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Background

Non-alcoholic steatohepatitis (NASH) is becoming more widespread, and some similarities exist between its etiology and ferroptosis. However, there are limited investigations on which ferroptosis-related genes (FRGs) are regulated in NASH and how to regulate them. We screened and validated the pivotal genes linked to ferroptosis in NASH to comprehend the function of ferroptosis in the development of NASH.





Methods

Two mRNA expression data were obtained from the Gene Expression Omnibus (GEO) as the training set and validation set respectively. FRGs were downloaded from FerrDb. The candidate genes were obtained from the intersection between differentially expressed genes (DEGs) and FRGs, and further analyzed using the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). The hub genes were identified by the protein-protein interaction (PPI) network and Cytoscape. Then, FRGs closely related to the severity of NASH were identified and further confirmed using the validation set and mouse models. Ultimately, based on these genes, a diagnostic model was established to differentiate NASH from normal tissues using another data set from GEO.





Results

A total of 327 FRGs in NASH were acquired and subjected to GSEA. And 42 candidate genes were attained by overlapping the 585 FRGs with 2823 DEGs, and enrichment analysis revealed that these genes were primarily engaged in the fatty acid metabolic, inflammatory response, and oxidative stress. A total of 10 hub genes (PTGS2、IL1B、IL6、NQO1、ZFP36、SIRT1、ATF3、CDKN1A、EGR1、NOX4) were then screened by PPI network. The association between the expression of 10 hub genes and the progress of NASH was subsequently evaluated by a training set and verified by a validation set and mouse models. CDKN1A was up-regulated along with the development of NASH while SIRT1 was negatively correlated with the course of the disease. And the diagnostic model based on CDKN1A and SIRT1 successfully distinguished NASH from normal samples.





Conclusion

In summary, our findings provide a new approach for the diagnosis, prognosis, and treatment of NASH based on FRGs, while advancing our understanding of ferroptosis in NASH.
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1 Introduction

The prevalence of non-alcoholic fatty liver disease(NAFLD) worldwide is estimated at 32.4%, varying by region (1). Non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty liver (NAFL) are the components of NAFLD, which is the liver phenotype of metabolic syndrome. Steatosis, necrotizing inflammation, and ballooning of hepatocytes are features of NASH (2). If NASH is left untreated, fibrosis may develop, leading to cirrhosis and its complications, and culminating in the end-stage liver disease (3). Compared to patients with NAFL, individuals with NASH experience a faster rate of fibrosis progression, and the appearance of fibrosis, particularly advanced fibrosis (stages 3 and 4), is a significant predictive factor for outcomes involving the liver and overall survival (4–6). Hepatocyte-macrophage-hepatic stellate cells (HSCs) crosstalk is one of the most significant cellular networks, and it controls the development of fibrosis rather than a single-cell type. The cell-cell network that promotes fibrosis is triggered by hepatocyte death (7), which can take many different forms such as apoptosis (8), necroptosis (9), necrosis, pyroptosis (10), and ferroptosis (11). Emerging studies suggest that multiple types of hepatocyte death may drive fibrosis, even though it was once believed that apoptosis was the most predominant cell death in NASH (8). These several types of hepatocyte death may be controlled by overlapping molecular processes and can act as “backups” for one another (12).

Ferroptosis, which distinguishes it from apoptosis, unregulated necrosis, and necroptosis, was defined as an iron-dependent, regulated, and distinctive form of cell death brought by lipid peroxidation (13). Accumulating evidence has shown that ferroptosis plays a role in many pathological processes including iron-overload disease (14), sedaghatian-type spondylometaphyseal dysplasia (SSMD) (15), organ injury (16), and tumor suppression (17–19), in addition to some physiological processes including immune functions (20), development, and aging (21). It is a widely held view that individuals with NAFLD/NASH frequently experience iron overload (22–24). Malondialdehyde and 4-hydroxynonenal, the secondary products of lipid peroxidation, have been shown in several studies to be utilized as oxidative stress indicators in NASH patients (25), and Vitamin E, an antioxidant that suppresses lipid peroxidation, can diminish serum aminopherase in NASH patients (26). Additionally, the increasing iron was found in the liver and serum of mice models feeding MCD-diet to mimic NASH. Surprisingly, ferroptosis inhibitors could attenuate liver damage, fibrosis, and inflammation brought on by the MCD-diet (27). In light of the fact that there is unmet therapy for NASH, it is essential to keep looking into the genes linked to ferroptosis in NASH as they could provide novel insight for prognosis and treatment.

In this study, differentially expressed genes (DEGs) were identified between NASH patients and the control group using GSE135251. Candidate genes were acquired by intersecting DEGs and FRGs. 10 hub genes were further obtained through the PPI network and Cytoscape. Among the 10 hub genes, 7 were highly correlated with the NASH fibrosis stage in GSE135251, 2 were correlated with the NAFLD fibrosis stage in GSE213621 and 5 were correlated with the occurrence of NASH in the mouse models. Finally, we confirmed the overlapping genes of these three parts as the final key genes to establish a diagnostic model. Overall, these findings provide an innovative idea for NASH molecular markers and therapeutic targets while enhancing our understanding of the ferroptosis mechanism in NASH.




2 Materials and methods



2.1 Data collection

The expression profiles of high throughput mRNA sequencing dataset GSE135251 based on the platforms of the GPL18573 (28), GSE213621 based on the platforms of the GPL16791, and GSE126848 based on the platforms of the GPL18673 were downloaded from the GEO database in NCBI (http://www.ncbi.nlm.nih.gov/gds/) (29) (Table 1). 155 NASH liver tissue samples and 10 healthy liver tissue samples make up the training set GSE135251. As a validation set, GSE126848 including 299 samples of NAFLD-affected liver tissue and 69 samples of normal liver tissue was used. Introduce another dataset GSE126848 that includes 16 NASH tissue samples and 26 normal tissue samples to establish a diagnostic model. For additional study, FRGs were downloaded from FerrDb, an artificial ferroptosis database for managing and identifying ferroptosis-related markers, regulatory factors, and disorders (30). Figure 1 displays a flowchart of the investigation.


Table 1 | Characteristics of the GEO datasets.






Figure 1 | The flowchart of this study.






2.2 Identification of differentially expressed genes

Using the DESeq2 package of R, Genes that met the threshold requirements of |log2FC| >1 and adjusted p-value< 0.05 were selected and served as DEGs (31). The principal components analysis(PCA) plot, expression heatmap, and volcano plot of the DEGs were created using the “ggbiplot”, “pheatmap” and “ggplot2” packages via R software.




2.3 Gene set enrichment analysis

To preliminarily explore the potential mechanism of ferroptosis in NASH, 327 genes, acquired by crossing 38094 genes in GSE135251 with FRGs, were used for Gene Set Enrichment Analysis (GSEA) via the ClusterProfiler package of R software. The number of permutations is 1000, NES>1, p-value<0.05, and q-value<0.25 are set as the critical values for significant enrichment. The corresponding Venn diagram is drawn by the R package “VennDiagram”.




2.4 Gene ontology and Kyoto Encyclopedia of Genes and Genomes

The candidate genes were obtained by crossing the DEGs and FRGs, and were displayed by the R package “VennDiagram”. ClueGO, a Cytoscape plug-in, visualized the enrichment pathway of GO and KEGG database to explore the probable roles of candidate genes in NASH. The p-value<0.05 was deemed significant enrichment. And the visual style is set to “group”, the Kappa score threshold was 0.4 (32).




2.5 Protein-protein interaction network construction

Protein interactions and linkages were structured using the STRING online database (https://string-db.org/). After that, Cytoscape (https://cytoscape.org) was used to visualize the PPI network. Finally, the Cytoscape software’s cytoHubba plug-in was used to screen the hub genes (33).




2.6 Validation of hub genes using the validation dataset

The box plot is used to demonstrate the association between the expression of hub genes and the fibrosis stage of the training set. Then, the hub genes’ expression information, extracted from the expression matrix of data set GSE213621, was taken as validation data. The difference in gene expression between several groups was analyzed using Student’s t-test. The result was shown in a violin plot drawn by R package “ggplot2”.




2.7 Animal experiments

Twenty C57BL/6 J mice (male, weight 18-21 g, seven weeks old) were purchased from the ENSIWEIER (Chongqing, China). All mice were housed in an independent ventilation cage (IVC) at a 12-h light/dark cycle. Following a week of acclimation, mice were randomly assigned to one of four groups: MCD-diet (XTMCD, Feed-science) fed for four or six weeks; control diet fed for four or six weeks. After the conclusion of the treatments, the mice were sacrificed by cervical dislocation. Subsequently, the liver tissues were photographed, quickly frozen with liquid nitrogen, and maintained at −80 °C for additional research. All animal protocols were reviewed and approved by the ethics committee of Chongqing Medical University.




2.8 Histological analysis

A part of each mouse’s liver tissue was fixed in 4% paraformaldehyde for a minimum of 24 hours at room temperature. Afterward, the dehydrated samples were embedded in paraffin or immediately embedded in an OCT medium and stored at -20 °C. Paraffifin-embedded samples, sectioned into 4 μm, were stained with hematoxylin-eosin (H&E). Frozen sections were sectioned into 8 μm and stained with Oil red O solution. Images were acquired using the Eclipse E100 microscope (Nikon, Japan). According to criteria outlined by a well-validated grading system, the NAS score, which ranged from 0 to 8, was calculated by adding the scores of steatosis (0–3), lobular inflammation (0–3), and hepatocyte ballooning (0–2). NAS score ≥ 5 can determine the success of mouse modeling. Two qualified pathologists scored the samples in a blind fashion.




2.9 Quantitative Real-Time PCR (qRT-PCR)

Reverse transcription was carried out using a PrimeScript RT Reagent Kit (Takara, Japan) under the manufacturer’s instructions after total RNA from liver tissues was extracted using Trizol reagent (Takara, Japan). SYBR Green Premix Ex Taq (Takara, Japan) was used for quantitative real-time PCR on a Light Cycler 480 (Roche, Switzerland), and results were analyzed using the 2−ΔΔCt technique with β-actin serving as an internal control for normalization. The primer sequences used in qRT-PCR were shown in Table 2.


Table 2 | Primers were used for RT-PCR analysis.






2.10 Molecular diagnostic model

To further verify whether FRGs contribute to accurate diagnosis of NASH, a diagnostic model based on the FRGs that were well validated and related to the development of NASH was constructed by using binomial logistic regression analysis. And the diagnostic equation structured by the R language glm function was defined as follows:

	

βn is the correlation coefficient of gene n, and Xn is the expression level of gene n.

The receiver operating characteristic (ROC) analysis was used to evaluate the diagnostic performance of the diagnostic model.





3 Results



3.1 Identification of DEGs related to NASH

To investigate the DEGs between the NASH group and the control group, we selected the high throughput sequencing dataset GSE135251 with a total of 38,094 genes to conduct principal components analysis (PCA). The result demonstrated that NASH and the control group were distributed in different regions, suggesting distinct genes expressed between the two groups (Figure 2A). Then 2,823 DEGs were identified in total, with 1,290 genes highly up-regulated and 1,533 genes significantly down-regulated in NASH samples compared to healthy samples. (Figures 2B, C).




Figure 2 | Identification of differentially expressed genes (A) the principal components analysis graph (PCA) of dataset GSE135251. (B) The volcano map of dataset GSE135251. (C) The heatmap of dataset GSE135251.






3.2 Gene set enrichment study (GSEA)

To explore the relationship between ferroptosis and NASH, we acquired 585 genes with high confidence, including drivers, suppressors, and markers for ferroptosis from FerrDb. Then 585 genes were intersected with 38094 genes from GSE135251, and 327 FRGs related to NASH were obtained (Figure 3A). The Gene Set Enrichment Study (GSEA) analysis of these 327 genes indicated that the up-regulated FRGs in NASH were involved in carboxylic acid binding, catalytic activity, the small molecule metabolic process, the PPAR signaling pathway, and metabolic pathways, while the down-regulated FRGs were engaged in animal organ development, regulation of cell population proliferation, anatomical structure formation involved in morphogenesis, human T-cell leukemia virus 1 infection, the AGE-RAGE signaling pathway in diabetic complications, and prion disease (Figures 3B, C).




Figure 3 | Enrichment analysis (A) Venn diagram of the intersection of all genes and FRGs. (B) The Gene Set Enrichment Analysis (GSEA) based on GO. (C) The Gene Set Enrichment Analysis (GSEA) based on KEGG. (D) Venn diagram of the intersection of DEGs and FRGs. (E) GO functional annotation of 42 candidate genes. (F) KEGG pathway enrichment of 42 candidate genes.






3.3 Enrichment analysis of candidate genes

The 42 candidate genes were obtained through overlapping 585 genes downloaded from FerrDb with 2,823 DEGs (Figure 3D). To identify the function of these genes in NASH, the biological process of GO and KEGG database were utilized and then visualized using the Cytoscape ClueGO bioinformatics tool. The 39 GO terms and 79 connections were acquired respectively and shown in Figure 3E, suggesting that the candidate genes mainly involved in fatty acid metabolism (e.g., fatty acid biosynthetic process, unsaturated fatty acid metabolic process, and long-chain fatty acid metabolic process), immune mechanisms (e.g., inflammatory cell apoptotic process, positive regulation chemokine production, and interleukin-1-mediated signaling pathway), and negative regulation of oxidative stress-induced cell death (Supplementary Table S1). Additionally, the KEGG enrichment result indicated that the 42 genes were implicated in the PPAR signaling pathway, the biosynthesis of unsaturated fatty acids, the AGE-RAGE signaling pathway in diabetic complications, and the arachidonic acid metabolism (Figure 3F).




3.4 Protein-protein interaction network establishment and identification of hub genes

Using the STRING online database, the PPI network of 42 genes relevant to ferroptosis was created (Figure 4A). Subsequently, the top 10 genes based on the MCC algorithm were determined with cytoHubba plug-in of Cytoscape and defined as hub genes including PTGS2、IL1B、IL6、NQO1、ZFP36、SIRT1、ATF3、CDKN1A、EGR1、NOX4 (Figure 4B), the detailed information was illustrated in Table 3. Considering that the fibrosis stage is an essential prognostic factor of NASH, we evaluated the association between the expression level of 10 hub genes and the fibrosis stage. The results showed that compared to the control group, PTGS2, ZFP36, ATF3, and EGR1 were significantly down-regulated in the FOF1 group of NASH patients (p<0.01, 0.001, 0.05, and 0.0001 respectively), but their expression levels presented an upward trend as fibrosis worsened. The expression of CDKN1A and NQO1 were higher than those of the control group and significantly up-regulated with the increase of fibrosis stage. The expression level of SIRT1 was considerably negatively correlated with the stage of fibrosis in NASH patients (Figure 5).




Figure 4 | Protein-protein interaction network establishment and identification of hub genes (A) protein-protein interaction network of 42 candidate genes. (B) The top 10 genes based on the MCC algorithm served as hub genes. The darker the color, the higher the ranking.




Table 3 | Top 10 in PPI network ranked by MCC method.






Figure 5 | The association between the expression level of 10 hub genes and the fibrosis stage in GSE135251, ns, no significance; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.






3.5 Validation of hub genes through the validation set

We employed the data set GSE213621 to further investigate the expression pattern of the hub genes. In the validation set, there was a statistically significant difference in the expression of IL1B and EGR1 between the NAFLD group and the control group (p<0.0001 and 0.001 respectively), but it was weakly correlated with fibrosis staging. CDKN1A was significantly up-regulated with the occurrence of NAFLD and the development of fibrosis, while SIRT1 was significantly down-regulated (Figure 6).




Figure 6 | Validation of the hub genes in dataset GSE213621. ns, no significance; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.






3.6 The expression level of hub genes in NASH mouse models

To further verify the expression of the hub genes in NASH, we constructed NASH mice models. After 4 weeks of feeding on the MCD-diet, we noticed that mouse liver tissue became pale and faint yellow, which was more pronounced in the 6-week group, indicating fat accumulation in the liver (Figure 7A). As expected, the liver tissue of MCD diet-fed for 6 weeks mice showed more extensive steatosis and Inflammatory cell infiltration than those MCD diet-fed for 4 weeks according to histological hepatic sections stained with H&E and Oil-red O (Figures 7B, C). To analyze the relevance between the expression of 10 hub genes and the disease progression of NASH, we detected the expression levels of these genes through qPCR. As shown in Figure 7D, compared with the control group, Nqo1, Atf3, and Cdkn1a were up-regulated in MCD diet-fed mice, and gradually increased with the aggravation of steatosis and inflammation. Conversely, Sirt1 and Nox4 showed a significant decrease in MCD diet-fed mice compared to the control group but were not noticeably related to feeding time. Eventually, we selected the genes that are consistently expressed in GSE135251, GSE213621, and mouse models as our final key genes, namely CDKN1A and SIRT1.




Figure 7 | Animal experiment (A) Gross morphology of hepatic tissue from control and MCD diet mice (4 or 6 weeks on the indicated diet). Scale bar: 1 cm. (B) HE staining of liver sections from mice fed on control or MCD-diet (4 or 6 weeks on the indicated diet). Scale bar: 50 μm. (C) Oil Red O stained neutral lipids in the liver from mice fed on the control or MCD-diet(4 or 6 weeks on the indicated diet). Scale bar: 50 μm. (D) Determination of hub gene expression in the liver of the control group or MCD-diet mice by RT-PCR (n=5 per group). n.s, no significance; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.






3.7 Establishment of the diagnostic model based on SIRT1 and CDKN1A

A diagnostic model based on SIRT1 and CDKN1A was further constructed by using the binomial logistic regression analysis. The diagnostic equation was finally identified as follows: logit (p=NASH) =3.729739424 + (-0.027860906×expression level of SITR1) + (0.005796107 × expression level of CDKN1A). Keeping the expression level of CDKN1A unchanged, the Odds Ratio (OR) for the expression level of SITR1 with one unit increases is 0.9725236 (95%CI 0.9491139-0.9866785). Similarly, the OR for the expression level of CDKN1A with one unit increases holding other factors fixed in the model is 1.0058129 (95%CI 1.0011365-1.0134521). It is evident from these results that the low expression of SIRT1 and the high expression of CDKN1A have a higher likelihood of having NASH. In the GSE126848 cohort containing 26 normal samples paired with 16 NASH samples, our diagnostic model achieved a sensitivity of 87.50% and a specificity of 100.00% (Figure 8A). After that, applying the diagnostic model to the GSE135251 consisted of 10 normal samples and 155 NASH samples resulting in a sensitivity of 76.13% and a specificity of 90.00% (Figure 8C). As shown in ROC analysis (Figures 8B, D), the AUCs of our model reached 0.971 and 0.950 in two cohorts respectively, denoting a satisfactory accuracy of prediction.




Figure 8 | The diagnostic model (A, B) the confusion matrix and ROC curve of the diagnostic training cohort (GSE126848). (C, D) the confusion matrix and ROC curve of the diagnostic verification cohort (GSE135251).







4 Discussion

A significant economic burden was imposed by the prevalence of NASH, which was also accompanied by a rise in the number of patients needing liver transplants due to cirrhosis and end-stage liver disease (34). Regulated cell death is pivotal in governing outcomes of NASH, in which different types of cell death may coexist and transform with each other. Recent investigations have shown that inhibiting apoptosis, necroptosis, or pyroptosis only partially abates liver damage in NASH (10, 35), suggesting that additional kinds of cell death are likely to be to blame for the hepatotoxicity linked to NASH. Ferroptosis, a newly discovered form of regulated cell death, was contributed by 1) the incorporation of activated polyunsaturated fatty acids (PUFAs) into membrane lipids and subsequent peroxidation, 2) the accumulation of reactive oxygen species (ROS), and 3) the Fenton reaction aided by both the labile iron pool and iron-dependent enzymes (16). Several lines of investigations proved that the occurrence of NASH along with the production of lipid peroxides (36, 37), which meets the onset of ferroptosis, suggesting ferroptosis may engage in the progress of NASH. Understanding the process of ferroptosis in NASH may consequently enable the identification of novel prognostic, diagnostic markers, and therapeutic targets and shed light on the pathogenic underpinnings of the disease. In the current study, a total of 42 candidate genes were extracted from the intersection of DEGs acquired from GSE135251 and FRGs from the FerrDb database. As expected, we found that enrichment terms of these candidate genes contain regulation of lipid metabolism, inflammatory response, and oxidative stress, associated with the initial and development of NASH. Furthermore, we established the PPI network of all candidate genes. According to the MCC algorithm in the cytoHubba plug-in of Cytoscape, the top 10 genes were selected as hub genes including PTGS2、IL1B、IL6、NQO1、ZFP36、SIRT1、ATF3、CDKN1A、EGR1、NOX4. It has been reported that the fibrosis development of NASH experienced five stages, F0 to F4, representing no fibrosis, sinusoidal fibrosis, sinusoidal and portal fibrosis, bridging fibrosis, and cirrhosis respectively (38). We then deciphered the connection between hub genes and NASH advancement. Our data showed that only SIRT1 and CDKN1A were closely related to the progress of NASH in GSE135251, GSE213621, and mouse models. Additionally, a diagnostic model based on SIRT1 and CDKN1A was built with excellent discrimination in NASH tissues.

CDKN1A, also termed p21, is a pivotal regulator of the cell cycle and is engaged in multiple types of cancer, metabolic dysfunctional diseases, and inflammation (39, 40). A high expression level of CDKN1A was strongly associated with the exacerbation of NAFLD fibrosis and predicted a poor prognosis in both animal experiments and human NASH samples (41, 42), which was supported by our findings. Recent research indicated that CDKN1A, as a transcriptional target of P53, was a negative regulator for ferroptosis in cancer cells, which can maintain the glutathione level and reduce lipotoxic ROS (43). The relationship between CDK1NA and ferroptosis in NASH was not clear yet, which is worth further exploration. SIRT1, a class III histone deacetylase, is NAD+ dependent and regulates metabolism, growth, and transcription in a variety of organs (44). SIRT1 deficiency can lead to metabolic disorders such as diabetes mellitus, neurodegeneration, and NAFLD (45). Here, we showed that the SIRT1 level dropped with the progression of NASH using bioinformatics. In mice models, compared with the control group, the expression of Sirt1 was decreased in the MCD-diet group, while it showed an upward trend with feeding time without statistical significance. We conjecture there may be the following reasons: 1) The duration of MCD-diet feeding was too short to reach a certain degree of disease severity; 2) The expression level of Sirt1 may be more related to the stage of fibrosis in NASH, but no fibrosis was observed in our models; 3) Differences in gene expression exist between human and mouse. Despite the research on the action of SIRT1 on ferroptosis in liver disease is limited, it has been indicated that ulinastatin can protect against acetaminophen-induced liver damage by minimizing ferroptosis via activating the SIRT1/NRF2/HO-1 pathway (46). Intriguingly, resveratrol, a potent SIRT1 activator, modulates FOXO1 deacetylation and thus resists iron overload-induced liver tissue damage in iron overload mouse models (47). Furthermore, iron overload aggravates lipid accumulation and oxidative damage induced by a high-fat diet in mice simulating NAFLD, and the activation of SIRT1 can alleviate this condition (48). We hypothesize that the effect of ferroptosis on the development of NASH may be the comprehensive result of multiple genes acting through multiple pathways. Based on CDKN1A and SIRT1 expression, the diagnostic model constructed was also determined to be able to distinguish NASH patients from normal individuals with high specificity and high sensitivity. To sum up, the FGRs CDKN1A and SIRT1 may regulate the progression of NASH through ferroptosis and serve as molecular diagnostic markers and drug targets.

However, several restrictions of the present research should be addressed. 1) Bioinformatics results were obtained from analysis of liver tissue from NASH patients and healthy individuals in public databases, which were supposed to be prospectively verified in subsequent clinical trials. 2) Our results are limited to investigating the change of gene expression level, while the biological function of the hub genes using loss-of-function and gain-of-function assays has not been explored, which is the main purpose of our next research. 3) The FRGs were generated from FerrDb, and the website is constantly updated.




5 Conclusion

In this study, we uncovered the ferroptosis-related genes functioning in NASH using bioinformatics and a ferroptosis database based on literature. Our data indicated that a dramatic correlation exists between the fibrosis stage of NASH and the expression of the ferroptosis-related genes CDKN1A and SIRT1. Additionally, the diagnostic model based on CDKN1A and SIRT1 has a remarkable capacity to diagnose NASH. Overall, our findings provide novel perspectives and therapeutic targets for future research on ferroptosis in NASH.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The animal study was reviewed and approved by the Ethics Committee of Chongqing Medical University.





Author contributions

LH conceived and designed the investigation. LH and JW performed the experiment and wrote the original draft. BT and RZ analyzed and visualized the results, and revised the manuscript. CL and BN supervised the investigation and provided pivotal suggestions on the final version of the manuscript. All authors contributed to the article and approved the submitted version.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1184280/full#supplementary-material




References

1. Riazi, K, Azhari, H, Charette, JH, Underwood, FE, King, JA, Afshar, EE, et al. The prevalence and incidence of NAFLD worldwide: a systematic review and meta-analysis. Lancet Gastroenterol Hepatol (2022) 7(9):851–61. doi: 10.1016/S2468-1253(22)00165-0

2. Ludwig, J, Viggiano, TR, McGill, DB, and Oh, BJ. Nonalcoholic steatohepatitis: Mayo clinic experiences with a hitherto unnamed disease. Mayo Clin Proc (1980) 55(7):434–8.

3. Anstee, QM, Reeves, HL, Kotsiliti, E, Govaere, O, and Heikenwalder, M. From NASH to HCC: current concepts and future challenges. Nat Rev Gastroenterol Hepatol (2019) 16(7):411–28. doi: 10.1038/s41575-019-0145-7

4. Angulo, P, Kleiner, DE, Dam-Larsen, S, Adams, LA, Bjornsson, ES, Charatcharoenwitthaya, P, et al. Liver fibrosis, but no other histologic features, is associated with long-term outcomes of patients with nonalcoholic fatty liver disease. Gastroenterology (2015) 149(2):389–97.e10. doi: 10.1053/j.gastro.2015.04.043

5. Ekstedt, M, Hagström, H, Nasr, P, Fredrikson, M, Stål, P, Kechagias, S, et al. Fibrosis stage is the strongest predictor for disease-specific mortality in NAFLD after up to 33 years of follow-up. Hepatology (2015) 61(5):1547–54. doi: 10.1002/hep.27368

6. Taylor, RS, Taylor, RJ, Bayliss, S, Hagström, H, Nasr, P, Schattenberg, JM, et al. Association between fibrosis stage and outcomes of patients with nonalcoholic fatty liver disease: a systematic review and meta-analysis. Gastroenterology (2020) 158(6):1611–1625.e12. doi: 10.1053/j.gastro.2020.01.043

7. Schwabe, RF, Tabas, I, and Pajvani, UB. Mechanisms of fibrosis development in nonalcoholic steatohepatitis. Gastroenterology (2020) 158(7):1913–28. doi: 10.1053/j.gastro.2019.11.311

8. Feldstein, AE, Canbay, A, Angulo, P, Taniai, M, Burgart, LJ, Lindor, KD, et al. Hepatocyte apoptosis and fas expression are prominent features of human nonalcoholic steatohepatitis. Gastroenterology (2003) 125(2):437–43. doi: 10.1016/s0016-5085(03)00907-7

9. Schwabe, RF, and Luedde, T. Apoptosis and necroptosis in the liver: a matter of life and death. Nat Rev Gastroenterol Hepatol (2018) 15(12):738–52. doi: 10.1038/s41575-018-0065-y

10. Xu, B, Jiang, M, Chu, Y, Wang, W, Chen, D, Li, X, et al. Gasdermin d plays a key role as a pyroptosis executor of non-alcoholic steatohepatitis in humans and mice. J Hepatol (2018) 68(4):773–82. doi: 10.1016/j.jhep.2017.11.040

11. Tsurusaki, S, Tsuchiya, Y, Koumura, T, Nakasone, M, Sakamoto, T, Matsuoka, M, et al. Hepatic ferroptosis plays an important role as the trigger for initiating inflammation in nonalcoholic steatohepatitis. Cell Death Dis (2019) 10(6):449. doi: 10.1038/s41419-019-1678-y

12. Gautheron, J, Gores, GJ, and Rodrigues, CMP. Lytic cell death in metabolic liver disease. J Hepatol (2020) 73(2):394–408. doi: 10.1016/j.jhep.2020.04.001

13. Dixon, SJ, Lemberg, KM, Lamprecht, MR, Skouta, R, Zaitsev, EM, Gleason, CE, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell (2012) 149(5):1060–72. doi: 10.1016/j.cell.2012.03.042

14. Wang, H, An, P, Xie, E, Wu, Q, Fang, X, Gao, H, et al. Characterization of ferroptosis in murine models of hemochromatosis. Hepatology (2017) 66(2):449–65. doi: 10.1002/hep.29117

15. Liu, H, Forouhar, F, Seibt, T, Saneto, R, Wigby, K, Friedman, J, et al. Characterization of a patient-derived variant of GPX4 for precision therapy. Nat Chem Biol (2022) 18(1):91–100. doi: 10.1038/s41589-021-00915-2

16. Stockwell, BR. Ferroptosis turns 10: emerging mechanisms, physiological functions, and therapeutic applications. Cell (2022) 185(14):2401–21. doi: 10.1016/j.cell.2022.06.003

17. Jiang, L, Kon, N, Li, T, Wang, SJ, Su, T, Hibshoosh, H, et al. Ferroptosis as a p53-mediated activity during tumour suppression. Nature (2015) 520(7545):57–62. doi: 10.1038/nature14344

18. Tang, B, Zhu, J, Li, J, Fan, K, Gao, Y, Cheng, S, et al. The ferroptosis and iron-metabolism signature robustly predicts clinical diagnosis, prognosis and immune microenvironment for hepatocellular carcinoma. Cell Commun Signal (2020) 18(1):174. doi: 10.1186/s12964-020-00663-1

19. Tang, B, Zhu, J, Wang, Y, Chen, W, Fang, S, Mao, W, et al. Targeted xCT-mediated ferroptosis and protumoral polarization of macrophages is effective against HCC and enhances the efficacy of the anti-PD-1/L1 response. Adv Sci (Weinh) (2023) 10(2):e2203973. doi: 10.1002/advs.202203973

20. Yao, Y, Chen, Z, Zhang, H, Chen, C, Zeng, M, Yunis, J, et al. Selenium-GPX4 axis protects follicular helper T cells from ferroptosis [published correction appears in nat immunol. 2021 Dec;22(12):1599]. Nat Immunol (2021) 22(9):1127–39. doi: 10.1038/s41590-021-00996-0

21. Zheng, H, Jiang, L, Tsuduki, T, Conrad, M, and Toyokuni, S. Embryonal erythropoiesis and aging exploit ferroptosis [published online ahead of print 2021 Oct 30]. Redox Biol (2021) 48:102175. doi: 10.1016/j.redox.2021.102175

22. Kowdley, KV, Belt, P, Wilson, LA, Yeh, MM, Neuschwander-Tetri, BA, Chalasani, N, et al. Serum ferritin is an independent predictor of histologic severity and advanced fibrosis in patients with nonalcoholic fatty liver disease. Hepatology (2012) 55(1):77–85. doi: 10.1002/hep.24706

23. Corradini, E, Buzzetti, E, Dongiovanni, P, Scarlini, S, Caleffi, A, Pelusi, S, et al. Ceruloplasmin gene variants are associated with hyperferritinemia and increased liver iron in patients with NAFLD. J Hepatol (2021) 75(3):506–13. doi: 10.1016/j.jhep.2021.03.014

24. Chen, H, Zhao, W, Yan, X, Huang, T, and Yang, A. Overexpression of hepcidin alleviates steatohepatitis and fibrosis in a diet-induced nonalcoholic steatohepatitis. J Clin Transl Hepatol (2022) 10(4):577–88. doi: 10.14218/JCTH.2021.00289

25. Loguercio, C, De Girolamo, V, de Sio, I, Tuccillo, C, Ascione, A, Baldi, F, et al. Non-alcoholic fatty liver disease in an area of southern Italy: main clinical, histological, and pathophysiological aspects [published correction appears in J hepatol 2002 May;36(5):713]. J Hepatol (2001) 35(5):568–74. doi: 10.1016/s0168-8278(01)00192-1

26. Sanyal, AJ, Chalasani, N, Kowdley, KV, McCullough, A, Diehl, AM, Bass, NM, et al. Pioglitazone, vitamin e, or placebo for nonalcoholic steatohepatitis. N Engl J Med (2010) 362(18):1675–85. doi: 10.1056/NEJMoa0907929

27. Li, X, Wang, TX, Huang, X, Li, Y, Sun, T, Zang, Sc, et al. Targeting ferroptosis alleviates methionine-choline deficient (MCD)-diet induced NASH by suppressing liver lipotoxicity. Liver Int (2020) 40(6):1378–94. doi: 10.1111/liv.14428

28. Pfister, D, Núñez, NG, Pinyol, R, Govaere, O, Pinter, M, Szydlowska, M, et al. NASH limits anti-tumour surveillance in immunotherapy-treated HCC. Nature (2021) 592(7854):450–6. doi: 10.1038/s41586-021-03362-0

29. Suppli, MP, Rigbolt, KTG, Veidal, SS, Heebøll, S, Eriksen, PL, Demant, M, et al. Hepatic transcriptome signatures in patients with varying degrees of nonalcoholic fatty liver disease compared with healthy normal-weight individuals. Am J Physiol Gastrointest Liver Physiol (2019) 316(4):G462–72. doi: 10.1152/ajpgi.00358.2018

30. Zhou, N, and Bao, J. FerrDb: a manually curated resource for regulators and markers of ferroptosis and ferroptosis-disease associations. Database (Oxford) (2020) 2020:baaa021. doi: 10.1093/database/baaa021

31. Love, MI, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):550. doi: 10.1186/s13059-014-0550-8

32. Bindea, G, Mlecnik, B, Hackl, H, Charoentong, P, Tosolini, M, Kirilovsky, A, et al. ClueGO: a cytoscape plug-in to decipher functionally grouped gene ontology and pathway annotation networks. Bioinformatics (2009) 25(8):1091–3. doi: 10.1093/bioinformatics/btp101

33. Chin, CH, Chen, SH, Wu, HH, Ho, CW, Ko, MT, and Lin, CY. cytoHubba: identifying hub objects and sub-networks from complex interactome. BMC Syst Biol (2014) 8 Suppl 4(Suppl 4):S11. doi: 10.1186/1752-0509-8-S4-S11

34. Mittal, S, El-Serag, HB, Sada, YH, Kanwal, F, Duan, Z, Temple, S, et al. Hepatocellular carcinoma in the absence of cirrhosis in united states veterans is associated with nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol (2016) 14(1):124–31.e1. doi: 10.1016/j.cgh.2015.07.019

35. Roychowdhury, S, McCullough, RL, Sanz-Garcia, C, Saikia, P, Alkhouri, N, Matloob, A, et al. Receptor interacting protein 3 protects mice from high-fat diet-induced liver injury. Hepatology (2016) 64(5):1518–33. doi: 10.1002/hep.28676

36. Feldstein, AE, Lopez, R, Tamimi, TA, Yerian, L, Chung, YM, Berk, M, et al. Mass spectrometric profiling of oxidized lipid products in human nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. J Lipid Res (2010) 51(10):3046–54. doi: 10.1194/jlr.M007096

37. Koliaki, C, Szendroedi, J, Kaul, K, Jelenik, T, Nowotny, P, Jankowiak, F, et al. Adaptation of hepatic mitochondrial function in humans with non-alcoholic fatty liver is lost in steatohepatitis. Cell Metab (2015) 21(5):739–46. doi: 10.1016/j.cmet.2015.04.004

38. Kleiner, DE, Brunt, EM, Van Natta, M, Behling, C, Contos, MJ, Cummings, OW, et al. Design and validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology (2005) 41(6):1313–21. doi: 10.1002/hep.20701

39. Kreis, NN, Louwen, F, and Yuan, J. The multifaceted p21 (Cip1/Waf1/CDKN1A) in cell differentiation, migration and cancer therapy. Cancers (Basel) (2019) 11(9):1220. doi: 10.3390/cancers11091220

40. Seong, HA, and Ha, H. Thr55 phosphorylation of p21 by MPK38/MELK ameliorates defects in glucose, lipid, and energy metabolism in diet-induced obese mice. Cell Death Dis (2019) 10(6):380. doi: 10.1038/s41419-019-1616-z

41. Tomita, K, Teratani, T, Suzuki, T, Oshikawa, T, Yokoyama, H, Shimamura, K, et al. p53/p66Shc-mediated signaling contributes to the progression of non-alcoholic steatohepatitis in humans and mice. J Hepatol (2012) 57(4):837–43. doi: 10.1016/j.jhep.2012.05.013

42. Aravinthan, A, Scarpini, C, Tachtatzis, P, Verma, S, Penrhyn-Lowe, S, Harvey, R, et al. Hepatocyte senescence predicts progression in non-alcohol-related fatty liver disease. J Hepatol (2013) 58(3):549–56. doi: 10.1016/j.jhep.2012.10.031

43. Tarangelo, A, Magtanong, L, Bieging-Rolett, KT, Li, Y, Ye, J, Attardi, LD, et al. p53 suppresses metabolic stress-induced ferroptosis in cancer cells. Cell Rep (2018) 22(3):569–75. doi: 10.1016/j.celrep.2017.12.077

44. Imai, S, Armstrong, CM, Kaeberlein, M, and Guarente, L. Transcriptional silencing and longevity protein Sir2 is an NAD-dependent histone deacetylase. Nature (2000) 403(6771):795–800. doi: 10.1038/35001622

45. Chang, HC, and Guarente, L. SIRT1 and other sirtuins in metabolism. Trends Endocrinol Metab (2014) 25(3):138–45. doi: 10.1016/j.tem.2013.12.001

46. Wang, C, Liu, T, Tong, Y, Cui, R, Qu, K, Liu, C, et al. Ulinastatin protects against acetaminophen-induced liver injury by alleviating ferroptosis via theSIRT1/NRF2/HO-1 pathway. Am J Transl Res (2021) 13(6):6031–42.

47. Das, SK, DesAulniers, J, Dyck, JR, Kassiri, Z, and Oudit, GY. Resveratrol mediates therapeutic hepatic effects in acquired and genetic murine models of iron-overload. Liver Int (2016) 36(2):246–57. doi: 10.1111/liv.12893

48. Wang, L, Sun, M, Cao, Y, Ma, L, Shen, Y, Velikanova, AA, et al. miR-34a regulates lipid metabolism by targeting SIRT1 in non-alcoholic fatty liver disease with iron overload. Arch Biochem Biophys (2020) 695:108642. doi: 10.1016/j.abbt.2020.108642




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 He, Wang, Tao, Zhu, Li and Ning. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1184280-g001.jpg
Data collection
(GSE135251 GSE213621 GSE126848 )

intersect

GSE135251

Acquisition of Ferroptosis-related intersect Identification of differentially

genes (FRGs) from FerrDb expressed genes (DEGs)

[ 327 FRGs in NASH

|

‘ GSEA ana'VSiS’ Enrichment analysis
(GO, KEGG)
PPl establishment and
identification of hub genes

10 hub genes: PTGS2. IL1B. IL6. NQO1. ZFP36.
SIRT1. ATF3. CDKN1A. EGR1. NOX4

l [Get 42 candidate genes l

Identification of hub genes
related to disease course
Validation of these genes using
GSE213621 and mouse models

establishment of the diagnostic
model based on GSE126848





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identification of ferroptosis-related genes in the progress of NASH

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Data collection

          



          		

            2.2 Identification of differentially expressed genes

          



          		

            2.3 Gene set enrichment analysis

          



          		

            2.4 Gene ontology and Kyoto Encyclopedia of Genes and Genomes

          



          		

            2.5 Protein-protein interaction network construction

          



          		

            2.6 Validation of hub genes using the validation dataset

          



          		

            2.7 Animal experiments

          



          		

            2.8 Histological analysis

          



          		

            2.9 Quantitative Real-Time PCR (qRT-PCR)

          



          		

            2.10 Molecular diagnostic model

          



        



        



        		

          3 Results

        

          		

            3.1 Identification of DEGs related to NASH

          



          		

            3.2 Gene set enrichment study (GSEA)

          



          		

            3.3 Enrichment analysis of candidate genes

          



          		

            3.4 Protein-protein interaction network establishment and identification of hub genes

          



          		

            3.5 Validation of hub genes through the validation set

          



          		

            3.6 The expression level of hub genes in NASH mouse models

          



          		

            3.7 Establishment of the diagnostic model based on SIRT1 and CDKN1A

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1184280-g008.jpg
A GSE126848 cohort C GSE135251 cohort
Real NASH Real Normal Real NASH Real Normal
Predicted NASH 14 0 Predicted NASH 118 1
Predicted Normal 2 26 Totals Predicted Normal 37 9 Totals
Totals 16 26 42 Totals 155 10 165
Correct 14 | 26 40 Correct 118 9 127
Sensitivity 0.8750 | Sensitivity 0.7613
Specificity | 1.0000 Specificity 0.9000
B ROC curve(GSE126848) D ROC curve(GSE135251)
e o
o O
o o
> <9 4 > <9
s ° s °
2 -
3 34 3 3
~N ~N
S AUC:0.9710 s 7 AUC:0.9500
° o |
o o

0.0

T
0.2

T T T T
0.4 0.6 0.8 1.0

1-Specificity

0.0

T
0.2

T T T T
0.4 0.6 0.8 1.0

1-Specificity





OEBPS/Images/fendo-14-1184280-g002.jpg
PC2 (6.6% explained var.)

Group -~ control = NASH
150
100

50

-100 0 100 200
PC1 (12.9% explained var.)

40

-log10(Padi)
S 8

=)

Group * Up * None ¢ Down

DEGs heatmap

| N I O O N 110 U HUMME] Fibrosis
I —

Subtype

Fibrosis

Subtype
I control
W NASH

4 N 4
log2(Fold Change)






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1184280-g004.jpg





OEBPS/Images/table2.jpg
Symbol
Ils
b
Ptgs2
Egrl
A3
Sirt]
Cdknla
Ngol
Zfp36
Nox4

P-actin

Species
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

Mouse

Forward Primer
CTGCAAGAGACTTCCATCCAG
GAAATGCCACCTTTTGACAGTG
TTCCAATCCATGTCAAAACCGT
TCGGCTCCTTTCCTCACTCA
GAGGATTTTGCTAACCTGACACC
GAGCTGGGGTTTCTGTCTCC
CCTGGTGATGTCCGACCTG
AGGATGGGAGGTACTCGAATC
TCTCTGCCATCTACGAGAGCC
GAAGGGGTTAAACACCTCTGC

GGCTGTATTCCCCTCCATCG

Reverse Pri
AGTGGTATAGACAGGTCTGTTGG
TGGATGCTCTCATCAGGACAG
AGTCCGGGTACAGTCACACTT
CTCATAGGGTTGTTCGCTCGG
TTGACGGTAACTGACTCCAGC
CTGCAACCTGCTCCAAGGTA
CCATGAGCGCATCGCAATC
TGCTAGAGATGACTCGGAAGG
TCCTCCGAGGGATTCGGTTC
ATGCTCTGCTTAAACACAATCCT

CCAGTTGGTAACAATGCCATGT






OEBPS/Images/fendo-14-1184280-g006.jpg
NQO1

IL1B

PTGS2

15004

5004
0

ia &

400

YHON 14
e /VMmJ
2 Ng
< * %% |n.V
SRR TN
M il
&) m*ﬁ vuvuﬂm’“ -AMW
b v
° o
AR o,
°.
o o o O
o S
o o
< «
4,
L)
) ﬁ ° .- .ﬂV
[TH o| o
M =
Pl
e ..h.\o@
2 ¥
. %‘.\OW\N\
°.
o o o o O
o o S
o o S
© < I3
ﬁ .-.ga-k/v@
H v
i Y |3
E § #i o [
e
@ LTk - o (g,
ﬁ %
R
°.
o o o O
o o o
s} o s}
= =
* .v,v@
| 3
[
% m . ° g ..n/VV\
W i
N i . ° °® o":\
d %
o o
- Rl o,
T T T T T o
o o o o o O
o o o o
o e} o Ire}
o N~ rs} N
e

NOX4

EGR1

ns

—
ns

6000
40004

ns
Hkx
whx
hx
®

W

15000
10000





OEBPS/Images/table3.jpg
Gene Symbol Ra ull Name Score rroptosis
1L6 1 Interleukin 6 402 Driver/Suppressor
ILIB 2 Interleukin 1 Beta 400 Driver
PTGS2 3 Prostaglandin-Endoperoxide Synthase 2 399 Marker
EGRI 4 Early Growth Response 1 242 Driver
ATF3 5 Activating Transcription Factor 3 240 Driver
SIRTI 6 Sirtuin 1 151 Driver/Suppressor
CDKNIA 7 Cyclin Dependent Kinase Inhibitor 1A 147 Suppressor
NQO1 8 NAD(P)H Quinone Dehydrogenase 1 126 Suppressor
ZFP36 9 ZFP36 Ring Finger Protein 120 Suppressor
NOX4 9 NADPH Oxidase 4 120 Drive






OEBPS/Images/fendo.2023.1184280_cover.jpg
& frontiers | Frontiers in Endocrinology

Identification of ferroptosis-related genes in
the progress of NASH





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1184280-g003.jpg
KEGG s Metabolic pathways.

= AGE-RAGE signaling pathway in diabetic complcations
e Prion disease

All genes

Running Enrichment Score

Running Enrichment Score

JIE e T B R R AR TE R

Ranked List Metric

Ranked List Metric

Rank in Ordered Dataset Rank in Ordered Dataset

DEGs FerrDb n«mwm' ii’

ghilular response to
in stimulus

T

XN\

N, &

N ;‘i

\"l

sulfur amino acid
metabolic process
FABP4

regulation of celular kej

response to

unsaturatedfattyc g .
cadmium ion étabolic process

acid metabolic™™

process
scb Bi esi
Biosynthesis'of . =T riasis ‘ kgeidoric acd metaboc process
unsaturated fa S m
. inone metabolORIRs T
acids T ﬁ
P A

cellular response to fatty acid

PPAR signa
pathway

ELOVLS

C21-steroid hormone metabolic





OEBPS/Images/M1.jpg
ot B+ Ptk Py





OEBPS/Images/fendo-14-1184280-g007.jpg
>

£
c
o
o
[=]
o
=
b Ptgs2
2— == Control
= MCD
{ o
kel
[73
o0
{4
[-%
x
o
o
2
ks
Q
o
Weeks
Zfp36
25— E= Control
=3 MCD ns
2 20 ns
a i
o
515
x
Q
_g 1.0
ks
& os
0.0
Weeks
Egr1
25— E= Control
= MCD
Ty ns.
_5 20 [ |
173
3
515
x
o
_g 1.0
K
&£ 05

o
[=}

o

e

Relative expression

b
o

1

Relative expression

Relative expression

=
o

.5

N

Control

MCD

I11b

== Control
=3 MCD

Weeks

Sirt1

== Control
== MCD

*
L

Weeks

Nox4

mm Control
= MCD

Hokkok

Weeks

Relative expression

Relative expression

1.5

12

116

== Control
Em MCD

n.s.
|

Atf3

== Control
== MCD

Weeks

Control

MCD

n.s.

Hkkk

4 wk

10

Relative expression

Relative expression

6 wk

Nqo1

== Control
= MCD

*k

Weeks

Cdkn1a

== Control
= MCD
n.s.
—

| — |






OEBPS/Images/table1.jpg
asets

Homo sapiens
Normal:26

Compone ype ssue Species
GSE135251 training set NASH:155 Expression profiling by high throughput sequencing Liver Homo sapiens
Normal:10
GSE213621 validation set NAFLD:299 Expression profiling by high throughput sequencing Liver
Normal:69
GSE126848 diagnostic model cohort NASH:16

Expression profiling by high throughput sequencing ‘ Liver Homo sapiens






OEBPS/Images/fendo-14-1184280-g005.jpg
NQO1

IL6

&
*
&

12}
-
< =LA T
-4
S ﬁ -
&) i ﬁ.kamﬁwo -A@
H 4
% u-Too n-\@“\
«\0
O

.. (] |8
ﬁ twgn. V/VM.D
P >
o f * G [S
L « o
M i<
2 ﬁ VL[ 4,
. 2
o[% o L /£
¢ °e @&@
o : ; ; )
[40] ~ ()] N~

| ©

= oﬂ%\hﬂ.-ﬁﬂv\ <
o x |¥ > ol
b e - 2 |55
[ W g { rm
i 4 o
o % % o V. =
5. "%, e
Qo L ° o
O
r g e = F ~ ©

<
ns

ns

é§\
——
41
& ¢
=
: L]
X

ZFP36
ns
EGR1
ns






