
appeared	(Figure	6F).	On	day	5	after	CP	administration,	the	kidney	
was	severely	 injured,	exhibiting	hyperemia	 in	the	 interstitial	 tissue,	
renal	tubule	dilatation,	epithelial	cell	shedding	and	necrosis,	numer-
ous	protein	casts,	and	luminal	congestion	(Figure	6G–	L),	and	the	ATN	
scores	were	increased	in	a	dose-	dependent	manner	(Figure	6M).

The	 kidneys	 of	 the	 normal	 group	 showed	 normal	 glomerular	
podocytes	 (Figure	 6N),	 and	 no	 obvious	 glomerular	 abnormalities	

appeared	 in	 the	 rats	 injected	with	5	mg/kg	CP	on	day	2	or	day	3	
after	 the	 injection	 (Figure	 6O,P).	 However,	 glomerular	 podocytes	
were	 significantly	 reduced	on	day	5,	 and	apoptotic	 cells	 appeared	
(Figure	6Q).	Moreover,	a	significant	reduction	in	podocytes	was	ob-
served in the glomeruli of the groups in which CP was administered 
at	 doses	 of	 8	 and	10	mg/kg	on	day	5	 (Figure	6R,S).	 Protein	 casts	
formed	in	the	10	mg/kg	CP	group	(Figure	6S).

To	 strengthen	 the	 finding	 of	 pathological	 glomerular	 changes,	
we	 measured	 the	 protein	 expression	 of	 podocin	 and	 nephrin,	
the major proteins of the renal glomerular basement membrane 
(Figure	 6T).	 The	 day	 after	 CP	 administration,	 podocin	 expression	
was	significantly	downregulated,	and	the	lowest	level	was	observed	
on	the	third	day.	Nephrin	expression	was	downregulated	in	a	dose-	
dependent	manner,	which	indicated	that	the	podocytes	in	the	glo-
merular tissue were severely damaged. This result was consistent 
with the apparent increase in urine protein described previously and 
indicated that the glomerular basement membrane was damaged at 
an early time point after CP injection. The expression of podocin in 
the	10	mg/kg	group	was	higher	than	that	in	both	the	5	and	8	mg/kg	
groups,	which	deserves	further	study.

F I G U R E  4 Protein	expression	of	apoptosis	in	rat	kidney	after	injection	of	cisplatin	(CP)	with	different	doses.	(A)	Western	blot	assay	
for	detection	of	the	protein	expression	associated	with	apoptosis.	(B–	I)	Quantification	of	the	protein	expression.	The	data	are	shown	as	
mean ± SEM (n =	10).	#p <	.05,	##p <	.01	versus	normal.	NS,	no	significance
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3.4  |  Determination of the pivotal time point for 
kidney damage

To confirm the importance of the time frame between day 2 and day 
3	 in	CP-	induced	kidney	damage,	we	administered	CP	 for	different	
durations	 (time	 schedule	 as	 in	 Figure	 7A).	 To	 compare	 the	 groups	
receiving continuous administration for 5 or 3 days or no treat-
ment	for	2	days,	blood	was	collected	from	the	rats	on	the	5th	day,	
and no significant differences were observed between the groups 
(Figure	7B,C),	suggesting	the	importance	of	administering	doses	on	
days	2	 and	3.	 Since	 the	BUN	and	Cre	 levels	were	 significantly	 el-
evated	 from	day	2	 to	day	3	after	CP	 injection,	days	2	and	3	were	
determined	to	be	critical	time	points	(Figure	7D,E).	After	treatment	
on	the	second	and	third	days,	the	percentage	of	Cre	increased	in	the	
first	2	days	and	then	significantly	decreased	(Figure	7F,G).	On	day	14	
after	drug	withdrawal,	the	serum	TP,	ALB,	BUN,	and	Cre	levels	did	
not	significantly	differ	from	those	in	the	normal	group	(Figure	7H,I).	
However,	the	protein	expression	levels	of	nephrin	and	podocin	were	
markedly	downregulated,	suggesting	damage	to	the	podocytes	and	
glomeruli	of	the	kidney	despite	that	CP	administration	was	stopped.	
At	the	same	time,	the	expression	of	transforming	growth	factor-	β1 
(TGF-	β1)	was	markedly	upregulated	compared	with	that	in	the	nor-
mal	group,	implying	kidney	fibrosis,	as	TGF-	β1	is	known	to	be	criti-
cal	for	fibrosis.	B4	enhanced	the	expression	of	podocin	and	nephrin	

and	suppressed	 the	expression	of	TGF-	β1,	 suggesting	 that	B4	can	
prevent	kidney	damage	and	fibrosis	after	CP	injection.	The	effect	of	
DXM	was	similar	to	that	of	B4	except	that	it	did	not	enhance	podocin	
expression	(Figure	7J–	M).

4  |  DISCUSSION

This study demonstrates the time point at which acute renal impair-
ment was caused by a single administration of CP. Damage occurred 
on	the	third	day	after	CP	injection,	as	the	BUN	and	Cre	levels	were	
abruptly	 increased,	 accompanied	 by	 high	 expression	 of	 apoptotic	
and inflammatory factors. Treatment with the immunoinflammatory 
inhibitor	DXM	and	anemosideB4	 (a	natural	 small	molecule)	 at	 this	
time	point	can	effectively	 inhibit	the	changes	 in	BUN	and	Cre	and	
ameliorate the process of renal deterioration.

Studies	have	shown	that	CP	mainly	binds	to	DNA	containing	a	GC	
base	pair,	causing	DNA	damage	and	inducing	apoptosis,	which	is	the	
basic pharmacological principle of the effect of CP on tumors.32,33 
The induction of apoptosis should be a part of its basic pathophysio-
logical	changes.	Our	results	showed	that	activated	caspase-	3	levels	
peaked	on	the	third	day	and	decreased	on	the	fifth	day	despite	that	
the	dose	of	CP	was	not	increased.	However,	pro-	caspase-	3	expres-
sion	was	 significantly	 upregulated	 in	 a	 time-		 and	 dose-	dependent	

F I G U R E  5 Protein	expression	of	inflammation	in	rat	kidney	after	injection	of	cisplatin	(CP)	with	different	doses.	(A,	G)	Western	blot	assay	
for	detection	of	the	protein	expression.	(B–	F,	H–	L)	Quantification	of	the	protein	expression.	The	data	are	shown	as	mean	± SEM (n =	10).	
#p <	.05,	##p <	.01	versus	normal.	NS,	No	significance
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manner,	indicating	the	importance	of	day	3	after	CP	administration.	
Correspondingly,	the	expression	of	p53	was	markedly	upregulated.	
As	p53	and	caspase-	3	are	known	to	act	as	a	switch	for	the	apoptosis	
pathway,34 this result indicates that upregulation of p53 expression 
after	CP	injection	activates	caspase-	3,	thereby	initiating	apoptosis.	
PARP	 levels	 peaked	 on	 day	 3	 after	 CP	 administration,	which	was	
consistent	 with	 that	 of	 p53-	caspase-	3	 signaling,	 confirming	 that	
apoptosis occurred.

In	 addition,	 an	 inflammatory	 response	was	 induced	early	 after	
CP	administration	as	determined	by	TNF-	α	and	IL-	6	expression,	sug-
gesting	that	the	inflammatory	response	was	also	triggered	upon	CP-	
induced	apoptosis.	Notably,	the	expression	of	ASC	and	IL-	18,	which	
are	part	of	the	NLRP3	inflammasome,	was	significantly	increased	on	
day	3	after	CP	 injection,	 suggesting	 that	 the	NLRP3	 inflammatory	
complex was also involved in the inflammatory response. Studies 
have	shown	that	elevated	expression	of	the	NLRP3	inflammasome	
often	occurs	in	chronic	inflammatory	processes,35	however,	our	re-
sults	indicated	that	NLRP3	was	involved	in	the	early	AKI	process,	the	
stage	of	apoptosis	induced	by	CP,	which	suggests	that	renal	tissue	
damage caused by CP along with the activation of the inflammatory 
response	 is	 a	 complex	 pathophysiological	 process.	 Thus,	 the	 pre-
vention	and	treatment	of	CP-	induced	renal	dysfunction	in	the	early	
stage should be a focus of future studies.

Autophagy	is	a	general	term	for	the	process	of	organelle	and	cell	
content degradation by lysosomes.36	Under	physiological	conditions,	
autophagy remains at a low level and aims to remove damaged or-
ganelles.37	Autophagy	activation	plays	an	important	role	in	stabilizing	
cell morphology and structure and maintaining the normal physio-
logical functions of cells.38	LC3II	is	a	protein	marker	for	autophagy	in	
mammalian	cells,	and	its	expression	is	positively	correlated	with	the	
level of autophagy.39,40	p62	is	a	binding	protein	downstream	of	LC3	
and	can	be	regarded	as	a	degradation	substrate	for	autophagy,	and	
its expression is negatively correlated with autophagy levels.41	Our	
results	 showed	 that	 LC3II	 expression	 was	 significantly	 downregu-
lated	on	day	3	after	CP	injection,	suggesting	a	decrease	in	autophagy	
levels.	Moreover,	the	expression	of	ASC	and	IL-	18	was	significantly	
increased,	while	 the	 expression	 of	NLRP3	was	 decreased.	 In	 addi-
tion,	 the	 levels	of	other	 inflammatory	 factors,	 such	as	TNF-	α,	 IL-	6,	
and	IL-	1β,	were	significantly	 increased,	 indicating	the	occurrence	of	
an	inflammatory	reaction	at	this	time	point.	However,	on	the	fifth	day	
after	CP	injection,	the	autophagy	level	increased	significantly	as	the	
CP	dose	increased	and	LC3II	and	p62	were	upregulated,	which	was	
negatively	correlated	with	the	downregulation	of	NLRP3	expression.	
Moreover,	inflammatory	factors	were	downregulated.	The	upregula-
tion	of	both	LC3II	and	p62	expression	on	the	fifth	day	with	increasing	
CP	doses	(8	and	10	mg/kg)	indicated	that	autophagy	was	activated	

F I G U R E  6 Morphology	of	rat	kidney	after	injection	of	cisplatin	(CP)	with	different	doses.	(A–	C)	Renal	cortical	layer.	(D–	F)	Renal	medulla.	
(A,	D)	Normal;	(B,	E)	Day	2	after	CP	(5	mg/kg);	(C,	F)	Day	3	after	CP	(5	mg/kg),	the	arrow	indicates	protein	cast.	(G–	I)	Renal	cortical	layer.	
(G,	J)	Day	5	after	CP	(5	mg/kg);	(H,	K)	Day	5	after	CP	(8	mg/kg),	the	arrow	indicates	protein	cast;	(I,	L)	Day	5	after	CP	(10	mg/kg),	the	arrow	
indicates	protein	cast,	(M)	ATN	score.	(N–	S)	Glomeruli.	(N)	Normal;	(O)	Day	2	after	CP	(5	mg/kg);	(P)	Day	3	after	CP	(5	mg/kg);	(Q)	Day	5	after	
CP	(5	mg/kg),	the	arrow	indicates	apoptotic	cells;	(R)	Day	5	after	CP	(8	mg/kg);	(S)	Day	5	after	CP	(10	mg/kg),	the	arrow	indicates	protein	
cast.	(T–	V)	Protein	expressions	of	podocin	and	nephrin.	(A–	L)	Amplification	of	200	times;	(N–	S)	Amplification	of	1000	times.	The	data	are	
shown as mean ± SEM (n =	10).	##p < .01 versus normal
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in a manner by which autophagosomes were both generated and de-
graded	simultaneously,	which	deserves	further	study.

Our	pathological	analyses	showed	that	the	renal	damage	caused	
by	CP	appeared	mainly	 in	 renal	 tubular	epithelial	 cells,	which	 is	 in	
agreement with a previous study.3	Notably,	podocytes,	an	 import-
ant	 component	 of	 the	 glomerular	 basement	 membrane,42 were 
obviously	 injured	 on	 the	 second	 day	 after	 CP	 injection,	while	 the	
expression of podocin was distinctly downregulated and the apop-
tosis	and	inflammatory	injury	levels	peaked	on	the	third	day.	Podocin	
was	more	sensitive	to	the	early	damage	induced	by	CP.	Nephrin	was	
not as responsive as podocin in the early days after CP treatment. 
As	 podocin	 and	 nephrin	 play	 important	 roles	 in	 the	 maintenance	
of	 renal	podocyte	and	basement	membrane	 integrity,43,44 we may 
conclude	 that	CP	 impairs	 renal	 function,	promotes	 the	expression	
of	inflammatory	apoptotic	factors	in	renal	tissue,	and	damages	the	
glomerular basement membrane.

Clinically,	the	dosage	of	CP	generally	ranges	from	30	to	75	mg/
m2,45,46	which	 is	 equivalent	 to	 approximately	 5–	10	mg/kg	 in	 rats.	

Our	results	indicated	that	AKI	was	induced	at	the	doses	tested	and	
that	the	damage	increased	as	the	dose	increased.	Therefore,	atten-
tion should be paid to the protection of renal function in the early 
stage	 of	CP	 treatment,	 especially	 between	days	 2	 and	3	 after	CP	
exposure.	We	hypothesized	that	the	provision	of	anti-	inflammatory	
protection shortly after the administration of CP treatment would 
minimize	the	renal	damage	caused	by	CP.	To	test	this	hypothesis,	we	
conducted	additional	experiments	in	an	attempt	to	prevent	kidney	
injury	 induced	by	CP	 in	 the	early	 stage.	We	used	 the	known	anti-	
inflammatory	 immunosuppressant	 DXM,	 which	 was	 administered	
continuously for 3 days after CP administration and then stopped for 
2	days	or	continuously	administered	for	5	days.	No	significant	differ-
ence in efficacy was observed between continuous administration 
for 3 days and continuous administration for 5 days as determined by 
the	BUN	and	Cre	levels,	suggesting	the	importance	of	treatment	in	
the	first	3	days.	Moreover,	this	long-	term	effect	also	affected	the	ex-
pression	of	TGF-	β1,	podocin,	and	nephrin	after	CP	withdrawal,	cor-
relating with renal interstitial fibrosis and the glomerular basement 

F I G U R E  7 Effect	of	B4	on	rat	kidney	injury	induced	by	cisplatin	(CP).	(A)	Experimental	protocol.	(B)	Serum	TP	and	ALB.	(C)	Serum	BUN	
and	Cre.	(D–	G)	BUN	and	Cre	on	day	2	and	day	3	after	3	days	of	drug	treatment.	(H–	M)	Serum	BUN,	Cre,	TP,	ALB,	and	protein	expression	of	
cytokines	of	kidney	on	day	14	with	5	days	of	drug	treatment.	DXM,	dexamethasone.	The	data	are	shown	as	mean	± SEM (n =	5).	#p <	.05,	
##p < .01 versus normal. *p <	.05,	**p < .01 versus model group. †p <	.05,	††p <	.01	versus	day	2.	NS,	No	significance
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membrane. This suggests the importance of day 3 after CP adminis-
tration and of early treatment for the effective prevention of renal 
damage.	In	addition	to	DXM,	the	natural	small	molecule	B4,	which	
has	 antitumor	 and	 anti-	inflammatory	 activity,	 had	 a	 significant	 ef-
fect on renal damage.47-	49	Our	 results	 showed	 that	B4	effectively	
reduced the renal damage caused by CP on the 2nd and 3rd days 
after CP administration. This result provides valuable information 
for	the	in-	depth	research	and	clinical	application	of	B4.	In	our	study,	
male rats were used to observe the time point of CP toxicity and the 
time	window	for	drug	intervention,	and	whether	the	estrogen	level	
in female rats would impact our findings remains to be determined.

5  |  CONCLUSION

We conducted a systematic investigation of the common clinical 
problems	 associated	 with	 AKI	 caused	 by	 CP.	 The	 results	 showed	
that	AKI	 caused	by	CP	was	mainly	 characterized	by	 inflammatory	
apoptosis,	and	the	third	day	after	CP	administration	was	determined	
to be a critical time point for disease progression. Controlling this 
time point and implementing timely therapy should effectively re-
duce	kidney	injury.
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