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Melatonin attenuates AFB1-
induced cardiotoxicity via the
NLRP3 signalling pathway

Hui Yan1,*, Junhua Ge2,* , Hongrui Gao1,
Yang Pan1, Yan Hao1 and Jian Li2

Abstract

Objective: This study was conducted to investigate the protective effect of melatonin against

aflatoxin B1 (AFB1) cardiotoxicity by evaluating NOD-like receptor family pyrin domain contain-

ing protein 3 (NLRP3) signalling.

Methods: Four groups of five rats each were assessed: control group (vehicle only), two AFB1

(0.15 and 0.3 mg/kg)-treated groups, and a combined AFB1 (0.3 mg/kg) plus melatonin (5 mg/kg)-

treated group. After 6 weeks of once-daily intragastric treatment, cardiac pathologic changes

were observed under optical microscopy, and oxidative/antioxidative parameters were measured

in myocardial homogenate. Cardiac tissue expression of NLRP3 and other important inflamma-

some components was also analysed.

Results: Compared with controls, increasing concentrations of AFB1 were associated with

increased oxidative stress and caused myocardial structure damage. In addition, AFB1 dose-

dependently activated the NLRP3 signalling pathway. All these indices were significantly amelio-

rated by combined AFB1 plus melatonin treatment versus high-dose AFB1 alone.

Conclusion: Melatonin may reduce NLRP3 inflammasome activation by inhibiting oxidative

stress and thus protect against injury from AFB1-induced myocardial toxicity.
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Introduction

Aflatoxins are a group of mycotoxins

derived from Aspergillus flavus and

Aspergillus parasiticus.1 Among the
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aflatoxins, aflatoxin B1 (AFB1) seems to be
the most hazardous to health and has been
extensively studied for its hepatotoxicity.2

Although the main target of AFB1 toxicity
is the liver, AFB1 is also indicated to exert
harmful effects on other organs, including
the heart.3,4 Oxidative stress is one manifes-
tation of AFB1-induced cardiotoxicity, and
antioxidant therapy is associated with sig-
nificantly reduced AFB1-induced myocar-
dial damage in rats 4

Various external stresses, including oxi-
dative stress, are now known to activate the
NOD-like receptor family pyrin domain-
containing protein 3 (NLRP3) inflamma-
some.5 The NLRP3 inflammasome is a
polyprotein complex consisting of NLRP3,
apoptotic spot-like protein containing a
caspase activation and recruitment domain
(CARD; known as ASC), and procaspase-
1. As the first step in NLRP3 inflamma-
some activation, caspase-1 is automatically
cleaved into active forms (p20 subunits)
that are responsible for programmed cell
death and the secretion of inflammatory
markers, including interleukin (IL)-1b and
IL-18, thereby augmenting the inflammato-
ry cascade and aggravating tissue injury.6,7

The NLRP3 inflammasome has been found
to be activated in every heart cell type under
appropriate stimulation conditions.8

However, the role of NLRP3 in myocardial
damage induced by AFB1 remains unclear.
Recently, AFB1 was found to activate the
NLRP3 inflammasome in primary hepato-
cytes and Kupffer cells, leading to liver
inflammatory injury.9 It seems reasonable
that a similar activation method may be
induced by AFB1 in the heart.

Melatonin (n-acetyl-5-methoxytrypt-
amine), a neuroendocrine hormone secreted
mainly by the pineal gland, is also a very
effective antioxidant,10 and its early admin-
istration significantly attenuates AFB1-
induced tissue injury.11 Melatonin can
easily enter cellular and subcellular com-
partments, advantageously outperforming

other antioxidants in the attenuation of oxi-
dative stress.12 Apart from its direct scav-
enging effect on free radicals, melatonin
also reportedly functions as an antioxidant
via other methods, such as by stimulating
antioxidant enzymes while suppressing the
activity of pro-oxidant enzymes.13

Melatonin’s ability to inhibit activation of
the NLRP3 inflammasome, due to its
various antioxidant actions, has been
fully documented in many experimental
studies.14–16

The purpose of the present study was to
determine levels of oxidative stress in heart
homogenates of rats treated with AFB1,
and to study the correlation between oxida-
tive stress and NLRP3 inflammasome acti-
vation. In addition, the antioxidant
melatonin was investigated regarding
whether it protects against AFB1-induced
myocardial damage by regulating the
NLRP3 signalling pathway.

Materials and methods

Study animals

The experimental protocol was approved
by the Animal Care and Welfare
Committee of the Affiliated Hospital of
Qingdao University (reference no: AHQU-
MAL2018079), and all procedures were
performed according to guidelines estab-
lished by the Care and Use of Laboratory
Animals published by the Ministry of
Science and Technology of China. Twenty
male Sprague-Dawley rats (age 8 weeks;
weight range, 250–280 g) were provided by
Beijing Vital River Laboratory Animal
Technology Inc. (Beijing, China). All rats
were housed in a specific pathogen-free
room (25 �C and 65% humidity) and
exposed to a 12-h light/12-h dark cycle;
the rats were fed a standard laboratory
diet and had free access to water. After
acclimatization for 1 week, the rats were
randomly divided into four groups (five
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animals/group) and administered treat-

ments by gastric intubation daily for 6

weeks as follows:

Group I: Control group, treated with vehi-

cle only (0.5% dimethyl sulphoxide

[DMSO]/ physiological saline, and 2.5%

ethanol/ physiological saline).

Groups II and III: Treated with 0.15 and

0.3 mg/kg AFB1, respectively, dissolved in

0.5% DMSO/ physiological saline.

Group IV: Treated with 0.3 mg/kg AFB1

dissolved in 0.5% DMSO/ physiological

saline plus 5 mg/kg melatonin, dissolved

in 2.5% ethanol/ physiological saline.

Melatonin (Sigma-Aldrich, St Louis, MO,

USA) was administered 2 h before sunset,

and AFB1 (Chengzhu Biotechnology Co.

Ltd., Shanghai, China) was administered

30 min following melatonin. At 24 h follow-

ing the last administration, rats were anaes-

thetized using 40 mg/kg pentobarbital

sodium (i.p.), and arterial blood was rapidly

collected. The rat hearts were also collected

for follow-up experiments.

Determination of LDH levels

Lactate dehydrogenase (LDH) was mea-

sured as an indirect indicator of tissue

damage. Briefly, blood samples were col-

lected from the abdominal aortas of all

rats and immediately centrifuged at 3 000

� g for 20 min to prepare serum. Serum

LDH levels were then measured using an

LDH assay kit (Jiancheng Bioengineering

Institute, Nanjing, China) according to the

manufacturer’s protocol.

Histological examination

The hearts were collected from all rats for

analysis. A 5 mm� 5 mm piece of cardiac

tissue was taken from the left ventricular

region, fixed using 4% neutral paraformal-
dehyde, then embedded in paraffin wax
using a standard protocol. Next, 4-mm
thick sections were cut and mounted onto
glass slides for haematoxylin and eosin
(H&E) staining and immunohistochemis-
try, as described below. The sections were
subsequently observed at
200�magnification, using an optical
microscope (Olympus, Tokyo, Japan). For
each sample, five random fields were
observed. The resulting images were ana-
lysed in a blind manner.

Morphometrical analysis of H&E
stained sections was performed as follows.
The cardiomyocyte degeneration, including
myocardial oedema and muscle fibre degen-
eration, was quantified using a 0 to 4-point
scale:17 0, no injury; 1, lesion range< 25%;
2, lesion range 25–49%; 3, lesion range 50–
75%; and 4, lesion range> 75%. In addi-
tion, the degree (score 0–3) of inflammatory
cell infiltration was analysed according to a
previously described scoring method:18 0,
none; 1, mild; 2, moderate; or 3, severe.

Sections were analysed by immunohisto-
chemistry, as described previously.19 After
routine dewaxing and rehydration, heart
sections were subjected to antigen retrieval
using citrate buffer (pH 6.0), followed by
treatment with 3% hydrogen peroxide for
10 min at room temperature to block
endogenous peroxidase. Nonspecific bind-
ing in tissue samples was blocked by incu-
bation with goat serum at room
temperature for 20 min, then sections were
incubated with rabbit anti-rat nuclear
factor (NF)-jB (1:250 dilution; Cell
Signalling Technology, Danvers, MA,
USA) and rabbit anti-rat NLRP3 (1:100
dilution Abcam, Millbrae, CA, USA) pri-
mary antibodies for 1 h at 37 �C. Sections
were then washed in phosphate buffered
saline (PBS) three times, and exposed to
biotinylated anti-rabbit IgG secondary anti-
body (Zhongshan Golden Bridge Biological
Co., Beijing, China) for 30 min at 37 �C.
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Sections not exposed to primary

antibody served as negative controls.

Positive immunoreactivity was

visualized as brown or yellow staining

using 3,3-diaminobenzidine (DAB). The

level of immunostaining was semi-

quantified using Image-Pro Plus (IPP) soft-

ware, version 6.0 (Media Cybernetics, Inc.,

Rockville, MD, USA). NLRP3 reactivity

was scored according to the level of

staining intensity (0, none; 1, light yellow;

2, yellow-brown; or 3, brown). For NF-jB
protein, positive immunostaining was

defined as the presence of brown or

yellow granules in the nucleus. Positively

stained cells and total cells under each

field were counted, and the reactivity was

evaluated as the proportion of positively-

stained cells.

Determination of oxidative stress and

antioxidant enzyme levels

Portions of fresh rat myocardium were har-

vested and used to prepare a 10% homog-

enate, which was centrifuged at 1 000� g

for 10 min at 4 �C. The supernatant was

then collected for subsequent analyses of

oxidative stress markers using relevant

assay kits (all Beyotime Biotechnology,

Shanghai, China), according to the manu-

facturer’s protocols. The concentration of

malondialdehyde (MDA) was assessed

using the thiobarbituric acid reaction kit,

and superoxide dismutase (SOD) activity

was measured using the water-soluble tetra-

zolium salt (WST)-8 kit. Generation of

reactive oxygen species (ROS) was estimat-

ed with the fluorescent probe 2,7-dichloro-

dihydrofluorescein diacetate (DCFHDA),

as previously described.20,21 For each

sample, levels of ROS were expressed in

terms of DCF fluorescence generation/ mg

protein/ min.

Western blotting and
immunoprecipitation

Protein was extracted from frozen cardiac
tissue using RIPA lysis buffer containing a
proteinase inhibitor cocktail (1:100 dilu-
tion, Sigma-Aldrich), and protein concen-
tration was determined using a BCA assay
kit (Solarbio Scientific Co., Ltd, Beijing,
China), following the manufacturer’s
instructions. Total protein was separated
by 10–12.5% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto 0.22-
lm polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked in
5% non-fat milk for 2 h at room tempera-
ture and incubated with the following pri-
mary antibodies at 4 �C overnight: anti-
b-actin (internal control, 1:10 000 dilution),
anti-p65 (1:1 000 dilution), and anti-
phosphorylated p65 (1:1 000 dilution) (all
Cell Signalling Technology); anti-NLRP3
(1:800 dilution), anti-caspase-1 (1:200 dilu-
tion), and anti-IL-1b (1:1 000 dilution) (all
Abcam); and anti-ASC (1:300 dilution;
Santa Cruz Biotechnology, Dallas, TX,
USA). Membranes were then washed three
times with 0.1% Tween-20/Tris-buffered
saline (TBS) for 5min each and incubated
with the corresponding HRP-conjugated
secondary antibodies at room temperature
for 1 h: goat anti-rabbit IgG (1:5 000 dilu-
tion) and goat anti-mouse IgG (1:5 000 dilu-
tion) (both Elabscience Biotechnology,
Wuhan, China). An enhanced chemilumi-
nescence reagent (Merck Millipore,
Billerica, MA, USA) was added to visualize
the protein signal, and greyscale values were
analysed using ImageJ software, version
1.8.0 (NIH, Bethesda, MD, USA).

The interaction between NLRP3 and
ASC was analysed by immunoprecipita-
tion.22 Proteins were first extracted with
RIPA lysis buffer (as above), and protein
concentration adjusted to 1 lg/ul with
PBS. For each sample, one part of the
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diluted solution was used directly for
Western blots with anti-NLRP3 primary
antibody (positive control), and the other
part (100 lg) was incubated with an anti-
ASC antibody in an immunoprecipitation
buffer for 12 h at 4 �C with gentle rotation
followed by treatment with protein A-
sepharose beads (50 ll) for another 12 h.
The beads were then washed and resus-
pended, followed by Western blotting with
anti-NLRP3 and -ASC antibodies. The
density of these two protein bands was
then measured using Image J software, ver-
sion 1.8.0, and the relative level was calcu-
lated by the following formula: density
value of the NLRP3 band / density value
of the ASC band.

Statistical analyses

Statistical analyses were performed using
SPSS software, version 19.0 (SPSS Inc.,
Chicago, IL, USA), and results are pre-
sented as mean� SD or mean�SEM.
Measurement data were analysed by one-
way analysis of variance followed by a
post hoc test (Holm-Sidak). Associations
between two variables were determined
using Pearson’s correlation analysis. A mul-
tiple linear regression model was con-
structed to analyse the association of ROS
levels with cardiovascular damage index
and protein expression levels. A P-value
<0.05 was considered to indicate statistical
significance.

Results

Changes in biochemical and cardiac
histological characteristics in rats

Biochemical analyses showed that serum
LDH levels in response to AFB1 treatment
were increased versus vehicle alone (con-
trol), but the increased LDH was only sta-
tistically significant versus controls in the
0.3 mg/kg AFB1 group (P <0.001).

Supplementation with 5 mg/kg melatonin

significantly attenuated the increase in

LDH caused by 0.3 mg/kg AFB1
(P <0.01; Figure 1a). The cardiotoxicity

of AFB1 was further evaluated from a mor-

phological perspective, mainly with H&E

staining. Both low (0.15 mg/kg) and high

(0.3 mg/kg) concentrations of AFB1 led to

cardiac pathologic injury, with greater car-
diomyocyte degeneration and inflammatory

cell infiltration in the AFB1 groups com-

pared with controls, particularly in the

high-dose group. The changes induced by

0.3 mg/kg AFB1 were significantly reduced

following coadministration of 5 mg/kg mel-
atonin (all P <0.05; Figure 1b and c).

Melatonin attenuates the oxidative stress

response caused by AFB1

Melatonin inhibited the adverse effects of

AFB1 on antioxidant levels and exhibited

a protective effect (Figure 2). ROS levels

in the heart increased with increasing con-

centrations of AFB1 compared with vehicle
alone (P <0.05), and ROS levels were sig-

nificantly attenuated with melatonin treat-

ment (P <0.01, Figure 2a). In addition, 0.3

mg/kg AFB1 significantly inhibited SOD

activity, and the inhibitory effect was signif-

icantly reversed by melatonin (both P
<0.05; Figure 2b). Supplementation with

melatonin significantly inhibited the

increase in MDA concentration induced

by 0.3 mg/kg AFB1 (all P <0.01;

Figure 2c). In addition, the degree of cardi-

omyocyte degeneration was found to posi-
tively correlate with ROS levels in

response to treatment with AFB1

(r¼ 0.71, Figure 2d).

Levels of NLRP3 in myocardial tissue

Levels of heart tissue NLRP3 were analysed

by immunohistochemistry. Semi-
quantitative evaluation showed a numerical

increase in heart tissue NLRP3 expression
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in response to both AFB1 doses (0.15 and

0.3 mg/kg), however, the increase was only

statistically significant in the high-dose

AFB1 treatment group compared with con-

trols (P< 0.01). Melatonin significantly

attenuated the AFB1-induced NLRP3

expression (P< 0.001 versus 0.3 mg/kg

AFB1; Figure 3a and b). Similar results

were found by Western blot analysis

(P< 0.05, Figure 3c and d).

Figure 2. Melatonin attenuates the oxidative stress response caused by aflatoxin B1 (AFB1): (a) reactive
oxygen species (ROS) generation; (b) superoxide dismutase (SOD) activity and (c) malonaldehyde (MDA)
concentrations in myocardial homogenates; (d) correlation between ROS levels and the degree of cardio-
myocyte degeneration (r¼ 0.71, P <0.05). Data presented as mean� SEM. *P< 0.05, **P< 0.01, and
***P< 0.001 versus controls; #P< 0.05 and ##P< 0.01 versus the 0.3 mg/kg AFB1 group.

Figure 1. Changes in biological characteristics and cardiac histology in rats treated with aflatoxin B1
(AFB1): (a) serum lactate dehydrogenase (LDH) concentrations; (b) representative images of haematoxylin
and eosin stained sections showing cardiac pathologic injury in response to 0.15 and 0.3 mg/kg AFB1,
characterized by cardiomyocyte degeneration, pink proteinaceous mucus exudation and inflammatory cell
infiltration. Tissue damage remained following melatonin treatment, but inflammatory cell infiltration was
visibly alleviated, with little exudation of pink proteinaceous mucus in the cardiac interstitium (original
magnification,� 200); and (c) quantification of the degree of cardiomyocyte degeneration and inflammatory
cell infiltration in each group. Data presented as mean� SEM. *P< 0.05, **P< 0.01, and ***P< 0.001 versus
controls; #P< 0.05, and ##P< 0.01 versus the 0.3 mg/kg AFB1 group.
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Melatonin prevents activation of NLRP3
in myocardial tissue exposed to AFB1

Expression of other proteins involved in
inflammasome formation was also assessed
by Western blot analysis (Figure 4a and b).
The hearts of rats exposed to AFB1 had
significantly higher levels of ASC expres-
sion in the group exposed to 0.3 mg/kg
AFB1 versus controls (P <0.01), and
levels of caspase-1p20 and IL-1bp17,
which serve as indicators of NLRP3 activa-
tion, were significantly increased with both
AFB1 doses (P <0.05 versus controls).
Furthermore, correlation analysis in the
AFB1 groups showed that ROS levels
were positively correlated with NLRP3
(r¼ 0.79, Figure 4c), ASC (r¼ 0.75, Figure
4d), caspase-1p20 (r¼ 0.86, Figure 4e) and
IL-1bp17 expression (r¼ 0.74, Figure 4f).
Compared with levels in the high-dose
AFB1 group, levels of ASC, caspase-1p20
and IL-1bp17 were significantly decreased
in the melatonin coadministration group
(P< 0.05). Evaluation of the interaction
between NLRP3 and ASC by co-
immunoprecipitation demonstrated that

AFB1 dose-dependently induced NLRP3
inflammasome formation, as shown by the
increased interaction of NLRP3 with ASC
in heart tissue with increasing AFB1 con-
centration (Figure 4g and h). Melatonin sig-
nificantly reduced the interactions between
NLRP3 and ASC, suggesting that it inhib-
ited inflammasome assembly (P< 0.05,
Figure 4g and h).

Effects of melatonin on NF-jB pathway
activation in myocardial tissue

Major regulatory proteins involved in the
NF-jB pathway were assessed via proteo-
mic analyses using Western blots. Initial
analysis of NF-jB phosphorylation
showed that, compared with vehicle alone,
AFB1 significantly upregulated the p-p65/
p65 ratio in a dose-dependent manner,
and melatonin pretreatment significantly
reduced the phosphorylation of NF-jB
stimulated by high-dose AFB1 (P <0.05,
Figure 5a and b). To further verify these
results, the intracellular localization of p65
was assessed by immunohistochemistry.
AFB1 was found to increase the proportion

Figure 3. NOD-like receptor family pyrin domain-containing protein 3 (NLRP3) levels in myocardial tissue
of rats treated with 0.15 and 0.3 mg/kg aflatoxin B1 (AFB1) or 0.3 mg/kg AFB1 plus 5 mg/kg melatonin: (a)
representative images of immunohistochemical NLRP3 staining in myocardial tissues (original magnification,
� 200); (b) semi-quantification of NLRP3 expression in each group; (c) representative Western blots of
NLRP3 expression in myocardial tissues in the different groups; and (d) relative quantification of NLRP3 levels
using GAPDH as reference. Data presented as mean� SD. **P< 0.01 and ***P< 0.001 versus controls;
#P< 0.05 and ##P< 0.01 versus 0.3 mg/kg AFB1 group.

Yan et al. 7



of NF-jB-positive cells, particularly in the

high-dose group, in which it was 10.4-fold

higher than controls. Moreover, the ratio

was significantly lower in the melatonin

intervention group versus the high-dose

AFB1 group (P <0.001; Figure 5c and d).

The p-p65/p65 ratio in the AFB1 groups

was also shown to be correlated with ROS

levels (r¼ 0.82; Figure 5e) and NLRP3

expression (r¼ 0.86; Figure 5f).

Discussion

Exposure to xenobiotics is implicated in the

development of multiple heart diseases,

including viral myocarditis and alcoholic

cardiomyopathy.23,24 Aflatoxin B1

(AFB1), a carcinogenic mycotoxin widely

found in mildewed cereals, is absorbed

and rapidly distributed to the heart.

Studies have shown that AFB1 disrupts

mitochondrial function and leads to the

release of ROS resulting in cardiomyocyte

damage, which is the main reason for the

cardiotoxicity of AFB1.25 Consistent with

this evidence, the present study revealed

that AFB1 induces oxidative stress in the

rat myocardium, and AFB1 promotes

NLRP3 inflammasome activation through

a ROS-dependent pathway. In addition,

Figure 4. Melatonin prevents activation of NOD-like receptor family pyrin domain-containing protein 3
(NLRP3) in myocardial tissue exposed to aflatoxin B1 (AFB1): (a) representative Western blot showing
changes in expression of apoptosis-associated speck-like protein containing a CARD (ASC; upper panel),
Caspase-1p20 (middle panel) and interleukin (IL)-1bp17 (bottom panel) in each group; (b) relative quanti-
fication of ASC, Caspase-1p20 and IL-1bp17 expression; (c–f) correlations between reactive ozygen species
(ROS) levels and (c) NLRP3, (d) ASC, (e) caspase-1p20, and (f) IL-1bp17 levels; (g) representative Western
blot showing NLRP3 levels (upper panel) and ASC levels (middle panel) in sample lysates that underwent
immunoprecipitation with ASC, and NLRP3 levels (bottom panel) in sample lysates that did not undergo
immunoprecipitation; and (h) quantification of interactions between myocardial NLRP3 and ASC in the
different groups. Data presented as mean� SEM. *P< 0.05, **P< 0.01, and ***P< 0.001 versus controls;
#P< 0.05 versus 0.3 mg/kg AFB1 group.
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melatonin was found to exert a beneficial

effect on AFB1-induced cardiac injury

that might be related to the alleviation of

oxidative stress and therefore the inhibition

of NLRP3 inflammasome activation.
Activation of the NLRP3 inflammasome

was conventionally considered to be a pro-

tective response. For example, the activated

NLRP3 inflammasome in invasive pulmo-

nary aspergillosis has been shown to func-

tion to control infection,26 and the NLRP3

inflammasome and subsequent production

of IL-18 protect mice from death during

experimental infection with P. brasiliensis.27

These findings demonstrate that the

NLRP3 inflammasome plays important

roles in innate antifungal immunity,

however, other studies have found that

overactivation of the NLRP3 inflamma-

some may lead to further damage.

Candida albicans cell wall extracts induced

endothelial cell pyroptosis by activating

caspase-1, whereas addition of the NLRP3

inhibitor MCC950 significantly alleviated

pyroptotic endothelial cell death.28 Zhang

et al.9 reported that the severity of AFB1-

induced liver inflammatory injury in mice

was significantly alleviated by downregulat-

ing NLRP3 expression through inhibition

of cyclooxygenase-2. These results imply

that persistent activation of the NLRP3

inflammasome is a critical factor for insti-

gating tissue damage. Here, the role of

NLRP3 in myocardial injury was

Figure 5. Effects of aflatoxin B1 (AFB1) and melatonin on nuclear factor (NF)-jB pathway activation in rat
myocardial tissue: (a) representative Western blots showing levels of p-p65 and p65 in myocardial tissues; (b)
quantitative analysis of the p-p65/p65 ratio in different treatment groups (the mean value for the control
group was standardized to 1.0); (c) representative immunohistochemistry images for evaluation of nuclear
NF-jB-positive cells in myocardial tissues (original magnification,� 200); (d) quantitative analysis of nuclear
NF-jB positivity under different treatments; (e and f) correlations between p-p65/p65 ratio and (e) cardiac
reactive oxygen species (ROS) levels; and (f) NOD-like receptor family pyrin domain-containing protein 3
(NLRP3) expression. Data presented as mean� SD. *P< 0.05 and ***P< 0.001 versus controls; ##P< 0.01
and ###P< 0.001 versus 0.3 mg/kg AFB1 group.
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investigated by infecting rats with AFB1.
The present data revealed that AFB1 eli-
cited activation of the NLRP3 inflamma-
some in a dose-dependent manner, which
in turn triggered the secretion of mature
IL-1b and the release of LDH; therefore,
NLRP3 inflammasome activation might be
an important mechanism underlying the
cardiac damage caused by AFB1. The pre-
sent study suggests that cardiac damage and
inflammation are consequences of not only
the direct toxic effect of AFB1, but also
indirect toxic injury mediated by NLRP3
inflammasome hyperactivation.

The NLRP3 inflammasome is composed
of NLRP3, ASC and procaspase-1,29 and
its activation in the heart is known to
occur in two independent steps:30,31 the
expression of pyroptosis protein markers
(e.g., NLRP3 and pro-IL-1b), which is fol-
lowed by the activation of NLRP3 and the
formation of inflammasomes responsible
for programmed cell death, and the secre-
tion of inflammatory markers, such as IL-
1b and IL-18. Several signals, including Kþ

efflux, ROS overproduction and lysosome
rupture, have been recognized to activate
the NLRP3 inflammasome.8 The present
results showed that heart tissue ROS levels
were increased in AFB1-treated rats, as was
the degree of cardiac injury; furthermore,
these changes were revealed to be interrelat-
ed. The present findings are consistent with
the notion that oxidative stress plays a cen-
tral role in the mechanism of AFB1 toxicity
in the heart,32 however, whether AFB1-
induced oxidative stress is related to
NLRP3 activation in the rat heart is
not clear.

To investigate oxidative stress on the
impact of the NLRP3 inflammasome, cor-
relation analysis and a multiple linear
regression model was used to identify the
relationship between these variables. The
results showed that oxidative stress param-
eters were positively correlated with
NLRP3, ASC, caspase-1p20 and IL-1bp17

expression. Furthermore, the antioxidant
melatonin was applied to inhibit oxidative
stress. Melatonin’s ability to suppress
NLRP3 inflammasome activation and
decrease IL-1b hypersecretion, due to its
various antioxidant actions, has been fully
documented in an LPS/ATP-induced
murine microglia model.33 In the present
study, the addition of melatonin was
shown to significantly attenuate ROS gen-
eration induced by high-dose AFB1.
Notably, treatment with melatonin effi-
ciently downregulated the degree of cardiac
injury and serum LDH levels in high-dose
AFB1-exposed rats. Proteomics analysis
showed that increased expression of
NLRP3 and other inflammasome-related
proteins was partially reversed by melato-
nin; and these findings were confirmed by
both immunohistochemistry and Western
blot analysis. These results suggest that
decreases in ROS levels induced by melato-
nin attenuated NLRP3 inflammasome acti-
vation and thus alleviated AFB1-induced
cardiac injury. In addition, the results indi-
cate that ROS-mediated NLRP3 inflamma-
some activation is the potential mechanism
underlying the cardiac toxicity of AFB1.

Different downstream signals are shown
to be selectively activated in different cell
types upon the increased expression of
inflammatory components.34,35 Increased
IL-1b secretion is observed in only cardiac
fibroblasts and infiltrating inflammatory
cells.36,37 NLRP3 inflammasome activation
in cardiomyocytes leads to caspase-1-
dependent cell death, presumably
pyroptosis.35 The authors’ speculate that
NLRP3-dependent cardiomyocyte pyropto-
sis might be an important mechanism in the
cardiotoxicity of AFB1, and these conjec-
tures should be experimentally verified in
future studies.

A trigger is required to activate the
NLRP3 inflammasome pathway, which is
largely, but not exclusively, dependent on
oxidative stress.38,39 Other factors in
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addition to oxidative stress may regulate
the expression of NLRP3 in the hearts of
AFB1-poisoned rats. NLRP3 is not
expressed constitutively in the heart but
can be induced by activation of NF-jB,
for which sensors, such as Toll-like recep-
tors (TLRs) and the IL-1 receptor, are
required.31,40 Ochratoxin A has been
found to enhance immunotoxicity through
ROS-related TLR4 activation, and even
activation of TLR4-driven (IkB/NF-jB)
signalling exacerbates AFB1-promoted
inflammation and tissue damage.41 Similar
to this result, the present study found that
AFB1 induced the activation of NF-jB,
however, the detailed mechanisms by
which AFB1 activates NF-jB signalling
are not clear. NF-jB is activated by oxida-
tive stress, and its activation can be modu-
lated by some antioxidants.42,43 Melatonin
was revealed to significantly reduce expres-
sion and nuclear levels of NF-jB in the pre-
sent study, and the present authors believe
that AFB1-induced NF-jB activation
might be tightly correlated with ROS, and
melatonin suppresses NF-jB signalling by
inhibiting ROS production. Furthermore,
as a key mediator of immunity, NF-jB
plays a critical role in the initiation of
NLRP3 inflammasome activation, as
NLRP3 itself is under the transcriptional
control of the former.40 The present data
revealed a positive correlation between
NF-jB activation and NLRP3 expression.
Therefore, the priming step is likely to be
initiated by ROS, thus activating the NF-
jB signalling pathway, which leads to an
increase in the constitutive expression of
AFB1-inducible NLRP3 and pro-IL-1b.
However, the specific signalling pathways
require further verification.

In conclusion, the present study provides
novel insight into the toxic action of AFB1
on rat hearts, which requires the NLRP3
inflammasome. AFB1 not only increases
NLRP3 expression, but also induces the
activation of caspase-1 and the maturation

of IL-1b. These effects seem to be mediated
by oxidative stress and to be involved in the
activation of NF-kB. In addition, this study
also confirmed that melatonin is a potential
therapeutic agent for the management of
myocardial damage caused by AFB1.
Although the precise mechanisms underly-
ing these effects were not thoroughly eluci-
dated in the present study, the inhibitory
activity of melatonin might be related to
alleviation of oxidative stress and inhibition
of NF-jB activation in cardiac tissue,
which in turn inhibits NLRP3 inflamma-
some activation. The results of the present
study may be limited by the fact that there
was no direct evidence of AFB1-induced
NLRP3 inflammasome activation in myo-
cardial injury at the cellular level, and the
detailed mechanisms by which melatonin
inhibits oxidative stress were not addressed.
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