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Introduction: Salt sensitivity of blood pressure is a phenomenon in which blood pressure changes according to dietary sodium intake. Our previous studies found that high salt activates antigen presenting cells, resulting in the development of hypertension. The mechanisms by which salt-induced immune cell activation is regulated in salt sensitivity of blood pressure are unknown. In the current study, we investigated dietary salt-induced effects on the renin-angiotensin-aldosterone system (RAAS) gene expression in myeloid immune cells and their impact on salt sensitive hypertension in humans.
Methods: We performed both bulk and single-cell sequencing analysis on immune cells with in vitro and in vivo high dietary salt treatment in humans using a rigorous salt-loading/depletion protocol to phenotype salt-sensitivity of blood pressure. We also measured plasma renin and aldosterone using radioimmunoassay.
Results: We found that while in vitro high sodium exposure downregulated the expression of renin, renin binding protein and renin receptor, there were no significant changes in the genes of the renin-angiotensin system in response to dietary salt loading and depletion in vivo. Plasma renin in salt sensitive individuals tended to be lower with a blunted response to the salt loading/depletion challenge as previously reported.
Discussion: These findings suggest that unlike systemic RAAS, acute changes in dietary salt intake do not regulate RAAS expression in myeloid immune cells.
Keywords: salt sensitivity, renin-angiotensin-aldosterone system, myeloid immune cells, hypertension, immunity
INTRODUCTION
Salt-sensitivity of blood pressure, a phenotype in which high dietary salt intake leads to increase in blood pressure, affects approximately half of people with hypertension (Weinberger et al., 1986) and is associated with increased risk of cardiovascular disease (Weinberger et al., 2001). Despite the high prevalence and prognostic implications of salt sensitivity, the underlying mechanisms remain unclear.
Recent studies have established that immune system and inflammation are important in the development of salt-sensitive hypertension and associated end-organ damage (Wenzel et al., 2011; Foss et al., 2017; Patrick et al., 2021). In our previous studies, we found that antigen-presenting cells (APCs), including dendritic cells and monocytes, are activated by extracellular high-sodium concentrations. Sodium entry into APCs via epithelial sodium channel (ENaC) leads to activation of Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and production of isolevuglandins (IsoLGs), which are highly reactive products of lipid peroxidation. Rapid adduction of IsoLGs to proteins forms neo-antigens that activate APCs, triggering the secretion of pro-inflammatory cytokines, inflammation and subsequent development of hypertension (Barbaro et al., 2017).
Renin-angiotensin-aldosterone system (RAAS) is a crucial regulator of blood pressure through its effects on renal sodium reabsorption, vascular tone and sympathetic output, and is also implicated in salt-induced blood pressure response (Shimosawa, 2013). Moreover, multiple components of the RAAS signaling pathway have been shown to directly affect immune cell activation and function (Crowley and Rudemiller, 2017; Ferreira et al., 2021). Angiotensin II directly upregulates many pro-inflammatory genes such as nuclear factor-κB, interleukin-6, monocyte chemoattractant protein-1 and induces inflammatory cell recruitment and infiltration in tissue, which drives end-organ damage in many chronic diseases including hypertension (Geisberger et al., 2015; Crowley and Rudemiller, 2017). Aldosterone has also been shown to increase the expression of adhesion molecules and pro-inflammatory mediators (Rocha et al., 2002) and trigger monocyte and macrophage infiltration into tissue (Tostes et al., 2002; Terada et al., 2012). Renin activates (pro)renin receptor expressed in human monocytes and T cells as well as vasculature that may enhance proinflammatory cytokine production (Feldt et al., 2008; Geisberger et al., 2015). Whether regulation of cellular RAAS signaling pathways play a role in myeloid immune cell activation in salt sensitive hypertension remains unknown.
In the present study, we investigated RAAS-related gene expression profiles in human monocytes collected from healthy people in response to sodium in vitro. We also assessed in vivo changes in the expression of RAAS-related genes in myeloid immune cells from people with hypertension in response to dietary salt loading and depletion based on salt sensitivity.
MATERIALS AND METHODS
Study population
Nine subjects with hypertension were recruited at the Vanderbilt University Medical Center (VUMC) from 2019 to 2021. Controls were recruited using VUMC e-mail distribution lists, Researchmatch.org, flyers in the clinics and electronic health record-based messages. The study was approved by the Institutional Review Board and all subjects signed written informed consent before their participation. Subjects between ages 18 to 65, either on antihypertensive therapy or with systolic blood pressure (SBP) > 140 mm Hg or diastolic blood pressure (DBP) > 90 mm Hg were included. Exclusion criteria included diabetes mellitus, confirmed or suspected renal, renovascular, or endocrine causes of secondary hypertension, treatment with agents known to increase BP (e.g., adrenergic agonists for attention deficit hyperactivity disorder, selective serotonin reuptake inhibitors and serotonin and norepinephrine reuptake inhibitors, chronic use of decongestants or non-steroidal anti-inflammatory drugs), treatment with agents known to modulate immune response (e.g., glucocorticoids, immunosuppressants, direct immunomodulators), current excess alcohol or illicit drug use, active or ongoing infectious or inflammatory disease (i.e., active infection or connective tissue disorder), active or ongoing cancer or a history of an acute cardiovascular event within 6 months of the study, and being pregnant. Demographic and clinical data were collected from the subjects and by chart review.
Study protocol
During the screening visit, a physical exam was conducted, and blood pressure was measured. Prior to the study visit, all subjects stopped taking antihypertensive medications for a minimum of 2 weeks and were advised to maintain their usual diet during this time. For safety purposes, participants who stopped taking antihypertensive medications had their blood pressure measured twice a day while seated, after resting for 5 min.
The subjects were admitted to the VUMC Clinical Research Center for a period of three nights in order to determine their salt sensitivity. This was achieved through an inpatient protocol involving salt loading and depletion, which has been described in detail previously (Laffer et al., 2003). As recommended by the AHA Scientific Statement, salt loading preceeded by salt depletion, which aims to suppress renin angiotensin system uniformly in all patients, and therefore reduce baseline variability (Elijovich et al., 2016). On the night of admission, subjects were given a regular dinner and rested. The following morning, blood pressure recording was initiated using ambulatory BP monitors (Spacelabs 90,207) and baseline blood samples were obtained at 8 a.m. before any intervention. Salt loading (Day 1) was achieved by administering a diet containing 160-mEq NaCl and 70-mEq of K+, prepared by the University of Alabama Bionutrition Core of the Clinical Research Unit Metabolic Kitchen, along with a 2-L intravenous infusion of normal saline, given from 8 a.m. to 12 PM. Blood sampling was repeated at 8 a.m. next day (day 2) to reflect the salt-loaded state.
Salt depletion was achieved by administering three 40-mg doses of oral furosemide and a diet containing 10-mEq NaCl and 70-mEq of K+, on day 2. The furosemide doses were given at 8 a.m., 12 p.m., and 4 p.m. The first sample was collected from 8 a.m. to 8 p.m. to reflect the effects of furosemide, and the second was collected from 8 p.m. on day 2–8 a.m. on day 3 to reflect salt depletion. A third set of blood samples was obtained at 8 a.m. on day 3 to reflect the salt-depleted state. The subjects were discharged after blood collection on the morning of day 3.
The subjects had unlimited access to water throughout the study; however, food intake was limited to the diet provided according to the protocol. Body weights were recorded at baseline and daily at 7 a.m. Body mass index (BMI) was calculated as weight in kg divided by height in m2.
BPs were measured with a mercury sphygmomanometer and appropriate size cuff at the screening visit, automated monitor (Omron HEM-907XL) at home during the 2 weeks before admission for safety, and ambulatory monitor (Spacelabs 90,207) during admission. BP and pulse rate were recorded every 15 min from 6 a.m. to 10 p.m. in the daytime and every 30 min in the nighttime. The average of the BP recordings from 6 a.m. to 8 a.m. on day 1 was used as baseline BPs. The BPs recorded from 12 p.m. to 10 p.m. on days 1 and 2 were used to calculate the average BPs on salt loading and depletion, respectively.
Salt sensitivity index was defined as the mmHg change in average daytime SBP from salt loading to depletion and was assessed as a continuum. Accordingly, a bigger decrease in SBP from salt loading to depletion denoted a greater salt sensitivity index. For representation purposes, patients were divided into tertiles based on salt sensitivity index. Three subjects with the highest salt sensitivity index were represented as salt sensitive and three subjects with the lowest salt sensitivity index were represented as salt resistant.
Laboratory analysis
Blood counts, electrolytes and creatinine, plasma renin concentration, and aldosterone were analyzed at the VUMC Pathology Laboratory. Plasma renin direct renin/renin mass and plasma aldosterone were measured using chemiluminescent radioimmunoassay. Blood was collected in EDTA tubes, centrifuged in room temperature and separated immediately. Sample collection was done after patients were in supine position for at least 15 min.
Single cell RNA sequencing
Single-cell sequencing was performed on peripheral blood mononuclear cells (PBMCs) collected from nine subjects and batched by treatment as baseline, salt loading (Day 1) or salt depletion (Day 2). Cell hashing was used to distinguish each participant and Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-seq) analysis was used to profile changes in immune cells with each treatment day.
PBMCs were isolated as described by the manufacturer’s protocol (Fisher Scientific, Cat# 14-959-51D) in BD Vacutainer® CPT™ Mononuclear Cell Preparation tubes. Oligonucleotides were ligated to antibodies used to stain cells by click chemistry. In cell hashing, barcodes (hashtags) specific for samples were included for antibody identification and a handle was used for polymerase chain reaction (PCR) amplification. The cell-antibody-oligonucleotide complex were pushed into a microfluidic system along with custom beads conjugated with poly dT and nucleotide sequences designed to capture the hgRNA barcodes. Oil was used to create a small vesicle of a single bead and a single cell with an antibody-oligonucleotide complex bound to its surface. The cell was lysed, and then cDNA of intracellular mRNA origin and Antibody Derived Tags (ADTs) were formed using reverse transcription of the mRNA to cDNASequencing in the Vanderbilt Technologies for Advanced Genomics (VANTAGE) facility.
A reference genome index was built using 10x Genomics Cell Ranger 6.0.2 with map reads to a reference genome (GRCh38-2020-A) and quantify genes. In-house scripts were utilized for demultiplexing sample-specific hashtags. In each hashtag of each sample, the hashtag abundance cutoff of positive cells was determined by modified R package cutoff [https://github.com/shengqh/cutoff]. Subsequently, each cell was classified as singlet with specific hashtag, doublet or negative. Then, genotype-based demultiplex result from Souporcell were integrated with this hashtag-based demultiplex result (Heaton et al., 2020). In further anlaysis, 88,387 out of 94,137 singlet cells with between 200 and 5,000 unique genes, more than 500 unique read counts, and maximum mitochondrial content of 10% were filtered in. Clustering analysis was performed via Seurat (Butler et al., 2018) with resolution 1.0. Cell type of each cluster was classified based on cell activity database (Butler et al., 2018; Franzén et al., 2019) and then manually refined based on cell type specific marker gene expression. The FindAllMarkers function of Seurat package with default Wilcoxon Rank Sum test was used to generate marker genes. edgeR (Robinson et al., 2010) was utilized to identify differential expression across conditions. The WebGestaltR (Liao et al., 2019) package was used to perform Genome Ontology and KEGG pathway over-representation analysis on differentially expressed genes. Gene set enrichment analysis was done by GSEA (Subramanian et al., 2005) package.
Bulk RNA sequencing
Blood samples from eleven healthy subjects was used to examine changes in monocyte expression of RAAS-related genes in response to sodium in vitro. Subjects were 18–75 years old with no history of inflammatory disease, and the demographics of these subjects have been published elsewhere (Ruggeri Barbaro et al., 2021). Briefly, PBMCs were isolated using the Ficoll-gradient. Heparinized blood was diluted 4-fold with PBS + 2 mM EDTA buffer and layered over 15 mL of Ficoll-PaqueTM in a 50 mL conical tube. After aspirating the top plasma layer following 30 min of centrifugation at 400 g at 20°C, the layer with PBMCs was transferred to another conical tube. This tube was filled with buffer and centrifuged again at ×300 g for 10 min. To isolate monocytes, the cell pellet was resuspended. Magnetic labeling and negative selection was performed using the Miltenyi monocyte isolation kit (Miltenyi Biotec, Cat# 130-091-151) according to the manufacturer’s protocol using LS columns. Monocytes were then cultured in 12-well plates at 1 × 106/mL density in either high salt RPMI media (190 mM) or normal salt RPMI media (150 mM) for 72 h. RPMI media 1,640 (Gibco) was added with 10% FBS, 1% pen/strep, 1% HEPES, and 2-Mercaptoethanol (0.05 mM). Total RNA isolation was done with The RNEasy Midi Kit (Qiagen, Valencia, CA, United States). The Illumina Tru-seq RNA sample prep kit was used for targeted analysis of polyadenylated transcripts, Illumina HiSeq2500 was used for paired-end sequencing.
The FASTQ data files from the paired-end sequencing analysis were aligned with TopHat 2 (Kim et al., 2013) against the human GRCh38 reference genome assembly via the R package. The following RNAseq data quality control was carried out: 1) RNA quality; 2) raw read data (FASTQ); 3) alignment; 4) gene expression (Sheng et al., 2017). Quality control of the raw data and alignment was achieved with QC3 (Guo et al., 2014a), and the MultiRankSeq method was performed for expression analysis (Guo et al., 2014b). Raw data false discovery rate (FDR <0.05) was used to correct for multiple hypothesis testing.
Statistical analysis
Data are provided as the mean and standard error of the mean (SEM) for continuous variables and as frequencies and percentages for categorical variables. In the analysis of IsoLG + APCs, the baseline percentages of immune cells containing IsoLGs and changes in these percentages in response to salt loading or salt depletion were used. Wilcoxon rank-sum test was utilized to compare the blood pressure changes from baseline to salt loading, and from salt loading to depletion. The associations between continuous variables of interest were assessed by Spearman’s rank correlation. Trend lines and confidence intervals (CI) were estimated using linear regression. A p-value less than 0.05 was determined to reject the null hypothesis. The Stata software version 16 was used in biostatistical analysis. GraphPad Prism version 9 was used to construct graphics, trend lines and confidence intervas of linear regression.
RESULTS
Changes in renin-angiotensin system-associated genes in human monocytes in response to ex vivo high sodium exposure
In recent studies, we found that human monocytes are activated by high concentrations of extracellular sodium (Ruggeri Barbaro et al., 2021). In order to explore the effects of high salt on the expression of RAAS-related genes, we employed bulk RNA sequencing on human monocytes extracted from eleven healthy subjects, whose demographics have been previously published (Pitzer et al., 2022) and depicted in Table 1. The monocytes were exposed to either normal (150 mMol/L) or high sodium (190 mMol/L, equivalent to high extracellular skin sodium concentrations observed in vivo (Titze et al., 2004)) for 72 h, as outlined in Figure 1A.
TABLE 1 | Demographics of study participants presented in Figure 1.
[image: Table 1][image: Figure 1]FIGURE 1 | (A) Experimental design for bulk RNA sequencing. Human monocytes from 11 healthy subjects were isolated and cultured in either high salt (190 mmol/L NaCl) or normal salt (150 mmol/L NaCl) for 72 h (B), Expression differences in RAS-related genes in response to normal salt and high salt treatment are presented in reads per kilobase per million mapped reads (RPKM). (C) A heatmap of RNA transcripts illustrating RAS-related gene expression differences in response to normal salt and high salt treatment is provided. Bright pink, bright blue, and white represent the highest, lowest, and median read values, respectively. Rows represent individual genes and columns represent individual samples. Panel A created with BioRender.com.
We have previously found that high sodium ex vivo increased expression of genes associated with inflammatory activation including interleukin-1β (IL-1β), IL18 and inflammatory caspases (Pitzer et al., 2022). The expression of genes encoding angiotensinogen (AGT), renin (REN), angiotensin-converting enzyme (ACE), angiotensin-converting enzyme 2 (ACE2), angiotensin II receptor type 2 (AGTR2), aldosterone synthase (CYP11B2), hydroxysteroid 11-beta dehydrogenase 1 (HSD11B1), hydroxysteroid 11-beta dehydrogenase 2 (HSD11B2), nuclear receptor subfamily 3 group c member 2 (NR3C2), serum/glucocorticoid-regulated kinase 1 (SGK1), renin binding protein (RENBP), MAS1 G Protein-Coupled Receptor (MAS1), Chymase 1 (CMA1), ATPase H+ transporting accessory protein 2 (ATP6AP2), chloride transport protein 6 (CLCN6), hydroxy-delta-5-steroid dehydrogenase (HSD3B2), natriuretic peptide A (NPPA) and angiotensin II receptor associated protein (AGTRAP) were assessed. A representative heatmap including the expression of RAAS-associated genes is given in Figure 1C. RENBP, ATP6AP2, CLCN6 and AGTRAP were highly expressed in monocytes in both normal and high salt condition. Exposure to high salt significantly downregulated the transcription of renin (REN), renin binding protein (RENBP), renin receptor (ATP6AP2), and upregulated the transcription of Natriuretic Peptide A (NPPA) (Figure 1B).
Expression of renin-angiotensin system -associated genes in human myeloid immune cells in response to changes in dietary salt
To determine whether in vivo acute changes in dietary sodium dynamically regulate expression of RAAS-related genes in human immune cells and examine the association of such response with salt sensitive hypertension, we studied nine people with hypertension after salt loading and depletion with CITE-Sequence analysis. The study protocol is illustrated in Figures 2A, B and the demographic characteristics of the study patients, as previously published (Pitzer et al., 2022), are provided in Table 2.
[image: Figure 2]FIGURE 2 | (A) The experimental design showing the inpatient protocol of salt loading (day 1) and salt depletion (day 2). (B) Experimental setup of the human peripheral blood mononuclear cells CITE-Sequence Analysis. Panel B created with BioRender.com.
TABLE 2 | Demographics of study participants presented in Figure 2.
[image: Table 2]To investigate dietary salt-induced in vivo changes in transcription of RAAS-related genes in immune cells, we used cell hashing and Cellular Indexing of Transcriptomes and Epitopes by Sequencing analysis to profile the transcriptomes of PBMCs at baseline, salt loading and salt depletion. The UMAP clustering of different immune cell types is provided in Figure 3A. We found that angiotensin II receptor-associated protein AGTRAP and renin receptor ATP6AP2 are widely expressed in all cell clusters (Figure 3B) with greater expression in monocytes and dendritic cells (Figure 3C). Renin binding protein, encoded by RENBP, was found to be expressed predominantly in monocytes and dendritic cells (Figure 3C). ACE expression was found in T cells but not in monocytes and dendritic cells, as previously reported (Figure 3B) (Costerousse et al., 1993). Corroborating previous findings (Song et al., 2023), we found no expression of ACE2 in circulating immune cells (Figure 3B). Also, there was no expression of MAS1 and REN genes in circulating immune cells (Figure 3B). Mineralocorticoid receptor, encoded by NR3C2, was expressed predominantly in T cells, with low levels of expression in monocytes and dendritic cells (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) UMAP representation of immune cell type clusters identified by antibody-derived tags. (B) Gene expression of Angiotensin II Receptor Associated Protein (AGTRAP), Renin Binding Protein (RENBP), Renin (REN), MAS1 proto-oncogene (MAS1) which encodes angiotensin-(1-7) receptor, Nuclear receptor subfamily 3 group c member 2 (NR3C2) which encodes the mineralocorticoid receptor, ATPase H+ transporting accessory protein 2 (ATP6AP2) which encodes the (pro)renin receptor, angiotensin I converting enzyme (ACE), angiotensin I converting enzyme 2 (ACE2), Chloride transport protein 6 (CLCN6), and Natriuretic Peptide A (NPPA) in different cell clusters are presented in UMAPs. (C) Dot plot of RAAS-related gene expressions in different cell clusters.
Figure 4 demonstrates the expressions of AGTRAP, ATP6A2, RENBP, ACE, NR3C2, and CLCN6 in cell clusters from salt sensitive versus salt resistant subjects at baseline, salt loading and salt depletion. There was a trend of decreased expression of AGTRAP, ATP6A2, and RENBP from salt loading to salt depletion in classical monocytes and dendritic cells of salt sensitive subjects. No statistically significant difference was found in the expression of any RAAS-related gene between salt loading and depletion. Among the T cell clusters, AGTRAP and NR3C2 expressions demonstrated an increasing trend with salt loading and decreasing trend with salt depletion, which was more pronounced in salt sensitive patients. Similarly, the expression of RENBP in T and CK cell clusters showed an increasing trend from baseline to salt loading, and a decreasing trend from salt loading to depletion within salt sensitive patients.
[image: Figure 4]FIGURE 4 | UMAP representation of gene expression of AGTRAP, ATP6AP2, RENBP, ACE, CLCN6, and NR3C2 are shown at baseline (B), salt loading (SL) and salt depletion (SD) in select salt resistant and salt sensitive subjects.
Figure 5 shows the SBP, plasma renin and aldosterone concentrations and aldosterone/renin ratio (ARR) of patients with highest, intermediate and lowest salt sensitivity index at baseline and after salt loading and depletion. The changes in SBP from salt loading to depletion were significantly different between the groups (Figures 5A, B). We observed that baseline renin and aldosterone levels of salt sensitive subjects tended to be lower with a blunted response to the salt loading and depletion challenge (Figure 5C), as previously reported (He et al., 2001; Yatabe et al., 2010). The relationships between levels of renin and aldosterone and salt-sensitivity index were not statistical significant (Figure 6).
[image: Figure 5]FIGURE 5 | (A) Mean ± SEM of systolic blood pressures (SBP). (B) Mean ± SEM of the change in SBP from baseline (B) to salt loading (SL), and from salt loading to salt depletion (SD). *p < 0.05 assessed by Wilcoxon rank-sum test. (C) Mean ± SEM of plasma renin concentration, plasma aldosterone, and aldosterone/renin ratio (ARR) atB, SLand SD. The red, blue and black lines represent the patients with the highest, the lowest and intermediate salt sensitivity index, respectively.
[image: Figure 6]FIGURE 6 | The correlations of baseline renin, aldosterone, ARR and changes (∆) in renin, aldosterone and ARR from salt loading to salt depletion (SL-SD) with salt sensitivity index. Three patients with the highest salt sensitivity index were represented as salt sensitive (red); three patients with intermediate salt sensitivity index were represented as intermediate (black); three patients with the lowest salt sensitivity index were represented as salt resistant (blue).
DISCUSSION
In this study, we investigated the effects of high levels of sodium in vitro and dietary salt intake on the transcription of RAAS-regulatory genes in myeloid immune cells. Our findings suggest that salt-induced myeloid immune cell activation is modulated independent of RAAS-related pathways. We further report that in vivo changes in immune cell expression of RAAS-associated genes in response to salt loading and depletion are similar in salt sensitive and salt resistant people.
In previous animal studies, we established a pathway by which sodium enters APCs via amiloride-sensitive ENaC, which activates NAPDH oxidase, and results in lipid peroxidation and IsoLG-adduct formation. IsoLG-adducts are highly immunogenic and lead to immune cell activation, salt-sensitive hypertension, and end-organ damage (Kirabo et al., 2014; Barbaro et al., 2017). While our previous findings established salt-sensing kinase serum/glucocorticoid kinase 1 (SGK1) as a promoter of ENaC activity in APCs (Van Beusecum et al., 2019), the mechanisms by which the ENaC-dependent IsoLG response is regulated differently in salt-sensitive and salt-resistant people largely remain unknown. Our current findings suggest that RAAS does not play a major role in the regulation of salt-induced myeloid immune cell activation in salt sensitive hypertension. Further studies would be needed to reveal the mechanistic pathways by which salt-sensitivity associated ENaC activity and IsoLG-adduct formation are modulated in APCs.
We found that ex vivo exposure of human monocytes from healthy subjects to high salt significiantly downregulated the expression of REN and RENBP, encoding rening and renin binding protein. Although no significant changes were found in the expression of either gene in circulating myeloid immune cells with in vivo changes in dietary salt, there was a decreasing trend in the expression of RENBP with salt depletion in antigen presenting cells of salt sensitive hypertensive subjects. While marginal expression of REN was detected ex vivo, there was no detectable expression of REN in immune cells in vivo. Further studies are required to investigate whether the expression of RENBP in myeloid immune cells may be regulated by salt in salt-sensitivite people.
CITE-Sequence analysis revealed very low transcription of the mineralocorticoid receptor gene in monocytes and dendritic cells at both salt loaded and depleted states, suggesting the absence of aldosterone regulation of immune cell ENaC in salt sensitivity.
RAAS is a critical regulator of blood pressure and renal sodium balance. While salt sensitivity is characterized by diminished RAAS response to changes in dietary salt (Parfrey et al., 1981; Laffer et al., 2003; Elijovich et al., 2016) as also observed in the current study, the exact role of RAAS in the pathogenesis of salt sensitive hypertension is incompletely understood. Our findings suggest that RAAS-related gene expression in myeloid immune cells is not regulated by acute changes in dietary salt intake.
A major limitation of the current study is the small sample size. While there was a trend of a blunted renin-angiotensin system in the salt sensitive patients as published previously (He et al., 2001; Yatabe et al., 2010), the small sample size may have precluded the detection of a statistically significant relationship between plasma renin and aldosterone response and salt sensitivity index. Moreover, since women are affected by salt sensitivity more (Sahinoz et al., 2021), further studies with large sample sizes are required to study potential gender differences in the regulation of RAAS in myeloid immune cells in salt sensitivity. It should also be noted that the study population ofthe salt loading and depletion protocol lacked racial diversity. Given that salt sensitivity is more commonly found in blacks (Sahinoz et al., 2021), potential racial differences should be investigated in future studies. Nevertheless, we provide the first exploratory findings that investigate the effects of acute dietary salt loading and depletion on RAAS-related gene expression in myeloid immune cells. The study sample of the CITE-Seq analysis excludes people without hypertension which limits the application of these findings to salt sensitive people without hypertension. Since the inpatient protocol derived by Weinberger et al. (1986) depicts acute effects of sodium only, studies involving longer periods of high salt and low salt are needed to assess chronic effects of sodium.
In conclusion, our findings suggest that the expression of RAAS-related genes do not associate with salt-induced myeloid immune cell activation in salt sensitive hypertension. Further studies are needed to reveal the mechanisms by which salt-induced APC activation is regulated, which may offer therapeutic options to inhibit subsequent inflammatory response and end-organ damage.
DATA AVAILABILITY STATEMENT
The data has been previously published (doi: 10.1161/CIRCRESAHA.122.320818) and uploaded to Figshare, and is available at https://figshare.com/s/d810937dc537eeb361a5.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Vanderbilt University Medical Center Institutional Review Board. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
Conceptualization: AK, LE, FE, and CL. Investigation: LE and AP. Writing–original draft: LE. Writing–review and editing: AK, LE, AP, CL, and QS. Designing graphics: LE and QS. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by the National Institutes of Health (NIH) grants K01HL130497 (AK), R01HL147818 (AK), T32HL144446 (AP), R03HL155041 (AK), and R01HL144941 (AK), the Vanderbilt CTSA grant UL1TR002243 from NCATS/NIH.
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.
REFERENCES
 Barbaro, N. R., Foss, J. D., Kryshtal, D. O., Tsyba, N., Kumaresan, S., Xiao, L., et al. (2017). Dendritic cell amiloride-sensitive channels mediate sodium-induced inflammation and hypertension. Cell. Rep. 21, 1009–1020. doi:10.1016/j.celrep.2017.10.002
 Butler, A., Hoffman, P., Smibert, P., Papalexi, E., and Satija, R. (2018). Integrating single-cell transcriptomic data across different conditions, technologies, and species. Nat. Biotechnol. 36, 411–420. doi:10.1038/nbt.4096
 Costerousse, O., Allegrini, J., Lopez, M., and Alhenc-Gelas, F. (1993). Angiotensin I-converting enzyme in human circulating mononuclear cells: Genetic polymorphism of expression in T-lymphocytes. Biochem. J. 290, 33–40. doi:10.1042/bj2900033
 Crowley, S. D., and Rudemiller, N. P. (2017). Immunologic effects of the renin-angiotensin system. J. Am. Soc. Nephrol. 28, 1350–1361. doi:10.1681/asn.2016101066
 Elijovich, F., Weinberger, M. H., Anderson, C. A., Appel, L. J., Bursztyn, M., Cook, N. R., et al. (2016). Salt sensitivity of blood pressure: A scientific statement from the American heart association. Hypertension 68, e7–e46. doi:10.1161/hyp.0000000000000047
 Feldt, S., Batenburg, W. W., Mazak, I., Maschke, U., Wellner, M., Kvakan, H., et al. (2008). Prorenin and renin-induced extracellular signal-regulated kinase 1/2 activation in monocytes is not blocked by aliskiren or the handle-region peptide. Hypertension 51, 682–688. doi:10.1161/hypertensionaha.107.101444
 Ferreira, N. S., Tostes, R. C., Paradis, P., and Schiffrin, E. L. (2021). Aldosterone, inflammation, immune system, and hypertension. Am. J. Hypertens. 34, 15–27. doi:10.1093/ajh/hpaa137
 Foss, J. D., Kirabo, A., and Harrison, D. G. (2017). Do high-salt microenvironments drive hypertensive inflammation?Am. J. physiology Regul. Integr. Comp. physiology 312, R1–R4. doi:10.1152/ajpregu.00414.2016
 Franzén, O., Gan, L-M., and Björkegren, J. L. M. (2019). PanglaoDB: A web server for exploration of mouse and human single-cell RNA sequencing data. Database 2019, baz046. doi:10.1093/database/baz046
 Geisberger, S., Maschke, U., Gebhardt, M., Kleinewietfeld, M., Manzel, A., Linker, R. A., et al. (2015). New role for the (pro)renin receptor in T-cell development. Blood 126, 504–507. doi:10.1182/blood-2015-03-635292
 Guo, Y., Zhao, S., Sheng, Q., Ye, F., Li, J., Lehmann, B., et al. (2014a). Multi-perspective quality control of Illumina exome sequencing data using QC3. Genomics 103, 323–328. doi:10.1016/j.ygeno.2014.03.006
 Guo, Y., Zhao, S., Ye, F., Sheng, Q., and Shyr, Y. (2014b). MultiRankSeq: Multiperspective approach for RNAseq differential expression analysis and quality control. Biomed. Res. Int. 2014, 248090. doi:10.1155/2014/248090
 He, F. J., Markandu, N. D., and MacGregor, G. A. (2001). Importance of the renin system for determining blood pressure fall with acute salt restriction in hypertensive and normotensive whites. Hypertension 38, 321–325. doi:10.1161/01.hyp.38.3.321
 Heaton, H., Talman, A. M., Knights, A., Imaz, M., Gaffney, D. J., Durbin, R., et al. (2020). Souporcell: Robust clustering of single-cell RNA-seq data by genotype without reference genotypes. Nat. Methods 17, 615–620. doi:10.1038/s41592-020-0820-1
 Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S. L. (2013). TopHat2: Accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 14, R36. doi:10.1186/gb-2013-14-4-r36
 Kirabo, A., Fontana, V., de Faria, A. P., Loperena, R., Galindo, C. L., Wu, J., et al. (2014). DC isoketal-modified proteins activate T cells and promote hypertension. J. Clin. Invest. 124, 4642–4656. doi:10.1172/jci74084
 Laffer, C. L., Laniado-Schwartzman, M., Wang, M. H., Nasjletti, A., and Elijovich, F. (2003). 20-HETE and furosemide-induced natriuresis in salt-sensitive essential hypertension. Hypertension 41, 703–708. doi:10.1161/01.Hyp.0000051888.91497.47
 Liao, Y., Wang, J., Jaehnig, E. J., Shi, Z., and Zhang, B. (2019). WebGestalt 2019: Gene set analysis toolkit with revamped UIs and APIs. Nucleic Acids Res. 47, W199–W205. doi:10.1093/nar/gkz401
 Parfrey, P. S., Markandu, N. D., Roulston, J. E., Jones, B. E., Jones, J. C., and MacGregor, G. A. (1981). Relation between arterial pressure, dietary sodium intake, and renin system in essential hypertension. Br. Med. J. Clin. Res. ed) 283, 94–97. doi:10.1136/bmj.283.6284.94
 Patrick, D. M., Van Beusecum, J. P., and Kirabo, A. (2021). The role of inflammation in hypertension: Novel concepts. Curr. Opin. Physiol. 19, 92–98. doi:10.1016/j.cophys.2020.09.016
 Pitzer, A., Elijovich, F., Laffer, C. L., Ertuglu, L. A., Sahinoz, M., Saleem, M., et al. (2022). DC ENaC-dependent inflammasome activation contributes to salt-sensitive hypertension. Circulation Res. 131, 328–344. doi:10.1161/CIRCRESAHA.122.320818
 Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26, 139–140. doi:10.1093/bioinformatics/btp616
 Rocha, R., Rudolph, A. E., Frierdich, G. E., Nachowiak, D. A., Kekec, B. K., Blomme, E. A., et al. (2002). Aldosterone induces a vascular inflammatory phenotype in the rat heart. Am. J. Physiol. Heart Circ. Physiol. 283, H1802–H1810. doi:10.1152/ajpheart.01096.2001
 Ruggeri Barbaro, N., Van Beusecum, J., Xiao, L., do Carmo, L., Pitzer, A., Loperena, R., et al. (2021). Sodium activates human monocytes via the NADPH oxidase and isolevuglandin formation. Cardiovasc Res. 117, 1358–1371. doi:10.1093/cvr/cvaa207
 Sahinoz, M., Elijovich, F., Ertuglu, L. A., Ishimwe, J., Pitzer, A., Saleem, M., et al. (2021). Salt sensitivity of blood pressure in blacks and women: A role of inflammation, oxidative stress, and epithelial Na(+) channel. Antioxid. Redox Signal 35, 1477–1493. doi:10.1089/ars.2021.0212
 Sheng, Q., Vickers, K., Zhao, S., Wang, J., Samuels, D. C., Koues, O., et al. (2017). Multi-perspective quality control of Illumina RNA sequencing data analysis. Brief. Funct. Genomics 16, 194–204. doi:10.1093/bfgp/elw035
 Shimosawa, T. (2013). Salt, the renin–angiotensin–aldosterone system and resistant hypertension. Hypertens. Res. 36, 657–660. doi:10.1038/hr.2013.69
 Song, X., Hu, W., Yu, H., Zhao, L., Zhao, Y., Zhao, X., et al. (2023). Little to no expression of angiotensin-converting enzyme-2 on most human peripheral blood immune cells but highly expressed on tissue macrophages. Cytom. A 103, 136–145. doi:10.1002/cyto.a.24285
 Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. 102, 15545–15550. doi:10.1073/pnas.0506580102
 Terada, Y., Ueda, S., Hamada, K., Shimamura, Y., Ogata, K., Inoue, K., et al. (2012). Aldosterone stimulates nuclear factor-kappa B activity and transcription of intercellular adhesion molecule-1 and connective tissue growth factor in rat mesangial cells via serum- and glucocorticoid-inducible protein kinase-1. Clin. Exp. Nephrol. 16, 81–88. doi:10.1007/s10157-011-0498-x
 Titze, J., Shakibaei, M., Schafflhuber, M., Schulze-Tanzil, G., Porst, M., Schwind, K. H., et al. (2004). Glycosaminoglycan polymerization may enable osmotically inactive Na+ storage in the skin. Am. J. Physiology-Heart Circulatory Physiology 287, H203–H208. doi:10.1152/ajpheart.01237.2003
 Tostes, R. C., Touyz, R. M., He, G., Chen, X., and Schiffrin, E. L. (2002). Contribution of endothelin-1 to renal activator protein-1 activation and macrophage infiltration in aldosterone-induced hypertension. Clin. Sci. (Lond) 103 (48), 25S–30s. doi:10.1042/cs103s025s
 Van Beusecum, J. P., Barbaro, N. R., McDowell, Z., Aden, L. A., Xiao, L., Pandey, A. K., et al. (2019). High salt activates CD11c(+) antigen-presenting cells via SGK (serum glucocorticoid kinase) 1 to promote renal inflammation and salt-sensitive hypertension. Hypertension 74, 555–563. doi:10.1161/hypertensionaha.119.12761
 Weinberger, M. H., Miller, J. Z., Luft, F. C., Grim, C. E., and Fineberg, N. S. (1986). Definitions and characteristics of sodium sensitivity and blood pressure resistance. Hypertension 8, Ii127–134. doi:10.1161/01.hyp.8.6_pt_2.ii127
 Weinberger, M. H., Fineberg, N. S., Fineberg, S. E., and Weinberger, M. (2001). Salt sensitivity, pulse pressure, and death in normal and hypertensive humans. Hypertension 37, 429–432. doi:10.1161/01.hyp.37.2.429
 Wenzel, P., Knorr, M., Kossmann, S., Stratmann, J., Hausding, M., Schuhmacher, S., et al. (2011). Lysozyme M-positive monocytes mediate angiotensin II-induced arterial hypertension and vascular dysfunction. Circulation 124, 1370–1381. doi:10.1161/CIRCULATIONAHA.111.034470
 Yatabe, M. S., Yatabe, J., Yoneda, M., Watanabe, T., Otsuki, M., Felder, R. A., et al. (2010). Salt sensitivity is associated with insulin resistance, sympathetic overactivity, and decreased suppression of circulating renin activity in lean patients with essential hypertension. Am. J. Clin. Nutr. 92, 77–82. doi:10.3945/ajcn.2009.29028
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.
Copyright © 2023 Ertuglu, Pitzer Mutchler, Elijovich, Laffer, Sheng, Wanjalla and Kirabo. 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.
OPS/images/fphys-14-1208270-g005.gif
£
23
SE
-

Sot Resistant

-






OPS/images/fphys-14-1208270-g006.gif
. 2
I N A
, v






OPS/images/fphys-14-1208270-g003.gif





OPS/images/fphys-14-1208270-g004.gif





OPS/images/fphys-14-1208270-t001.jpg
Characteristics Study population (n = 11)

 Age (years) 347 £ 118
‘ Female sex, n (%) 11 (100)

‘ White race, n (%) 10 (91)

‘ BMI (kg/m’) 288 £17.5
SBP (mmHg) 1109 + 167
DBP (mmHg) 690 + 6.8
‘ HIN, % 9

B, body sises indes DEP:;

iastolic blood pressure; SBP, systolic blood pressure. Data for continuous variables are presented as mean + SEM.





OPS/images/fphys-14-1208270-t002.jpg
racteristics Study population

‘ Age (years) 509 +2.1
‘7 Male sex, n (%) 6(667)
‘ White race, n (%) 9 (100)
‘ BMI (kg/n?) 345439
‘ Screening SBP (mmHg) 1390 £ 4
" Screening DBP (mmHg) [ 877 £39
‘ Plasma renin concentration (ng/L) 150 £ 6.1
‘ Plasma aldosterone (ng/dL) 147 £40

BT balke oass indie: DBY. Sactcls Hioil et Shb: swtollc binad st ity S crnitinmions Faiailes-sbn sstated o sonin & SEIL





OPS/xhtml/nav.xhtml
Contents

		Cover

		Regulation of human salt-sensitivite hypertension by myeloid cell renin-angiotensin-aldosterone system		Introduction

		Materials and methods		Study population

		Study protocol

		Laboratory analysis

		Single cell RNA sequencing

		Bulk RNA sequencing

		Statistical analysis





		Results		Changes in renin-angiotensin system-associated genes in human monocytes in response to ex vivo high sodium exposure

		Expression of renin-angiotensin system -associated genes in human myeloid immune cells in response to changes in dietary salt





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-14-1208270-g001.gif





OPS/images/fphys-14-1208270-g002.gif
A Buseliva (B) ~ Saltlcading(SL)  Sef Depletion (SD)
e ey Bood o

2vesks
Day 1 Day2 [ Day3
otioot
oo Saoupoton
prossure. S - Diet
medcsions (Gomeanas)  (Dmeaven
e, ikl
Gomtaney  domges
s
ot
.o~
aoyy Y PGt Sametodns _ soremins oo

Fa sy T AL grhreo g =T
i TS < EERE e~









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





