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Abstract
1. This article reviews the role of immune competent cells infiltrating the kidney and their

association with oxidative stress and renal angiotensin activity in the development of salt-
sensitive hypertension.

2. We discuss the alteration of the pressure-natriuresis relationship resulting from renal
inflammation and its improvement resulting from immunosuppressive treatment.

3. The potential role of T cell-driven reactivity in sustaining the renal inflammation is
examined in the light of accumulating evidence of autoimmune mechanisms in
experimental and clinical hypertension.
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Introduction
Salt sensitivity is a condition defined by significant variations in blood pressure in direct
relation to the sodium content of the diet and is present in 80% of hypertensive individuals
older than 60 years (1). A low sodium diet is a well-established measure in the treatment of
hypertension and the lack of compliance of this prescription is a recognized cause of
worsening or lack of effectiveness of the prescribed drug treatment for hypertension. The
mechanisms involved in the pathogenesis of salt-sensitive hypertension have been
previously reviewed (2). This article will focus on the impairment of the renal sodium
excretion resulting from the tubulointerstitial inflammation that is a common characteristic
of salt-driven hypertensive states and on the role played by lymphocytes and macrophages in
the pathogenesis of hypertension.
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Renal tubulointerstitial inflammation and impairment of pressure
natriuresis

Impairment of pressure natriuresis is central to the pathophysiology of sodium balance that
results from microvascular damage in the kidney (3,4). As postulated by Guyton and co-
workers (5,6), in salt-sensitive hypertension the slope of the pressure-natriuresis relationship
is less steep and shifted to the right; as a consequence, a higher than normal blood pressure
is required to achieve any increment in urinary sodium excretion. Higher blood pressure is
therefore an adaptive response to maintain sodium balance.

Renal inflammation, and its constant companions, oxidative stress and activation of the renal
renin-angiotensin system play a critical role in the impairment of the pressure-natriuresis
relationship (7,8,9,10). Acting in concert, these pathogenic conditions cause microavascular
disease of the afferent arterioles and a reduction of the peritubular capillary network with a
decrease in the diffusion capacity imposed by the accumulation of cells, edema and
eventally fibrosis in tubulointerstitial areas of the kidney. Rarefaction and loss of peritubular
capillaries has been demonstrated in experimental (11,12), and human (13) hypertension. In
addition, the inflammation is associated with local angiotensin II (AII) generation which not
only favours glomerular vasoconstriction and upregulates the tubuloglomerular feedback but
induces intense proximal tubular sodium reabsorption (14). Inflammation and local AII
activity, in association with the reduced number of peritubular capillaries, are responsible
for the development of oxidative stress that tends to increase as damage progresses and by
itself generates a powerful drive for sodium retention (15,16). In addition, inflammation
compromises the function of dopamine D1 receptors that are involved in sodium excretion
and have been implicated in the human and rodent models of salt-sensitive hypertension
(17).

Impairment of the pressure-natriuresis relationship is a recognized feature of human
hypertension (18), but this feature has not been specifically examined in experimental
models of salt-driven hypertension characterized by significant tubulointerstitial
inflammation. To evaluate the pressure natriuresis relationship in rats with acquired salt-
sensitive hypertension, we utilized the model of salt sensitive hypertension induced by
transient inhibition of nitric oxide (NO) synthesis (19). To create this model, rats were
administered orally Nω-nitro-L-arginine methyl ester (L-NAME), which is a nonspecific
inhibitor of NO synthase, for 3 weeks. During this period the hypertension is mediated by L-
NAME. Rats are then allowed to recover on a normal salt diet (0.4%) for one week before
being placed on a high sodium (4%) diet. Rats rapidly develop salt sensitive hypertension on
this regimen and this correlates with the presence of tubulointerstitial inflammation. Control
rats receiving vehicle instead of L-NAME do not develop tubulointerstitial inflammation or
salt sensitive hypertension. Furthermore, if the rats are given the immunosuppressive drug,
mycophenolate mofetil (MMF), during the L-NAME infusion, the MMF does not alter the
ability of L-NAME to raise blood pressure acutely but prevents the development of
tubulointerstitial inflammation and the development of post LNAME salt sensitive
hypertension (20).

We (Franco M, Tapia E, unpublished observations) therefore evaluated the pressure-
natriuresis relationship in 3 groups of rats (5–8 rats per group): 1) Normotensive control rats,
2) Hypertensive L-NAME-treated rats and 3) Normotensive L-NAME-treated rats rendered
salt-resistant by the administration of MMF (20 mg/kg daily by gavage). Prior to the
experiments the rats from these groups had essentially similar and normal blood pressure.
Pressure natriuresis was evaluated by standard methods (20,21) Briefly, male Sprague
Dawley rats weighing 400–450g (were anesthetized (pentobarbital sodium 50mg/kg,
intraperitoneally) and underwent tracheotomy (for airway) and jugular vein (for fluid and
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anaesthesia administration), and transfemoral aortic catheterization (for blood pressure
control) The left kidney was exposed, a ureteral catheter was inserted for urine collections
and an aortic clamp was placed above the left renal artery to regulate renal arterial pressure.
Isotonic saline infusion containing inulin (1g/dl at an infusion rate of 30µl/min) was given
and after stabilization for a period of 1 hour, the renal arterial pressure (as determined by the
infra renal aortic catheter) was modified with the aortic clamp. 30-minute urinary samples
were obtained at blood pressures of 150, 130, 110 and 90 mmHg in the hypertensive rats and
at 130, 110, and 90 mmHg in the normotensive control and MMF-treated rats. Equilibration
of 10–15 minutes was allowed for every blood pressure level. Blood samples were obtained
at midpoint in each urinary collection and transfusions of equivalent volumes were given
after each blood sampling. Inulin and sodium concentrations were measured in each of the
samples.

Figure 1 shows the relationship between renal arterial pressure and urinary sodium
excretion, fractional excretion of sodium and GFR. There were no significant differences in
the GFR among the study groups (Figure 1A) in the range of renal arterial pressures under
study. In contrast, severe impairment in the urinary sodium excretion and fractional sodium
excretion was found in the rats with salt sensitive hypertension (Figure 1B and 1C) and was
associated with severe tubulointerstitial inflammation while the glomeruli are essentially
normal (Figure 1, Histology, left side). This defect that was partially corrected by MMF
administration (Figures 1B, 1C) which also significantly reduced the tubulointerstitial
inflammation (Figure 1, Histology MMF, right side).

T cells play a role in SSHTN
As discussed in recent editorials (22,23) accumulating evidence indicates that T cells have a
role in the development of hypertension. Renal tubulointerstitial infiltration of
immunocompetent cells is practically a universal finding in experimental models of
hypertension and has been also found in essential hypertension in humans. In experimental
animals (reviewed in 4,7) a number of strategies designed to suppress immune reactivity
have resulted in prevention or correction of hypertension. These strategies include
lymphocyte depletion by neonatal thymectomy in the Lyon hypertensive rats (24),
hypertensive NZB mice (25), DOCA-salt hypertension (26) and the chronic phase of renal
infarction (27). Similar antihypertensive effects have been reported in the SHR by
lymphocyte depletion using anti-lymphocyte serum (28) and, recently, the elegant studies of
Guzik et al have shown that the Rag −/− mice that lacks lymphocytes do not develop
angiotensin II-induced hypertension, a capacity that is restored by adoptive transfer of T
lymphocytes (29). Antihypertensive effects have also been found with cytokine depletion
(interleukin 6-knockout mice) (30). A critical role of inflammation in the pathogenesis of
hypertension has also been suggested by studies that show that inhibition of the
proinflammatory transcription nuclear factor κ B (NFκB) corrects the hypertension in the
spontaneously hypertensive rat (SHR) (31) and reduces the blood pressure levels in the
double transgenic dTGF rats alongside with amelioration of AII-induced tissue damage (32).
The immunosuppressive drug MMF has been especially effective at lowering blood pressure
as shown in the SHR (33), in Dahl salt sensitive rats (34,35), in rats with salt-sensitive
hypertension induced by transient AII infusion (36) and in rats in which nitric oxide
synthesis is transiently inhibited (18). MMF also prevents hypertension associated with
chronic lead toxicity (37), overload proteinuria (38), cellophane wrapped kidneys (39) and
prenatally programmed hypertension (40). Antihypertensive effects have also been
demonstrated with the administration of other immunosuppressive drugs such as cyclosporin
A (41) and cyclophosphamide (42). Similar beneficial effects have been found with the
suppression of renal inflammation resulting from a reduction in oxidative stress induced by
antioxidant diets (43,44) and melatonin administration (45). Recently, Crosswhite and Sun
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(46) demonstrated that in vivo knockdown of IL-6 by RNA interference decreases renal
inflammatory infiltration and attenuates cold-induced elevation of blood pressure.

Shao et al (47) reported that spleen T cells from angiotensin II-infused rats show increased
production of interferon-γ gamma, a prototype Th1 cytokine, and a reduction in IL-4
production. Similar results were found in mRNA of these cytokines in spleen and kidney.

Conclusive evidence of the role played by T cells in the pathogenesis of angiotensin II-
induced hypertension was obtained by Guzik et al (29) who showed that Rag−/− mice that
lack lymphocytes do not show the expected increase in blood pressure in response to
angiotensin II infusion. Furthermore, responsiveness was restored by the adoptive transfer of
T cells. Subsequently, Gratze et al (48) showed similar blood pressure unresponsiveness to
angiotensin II infusion in the Id2−/− mice, which are deficient in splenic CD8a dendritic
cells and have altered CD8 T-cell memory. Interestingly, they performed bone marrow and
kidney transplant experiments between Id2−/− and Id2+/− mice that suggest that alterations
in circulating immune cells or Id2 in the kidney are not responsible for Ang II resistance

Studies of regulatory T cells (T regs) have also offered evidence of the role of immune
overactivity in the pathogenesis of hypertension. Viel et al (49) studied a consomic strain of
rats (SSBN2) that has the genome of hypertensive Dahl salt-sensitive rats and chromosome
2 from normotensive Brown Norway rats to evaluate the genetic influences in inflammatory
responses. They found that protein expression of FoxP3b, IL10 and TGF-β were increased in
SSBN2 rats and T regs of SSBN2 rats stimulated in vitro produce IL10. These studies
demonstrated not only that transfer of chromosome 2 from a normotensive rat improves salt-
sensitive hypertension but that these effects were associated with increased production of
immunosuppressive mediators. Interestingly, adoptive transfer of T regs improves heart
remodelling independently of BP effects (50).

In humans, inflammatory markers linked to the atherosclerotic process are associated with
hypertension and prehypertension, independently of other coexisting risk factors (51).
Immunosuppressive treatment in humans with uncomplicated essential hypertension are not
ethically permissible, and consequently the data in humans has been obtained in
hypertensive patients in whom MMF was prescribed for a different pathology and in autopsy
studies of patients with essential hypertension. Herrera et al. (52) studied 8 patients with
mild hypertension and normal renal function in whom MMF was prescribed by their
attending physician for psoriasis or rheumatoid arthritis. Blood pressure improved during the
3 months in which MMF was given and worsened after MMF was stopped. Interestingly,
urinary TNF-α cytokine levels also improved during MMF treatment. Hughson et al (53)
examined kidney autopsy material from hypertensive and normotensive African Americans
and white patients and in their report the renal macrophage infiltration was more severe in
hypertensive patients and the intensity of macrophage accumulation correlated with the
severity of hypertension. Interestingly, more than half a century ago, in renal biopsies taken
in association with sympathectomies used at that time as a treatment of hypertension,
Sommers et al (54) documented collections of lymphocytes in kidney biopsies of
hypertensive patients with minimal or no arteriolar changes.

Mechanisms of T cell-induced salt sensitive hypertension
The recognition that T cells play a role in the pathogenesis of salt sensitive hypertension has
fuelled research efforts to define the mechanisms involved in this relationship. In 2001, we
showed by immunohistological double staining studies that a significant number of
infiltrating lymphocytes in renal sections of experimental models of salt sensitive
hypertension stained positive for angiotensin II (18,36). Since at that time it was considered
that lymphocytes did not have the capacity to produce angiotensin II, these results were
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surprising. Subsequent studies by Jurewicz et al (55) demonstrated that lymphocytes had a
functional renin-angiotensin system and, more recently, Hotch et al (56) showed that T cells
express angiotensinogen, angiotensin converting enzyme and renin and produce
physiological levels of AII. Furthermore, they showed that endogenously produced AII
modulated T cell function, NADPH oxidase activity and the production of superoxide that
regulates production of TNFα. These studies underline the relationship between immune
inflammatory reactivity and AII. In experimental models of salt sensitive hypertension in
which there is a significant tubulointerstitial accumulation of T cells. The T cells could
represent a significant source of local AII activity which would constitute a locally
originated humoral stimuli inducing sodium reabsorption. Such may be the case in
experimental models salt sensitive hypertension in which the severity of hypertension is
correlated with both a reduction of plasma AII levels (likely reflecting plasma volume
expansion) and an increment in intrarenal angiotensin II and immune cell infiltration (57).

In recent studies, De Miguel et al (58) have shown that T cells mediate salt-induced
hypertension and kidney damage. In their studies, a high salt diet induced infiltration of T
lymphocytes in the kidneys of Dahl salt-sensitive rats and the administration of MMF
attenuated the immune cell infiltration and reduced by about 50% the renal tissue AII.

In addition to the renal effects of infiltrating T cells, Guzik et al (29) have shown that in AII-
induced hypertension lymphocytes accumulate in periaortic tissues and, as will be discussed
later, local cytokine production may have a role in altering vascular responsiveness. T cell
infiltration may also trigger pro-hypertensive mechanisms in the central nervous system.
Lob et al (59) have shown that deletion of superoxide dismutase in the circumventricular
organs increase T cell infiltration induced by AII and promotes vascular inflammation by
modulating the sympathetic outflow.

Role of Macrophages in SSHTN
The association of renal tubulointerstitial inflammation in salt-driven hypertensive
conditions and the improvement of hypertension obtained with immunosuppressive
strategies, intuitively suggest that macrophages play a role in the development of salt-
sensitive hypertension. However, the elegant studies by Titze and his co-workers (reviewed
in 60) have indicated that macrophages in the skin activate an adaptive defence mechanism
that minimizes the hypertensive effects of sodium retention. Hypertonic accumulation of
sodium proteoglycans in the skin interstitium activates the tonicity-responsive enhancer
binding protein (TonEBP) in the skin infiltrating macrophages. TonEBP binds to the
promoter of the gene on the vascular endothelial growth factor-C (VEGF-C) which results in
VEGF-C secretion by the macrophages and lymphangiogenesis. The increase in lymph
capillaries attenuates the blood pressure increase induced by a high salt diet (61). More
recent studies by Machnik et al (62) indicate that depletion of the mononuclear phagocyte
system induces salt-sensitive hypertension. Their studies demonstrate the significance of the
macrophage-induced interstitial lymphangiogenesis to dampen the effects of a high salt diet
on blood pressure. While these studies offer compelling evidence in favour of a role played
by macrophages in the skin for the adaptation to salt-induced increments in blood pressure,
it is not defined if the macrophage infiltration within the kidney is also protective.
Hypertonicity is a physiologic feature in the renal medulla and the activation of TonEBP in
the renal macrophages has not been examined. Renal inflammation is associated with
malfunction of the pressure-natriuresis and, consequently, the achievement of sodium
balance mandates an increase in blood pressure (5,6). Since, as discussed earlier, the
reduction of this inflammation improves or prevents salt-sensitive hypertension, it is
possible that anti-hypertensive actions of the osmolarity-stimulated macrophages are exerted
outside the kidney.
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Autoimmunity in SSHTN
The association of immune reactivity and immune impairment with hypertension was
reported as early as the 1970s (25–27). The antihypertensive effects of lymphocyte depletion
was reported in the athymic “nude” mice (26), with neonatal thymectomy (24,25,27), with
anti-thymocyte serum (26) and with cyclophosphamide therapy (25,42,63) in various
experimental models of hypertension In contrast with these reports, thymic grafts and
extracts were found to ameliorate hypertension in the SHR by preventing periarteritis (64)
and interleukin-2 was reported to ameliorate hypertension (65) which led to the suggestion
that that activation of the immune system could be an adaptive response directed to
minimize life-threatening increments in blood pressure (28). Investigations on the immune
system in hypertensive conditions were essentially stopped subsequently (66).

The finding of autoimmune reactivity was first reported by Kristensen et al (67) who found
that hypertensive patients have increased serum autoantibodies and delayed-type
hypersensitivity reactions against vascular antigens. In 2004, we suggested that autoimmune
reactivity to Heat Shock Proteins (HSP) expressed in the kidney could be a mechanism that
would sustain a low grade tubulointerstitial inflammation and thereby, play a significant role
in the pathogenesis of salt-sensitive hypertension (68). HSP are molecular chaperones that
have the potential to trigger autoimmune reactivity (69,70) and Ishizaka et al (71), as well as
our group (72) have shown overexpression of HSP70 in the kidneys of several models of
salt-sensitive hypertension (Figure 2). SHR have renal over expression of HSP 70 and
plasma anti-HSP70 antibodies (4) and experimental induction of salt-sensitive hypertension
is associated with a proliferative response of splenocytes to HSP70 (73). Interestingly,
increased serum antibody levels to HSP70 and HSP65 have also been reported in patients
with hypertension (74)

Recently, the participation of autoimmune reactivity has been suggested by studies showing
a relationship between AII and IL-17. IL-17 is a key player in autoimmune responses (75)
and Madhur et al. (76) showed that AII infusion increased IL-17 production from T cells and
IL-17 protein in the aortic media. They reported that the initial hypertensive response to AII
infusion was similar in IL-17−/− and C57BL/6J mice. However, hypertension was not
sustained in IL-17 knockout mice, reaching levels 30-mm Hg lower than in wild-type mice
by 4 weeks of AII infusion. Furthermore, IL-17, in conjunction with TNF-α, modulated the
expression of 30 genes, including a number of inflammatory cytokines/chemokines.
Interestingly, IL-17 levels in diabetic humans were found to be significantly increased in
those with hypertension compared with the levels in normotensive subjects (76)

Figure 3 shows a pathogenic scheme of salt-sensitive hypertension that is emerging from the
studies cited in this review. Tubulointerstitial inflammation, loss of peritubular capillaries,
oxidative stress and augmented renal angiotensin II activity support one another and
constitute key elements in the development of impaired pressure natriuresis, reduced
dopamine D1 receptor function, tendency to increased proximal sodium reabsorption end,
eventually, loss of nephron units. Activation of adaptive immune mechanisms by neoantigen
expression sustains and aggravates the tendency to sodium retention that characterizes salt-
driven hypertension. Investigations directed to define the role of autologous antigens driving
the T cell reactivity may uncover potential new therapeutic targets in the treatment of
hypertension

List of abbreviations

L-NAME Nω-nitro-L-arginine methyl ester
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NO Nitric oxide

AII Angiotensin II

MMF Mycophenolate Mofetil

GFR Glomerular filtration rate

DOCA Deoxycorticosterone

IL Interleukin

FoxP3 forkhead box P3

TGFβ Transforming Growth Factor β

TNFα Tumor necrosis factor α

NADPH Nicotinamide adenine dinucleotide phosphate

TonEBP Tonicity-responsive enhancer binding protein

VEGF-C vascular endothelial growth factor-C

HSP Heat Shock Protein
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Figure 1.
Glomerular filtration rate (A), urinary sodium excretion (B) and fractional sodium excretion
(C) in relation to renal artery pressure controlled by an aortic clamp at 90, 110, 130 mmHg
in control rats (open crcles), in rats with salt-sensitive hypertension induced with transient
inhibition of nitric oxide synthase with L-NAME) (SSHTN, closed squares) and in rats
treated with L-NAME in whom suppression of inflammation was induced with the
administration of mycophenolate mofetil (MMF, open squares). Impaired pressure
natriuresis is evident in rats with inflammation-induced SSHTN that is partially corrected
with MMF treatment. Methodology described in the text. Representative light microscopy
(PAS staining × Original magnification ×200) of a biopsy of a rat in the SSHTN group (left
side) showing tubulointerstitial inflammation and well-preserved glomerular structure.
Tubulointerstitial inflammation is suppressed by MMF treatment (right side) *p<0.05 (two-
tailed) vs. the rest (multigroup ANOVA, Tukey post-tests)
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Figure 2.
HSP70 overexpression is present in proximal tubular cells of rats with salt-sensitive
hypertension induced by transient exposure to L-NAME (A) and absent in rats in which
suppression of inflammation has been achieved with mofetil mycophenolate (B).
(Immunoperoxidase staining, original magnification ×400)
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Figure 3.
Schematic representation of the pathogenesis of salt-sensitive hypertension. Mechanisms
described in the text.
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