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Humans with salt-sensitive (SS) hypertension demonstrate 
increased morbidity, increased mortality, and renal end-organ 
damage when compared with normotensive subjects or those with 
salt-resistant hypertension. Increasing evidence indicates that im-
mune mechanisms play an important role in the full development 
of SS hypertension and associated renal damage. Recent experi-
mental advances and studies in animal models have permitted a 
greater understanding of the mechanisms of activation and action 
of immunity in this disease process. Evidence favors a role of both 
innate and adaptive immune mechanisms that are triggered by 

initial, immune-independent alterations in blood pressure, sym-
pathetic activity, or tissue damage. Activation of immunity, which 
can be enhanced by a high-salt intake or by alterations in other 
components of the diet, leads to the release of cytokines, free 
radicals, or other factors that amplify renal damage and hyperten-
sion and mediate malignant disease.
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Hypertension, or high blood pressure, is a risk factor 
for cardiovascular, cerebrovascular, renal, and related 
diseases,1 and is a major contributing factor to morbidity 
and mortality throughout the world.2,3 Over 45% of adults 
in the United States can be characterized as hypertensive,4,5 
and cardiovascular diseases comprise the leading cause of 
death in the United States.4 A form of hypertension which 
exhibits particularly high morbidity and mortality is salt 
(NaCl)-sensitive hypertension.6,7 Salt-sensitive (SS) hy-
pertension, which is prevalent among African-American 
subjects,8,9 is subjectively defined as a 10 mm Hg increase 
in blood pressure following an elevation in sodium in-
take,10,11 and is present in approximately 30–50% of hyper-
tensive subjects.10,11

The increased morbidity and mortality in SS hypertensives 
are understood, yet the cause of this form of hyperten-
sion remains unclear. One potential mediator/modifier 
of SS hypertension and associated end-organ damage are 
mechanisms related to activation of inflammation and im-
munity. Studies in experimental animals and observations 
in humans have implicated immune mechanisms in the eti-
ology of hypertension12–22 but the causal interrelationships 
between sodium intake, immune mechanisms, hyperten-
sion, and renal end-organ damage are not clear. This brief 
review will describe newly elucidated mechanisms linking 
sodium intake with immune activation in the kidney and 
the amplification of hypertension. A  summary of recent 
data indicating that environmental factors can modulate the 
ability of immune mechanisms to amplify SS hypertension 
concludes the review.

IMMUNITY IN HYPERTENSION AND RENAL 
END-ORGAN DAMAGE

Histological, functional, and genetic data indicate that 
abnormalities in immune function may participate in human 
hypertension and renal disease. Examination of kidneys 
from hypertensive subjects has demonstrated the presence of 
lymphocytes,23 other mononuclear cells,24 and the deposition 
of immunoglobulins and complement proteins25 in the renal 
interstitium adjacent to damaged renal tubules and glomeruli. 
Comparisons that are more detailed have demonstrated that 
hypertensive subjects, compared with normotensive humans, 
exhibit renal damage (glomerulosclerosis and renal fibrosis) as 
well as increased numbers of macrophages and T lymphocytes 
in the renal interstitital space.12 These correlative observations 
are supported by functional evidence demonstrating that 
immunotherapeutic modulation alters blood pressure in 
patients treated for other diseases. Treatment of HIV-positive 
men with highly active retroviral therapy, which led to increased 
CD4+ T lymphocytes in the blood, was associated with an 
increased prevalence of hypertension.26 Conversely, patients 
with psoriasis or rheumatoid arthritis who were treated with 
immunosuppressive agents demonstrated a reversible reduc-
tion in blood pressure in response to the immunotherapy.27 
Lending further support to this concept, genetic association 
studies also suggest a role of the immune system in hyper-
tension. Markers in the regions of several genes important in 
immune signaling (Sh2b3, CD247, and CD14) have been as-
sociated with hypertension or kidney disease in genome-wide 
association studies and other genetic association studies.28–32
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These observations in human subjects document the im-
portance of immunity in human hypertension. Parallel ex-
perimental studies, primarily performed in rats15,17–19,33–36 
and mice,37–41 have employed numerous models of genetic or 
experimentally induced hypertension since the early 1960s 
to illustrate the mechanistic basis of immunity in hyperten-
sion and renal disease. These studies have been thoroughly 
reviewed elsewhere.14,16,18,20,37,42 The present review will de-
scribe the role of immune mechanisms in the development 
of SS hypertension and renal end-organ damage. The evi-
dence presented has been largely obtained from work in ex-
perimental animals, but an emphasis has been placed, where 
possible, to reference supportive data obtained from human 
hypertension to provide a translational context to the exper-
imental findings.

T CELLS IN SS HYPERTENSION

Immune mechanisms have been implicated in the devel-
opment of hypertension in experimental models of SS hyper-
tension.13–22 Our group has focused upon the mechanisms 
of hypertension and renal damage in the Dahl SS rat, a 
genetic model of salt-dependent hypertension and renal 
damage.13,18,43,44 Similar to humans with SS hypertension, the 
Dahl SS rat develops hypertension and end-organ damage 
when fed high salt.44–48 Moreover, SS humans develop albu-
minuria when compared with subjects with salt-resistant hy-
pertension.49 This phenotype also closely parallels that of the 
Dahl SS rat which develops renal histological damage and 
albuminuria when fed a diet with high-salt content.13,43

The kidney of Dahl SS rats fed high salt has increased 
numbers of macrophages, T cells, and B cells which corre-
late with the degree of hypertension and renal damage when 
compared with Dahl SS maintained on a low-salt diet.13,43,44,50 
In contrast, no changes are observed in infiltrating immune 
cells in the kidneys of rats that do not develop hypertension 
or renal damage when fed an elevated sodium diet.50 The 
infiltrating cells surround regions of damaged glomeruli and 
tubular structures in the kidney,13,43,44 indicating that they 
may play a role in the development of kidney damage. In 
support of these observations, SS hypertension and kidney 
damage also correlate with immune cell infiltration in the 
kidney in other experimental rodent models.15,36,51–53 The 
distribution of macrophages and T cells near damaged renal 
tubules and glomeruli in the SS rat is similar to that observed 
in hypertensive subjects.12 The potential role of individual 
cell types as mediators of damage in different tissue types is 
not known. To evaluate immune mechanisms in the devel-
opment of SS hypertension, experiments demonstrated that 
treatment with immunosuppressive agents during a period 
of high NaCl intake prevented infiltration of T cells in the 
kidney and attenuated SS hypertension and renal damage 
in Dahl SS rats.43,44,54,55 Similar protective effects of immu-
nosuppression were observed in other rodent models of hy-
pertension including the spontaneously hypertensive rat, a 
genetic model exhibiting hypertension that is not sensitive 
to sodium intake, and rodents with experimental hyper-
tension induced by treatment with nitric oxide inhibitors 
or angiotensin II,15,35,36,53,56–58 treatments which can induce 
sodium-sensitive hypertension.

To target individual immune cell types in experimental 
models of SS hypertension, genetic editing strategies59,60 
were utilized in Dahl SS rats to generate null mutations in 
genes critical for the development of individual immune 
cells or in immune cell signaling.61–63 A  null mutation in 
the Rag1 gene in Dahl SS (SSRag1−/−) resulted in a significant 
reduction in T and B cells in the circulation and spleen.62 
Though differences in disease phenotypes were not observed 
in the SSRag1−/− when fed a low-salt diet, the development of 
hypertension and renal damage following high-salt intake 
was significantly blunted in those rats compared with Dahl 
SS controls with an intact lymphocyte population.62 Results 
of these experiments illustrate the importance of T and B 
cells in the full development of SS hypertension and related 
kidney damage.

To specifically address the role of T cells in SS hyper-
tension, Dahl SS lacking T cells were generated.61 The 
SSCD247−/− rats contain a null mutation in CD247, a gene 
which encodes the CD3 zeta chain.64–66 The SSCD247−/− rats 
demonstrate a >99% reduction in circulating T cells with 
no change in B cells compared with wild-type SS litter-
mate controls.61 Similar to the SSRag1−/− which lacks T 
and B cells,62 no differences in arterial pressure or renal 
damage were observed between animals with and without 
T cells when fed low salt. After high-salt feeding, how-
ever, the severity of hypertension and renal damage was 
attenuated in the SSCD247−/− which lack T cells.61 To con-
firm the functional role of T cells in SS hypertension, 
a reconstitution study was recently performed in the 
SSCD247−/− rats.67 As depicted in Figure 1a, the genetic de-
letion of T cells in the Dahl SS background blunted SS 
hypertension and associated renal damage as assessed by 
urinary albumin excretion. The subsequent replacement 
of T cells (via splenocyte transfer) in the SSCD247−/− rats 
lacking endogenous T cells led to a recapitulation of the 
SS disease phenotype as both blood pressure and albumi-
nuria returned to levels observed in the wild-type Dahl SS 
rats (Figure 1b). Not shown is the parallel attenuation of 
renal histological damage in SSCD247−/− rats and the reca-
pitulation of albuminuria and kidney damage in SSCD247−/− 
that received a splenocyte transfer. These observations 
are in agreement with reports demonstrating the critical 
role of T cells for the full development of Ang II-mediated 
hypertension in mice.39 It is important to note, though, 
that recent data have demonstrated that the attenuation 
of Ang II hypertension in mice lacking T and B cells has 
not been universally observed.68 To complicate the issue, 
other recent studies have demonstrated an important role 
of B cells in Ang II-induced hypertension. Activation of 
B cells and increased IgG production is increased in Ang 
II-induced hypertension while B-cell deficiency blunted 
the hypertensive response to Ang II.69 It will be impor-
tant to confirm the results observed in the SSRag1−/− and 
the SSCD247−/− rats in other laboratories under differing en-
vironmental conditions.

Adaptive immune mechanisms, likely mediated by T 
lymphocytes, therefore participate in the amplification of hy-
pertension and kidney damage in Dahl SS rats.13,43,44,54,55,61–63 
This conclusion is generally consistent with other ex-
perimental reports indicating that the infiltration or 
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activation of immune cells in the kidney or other target 
organs participates in the development of hypertension and/
or kidney disease.13,20,37,38,70–72 This conclusion is also con-
sistent with reports from the human literature.12,23–27

MECHANISMS DRIVING IMMUNE CELL INFILTRATION AND 
ACTIVATION

The mechanisms leading to infiltration and activation of 
immune cells in target organs in SS hypertension are not well 
understood. Studies have implicated sympathetic nervous 
stimulation, elevations in renal perfusion pressure, exposure 
of antigens or neoantigens, and intake of sodium chloride or 
other dietary factors as activators or modulators of the im-
mune response in hypertension.

Sympathetic nervous stimulation, which plays a signif-
icant role in human and experimental hypertension73,74 
has been shown to activate immunity in hypertension.75 
Signals from the central and sympathetic nervous system 
were demonstrated to be important for the expression of the 
early T-cell activation marker CD69 and the full induction 

of Ang II-induced hypertension in mice.76 It was further 
demonstrated that placental growth factor (PIGF) in the 
spleen was induced by increased sympathetic output in Ang 
II hypertension in mice.77 As splenic PIGF stimulates T-cell 
mobilization in target organs, PIGF may serve as a link con-
necting the sympathetic nervous system with the splenic im-
mune system. More recently, studies have addressed the role 
of renal sympathetic nerves as mediators of inflammation 
in the kidney. Studies performed in  deoxycorticosterone 
acetate  (DOCA)-salt hypertensive rats demonstrated that 
renal denervation modulated inflammation, as assessed by 
alterations in cytokines, chemokines, and macrophage infil-
tration in the kidney.78 A similar set of studies was performed 
in Dahl SS fed high salt; no changes in the absolute number 
of infiltrating immune cells were observed with renal de-
nervation in this model, but an assessment of cytokines and 
other immunomodulatory molecules was not performed.79 
Interactions between the sympathetic nervous system and 
immunity appear to be important in hypertension, though 
the potential neuroimmune link remains to be fully explored 
and understood in the context of SS hypertension.

Figure 1. Importance of T lymphocytes in the development of salt-sensitive (SS) hypertension and renal end-organ damage. (a) The development of SS hy-
pertension and albuminuria (as a surrogate for renal damage) is attenuated in Dahl SS rats lacking T cells due to a null mutation in the CD247 gene (SSCD247−/−). 
(b) Adoptive transfer of splenocytes into SSCD247−/−, which increased CD4+ T cells in the circulation and kidney, was sufficient to restore hypertension and 
albuminuria in SSCD247−/−. Abbreviations: MAP, mean arterial pressure; PBS, phosphate buffered saline. Redrawn from Fehrenbach et al.67 with permission.
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As described above, it was previously been observed 
that SS hypertension, renal damage, and infiltration of im-
mune cells in the kidney of the Dahl SS occur in parallel.13,18 
Interestingly, immunohistochemical studies indicated that 
infiltration of macrophages/monocytes into the kidney of 
SS rats as well as the renal histological damage is largely 
dependent upon an elevation of blood pressure.80 Using a 
servocontrol technique, experiments were thus undertaken 
to explore the role of elevated perfusion pressure to the 
kidney as the stimulus for immune cell infiltration in Dahl 
SS rats.81 Renal perfusion pressure to the left kidney was 
maintained constant during a 7-day period of high-salt 
intake through the use of an inflatable occluder placed 
around the aorta between the renal arteries. This prepara-
tion in conscious animals maintained perfusion pressure to 
the left kidney at control levels while the right kidney was 
exposed to the increased blood pressure resulting from 
increased salt intake. Interestingly, after 7 days of high-salt 
intake, the numbers of total T cells, B cells, monocytes, and 
macrophages were all lower in the left kidney than observed 
in the right kidney that experienced elevated perfusion and 
had increased renal histological damage. Though the mech-
anism is not clear, the effects of elevated perfusion pressure 
on renal damage and immune cell infiltration may be related 
to the transmission of elevated hydrostatic pressure to the 
glomerular capillaries with resultant tissue damage. Studies 
in hypertensive subjects82–84 and experimental animals83,85,86 
indicate that renal vascular autoregulatory mechanisms are 
impaired in SS hypertension. When renal perfusion pres-
sure is elevated, the transmission of elevated hydrostatic 
pressure to the renal vasculature may enhance the suscepti-
bility to renal damage82,83 and lead to activation of immune 
mechanisms which amplify the disease process.

The elevated perfusion pressure and accompanying tissue 
damage likely lead to the release of chemokines, a family of 
small, secreted proteins. There are approximately 50 known 
chemokines that bind to around 20 chemokine receptors87,88; 
the primary chemokine function is to direct leukocyte 
trafficking to sites of injury. Tissue expression of multiple 
chemokines is elevated in clinical and experimental hyper-
tension.89 The chemokines CCL2 and CCL5 as well as those 
of the CXC family have been implicated in hypertension. 
Interestingly, these cytokines have divergent effects on blood 
pressure and tissue injury. In experimental models of SS hy-
pertension, CCR2, a receptor for CCL2, has been implicated 
as an important factor in the infiltration of immune cells into 
the kidney and in the development of hypertension and end-
organ injury.90–92

Increased renal sympathetic nerve activation and elevated 
renal perfusion pressure may serve as primary stimuli leading 
to inflammation and immune activation, but classical cellular 
immune responses appear critical in this T-cell-dependent 
process. To activate T cells, the major histocompatibility 
complex on dendritic and other antigen presenting cells 
presents antigens to the T-cell receptor, and costimulation, 
involving CD28 on T cells and CD80 and CD86 (B7 ligands) 
on antigen presenting cells, is also required. In the kidney, 
dendritic cells are dispersed in the interstitial space93–95 to 
recognize foreign molecules. Patrolling monocytes, adherent 

to the glomerular microvasculature, may also participate 
in antigen presentation and subsequent inflammation in 
the kidney.96–98 Inhibition of the B7–CD28 interaction was 
shown to block T-cell activation, cytokine production, and 
migration and attenuated Ang II-dependent and DOCA-salt 
hypertension.99 In SS hypertension, deletion of the CD3 zeta 
chain of the T-cell receptor attenuated Dahl SS hypertension 
and related renal damage.61 The activation of the T-cell re-
ceptor and the B7/CD28 interaction is therefore a critical 
step mediating immune responses in hypertension.

The identity of the antigens or neoantigens that trigger 
immune responses in hypertension is unclear but remains 
a subject of intense study. Experimental data have suggested 
that HSP70 may serve as a common antigen triggering im-
mune reactions in the kidney of SS animals and humans.71,100 
Another potential antigenic signal may arise from antigenic 
peptides generated by the proteolytic modification of al-
bumin by proximal tubules.101 Since albumin is filtered in 
damaged glomeruli, increased delivery of albumin to prox-
imal tubule cells could serve as a trigger leading to an adap-
tive immune response localized in the kidney. A  potential 
neoantigen, which was demonstrated in Ang II and DOCA-
salt mouse models, is the formation of isoketal adducts via 
lipid peroxidation in dendritic cells.102 The isoketal adducts 
may serve as neoantigens to activate dendritic cells since 
scavenging of isoketals prevented the immunoreactivity 
associated with Ang II-induced hypertension and renal 
damage.102 Interestingly, adoptive transfer of activated den-
dritic cells from Ang II-treated animals induced T-cell acti-
vation, survival, proliferation and cytokine production, and 
promoted hypertension.102 These studies demonstrate that a 
number of different antigens and neoantigens may provide 
the stimulus mediating localized inflammatory responses in 
the kidney and other target organs in hypertension.

INFLUENCE OF DIET AND ENVIRONMENTAL FACTORS ON 
IMMUNITY IN SS HYPERTENSION

Recent interesting findings have indicated that high-salt 
intake or alterations in other dietary factors can also alter 
immune cell activation. It was demonstrated that elevated 
sodium concentration induced TH type 17 (TH17) cell po-
larization from naïve mouse or human T cells in a process 
dependent upon serum and glucocorticoid-inducible ki-
nase-1.103,104 Additional studies demonstrated that high-salt 
feeding alters the gut microbiome and modulates the in-
duction of TH17 cells in mice and humans.105 As described 
below, Interleukin  (IL)-17, released from TH17 cells, has 
prohypertensive effects. Increased skin sodium content, 
which has been demonstrated to occur in response to a high-
salt diet,106 has been reported to activate macrophages.107 
Evidence indicates that large amounts of sodium can be stored 
in the skin.106 Further studies suggest that macrophages in 
the skin, in response to osmotic stress associated with ele-
vated sodium, release vascular endothelial growth factor C 
by a TonEBP/NFAT5-dependent mechanism which lead to 
hyperplasia of the cutaneous lymph capillary network. The 
macrophages thus serve a homeostatic mechanism for skin 
storage, by mechanisms which remain to be elucidated.
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A more recent report from our group indicated that non-
sodium components of the diet can also influence immune 
function with consequent effects on the hypertensive pheno-
type. A  transcriptomic analysis of T cells isolated from the 
kidney demonstrated a shift in expression from genes related to 
inflammation in the Dahl SS rats fed a prohypertensive, animal-
based diet to genes related to metabolism in SS fed a protec-
tive, grain-based diet which was associated with a diminished 
degree of SS hypertension and renal damage (Figure  2a).108 
Further studies then investigated potential mechanisms 
leading to the transcriptomic effects of environment/diet on 
T-cell gene expression by examining the epigenetic profile of 
T cells isolated from the periphery and the kidney.109 In re-
sponse to a high-salt challenge, the methylome of T cells iso-
lated from the kidney of SS rats fed the prohypertensive diet 
exhibited a significant increase in differentially methylated re-
gions with a preference for hypermethylation compared with 
the T cells isolated from the kidneys of rats fed the protective, 
grain diet. Furthermore, by utilizing transcriptomic data from 
T cells isolated from the same animals upon which the DNA 
methylation analysis was performed, a predominant negative 

correlation was observed between gene expression and DNA 
methylation. Finally, the inhibition of DNA methyltransferases 
blunted salt-induced hypertension and renal damage in the SS 
rats fed the prohypertensive diet, providing a functional role 
for DNA methylation (Figure 2b). These studies demonstrated 
the influence of environment- and diet-induced epigenetic 
modifications to alter immune cell function and ultimately di-
sease severity.

To place these animal studies into a translational context, 
a longitudinal examination of healthy subjects indicated 
that a long-term reduction in sodium intake was associated 
with a decrease in total numbers of peripheral monocytes.110 
The level of IL-6 and IL-23 also decreased with reduced 
salt intake, whereas levels of IL-10 increased.110 Together, 
the results of these studies in animals and humans indicate 
that changes in sodium intake as well as alterations in non-
sodium components of the diet may have profound effects 
on the microbiome, DNA methylation, gene expression, the 
activation of immune cells, the production of cytokines and 
other factors, and the development of SS hypertension and 
related disease phenotypes.

Figure 2. Influence of non-sodium dietary factors on immune responses in salt-sensitive (SS) hypertension. (a) A transcriptomic analysis of T cells iso-
lated from the kidney demonstrated a shift in expression from genes related to inflammation in the Dahl SS rats fed a prohypertensive, animal-based 
diet to genes related to metabolism in Dahl SS fed a protective, grain-based diet which was associated with a diminished degree of SS hypertension and 
renal damage. In response to a high-salt challenge, the methylome of T cells isolated from the kidney of SS rats fed the prohypertensive diet exhibited 
a significant increase in differentially methylated regions with a preference for hypermethylation compared with the T cells isolated from the kidneys of 
rats fed the protective, grain diet. (b) The inhibition of DNA methyltransferases blunted salt-induced hypertension and renal damage in the SS rats fed the 
prohypertensive diet. *P < 0.05 vs. vehicle low salt (LS); #P < 0.05 vs. decitabine LS; ^P < 0.05 vs. vehicle. HS indicates high salt. Redrawn from Abais-Battad 
et al.108 and Dasinger et al.109 with permission.



8 American Journal of Hypertension 34(1) January 2021

Mattson et al.

DOWNSTREAM EFFECTS OF IMMUNE CELL ACTIVATION

Immune cells in the kidney contribute to elevated levels 
of arterial blood pressure and kidney damage by a va-
riety of mechanisms including the production of cytoki
nes,40,41,61,111–116 free radicals,15,36,39,54,102 and other substan
ces.15,35,43,57,117 Studies in animal models have demonstrated 
the importance of many of these factors including IL-1β,118–120 
IL-6,114,121–123 IL-17,40,41,99,112,124,125 interferon (IFN)-γ,40,41,126 
tumor necrosis factor (TNF),127,128 and free radicals15,39,54,102 
in the development of hypertension.

A number of cytokines have been demonstrated to in-
fluence tubular sodium transport. As an example, the cy-
tokine IL-17A which is produced by TH17 cells increased 
sodium transporter expression in human proximal and 
mouse distal tubular cells111 and mice lacking IL-17A 
demonstrate blunted Ang II-induced hypertension.113 
Mice lacking IFN-γ also exhibit blunted Ang II-dependent 
hypertension accompanied by a reduction in the 
phosphorylated forms of the Na–Cl cotransporter and the 
Na–K–2Cl cotransporter during Ang II administration, 

indicating a role of IFN-γ in stimulation of epithelial so-
dium transport.113 Moreover, kidney levels of IL-1 are 
increased in Ang II-induced hypertension129 and pharma-
cological blockade or genetic deletion of the IL-1 receptor 
(IL-1R1) mitigated increased epithelial sodium reabsorp-
tion by the Na–K–2Cl transporter and attenuated Ang 
II-induced elevation of blood pressure in mice.120

Other factors released by immune cells may contribute 
to altered vascular resistance. For example immune cells in 
the kidney can serve as a source of reactive oxygen species 
(ROS),15,36,39,54,102 which can have profound effects that result 
in an increase in vascular resistance and the development of 
hypertension.130,131 The importance of ROS production in 
the pathogenesis of Dahl SS hypertension and renal damage 
has been well recognized.132,133 To assess the role of ROS in 
immune cells, Dahl SS rats lacking the p67phox subunit of 
NADPH Oxidase 2 (NOX2),134 which demonstrate a blunted 
SS hypertension and renal damage (Figure 3a), underwent 
total body irradiation and received bone marrow transfer 
from either wild-type rats or rats lacking p67phox.135 This 

Figure 3. Importance of free radical production by immune cells in the development of salt-sensitive (SS) hypertension and renal end-organ damage. 
(a) The development of SS hypertension and albuminuria (as a surrogate for renal damage) is attenuated in Dahl SS rats with a whole body null mu-
tation in the p67phox subunit of NOX2 (SSp67phox−/−). (b) Total body irradiation of SSp67phox−/− followed by bone marrow transfer from SS or SSp67phox−/− 
demonstrated that intact p67phox (and thus active NOX2) in cells of hematopoietic origin is sufficient to restore the full SS disease phenotype to SS rats 
lacking p67phox in parenchymal cells. *P < 0.05, **P < 0.005, ***P < 0.001 vs. SS. Redrawn from Abais-Battad et al.135 with permission.
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experiment was therefore able to specifically address the 
role of ROS released from NOX2 in cells of hematopoi-
etic origin in SS hypertension. Interestingly, after a 3-week 
high-salt challenge, there was an exacerbated increase 
in mean arterial pressure in rats which received the bone 
marrow transfer from rats with intact p67phox while the 
rats receiving bone marrow from rats lacking p67phox had 
a blunted SS hypertension and renal damage response to 
high-salt intake (Figure 3b). These data altogether demon-
strate that immune cell production of NOX2-derived ROS is 
sufficient to exacerbate SS hypertension, renal damage, and 
renal inflammation.

PERSPECTIVES AND CONCLUSIONS

A hypothesized scheme whereby immune mechanisms 
participate in SS hypertension is illustrated in Figure  4. 
Observations made in Dahl SS rats genetically edited to 
be deficient in T cells61 or both T cells and B cells62 dem-
onstrate an initial phase of SS hypertension and kidney 
damage that is largely immune-independent. We speculate 
that this initial phase, which occurs in response to elevated 
salt intake, is mediated by numerous mechanisms including 
aberrant regulation of hormonal, neural, paracrine, or 

autocrine mechanisms.13,18 These changes lead to increased 
vascular resistance in the kidney or systemic circulation 
and/or enhanced renal tubular sodium reabsorption.13,18 
This increase in blood pressure results in elevated renal 
perfusion pressure that is transmitted to the kidney, an ef-
fect that is pronounced when renal vascular autoregulatory 
mechanisms are impaired as observed in SS hyperten-
sion.82–86 As described above, other initiating mechanisms 
include increased sympathetic nerve activity,75–79 antigens 
and neoantigens,71,100–102 and environmental modifiers of 
immune cell activation.103–105,107–109

We further hypothesize, based upon data obtained in Dahl 
SS rats,80,81 that the transmission of elevated blood pressure 
to the renal vasculature results in kidney damage sufficient 
to trigger an inappropriate immune response. The details 
of these mechanisms, including the site within the kidney, 
the signal transduction mechanisms, and the molecular ma-
chinery that is engaged are unclear, but it is likely that this 
insult triggers an innate and adaptive immune response. 
This immune response results in the migration of innate and 
adaptive immune cells in the regions surrounding damaged 
renal tubules and blood vessels. The newly infiltrating cells 
then release cytokines, free radicals, and/or other molecules 
that amplify the development of hypertension by increasing 

Figure 4. Hypothesized role of immune mechanisms in the development of salt-sensitive hypertension. Elevations in sympathetic nerve stimulation, 
elevated renal perfusion pressure, increased antigens or neoantigens, and environmental factors have all been demonstrated to activate immune cells 
in hypertension. The immune cells infiltrate target organs, including the kidney, and release free radicals, cytokines, and other molecules that mediate 
tissue damage and alter physiological function. As a result, the effector actions lead to the further development of hypertension and tissue damage.
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sodium reabsorption and constricting the vasculature while 
also mediating further tissue damage.

Though much work has advanced this field, many 
questions remain to be addressed. Broadly speaking, the 
mechanisms transducing activation of innate and adaptive 
immune mechanisms in hypertension and end-organ damage 
are unclear. The role of multiple immune cell types and their 
effector molecules to alter blood pressure and end-organ 
damage has been described, but the influence of specific im-
mune cell types on different tissue compartments remains to 
be determined. Similarly, progress has been made to identify 
antigens triggering adaptive immune responses, but work re-
mains to identify those antigens in experimental animals and 
in humans. Recent work has demonstrated that the influence 
of environmental factors (i.e., dietary intake, alterations in the 
microbiome, etc.) on immune activation are quite profound 
but remain little understood. Though these challenges re-
main, this field provides great potential for the development 
of improved therapy for this life-threatening disease.

To summarize, substantial evidence from humans and 
animals has demonstrated the importance of immune 
mechanisms in hypertension. Evidence presented in this re-
view provides support for the view that immunity and in-
flammation serve to amplify a primary elevation of blood 
pressure and lead to malignant disease accompanied by 
end-organ damage. Subjects with hypertension, particu-
larly those with SS hypertension, also show an associated in-
crease in renal end-organ damage. Moreover, renal damage 
in the setting of hypertension, in both humans and exper-
imental animals, is accompanied by an increased number 
of macrophages and T cells in the kidney. The increased 
number of immune cells is primarily adjacent to sites of 
tissue damage and the degree of infiltration correlates with 
the severity of tissue damage. Moreover, the effects of phar-
macological treatment in patients with hypertension and cor-
relative genetic data support a role for immune mechanisms 
as a causative factor in human hypertensive disease.
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