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Introduction: Astragaloside IV (AS-IV) is one of the main active components isolated from the traditional Chinese medicinal herb,
Astragalus membranaceus. The present study was designed to investigate whether the regulation of microRNA-1 (miR-1)-mediated
inflammation and autophagy contributes to the protective effect of AS-IV against cardiac dysfunction in rats treated with lipopoly-
saccharides (LPS).
Methods: Animal model of cardiac dysfunction in rats or cellular model of injured H9c2 heart cell line was established by using LPS.
Echocardiography, electron microscopy, enzyme-linked immunosorbent assay, immunofluorescence, quantitative RT-PCR, and
Western blotting were used to determine the cardiac function and expression of inflammation- and autophagy-related proteins at
both the mRNA and protein levels.
Results: LPS caused cardiac dysfunction in rats or injury in H9c2 cells and induced inflammation and autophagy. Compared with LPS
treatment, AS-IV treatment attenuated cardiac dysfunction or cell injury, accompanied by inhibition of inflammation and autophagy.
However, the miR-1 mimics partly abolished the effects of AS-IV. In addition, the effect of the miR-1 inhibitor was similar to that of
AS-IV in the LPS model. Further analyses showed that AS-IV treatment decreased the mRNA expression of miR-1 in the heart tissue
of rats and H9c2 cells treated with LPS.
Conclusion: These results suggest that AS-IV attenuated cardiac dysfunction caused by LPS by inhibiting miR-1-mediated
inflammation and autophagy, thereby providing a novel mechanism for the protection against cardiac diseases.
Keywords: lipopolysaccharides, astragaloside IV, cardiac dysfunction, inflammation, autophagy, miRNA-1

Introduction
Astragali Radix is prepared from the roots of Astragalus membranaceus (Fisch.) Bunge.1 As a kind of traditional Chinese
medicine, Astragali Radix has a wide range of pharmacological effects, especially on cardiovascular diseases, such as
coronary heart disease,2 heart failure,3 viral myocarditis,4 and hypertension.5 Astragaloside IV (AS-IV), one of the main
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active ingredients in A. membranaceus, exerts various protective effects against cardiovascular diseases, such as
preventing the endothelial dysfunction of the aortas in streptozotocin-induced diabetic mice,6 ameliorating lead-related
cognitive impairments in mice,7 attenuating hypoxia-induced pulmonary vascular remodeling,8 and restoring myocardial
infarction-induced cardiac dysfunction.9 Many studies have shown that several mechanisms contribute to the protective
effects of AS-IV against the aforementioned diseases. For example, AS-IV can improve oxidative stress,6 induce Nrf2
nuclear translocation,7 regulate the Notch signaling pathway,8 and inhibit apoptosis by inactivating the JNK and p38
signaling pathways.9 In summary, these results suggest that AS-IV exerts multiple effects on preventing cardiovascular
diseases through different mechanisms. Nevertheless, the exact mechanisms are largely unknown and require further
investigation.

Lipopolysaccharides (LPS) can lead to sepsis-like conditions, causing systemic tissue damage, such as myocardial
dysfunction.10 Inflammation has been linked to LPS-induced myocardial dysfunction.11 Many studies have shown that AS-
IV attenuates myocardial dysfunction caused by LPS by inhibiting inflammation. For example, AS-IV inhibits LPS-induced
myocardial damage via the toll-like receptor 4 (TLR4)/nuclear factor kappa B (NF-κB) signaling pathway.12 AS-IV has
protective effects against injury in H9c2 cardiomyocyte cell lines treated with LPS by reducing the levels of interleukin (IL)-6
and tumor necrosis factor (TNF)-α and decreasing the expression of NF-κB.13 In addition, the protective effect of AS-IVon
cardiac dysfunction in mice induced by LPS is contributed to the inhibition of inflammatory cytokines, such as IL-6 and
TNF-α.14 However, the mechanisms by which AS-IV prevents cardiac dysfunction caused by LPS through the inhibition of
inflammation remain to be investigated.

Autophagy plays a critical role in cardiac dysfunction and inflammation.15,16 The significance of regulation of
autophagy and inflammation in the preventive effect of AS-IV against cardiac dysfunction is inconsistent. A line of
evidence has shown that AS-IV exerts protection by inhibiting both inflammation and autophagy.17–19 For example,
studies have revealed that AS-IV reduces a driamycin-induced myocardial injury by inhibiting autophagy.18 In addition,
AS-IV inhibits high glucose-induced oxidative stress and autophagy and protects cardiomyocytes from injury.19 In
contrast, researchers found that AS-IV prevents mechanical stress-induced myocardial hypertrophy in the aortic banding
model by activating autophagy and inhibiting inflammation.16 Taken together, these findings reveal that the regulation of
autophagy and inflammation by AS-IV depends on the heart injury model. Therefore, the significance of both autophagy
and inflammation in the protective effect of AS-IV against cardiac dysfunction caused by LPS requires further
investigation.

MicroRNAs (miRNAs, miRs) regulate gene expression post-transcriptionally.20,21 miR-1 has been identified as a
muscle-specific miRNA and has been extensively investigated and confirmed to be a key regulator of cardiac develop-
ment and disease.20,22–24 However, the expression pattern of miR-1 varies in different cardiac diseases. Increased
expression of miR-1 was found in a rat model of myocardial infarction,25 in individuals with coronary artery disease,23

and the remote myocardium of patients with myocardial infarction.24 On the contrary, Sayed et al reported that miR-1
was downregulated after aortic constriction-induced hypertrophy in a mouse model.20 These results suggest that the
patterns of miR-1 expression are model- and/or disease-dependent and require further investigation. However, the
significance of miR-1 in LPS-induced cardiac dysfunction and in the effect of AS-IVon miR-1 remains largely unknown.

AS-IV has been shown to inhibit inflammatory diseases by regulating miRNAs. For instance, AS-IV attenuates renal
fibrosis by inhibiting miR-192 expression.26 In diabetic peripheral neuropathy, AS-IV attenuates Schwann cell injury
through the regulation of miR-155-mediated autophagy. In a recent study, the effect of miR-1 on cardiac hypertrophy and
cardiomyocyte inflammation was suggested.27 Given that both inflammation and autophagy play essential roles in cardiac
dysfunction, this study aimed to explore whether the inhibition of miR-1-mediated inflammation and autophagy also
contributes to the protective effect of AS-IV against cardiac dysfunction in rats treated with LPS.

Materials and Methods
Materials
Fetal bovine serum (FBS) and Dulbecco’s Modified Eagle’sMedium (DMEM) were provided by Gibco (Grand Island,
NY, USA). AS-IV (purity >98%; chemical formula: C41H68O14; molecular weight: 785, shown in Figure 1 as structure)
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was purchased from Nanjing Jingzhu Bio-technology Co., Ltd (CAS No: 84687-43-4; Nanjing, China). LPS was
purchased from Sigma (St. Louis, MO, USA). miR-1 mimics and inhibitor lentiviruses were obtained from Shanghai
Genechem Gene Technology (Shanghai, China). Antibodies against HPS70, TLR4, IKBα, IKKβ, p65, Bax, Bcl-2, LC3-I,
LC3-II, beclin 1, P62, and GAPDH were obtained from ABclonal (Boston, USA).

Animals and Groups
Sprague-Dawley (SD) rats (male, approximately 220 g) were provided by the Animal Research Center of Jinzhou
Medical University (Jinzhou, China). The Ethics Committee of Animal Experiments of the Jinzhou Medical University
approved the study protocol (approval number: JZMU-2020-168; Liaoning, China), which was conducted in accordance
with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Rats were assigned into
five groups containing six rats each: 1) Control, 2) LPS, 3) LPS + AS-IV, 4) LPS + AS-IV+ miR-1 mimics, and 5) LPS +
miR-1 inhibitor. The dosages of AS-IV and LPS, which were selected according to previous studies, were 80 mg/kg and
10 mg/kg, respectively.28,29 We used only one dose of AS-IV in the present study because we confirmed the protective
effect of AS-IV against cardiac dysfunction using different doses in previous studies.30–33 miR-1 mimics and inhibitors
were injected into the myocardium. AS-IV was intragastrically administered once per day for 15 days, followed by either
an LPS or saline injection. Twenty-four hours after LPS administration, echocardiographic measurements were obtained
under anesthesia. This was followed by blood collection and heart removal for histological or RNA and protein analyses.

Echocardiographic Assessments
Rats were anesthetized with isoflurane, and echocardiographic images were collected using the Mindray Resona 7
imaging system (Shenzhen, China). Ejection fraction (EF), left ventricle internal diameter in systole (LVIDs), and
diastole (LVIDd) were determined. Fractional shortening (FS) was defined as (LVIDd − LVIDs)/LVIDd.

Figure 1 AS-IV chemical structure.
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Histological Analysis
The left ventricle of the heart was fixed in 4% paraformaldehyde, embedded in paraffin, cut into 5-μm sections, and
stained with hematoxylin-eosin (HE).

Enzyme-Linked Immunosorbent Assay (ELISA)
The serum was collected after blood centrifugation. The concentrations of IL-6, TNF-α, and IL-β were measured using
ELISA according to the manufacturer’s instructions.

Immunofluorescence
Immunofluorescence was performed to measure the expression of related proteins.

H9c2 Cell Culture and Treatment
H9c2 cells purchased commercially (Wuhan Punuosai Life Technology Co., Ltd, Wuhan, China) were assigned into five
groups: 1) Control, 2) LPS, 3) LPS + AS-IV, 4) LPS + AS-IV+ miR-1 mimics, and 5) LPS + miR-1 inhibitor. The
concentrations of both LPS and AS-IV were 10 μg/mL, respectively. The miR-1 inhibitor and mimics were transfected
into H9c2 cells. AS-IV was incubated with the cells for 48 h, followed by treatment with LPS.

Autophagosomes Detected by Transmission Electron Microscopy
Autophagosomes were detected using transmission electron microscopy. Briefly, after the LPS treatment, the vesicle
structures of the autophagosomes in the bilayer membrane of cells were observed.

mRNA Expression Determined by Quantitative RT-PCR
Total RNA from heart tissue and cells was extracted and quantified, followed by complementary DNA synthesis and
qRT-PCR. The relative mRNA expression of each gene was normalized to that of the control group. The gene primers
used are listed in Table 1.

Protein Expression Measured by Western Blot
Proteins from heart tissue or cells were extracted using RIPA buffer followed by electrophoresis, transferred to PVP
membranes, blocked with skim milk, and incubated with antibodies against Bax, Bcl-2, Beclin 1, LC3II/LC3I, P62,
HPS70, TLR4, NF-κB inhibitor (IKB)α, inhibitor of NF-κB kinase (IKKβ), NF-κB subunit p65, and GAPDH. The
membrane was incubated with secondary antibodies, followed by detection with ECL reagents.

Statistical Analysis
Values are presented as mean ± SD and analyzed by one-way ANOVA. Statistical significance was set at p <0.05.

Results
AS-IV Decreased the miR-1 mRNA Expression in the Heart Tissue of LPS-Treated
Rats
We first used qRT-PCR to determine the miR-1 mRNA expression in the heart tissue. The results showed that the LPS
treatment alone increased miR-1 expression compared to the control (Figure 2). Compared with the LPS treatment,
supplementation with AS-IV significantly decreased miR-1 expression, and this decrease was partly abolished by the
combination with miR-1 mimics. In addition, miR-1 inhibitor had an effect similar to that of AS-IVon miR-1 expression.
These results suggest that miR-1 might play a critical role in heart diseases caused by LPS, and AS-IV could protect
against heart diseases by targeting miR-1.
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AS-IV Improved Heart Dysfunction and Attenuated the Pathological Changes in LPS-
Treated Rats
To explore the effect of AS-IV on cardiac dysfunction, we established a rat model of cardiac dysfunction by injecting
LPS and confirmed the success of the model by echocardiographic assessment. The results revealed that the LPS
treatment alone increased the LVIDd and LVIDs values while decreasing the EF and FS values compared to the control
(Figure 3A and B). Compared with the LPS treatment, the AS-IV treatment decreased of the LVIDd and LVIDs values,
increasing the EF and FS values. However, all the effects of AS-IV against cardiac dysfunction were partly offset by the
combination with miR-1 mimics. In addition, the miR-1 inhibitor had effects similar to those of AS-IV on cardiac
function. The results also showed that rats treated with LPS exhibited infiltration of inflammatory cells and structural
damage in the heart tissue (Figure 3C). Compared with LPS treatment, AS-IV treatment reduced the degree of
inflammatory cell infiltration and structural damage. However, the combination with miR-1 mimics partly offset all
AS-IV effects. In addition, the miR-1 inhibitor had similar effects as AS-IV. These results revealed that AS-IV improved
cardiac dysfunction and attenuated the infiltration of inflammatory cells and structural damage induced by LPS, which
might be related to the downregulation of miR-1.

Table 1 List of Primers Used for Real-Time RT-PCR

Bax Forward: TTTTTGCTACAGGGTTTCATCC

Reverse: CCAGTTCATCGCCAATTCG

Bcl-2 Forward: GGGATGCCTTTGTGGAACTATA

Reverse: CTTTTGCATATTTGTTTGGGGC

Beclin 1 Forward: AGGAGTTGCCGTTGTACTGTTCTG

Reverse: TGCCTCCAGTGTCTTCAATCTTGC

P62 Forward: ATCCGCTACCTCATCTCCTCCAAC

Reverse: GCAGACCATCCGTCACCAGATTG

LC3-II Forward: CGTCCTGGACAAGACCAAGTTCC

Reverse: CAGGAGGAAGAAGGCTTGGTTAGC

LC3-I Forward: TCGCCGACCGCTGTAAGGAG

Reverse: CGCCGGATGATCTTGACCAACTC

HSP70 Forward: ACAAGGCGGAGTCTGAGGAGATG

Reverse: AGGTCCACGGTGCTGGTCTTC

IKBα Forward: GGTGTTTGAATGTATTGCTGG

Reverse: AGGCTGTTTGGCTGAGGT

IKKβ Forward: GACTTCACCATGGAACCCGT

Reverse: GGAGACTGCCCATTCTCGAC

TRL4 Forward: GCTCTCAACCTTGGTACTGACAGG

Reverse: GTCTCCACAGCCACCAGATTCTC

P65 Forward: GGTGCCTCCAGTGAGAAGAACAAG

Reverse: GCCGTCCTCACAGTGCTTGC
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AS-IV Reduced the Levels of Inflammatory Cytokines in the Serum of LPS-Treated
Rats
Inflammation has been implicated in pathological changes associated with heart diseases. We measured the levels of
cytokines IL-6, TNF-α, and IL-β in the serum of rats treated with LPS to explore whether AS-IV improved cardiac
dysfunction by reducing inflammation. LPS increased the levels of IL-6, TNF-α, and IL-β compared to that in the control
(Figure 4). Compared to the LPS treatment, AS-IV treatment reduced the levels of IL-6, TNF-α, and IL-β; however, the
reduction of the levels of these cytokines was partly abolished by the combination withmiR-1 mimics. In addition, the
miR-1 inhibitor had similar effects as AS-IVon the production of cytokines. These findings suggest that AS-IV improves
cardiac dysfunction induced by LPS, at least partly through the reduction of miR-1-mediated inflammation.

Figure 3 AS-IV improves heart dysfunction and attenuates the pathological changes of heart tissue in LPS-treated rats.
Notes: (A) Representative photograph of echocardiography. (B) EF, FS, LVIDd, and LVIDs. (C) Pathological changes, the arrows indicate inflammatory cell infiltration. The
data are presented as mean±SD. n=6. **p<0.01 vs control group; #p<0.05, ##p<0.01 vs LPS group; ▲▲p<0.01 vs LPS + AS-IV group.

Figure 2 AS-IV decreases miR-1 mRNA expression in the heart tissue of LPS-treated rats.
Notes: The data are presented as mean±SD. n=6. **p<0.01 vs control group; ##p<0.01 vs LPS group; ▲▲p<0.01 vs LPS + AS-IV group.
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AS-IV Regulated the Protein Expression of Inflammatory Signaling Molecules in the
Heart Tissue of LPS-Treated Rats
Signaling molecules involved in inflammation include TLR4, IKKβ, and NF-κB. Next, we investigated the mechanisms
underlying the inhibition of cytokine production by AS-IV through investigating the protein expression of TLR4, IKKβ,
p65, HPS70, and IKBα in the heart tissue of LPS-treated rats. We found that LPS alone significantly upregulated the
protein expression of HPS70, TLR4, IKKβ, and p65, and downregulated that of IKBα in comparison with the control
(Figure 5A and B). We also found that compared with the LPS treatment, AS-IV treatment significantly downregulated
the protein expression of HPS70, TLR4, IKKβ, and p65, and upregulated that of IKBα. However, the upregulation and
downregulation of these signaling molecules by AS-IV were partly abolished by the combination with miR-1 mimics. In
addition, the miR-1 inhibitor had similar effects as AS-IV on the protein expression of these molecules. The protein
expression of HPS70 and p65 was confirmed by immunofluorescence (Figure 5C). These results revealed that AS-IV
reduced the production of cytokines induced by LPS, at least partly through regulating these inflammatory signaling
molecules.

Figure 4 AS-IV reduces the levels of inflammatory cytokines in the serum of LPS-treated rats.
Notes: The data are presented as mean±SD. n=6. **p<0.01 vs control group; ##p<0.01 vs LPS group; ▲▲p<0.01 vs LPS + AS-IV group.

Figure 5 AS-IV regulates the protein expression of inflammation signaling molecules in the heart tissue of LPS-treated rats.
Notes: (A and B) Protein expression of HPS70, TLR4, IKBα, IKKβ, and p65 determined by Western blotting. (C) protein expression of HPS70 and NF-κB determined by
immunofluorescence (400×). The data are presented as mean±SD. n=6. **p<0.01 vs control group; ##p<0.01 vs LPS group; ▲▲p<0.01 vs LPS + AS-IV group.
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AS-IV Regulated Autophagy in the Heart Tissue of LPS-Treated Rats
The crosstalk between inflammation and autophagy plays an essential role in cardiac dysfunction. Next, we determined
the protein expression of autophagy-related proteins Bax, Bcl-2, Beclin 1, LC3-II/LC3-I, and P62 to determine whether
AS-IV regulates autophagy and inflammation. We found that the LPS treatment alone significantly upregulated the
protein expression of Bax, Beclin 1, and LC3-II/LC3-I, but downregulated the expression of Bcl-2 and P62 compared to
those in the control (Figure 6A and B). Compared to the LPS treatment, AS-IV treatment significantly downregulated the
protein expression of Bax, Beclin 1, and LC3-II/LC3-I, and upregulated the expression of Bcl-2 and P62. However, the
upregulation and downregulation of autophagy-related proteins by AS-IV were partly abolished by the combination with
miR-1 mimics. In addition, the miR-1 inhibitor had similar effects as AS-IV. LC3-II and LC3-I protein expression was
confirmed by immunofluorescence (Figure 6C). These results demonstrate that the autophagy regulation also contributes
to the improvement of cardiac dysfunction by AS-IV and that inflammation is accompanied by autophagy.

AS-IV Decreased miR-1 mRNA Expression in LPS-Treated Heart Cells
To clarify the results of the animal study, we performed an experiment at the cellular level using H9c2 cells. We found
that the LPS treatment alone significantly increased miR-1 expression in H9c2 cells compared to that in the control
(Figure 7). Compared to the LPS treatment, the addition of AS-IV reduced miR-1 expression, which was partly abolished
by the combination of miR-1 mimics. Similarly, the miR-1 inhibitor reduced miR-1 expression in H9c2 cells treated with
LPS. These results are consistent with the findings of the animal studies.

AS-IV Regulated the Protein Expression of Inflammation Signaling Molecules in LPS-
Treated Heart Cells
We investigated the mRNA and protein expression levels of TLR4, IKKβ, p65, HPS70, and IKBα. We found that
compared with the LPS treatment, the addition of AS-IV downregulated the expression of HPS70, TLR4, IKKβ, and p65,
and upregulated the expression of IKBα in H9c2 cells (Figure 8A–C). However, the upregulation or downregulation of
these signaling molecules by AS-IV was partly abolished by the combination with miR-1 mimics. In addition, the miR-1
inhibitor had similar effects as AS-IV on the mRNA and protein expression of these molecules.

AS-IV Regulated Autophagy in LPS-Treated Heart Cells
We investigated the mRNA and protein expression of Bax, Bcl-2, Beclin 1, LC3-II/LC3-I, and P62 in cells. Compared
with the LPS treatment, the addition of AS-IV significantly decreased the mRNA and protein expression of Bax, Beclin
1, and LC3-II/LC3-I, and increased that of Bcl-2 and P62 in H9c2 cells (Figure 9A–C). However, the upregulation and
downregulation of autophagy-related proteins by AS-IV was partly abolished by the combination with miR-1 mimics. In

Figure 6 AS-IV regulates autophagy in the heart tissue of LPS-treated rats.
Notes: (A and B) protein expression of Bax, Bcl-2, Beclin 1, LC3-I, LC3-II, and P62 determined by Western blotting. (C) protein expression of LC3-I and LC3-II determined
by immunofluorescence (400×). The data are presented as mean±SD. n=6. **p<0.01 vs control group; ##p<0.01 vs LPS group; ▲▲p<0.01 vs LPS + AS-IV group.
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addition, the miR-1 inhibitor had similar effects as AS-IV. Autophagosomes observed under an electron microscope
yielded similar results (Figure 9D), where the Beclin 1 expression is indicated by a red arrow.

Discussion
In the present study, we found that AS-IV and miR-1 inhibitors attenuated cardiac dysfunction in LPS-treated rats,
inhibited inflammation and autophagy, and decreased miR-1 mRNA expression. However, the protective effect of AS-IV
against cardiac dysfunction was partly offset by the addition ofmiR-1 mimics. The findings of the animal study were
confirmed at the cellular level. These results revealed that AS-IV prevented cardiac dysfunction caused by LPS through

Figure 8 AS-IV regulates the protein expression of inflammation signaling molecules in LPS-treated heart cells.
Notes: (A) mRNA expression of HPS70, TLR4, IKBα, IKKβ, and p65. (B and C) Protein expression of HPS70, TLR4, IKBα, IKKβ, and p65. The data are presented as mean
±SD. n=6. **p<0.01 vs control group; #p<0.05, ##p<0.01 vs LPS group; ▲▲p<0.01 vs LPS + AS-IV group.

Figure 7 AS-IV decreases miR-1 mRNA expression in LPS-treated heart cells.
Notes: The data are presented as mean±SD. n=6. **p<0.01 vs control group; ##p<0.01 vs LPS group; ▲▲p<0.01 vs LPS + AS-IV group.
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the attenuation of miR-1-mediated inflammation and autophagy. The results of the present study stressed the roles of
miR-1-mediated inflammation and autophagy in LPS-induced cardiac dysfunction and provided the novel mechanisms by
which AS-IV attenuates cardiac dysfunction.

To study the protective effect of AS-IV on cardiac dysfunction, we established a rat model of cardiac dysfunction by
injecting rats with LPS and confirmed the success of the model by echocardiographic assessment. These results are in
agreement with those of previous reports, as they reveal that compromised cardiac function is associated with inflammation,
apoptosis, and excess autophagy.34,35 Additionally, the ablation of CD74, the MIF receptor, protects against LPS-induced
cardiac anomalies, inflammation, and apoptosis by suppressing autophagy in a Skp2-SUV39H1-mediated mechanism.34

Similarly, ALDH2 protects against LPS-induced cardiac anomalies by suppressing ER stress and autophagy in a CAMKKβ/
AMPK/mTOR-dependent manner.35 In the present study, we found that AS-IV improved cardiac dysfunction by decreasing
the values of LVIDd and LVIDs and increasing the values of EF and FS. Consistent with the findings from our previous
study,36 these results suggest that AS-IV improved cardiac dysfunction induced by LPS. The results of our present and
previous studies showing that AS-IV improved cardiac dysfunction are in agreement with those of previous studies.28,37–41

For example, Zhang et al found that AS-IV increases the cardiac function index LVEF and decreases hypertrophy indices
LVPWd, LVPWs, IVSd, and IVSs in an aortic banding model.16 Mei et al reported that AS-IV inhibits the isoproterenol-
induced apoptosis of hypertrophic cardiomyocytes by inhibiting oxidation and calpain-1.28 Nevertheless, the mechanisms
by which AS-IV attenuates cardiac dysfunction require further investigation.

Inflammation has been implicated in the pathological changes of cardiac dysfunction, as reflected by the increased
levels of inflammatory factors, including IL-6, IL-β, and TNF-α. In the present study, we found that compared with the
LPS treatment, AS-IV reduced the levels of IL-6, IL-β, and TNF-α in the serum of LPS-treated rats. These results suggest
that AS-IV improves cardiac dysfunction induced by LPS, at least partly through the inhibition of inflammation.
However, the mechanism by which AS-IV decreases the levels of these inflammatory factors remains unknown.
Signaling molecules involved in inflammation include TLR4, IKKβ, and NF-κB. In the present study, we found that
AS-IV downregulated the protein expression of HPS70, TLR4, IKKβ, and NF-κB, and upregulated that of IKBα in the
heart tissue of LPS-treated rats. These findings were confirmed in terms of both mRNA and protein expression at the
cellular level. Taken together, these results suggest that AS-IV reduced the production of inflammatory cytokines induced
by LPS, at least partly through the regulation of these inflammatory signaling molecules. In agreement with our studies,
many studies have revealed that AS-IV has strong anti-inflammatory properties.14,30,42,43 One study reported that AS-IV
inhibits inflammation by inhibiting theTLR4/NF-κB pathway in acute myocardial infarction-induced heart failure in
rats.43 Another study found that in rat cardiac hypertrophy caused by isoproterenol, AS-IV decreased the ratio of nuclear/
cytosolic NF-κB p65 protein and increased IκB-α protein expression, resulting in the downregulation of IL-1β, IL-6, and
TNF-α.30 In LPS-induced heart failure in mice, AS-IV inactivates the NF-кB signaling pathway, decreases the levels of
TNF-α, IL-6, andIL-1β, and improves cardiac function.14

Figure 9 AS-IV regulates autophagy in LPS-treated heart cells.
Notes: (A) mRNA expression of Bax, Bcl-2, Beclin 1, LC3-II/LC3-I, and P62. (B and C) Protein expression of Bax, Bcl-2, Beclin 1, LC3-II/LC3-I, and P62. (D)
Autophagosome found under the electron microscope as indicated of the red arrowheads. The data are presented as mean±SD. n=6. **p<0.01 vs control group;
##p<0.01 vs LPS group; ▲p<0.05, ▲▲p<0.01 vs LPS + AS-IV group.
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The crosstalk between inflammation and autophagy plays an important role in cardiac dysfunction. However, the
significance of the regulation of autophagy and inflammation in the protective effect of AS-IV against cardiac dysfunc-
tion remains unclear. In the present study, we found that AS-IV downregulated the protein expression of Bax, Beclin 1,
and LC3-II/LC3-I, and upregulated that of Bcl-2 and P62. These findings were verified in terms of both mRNA and
protein expression at the cellular level. Together with that the AS-IV-induced inflammation inhibition, these results
demonstrate that the inhibition of autophagy also contributes to the improvement of cardiac dysfunction by AS-IV and
that inflammation is accompanied by autophagy. The roles of autophagy in AS-IV protection against cardiac dysfunction
were incompatible. A line of evidence has shown that AS-IV exerts protective effects by inhibiting autophagy
accompanied by reduction of inflammation. For example, studies have revealed that AS-IV alleviates adriamycin-induced
myocardial injury by inhibiting autophagy.18 In addition, AS-IV inhibits high glucose-induced autophagy and protects
cardiomyocytes from injury.19 In contrast, researchers found that AS-IV prevents mechanical stress-induced myocardial
hypertrophy in the aortic banding model by activating autophagy and reducing inflammation.16 Taken together, these
results suggest that the significance of autophagy in the protective effect of AS-IV against cardiac dysfunction is largely
model-dependent. Similarly, the relationship between inflammation and autophagy in cardiac dysfunction is also model-
dependent. Luo et al demonstrated the pronounced inflammatory responses in LPS-challenged hearts that were possibly
downstream responses to autophagy.34 Consistently, their findings showed that the ablation of CD74 protected against
LPS-induced cardiac anomalies and inflammation by suppressing autophagy. The mechanism underlying the inhibition of
inflammation and autophagy by AS-IV in cardiac dysfunction caused by LPS remains unclear.

miRs regulate gene expression post-transcriptionally.20,21 Cardiac enriched miR-1 regulates cardiac diseases.20,23,25,44

However, the expression pattern of miR-1 varies in different cardiac diseases. Shan et al found upregulated miR-1
expression in a rat model of myocardial infarction.25 Similarly, Yang et al reported that miR-1 is overexpressed in
individuals with coronary artery disease, while the overexpression of miR-1 in normal or infarcted rat hearts exacerbates
arrhythmogenesis.23 In addition, miR-1 is upregulated in the remote myocardium of patients with myocardial infarction.24

On the contrary, Sayed et al reported that miR-1 was downregulated after aortic constriction-induced hypertrophy in a
mouse model.20 These results suggest that the patterns of miR-1 expression are model- and/or disease-dependent and
require further investigation. The effect of miR-1 on cardiomyocytic inflammation and cardiac hypertrophy was suggested
in a recent study.27 In the present study, we found that the protective effect of AS-IV against cardiac dysfunction and the
inhibition of inflammation and autophagy by AS-IV were partly offset by miR-1 mimics. In addition, the miR-1 inhibitor
attenuated cardiac dysfunction in LPS-treated rats, inhibited inflammation and autophagy, and decreased miR-1 mRNA
expression. The animal study findings were consistent with those in the cells. These results suggested that miR-1-mediated
inflammation and autophagy contributed, at least partly, to the protection of cardiac dysfunction by AS-IV.

Conclusion
The results of this study demonstrated that AS-IV improved the cardiac dysfunction of rats treated with LPS by inhibiting
miR-1-mediated inflammation and autophagy. These results suggest that AS-IV prevents cardiac dysfunction from LPS
injury through inhibiting inflammation and autophagy by targeting miR-1.
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