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Pre-treatment with galectin-1 attenuates lipopolysaccharide-induced
myocarditis by regulating the Nrf2 pathway 
Liying Shen, Kongjie Lu, Zhenfeng Chen, Yingwei Zhu, Cong Zhang, Li Zhang
Department of Cardiology, Huzhou Central Hospital, Huzhou, Zhejiang, China

Galectin-1 (Gal-1), a member of a highly conserved family of animal lectins, plays a crucial role in controlling
inflammation and neovascularization. However, the potential role of Gal-1 in preventing myocarditis remains
uncertain. We aimed to explore the functions and mechanisms of Gal-1 in preventing myocarditis. In vivo,
C57/BL6 mice were pre-treated with or without Gal-1 and then exposed to lipopolysaccharide (LPS) to induce
myocarditis. Subsequently, cardiac function, histopathology, inflammation, oxidative stress, and apoptosis of
myocardial tissues were detected. Following this, qRT-PCR and Western blotting were applied to measure iNOS,
COX2, TXNIP, NLRP3 and Caspase-1 p10 expressions. In vitro, H9c2 cells pre-treated with different doses of
Gal-1 were stimulated by LPS to induce myocarditis models. CCK8, flow cytometry and reactive oxygen species
(ROS) assay were then employed to estimate cell viability, apoptosis and oxidative stress. Furthermore, Nrf2 and
HO-1 protein expressions were evaluated by Western blotting in vivo and in vitro. The results showed that in vivo,
Gal-1 pre-treatment not only moderately improved cardiac function and cardiomyocyte apoptosis, but also ame-
liorated myocardial inflammation and oxidative damage in mice with myocarditis. Furthermore, Gal-1 inhibited
TXNIP-NLRP3 inflammasome activation. In vitro, Gal-1 pre-treatment prevented LPS-induced apoptosis, cell
viability decrease and ROS generation. Notably, Gal-1 elevated HO-1, total Nrf2 and nuclear Nrf2 protein expres-
sions both in vivo and in vitro. In conclusion, pre-treatment with Gal-1 exhibited cardioprotective effects in
myocarditis via anti-inflammatory and antioxidant functions, and the mechanism may relate to the Nrf2 pathway,
which offered new solid evidence for the use of Gal-1 in preventing myocarditis. 
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Introduction
Myocarditis, a common disorder characterized by the presence

of inflammation in the myocardium, is the leading cause of sudden
death in young patients.1 Myocarditis treatment remains difficult
and challenging due to the proliferation of inflammatory lesions in
the myocardium.2 Heart transplantation, implantable cardioverter
defibrillators, intravenous immunoglobulin, drug therapy, and bio-
therapy are currently available treatments for myocardial dysfunc-
tion.3 However, patients who recover initially after receiving these
treatments may experience a relapse of myocardial dysfunction
years later, endangering their health. If the relapse is severe,
patients will develop heart failure or even death.4 Hence, more in-
depth research is required to investigate novel and safe drugs for
preventing myocarditis.. 

Galectins are a groups of protein that can specifically bind to
β-galactosides.5 To date, a total of 15 mammalian galectins have
been discovered in different organs and tissues.6 Galectin-1 (Gal-
1) is an isoform of galectin, has been reported to be associated with
many cell functions, such as proliferation, apoptosis, adhesion and
migration.7 The main physiological function of Gal-1 is to serve as
an anti-inflammatory mediator to inhibit immune responses.8
Previous studies have demonstrated the efficacy of Gal-1 in reduc-
ing inflammation in cardiovascular pathophysiology.9 It has been
reported that Gal-1-deficient mice exhibit enhanced cardiac
inflammation after acute myocardial infarction.10 However, evi-
dence for the roles and mechanisms of Gal-1 in preventing
lipopolysaccharide (LPS)-induced myocarditis is limited.

Hence, in the research, both in vivo and in vitro experiments
were conducted to explore the functions and mechanisms of Gal-1
in LPS-induced myocarditis. Our findings demonstrated that Gal-
1 had the potential to prevent LPS-caused myocarditis inflamma-
tion and oxidative stress, potentially by regulating the nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) pathway and suppressing
thioredoxin interacting protein (TXNIP)-nucleotide-binding
oligomerization domain (NOD)-like receptor protein 3 (NLRP3)
inflammasome activation. All of these indicated that pre-treatment
with Gal-1 may be an underlying strategy for preventing acute
myocarditis. 

Materials and Methods

Animals
C57/BL6 male mice (aged 8 weeks), were obtained from

Shanghai Lingchang Biotech Co., Ltd. (China). The mice were
housed under controlled conditions with a temperature of 23±2℃,
humidity between 55-70%, and a 12 h light/dark cycle. All mice
received water and food ad libitum. All animal experiments were
performed according to the guidelines of laboratory animal care
and were approved by the Animal Experimentation Ethics
Committee of Zhejiang Eyong Pharmaceutical Research and
Development Center (approval no. ZJEY-20220217-04,
Hangzhou, China).

In vivo study

Pre-treatment with Gal-1 and establishment of myocarditis
model 

The C57BL/6 mice were assigned into the following groups
randomly: the control group, model group, Gal-1 (50 μg/kg) group,
Gal-1 (100 μg/kg) group and Gal-1 (200 μg/kg) group. There were

6 mice in each group. Mice of the Gal-1 groups or model group
were intraperitoneally injected with different dosages of Gal-1 or
0.9% saline 1 h before LPS intervention (10 mg/kg, i.p.), as report-
ed in published studies.11 After treatment with LPS for 12 h, the
mice were anesthetized using 3% isoflurane, and ultrasound M-
mode echocardiography (IE33, Philips, Amsterdam, The
Netherlands) was carried out as soon as possible to evaluate the
cardiac function of the mice. After that, the mice were euthanized
by CO2-inhalation, and blood was drawn from the abdominal vein
and centrifuged to obtain serum for subsequent experiments.
Additionally, the myocardial tissues of the mice were also
processed for the following research.
Echocardiographic assessment

Echocardiographic assessments were carried out to examine
the roles of Gal-1 on the cardiac function of mice with myocarditis.
In brief, the mice were fixed on the operating table and their hair
was shaved. Then, the mice were anesthetized by isoflurane and
placed on a heating pad to maintain a heart rate of 400-500
beats/min. Following this, the pre-warmed ultrasound gel was
rubbed on the chest of mice, and an ultrasound probe was applied
for echocardiography measurements. Left ventricular end-systolic
diameter (LVESD) and left ventricular end-diastolic diameter
(LVEDD) were measured via two-dimensional M-mode ultra-
sonography. Left ventricular ejection fraction (LVEF), and left
ventricular short-axis shortening (LVFS) were calculated using a
computer algorithm, and all examinations were based on 6 consec-
utive cardiac cycles.
Myocardial morphometry analysis

Pathological injury of myocardial tissues was tested by hema-
toxylin and eosin (H&E) staining. The harvested myocardial tis-
sues were fixed with 4% paraformaldehyde, embedded in paraffin,
and then sectioned into slices with a thickness of 5 μm. Thereafter,
the samples were processed with H&E staining (H3136, E4009,
sigma, USA) and observed with a light microscope (Eclipse Ci-L,
Nikon, Tokyo, Japan) using 40× and 80× objective. Myocardial
injury was scored according to the following pathology scoring
criteria: 0 point = no damage was observed in the myocardial tis-
sues; 1 point = alight damage was observed in the myocardial tis-
sues; 2 points = slight damage was observed in the myocardial tis-
sues, furthermore, the intercellular space was enlarged slightly; 3
points = moderate injury was observed in the myocardial tissues,
along with moderate enlargement of the intercellular space; 4
points = severe injury was observed in the myocardial tissues, and
there was a severe enlargement of the intercellular space.
Immunohistochemistry analysis

Immunohistochemistry (IHC) analysis was conducted to eval-
uate the oxidative stress-regulated damage in the myocardium.
Antigen retrieval was performed in 10 mM citric acid buffer at
95°C for 10 min. After that, sections were incubated in 3% H2O2 at
4°C for 10 min to eliminate endogenous peroxidase activity. The
sections were then incubated with primary antibodies against
8−OHdG (10 µg/mL, ab48508, Abcam, Cambridge, UK)
overnight at 4°C. After cleaning, the tissues were probed with sec-
ondary antibodies (ab97080, Abcam, 1:5000) at 37°C for another
30 min. Afterward, the sections were stained with a DAB to devel-
op the color and were viewed under a light microscope (Eclipse Ci-
L, Nikon, Japan) with 40× and 80× objective. Sections without the
primary antibody were used as negative controls, and all immuno-
histochemistry experiments were performed with their respective
negative controls. The positive expression rate of 8-hydroxy-2-
deoxyguanosine (8-OHdG)=8-OHdG positive cell number/total
cell number × 100.
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TUNEL
TUNEL assays were implemented to analyze the apoptosis of

myocardial tissues. Briefly, the myocardial samples were deparaf-
finized with xylene, hydrated in ethanol, and repaired with pro-
tease K. Next, the slices were protected from light and treated with
TUNEL kits (C1090, Beyotime Institute of Biotechnology,
Shanghai, China) at 37°C. Following that, the slices were washed
and incubated with converter-POD at 37°C. Afterward, 4′,6-
diamidino-2-phenylindole (DAPI) was utilized to counterstain the
nuclei. The results of TUNEL were observed under fluorescence
microscopy (DM3000, Leica, Wetzlar, Germany). The TUNEL
positive cell rate=number of apoptotic  cells/total cells × 100.
Measurement of serum inflammatory cytokines, malondi-
aldehyde and superoxide dismutase 

Malondialdehyde (MDA) and superoxide dismutase (SOD) are
closely linked to the levels of oxidative stress, and were detected
in the serum of mice by enzyme-linked immunosorbent assay
(ELISA, A001-3-2, A003-1-1, Nanjing Construction Technology
Co. Ltd., Nanjing, China). At the same time, inflammatory
cytokines such as interleukin-1β (IL-1β), tumor necrosis factor-α
(TNF-α) and interleukin-6 (IL-6) in serum were evaluated using
ELISA kits (MM-0132M2, MM-0163M2, MM-0040M2, Enzyme
Immunity Industry Ltd., China). All operating steps were per-
formed strictly according to the instructions of the kits.
qRT-PCR

The total RNA of myocardial tissues was isolated by Trizol
reagents based on kit instructions. Then, the total RNA was
reversely transcribed to cDNA, amplified and analyzed by SYBR
Green PCR kits (H0108041, YEASEN, China) on a CFX96 real-
time system with specific primers. All the primer sequences uti-
lized in this study were displayed in Table 1.

In vitro study

Cell culture
H9c2 cells, supplied by iCell Biotechnology Co. Ltd. (iCell-

r012; Shanghai, China), were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS) in a humidified incubator at 37ºC with 5% CO2. Then, H9c2
cells were pre-treated with different concentrations of Gal-1 for 1
h. After that, Gal-1 was washed out and LPS (10 μg/mL) was
added to the cells to evaluate the protective roles of Gal-1 in vitro.
Cell viability assay

The viability of H9c2 cells was assessed using cell counting
kit-8 (CCK-8) kits (C0039, Beyotime). Simply put, the cells were
plated on 96-well plates and cultured for 24 h. To investigate the
preventative effects of Gal-1 on LPS-induced cytotoxicity, H9c2
cells were pre-treated with varying concentrations of Gal-1 (5-160
μM) for 1 h, then, the cells were cultured with 10 μg/mL of LPS.
After being cultured for 12 h or 24 h, 10 μL of CCK-8 solution was

added to each well. After cultivation at the cell incubator for anoth-
er 1.5 h, the absorbance of the cells was detected at 450 nm using
a microplate spectrophotometer.
Flow cytometric analysis of apoptotic cells 

Annexin V/propidium iodide (PI) staining was employed to
identify the antiapoptotic ability of Gal-1 in vitro. Firstly, H9c2
cells were incubated with Gal-1 (10, 20 and 40 μM) for 1 h before
LPS stimulation (10 μg/mL). After being stimulated by LPS for 24
h, cells were cleaned and suspended with a binding buffer, fol-
lowed by staining with Annexin V-FITC/PI solution (5 μL Annexin
V and 5 μL PI) in the dark at 37ºC for 15 min. After that, apoptotic
cells were quantified using flow cytometry (FC500, Beckman
Coulter, Inc., USA). Three compound holes were set up for each
group, and each hole was assayed once. 
Intracellular reactive oxygen species (ROS) assay

Intracellular ROS levels were measured according to the oxi-
dation of 2′7′- dichlorodihydrofluorescein diacetate (DCFH-DA).
Briefly, H9c2 cells were seeded into 24-well plates. After being
pre-treated with Gal-1 (10, 20 and 40 μM) for 1 h, H9c2 cells were
stimulated by LPS (10 μg/mL) for 24 h. Next, H9c2 cells were
incubated with DCFH-DA solution (S0033M, Beyotime) replaced
DMEM. After culture for another 20 min, extracellular DCFH-DA
was discarded and washed with serum-free DMEM. Finally, cells
were observed with an inverted fluorescence microscope (Ts2-FL,
Nikon; 40× objective) using a FITC filter, and analyzed by Image
J Analysis Software. Three compound holes were set up for each
group, and each hole was assayed once.
Western blotting analysis

The nuclear and cytoplasmic protein extraction kits (P0028,
Beyotime) were used for nuclear (for nuclear Nrf2) and cytoplasmic
proteins (for cytoplasmic Nrf2) extraction. Furthermore, after treat-
ment, the total proteins of H9c2 cells and heart tissues were isolated
using radioimmunoprecipitation assay buffer (P0013B, Beyotime),
loaded and run on a 10% sodium dodecyl sulfate-polyacrylamidegel
electrophoresis, and transferred to polyvinylidene difluoride mem-
branes (IPVH00010, Millipore, USA). After blocking with 5% non-
fat milk, the membranes were probed with the primary antibodies
overnight at 4℃. On the second day, the membranes were reacted
with the secondary antibodies. Thereafter, the protein blots were
developed by the enhanced chemiluminescence. Band intensities
were quantified by the Image J software and normalized to β-actin.
The antibodies used in the study were supplied by Abcam (USA)
and all relevant information was presented in Table 2.
Statistical analysis

The study was analyzed using SPSS 20.0, and the values were
displayed as means ±SD. Three sections were analyzed for each
group in H&E staining, IHC analysis as well as TUNEL assay. To
ensure objectivity, all measurements were performed and analyzed
blindly by two researchers per experiment. Student’s t-test was

Table 1. Primer sequence of the genes for qRT-PCR analysis.

Gene                                   Forward Primer (5’-3’)                                                           Reverse Primer (5’-3’)

iNOS                                          TTTGTGCGAAGTGTCAGTG                                                            AGAAACTTCGGAAGGGAGCA
COX2                                         ATCATAAGCGAGGACCTGGG                                                         ACCTCTCCACCAATGACCTG
XNIP                                          TCCTCAAGATGGGTGGCAAT                                                         CCGAGAAAGTGGTCAGGTCT
NLRP3                                       CTCGCATTGGTTCTGAGCTC                                                          AGTAAGGCCGGAATTCACCA
Caspase-1                                  TCATTTCCGCGGTTGAATCC                                                           CCAACAGGGCGTGAATACAG
β-actin                                       TCTTTGCAGCTCCTTCGTTG                                                           TCCTTCTGACCCATTCCCAC
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employed for comparisons between groups, while one-way analy-
sis of variance (one-way ANOVA) and Tukey tests were applied
for multiple group comparisons. The Kruskal-Wallis H test was
applied when variances were not homogeneous. In all cases,
p<0.05 was considered statistically significant.

Results

In vivo study

Pre-treatment with Gal-1 prevented cardiac function
impairment in myocarditis mice

After inducing myocarditis in mice by LPS, LVESD values
were raised (p<0.01), whereas no obvious change was observed in
LVEDD values (Figure 1 A,B). In addition, the LPS group exhib-

ited lower LVEF and LVFS percentages in comparison to the con-
trol mice (Figure 1 C,D; p<0.01). Meanwhile, Gal-1 showed sig-
nificant preventive effects against LPS-induced myocarditis by
reducing the values of LVESD and LVEDD, and increasing the
percentages of LVEF and LVFS (p<0.05), especially at the concen-
tration of 200 mg/kg.
Pre-treatment with Gal-1 prevented acute myocardial
damage and inflammation in myocarditis mice

The functions of Gal-1 in the prevention of myocardial damage
were evaluated by HE staining. As shown in Figure 2A, after stim-
ulation with LPS, the myocardial tissues of the mice were damaged
severely, as evidenced by severe infiltration of inflammatory cells,
disorderly arrangement of cardiomyocytes and enlarged intercellu-
lar space. However, it could be seen clearly that all doses of Gal-1
could prevent LPS-caused damage to the myocardium, especially
for 200 mg/kg of Gal-1. Consistently, the results of Figure 2B

Table 2. Antibody information.

Antibody                                  Source                                                       Cat No.                                                     Dilutions

NLRP3                                             Abcam                                                                ab214185                                                           1:1000
Nrf2                                                  Abcam                                                                ab92946                                                             1:1000
HO-1                                                Abcam                                                                ab137749                                                           1:1000
TXNIP                                             Abcam                                                                ab188865                                                           1:1000
Caspase-1+p10+p12                        Abcam                                                                ab181602                                                           1:1000
iNOS                                                Abcam                                                                ab178945                                                           1:1000
COX2                                               Abcam                                                                ab179800                                                           1:1000
β-actin                                              Abcam                                                                ab8227                                                               1:5000

Figure 1. Pre-treatment with Gal-1 prevented cardiac function impairment and cardiac dilation in mice with LPS-induced myocarditis. 
A) LVIDd, B) LVIDs, C) EF, D) FS. (χ–±S, n=6). ▲p<0.05, ▲▲p<0.01 vs. Control group, *p<0.05, **p<0.01 vs LPS group. Gal-1,
Galectin-1; LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection
fraction; LVFS, left ventricular short-axis shortening; LPS, lipopolysaccharide.
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revealed that relative to the control group, the HE score of the LPS
group was increased significantly, but pre-treatment with Gal-1
effectively revised the situation, especially for 200 mg/kg of Gal-
1 (p<0.01). To further detect the anti-inflammatory effects of Gal-
1 in myocarditis, ELISA was employed to measure the levels of
pro-inflammatory factors (such as IL-1β, TNF-α and IL-6) in
serum. We observed that after being stimulated with LPS, there
was a significant upregulation for IL-1β, TNF-α and IL-6 levels in
serum (p<0.01, Figure 2 C,E). However, Gal-1 (100 mg/kg and
200 mg/kg) pretreatment effectively inhibited the release of IL-1β,
TNF-α and IL-6 in myocarditis mice (p<0.05).
Pre-treatment with Gal-1 prevented oxidative stress in
myocarditis mice

As shown in Figure 3 A,B, the results of the IHC assay exhib-
ited that LPS caused obvious 8-OHdG-labelled positive staining in
the myocardium of the mice (p<0.01). However, pre-treating the
mice with 100 and 200 mg/kg of Gal-1 significantly reversed the
situation (p<0.01). At the same time, serum MDA concentration
and SOD activity were also detected by ELISA kits (Figure 3 C,D).
Compared to the LPS mice, the mice that received pre-treatment of
100 and 200 mg/kg of Gal-1 exhibited reduced MDA concentra-
tions and increased SOD activity (p<0.05). 
Pre-treatment with Gal-1 prevented myocardial apoptosis
in myocarditis mice

The anti-apoptotic effects of Gal-1 on LPS-stimulated
myocarditis were assessed through TUNEL staining. As displayed
in Figure 4, there were very few apoptotic cells in the myocardium
of control mice, whereas apoptotic cells were massively increased
following model establishment (p<0.01). However, pre-treatment
with 100 and 200 mg/kg Gal-1 could effectively prevent myocar-

dial apoptosis in LPS-stimulated mice, the number of apoptotic
cells was decreased obviously (p<0.05). 
Pre-treatment with Gal-1 inhibited NLRP3 inflamma-
some activation in myocarditis mice

TXNIP is a multifunctional adaptor protein for different signaling
pathways, which links ROS and NLRP3 inflammasome activation.12

To further investigate the effects of Gal-1 on the TXNIP-NLRP3
inflammasome activation, qRT-PCR as well as Western blotting were
conducted. As revealed in Figure 5, inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX2), TXNIP, NLRP3, and Caspase-1
p 10 expressions, in both mRNA and protein levels, were increased
evidently in the LPS group, whereas pre-treatment with 100 and 200
mg/kg Gal-1 effectively reversed these trends (p<0.05).

In vitro study

Pre-treatment with Gal-1 prevented the reduction of cell
viability in LPS-stimulated H9c2 cells

CCK8 was employed to evaluate the functions of Gal-1 on the
viability of LPS-stimulated H9c2 cells. The results revealed that
after exposure to LPS alone for 12 and 24 h, the viability of H9c2
cells dramatically decreased (p<0.01, Figure 6). However, Gal-1
pre-treatment (5-160 μM) prevented the reduction of cell viability
in a dose-dependent manner, no matter the cells were stimulated
with LPS for 12 h or 24 h. Of note, the protective effect of Gal-1
on cell viability was not cumulative, no sustained upregulation was
observed in cell viability when the concentration of Gal-1 was
exceeded than 40 μM. Moreover, the protective effect of Gal-1 on
viability was more remarkable at 24 h than at 12 h. Therefore, 10,
20 and 40 μM of Gal-1 as well as 24 h LPS treatment time were
selected for subsequent experiments.

[page 374]                                                   [European Journal of Histochemistry 2023; 67:3816]

Figure 2. Pre-treatment with Gal-1 prevented histological abnormalities and inflammatory responses in myocardial tissues. 
A) Representative H&E stained images in each group (magnification: 400×, scale bar: 50 μm; magnification: 800×, scale bar: 25 μm). 
B) Pathological scores of myocardial tissues. C-E) ELISA analysis of the levels of IL-1β, TNF-α and IL-6 in serum. (χ–±S, n=3). ▲p<0.05,
▲▲p<0.01 vs Control group, *p<0.05, **p<0.01 vs LPS group. Red arrows indicated infiltration of inflammatory cells. HE, hematoxylin
and eosin; ELISA, enzyme-linked immunosorbent assay.
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Figure 3. Pre-treatment with Gal-1 prevented oxidative stress-mediated injuries in myocardial tissues. A) Immunohistochemical evalua-
tion of 8−OHdG-positive cells in myocardial tissues. (magnification: 400×, scale bar: 50 μm; magnification: 800×, scale bar: 25 μm). 
B) Quantitative analysis of the 8−OHdG positive index in each group. C) The concentration of MDA in serum. D) The activity of SOD
in serum.  (χ–±S, n=3). ▲p<0.05, ▲▲p<0.01 vs Control group, *p<0.05, **p<0.01 vs LPS group. Red arrows indicated cells that were
positive for 8-OHdG expression. MDA, malondialdehyde; SOD, superoxide dismutase.

Figure 4. Pre-treatment with Gal-1 prevented myocardial apoptosis in mice with LPS-induced myocarditis. A) Representative images of
TUNEL staining in myocardial tissues (magnification: 400×, scale bar: 25 μm). B) Quantification of the percentage of TUNEL-positive
cells.  (χ–±S, n=3). ▲p<0.05, ▲▲p<0.01 vs Control group, *p<0.05, **p<0.01 vs LPS group. Red arrows indicated TUNEL positive cells. 
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Pre-treatment with Gal-1 prevented cell apoptosis in
LPS-induced H9c2 cells

Flow cytometry analysis was conducted to measure the anti-
apoptotic functions of Gal-1 on LPS-induced H9c2 cells. It could
be seen from Figure 7 that LPS stimulation significantly increased
the apoptosis of H9c2 cells, whereas the apoptosis rate was effec-
tively decreased in the Gal-1 groups (p<0.05). 
Pre-treatment with Gal-1 prevented oxidative stress in
LPS-induced H9c2 cells

Due to the critical role of oxidative damage in LPS-stimulated
myocardial injury, the antioxidant effect of Gal-1 was examined by
DCFH-DA. As depicted in Figure 8, the fluorescence intensity of ROS
was markedly increased after LPS stimulation (p<0.01). It was suggest-
ed that LPS induced the generation of ROS in H9c2 cells, while the sit-
uation was rescued by pre-treating 20 μM and 40 μM Gal-1 (p<0.05).
Pre-treatment with Gal-1 prevented LPS-caused myocar-
dial damage via the Nrf2 pathway in vivo and in vitro

Given the Nrf2 pathway is crucial in regulating numerous
antioxidant enzyme expressions, the effects of Gal-1 on the Nrf2
pathway were assessed. As presented in Figure 9, LPS treatment
led to a significant reduction in total and nuclear Nrf2 protein
expressions in myocardial tissues and H9c2 cells (p<0.01).
However, relative to the LPS group, Gal-1 pre-treatment elevated
both total and nuclear Nrf2 protein expressions, while decreasing
cytoplasmic Nrf2 protein expression (p<0.05). It is possible that
Gal-1 pre-treatment facilitated the translocation of Nrf2 from the
cytoplasm to the nucleus. In addition, Gal-1 also raised the protein
expression of heme oxygenase 1 (HO-1) in LPS-stimulated
myocardial tissues and H9c2 cells (p<0.05). 

Discussion
Myocarditis, a serious ailment, could directly affect the sys-

tolic and diastolic functions of cardiomyocytes and further facili-
tate heart activity changes and conduction disorder.13

Overwhelmed inflammatory responses and excessive oxidative
stress play essential roles in the pathogenesis of myocarditis.14 As
is well known, myocarditis is closely associated with proinflam-
matory factor release and inflammatory cell infiltration.15

Furthermore, nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase generates a large number of free radicals to sat-
isfy the increased oxygen consumption during myocarditis phago-
cytosis.16 Oxidative stress leads to cell injury and is vital in exac-
erbating myocardial damage.17 Additionally, oxidative stress will
exacerbate inflammation and is strongly linked with myocarditis
onset and progression.18 Hence, anti-inflammatory and antioxidant
treatment may be beneficial for myocarditis patients.19.

In the present experiment, we provided convincing evidence to
demonstrate that Gal-1 prevents LPS-induced myocarditis by
inhibiting inflammatory responses. In vivo experiments, there was
remarkable inflammation in the myocardial tissues after LPS expo-
sure. The LPS mice pre-treated with Gal-1 had less degree of his-
tological injury, improved cardiac function as well as relieved car-
diac dilation. Furthermore, Gal-1 also prevented the release of
proinflammatory cytokines and the activation of TXNIP-NLRP3
inflammasome in LPS-stimulated myocarditis mice. 

On the other hand, to investigate the cardioprotective roles of
Gal-1 on oxidative stress, some oxidative stress biochemicals were
tested. 8-OHdG, one of the modified DNA nucleoside products
generated by ROS, is strongly associated with oxidative injury.20 In
this research, the number of 8-OHdG-positive cells was raised

                             Article

Figure 5. Pre-treatment with Gal-1 suppressed NLRP3 inflammasome activation in myocardial induced by LPS. A) iNOS, B) COX2, 
C) TXNIP, D) NLRP3, and E) Caspase-1 p 10 mRNA in the myocardial tissues were determined by qRT-PCR. F) Western blotting analysis
of iNOS and COX2 protein expressions in myocardial tissues. G-H) Quantification of the iNOS and COX2 protein expressions in myocar-
dial tissues. I) Western blotting analysis of TXNIP, NLRP3, and Caspase-1 p 10 protein expressions in myocardial tissues. J-L)
Quantification of the TXNIP, NLRP3, and Caspase-1 p 10 protein expressions in myocardial tissues. (χ–±S, n=3). ▲p<0.05, ▲▲p<0.01
vs Control group, ? p <0.05, ?? p <0.01 vs LPS group. 
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after LPS stimulation, but Gal-1 pre-treatment downregulated the
trend. MDA is a suitable marker to reflect the damage degree of
free radicals to the organism, and SOD is essential for the improve-
ment of general redox and maintenance of intracellular homeosta-
sis.21 As expected, the serum MDA concentration was obviously
suppressed and the SOD activity was elevated by Gal-1 pre-treat-
ment in myocarditis mice. Consistently, pre-treatment with Gal-1
decreased the fluorescence intensity of ROS in vitro. At the same
time, in myocarditis, apoptosis is activated and related to the dete-
rioration of cardiac function in patients with myocarditis,2 and the
myocardial cell apoptosis further induces cardiac injury and facil-
itates cardiac dysfunction.22 As shown by TUNEL staining and
flow cytometry analysis in vivo and in vitro, Gal-1 pre-treatment
exerted an antiapoptotic function on myocardial cells and dis-
played an outstanding cardioprotective function. These results sug-
gested that Gal-1 might have an obvious protective effect on
myocarditis by suppressing inflammation and oxidative stress. 

Previous studies have revealed that NLRP3 inflammasome is
vital in the development of myocarditis.23 TXNIP is an essential
multi-functional protein, which directly activates NLRP3 inflam-
masome, thereby further activating inflammation.24 In the study,
we found LPS stimulation obviously elevated TXNIP expression
and activated NLRP3 inflammasome in the myocardium, while
these situations were reserved by Gal-1 pre-treatment. These
results indicated that Gal-1 pre-treatment prevents inflammation
by repressing TXNIP-NLRP3 inflammasome activation. ROS is an
important factor for activating NLRP3 inflammasome.25 In a pre-
vious study, the NLRP3 inflammasome activation suppresses of
Gal-1 was through reducing the ROS generation.26 A similar result
was obtained in this study.

Nrf2 plays a key role in cardioprotective combating oxidative
stress.27 And the cardioprotective properties of Nrf2 are predomi-
nantly correlated with Nrf2-dependent gene as well as protein
expressions, such as HO-1.28 HO-1 exhibits a potentially beneficial
role in numerous cardiovascular diseases.29 In the inactive state,
Nrf2 stays in the cytoplasm by binding with Keap1. Some pharma-
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Figure 7. Effect of Gal-1 on LPS-induced apoptosis in H9c2 cells. A) Representative flow cytometry results obtained with annexin 
V-FITC. B) Data analysis showing apoptosis. (χ–±S, n=3). ▲p<0.05, ▲▲p<0.01 vs control group, *p<0.05, **p<0.01 vs LPS group.

Figure 6. CCK-8 assay showed that Gal-1 pre-treatment prevented
the reduction of cell viability in LPS-induced cells. (χ–±S, n=3). ▲
p<0.05, ▲▲p<0.01 vs Control group, *p<0.05, **p<0.01 vs LPS
group.
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Figure 8. Gal-1 prevented H9c2 cells from oxidative stress injuries induced by LPS. A) Immunofluorescence assay showing the formation
of intracellular ROS (stained by green fluorescence, original magnification ×100). B) Quantitative analysis of the fluorescence intensity
of ROS. (χ–±S, n=3). ▲p<0.05, ▲▲p<0.01 vs control group, *p<0.05, **p<0.01 vs LPS group. 

Figure 9. Effect of Gal-1 on Nrf2/HO-1 signaling in LPS induced myocardial tissue and H9c2 cells. A) Representative immunoblot and
the expression of regulatory proteins, including total Nrf2, HO-1, cytoplasmic Nrf2 and nuclear Nrf2 in the myocardial tissues. 
B) Representative immunoblot and the expression of regulatory proteins, including total Nrf2, HO-1, cytoplasmic Nrf2 and nuclear Nrf2
in the H9c2 cells. (χ–±S, n=3). ▲p<0.05, ▲▲p<0.01 vs control group, *p<0.05, **p<0.01 vs LPS group.
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cological as well as pathophysiological stimulation can deactivate
Keap1, resulting in Nrf2 dissociating from Keap1 and translocat-
ing into nuclei.30 Gal-1 pretreatment increased the total Nrf2
expression and nuclear translocation of Nrf2 in LPS-challenged
myocardial tissues and H9c2 cells, indicating Nrf2 in cardiomy-
ocytes was activated by Gal-1 pre-treatment. Meanwhile, Gal-1
pre-treatment also increased HO-1 protein expression in LPS-stim-
ulated cardiomyocytes. These results implied that the Nrf2/HO-1
pathway might participate in the cardioprotective of Gal-1 in
myocarditis.

The limitation of this study was that the experiment only
examined the preventive effect of Gal-1 on LPS-induced
myocarditis, and did not explore the potential role of Gal-1 in treat-
ing myocarditis. In the future, we will establish animal and cellular
models of myocarditis with LPS again, and then treat myocarditis
models with Gal-1, thereby further investigating the potential
value of Gal-1 in myocarditis treatment. 

In conclusion, our study suggested that Gal-1 pre-treatment
had cardioprotective effects against myocarditis in model mice and
H9c2 cells. And the cardioprotective effects of Gal-1 pre-treatment
might contribute to the alleviation of inflammation as well as
oxidative stress in myocardial tissues and inhibition of apoptosis in
cardiomyocytes. In addition, Gal-1 exerted its cardioprotective
effects on myocarditis by regulating the Nrf2 pathway and inhibit-
ing the TXNIP-NLRP3 inflammasome. Therefore, this study pro-
vided potential choices for exploring novel drugs and targets for
preventing acute myocarditis treatment.
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