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The occurrence of lipotoxicity during obesity-associated cardiomyopathy is detrimental to
health. Salvianolic acid A (SAA), a natural polyphenol extract of Salvia miltiorrhiza Bunge
(Danshen in China), is known to be cardioprotective. However, its clinical benefits against
obesity-associated cardiomyocyte injuries are unclear. This study aimed at evaluating the
protective effects of SAA against lipotoxicity-induced myocardial injury and its underlying
mechanisms in high fat diet (HFD)-fed mice and in palmitate-treated cardiomyocyte cells
(H9c2). Our analysis of aspartate aminotransferase and creatine kinase isoenzyme-MB
(CM-KB) levels revealed that SAA significantly reversed HFD-induced myocardium
morphological changes and improved myocardial damage. Salvianolic acid A
pretreatment ameliorated palmitic acid-induced myocardial cell death and was
accompanied by mitochondrial membrane potential and intracellular reactive oxygen
species improvement. Analysis of the underlying mechanisms showed that SAA
reversed myocardial TLR4 induction in HFD-fed mice and H9c2 cells. Palmitic acid-
induced cell death was significantly reversed by CLI-95, a specific TLR4 inhibitor. TLR4
activation by LPS significantly suppressed SAA-mediated lipotoxicity protection.
Additionally, SAA inhibited lipotoxicity-mediated expression of TLR4 target genes,
including MyD88 and p-JNK/MAPK in HFD-fed mice and H9c2 cells. However, SAA
did not exert any effect on palmitic acid-induced SIRT1 suppression and p-AMPK
induction. In conclusion, our data shows that SAA protects against lipotoxicity-induced
myocardial damage through a TLR4/MAPKs mediated mechanism.
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INTRODUCTION

Obesity is a global epidemic that is characterized by excessive
amounts of circulating free fatty acids (FFAs), resulting in a
variety of metabolic disorders, including lipotoxic
cardiomyopathy (Schrammel et al., 2013). Lipotoxicity occurs
when FFAs form heterotopic deposits in non-adipose tissues,
including the kidney, skeletal muscles, and liver (Sletten et al.,
2018). Lipotoxicity-induced myocardial damage accelerates
advanced heart disease development. Palmitic acid (PA), the
most abundant saturated fatty acid in human diet, has been
found to be significantly elevated in blood samples of both obese
individuals and high-fat diet (HFD) -fed animals (van Rooijen
and Mensink, 2020). Therefore, PA is widely used to induce
lipotoxicity in vitro.

Although the mechanisms underlying obesity-associated
cardiac dysfunction are not fully understood, several factors,
including toll-like-receptor 4 (TLR4) have been implicated.
TLR4 is a well-known activator of innate immune responses
against pathogens and has recently been shown to mediate
obesity-induced cardiac inflammation, glucose metabolic
derangement and injury (Jackson et al., 2015; Chen et al., 2020;
Liu et al., 2020). Palmitate is an endogenous TLR4 ligand that
significantly upregulates TLR4 levels in hepatocytes (Dou et al.,
2020). Palmitate also enhances TLR4 expression in cardiomyocytes
(Wang et al., 2017). Studies on HFD-induced obesity have shown
that myocardial damage is significantly alleviated by TLR4
depletion (Wang et al., 2017). MyD88 is an adapter protein that
mediates TLR4 signal transduction and activation of mitogen-
activated protein kinase (MAPK) signaling pathway. MyD88 or
MAPKs (including JNK and ERK1/2) inhibition has been shown to
improve lipotoxicity-induced cardiac injury in both obese mice
and cultured cardiomyocytes (Liu et al., 2014; Wang et al., 2016).
Additionally, adenosine monophosphate activated protein kinase
(AMPK), a key cellular energy sensor, has been implicated inHFD-
induced cardiac hypertrophy, palmitate-induced apoptosis, and
cardiomyocytes lipid deposit (Gélinas et al., 2018; Yang et al., 2018;
Zhang et al., 2019). AMPK activation inhibits myocardial
hypertrophy by regulating energy metabolism through sirtuin 1
(SIRT1) (Ma et al., 2018).

Salvia miltiorrhiza Bunge (Danshen in China) is a
Chinese medicinal herb that has traditionally been used for
the treatment of cardiovascular diseases. Salvianolic acid A
(SAA) is the main water-soluble component of Danshen. It
has been established that SAA has a range of pharmacological
effects, including anti-oxidant, anti-inflammatory, anti-fibrotic,
and anti-carcinogenic activities (Yang et al., 2012; Zheng et al.,
2015; Wang et al., 2019a). Animal models have shown that SAA
is cardioprotective, including during ischemic-reperfusion,
cardiomyocyte infarction, and arsenic trioxide-induced injury
(Ho and Hong, 2011; Feng et al., 2017; Wang et al., 2019b).
However, its clinical benefits against lipotoxicity-induced
myocardial damage have not been established.

In this study, we investigated the clinical benefits of SAA
against lipotoxicity-induced cardiac injuries in both HFD-
induced obese mice and palmitate-exposed cardiomyocytes.

Our findings highlight the potential therapeutic values of SAA
in the prevention and treatment of obesity-associated myocardial
damage.

MATERIALS AND METHODS

Animals Studies
Animal care and experiments complied with National Institute
of Animal Health guidelines on animal research. Ethical
approval was granted by the Animal Ethics Committee at
Zhejiang Chinese Medical University. Eight-week old male
C57BL/6J mice were housed at 22 ± 2°C and 12-h light/dark
cycle. Animals were divided into the following groups (6
mice each); normal diet group (Control), HFD group (HFD),
normal diet with 40 mg/kg BW SAA group (SAA), and HFD
with 40 mg/kg BW SAA (SAA + HFD) group. The Control
group was fed AIN-93G diet. HFD mice were fed 60% fat
diet to induce obesity (60% fat, D12492, Research Diets,
New Brunswick, NJ), and water enriched with high fructose
and sucrose. 42 g/L of carbohydrates was added to drinking
water at a ratio of 45% sucrose and 55% fructose (St. Louis,
MO) by weight. SAA was dissolved in sterilized physiologic
saline to a stock concentration of 20 mg/ml. 100 μL aliquots
of the SAA solution or sterilized physiologic saline were
intraperitoneally administered to mice every other day for 12
weeks. Body weight was recorded weekly. At the end of the
experiment, mice were fasted overnight, anesthetized using
sodium pentobarbital (50 mg/kg BW), and sacrificed to
obtain plasma and hearts for analysis. The obese mice model
was successfully established by the evaluating of body weight
and plasma lipids (Supplementary Figure S1).

Measurement of Plasma Lipids, AST,
CK-MB Level
Mice were sacrificed under anesthesia, blood was obtained and
plasma was harvested by centrifugation for 5 min at 3,000 rpm.
Plasma AST, CK-MB, triglyceride (TG), free fatty acids (FFA),
total cholesterol, high-density lipoprotein-cholesterol (HDL-C),
low-density lipoprotein-cholesterol (LDL-C) levels were then
measured using commercial kits (Nanjing Jiancheng BioTech.
Co. Ltd., Nanjing, China) according to the manufacturers’
instructions.

Immunohistochemistry
Hearts were fixed in 4% PFA and embedded in paraffin. Sectioned
tissues were then stained using H&E and their myofibers analyzed
histologically. H&E sections were examined and imaged under
brightfield illumination on a Leica microscope (Carl Zeiss,
Gottingen, Germany).

Reagents
Lipopolysaccharides (LPS) was purchased from Selleck
Chemicals (Huston, TX). PA, stearic acid (SA), oleic acid
(OA), and SAA were purchased from Sigma-Aldrich
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(St. Louis, MO). CLI-95 was purchased from Invitrogen
(Carlsbad, CA). SA-BSA and PA-BSA were processed as
previously described (Dou et al., 2020). Briefly, SA or PA were
solubilized in 100% ethanol and saponified with sodium
hydroxide. The sodium salt was desiccated and resuspended in
PBS. It was then heated at 80°C to achieve complete dissolution.
We then added an isovolumetric 20% (w/v) BSA and stirred the
mixture at 50°C for 4 h to allow SA or PA to bind BSA. The SA-
BSA or PA-BSA complex (3 mmol/L fatty acid:1.5 mmol/L BSA,
molar ratio, 2:1) was sterilized by filtration, and aliquoted for use.
Oleate was complexed with 10% BSA to produce a stock solution,
which was diluted in culture medium prior to use. The control
and vehicle groups were treated with equal amounts of solvents
(BSA or DMSO).

Cell Culture
H9c2 cells were obtained from Shanghai Institute Cell Bank
(Shanghai, China). Cells were cultured in DMEM medium
(Gibco, Eggenstein, Germany) containing 5.5 mmol/L
D-glucose and supplemented with 10% FBS (Biological
Industries, ISR) as well as 100 U/mL/100 mg/ml pen/
strep, at 37°C, in a humidified incubator, O2/CO2 (19:1)
atmosphere.

Cell Death Assay
2×105 cells/well were seeded onto a 24-well plate and cultured in
normal media or media containing indicated concentrations of
palmitate in the presence or absence of SAA (5, 10, 20, 40 μM).
After 12 h, 450 μM MTT solution was added into each well and
incubated for 4 h. The supernatant was removed and 600 μL
DMSO added to dissolve the resulting formazan. Absorbance was
then read at 470 nm using FLUOstar Omega (BMG Labtech). For
the LDH test, the culture medium was collected and LDH assayed
using an LDH assay kit (Thermo Scientific Inc., VA) according to
the manufacturers’ instructions. Nuclear morphological changes
were examined by staining with 5 mg/L Hoechst 33342 for 10 min
at 37°C before being imaged under a fluorescent microscope
(Leica).

Reactive Oxygen Species (ROS)
ROS levels were evaluated as described before (Li et al., 2014).
After treatments, cells were washed and placed in serum free
medium. 2, 7-dichlorodi-hydrofluorescein diacetate (DCFH-DA)
was added to each well at a final concentration of 10 μM and cells
cultured at 37°C for 20 min. They were then washed thrice using
ice-cold PBS. Fluorescence intensity was determined using an
inverted fluorescent microscope (Leica, Wetzlar, Germany). The

FIGURE 1 | SAA reverses PA-induced lipotoxicity in H9c2 cardiomyocytes (A)Cardiomyocytes were seeded onto 24-well plates and grown to 80–90% confluence
before treatment with the indicated SAA concentrations for 24 h. Cell viability was determined using MTT. (B), (C) Cardiomyocytes were pretreated with indicated SAA
concentrations for 1 h and incubated with 0.4 mM palmitic acid (PA) for 12 h and cell viability and LDH release measured. (D)Western blot analysis of cleaved Caspase-
3, Bcl-2, and Bax. Values are presented asmean ± SD for three or more independent tests. (E)Hoechst staining for nuclei. Cell death was detected bymorphologic
examination after Hoechst staining by fluorescence microscopy (mag � 200X). (F) ROS levels were measured using DCFH-DA. (G) MFI analysis of mitochondrial
membrane potential using Rh123. Values with different superscripts are significantly different at p < 0.05. * shows comparison with normal control group while # shows
comparison with PA-only treatment group.
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FIGURE 2 | SIRT1/AMPK pathway is not involved in SAA protection from lipotoxicity. Cardiomyocytes were incubated with 0.4 mM palmitic acid (PA) for 12 h.
10 μM SAA was added 1 h before PA treatment. SIRT1, AMPK, and p-AMPK, protein levels were determined by western blot. Data were quantified by densitometric
analysis as fold changes. Values are presented as mean ± SD for ≥3 independent tests. Bars with different characters are significantly different, p < 0.05.

FIGURE 3 | SAA attenuates palmitate-induced TLR4 activation. Cardiomyocytes were seeded onto 24-well plates and grown to 80% confluence before treatment
with 0.4 mM PA for 2, 4, 8 and 12 h (A) or 0.2, 0.4, 0.6, or 0.8 mM PA for 4 h (B) For the detection of anti-lipotoxicity role of SAA, H9c2 cells were incubated with 0.4 mM
palmitic acid (PA) for 4 h. 10 μM SAA was added 1 h before free fatty acids treatment. Representative western blot data on TLR4 levels. Data are shown as mean ± SD.
Total protein was extracted frommyocardial cells. TLR4, MyD88, p-JNK, and p-ERK1/2 levels were determined by western blot. Values with different superscripts
are significantly different at p < 0.05. * indicates comparison with normal control group while # indicates comparison with PA-only treatment group.
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mean fluorescence intensity (MFI) of five random fields was
determined using ImageJ.

Mitochondrial Membrane Potential (MMP)
Assay
MMP was evaluated using Rhodamine123 (Rh123) at a final
concentration of 100 μg/ml for 45 min. Fluorescence was
measured using a fluorescent microscope (Leica, Wetzlar,
Germany). The mean fluorescence intensity (MFI) of five
random fields was determined using ImageJ.

Western Blotting
Western blotting was done as previously described (Li et al., 2014)
using the following antibodies: anti-β-actin, anti-cleaved-caspase3,
anti-Bcl-2, anti-Bax, anti-MyD88, anti-JNK, anti-phospho-JNK, anti-
ERK1/2, anti-phospho-ERK1/2, and anti-GAPDH from Cell
Signaling Technology; Anti-TLR4, anti-SIRT1, anti-AMPK, anti-
phospho-AMPK, from Santa Cruz Biotechnology. β-actin and
GAPDH were used as loading controls. Protein levels were
detected using HRP-conjugated secondary antibodies, and signal
developed using ECL.

Statistical Analysis
Data are presented as mean ± SD for ≥3 independent biological
experiments with three replicates per experiment. Statistical
analysis was done using SPSS. Student’s t-test or one-way
ANOVA followed by Tukey test were used for pairwise
comparisons between groups. p < 0.05 was set as the threshold
for statistical significance.

RESULTS

SAA Protects Against Lipotoxicity-Induced
Myocardial Cell Injury
First, we tested the cytotoxic effects of various FFAs on myocardial
cells with or without SAA. Analysis of LDH levels in the culture
media revealed that long-chain saturated fatty acids (LSFAs),
including PA and SA, exhibited significant dose-dependent
lipotoxicity (Supplementary Figures S2A–D). OA, an
important representative of long-chain monounsaturated fatty
acids, did not exert lipotoxic effects in myocardial cells
(Supplementary Figures S2E,F). Based on these results, we
chose 0.4 mMPA to stimulate myocardial cells. To establish
appropriate SAA concentrations for the experiments, we
evaluated SAA cytotoxicity in cells without fatty acid treatment,
and found that tolerance was up to 800 μM SAA (Figure 1A). Cell
viability and LDH assays indicated that SAA significantly
suppressed PA-induced cell death (Figures 1B,C). In vitro
assays were done using SAA at a maximum concentration of
40 μM. Pretreating cells with SAA significantly reversed PA-
induced cytotoxicity in a dose-dependent manner (Figures
1B,C). Then, 10 μM of SAA were chosen for the subsequent
experiments. It was found that 10 μM SAA inhibited PA-
mediated upregulation of cleaved Caspase-3, Bcl-2, Bax, and
Bcl2/Bax ratio, indicating suppressed apoptosis (Figure 1D).
Additionally, PA-stimulated chromatin damage was reversed by
SAA pre-treatment (Figure 1E). Reduced circulating FFA levels
enhanced oxidative stress during cardiomyopathy. This prompted
us to assess SAA’s capacity to scavenge PA-induced ROS in cardiac
cells. The DCFH-DA assay showed that 0.4 mMPA significantly

FIGURE 4 | TLR4 was involved in lipotoxicity-induced injury in cardiomyocytes. Cardiomyocyte cells were treated with PA at 0.4 mM for 4 h with or without 1 h CLI-
095 preincubation (1 μM). PA-induced cytotoxicity in CLI-095-treated cardiomyocytes was determined using the MTT assay (A) and analysis of LDH release into culture
medium (B). (C) Nuclear staining with Hoechst. (D) Representative western blot with densitometric analysis of cleaved Caspase-3 levels in cells. (E) ROS levels were
measured using DCFH-DA. (F) MFI analysis of mitochondrial membrane potential using Rh123. Values are presented as mean ± SD for ≥3 independent tests. *
indicates comparison with normal controls while # shows comparison with PA-only treatment. Bars with different characters are significantly different, p < 0.05.
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increased ROS levels relative to control cells (Figure 1F). However,
SAA was shown to significantly suppress ROS production. MFI
values showed that SAA significantly reduced PA-induced ROS
production. Pretreatment with SAAwas also shown to significantly
reverse PA-induced reduction of mitochondrial membrane
potential (MMP) (Figure 1G). Together, these data demonstrate
the protective effects of SAA against mitochondrial damage,
apoptosis, and oxidative stress-mediated injury.

The Protective Role of SAA Is Independent
of SIRT1 and AMPK Pathways
Next, we determined whether SIRT1 mediates the beneficial
effects of SAA against PA-induced cardiac lipotoxicity and

found that SIRT1 levels were significantly reduced in PA-
treated cells, while SAA treatment did not reverse SIRT1
suppression by PA (Figure 2). Analysis of potential AMPK
involvement showed that pretreatment with SAA did not
effectively improve PA-induced alteration of AMPK
(Figure 2), implying that SIRT1 and AMPK did not mediate
SAA effects in myocardial cells.

Activation of TLR4/AMPK Signaling
Pathway Contributes to SAA
Lipo-Protective Effects in Cardiac Cells
TLR4 inhibition is thought to be an SAA target during liver
injury. Therefore, we determined if TLR4 signaling modulated

FIGURE 5 | TLR4 activation contributes to SAA protection from lipotoxicity-induced injury in cardiomyocytes. Cardiomyocyte cells were treated with PA at 0.4 mM
for 4 h. TLR4 was activated with 100 ng/ml LPS for 2 h before PA treatment. 10 μMSAAwas added 1 h before PA treatment. (A) Cell viability was tested using MTT. (B)
LDH release measurement. (C) Nuclear staining with Hoechst. Cell death was detected by assessing nuclear morphology by fluorescence microscopy at a ×200
magnification (D) ROS levels were measured by DCFH-DA. (E)Mitochondrial membrane potential (MMP) was examined by fluorescence microscopy. (F) Cleaved
Caspase-3, TLR4, MyD88, p-JNK, and p-ERK1/2 levels were determined by western blot. Values are presented as mean ± SD for ≥3 independent tests. Bars with
different characters are significantly different, p < 0.05.
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the protective effects of SAA against lipotoxicity. Analysis of
TLR4 expression levels in PA-treated cardiac cells showed that
treatment with PA at 0.4 mM for 2–4 h significantly increased
TLR4 levels. At 8–12 h, the expression levels of TLR4 were not
found to be significantly different from the untreated cardiac cells
(Figure 3A). Then, we determined the expression level of TLR4
after the treatment with indicated concentrations (0.2, 0.4, 0.6,
0.8 mM) of pA. It was found that TLR4 were significantly up-
regulated by PA treatment in a dose-dependent manner
(Figure 3B). We then tested 0.4 mM concentration of PA on
H9c2 cells for 4 h with or without SAA. MAPKs mediate SAA
protection of liver injury. Analysis of whether MAPKs signaling
mediate SAA protection against PA-induced lipotoxicity showed

that SAA pretreatment significantly reversed PA-induced
upregulation of MyD88, p-JNK and p-ERK1/2 levels. This
implies that SAA lipo-protective effects are, partly, mediated
by TLR4/MyD88/MAPKs signaling (Figure 3C).

TLR4 Upregulation Mediates PA-Induced
Lipotoxicity in Cardiac Cells
To confirm whether TLR4 regulates lipotoxicity in
cardiomyocytes, we inhibited TLR4 using CLI-095 in H9c2
cells. TLR4 inhibition significantly suppressed cytotoxicity and
LDH release relative to palmitate-treated cells (Figures 4A,B),
supporting the observation that TLR4 facilitates PA-induced

FIGURE 6 | TLR4/MAPKs pathway is involved in SAA protection of cardiomyocytes from lipotoxicity-induced injury in high-fat diet (HFD)-fed mice. Animals were
divided into the following groups (6 mice each); normal diet group (Control), HFD group (HFD), normal diet with 40 mg/kg BW SAA group (SAA), and HFD with 40 mg/kg
BW SAA (SAA + HFD) group. The Control group was fed AIN-93G diet. HFD mice were fed 60% fat diet to induce obesity (60% fat, D12492, Research Diets, New
Brunswick, NJ) and water enriched with high fructose and sucrose. SAA was dissolved in sterilized physiologic saline with a stock concentration of 20 mg/mL. A
total volume of 100 μL SAA diluted solution or sterilized physiologic saline was intraperitoneally administered every other day for 12 weeks. (A) H/E staining of
cardiomyocytes - scale bars � 50 μm. (B) Plasma aspartate aminotransferase (AST) level (C) plasma creatine kinase, MB (CK-MB) level. (D) Cleaved Caspase-3, TLR4,
MyD88, JNK, p-JNK, ERK1/2 and p-ERK1/2 levels in mouse heart tissueswere determined by western blot. Values with different superscripts are significantly different at
p < 0.05. * indicates comparison with normal controls while # shows comparison with HFD-fed group.
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lipotoxicity in cardiomyocytes. Moreover, inhibiting TLR4 also
suppressed PA-induced elevation of cleaved Caspase-3 and ROS,
mitochondrial membrane potential repression, and apoptosis in
cardiac cells (Figures 4C–F), implying that TLR4 is involved in
PA-induced lipotoxicity in cardiac cells.

TLR4/MAPKs Is Involved in SAA
Lipo-Protective Effects in Cardiomyocytes
To determine the role of TLR4/MAPKs in SAA’s lipo-protective
effects in cardiomyocytes, we activated TLR4 using LPS and
found that it significantly suppressed the protective properties
of SAA against lipotoxicity, including cell viability, LDH release,
MMP, ROS formation, apoptosis, and cleaved Caspase-3 levels
(Figures 5A–F). Moreover, TLR4 upregulation mitigated the
lipo-protective effects of SAA through PA-induced targets of
MyD88 and MAPKs, including p-JNK and p-ERK1/2
(Figure 5F). These findings confirmed that TLR4 signaling is
involved in the exertion of the lipo-protective effects of SAA in
cardiomyocytes.

TLR4/MAPKs Mediate SAA Lipo-Protective
Effects in Cardiomyocytes of HFD-FedMice
To determine the protective effects of SAA in cardiomyocytes of
HFD-fed mice, we examined the pathological alterations of
cardiomyocytes in various groups using H&E staining. There
were structural abnormalities in the cardiomyocytes of HFD-fed
mice, including altered cellular structures and broken fibers,
which were significantly alleviated by SAA treatment
(Figure 6A). The plasma levels of AST and CK-MB are
indicators of cardiomyocyte injury. We found that SAA
significantly reduced HFD-driven increase in plasma AST and
plasma CK-MB levels (Figures 6B,C). Furthermore, SAA
significantly suppressed HFD-induced increase in cleaved
Caspase-3 in mouse myocardial tissues (Figure 6D), implying
that SAA prevented against cardiomyocyte lipotoxicity in HFD
fed mice.

We then examined the role of TLR4/MAPKs in SAA anti-
lipotoxic effects in vivo and found that SAA significantly
suppressed HFD-induced elevation of TLR4, MyD88, p-JNK
and p-ERK1/2, consistent with our in vitro data (Figure 6D).
These findings suggest that TLR4/MAPKs inhibition contributes
to SAA’s protection of cardiomyocytes from lipotoxicity.

DISCUSSION

We have shown that SAA, a phytochemical found in Danshen,
protects against lipotoxicity in HFD-fed mice and cultured
cardiomyocytes. Its benefits are associated with its effects on
TLR4/MAPKs signaling. SAA is a bioactive component of Salvia
miltiorrhiza Bunge. In traditional Chinese medicine, Danshen is
used to enhance blood flow, resolve blood stasis and for the
prevention and treatment of cardiovascular diseases. However,
the cardioprotective benefits of SAA are not well understood.

Lipotoxicity refers to cellular damage and death caused by free
fatty acids elevation and aberrant lipid metabolism. Lipotoxicity
by saturated fatty acids (SFAs) promotes myocardial lipotoxic
injury. Sustained SFA elevation leads to myocardial lipotoxic
injury, resulting in cardiac dysfunction (Wende and Abel, 2010).
As documented in literature, PA and SA, but not OA, cause
significant myocardial cell injury by suppressing cell viability
and enhancing LDH activity in a dose-dependent manner.
Moreover, PA elevated Bcl2: Bax ratio, as well as Caspase-3
levels, implying that it mediates cardiomyocyte apoptosis.
These data established that SFAs induce myocardial lipotoxic
injury in vitro. LSFA induction of myocardial injury,
mitochondrial dysfunction, and subsequent mitochondrial
apoptosis mediate cardiomyopathic pathogenesis (Murphy
et al., 2016). We found that cardiomyocytes are susceptible to
PA stimulation, causing mitochondrial damage, increased ROS,
decreased MMP, and reduced Bcl2/Bax ratio. To our knowledge,
a limited number of studies have evaluated the protective effects
of SAA against SFA-induced myocardial lipotoxicity. Analysis of
the effect of SAA on PA-induced myocardial lipotoxicity revealed
that SAA exposure inhibited the PA-induced LDH release and
cell viability in a dose-dependent manner by reversing the effect
of lipotoxicity on MMP, ROS, and Bcl2/Bax ratio. These findings
are in tandem with the role of SAA on PA-induced hepatic
lipotoxic injury in NAFLD (Li et al., 2020).

Activation of SIRT1/AMPK signaling may prevent oxidative
stress and inflammation during lipotoxicity-related hepatocyte
injury (Xu et al., 2020). SAA alleviates insulin resistance and
HFD-induced NAFLD through AMPK activation (Li et al., 2020).
Moreover, SIRT1/AMPK attenuates palmitate-induced oxidative
stress in cardiomyocytes. Multiple bioactive compounds,
including curcumin (Zhang et al., 2019) and resveratrol (Feng
et al., 2019) protect cardiomyocytes from apoptosis through the
AMPK pathway. However, in this study, SAA did not reverse PA-
induced activation of SIRT1 and AMPK phosphorylation in
cardiomyocytes.

Another potential mechanism for SAA is through the TLR4
axis (Yang et al., 2019). In myocardial cells, TLR4 acts as a cellular
injury sentinel and mediates inflammatory responses (Zhou et al.,
2020). PA has been reported to be a TLR4 ligand during the
induction of myocardial inflammatory responses where it
activates TLR4 after HFD-induced injury (Wang et al., 2017).
In line with the reports, we found TLR4 expression levels were
upregulated in PA-stimulated cardiomyocytes injury, in vitro. In
addition, TLR4 inhibition using CLI-095 significantly suppressed
PA-induced cardiomyocytes mitochondrial dysfunction and
apoptosis. This implies that TLR4 inhibition is a potential
therapeutic target for lipotoxic heart disease. Interestingly, the
cytoprotective effects of SAA in various cellular contexts are
attributed to TLR4 inhibition (Zeng et al., 2020). Through
modulating TLR4 signaling, SAA reduces oxidative stress,
inflammation, and apoptosis in liver tissue during insulin
resistance (Yang et al., 2019). Thus, we determined whether
TLR4 signaling involved in the protection of SAA against
lipotoxicity-induced myocardial damage. Accordingly, SAA
significantly alleviated PA-activated TLR4 protein levels,
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concurrent with reduction of its downstream factor MyD88 to
activate the MAPK family members.

In cardiomyopathy, MAPK signaling activation induces
cardiomyocytes apoptosis and promotes inflammation injury
(Liang et al., 2019). In vitro, MAPKs overactivation has been
reported to be involved in LSFAs-induced apoptosis in various
cell types, including cardiomyocytes, pharmacologically
inhibiting MAPKs or silencing them significantly elevates
H2O2 levels and LSFAs-induced cell death (Oh et al., 2014).
Previously, we have shown that TLR4/MAPK activation
contributes to PA-induced cell death in hepatocytes. Analysis
of if TLR4/MAPK signaling is mechanistically involved in PA-
induced cell death in cardiomyocytes and SAA′ s cardioprotective
effects found that PA upregulated TLR4/MAPKs expression in
H9c2 cells in vitro, SAA reversed the expression of TLR4, MAPK
and its downstream signals p-JNK, ERK1/2.

To further delinate the role of TLR4 in SAA and PA-induced
lipotoxicity in cardiomyocytes lipotoxicity, we further dissected
potential underlying mechanisms. In our previous study (Dou
et al., 2020), activating TLR4 using LPS markedly blocked the
lipid-reducing effects of Salidrosid. Consistent with the results,
the TLR4 activation by LPS prominently abolished the beneficial
role of SAA on TLR4-regulated MAPKs inhibition and
myocardial apoptosis, which indicated that TLR4-regulated
MAPKs pathway was mechanistically involved in SAA
protection against cardiomyocytes lipotoxicity. However, we
still do not know how SAA regulates TRL4/MAPKs expression
in cardiomyocytes. In addition, LPS is a very strong activator of
TLR4 pathway, which induction markedly aggravated PA-
induced adverse effects, which might mask the potential
protective effect of SAA through other pathways. Therefore,
the participation of other potential signaling pathways in
SAA-prevented lipotoxicity could also not be excluded,
although it seems like that LPS completely abolished the
beneficial effects of SAA.

In summary, we show that SAA has anti-inflammatory and
anti-mitochondrial dysfunction effects in vitro and in vivo. Thus,
the clinical benefits of SAA are closely associated with its ability to
reduce TLR4 and inhibit MAPKs. We provide important insights
into the mechanisms by which SAA-mediates myocardial
protection against lipotoxic injury, thereby highlighting SAA

as a potential dietary supplement or therapeutic agent for
preventing and treating lipotoxicity-induced heart diseases.
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