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Background: Salt-sensitive hypertension (SSH) is a common type of essential hypertension in China. In recent years, although an increasing number of researches have focused on SSH, few studies have been researched on patients with SSH. The objective of this study was to explore the genes and pathways linked with SSH using RNA-sequencing (RNA-seq).

Materials and methods: We used RNA-seq to analyze the transcriptome of peripheral blood mononuclear cells (PBMCs) of five SSH patients and five SRH patients. Next, we analyzed the differentially expressed genes (DEGs) using Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, and Gene Set Enrichment (GSEA) enrichment analysis. Then, Cytoscape was used to construct the protein-protein interaction (PPI) network and the hub genes. Finally, CMAP analysis found that several small molecular compounds could reverse the altered DEGs.

Results: A total of 431 DEGs were found in the PBMC samples, including 294 up-regulated and 137 down-regulated genes. Functional enrichment analysis found significant enrichment in immune-related associations such as inflammation, chemokine, and cytokine-cytokine receptor interaction. The hub genes of the two modules were IL-6, IL-1A, CCL2, CCL3L3, and BUB1. In addition, we identified two small molecular compounds (iopromide and iloprost) that potentially interacted with DEGs.

Conclusion: This study suggests some potential biomarkers for the diagnosis of SSH. It provides new insights into SSH diagnosis and possible future clinical treatment.
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Introduction

Hypertension is a major cause of premature death worldwide. It is a risk factor for cardio-cerebral vascular disease and kidney disease (1–3). The study estimated that more than 1.2 billion adults worldwide had hypertension in 2019, twice the number of hypertension patients in 1990 (4). The total number of patients with hypertension in the population of 18 years and older in China is 244 million, and the prevalence of hypertension is about 27.9%. Based on this calculation, about one in every four adults is a hypertensive patient (5). High salt intake is a key risk factor for the onset of hypertension, and increasing salt intake promotes the expansion of extracellular fluid volume and increases cardiac output (6). However, different individuals have different effects of salt intake on blood pressure. In the 1970s, Luft and Kawasaki successively found that some hypertensive patients had abnormal blood pressure in acute and chronic salt load tests, and proposed the concept of salt-sensitive hypertension (SSH) (7, 8). Those whose blood pressure rises significantly after salt loading are called salt-sensitive people and those whose blood pressure does not rise or drop significantly are called salt-resistant people (9, 10). The increase in salt intake of salt-sensitive rats is higher than that of salt-resistant rats. The increased salt intake of salt-sensitive rats can also cause organ damage, such as cardiac hypertrophy, vascular hypertrophy, and nephrosclerosis (11). The recent finding showed that the gut microbiota might act as a potential target to counteract SSH (12). To date there has been little agreement on what causes salt sensitivity, so unlocking the molecular secrets of salt sensitivity is a crucial health goal. He et al. reported that salt sensitivity is a cause, not a consequence of hypertension (6). However, it is unclear differences and potential therapeutic targets in SSH and salt-resistant hypertension (SRH).

In recent years, an increasing of researches have demonstrated that transcriptomic changes in peripheral blood can serve as biomarkers of diseases (13, 14). Peripheral blood mononuclear cells (PBMCs) include monocytes and lymphocytes. There is a high correlation between the gene expression profiles of tissues and the corresponding PBMCs (15). In addition, plasma is more readily available than tissue, and it can be used to detect disease status and treatment effects.

RNA-seq has been reported on the potential molecular etiology or therapeutic targets in a variety of cardiovascular diseases, including atherosclerotic, atrial fibrillation, and heart failure (16–18). Nevertheless, there are no reports on the application of RNA-seq in human SSH and SRH study.

In our study, we used RNA-seq to identify those differentially expressed genes in PBMCs from SSH and SRH patients and then analyzed using a variety of bioinformatics methods. Subsequently, several hub genes and potential therapeutic compounds were found. The study may help to discover the underlying pathogenesis of SSH, better understand the etiology of SSH and even develop more effective and targeted treatment of SSH in the future.



Materials and methods


Patient studies

For this study, a total of 72 patients with a history of hypertension were selected and peripheral blood samples were collected from February 2021 to August 2021 at the Department of Cardiology, the First Affiliated Hospital of Guangxi Medical University. The informed consent forms used in this study were approved by the Ethics Committee of the first affiliated Hospital of Guangxi Medical University. All experiments were performed by the principles and regulations established by the ethics committee.

All the participants were registered according to the following inclusion criteria: (a) diagnosis of essential hypertension, and the diagnostic criteria of definite SSH as previously reported by Citterio et al. (19). (b) Age between 30 and 70 years, (c) while the exclusion criteria were: individuals with severe diabetes, heart failure, stroke, peripheral artery disease, congenital heart disease, acute myocardial infarction, liver and kidney disease, or cancer patients. All 72 patients were categorized into two groups including SSH group with 29 patients and SRH group have 43. A modified Sullivan acute NS-loading test was used to distinguish SRH and SSH patients, and mean arterial pressure (MAP) was also measured with the systolic blood pressure (SBP) and diastolic blood pressure (DBP) for each time point. Blood pressure was measured at two-time points: baseline BP (before and after sodium-loading). After sodium-loading, two times for each MAP value (MAP1 and MAP2) were calculated from the corresponding 2 BP values. MAP was considered to be the DBP plus one-third of pulse pressure (PP). Patients with MAP2 − MAP1 ≥ 5 mm Hg were diagnosed with SSH and others with SRH. This diagnostic method has widely been used to differentiate the SSH from SRH and was also validated to have the same accuracy as the long-period sodium-loading test. Furthermore, five patients from each group were randomly selected for subsequent RNA-seq analysis.



Total RNA extraction and library construction

Under aseptic conditions, the collected whole blood was mixed with an equal volume of PBS, and Ficoll-Hypaque density gradient centrifugation was used to isolate the peripheral blood mononuclear cells (PBMC). Then, TRIzol reagent (Invitrogen) was added to the PBMC at a ratio of about 1 × 107 cells/1.5 ml to degrade the proteins and the RNA was extracted from the cells. In addition, the Agilent 2100 Bioanalyzer (Agilent DNA 1000 Reagents) was also used to estimate the total RNA concentration, RNA integrity number (RIN), 28S/18S, and fragment size to evaluate the yield, purity, and integrity of RNA.



RNA sequencing

MGISEQ-2000 sequencing technology was being used for RNA-Seq sequencing. The qualified library was denatured into the single-stranded library by adding NaOH and then the solution was diluted to a certain concentration according to the expected amount of data on the machine. Afterward, the denatured and diluted library was loaded to Flow Cell for hybridization with the adapter, and then the cluster generation platform cBot was used to complete the bridge PCR amplification. Finally, the prepared Flow Cell was sequenced using Illumina sequencing system SBS reagents. The sequencing data was aligned to the reference gene sequence (reference species: Homo sapiens; data source: NCBI; reference genome version: GCF_000001405.39_GRCh38.p13) for clean read using Bowtie2 (version: v2.2.5) (20) and RSEM (Version: v1.2.8) (21) was used to calculate the gene expression levels of each sample.



Sample correlation analysis and differential gene identification

DESeq2 package (version 1.36.0) in R software (version 3.6.0) for estimate variance-mean dependence in count data from high-throughput sequencing assays and test for differential expression based on a model using the negative binomial distribution (22). The FDR < 0.05 and |log2 (fold change)| > 1 values were used as a criterion to find the differentially expressed genes (DEGs). In addition, pheatmap package in R software was performed to plot the heatmap of DEG (23).



Gene ontology enrichment analysis

Gene ontology (GO) annotation contained three parts: BP, CC, and MF. For the GO and KEGG analyses, all candidate genes were mapped to each item in the Gene Ontology database1, and the number of genes in each item was calculated (24). Furthermore, hypergeometric test was applied to find the items that were significantly enriched in candidate genes compared with all background genes in this species. The P value is calculated using the base function phyper (version 4.3.0) of R software. Subsequently, multiple tests are carried out on P value to be positive, and the calibration software package is Q value (version 2.28.0).



Gene set enrichment analysis

The gene set enrichment analysis (GSEA) software (version 4.0.3) was used on all detected genes with FDR < 0.05 as the criterion, and the top three of biological process (BP) and pathway enriched gene sets were selected for analysis. The gene sets in this analysis were collected from the Molecular Signatures Database (MSigDB, version 6.2)2 (25).



Protein-protein interactions network construction and hub genes identification

Through the STRING database (version 11.5)3, we selected protein-protein interaction (PPI) analysis with a comprehensive score greater than 0.9 to construct a PPI network. Cytoscape (version 3.9.0) was used to visualize the PPI network and then analyzed the modules with higher scores in the PPI network through Molecular Complex Detection (MCODE). In addition, we used 12 algorithms in Cytohubba including MCC, DMNC, MNC, Degree, EPC, BottleNeck, Eccentricity, Closeness, Radality, Betweenness, Stress, and Clustering coefficient to calculate the total weight of each gene, and ultimately selected top 10 most frequently occurring 10 genes among the 12 algorithms as hub genes.



Analysis of the connectivity map database

The connectivity map (CMAP) database4 is an open resource that links diseases, genes, and drugs through similar or opposite gene expression profiles (26). CMAP database was also used to predict the potential small molecule compounds that can reverse the changes in DEG expression. Mean ≤ 0.4 and P < 0.01 were set as the screening criteria.




Results


Baseline characteristics in salt-sensitive hypertension and salt-resistant hypertension patients

Whole transcriptome RNA-seq analysis was carried out on PBMCs isolated from five SSH and five SRH patients randomly selected from 72 patients.

The baseline characteristics of all patients with SRH and SSH are shown in Table 1. These include gender, age, blood pressure, heart rate, and so on. The results from two independent sample t-test showed that age, BMI did not significantly differ between the SSH and SRH groups by SPSS (version: SV26.0) (P > 0.05). In addition, we found significant differences in LDL-C, MCH, α-HBD (P > 0.05).


TABLE 1    Baseline characteristics of study participants in salt-sensitive hypertension (SSH) and salt-resistant hypertension (SRH).
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Table 2 shows the saline-loading test of the study participants. The results show that SSH accounts for 36% and SRH for 64%.


TABLE 2    NS-loading test in salt-sensitive hypertension (SSH) and salt-resistant hypertension (SRH).
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Identification of differentially expressed genes

A total of 19,813 genes were identified in PBMC samples and 431 genes were found to be differentially expressed between SSH and SRH samples of which 294 were up-regulated and 137 down-regulated genes in the SSH group. The criteria for DEGs were selected to q-value < 0.05 and |log2Foldchange| > 1. The heatmap and volcano plots for DEGs are shown in Figures 1A,B. The Venn diagram shows the number of genes unique and shared between the two groups. The shared number of genes shared between SSH and SRHare16578 (Figure 1C).
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FIGURE 1
The discrepancy between salt-sensitive hypertension (SSH) and salt-resistant hypertension (SRH) in terms of gene expression profile. (A) Hierarchical cluster analysis of genes identified in SSH and SRH. (B) Distribution of the genes expressed in the two groups, red dots and green dots indicates genes significantly up-regulated or down-regulated in the SSH and SRH. (C) Number of Gene expressed in the two groups.




Gene ontology and Kyoto encyclopedia of genes and genomes pathway analysis of differentially expressed genes

Gene ontology functional enrichment analysis for these DEGs were performed. The results indicated that these DEGs were significantly enriched in eight enriched cellular component (CC), such as plasma membrane, nuclear nucleosome, and hemoglobin complex (Figure 2A). For molecular functions (MF), these DEGs were mainly enriched in hemoglobin alpha binding, chemokine activity, and inward rectifier potassium channel activity (Figure 2B). In addition, these DEGs were most significantly enriched in the BP of immune response, cell adhesion, and inflammatory chemotaxis (Figure 2C). The enriched KEGG pathways were performed in the top five signal pathways, including Rheumatoid arthritis, Systemic lupus erythematosus, Salmonella infection, Alcoholism, and Graft-versus-host disease (Figure 2D).
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FIGURE 2
Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis of the differentially expressed genes (DEGs) between SSH and SRH in the biological processes (BPs), cellular components (CCs), and molecular functions (MFs). (A) GO-CC, (B) GO-MF, (C) GO-BP, and (D) KEGG pathway.




Gene set enrichment analysis

Gene set enrichment was performed to identify gene sets with statistically significant differences between the SSH group and the SRH group. The top three of GO_BP sets are shown. The most significant enriched up-regulated GO_BP sets included regulation of nuclear-transcribed mRNA catabolic process deadenylation dependent decay, Regulation of megakaryocyte differentiation, and Receptor signaling pathway (Figure 3A). The most significantly enriched down-regulated GO_BP sets included ATP synthesis coupled electron transport, Oxidative phosphorylation, Antigen processing, and presentation of exogenous peptide antigen via MHC class I (Figure 3B). As illustrated in Figure 4, to determine signaling pathways associated with SSH and SRH, GSEA pathway analysis was performed on DEGs. The top three most significantly enriched gene sets positively correlated with the SSH group were ABC transporters, ERBB signaling pathway, and TGF beta signaling pathway (Figure 4A). The top three most significantly enriched gene sets negatively correlated with the SSH group were PARKINSONS disease, oxidative phosphorylation, and ribosome (Figure 4B).
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FIGURE 3
Enrichment analyses via gene set enrichment analysis (GSEA). (A) The top three enriched up-regulated GO gene sets. (B) The top three enriched down-regulated GO gene sets.
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FIGURE 4
Gene set enrichment analysis (GSEA) of differentially expressed genes (DEGs) using the GSEA Kyoto encyclopedia of genes and genomes (KEGG) pathways database. (A) The top three enriched up-regulated KEGG pathway sets. (B) The top three enriched down-regulated KEGG pathway sets.




Protein-protein interaction network construction and hub gene identification

We used the STRING database to construct the PPI network, which consisted of 396 nodes and 89 edges (Figure 5). Nodes represent DEGs, and edges represent interactions between DEGs. High-scoring modules in the PPI network were analyzed by MCODE (Figure 6). The ten identified hub genes (IL6, CCL2, IL1A, CXCL1, BUB1, CCL3L3, CDC20, CENPA, CXCL2, and TTK) were showed in Table 3 and Figure 7. The expression level of the hub gene in samples were shown in Figure 8.
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FIGURE 5
The protein-protein interaction (PPI) network of differentially expressed genes (DEGs). Circles and lines represent genes and the interaction of proteins between genes, respectively. The red represents the up-regulated genes. The blue represents the down-regulated genes.
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FIGURE 6
The highly expressed protein-protein interaction (PPI) network. (A) Score 6, (B) Score 5.6, (C) Score 4.6. The red represents the up-regulated genes. The blue represents the down-regulated genes.



TABLE 3    Top ten genes in the 12 statistical methods.
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FIGURE 7
The hub gene of differentially expressed genes (DEGs). The red represents the up-regulated genes. The blue represents the down-regulated genes.
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FIGURE 8
The heatmap of hub genes. Color from green to red indicated low to high representation value.




Analysis of the connectivity map database

Analysis of the CMAP database showed that iopromide and iloprost compounds potentially exerted a negative regulatory effect on DEGs (Table 4). We deduced that these two drugs are potential candidates to alleviate SRH progression to SSH.


TABLE 4    The result of connectivity map (CMAP) database analysis.
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Discussion

Two long-term follow-up investigations revealed that SSH patients had a greater risk of cardiovascular events and death than SRH patients (27, 28). Early identification and management in high-risk individuals are challenging due to a lack of good biomarkers and mechanistic investigations on SSH. PBMCs in peripheral blood are easy to acquire and may exhibit changes in blood pressure, making them excellent for gene expression research. To date, the current study is the most comprehensive study where the first time we used RNA-seq technology in PBMC to describe the global transcriptome of differential genes between SSH and SRH patients. Therefore, we employed RNA-seq to investigate SSH biomarkers and potential intervention targets, which could provide new insights into the molecular mechanisms of SSH.

In the current study, we used RNA-seq to evaluate 294 up-regulated and 137 down-regulated genes in PBMCs, each of which had the fold change > 1.0 and with a value of q < 0.05. Moreover, all the detected DEGs were significantly enriched in BP such as immune response, inflammatory chemotaxis, and cell adhesion. A recent study has revealed that inflammation is a part of the etiology of hypertension that can make changes in the immune system which ultimately disrupt the regulatory functions of these systems and eventually unbalancing the homeostatic regulation of blood pressure (29). The results of our study indicated that the DEGs were significantly enriched in CC such as plasma membrane, nuclear nucleosome, and hemoglobin complex. In essential hypertension, sodium and calcium transport across plasma membranes is critical. Earlier it has been reported that plasma membrane defect precedes the development of primary hypertension (30). For the MF, DEGs were mainly enriched in hemoglobin alpha binding, chemokine activity, and inward rectifier potassium channel activity. The chemotaxis of immune-inflammatory cells to the blood vessel wall is a significant process of the immune inflammatory response in hypertension as chemokines and their receptors are the key factors mediating the chemotaxis of immune-inflammatory cells. Chemokine Receptor CXCR2-positive cells were discovered to be substantially more in hypertension patients’ blood than in healthy persons (31). The KEGG results showed that DEGs were significantly enriched in cytokine-cytokine receptor interaction, IL-17 signaling pathway, and CAMP signaling pathway. The reciprocal control of cytokines via synthesis and secretion has a function in the onset and progression of hypertension. It has been demonstrated the secretion of cytokines is associated with catecholamines such as epinephrine, and limiting their synthesis can effectively control the occurrence of cytokine release syndrome (32). This could be milestone to treat hypertension. In addition, GSEA identified TGF signaling pathway as the significantly enriched pathway in SSH Where the TGF signaling pathway plays a crucial role in both angiogenesis and pathological conditions, and it has a long-recognized role in hypertension (33, 34).

Next, we analyzed the PPI network and hub genes of the two groups including pro-inflammatory cytokines such as IL-1A, IL-6, chemokines, and receptors such as CCL2, CXCL2, CXCL1, and CCL3L3 which suggested that interactions between cytokines may have a regulatory role in SSH. There is increasing evidence that hypertension is an inflammatory condition. Notably, mediators released by immune cell activation promotes hypertensive target organ damage (35). Both IL-1 isoforms IL-1α and IL-1β correlated with the degree of blood pressure regulation. Earlier it was also reported that IL-1 receptor deficiency or blockade also linked to reduce the hypertension (36, 37). Activation of monocytes in PBMCs is associated with peripheral hypertension and higher levels of plasma pro-inflammatory cytokines (38). Previous research has found that the majority of chemokines belong to the CC and CXC families. It has been observed that the rise of cytokines such as IL-6 and CCL2 in the high-salt diet-induced hypertension rat model is connected with the NLRP3 inflammatory mechanism (39). Moreover, chemokines can partially regulate the movement of PBMCs, and chemokines of the CXC family may have mutual regulation in hypertension and target organ damage, which may provide new insights into chemotactic immunotherapy for hypertension (40). Therefore, the role of another hub gene construction has not been reported to be related to hypertension that might be new targets for SSH.

In modern drug research, the discovery of new gene targets is often the premise of new drug innovation. To link genes to drugs, we further scanned for some potential small-molecule compounds and using the CMAP database we identified two small molecular compounds (iopromide and iloprost) that can potentially interact with DEGs. CMAP database for prediction of potential drugs may reverse expression of SSH-related genes. According to studies, iloprost has adequate pulmonary vasodilation and can improve symptoms and exercise capacity in people with primary pulmonary hypertension (41, 42). These small molecules might be investigated as potential potential therapeutic targets for the treatment of SSH. Of course, this research limited in the PBMCs and is not necessarily applicable to all cells. In the future, we will also conduct experiments to verify these targets on a bigger sample-sized population.



Conclusion

In the present study, we identified 431 DEGs and 10 hub genes by RNA-seq from PBMCs of SSH and SRH. In conclusion, our study found several potential biomarkers and provided a comprehensive understanding of SSH. Additionally, we identified that the iopromide and iloprost could be the potential therapeutic targets for the treatment of SSH.
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Footnotes
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2     http://www.broadinstitute.org/gsea/msigdb/

3     http://string-db.org/

4     https://clue.io/


References

1. Leishman WD. Hypertensive strokes. Lancet. (1957) 269:437–41.

2. Townsend RR, Taler SJ. Management of hypertension in chronic kidney disease. Nat Rev Nephrol. (2015) 11:555–63. doi: 10.1038/nrneph.2015.114

3. Mills KT, Stefanescu A, He J. The global epidemiology of hypertension. Nat Rev Nephrol. (2020) 16:223–37. doi: 10.1038/s41581-019-0244-2

4. Zhou B, Carrillo-Larco RM, Danaei G, Riley LM, Paciorek CJ, Stevens GA, et al. Worldwide trends in hypertension prevalence and progress in treatment and control from 1990 to 2019: a pooled analysis of 1201 population-representative studies with 104 million participants. Lancet. (2021) 398:957–80. doi: 10.1016/S0140-6736(21)01330-1

5. Wang Z, Chen Z, Zhang L, Wang X, Hao G, Zhang Z, et al. Status of hypertension in china: results from the China hypertension survey, 2012–2015. Circulation. (2018) 137:2344–56.

6. He J, Huang JF, Li C, Chen J, Lu X, Chen JC, et al. Sodium sensitivity, sodium resistance, and incidence of hypertension: a longitudinal follow-up study of dietary sodium intervention. Hypertension. (2021) 78:155–64. doi: 10.1161/HYPERTENSIONAHA.120.16758

7. Luft FC, Grim CE, Willis LR, Higgins JT Jr., Weinberger MH. Natriuretic response to saline infusion in normotensive and hypertensive man. The role of renin suppression in exaggerated natriuresis. Circulation. (1977) 55:779–84. doi: 10.1161/01.cir.55.5.779

8. Kawasaki T, Delea CS, Bartter FC, Smith H. The effect of high-sodium and low-sodium intakes on blood pressure and other related variables in human subjects with idiopathic hypertension. Am J Med. (1978) 64:193–8.

9. Fujita T, Henry WL, Bartter FC, Lake CR, Delea CS. Factors influencing blood pressure in salt-sensitive patients with hypertension. Am J Med. (1980) 69:334–44.

10. Weinberger MH. Salt sensitivity of blood pressure in humans. Hypertension. (1996) 27:481–90.

11. Zicha J, Dobeová Z, Vokurková M, Rauchová H, Kune J. Age-dependent salt hypertension in Dahl rats: fifty years of research. Physiol Res. (2012) 61 Suppl 1:S35–87. doi: 10.33549/physiolres.932363

12. Wilck N, Matus MG, Kearney SM, Olesen SW, Forslund K, Bartolomaeus H, et al. Salt-responsive gut commensal modulates Th17 axis and disease. Nature. (2017) 551:585–9. doi: 10.1038/nature24628

13. Bilchick K, Kothari H, Narayan A, Garmey J, Omar A, Capaldo B, et al. Cardiac resynchronization therapy reduces expression of inflammation-promoting genes related to interleukin-1beta in heart failure. Cardiovasc Res. (2020) 116:1311–22. doi: 10.1093/cvr/cvz232

14. Fernandez Perez ER, Harmacek LD, O’Connor BP, Danhorn T, Vestal B, Maier LA, et al. Prognostic accuracy of a peripheral blood transcriptome signature in chronic hypersensitivity pneumonitis. Thorax. (2022) 77:86–90. doi: 10.1136/thoraxjnl-2020-214790

15. Swindell WR, Sarkar MK, Liang Y, Xing X, Gudjonsson JE. Cross-disease transcriptomics: unique Il-17a signaling in psoriasis lesions and an autoimmune Pbmc signature. J Invest Dermatol. (2016) 136:1820–30. doi: 10.1016/j.jid.2016.04.035

16. Kim K, Shim D, Lee JS, Zaitsev K, Williams JW, Kim KW, et al. Transcriptome analysis reveals nonfoamy rather than foamy plaque macrophages are proinflammatory in atherosclerotic murine models. Circ Res. (2018) 123:1127–42. doi: 10.1161/CIRCRESAHA.118.312804

17. Alvarez-Franco A, Rouco R, Ramirez RJ, Guerrero-Serna G, Tiana M, Cogliati S, et al. Transcriptome and proteome mapping in the sheep atria reveal molecular featurets of atrial fibrillation progression. Cardiovasc Res. (2021) 117:1760–75. doi: 10.1093/cvr/cvaa307

18. Hinkel R, Ramanujam D, Kaczmarek V, Howe A, Klett K, Beck C, et al. Antimir-21 prevents myocardial dysfunction in a pig model of ischemia/reperfusion injury. J Am Coll Cardiol. (2020) 75:1788–800. doi: 10.1016/j.jacc.2020.02.041

19. Citterio L, Delli Carpini S, Lupoli S, Brioni E, Simonini M, Fontana S, et al. Klotho gene in human salt-sensitive hypertension. Clin J Am Soc Nephrol. (2020) 15:375–83. doi: 10.2215/CJN.08620719

20. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat Methods. (2012) 9:357–9. doi: 10.1038/nmeth.1923

21. Li B, Dewey CN. Rsem: accurate transcript quantification from Rna-Seq data with or without a reference genome. BMC Bioinformatics. (2011) 12:323. doi: 10.1186/1471-2105-12-323

22. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for Rna-Seq data with Deseq2. Genome Biol. (2014) 15:550. doi: 10.1186/s13059-014-0550-8

23. Khomtchouk BB, Van Booven DJ, Wahlestedt C. Heatmapgenerator: high performance Rnaseq and microarray visualization software suite to examine differential gene expression levels using an R and C++ hybrid computational pipeline. Source Code Biol Med. (2014) 9:30. doi: 10.1186/s13029-014-0030-2

24. Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, et al. Kegg for linking genomes to life and the environment. Nucleic Acids Res. (2008) 36:D480–4. doi: 10.1093/nar/gkm882

25. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The molecular signatures database (Msigdb) hallmark gene set collection. Cell Syst. (2015) 1:417–25. doi: 10.1016/j.cels.2015.12.004

26. Lamb J. The connectivity map: a new tool for biomedical research. Nat Rev Cancer. (2007) 7:54–60.

27. Morimoto A, Uzu T, Fujii T, Nishimura M, Kuroda S, Nakamura S, et al. Sodium sensitivity and cardiovascular events in patients with essential hypertension. Lancet. (1997) 350:1734–7. doi: 10.1016/s0140-6736(97)05189-1

28. Weinberger MH, Fineberg NS, Fineberg SE, Weinberger M. Salt sensitivity, pulse pressure, and death in normal and hypertensive humans. Hypertension. (2001) 37:429–32. doi: 10.1161/01.hyp.37.2.429

29. Zhao TV, Li Y, Liu X, Xia S, Shi P, Li L, et al. Atp release drives heightened immune responses associated with hypertension. Sci Immunol. (2019) 4:eaau6426. doi: 10.1126/sciimmunol.aau6426

30. Postnov YV, Orlov SN. Ion transport across plasma membrane in primary hypertension. Physiol Rev. (1985) 65:904–45.

31. Wang L, Zhao XC, Cui W, Ma YQ, Ren HL, Zhou X, et al. Genetic and pharmacologic inhibition of the chemokine receptor Cxcr2 prevents experimental hypertension and vascular dysfunction. Circulation. (2016) 134:1353–68. doi: 10.1161/CIRCULATIONAHA.115.020754

32. Staedtke V, Bai RY, Kim K, Darvas M, Davila ML, Riggins GJ, et al. Disruption of a self-amplifying catecholamine loop reduces cytokine release syndrome. Nature. (2018) 564:273–7. doi: 10.1038/s41586-018-0774-y

33. Raman M, Cobb MH. Tgf-beta regulation by emilin1: new links in the etiology of hypertension. Cell. (2006) 124:893–5. doi: 10.1016/j.cell.2006.02.031

34. Goumans MJ, Liu Z, ten Dijke P. Tgf-Beta signaling in vascular biology and dysfunction. Cell Res. (2009) 19:116–27. doi: 10.1038/cr.2008.326

35. Norlander AE, Madhur MS, Harrison DG. The immunology of hypertension. J Exp Med. (2018) 215:21–33. doi: 10.1084/jem.20171773

36. Crowley SD, Song YS, Sprung G, Griffiths R, Sparks M, Yan M, et al. A role for angiotensin ii type 1 receptors on bone marrow-derived cells in the pathogenesis of angiotensin ii-dependent hypertension. Hypertension. (2010) 55:99–108. doi: 10.1161/HYPERTENSIONAHA.109.144964

37. Zhang J, Rudemiller NP, Patel MB, Karlovich NS, Wu M, McDonough AA, et al. Interleukin-1 Receptor activation potentiates salt reabsorption in angiotensin ii-induced hypertension Via the Nkcc2 Co-transporter in the nephron. Cell Metab. (2016) 23:360–8. doi: 10.1016/j.cmet.2015.11.013

38. Harwani SC, Chapleau MW, Legge KL, Ballas ZK, Abboud FM. Neurohormonal modulation of the innate immune system is proinflammatory in the prehypertensive spontaneously hypertensive rat, a genetic model of essential hypertension. Circ Res. (2012) 111:1190–7. doi: 10.1161/CIRCRESAHA.112.277475

39. Wang ML, Kang YM, Li XG, Su Q, Li HB, Liu KL, et al. Central blockade of Nlrp3 reduces blood pressure via regulating inflammation microenvironment and neurohormonal excitation in salt-induced prehypertensive rats. J Neuroinflammation. (2018) 15:95. doi: 10.1186/s12974-018-1131-7

40. Mikolajczyk TP, Szczepaniak P, Vidler F, Maffia P, Graham GJ, Guzik TJ. Role of inflammatory chemokines in hypertension. Pharmacol Ther. (2021) 223:107799. doi: 10.1016/j.pharmthera.2020.107799

41. Wensel R, Opitz CF, Ewert R, Bruch L, Kleber FX. Effects of iloprost inhalation on exercise capacity and ventilatory efficiency in patients with primary pulmonary hypertension. Circulation. (2000) 101:2388–92. doi: 10.1161/01.cir.101.20.2388

42. Rolla G, Colagrande P, Brussino L, Bucca C, Bertero MT, Caligaris-Cappio F. Exhaled nitric oxide and pulmonary response to iloprost in systemic sclerosis with pulmonary hypertension. Lancet. (1998) 351:1491–2. doi: 10.1016/s0140-6736(05)78874-7



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Identification of biomarkers, pathways and potential therapeutic agents for salt-sensitive hypertension using RNA-seq



		Introduction



		Materials and methods



		Patient studies



		Total RNA extraction and library construction



		RNA sequencing



		Sample correlation analysis and differential gene identification



		Gene ontology enrichment analysis



		Gene set enrichment analysis



		Protein-protein interactions network construction and hub genes identification



		Analysis of the connectivity map database







		Results



		Baseline characteristics in salt-sensitive hypertension and salt-resistant hypertension patients



		Identification of differentially expressed genes



		Gene ontology and Kyoto encyclopedia of genes and genomes pathway analysis of differentially expressed genes



		Gene set enrichment analysis



		Protein-protein interaction network construction and hub gene identification



		Analysis of the connectivity map database







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References

















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

Identification of biomarkers,
pathways and potential
therapeutic agents
for salt-sensitive hypertension
using RNA-seq












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







OPS/images/fcvm-09-963744-t004.jpg
Rank

o NN U R W

CMAP name

Metitepine
Topromide
Pipemidic acid
Tloprost
Cephaeline
Securinine
Lycorine

Thiostrepton

Mean

0.577
—0.301
0.364
—0.375
0.509
0.455
0.455
0.343

2

L L B

Enrichment

0.827
—0.804
0.873
—0.876
0.716
0.762
0.695
0.737

p

0.00135
0.00284
0.00373
0.00385
0.00427
0.00605
0.00655
0.00939

Specificity

0.0051
0.0074
0.0159
0.0063
0.3151
0.0325
0.1235
0.098

Percent non-null

75
50
66
66
80
75
80
50





OPS/images/fcvm-09-963744-t003.jpg
Number

w

Ny U s

Gene

IL6
CCL2
IL1A
CXCL1
BUBI1
CCL3L3
CDC20

The number of occurrences

NN e

Expression

Up
Up
Up
Down
Up
Up

Down





OPS/images/fcvm-09-963744-t002.jpg
SSH (n = 29) SRH (n = 43)

SBP1 133.59 4 16.83 147.07 + 17.39
DBP1 82.21+12.18 93.42 +12.26
SBP2 151.07 & 19.58 140.02 & 14.77
DBP2 91.97 £11.3 85.63 &+ 12.46
PP1 51.28 & 14.25 52.86 + 16.27
PP2 59.1 4 1547 54.4410.1

MAP1 99.28 &+ 12.24 111.49 + 12.67
MAP2 111.76 & 12.64 103.72 4+ 12.43
MAP2- MAP1 12.37 £ 5.79 —771+£9.5

Before NS-loading test of MAP = MAP1.
After NS-loading test of MAP = MAP2.
Before NS-loading test of SBP = SBP1.
After NS-loading test of SBP = SBP2.
Before NS-loading test of DBP = DBPI.
After NS-loading test of DBP = DBP2.
Before NS-loading test of PP = PP1.
After NS-loading test of PP = PP1.





OPS/images/fcvm-09-963744-t001.jpg
Baseline content

Age (years)
Gender (Male, %)
Gender (Female, %)
SBP (mmHg)

SBP (mmHg)

Heart rate

TBiL (pmol/L)
DBIL (umol/L)

IBil (wmol/L)

AST (n/L)

ALT (n/L)
AST/ALT

ALP (W/L)

MCH (pg)

MCHC (g/L)

SSH (n =29)

56 +9
34%

66%
150.31 +£22.21
89.55 £ 8.86
82.1 +13.46
14.24 - 4.68
3.75:£1.1
10.49 4 3.82
27.46 £9.75
29.07 £+ 23.96
1.23 £0.58
72.96 +18.33
28.46 +4.16
330.09 £ 11.99

SRH (n =43)

49+ 10

60%

40%
151.74 + 19.35
95.05 + 14.96*

83.18 £ 129
14.13 & 5.55
3.7+121
10.43 4 4.87
25.65+ 8.3
25.74 + 16.52
1.28£0.7
68.21 & 16.09
29.24 +2.46*
334.66 £ 12.38

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL, low-
density lipoprotein, TBil, total bilirubin; DBIL, direct bilirubin; IBil, indirect bilirubin; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; MCH,

mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration.

*P < 0.05 t-test.





OPS/images/fcvm-09-963744-g007.jpg





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





OPS/images/fcvm-09-963744-g006.jpg





OPS/images/fcvm-09-963744-g008.jpg
m
—
m
i)
o
o






OPS/images/fcvm-09-963744-g001.jpg
_7 E_; fy

j_,: ,,

| ;
_i il _;; _

_h t
il woi | |
aaivail e i

‘,: il

WXdd

Widd

W)Xdd

Widd

Widd

W)Xdd

W)Xdd

Widd

WMdd

Widd

SHSS

VHSS

€EHSS

CHSS

THSS

SHYS

VHYS

€HYS

CHYS

THYS

" no-DEGS
M Down

o
=)
=]

—l-—___-___--.-.

B 300 -

250 -

200 -

I
o
o

150 +

(anjerp)oLbol-

50 4

0

-50

=10

log2(SSH/SRH)





OPS/images/fcvm-09-963744-g003.jpg
A

GO_REGULATION_OF_NUCLEAR_TRANSCRIBED_MRNA_CATABOLIC_PROCESS_DEADENYLATION_DEPENDENT_DECAY

Enrichment score (ES)

Ranked list metric

(ES)
Nty

Ranked list metric

0.6 5 1.0
0.5 - 0.5
0.0
0.4 - 05
03 -1.0
B Enrichment Profile
L W Hits
04 Ranking metric scores
:
1 ;
1
1
1
0 1
Zero crossI at 9576
3 E
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 :
Rank in Ordered Dataset
Enrichment plot: GO_REGULATION_OF_MEGAKARYOCYTE_DIFFERENTIATION
0.5 1.0
5 0.5
0.4 -
0.0
-0.5
0.3
-1.0
0.2 B Enrichment Profile
B Hits
0.1+ Ranking metric scores
'
1
1 ;
1
1
1
0 !
Zero crosé'. at 9576
3 ;
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
Rank in Ordered Dataset
Enrichment plot: GO_ACTIVIN_RECEPTOR_SIGNALING_PATHWAY
1.
05 1 0
0.5
@ 04 0.0
4 -0.5
$
2 03 -1.0
&
_{S 02 B Enrichment Profile
& Hits
01 Ranking metric scores
m i
i
o |
E 1 '
[ |
E |
3 :
o 0 +
% Zero crosd at 9576
& !
= :
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000

Rank in Ordered Dataset

Enrichment plot: GO_ATP_SYNTHESIS_COUPLED_ELECTRON_TRANSPORT

P = 1.0
0.5

& 011 00
-4 -0.5
S -0.2
Z -1.0
g 03
5 B Enrichment Profile
& 044 W Hits

- Ranking metric scores

Ranked list metric
o

1

EIRnin

—_—

Zero cross: at 9576
'

6,000 8,000 10,000 12,000 16,000

Rank in Ordered Dataset

14,000

Enrichment plot: GO_OXIDATIVE_PHOSPHORYLATION

- o 1.0
0.5
@ 0.1 0.0
o -0.5
(=]
3 027 10
s J
£
§ H3 B Enrichment Profile
o g Il Hits
’ Ranking metric scores
-0.5
4
g :
[} '
£ '
¥ '
© 0 1
£ Zero crosd at 9576
@ :
.l T T T T 9 T T T T 1
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000

Rank in Ordered Dataset

t plot: GO_ANTIGEN_PROCESSING_AND_PRESENTATION_OF_EXOGENOUS_PEPTIDE_ANTIGEN_VIA_MHC_CLASS_|

io o 1.0
0.5
- 0.0
§ 0.2 -0.5
2 -1.0
[=4
g 034
5 B Enrichment Profile
& 04 W Hits
55 Ranking metric scores
s
3
— T
'
.o :
g 1 :
13 '
: :
® 0 -+
= Zero crosg at 9576
e !
<1 '
T \J J T . T T ) T 1
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000

Rank in Ordered Dataset





OPS/images/fcvm-09-963744-g002.jpg
GO_CC

nucleosome -

extracellular region —

extracellular space —

integral component of plasma membrane —
transport vesicle membrane

hemoglobin complex —

nuclear nucleosome —

plasma membrane —

cell surface —

apical plasma membrane -
haptoglobin-hemoglobin complex -

dendrite

nuclear euchromatin —

clathrin-coated endocytic vesicle membra... -
nuclear chromosome —

tight junction —

anchored component of external side of p... —
organelle membrane

integral component of presynaptic membra... -
dendritic spine

1 T 1
o\ oA® 02 o2

Rich Ratio

1
0 095

GO_MF

inward rectifier potassium channel activ... ]
chemokine activity

hemoglobin alpha binding -

carbohydrate binding -

CCR chemokine receptor binding -
cytokine activity —

endothelin B receptor binding |
haptoglobin binding —

organic acid binding

protein heterodimerization activity
receptor ligand activity |

motor activity —

carbonate dehydratase activity

oxygen carrier activity

growth factor activity —

toxin transmembrane transporter activity
immunoglobulin binding —

CCR2 chemokine receptor binding —
neuropilin binding -

leukotriene-B4 20-monooxygenase activity —

T

02 l b |
Rich Ratio

T T
Q oA Q_?_ 0_5 0,6

12

03

Qvalue

0.05
0.1
0.15
0.2
0.25
0.3

Gene Number

e 3

@ 36

@ ©°

@ 102

@ 35

Gene Number

L
@6
@ 10
@ 3
@

neutrophil chemotaxis J

immune response

positive regulation of protein kinase B ...
chemokine-mediated signaling pathway —
monocyte chemotaxis -

regulation of angiogenesis -

lymphocyte chemotaxis —

positive regulation of leukocyte chemota... -
potassium ion import across plasma membr... -
positive regulation of ERK1 and ERK2 cas... -
cell adhesion

vasoconstriction —

lung-associated mesenchyme development —
angiogenesis -

mesenchymal cell differentiation —
chemotaxis -

artery smooth muscle contraction —

positive regulation of TRAIL-activated a... -
positive regulation of tumor necrosis fa... -

nucleosome assembly

GO BP

0

Systemic lupus erythematosus ]
Rheumatoid arthritis —

Salmonella infection .

Alcoholism

Graft-versus-host disease —

cAMP signaling pathway —

Inflammatory bowel disease (IBD) -
Intestinal immune network for IgA produc... —
Epithelial cell signaling in Helicobacte... -
Nitrogen metabolism —

Cell adhesion molecules (CAMs)

Qvalue
P 0
k] 0.05
k: ]
@
@ 0.1
@®
$ ® 0.15
&
@ 0.2
&
@ Gene Number
& > °?2
® ®°
® @ 5
@
® @ 22
T 1 T T 28
oM o2 o3 0."" 05 0-6' ] .

Rich Ratio

KEGG_PATHWAY

Qvalue
‘ 0
[
® & 0.1
® . 0.2
&
° o 0.3
®
@ 04

Antigen processing and presentation — ®
EGFR tyrosine kinase inhibitor resistanc... ® Gene Number
ErbB signaling pathway — @ ® 3
Type | diabetes mellitus — @
Cytokine-cytokine receptor interaction - . @6
IL-17 signaling pathway - @& @3
Gastric acid secretion — @
Cocaine addiction <] . "
Malaria — : @ : I : ‘ 13
0 0.05 oA 0'\5

Rich Ratio





OPS/images/fcvm-09-963744-g005.jpg
I





OPS/images/fcvm-09-963744-g004.jpg
>

Enrichment score (ES)

Ranked list metric

Enrichment score (ES)

Ranked list metric

Enrichment score (ES)

Ranked list metric

Enrichment plot: KEGG_ABC_TRANSPORTERS ’ :
Signal2Noise

10
4 05
00
-05
1.0

B Enrichment Profile
W Hits

Ranking metric scores

W

LWl

0 '
Zero crossl at 9576
3 :
T T T T T T T T 1
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
Rank in Ordered Dataset
Enrichment plot: KEGG_ERBB_SIGNALING_PATHWAY 5 <
Signal2Noise
5 1.0
0.4 05
0.0
0.3 -0.5
-1.0
0.2
B Enrichment Profile
W Hits
0.1+ Ranking metric scores
0.0
'
1 I
1
1
o 1
Zero crossl at 9576
- i
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 :
Rank in Ordered Dataset
Enrichment plot: KEGG_TGF_BETA_SIGNALING_PATHWAY - s
Signal2Noise
0.5+ 1.0
0.5
0.4
0.0
0.3+ -0.5
-1.0
0.2 B Enrichment Profile
Hits
0.1 Ranking metric scores
i
|
1
1
1 :
1
1
o 1
Zero cmsq at 9576
3 l
J T T T . T T T T 1
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000

Rank in Ordered Dataset

Enrichment score (ES)

Ranked list metric

Enrichment score (ES)

Ranked list metric

Enrichment score (ES)

Ranked list metric

Enrichment plot: KEGG_PARKINSONS_DISEASE

»

0.1

0.2
03
04
0.5+

- T

:

1 :

1

|

1

0 '

Zero cmss' at 9576
4 |
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
Rank in Ordered Dataset
Enrichment plot: KEGG_OXIDATIVE_PHOSPHORYLATION

0.1
02
03]
04
0.5

H

|

1 :

1

1

o 1

Zero cross% at 9576
4 l
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
Rank in Ordered Dataset
Enrichment plot: KEGG_RIBOSOME

0.1
0.2
03~
04
0.5

-

o

'
-

i

Zero crosei at 9576
|

6,000 8,000 10,000 12,000

Rank in Ordered Dataset

Signal2Noise

1.0
0.5
0.0
-0.5
-1.0

B Enrichment Profile
Hits
Ranking metric scores

Signal2Noise

B Enrichment Profile
W Hits

Ranking metric scores

Signal2Noise

B Enrichment Profile
W Hits
Ranking metric scores





