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Abstract

Chronic kidney disease (CKD) is a growing global health burden for which there are no curative
treatments; therefore, it is essential to implement preventive and kidney-protective strategies. The
renal kallikrein-kinin system (KKS) is a vasodilator, anti-inflammatory, and antifibrotic pathway
located in the distal nephron, whose decline contributes to hypertension and CKD progression. A
thorough evaluation of both experimental and clinical data was undertaken to ascertain the
interactions between dietary potassium, renal KKS activity, and kidney protection. A particular focus
was placed on animal models of proteinuria, tubulointerstitial damage, and salt-sensitive
hypertension, in conjunction with human studies on potassium intake and renal outcomes.
Experimental models show that potassium-rich diets stimulate renal kallikrein synthesis, increase
urinary kallikrein activity, and up-regulate kinin B, receptor expression, leading to reduced blood
pressure, oxidative stress, apoptosis, inflammation, and fibrosis. These effects are lost with B,
receptor blockade. In humans, higher potassium intake enhances kallikrein excretion and lowers
cardiovascular and renal risk, independently of aldosterone, and low potassium intake has the
potential to exacerbate CKD progression. Notwithstanding the concerns that have been raised
regarding the potential necessity of increasing potassium intake in cases of advanced CKD, extant
evidence would appear to indicate that potassium excretion persists until late disease
stages.Activation and preservation of the renal KKS through a potassium-rich diet represents a
rational, low-cost renoprotective strategy. Combined with sodium reduction and nutritional
education, this approach could mitigate CKD progression and improve cardiovascular health on a
population scale.
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Introduction

Chronic kidney disease has been identified as a significant public health concern on a global
scale. The prevalence of end-stage renal disease has increased by 40% between 2003 and 2016 [1], and
this trend will continue to rise, driven by obesity, hypertension, and diabetes pandemic, coupled with
increased life expectancy and lower mortality. This will ensure the ongoing increase in the number
of patients requiring renal replacement therapies [2]. In light of the present circumstances, wherein a
cure remains elusive for numerous acquired kidney diseases and accessible gene therapy for genetic
forms of nephropathy is not yet available, it is imperative to prioritize prevention and kidney
protection. Considering these aspects, it is imperative to formulate optimal strategies that
comprehensively support our patients throughout their arduous journey to dialysis and that are
aimed at preserving their kidney function to the greatest extent possible [3].
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Proteinuric glomerulopathies are a primary cause of chronic kidney damage. They primarily
affect the glomerulus by altering the selectivity of the glomerular filtration barrier and resulting in
proteinuria, which is associated with progressive deterioration of kidney function. A substantial
body of research has evidenced the nephrotoxicity of proteinuria and its underlying mechanisms,
encompassing the activation of transcription factors in renal tubular cells, the production of
proinflammatory cytokines, the recruitment of leukocytes, the development of tubulointerstitial
inflammation, and the production of profibrogenic factors [4]. The result is the established correlation
between proteinuria, tubulointerstitial damage, and fibrosis, a finding with full applicability to
human kidney disease [5-7].

The process of interstitial fibrosis is preceded by several distinct biological events, including
leukocyte infiltration, the release of inflammatory mediators, the differentiation of resident cells, the
proliferation of interstitial fibroblasts, tubular dilation, local activation of the renin-angiotensin
system (RAS), and the release of vasoconstrictive substances. These events collectively result in
increased protein deposition in the extracellular matrix [8,9]. In addition to the damage to the
tubulointerstitium and the activation of vasopressor mechanisms, there would be a reduction in the
activity of vasodilator systems. It is now widely accepted that the extent of tubulointerstitial damage
plays a pivotal role in the progression of chronic kidney disease. Its damage has been identified as a
reliable marker of a worse prognosis, particularly with regard to accelerated functional decline [10].
Consequently, it appears rational to concentrate available efforts on achieving effective protection of
the tubulointerstitium.

The Renal Kallikrein-Kinin System

The renal kallikrein-kinin system (KKS) is an important vasodilator system located precisely in
the renal tubulointerstitial compartment [11]. It is a multienzymatic complex in which their major
components are an enzyme (renal kallikrein, KLK1), its substrates (renal high- and low-molecular-
weight kininogens), effector bioactive peptides (kinins: lys-bradykinin and bradykinin), the kinin
metabolizing enzymes (angiotensin-converting enzyme and neutral endopeptidase, among others),
the kinin receptors (Bl and B2) and several activators/inhibitors of the system [12]. Kallikrein
production occurs in connecting tubule cells in the renal cortex [13], whereas its substrates, the
kininogens, are synthesized downstream in collecting tubule cells [14]. The anatomic vicinity of cells
responsible for the synthesis of both components makes possible kinin formation and action at the
luminal side of the distal nephron cells as well as in the peritubular space [15] affecting renal blood
flow and electrolyte and water excretion. Another important anatomical feature is the close proximity
that exist in the human and rat kidney between connecting tubule cells and the glomerular vascular
pole and specifically with the afferent arteriole, the site of renin synthesis and storage (Figure 1); this
anatomical proximity points to a key physiological relationship between vasopressor and
vasodepressor systems in regulating renal blood flow. The kinin B2R, which has been revealed to be
constitutively expressed not just in the kidney but also in a variety of different cell types [11], is the
primary mechanism by which kinin peptides produced within the kidney operate in a paracrine
manner [16]. One of the key targets of kinin action is the collecting duct cell that expresses kinin B2R
on both basolateral and luminal cell membranes. Selective antagonists are available for this ligand,
with the most widely used in experimental settings being Icatibant (JE049), formerly known as
HOE140 [17].
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Figure 1. Schematic representation of the human nephron (right) and the major characteristics of connecting
tubule and cortical collecting duct (left). A human nephron is represented and its different segments are
identified: G, glomerulus; EA, efferent arteriole; PT, proximal tubule; DCT, distal convoluted tubule; LH, loop
of Henle; CNT, connecting tubule; CCD, cortical collecting duct. An anatomical relationship is established
between the afferent arteriole (AA), the site of renin synthesis, the macula dense (MD), and the connecting
tubule. In the distal nephron, cells of both CNT (CNTc) and CCD (CDc/PC) intermingle over a certain distance,
whereas intercalated cells are present in both segments. CNTc produce and secrete renal kallikrein (KLK1) into
the tubular lumen and the tubulointerstitium and CDc/PC produce the kininogens (KNGs) making feasible kinin
production in both the urinary fluid and the interstitium. It is still unknown whether kininogens are secreted by
CDc/PC or are filtered from interstitial capillaries into the interstitium. Once formed, kinins may stimulate the
release of prostaglandin E2 (PGE2) from CDc¢/PC that in turn inhibits sodium and water absorption producing

diuresis and natriuresis.

A substantial body of research involving animal models has demonstrated the critical role of the
renal KKS in regulating blood pressure. A decline in kallikrein activity has been repeatedly observed
in various hypertension models [18,19]. These findings align with the observations made in human
subjects, where a decrease in urinary kallikrein levels has been documented in individuals diagnosed
with essential hypertension [20], salt-dependent hypertensive individuals who show reduced urinary
kallikrein levels compared to salt-resistant individuals [21], and evidence of the hypotensive effect of
pharmacological administration of KKS components to hypertensive subjects. Without ignoring the
influence of hypertension on the progressive course of chronic kidney disease, the significance of
proper KKS function extends beyond its role in regulating blood pressure. It is imperative to
acknowledge the diverse array of biological functions exhibited by kinins, which encompasses the
inflammatory process [22]. These peptides have been observed to possess an anti-inflammatory effect
that appears to be contingent upon the B2R, thereby reducing cell migration [23].

Our group has been conducting research into the role of renal KKS in the pathogenesis of
hypertension associated with kidney damage. To this end, experimental models of non-immune
tubulointerstitial damage that lead to salt sensitivity, such as 5/6 nephrectomy, inhibition of nitric
oxide (NO) synthesis with L-NAME, and the model of proteinuria due to intraperitoneal albumin
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overload, have been used [24]. In the various models examined, particularly in the albumin overload
model [25], we have successfully demonstrated a significant downregulation of KKS [24-27]. This
deficiency, which manifests during the induction of damage and persists for an extended period, has
been substantiated through both histological examinations (employing immunohistochemical
techniques specific for renal kallikrein) and urinary kallikrein enzyme activity measurements. The
alteration is most likely associated with the tubulointerstitial damage induced by proteinuria, which
involves the structures where the key enzyme is produced, resulting in a reduction of the
immunoreactive kallikrein detected by immunohistochemistry. So far, there are no studies
addressing the levels of renal kininogens in any of these experimental models.

Therefore, it is crucial to comprehend the relationship between proper function, or the necessary
preservation of the KKS, in order to achieve a possible renoprotective effect. Reduced kallikrein levels
in patients with mild or advanced renal failure are of particular relevance [28,29], as are human data
associating a higher incidence of chronic renal failure to the presence of polymorphisms in the
kallikrein [30] and kinin B2R genes [31].

Relations Between KKS and Renin-Angiotensin Aldosterone System

In recent years, there have been notable research efforts aimed at understanding the role of RAS
in hypertension and also in the progressive nature of chronic kidney disease [32]; however, equal
attention has not been paid to counter-regulatory systems, particularly the KKS. This is surprising,
given that both systems are located in the kidney, share some components, are anatomically close to
each other, and even act on similar effectors [33].

An important consideration regarding the potential renoprotective role of kinins arises from the
postulate that these peptides may play a role in the effect of angiotensin-converting enzyme (ACE)
inhibitor drugs. ACE inhibitors, which reduce angiotensin levels while increasing kinin levels by
reducing their catabolism, are capable of reducing proteinuria, the severity of glomerulosclerosis, the
intensity of tubulointerstitial damage, and fibrosis in several experimental models [34]. These drugs,
used in diabetic nephropathy and cardiovascular diseases [35,36], can lose much of their effect if kinin
receptors are blocked with specific antagonists [37]. This approach is particularly pertinent given the
widespread use of ACE inhibitors in contemporary medicine, which has demonstrated efficacy in
reducing proteinuria and the risk of developing end-stage renal disease in human diseases [38]. ACE
inhibitors protect against the development of glomerulosclerosis through mechanisms unrelated to
their antihypertensive action by reducing fibronectin production, an effect that can be attenuated by
the use of HOE 140, a kinin B2R antagonist [39]. A potential antifibrotic role for KKS has been
proposed through the use of kallikrein siRNA, demonstrating increases in the production of tissue
plasminogen activator, fibronectin, and transforming growth factor-beta (TGF-b) [40].

It is worth mentioning that ACE is also known as kininase II, an enzyme capable of inactivating
kinins in the circulation [41]. Notwithstanding the previous description that genetic changes
associated with ACE hyperactivity, and therefore lower availability of kinins due to increased
catabolism, may accentuate organ damage in diabetes mellitus or situations of cardiac or renal
ischemia [42,43]; the genetic inactivation of KLK1 kallikrein and kinin receptors has shown similar
effects [42-46].

ACE inhibitors were initially designed to treat high blood pressure by blocking angiotensin II
formation. They were later found to be beneficial in conditions involving excessive vasoconstriction,
such as heart failure and diabetic nephropathy. ACE inhibitors are now recognized as having a
general cardiovascular protective role in high-risk individuals [47]. Studies performed on both
experimental models and humans have documented an increase in circulating kinin levels during the
use of ACE inhibitors. Additionally, a loss of the tissue-protective effect has been observed in animals
deficient in kallikrein, kinins, or kinin receptors, as well as in those treated concomitantly with a kinin
B2R antagonist [48,49]. These experiments strongly suggest that kinins may be involved in the
multiple beneficial effects of ACE inhibitors in the cardiorenal sphere [50] although this has been
called into question by a few researchers [51]. Angiotensin II AT1 receptor antagonists, widely used
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for the treatment of hypertension, heart failure, and diabetes-related kidney disease, appear to have
similar benefits to ACE inhibitors in terms of organ protection. While it was initially hypothesized
that ACE inhibitors would demonstrate superior cardiovascular benefits due to their capacity to
augment kinin levels, it was subsequently revealed that “sartans” could also increase kinin levels,
potentiating the kinin B2R activity. Indeed, the cardiac, renal, and vascular effects of angiotensin AT1
receptor blockade are not observed in animals deficient in kallikrein or the kinin B2R, nor in those
with pharmacological B2R blockade [52-55]. It has been demonstrated that other pharmaceuticals
employed in the domain of cardiovascular medicine, which were originally developed for the
treatment of heart failure to protect against natriuretic peptide catabolism, such as neprilysin
metallopeptidase inhibitors, have been observed to elevate kinin levels; this is due to the fact that
neprilysin is also an effective kininase [56]. Furthermore, pharmacological activation of KLK1
kallikrein synthesis was demonstrated for aliskiren, a direct renin inhibitor, in experimental models
of heart failure [57].

Renoprotective Potential of the KKS

Observations in mice lacking the kinin B2R (B2-KO) have yielded intriguing findings regarding
renal and cardiovascular alterations. A first strain of this type, studied by Madeddu and colleagues,
showed slightly higher blood pressure, dilation of the heart chambers, and reparative fibrosis when
compared to control animals, under baseline conditions, and marked salt sensitivity [58]. These
findings were discussed by other authors who did not find the same results when working with other
strains of animals carrying the same defect [59]. The renal and cardiovascular benefits induced by the
kinins are mediated by NO, formerly known as endothelium-derived vasorelaxant factor, and it
explains its potentialities as a therapeutic option for hypertension and its main consequences, left
ventricular hypertrophy and renal disease [122].

A second approach in this regard was used by Uehara et al. [60,61], who, by administering sub-
pressor doses of purified rat urinary kallikrein, managed to attenuate renal injury in Dahl salt-
sensitive rats, with a reduction in proteinuria and improvement in glomerular filtration. This effect
would be mediated by kinin B2R, as the use of Icatibant (HOE140) completely abolished it [62].

A third and very powerful approach was carried out by those who inoculated the kallikrein gene
into rats with chronic kidney damage induced by 5/6 subtotal nephrectomy, achieving attenuation of
hypertension, reduction of albuminuria, and protection against kidney damage (sclerosis and
tubulointerstitial damage) and cardiac remodeling [63]. Urinary kinin levels increased and peripheral
vascular resistance decreased, same as in the purified enzyme infusion tests. A similar outcome was
observed in Dahl salt-sensitive rats, which was attributed to a reduction in oxidative stress and TGE-
bl expression [64-66]. From this same perspective, experiments in transgenic mice that overexpress
the human kinin B2R are also relevant because these mice exhibited a propensity for hypotension
and enhanced renal function in comparison to the control group. This phenomenon is attributed to
the mediation of NO and can be abolished by a B2R antagonist [67].

In light of the available evidence, it is worthwhile investigating the potential of oxidative stress
inhibition as a mediator of renal protection. A number of studies [66,68] have examined the role of
oxidative stress in the pathophysiology of kidney damage, with some findings indicating a link
between salt sensitivity and oxidative stress, as well as intrarenal angiotensin activation [69].

It is imperative to acknowledge that renal fibrosis is an inevitable consequence of excessive
extracellular matrix accumulation that occurs in virtually any type of progressive kidney disease [70]
and that, from a simplistic point of view, renal fibrosis represents a failed healing process. This
process, which includes several pathways such as mesangial and fibroblastic activation and
epithelial-mesenchymal transformation EMT), is centrally regulated by TGF-f3 [71,72]. They may play
a significant role in the pathogenesis of acute and chronic nephropathies altering the degree of renal
dysfunction, modifying the degree of cell proliferation, and the accumulation of extracellular matrix
proteins. As previously documented, the renal protection achieved through tissue kallikrein (KLK1)
transfection is accompanied by a reduction in TGF-f3 expression [66]. At the same time, an anti-
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inflammatory effect of the KKS in models of acute and chronic renal damage has been demonstrated
by reducing inflammatory cells and proinflammatory cytokines [73], although it has not yet been
clearly demonstrated that stimulation of kinins reduces TNF-a production [74]. It is tempting to
hypothesize that the anti-inflammatory effect seen in several models of renal injury following
kallikrein administration or enhancement of kinin activity may result from a primary involvement in
reducing the effects of TGF-f3 in the inflammatory milieu, given the well-known proinflammatory
activity of kinins in numerous animal models.

The mechanisms explaining how the KKS may reduce oxidative stress and apoptosis have been
well described elsewhere [75]. Kinins stimulate the production of NO and ¢cGMP, both relaxing
factors that reduce vascular tone and enhance renal hemodynamics [11]. Increased renal NO levels
in association with reduced NADH/NADPH oxidase activity and superoxide anion formation are
involved in a reduction of oxidative stress [66], an effect that seems to be mediated via kinin B2R [76].
Kinins, by activating endothelial NO synthase (eNOS/NOS3) lead to low and transient production of
NO and activates inducible NOS (iNOS/NOS2), facilitating higher and prolonged release of NO.
Oxidative stress is also responsible for the induction of tubular epithelial cell death, which is
mediated by caspases and/or endonucleases [77] and involves the activation of p38 MAPK
specifically in the case of cisplatin-associated renal damage [78]. A relationship has been established
between kinins and hemoxygenase-1 in hearts submitted to ischemia/reperfusion, where bradykinin
pretreatment improves post-ischemic performance and infarct size, which is partially abrogated by
the previous use of an HO-1 inhibitor [79]. In other cells (brain astrocytes) bradykinin induced HO-1
expression and enzymatic activity via a kinin B2R activated ROS-dependent signaling pathway [80].

In the course of functional renal parenchyma loss and fibrosis establishment, it is required to
comprehend the role of cellular apoptosis, given its protagonism in preserving cellular homeostasis
under both physiological and pathological conditions [81]. There is evidence linking apoptosis to the
phenomenon of renal damage progression [82-85] and evidence of the pleiotropic effects of the KKS
on the central nervous system [68] and myocardium [86] reducing apoptosis in tissue ischemia
models. At the same time, it is postulated that oxidative stress may directly promote programmed
cell death in experimental models [87]. Evidence of the relationship between apoptosis and oxidative
stress in experimental models of hypertension is also available [88] and there are reports showing
that strict antihypertensive control can reduce apoptosis during kidney damage [89]. Therefore, we
believe it is important to clarify whether stimulation of the KKS is capable of modifying the apoptosis
demonstrated in proteinuria models [90], its involvement in the phenomenon of fibrotic
transformation and its relationship with oxidative stress, as has been demonstrated in experimental
hypertension.

The renoprotective effect of KKS has been also suggested from observations in experimental
models of acute renal injury. Rats that were administered gentamicin exhibited a significant decrease
in urinary kallikrein levels, indicating that this downregulation may be relevant for the development
of acute renal failure [91]. In addition, tissue kallikrein (KLK1) administration prevents and promotes
recovery of gentamicin-induced renal injury by inhibiting apoptosis, inflammatory cell recruitment,
and fibrotic lesions by suppressing oxidative stress and production of proinflammatory mediators
[73]. Suppression of oxidative stress has also been associated with diminished C-jun N-terminal
kinase activation, intercellular adhesion molecule-1 and TGF-B, through a kinin B2R-mediated
signaling [75].

KKS Intervention and Kidney Protection

The physiological role of endogenous kinins has been thoroughly documented in the
cardiovascular system and the kidney in both animal models and humans [92]. In various situations
related to ischemia or chronic hypoglycemia, kinins have been shown to have an organ-protective
effect, particularly in the heart and kidneys. In a variety of pathological circumstances, a deficiency
of kallikrein, kinins, or kinin B2R has been demonstrated to be a contributing factor to tissue damage
[50]. Kinins exert their protective effect through the kinin B2R, inducing collateral vasodilation,
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reducing oxidative stress, and stimulating angiogenesis [93-96]. Using models of loss of function, it
has been possible to demonstrate a reduction in the area of infarction, prevention of ventricular
remodeling in the heart, and tissue protection in the kidney under conditions of ischemia-reperfusion
[92]. Inlupus nephritis, the KKS may play a dual role, protecting tissue from ischemia and fibrosis,
and modulating inflammation. In an interesting line of research, Liu et al. [97] showed that certain
strains with upregulation of renal and urinary kallikreins exhibited less severe disease; furthermore,
antagonizing the KKS increased disease severity, while agonist use attenuated it.

The issue of the use of pharmacological intervention to enhance the activity of the kallikrein-
kinin system and its therapeutical value has been studied for a long time [98]. Gene therapy with
human KLK1 has demonstrated benefits in cardiac and renal ischemia and diabetes [99-104].
Although there is currently insufficient evidence in nephrology, the use of kallikrein as a therapeutic
agent is challenging due to pharmacokinetic reasons [105] and the manipulation of kinin B1 and B2
receptors with drugs [106,107] in cases of cardiac or cerebral ischemia appears to have some clinical
utility [50].

It is noteworthy that the human phenotype of mutations that induce renal KLK1 dysfunction
has not been associated with cardiovascular or renal diseases. This could be explained by the low
frequency of these alleles, meaning that only subjects with partial functional deficiency and
heterozygosity may have been studied [92].

Studies with experimental models involving kinin B2R-deficient animals or pharmacologically
blocked receptors have established that the cardiovascular benefits of kinins are primarily mediated
by the kinin B2R, something that has mainly been investigated in models of renal and cardiac
ischemia. Studies of diabetic animals and their renal complications indicate that diabetic nephropathy
generally worsens in the absence of kinin B2R stimulation because of genetic deletion or deficiency
in animals without kallikrein [108]. Similarly, the beneficial effect of ACE inhibitors on diabetic
nephropathy can be suppressed in mice and rats with the use of a kinin B2R antagonist such as
Icatibant (HOE140) [109,110]. The significance of kinin B2R activation has prompted research and
development of new agonists, especially since bradykinin is rapidly catabolized by peptidases [41].
However, these agonists have not yet reached clinical use due to the high rate of adverse effects,
including angioedema, pain, and hypotension [44,48,50,111,112], though these adverse effects might
be related to dosage or potency. Although it is not yet confirmed, it is a matter of concern that there
are some suggestions of a potential carcinogenic effect associated with the activation of the kinin B2R
in relation to the use of ACE inhibitors [113].

Experiments in salt-sensitive hypertension have shown that taurine, a conditionally essential
amino acid, used pharmacologically, is capable of stimulating kallikrein synthesis, lowering atrial
pressure, and inducing a renoprotective effect evidenced by a reduction in proteinuria [114].

Stimulation of the KKS Through Potassium-Rich Diets

The effect of potassium administration in the diet and its stimulating effect on kallikrein
synthesis and kinin B2R expression is a known fact (Figure 2). This non-pharmacological maneuver
has been shown to be very useful to up-regulate the system under experimental conditions
[25,27,115].
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Figure 2. Effect of a high potassium diet on the distal nephron (CNT-CCD). A high potassium diet induces
hypertrophy and hyperplasia of CNTc and CDc/PC upregulating the synthesis and secretion of renal kallikrein
(KLK1) by CNTc and the expression of kinin B2 receptor (B2R) in CNTc, and CDc/PC. So far, it is not known
whether a high potassium diet also increases the synthesis and/or release on renal kininogens. Upregulation of
the kinin system by a high potassium diet increases natriuresis and diuresis, and reduces fibrosis, oxidative

stress, apoptosis, and blood pressure.

Remarkably, potassium is actively secreted via ROMK by the connecting tubule cell, which is
the site where renal kallikrein (KLK1) is synthesized and secreted [116]. By releasing kallikrein into
the tubule lumen and interstitium, this cell's duality enables it to concurrently contribute to the
regulation of potassium and the production of kinins [117]. Similarly, collecting duct cells that also
participate in potassium excretion are the source of kininogen production. However, there are so far
no studies addressing the levels of renal kininogen under a high-potassium diet.

Administration of potassium stimulates kallikrein secretion [118], which is accompanied by
hypertrophy and hyperplasia of the cells that produce it, including hypertrophy of the Golgi
apparatus and rough endoplasmic reticulum, and an increased number of kallikrein-containing
secretory vesicles, suggesting that the increase in excretion is due to an increase in enzyme synthesis
[115]. A diet with a high potassium content has been shown to increase renal kallikrein mRNA
expression by 2.7 times, urinary kallikrein excretion by up to 70%, and kinin B2R density in the kidney
by 40% [119]. High potassium intake can stimulate renal kallikrein synthesis by two major
mechanisms: one that is aldosterone dependent and involves protein synthesis, and another that is
fast and aldosterone independent. In the first pathway, potassium stimulates the adrenal cortex to
release aldosterone, which then binds to receptors in the connecting tubule cell, activating
transcription genes that enhance kallikrein synthesis. In the second pathway, excessive potassium
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depolarizes the membranes of connecting tubule cells, resulting in a calcium influx that stimulates
the secretion of kallikrein-containing vesicles into the tubular lumen and possibly the
tubulointerstitium[120]. Human studies show that potassium salts included in the diet can increase
kallikrein excretion and simultaneously reduce blood pressure levels [121,122]; other researchers
have shown a decrease in renal tissue injury, but this is unrelated to the antihypertensive effect in
spontaneously hypertensive rats [123].

Experiments conducted in our laboratory during the induction stage of the proteinuria damage
model have reproduced the stimulating effect of potassium chloride on renal kallikrein both in the
tissue and in its urinary activity, which was accompanied by a hypotensive effect [13]. Subsequently,
we have been able to demonstrate that a potassium-rich diet can significantly reduce the salt
sensitivity observed after tubulointerstitial damage [27]. Utilizing this animal model, we were able to
induce significant tubulointerstitial damage, which encompasses the components of the KKS located
in this area. In a first approach, in the acute phase of overload proteinuria, we observed that
potassium induced a significant increase in both urinary activity and renal kallikrein expression,
associated with a significant reduction in blood pressure [25]. In a second series of experiments, in
the late phase of the same animal model and challenged with a high salt diet, we found that
stimulation of the system with a high potassium diet resulted in increased synthesis and excretion of
tissue kallikrein (Klk1/rKIK1), accompanied by a significant reduction in blood pressure and
attenuation of renal fibrosis. In those experiments, we could find downregulation of renal TGF-3
mRNA and protein in comparison with rats that did not receive potassium. Evidence for the
participation of the kinin B2R was provided by the fact that all beneficial effects were lost in the
presence of a kinin B2R antagonist. Concurrent in vitro experiments utilizing the HK-2 proximal
tubule cell line showed that the administration of bradykinin to tubular cells resulted in a reduction
in EMT and albumin-induced production of TGF-f3; the effects produced by bradykinin were
counteracted by pretreatment with a kinin B2R antagonist. These experiments not only provide
further evidence to support the hypothesis that the kinin pathway plays a pathogenic role in salt
sensitivity but also evidence of its role as a renoprotective, antifibrotic paracrine system that
modulates renal levels of TGF-f3 [27]. A study comparing animals that were pretreated with a
potassium-rich diet and then exposed to intraperitoneal albumin overload to induce proteinuria
under a normal sodium diet versus controls that did not receive a high potassium diet prior to the
protein challenge was carried out in order to support this theory. The high potassium group showed
reduction of tubulointerstitial fibrosis, decreased renal expression of alpha-smooth muscle actin and
vimentin, reduced Smad3 phosphorylation, and increased Smad?, effects that were reversed by the
kinin B2R antagonist HOE140, administered during the overload protein phase (Figure 3). In vitro
experiments, conducted on the HK-2 cell line, revealed that elevated concentrations of albumin
resulted in the expression of mesenchymal biomarkers, concomitant with augmented levels of TGF-
1 mRNA and its functionally active peptide, TGF-1. We could also demonstrate that pretreatment
of the cells with bradykinin inhibited the albumin-induced changes, thereby reducing alpha-smooth
muscle actin and vimentin and recovering cytokeratin, accompanied by an increase in Smad?7 levels
and a decrease in type II TGE-f1 receptor, TGF-$1 mRNA, and its active fragment; the protective
changes produced by bradykinin in vitro were blocked by the HOE140 antagonist (Figure 4) [124].
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Figure 3. Kinins and the kinin B2 receptor (B2R) counterbalance the effect of TGFbeta. TGFbeta is produced by
various types of cells and is then secreted to the extracellular matrix (MEC) where it is activated and stimulate
fibroblasts/myofibroblasts that accumulate in the tubulointerstitium and promote renal fibrosis. These cells may
have different origin, including epithelial-mesenchymal transition (EMT) from damaged tubular cells that
acquire a new phenotype characterized by high vimentin and alpha-smooth muscle actin (SMA). Kinins, through

activation of the kinin B2 receptor (B2R) reduce EMT, myofibroblasts formation and renal fibrosis.
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Figure 4. Major signaling routes activated by TGFbeta and kinins in renal tubular cells. TGFbeta activates the
Smad2/3/4 signaling pathway that favors epithelial-mesenchymal transition (EMT), myofibroblast
differentiation and tubulointerstitial fibrosis. On the contrary, kinins and activation of the kinin B2 receptor (B2R)
triggers the Smad7 pathway that reduces EMT and tubulointerstitial fibrosis. Potassium upregulates the kinin
system enhancing the antifibrotic activity of renal kinins.
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Of particular interest was the demonstration of the hypotensive effect achieved by administering
potassium chloride, which stimulated kallikrein production and reduced blood pressure both during
the induction of damage and during the period of salt sensitivity in the animal model of protein
overload. It is well established that the effect of potassium is not limited to the increase of kallikrein
levels since it also augments the expression of the kinin B2R. The latter is the most effective effector
of vasoactive functions [118,119].

The evolution of the human diet can give us some clues as to the importance of adequate
potassium intake. Early humans in the Paleolithic era ate fruits and vegetables, which provided low
amounts of sodium (690 mg/day) and large amounts of potassium (11 g/day) [125]. With population
growth, agricultural development, the need to preserve food, and changes in eating habits, we
currently consume no less than 5 grams of sodium per day (8 grams of common salt) and only 2.5
grams of potassium [126]. The association between sodium chloride intake and hypertension, and its
consequences, is widely recognized [127], and the clinical feature of blood pressure changes induced
by changes in salt intake has been aptly termed as “salt sensitivity” [128]. Based on the above,
research has been conducted into the possible beneficial role of potassium intake on salt sensitivity
[129], and randomized studies have demonstrated the hypotensive effect of a potassium-rich diet in
the general population, with a more pronounced effect in hypertensive individuals [130]. This is
achieved by a natriuretic effect, independent of aldosterone (and preceding its secretion), which is
mediated by acute dephosphorylation of NCC, the sodium-chloride cotransporter, in the distal tubule
[131]. Many authors suggest that the relationship between potassium and sodium in the diet is more
important than either of them individually; higher sodium and lower potassium intakes, as measured
in multiple 24-hour urine samples, have been associated in a dose-response manner with a higher
cardiovascular risk [132]. On the other hand, both higher potassium and a lower sodium-to-
potassium ratio are associated with a lower risk of cardiovascular disease [133].

Given that these are observational studies that do not establish causality, it is conceivable that
higher potassium intake could be associated with better dietary habits, including more fruits and
vegetables, lower sodium intake, and lower incidence of hypertension.

There is reasonable doubt regarding the administration of potassium-rich diets to individuals
with chronic kidney disease, considering that potassium is almost exclusively excreted by the kidney
(80 to 90% of the daily intake). In this regard, it is noteworthy that the excretory function of potassium
persists until advanced stages of renal failure [134]. It is worth noting that studies have indicated a
correlation between low potassium intake and an increased risk of developing chronic kidney disease
[135] as well as a heightened risk of its progression [136,137]. Other studies show that increased
potassium intake could reduce both the incidence and progression of chronic kidney disease [138],
and the results of ongoing clinical studies are awaited [139].

Concluding Remarks

The hypothesis that the stimulation and preservation of the renal KKS can act as a strategy for
renal protection is a rational approach, given the established mechanisms by which an active and
healthy system can mitigate renal damage. Despite the pharmacological potential of drugs that
increase the activity of the system, a non-pharmacological approach is a viable prospect. This
approach involves stimulating kallikrein synthesis, kinin production, and kinin B2R expression
through a potassium-rich diet, which has also been demonstrated to reduce cardiovascular risk. A
renal environment rich in kinins, obtained through a potassium-rich diet, could enable people to
better cope with the various nephrotoxic challenges we face throughout our lives. Additionally, it is
predicted that this could slow the progression to advanced kidney damage once the injury has been
established. This straightforward approach, when implemented in conjunction with a reduction in
sodium intake, can be accomplished through comprehensive nutritional education and adopted
without compromising quality of life. Indeed, it can be incorporated into a patient's diet at an early
stage of kidney disease and maintained until renal function and potassium excretion allow it, with a
high cost-benefit ratio and therefore scalable to a large scale.
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