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High dietary salt intake activates inflammatory 
cascades via Th17 immune cells: impact on health  
and diseases
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A b s t r a c t

The incidence of immune-mediated inflammatory diseases (IMIDs) is on the 
rise. A high salt content in the diet was found to play a crucial role in me-
diating IMIDs. It was demonstrated that increased salt concentration favors 
the differentiation of CD4+ cells to pathogenic Th17 cells, which predispose 
to several inflammatory diseases by modulating the immunological milieu. In 
auto-immune diseases increased salt concentration causes stable induction 
of Th17 cells. In cancer, increased salt concentration triggers chronic inflam-
mation and increases vascular endothelial growth factor levels. Salt-mediat-
ed proliferation of Th17 cells has been found to reduce nitric oxide production 
in the endothelial cells, leading to hypertension. Increased salt concentration 
was found to alter the intestinal flora, which favors local inflammation. This 
review attempts to explain the role of high salt concentration and its molecu-
lar pathways in causing IMIDs.
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Introduction

Table salt (NaCl) is an essential component and an important ingre-
dient in food. Salt adds taste and increases the palatability of the food. 
Consumption of excess amounts of salt has been implicated in various 
diseases including hypertension [1], heart attack [2], stroke [3], renal fail-
ure [4], and cancer [5]. 

The dietary salt content in South Asians is higher [6] than what is rec-
ommended by the World Health Organization (WHO), i.e. 5 g/day [7]. Al-
though excessive use of salt has been implicated in several inflammatory 
diseases, the effect of a high salt diet and the molecular mechanisms in 
immune-mediated inflammatory diseases remain uncertain. 

Immune-mediated inflammatory diseases (IMIDs) are a group of het-
erogeneous disorders with unknown etiology. The prevalence of IMIDs is 
around 5–7% and is on the rise in developing countries such as India and 
poses a major threat to their health care [8]. Genetic and environmen-
tal factors play a major role in the pathogenesis of IMIDs. The increase 
in the prevalence of IMID is attributed mainly to environmental factors 
such as smoking and nutritional transition, which are modifiable [9]. 

Autoimmunity
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Immune cells have a protective and preventive 
role against pathogens that invade the host. How-
ever, immunity is a  double-edged sword; if un-
controlled it can be harmful. Kleinewietfeld et al. 
demonstrated that there is an increase in the dif-
ferentiation of T cells to the pathogenic T cell sub-
type Th17 on increasing salt concentration  [10].  
T cells can differentiate into different lineages upon 
stimulation. Th1 cells produce INF-γ, which protects 
the host against invading intracellular pathogens. 
The Th2 subset produces various cytokines such as 
interleukin (IL)-4 and IL-5, to combat extracellular 
organisms [11]. In contrast, the Th17 phenotype pro-
duces inflammatory cytokines such as IL-17, tumor 
necrosis factor α (TNF-α), granulocyte macrophage 
colony-stimulating factor (GM-CSF), and enhances 
IL-23R expression, which are the  main mediators 
of autoimmune diseases [12–15]. 

Dietary salt (NaCl) is used abundantly in food to 
increase its palatability and also as a preservative 
in canned foods [16]. Although numerous studies 
have elucidated the pathogenic effect of high salt 
levels on various diseases such as autoimmune 
disorder  [17–20] and hypertension, the  addition 
of salt in these foods has become ubiquitous. In 
this review, insights into various possible mech-
anisms to show the  effect of  a  high salt diet in 
mediating various diseases have been provided.

High salt in the diet in auto-immune diseases

Autoimmune diseases comprise various in-
flammatory diseases, such as rheumatoid arthri-
tis (RA) and psoriasis  [21]. A  myriad of  factors 
such as smoking, viral infection, stress, drugs, 
and pollutants have been proposed as etiological 
factors  [22–24]. However, the  primary etiologies 

of  most of  these autoimmune disorders are still 
ambiguous. The  abnormal immune reaction to-
wards the host and deposition of pathogenic Th17 
cells have been demonstrated in the inflammatory 
sites, for instance in the skin of psoriasis patients 
and in multiple joints of RA patients [25–27]. 

The bacterial Saccharomyces cerevisiae cell wall 
component zymosan, fungal β-glucans, C-type lec-
tin present in dendritic cells and pro-inflammatory 
cytokines such as IL-6, TNF-α, and IL-2, were found 
to be the stimuli for activation of Th17 cells [28].  
Interleukin 23 has been the  major stimulus for 
sustaining and generating Th17 cells, and block-
ing it ameliorates the effects of Th17 cells [29].

Researchers have established an association be-
tween the increase in the incidence of autoimmune 
diseases and Th17 cells. However, finding the molec-
ular switch that leads to the overproduction of Th17 
cells has been a difficult endeavor. Animal studies 
demonstrated that mouse cells grown in high salt 
concentration produce a greater Th17 response than 
the cells grown in a normal salt concentration [30].

To explain the  molecular mechanism for the 
above observation, the  authors explored serum 
glucocorticoid kinase 1 (SGK1), which is known to 
regulate salt levels. Serum glucocorticoid kinase 1 
was overexpressed in the cells grown in high salt 
concentration, and they confirmed the  same in 
human cell lines. They also found a  linear asso-
ciation between increased salt concentration and 
increased Th17 expression [31]. 

Through further investigation, Kleinewietfeld et 
al. elucidated that cells grown under high salt con-
centration express a greater amount of the P38 gene 
[10]. The downstream target for the P38 gene, the 
nuclear factor of activated T cells 5 (NFAT5), induces 
the production of IL-17 [32], which up-regulates the 
production of pro-inflammatory mediators [33].

All these findings suggest that a high salt diet 
might be the  plausible environmental trigger for 
immune-mediated inflammatory diseases [20] (Fig-
ure 1). 

High salt in the diet and inflammatory bowel 
diseases

Studies have shown that 17% of patients with 
inflammatory bowel disease also have associated 
immune-related diseases  [34]. It is known that 
the  lamina propria of  the  small intestine serves 
as the main residing place for immune cells [35]. 
The immune function of the intestine is also mod-
ified by intestinal bacteria, which was demon-
strated where gut microbiome free mice showed 
an  increased Th17 response and developed vari-
ous immune-related diseases compared to normal 
mice [36]. Li et al. showed that the reconstitution 
of gut microbiome free mice with intestinal bac-
teria leads to suppression of  the  Th17 response 

Osmotic stress (↑ NaCl)

Figure 1. Role of high sodium chloride concentration 
in mediating autoimmune diseases
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and enhancement of T regulatory (Treg) cell func-
tion [37].

High salt consumption has a  direct effect on 
gut microbiota and immune cells of the intestine, 
producing variable effects. 

Effect of high salt diet on gut microbiota

A high concentration of salt in diet was found 
to have a  direct toxic effect on gut microbiota, 
especially on Lactobacillus murinus. Lactobacillus 
murinus depleted mice were found to have an 
exaggerated Th17 response compared to normal 
mice. Oral gavage of L. murinus to these mice di-
minished the Th17 response, which confirmed that 
a high salt diet increases the Th17 response [37].

Recently, Maeda et al. found that intestinal Th17 
cells can migrate to distant sites. For example, 
intestinal Th17 cells were identified in the spleen 
of RA patients. This confirms the role of intestinal 
cells in systemic immune inflammation [38].

Effect of high salt diet on immune cells 
of the intestine

Animal studies have shown the effect of a high 
salt diet on immune cells of the intestine. Mice re-
ceiving high salt tend to have exacerbated colitis 
and inflammatory diseases of the bowel. This was 
associated with an  enhanced pathogenic T cell 
response, autoantibodies, inflammatory immune 
mediators and a  decrease in the  protective im-
mune response [39].

It has also been reported that an  increase in 
inflammatory monocyte count and pro-inflamma-
tory cytokines such as IL-6, IL-17, and IL-23 was 
seen in healthy volunteers receiving a controlled 
high salt diet. A significant increase in inflamma-
tory cytokines such as TNF-α, IL-17A, and CD4+ 
cells was also observed following high salt chal-
lenge [40].

To reveal the  molecular mechanism behind 
the enhancement of  the  inflammatory immune 
response by increased salt intake, lamina propria 
mononuclear cells (LPMC) were grown in medi-
um with higher salt concentration and they were 
found to express higher levels of  pathogenic in-
flammatory mediators such as IL-17 and TNF-α 
along with an increase in the percentage of LPMC 
[41, 42].  

Activated LPMC causes phosphorylation of the 
P38/MAPK pathway, which activates the  down-
stream mediator NFAT5, which in turn increases 
the expression of pathogenic inflammatory me-
diators such as IL-17A and TNF-α. High salt con-
centration also induces IL-23R expression, whose 
main function is to stabilize and increase Th17  
expression  [43]. All these effects lead to inflam-
matory disease of the bowel (Figure 2).

These results show that gut immune cells and 
intestinal bacteria regulate the systemic immune 
response. Hence it is important to note that dietary 
habits such as a high salt intake may be harmful 
and may have deleterious effects on health.

High salt in the diet and hypertension

Worldwide, increased blood pressure is one 
of the leading causes of mortality [44]. Hyperten-
sion leads to several life-threatening complica-
tions and has to be treated vigorously [45–47].

It has been established that salt intake is as-
sociated with hypertension, and recently it was 
found that immune cells grown in a high salt me-
dium differentiate into highly pathogenic Th17 
cells  [48]. Interleukin 17 is the  inflammatory 
marker produced by Th17 cells and is associated 
with hypertension. Interleukin 17 acts on endo-
thelial cells and leads to eNOS Thr495 phosphor-
ylation, which is mediated by RhoA/Rho-kinase 
and causes decreased NO production and di-
minishes the NO-mediated vasodilation [49]. All 
the above effects ultimately increase the system-
ic vascular resistance, resulting in hypertension 
(Figure 3).

Various studies have shown the role of IL-17 in 
the pathogenesis of hypertension [50]. A high salt 
diet also favors the polarization of CD4+ cells to 
Th17 cells. Recently, Kamat et al. demonstrated 
that mice lacking IL-17A have increased potency 
to excrete sodium and hence reduction in blood 
pressure  [51]. Hence blocking the  activated im-
mune cells and inflammatory mediators produced 
by it can prevent hypertension. This was eluci-
dated in an  animal study where mycophenolate 
mofetil, a  drug that is known to inhibit activa-

Osmotic stress (↑ NaCl)

Figure 2. Role of high sodium chloride concentration 
in mediating inflammatory diseases of the bowel 
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tion and proliferation of immune cells, prevented 
the development of salt-induced hypertension in 
rats [52]. 

Machnik et al. observed that high salt-treat-
ed rats acquired a  pro-inflammatory (M1) mac-
rophage response and also exhibited water re-
tention, leading to high blood pressure  [53]. In 
addition to the  immune-mediated mechanisms, 
a high salt diet was also found to modulate the re-
nin-angiotensin-aldosterone system  [54, 55] and 
increases sympathetic tone, thereby elevating 
the  blood pressure  [56]. Reducing salt intake in 
the diet could be the simplest, most cost-effective, 
sustainable and easiest way to prevent the devel-
opment and progression of hypertension.

High salt in the diet and cancer

The effect of salt concentration on cancer de-
velopment was first proposed in the 1980s, when 
Spars et al. initially showed that there was a high 
concentration of salt in human breast cancer tis-
sue when compared to normal breast tissue [57]. 
Later, several studies showed a  positive correla-
tion between up-regulation of the sodium channel 
and tumor progression [58–60]. 

As discussed earlier, a  high dietary salt intake 
causes stable induction of Th17 cells and induces 
inflammatory cytokines IL-1, IL-6, IL-23, TN) [61, 62] 

and inflammatory mediators such as prostaglan-
dins, leukotrienes, transforming growth factor (TGF), 
and inducible nitric oxide synthase (iNOS) [63, 64]. 
Chronic induction of Th17 cells by high salt intake 
results in chronic inflammation  [65]. Chronic in-
flammation exerts pleiotropic effects and is one 
of the important hallmark features in cancer devel-
opment and progression [66].

Cells under normal environmental conditions 
utilize glucose in the  aerobic glycolytic pathway 
but cells grown under a high salt environment tend 
to produce lactic acid, which provides a favorable 
environment for the cells to proliferate uncontrol-
lably and to evade host immune defense [67]. This 
was confirmed by Amara et al. in a breast cancer 
cell line study, where the cells shifted to anaerobic 
metabolism under osmotic stress; this demon-
strated the direct effect of high salt concentration 
on cancer cells [68].

Angiogenesis is one of  the  vital factors for 
the  tumor to expand and survive  [69]. Vascular 
endothelial growth factor (VEGF) is a well-recog-
nized factor known to induce angiogenesis  [70]. 
Recently it was demonstrated that a high salt en-
vironment induces the nuclear transcription factor 
NFAT5, which favors the  production and expres-
sion of VEGF needed for the tumor microenviron-
ment [71]. Apart from NFAT5, VEGF is also induced 
by IL-17, a hallmark proinflammatory cytokine pro-
duced by Th17 cells [72]. 

The immunological balance between Th17 cells 
and regulatory T cells (Treg cells) was disturbed 
in the high salt environment. A high salt environ-
ment triggers an increase in the number of patho-
genic Th17 cells that disturbs the immunological 
milieu, causing chronic inflammation. Chronic in-
flammation is one of the well-known predisposing 
factors for the development of cancer [73].

All these effects result in tumor progression 
(Figure 4).

The available systemic reviews  [67] and pro-
spective studies [74] indicate that there is a strong 
association between high salt diet and cancer 
risk. Hence reducing the salt content in the diet 
as recommended by the  WHO  [75] will reduce 
the disease burden in the population, and it will 
be a cost-effective way for disease prevention. 

Conclusions and future perspective

A high salt (NaCl) diet has various effects on 
the complex immune system leading to the acti-
vation of  diverse inflammatory mediators which 
share the  common inflammatory pathway. In 
autoimmune disorders, osmotic stress induc-
es the  activation of  the  stress kinase gene p38, 
which in turn activates several downstream me-
diators, notably NFAT5 and SGK1, leading to stable 
induction of proinflammatory Th17 cells. 

Figure 3. Role of high sodium chloride concentration 
in mediating hypertension 
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In inflammatory bowel diseases, a high salt diet 
was found to affect the  gut immune system as 
well as the microbiota. By disrupting the homeo-
stasis in the gut, a high salt diet leads to activation 
of inflammatory mediators which are involved in 
activation and recruitment of Th17 cells.

A high salt diet affects the endothelium of blood 
vessels by reducing the  availability of  nitric ox-
ide, mediated by IL-17, leading to the  stiffening 
of the blood vessels. Additionally, IL-17 was found 
to reduce the excretion of sodium via the kidneys, 
resulting in its accumulation in serum. By these 
mechanisms, a  high salt diet increases systemic 
vascular resistance, leading to hypertension.

A high salt diet provides a  favorable environ-
ment for the tumor cells to survive and proliferate. 
High salt concentration in the tumor tissue favors 
the production of lactic acid, which protects the tu-
mor cells from immune attack. In addition, high salt 
also favors angiogenesis by increasing VEGF, there-
by providing nutrition to tumor cells and promoting 
tumor cell growth and proliferation.

Though high salt consumption has several del-
eterious effects on human health, lack of aware-
ness among the public results in continued high 
salt usage and hence an increase in the incidence 
of  IMIDs. Studies to explore the  association be-
tween high salt usage and immune-mediated 
inflammatory diseases are in the initial phase or 
limited. By extensively studying these molecular 
pathways, various pharmacological drugs target-
ing the IMIDs can be explored. By creating aware-
ness among the general public, the disease burden 
caused by excessive salt intake can be minimized.

Available evidence suggests that there is a high 
likelihood of a high salt diet being implicated as 
a  risk factor for several diseases including can-

cer, hypertension, and cardiovascular diseases. 
This article is an attempt to highlight the harmful 
effects of  these dietary habits and would like to 
emphasize the  importance of  reducing salt con-
tent for health and disease. There is a  lacuna in 
the literature regarding the possible mechanisms 
through which a high salt diet can act as a risk fac-
tor for several diseases mentioned in this article, 
which need further probing.
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