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Abstract
Cisplatin is clinically proven to combat different cancers, including sarcomas, soft tis-
sue	cancers,	bones,	muscles,	and	blood.	However,	renal	and	cardiovascular	toxicities	
are important limitations in cisplatin therapeutical use. Immunoinflammation could be 
key	factor	in	cisplatin-	induced	toxicity.	The	aim	of	the	present	study	was	to	evaluate	
the	activation	of	the	 inflammatory	TLR4/NLRP3	pathway	as	a	common	mechanism	
for	cardiovascular	and	renal	cisplatin's	cycles	 treatment	 toxicity.	Adult	male	Wistar	
rats	were	treated	with	saline,	cisplatin	2 mg/kg	or	cisplatin	3 mg/kg	(intraperitoneally	
once	a	week,	for	five	experimental	weeks).	After	treatments,	plasma,	cardiac,	vascular,	
and	renal	tissues	were	collected.	Plasma	malondialdehyde	(MDA)	and	inflammatory	
cytokines	were	determined.	TLR4,	MyD88,	NF-	κβ	p65,	NLRP3,	and	procaspase-	1	tis-
sue	expressions	were	also	analyzed.	Cisplatin	treatment	 induced	a	dose-	dependent	
increase	 in	plasma	MDA	and	 IL-	18.	 In	cardiovascular	system,	an	 increase	 in	NLRP3	
and	in	cleaved	caspase-	1	were	observed	in	cardiac	tissue	and	a	moderate	increase	in	
TLR4,	MyD88	appeared	in	mesenteric	artery.	In	kidney,	a	significant	dose-	dependent	
increase	 in	TLR4,	MyD88	and	NLRP3	and	cleaved	caspase	1	expressions	were	ob-
served after cisplatin treatments. In conclusion, cisplatin cycles provoke a low grade 
pro-	inflammatory	systemic	state.	Kidney	was	more	sensitive	than	cardiovascular	tis-
sues	to	this	pro-	inflammatory	state.	TLR4	and	NLRP3	are	key	pathways	involved	in	
renal	tissue	damage,	NLRP3	is	the	main	pathway	involved	in	cardiac	toxicity	and	TLR4	
pathway in resistance vessel toxicity.
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1  |  INTRODUC TION AND BACKGROUND

Cisplatin is one of the most effective anticancer drugs widely used 
in the treatment of solid tumors. It has been extensively used for 
the cure of different types of neoplasms including head and neck, 
lung, ovarian, leukemia, breast, brain, kidney, and testicular cancers. 
Cisplatin is considered as a cytotoxic drug in cancer cells which pro-
vokes	 damage	 in	DNA,	 inhibiting	DNA	 synthesis	 and	mitosis,	 and	
inducing apoptotic cell death.1

However,	toxic	side	effects	of	cisplatin	are	the	main	limitations	
of their use for the treatment of malignancy tumors and include 
nephrotoxicity, cardiotoxicity, myelotoxicity, ototoxicity, hepatotox-
icity, and gastrointestinal toxicity.2,3

Cisplatin-	related	nephrotoxicity	 is	 a	major	 limiting	 factor	 in	 its	
therapy since about 20% of the patients that receive cisplatin de-
velop renal damage. Nephrotoxicity is due to the absorption by 
proximal tubular cells, and that leads to renal pathophysiological dis-
orders.3,4 On the other hand, it is suggested that cisplatin produces 
injury mainly in myocardial cells and vascular endothelium and even-
tually leads to myocardial cell systolic dysfunction associated with 
mitochondrial damage and vascular endothelial injury.2,5

The	main	 known	mechanism	 for	 cisplatin-	induced	 cardiac	 and	
renal toxicities is its ability to shift the redox balance in cells by con-
jugation, and thereby depletion of the antioxidant glutathione and 
impairment of mitochondrial respiration, leading to excessive re-
active	 oxygen	 species	 (ROS)	 formation.	 This	 induces	 a	 cascade	of	
events leading to activation of different inflammatory pathways, 
and ultimately cell death.6,7 In different cisplatin rodent models of 
cardiac and renal toxicity, inflammation plays a decisive role in the 
progression	 of	 cisplatin-	induced	 toxicity.3,7– 11	 However,	 the	 exact	
mediators and mechanisms involved in this inflammatory damage 
remain elusive.

Recently,	 it	 is	 being	 pointed	 out	 that	 cisplatin-	induced	 cellular	
damage	and	necrosis	leads	to	the	release	of	damage-	associated	mo-
lecular patterns which activate pattern recognition receptors from 
the innate immune system. It has been also described that chronic 
inflammation mediated by these receptors plays a role in the devel-
opment of cardiovascular diseases, being inflammatory responses 
one of the factors that could aggravate structural and/or patholog-
ical changes.12–	15	 Among	 the	 possible	 targets	 involved	 in	 this	 im-
munoinflammatory	damage,	the	toll-	like	receptor	4	 (TLR4)	and	the	
nucleotide	oligomerization	domain-	like	receptor	protein	3	 (NLRP3)	
inflammasome stand out.

Previous studies of our group have shown that chronic cispla-
tin treatment, in cycles, provokes cardiac and vascular toxicity in a 
dose-	dependent	 manner.	Moreover,	 vascular	 endothelial	 dysfunc-
tion occurs at lower doses than cardiac and systemic cardiovascular 
toxicity. Besides, some structural changes in cardiac and vascular 
tissues are also patent even before any systemic cardiovascular 
alterations.16 The aim of the present study was to evaluate if the 
activation	of	 the	 inflammatory	TLR4/MyD88/NLRP3	pathway	and	
the production of proinflammatory cytokines are related with the 
cardiac, vascular, and renal toxicity caused by chronic cisplatin 

administration. The identification of these common targets as possi-
ble culprits would allow the design of treatment strategies aimed at 
avoiding them simultaneously.

2  |  MATERIAL S AND METHODS

The	study	was	conducted	in	accordance	with	the	Guide	for	the	Care	
and	Use	of	Laboratory	Animals	as	adopted	and	promulgated	by	the	
U.S.	National	Institutes	of	Health.17

2.1  |  Ethics statement

Experimental procedures were carried out in accordance with the 
recommendations of the Ethical Committee of the Universidad Rey 
Juan Carlos as well as with the EU directive for the protection of 
animals	used	for	scientific	purpose	(2010/63/UE)	and	Spanish	regu-
lations	(RD	109	53/2013).

2.2  |  Animals

Male	 Wistar	 rats	 [240–	300 g,	 Harlan-	Iberica	 (Barcelona,	 Spain)]	
were	placed	in	cages	(4–	6	animals)	and	maintained	in	environmen-
tally	controlled	conditions	(temperature	of	20°C;	humidity	of	60%)	
with	a	12 h	light/12 h	dark	cycle.	Animals	had	free	access	to	standard	
laboratory	rat	chow	(Harlan-	Iberica,	Barcelona)	and	tap	water,	which	
was refreshed every day.

2.3  |  Treatments

After	 an	 adaptation	 period,	 the	 animals	 were	 divided	 into	 three	
treatment	groups	(10–	15	animals	per	group):	saline	(0.9%	NaCl)	and	
cisplatin	(2	and	3 mg/kg,	cumulative	dose	of	10	and	15 mg/kg	respec-
tively).	Saline	or	cisplatin	was	administered	intraperitoneally	once	a	
week for five experimental weeks following experimental procedure 
described	 by	Authier.18 This administration schedule mimics cycle 
therapy in humans.

Cisplatin doses were chosen based on the commonly used 
in experimental protocols in rats to induce a wide range of toxic 
effects caused by this anticancer agent that also are observed in 
humans.18,19

At	the	end	of	the	study,	the	rats	were	anesthetized	(50 mg/kg i.p.	
sodium	pentobarbital)	and	blood	was	collected	into	tubes	containing	
lithium heparin as an anticoagulant. These samples were centrifuged 
to	obtain	plasma,	which	was	divided	into	aliquots	and	kept	frozen	at	
−80°C	until	analysis.	Hearts	were	excised,	and	left	ventricles	were	
isolated, followed by aorta and mesenteric bed excision. Left kidney 
were excised, and the coronal section of the whole kidney were sep-
arated	into	two	sections.	A	small	part	of	all	tissues	was	preserved	in	
10%	neutral	buffered-	fomalin	for	immunohistochemistry.
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2.4  |  Measurement of malondialdehyde 
(MDA) production

To	evaluate	oxidative	stress,	plasma	MDA	levels	were	measured	by	a	
modified	thiobarbituric	acid	assay	described	by	Alvarez	et	al.20

2.5  |  Plasma inflammatory marker multiplex  
analysis

Systemic protein levels of cytokines/chemokines and grow factors 
in	 the	 plasma	were	 assessed	 using	 the	Bio-	Plex	MAGPIX,	 based	
on the Luminex assay. The levels of cytokines were detected in 
the	present	study	by	using	a	Bio-	Plex	Pro™	Rat	Cytokine	Group	I	
23-	plex	kit	(BioRad,	Cat#12005641)	which	included	23	cytokines	
(granulocyte	 colony-	stimulating	 factor	 (G-	CSF),	 granulocyte-	
macrophage	 (GM)-	CSF,	 chemokine	 (C-	X-	C	motif)	 ligand	1	 (GRO/
KC),	 interferon	 (IFN)-	γ,	 IL-	1α,	 IL-	1β,	 IL-	2,	 IL-	5,	 IL-	6,	 IL-	4,	 IL-	7,	 IL-	
10,	 IL-	12p70,	 IL-	13,	 IL-	17A,	 IL18,	macrophage	 colony-	stimulating	
factor	 (M-	CSF),	 monocyte	 chemoattractant	 protein-	1	 (MCP-	1),	
macrophage	 colony-	stimulating	 factor	 (M-	CSF),	 macrophage	 in-
flammatory	protein	 (MIP)	MIP-	1α,	MIP-	3α,	C-	C	motif	 chemokine	
ligand	5	(RANTES),	tumor	necrosis	factor-	α	(TNF-	α),	and	vascular	
endothelial	grow	factor	(VEGF)).	Each	experiment	was	performed	
in	duplicate.	The	levels	of	these	cytokines	were	calculated	via	Bio-	
Plex	Pro™	software	(Bio-	Rad	Laboratories,	 Inc.).	Standard	curves	
for	each	cytokine	were	generated	using	a	kit-	supplied	 reference	
cytokine sample.21

After	 the	 determination	 of	 mean	 concentrations	 in	 the	 three	
experimental groups, the mean fold change was calculated as the 
ratio between the mean concentration of each of the tested doses 
of cisplatin, and the mean concentration of the saline group. The fold 
changes were transformed to a log2 scale to accommodate the dy-
namic range in the concentration values.22

2.6  |  Assessment of the Kidney/Body Mass Index

The body weight of the animals of the different experimental groups 
were	measured	after	anesthesia.	After	euthanasia,	the	kidneys	were	
surgically removed and weighed. The kidney/body mass index was 
calculated as follows: kidney weight/body weight.

2.7  |  Western blot analysis

After	 treatment,	 heart	 left	 ventricle,	 aorta	 and	 renal	 tissue	 were	
dissected	and	frozen	immediately	at	−80°C.	The	samples	were	ob-
tained	from	5–	6	animals	per	experimental	group.

For	protein	extraction	in	cardiac	and	renal	tissues,	they	were	
homogenized	 with	 ice-	cold	 RIPA	 buffer	 containing	 1 mM	 EGTA,	
1 Mm	Na3VO4,	1 mM	Na4P2O7,	10 mM	NaF,	and	a	protease	inhibi-
tor	cocktail	(Roche,	Spain).	For	protein	extraction	of	aorta	tissues,	

the	vessel	was	frozen	with	 liquid	nitrogen	and	homogenized,	the	
fragments	were	suspended	and	agitated	in	RIPA	buffer,	 later	the	
sampler	 were	 placed	 on	 ice	 for	 10 min.	 All	 homogenates	 were	
centrifuged, and the supernatant was extracted. Total protein 
values were quantified from all preparations using the Bradford 
method.16

To	 perform	 the	 electrophoresis,	 left	 ventricle	 (40 μg),	 aorta	
(20 μg	or	40 μg),	and	kidney	 (40–	60 μg)	were	 loaded	onto	a	4–	15	
or	 10%Mini-	Protean®	 TGX™	 Precast	 Gel	 (Bio-	Rad,	 Spain)	 and,	
then	 transferred	 into	 a	 PVDF	 membrane	 (Bio-	Rad,	 Spain).	 The	
membranes	 were	 blocked	 with	 3%	 of	 non-	fat	 dry	 milk	 at	 room	
temperature	 for	1 h	and	then	 incubated	at	4°	overnight	with	 the	
primary	 antibodies:	 TLR4	 1:500	 (left	 ventricle),	 1:2000	 (aorta),	
1:1000	 (kidney)	 (Novus	Biosciences	Cat#NB100-	56566);	MyD88	
1:500	 (left	ventricle,	kidney),	1:1000	 (aorta)	 (Abcam,	Cat#2064);	
NLRP3	 1:750	 (left	 ventricle),	 1:1000	 (aorta,	 kidney)	 (Abcam,	
Cat#263899);	 procaspase-	1	 1:1000	 (left	 ventricle,	 aorta,	 kid-
ney)	 (Abcam,	 Cat#286195);	 NF-	κβ	 p65	 1:1000	 (kidney)	 (Abcam,	
Cat#16502).	 These	 incubations	were	 followed	 by	 incubation	 for	
1 h	 at	 room	 temperature	 with	 the	 specific	 secondary	 antibody	
(goat	 anti-	mouse	 horseradish	 peroxidase	 (HRP))-	conjugated	 sec-
ondary	 antibody	 (Thermo	 Fisher	 Scientific,	 Inc,	 Cat#31430)	 or	
goat	 anti-	rabbit	 HRP-	conjugated	 secondary	 antibody	 (Thermo	
Fisher	 Scientific,	 Inc,	 Cat#31460).	 Glyceraldehyde-	3-	phosphate	
dehydrogenase	(GAPDH)	1:5000	(Abcam,	Cat#8245)	was	used	as	
a	loading	control	with	secondary	antibody	(1:10000).

The membrane was then incubated with Clarity Western ECL 
substrate	 (Bio-	Rad,	 Spain)	 and	protein	 bands	were	detected	using	
a	Chemidoc	XRS+ system. Bands were examined by densitometry 
using	ImageLab	software	(BioRad,	Spain)	and	normalized	to	the	load-
ing control.

2.8  |  Immunohistochemical analysis in 
mesenteric artery

Since methodological problems did not allow carry out Western Blot 
analysis in the mesenteric bed, immunohistological studies were 
conducted.

Firstly,	we	performed	routine	hematoxylin–	eosin-	stained	slides:	
samples	 of	 5 mm3	were	 fixed	 in	 10%	 formaldehyde	 at	 room	 tem-
perature,	embedded	in	paraffin	and	cut	into	5-	micron-	thick	slices	in	
a	Micron	HM360	microtome.

Thereafter, we chose a representative paraffin block from each 
case	and	performed	immunohistochemistry	for	TLR4,	MyD88	and	
NLRP3	factors.	Histology	sections	were	deparaffinized	and	rehy-
drated before endogenous peroxidase activity was blocked with 
H2O2	 (0.3%)	 in	 methanol.	 The	 slides	 were	 rinsed	 with	 PBS	 and	
incubated with primary antibodies in a moist chamber at room 
temperature. The sections were subsequently incubated with 
biotinylated	 anti-	rabbit	 IgG	 and	 LBA	 (DAKO)	 for	 25 min	 at	 room	
temperature,	 rinsed	with	PBS	and	 immersed	 for	25 min	 in	avidin	
peroxidase. The immunostaining reaction product was developed 
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using	diaminobenzidine.	Counterstaining	was	performed	with	he-
matoxylin. The specificity of the immunohistochemical procedure 
was	confirmed	by	incubation	of	sections	with	non-	immune	serum	
instead of a primary antibody.

The	 primary	 antibodies	 used	 were	 anti-	TLR4	 antibody	
(Novusbio,	 Cat#NB100-	56566	 1/50),	 anti-	MyD88	 antibody	
(Abcam,	 Cat#131071,	 1/1500),	 anti-		 NLRP3	 antibody	 (Invitrogen,	
Cat#SC06-	23,	1/50).

All	histological	slides	were	studied	under	a	Zeiss	Axiophot	2	mi-
croscope	and	photographed	with	an	Axiocam	HRc	camera.	All	 the	
histological slides were evaluated by the same researcher without 
knowledge of the groupings.

2.9  |  Statistical analysis

Data represent mean values ±	SEM	for	at	least	4–	7	rats.	Data	were	
analyzed	 by	 one-	way	 analysis	 of	 variance	 (ANOVA).	 To	 compare	
means	Tukey	post	hoc	test	was	used,	using	the	GraphPad	Prism	8	
software	(San	Diego,	CA).	In	the	histological	analysis,	the	differences	
between	groups	were	assessed	using	the	corrected	chi-	squared	test.	
P-	values	≤0.05	were	considered	significant.

2.10  |  Compounds and drugs

Cisplatin	was	obtained	from	Sigma	(Sigma	Chemical	Company,	Poole,	
Dorset,	UK)	and	dissolved	in	saline	(0.9%	NaCl).

2.11  |  Nomenclature of targets and ligands

Key	 protein	 targets	 and	 ligands	 in	 this	 article	 are	 hyperlinked	
to corresponding entries in http://www.guide topha rmaco logy.
org,	 the	 common	portal	 for	 data	 from	 the	 IUPHAR/BPS	Guide	 to	
PHARMACOLOGY,23 and are permanently archived in the Concise 
Guide	to	PHARMACOLOGY	2019/20.24

3  |  RESULTS

3.1  |  Effects of cycles cisplatin treatment on 
production of oxidative damage

Cisplatin	cycles	administration	caused	an	 increase	 in	MDA	level	at	
the	two	doses	evaluated	(cisplatin	2 mg/kg:	0.286 ± 0.047 mMol/mL,	
n = 5	 p > .05);	 cisplatin	 3 mg/kg-	treated	 group	 (0.559 ± 0.116 mMol	
MDA/mL,	 n = 4,	 p < .05	 vs.	 saline	 group:	 0.242 ± 0.023 mMol/mL,	
n = 4).	Moreover,	 the	 increase	 in	MDA	 level	was	 dose-	dependent,	
being	significantly	higher	with	cisplatin	3 mg/kg	than	with	cisplatin	
2 mg/kg cycles	 treatment	 (cisplatin	 2 mg/kg:	 0.286 ± 0.047 mMol/
mL, n = 5	vs.	cisplatin	3 mg/Kg:	0.559 ± 0.116 mMol	MDA/mL,	n = 4,	
p < .05)	(Figure 1).

3.2  |  Effects of cycles cisplatin treatment on 
production of cytokines

Plasma levels of different cytokines and chemokines were deter-
mined	in	the	different	experimental	groups	(Table 1).	No	measurable	
detection	in	plasma	tissue	includes	VEGF,	and	IL-	2,	IL-	5,	IL-	17.

The cisplatin treated animals showed similar values that control 
animals	 in	 the	most	cytokines	and	chemokines	analyzed	 (Table 1).	
However,	 the	 animals	 treated	 with	 cycles	 of	 cisplatin	 showed	 in-
creases	 in	plasma	 levels	of	 IL-	18	 in	comparison	with	saline-	treated	
animals	 (cisplatin	 2 mg/kg:	 585 ± 88 pg/mL,	 n = 4,	 p > .05;	 cisplatin	
3 mg/kg:	 4915 ± 1531 pg/mL,	 n = 5,	 p < .05	 vs.	 saline:	 353 ± 69 pg/
mL, n = 5).	Besides,	 the	 resulting	 increase	 in	plasma	 levels	of	 IL-	18	
in	cisplatin-	treated	animals	was	dose-	dependent	(cisplatin	2 mg/kg:	
585 ± 88 pg/mL,	n = 4,	p < .05	vs.	cisplatin	3 mg/kg:	4915 ± 1531 pg/
mL, n = 5)	(Figure 2).

To	analyze,	 the	 results	obtained	 in	 the	 levels	of	 cytokines	and	
chemokines in which no differences had been found between the 
experimental	groups,	a	heat	map	was	carried	out	(Figure 3).

An	 analysis	 of	 trends	 in	 this	 heat	 map	 shows	 that	 in	 cispla-
tin	 2 mg/kg	 group,	G-	CSF,	 (GM-	CSF),	 IL-	1α,	 IL-	6,	 TNF-	α,	 IL-	12p70,	
and	IL-	13	tend	to	decrease	in	relation	to	levels	observed	in	control	
group,	being	this	decrease	greater	in	the	levels	of	IL-	12p70	than	in	
the	rest	of	the	cytokines	analyzed.	No	differences	were	observed	in	
the	levels	of	other	cytokines	such	as	IL-	4,	IL-	7,	IL-	10,	IFN-	γ,	MIP-	1α, 
RANTES,	MIP-	3α,	 and	 GRO/KC	 between	 in	 the	 cisplatin	 2 mg/kg	
group	and	the	control	group.	It	should	also	be	noted	that	MCP-	1	and	
IL-	1β	levels	tend	to	increase	in	the	cisplatin	2 mg/kg	group	in	relation	
to	the	control	group	(Figure 3).

F I G U R E  1 Effect	of	cisplatin	cycles	administration	on	
malondialdehyde	(MDA)	plasma	concentrations	at	the	end	of	the	
study	in	the	different	groups.	Each	bar	represents	Mean ± SEM	of	
4–	5	samples	from	4–	5	animals	per	experimental	group.	A	one-	way	
analysis	of	variance	(ANOVA)	followed	by	Tukey	post	hoc	test	was	
used	for	statistical	(*p < .05,	cisplatin	3 mg/kg	vs.	saline,	#p < .05,	
cisplatin	2 mg/kg	vs.	cisplatin	3 mg/kg).
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In	 cisplatin	 3 mg/kg	 group	 the	 tendency	 to	 decrease	 was	 ob-
served	in	the	IL-	1α,	TNF-	α,	IL-	7,	IL-	10,	GRO-	KC,	and	IL-	12p70,	again	
being	the	greatest	decrease	in	the	case	of	IL-	12p70.	No	differences	

were	observed	in	the	levels	of	other	cytokines	such	as	G-	CSF,	(GM)-	
CSF,	IL-	1β,	IL-	6,	IL-	4,	IL-	13,	IFN-	γ,	MCP-	1,	MIP-	1α,	MIP-	3α. It should 
also	be	noted	that	RANTES	 levels	tend	to	 increase	 in	the	cisplatin	
3 mg/kg	group	in	relation	to	the	control	group	(Figure 3).

3.3  |  Effects of cycles cisplatin treatment 
on the expression of TLR4, MyD88, NLRP3, 
procaspase- 1, and cleaved- caspase- 1 in left 
ventricle tissue

The	 cycles	 treatment	 with	 cisplatin	 2 mg/kg	 and	 3 mg/kg	 did	 not	
modify	 the	 expression	 of	 TLR4	 (cisplatin	 2:	 106.86 ± 6.66 U.A,	
n = 6,	p > .05;	cisplatin	3:	100.41 ± 5.53 U.A,	n = 6,	p > .05	vs.	 saline:	
100.00 ± 5.66 U.A,	n = 6),	and	the	expression	of	MyD88	(cisplatin	2:	
97.99 ± 5.58 U.A,	 n = 5,	 p > .05;	 cisplatin	 3:	 101.99 ± 7.91 U.A,	 n = 6,	
p > .05	vs.	saline:	100.00 ± 2.19 U.A,	n = 4)	in	the	left	cardiac	ventricle	
in	relation	with	saline	treatment	(Figure 4A,B).

However,	 this	 antitumoral	 treatment	 caused	 an	 increase	
in	 the	 expression	 of	 NLRP3	 in	 cardiac	 tissue	 (cisplatin	 2 mg/
kg:	 234.98 ± 25.53 U.A,	 n = 6,	 p > .05;	 cisplatin	 3 mg/kg:	
565.68 ± 154.63 U.A,	 n = 5,	 p < .01	 vs.	 saline:	 100.12 ± 8.80 U.A,	
n = 6)	(Figure 5A).	Moreover,	the	increase	in	the	expression	of	NLRP3	
was	dose-	dependent	(cisplatin	3 mg/kg:	565.68 ± 154.63 U.A,	n = 5,	
p < .05	vs.	cisplatin	2 mg/kg:	234.98 ± 25.53 U.A,	n = 6)	(Figure 5A).

To confirm the implication of NLRP3 pathway in the cardiac damage 
caused,	the	expressions	of	procaspase-	1	and	cleaved-	caspase-	1	were	

TA B L E  1 Overview	of	plasma	cytokines	and	chemokines	levels	using	bioplex	assay	in	the	three	experimental	groups.

Analyte Saline Cisplatin 2 mg/kg Cisplatin 3 mg/kg p- value

G-	CSF 56.68 ± 4.51 47.94 ± 9.56 51.67 ± 3.96 ns

(GM)-	CSF 85.17 ± 8.74 65.59 ± 13.47 90.58 ± 13.25 ns

IL-	1α 118.9 ± 12.77 87.87 ± 23.55 94.88 ± 7.89 ns

IL-	1β 28.36 ± 2.77 41.27 ± 9.23 28.50 ± 2.34 ns

IL-	6 209.09 ± 38.14 180.81 ± 32.84 189.79 ± 17.55 ns

TNF-	α 353.50 ± 53.19 299.51 ± 53.77 314.93 ± 41.38 ns

IL-	4 89.77 ± 19.93 98.95 ± 23.13 85.73 ± 14.46 ns

IL-	7 70.59 ± 9.30 72.74 ± 19.91 62.84 ± 7.42 ns

IL-	10 214.24 ± 17.11 234.74 ± 57.21 194.80 ± 34.51 ns

IL-	12p70 191.22 ± 54.67 154.74 ± 57.15 147.13 ± 15.49 ns

IL-	13 89.65 ± 16.72 82.31 ± 21.12 87.46 ± 15.31 ns

IL- 18 353.03 ± 68.98 584.87 ± 87.80 4915.55 ± 1530.61**, # **, #

IFN-	γ 173.74 ± 28.81 194.47 ± 43.72 199.39 ± 22.38 ns

MCP-	1 22195.03 ± 2163.59 27221.42 ± 4797.82 25477.21 ± 1171.22 ns

MIP-	1α 44.72 ± 1.66 43.33 ± 7.67 50.53 ± 5.82 ns

RANTES 11351.34 ± 885.93 11770.11 ± 1752.60 13435.66 ± 1337.12 ns

MIP-	3α 1406.02 ± 113.10 1413.67 ± 112.73 1297.01 ± 16.45 ns

GRO/KC 278.85 ± 41.11 309.26 ± 98.84 233.97 ± 26.24 ns

Note:	Data	are	presented	as	Mean ± SEM	of	observations	obtained	for	4–	6	tissues	samples	from	4–	6	animals	per	treatment.	A	one-	way	ANOVA	
followed	by	Tukey	post	hoc	test	was	used	for	statistical	analysis	(ns:	not	significant,	**p < .01,	cisplatin	3 mg/kg	vs.	saline,	#p < .05	cisplatin	3 mg/kg	vs.	
cisplatin	2 mg/kg).

F I G U R E  2 Effect	of	cisplatin	cycles	administration	on	the	levels	
of	systemic	IL-	18	plasma	levels	at	the	end	of	the	study	in	different	
groups.	Each	bar	represents	Mean ± SEM	of	4–	5	samples	from	4–	5	
animals	per	experimental	group.	A	one-	way	analysis	of	variance	
(ANOVA)	followed	by	Tukey	post	hoc	test	was	used	for	statistical	
(*p < .05,	cisplatin	3 mg/kg	vs.	saline,	#p < .05,	cisplatin	2 mg/kg	vs.	
cisplatin	3 mg/kg).
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analyzed.	The	chronic	treatment	with	cisplatin	2 mg/kg	did	not	modify	
the	expression	of	procaspase-	1,	and	cleaved-	caspase-	1	in	left	ventricle	
tissue	(procaspase-	1:	cisplatin	2 mg/kg:	96.33 ± 8.04 U.A,	n = 5,	p > .05;	
vs.	 saline:	 100.00 ± 4.10 U.A,	n = 5;	 cleaved-	caspase-	1:	 cisplatin	 2 mg/
kg:	 96.98 ± 4.47 U.A,	 n = 5,	 p > .05	 vs.	 saline:	 100.00 ± 3.69 U.A,	 n = 5)	
(Figure 5B,C).	However,	chronic	treatment	with	cisplatin	3 mg/kg	caused	
a, slight although not significant, increase in the expression of pro-
caspase-	1,	and	cleaved-	caspase-	1	in	this	tissue	(procaspase-	1:	cisplatin	
3 mg/kg:	111.81 ± 6.39 U.A,	n = 5,	p > .05	vs.	 saline:	100.00 ± 4.10 U.A,	
n = 5;	 cleaved-	caspase-	1:	 cisplatin	 3 mg/kg:	 111.93 ± 11.27 U.A,	 n = 5,	
p > .05	vs.	saline:	100.00 ± 3.69 U.A,	n = 5)	(Figure 5B,C).

3.4  |  Effects of cycles cisplatin treatment 
on expression of TLR4, MyD88, NLRP3, 
procaspase- 1, and cleaved- caspase- 1 in aorta

The	 cycles	 treatment	 with	 cisplatin	 2 mg/kg,	 and	 3 mg/kg	 did	
not	 modify	 the	 expression	 of	 TLR4	 (cisplatin	 2:	 97.64 ± 8.32 U.A,	
n = 6,	 p > .05;	 cisplatin	 3:	 97.36 ± 9.88 U.A,	 n = 5,	 p > .05	 vs.	 saline:	

100.00 ± 3.50 U.A,	n = 6),	and	the	expression	of	MyD88	(cisplatin	2:	
97.99 ± 5.58 U.A,	 n = 5,	 p > .05;	 cisplatin	 3:	 101.99 ± 7.91 U.A,	 n = 6,	
p > .05	vs.	saline:	100.00 ± 2.19 U.A,	n = 4)	in	aortic	tissue	in	relation	
with	saline	treatment	(Figure 6A,B).

However,	 the	 cycles	 treatment	 with	 cisplatin	 provoked	 a	 sig-
nificant decrease in the expression of NLRP3 in this vascular 
tissue	 in	 comparison	 with	 saline	 treatment	 (cisplatin	 2 mg/kg:	
75.08 ± 6.90 U.A,	n = 6,	p < .05;	 cisplatin	 3 mg/kg:	 58.64 ± 3.83 U.A,	
n = 6,	p < .01	vs.	saline:	100.00 ± 8.19 U.A,	n = 7).	Moreover,	the	de-
crease	 in	 the	 expression	 of	 NLRP3	 seems	 to	 be	 dose-	dependent	
since	 it	 was	 higher	with	 chronic	 treatment	with	 cisplatin	 3 mg/kg	
than	 with	 cisplatin	 2 mg/kg	 (cisplatin	 3 mg/kg:	 58.64 ± 3.83 U.A,	
n = 6,	p > .05;	cisplatin	2 mg/kg:	75.08 ± 6.90 U.A,	n = 6)	(Figure 7A).

To confirm the results obtained in the expression of NLRP3 
pathway	 in	 aorta,	 the	 expression	 of	 procaspase-	1	 and	 cleaved-	
caspase-	1	 was	 analyzed	 in	 treated	 groups.	 The	 cycles	 treatment	
with	cisplatin	2 mg/kg	caused	a	sight,	but	not	significant,	decrease	
in	 the	 expression	 of	 procaspase-	1	 in	 aorta	 in	 relation	 with	 saline	
treatment	 (cisplatin	 2 mg/kg:	 83.31 ± 11.53 U.A,	 n = 5,	 p > .05	 vs.	
saline:	 100.00 ± 5.23 U.A,	n = 5).	 Besides,	 treatment	with	 cycles	 of	
cisplatin	3 mg/kg	produced	a	significant	decrease	in	the	expression	
of	 procaspase-	1	 (cisplatin	3 mg/kg:	 61.98 ± 11.46 U.A,	n = 5,	p < .05	
vs.	saline:	100.00 ± 5.23 U.A,	n = 5)	(Figure 7B).	In	parallel,	the	cycles	
treatment	with	cisplatin	2 mg/kg	and	3 mg/kg	caused	a	 significant	
decrease	in	the	expression	of	cleaved-	caspase-	1	(cisplatin	2 mg/kg:	
46.51 ± 9.45 U.A,	n = 4,	p < .05;	cisplatin	3 mg/kg:	29.19 ± 13.45 U.A,	
n = 5,	p < .001	vs.	saline:	100.00 ± 5.50 U.A,	n = 5)	(Figure 7C).

3.5  |  Effects of cycles cisplatin treatment 
on expression of TLR4, MyD88, and NLRP3 in 
mesenteric artery

In the mesenteric artery, the changes produced by cisplatin cycles 
treatment	in	the	expression	of	TLR4,	MyD88	and	NLRP3	have	been	
analyzed	in	the	three	tissue	layers:	endothelium	(intima	layer),	mus-
cular	smooth	muscle	cells	(middle	layer)	and	adventitia	(outer	layer).

In endothelium and middle layer, cycles treatment with cisplatin 
2 mg/kg	and	3 mg/kg	caused	an	increase	in	the	expression	of	TLR4	
and	 MyD88,	 that	 resulted	 higher	 at	 the	 maximum	 dose	 adminis-
tered. The expression of NLRP3 was not modified at the endothe-
lium	and	middle	layer	after	chronic	treatment	with	cisplatin	2 mg/kg	
and	3 mg/kg	(Figure 8).

In	adventitia	layer,	chronic	treatments	with	cisplatin	2 mg/kg	and	
3 mg/kg	did	not	cause	changes	in	the	expression	of	TLR4,	MyD88,	
and	NLRP3	(Figure 8).

3.6  |  Effects of cycles cisplatin treatment on 
changes in Kidney/Body Mass Index

The	cycles	cisplatin	treatments	caused	a	dose-	dependent	significant	
decrease	 in	body	weight	 (cisplatin	2 mg/kg:	296.00 ± 13.88 g,	n = 6,	

F I G U R E  3 Visualization	of	the	intergroup	differences	(cisplatin	
2 mg/kg,	cisplatin	3 mg/kg)	of	non-	significative	cytokines	and	
chemokines	measured	by	Bio-	Plex	Pro™	Rat	Cytokine	in	plasma,	
using a heatmap. Data are presented as the ratio of presented 
as the log2 of the ratio of the mean of the groups treated with 
cisplatin with the mean of the saline group, respectively. Red 
light indicates elevated levels, green light indicates same levels, 
blue	and	purple	levels	indicate	low	levels.	G-	CSF	(granulocyte	
colony-	stimulating	factor),	(GM)-	CSF	(granulocyte-	macrophage	
colony-	stimulating	factor),	IL-	1α,	IL-	1β,	IL-	6,	TNF-	α	(tumor	necrosis	
factor-	α),	IL-	4,	IL-	7,	IL-	10,	IL-	12p70,	IL-	13,	IFN-	γ	(interferon	γ),	MCP-	
1	(monocyte	chemoattractant	protein-	1),	MIP-	1α	(macrophage	
inflammatory protein 1 α),	RANTES	(C-	C	motif	chemokine	ligand	
5),	MIP-	3α	(macrophage	inflammatory	protein	3	α),	GRO/KC	
(chemokine	(C-	X-	C	motif)	ligand	1).
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    |  7 of 15GONZÁLEZ et al.

p < .001;	cisplatin	3 mg/kg:	230.28 ± 8.78 g,	n = 7,	p < .0001	vs.	saline:	
380.33 ± 10.17 g,	 n = 6).	 Contrary,	 a	 dose-	dependent	 increase	 in	
kidney	mass	was	observed	after	cycles	cisplatin	treatment	(cisplatin	

2 mg/kg:	1.43 ± 0.21 g,	n = 6,	p > .05;	cisplatin	3 mg/kg:	2.52 ± 0.28 g,	
n = 7,	 p < .001	 vs.	 saline:	 1.14 ± 0.03 g,	 n = 6).	 So,	 cisplatin	 chronic	
treatment	provoked	a	dose-	dependent	increase	in	kidney/body	mass	

F I G U R E  4 Representative	immunoblots	for	TLR4	(A),	and	MyD88	(B)	protein	expression	in	whole	cardiac	left	ventricle.	Diagram	bars	
show	the	results	of	densitometric	analysis	in	whole	cardiac	left	ventricle.	Data	are	presented	as	Mean ± SEM	of	observations	obtained	for	
4–	6	tissues	samples	from	4–	6	animals	per	treatment.	A	one-	way	analysis	of	variance	(ANOVA)	followed	by	Tukey	post	hoc	test	was	used	for	
statistical.

F I G U R E  5 Representative	immunoblots	for	NLRP3	(A),	procaspase-	1	(B),	and	cleaved-	caspase-	1	(C)	protein	expression	in	whole	cardiac	
left	ventricle.	Diagram	bars	show	the	results	of	densitometric	analysis	in	whole	cardiac	left	ventricle.	Data	are	presented	as	Mean ± SEM	of	
observations	obtained	for	5–	6	tissues	samples	from	5–	6	animals	per	treatment.	A	one-	way	analysis	of	variance	(ANOVA)	followed	by	Tukey	
post	hoc	test	was	used	for	statistical	(**p < .01cisplatin	3 mg/kg	vs.	saline,	#p < .05	cisplatin	3 mg/kg	vs.	cisplatin	2 mg/kg).
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8 of 15  |     GONZÁLEZ et al.

F I G U R E  6 Representative	immunoblots	for	TLR4	(A),	and	MyD88	(B)	protein	expression	in	aorta.	Diagram	bars	show	the	results	of	
densitometric	analysis	in	aorta.	Data	are	presented	as	Mean ± SEM	of	observations	obtained	for	4–	6	tissues	samples	from	4–	6	animals	per	
treatment.	A	one-	way	analysis	of	variance	(ANOVA)	followed	by	Tukey	post	hoc	test	was	used	for	statistical.

F I G U R E  7 Representative	immunoblots	for	NLRP3	(A),	procaspase-	1	(B),	and	cleaved-	caspase-	1	(C)	protein	expression	in	aorta.	Diagram	
bars	show	the	results	of	densitometric	analysis	in	aorta.	Data	are	presented	as	Mean ± SEM	of	observations	obtained	for	4–	6	tissues	
samples	from	4–	6	animals	per	treatment.	A	one-	way	analysis	of	variance	(ANOVA)	followed	by	Tukey	post	hoc	test	was	used	for	statistical	
(***p < .001	cisplatin	3 mg/kg	vs.	saline,	**p < .01	cisplatin	3 mg/kg	vs.	saline,	*p < .05,	cisplatin	3 mg/kg	vs.	saline).
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    |  9 of 15GONZÁLEZ et al.

F I G U R E  8 Representative	images	of	immunohistochemistry	(400×)	of	the	mesenteric	artery	principal	branches,	after	of	cisplatin	cycles	
administration.	TLR4	expression	in	endothelial	cells	(red	arrow)	and	smooth	muscle	cells	(blue	arrow)	in	cisplatin	2 mg/kg	(A),	and	cisplatin	
3 mg/kg	(B)	groups.	MyD88	expression	in	endothelial	cells	(red	arrow)	and	smooth	muscle	cells	(blue	arrow)	in	cisplatin	2 mg/kg	(C),	and	
cisplatin	3 mg/kg	(D)	groups.	NLRP3	expression	in	endothelial	cells	(red	arrow)	and	smooth	muscle	cells	(blue	arrow)	in	cisplatin	2 mg/kg	(E),	
and	cisplatin	3 mg/kg	(F)	groups.
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10 of 15  |     GONZÁLEZ et al.

index that was significant at maximum cisplatin dose administered 
(cisplatin	 2 mg/kg:	 0.005 ± 0.001 g,	 n = 6,	 p > .05;	 cisplatin	 3 mg/
kg:	0.011 ± 0.001 g,	n = 7,	p < .0001	vs.	 saline:	0.003 ± 0.000,	n = 6).	
(Figure 9).

3.7  |  Effects of cycles cisplatin treatment on 
expression of TLR4, MyD88, NLRP3, NF- κβ  p65, 
procaspase- 1, and cleaved- caspase- 1, in kidney

The cycles treatment with cisplatin caused an increase in the ex-
pression	of	TLR4	at	the	two	doses	evaluated	in	renal	tissue	in	com-
parison	with	saline	treatment	(cisplatin	2 mg/kg:	173.77 ± 18.18 U.A,	
n = 6,	 p > .05;	 cisplatin	 3 mg/kg:	 379.74 ± 64.82 U.A,	 n = 5,	 p < .001	
vs.	saline:	100.00 ± 2.06 U.A,	n = 6).	Besides,	this	antitumoral	treat-
ments	provoked	a	significant	increase	in	the	expression	of	MyD88	in	
renal	tissue	in	comparison	with	saline	treatment.	(cisplatin	2 mg/kg:	
232.03 ± 36.62 U.A,	n = 5,	p < .05;	342.72 ± 35.63 U.A,	n = 5,	p < .0001	
vs.	saline:	100.00 ± 1.40 U.A,	n = 6).	Moreover,	the	increase	in	the	ex-
pression	of	TLR4	and	MyD88	 in	 renal	 tissue	was	dose-	dependent	
(TLR4	 cisplatin	 3 mg/kg:	 379.74 ± 64.82 U.A,	n = 5,	p < .01	 vs.	 TLR4	
cisplatin	2 mg/kg:	173.77 ± 18.18 U.A,	n = 6;	MyD88	cisplatin	3 mg/
kg:	 342.72 ± 35.63 U.A,	n = 5,	p < .05	 vs.	MyD88	 cisplatin	 2 mg/kg:	
232.03 ± 36.62 U.A,	n = 5)	(Figure 10A,B).

To	 confirm	 the	 involvement	 of	 TLR4	 and	 MyD88	 in	 kidney	
damage,	 the	 expression	 of	 NF-	κβ	 p65	 was	 analyzed.	 The	 cycles	
treatment	with	 cisplatin	 2 mg/kg	 did	 not	 cause	 any	 change	 in	 the	
expression	 of	 NF-	κβ	 p65	 in	 renal	 tissue	 in	 comparison	 with	 sa-
line	 treatment	 (cisplatin	 2 mg/kg:	 77.37 ± 7.10 U.A,	 n = 6,	 p > .05	
vs.	 saline:	 100.00 ± 2.78 U.A,	 n = 5).	 However,	 cycles	 treatment	

with	cisplatin	3 mg/kg	caused	a	 significant	 increase	 in	 the	expres-
sion	 of	NF-	κβ	 p65	 in	 renal	 tissue	 in	 comparison	with	 saline	 treat-
ment	(cisplatin	3 mg/kg:	193.27 ± 28.86 U.A,	n = 5,	p < .01	vs.	saline:	
100.00 ± 2.78 U.A,	n = 5)	 (Figure 10C)	 and	2 mg/kg cycles	of	cispla-
tin	(cisplatin	3 mg/kg:	193.27 ± 28.86 U.A,	n = 5,	p < .001	vs	cisplatin	
2 mg/kg:	77.37 ± 7.10 U.A,	n = 6).

The	 cycles	 treatment	 with	 cisplatin	 2 mg/kg	 and	 3 mg/kg	
caused	 a	 significant	 increase	 in	 the	 expression	 of	 NLRP3	 (cispla-
tin	 2 mg/kg:	 864.40 ± 167.53 U.A,	 n = 6,	 p < .01;	 cisplatin	 3 mg/kg:	
1664.93 ± 142.72 U.A,	n = 6,	p < .0001	vs.	saline:	100.02 ± 4.53 U.A,	
n = 6)	 in	relation	with	saline	treatment	 (Figure 11A).	Moreover,	the	
resulting increase in the expression of NLRP3 in renal tissue was also 
dose-	dependent	 (NLRP3	 cisplatin	 3 mg/kg:	 1664.93 ± 142.77 U.A,	
n = 6,	p < .01	vs.	NLRP3	cisplatin	2 mg/kg:	864.40 ± 167.53 U.A,	n = 6)	
(Figure 11A).

To confirm the involvement of NLRP3 pathway in kidney damage 
observed,	 the	 expression	 of	 procaspase-	1,	 and	 cleaved-	caspase-	1	
was	analyzed.	The	cycles	treatment	with	cisplatin	2 mg/kg	and	cis-
platin	 3 mg/kg	 caused	 a	 slight	 but	 not	 significant	 increase	 in	 the	
expression	of	 procaspase-	1	 (cisplatin	 2 mg/kg:	 138.27 ± 13.39 U.A,	
n = 5,	p > .05;	cisplatin	3 mg/kg:	138.92 ± 15.91 U.A,	n = 5,	p > .05	vs.	
saline:	 100.00 ± 5.49 U.A,	 n = 4)	 in	 relation	 with	 saline	 treatment	
(Figure 11B).	With	regard	to	of	the	expression	of	cleaved-	caspase-	1,	
the	cycles	treatment	with	cisplatin	2 mg/kg	caused	a	dose-	dependent	
increase	in	renal	tissue	(cisplatin	2 mg/kg:	138.12 ± 34.21 U.A,	n = 5,	
p > .05;	 cisplatin	 3 mg/kg:	 253.84 ± 46.08 U.A,	 n = 5,	 p < .01	 vs.	 sa-
line:	 100.00 ± 8.08 U.A,	 n = 5)	 in	 relation	 with	 saline	 treatment	
(Figure 11C).

4  |  DISCUSSION

This experimental study demonstrates that cycles treatment of 
cisplatin	 causes	 low-	grade	 systemic	 inflammation	 with	 an	 early	
increase	 in	 plasma	 levels	 of	 IL-	18.	Cisplatin	 proinflammatory	 state	
leads	 to	 changes	 in	 the	expression	of	TLR4,	MyD88,	or	NLRP3	 in	
cardiovascular	and	renal	tissues,	being	involved	in	cardio-	renal	tox-
icity in cisplatin cycles treatment. The inflammatory sensitivity to 
tissue damage is earlier at the renal level than at the cardiovascular 
level. In addition, at the cardiovascular system, resistance vessels 
are more sensitive than cardiac tissue, and large vessels such as the 
aorta.	 TLR4	 and	NLRP3	 are	 key	 pathways	 involved	 in	 renal	 toxic-
ity,	while	NLRP3	pathway	is	in	cardiac	alterations	and	TLR4	pathway	
in resistance vessel toxicity. This work is the first to demonstrate 
the	involvement	of	the	TLR4-	NLRP3	axis	as	a	common	mechanism	
involved in maintenance renal and cardiovascular damage in cycles 
therapy with cisplatin.

Clinical data show that cisplatin provokes renal and cardiovascu-
lar toxicities that limit its use as antitumor drug.5,7,25–	31	Most	of	the	
experimental	studies	analyze	renal	and/or	cardiovascular	toxicity	of	
cisplatin after acute administrations26,32–	34 not in cycles, which is the 
usual form of administration in the clinical therapy. The experimen-
tal model used in this work,16 mimics the chemotherapy treatment 

F I G U R E  9 Kidney	weight/Body	weight	ratio	in	the	three	
experimental groups. Cisplatin cycles administration provoked a 
dose-	dependent	increase	in	kidney/body	mass	index.	Data	are	
expressed	as	the	Mean ± SEM	from	6–	7	animals.	A	one-	way	analysis	
of	variance	(ANOVA)	followed	by	Tukey	post	hoc	test	was	used	
for	statistical	(****p < .0001	cisplatin	3 mg/kg	vs.	saline,	##p < .01	
cisplatin	3 mg/kg	vs.	cisplatin	2 mg/kg).
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cycles, describing cardiac and vascular alterations with this adminis-
tration pattern. The present study shows a renal hypertrophy after 
cisplatin treatments, confirming data described by other authors 
after single doses,35–	41 or cycles42 cisplatin treatments. Therefore, 
the present experimental model would be valid for the study of 

mechanisms	 involved	 in	 cardio-	renal	 complications	 after	 chronic	
treatment with cisplatin.

In	the	present	study,	a	dose-	dependent	increase	in	plasma	MDA	
is	observed	after	cycles	cisplatin,	indicating	a	generalized	oxidative	
status in the body, as other researchers also described.2,34,43,44

F I G U R E  1 0 Representative	immunoblots	for	TLR4	(A),	MyD88	(B),	and	NF-	κβ	p65	(C)	protein	expression	in	kidney.	Diagram	bars	show	
the	results	of	densitometric	analysis	in	kidney.	Data	are	presented	as	Mean ± SEM	of	observations	obtained	for	5–	6	tissues	samples	from	
5–	6	animals	per	treatment.	A	one-	way	analysis	of	variance	(ANOVA)	followed	by	Tukey	post	hoc	test	was	used	for	statistical	(****	p < .0001	
cisplatin	3 mg/kg	vs.	saline,	***p < .001	cisplatin	3 mg/kg	vs.	saline,	**p < .01	cisplatin	3 mg/kg	vs.	saline,	*p < .05	cisplatin	3 mg/kg	vs.	saline,	
###p < .001	cisplatin	3 mg/kg	vs.	cisplatin	2 mg/kg,	##p < .01	cisplatin	3 mg/kg	vs.	cisplatin	2 mg/kg,	#p < .05	cisplatin	3 mg/kg	vs.	cisplatin	
2 mg/kg).

F I G U R E  11 Representative	immunoblots	for	NLRP3	(A),	procaspase-	1	(B),	and	cleaved-	caspase-	1	(C)	protein	expression	in	kidney.	
Diagram	bars	show	the	results	of	densitometric	analysis	in	kidney.	Data	are	presented	as	Mean ± SEM	of	observations	obtained	for	4–	6	
tissues	samples	from	4–	6	animals	per	treatment.	A	one-	way	analysis	of	variance	(ANOVA)	followed	by	Tukey	post	hoc	test	was	used	for	
statistical	(****p < .0001	cisplatin	3 mg/kg	vs.	saline,	**p < .01,	cisplatin	3 mg/kg	vs.	saline,	##p < .001	cisplatin	3 mg/kg	vs.	cisplatin	2 mg/kg).
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It is accepted the involvement of cytokines and chemokines 
in acute kidney3,45–	47 and cardiovascular toxicity33,48 produced by 
cisplatin.	However,	it	is	not	yet	known	whether	this	release	of	cy-
tokines and chemokines continues after treatment with cisplatin 
cycles, their role in renal and cardiovascular damage and the sen-
sitivity to this inflammatory state in the different tissues. In the 
present study, the levels of 23 cytokines and chemokines were an-
alyzed	after	cycle	treatment	with	cisplatin	at	two	different	doses.	
The results obtained do not show clear patterns of alterations in 
the	proinflammatory	mediators.	Only	a	dose-	dependent	increase	
in	plasma	IL-	18	levels	was	observed	after	treatment	with	cisplatin.	
Similar	results	are	described	by	other	authors,	proposing	IL-	18	as	
critical mediator in acute kidney injury and cardiac damage caused 
by cisplatin in animal models47,49–	52 and in patients.53	However,	in	
our study an increase in plasma proinflammatory cytokines such as 
TNF-	α,	IL-	1β,	or	IL-	6	was	not	observed	after	cisplatin	treatments.	
These results have not in accordance with others that describe an 
increase in these cytokines at the renal and cardiac level after ad-
ministration of cisplatin.36,42,54,55	Again,	the	administration	of	cis-
platin in cycles could causes inflammation at the tissue level prior 
to	generalized	 inflammation.	 It	 is	also	possible	that	 in	our	exper-
imental model the acute inflammatory phase has already passed 
while the development of chronic inflammation is in process.56–	58 
Hence,	the	 levels	of	TNF-	α,	 IL-	1β,	or	 IL-	6	are	no	 longer	so	high56 
and	a	tendency	to	increase	in	plasma	levels	of	MCP-	1	and	RANTES	
were observed.

Low-	grade	 chronic	 inflammation	 contributes	 to	 the	 pathogen-
esis of toxicity caused by antitumor drugs.59 In this inflammatory 
process,	toll-	like	receptor	4	(TLR4)	signaling	pathway	and	NOD-	like	
receptor	 (NLR)	 family	 protein	 (NLRP3)	 inflammasome	 play	 an	 im-
portant role in deleterious organic effects.60

Our	data	demonstrate	that	TLR4	/MyD88	pathway	could	maintain	
the renal damage in cisplatin chronic therapy. The significant increase 
in	the	renal	expression	of	NF-	κβ	p6536,38,61 after treatment with the 
maximum dose of cisplatin treatment corroborates the involvement 
of	this	pathway.	However,	more	research	would	be	necessary	to	clar-
ify	this	aspect,	since	at	the	lowest	dose	of	this	antitumour	used	(2 mg/
kg),	 an	 increase	 in	 the	expression	of	TLR4	and	MyD88	 is	observed	
in	this	tissue,	but	no	changes	in	the	expression	of	NF-	κβ	p65	occur.	
It is possible that the activation of this mechanism in renal damage 
depends on the dose of antitumour administered. Our data also show 
that	while	the	expressions	of	TLR4	and	MyD88	are	not	increased	in	
cardiac tissue and conduit vessels, they are augmented in mesenteric 
arteries. Therefore, during treatment with cisplatin cycles, sensitivity 
to damage seems greater in resistance vessels than at the cardiac level 
and other vascular territories. These data suggest that renal tissue is 
much more sensitive to systemic inflammation caused by cisplatin 
than	cardiovascular	tissues	and	that	TLR4	pathway	is	involve	in	renal	
damage produced by cyclic antitumoral treatment.

An	increase	in	the	tissue	expression	of	NLRP3	is	involved	in	renal	
injury after acute and chronic cisplatin treatments.54,62–	65 Our data 
also	confirm	a	dose-	dependent	increase	in	the	expression	of	NLRP3	
at	 the	renal	 level.	At	 the	cardiovascular	system,	an	 increase	 in	the	

expression of NLRP3 at the cardiac level but not in blood vessels 
after cisplatin cycles was observed. Other authors also describe sim-
ilar data in cardiac tissue52 after treatment with repeated doses cis-
platin. Our study is also the first to demonstrate that this increase in 
NLRP3	expression	at	the	cardiac	level	is	dose-	dependent	and	could	
maintain cardiotoxicity after cyclic cisplatin treatment.

The canonical activation of the inflammasome is mediated by 
the formation of a macromolecular complex that involves the three 
components,	NLRP3,	ASC	and	procaspase-	1.66 In all the tissues an-
alyzed	in	the	present	study	in	which	expression	of	NLRP3	is	altered,	
the	expression	of	procaspase-	1	and	cleaved	caspase-	1	correlates	di-
rectly with the expression of NLRP3. This fact confirms that NLRP3 
pathway is involve in cardiac and renal damage caused by cisplatin 
and that the sensitivity to inflammation damage in renal tissue is 
much more sensitive than cardiac or vascular tissue. In aortic tis-
sue, our results describe a decrease in the expression of NLRP3 that 
was	significant	at	the	highest	dose	of	cisplatin	administered,	3 mg/
kg. No data have been found in the literature to compare the results 
obtained in the present study, but this data seem to indicate that the 
vascular damage caused by the chronic administration of cisplatin is 
not mediated by the NLRP3 pathway.

Finally,	the	activation	of	TLR4	promotes	the	priming	and	activa-
tion of the NLRP3.67 The results of our study are partially in agree-
ment	 with	 that,	 since	 only	 the	 activation	 of	 the	 complete	 TLR4/
NLRP3 pathway has been demonstrated in renal tissue. It is possi-
ble, that signaling pathways that promote activation of the inflam-
masome and its components can be different in different tissues.15

This experimental work presents different strengths compared 
to	existing	studies.	First,	the	experimental	model	used.	It	is	an	ani-
mal model that mimics the chemotherapy treatment cycles as clinical 
treatment is usually done. This model allows not only to assess the 
acute	toxicity	of	antitumor	drugs	(after	one	dose),	but	also	whether	
this toxicity is maintained throughout the entire antitumor treat-
ment,	which	 is	what	has	been	analyzed	 in	 this	 study.	Most	of	 the	
investigations that exist on the toxic effects of cisplatin are carried 
out after the administration of single doses of the antitumor, not 
allowing the identification of its possible chronic toxicity. Second, 
this	work	analyzes	various	adverse	effects	of	cisplatin	therapy	in	the	
same animal. This fact allows to identify whether the toxicity caused 
by this antitumor appears at the same time and with the same de-
gree of severity in different tissues. In the case of this study, tissues 
whose	 functioning	 is	 interrelated	 (cardiovascular	 and	 renal)	 have	
been	analyzed,	which	is	very	useful	to	know	if	the	possible	chronic	
cardiovascular and renal complications caused by cisplatin com-
pensate each other or, if, on the contrary, they enhance each other: 
Besides, it permits identify common mechanisms in their develop-
ment to design pharmacological targets for their treatment and/or 
prevention simultaneously. Third, this work provides information on 
the mechanisms involved in the cardiac and vascular toxicity of cis-
platin that has not been extensively studied up to now, showing for 
the first time that the activation of NLRP3 is involved in the cardiac 
damage	caused	by	cisplatin.	However,	although	attempts	have	been	
made	to	analyze	the	possible	relationship	of	generalized	low-	grade	
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inflammation with the cardiovascular and renal toxicity of cisplatin, 
the results obtained in this study have not been clear, being this fact 
a weakness in the study. It is possible that the methodology fol-
lowed,	not	analyzing	the	presence	of	cytokines	at	the	tissue	level	but	
at the plasma level, may have led to this lack of conclusive results. On 
the other hand, the lack of conclusive results on the involvement of 
the	TLR4/MyD88	pathway	in	the	cardiovascular	toxicity	caused	by	
cisplatin could also be a weakness of the work and that studies with 
higher doses of cisplatin are necessary to confirm or download the 
participation of this pathway in the cardiovascular damage caused 
by this antitumor.

5  |  CONCLUSION

In	 conclusion,	 this	 experimental	 study	 shows	 the	presence	of	 low-	
grade	systemic	inflammation	and	the	participation	of	TLR4/NLRP3	axis	
in	cardio-	renal	alterations	associated	with	cycles	cisplatin	treatment.	
Besides, it demonstrates that cardiovascular and renal tissues have 
not the same sensitivity to inflammatory damage caused by cisplatin, 
being the renal tissue more sensitive than the cardiovascular system. 
Although	more	studies	are	necessary,	the	present	research	suggests	
the interest of modulating the inflammation and the expression of 
TLR4/NLRP3	for	 the	 joint	 treatment	of	cardio-	renal	 toxicity	during	
cycles	treatment	of	cisplatin,	confirming	IL-	18	as	a	systemic	marker	of	
low-	grade	inflammation	during	treatment	with	cisplatin.
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