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Abstract
Arsenic is an environmental contaminant, and accumulating evidence has indicated that exposure to arsenic can cause vari-
ous diseases, especially cardiotoxicity. Selenium (Se) exerts a vital role in the regulation of multiple physiological activi-
ties. Recently, several studies highlighted that Se treatment can effectively antagonize the toxic effects induced by arsenic. 
However, the exact underlying effect and mechanism of Se on Arsenic-induced cardiotoxicity has not been explored. In the 
current study, the arsenic trioxide (ATO)-triggered heart damage mice model was used to explore whether Se exerts protective 
roles in ATO-related cardiotoxicity and its potential mechanism. Our data showed that Se treatment significantly alleviated 
ATO-mediated cardiotoxicity evidenced by increased weight, decreased myocardial damage markers, and improved heart 
functions in mice. Furthermore, we demonstrated that Se remarkably inhibited ATO-mediated oxidative stress and inflam-
matory responses in heart tissues. Mechanistically, we showed that Se upregulated the levels of  NAD+ in cardiomyocytes 
of the mice challenged by ATO, and this effect involved in the activation of the  NAD+ biosynthesis through the salvage 
pathway. Collectively, our findings demonstrated that Se protected against ATO-mediated cardiotoxicity by antioxidant and 
anti-inflammatory effects via increasing the  NAD+ pool in mice.
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Abbreviations
ATO  Arsenic trioxide
Se  Selenium
NAD +   Nicotinamide adenine dinucleotide
CK  Creatine kinase isoenzymes
LDH  Lactate dehydrogenase
GSH  Glutathione
cTnT  Cardiac isoform of Troponin T
MDA  Malondialdehyde
SOD  Superoxide dismutase
CAT   Catalase
IL-1β  Interleukin 1β
IL-6  Interleukin 6
TNF-α  Tumor necrosis factor-α

EF  Ejection fraction
NAMPT  Nicotinamide phosphoribosyltransferase
IDO  Indoleamine 2,3-dioxygenases
NADS  Nicotinamide adenine dinucleotide synthase
NMNAT   Nicotinamide/nicotinic acid mononucleotide 

adenylyltransferase

Introduction

Arsenic, one of the natural contaminants, is widely used 
in industry, agriculture, and medicine in the forms of tri-
valent, pentavalent, and organic compounds, and many 
people are exposed to excess levels globally [1]. Inor-
ganic arsenic showed more toxic than the organic states 
[2]. Accumulating evidence has indicated that exposure 
to arsenic causes various diseases, especially cardio-
vascular disorders. Epidemiologic studies have shown 
that the incidence of coronary heart disease was closely 
associated with chronic low arsenic exposure in drink-
ing water(10–100 μg/L) [3]. Nigra et al. found that even 
low levels of urinary arsenic (the median of total arsenic 

 * Hai-Bing Yang 
 haibing_y@126.com

1 Department of Cardiology, Yingshang ChengDong Hospital, 
Yingli Road, Fuyang 236000, China

2 Department of Cardiology, Affiliated Hospital of Jiangsu 
University, Jie Fang Road 438, Zhenjiang 212001, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s12011-022-03478-y&domain=pdf


3942 H.-B. Yang et al.

1 3

were 4.42 μg/L) was also related to increased heart dis-
ease mortality [4]. Besides, it has also been suggested that 
occupational exposures to inorganic arsenic accelerate 
myocardial injury [5]. Experimental studies have high-
lighted that excessive induction of oxidative stress and 
inflammatory response is defined as two primary causative 
mechanisms in arsenic-mediated heart injury. The metabo-
lism of arsenic in the body could induce the generation of 
a large number of superoxide anion free radicals  (O2−), 
subsequently activate transcription factors that regulate the 
release of pro-inflammatory cytokines which induce DNA 
damage, mitochondrial dysfunction, and finally result in 
cardiomyocyte death [6]. Therefore, inhibition of arsenic-
triggered reactive oxygen species (ROS) production and 
inflammatory response might be a promising therapeutic 
strategy to alleviate arsenic-mediated cardiotoxicity.

Selenium (Se) as a critical micronutrient is found in all 
body organs. Se possesses multiple physiological activities 
including antioxidant, anti-inflammatory, and autophagic 
properties [7, 8]. The association between Se and cardiac 
diseases has also been reported. Bomer et al. reported that 
there was a close association between Se deficiency and 
worse symptoms in patients with heart failure [9]. Wang 
et al. found that Se supplementation protected cardiomyo-
cytes from inflammatory responses and improved LPS-
induced cardiac injury [10]. Previously, we verified that Se 
administration significantly suppressed ROS generation, 
inhibited inflammatory response, and improved doxoru-
bicin-related myocardial dysfunctions [11]. Recent reports 
suggested that Se supplementation could antagonize arse-
nic-triggered immunotoxicity, liver injury, and behavioral 
impairments in animal models [12–14]. However, whether 
Se exerts protective roles in arsenic-related heart injury and 
its potential mechanism is still unknown.

Nicotinamide adenine dinucleotide  (NAD+), a critical 
modulator of intracellular signaling, plays key roles in sev-
eral aspects of cell biology, including energy hemostasis, 
cell survival, and DNA repair [15]. Increasing the intra-
cellular  NAD+ pool was identified as a promising way in 
the treatment of obesity, diabetes, brain ischemic injury, 
non-alcoholic fatty liver disease, kidney disease, and aging 
[16, 17]. Meanwhile, the essential role of  NAD+ in cardiac 
diseases was also reported. Zhou et al. found that boost-
ing  NAD+ levels attenuated inflammatory responses and 
improved heart failure [18]. Increasing  NAD+ pool protected 
cardiomyocytes from oxidative stress-mediated impairment 
[19]. In addition, replenishment of  NAD+ also protected the 
myocardium against doxorubicin-induced cardiotoxicity 
[20]. Intriguingly, Wang et al. observed that arsenic trioxide 
significantly inhibited the intracellular  NAD+ levels in oral 
squamous carcinoma cells [21]. Therefore, we speculated 
that increasing the  NAD+ pool might be a new strategy to 
improve arsenic-induced cardiac injury.

We hypothesized that Se supplementation could increase 
the levels of  NAD+, prevent excessive inflammatory 
responses and oxidative stress, and then suppress arsenic-
induced cardiotoxicity. Our study might provide new insight 
into Se for the treatment of arsenic-related heart damage.

Methods

Materials and Agents

Arsenic trioxide (ATO, purity > 98%, the oxidation state 
of arsenic trioxide is 3 +) and sodium selenite (Se, the 
oxidation state of selenite is 4 +) were obtained from Mei-
lunbio (Dalian, China). The standard diet was purchased 
from SJA laboratory animal Co., Ltd. (Hunan, China), and 
the compositions of the diet are shown in Supplementary 
Table 1. The kits including creatine kinase isoenzymes 
(CK), lactate dehydrogenase (LDH), glutathione (GSH), 
the cardiac isoform of Troponin T (cTnT), and malon-
dialdehyde (MDA) were purchased from Jiancheng, Inc. 
(Nanjing, China). ELISA kit for  NAD+ was obtained from 
BioAssay Systems (Hayward, CA). Kits including inter-
leukin 1β (IL-1β), IL-6, superoxide dismutase (SOD), 
catalase (CAT), and tumor necrosis factor-α (TNF-α) were 
obtained from Elabscience, Inc. (Wuhan, China). Anti-
bodies for β-actin and NAMPT were purchased from Cell 
Signaling Technology (Beverly, USA).

Experimental Protocol

All protocols and experiments for animals were conducted 
following the Guide of the Shanxi Medical University Ani-
mal Care and Use Committee. In this study, male Kunming 
mice (22 ± 3 g) were from Shanxi Medical University and 
kept at 23–26 °C with a 12-h light/dark cycle. At the same 
time, all mice could obtain water and standard diet freely. 
After acclimation for 1 week, the administration was as fol-
lows: Control group (CTRL): NS (vehicle of Se, oral) + NS 
(vehicle of ATO group, i.p.); ATO group (ATO): NS (vehi-
cle of Se, oral) + ATO (5 mg/kg/day, i.p.) [22]; ATO + low 
sodium selenite (Se) group (L-Se): 0.5 μg/g Se (oral) + ATO 
(5 mg/kg/day, i.p.); ATO + high Se group (H-Se): 2 μg/g 
Se (oral) + ATO (5 mg/kg/day, i.p.); FK866 + ATO + high 
Se group (FK866 + H-Se): FK866 (30  mg/kg/day, 
i.p.) + 2 μg/g Se (oral) + ATO (5 mg/kg/day, i.p.). Se was 
received by gavage for 2 weeks before ATO intraperitoneal 
treatment, and FK866 was treated 1 h before ATO exposure 
for 7 days. One week after the treatment of ATO, animals 
were weighed and then euthanized by sodium pentobarbital 
(50 mg/kg, i.p.). The heart tissues and blood samples were 
collected for further studies. The timeline on experimental 
procedures is shown in Fig. 1A.
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Echocardiography

The cardiac functions were detected using the Vevo 770 
high-resolution small animal system with an RMV 707-B 
scan head (frequency 30 MHz, focal length 12.7 mm) (Visu-
alSonics, Canada) and the PowerLab system (AD Instru-
ments, UK) as we previously described [11].

Measurement of Heart Injury Markers and Oxidative 
Stress Markers

The contents of heart injury markers in serum including 
CK-MB, LDH, and cTnT as well as oxidative stress markers 
in heart tissues including MDA, SOD, CAT, and GSH were 
detected following the manufacturer’s recommendations.

Measurements of Inflammatory Cytokine

The levels of myocardial inflammatory cytokine in 
heart tissues containing IL-1β, IL-6, and TNF-α were 
assessed by ELISA kits according to the manufacturer’s 
recommendations.

Measurements of Cellular  NAD+ Levels

The cellular  NAD+ levels were measured by ELISA kits 
in accordance with the manufacturer’s recommendations.

Hematoxylin–Eosin (H&E) Staining

The heart tissues were collected and fixed with 4% paraform-
aldehyde. Subsequently, the fixed heart tissues were embedded 
with paraffin and then sectioned into pieces. To conduct HE 
staining, a HE staining kit (Solarbio, Beijing, China) was used 
in accordance with instructions of the manufacturer. The images 
were capture under a light microscope (Olympus, Japan).

Immunohistochemistry Staining

The cardiac samples were preserved in 4% paraformalde-
hyde and then embedded by paraffin. Subsequently, the 
specimens were sectioned at 5 µM, and then, the sections 
were stained with antibodies against TNF-α and IL-6 to 
evaluate pro-inflammatory cytokine expression. The slices 
were examined using microscopy (Olympus, Japan).

Fig. 1  Se improved ATO-
triggered body weight loss 
and cardiac dysfunction. A 
The timeline on experimental 
procedures. B The body weight 
changes were assessed in four 
groups. C–E The EF and ± dp/
dt were assessed by echocardi-
ography in four groups. N = 5, 
**P < 0.01 vs. CRTL; #P < 0.05, 
##P < 0.01 vs. ATO
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Western Blot Analysis

The total heart proteins were collected by commercial RIPA 
buffer obtained from Beyotime, China. The protein contents 
of samples were measured with BCA kits. The samples were 
separated by 10% SDS-PAGE followed by transfer to nitro-
cellulose membranes. At the end of transfer, the membranes 
were blocked with 5% BSA. Subsequently, the membranes 
were incubated with primary antibodies against NAMPT or 
β-actin at 4 ℃ overnight followed by incubation with sec-
ondary antibodies. Ultimately, chemiluminescent kit was 
used to detect the bands.

Real‑Time PCR

To extract the total RNA of heart tissues, TRIZOL was used 
following manufacturer’s instructions. cDNA synthesize 
and quantitative PCR analysis was conducted as previously 
reported. The levels of target genes were normalized to 
β-actin and analyzed with the  2−ΔΔCt method. All the primer 
sequences are presented in Table 1.

Statistical Analysis

All data in this study were presented as mean ± SEM and 
analyzed with GraphPad Prism software, while one-way 
ANOVA with Tukey’s post hoc test was used during the 
analysis. P < 0.05 was considered significant.

Results

Se Attenuated ATO‑Triggered Body Weight Loss 
and Cardiac Dysfunction

Firstly, to detect the possible effects of Se on the cardio-
toxicity challenged by ATO, the body weight and cardiac 
functions were assessed. As shown in Fig. 1B, the mice 
exposed to ATO significantly reduce body weight; how-
ever, Se supplementation remarkably reverses this change 
in mice exposed to ATO. Furthermore, the effects of Se 

on ATO-triggered dyscardiac functions were also assessed. 
As shown in Fig. 1C–E, the cardiac function indexes, such 
as ejection fraction (EF), maximal slope of systolic pres-
sure increment (+ dP/dt), and diastolic pressure decrement 
(− dP/dt) of the ATO-treated mice, are significantly lower 
in comparison with those of the CTRL group. However, 
the decrease of EF and ± dp/dt was significantly reversed 
by Se treatment in a dose-dependent manner.

Se Treatment Alleviated ATO‑Induced Myocardial 
Enzyme Elevation

Next, the cardiac injury markers including cTnI, CK, and 
LDH were also detected. As shown in Fig. 2A, H&E stain-
ing show that cardiomyocytes in the CTRL group lined up 
regularly; however, myocardial cells in the ATO-treated 
group are hypertrophied and irregularly arranged. Nev-
ertheless, these changes were alleviated by Se treatment. 
Meanwhile, ATO markedly elevated serum CK (Fig. 2B), 
LDH (Fig. 2C), and cTnI (Fig. 2D) concentrations com-
pared to the CTRL group. However, Se treatment were 
significantly decreased the levels of CK, cTnI, and LDH 
in a dose-dependent manner.

Se Treatment Ameliorated ATO‑Triggered 
Myocardial Oxidative Stress

As shown in Fig. 3A, the levels of lipid peroxidation MDA 
are detected. Supplementation of Se effectively decreased 
ATO-triggered MDA overproduction in heart tissues of the 
mice. Besides, ATO markedly downregulated SOD activi-
ties and GSH and CAT contents in the heart of mice, which 
were markedly elevated by Se administration (Fig. 3B–D).

Se Treatment Decreased ATO‑Induced 
Pro‑Inflammatory Cytokine Expression

The inflammatory response is greatly related to ATO-medi-
ated cardiotoxicity. Therefore, we further detected whether 

Table 1  Primers for 
Quantitative RT-PCR

Gene Forward primer Reverse primer

NAMPT CCT TTT GTC ATT AAT CAG C TTT GGC ATC ACT GGT ACA TA
NMNAT TCC CAT CAC CAA CAT GCA CC TGA TGA CCC GGT GAT AGG CAG 
NADS ACA GCA GAG CCA CAA AAC TG ACC ATC CTA ATC CGA GCC TG
IDO TGG CAA  ACT GGA  AGA AAA AG AAT GCT TTC AGG TCT TGA CG
TNF-ɑ CCT CTC TCT AAT CAG CCC TCTG GAG GAC CTG GGA GTA GAT GAG 
IL-6 GAG GAT ACC ACT CCC AAC AGACC AAG TGC ATC ATC GTT GTT CAT ACA 
IL-1β CAG GCA GGC AGT ATC ACT CATTG CGT CAC ACA CCA GCA GGT TATC 
β-actin ATG GAG GGG AAT ACA GCC C TTC TTT GCA GCT CCT TCG TT
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Se attenuated ATO-induced pro-inflammatory cytokine 
expression. The expression of TNF-α, IL-6, and IL-1β in 
heart tissues was significantly upregulated in the ATO group, 
whereas a significant inhibition of TNF-α, IL-6, and IL-1β 
was observed in the Se-treated group (Fig. 4A–C). Further-
more, IL-6 and TNF-α staining also showed that Se treat-
ment substantially downregulated the expression of these 
pro-inflammatory cytokines caused by ATO (Fig. 4D and E).

Effects of Se on ATO‑Induced Changes in  NAD+ 
Levels

NAD+ deficiency has been identified among the pri-
mary causes in many cardiac diseases. Therefore, we 

investigated  NAD+ levels in heart tissues in four groups. 
As shown in Fig. 5, the levels of  NAD+ in heart tissues are 
remarkably decreased in ATO group. However, Se treat-
ments effectively elevated  NAD+ levels induced by the 
ATO, especially in the H-Se group.

Effects of Se on ATO‑Induced Changes on NAMPT/
NAD+ Axis

The relative expression of four major enzyme regula-
tion  NAD+ biosynthesis including NAMPT, indoleam-
ine 2,3-dioxygenases (IDO), nicotinamide adenine dinu-
cleotide synthase (NADS), and nicotinamide/nicotinic 
acid mononucleotide adenylyltransferase (NMNAT) 

Fig. 2  Se alleviated cardiac 
damages induced by ATO. A 
Representative images of H&E 
staining in mice heart tissues. B 
The levels of CK in four groups. 
C The levels of LDH in four 
groups. D The levels of CTnl in 
four groups. N = 5, **P < 0.01 
vs. CRTL; #P < 0.05, ##P < 0.01 
vs. ATO

Fig. 3  Se alleviated myocar-
dial oxidative stress induced 
by ATO. A MDA contents in 
heart tissues. B SOD activi-
ties in heart tissues. C GSH 
contents in heart tissues. D CAT 
activities in heart tissues. N = 5, 
**P < 0.01 vs. CRTL; #P < 0.05, 
##P < 0.01 vs. ATO
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were investigated. The qPCR results indicated that there 
was no difference on the mRNA expression of NMNAT, 
NADS, and IDO in four groups (Fig. 6A–C). However, 
ATO exposure significantly decreased the mRNA lev-
els of NAMPT compared with CTRL group, whereas Se 
pretreatment significantly upregulated the expression of 
NAMPT mRNA in a dose-dependent manner (Fig. 6D). 
Besides, western blot also showed that the expression of 
NAMPT was significantly decreased in the ATO group, 
while Se treatment remarkably reversed this change in 
heart tissues (Fig. 6E).

Fig. 4  Se decreased the pro-
inflammatory cytokine expres-
sion caused by ATO. A–C The 
concentration of TNF-α, IL-6, 
and IL-1β in the heart tissues 
of the mice. D Representative 
images of IL-6 staining in mice 
heart tissues. E Representa-
tive images of TNF-α staining 
in mice heart tissues. N = 5, 
**P < 0.01 vs. CRTL; #P < 0.05, 
##P < 0.01 vs. ATO

Fig. 5  Se upregulated  NAD+ 
levels in heart tissues. N = 5, 
**P < 0.01 vs. CRTL; ##P < 0.01 
vs. ATO

Fig. 6  Se upregulated NAMPT/
NAD+ axis in mice. A–C 
The relative mRNA levels of 
NMNAT, NADS, and IDO in 
heart tissues of the mice. D 
The relative mRNA levels of 
NAMPT in heart tissues of the 
mice. E Representative images 
and quantitative analysis of 
NAMPT protein in heart tis-
sues. NS means no significant, 
N = 4–5, **P < 0.01 vs. CRTL; 
#P < 0.05, ##P < 0.01 vs. ATO
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FK866 Treatment Abolished the Protectively Effects 
of Se on ATO‑Induced Cardiotoxicity

To further verify the essential role of NAMPT/NAD+ axis 
in the protective effects of Se in ATO-induced cardiotox-
icity, we pretreated the animals with the specific NAMPT 
inhibitor FK866 and/or Se before the exposure to ATO. As 
presented in Fig. 7A, Se treatment largely increases ATO-
caused downregulation of levels of NAD + in heart tissues, 
whereas this effect is significantly blocked by FK866. Fur-
thermore, Se treatment remarkably improved histological 
changes and downregulated ATO-triggered myocardial 
enzyme elevation; however, co-treatment with FK866 sig-
nificantly reversed these changes (Fig. 7B–E). The levels 
of MDA and contents of SOD assay also revealed that Se-
induced reduction of intracellular MDA and elevation of 
SOD were abolished by FK866 (Fig. 7F and G). In addition, 
co-treatment with FK866 significantly reversed the down-
regulation of Se on the expression of IL-6 and TNF-α in 

heart tissues (Fig. 7H and I). These data demonstrated that 
Se ameliorated ATO-triggered oxidative stress and inflam-
mation in heart tissues partly via NAMPT/NAD+ axis.

Discussion

In the current study, the ATO-induced heart damage mice 
model was used to explore whether Se exerts protective roles 
in arsenic-related cardiotoxicity and its potential mechanism. 
Our data showed that Se supplementation significantly alle-
viated ATO-mediated cardiotoxicity reflected by increased 
body weight, decreased myocardial damage markers, and 
improved heart functions in mice. Furthermore, we dem-
onstrated that Se remarkably inhibited ATO-mediated 
oxidative stress and inflammatory responses in heart tis-
sues. Mechanistically, we showed that Se upregulated the 
levels of  NAD+ in heart tissues of the mice challenged by 
ATO, and this effect involved in the activation of the  NAD+ 

Fig. 7  FK866 reversed the 
cardioprotective effects of Se. 
The animals were pretreated 
with Se (2 μg/g) for 2 weeks, 
and then, FK866 (30 mg/kg/day, 
i.p.) was treated 1 h before ATO 
exposure for 7 days. A The 
levels of  NAD+ in heart tissues 
were determined. B Representa-
tive images of H&E staining 
in mice heart tissues. C–E The 
levels of CK, LDH, and CTnl 
in four groups. F–G The levels 
of MDA and contents of SOD 
were assayed. H–I Representa-
tive images of IL-6 and TNF-α 
staining in mice heart tissues. 
N = 6, **P < 0.01 vs. ATO; 
##P < 0.01 vs. H-Se + ATO
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biosynthesis through the salvage pathway. Collectively, our 
findings showed that Se protected against ATO-mediated 
cardiotoxicity by antioxidant and anti-inflammatory effects 
via increasing the  NAD+ pool in mice.

Arsenic is an environmental contaminant and humans 
may be exposed to arsenic in a variety of routes, includ-
ing drinking water and food. Accumulating evidence has 
indicated that exposure to arsenic causes various diseases, 
especially cardiotoxicity. Recently, several studies high-
lighted that Se treatment can effectively antagonize the 
toxic effects induced by arsenic. For example, Se treatment 
exerted hepatoprotective roles through antioxidant capacities 
and alleviated arsenic-induced liver damages [23]. Ren et al. 
found that moderate Se added to daily feed could amelio-
rate the immune toxicity of arsenic in chickens [12]. Neuro-
protective effects of Se against arsenic-induced behavioral 
impairments were also observed [13]. However, whether Se 
exerts protective roles in arsenic-related heart injury and its 
potential mechanism is still unknown. Our study demon-
strated that mice exposed to ATO significantly decreased 
body weight and impaired cardiac dysfunction. However, Se 
treatment significantly reversed ATO-induced weight loss, 
alleviated histopathological injury, and improved cardiac 
functions. In addition, the levels of myocardial markers in 
serum including CK, LDH, and cTnI, which reflected the 
degree of myocardial damage and cardiac dysfunction, were 
also assessed. Consistent with previous studies, we found 
that ATO exposure presented a significant increase in the 
CK, LDH, and cTnI levels in mice, which were also remark-
ably alleviated by Se treatment. These data indicated that Se 
treatment effectively alleviated ATO-induced cardiotoxicity.

Oxidative stress and inflammatory response were con-
sidered the two major factors in the progression of ATO-
mediated cardiotoxicity. Arsenic could bind to the SH-group 
of glutathione, an effective cellular antioxidant, and result 
in the accumulation of ROS [24]. Arsenic exposure can also 
significantly upregulate the expression of pro-inflammatory 
cytokines in heart tissues [25, 26]. Therefore, inhibition of 
ROS production and inflammatory response might be a pos-
sible approach to alleviate ATO-induced cardiomyopathy. 
In this work, we showed that treatment with Se significantly 
inhibited cardiomyocyte oxidative stress, as evidenced by 
decreased MDA contents and elevated SOD, GSH, and CAT 
activities in heart tissues. Furthermore, we found that Se 
also significantly decreased cardiomyocyte pro-inflamma-
tory expression, as evidenced by decreased IL-1β, IL-6, and 
TNF-α levels in cardiomyocytes challenged by ATO. All 
these results demonstrated that Se alleviated ATO-mediated 
heart injury via attenuating cardiomyocyte oxidative stress 
and inflammatory response.

Given the high-energy demand of the cardiac system, the 
cardiomyocyte is particularly susceptible to dysregulation of 
 NAD+ metabolism. Numerous studies have demonstrated 

that increasing the cellular  NAD+ pool might be a promising 
therapeutic in cardiac diseases. For example, Breton et al. 
found that blood  NAD+ levels were significantly decreased 
in old patients with heart failure [27]. Besides, booting 
 NAD+ pool effectively reversed ischemic, hypertrophic, 
diabetic cardiomyopathy, heart failure, and doxorubicin-
induced cardiotoxicity in animal models [28–31]. Recently, 
arsenic trioxide treatment significantly decreased the intra-
cellular  NAD+ levels in oral squamous carcinoma cells, 
indicating that decreasing  NAD+ may be involved in ATO-
induced cardiotoxicity [21]. Our study showed that the levels 
of  NAD+ in heart tissues were significantly decreased in 
the ATO-exposed group, and this decrease was remarkably 
reversed after Se supplementation, suggesting that Se treat-
ment might improve ATO-induced cardiotoxicity through 
increasing  NAD+ pool.

As we know, in mammals, there are two ways to maintain 
intracellular  NAD+ levels, including de novo biosynthesis 
and the salvage pathway. In the de novo biosynthesis path-
way,  NAD+ is converted through dietary tryptophan, and 
IDO, NMNAT, and NADS act as three important enzymes. 
In addition,  NAD+ can also be synthesized from nicotina-
mide, and NAMPT is the rate-limiting enzyme in the salvage 
pathway [16]. However, which pathway plays an essential 
role in ATO-related cardiotoxicity remains unclear. Intrigu-
ingly, our study showed that there were no differences in 
the expression of IDO, NMNAT, and NADS in four groups. 
However, ATO exposure significantly decreased the expres-
sion of NAMPT when compared to the CTRL group. While 
after Se treatment, the expression of NAMPT was remark-
ably elevated in a dose-dependent manner, suggesting that 
NMAPT/NAD + axis significantly involved in the protec-
tive effects of Se on ATO-mediated cardiotoxicity. Consist-
ent with our results, Wang et al. found that ATO treatment 
decreased the levels of NAMPT and increased cellular 
death in an ATO dose-dependent manner in oral squamous 
carcinoma cells [21]. Meanwhile, Feng et al. reported that 
NAMPT/NAD+ axis inhibition significantly aggravated 
atrial fibrillation [32]. Besides, overexpression of NAMPT 
effectively upregulated the  NAD+ pool and increased anti-
oxidant defense in diabetic cardiomyopathy [33]. To further 
elucidate the role of the NAMPT/NAD+ axis in ATO-trig-
gered cardiotoxicity, the specific NAMPT inhibitor FK866 
was used. As expected, we found that the downregulated 
myocardial enzymes and reduced ROS production and pro-
inflammation expression as well as increased  NAD+ pool 
induced by Se supplementation in ATO-treated animal 
models significantly abolished by co-treatment with FK866. 
Collectively, our results suggested that the NAMPT/NAD+ 
axis might contribute to the protective effects of Se in ATO-
triggered cardiotoxicity.

In conclusion, we demonstrated that Se treatment signifi-
cantly alleviated ATO-mediated cardiotoxicity via reducing 
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oxidative stress and inflammation. Mechanistically, we 
showed that Se upregulated the levels of  NAD+ in cardio-
myocytes of the mice challenged by ATO through the sal-
vage pathway. Therefore, our findings provided evidence that 
Se supplementation might be a potential therapeutic agent 
for ATO-mediated heart damages.
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