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Abstract

Salt sensitivity of blood pressure (SSBP) is an independent risk factor for cardiovascular mortality 

not only in hypertensive, but also in normotensive adults. The diagnosis of SSBP is not 

feasible in the clinic due to lack of a simple diagnostic test, making it difficult to investigate 

therapeutic strategies. Most research efforts to understand the mechanisms of SSBP have focused 

on renal regulation of sodium (Na+). However, salt retention or plasma volume expansion are 

not different between salt sensitive (SS) and salt resistant (SR) individuals. In addition, over 

70% of extracellular fluid is interstitial and therefore not directly controlled by renal salt and 

water excretion. We discuss in this review how the seminal work by Harry Goldblatt paved 

the way for our attempts at understanding the mechanisms that underlie immune activation 

by salt in hypertension. We describe our findings that Na+, entering antigen presenting cells 

(APCs) via an epithelial Na+ channel (ENaC), triggers a PKC- and SGK1-stimulated activation 

of NADPH oxidase, which in turn enhances lipid oxidation with generation of highly reactive 

isolevuglandins (IsoLGs). IsoLGs adduct to proteins, with the potential to generate degraded 

peptide neo-antigens. Activated APCs increase production of the TH17 polarizing cytokines, IL6, 

IL1β, and IL23, which leads to differentiation and proliferation of IL-17A producing T-cells. Our 

laboratory and others have shown that this cytokine contributes to hypertension. We also discuss 

where this Na+-activation of APCs may occur in vivo and describe the multiple experiments, 

with pharmacological antagonists and knockout mice that we employed to unravel this sequence 

of events in rodents. Finally, we describe experiments in mononuclear cells obtained from 

normotensive or hypertensive volunteers, which confirm that analogous processes of salt-induced 

immunity take place in humans.
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Introduction

Hypertension research continues being of the utmost importance, since hypertension is the 

worldwide leading cause of mortality and disability, accounting for 10.8 million or 19.2% 

of all attributable deaths in 2019.1 Also, control rates in the US had reached 53.8% in 

2013–14, but declined to 43.7% in 2017–18, for several reasons.2 Among them, 6% of 

all hypertensive patients have truly resistant hypertension, and 10% of the latter have the 

most severe pattern of refractory hypertension.3 Finally, even controlled hypertension is 

associated with increased residual cardiovascular risk of unclear cause.4

Harry Goldblatt, a forefather of hypertension research, was stimulated by observations as 

a clinician (lack of hypertension in a patient dying of uremia after accidental removal of 

a horseshoe kidney) and as a pathologist (presence of renal arteriolar abnormalities in the 

autopsies of hypertensive patients) to hypothesize that hypertension required the presence of 

the kidneys. In order to explore the controversy on whether the renal arteriolar abnormalities 

were the cause or consequence of hypertension, he decided to mimic the situation of renal 

ischemia by constricting the main renal arteries of dogs. He was very cognizant of the 

difference between such a model and the intrarenal vascular abnormalities of essential 

hypertension but proceeded with it nonetheless, as the most feasible method to reproduce the 

suspected mechanism of renal ischemia.5

The revolutionary consequences of the results of his experiments were two-fold. First, the 

recognition that renal artery stenosis was sufficient to produce sustained blood pressure (BP) 

elevation, later leading to the recognition of renovascular hypertension in humans. Most 

importantly, after preliminary investigations on possible mechanisms, Goldblatt postulated 

that one or more humoral factors produced by the kidneys needed to be involved. A few 

years later, Page and Braun Menendez simultaneously identified angiotensin II (Ang II)6,7 

which began a century of additional research on the role of this peptide in BP regulation.

Gavras et al showed that dependency of BP on the renin-angiotensin system (RAS) in rat 

models of Goldblatt hypertension was linked to the status of salt balance (natriuresis by 

the unclipped kidney with persistent hyper-reninemia in the unilateral model (2K-1C), as 

opposed to Na+ retention and renin suppression in the bilateral one, 1K-1C).8,9 Laragh et 

al proposed that Goldblatt’s findings were therefore applicable to essential hypertension 

because the heterogeneous arteriolar lesions of this disorder resulted in some ischemic 

glomeruli with impaired Na+ excretion, and other non-ischemic, hyperfiltering ones with 

enhanced natriuresis.10

The interplay between Ang II and salt in BP regulation acquired a new dimension 

once it was demonstrated that tissue-generated Ang II played ubiquitous roles in growth, 

proliferation and organ damage, central nervous system regulation of sympathetic tone, and 

most importantly, in renal Na+ transport by direct actions on transporters and by stimulation 

of aldosterone release.

More recently, a series of seemingly unrelated observations suggested participation 

of immunity and inflammation in the pathogenesis of hypertension. For example, 

hypertension was produced in normal rats by transfer of lymphocytes from rats with 
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renal infarction or from splenocytes of rats with DOCA-salt hypertension.11,12 Conversely, 

immunosuppressants, thymectomy, antithymocyte serum or transplant of a normal thymus 

prevented or reversed hypertension in several hypertensive rodent models.11,13–15 A direct 

link between these observations and the previously recognized interplay between Ang II and 

Na+ was provided by the group of Harrison et al, who showed that Ang II and DOCA-salt 

hypertension were attenuated in mice genetically lacking lymphocytes.16

Other investigators showed that Na+ is involved in immune disorders unrelated to 

hypertension, e.g., experimental encephalomyelitis.17 We embarked on the investigation of 

how Na+ may trigger immune changes that underlie the pathophysiology of hypertension.

High Salt and Cardiovascular Disease

There is evidence that excess dietary salt in the Western diet is associated with 

inflammation, autoimmunity and cardiometabolic disease (CVD).18 Less than 10% of the 

U.S. population observes the current recommendation to limit Na+ intake to 2,300 mg 

per day.19,20 An additional problem with excess salt consumption is that 50% of the 

hypertensive and 25% of the normotensive population exhibit SSBP. This phenotype is 

characterized by changes in BP that parallel changes in salt intake and is an independent 

risk factor for CV morbidity and mortality. Consequently, strong evidence indicates that 

reducing Na+ intake decreases BP and cardiovascular events.21–24 Owing to the poor 

adherence of populations to a low salt diet, it is of the utmost importance to understand 

the mechanisms for salt-induced CVD, to identify targets that may reduce Na+-induced 

morbidity independent of salt intake.

High Salt, Inflammation and Hypertension

In classical physiology, the speculation about how Na+ increased BP was that expansion 

of intravascular volume would increase cardiac output acutely, whereas autoregulation of 

organ blood flow would lead to vasoconstriction with normalization of cardiac output, the 

hemodynamic pattern of most essential hypertension. The problem with this view is that 

changes in total peripheral resistance occur as rapidly as 24 hours in response to an acute 

Na+ load,25 inconsistent with the idea of long-term autoregulation of blood flow.

In view of the evidence above, we asked the question of whether Na+ could have rapid 

effects on immune cells and whether such effects could account for the underlying 

mechanisms of hypertension on a non-hemodynamic basis.

We first found that modestly increasing NaCl in excess of the physiological plasma 

concentrations leads to entry of Na+ into myeloid antigen presenting cells (APCs), including 

dendritic cells (DCs), which are the most potent APCs.26,27 Na+ entry into DCs is mediated 

through an amiloride-inhibitable epithelial Na+ channel (ENaC) and starts a chain of events 

leading to a state of oxidative stress in these cells (Figure 1). First, the increased intracellular 

Na+ alters the Na+/Ca2+ exchanger, resulting in an increase in intracellular Ca2+, confirmed 

by fluorescence photometry, and activation of protein kinase C (PKC). Exposure of 

DCs to NaCl for 15 minutes leads to PKC-induced, i.e., calphostin C-inhibitable, serine 

phosphorylation of the p47phox subunit of the NADPH oxidase enzyme, leading to its 
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assembly with the gp91phox subunit with consequent enzyme activation and increased 

production of superoxide.

We also showed that Na+ entry into DCs increases expression of the salt sensing kinase 

serum/glucocorticoid kinase 1 (SGK1).27 This was associated with increased expression, 

activation and assembly of various NADPH oxidase subunits. That is, entry of Na+ into 

these cells via an ENaC channel leads to activation of NAPDH oxidase by a dual, PKC and 

SGK1 stimulation.

Activation of NADPH oxidase leads to increased production of reactive oxygen species 

(ROS), lipid peroxidation and accumulation of isolevuglandins (IsoLGs), also referred 

to as isoketals (Figure 2). These are highly reactive gamma ketoaldehydes formed 

by lipid peroxidation of arachidonic acid, which our group previously identified in 

immune cells during angiotensin II and deoxycorticosterone acetate (DOCA)-salt-induced 

hypertension.28 IsoLGs rapidly adduct to lysines on proteins, the denaturation of which 

produces neo-antigenic peptides. During this process, DCs acquire a pro-inflammatory and 

pro-hypertensive profile, with increased expression of the B7 ligand CD86. Presentation of 

neoantigens in the MHC complex plus the cytokines of activated DCs promote proliferation 

among memory T cells, which produce IL-17A. We found that proteins modified by other 

lipids including malondialdehyde (MDA), hydroxynonenal (HNE) or methylglyoxal (MGO) 

are much less potent or have no effect on DC immunogenicity, and that DCs pulsed with 

these lipid-modified proteins had little to no effect on T cell proliferation or activation.28 In 

contrast, DCs activated by IsoLGs produce cytokines that are known to polarize T cells to 

an IL-17 producing phenotype. Hypertension was associated with a 2-fold increase in IL-6 

and IL1-β, and a 3-fold increase in IL-23 production by DCs. These cytokines are known to 

polarize T cells to IL-17 producing T cells, and these responses were completely normalized 

by co-treatment with 2-hydroxybenzylamine, a potent scavenger of IsoLGs.28 These T 

cells have the potential to migrate to target organs and induce vascular inflammation and 

enhanced renal Na+ reabsorption, leading to hypertension. When adoptively transferred into 

naïve mice, these DCs can prime hypertension in response to an otherwise sub-pressor dose 

of angiotensin II.26

The sequence of events above was confirmed with experiments in mice lacking the 

NADPH oxidase, DCs lacking the p22phox subunit, mice treated with IsoLG scavengers, 

or DCs treated gp91ds-tat peptide, an inhibitor of the p47phox-gp91phox interaction. 

These interventions inhibited superoxide generation, DC activation, salt-induced production 

of IsoLGs and its immunogenic adducts, hypertension and end organ damage.26,28 

Analogously, the role of SGK1 was confirmed in mice lacking this enzyme in CD11c+ 

cells or in mice treated with a pharmacological inhibitor. These mice had reduced NADPH 

subunit expression and isoLG adducts, blunted pressor response to the salt feeding phase 

of the N-Nitro-L-arginine methyl ester hydrochloride (L-NAME/high salt) model of salt

sensitive hypertension, and protection from renal inflammation and endothelial dysfunction. 

Also, the ability of salt-treated DCs to prime a hypertensive response to subpressor Ang II 

in normal recipient mice was lost if inhibition of SGK1 was enacted in the donor during salt 

treatment of their DCs.
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In addition to the murine studies of DCs, we also studied monocytes from humans, 

cultured in either normal (150 mM/L NaCl), or high salt media (190 mM NaCl) for 48 

hours.29 Employing RNA sequencing and principal component analysis we found that 

genes clustered differently in normal salt- versus high salt-treated monocytes. The latter 

exhibited a gene expression pattern consistent with an activated proinflammatory phenotype. 

For example, when exposed to high Na+ concentration, but not to equiosmolar mannitol, 

monocytes showed increased expression of the DC activation markers CD209, CD80 and 

CD86, and increased production of the proinflammatory cytokines IL-1β, IL-6, IL-23 and 

TNF-α, the colony stimulating factors CSF 1 and 3, the migration-promoting chemokine 

receptors CCR2 and CCR5 and the highly reactive IsoLGs. The increase in IsoLGs 

produced by salt correlated with traditional cardiovascular risk factors (pulse pressure, 

BMI, cholesterol and glucose) suggesting that the inflammatory response of monocytes 

to salt stimulation is enhanced in subjects with a high CV risk profile. There was large 

interindividual variability in the IsoLG responses to salt. Whether this variability in salt

activation of immune cells reflects interindividual variability in SSBP is unknown to date.

In summary, we have unequivocally demonstrated that an elevated Na+ concentration, 

analogous to observations with Ang II and DOCA salt, is a sufficient and potent stimulus 

for APC activation and generation of IsoLG-adducted neoantigens in murine DCs through 

a mechanism involving Na+ entry via ENaC and subsequent activation of the NADPH 

oxidase.26

The Significance of ENaC in Immune Cells

Renal ENaC fine tunes Na+ excretion at the distal nephron. Its hyperactivity contributes to 

hypertension in inherited Liddle syndrome, in every form of hypertension with excess or 

inappropriate aldosterone secretion30 and in an amiloride-sensitive, spironolactone-resistant 

hypertensive phenotype observed in Blacks, which is possible related to abnormal inhibition 

of the channel by eicosanoids 31,32 or to SNPs that diminish channel activity.33

It is now known that ENaC is ubiquitously expressed. Endothelial ENaC overexpression 

results in endothelial dysfunction, increases endothelial stiffness and produces amiloride

sensitive hypertension in mice.34–37 Dahl-S rats do not suppress endothelial ENaC in 

response to a high salt diet, which is the normal response in Sprague Dawley rats, indicating 

a participation of vascular ENaC in salt-sensitive vasoconstriction.38,39 In rat brain, ENaC 

is involved in modulation of sympathetic tone and release of vasopressin.40,41 Brain ENaC 

hyperactivity in mice enhances pressor responses to CSF injection of Na+.42 ENaC channels 

in the renal pelvis signal via renal afferents to the forebrain and brainstem when stimulated 

by hyperosmolality, participating in resulting BP regulation.43 Finally, ENaC channels in 

tastebuds and in intestinal cells regulate salt appetite and intestinal absorption of Na+, 

respectively.44,45

We now add to this body of knowledge by documenting the expression of ENaC in APCs.27 

As stated above, entry of Na+ into these cells is blocked by amiloride. Furthermore, we 

demonstrated in direct fashion that Na+-stimulated DCs exhibit increased expression of 

γENaC which co-immunoprecipitated with αENaC. Genetic deletion or pharmacological 

inhibition of SGK1 in DCs prevented the high salt induced expression of αγENaC, 

Elijovich et al. Page 5

Hypertension. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicating that this kinase mediates the effect of Na+ on activation of the channel. 

Some have reported that increased intracellular Ca2+ concentration stimulates expression 

of the monomeric ENaC subunits in human embryonic kidney cells,46 while others 

noted that increases in intracellular Ca2+ inhibit ENaC by reducing its interaction with 

phosphatidylinositol 4, 5-bisphosphate (PIP2, an ENaC activator) and the scaffold protein 

MARCKS (myristoylated alanine-rich C-kinase substrate).33 Whether the increased Ca2+ 

concentration and PKC activation produced by Na+/Ca2+ exchange in our salt-loaded DCs 

alters ENaC activity remains to be determined. Therefore, in DCs, SGK1 creates a positive 

feedforward loop, by which Na+ entry into DCs via ENaC leads to further assembly and 

activity of this channel. Whether Ca2+ enhances or downregulates this effect of SGK1 is not 

known. In the kidney, an inactivating phosphorylation of the ubiquitin-ligase Nedd4–2 by 

SGK1, with impairment of removal of the channel from the membrane, is the predominant 

mechanism by which SGK1 stimulates ENaC activity. It is not known whether the effect we 

observed of SKG1 in the DC channel involves such mechanism.

Major regulation of ENaC function includes stimulation by aldosterone, which increases 

expression of αENaC and by other proteins that impact ENaC expression and activity, 

including SGK1, GILZ and CNK3,47 resulting in increased channel assembly and open 

probability. Inhibitors include the EETs, which are lipids generated from arachidonic 

acid by CYP-450 epoxygenases. They produce a specific threonine phosphorylation of 

γENaC48 that reduces channel open probability and also inhibit PKA, with consequent 

dephosphorylation of Nedd4–2, which activates ubiquitination of ENaC and its removal 

from the membrane. We have preliminary evidence (unpublished observations) suggesting 

that aldosterone and renally-generated EETs may regulate human monocyte ENaC activity, 

as assessed by relationships of these compounds with the generation of IsoLGs by high salt 

stimulation of these cells.

Several other processes regulate ENaC function in other tissues. For example, proteases 

such as furin, prostasin, matriptase, cathepsin B, elastase, kallikrein, urokinase and plasmin 

cleave and release inhibitory tracts of αENaC in vitro, transitioning the channels from a 

low or moderate to a high activity state.33 This has been confirmed in some experiments in 

vivo. For example, the non-selective serine protease inhibitor aprotinin induced natriuresis in 

mice with nephrotic syndrome.49 However, others have shown discrepancies between ENaC 

subunit cleavage and increases in channel activity.50 Finally, signaling lipids other than the 

EETs, such as PIP2 and PIP3, and palmitoylation of Cys residues also increase channel 

open probability and activate ENaC.33 It is not known whether any of these mechanisms 

participate in regulation of immune cell ENaC.

In summary, we discovered a role for ENaC that is upstream in the salt-induced hypertensive 

process, i.e., activation of autoimmunity in hypertension. Because this ultimately leads 

to T-cell proliferation and migration to target organs, where T-cell-induced inflammation 

certainly stimulates ENaC in renal epithelia,51 and perhaps ENaCs in other cell types, 

activation of this channel in immune cells may have a central role in salt-induced 

hypertension.
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Where do immune cells encounter high Na+ concentration in vivo?

Several tissues have been implicated in the pathogenesis of Na+-induced immune cell 

activation, hypertension and end-organ damage including the kidneys, skin and the gut 

(Figure 3).

The Kidneys:

Glomeruli filter about 22,000 to 25,000 mmols of Na+ per day, but only 1% or less of 

this amount is excreted in the urine. The countercurrent mechanism that facilitates Na+ 

reabsorption in the loop of Henle generates medullary hyperosmolality, which increases 

progressively from the corticomedullary junction to reach values as high as 1200 mOsm/L at 

the papilla.

Previous observations of our laboratory had shown T cell infiltration of the kidney in 

hypertensive mice, an observation that could be prevented by IsoLG scavenging.28 More 

recently, we examined sections of human kidneys and found that in hypertensive subjects, 

there was accumulation of APCs (macrophages, DCs and monocytes) starting at the cortico

medullary junction and extending into deeper regions of the medulla.29 Most importantly, 

the kidneys of patients with hypertensive arteriolar nephrosclerosis, the typical renal 

vascular lesion of essential hypertension, had a greater proportion of moderate to severe 

infiltration of CD11c+ cells compared to control samples. Taken together, these observations 

confirm that in hypertension, myeloid antigen presenting cells localize in renal areas where 

they can be activated by high Na+ concentration to attract proinflammatory T cells to the 

kidney, via an IsoLG-dependent mechanism.

Finally, in preliminary observations in humans, we found that urine levels of EETs, which 

reflect a renally synthesized pool,52 are inversely correlated with high-salt induced IsoLGs 

in the circulating monocytes of these subjects, also supporting the possibility that regulation 

of ENaC-dependent activation of immune cells may take place in the kidney.53 It is 

important to note that inflammatory cytokines have been found to play a regulatory role in 

salt-sensitivity. Studies by Ferreri et al have found that salt-resistant C56BL6 mice develop 

salt-sensitive hypertension when renal specific TNF-α is deleted or inhibited, and that 

TNF-α regulates NKCC2B in response to salt restriction.54,55 Nevertheless, several studies 

have found that cytokines including IL17A and IL-1beta modulate sodium transporters in 

the kidney and contribute to hypertension.56–59

The Skin:

Seventy percent of extracellular fluid is interstitial and hence not controlled directly by renal 

salt and water excretion. Excess dietary salt increases Na+ in the skin interstitium without 

significant changes in plasma Na+ concentration.60 Therefore, the traditional dogma that 

interstitial Na+ was in equilibrium with that of the plasma compartment has been challenged. 

Recent observations demonstrated that Na+ accumulates in microdomains of the interstitium, 

associated with glycosaminoglycans and without commensurate water retention. Efflux of 

Na+ from this dynamic compartment is mediated by VEGF-C-induced lymphangiogenesis. 

Several issues require further investigation to ascertain the link between skin Na+ and 

hypertension. Whether interstitial Na+ is iso- or hyperosmolar remains controversial.61 Also, 
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in rodents, inhibition of Na+ efflux from the skin with antagonists of the lymphangiogenic 

VEGF-C pathway produces hypertension,60 which is consistent with the observation that 

Na+ accumulation in the skin and skeletal muscle, measured with 23Na MRI, is increased 

in human aging and human hypertension.62 However, in a study of normal humans, 

exaggerated pressor responses to salt in women, compared to men, were related to inability 

of women to increase Na+ influx into the skin, which opposes the previous interpretation.63

Regardless of the above, high Na+ concentrations in the interstitium have the potential to 

polarize immune cells toward an inflammatory phenotype. We recruited 67 subjects and 

non-invasively quantified their skin Na+ using 23Na MRI. We found that increased skin 

accumulation of Na+ was associated with a parallel increased expression of the activation 

marker CD83 and increased generation of IsoLG-adducts in their freshly isolated circulating 

monocytes obtained by flow cytometry.29 Although these data could be interpreted as 

evidence that immune cell activation by Na+ occurs in the skin, they are correlative, not 

necessarily causal. Furthermore, it is not known how interstitial Na+ is mobilized or whether 

it becomes osmotically available to activate immune cells. Obtaining these answers will 

require validated assays for precise measurement of tissue Na+ concentration and osmolality.

The Gut:

The gut is another potential site for immune cell activation by elevated Na+ since it is the 

first and largest location for Na+ absorption in the body. DCs survey the intestinal mucosa 

and regulate its immune homeostasis by inducing tolerance to harmless antigens and by 

initiating protective immunity against intestinal pathogens. Others had shown that excess 

salt induces pro-inflammatory and hypertensive effects by acting on the gut microbiome.64 

We most recently found that a dietary salt intake that exceeds AHA recommendation 

alters the gut microbiome, and that this is associated with immune cell activation via 

IsoLG formation in DCs.65 We also showed that adoptive transfer of fecal material from 

conventionally housed high salt-fed mice to germ-free mice predisposed them to increased 

inflammation and hypertension.65 In additional studies, we demonstrated that intestinal 

tissue from humans with hypertension had a marked increase in arterial wall thickness, 

fibrosis, immune cell infiltration (T cells, monocytes and macrophages) and concomitant 

accumulation of IsoLGs.

Although it is conceivable that the high Na+ environment of the gut is responsible for 

triggering activation of immune cells, we have no direct measure of the actual Na+ 

concentrations at sites adjacent to the gut epithelium. We also do not know whether 

intestinal immune cells are resident or recruited and whether they leave the intestinal mucosa 

to activate T cell inflammation in systemic tissues or organs.

In conclusion, we have summarized the findings obtained by our laboratory, which provide 

evidence that immune activation may be an early and central pathogenic mechanism for 

salt-induced hypertension. Major gaps in our understanding remain but our studies will 

hopefully stimulate research in this area. Such gaps include: a) establishing with certainty 

the tissues that accumulate relevant in vivo concentrations of Na+ for immune cell activation, 

b) determining whether immune cells can exit original sites of activation and migrate to 

other cardiovascular tissues to mediate inflammatory damage, c) discovering the nature of 
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the neoantigens generated by salt-induced lipid oxidation, d) discriminating the tissues in 

which immune activation occurs locally from those to which migrating, already activated 

cells are recruited, e) investigating the reasons for the large interindividual variability in the 

magnitude of salt-induced immune cell activation in humans, and f) determining whether 

such “salt sensitivity” of immune cells is a correlate, i.e., a marker, for SSBP.

Unraveling this knowledge will hopefully provide therapeutic targets for SSBP, a 

cardiovascular risk factor devoid of treatment to date. As an example, having established a 

possible central role for immune cell ENaC in the mechanisms of salt-induced hypertension, 

our laboratory is in the process of investigating the role of its blockade by amiloride on CV 

outcomes in a large electronic patient database available in our institution.
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Figure 1: Sodium (Na+) sensing and activation of NADPH oxidase by antigen presenting cells.
Na+ enters antigen presenting cells through the epithelial Na+ channel (ENaC) leading to 

intracellular Ca2+ influx via the Na+/Ca2+ exchanger (NCX) and activation of PKC. PKC 

phosphorylates p47phox leading to assembly of NADPH oxidase and increased production of 

reactive oxygen species (ROS).
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Figure 2: Immune cell activation by isolevuglandins (IsoLGs).
Increased reactive oxygen species (ROS) in hypertension lead to oxidation of fatty acids 

such as arachidonic acid leading to formation of IsoLGs. IsoLGs adduct to and cross-link 

proteins leading to post-translational modifications of self-proteins. The IsoLG-adducted 

self-proteins lead to an auto-immune-like state in hypertension. Antigen presenting cells 

including dendritic cells (DCs) accumulate IsoLGs and are activated to produce pro

inflammatory cytokines including IL-1β, IL-6 and IL-23. They also activate T cell to 

proliferate and produce inflammatory cytokines IL-17A, TNF-α and IFN-γ which lead to 

hypertension. Excess dietary salt is a potent hypertensive stimulus leading to formation of 

IsoLGs.
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Figure 3: Role of the gut, kidney and skin interstitium in sodium (Na+)-induced immune cell 
activation.
Monocytes encounter a high tissue Na+ environment and are activated to a pro-inflammatory 

phenotype which can activate T cells leading to increased inflammation. The gut 

microbiome has also been implicated and Na+-induced immune cell activation leading to 

hypertension.
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