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Cardiac hypertrophy is an adaptive change in response to pressure overload, however the hypertrophy may evolve toward heart failure if cannot be corrected as soon as possible. The dysfunction of peroxisome proliferator-activated receptor-α (PPARα) plays a key role in cardiac hypertrophy. In the present study, salidroside inhibited the mRNA expressions of hypertrophic markers including atrial natriuretic factor and brain natriuretic peptide in a dosage-dependent manner. Furthermore, the protein expression and transcriptional activity of PPARα were increased by salidroside in H9C2 cells treated with angiotensin II, as well as the target genes of PPARα, while the situations were nearly reversed when PPARα was knocked down. Next, salidroside could elevate the expression of ATGL, a key upstream regulator of PPARα; the effects of salidroside including increasing PPARα function and inhibiting cardiomyocyte hypertrophy were impaired by ATGL knockdown. Our present studies suggested that salidroside elevated PPARα function to alleviate cardiomyocyte hypertrophy, which was involved in the increase of ATGL expression.
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INTRODUCTION
Cardiac hypertrophy can maintain stable cardiac output under conditions such as pressure overload. However, the increased thickness of the ventricular wall results in the lengthening of the coronary branches, which is obviously not conducive to the blood supply of the myocardium, especially the subendocardial myocardium that is more prone to ischemia and hypoxia. In addition to cardiomyocyte enlargement, interstitial fibrosis is another important morphological change in cardiac hypertrophy, which also leads to myocardial diastolic dysfunction due to decreased cardiac compliance. Besides, myocardial hypertrophy is also accompanied by other changes, such as myocardial energy metabolism disorders, electrical activity disturbances, oxidative stress damage, etc., (Nakamura and Sadoshima, 2018). For the above reasons, Cardiac hypertrophy gradually evolves into heart failure.
Excessive activation of the sympathetic nervous system and the renin-angiotensin-aldosterone system plays important roles in cardiac hypertrophy (Nakamura and Sadoshima, 2018). Inhibiting the activation of these two systems remains an important strategy for the treatment of cardiac hypertrophy and heart failure, such as β-adrenergic receptor antagonists and angiotensin converting enzyme inhibitors (Nakamura and Sadoshima, 2018). However, these drugs are still unsatisfactory against cardiac hypertrophy. The search for effective therapy is still expected.
Dysfunction of energy metabolism is considered to be one of the important reasons for the development of cardiac hypertrophy. The heart is an energy-intensive organ with extremely high energy expenditure and susceptible for any disturbances. In resting state, fatty acid oxidation accounts for about 70% of the heart’s energy source and is the main source of heart energy (Tuomainen and Tavi, 2017; Nakamura and Sadoshima, 2018). However, the utilization of heart’s energy substrate is switched from fatty acids to glucose in cardiac hypertrophy, and then the dysfunction of PPARα plays a key role in this process (Tuomainen and Tavi, 2017; Montaigne et al., 2021). PPARα is a member of the nuclear receptor family of ligand-activated transcription factors and regulates the uptake, transport and oxidation of fatty acids (Montaigne et al., 2021). The decline of protein expression and transcriptional activity of cardiac PPARα is widely observed in cardiac hypertrophy, and cardiac hypertrophy is enhanced in response to chronic pressure overload in mice of PPARα knockout (Smeets et al., 2008; Wu et al., 2019; Wang et al., 2021); moreover, PPARα agonists can attenuate cardiac hypertrophy (Kar and Bandyopadhyay, 2018; Zeng et al., 2018; Dhyani et al., 2019). Therefore, the regulation of PPARα function has become one of the important strategies against cardiac hypertrophy.
Salidroside, a phenolic glycoside compound, can be extracted from the roots of Rhodiola species such as Rhodiola rosea L. (Tao et al., 2019). Salidroside shows diverse pharmacological activities such as anti-oxidative stress, anti-diabetes, anti-inflammation, anti-liver fibrosis and others (Zhang et al., 2021); however, it is not known whether salidroside can protect heart from hypertrophic stimulation. Some studies show that salidroside elevates the expression of PPARα in the liver and muscles in high fat diet-fed rats (Almohawes et al., 2022) and the heart of coronary artery ligated rats (Chang et al., 2016). In this case, we speculate that salidroside might elevate PPARα function to attenuate cardiomyocyte hypertrophy.
MATERIALS AND METHODS
Chemicals and Antibodies
Rabbit monoclonal anti-adipose triglyceride lipase (ATGL, 3370-1) was obtained from Epitomics biotech company (Epitomics, CA, United States). Angiotensin II (Ang II, sc-363643), Salidroside (Sal, sc-472942), mouse monoclonal anti-heat shock transcription factor 1 (HSF1, sc-17757), mouse monoclonal anti-peroxisome proliferator-activated receptor-α (PPARα, sc-398394) and mouse monoclonal anti-estrogen-related receptor-α (ERRα, sc-65720) were purchased from Santa Cruz Biotechnology (Dallas, TX, United States). Mouse monoclonal anti-α-Tubulin (3873), Rabbit monoclonal anti-retinoid X receptor-α (RXRα, 3085) and Rabbit monoclonal anti-Lamin B1 (13435) were purchased from Cell Signaling Technology (Danvers, MA, United States).
Cell Culture, Transfection and Infection
H9C2 cells were cultured in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum at 37°C in a humidified atmosphere containing 5% CO2.
SiRNA targeting PPARα and ATGL were obtained from GenePharma (Shanghai, China). H9C2 cells were seeded in 6-well plates and the transfection was performed until cells reached to 80% confluence. The cells were then transfected with targeting siRNA (50 nM, final concentration) or non-targeting siRNA (negative control, NC; 50 nM, final concentration) using Lipofectamine 3000 (Invitrogen) following the manufacturer’s instructions. The sequences of siRNA targeting PPARα or ATGL are listed in Supplementary Table S1.
For ATGL overexpression, H9C2 cells were infected with adenovirus inserting ATGL gene (Ad-ATGL) for 48 h, and Ad-GFP vector was used as a control.
Dual Luciferase Reporter Assay
The pPPARα-TA-luc reporter plasmid was constructed, which contains PPRE (5′-GTC​GAC​AGG​GGA​CCA​GGA​CAA​AGG​TCA​CGT​TCG​GGA​GTC​GAC-3, three copies) from the promoter region of rat acyl-CoA oxidase gene (Forman et al., 1995). For the dual luciferase reporter assay, H9C2 cells were seeded in 96-well culture plates and co-transfected with 100 ng of pPPARα-TA-luc reporter plasmid and 20 ng of pRL-TK plasmid (Promega, Madison, WI, United States) using Lipofectamine 3000 based on the manufacturer’s instructions. After 48 h, cells were lysed, and luciferase activity was determined using the dual luciferase reporter assay kit (Beyotime Biotechnology) according to the manufacturer’s recommendations. Luciferase activity was normalized to Renilla luciferase activity.
Cell Viability
H9C2 cells were plated at a density of 5 × 104 cells per well in 96-well plates. Then, the cells were treated with salidroside (0, 12.5, 25, 50, 100, 200, 400 µM) for 24 h, then cell viability was determined by MTT assay using MTT Cell Proliferation Assay Kit (Beyotime Biotechnology). In brief, 10 μl MTT working solution was added to each well at 37°C for 4 h, and then 100 μl formazan solutions was added into to dissolve the crystals. The absorbance of each well at 570 nm was measured.
RNA Extraction and Quantitative RT-PCR
Total RNA was extracted using Trizol reagent (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s instructions. Total RNA was reverse transcribed to first-strand cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). cDNA was amplified using KOD SYBR® qPCR Mix (Toyobo, Japan) in a real-time PCR machine (LightCycler, Roche, Penzberg, Germany). The primer sequences were listed in Supplementary Table S2. Each PCR reaction was performed in triplicate. Data are presented as fold change over control group.
Western Blotting
H9C2 cells were rinsed twice with ice-cold PBS, and solubilized in lysis buffer supplemented with protease inhibitor cocktail (sc-29130, Santa Cruz Biotechnology). The mixture was incubated on ice for 30 min and then centrifuged at 12,000 × g for 10 min at 4°C and the total protein collected. Proteins were separated in 10% SDS–PAGE and then transferred to PVDF membranes (Millipore, Burlington, MA, United States). After that, the membranes were blocked in Tris-buffered saline/Tween 20 (TBST) with 5% defatted milk for 1 h at room temperature, and then incubated with primary antibodies overnight at 4°C and secondary antibodies for 1 h at room temperature. The bands were developed with an enhanced chemiluminescence substrate and detected by the ChemiScope mini (Clinx Science Instruments, Shanghai, China). Blot intensities were quantified with the ImageJ software.
Glycerol Release
The rate of lipolysis was determined by measuring glycerol release (Dorn et al., 2018). In brief, H9C2 cells were incubated in DMEM supplemented with fatty acid-free BSA for 4 h. The culture medium was collected, and then the glycerol content was detected by using a free glycerol assay Kit (F6428, Sigma, Saint Louis, MO, United States). In addition, the cells were collected and then lysed to determine protein concentration. Glycerol content was normalized to protein content.
Statistical Analysis
Data are expressed as mean ± S.D. Statistical analyses were performed using the unpaired Student’s t-test or analysis of variance (ANOVA) followed by Bonferroni post hoc testing using SPSS 20.0 (IBM Statistics, Chicago, IL). A p-value < 0.05 was considered statistically significant.
RESULTS
Salidroside Inhibited Cardiomyocyte Hypertrophy
MTT assay was performed to evaluate the cytotoxicity of salidroside on H9C2 cells. As shown in Figure 1B, 200 μM of salidroside significantly reduced cell viability. Next, angiotensin II (Ang II), a well-known hypertrophic inducer (Nakamura and Sadoshima, 2018), was used to induce cardiomyocyte hypertrophy in H9C2 cells. The mRNA expressions of atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP) were determined to assess hypertrophic response, which are considered as well-known hypertrophic markers (Nakamura and Sadoshima, 2018). Ang II significantly induced the upregulation of ANF and BNP mRNA expression; furthermore, the increased expressions of hypertrophic genes were inhibited by salidroside in a dosage-dependent manner (Figures 1C,D). These results indicated that salidroside can effectively attenuate Ang II-induced cardiomyocyte hypertrophy in vitro.
[image: Figure 1]FIGURE 1 | Salidroside inhibited Ang II-induced cardiomyocyte hypertrophy in H9C2 cells. (A) The molecular structure of salidroside (B) H9C2 cells were incubated with the indicated concentrations of salidroside (Sal) for 24 h, and then cell viability was detected by MTT assay. H9C2 cells were incubated with or without the indicated concentrations of salidroside and stimulated with or without Ang II (1 × 10−7 M) for 24 h, and then the mRNA expressions of (C) ANF and (D) BNP were detected by RT-PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
The Increase of Proliferator-Activated Receptor-α Transcriptional Activity was Involved in Anti-Hypertrophic Effect of Salidroside
Based on other studies (Chang et al., 2016; Almohawes et al., 2022), the elevation of PPARα function was probably involved in the effects of salidroside against cardiomyocyte hypertrophy. PPARα reporter gene assay showed that PPARα transcriptional activity was obviously decreased by Ang II treatment in H9C2 cells, which could be ameliorated by salidroside in a dosage-dependent manner (Figure 2A). Consistent with the decreased transcriptional activity of PPARα, compared with the control, the expressions of PPARα protein and its target gene mRNA such as Fatp1, Ctp1b, Mcad, and Pdk4 also were downregulated by Ang II stimulation in H9C2 cells; likewise, these changes were partially reversed by salidroside in a dosage-dependent manner (Figures 2B,C). On the other side, Fenofibrate, a PPARα agonist, obviously promoted the transcriptional activity of PPARα by using the dual luciferase reporter assay (Figure 3A) and then inhibited the expressions of ANF and BNP mRNA in (Figures 3B,C) Ang II-induced cardiomyocyte hypertrophy in vitro. These results indicated that salidroside might ameliorate cardiomyocyte hypertrophy by regulating PPARα.
[image: Figure 2]FIGURE 2 | Salidroside elevated PPARα transcriptional activity in Ang II-treated H9C2 cells. (A) H9C2 cells were co-transfected with PPARα reporter plasmid and pRL-TK plasmid as internal control for 24 h followed by treatment with or without Ang II (1 × 10−7 M) and the indicated concentrations of salidroside for another 24 h. Dual luciferase reporter assays were used to evaluate PPARα transcriptional activity. H9C2 cells were incubated with or without the indicated concentrations of salidroside (Sal) and stimulated with or without Ang II (1 × 10−7 M) for 24 h. (B) The expression of PPARα protein was detected by Western blotting; (C) the mRNA levels of PPARα target genes were determined by Real-time PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05 vs. control; *p < 0.05 vs. Ang II.
[image: Figure 3]FIGURE 3 | Fenofibrate elevated PPARα transcriptional activity and inhibited Ang II-induced hypertrophy in H9C2 cells. (A) H9C2 cells were co-transfected with PPARα reporter plasmid and pRL-TK plasmid as internal control for 24 h followed by treatment with or without Ang II (1 × 10−7 M) and the indicated concentrations of salidroside (Sal, 100 μM) or fenofibrate (Feno, 10 μM)for another 24 h. Dual luciferase reporter assays were used to evaluate PPARα transcriptional activity. H9C2 cells were incubated with or without the indicated concentrations of salidroside (100 μM) or fenofibrate (10 μM) and stimulated with or without Ang II (1 × 10−7 M) for 24 h. The mRNA expressions of (B) ANF and (C) BNP were detected by RT-PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05 vs. control; *p < 0.05 vs. Ang II + Sal.
Furthermore, PPARα expression was knocked down by transfecting siRNA to further confirm the role of the increase of PPARα function in the anti-cardiomyocyte hypertrophy of salidroside. Compared with NC, the expression of PPARα protein was reduced to approximately 35% (Figure 4A). However PPARα knockdown did not affect mRNA expressions of the hypertrophic markers ANF and BNP when there was no Ang II stimulation (Figures 4B,C). Nevertheless, the downregulation of PPARα expression is common in cardiac hypertrophy, and PPARα knockdown worsen cardiac hypertrophy, suggesting that PPARα dysfunction played an important role of PPARα in the development of cardiac hypertrophy. As shown in Figures 4D–F, the effect of salidroside to inhibit the expressions of ANF and BNP mRNA were almost abolished by PPARα knockdown. These results indicated that salidroside elevated PPARα function to inhibit cardiomyocyte hypertrophy.
[image: Figure 4]FIGURE 4 | The knockdown of PPARα expression attenuated the effect of salidroside against hypertrophy in Ang II-treated H9C2 cells.H9C2 cells were transfected with siRNA targeting PPARα or negative control (NC) for 48 h. (A) Western blotting was used to evaluate the silencing efficacy of siRNA targeting PPARα; the mRNA expressions of (B) ANF and (C) BNP were detected by RT-PCR. H9C2 cells were transfected with siRNA targeting PPARα or negative control (NC) for 24 h following treatment with or without salidroside (100 μM) and stimulation with or without Ang II (1 × 10−7 M) for another 24 h. (D) The expression of PPARα protein was determined by Western blotting; the mRNA expressions of (E) ANF and (F) BNP were detected by RT-PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
Salidroside Elevated Proliferator-Activated Receptor-α Transcriptional Activity via ATGL Upregulation
We explored how salidroside regulated the upstream signaling of PPARα. The several main regulators of PPARα such as HSF-1, ATGL, RXRα, and ERRα were detected (Montaigne et al., 2021), the downregulation of which are associated with cardiac hypertrophy (Huss et al., 2007; Haemmerle et al., 2011; Zhu et al., 2014; Tian et al., 2020). As shown in Figure 5, compared with the control, the protein expressions of HSF-1, ATGL, RXRα, and ERRα was decreased by Ang II treatment in H9C2 cells; furthermore, compared with Ang II stimulation, the expression of ATGL protein was increased by salidroside treatment, however the expressions of the other regulators including HSF-1, RXRα, and ERRα were unchanged.
[image: Figure 5]FIGURE 5 | Salidroside elevated the expression of ATGL protein in Ang II-stimulated H9C2 cellsH9C2 cells were treated with or without salidroside (100 μM) and stimulated with or without Ang II (1 × 10−7 M) for 24 h. The protein expressions of HSF-1, ATGL, ERRα, and RXRα were detected by Western blotting. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
Firstly, it was clarified whether the decrease of ATGL expression was involved in cardiomyocyte hypertrophy. Compared with Ad-GFP, ATGL expression was increased three times in H9C2 cells infected with Ad-ATGL (Figure 6A). Simultaneously, the protein expression (Figure 6A), the transcriptional activity (Figure 6B) and the target gene mRNA expression (Figure 6C) of PPARα were all increased by the overexpression of ATGL. More importantly, Compared with Ang II treatment, the overexpression of ATGL obviously elevated the protein expression (Figure 6A), the transcriptional activity (Figure 6B) and the target gene mRNA expression (Figure 6C) of PPARα while inhibited the mRNA expressions of the hypertrophic marker ANF and BNP. These results suggested that the decrease of ATGL expression played a key role in cardiac hypertrophy.
[image: Figure 6]FIGURE 6 | The downregulation of ATGL expression was involved in Ang II-induced hypertrophy in H9C2 cells.H9C2 cells were infected with Ad-ATGL or Ad-GFP for 24 h followed by treatment with or without Ang II (1 × 10−7 M) for another 24 h. (A) The protein expressions of ATGL and PPARα protein were determined by Western blotting; (B) Dual luciferase reporter assays were used to evaluate PPARα transcriptional activity; the mRNA levels of (C) PPARα target genes, (D) ANF and (E) BNP were determined by Real-time PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
Next, the expression of ATGL protein was knocked down to investigate the role of salidroside against Ang II-induced cardiomyocyte hypertrophy in H9C2 cells. Compared with Ang II stimulation and treated with salidroside, the protein expression of ATGL was downregulated by transfecting siRNA targeting to ATGL (Figure 7A), and glycerol release, which was used to assess lipolytic activity (Dorn et al., 2018), was also reduced (Figure 7B); simultaneously, the effects of salidroside including the protein expression (Figure 7A), the transcriptional activity (Figure 7C) and the target gene mRNA expression (Figure 7D) of PPARα were cancelled by the knockdown of ATGL expression; moreover, the expression of ANF and BNP mRNA rose again (Figures 7E,F). These results indicated that salidroside elevates ATGL expression to improve PPARα function and then inhibits cardiomyocyte hypertrophy.
[image: Figure 7]FIGURE 7 | The knockdown of ATGL expression alleviated the effect of salidroside against hypertrophy in Ang II-treated H9C2 cells. H9C2 cells were transfected with siRNA targeting ATGL or negative control (NC) for 24 h followed by stimulation with or without Ang II (1 × 10−7 M) and treatment with or without salidroside (100 μM) for another 24 h. (A) Western blotting was used to evaluate the protein expressions of ATGL and PPARα; (B) glycerol release was determined to evaluate lipolysis activity; (C) dual luciferase reporter assay was used to evaluate PPARα transcriptional activity; the mRNA levels of (D) PPARα target genes, (E) ANF and (F) BNP were determined by Real-time PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
DISCUSSION
ATP production mainly derived from β-oxidation of fatty acids, and PPARα is a key regulator of fatty acid metabolism in heart (Montaigne et al., 2021). Effects of PPARα can be performed by the target genes, for example, the uptake-related genes such as CD36 and FATP1 are responsible for the transport of fatty acids from the extracellular to the intracellular; and the transport-related genes such as CPT-I and CPT-II are responsible for the transport of fatty acyl-CoA from cytoplasm to mitochondria; more importantly, PPARα also regulates the critical reaction of β-oxidation by directly controlling MCAD, LCAD, and VLCAD expression (Nakamura and Sadoshima, 2018; Montaigne et al., 2021). In the isolated PPARα deficient hearts, the decreased ATP synthesis is not sufficient for high workload challenge and resulted in progressive heart failure (Luptak et al., 2005; Loichot et al., 2006). Furthermore, PPARα-deficient mice are more prone to cardiac hypertrophy in response to pressure overload (Smeets et al., 2008; Wu et al., 2019; Wang et al., 2021). In addition, PPARα agonist elevates its function to alleviate cardiac hypertrophy (Kar and Bandyopadhyay, 2018; Zeng et al., 2018; Dhyani et al., 2019). In the present study, salidroside reduced the mRNA expressions of hypertrophic marker ANF and BNP, which indicates that cardiomyocyte hypertrophy induced by Ang II treatment is inhibited. Since the decreased protein expression, transcriptional activity and target genes expressions of PPARα could be ameliorated by salidroside in cardiomyocyte hypertrophy, which were cancelled by PPARα knockdown, suggesting that PPARα plays an important role in the anti-cardiac hypertrophy effect of salidroside.
It is unlikely that salidroside, a phenolic glycoside, directly activates PPARα because the endogenous ligands of PPARα mainly include unsaturated fatty acids and their derivatives (Montaigne et al., 2021). Furthermore, several important regulators involved in cardiac hypertrophy were focused including HSF-1, ATGL, RXRα, and ERRα. The expressions of HSF-1, RXRα, and ERRα were not obviously changed by salidroside in Ang II-induced cardiomyocyte hypertrophy, while the expression of ATGL was increased; moreover, ATGL knockdown significantly counteracted the reduction of ANF and BNP expression caused by salidroside in cardiomyocyte hypertrophy, as did changes in PPARα function. These results indicate that salidroside elevates ATGL expression to restore PPARα function and then alleviates cardiomyocyte hypertrophy.
ATGL, a rate-limiting enzyme mediated triglyceride hydrolysis, converts triglyceride to a molecule of FFA and a molecule of diglyceride (Tuomainen and Tavi, 2017). Cardiomyocyte specific ATGL knockout resulted in cardiac hypertrophy and heart failure in mice (Haemmerle et al., 2006), which was derived from PPARα dysfunction (Haemmerle et al., 2011). Similar results were found in other studies (Pulinilkunnil et al., 2014; Gao et al., 2015). The possible reason is that ATGL catalyzes the degradation of triglycerides to release unsaturated fatty acids that are endogenous ligands for PPARα (Haemmerle et al., 2011). Therefore, salidroside elevates ATGL expression and then generates more ligands for PPARα to inhibit cardiac hypertrophy. Salidroside can affect the function of some protein factors such as sirt1, FOXOs and AMPK (Lan et al., 2017; Xu et al., 2018; Li et al., 2019). Salidroside elevated the protein expressions of SIRT1 and phosphorylated FOXO3α and then attenuated the injury of human brain vascular smooth muscle cells induced by the hypoxia/reoxygenation treatment (Xu et al., 2018). In colitis mice, the expressions of SIRT1, FOXO1, FOXO3α, and FOXO4 could be increased by salidroside to attenuate inflammation reaction (Li et al., 2019). In fact, there are many other studies like this (Lan et al., 2017; Xu et al., 2019; Xue et al., 2019). Moreover, ATGL expression could be increased by SIRT1 and FOXOs in various disease models (Xu et al., 2018; Xue et al., 2019). In this case, SIRT1 and FOXOs may be associated with the increase of ATGL by salidroside in this study. In addition to the regulation of ATGL protein content, AMPK also directly phosphorylates ATGL to elevate the lipase activity (Ahmadian et al., 2011; Kim et al., 2016; Marzolla et al., 2020). Interestingly, AMPK activity is also increased by salidroside in endothelial cell injury (Zhao et al., 2019; Hu et al., 2020), nonalcoholic fatty liver (Zheng et al., 2018) and so on. Certainly, it is not well-known whether AMPK is involved in the effect of salidroside on ATGL expression, these problems may be addressed in our subsequent work.
In summary, the present study demonstrates that salidroside inhibits cardiomyocyte hypertrophy in a dose-dependent manner in vitro. Moreover, salidroside elevates PPARα function to alleviate cardiomyocyte hypertrophy, which was involved in the increase of ATGL expression. Our findings suggest the potential application of salidroside to prevent the development of cardiac hypertrophy.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
HG, KT and YM performed the experiment. HG performed the data analyses and wrote the manuscript. XL and YP helped perform the analysis with constructive discussions.
FUNDING
This work was supported by the National Natural Science Foundation of China (81760058, 81560059, 81660042 and 82160059), the Scientific Research Project of Health and Family Planning Commission of Hunan Province (C2017025).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.865434/full#supplementary-material
REFERENCES
 Ahmadian, M., Abbott, M. J., Tang, T., Hudak, C. S., Kim, Y., Bruss, M., et al. (2011). Desnutrin/ATGL Is Regulated by AMPK and Is Required for a Brown Adipose Phenotype. Cell Metab 13, 739–748. doi:10.1016/j.cmet.2011.05.002
 Almohawes, Z. N., El-Kott, A., Morsy, K., Shati, A. A., El-Kenawy, A. E., Khalifa, H. S., et al. (2022). Salidroside Inhibits Insulin Resistance and Hepatic Steatosis by Downregulating miR-21 and Subsequent Activation of AMPK and Upregulation of PPARα in the Liver and Muscles of High Fat Diet-Fed Rats. Arch. Physiol. Biochem. , 1–18. doi:10.1080/13813455.2021.2024578Online ahead of print
 Chang, X., Zhang, K., Zhou, R., Luo, F., Zhu, L., Gao, J., et al. (2016). Cardioprotective Effects of Salidroside on Myocardial Ischemia-Reperfusion Injury in Coronary Artery Occlusion-Induced Rats and Langendorff-Perfused Rat Hearts. Int. J. Cardiol. 215, 532–544. doi:10.1016/j.ijcard.2016.04.108
 Dhyani, N., Saidullah, B., Fahim, M., and Omanwar, S. (2019). Fenofibrate Ameliorates Neural, Mechanical, Chemical, and Electrical Alterations in the Murine Model of Heart Failure. Hum. Exp. Toxicol. 38, 1183–1194. doi:10.1177/0960327119860173
 Dorn, T., Kornherr, J., Parrotta, E. I., Zawada, D., Ayetey, H., Santamaria, G., et al. (2018). Interplay of Cell-Cell Contacts and RhoA/MRTF-A Signaling Regulates Cardiomyocyte Identity. EMBO J. 37. doi:10.15252/embj.201798133
 Forman, B. M., Tontonoz, P., Chen, J., Brun, R. P., Spiegelman, B. M., and Evans, R. M. (1995). 15-Deoxy-delta 12, 14-prostaglandin J2 Is a Ligand for the Adipocyte Determination Factor PPAR Gamma. Cell 83, 803–812. doi:10.1016/0092-8674(95)90193-0
 Gao, H., Feng, X. J., Li, Z. M., Li, M., Gao, S., He, Y. H., et al. (2015). Downregulation of Adipose Triglyceride Lipase Promotes Cardiomyocyte Hypertrophy by Triggering the Accumulation of Ceramides. Arch. Biochem. Biophys. 565, 76–88. doi:10.1016/j.abb.2014.11.009
 Haemmerle, G., Lass, A., Zimmermann, R., Gorkiewicz, G., Meyer, C., Rozman, J., et al. (2006). Defective Lipolysis and Altered Energy Metabolism in Mice Lacking Adipose Triglyceride Lipase. Science 312, 734–737. doi:10.1126/science.1123965
 Haemmerle, G., Moustafa, T., Woelkart, G., Büttner, S., Schmidt, A., van de Weijer, T., et al. (2011). ATGL-mediated Fat Catabolism Regulates Cardiac Mitochondrial Function via PPAR-α and PGC-1. Nat. Med. 17, 1076–1085. doi:10.1038/nm.2439
 Hu, R., Wang, M. Q., Ni, S. H., Wang, M., Liu, L. Y., You, H. Y., et al. (2020). Salidroside Ameliorates Endothelial Inflammation and Oxidative Stress by Regulating the AMPK/NF-κB/NLRP3 Signaling Pathway in AGEs-Induced HUVECs. Eur. J. Pharmacol. 867, 172797. doi:10.1016/j.ejphar.2019.172797
 Huss, J. M., Imahashi, K., Dufour, C. R., Weinheimer, C. J., Courtois, M., Kovacs, A., et al. (2007). The Nuclear Receptor ERRalpha Is Required for the Bioenergetic and Functional Adaptation to Cardiac Pressure Overload. Cel Metab 6, 25–37. doi:10.1016/j.cmet.2007.06.005
 Kar, D., and Bandyopadhyay, A. (2018). Targeting Peroxisome Proliferator Activated Receptor α (PPAR α) for the Prevention of Mitochondrial Impairment and Hypertrophy in Cardiomyocytes. Cell Physiol Biochem 49, 245–259. doi:10.1159/000492875
 Kim, S. J., Tang, T., Abbott, M., Viscarra, J. A., Wang, Y., and Sul, H. S. (2016). AMPK Phosphorylates Desnutrin/ATGL and Hormone-Sensitive Lipase to Regulate Lipolysis and Fatty Acid Oxidation within Adipose Tissue. Mol. Cel Biol 36, 1961–1976. doi:10.1128/MCB.00244-16
 Lan, K. C., Chao, S. C., Wu, H. Y., Chiang, C. L., Wang, C. C., Liu, S. H., et al. (2017). Salidroside Ameliorates Sepsis-Induced Acute Lung Injury and Mortality via Downregulating NF-Κb and HMGB1 Pathways through the Upregulation of SIRT1. Sci. Rep. 7, 12026. doi:10.1038/s41598-017-12285-8
 Li, H., Shen, L., Lv, T., Wang, R., Zhang, N., Peng, H., et al. (2019). Salidroside Attenuates Dextran Sulfate Sodium-Induced Colitis in Mice via SIRT1/FoxOs Signaling Pathway. Eur. J. Pharmacol. 861, 172591. doi:10.1016/j.ejphar.2019.172591
 Loichot, C., Jesel, L., Tesse, A., Tabernero, A., Schoonjans, K., Roul, G., et al. (2006). Deletion of Peroxisome Proliferator-Activated Receptor-Alpha Induces an Alteration of Cardiac Functions. Am. J. Physiol. Heart Circ. Physiol. 291, H161–H166. doi:10.1152/ajpheart.01065.2004
 Luptak, I., Balschi, J. A., Xing, Y., Leone, T. C., Kelly, D. P., and Tian, R. (2005). Decreased Contractile and Metabolic reserve in Peroxisome Proliferator-Activated Receptor-Alpha-Null Hearts Can Be Rescued by Increasing Glucose Transport and Utilization. Circulation 112, 2339–2346. doi:10.1161/CIRCULATIONAHA.105.534594
 Marzolla, V., Feraco, A., Gorini, S., Mammi, C., Marrese, C., Mularoni, V., et al. (2020). The Novel Non-steroidal MR Antagonist Finerenone Improves Metabolic Parameters in High-Fat Diet-Fed Mice and Activates Brown Adipose Tissue via AMPK-ATGL Pathway. FASEB J. 34, 12450–12465. doi:10.1096/fj.202000164R
 Montaigne, D., Butruille, L., and Staels, B. (2021). PPAR Control of Metabolism and Cardiovascular Functions. Nat. Rev. Cardiol. 18, 809–823. doi:10.1038/s41569-021-00569-6
 Nakamura, M., and Sadoshima, J. (2018). Mechanisms of Physiological and Pathological Cardiac Hypertrophy. Nat. Rev. Cardiol. 15, 387–407. doi:10.1038/s41569-018-0007-y
 Pulinilkunnil, T., Kienesberger, P. C., Nagendran, J., Sharma, N., Young, M. E., and Dyck, J. R. (2014). Cardiac-specific Adipose Triglyceride Lipase Overexpression Protects from Cardiac Steatosis and Dilated Cardiomyopathy Following Diet-Induced Obesity. Int. J. Obes. (Lond) 38, 205–215. doi:10.1038/ijo.2013.103
 Smeets, P. J., Teunissen, B. E., Willemsen, P. H., van Nieuwenhoven, F. A., Brouns, A. E., Janssen, B. J., et al. (2008). Cardiac Hypertrophy Is Enhanced in PPAR Alpha-/- Mice in Response to Chronic Pressure Overload. Cardiovasc. Res. 78, 79–89. doi:10.1093/cvr/cvn001
 Tao, H., Wu, X., Cao, J., Peng, Y., Wang, A., Pei, J., et al. (2019). Rhodiola Species: A Comprehensive Review of Traditional Use, Phytochemistry, Pharmacology, Toxicity, and Clinical Study. Med. Res. Rev. 39, 1779–1850. doi:10.1002/med.21564
 Tian, X., Zhou, N., Yuan, J., Lu, L., Zhang, Q., Wei, M., et al. (2020). Heat Shock Transcription Factor 1 Regulates Exercise-Induced Myocardial Angiogenesis after Pressure Overload via HIF-1α/VEGF Pathway. J. Cel Mol Med 24, 2178–2188. doi:10.1111/jcmm.14872
 Tuomainen, T., and Tavi, P. (2017). The Role of Cardiac Energy Metabolism in Cardiac Hypertrophy and Failure. Exp. Cel Res 360, 12–18. doi:10.1016/j.yexcr.2017.03.052
 Wang, X., Zhu, X. X., Jiao, S. Y., Qi, D., Yu, B. Q., Xie, G. M., et al. (2021). Cardiomyocyte Peroxisome Proliferator-Activated Receptor Alpha Is Essential for Energy Metabolism and Extracellular Matrix Homeostasis during Pressure Overload-Induced Cardiac Remodeling. Acta Pharmacol. Sin . doi:10.1038/s41401-021-00743-z
 Wu, Q. Q., Deng, W., Xiao, Y., Chen, J. J., Liu, C., Wang, J., et al. (2019). The 5-Lipoxygenase Inhibitor Zileuton Protects Pressure Overload-Induced Cardiac Remodeling via Activating PPARα. Oxid Med. Cel Longev 2019, 7536803. doi:10.1155/2019/7536803
 Xu, F., Xu, J., Xiong, X., and Deng, Y. (2019). Salidroside Inhibits MAPK, NF-Κb, and STAT3 Pathways in Psoriasis-Associated Oxidative Stress via SIRT1 Activation. Redox Rep. 24, 70–74. doi:10.1080/13510002.2019.1658377
 Xu, L., Jia, L., Wang, Q., Hou, J., Li, S., and Teng, J. (2018). Salidroside Attenuates Hypoxia/reoxygenation-Induced Human Brain Vascular Smooth Muscle Cell Injury by Activating the SIRT1/FOXO3α Pathway. Exp. Ther. Med. 15, 822–830. doi:10.3892/etm.2017.5446
 Xue, H., Li, P., Luo, Y., Wu, C., Liu, Y., Qin, X., et al. (2019). Salidroside Stimulates the Sirt1/PGC-1α axis and Ameliorates Diabetic Nephropathy in Mice. Phytomedicine 54, 240–247. doi:10.1016/j.phymed.2018.10.031
 Zeng, S. Y., Lu, H. Q., Yan, Q. J., and Zou, J. (2018). A Reduction in ADAM17 Expression Is Involved in the Protective Effect of the PPAR-α Activator Fenofibrate on Pressure Overload-Induced Cardiac Hypertrophy. PPAR Res. 2018, 7916953. doi:10.1155/2018/7916953
 Zhang, X., Xie, L., Long, J., Xie, Q., Zheng, Y., Liu, K., et al. (2021). Salidroside: A Review of its Recent Advances in Synthetic Pathways and Pharmacological Properties. Chem. Biol. Interact 339, 109268. doi:10.1016/j.cbi.2020.109268
 Zhao, D., Sun, X., Lv, S., Sun, M., Guo, H., Zhai, Y., et al. (2019). Salidroside Attenuates Oxidized Low-density L-ipoprotein-induced E-ndothelial C-ell I-njury via P-romotion of the AMPK/SIRT1 P-athway. Int. J. Mol. Med. 43, 2279–2290. doi:10.3892/ijmm.2019.4153
 Zheng, T., Yang, X., Li, W., Wang, Q., Chen, L., Wu, D., et al. (2018). Salidroside Attenuates High-Fat Diet-Induced Nonalcoholic Fatty Liver Disease via AMPK-dependent TXNIP/NLRP3 Pathway. Oxid Med. Cel Longev 2018, 8597897. doi:10.1155/2018/8597897
 Zhu, J., Ning, R. B., Lin, X. Y., Chai, D. J., Xu, C. S., Xie, H., et al. (2014). Retinoid X Receptor Agonists Inhibit Hypertension-Induced Myocardial Hypertrophy by Modulating LKB1/AMPK/p70S6K Signaling Pathway. Am. J. Hypertens. 27, 1112–1124. doi:10.1093/ajh/hpu017
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Gao, Tian, Meng, Liu and Peng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-865434-g005.gif
5 H. AT 2 ATGUTouln B ERaLao o) M RAGatari






OPS/images/fphar-13-865434-g006.gif





OPS/images/fphar-13-865434-g003.gif





OPS/images/fphar-13-865434-g004.gif





OPS/images/fphar-13-865434-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Salidroside Ameliorates Cardiomyocyte Hypertrophy by Upregulating Peroxisome Proliferator-Activated Receptor-α		Introduction

		Materials and Methods		Chemicals and Antibodies

		Cell Culture, Transfection and Infection

		Dual Luciferase Reporter Assay

		Cell Viability

		RNA Extraction and Quantitative RT-PCR

		Western Blotting

		Glycerol Release

		Statistical Analysis





		Results		Salidroside Inhibited Cardiomyocyte Hypertrophy

		The Increase of Proliferator-Activated Receptor-α Transcriptional Activity was Involved in Anti-Hypertrophic Effect of Salidroside

		Salidroside Elevated Proliferator-Activated Receptor-α Transcriptional Activity via ATGL Upregulation





		Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-13-865434-g001.gif





OPS/images/fphar-13-865434-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





