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Identify Tcea3 as a novel anti-cardiomyocyte hypertrophy gene involved in fatty acid oxidation and oxidative stress
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Background: Chronic pressure overload triggers pathological cardiac hypertrophy that eventually leads to heart failure. Effective biomarkers and therapeutic targets for heart failure remain to be defined. The aim of this study is to identify key genes associated with pathological cardiac hypertrophy by combining bioinformatics analyses with molecular biology experiments.



Methods: Comprehensive bioinformatics tools were used to screen genes related to pressure overload-induced cardiac hypertrophy. We identified differentially expressed genes (DEGs) by overlapping three Gene Expression Omnibus (GEO) datasets (GSE5500, GSE1621, and GSE36074). Correlation analysis and BioGPS online tool were used to detect the genes of interest. A mouse model of cardiac remodeling induced by transverse aortic constriction (TAC) was established to verify the expression of the interest gene during cardiac remodeling by RT-PCR and western blot. By using RNA interference technology, the effect of transcription elongation factor A3 (Tcea3) silencing on PE-induced hypertrophy of neonatal rat ventricular myocytes (NRVMs) was detected. Next, gene set enrichment analysis (GSEA) and the online tool ARCHS4 were used to predict the possible signaling pathways, and the fatty acid oxidation relevant pathways were enriched and then verified in NRVMs. Furthermore, the changes of long-chain fatty acid respiration in NRVMs were detected using the Seahorse XFe24 Analyzer. Finally, MitoSOX staining was used to detect the effect of Tcea3 on mitochondrial oxidative stress, and the contents of NADP(H) and GSH/GSSG were detected by relevant kits.



Results: A total of 95 DEGs were identified and Tcea3 was negatively correlated with Nppa, Nppb and Myh7. The expression level of Tcea3 was downregulated during cardiac remodeling both in vivo and in vitro. Knockdown of Tcea3 aggravated cardiomyocyte hypertrophy induced by PE in NRVMs. GSEA and online tool ARCHS4 predict Tcea3 involved in fatty acid oxidation (FAO). Subsequently, RT-PCR results showed that knockdown of Tcea3 up-regulated Ces1d and Pla2g5 mRNA expression levels. In PE induced cardiomyocyte hypertrophy, Tcea3 silencing results in decreased fatty acid utilization, decreased ATP synthesis and increased mitochondrial oxidative stress.



Conclusion: Our study identifies Tcea3 as a novel anti-cardiac remodeling target by regulating FAO and governing mitochondrial oxidative stress.
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Introduction

Heart failure is a rapidly growing public health concern and a leading cause of mortality. Initially, cardiac hypertrophy develops as an adaptive response to persistent pathological stimuli, but it often progresses to fibrosis, dysfunction, and ultimately heart failure. Despite numerous studies on the mechanisms of heart failure, clinical outcomes remain suboptimal and the mortality rate is still high. Therefore, identification of new therapeutic targets is urgently required.

Transcription factors are an important type of gene transcription regulatory element. In addition to the translation and transcriptional initiation steps, transcriptional prolongation involving RNA polymerase (Pol) II is now considered to be a key step in controlling full-length mRNA production (1). It was found that some transcription enlongation factors such as positive transcriptional extension factor (P-TEF) B plays a key role in myocardial hypertrophy response to pressure overload (2). The paper pointed out that P-TEFB appears to be dynamically divided between the active state and the inactive state, indicating that its transcriptional control can be regulated (3). The three genes of vertebrate transcriptional extension factor TFIIS include Tcea1, 2,3. Among them, Tcea3 expression is restricted by tissues and is known to be highly expressed in intestine, heart, testis, kidney and skeletal muscle (4). Previous studies have shown that Tcea3 is associated with skeletal muscle cell differentiation (5) and that Tcea3 binds to TGF- RI, thereby inducing SMAD- independent and JNK- dependent apoptotic pathways to regulate angiogenesis (6). Other studies have shown that Tcea3 is a necessary cofactor for MRF driver gene expression during myogenesis (7). Since TFIIS coordinate the heart's response to hypertrophic stimuli with numerous gene expression in adults, cardiac Tcea3 may be a promising therapeutic target. However, there is no report on the research of Tcea3 in heart disease.

FAO provides the majority of energy in healthy adult cardiomyocytes, but changes occur during pathological cardiac remodeling (8). The disorder of fatty acid metabolism in heart is considered to be a consistent feature of heart failure (9). Indeed, several genes concerned in fatty acid β-oxidation are shown to possess a vital role within the pathological progression of cardiac remodeling. Inhibition of fatty acid oxidation by CPT1B deficiency had been shown leading to myocardial lipid accumulation and exacerbate cardiac pathological progress (10). Studies have suggested that levels of some lipid metabolism-related proteins are associated with heart failure events. For example, plasma activity of sPLA2 was increased in non-ischemic heart failure patients compared to controls (11) and Lp-PLA2 activity is independently associated with incident heart failure (12, 13). Mitochondria are the main site of fatty acid oxidation, which is accompanied by the production of mitochondrial ROS. As HF progresses, FA oxidation and mitochondrial oxidative activity decrease, leading to a significant decrease in cardiac ATP levels and compensatory upregulation of glucose uptake and glycolysis, but this upregulation is insufficient to compensate for the decrease in ATP production. Increased mitochondrial ROS production and ROS-mediated damage leading to HF progression when they overwhelm the cellular antioxidant defense system (14). Nonetheless, due to the complexity of the regulation mechanism between fatty acid oxidation and mitochondrial ROS has not been fully elucidated.

In this study, we employed a range of bioinformatics tools to identify Tcea3 as a differentially expressed gene, and predicted its involvement in fatty acid oxidation during cardiac hypertrophy. Since cardiac hypertrophy is associated with substrate conversion from fatty acids to glucose, we hypothesized that decreased Tcea3 leads to decreased fatty acid oxidation and increased mitochondrial oxidative stress, ultimately leading to further exacerbation of cardiac hypertrophy. We confirmed the differential expression of Tcea3 during cardiac remodeling both in vivo and in vitro. Consistent with the hypothesis, Tcea3 silencing aggravated PE induced cardiomyocyte hypertrophy, inhibited the expression of Ces1d and Pla2g5, impaired fatty acid oxidation, decreased ATP synthesis, and increased mitochondrial oxidative stress. Collectively, we reported a new target for the treatment of cardiomyocyte remodeling in NRVMs stimulated with PE and points out for the first time that Tcea3 participate in FAO and highlight the role of Tcea3 in oxidative stress.



Methods


Differentially expressed genes (DEGs)

Gene expression profiles with series number GSE5500, GSE1621, and GSE36074 were downloaded from the Expression Omnibus Gene (GEO) database. Limma of R/bio-conductor was used for screening of the DEGs (settings: P < 0.05, log2|fold change |>0.5), and differentially expressed genes were identified. The volcano plots and heatmaps were created by R software “pheatmap” package (version 1.0.12; https://cran.r-project.org/web/packages/pheatmap/). The basic information of the datasets is shown in Supplementary Excel file.



Gene set enrichment analysis (GSEA)

GSEA software V2.1.0 was used to identify the pathway associated with Tcea3 expression, and the expression matrix was 32,619(gene) × 14(sample). Predefined gene set “c2.all.v4.0.symbols” was selected. Enrichment results satisfying a nominal P-value < 0.05 and a false discovery rate (FDR) < 0.25 were considered statistically significant.



Human heart samples

The hearts were obtained from the left ventricles of patients with DCM and non-cardiac deceased donors, which were all not suitable for transplantation. All procedures involving human samples were in accordance with the declaration of Helsinki, and informed consent was obtained from the families of all donors. The review committee of the People's Hospital of Wuhan University approved this study. The source of these donors has previously been identified (15, 16). The demographics of human heart samples are shown in Supplementary document Table S4.



Animals and animal models

We obtained all of our male C57BL/6 mice from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences, at 8–10 weeks of age and 23.5–27.5 g of body weight. All animal care and experimental procedures are approved by the Animal Care and Use Committee of Wuhan University People's Hospital (Wuhan, China). Transverse aortic constriction (TAC) was conducted to achieve overload-induced cardiac hypertrophy and heart failure in mice as previously described (17). Briefly, A 27G needle was used to ligate the aorta of male mice after they were intraperitoneally injected with 3% pentobarbital sodium at 40 mg/kg. The transverse aorta was not ligated in sham-operated mice. We dislocated and executed mice after 4 weeks of sham or TAC surgery, and removed heart tissue for further analysis.



Neonatal rat ventricular myocytes (NRVMs) isolation

Briefly, ventricular cardiomyocytes were isolated from the left ventricles of 1–2-day-old Sprague Dawley rats and digested with Type 2 collagenase (0.5 mg/ml) (Worthington Biochemical Corp, NJ) and pancreatin (0.6 mg/ml) (Sigma). The Isolated cardiomyocytes were re-suspended in DMEM containing 10%FBS and precultured for 24 h. Then Cells were incubated with 12%FBS containing Phenylephrine (100uM; ab120761; abcam) for 48 h to stimulate cardiomyocyte hypertrophy.



RNA interference

The sequences for rTcea3 siRNA were as follows: Sense sequence: 5′ GUGCAAGAAGAAGAAUUGUACCUAT 3′, antisense sequence:

5′ AUAGGUACAAUUCUUCUUCUUGCACUU 3′. The scrambled and Tcea3 siRNAs were transfected into NRVMs with the RNAiMAX (Invitrogen, 13778150) according to the manual. RNAi duplex-LipofectamineTM RNAiMAX complexes (Contains 5 µl of RNAiMAX) should be added to each well of a 6-well culture vessel. This gives a final volume of 3 ml and a final RNA concentration of 20 nM. Twelve hours after transfection, PE was added to induce cardiomyocyte hypertrophy. Cells were harvested 48 h after transfection and the levels of mRNA were assessed by RT-PCR.



Western blot and quantitative real-time PCR

After the proteins were extracted from frozen hearts or cultures, they were electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide gels and subsequently transferred onto polyvinylidene difluoride membranes. A secondary antibody incubation at room temperature for 60 min followed the overnight at 4°C incubation with the primary antibodies against Tcea3(Santa Cruz Biotechnology, sc−365894, 1:1000 dilution). Total RNA was extracted from frozen heart tissue and primary cultured cardiomyocytes, using Trizol Reagent (Invitrogen). Reverse transcription (RT) was carried out with the First Stand cDNA Synthesis Kit (Thermo Scientific) according to the manufacturer's protocol. After the cDNA was obtained and diluted to 80ul, SYBR Green chemistry with GAPDH or Tcea3 primers were used to amplify. The primer sequences are shown in Supplementary document Table S5.



Measurement of long-chain fatty acid respiration in NRVMs

Oxygen consumption rate (OCR) were measured using a Seahorse Bioscience XF24 instrument (Seahorse Bioscience, North Billerica, MA). A density of 80,000 isolated NRVMs per well was seeded into Seahorse XF cell culture microplates. Using Seahorse XF calibration solution, a sensor probe plate was hydrated overnight at 37 °C in CO2-free conditions. Preparation of the mitochondrial stress test kit (Cat.103015–100; Agilent, CA, USA) and the assay solutions was done in advance. After washing the cells with the FAO assay solution supplemented with 2.5 mM glucose, 0.5 mM carnitine, 500 μl of the assay solution was added to the cells. Following this, we incubated the sample at 37°C for 1 h in a CO2-free incubator. The sensor probe plate was preloaded with oligomycin, FCCP, and rotenone/antimycin. Finally, the changes of long-chain fatty acid respiration in NRVMs were detected using the Seahorse XFe24 Analyzer (Agilent).



Determination of superoxide levels

The treated cells were incubated with 5 μM MitoSox red mitochondrial superoxide indicator (M36008; Invitrogen) at 37 °C in the absence of light for 30 min to measure the level of superoxide in the mitochondria. Following washing, the cells were observed using a conventional fluorescence microscope(Olympus, Japan).



Statistical analysis

Data are expressed as the mean ± standard error of the mean of at least three independent experiments. In order to determine statistical significance, the results were compared using Student's two-tailed t test. All statistical analyses were performed using GraphPad Prism 5.0 software. At the 95% confidence level, a P value of < 0.05 is considered to indicate a statistically significant difference.




Results


Identification of DEGs

Transaortic constriction (TAC) is performed by ligating the aortic arch of the heart, and the long-term high afterload of the heart causes adaptive changes in the myocardium, leading to cardiac remodeling. To detect the vital genes involved in cardiac remodeling, we employ three gene expression profiles including GSE5500, GSE1621 and GSE36074, both of which were from TAC-induced cardiac hypertrophic mouse and control mouse heart. 95 DEGs in total were identified according to screening criteria (P < 0.05, |fold change| > 0.5). The volcano plots and heatmaps of the differentially expressed genes are displayed in Supplementary Figures S1A-C. Next, using the Venn website, 78 up-regulated genes and 17 down-regulated genes were obtained from the three profile datasets (Figure 1A), detail of which was shown in Supplementary Table S1.


[image: Figure 1]
FIGURE 1
Function annotations for deregulated genes in cardiac remodeling. (A) Venn diagram of the 17 downregulated and 78 upregulated DEGs based on the three GEO datasets. (B) The top 30 enriched gene ontology (GO) biological process (BP) terms BP.


To acquire a deeper understanding of DEGs, enrichment of the functions and pathways were analyzed by employing R language “ggplot2″ “ClusterProfiler” and “enrichplot” package to visualize the GO annotation result data. Adj. P < 0.05 was regarded as statistically significant. Supplementary Table S2 lists the top 30 enriched GO biological process (BP) terms. GO biological process analysis revealed that the top three significantly enriched terms of these 95 DEGs were extracellular matrix organization, extracellular structure organization, muscle tissue development (Figure 1B).



Identifying Tcea3 as the gene of interest

Heart failure is the end-stage change of myocardial remodeling and is one of the leading causes of mortality. Exploring genes that play an important role in the transition from hypertrophy to dysfunction will help to find genes that play key roles in HF progression. Since the hearts in the GSE36074 study were divided into HF group and nonHF group based on lung weight and left atrial diameter (LAD), we selected the GSE36074 dataset to further identify the key genes among these 95 genes closely related with the transition from cardiac hypertrophy to heart failure. As a result, a total of 25 genes were significantly associated with heart failure progression (p value < 0.001) (Supplementary Table S3). Next, ten genes (Ces1d, Tcea3, Postn, Mfap5, Col5a2, Cmtm8, Apbb1, Serpinf1, Fgl2 and Bgn) were further identified specific expressed in heart tissue by using BioGPS (the tissue-specific expression level was >10 times the median). Among these genes, Tcea3 is one of transcriptional extension factor TFIIS which is known to be highly expressed in heart. Interestingly, to our knowledge, the role of Tcea3 in heart disease has not been reported yet. Box-plot revealing that the expression levels of Tcea3 is significantly different between failure heart, nonfailure heart and sham heart in the GSE36074 dataset (Figure 2A). We further conduct correlation analysis between Tcea3 and the cardiac hypertrophy markers (18). As shown in Figures 2B–D, Tcea3 negatively related with ANP, BNP and Myh7. Therefore, Tcea3 was selected as the interest gene for further study.
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FIGURE 2
Validation of the Tcea3 expression. (A) The box plot is based on 7 hypertrophy samples (marked in green), 7 HF samples (marked in blue) and 5 normal samples (marked in red) that revealed expression of Tcea3 in the left ventricle (wilcox.test) in GSE36074. Cardiac hypertrophy was defined as lung weight/tibia length ≤ 10.5 mg/mm and LAD ≤ 2.0 mm and HF was defined as lung weight/tibia length ≥ 15 mg/mm and LAD ≥ 2.4 mm. LAD, left atrial diameter. (B-D) Spearman correlation analysis of Tcea3 with the Nppa, Nppb and Myh7, respectively. (E) Relative mRNA expression level of Tcea3 in Sham or TAC group (n = 3). (F) Western blot and quantitation of Tcea3 protein level in the hearts of healthy individuals and DCM patients (n = 3). (G)Western blot and quantitation of Tcea3 protein level in the hearts of mouse subjected to sham or TAC surgery at 4 weeks (n = 3). (H) Western blot and quantitation of Tcea3 protein level in phenylephrine (PE) induced cardiomyocyte hypertrophy(n = 3). Data are presented as mean ± SEM. *p < 0.05; **p < 0.01.


To validate Tcea3 expression levels during cardiac hypertrophy, the heart samples from healthy individuals and DCM patients were used. As shown in Figure 2F, compared with the donor group, the expressions of Tcea3 were downregulated, which was consistent with the results of bioinformatics analysis. Furthermore, we subjected 8-week male WT mice to pressure overload by TAC surgery (Supplementary Figures S2A-I). As expected, the mRNA expression level of ANP and BNP were higher in TAC hearts than in sham hearts (Supplementary Figures S2E,F). Moreover, TAC mice developed more interstitial fibrosis and cardiac myocyte enlargement compared to sham mice (Supplementary Figure S2I). The above results indicate that the TAC-induced cardiac hypertrophy mouse model was successfully constructed. Next, we detect the expression levels of Tcea3 in this mouse model by RT-PCR and the results are shown in Figure 2E. Consistent with the mRNA changes, the protein level of Tcea3 also decreased after TAC surgery compared with sham-operated group (Figure 2G). In addition, we isolated NRVMs from neonatal rats and used phenylephrine (PE) to induce cardiomyocyte hypertrophy. Similarly, compared with the control group, and the expression level of Tcea3 in PE induced group also decreased (Figure 2H).



Knockdown of Tcea3 in NRVMs aggravates cardiomyocyte hypertrophy

The above results indicate Tcea3 associated with the progression of heart failure and confirm the decreased expression of Tcea3 in cardiac hypertrophy, we speculate Tcea3 is likely to play an important role in the progression of heart failure. To verify this hypothesis, RNA interference was used to silence the expression of Tcea3 in NRVMs (Figure 3A). Decrease of Tcea3 protein level induced by RNA interference is confirmed (Supplementary Figure S3). Following PE stimulation, RT-PCR analysis revealed that Tcea3 knockout significantly upregulated the expressions of ANP, BNP, and MYH7, while significantly downregulating MYH6 expression, as compared to the Si-NC group (Figures 3B–E). Moreover, compared with the control siRNA group, knockdown of Tcea3 by siRNA result in increased cell area by α-actinin staining (Figures 3F,G). The above experimental evidence indicates that knockdown of Tcea3 by siRNA in NRVMs aggravate cardiomyocyte hypertrophy induced by PE.
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FIGURE 3
Silencing of Tcea3 in NRVMs aggravates cardiomyocyte hypertrophy. (A) Relative mRNA levels of Tcea3 in NRVMs. (B-E) Relative mRNA levels of cardiac hypertrophy marker genes in NRVMs transfected with control siRNA or Tcea3 siRNA followed by treatment with phenylephrine or PBS (20 μM) for 24 h (n = 3). (E,F) Representative α-actinin-stained immunofluorescence images (E) and Quantitative results of the cell surface area (B) of NRVMs (n = 3). The arrows show representative NRVMs with hypertrophy. Scale bar, 50 μm. Data are presented as mean ± SEM. *P < 0.05, ** P < 0.01, ***P < 0.001. PE, phenylephrine; DAPI, 4′,6-Diamidino-2′-phenylindole; ANP, atrial natriuretic peptide; BNP, b-type natriuretic peptide; MYH6, Myosin Heavy Chain 6; MYH7, Myosin Heavy Chain 7.




Tcea3 is involved in the lipid metabolism signaling pathways during cardiac remodeling

To further understand the biological function of Tcea3 in the process of cardiac remodeling, we performed GSEA analysis based on the expression level of Tcea3 to determine the molecular mechanism of Tcea3 affecting the progression of heart failure. According to the median expression level of Tcea3, the 14 TAC samples download from GSE36074 dataset were divided into Tcea3-low (n = 7) and Tcea3-high (n = 7) groups. GSEA analysis revealed a significant association between Tcea3 and mitochondrial biogenesis, MAPK cascade, fatty acid beta oxidation (Figure 4A) and mitochondrial calcium ion transport. On the basis of the top 10 predicted pathways (KEGG) of Tcea3 predicted by Online tool ARCHS4 (https://maayanlab.cloud/archs4/) and GSEA enrichment results, we finally speculate that Tcea3 may be related to fatty acid beta oxidation.
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FIGURE 4
Tcea3 participates in lipid metabolism signaling pathways. (A) GSEA reveals fatty acid beta oxidation signaling pathway were enriched in the low-Tcea3 expression group. Top panels indicate the enrichment scores for each gene. Bottom panels show the ranking metrics of each gene. Y-axis: ranking metric values; X-axis: ranks for all genes. NES: normalized enrichment score. (B-E) Spearman correlation analysis of Tcea3 with the expression of Pla2g5, Ces1d, Pla2g4a, and Plcg2, respectively. (F-I) RT-PCR results of the four genes expression level in NRVMs transfected with control siRNA or Tcea3 siRNA followed by treatment with phenylephrine (20 μM) for 24 h. (n = 3). Data are presented as mean ± SEM. *P < 0.05, ** P < 0.01.


Fatty acids are the main energy substrate of the heart and provide necessary cofactors for mitochondrial oxidative phosphorylation. Data to date suggest that fatty acid oxidation plays an important role in the progression of heart disease and that increasing myocardial fatty acid oxidation helps improve cardiac function in heart failure (19, 20). Interestingly, among the 95 differentially expressed genes, Ces1d, Plcg2, Pla2g4a and Pla2g5 were also involved in the lipid metabolism. Therefore, we hypothesized that Tcea3, as a transcription lengthening factor, might regulate the transcription of the 4 genes. Then correlation analysis conducted between Tcea3 and these 4 genes respectively. The results showed that the mRNA level of Tcea3 was positively correlated with the mRNA level of Pla2g5 and Ces1d (Figures 4B,C), while negatively correlated with the mRNA level of Pla2g4a and Plcg2 (Figures 4D,E). Finally, we examined the mRNA levels of these four genes in PE-induced cardiac hypertrophy using RT-PCR. Compared with the PBS-treated cardiomyocytes, the mRNA level of Ces1d was down-regulated, Pla2g4a and Plcg2 were up-regulated (Figures 4G-I), while Pla2g5 was not significantly altered in PE-treated cardiomyocytes (Figure 4F).

To determine the potential role of Tcea3 in cardiomyocyte long-chain fatty acid β-oxidation, Seahorse XFe24 extracellular flux analyzer was used to evaluation long-chain fatty acid respiration. Compared with BSA-treated cells, oxygen consumption rate (OCR) of NRVMs treated with palmitate was significantly upregulated. In the presence of palmitic acid, Tcea3 knockdown in NRVMs resulted in a significant proportional decrease in basal and maximum respiration rate. Spare respiratory capacity and ATP production derived from oxidative phosphorylation was also significantly impaired in response to Tcea3 silencing (Figures 5A-E). Since CPT1B, MCAD and LCAD are widely recognized as the key enzyme involved in mitochondria β-oxidation (21), we also detect their gene expression levels. RT-PCR results showed that both CPT1B, LCAD and MCAD mRNA level were not affected after Tcea3 knockdown (Figures 5F–H). These results suggest that Tcea3 can regulate fatty acid β-oxidation in cardiomyocytes, but not through the regulation of CPT1B, LCAD, and MCAD expression.


[image: Figure 5]
FIGURE 5
The impact of Tcea3 on fatty acid oxidation in NRVMs. (A) Oxygen consumption rate (OCR) in NRVMs transfected with control siRNA or Tcea3 siRNA followed by treatment with phenylephrine (20 μM) for 24 h. OCR was real-time detected in living NRVMs by Seahorse XFe24 Analyzer. (B-E) Quantification of basal respiration, maximal respiration, spare respiration capacity and ATP production. (F-H) Relative mRNA levels of genes involved in FAO in NRVMs (n = 3). Data are presented as mean ± SEM. *P < 0.05, ** P < 0.01, ***P < 0.001.




Tcea3 silencing exacerbates oxidative stress

The relationship between heart hypertrophy, fatty acid oxidation and mitochondrial ROS has been studied for a long time. We have shown that Tcea3 governs the expression of Ces1d and Pla2g5 involved in FAO. In addition, the results above show that that knockdown of Tcea3 from cardiomyocytes exacerbates cardiomyocyte hypertrophy. Consider the close link between fatty acid oxidation and mitochondrial ROS during cardiac hypertrophy, We next asked whether reduction in oxidative stress is a mechanism underlying Tcea3-mediated protection of cardiac function.

Firstly, we detected the level of mitochondrial ROS in isolated cardiomyocytes. The immunofluorescence staining showed that PE stimulated the increase of mitochondrial ROS compared with the normal control group, while knockdown of Tcea3 further increased MitoSOX fluorescence signal (Figures 6A,B). Along this line, we further found that Tcea3 silencing resulted in a decrease in the GSH/GSSG ratio in PE induced cardiomyocyte hypertrophy (Figure 6C). NADPH is used to maintain glutathione and thioredoxin in a reduced state and is controlled by a variety of metabolic pathways and enzymes. As shown in (Figure 6D), knockdown of Tcea3 in NRVMs reduced NADPH production and the ratio of NADPH to NADP+ in PE stimulated group. These findings collectively suggest that Tcea3 is essential for controlling oxidative stress.


[image: Figure 6]
FIGURE 6
Effects of Tcea3 on oxidative stress in NRVMs. (A,B) Representative MitoSOX Red fluorescence images of NRVMs and the quantification of MitoSOX Red fluorescence intensity (n = 3). The arrows show representative NRVMs with oxidative stress. Scale bar, 20 μm. (C) Levels of GSH/GSSG in NRVMs of the four treatment groups (n = 5). (D)The level of NADPH/NADP+ in NRVMs transfected with control siRNA or Tcea3 siRNA and treated with phenylephrine (20 μM) or PBS for 24 h (n = 5). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01. PE, phenylephrine; GSH, glutathione; GSSG, glutathione disulfide; NADP+, Nicotinamide adenine dinucleotide phosphate.





Discussion

In recent years, with the emergence and rapid development of gene chip (microarray) and high-throughput sequencing technology, it provides a valuable method for the prevention, early diagnosis, treatment and prognosis of diseases including HF. The present study points out the anti-cardiomyocyte hypertrophy effect of Tcea3, which is related to fatty acid metabolism and oxidative stress for the first time.

Firstly, 78 up-regulated genes and 17 down-regulated differential expressed genes were obtained through overlap analysis of three datasets. Among these genes, studies have confirmed that some genes are related to myocardial hypertrophy. In addition to Nppb, Nppa, and Myh7, these differentially expressed genes also include some myocardial remodeling-related genes. For example, TGFB2, a multifunctional cytokine that can be involved in myocardial and vascular remodeling, has been proved to be up-regulated in peripheral blood mononuclear cells with cardiovascular structural changes in hypertensive patients, suggesting that TGFB2 monocyte production may play a role in hypertension (22). SERPINE-1, also known as plasminogen activator inhibitor type I (PAI-1) have been shown to promote Cardiomyocyte fibrosis by regulating TGFB2 signal pathway (23). These results indicate that the differentially expressed genes we identified through bioinformatics analysis have significant reference value.

In this study, we identified Tcea3 as a potential target gene for anti-myocardial remodeling through bioinformatics analysis. Subsequently, we confirmed that knockdown of Tcea3 inhibited PE-induced cardiomyocyte hypertrophy in NRVMs. We also detected downregulation of Tcea3 expression in dilated cardiomyopathy tissue from humans, indicating the potential clinical application of Tcea3 as an anti-myocardial remodeling agent, which, however, needs to be further confirmed. Mechanistically, by using GSEA single gene enrichment analysis and the ARCHS4 online website, we found that Tcea3 is related to fatty acid degradation. Abnormalities in fatty acid metabolism are widely present in myocardial remodeling, and targeting fatty acid metabolism has become a hot topic in anti-myocardial remodeling therapy (24–26). Interestingly, among the differentially expressed genes we identified in this screening, Ces1d, Plcg2, Pla2g4a, and Pla2g5 are all involved in lipid metabolism. Our experiments on cardiomyocytes showed that the mRNA level of Ces1d was down-regulated in PE-treated cells after Tcea3 knockdown (Figure 4F), suggesting that Ces1d may be an effective target gene regulated by Tcea3. Ces1d is a carboxylesterase with broad activity in multiple tissues, involved in regulating systemic fatty acid and cholesterol metabolism (27, 28). The role of Ces1d in myocardial remodeling has not been reported yet, and whether the effect of Tcea3 on PE-induced cardiomyocyte hypertrophy depends on Ces1d remains to be further validated. In future studies, it is worth paying attention to whether the influence of Tcea3-mediated Ces1d abnormal expression on myocardial lipid metabolism is the result of local regulation of myocardial cell energy metabolism or the result of systemic multi-tissue and organ interaction. In this study, we also found that knockdown of Tcea3 in NRVMs stimulated with PE inhibited the utilization of fatty acids and reduced ATP production. It can be speculated that Tcea3 knockdown leads to abnormal myocardial energy metabolism, which may be an important reason for aggravating PE-induced cardiomyocyte hypertrophy. Our study suggests that Tcea3 may be an important member of the cardiac metabolism regulatory network and deserves attention in f uture studies on myocardial energy metabolism.

Recent studies have shown that the process of fatty acid oxidation is accompanied by the production of NADPH (29–31), which is an important antioxidant molecule that maintains glutathione and thioredoxin in the reduced state and is involved in the regulation of intracellular oxidative stress. We have therefore also focused on the effect of Tcea3 on oxidative stress in PE-induced cardiomyocytes. It was found that Tcea3 knockdown did affect mitochondrial oxidative stress, mainly by increasing mitochondrial ROS levels, decreasing the level of GSH/GSSG and NADPH/NADP+ ratio. However, the present study suggests a possible link between Tcea3 and NADPH, but further studies are needed to confirm whether NADPH is an intermediate bridge linking fatty acid oxidation and oxidative stress.

There are also some limitations in our analysis. The small sample size may make our candidate genes inconsistent with the real situation. In addition, the function of Tcea3 needs further verification of animal research. In conclusion, we identifies Tcea3 as a novel anti-cardiac remodeling target by regulating FAO and governing mitochondrial oxidative stress. We predict that the role of Tcea3 in myocardial lipid metabolism may provide new insights into the pathogenesis of cardiovascular diseases in clinical settings. The specific mechanism by which Tcea3 regulates myocardial fatty acid oxidation and lipid metabolism, as well as its crosstalk with oxidative stress, are directions for our future research.
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