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Abstract: Hyperthyroidism is common and can induce cardiomyopathy, but there is no effective
therapeutic strategy. The purpose of this study was to investigate the molecular mechanism of
hyperthyroidism-induced cardiomyopathy (HTC) and the effect of N-acetylcysteine (NAC), an ROS
inhibitor, on the pathophysiology of HTC in vivo and in vitro. Compared with those in the control
groups in vivo and in vitro, TT3 and TT4 were significantly increased, the structure of myocardial
cells was enlarged and disordered, and interstitial fibrosis and the apoptosis of myocardial cells were
markedly increased in the L-Thy group. The ROS and inflammatory response were increased in
the hyperthyroidism group. In the NAC group, the contents of TT3 and TT4 were decreased, the
myocardial cell structure was slightly disturbed, fibrosis and apoptosis were significantly reduced,
and the ROS level and inflammatory response were significantly reduced. Interestingly, L-Thy de-
creased the viability of fibroblasts and H9c2 cells, suggesting that L-Thy-induced fibrosis was not
caused by the proliferation of fibroblasts. The molecular mechanism of HTC could be explained by
the fact that L-Thy could cause cardiac hypertrophy, inflammation, and fibrosis by regulating the
Ca2+/calpain/Rcan1-dependent signalling pathway, the Ca2+/Rcan1/NF-κB/p65-dependent sig-
nalling pathway, and the Ca2+/ROS/Bcl-2/caspase-3-dependent signalling pathway. In conclusion,
NAC can alleviate the pathophysiology of hyperthyroidism-induced cardiomyopathy, probably by
regulating the ROS/Ca2+-dependent pathway.

Keywords: hyperthyroidism-induced cardiomyopathy; NAC; ROS/Ca2+; fibrosis; apoptosis; hypertrophy

1. Introduction

Hyperthyroidism refers to the persistently high-functioning state of the thyroid gland,
which synthesises and releases too much thyroxine, thus resulting in clinical symptoms such
as thyrotoxicosis [1]. It has been reported that thyroxine can exert several effects on the car-
diovascular system and influence arrhythmias, cardiac hypertrophy, and congestive heart
failure [1,2]. Cardiomyopathy triggered by hyperthyroidism is called hyperthyroidism-
induced cardiomyopathy (HTC), and cardiac hypertrophy is the most documented car-
diomyopathy following hyperthyroidism in experimental animals and clinical practice [3,4].
Thyroid hormone-induced cardiac hypertrophy is described as a relative ventricular hyper-
trophy encompassing the whole heart and is linked with contractile abnormalities in both
the right and left ventricles.
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Regarding the mechanisms underlying the intracellular cardiac effects of thyroxine,
the effects of thyroxine at the cardiac intracellular level are divided into genomic and
nongenomic pathways [5]. In the genomic pathway, thyroxine regulates the expression
of target genes by binding to nuclear receptors in cardiomyocytes. In contrast, the nonge-
nomic pathway includes effects on ion channels of cardiomyocytes and effects of thyroxine
on the peripheral circulation, which regulates hemodynamics and the cardiac ejection
fraction [6,7]. In the nongenomic pathway, oxidative stress occurs in an experimental hyper-
thyroidism model, which indicates that reactive oxygen species (ROS) are key players in the
cardiomyopathy frequently reported in this endocrine disorder [3]. It has been reported that
thyroxine has effects on the cardiomyocytes of several membrane ion channels, such as Na+,
K+, and Ca2+ channels [1]. The relationship between ROS and Ca2+ in HTC pathogenesis is
unknown. In other cases, Ca2+ and ROS are versatile signalling molecules, coordinating
physiological and pathophysiological processes, such as ageing and age-related diseases [8],
heart failure [9], and hepatotoxicity [10].

N-acetyl-l-cysteine (NAC) has long been used therapeutically for the treatment of
acetaminophen (paracetamol) overdose, acting as a precursor for the substrate (l-cysteine)
in the synthesis of the hepatic glutathione (GSH) depleted through drug conjugation. More
recently, however, many clinical studies have reported on the use of NAC as an antioxidant,
most notably in the protection against ROS-dependent apoptotic processes [11,12]. In
our study, we speculated that NAC could alleviate the pathophysiology of HTC via the
ROS/Ca2+ pathway. To verify this hypothesis, we built the experimental animal and cell
models to conduct experiments and try to explain the molecular mechanism of HTC.

2. Results
2.1. High L-Thy Induced the Occurrence of Cardiac Structural and Functional Changes in Mice

First, mice were treated with L-thyroxine (L-Thy) by intraperitoneal injection daily
for 4 weeks (Material and Methods) [13,14]. From the second week, L-Thy-induced mice
were lighter than controls (23.55 ± 0.29 vs. 25.04 ± 0.48 g, p = 0.0076), and the difference
in weight of both groups increased at the 4th week (24.25 ± 0.28 vs. 27.29 ± 0.54 g,
p < 0.0001, Figure 1A). Second, after 4 weeks of induction with L-Thy, the RR and PR
interval times were both decreased in the L-Thy-treated mouse group, while the QT interval
time was increased in the L-Thy-treated mouse group (Figure 1B,C). The serum levels of
TT3 and TT4 indicated that the levels of TT3 and TT4 in the L-Thy group were significantly
higher than those in the control group at the 2nd and 4th weeks (Figure 1D). Meanwhile,
the heart weight was significantly higher in the L-Thy group than in the control group
(Figure 1E). Additionally, L-Thy-treated mice showed a significant increase in the left
ventricular hypertrophy parameters, and LVAW and LVPW coincided with a significant
reduction in the LV cardiac function markers, EF, and FS as compared to controls (Figure 1F).

At the same time, HE and WGA staining revealed that the L-Thy group had myocardial
hypertrophy (Figure 2A,B). Moreover, Masson staining revealed that the L-Thy group had
obvious fibrosis (Figure 2C), and TUNEL staining revealed that the L-Thy group had a
higher cardiomyocyte apoptosis percentage (Figure 2D). Together, L-Thy could induce
cardiomyopathy that was characterised by cardiac structural and functional changes, to
meet mechanistic research needs.
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Figure 1. L-Thyroxine induces cardiomyopathy in mice. (A) Average weight in all experimental 

groups of C57BL/6 mice. (B) Representative images of electrocardiograms. (C) Quantification of 

QRS, PR, RR, and QT interval times in all experimental groups of mice. (D) Quantification of the 

Figure 1. L-Thyroxine induces cardiomyopathy in mice. (A) Average weight in all experimental
groups of C57BL/6 mice. (B) Representative images of electrocardiograms. (C) Quantification of
QRS, PR, RR, and QT interval times in all experimental groups of mice. (D) Quantification of the
content of T3 and T4 in serum. (E) Quantification of the heart weight to body weight (HW/BW) for
all experimental groups. (F) Representative images of M-mode echocardiography and quantifications
of end-diastolic left ventricular (LV) anterior and posterior wall thickness, ejection fraction, and
fractional shortening (LVAWd, LVPWd, LVEF, and LVFS). Data are presented as the mean ± SD,
** p < 0.01, **** p < 0.0001.
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Figure 2. Pathological performance of hyperthyroidism-induced cardiomyopathy. (A–D) Representa-
tive images and quantification of HE-stained, WGA-stained, Masson-stained, and TUNEL-stained
mice hearts.

2.2. Increased ROS and Inflammatory Gene Expression Was Higher in the
Hyperthyroidism-Induced Cardiomyopathy Group

It was reported that L-Thy increases the oxidative stress response, leading to a weak-
ened antioxidative capacity of the myocardial cells and accelerated cell damage [3]. In this
study, quantitative real time-polymerase chain reaction (qRT-PCR) and Western blot (WB)
showed that Sod1 and Sod2 mRNA expression was lower in the L-Thy group, suggesting
that ROS expression was higher in the L-Thy group (Figure 3A and Figure S1). In addition,
it has been reported that an inflammatory response occurs in hyperthyroidism-induced
cardiomyopathy. In our study, we detected the expression levels of Tnf-α, Il-1β, and Il-6 in
myocardial tissues, which are key indicators of the proinflammatory response. The results
showed that compared with those in the control group, the mRNA expression levels of
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Tnf-α, Il-1β, and Il-6 in the hyperthyroidism group were significantly increased compared
with those in the controls (Figure 3B and Figure S1). This suggested that L-Thy would
induce the cardiac inflammatory response and oxygen free radical production.
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Figure 3. The expression of Sod and inflammatory genes in hyperthyroidism-induced cardiomyopa-
thy. (A,B) qRT-PCR detection of Sod1, Sod2, Il-6, Il-1, and Tnf-α mRNA levels in all experimental
groups of mice.

2.3. Hyperthyroidism-Induced Cardiomyopathy Cell Model for Mechanistic Investigation

To further elucidate the mechanism, we built a cell model. The H9c2 cell line was
also treated with 2 µM L-Thy [13], and we found that L-Thy decreased the viability of
H9c2 cells, as detected by the CCK-8 assay (Figure 4A). To explain why fibrosis increases
in L-Thy-induced cardiomyopathy (Figure 2C), we also treated the rat cardiac fibroblasts
(RCF) with L-Thy. The results showed that L-Thy also decreased the cell viability of
fibroblasts, indicating that fibrosis was not caused by the proliferation of fibroblasts treated
with L-Thy in L-Thy-induced cardiomyopathy (Figure 4B). To verify the apoptosis and
necrosis of H9c2 cells, flow cytometry was used to detect that the necrosis and apoptosis
percentages of the H9c2 cell line were higher in the L-Thy group than in the control group
(Figure 4C). In addition, the immunofluorescence of α-actin results suggested that the cell
size of L-Thy-treated H9c2 cells was larger than that of control cells (Figure 4D).
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Figure 4. Hyperthyroidism-induced cardiomyopathy cell model. (A) Alterations in the viability of
H9c2 cardiac cells treated with L-Thy for different times determined by Cell Counting Kit-8 assay.
(B) Alterations in the viability of RCFs treated with L-Thy. (C) Typical apoptotic and necrotic pictures
of different experimental groups (Q1: necrotic cells; Q2: medium- or late-stage apoptotic cells; Q3:
early-stage apoptotic cells; Q4: normal cells) and quantification of the apoptosis rate and necrosis
rate in different groups. (D) Representative image and surface area quantification of α-actin-stained
H9c2 cardiac cells treated with L-Thy for 24 h. Scale bar, 50 µm. Dots represent the fields of vision.
n > 150 cells.

2.4. ROS/Ca2+ Pathway and Inflammatory Gene Expression in a Hyperthyroidism-Induced
Cardiomyopathy Cell Model, Consistent with the Performance of the Animal Model

Furthermore, the ROS level was detected by flow cytometry, which showed that
the ROS level in the L-Thy group was higher than that in the control (Figure 5A), and
this was consistent with the animal model (Figure 3A). Similarly, Sod1 and Sod2 mRNA
expression was lower in the L-Thy group (Figure 5B). Due to the relationship of ROS
and Ca2+ in cardiovascular disease, we detected Ca2+ by immunofluorescence of Rhod-4,
which suggested that Ca2+ increased in the L-Thy group (Figure 5C). At same time, the cell
model also indicated that L-Thy could induce a cardiac inflammatory response in which
Il-1β, Tnf-α, and Il-6 mRNA expressions were increased in the L-Thy-treated H9c2 cell line
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(Figure 5D). Together, cell lines and animal models suggested that the ROS/Ca2+ pathway
contributed to L-Thy-induced cardiomyopathy.

Biomolecules 2022, 12, x FOR PEER REVIEW 7 of 20 
 

2.4. ROS/Ca2+ Pathway and Inflammatory Gene Expression in a Hyperthyroidism-Induced Car-

diomyopathy Cell Model, Consistent with the Performance of the Animal Model 

Furthermore, the ROS level was detected by flow cytometry, which showed that the 

ROS level in the L-Thy group was higher than that in the control (Figure 5A), and this was 

consistent with the animal model (Figure 3A). Similarly, Sod1 and Sod2 mRNA expression 

was lower in the L-Thy group (Figure 5B). Due to the relationship of ROS and Ca2+ in 

cardiovascular disease, we detected Ca2+ by immunofluorescence of Rhod-4, which sug-

gested that Ca2+ increased in the L-Thy group (Figure 5C). At same time, the cell model 

also indicated that L-Thy could induce a cardiac inflammatory response in which Il-1β, 

Tnf-α, and Il-6 mRNA expressions were increased in the L-Thy-treated H9c2 cell line (Fig-

ure 5D). Together, cell lines and animal models suggested that the ROS/Ca2+ pathway con-

tributed to L-Thy-induced cardiomyopathy. 

 

Figure 5. ROS/Ca2+ pathway and inflammatory gene expression in the hyperthyroidism-induced 

cardiomyopathy cell model. (A,C) Representative images and quantification of ROS levels in H9c2 

cardiac cells determined by FCM and confocal microscopy. Scale bar, 50 μm. (B,E) The mRNA levels 

Figure 5. ROS/Ca2+ pathway and inflammatory gene expression in the hyperthyroidism-induced
cardiomyopathy cell model. (A,C) Representative images and quantification of ROS levels in H9c2
cardiac cells determined by FCM and confocal microscopy. Scale bar, 50 µm. (B,E) The mRNA
levels of Sod1, Sod2, Il-6, Il-1, and Tnf-α measured by qRT-PCR. (D), Representative images and
intracellular Ca2+ concentration quantification of Rhod-4 stained H9c2 cells. Scale bar, 50 µm.

2.5. NAC Could Relieve L-Thy-Induced Myocardial Hypertrophy and the Cardiac
ROS/Ca2+ Pathway

To verify the role of the ROS/Ca2+ pathway in L-Thy-induced cardiomyopathy, we
used a small molecular ROS inhibitor, NAC [15], to treat the L-Thy-treated H9c2 cell line
(Figure 6A). First, we evaluated different concentrations to identify the most appropriate
one, finding that there was a dose-response effect at first, but later, when the concentration
of NAC increased from 6 mM to 8 mM, there was no significant change in cell viability
(p = 0.4451) (Figure 6B). Then, we compared the time of giving treatment before disease
and after disease. We found that the effect of treatment was better than prevention at a
concentration of 6 mM (p = 0.0138) (Figure 6C). Furthermore, NAC could relieve myocardial
necrosis and the apoptosis percentage (Figure 6D,E). According to the immunofluorescence
of α-actin, NAC significantly relieved L-Thy-induced myocardial hypertrophy (Figure 6F,G).
NAC, an ROS inhibitor, could relieve L-Thy-induced myocardial hypertrophy in the H9c2
cell line.
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Figure 6. NAC attenuated the phenotype of the hyperthyroidism-induced cardiomyopathy cell
model. The H9c2 cells in the logarithmic growth phase were plated. The control group was cultured
in normal medium, and the L-Thy group was treated with 2 µM L-Thy for 24 h. (A) The structural
formula of NAC. (B) Alterations in the viability of H9c2 cardiac cells treated with NAC at different
concentrations, as determined by Cell Counting Kit-8 assay. The 2/4/6/8 mM NAC group was
cultured in normal medium and then treated with different concentrations of NAC for 6 h. In the
L-Thy + 2/4/6/8 mM NAC group, H9c2 cells were previously incubated with 2 µM L-Thy for 24 h
and then maintained in medium containing different concentrations of NAC for 6 h. (C) Alterations
in the viability of H9c2 cells treated with NAC before or after cell modelling. The 6 mM NAC group
was treated with 6 mM NAC for 6 h. In the L-Thy + 6 mM NAC group, H9c2 cells were previously
incubated with 2 µM L-Thy for 24 h and then maintained in 6 mM NAC-containing medium for 6 h.
In the 6 mM NAC + L-Thy group, H9c2 cells were previously incubated with 6 mM NAC-containing
medium for 6 h and then maintained in 2 µM L-Thy-containing medium for 24 h. (D–G) The control
group was cultured in normal medium, and the L-Thy group was treated with 2 µM L-Thy for 24 h. In
addition, the NAC group was treated with 6 mM NAC for 6 h. In the L-Thy + NAC group, H9c2 cells
were previously incubated with 2 µM L-Thy for 24 h and then maintained in 6 mM NAC-containing
medium for 6 h. (D,E) Typical apoptotic and necrosis pictures and quantification of the apoptosis
rate and necrosis rate in different groups. (F,G) Representative image and surface area quantification
of α-actin-stained H9c2 cardiac cells. Scale bar, 50 µm. */# p < 0.05, ## p < 0.01, ### p < 0.001, and
****/#### p < 0.0001.
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Furthermore, we detected the expression of ROS/Ca2+ pathway components dur-
ing NAC treatment of L-Thy-induced myocardial changes. ROS levels were decreased,
while Sod1 and Sod2 mRNA expression were increased in the NAC-treated L-Thy group
(Figure 7A,B). The immunofluorescence results showed that the ROS/Ca2+ pathway could
be inhibited by NAC in L-Thy-induced myocardial hypertrophy (Figure 7C–E). Moreover,
the inflammatory response was also inhibited, which indicated that the L-Thy-induced
cardiac inflammatory response was regulated by the ROS/Ca2+ pathway (Figure 7F). To-
gether, NAC could relieve L-Thy-induced myocardial hypertrophy and inflammation via
the ROS/Ca2+ pathway in vitro.
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Figure 7. NAC attenuated the ROS/Ca2+ pathway in a hyperthyroidism-induced cardiomyopathy
cell model. H9c2 cells in logarithmic growth phase were plated. The control group was cultured in
normal medium, and the L-Thy group was treated with 2 µM L-Thy for 24 h. In addition, the NAC
group was treated with 6 mM NAC for 6 h. In the L-Thy + NAC group, H9c2 cells were previously
incubated with 2 µM L-Thy for 24 h and then maintained in 6 mM NAC-containing medium for 6 h.
(A) Representative images and quantification of ROS levels in H9c2 cells determined by FCM. (B) The
mRNA levels of Sod1and Sod2 measured by qRT-PCR. (C–E) Representative images, quantification
of DCFH-DA/Rhod-4-stained H9c2 cells and ratio of Ros/Ca2+ in different groups. Scale bar, 50 µm.
The intracellular ROS and calcium contents were expressed by the fluorescence intensity of DCFH-DA
and Rhod-4, respectively. Fluorescence intensity was quantified by the ImageJ plugin 3D Object
Counter [16,17]. (F) The mRNA levels of Il-6, Il-1, and Tnf-α were measured by qRT-PCR. */# p < 0.05,
**/## p < 0.01, ***/### p < 0.001, and ****/#### p < 0.0001.
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To explain the molecular mechanism of HTC, we used qRT-PCR to verify the classical
ROS/Ca2+ signalling pathways, on the basis of previous studies. We have shown here
that the gene expression of L-type Cav1.3 Ca2+ channels (Cav1.3), calpain [18], regulator
of calcineurin 1 (Rcan1), RhoA, Rho-kinase (Rock), atrial natriuretic peptide (Anp), brain
natriuretic peptide (Bnp), β-myosin heavy chain (β-Mhc), p65, galectin-3 (Gal-3), and
caspase-3 increased with decreases in the inhibitor of NF-κB α (IκBα), and the B-cell
lymphoma-2 (Bcl-2) genes in H9c2 cells were treated with L-Thy (Figure 8 and Figure S2).
In addition, calcium antagonists (Isradipine) could reduce L-Thy-induced myocardial
damage (Figure S3). Together, ROS and calcium antagonists could relieve L-Thy-induced
cardiac damage.
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Figure 8. L-Thy-induced phenotypes were explained from the perspective of signalling pathways.
(A–E) qRT-PCR was used to detect Cav1.3, calpain, Rcan1, RhoA, Rock, Anp, Bnp, β-Mhc, P65, IκBα,
Gal-3, Bcl-2, and Caspase-3 mRNA levels.

2.6. NAC Attenuated the Phenotype of Hyperthyroidism-Induced Cardiomyopathy In Vivo

According to in vitro experiments, NAC relieved L-Thy-induced myocardial patho-
physiological changes via the ROS/Ca2+ pathway. Furthermore, NAC was applied to
treat L-Thy-induced cardiomyopathy to investigate whether inhibition of the ROS/Ca2+

pathway could attenuate the phenotype of hyperthyroidism-induced cardiomyopathy.
After 1 week of intraperitoneal injection of NAC in the L-Thy-induced cardiomyopathy
model, we found that NAC could attenuate the loss of body weight, ratio of HW to BW, and
content of TT3 and TT4 (Figure 9A,B). In addition, after NAC treatment, the myocardial
hypertrophy of diseased mice decreased, and cardiac function improved compared to
before treatment (Figure 9C). Moreover, NAC could attenuate myocardial hypertrophy, in
which LVAW and LVPW thickness were decreased in the L-Thy + NAC group compared
with the L-Thy group, and cardiac function, in which LVEF and FS increased in the L-Thy +
NAC group compared with that of the L-Thy group (Figure 9D). In addition, morphological
assessment of the cardiac tissue of L-Thy + NAC-treated mice showed normal myocardial
size, less fibrosis, a lower apoptosis percentage, and lower ROS levels than L-Thy-induced
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cardiomyopathy mice (Figure 10). Together, inhibition of the ROS/Ca2+ pathway was the
potential target of hyperthyroidism-induced cardiomyopathy.
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Figure 9. NAC could attenuate the cardiac function of hyperthyroidism-induced cardiomyopathy
in vivo. (A) Average weight and quantification of the heart weight to body weight (HW/BW) in
all experimental groups of mice. (B) Quantification of the T3 and T4 contents in the serum of
all experimental groups of mice. (C,D) Representative images of M-mode echocardiography and
quantifications of LVAWd, LVPWd, LVEF, and LVFS. */# p < 0.05, **/## p < 0.01, ***/### p < 0.001,
and ****/#### p < 0.0001.
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Figure 10. NAC attenuated the pathological phenotype of hyperthyroidism-induced cardiomyopathy
in vivo. (A–E) Representative images and quantification of HE-stained, WGA-stained, Masson-
stained, TUNEL-stained, and DCFH-DA-stained mouse hearts. ## p < 0.01, ### p < 0.001, and
****/#### p < 0.0001.

3. Discussion

The results reported in our study suggest that hyperthyroidism induced by chronic
administration of L-Thy in mice and the H9c2 cell line was an independent factor that
affected cardiac structure and function and then led to adverse remodelling, fibrosis, and
inflammation. Meanwhile, our data suggested that these effects may be mediated by the
ROS/Ca2+ pathway. Interestingly, scavenging ROS with NAC protected against L-Thy-
induced impairment in cardiac function and associated cardiac damage, by alleviating
all the pro-oxidant, inflammatory, and fibrotic events. We were surprised to find that in
animal experiments, NAC could not only improve the cardiac function and pathology of
HTC by reducing ROS but also reduce the contents of TT3 and TT4 in serum. There are
two pathways that NAC plays roles in the pathogenesis of HTC: one is that NAC reduces
ROS and, thus, improves the cardiac function and pathology, and the other is that NAC
reduces the content of TT3 and TT4 via the decreased level of ROS and, thus, improves the
cardiac function and pathology of HTC. Then, in the cell model, we found that NAC could
ameliorate myocardial injury by reducing ROS but not reduce TT3 and TT4 levels. ROS
have been documented to promote hyperthyroidism [19], so we can speculate that NAC
reduces the levels of TT3 and TT4 via the decreased level of ROS.

Administration of L-Thy by intraperitoneal injection remained the best strategy to
induce hyperthyroidism to induce cardiomyopathy in rodents [13,20]. In our study, we
evaluated our animal and cell models from different aspects, such as serum thyroxine levels,
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body weight, heart mass, cardiac structure and function, and histopathologic alterations.
Combining these results, the animal and cell model simulated the process of heart disease
caused by hyperthyroidism, which could be applied to investigate the molecular mecha-
nism. As shown in Figure 11, an increase in Cav1.3 induces an increase in the cytosolic Ca2+

concentration of H9c2 cells, thereby increasing the activation of Ca2+-dependent signalling,
Rcan1, calcineurin, and calpain, which subsequently upregulates the gene expression of
hypertrophy markers and upregulates the gene expression of inflammatory cytokines by
activating the NF-κB/p65-dependent signalling pathway [21–28], causing cardiac hyper-
trophy and inflammation. Meanwhile, the elevation of Gal-3, RhoA, and Rock further
increased ROS [27–32], subsequently regulating the Bcl-2/caspase-3-dependent apoptotic
signalling pathway [33,34], thereby leading to cell rupture and fibrosis.
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Figure 11. Graphical abstract for summarizing the contents of the article. Under the stimulation
of hyperthyroidism, extracellular calcium ions flow through L-type calcium channel Cav1.3, which
promotes the activation of calpain and calcineurin mediated by calcium ions, thereby promoting the
transcriptome transition toward cardiac hypertrophy and myocardial inflammation. At the same
time, ROS level increases in cardiomyocytes and activates the expression of Bcl-2/Caspase signalling
pathway, thereby promoting cardiomyocyte injury. NAC can inhibit ROS level then decrease the
apoptosis of cardiomyocytes to ensure the safety of the heart.



Biomolecules 2022, 12, 1195 14 of 19

In our study, ROS played critical roles in HTC, consistent with a previous report
that showed that ROS were the central mechanism of hyperthyroidism-induced cardiomy-
opathy that was characteristic of myocardial hypertrophy, apoptosis, inflammation, and
arrhythmia [20]. ROS and Ca2+ are versatile signalling molecules that coordinate physio-
logical and pathophysiological processes [8]. In our study, we found that the ROS/Ca2+

pathway contributed to the pathogenesis of HTC. This result suggested that the Ca2+ an-
tagonist nifedipine could be applied for treating HTC patients in situations where the
application value of Ca2+ antagonists in HTC is controversial [35,36]. In the future, more
clinical studies should be conducted to investigate how to use Ca2+ antagonists to treat
HTC. Besides, the detailed mechanism of L-Thy-ROS/Ca2+ signalling pathway in HTC
was not elucidated, which is the limitation of this study.

Untreated hyperthyroidism is associated with increased cardiovascular morbidity
and mortality [37]. Under this circumstance, the clinical question arises of whether to
administer prophylactic drugs to treat hyperthyroidism-associated cardiac injury. We
found that prophylactic administration was not beneficial for hyperthyroidism-induced
cardiomyopathy (Figure 6C). Therefore, prophylactic drugs are not recommended to protect
the heart in hyperthyroidism patients.

4. Conclusions

Our data showed that cardiac structural and functional changes were related to
the ROS/Ca2+ pathway. In addition, these data showed that thyroid hormones would
induce ROS overproduction and then induce Ca2+ release to cause myocardial hypertrophy,
apoptosis, fibrosis, and inflammation, while inhibition of ROS could regulate the ROS/Ca2+

signalling pathways to alleviate HTC.

5. Methods
5.1. Cell Culture

H9c2(2-1) (ATCC CRL-1446), and RCF (HTX2988) cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco) supplemented with 10% foetal bovine serum
(FBS, Gibco) in 5% CO2 at 37 ◦C. When the cell density reached approximately 80%, the
cells were digested with 0.25% trypsin every two to three days.

5.2. Hyperthyroid Cardiomyopathy Model Induction

Eight-week-old male C57BL/6 mice (Vital River Laboratories, Beijing, China) were
maintained in a specific pathogen-free facility and provided a normal diet and drinking
water. After 1 week of adaptive feeding, the mice were intraperitoneally injected with
100 µg/kg L-Thy (Merck, Darmstadt, Germany) compatible in solution with sodium car-
boxymethylcellulose (C4888, Sigma, Shanghai, China) every day. The mice were examined
with echocardiography and euthanised on Day 28. Meanwhile, the weight and heart rate of
the mice were measured. This investigation was approved by the Animal Ethics Committee
of Fuwai Hospital (FW-2022-0015).

When the cell density reached approximately 60%, H9c2 cells were incubated with
2 µM L-Thy at 37 ◦C for 24 h.

5.3. Experimental Grouping

These experimental animals were randomly divided into three groups: the control
group, L-Thy + PBS group, and L-Thy + NAC group. The control group was intraperi-
toneally injected with PBS for 35 days. In the L-Thy + PBS group and L-Thy + NAC
group, mice were injected intraperitoneally with L-Thy for 28 days. In the L-Thy + NAC
group, after the hyperthyroid cardiomyopathy model was established, 200 mg/kg NAC
(HY-B0215, MCE, Shanghai, China) was continuously injected for 7 days. In addition, the
L-Thy + PBS group was given the same amount of PBS daily.

H9c2 cells in the logarithmic growth phase were plated. The control group was
cultured in normal medium, and the L-Thy group was treated with 2 µM L-Thy for 24 h. In



Biomolecules 2022, 12, 1195 15 of 19

addition, the NAC group was treated with 6 mM NAC for 6 h. In the L-Thy + NAC group,
H9c2 cells were previously incubated with L-Thy and then maintained in NAC-containing
medium for 6 h.

5.4. Haematoxylin-Eosin (HE) and Masson Staining

After cardiac perfusion, the hearts were removed quickly from the mice, wiped softly
with clean absorbent paper, and cut in half horizontally with a knife. Half of the heart
tissues were taken using paraformaldehyde, and the remaining tissues were stored at
−80 ◦C.

The fixed mouse heart tissues were cut into 4 µm thick sections, stained in accordance
with the instructions of the kit, sealed with a sealing liquid, and finally observed with a
pathologic scanner (Zeiss, Oberkochen, Germany).

5.5. TUNEL Assay

Paraffin-embedded heart sections were deparaffinised, rehydrated, permeated, and
antigen-retrieved, in accordance with the instructions of the TUNEL assay kit (11684795910,
Roche, Shanghai, China). Sections were detected by the pathologic scanner.

5.6. Cell Counting Kit-8 (CCK-8) Assay

Cells inoculated in a 96-well plate were incubated with L-Thy at different time points
and then not treated or treated with NAC at different concentrations (0 mM, 2 mM, 4 mM,
6 mM, 8 mM) for the next day. Otherwise, the cells were not pretreated or pretreated with
NAC, and L-Thy was added. Then, CCK-8 reagent (CCK8-500, Hanbio, Shanghai, China)
was added to the cells in the dark. After incubation at 37 ◦C for 3 h, the plate was detected
at 450 nm by a microplate reader.

5.7. WGA, FITC-Phalloidin, DCFH-DA, and Rhod-4 Staining

To visually display the myocardial cell area, α-actin, ROS, cytosolic Ca2+, 20 µg/mL
WGA (L4895, Sigma, Shanghai, China), 20 µg/mL FITC-phalloidin (ab235137, Abcam,
Shanghai, China), 5 µM 2,7-dichlorodihydrofluorescein diacetate (D6883, DCFH-DA, Sigma,
Shanghai, China), and 2.5 mM Rhod-4 (T0404, Warbio, Nanjing, China) were used to stain
for 30 min in accordance with the instructions and then washed with PBS.

5.8. Flow Cytometry

To detect ROS levels, H9c2 cells were prepared as a single-cell suspension, and DCFH-
DA was added, followed by incubation at 37 ◦C for 30 min in the dark. Following centrifu-
gation, the supernatant was discarded, 10% FBS was added, and the cells were incubated
for 20 min. After centrifugation, the supernatant was replaced with an appropriate amount
of cold PBS.

To analyse apoptosis, H9c2 cells were trypsinised, centrifuged, collected, and washed
with cold PBS to concentrate to 1 × 105 cells/mL. A 100-ul sample solution was mixed with
5 µL of annexin V-FITC (V13242, AV-FITC, Thermo Fisher Scientific, Shanghai, China) and
5 µL of propidium iodide (V13242, PI, Thermo Fisher Scientific, Shanghai, China), then
incubated for 15 min at room temperature, and finally washed with cold PBS.

5.9. Quantitative Real Time-Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the heart tissues stored at −80 ◦C and H9c2 cells in
each group by TRIzol (15596018, Thermo Fisher Scientific, Shanghai, China). After quantifi-
cation using a NanoDrop, 2 µg of total RNA was reverse-transcribed into complementary
deoxyribose nucleic acid cDNA. The transcribed cDNA was analysed by real-time PCR
with SYBR-Green dye (4472908, Thermo Fisher Scientific, Shanghai, China). The relative
expression of a target gene was calculated using the 2−∆∆ct method. The primers used are
shown in Table 1.
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Table 1. Primers used in this study.

Primer Forward/Reverse Primer (5′-3′)

H9c2-Il-6-F CCAGCCAGTTGCCTTCTTG

H9c2-Il-6-R CAATCAGAATTGCCATTGCAC

H9c2-Il-1β-F ACAGTGCATCATCGCTGTTC

H9c2-Il-1β-R GAAGAATCTATACCTGTCCT

H9c2-Tnf-α-F CTTTTCCATCTTCTTCTTTG

H9c2-Tnf-α-R TGCTTGTTCCTCAGCCTCTT

H9c2-Sod1-F TGGGCTACAGGCTTGTCACT

H9c2-Sod1-R AACCAGTTGTGGTGTCAGGA

H9c2-Sod2-F CTCCTGAGAGTGAGATCACA

H9c2-Sod2-R TTCTGGACAAACCTGAGCCCTAA

H9c2-β-actin-F GAACCTTGGACTCCCACAGACAC

H9c2-β-actin-R CCCTAAGGCCAACCGTGAAAAG

H9c2-Cav1.3-F TTGGTACGGACGGCTCTCA-

H9c2-Cav1.3-R CCCCACGGTTACCTCATCAT

H9c2-Calpain-F CAAAGTGGACCCCTATGAACG

H9c2-Calpain-R TAAGGGCGTCAGGTGTAAGGT

H9c2-Rcan1-F CTTCAGCAACCCCCTGTC

H9c2-Rcan1-R ACTGGGGTAGCGTCTTCT

H9c2-RhoA-F TCGGAATGATGAGCACACAA

H9c2-RhoA-R GCTTCACAAGATGAGGCAC

H9c2-Rock-F GTGATGGCTATTATGGACG

H9c2-Rock-R AGGAAGGCACAAATGAGAT

H9c2-Anp-F GATCTGCCCTCTTGAAAAGC

H9c2-Anp-R CCAGGAGGGTATTCACCAC

H9c2-Bnp-F CACGATGCAGAAGCTGCTGG

H9c2-Bnp-R ACAACCTCTGCCCGTCACA

H9c2-β-Mhc-F GACAGGAAGAACCTACTGCG

H9c2-β-Mhc-R CTCCAGGTCTCAGGGCTTCAC

H9c2-p65-F AGAGCAACGATTCCACCAA

H9c2-p65-R GCAGTCTTTTCCCACCAGC

H9c2-IκBα-F CACTCCATCCTGAAGGCTACCAA

H9c2-IκBα-R AAGGGCAGTCCGGCCATTA

H9c2-Gal-3-F AGCCCAACGCAAACAGTATC

H9c2-Gal-3-R GGCTTCAACCAGGACCTGTA

H9c2-Bcl-2-F GCCTTCTTTGAGTTCGGTG

H9c2-Bcl-2-R GAAATCAAACAGAGGTCGC

H9c2-Caspase-3-F GGTATTGAGACAGACAGTGG

H9c2-Caspase-3-R CATGGGATCTGTTTCTTTGC

Mice-Il-6-F TACGTACATGGCTGGGGTGT

Mice-Il-6-R TAGTCCTTCCTACCCCAATTTCC

Mice-Il-1β-F TTGGTCCTTAGCCACTCCTTC

Mice-Il-1β-R AGGCAAACCGTGAAAAGATG

Mice-Tnf-α-F ATCTTTTGGGGTCCGTCAACT

Mice-Tnf-α-R CCTCACACTCAGATCATCTTCT

Mice-Sod1-F GCTACGACGTGGGCTACAG

Mice-Sod1-R GAGACCTGGGCAATGTGACT

Mice-Sod2-F AACTCAGGTCGCTCTTCAGC

Mice-Sod2-R TTGTTTCTCATGGACCACCA

Mice-β-actin-F GCTTGATAGCCTCCAGCAAC

Mice-β-actin-R AGGCAAACCGTGAAAAGATG
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5.10. Western Blot (WB)

The heart tissues and H9 c2 cells in each group were added with RIPA Lysis Buffer
(Beyotime) and homogenised on ice. After centrifugation, the supernatant was taken
and denatured by protein-loading buffer. After being electrophoresed, the protein was
transferred to the nitrocellulose membrane (IB24001, Thermo Fisher Scientific, Shanghai,
China), then blocked with skim milk powder, and incubated with primary antibodies (anti-
SOD1 (Bioss), anti-SOD2 (Bioss), anti-Calcipressin 1/DSCR 1 (Bioss), anti-RhoA (Bioss),
anti-Calpain 2 (Bioss), anti-Caspase-3 (Bioss), anti-phospho-NFKB p65 (Ser281) (Bioss), and
anti-Bcl-2 (Bioss)) overnight. Next day, the corresponding secondary antibody was used for
continuous incubation, the images were collected and processed after exposure to enhanced
chemiluminescence (ECL), and gapdh/β-actinwas used as an internal control. The protein
expression level was analysed with ECL-plus reagent (GE Healthcare, Shanghai, China).

5.11. Data Analysis

The images and flow cytometry results were analysed with ImageJ software and
FlowJo software, respectively. All data are presented as the mean ± SD. Differences
between two groups were analysed using Student’s t-test. Comparisons between multiple
groups were performed using one-way ANOVA followed by a post hoc test (least significant
difference). p < 0.05 was considered to indicate a statistically significant difference.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biom12091195/s1. Figure S1: The expression of SOD
and TNF-α protein in hyperthyroidism-induced cardiomyopathy; Figure S2: The expression of
proteins about signalling pathways in L-Thy induced phenotypes; Figure S3: Calcium antagonists
(Isradipine) reduce heart muscle damage induced by high thyroid hormones.

Author Contributions: J.S. initiated the study, discussed the results, and revised the manuscript.
M.B. conducted the experiments, analysed the data, and wrote the manuscript. X.H. supervised the
experiments and wrote the paper. H.M., Z.S., B.X., X.C., M.X., and X.X. provided valuable advice
about this work. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Program for Guangdong Introducing Innovative and
Entrepreneurial Teams (2019ZT08Y481), the Shenzhen Fundamental Research Program (ZDSYS20200
923172000001), and the Shenzhen Fundamental Research Program (JCYJ20210324130408023).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Ethics Committee of Fuwai Hospital (FW-2022-0015).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yamakawa, H.; Kato, T.S.; Noh, J.Y.; Yuasa, S.; Kawamura, A.; Fukuda, K.; Aizawa, Y. Thyroid Hormone Plays an Important Role

in Cardiac Function: From Bench to Bedside. Front. Physiol. 2021, 12, 606931. [CrossRef] [PubMed]
2. Danzi, S.; Klein, I. Thyroid disease and the cardiovascular system. Endocrinol. Metab. Clin. N. Am. 2014, 43, 517–528. [CrossRef]

[PubMed]
3. Elnakish, M.T.; Ahmed, A.A.; Mohler, P.J.; Janssen, P.M. Role of Oxidative Stress in Thyroid Hormone-Induced Cardiomyocyte

Hypertrophy and Associated Cardiac Dysfunction: An Undisclosed Story. Oxid. Med. Cell. Longev. 2015, 2015, 854265. [CrossRef]
[PubMed]

4. Klein, I.; Danzi, S. Thyroid disease and the heart. Circulation 2007, 116, 1725–1735. [CrossRef]
5. Khan, R.; Sikanderkhel, S.; Gui, J.; Adeniyi, A.R.; O’Dell, K.; Erickson, M.; Malpartida, J.; Mufti, Z.; Khan, T.; Mufti, H.; et al.

Thyroid and Cardiovascular Disease: A Focused Review on the Impact of Hyperthyroidism in Heart Failure. Cardiol. Res. 2020,
11, 68–75. [CrossRef]

6. Klein, I.; Ojamaa, K. Thyroid hormone and the cardiovascular system. N. Engl. J. Med. 2001, 344, 501–509. [CrossRef]
7. Cooper, D.S.; Biondi, B. Subclinical thyroid disease. Lancet 2012, 379, 1142–1154. [CrossRef]

https://www.mdpi.com/article/10.3390/biom12091195/s1
http://doi.org/10.3389/fphys.2021.606931
http://www.ncbi.nlm.nih.gov/pubmed/34733168
http://doi.org/10.1016/j.ecl.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24891175
http://doi.org/10.1155/2015/854265
http://www.ncbi.nlm.nih.gov/pubmed/26146529
http://doi.org/10.1161/CIRCULATIONAHA.106.678326
http://doi.org/10.14740/cr1034
http://doi.org/10.1056/NEJM200102153440707
http://doi.org/10.1016/S0140-6736(11)60276-6


Biomolecules 2022, 12, 1195 18 of 19

8. Madreiter-Sokolowski, C.T.; Thomas, C.; Ristow, M. Interrelation between ROS and Ca2+ in aging and age-related diseases. Redox
Biol. 2020, 36, 101678. [CrossRef]

9. Bertero, E.; Maack, C. Calcium Signaling and Reactive Oxygen Species in Mitochondria. Circ. Res. 2018, 122, 1460–1478. [CrossRef]
10. Li, S.; Ma, Y.; Ye, S.; Tang, S.; Liang, N.; Liang, Y.; Xiao, F. Polystyrene microplastics trigger hepatocyte apoptosis and abnormal

glycolytic flux via ROS-driven calcium overload. J. Hazard. Mater. 2021, 417, 126025. [CrossRef]
11. Rushworth, G.F.; Megson, I.L. Existing and potential therapeutic uses for N-acetylcysteine: The need for conversion to intracellular

glutathione for antioxidant benefits. Pharmacol. Ther. 2014, 141, 150–159. [CrossRef] [PubMed]
12. Huang, C.H.; Wang, F.T.; Hsuuw, Y.D.; Huang, F.J.; Chan, W.H. Non-embryotoxic dosage of alternariol aggravates ochratoxin

A-triggered deleterious effects on embryonic development through ROS-dependent apoptotic processes. Toxicol. Res. 2021, 10,
1211–1222. [CrossRef] [PubMed]

13. Sheng, C.X.; Zhang, C.J.; Li, Y.Z.; Sun, Y.M. Effect of beta-casomorphin-7 on myocardial hypertrophy in hyperthyroidism-induced
cardiomyopathy. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 6380–6389. [PubMed]

14. Liu, M.; Li, Z.; Liang, B.; Li, L.; Liu, S.; Tan, W.; Long, J.; Tang, F.; Chu, C.; Yang, J. Hydrogen sulfide ameliorates rat myocardial
fibrosis induced by thyroxine through PI3K/AKT signaling pathway. Endocr. J. 2018, 65, 769–781. [CrossRef] [PubMed]

15. Bian, X.K.; Guo, J.L.; Xu, S.X.; Han, Y.W.; Lee, S.C.; Zhao, J.Z. Hexavalent chromium induces centrosome amplification through
ROS-ATF6-PLK4 pathway in colon cancer cells. Cell Biol. Int. 2022, 46, 1128–1136. [CrossRef]

16. Torrano, A.A.; Blechinger, J.; Osseforth, C.; Argyo, C.; Reller, A.; Bein, T.; Michaelis, J.; Brauchle, C. A fast analysis method to
quantify nanoparticle uptake on a single cell level. Nanomedicine 2013, 8, 1815–1828. [CrossRef]

17. Sirenko, O.; Hancock, M.K.; Hesley, J.; Hong, D.; Cohen, A.; Gentry, J.; Carlson, C.B.; Mann, D.A. Phenotypic Characterization of
Toxic Compound Effects on Liver Spheroids Derived from iPSC Using Confocal Imaging and Three-Dimensional Image Analysis.
Assay Drug Dev. Technol. 2016, 14, 381–394. [CrossRef]

18. Zhang, Y.; Su, S.A.; Li, W.; Ma, Y.; Shen, J.; Wang, Y.; Shen, Y.; Chen, J.; Ji, Y.; Xie, Y.; et al. Piezo1-Mediated Mechanotransduction
Promotes Cardiac Hypertrophy by Impairing Calcium Homeostasis to Activate Calpain/Calcineurin Signaling. Hypertension
2021, 78, 647–660. [CrossRef]

19. Kochman, J.; Jakubczyk, K.; Bargiel, P.; Janda-Milczarek, K. The Influence of Oxidative Stress on Thyroid Diseases. Antioxidants
2021, 10, 1442. [CrossRef]

20. Razvi, S.; Jabbar, A.; Pingitore, A.; Danzi, S.; Biondi, B.; Klein, I.; Peeters, R.; Zaman, A.; Iervasi, G. Thyroid Hormones and
Cardiovascular Function and Diseases. J. Am. Coll. Cardiol. 2018, 71, 1781–1796. [CrossRef]

21. Xun, Y.; Zhou, P.; Yang, Y.; Li, C.; Zhang, J.; Hu, H.; Qin, B.; Zhang, Z.; Wang, Q.; Lu, Y.; et al. Role of Nox4 in High
Calcium-Induced Renal Oxidative Stress Damage and Crystal Deposition. Antioxid. Redox Signal. 2022, 36, 15–38. [CrossRef]
[PubMed]

22. Tong, H.Y.; Dong, Y.; Huang, X.J.; Murtaza, G.; Huang, Y.J.; Sarfaraz Iqbal, M. Anshen Buxin Liuwei Pill, a Mongolian Medicinal
Formula, Could Protect H2O2-Induced H9c2 Myocardial Cell Injury by Suppressing Apoptosis, Calcium Channel Activation,
and Oxidative Stress. Evid. Based Complement. Alternat. Med. 2022, 2022, 5023654. [CrossRef] [PubMed]

23. Uthman, L.; Li, X.; Baartscheer, A.; Schumacher, C.A.; Baumgart, P.; Hermanides, J.; Preckel, B.; Hollmann, M.W.; Coronel, R.;
Zuurbier, C.J.; et al. Empagliflozin reduces oxidative stress through inhibition of the novel inflammation/NHE/[Na+]c/ROS-
pathway in human endothelial cells. Biomed. Pharmacother. 2022, 146, 112515. [CrossRef] [PubMed]

24. Riccardi, D.; Ward, J.P.T.; Yarova, P.L.; Janssen, L.J.; Lee, T.H.; Ying, S.; Corrigan, C.J. Topical therapy with negative allosteric
modulators of the calcium-sensing receptor (calcilytics) for the management of asthma: The beginning of a new era? Eur. Respir. J.
2022, 60, 2102103. [CrossRef] [PubMed]

25. Chang, G.Q.; Bai, S.Z.; Sun, F.Q.; Wu, R.; Wei, C.; Wen, X.; Xi, Y.X.; Hao, J.H.; Zaid, A.; Li, H.Z. SKF38393 prevents high glucose
(HG)-induced endothelial dysfunction by inhibiting the effects of HG on cystathionine gamma-lyase/hydrogen sulfide activity
and via a RhoA/ROCK1 pathway. Front. Biosci. 2022, 27, 49. [CrossRef] [PubMed]

26. Kim, S.S.; Kim, N.K.; Seo, S.R. Cynanchi atrati and Its Phenolic Constituent Sinapic Acid Target Regulator of Calcineurin 1
(RCAN1) to Control Skin Inflammation. Antioxidants 2022, 11, 205. [CrossRef] [PubMed]

27. Frey, N.; McKinsey, T.A.; Olson, E.N. Decoding calcium signals involved in cardiac growth and function. Nat. Med. 2000, 6,
1221–1227. [CrossRef] [PubMed]

28. Wettschureck, N.; Rutten, H.; Zywietz, A.; Gehring, D.; Wilkie, T.M.; Chen, J.; Chien, K.R.; Offermanns, S. Absence of pressure
overload induced myocardial hypertrophy after conditional inactivation of Galphaq/Galpha11 in cardiomyocytes. Nat. Med.
2001, 7, 1236–1240. [CrossRef]

29. Ren, Z.; Liang, W.; Sheng, J.; Xun, C.; Xu, T.; Cao, R.; Sheng, W. Gal-3 is a potential biomarker for spinal cord injury and Gal-3
deficiency attenuates neuroinflammation through ROS/TXNIP/NLRP3 signaling pathway. Biosci. Rep. 2019, 39, BSR20192368.
[CrossRef]

30. Barman, S.A.; Bordan, Z.; Batori, R.; Haigh, S.; Fulton, D.J.R. Galectin-3 Promotes ROS, Inflammation, and Vascular Fibrosis in
Pulmonary Arterial Hypertension. Adv. Exp. Med. Biol. 2021, 1303, 13–32.

31. Li, Y.; Yang, L.; Hou, Y.; Zhang, Z.; Chen, M.; Wang, M.; Liu, J.; Wang, J.; Zhao, Z.; Xie, C.; et al. Polydopamine-mediated graphene
oxide and nanohydroxyapatite-incorporated conductive scaffold with an immunomodulatory ability accelerates periodontal
bone regeneration in diabetes. Bioact. Mater. 2022, 18, 213–227. [CrossRef] [PubMed]

http://doi.org/10.1016/j.redox.2020.101678
http://doi.org/10.1161/CIRCRESAHA.118.310082
http://doi.org/10.1016/j.jhazmat.2021.126025
http://doi.org/10.1016/j.pharmthera.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24080471
http://doi.org/10.1093/toxres/tfab112
http://www.ncbi.nlm.nih.gov/pubmed/34956623
http://www.ncbi.nlm.nih.gov/pubmed/32572935
http://doi.org/10.1507/endocrj.EJ17-0445
http://www.ncbi.nlm.nih.gov/pubmed/29743447
http://doi.org/10.1002/cbin.11791
http://doi.org/10.2217/nnm.12.178
http://doi.org/10.1089/adt.2016.729
http://doi.org/10.1161/HYPERTENSIONAHA.121.17177
http://doi.org/10.3390/antiox10091442
http://doi.org/10.1016/j.jacc.2018.02.045
http://doi.org/10.1089/ars.2020.8159
http://www.ncbi.nlm.nih.gov/pubmed/34435888
http://doi.org/10.1155/2022/5023654
http://www.ncbi.nlm.nih.gov/pubmed/35178104
http://doi.org/10.1016/j.biopha.2021.112515
http://www.ncbi.nlm.nih.gov/pubmed/34896968
http://doi.org/10.1183/13993003.02103-2021
http://www.ncbi.nlm.nih.gov/pubmed/35058244
http://doi.org/10.31083/j.fbl2702049
http://www.ncbi.nlm.nih.gov/pubmed/35226992
http://doi.org/10.3390/antiox11020205
http://www.ncbi.nlm.nih.gov/pubmed/35204088
http://doi.org/10.1038/81321
http://www.ncbi.nlm.nih.gov/pubmed/11062532
http://doi.org/10.1038/nm1101-1236
http://doi.org/10.1042/BSR20192368
http://doi.org/10.1016/j.bioactmat.2022.03.021
http://www.ncbi.nlm.nih.gov/pubmed/35387166


Biomolecules 2022, 12, 1195 19 of 19

32. Cai, X.; Shi, Y.; Dai, Y.; Wang, F.; Chen, X.; Li, X. Baicalin clears inflammation by enhancing macrophage efferocytosis via inhibition
of RhoA/ROCK signaling pathway and regulating macrophage polarization. Int. Immunopharmacol. 2022, 105, 108532. [CrossRef]
[PubMed]

33. Gu, M.J.; Hyon, J.Y.; Lee, H.W.; Han, E.H.; Kim, Y.; Cha, Y.S.; Ha, S.K. Glycolaldehyde, an Advanced Glycation End Products
Precursor, Induces Apoptosis via ROS-Mediated Mitochondrial Dysfunction in Renal Mesangial Cells. Antioxidants 2022, 11, 934.
[CrossRef]

34. Wu, H.Y.; Yang, F.L.; Li, L.H.; Rao, Y.K.; Ju, T.C.; Wong, W.T.; Hsieh, C.Y.; Pivkin, M.V.; Hua, K.F.; Wu, S.H. Ergosterol peroxide
from marine fungus Phoma sp. induces ROS-dependent apoptosis and autophagy in human lung adenocarcinoma cells. Sci. Rep.
2018, 8, 17956. [CrossRef] [PubMed]

35. Clozel, J.P.; Danchin, N.; Genton, P.; Thomas, J.L.; Cherrier, F. Effects of propranolol and of verapamil on heart rate and blood
pressure in hyperthyroidism. Clin. Pharmacol. Ther. 1984, 36, 64–69. [CrossRef]

36. Subahi, A.; Ibrahim, W.; Abugroun, A. Diltiazem-Associated Cardiogenic Shock in Thyrotoxic Crisis. Am. J. Ther. 2018, 25,
e666–e669. [CrossRef] [PubMed]

37. Brandt, F.; Green, A.; Hegedus, L.; Brix, T.H. A critical review and meta-analysis of the association between overt hyperthyroidism
and mortality. Eur. J. Endocrinol. 2011, 165, 491–497. [CrossRef]

http://doi.org/10.1016/j.intimp.2022.108532
http://www.ncbi.nlm.nih.gov/pubmed/35101850
http://doi.org/10.3390/antiox11050934
http://doi.org/10.1038/s41598-018-36411-2
http://www.ncbi.nlm.nih.gov/pubmed/30560887
http://doi.org/10.1038/clpt.1984.140
http://doi.org/10.1097/MJT.0000000000000739
http://www.ncbi.nlm.nih.gov/pubmed/29521654
http://doi.org/10.1530/EJE-11-0299

	Introduction 
	Results 
	High L-Thy Induced the Occurrence of Cardiac Structural and Functional Changes in Mice 
	Increased ROS and Inflammatory Gene Expression Was Higher in the Hyperthyroidism-Induced Cardiomyopathy Group 
	Hyperthyroidism-Induced Cardiomyopathy Cell Model for Mechanistic Investigation 
	ROS/Ca2+ Pathway and Inflammatory Gene Expression in a Hyperthyroidism-Induced Cardiomyopathy Cell Model, Consistent with the Performance of the Animal Model 
	NAC Could Relieve L-Thy-Induced Myocardial Hypertrophy and the Cardiac ROS/Ca2+ Pathway 
	NAC Attenuated the Phenotype of Hyperthyroidism-Induced Cardiomyopathy In Vivo 

	Discussion 
	Conclusions 
	Methods 
	Cell Culture 
	Hyperthyroid Cardiomyopathy Model Induction 
	Experimental Grouping 
	Haematoxylin-Eosin (HE) and Masson Staining 
	TUNEL Assay 
	Cell Counting Kit-8 (CCK-8) Assay 
	WGA, FITC-Phalloidin, DCFH-DA, and Rhod-4 Staining 
	Flow Cytometry 
	Quantitative Real Time-Polymerase Chain Reaction (qRT-PCR) 
	Western Blot (WB) 
	Data Analysis 

	References

