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Abstract
Using proteomic techniques the impact of the sodium-glucose transport protein 2 inhibitor empagliflozin on cardiac protein expression in a mouse model was assessed under normal and high-fat diet (HFD) conditions. We examined the effect of obesity on serological markers and heart function in obese mice treated with or without empagliflozin and used proteomic techniques to investigate alterations in cardiac protein expression. Using bioinformatic techniques, data were screened for differentially expressed proteins (DEPs) implicated in the putative mechanism of empagliflozin's cardioprotective effects. In C57BL/6 mice, HFD increased body weight, blood lipid, and glucose levels and was associated with structural damage to the heart. Empagliflozin reduces body weight, improves glucose and lipid metabolism, alleviates obesity-induced cardiac ventricular wall thickening, and lowers cardiac tissue collagen. The expression of several proteins was altered in the heart, mainly related to lipid metabolism. Following empagliflozin treatment, the expression of several lipid metabolism-related proteins was considerably reduced. Further examination of DEPs revealed that following empagliflozin treatment, the expressions of Apoe, Apoc1, Saa2, Apoa2, and Pon1 altered dramatically, suggesting that these proteins may be the main proteins that empagliflozin uses to treat obesity-induced aberrant lipid metabolism. Empagliflozin may protect the heart by altering the expression of genes including Apoe, Apoc1, Saa2, Apoa2, and Pon1, which are all involved in lipid metabolism disturbance in obesity.
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The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12986-022-00705-0.
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Introduction
Sodium-glucose transport protein 2 inhibitors (SGLT2i) are new oral hypoglycemics that lower blood sugar by decreasing renal glucose reabsorption and increasing urine glucose excretion [1]. SGLT2i is useful in organic complications of diabetes, particularly cardiovascular disease [2], in addition to its hypoglycemic impact. SGLT2i has been proven in numerous studies to reduce the relative risk of cardiovascular death, all-cause mortality, and rehospitalization rates, significantly improving patient quality of life [3–5]. SGLT2i's cardioprotective impact is independent of its hypoglycemic effect, which is why it's been utilized to treat a range of different disorders, with obesity being the most common [6, 7]. By suppressing inflammation and decreasing insulin resistance, SGLT2i has been demonstrated to protect against obesity-induced heart damage [8, 9]. However, the mechanism of action for this cardioprotective effect is not well understood.
As global living standards rise, the increase in high-fat, high-energy diets has led to an increase in the prevalence of obesity [10]. Obesity-related metabolic illnesses, such as type-2 diabetes mellitus (T2DM) and cardiovascular disease (CVD), are becoming increasingly common. Obesity has been found to significantly raise the risk of CVD, increasing the incidence of cardiovascular events and worsening the prognosis in patients with pre-existing CVD [11, 12]. Obesity is thought to promote CVD as a result of chronic low-grade inflammation and insulin resistance [13].
Proteomics is a powerful tool for analyzing single proteins and complex protein mixtures. Its goal is to uncover the inherent relationships between biological genotypes and phenotypes, resulting in innovative and realistic concepts for disease diagnosis and therapy [14]. Proteomic techniques have been used to detect protein expression in animal and human heart tissue studies [15, 16]. However, most current research on cardioprotective medicines in obese patients is limited to clinical observational studies, and the drugs' mechanisms of action are unknown.
A HFD-induced obesity mouse model was constructed in this study. The trial medicine was empagliflozin, which is an SGLT2i. To investigate the mechanism of cardiac injury induced by obesity and the cardioprotective effect of empagliflozin, we employed proteomic techniques to examine cardiac protein expression in obese mice and the changes in protein expression after empagliflozin intervention.
Methods
Animal models and interventions
A total of 24 6-week-old C57BL/6 mice were purchased from Hebei Yiweiwo Biotechnology Co. Ltd. (Shijiazhuang, China). The mice were randomly divided into 2 groups, the control group (WC, n = 8) and the high-fat group (WF, n = 16). The WC group was given standard mouse chow (Energy supply ratio: protein 27.38%, fat 14.5%, carbohydrate 58.12%, energy value 3.48 kcal g-1) and the WF group was given high-fat chow (Energy supply ratio: protein 20%, carbohydrate 20%, fat 60%, total energy 5.24 kcal g-1). Specific diet components are listed in Additional file 1. Both were purchased from Beijing Huafukang Biotechnology Co. Ltd. (Beijing, China). The success of the obesity model was assessed by mouse weight (obese mice weighing 20% more than the control group). The WF group was then randomly divided into two groups, the WF group and the WF + empagliflozin group (WE). The WE group was given 10 mg/kg/day of empagliflozin by gavage, while the remaining two groups were given equal amounts of saline by gavage for 12 weeks. This experiment was approved by the Animal Ethics Association of the Hebei Provincial People's Hospital. All mice were supplied with abundant food and water and were housed in a temperature-controlled (22 ± 2 °C) and moderately adapted sterile animal room, which was set up in a 12 h:12 h day and night environment in order to simulate everyday life conditions.
Echocardiography
Ultrasound examinations were performed on three groups of three mice each using a Vevo 2100 small animal ultrasound imaging system (Visualsonics, Toronto, Ontario, Canada). Animals’ chests were shaved the day before analysis. Mice were anesthetized by isoflurane inhalation, then fixed in the supine position on a 37 °C thermostatic fixation table, coated with a coupling agent, and the probe was placed on the left anterior thorax, and left ventricular motion was recorded in the short-axis view of the left ventricle using M-mode ultrasound.
Serum sample measurement
An oral glucose load (2 g/kg dose) was administered to assess the glucose tolerance of the mice. Blood glucose was obtained at each time point (0, 15, 30, 60 and 120 min) after 6 h of fasting by measuring the tail-tip blood of mice with a glucometer and test strips (Accu-CHEK, USA). All mice were fasted for 24 h prior to blood collection and anesthetized by intraperitoneal injection of 1% sodium pentobarbital solution, and then the eyes were removed to collect blood. Blood samples were first allowed to stand at room temperature for 30 min and then centrifuged at 3500 rpm for 10 min at 4 °C. The supernatant was collected and stored at − 80 °C. Serum low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), total cholesterol (TC) and triglycerides (TG) levels were measured by enzyme-labeled method and corresponding commercial kits (Nanjing Jiancheng Bioengineering Research Institute Co., Ltd., Nanjing, China).
Tissue sample collection
Fully anesthetized mice were placed on an ice table, the thoracic cavity was rapidly opened, the peri-heart tissue was bluntly separated, the vessels were cut from the bottom of the heart, and the heart was removed and subsequently immersed in pre-chilled saline (4 °C) and the heart was gently squeezed to clean the residual blood. A portion of the heart tissue was immersed in 4% paraformaldehyde pending subsequent pathological examination, and the rest of the heart was rapidly placed in liquid nitrogen and subsequently stored in a − 80 °C refrigerator.
Histopathological studies
Heart tissue was fixed in paraformaldehyde for at least 24 h, followed by conventional paraffin embedding and sectioning (thickness 5–6 µm). Sections were stained according to a standard staining protocol of HE, Masson's trichrome staining and Oil Red staining (http://​www.​servicebio.​cn/​). All heart sections were evaluated for histomorphology and collagen deposition using Eclipse Ci-L photomicroscopy (Nikon, Japan). Image-Pro Plus 6.0 was used for data analysis.
Protein extraction and digestion
SDT buffer (4% SDS, 100 mM DTT, 150 mM Tris-HCl pH 8.0) was used for cardiac tissue lysis and protein extraction. Protein was quantified using BCA Protein Assay Kit (Bio-Rad, USA). Briefly, 200 μg of cardiac tissue protein was co-incubated with 30 µl of SDT buffer using UA buffer (8 M urea, 150 mM Tris-HCl pH 8.0) to remove detergents, DTT and other low molecular weight components by repeated ultrafiltration (Microcon unit, 10kD) and samples were incubated with iodoacetamide (100 mM IAA in UA buffer) for 30 min in the dark at room temperature. Trypsin digestion was performed according to the filter-assisted sample preparation (FASP) procedure described by Matthias Mann [17]. Digested peptides from each sample were desalted on C18 cartridges, concentrated by vacuum centrifugation and reconstituted in 40 µl of 0.1% (v/v) formic acid. Peptide content was estimated by UV spectral density at 280 nm.
Peptide labelling and strong cation exchange (SCX) fractionation
The 100 μg peptide mixture extracted from each sample was labeled using iTRAQ reagent (Applied Biosystems, Toronto, Ontario, Canada) and TMT reagent (Thermo Scientific, Santa Clara, California, USA), and the operation was performed strictly according to the instructions. Fractionation of each group of labeled peptides was done by SCX chromatography on an AKTA Purifier system (GE Healthcare, Pittsburgh, Pennsylvania, USA). The peptide mixture was then reconstituted, acidified with buffer A (10 mM KH2PO4 in 25% ACN, pH 3.0), and transferred to a PolySULFOETHYL 4.6 × 100 mm columns (5 µm, 200 Å, PolyLC Inc, Columbia, Maryland, USA). Peptides were eluted at a flow rate of 1 ml/min in a gradient of buffer B. Briefly, peptides were eluted in gradients of 0%, 0–10%, 10–20%, 20–45%, 45–100% and 100% of buffer B (500 mM KCl, 10 mM KH2PO4 in 25% ACN, pH 3.0) in elution for 25 min, 25 min, 30 min, 40 min, 50 min and 60 min, respectively. Fractions were collected every 1 min and the collected fractions were desalted on a C18 column (Empore™ SPE column C18, bed size 7 mm, volume 3 ml, Sigma, St. Louis, MO, USA) and concentrated by vacuum centrifugation.
LC–MS/MS analysis
Fractions were analyzed using a Q Exactive mass spectrometer (Thermo Scientific, Santa Clara, California, USA) was used for LC–MS/MS analysis of labeled peptides, which was coupled with Easy nLC (Thermo Fisher Scientific) for 90 min. The labeled peptides were then transferred to a reversed-phase trap column (Thermo Scientific), and a C18 reversed-phase analytical column (Thermo Scientific) in buffer A (0.1% formic acid) with a linear gradient separation in buffer B (84% acetonitrile and 0.1% formic acid) at a flow rate of 300 nl/min. Peptide identification mode was enabled, using a data-dependent top-10 method to acquire mass spectrometry data, selecting the most abundant precursor ions from the survey scan (300–1800 m/z) followed by HCD fragmentation. The resolution of the HCD spectra was set to 17,500 at m/z 200 and the isolation width was 2 m/z.
Identification and quantitation of proteins
MS raw data obtained for each sample were searched using MASCOT (Matrix Science, London, UK; version 2.2) to filter out differentially expressed proteins (DEPs). The acquisition of DEPs between groups was screened by two factors, expression difference fold change (FC) and P-value (T-test), which significantly down-regulated proteins (FC < 0.83 and P < 0.05) and significantly up-regulated (FC > 1.2 and P < 0.05).
Bioinformatic analysis
GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis was performed on DEPs. GO functional annotation is divided into 3 main categories: Biological Process (BP), Molecular Function (MF) and Cellular Component (CC) to understand the function, localization and biological pathways involved in the protein of the organism. Blast2Go (https://​www.​blast2go.​com/​) software performs GO functional annotation of DEPs [18]. The KEGG pathway database (https://​www.​kegg.​jp/​) [19] is used for pathway annotation of DEPs in order to understand the pathway information involved in the protein in question. Fisher's exact test was used to derive the significance of differences between groups and thus find DEPs enrichment information (P-value < 0.05). The final string tool (https://​cn.​string-db.​org/​) [20] was used to analyze the interrelationships between DEPs and to construct protein–protein interaction (PPI) networks.
Statistical processing
The experimental data were analyzed using Graphpad 8.0 software, and the results were expressed as Mean ± SD. One-way ANOVA was used for comparison between multiple groups, and LSD-t test was used for multiple comparisons (False-discovery rate ≤ 0.01). We defined P < 0.05 as a statistically significant difference.
Results
Body weight change
Figure 1 demonstrates the changes in body weight of mice in each group before high-fat feeding, after high-fat feeding and after empagliflozin intervention. There was no significant difference in body weight between the groups after 1 week of adaptive feeding (P > 0.05). After 12 weeks of high-fat feeding, the body weight of mice in the WF group was significantly greater than that in the WC group (P < 0.01). The WE group was treated with empagliflozin, and after 12 weeks the body weight of the model mice decreased (24.6%) compared to the WF group, but still increased (16.1%) compared to the WC group (P < 0.01).[image: ]
Fig. 1Effect of empagliflozin on body weight in obese mice. A Overview of the research flow chart. B Body weight of all mice after one week of adaptive feeding (n = 8/group). C Changes in body weight of mice after 12 weeks of high-fat diet intervention (n = 8/group). D Body weight changes in mice after 12 weeks of empagliflozin and high-fat diet intervention (n = 8/group). Body weight values are expressed as means ± standard deviation. NS represents P < 0.05, **represents P < 0.01. Abbreviations: NCD, normal chow diet; HFD, high fat diet; WC, control group; WF, high-fat diet; WE, high-fat diet + empagliflozin


Changes in serological indicators
Obesity significantly increased lipid and fasting blood glucose levels. Fasting glucose, LDL-C, HDL-C, TC and TG were significantly increased in the WF group compared with the WC group (P < 0.05). Serum TC and LDL-C were significantly better in the WE group compared with the WF group after empagliflozin treatment (P < 0.01), while TG, HDL-C and fasting glucose were not significantly changed (P > 0.05). The changes in glucose tolerance of mice showed a significant increase in blood glucose values in all groups of mice. In the WF group, the blood glucose decreased slowly after reaching the peak, and the blood glucose values increased significantly at 15, 30, 60, 90 and 120 min compared with the WC and WE groups. Blood glucose in the WE group increased slowly and reached the peak at 30 min, after which there was no significant difference with the blood glucose in the WC group. Lipid and glucose data are shown in Fig. 2.[image: ]
Fig. 2Effect of empagliflozin treatment on serological parameters and body weight. A TG (n = 8/group). B TC (n = 8/group). C LDL-C (n = 8/group). D HDL-C (n = 8/group). E Fasting Glucose (n = 8/group). F Glucose tolerance test curve. & indicates WC group compared with WF group, P < 0.05. NS represents P > 0.05, *represents P < 0.05; **represents P < 0.01. Abbreviations: WC, control group; WF, high-fat diet; WE, high-fat diet + empagliflozin; TC, total cholesterol; TG, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol


Cardiac pathological changes
HE staining showed increased myocardial interstitium with less intercellular connection, disorganized arrangement and inconsistent nuclear size in the WF group compared to the WC group, while myocardial cells in the WE group were significantly better compared to the WF group. Masson staining showed markedly increased myocardial collagen content in the WF group compared to the WC and WE groups (P < 0.01). Heart weight in the WF group was significantly higher than that in the WC group (P < 0.01), while heart weight in the WE group was slightly lower than that of the WF group but not statistically significant (P > 0.05) and still significantly higher than that of the WC group (P < 0.01). The results of oil red staining showed that cardiac tissue triacylglycerol accumulation was significantly increased in the WF group compared to the WC group (P < 0.01), while the triacylglycerol content was significantly lower in the WE group compared to the WF group (P < 0.01). The data is shown in Fig. 3.[image: ]
Fig. 3Changes in cardiac pathology with empagliflozin treatment. A Hematoxylin and eosin staining (200 × , n = 3/group). B Masson’s trichrome staining (200 × , n = 3/group). C Heart morphology. D Collagen area (%) (n = 3/group). E Semiquantitative scoring of oil red O staining of cardiac tissue. F Heart weight (n = 8/group). NS represents P > 0.05, **represents P < 0.01. Abbreviations: WC, control group; WF, high-fat diet; WE, high-fat diet + empagliflozin


Ultrasonography
Cardiac M-mode ultrasound results showed that Left ventricular anterior wall thickness in systole (LVAWs) and Left ventricular posterior wall thickness in systole (LVPWs) were significantly higher in the WF group than in the WC group, whereas Left ventricular internal dimension in systole (LVIDs) were significantly lower (P < 0.05). Left ventricular anterior wall thickness in diastole (LVAWd) and Left ventricular posterior wall thickness in diastole (LVPWd) were also slightly increased and Left ventricular internal dimension in diastole (LVIDd) was slightly decreased in the WF group, but there was no statistically significant difference (P > 0.05). Mice in the WE group had reduced heart walls and enlarged inner chambers compared to the WF group, but the difference was not statistically significant (P > 0.05). This is consistent with previous studies that have seen that cardiac fibrosis acquired during weight gain persists after weight loss [16]. These results suggest that obesity thickens the ventricular wall and reduces the volume of the heart chambers, and that empagliflozin has a protective effect on cardiac function. Cardiac parameters are given in Fig. 4.[image: ]
Fig. 4Effects of empagliflozin on cardiac function. A LVAWd. B LVAWs. C LVIDd. D LVIDs. E LVPWd. F LVPWs. n = 3/group. NS represents P > 0.05, *represents P < 0.05. Abbreviations: LVAWd, Left ventricular anterior wall thickness in diastole; LVAWs, Left ventricular anterior wall thickness in systole; LVIDd, Left ventricular internal dimension in diastole; LVIDs, Left ventricular internal dimension in systole; LVPWd, Left ventricular posterior wall thickness in diastole; LVPWs, Left ventricular posterior wall thickness in systole; WC, control group; WF, high-fat diet; WE, high-fat diet + empagliflozin


The identification of differentially expressed proteins
The experiment was replicated three times in each group, and FC and P values were calculated based on the obtained data. When FC > 1.2 and P < 0.05 noted that DEPs were up-regulated, while FC < 0.83 and P < 0.05 indicated that DEPs were down-regulated. We identified a total of 64 DEPs in the WF/WC group, including 25 down-regulated and 39 up-regulated proteins. Compared to the WF group, empagliflozin (WE group) intervention resulted in altered expression of 83 proteins, including 21 down-regulated and 62 up-regulated proteins. To better visualize the DEPs, the volcano plot in Additional file 2 shows the DEPs.
Key protein screening and PPI network construction
By comparing WF/WC and WE/WF groups, we identified a total of 14 covariant proteins, as shown in Fig. 5A, of which Apoe, Apoc1 and Pon1 are closely associated with lipid metabolism. The PPI network of DEPs screened in the WC/WF/WE group revealed a close association between Apoe, Apoc1, Saa2, Apoa2 and Pon1. We found that Apoe, Apoc1, Apoa2 and Pon1 were mainly closely associated with cholesterol metabolism, while Saa2 was more aggregated with them and was therefore also selected as a key protein for the next study. Figure 5B shows the results of the interaction network between the proteins. Figure 5C shows our proteomic data that Apoe, Apoc1, Saa2, Apoa2 and Pon1 expression was increased in the hearts of obese mice and decreased after empagliflozin treatment (P < 0.01). All these proteins are closely related to lipid metabolism, and the decrease in the expression of these proteins after empagliflozin intervention suggests that empagliflozin may exert cardioprotective effects by improving lipid metabolism in obese is heart tissue.[image: ]
Fig. 5Protein expression changes and interactions. A Venn diagram of the common proteins of the WF/WC and WE/WF groups. B Protein–protein interaction network analysis. C Altered expression of Apoe, Apoc1, Saa2, Apoa2 and Pon1. **represents P < 0.01 WF versus WC and WE versus WF. Abbreviations: WC, control group; WF, high-fat diet; WE, high-fat diet + empagliflozin


GO enrichment analysis
GO enrichment analysis can fully demonstrate the biological and molecular functions of the proteins, so we conducted GO analysis on DEPs. In BP enrichment analysis, we found that the WF/WC and WE/WC groups were mainly enriched in the lipid metabolic process, lipid catabolic process, fatty acid metabolic process and response to fatty acid. In MF enrichment analysis, DEPs in the WF/WC group were mainly associated with palmitoyl-CoA hydrolase activity, acyl-CoA hydrolase activity, and CoA hydrolase activity, whereas in the WF/WE group, DEPs were mainly enriched in the immunoglobulin receptor binding, receptor ligand activity and retinol binding. In the WF/WC and WE/WF groups, DEPs were mainly enriched in extracellular space, extracellular region part and extracellular region in the CC analysis. Apoe, Apoc1, Saa2, Apoa2 and Pon1 were mainly associated with lipid metabolism and synthesis in GO functional enrichment analysis, and they interacted more closely with each other and were therefore selected as key proteins. Figure 6 displays the GO enrichment results of WF/WC group and WE/WF group.[image: ]
Fig. 6GO functional enrichment circle maps of differentially expressed proteins. A BP. B MF. C CC. The graph uses a circular format to show the enrichment results, with the name in the outer circle, variance cases (red for up and green for down) in the middle circle, and the z-score in the inner circle. The table data is specific information for each category. Abbreviations: WC, control group; WF, high-fat diet; WE, high-fat diet + empagliflozin; GO, Gene Ontology; BP, biological processes; MF, molecular function; CC, cell composition


KEGG pathway analysis
Pathway analysis can provide insight into the coordinated roles of proteins, so we performed KEGG pathway analysis. The results showed that in WF/WC group, DEPs were mainly associated with Complement and coagulation cascades, cholesterol metabolism and fatty acid elongation, while in WE/WF group the proteins were mainly enriched in cholesterol metabolism, ECM-receptor interaction and lysosome. Figure 7 shows the specific enriched pathway information for the WF/WC and WE/WF groups of DEPs. By pathway analysis, we found that cholesterol metabolic pathways were included in both WF/WC and WE/WF groups, where Apoe, Apoc1, and Apoa2 were co-expressed DEPs. The specific locations of Apoe, Apoc1, and Apoa2 in the cholesterol metabolism pathway are indicated in Fig. 8.[image: ]
Fig. 7KEGG pathway enrichment analysis and construction of key protein interaction networks. A KEGG pathway enrichment analysis in the WF/WC group. B KEGG pathway enrichment analysis in the WE/WF group. Different colors are used to classify different pathways. The horizontal coordinate is the number of proteins enriched in that pathway, and the vertical coordinate is the exact name of each pathway. Abbreviations: WC, control group; WF, high-fat diet; WE, high-fat diet + empagliflozin; KEGG, Kyoto Encyclopedia of Genes and Genomes

[image: ]
Fig. 8Cholesterol metabolism pathway


Discussion
SGLT-2i is a new class of hypoglycemic medicines whose major mechanism of action is to selectively inhibit sodium and glucose reabsorption from the proximal renal tubule and increase glucose excretion in the urine, lowering blood glucose levels [21, 22]. Empagliflozin is a member of this class. Empagliflozin considerably lowers the occurrence of cardiovascular events in individuals with diabetes mellitus and heart failure, according to clinical investigations [23, 24]. Empagliflozin is thought to have a cardiovascular preventive effect through improving glycerolipid metabolism and insulin resistance [25]. This study also found that treating obese mice with empagliflozin improved glycerolipid metabolism. HDL-C was significantly higher in obese mice and lowered following empagliflozin treatment, which is currently assumed to be due to an increase in total lipids, and it has been hypothesized that its elevation is unrelated to function. Some investigations [26, 27] have proven empagliflozin's cardioprotective efficacy in obese people without concomitant diabetes. Empagliflozin did not significantly improve obesity-induced cardiac hypertrophy in our study, which could be due to the short duration of administration and low dose of the drug, but it did reduce myocardial collagen content, and inhibit myocardial remodeling, which is consistent with previous findings [28].
Weight loss greatly alleviates the aberrant protein expression generated by obesity, resulting in cardioprotective effects, according to proteomics studies [16, 29]. The current study found that obese mice's body weight reduced dramatically following treatment with empagliflozin, but it's still unclear if the cardioprotective effect of empagliflozin on obesity is mediated by weight loss or by other mechanisms. It has been postulated that Sestrin2-mediated AMPK-mTOR signaling is important in empagliflozin's cardioprotective properties [8]. Apoe, Apoc1, Saa2, Apoa2, and Pon1 (all implicated in cholesterol metabolism) were found to change considerably after empagliflozin treatment, but not in the presence of weight loss [16]. In addition, the main mechanism of action of empagliflozin is the inhibition of renal reuptake of glucose, the HFD provided in this study is triacylglycerol rich and it is unclear whether the reduction in body weight in mice is associated with enhanced β-oxidation of fat. The present study showed that empagliflozin did improve lipid metabolism in obese mice, which provides a new idea for the next study. As a result, it's plausible to assume that empagliflozin's cardioprotective impact isn't just due to weight loss.
Apolipoprotein E (Apoe) is a 34-kDa glycoprotein that can be released by a variety of cells. Its primary function is lipid metabolism, but it has also been implicated in the development of cardiovascular disease and obesity in recent research [30, 31]. ApoE2, apoE3, and apoE4 are the three primary isoforms of this apolipoprotein. Apoe is thought to play a role in the development of atherosclerosis since E4 gene carriers have higher cholesterol levels [32]. The connection between Apoe and atherosclerosis, on the other hand, has been shown to be independent of lipid alterations [33]. Furthermore, during atherosclerosis, macrophages in the artery wall might release Apoe and suppress vascular cell adhesion molecule 1 (VCAM-1) secretion, thus contributing to the inflammatory response [31]. Increased levels of blood Apoe have also been linked to metabolic syndrome (obesity, dyslipidemia, and insulin resistance) in clinical investigations [32, 34]. The current study found higher levels of Apoe expression in cardiac tissues in obese people and lower levels following empagliflozin treatment, indicating that lipid metabolism abnormalities are improving.
Apolipoprotein C1 (Apoc1) is the smallest apolipoprotein in the family and is involved in lipid metabolism [35]. Apoc1 has now been linked to lung cancer, kidney cancer, and gastrointestinal malignancies in a number of studies [36–38]. Alzheimer's disease, diabetes, and atherosclerosis have all been associated to the progression of Apoc1 [39, 40]. Transgenic mouse investigations have revealed that Apoc1 inhibits lipoprotein lipase (LPL) function, causing aberrant lipid elevations, and that Apoc1 transgenic animals significantly raise inflammation levels in vivo [41, 42]. Apoc1 has been linked to the production of foam cells in a growing number of studies, suggesting that it has an atherogenic effect. Furthermore, investigations in mice overexpressing Apoc1 have shown that Apoc1 is linked to liver fibrosis and insulin resistance [43, 44]. There are, however, less investigations on Apoc1 and obesity-related heart damage. Our discovery that empagliflozin reduces Apoc1 expression, which could be linked to cardioprotective benefits, has to be investigated further.
The acute-phase response protein serum amyloid A (SAA) has two members: Saa1 and Saa2, and serum levels rise fast in response to trauma, infection, and other stimuli [45]. Obesity-related increases in SAA production by adipose tissue have been linked to increased inflammation in the body and are closely linked to obesity and its consequences (atherosclerosis and insulin resistance) [46]. It is feasible to conclude that Saa2 causes heart damage mostly due to higher levels of inflammation and lipid metabolic abnormalities, and that inhibiting Saa2 expression has a cardioprotective impact.
Apolipoprotein A-II (Apoa2) is a key component of HDL and belongs to the apolipoprotein family. Recent research has discovered a substantial link between Apoa2 and lipid metabolism as well as insulin resistance. Apoa2 and insulin resistance are negatively correlated in both animal and human studies [47, 48]. The link between Apoa2 and atherosclerosis, on the other hand, remains unclear. Some research has found a link between residual atherosclerosis and Apoa2, whereas others have found Apoa2 to be an atherogenic factor [49, 50]. Obesity increased Apoa2 expression in the current study, and it decreased following the empagliflozin intervention, but more research is needed to evaluate whether empagliflozin has cardioprotective effects by changing Apoa2 expression. Unlike Apoa2, paraoxonase-1 (Pon1) has been linked to oxidative stress and inflammatory disorders and has been deemed a cardiovascular preventive factor. The increased level of Pon1 expression in cardiac tissue during obesity in this study indicates an increase in local inflammation in cardiac tissue, necessitating more Pon1 to maintain normal myocardial function, whereas the decreased level of Pon1 expression after empagliflozin administration indicates a decrease in cardiac tissue inflammation.
There are some shortcomings in this study. First, our study showed that empagliflozin significantly reduced body weight in obese mice, and whether its exerting cardioprotective effect is achieved by reducing body weight still needs to be confirmed by further studies. Secondly, normal control mice were not treated with empagliflozin intervention to study the independent effects of the drug. Finally, we did not perform functional measurements of the heart. Although the study has some limitations, our findings provide a good basis for future studies and provide new ideas for the clinical use of empagliflozin.

Conclusions
Empagliflozin ameliorates disorders of glucolipid metabolism and reduces cardiac collagen content in obese mice fed a high-fat diet. Apoe, Apoc1, Saa2, Apoa2 and Pon1 and their involvement in cholesterol metabolism may be the mechanisms underlying the cardioprotective effects of empagliflozin.

Research involving human participants and/or animals
Animals used in this study were handled in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publications No. 8023, revised 1978). All animal protocols were approved by the Animal Ethics Committee of Hebei General Hospital.

Author contributions
XYP, SCC and XC designed the experiments. XYP provided materials and samples and analyzed the data. QJR, LY, SN and ZLL assesses the accuracy of data and is responsible for collecting and integrating data. RYZ, XYC, ZYJ, RXZ and JLB helped to complete the animal experiments. All the authors have approved the manuscript. All authors read and approved the final manuscript.

Funding
This study was supported by the Hebei Provincial Central Leading Local Science and Technology Development Funds Project (206Z7702G). This funding source did not influence the study outcomes, and the authors were free to interpret the data in accordance with a strict scientific rationale.

Declarations
Ethics approval and consent to participate
Participation in this study was voluntary and written informed consent was obtained from each participant. The guidelines of the Declaration of Helsinki of the World Medical Association were followed. All protocols were approved by the Animal Ethics Committee of Hebei General Hospital.

Competing interests
All authors declare that there is no conflict of interests in this study.

Informed consent
Not applicable.


References
	1.
Wanner C, Inzucchi SE, Lachin JM, et al. Empagliflozin and progression of kidney disease in type 2 diabetes. N Engl J Med. 2016;375(4):323–34.PubMed

	2.
Packer M, Anker SD, Butler J, et al. Cardiovascular and renal outcomes with empagliflozin in heart failure. N Engl J Med. 2020;383(15):1413–24.PubMed

	3.
Fitchett D, Inzucchi SE, Cannon CP, et al. Empagliflozin reduced mortality and hospitalization for heart failure across the spectrum of cardiovascular risk in the EMPA-REG OUTCOME trial. Circulation. 2019;139(11):1384–95.PubMed

	4.
Wanner C, Lachin JM, Inzucchi SE, et al. Empagliflozin and clinical outcomes in patients with type 2 diabetes mellitus, established cardiovascular disease, and chronic kidney disease. Circulation. 2018;137(2):119–29.PubMed

	5.
Inzucchi SE, Zinman B, Fitchett D, et al. How does empagliflozin reduce cardiovascular mortality? insights from a mediation analysis of the EMPA-REG OUTCOME trial. Diabetes Care. 2018;41(2):356–63.PubMed

	6.
Xu L, Ota T. Emerging roles of SGLT2 inhibitors in obesity and insulin resistance: focus on fat browning and macrophage polarization. Adipocyte. 2018;7(2):121–8.PubMedPubMedCentral

	7.
Lingvay I, Capehorn MS, Catarig AM, et al. Efficacy of once-weekly semaglutide vs empagliflozin added to metformin in type 2 diabetes: patient-level meta-analysis. J Clin Endocrinol Metab. 2020;105(12):e4593–604.PubMedCentral

	8.
Sun X, Han F, Lu Q, et al. Empagliflozin ameliorates obesity-related cardiac dysfunction by regulating sestrin2-mediated AMPK-mTOR signaling and redox homeostasis in high-fat diet-induced obese mice. Diabetes. 2020;69(6):1292–305.PubMed

	9.
Lin B, Koibuchi N, Hasegawa Y, et al. Glycemic control with empagliflozin, a novel selective SGLT2 inhibitor, ameliorates cardiovascular injury and cognitive dysfunction in obese and type 2 diabetic mice. Cardiovasc Diabetol. 2014;13:148.PubMedPubMedCentral

	10.
Mayoral LP, Andrade GM, Mayoral EP, et al. Obesity subtypes, related biomarkers & heterogeneity. Indian J Med Res. 2020;151(1):11–21.PubMedPubMedCentral

	11.
Harada T, Obokata M. Obesity-related heart failure with preserved ejection fraction: pathophysiology, diagnosis, and potential therapies. Heart Fail Clin. 2020;16(3):357–68.PubMed

	12.
Rosengren A. Obesity and cardiovascular health: the size of the problem. Eur Heart J. 2021;42(34):3404–6.PubMedPubMedCentral

	13.
Saad MJ, Santos A, Prada PO. Linking gut microbiota and inflammation to obesity and insulin resistance. Physiology (Bethesda). 2016;31(4):283–93.

	14.
Van Vranken JG, Li J, Mitchell DC, Navarrete-Perea J, Gygi SP. Assessing target engagement using proteome-wide solvent shift assays. Elife. 2021;10: e70784.PubMedPubMedCentral

	15.
Linscheid N, Poulsen PC, Pedersen ID, et al. Quantitative proteomics of human heart samples collected in vivo reveal the remodeled protein landscape of dilated left atrium without atrial fibrillation. Mol Cell Proteomics. 2020;19(7):1132–44.PubMedPubMedCentral

	16.
Liśkiewicz AD, Marczak Ł, Bogus K, et al. Proteomic and structural manifestations of cardiomyopathy in rat models of obesity and weight loss. Front Endocrinol (Lausanne). 2021;12: 568197.

	17.
Mann M. Proteomics for biomedicine: a half-completed journey. EMBO Mol Med. 2012;4(2):75–7.PubMedPubMedCentral

	18.
Götz S, García-Gómez JM, Terol J, et al. High-throughput functional annotation and data mining with the Blast2GO suite. Nucleic Acids Res. 2008;36(10):3420–35.PubMedPubMedCentral

	19.
Kanehisa M, Goto S, Sato Y, Furumichi M, Tanabe M. KEGG for integration and interpretation of large-scale molecular data sets. Nucleic Acids Res. 2012;40:D109–14.PubMed

	20.
Wiśniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample preparation method for proteome analysis. Nat Methods. 2009;6(5):359–62.PubMed

	21.
Zannad F, Ferreira JP, Pocock SJ, et al. Cardiac and kidney benefits of empagliflozin in heart failure across the spectrum of kidney function: insights from EMPEROR-reduced. Circulation. 2021;143(4):310–21.PubMed

	22.
Packer M, Anker SD, Butler J, et al. Influence of neprilysin inhibition on the efficacy and safety of empagliflozin in patients with chronic heart failure and a reduced ejection fraction: the EMPEROR-reduced trial. Eur Heart J. 2021;42(6):671–80.PubMedPubMedCentral

	23.
McGuire DK, Zinman B, Inzucchi SE, et al. Effects of empagliflozin on first and recurrent clinical events in patients with type 2 diabetes and atherosclerotic cardiovascular disease: a secondary analysis of the EMPA-REG OUTCOME trial. Lancet Diabetes Endocrinol. 2020;8(12):949–59.PubMed

	24.
Levine MJ. Empagliflozin for type 2 diabetes mellitus: an overview of phase 3 clinical trials. Curr Diabetes Rev. 2017;13(4):405–23.PubMedPubMedCentral

	25.
Kolijn D, Pabel S, Tian Y, et al. Empagliflozin improves endothelial and cardiomyocyte function in human heart failure with preserved ejection fraction via reduced pro-inflammatory-oxidative pathways and protein kinase Gα oxidation. Cardiovasc Res. 2021;117(2):495–507.PubMed

	26.
Packer M, Kitzman DW. Obesity-related heart failure with a preserved ejection fraction: the mechanistic rationale for combining inhibitors of aldosterone, neprilysin, and sodium-glucose cotransporter-2. JACC Heart Fail. 2018;6(8):633–9.PubMed

	27.
Dahal R, Acharya Y, Mukherjee D. Sodium-glucose cotransporter inhibitors in non- diabetic heart failure: a narrative review. Cardiovasc Hematol Disord Drug Targets. 2021;21(1):1–6.PubMed

	28.
Park SH, Farooq MA, Gaertner S, et al. Empagliflozin improved systolic blood pressure, endothelial dysfunction and heart remodeling in the metabolic syndrome ZSF1 rat. Cardiovasc Diabetol. 2020;19(1):19.PubMedPubMedCentral

	29.
Vileigas DF, Harman VM, Freire PP, et al. Landscape of heart proteome changes in a diet-induced obesity model. Sci Rep. 2019;9(1):18050.PubMedPubMedCentral

	30.
Kockx M, Traini M, Kritharides L. Cell-specific production, secretion, and function of apolipoprotein E. J Mol Med (Berl). 2018;96(5):361–71.

	31.
Martínez-Martínez AB, Torres-Perez E, Devanney N, Del Moral R, Johnson LA, Arbones-Mainar JM. Beyond the CNS: the many peripheral roles of APOE. Neurobiol Dis. 2020;138: 104809.PubMedPubMedCentral

	32.
Olivieri O, Martinelli N, Bassi A, et al. ApoE epsilon2/epsilon3/epsilon4 polymorphism, ApoC-III/ApoE ratio and metabolic syndrome. Clin Exp Med. 2007;7(4):164–72.PubMed

	33.
Scuteri A, Najjar SS, Muller D, et al. apoE4 allele and the natural history of cardiovascular risk factors. Am J Physiol Endocrinol Metab. 2005;289(2):E322–7.PubMed

	34.
Söderlund S, Watanabe H, Ehnholm C, Jauhiainen M, Taskinen MR. Increased apolipoprotein E level and reduced high-density lipoprotein mean particle size associate with low high-density lipoprotein cholesterol and features of metabolic syndrome. Metabolism. 2010;59(10):1502–9.PubMed

	35.
Jong MC, Hofker MH, Havekes LM. Role of ApoCs in lipoprotein metabolism: functional differences between ApoC1, ApoC2, and ApoC3. Arterioscler Thromb Vasc Biol. 1999;19(3):472–84.PubMed

	36.
Cui Y, Miao C, Hou C, Wang Z, Liu B. Apolipoprotein C1 (APOC1): a novel diagnostic and prognostic biomarker for clear cell renal cell carcinoma. Front Oncol. 2020;10:1436.PubMedPubMedCentral

	37.
Yi J, Ren L, Wu J, et al. Apolipoprotein C1 (APOC1) as a novel diagnostic and prognostic biomarker for gastric cancer. Ann Transl Med. 2019;7(16):380.PubMedPubMedCentral

	38.
Ko HL, Wang YS, Fong WL, Chi MS, Chi KH, Kao SJ. Apolipoprotein C1 (APOC1) as a novel diagnostic and prognostic biomarker for lung cancer: a marker phase I trial. Thorac Cancer. 2014;5(6):500–8.PubMedPubMedCentral

	39.
Curtis D. Alzheimer's disease neuroimaging initiative. Analysis of whole genome sequenced cases and controls shows that the association of variants in TOMM40, BCAM, NECTIN2 and APOC1 with late onset Alzheimer's disease is driven by linkage disequilibrium with APOE ε2/ε3/ε4 alleles. J Neurogenet. 2021;35(2):59–66

	40.
Fuior EV, Gafencu AV. Apolipoprotein C1: its pleiotropic effects in lipid metabolism and beyond. Int J Mol Sci. 2019;20(23):5939.PubMedCentral

	41.
Berbée JF, van der Hoogt CC, Sundararaman D, Havekes LM, Rensen PC. Severe hypertriglyceridemia in human APOC1 transgenic mice is caused by apoC-I-induced inhibition of LPL. J Lipid Res. 2005;46(2):297–306.PubMed

	42.
Mariman R, Reefman E, Tielen F, et al. Lactobacillus plantarum NCIMB8826 ameliorates inflammation of colon and skin in human APOC1 transgenic mice. Benef Microbes. 2016;7(2):215–25.PubMed

	43.
Mak PA, Laffitte BA, Desrumaux C, et al. Regulated expression of the apolipoprotein E/C-I/C-IV/C-II gene cluster in murine and human macrophages. A critical role for nuclear liver X receptors alpha and beta. J Biol Chem. 2002;277(35):31900–8.PubMed

	44.
Muurling M, van den Hoek AM, Mensink RP, et al. Overexpression of APOC1 in obob mice leads to hepatic steatosis and severe hepatic insulin resistance. J Lipid Res. 2004;45(1):9–16.PubMed

	45.
Lee JY, Hall JA, Kroehling L, et al. Serum amyloid A proteins induce pathogenic Th17 cells and promote inflammatory disease. Cell. 2020;180(1):79-91.e16.PubMed

	46.
Yang RZ, Lee MJ, Hu H, et al. Acute-phase serum amyloid A: an inflammatory adipokine and potential link between obesity and its metabolic complications. PLoS Med. 2006;3(6): e287.PubMedPubMedCentral

	47.
Fryirs MA, Barter PJ, Appavoo M, et al. Effects of high-density lipoproteins on pancreatic beta-cell insulin secretion. Arterioscler Thromb Vasc Biol. 2010;30(8):1642–8.PubMed

	48.
Lewis GF, Carpentier A, Adeli K, Giacca A. Disordered fat storage and mobilization in the pathogenesis of insulin resistance and type 2 diabetes. Endocr Rev. 2002;23(2):201–29.PubMed

	49.
Warden CH, Hedrick CC, Qiao JH, Castellani LW, Lusis AJ. Atherosclerosis in transgenic mice overexpressing apolipoprotein A-II. Science. 1993;261(5120):469–72.PubMed

	50.
Brousseau T, Dupuy-Gorce AM, Evans A, et al. Significant impact of the highly informative (CA)n repeat polymorphism of the APOA-II gene on the plasma APOA-II concentrations and HDL subfractions: the ECTIM study. Am J Med Genet. 2002;110(1):19–24.PubMed



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Effect of high-fat diet and empagliflozin on cardiac proteins in mice


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12986_2022_705_Fig6_HTML.png
60@\0""3 Gom"’ﬁos
% D Description & “ C&
% G0:0016042 lipid catabolic process J % .’ 4 %@, m -

G0:0006631 fatty acid metabolic process ® ‘ . W\ G0:0009605 response to external stimulus
2 GO:0030258 lipid modification % ‘ ‘ 3 GO:0006911 phagocytosis, engulfment
GO:0008202 steroid metabolic process 8 . 0® 5 GO:0099024 plasma membrane invagination
GO:0044282 small molecule catabolic process g ' t G0:0006910 phagocytosis, recognition
’ § GO:0006066 alcohol metabolic process 8 ‘ ’ G0:0010324 ‘membrane invagination
G0:0008203 cholesterol metabolic process . ’ ’ G0:0002455 ‘humoral immune response mediated
GO:1901615  organic hydroxy compound metabolic process 8 G0:0050853 B cell receptor signaling pathway
G0:0016125 sterol metabolic process ®o o & GO:0007166 cell surface receptor signaling pathway
G0:1902652 secondary alcohol metabolic process 55 ® WP GO:0070542 response to fatty acid
%:0.‘) e G0:0010033 Tesponse to organic substance
z-score 1ogFC
® downregulsted @ uprogulated logFC
decreasing increasing ® downregulated @ upregulated
B M\ -~ D Description
& oo % 3 D Description B . —
& G0:0034987 immunoglobulin receptor binding
@\, G0:0016290 palmitoyl-CoA hydrolase activity - .
S e ' > GO:0048018 receptor ligand activity
o ‘. GO:0047617 acyl-CoA hydrolase activity % T L
'Y ' [ A} GO:0016289 CoA hydrolase activity 60:0030545 e "‘d“'r o
4 2 recepto g\l.lm
" ' g GO:0071813 lipoprotein particle binding % — e
s ap’ 00071814 Jecisit-linid compler bindtng ] 60:0005501 retinoid binding
G0:0016790 . ﬂm')lestzr hydm-lase aetivity & TS Hommons scfivity
® o0 ‘ G0:0008035  high-density lipoprotein particle binding GO:0019840 isopeencid binding
ooz ‘\M GO:0048407  platelet-derived growth factor binding GO Ie Sbroncctin binding
’ G0:00:5102 Vipase inhibitor activity GO:0050840  extracellular matrix binding
G0:0102991 ‘myristoyl-CoA hydrolase activity

z-score logFC

[ Tl o downreguated @ upregulated

C :
wﬁfmm‘%’:% .m Description

$'o % protein-lipid complex D Description
o ‘.‘ GO:0034364 high-density lipoprotein particle G0:0005576 extracellular region
" ' . $ 3 G0:0034358 plasma lipoprotein particle G0:0044421 extracellular region part
8 ' ] GO:1990777 lipoprotein particle G0:0005615 extracellular space
‘.” GO:0005777 peroxisome G0:0031012 extracellular matrix
’ G0O:0042579 microbody GO0:0062023  collagen-containing extracellular matrix
U ° 4 $ GO:0034361 very-low-density lipoprotein particle GO:0019814 immunoglobulin complex
~.° L Ww G0:0034385  triglyceride~rich plasma lipoprotein particle G0:0042571  immunoglobulin complex, circulating
w GO:0005583 fibrillar collagen trimer GO:0009897 external side of plasma membrane
GO:0098643 ‘banded collagen fibril G0:0009986 cell surface
GO:0034364 ‘high-density lipoprotein particle
zrscore logfC z-score logFC
B Ml ¢ dovaregulaed @ upregulated i D T —
decreasing increasing nereasi





OEBPS/images/12986_2022_705_Fig3_HTML.png
WE

WF

WC

. =
M m =~
3 ® ﬁ &
Q
3
_ T T T _
(=) (=) (=) S (=)
x 2 X a =
i (8w) WySrom 1oy
- W
%
%
@ i g
%
¢ g
=3
Ba iy T 1 T T T I
e n o 0w o wn o
= 2100g
S
m
3
B
3
Q
=3

(%) vo1e uade[0D





OEBPS/images/12986_2022_705_Fig2_HTML.png
U om om
22 2
t 4t F &
o £
-
- R
P H LA
I L
bt 2 N S o_o ,._0 A_.. L. n_v = = =) OO
S (T/10ww) D1, |  (1/oww) O-TdH By /powm) esoonyn

WC WF WE

Vgl [} v (=]

I
v
< (7/10um) T, ®) (7/100m) O-1A1 = (p/jowur) asoonjo) Sunse,]






OEBPS/images/12986_2022_705_Fig8_HTML.png
CHOLESTEROL METABOLISM

Intestine

Peripheral tissue

( Exocytosis )

8 Q
—Ow, g
g

|
[Epocr] I
@_»IEI N
ﬁ |
|
|
mm |
¥
o
FA
l
l
Peripheral »
tissue
Y
[LRP17]
J 7] (Endocytosis )
oM. i
reranant

NN ———

—

CE?— —-,Cpcn\‘
/ » VI

/K'rcc 7 LDL

|

I o

| // Lipid droplets

'

(Bile secretion)
FC4 Bile acid Bile
Ts enoid backbone -
"{,mymm-w (Steroid biosynthesis )

Hepatocyte

‘.‘Uywmuin o . ... b

[Bpos ] [ApBid] [5
Components| BN oce [hpBin] [NEREN E - -@
(epopmtens oce  oce [EEE OCE [Apan] NG

ipids) | R OT6  org  ©T¢ oTG
OCE OPL

04979 1215017
(c) Kanehisa I shoratoriss





OEBPS/images/12986_2022_705_Fig5_HTML.png
50

1.5 7

=
o
1

Relative protein expression
o
W
]

0.0 —

B Serpina3k

WF/WC
WE/WF

Serpinala

Sultlal

mm WC
mm WF

by %% mmm WE

Apoe Apocl Saa2 Apoa2 Ponl





OEBPS/images/12986_2022_705_Fig1_HTML.png
w

Body weight (g)

wC

Adaptive feeding

22

1 week

NS 1
NSNS

WC WF WE

WC or WF

12 weeks

Body weight (g)

C
50

40

30—

20+

10—

wC
WC or WF or WE
12 weeks
] D
= 1" NS 60—
g
C)
. = 40
.on
o
2
>
g 204
aa)
O_
WC WF WE

Harvesting hearts

WC WF WE





OEBPS/images/12986_2022_705_Fig4_HTML.png
NS

[TNS1 NS

m
I | 1
S " S

< I32) 3]

o (ww) parAT

4.5

*
= 1r~sl
WC WF WE

I 1
e 5 — < o
— — — — o
M (ww) SMVAT
L] m
[ ]
_m =

\72]

Z. S
_m =
Z

PY @)
=
I [ [ [ I 1
(=] vy S Ve (=) v
(=] (=] (=] (=] (=] (=]

< (ww) pMVAT

NS

[ 1 NS

1.6

NS

NS1 RS

T T T
~ N < i

(ww) SMJIAT

1.0 4

) Q0 = o
(=] (=] (=] (=]
(ww) pMJIAT

3.4

a

T T T I
a4 S ®x o
on on N N

(ww) srAT






OEBPS/css/envelope.png





OEBPS/images/12986_2022_705_Fig7_HTML.png
Map_Name

Chemical carcinogenesis — reactive oxygen species

B

Map_Name

Complement and coagulation cascades

Chemical carcinogenesis — receptor activation

Peroxisome

PI3K—Akt signaling pathway
Phospholipase D signaling pathway

FoxO signaling pathway

Ras signaling pathway

Fatty acid elongation
Biosynthesis of unsaturated fatty acids

Fatty acid degradation

Coronavirus disease — COVID—19

Amoebiasis

Relaxin signaling pathway
PPAR signaling pathway
Cholesterol metabolism

Butanoate metabolism

Proteoglycans in cancer
Pathways in cancer

Tryptophan metabolism

Level2

[T Amino acid metabolism
Cancer: overview

B carbohydrate metabolism

B vigesive system

Endocrine system

Immune system

I infectious disease: parasitic

B infectious disease: viral

|| Lipid metabolism

[ Signal transduction

[ Transportand catabolism

1 2 3 4

The number of Proteins

Drug metabolism — cytochrome P450

Metabolism of xenobiotics by cytochrome P450

Lysosome
Phagosome
PI3K—Akt signaling pathway
Apelin signaling pathway
HIF-1 signaling pathway
ECM-receptor interaction
Glutathione metabolism
Coronavirus disease — COVID—19
Human papillomavirus infection
Leukocyte transendothelial migration
NOD-like receptor signaling pathway
Complement and coagulation cascades
Thermogenesis
Thyroid hormone synthesis
Cholesterol metabolism
Focal adhesion
Regulation of actin cytoskeleton

MicroRNAs in cancer

1 2 3

The number of Proteins

4

Level2

[~ —
. Cell motility

. Cellular community — cukaryotes
Digestive system

B Endocrine system

. Environmental adaptation

. Immune system

I infectious discase: viral

[ Metabolism of other amino acids

[T signaling molecules and interaction

[ Signal transduction
[ Transport and catabolism

.v R ionand o






OEBPS/css/sidebar.gif





