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Background/Aims: The effect and underlying mechanism of microgravity on myocardium still poorly understood. The present study aims to reveal the effect and underlying mechanism of tail-suspension-induced microgravity on myocardium of rats.

Methods: Tail-suspension was conducted to simulate microgravity in rats. Echocardiography assay was used to detect cardiac function. The cardiac weight index was measured. Hematoxylin and eosin (HE) staining and transmission electron microscopy assay were conducted to observe the structure of the tissues. RNA sequencing and non-targeted metabolomics was employed to obtain transcriptome and metabolic signatures of heart from tail-suspension-induced microgravity and control rats.

Results: Microgravity induced myocardial atrophy and decreased cardiac function in rats. Structure and ultrastructure changes were observed in myocardium of rats stimulated with microgravity. RNA sequencing for protein coding genes was performed and identified a total of 605 genes were differentially expressed in myocardium of rats with tail suspension, with 250 upregulated and 355 downregulated (P < 0.05 and | log2fold change| > 1). A total of 55 differentially expressed metabolites were identified between the two groups (VIP > 1 and P < 0.05) by the metabolic profiles of heart tissues from microgravity groups and control. Several major pathways altered aberrantly at both transcriptional and metabolic levels, including FoxO signaling pathway, Amyotrophic lateral sclerosis, Histidine metabolism, Arginine and proline metabolism.

Conclusion: Microgravity can induce myocardial atrophy and decreases cardiac function in rats and the molecular alterations at the metabolic and transcriptomic levels was observed, which indicated major altered pathways in rats with tail suspension. The differentially expressed genes and metabolites-involved in the pathways maybe potential biomarkers for microgravity-induced myocardial atrophy.

KEYWORDS
transcriptomic, myocardial injury, bioinformatics, omic analyses, RNA sequencing, tail-suspension, non-targeted metabolomics


Introduction

With the development of the aerospace industry and the increasing duration of space missions, it is essential to understand the effects on human physiology during long-term space travel. Human body has long been adapted to gravity of 1G. When exposed to microgravity, functional and structural changes are occurred in cardiovascular system. It is reported that the microgravity of long-term space flight can cause a series of structural and functional changes in the heart of astronaut, including cardiac remodeling and cardiac dysfunction (1).

The effects of microgravity on heart and its mechanisms have aroused the attention of researchers. Bigard et al. (2) found a decrease in ventricular weight in rats after 21 days of head-down suspension compared with controls. Whereas, the relative ventricle weight/body weight was not affected by head-down suspension (2). Simulated microgravity by head down (−6°) bed rest (HDBR) could impair ventricular repolarization dispersion in volunteers (3). Similar results were found by Palacios et al. (4) that microgravity conditions increased low-frequency oscillations of ventricular repolarization which is the risk factor for repolarization instabilities and arrhythmias.

To further investigate the effects of microgravity on the heart, tail suspension models of rats and mice were established under simulated microgravity condition. And, Zhong et al. (5) found that simulated microgravity induced cardiac remodeling in mice, which may be related to HDAC4, ERK1/2, LC3-II, and AMPK pathways. Liang et al. found that tail-suspension increased heart angiotensin-II production decreased cardiomyocyte size and heart weight, and induced myocardial dysfunction in mice. Whereas, losartan could attenuate microgravity-induced myocardial abnormalities by inhibiting p47 phosphorylation, NADPH oxidase activation and MuRF1 expression (6).

Although the relationship between microgravity conditions and myocardial atrophy has been explored (7, 8). However, the exact underlying mechanisms that microgravity induces myocardial atrophy are not fully understood. The aim of this study was to observe the effects of microgravity on cardiac function and structure in tail-suspension rat model, and analyze the potential molecular mechanisms of myocardial atrophy through RNA sequencing and non-targeted metabolomics.



Materials and methods


Animal model construction

Male Sprague–Dawley (SD) rats (6–8 weeks) were obtained from the Laboratory Animal Center of the Chinese People’s Liberation Army Academy of Military Medical Sciences, SCXK-2007-004. Rats were fed in a single cage in the SPF Animal Room of the Chinese Astronaut Research and Training Center. The room temperature was 25°C and the relative humidity was 60%. The rats were kept at 12 h of light/darkness. After 1 week of adaptation, the rats were randomly divided into control group (C group) and tail suspension-induced microgravity group (M group). Then, the rats in the control group were continued feeding in a single cage. And rats in the microgravity group were moved freely in a suspension cage, and the tile was suspended at −30° to simulate weightlessness (9).



Echocardiography

Echocardiographic examination was performed 4 weeks after tail suspension. The rats were anesthetized with 4% chloral hydrate intraperitoneally (400 mg/kg) and the hair from the chest was removed. The dynamic images of heart were collected, and parapmaers including left ventricular end-diastolic volume (LVEDV), left ventricular posterior wall thickness at end diastole (LVPWd), left ventricular posterior wall thickness at end systole (LVPWs), left ventricular internal diameter at end diastole (LVIDd), interventricular septum thickness at end diastole (IVSd), interventricular septum thickness at end systole (IVSs) were analyzed. The left ventricular mass (LVM) = 1.053 × [(LVIDd + LVPWd + IVSd) 3–LVIDd3] was calculated. Subsequently, left ventricular internal diameter at end systole (LVIDS), interventricular septum thickness at end diastole (IVSD), interventricular septum thickness at end systole (IVSS), end-diastolic volume (EDV), end-systolic volume (ESV), SV (stroke volume) and heart rate (HR) were measured. The calculation formula is as follows: ejection fraction% (EF%) = 100 × (EDV-ESV) ÷ EDV, SV (stroke volume) = EDV–ESV. HR was measured by Aortic Valve model and cardiac output (CO) calculated by calculation formula: CO = SV × HR÷1000.



Measurement of cardiac weight index

The second day after dynamic images of heart, the rats were weighed and anesthetized by 2% Pentobarbital sodium (30 mg/kg body weight) intraperitoneally. The heart was collected, washed with saline and weighed.



Hematoxylin and eosin (HE) staining

The heart of rats (no more than 0.5 cm thick) were placed in 10% formalin to maintaining the original morphological structure of tissues. The tissues were dehydrated, embedded in paraffin, and cutted into slices (5–8 μm). Xylene was used to remove paraffin from the slices. Then, the slices were stained with HE staining agents according to the manufacturer’s instructions. After staining, the images of slices were captured under a microscope.



Ultrastructural examination of myocardium

Left ventricular tissues were taken from rats, with the volume of 1 mm3. The tissues were pre-fixed in 3% glutaraldehyde solution for 2 h, then fixed at 4°C for 48–72 h, fixed with 1% osmium tetroxide for 2 h, dehydrated with uranium acetate and citric acid. Lead double staining was observed by transmission electron microscopy.



RNA sequencing

Ribonucleic acid sequencing was conducted by Oebiotech (Shanghai, China). Raw data were processed using Trimmomatic (10). Using hisat2, the clean reads were mapped to reference genome (11). The read counts aligned to the protein coding genes were obtained by htseq-count (12). The FPKM value of each gene was calculated by cufflinks (13). Differentially expressed genes (DEGs) were identified using DESeq with P < 0.05 and | log2FoldChange| > 1 (14).



Function analysis

The genes mapped to STRING database1 were selected to construct Protein–protein interaction (PPI) network (15). Cytoscape software (version 3.9.12) performed the network visualization and analysis (16). Enrichment analysis was performed using DEGs and differentially expressed metabolites (DEMs). Gene Ontology database was used to perform GO analysis (17). Kyoto Encyclopedia of Genes and Genomes (KEGG) database and Gene set enrichment analysis (GSEA) was used to analyze pathways (18, 19). A comprehensive platform MetaboAnalyst was used to further analyze the metabolomics data3 (20, 21).



Sample preparation for metabonomics

Heart tissues from rats were collected and grinded with liquid nitrogen for metabolite extraction. The repeatability and stability of LC-MS analysis was evaluated using quality control (QC) sample. QC sample were prepared by combining of tissue extraction.



LC-MS based metabonomics analysis

All samples were detected using a Nexera ultraperformance liquid chromatography (UPLC) system combined with a high-resolution tandem mass spectrometer system. An ACQUITY UPLC T3 column (100 mm × 2.1 mm, 1.8 μm; UK) was used for the separation of metabolites. Sample injection volume was 2 μL. The mobile phase consisted of solvent A (water, 0.1% formic acid) and solvent B (Acetonitrile, 0.1% formic acid). The gradient elution conditions were as follows. Flow rate: 0.35 mL/min. 5% B for 0–2 min; 5–100% B for 2–15 min; 100% B for 14–15 min; 100–5% B for 15–15.1 min; and 5% B for 15.1–16 min. The column temperature was maintained at 45°C. The MS conditions were as follows. Mass scan range for positive and negative ion models were both between 125 and 1000. Spray voltage for positive and negative ion models were 3500 and −3000, respectively. Capillary temperature was 320°C. To evaluate the repeatability of LC-MS, QC samples were analyzed randomly.



Data preprocessing and statistical analysis of metabonomics

The acquired LC-MS raw data was analyzed using Progenesis QI v2.3 (Corporation, Milford, MA, USA). Each ion was identified by data including m/z, peak RT and peak intensities. Ion information was matched to the self-built and public database such as HMDB4 and LIPID MAP.5 A combined data of positive and negative model was acquired. Principle component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant analysis (OPLS-DA) were performed to evaluate variance between two groups. DEMs were identified as VIP > 1 (OPLS-DA model) and P < 0.05.



Statistical analysis

Data are expressed as mean ± SD. Student t-test was used to compare difference between two groups. A two tailed P < 0.05 was considered statistically significant.




Results


Myocardial atrophic changes in rats exposed to microgravity

The average body weight of the rats in the control and microgravity groups were similar before the experiment. The body weight of rats in the microgravity group was decreased. We evaluated the alteration in rat heart weight using cardiac index (the ratio of heart weight to body weight), which eliminated the effect of body weight. The experimental results showed that the heart weight and the cardiac index of the microgravity group were significantly lower than those in the control group, indicating the existence of myocardial atrophy in rats under long time tail suspension simulated microgravity (Table 1). Moreover, we found that the LVM, LVEDV, LVPWd, and LVPWs of rats in the microgravity group were lower than that in the control group (Table 2).


TABLE 1    The effect of microgravity on heart weight and cardiac index in rats.
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TABLE 2    The effect of microgravity on ventricular thickness and volume of rats.
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The effects of microgravity on cardiac function in rats

After 4 weeks tail suspension, echocardiography was performed to detect the changes of heart function (Table 3). We found that the stroke volume (SV), cardiac output (CO) and ejection fraction (EF) of rats in microgravity group were significantly lower than those of the control group. Fractional shortening (FS) of tail-suspended rats were significantly decreased compared with control rats. Moreover, compared with the control group, left ventricular internal diameter and interventricular septum thickness at end diastole or end systole were decreased in the microgravity group. In contrast, the HR of the rats exposed to microgravity were higher than that of the control rats.


TABLE 3    The effect of microgravity on heart function of rats.
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Myocardial histomorphological changes in rats with tail suspension

HE staining was used to observe the myocardial structure of rats. The myocardial fibers in the control group were arranged neatly and tightly, and distributed in bundles without fracture. Compared with the control group, the myocardial fibers in the microgravity group were swollen, loose, and fractured. In addition, granular degeneration, vacuolar degeneration, local myocardial fibrotic necrosis and interstitial edema were observed (Figure 1A). We further evaluated the changes of myocardial ultrastructure in rats after 4 weeks tail suspension. The myocardium and sarcomere structures of the control group were intact, and the myofilaments were clear and tightly arranged. Besides, the mitochondrial interstitium was dense, the mitochondrial ridges were clearly visible, and the desmosomes were clear and with complete morphology. After 4 weeks of tail suspension, the myocardial fibers in microgravity group were broken and scattered (Arrow), and the structure of myofibrils was obviously blurred. Mitochondrial ridges were fractured and swollen (Figures 1B, C).
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FIGURE 1
Histological changes in myocardium of rats with tail suspension-induced microgravity. (A) Representative hematoxylin and eosin (HE) staining images. (B) Representative electron microscope images of rat (10000×). (C) Representative electron microscope images of rat (20000×, Arrow represents broken and scattered).




Differential molecular expression pattern at the transcriptional and metabolic levels in rats with tail suspension

The transcriptomic profiles of control group (n = 3) and tail suspension-induced microgravity group (n = 3) were acquired by RNA sequencing and the metabolites were detected by UPLC in myocardium of rats with tail suspension (n = 5) and control group (n = 5). PCA and clustering showed the difference of mRNA expression between the two groups (Figures 2A, B). As for metabolomics, PLS-DA and OPLS-DA were performed to further evaluate the metabolic differences between the two groups and metabolites exhibited different patterns in the two groups (Figures 2C, D).
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FIGURE 2
Differential molecular expression pattern at the transcriptional and metabolic levels in rats with tail suspension. (A) The scree plot of the principal components in transcriptional dataset. (B) PCA and clustering analysis in transcriptional dataset. (C) Three-dimensional score plot of samples using partial least squares discriminant analysis (PLS-DA) model. (D) Three-dimensional score plot of samples using orthogonal partial least squares discriminant analysis (OPLS-DA) model.


The DEGs with a cutoff value of P < 0.05 and | log2 FC > 1| were presented as valconal plots and a total of 605 genes were differentially expressed in myocardium of rats with tail suspension, with 250 upregulated and 355 downregulated (Figure 3A). Hierarchical clustering of the DEGs was showed in Figure 3B. DEMs were identified as OPLS-DA model VIP > 1 and P < 0.05. The heatmap and volcano plot of DEMs between the two groups (Figures 3C, D). A total of 55 DEMs were identified between the two groups.
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FIGURE 3
Differentially expressed genes and metabolites in myocardium of tail suspension rats. (A) Valconal plots of differentially expressed genes (DEGs, P < 0.05 and | log2 FC| > 1). (B) Heatmap of DEGs between the two groups. C, control; M, microgravity. (C) Volcano plots of differential expressed metabolites (DEMs) between the two groups. (D) Heatmap of DEMs between the two groups (VIP > 1 and P < 0.05). (E) The protein-protein interaction of the DEGs between the two groups, blue represents downregulated, red represents upregulated. (F) The top 10 hub genes of degree distribution.


In addition, the PPI of these 605 DEGs were established by STRING including 433 nodes and 2538 interacting pairs (Figure 3E and Supplementary Table 1). By degree analysis by Cytoscape, the top 10 genes named Mki67, Cdk1, Plk1, Ccna2, Cdc20, Top2a, Bub1, Ndc80, Ccnb2, Ttk were considered hub genes in the network (Figure 3F).



Transcriptomic pathway alterations in myocardium of rats with tail suspension

Gene Ontology and KEGG enrichment analysis were performed and we identified 433 enriched GO terms and 48 KEGG pathways based on the above 605 DEGs (P < 0.05, Supplementary Table 2). Top 20 GO terms and pathways ranked by P-value were in Figures 4A, B respectively.
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FIGURE 4
Enrichment analysis of differentially expressed genes in myocardium of tail suspension rats. (A) The Circos diagram of top 20 enriched Gene Ontology (GO) terms of differentially expressed genes. (B) The Bubble chart of top 20 enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of differentially expressed genes.


The most enriched GO terms in BP were “GO:0009615–response to virus” (P < 0:001, n = 13); in CC was “GO:0042555–MCM complex” (P < 0:001, n = 4); and in MF were “GO:0005201–microtubule binding” (P < 0:001, n = 23). The results of KEGG showed that DEGs were highly enriched in heart related pathways including “Cell cycle,” “NOD-like receptor signaling pathway,” “TNF signaling pathway,” “IL-17 signaling pathway,” “MAPK signaling pathway,” and “cellular senescence.”

The upregulated genes were top enriched in biological processes including “response to lipopolysaccharide,” and “response to hyperoxia,” and “positive regulation of inflammatory response” (Figure 5A) and heart-related pathways including “IL-17 signaling pathway,” “Jak-STAT signaling pathway,” “protein processing in endoplasmic reticulum,” “FOXO signaling pathway,” and “MAPK signaling pathway” (Figure 5C). The downregulated genes were top enriched in biological processes including “metaphase plate congression,” “mitotic sister chromatid segregation,” and “response to virus” (Figure 5B), and heart-related pathways including “NOD-like receptor signaling pathway,” “Toll-like receptor signaling pathway,” “adrenergic signaling in cardiomyocytes,” “cellular senescence,” and “calcium signaling pathway” (Figure 5D).
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FIGURE 5
Enrichment analysis of upregulated/downregulated genes in myocardium of tail suspension rats. (A) Top 10 Gene Ontology (GO) terms of upregulated genes enrichment analysis. (B) Top 10 GO terms of downregulated genes enrichment analysis. (C) Top 10 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of upregulated genes enrichment analysis. (D) Top 10 KEGG pathways of downregulated genes enrichment analysis.




Metabolic pathway alterations in myocardium of rats with tail suspension

To demonstrate the relationship and metabolites expression among different samples, hierarchical clustering was performed using DEMs. Colors from blue to red indicates the expression abundance of metabolites from low to high (Figure 6A), These metabolites are potential biomarker for cardiac metabolic reprogramming induced by tail suspension in rats. Subsequently, KEGG pathway analysis was performed using DEMs and we identified 25 KEGG pathways. These DEMs were enriched in pathways including “retrograde endocannabinoid signaling,” “FOXO signaling pathway,” “histidine metabolism,” “leishmaniasis,” and “aminoacyl-tRNA biosynthesis,” etc. (Figure 6B and Supplementary Table 3).
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FIGURE 6
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of differentially expressed metabolites. (A) Hierarchical clustering of differential expressed metabolites (DEMs). (B) Bubble chart top 20 enriched KEGG pathways of DEMs.




Alterations of major pathways at transcriptional and metabolic in myocardium of rats with tail suspension

After metabolic and gene enrichment analysis, we found 4 significantly altered pathways at both the metabolomic and mRNA expression levels in myocardium of rats with tail suspension (Figure 7A), involving “FoxO signaling pathway,” “Amyotrophic lateral sclerosis,” “Histidine metabolism,” “Arginine and proline metabolism.” Simultaneously, the gene set of the FoxO pathways was also significantly by GSEA analysis (Figure 7B). In addition, we performed the combined analysis of transcriptome and metabolome by MetaboAnalyst and Figure 7C was the visualization of the altered pathways with p-values and pathway impact. There were 40 pathways enriched based on the above 605 DEGs and 55 DEMs (Supplementary Table 4, P < 0.05) including “Cell cycle,” “Neuroactive ligand-receptor interaction,” “Transcriptional misregulation in cancer,” “Progesterone-mediated oocyte maturation,” “FoxO signaling pathway.” Further analysis found that upregulated genes Bcl6, Bnip3, Cdkn1a, Gabarapl1, Gadd45b, Irs2 and downregulated genes Ccnb2, Mapk11, and Plk1 in microgravity group were enriched in FOXO signaling pathway. Metabolites ADP (C00008) was downregulated and L-glutamate (C00025) was upregulated in microgravity group, which were also enriched in FOXO signaling pathway (Figure 7D).
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FIGURE 7
Combined analysis of the alterations pathways at transcriptional and metabolic in myocardium of rats with tail suspension. (A) The Venn analysis identified 4 common pathways that were both significantly altered at the transcriptional and metabolic levels in rats with tail suspension. (B) Gene set enrichment analysis of FoxO signaling pathway (NES = 1.50, P < 0.001). (C) Overview of the pathway analysis based on metabolic and transcriptional alteration by MetaboAnalyst. (D) Combined analysis of differentially expressed genes (DEGs) and DEGs in FoxO signaling pathway.





Discussion

Aerospace medical research shows that space weightlessness and simulated weightlessness may cause myocardial atrophy and functional changes. Herault et al. (22) studied astronauts who had been flying for 6 months on the Mir space station and found that long-term flight reduced stroke volume. Studies found that LV mass index, LV end-diastolic volume and mean wall thickness decreased, suggesting that the occurrence of myocardial atrophy was an adaptive behavior caused by reduced in myocardial load (23, 24).

The experimental results of this study showed that the left ventricular mass index and the heart weight index decreased in rats with tail suspension, indicating that microgravity caused myocardial atrophy in rats (Table 1). Moreover, the left ventricular mass, wall thickness and end-diastolic volume were reduced in rats with tail suspension (Table 2). This was consistent with the findings of Levine et al. (25) that HDBR and space flight could lead to atrophy of human myocardium. This phenomenon has also been demonstrated in mice (26). At present, there are many studies that are consistent with our findings. Perhonen et al. (24) reported that the left ventricular mass decreased when myocardial atrophy was caused by long-term bed rest and space flight. Bigard et al. (2) reported that the LV weight decreased in tail suspension rats. Therefore, long-term simulated weightlessness causes myocardial atrophy. The microgravity is also proved to affect cardiac function. In this study, we found that the short-axis shortening rate and EF were decreased in long-term simulated microgravity in rats (Table 3). The changes in all these parameters were consistent with the changes in astronauts. Although the heart rate of the rats was increased, the cardiac output was still decreased, indicating that the cardiac function of rats with tail suspension was decreased. Histological changes in myocardium were observed in rats in microgravity group. These findings were consistent with the phenomenon of mitochondrial damage and ridge fracture in rats after 21 days of weightless (27).

To explore the transcriptomics and metabolomics changes in rats with tail suspension and underlying mechanisms of microgravity induced myocardial atrophy, RNA sequencing and non-targeted metabolomics were conducted. Using RNA sequencing, a total of 605 DEGs were identified in myocardium of rats with tail suspension. The hub gens Cdk1, Plk1, Cdc20, Top2a, Ccnb2, and Ttk have been reported that they involved in the myocardial progression (28–33). GO and KEGG enrichment analysis were performed using DEGs. The DEGs were enriched in some pathways that play important role in cardiovascular system, including “NOD-like receptor signaling pathway,” “TNF signaling pathway,” “IL-17 signaling pathway,” “MAPK signaling pathway,” and “cellular senescence,” etc. As for metabol/omics, a metabolism difference was observed between control and microgravity group. A total of 55 DEMs were identified between the two groups (VIP > 1 and P < 0.05). These metabolites are potential biomarker for microgravity induced cardiac metabolic reprogramming. KEGG analysis was performed using these altered metabolites. The DEMs were enriched in pathways including “retrograde endocannabinoid signaling,” “FOXO signaling pathway,” “histidine metabolism,” “leishmaniasis,” and “aminoacyl-tRNA biosynthesis,” etc.

Finally, combined analysis was conducted using both transcriptome and metabolome data. Differentially expressed protein coding genes and metabolites were enriched in “Cell cycle, “FoxO signaling pathway,” “Oocyte meiosis,” “MAPK signaling pathway,” “Cellular senescence,” “IL-17 signaling pathway.” FOXO1 plays an important role in diabetic cardiomyopathy (34, 35). Puthanveetil et al. (36) found that the increased nuclear FOXO1 in myocardium of diabetic rats mediates caspase-3 and PARP1-related cell death. In our study, three downregulated DEGs (Ccnb2, Mapk11 and Plk1) and two metabolites (ADP and L-glutamate) were enriched in FOXO pathway. Mapk11 encoded p38 mitogen-activated protein kinase paly pivotal pathophysiological role in diabetic cardiomyopathy, cardiac ischemia/reperfusion injury, and cardiac hypertrophy (37, 38). Calpain activation participates microgravity-induced myocardial abnormalities in mice, which was through p38 and EERK1/2 MAPK (26). Ccnb2 (Cyclin B2) is a cell cycle related gene, which is associated with cancer progression and prognosis (39–41). Polo-like kinase 1 encoded by Plk1 is a negative regulator of FOXO3 (42). However, little is known about the role of Ccnb2 and Plk1 in cardiomyocytes. The altered metabolites ADP (downregulated) and L-glutamate (upregulated) in microgravity group were enriched in FOXO signaling pathway. Glutamate has the potential of increase heart rate and induce cardiac fibrosis (43, 44). ADP has protective effect against cardiac mitochondria injury under severe oxidative stress (45). Therefore, the DEGs and DEMs-involved in this pathway maybe potential biomarkers for microgravity-induced myocardial atrophy.

In conclusion, microgravity induces myocardial atrophy and decreases cardiac function in rats and the transcriptomics and metabolomics were observed alterations in rats with tail suspension. This study provides new insights in the systems-level investigation and understanding of the underlying molecular alterations of microgravity induced myocardial injury that could facilitate the development of novel therapeutic targets and biomarkers for the disease.
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SUPPLEMENTARY TABLE 1
The Protein–protein interaction (PPI) of these differentially expressed genes (DEGs) established by STRING.

SUPPLEMENTARY TABLE 2
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of these differentially expressed genes (DEGs).

SUPPLEMENTARY TABLE 3
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed using the differential expressed metabolites (DEMs).

SUPPLEMENTARY TABLE 4
The combined analysis of transcriptome and metabolome by MetaboAnalyst.

SUPPLEMENTARY TABLE 5
RNA sequencing was employed to obtain transcriptome expression profile of heart from tail-suspension-induced microgravity and control rats.

SUPPLEMENTARY TABLE 6
Non-targeted metabolomics was employed to obtain metabolic signatures of heart from tail-suspension-induced microgravity and control rats.


Footnotes

1     https://cn.string-db.org/

2     https://cytoscape.org/

3     https://www.metaboanalyst.ca/MetaboAnalyst/

4     http://www.hmdb.ca/

5     http://www.lipidmaps.org


References

1. Ling S, Li Y, Zhong G, Zheng Y, Xu Q, Zhao D, et al. Myocardial CKIP-1 overexpression protects from simulated microgravity-induced cardiac remodeling. Front Physiol. (2018) 9:40. doi: 10.3389/fphys.2018.00040

2. Bigard AX, Serrurier B, Mérino D, Lienhard F, Guezennec CY. Structural and biochemical properties of the rat myocardium after 21 days of head-down suspension. Aviat Space Environ Med. (1994) 65:829–34.

3. Bolea J, Caiani EG, Pueyo E, Laguna P, Almeida R. Microgravity effects on ventricular response to heart rate changes. Annu Int Conf IEEE Eng Med Biol Soc. (2012) 2012:3424–7.

4. Palacios S, Caiani EG, Landreani F, Martínez JP, Pueyo E. Long-term microgravity exposure increases ECG repolarization instability manifested by low-frequency oscillations of T-wave vector. Front Physiol. (2019) 10:1510. doi: 10.3389/fphys.2019.01510

5. Zhong G, Li Y, Li H, Sun W, Cao D, Li J, et al. Simulated microgravity and recovery-induced remodeling of the left and right ventricle. Front Physiol. (2016) 7:274. doi: 10.3389/fphys.2016.00274

6. Liang L, Yuan W, Qu L, Li H, Zhang L, Fan G, et al. Administration of losartan preserves cardiomyocyte size and prevents myocardial dysfunction in tail-suspended mice by inhibiting p47(phox) phosphorylation, NADPH oxidase activation and MuRF1 expression. J Transl Med. (2019) 17:279. doi: 10.1186/s12967-019-2021-1

7. Summers RL, Martin DS, Meck JV, Coleman TG. Computer systems analysis of spaceflight induced changes in left ventricular mass. Comput Biol Med. (2007) 37:358–63. doi: 10.1016/j.compbiomed.2006.04.003

8. Scott JM, Warburton DE, Williams D, Whelan S, Krassioukov A. Challenges, concerns and common problems: physiological consequences of spinal cord injury and microgravity. Spinal Cord. (2011) 49:4–16. doi: 10.1038/sc.2010.53

9. Morey-Holton ER, Globus RK. Hindlimb unloading rodent model: technical aspects. J Appl Physiol. (2002) 92:1367–77.

10. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics. (2014) 30:2114–20. doi: 10.1093/bioinformatics/btu170

11. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nat Methods. (2015) 12:357–60. doi: 10.1038/nmeth.3317

12. Anders S, Pyl PT, Huber W. HTSeq–a Python framework to work with high-throughput sequencing data. Bioinformatics. (2015) 31:166–9. doi: 10.1093/bioinformatics/btu638

13. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, Baren MJ, et al. Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat Biotechnol. (2010) 28:511–5. doi: 10.1038/nbt.1621

14. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550. doi: 10.1186/s13059-014-0550-8

15. Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachilif R, et al. The STRING database in 2023: protein-protein association networks and functional enrichment analyses for any sequenced genome of interest. Nucleic Acids Res. (2023):gkac1000. doi: 10.1093/nar/gkac1000

16. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. (2003) 13:2498–504. doi: 10.1101/gr.1239303

17. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene ontology: tool for the unification of biology. The gene ontology consortium. Nat Genet. (2000) 25:25–9. doi: 10.1038/75556

18. Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res. (2008) 36:D480–4.

19. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U.S.A. (2005) 102: 15545–50.

20. Pang Z, Zhou G, Ewald J, Chang L, Hacariz O, Basu N, et al. Using MetaboAnalyst 5.0 for LC-HRMS spectra processing, multi-omics integration and covariate adjustment of global metabolomics data. Nat Protoc. (2022) 17:1735–61. doi: 10.1038/s41596-022-00710-w

21. Pang Z, Chong J, Zhou G, de Lima Morais D, Chang L, Barrette M, et al. MetaboAnalyst 5.0: narrowing the gap between raw spectra and functional insights. Nucleic Acids Res. (2021) 49:W388–96. doi: 10.1093/nar/gkab382

22. Herault S, Fomina G, Alferova I, Kotovskaya A, Poliakov V, Arbeille P. Cardiac, arterial and venous adaptation to weightlessness during 6-month MIR spaceflights with and without thigh cuffs (bracelets). Eur J Appl Physiol. (2000) 81:384–90. doi: 10.1007/s004210050058

23. Pancheva MV, Panchev VS, Suvandjieva AV. Lower body negative pressure vs. lower body positive pressure to prevent cardiac atrophy after bed rest and spaceflight. What caused the controversy? J Appl Physiol. (1985) 100:1090. doi: 10.1152/japplphysiol.00950.2005

24. Perhonen MA, Franco F, Lane L, Buckey J, Blomqvist C, Zerwekh J, et al. Cardiac atrophy after bed rest and spaceflight. J Appl Physiol. (2001) 91:645–53.

25. Levine BD, Zuckerman JH, Pawelczyk JA. Cardiac atrophy after bed-rest deconditioning: a nonneural mechanism for orthostatic intolerance. Circulation. (1997) 96:517–25. doi: 10.1161/01.cir.96.2.517

26. Liang L, Li H, Cao T, Qu L, Zhang L, Fan G, et al. Calpain activation mediates microgravity-induced myocardial abnormalities in mice via p38 and ERK1/2 MAPK pathways. J Biol Chem. (2020) 295:16840–51. doi: 10.1074/jbc.RA119.011890

27. Goldstein MA, Edwards RJ, Schroeter JP. Cardiac morphology after conditions of microgravity during COSMOS 2044. J Appl Physiol (1985) 73(Suppl. 2):94S–100S.

28. Mohamed TMA, Ang Y, Radzinsky E, Zhou P, Huang Y, Elfenbein A, et al. Regulation of cell cycle to stimulate adult cardiomyocyte proliferation and cardiac regeneration. Cell. (2018) 173:104–116e12.

29. Jopling C, Sleep E, Raya M, Mart Mí, Raya A, Belmonte JC. Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation. Nature. (2010) 464:606–9.

30. Xie Y, Lai S, Lin Q, Xie X, Liao J, Wang H, et al. CDC20 regulates cardiac hypertrophy via targeting LC3-dependent autophagy. Theranostics. (2018) 8:5995–6007.

31. Schmid C, Wohnhaas CT, Hildebrandt T, Baum P, Rast G. Characterization of iCell cardiomyocytes using single-cell RNA-sequencing methods. J Pharmacol Toxicol Methods. (2020) 106:106915. doi: 10.1016/j.vascn.2020.106915

32. Haginiwa S, Sadahiro T, Kojima H, Isomi M, Tamura F, Kurotsu S, et al. Tbx6 induces cardiomyocyte proliferation in postnatal and adult mouse hearts. Biochem Biophys Res Commun. (2019) 513:1041–7. doi: 10.1016/j.bbrc.2019.04.087

33. Yang J, Liu Z, Zhang J, Wang H, Hu S, Liu J, et al. Real-time tracking of adipose tissue-derived stem cells with injectable scaffolds in the infarcted heart. Heart Vessels. (2013) 28:385–96. doi: 10.1007/s00380-012-0275-0

34. Yang M, Lin Y, Wang Y, Wang Y. High-glucose induces cardiac myocytes apoptosis through Foxo1/GRK2 signaling pathway. Biochem Biophys Res Commun. (2019) 513:154–8. doi: 10.1016/j.bbrc.2019.03.193

35. Yan D, Cai Y, Luo J, Liu J, Li X, Ying F, et al. FOXO1 contributes to diabetic cardiomyopathy via inducing imbalanced oxidative metabolism in type 1 diabetes. J Cell Mol Med. (2020) 24:7850–61. doi: 10.1111/jcmm.15418

36. Puthanveetil P, Zhang D, Wang Y, Wang F, Wan A, Abrahani A, et al. Diabetes triggers a PARP1 mediated death pathway in the heart through participation of FoxO1. J Mol Cell Cardiol. (2012) 53:677–86. doi: 10.1016/j.yjmcc.2012.08.013

37. Zuo G, Ren X, Qian X, Ye P, Luo J, Gao X, et al. Inhibition of JNK and p38 MAPK-mediated inflammation and apoptosis by ivabradine improves cardiac function in streptozotocin-induced diabetic cardiomyopathy. J Cell Physiol. (2019) 234:1925–36. doi: 10.1002/jcp.27070

38. Peng L, Guo J, Long L, Pan F, Zhao J, Xu L, et al. A novel clinical six-flavoprotein-gene signature predicts prognosis in esophageal squamous cell carcinoma. Biomed Res Int. (2019) 2019:3869825. doi: 10.1155/2019/3869825

39. Pan Y, Zhang J, Zhao L, Guo J, Wang S, Zhao Y, et al. A robust two-gene signature for glioblastoma survival prediction. J Cell Biochem. (2020) 121:3593–605.

40. Zou Y, Ruan S, Jin L, Chen Z, Han H, Zhang Y, et al. CDK1, CCNB1, and CCNB2 are prognostic biomarkers and correlated with immune infiltration in hepatocellular carcinoma. Med Sci Monit. (2020) 26:e925289. doi: 10.12659/MSM.925289

41. Zeng Y, He H, Zhang Y, Wang X, Yang L, An Z. CCNB2, TOP2A, and ASPM reflect the prognosis of hepatocellular carcinoma, as determined by weighted gene coexpression network analysis. Biomed Res Int. (2020) 2020:4612158. doi: 10.1155/2020/4612158

42. Bucur O, Stancu A, Muraru M, Melet A, Petrescu S, Khosravi-Far R. PLK1 is a binding partner and a negative regulator of FOXO3 tumor suppressor. Discoveries. (2014) 2:e16. doi: 10.15190/d.2014.8

43. Hillyer JF, Estevez-Lao TY, Mirzai HE. The neurotransmitters serotonin and glutamate accelerate the heart rate of the mosquito Anopheles gambiae. Comp Biochem Physiol A Mol Integr Physiol. (2015) 188:49–57. doi: 10.1016/j.cbpa.2015.06.015

44. Song J, Meng Y, Wang M, Li L, Liu Z, Zheng K, et al. Mangiferin activates Nrf2 to attenuate cardiac fibrosis via redistributing glutaminolysis-derived glutamate. Pharmacol Res. (2020) 157:104845. doi: 10.1016/j.phrs.2020.104845

45. Sokolova N, Pan S, Provazza S, Beutner G, Vendelin M, Birkedal R, et al. ADP protects cardiac mitochondria under severe oxidative stress. PLoS One. (2013) 8:e83214. doi: 10.1371/journal.pone.0083214


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comprehensive analysis of transcriptomics and metabolomics to understand tail-suspension-induced myocardial injury in rat



		Introduction



		Materials and methods



		Animal model construction



		Echocardiography



		Measurement of cardiac weight index



		Hematoxylin and eosin (HE) staining



		Ultrastructural examination of myocardium



		RNA sequencing



		Function analysis



		Sample preparation for metabonomics



		LC-MS based metabonomics analysis



		Data preprocessing and statistical analysis of metabonomics



		Statistical analysis







		Results



		Myocardial atrophic changes in rats exposed to microgravity



		The effects of microgravity on cardiac function in rats



		Myocardial histomorphological changes in rats with tail suspension



		Differential molecular expression pattern at the transcriptional and metabolic levels in rats with tail suspension



		Transcriptomic pathway alterations in myocardium of rats with tail suspension



		Metabolic pathway alterations in myocardium of rats with tail suspension



		Alterations of major pathways at transcriptional and metabolic in myocardium of rats with tail suspension







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Comprehensive analysis
of transcriptomics
and metabolomics

to understand
tail-suspension-induced
myocardial injury in rat












OPS/images/logo.jpg
’ frontiers | Frontiers in Cardiovascular Medicine







OPS/images/fcvm-09-1074257-t002.jpg
Control Microgravity

LVM (g) 0.65 4 0.03 0.39 4 0.06**
LVEDV (mL) 0.69 £ 0.08 0.50 & 0.05**
LVPWd (cm) 0.16 4 0.01 0.14 4 0.01**
LVPWs (cm) 0.27 4 0.02 0.24 £ 0.02*

Data are presented as mean & SD; n = 7. *P < 0.05, **P < 0.01 vs. control group.
LVM, left ventricular mass; LVEDV, left ventricular end-diastolic volume; LVPWd, left
ventricular posterior wall thickness at end diastole; LVPWs, left ventricular posterior wall
thickness at end systole.





OPS/images/fcvm-09-1074257-t003.jpg
Co

LVIDd (cm) 0.67 £ 0.03 0.58 & 0.05**

LVIDs (cm) 0.37 £ 0.03 0.30 & 0.03**

1VSd (cm) 0.14 £ 0.01 0.12 +£0.01**

IVSs (cm) 0.22 £ 0.02 0.18 £ 0.01**

SV (mL) 0.58 £ 0.07 0.38 £ 0.07**

EF (%) 81.64 £ 1.79 75.54 £2.20%*

FS (%) 44.57 +1.87 40.93 £ 1.57*

HR (BPM) 3285+ 174 417.8 £23.8%*

CO (mL) 203.9+9.5 143.6 £ 23.1**
Data are presented as mean £ SD; n = 7. **P < 0.01 vs. control group. LVIDd,
eft ventricular internal diameter at end diastole; LVIDs, left ventricular interna
diameter at end systole; IVSd, interventricular septum thickness at end diastole; IVSs,
interventricular septum thickness at end systole; SV, stroke volume; EF, ejection fraction;
FS, fractional shortening; HR (BPM), heart rate; CO, cardiac output.





OPS/images/email.jpg





OPS/images/fcvm-09-1074257-t001.jpg
4 weeks heart Heart weight

weight (g) index
Control 1.34 +0.08 3.33+0.11
Microgravity 1.02 £ 0.06** 3.05 £ 0.17%*

Data are presented as mean = SD; n = 7. **P < 0.01 vs. control group.





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fcvm-09-1074257-g007.jpg
-log10 (P value)

10.G

1 0]

5.04

48 Transcriptomi
Pathway Alter

lterations

FoxO signaling pathway
Amyotrophic lateral sclerosis (ALS)
Histidine metabolism

Arginine and proline metabolism

Cell cycle

| Neuroactive ligand-receptor interaction |

[Prog

&
ViIiiG

diated oocyte maturation |

[FoxO signaling pathway]
)

—| MAPK signaling pathway|
i @ ® [ Oocyte meiosis |
2.5' ..

@ 7 Cellular senescence |

. @ °.° s
Qe .c B 2 e ® >
s " : ° .
.: ° .'.:.. . | -
0.0 0.5 1.0

Pathway Impact

Enrichment plot:
REACTOME_FOXO_MEDIATED_TRANSCRIPTION

Enrichment score (ES)
© © © o ©o
— 8} w - wm

o
[=)

TR

Zero cross at 5835

4 'C' (negatively comnelated)
0 2,000 4,000 6,000 8,000 10,000 12,000
Rank in Ordered Dataset

Ranked list metric (Signal2Noise)
o

14,000

- Enrichment profile — Hits Ranking metric scores

D
olup:@
\}
i
AN
rhaa
s =N\
T T

st} — i @?“m =

| S

oo
m/ "
oo
@51 -
e
pop——""—" = |

FoxO signaling pathway





OPS/images/fcvm-09-1074257-g003.jpg
label | |
Down | l
Stable g )
Up I |
I |
I |
| |
I |
: | |
il |
|
|
A W * ._!_._._._._ ol
| |
-5.0 -2.5 0.0 2.5 5.0
log 2Fold change
Down Up
p<0.05 p <0.05
log2(FC) < 0 log2(FC) > 0
Sig : 17 Sig": 38

4
e 3"
o - o e o o o — e —

~ p-value=0.05

-4 0 4

15
30
45

down-regulated
not-significant

up-regulated

Mki67
Cdk1
Plk1
Ccna2
Cdc20
Top2a

Bub1
Ndc80
Ccnb2
Ttk

S Conirol
Tail

| ' control
m e oz

Sumiki's acid

(+)~(S)-Carvone 0
5,6-Epoxy-8,11,14-eicosatrienoic acid
Oleic acid

-ol -1
PS(18:0/22:6(42,72,10Z,13Z,16Z,192))
Perillic acid
PE(16:1(92)/24:1(152)) -2
ic acid 3-sulfate
PC(14:0/22:1(132))

ADP
PE(14:0/24:1(152))
Caffeine

S-Lactoylglutathione
Ascorbic acid

L-Asparagine
N6,N6, N6-Trimethyl-L-lysine
Ceramide (d18:1/18:0)

s
3
2

PC(14:1(92)/20:2(11Z,142))
PC(20:4(5Z,8Z,11Z,14Z)/18:0)
PC(18:2(92,122)/20:2(112,142))
(2R)-2-Hydroxy-3-(phosphonatooxy)propanoate

S-(Formyimethyl)glutathione
L-Glutamic acid
Epicatechin

Degree in PPI
40

=g
N
o
o
Qo
o






OPS/images/fcvm-09-1074257-g004.jpg
Up-regulated

[
- Down-regulated

- ~logiop-value
8
6
4
i2
0
biological process

. molecular_function

7"

~
S
4}‘ QS

cellular_component

KEGG Enrichment top 20
rno05418: Fluid shear stress and atherosclerosis ®
rno05218: Melanoma: Number
rno05202: Transcriptional misregulation in cancers © 05
rno05164: Influenza A @ ® o
rno05145: Toxoplasmosis - ®

rno04978: Mineral absorption | ‘ 15

rno04930: Type Il diabetes mellitus ; ‘20

pValue

rno04914. Progesterone-mediated oocyte maturation | &
rno04668: TNF signaling pathway |
rno04657: IL-17 signaling pathway o
rno04640: Hematopoietic cell lineage - ® 0.0075
rno04621: NOD-like receptor signaling pathway{ e
rno04218: Cellular senescence-
rno04115: p53 signaling pathway | s
rno04114: Oocyte meiosis - @
rno04110: Cell cycle- O
rno04080: Neuroactive ligand—-receptor interaction | O
rno04068: FoxO signaling pathway. ®
rno04010: MAPK signaling pathway{
rno00410: beta—Alanine metabolism| o
2 3 4 5
RichFactor

0.0050

0.0025






OPS/images/fcvm-09-1074257-g005.jpg
o
A ?%, e 2§ ~ response to lipopolysaccharide B g X .
% % $ = = transformation of host cell by virus o % %g E ERS - metaphase plate congression
L % 3 " response to heat TR " midbod _
Y 3 = cellular response to interleukin—1 v _ g~ " response to virus
i B cellular response to hypoxia 4, % g " MCM complex
% ol response to h¥{peroxia ~ kinetochore
%, W C3HC4-type RING finger domain binding o ~ kinesin complex ) )
B I protein refoldin R: W mitotic sister chromatid segregation
e X ~ antioxidant activity o “mitotic cytokinesis
W W positive regulation of inflammatory response ~ microtubule bindin

g
M mitotic spindle assembly checkpoint

"’)’o 0482
HMOI\'] pr]
Cep,
Ceg, -
] KIF4A
NDRGg1 KiF2¢c
SERPINA3N ANLN
DNAJA1 MX1
PRC1
NK
PE! K\FZDP*
3
5008 WoCE0
e\’ Yo
i
o\"dﬂe 00*
© S
<« ,@g““
©
Q o) §’
0113‘ 5 s.g Y - € g E F 8 g
& (% E4 g £ w O 2
g & 2 |OﬁFC ¥ 3
-4 -1
1 z 2 B " : 2 @ §
23282 l;ratrrl‘scnptlonal misregulation in cancers D " ’c’% 2 g
Z B B " Pathways in cancer A
'3 5% % * Melanoma , % % 35 ° * Cell cycle
“ % " © Fluid shear stress and atherosclerosis 6 % © Neuroactive ligand-receptor interaction
%, IL=17 signaling pathway % P 4 "DNA replication .
. ~ Jak-STAT signaling pathway ) K &7 " Adrenergic signaling in cardlom{ocytes
o, % Il Protein processing in endoplasmic reticulum % (O & A4 Amyotrophic lateral sclerosis (ALS)
> % Mineral absorption %, ° 4V : ~ Progesterone-mediated oocyte maturation
. - MAPK signaling pathway % & M Oocyte meiosis
A5ty M FoxO signaling pathway %Q, ; 4’,'-" : M Cellular senescence
- oy, @ ~ Influenza A o
iy, Oy, W Toll-like receptor signaling pathway
CEBpB P KMYT1
Hspgy Pkscg
ARNT2 Mcm3
DNAJA1 OAS2
BCL6
s3 PLK1
el
SDCA CHRND
28781® g
oe®t 9\"’7'“2B
A
e "
o i





OPS/images/fcvm-09-1074257-g006.jpg
A §
©
o)
C
©
Q
o
= = =
S e B
2 5 2
© = T 3 k)
= a% 5 = 9
N S 2 o ®
™ 00 _ o o o o =
— NN %) N Q =
- N INT o O S N £ X
© o = =R N @ E S o_ ® o
o} = No ) NeN L~ o= 0o = Q2
On; O+ AN =] ~ > S |l e 3 —]
© @ ON 28~ =~ ¢ =Ng == X o N8 5 §
3L o TN T Zo S < NS c09LcQ BOT > N2o> x 20«
o C c< ¢ (II)‘_ - & ON”N oY @0.ED Atwa <95 O =0go
£l ~0 O Nmn>— = 8 o ANN =020 —O50g_ IS0 £ T QO
Vo2 Vo =Ov v 53R o=0" rN=02Egl 42855230202 T #2040
000 q8 —~NTNTN ¥ D95 SNNN ScNEEgoE =£92808c0E 2 251d
=80T NGO ON N =T 2000 Arol8goss TOO T "NT > L OS> =
>0 = SN B0 = >0 O-So0sS—-—X&8=FYc . .=co O~ £ ) S =R
559.L080 % O S P20 YN O~ 0EX>Fg S 5281 20G58E 22 228
8RB0 (5080 5T, ¥ GREEoT R oY BCE5 83850 03E T A SO0E5EBLRT
= 1O T=TW oW @O Wol o2 cOOO0TOOW >= >>%1co | =0T X23
8068+060dn0d 30N EEaa Laaab0LLETIZEONEIL L O EL 0%
Sumikis acid @ @EEEEEEEECCC07000CEEEE0 "0 CEEQN000CEE OcGEGGEECOCOE
Diisobutyl phthalate @O @G CEECES . « 000980 000°000W0E0006EE° 00800800000
D-Ribulose 5-phosphate @ @@ EEEEECE008008E8E 0 @ @ seseseTee  eeeee e
PC(15:0/1180) EEEEEE <~ C000QGEEEE ¢ 000C€00000QG00 " 00GCG0000CCTS
(+)-(S)-Carvore @EEEEE < ~C0000EEEEE "© 000C€000G0GEG000GGGETGGGSTS
Oeicacid @EEEE <~ ~“0000EEEEE "0 000@§0900008E@ " Q0EEECCGOE
p-Menth-1-en-4-ol @EE@ 000 0EEEEE 0 0000090000 @ Y02 0Q0CCET0CCTS
PS(18:0/22:6(42,72,102,13Z2,162,192)) @E@E© ¢ §E00EEEEE° Q00800800088 E 000808 ENTEEEE
Perilicacid @@® T 0 000EEEEE 00 §€0C8900C0CC200C0CETGGO0OY
PE(16:1(92)24:1(152) @@ € 0 EEECEEEEETEE0EEEEE0EEEET0eEEEueeeeas
Cafeic acid 3-suifate. @ © © @@ 6 0 GEEEE CEEEEEEEEETECEEEITEECEEEE
PC(14:0/22:1(132)) 0000 2000000088800 02000000 000000000000
GDP .I 100680080888 EE00 ¢@0 0@ 20@EE°
P §000@0E8EEE8EE00 040 00@ ©0EEO
PE(14: 0/241(152)) ......III aeec e L LI L L LRl Ll
S- Lactoylglutathlone geee@@EEee " @0 e e "QECee:r @9
acd @000 Q0Qe 08O g 900 09@e:  @o
Ergothlonelne (T TET O Y e 0699eee ¢
PC(14: 1(92)/202(112 142)) ..m....q 90900 QEE ¢ @0@E220 @
PC(20:4(52,82,11Z,142)/18:0) @0 @@ 9 ® @ Q @ @©
PC(18:2(92,122)/20:2(112,142)) @ @@ 0@ ® e g8 @ g8 @@
L-Lysine @ @@ S 00O O & ¢ 0ge@Qeee oo
PC(14:0/20:1(112)) @@@ ® e @ 08 @
PC(18:1(112)/18:1(112)) @@ @ - 0Q@ © QuUe
PE(16:1(92)24.0) @@ ©900008@8 0800§98000609080
Cyclohexanecarboxylic acid (@ @@ SEEE® @ ge@eee ¢gese
Glycyrrhetinicacid @@ @@ @EEE000Q0E°2008¢ 0G99
L-Acetylcarnitine (@@ @ @80 0E0EEECEE000EEO
L-Asparticacid (@ @GS0 ©0EEEE [
Hypoxanthine .'... g@e@geg@gese @@o
Cytidine @@@®® ® e Q60
LysoSM(d18:1) (@0 0 @E@O80 0 @0 O
N-Desmethylcitalopram @@ @@C@C@E O @
Phosphocreatine @ @ @ @@ SE§® O 000 O
Ceramide (d18:1/18:0) | @@ ¢ ® 06§80 008 E
(2R)-2-Hydroxy-3-(p} ge@‘@ @@e@o
Threonic acid ¢ 02  QQE@O
LysoPC(22:6(4Z,72,10Z,132,162,192)) @@@GC 0@ ©
2-Arachidonylglycerol @ @@ 00088 S
L-Glutamic acid @S SS S0 &
S-(Formylmethyl)glutathione @@ C 8@
Creatine @@E9E@
Pyrroline hydroxycarboxylic acid @@@ @@
Incsine @O @@
1-Methylhistidine @ @@
Diketogulonic acid @@

PathwayTerm

Glutaconyl-CoA @

Correlation

Retrograde endocannabinoid signaling
FoxO signaling pathway |

Histidine metabolism.

Leishmaniasis

Aminoacyl-tRNA biosynthesis.
Glycerophospholipid metabolism.
Sphingolipid metabolism.

Alanine, aspartate and glutamate metabolism.
Protein digestion and absorption.
Necroptosis

Central carbon metabolism in cancer
Choline metabolism in cancer.
Amyotrophic lateral sclerosis.-

Arginine and proline metabolism
Sphingolipid signaling pathway
Ascorbate and aldarate metabolism .
Glycine, serine and threonine metabolism.
Purine metabolism.

Insulin resistance

Thermogenesis 1

Arginine biosynthesis

Taste transduction

Autophagy — other

Systemic lupus erythematosus.
Lysosome.

02 03
RichFactor

0.4

0.8
0.6
0.4

0.2

Number
o 1
@ >
®:
@

Pvalue
0.04

0.03
0.02
0.01





OPS/images/fcvm-09-1074257-g001.jpg





OPS/images/fcvm-09-1074257-g002.jpg
A

Percentage of explained variances

(%01)€D0d

Scree plot B Individuals - PCA
40- | I
35.9% |
|
I
30. 50 A :
o ‘ i
20- 8 07T = B c
£ ' M
14.1% | O L :
I
10- -50- :
I
I
I
g — | | | | ~1001, | | |
1 2 3 4 5 -100 -50 0 50
Dimensions Dim1 (35.9%)
D .
PLS-DA OPLS-DA
8000 . |
It Hc %, Hc
| 4 | e
600p - | | T" —t—T OM OM
oo —~t 11 | |
4 ! r
| T r ‘ — - %00 | -
2000 — | 1 TH-
0 _‘_L_;_,’_,_,- Qo ’ g‘m““.r L
| o
Tl ettt % €
"2000 !_ 4__<L‘“ D I B . . .;E LA - 0
o | ‘ e - o A | —L
. | e - 10k dpa = ﬁi— —10§k'°0
@000 i ‘——;_ré'—_____TL/"/ - 5k o ,b@g —— ] \ ' — 70 o’@;
i T — v | il - ‘@
AOK _O% e > S v ,.\\:3\ q&’ | { \ \\ — 10k %3
PC1 v /’//» - Qb S o o v =
(46.65) 3 o ~10k PC1(40.9%) J






