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Abstract

Nephrotic syndrome is a pathology characterized by severe proteinuria,
hypoalbuminemia, dyslipidemia, and edema. Edema has classically been associated
with an alteration of the forces that govern Starling’s principle. However, some proteins
eliminated in excess in the urine (proteasuria) can activate the epithelial sodium
channel (ENaC), favoring sodium retention and edema. The a- and y-ENaC subunits
are activated by releasing inhibitory segments that favor the probability of channel
opening. Some proteases that have been investigated include plasmin, prostasin,
transmembrane protease serine 4, cathepsin, and neutrophil elastases. Therapeutic
strategies include water and sodium restriction in the diet, appropriate dosing of
diuretics (loop, thiazides, or acetazolamide), and in severe cases, mechanical ultrafil-
tration. Due to the continuous activation of ENaC in nephrotic syndrome, amiloride is
an attractive diuretic strategy that has been shown to be effective in some patients with
an acceptable safety profile.

Keywords: nephrotic syndrome, proteasuria, epithelial sodium channel, edema,
amiloride

1. Introduction

Peripheral edema and extracellular volume expansion are features commonly
observed in patients with nephrotic syndrome (NS), this is consequential from
sodium retention. Two different theories have been suggested putting forward the
links between protein loss in NS and enhanced sodium reabsorption by the epithelial
sodium channel (ENaC). Since 1917 the underfill theory was proposed to explain that
hypoalbuminemia due to proteinuria leads to intravascular volume depletion through
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the loss of oncotic pressure and this led the way to fluid accumulation in the intersti-
tial space but an underfilled intravascular compartment. This in turn would activate
the renin-angiotensin-aldosterone system (RASS). On the other hand, the overfill
hypothesis, formulated in 1979 suggest that proteinuria-induced sodium retention
is an intrinsic renal event that is independent of the RASS activation. Despite these
theories mechanisms leading to primary sodium retention in nephrotic kidneys are
not yet well understood. But recently intraluminal activation of the ENaC by abnor-
mally filtered proteases has been proposed as a mechanism that could explain avid
sodium reabsorption, which would be consistent with the overfill theory. In 2018 the
term “proteasuria” was first introduced to indicate the increased excretion of active
plasma proteases found in the urine of patients with NS.

2. Underfill theory in nephrotic syndrome

This theory was first proposed more than 100 years ago by Epstein. In the original
article published in 1917 by the American Journal of Medicine he proposed that the
loss of protein incurred by the blood serum through the continuous albuminuria
causes a decrease in the osmotic pressure of the blood, which favors the absorption
and retention of fluid by the tissues.

To understand the exact nature of the processes which leads to the production of
edema we must consider for a moment the mechanisms in which the exchange of fluid
between the blood and the tissues is regulated. In normal conditions the loss of fluid
from the blood is rapidly restored by the passage of fluid from the tissue spaces back
into the blood capillaries.

Under normal conditions the hydrostatic pressure within capillaries and the
oncotic pressure determine the movement of fluid from the vascular compartment
to the interstitium. The oncotic pressure is determined by the proteins in the blood.
The Starling equation was created in 1896 by Ernest Starling, he expressed the flux of
water across capillaries. Oncotic pressure moves fluid out, while hydrostatic pressure
moves fluid in [1]. According to Starling, during the production and absorption of
tissue fluid, there is normally a balance between the filtration pressure in the capil-
laries and the osmotic pressure of the colloids of the blood and tissue fluid. Plasma
and tissue fluids are practically identical in everything except protein. Plasma exceeds
tissue protein concentrations.

Thus, Epstein suggested that in patients with NS this loss of proteins represented
a pressure equal to 20-24 mmHg, a factor strong enough to disturb the equilibrium
in the exchange of fluid between the blood and the tissues. Leading to a fall in the
osmotic pressure of the blood and giving to the tissues the controlling power to absorb
and retain fluid.

The imbalance of Starling’s forces leads to interstitial leakage of fluid and
decreased circulating volume that in the end will decrease circulating volume and
renal perfusion, activation of the RAAS will occur trying to compensate this imparity
[2]. The activation of the sympathetic system and the renin angiotensin axis can be
observed both in renal parenchymal involvement and in hypovolemia, but it is the
increase in plasma vasopressin of non-osmotic origin what supports that the main
trigger is hypovolemia [3].

Extravasation of fluid decreases intravascular volume and increases neurohor-
monal markers of intravascular depletion, such as vasopressin and aldosterone,
resulting in a highly concentrated urine with very low sodium content. Therefore,
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renal sodium retention in this scenario is a secondary phenomenon, a physiological
consequence of intravascular underfilling [4].

2.1 Clinical evidence

Through studies where capillary permeability with albumin marked with TC99m
is made, it was shown that the permeability percentage was significantly increased in
glomerular diseases compared to healthy controls. The percentage of permeability did
not vary from a glomerular disease to another nor was it correlated with the degree of
albuminemia or proteinuria [5].

Vande Walleet et al., compared children with NS secondary to minimum change
disease versus those without minimal changes and subsequently divided them by the
presence or absence of signs and symptoms of hypovolemia. Patients with hypovole-
mia symptoms in both groups had significantly high levels of norepinephrine, renin,
and aldosterone unlike their non -symptomatic counterpart [6].

Usberti et al., studied 16 pediatric and adult patients with NS but normal renal
function. They found a decreased plasma sodium concentration, increased plasma
vasopressin (AVP), impaired excretion of an acute water load, and elevation of
plasma renin activity (PRA) and urinary norepinephrine levels as compared to
controls. When they were treated with isotonic albumin infusion they decreased
plasma AVP concentration and increased water diuresis [7].

Based on the above, a volume load would decrease the activation of all mecha-
nisms that influence sodium and water reabsorption, however the mechanisms of
compensation of the edema at the capillary level are found exhausted so that when
administering fluids these are quickly spread to the interstitium, making almost
impossible the restoring of intravascular volume.

2.2 Critique to the underfill hypothesis in nephrotic syndrome

Several clinical and laboratory observations have disputed about the accuracy
of underfill hypothesis. Historically, the description of edema formation in NS was
simple: an unknown trigger leads to proteinuria, as the plasma protein level falls, the
intravascular oncotic pressure decreases with consequent leakage of plasma water
into the interstice, thus generating edema. Owing to the extravasation of the fluid,
the intravascular volume is decreased and neurohormonal markers of intravascular
depletion are increased, such as vasopressin and aldosterone, resulting in highly
concentrated urine with very low sodium concentrations [8].

The therapeutic consequences of this hypothesis for the treatment of edema are
clear, expansion of intravascular volume and restoration of plasma oncotic pressure
by administration of albumin [4].

2.3 Treatments based on the underfill hypothesis

Albumin infusion is used to correct hypoalbuminemia since it is the principal
cause for edema [3, 4]. Treatment by albumin alone reduces plasma renin activity,
but do not reflect adequate diuresis response [9]. Some of these patients require
high doses of oral or intravenous diuretics for edema management. Patients with
diuretic resistance edema might benefit from coadministration of albumin and
furosemide. Several mechanisms are proposed to explain the improved efficacy
of combined therapy, the most accepted being that intravenous albumin enhances
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the secretion of loop diuretics in proximal tubules, with increased delivery at its
primary site of action [10, 11].

It’s recognized that two groups of patients with NS benefit form albumin infu-
sions: patients with intravascular hypovolemia, and those with severe refractory
edema. Patients with severe hypoalbuminemia, especially those with refractory and
resistant steroid illness, require repeated courses of albumin infusion [10]. Once the
patient goes into remission, the first symptom (besides the disappearance of pro-
teinuria) is a large diuresis, before plasma protein levels (and thus oncotic pressure)
have normalized [12, 13].

Generally, loop diuretics were administered as bolus dose during or at end of the
albumin infusion. The rate of albumin infusion must be monitored to avoid risk of
overload and pulmonary edema, as it has associated in some patients [14]. The effect
of albumin is transient, and during relapse most patients would excrete the amount
infused over next 24-48 hours [10]. It is recommended that adequate urine output
be measured before initiating albumin infusion, and being careful in patients with
hypertension, pulmonary edema, respiratory distress, or congestive heart failure.

Several clinical studies have sought the improvement of refractory edema with
albumin infusion in the treatment of NS with partial efficacy and opposite results.

A recent Cochrane review failed to draw any conclusion due lack of studies as they
excluded cross-over studies [15]. Only one study met their inclusion criteria (26 chil-
dren with minimal change disease) and compared albumin infusion plus furosemide
with and equal volume of dextrose. The authors reported clinical improvement as a
greater weight loss difference overall at 10 days; however, they also identified changes
in serum sodium and blood pressure but data in text are inconsistent and reflects low
certainty evidence.

Meena J, et al. [10], performed a meta-analysis that included six studies, involving
69 patients, only one study included children, and most of them had small sample
size and high risk of bias. This meta-analysis showed that combination therapy was
more effective in increasing diuresis than furosemide therapy alone.

2.4 Analbuminemia and edema

Inherited albumin abnormalities include bisalbuminemia and analbuminemia.
Analbuminemia, also called idiopathic hypoalbuminemia, is a rare congenital disor-
der of albumin characterized by very low levels of this protein inherited as an auto-
somal recessive trait [16]. The diagnosis is realized with electrophoresis who shown a
markedly decreased levels of albumin and elevation of other proteins.

An exponential increase in “non-albumin” plasma proteins (globulins and proteins
of higher molecular weight) compensates intravascular colloid osmotic pressure [17].
With the increase of other plasma proteins, a decrease in hydrostatic pressure has
been found, which explains the absence of edema in these patients, or slight edema.
Also, patients with analbuminemia had slightly decreased renal plasma flow, slightly
diminished glomerular filtration and markedly augmented filtration fraction com-
pared to healthy subjects [16].

There is very little correlation among the markedly decreased levels of serum
albumin and the reported signs and symptoms of the patients. Clinically, 50% of
patients are completely asymptomatic and the rest have fatigue, asthenia, and ortho-
statism. One third of the patients presents without edema [4], while the others have
slight edema of legs and ankles. Lipid metabolism abnormalities are observed in some
patients [16, 17].
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Finally, other observations that do not fit well with underfill hypothesis includes
that reducing the activity of the renin-aldosterone axis by mineralocorticoid receptor
antagonists, such as spironolactone, or angiotensin-converting enzyme inhibitors does
not result in a marked increase in sodium excretion in most patients with NS [9, 18].
Also, attempts at trying to measure blood volume and/or neurohumoral markers of
volume depletion, such as renin/aldosterone, do not show a consistent observation, but
suggest volume depletion in some subjects with NS, and normal or excess volume in
others [4, 9, 13]. Not all nephrotic states are equal.

3. Overfill theory in nephrotic syndrome

There are two paradigms of edema formation in nephrosis: the so-called underfill
and overfill models; it is thought that these can be present in the same individual at
different times over the course of their disease. Both result in sodium and water reten-
tion and increased interstitial fluid volume presenting as oedema.

The overfill hypothesis postulates that sodium retention is a primary renal phe-
nomenon and would be produced by an intrinsic renal defect in sodium excretion,
which in turn would produce expansion of plasma volume (hence the term overfill)
[19]. The overfill theory, first formulated by Meltzer et al., in 1979, states that sodium
retention is mainly caused by the diseased kidney due to a tubular defect leading to
sodium avidity without any signs of volume depletion or a stimulated RAAS [20].

The molecular mechanisms of sodium retention in the NS have derived from the
use of the animal model of NS induced by the action of the aminonucleoside puromy-
cin (PAN), which, when administered to rats, produces proteinuria mass and sodium
retention [21, 22].

Regulation of ENaC occurs through two main mechanisms: regulation of channel
density at the apical membrane and regulation of channel opening probability [23].
ENaC receptor density is regulated by both aldosterone and vasopressin. The open
channel probability is regulated by proteolytic processing and by anionic phospho-
lipids present in the inner cell membrane [24, 25]. In the rat PAN nephrosis model,
they showed that amiloride increases urine sodium excretion and reduces ascites
volume. This effect was attributed both to the ability of amiloride to inhibit ENaC
and the ability of amiloride to inhibit urokinase-type plasminogen activator and
thus reduce the amount of active plasmin present [1]. Subsequently, plasmin would
activate ENaC, and sodium retention would occur with the consequent appearance of
edema. In many patients with NS, the pathophysiology of edema would be caused by
an intrinsic renal defect in sodium excretion, due to retention in the cortical collector
duct (CCD) [26].

In the clinical assessment it should be noted that because Na + retention
occurs both in underfill and overfill states, it is not possible to use the FeNa+ to
clinically differentiate primary from secondary Na + retention in NS. An increase
in RAAS and circulating aldosterone effect can be inferred based on more readily
measured values such as an increased transtubular potassium gradient (TTKG)
index, uK+/uCr, uNa+, which is observed in hypovolemic patients and not when
blood volume is preserved [3]. This also suggests a primary role of aldosterone
in the intrinsic activation of Na+/K+ ATPase in CCD. Such patients may benefit
from diuretic use. By contrast, diuretic use in patients with NS and secondary
Na + retention triggered by hypovolemia or circulatory insufficiency may have
serious deleterious consequences.
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4. Epithelial sodium channel (ENaC)

The epithelial sodium channel (ENaC) was first cloned in 1993 and its subunits
were detected in 1994 by Canessa and Rossier’s research group [27, 28]. At the renal
level, it is found in the distal portion of the distal convoluted tubule, connecting
duct, and collecting duct (aldosterone-sensitive distal nephron-ASDIN). It promotes
an electrogenic gradient by the diffusion of sodium (Na+) from the tubular lumen,
which facilitates the renal secretion of potassium (K+).

4.1 Biophysical properties and chemical structure

ENaC channels (also called SCNN1 and amiloride-sensitive epithelial sodium chan-
nel) are Na" and Li" permeable channels with very little conductance for K* (4 pS) and
no conductance for divalent cations; it can have a long opening time, up to 10 seconds,
depending on the action of proteases on the channel [29-31]. They are members of
the ENaC/degenerin family of cation-selective channels, related to acid-sensitive ion
channels (ASICs) [32].

ENaC has 4 subunits (a, B, y, 8, encoded as SCNN1 A, B, G, and D, respectively)
and requires the assembly of 3 subunits (a- - y- or §- - y-) to get maximum capacity,
although there is partial activity with «ENaC, aBENaC or ayENaC [33].

The apyENaC channel is sensitive to low concentrations of amiloride (ICs
0.1 pM) or benzamil (ICsy 0.01 pM), a Li*/Na* permeability ratio of 1.6, and has low
conductance at physiological Na* concentrations (5 pS); while SpyENaC has higher
Na* conductance (12 pS), lower Li*/Na* permeability ratio (0.6) and requires higher
inhibitory concentrations of amiloride and benzamil (ICsy 2.6 pM and 0.27 pM,
respectively) [34, 35], in addition, the § subunit reduces sensitivity to protease-
mediated activation [36, 37]. ENaC has a long extracellular region connected to two
transmembrane domains (TM1 and TM2) that form the pore and where the channel
gate is, as well as a short cytoplasmic portion of the NH2- and COOH- termini.

The topology of each individual ENaC subunit resembles a hand: “central palm”
linking TM1 and TM2 by “wrist” and squeezes a “ball” together with domains:
“finger”, “thumb” and “knuckle” [38]. Among these domains is GRIP (gating relief
inhibition by proteolysis) that harbors inhibitory peptides. The GRIP domain has
been found in )ENaC or yENaC. BENaC also has GRIP domains, but they are not
cleaved by proteases [39]. The removal of GRIP causes a conformational change in
the molecule that alters the wrist domain, affecting the conductance of the channel
(Figure1).

The extracellular portion has regions of high relevance for ENaC function:

Na + binding site in the o subunit, with inhibition capacity in response to extracel-
lular concentrations of Na* [40]; protease binding sites that favor the removal of
inhibitory sites on the o or y subunit, which activates the channel [38]; glycosylation
sites relevant to channel maturation; and cysteine-rich domains (CRDs), involved
in the interaction between the “finger” and “thumb” domains within the same o or y
subunit [41].

ENaC expression is increased especially with stimulation of aldosterone, arginine
vasopressin, and cortisol. In the ASDIN region, the presence of 11HSD2 converts
cortisol to 11-dehydrocorticosterone, allowing aldosterone to stimulate the mineralo-
corticoid receptor (MR) [42].

ENaC represents the only member of the ENaC/Degenerin ion channel fam-
ily that constitutively opens in the absence of an activating stimulus, that is, it has
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Figure 1.
Function and regulation of the epithelial Na* channel (a—/y-subunit).

a high probability of spontaneous opening (Po) [43]. Therefore, detailed control
over the expression of ENaC in the cell membrane, as well as the regulation of Po,
is essential. Defects in specific sequences that reduce Po led to a risk of developing
Pseudohypoaldosteronism type 1 (PHA1) [44], the opposite effect leading to an
increase in Po produces Liddle syndrome [45]. Factors that can modify Po include
intra- and extracellular pH, Na + ion concentration, temperature, laminar shear
stress, and GRIP domain cleavage by proteases [43].

4.2 Nephrotic syndrome and regulation of ENaC by urinary proteases

The first observations that suggested the regulation of ENaC by proteases were
published by Orce et al. [46], who showed that aprotinin (serine protease inhibitor)
reduced Na + transport in toad bladder epithelium. It was confirmed by the studies by
Bohnert et al., using aprotinin in mice with NS and showing improvement in natri-
uresis [47]. For their part, Vallet et al. demonstrated that ENaC could be activated by
the protease trypsin [31], and subsequently identified prostasin as a serine protease
capable of activating ENaC. Furin, another serine protease, can activate the a- and
y-subunits [48]. Cleavage of the a-subunit requires the binding of furin to two spe-
cific sites, releasing an inhibitory tract of 26 residues [49]. Furin, on the other hand,
binds only once to the y subunit, releasing a 40-residue inhibitory tract [49]. Other
proteases that can activate ENaC include transmembrane protease serine 4 (TMPRSS
4), urokinase, plasmin, pancreatic elastase, cathepsin B, neutrophil elastase, kal-
likrein, and bacterial proteases [50-54].

In NS there is clearance of many proteins, some of which retain their enzymatic
function. Several studies have detected plasminogen and plasmin in urine and their
urinary concentrations have been correlated with albuminuria [55-58]. In the long
term (25 years of follow-up), the urinary plasminogen/plasmin ratio correlated
with the incidence of arterial hypertension and cardiovascular mortality, although
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independently of albuminuria [58]. A case of membranous nephropathy associ-
ated with a Liddle syndrome phenotype with ENaC hyperactivation without direct
evidence of mutation of any subunit was recently reported [45].

Experiments in Xenopus laevis oocytes have shown the activation of YENaC by
plasminogen and urokinase-type plasminogen activator (uPA); however, in knockout
models (uPA —/-) with NS, sodium retention was not different compared to uPA
+/+ models. However, amiloride prevented sodium retention in uPA —/— nephrotic
syndrome mice; this suggests that uPA has an important but not essential role for
yYENaC-mediated sodium retention [59].

In a recent doxorubicin-induced nephrotic syndrome model, two types of geneti-
cally modified mice were produced, one group of knock-in mice with inactivating
mutations of the prostasin protein and another group with activating mutations
of the prostasin protein. Cleavage of aENaC and YENaC was observed in the same
proportion, demonstrating that ENaC activation in nephrotic syndrome occurred
independently of prostasin activity [60].

In addition, Artunc et al. evaluated Factor VII activating protease (FASP) ina
study involving murine models and humans with nephrotic syndrome. In humans,
high levels of FSAP in both active and zymogen forms were detected in urine.
Mutation of the prostasin activation site at YENaC in mice prevented stimulation of
the channel by FSAP. However, the absence of FSAP did not prevent cleavage of the
a- and y-ENaC subunits [61].

These data suggest that cleavage of ENaC subunits probably requires the action
of multiple proteases rather than the action of a single protease [62]. Likewise, the
incomplete activation of ENaC by proteases in the zymogen state can produce intoler-
ance to treatment with distal blockers such as Triamterene, and potentially cause
a state of kidney injury due to severe salt loss, due to the absolute blockade of the
channel [63].

5. Edema

Edema is one of the defining characteristics of nephrotic syndrome, as well as
being the symptom that most frequently requires medical intervention. This can be
severe, representing an increase in body weight of up to 30%. Likewise, it is associ-
ated with complications such as movement restriction, increased skin tension with
consequent skin denudation, increased risk of soft tissue infection and pulmonary
edema [2].

There is currently no consensus regarding the treatment of edema in nephrotic
syndrome. In general, we can divide the treatment of edema into non-pharmacologi-
cal and pharmacological management.

5.1 Conservative management

An essential part of treatment is to determine intravascular volume status since
the initiation of high doses of diuretics and fluid restriction in a patient with effective
volume depletion can precipitate renal function deterioration. Some authors recom-
mend an initial goal of weight loss of 0.5-1 kg/day, to prevent complications such as
acute kidney injury, hydroelectrolytic imbalance and thromboembolism secondary to
hemoconcentration [11].
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Another key aspect of treatment is achieving a negative sodium balance. Strict
sodium restriction of less than 100 mEq/day or 2.3 g/day has been shown to have an
additive effect to pharmacological therapies. While fluid restriction can be reserved
for those patients with hyponatremia, it is generally suggested to limit fluid intake
accord to fluid overload [3, 11].

Regarding hygienic-dietary recommendations, in adults it is recommended
to restrict protein intake to 0.8-1 g/kg/day and maintain blood pressure goals
<125/75 mmHg if the patient has proteinuria >1 g/day and < 130/80 mmHg with
proteinuria >1 g/day [3].

About 20% of patients have infectious complications. There are no current recom-
mendations for prophylactic antibiotics, although immunization against Streptococcus
pneumoniae is recommended, according to age and previous immunizations [11].

5.2 Diuretics

Loop diuretics are usually the first line of treatment. They act by inhibiting the
NKCC2 cotransporter on the apical surface of the thick ascending limb of the loop
of Henle, which is responsible for approximately 25% of total sodium reabsorption.
They bind strongly to proteins and are secreted in the proximal tubule [2].

Furosemide has variable intra- and inter-individual bioavailability; this varies
between 20 and 60% orally and can be reduced to 30% in edematous states. The
presence of intestinal edema can limit its absorption and hypoalbuminemia decrease
delivery to its site of action, requiring higher doses, with a greater probability of
presenting adverse effects or its parenteral administration.

On the other hand, its chronic use causes hypertrophy and hyperplasia of the
epithelial cells of the distal tubule, with increased expression of the NCC cotrans-
porter, limiting the natriuretic effect. This phenomenon is usually counteracted by
adding diuretics from different classes. For example, the combination with thiazides
increases diuresis, however, it requires close monitoring to avoid severe hypokalemia
and metabolic alkalosis.

A randomized clinical trial in patients with nephrotic syndrome and refractory
edema comparing the use of acetazolamide + hydrochlorothiazide vs. furosemide +
hydrochlorothiazide, both followed by the administration of furosemide; demon-
strated greater weight loss and increased diuresis with the combination of acetazol-
amide + hydrochlorothiazide [64].

Although the administration of amiloride or mineralocorticoid receptor antago-
nists (MRA) reduce the risk of loop diuretic-induced hypokalemia, they have a
minimal diuretic effect on their own; except for spironolactone at high doses (400 mg
daily), which was associated with weight loss and increased urinary excretion of
sodium in patients with nephrotic syndrome, compared to healthy controls [65].

5.3 Albumin

The combined use of 25% albumin with loop diuretics is controversial. Although it is
proposed that its administration improves the efficacy of these drugs by increasing their
arrival at their site of action, their therapeutic effect is short, and their use is expensive.

The first reports of the concomitant use of albumin infusion with furosemide were
promising, however, subsequent reports failed to demonstrate a significant increase
in natriuresis or in a decrease in edema [15].
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A recent meta-analysis, which included 13 studies with 422 patients, showed an
increase of 31.45 ml/hour in urine output (95% CI, 19.30-43.59) and an increase in
sodium excretion of 1.76 mEq/hour (95% CI, 0.83-2.69) with the coadministration
of albumin and Furosemide, compared with the use of Furosemide alone; although
with a high heterogeneity between the studies (1% = 87%, p < 0.01) and (I = 92%,

p < 0.01), respectively. It was also observed that the diuretic and natriuretic effect
were more significant in those patients with serum albumin <2.5 g/dL, serum creati-
nine >1.2 mg/dL, estimated glomerular filtration rates (¢GFR) < 60 ml/min/1.73 m2
and in those who received doses of albumin greater than 30 gr. In addition, these
increases occurred mainly in the first 12 hours after the administration of the albumin
infusion [66].

Therefore, we can conclude that, although this combination could increase
diuresis and natriuresis in selected patients, the response to treatment is variable. In
addition to this, care must be taken with the use of albumin, since there is a risk of
increasing overload, precipitating hypertensive uncontrol and the development of
acute pulmonary edema, particularly in oliguric patients [11].

5.4 Vasopressin receptor antagonists (AVPr)

These drugs, also called aquaretics, act by reducing the luminal expression of
aquaporins, increasing the urinary excretion of sodium-free water. There are case
reports that describe the successful reduction of refractory edema in nephrotic syn-
drome with the use of Tolvaptan, without being associated with significant adverse
effects. However, randomized controlled trials are required to standardize its dosage,
duration of treatment and evaluate its safety profile in nephrotic syndrome [67, 68].

6. Amiloride

Amiloride is a pyrazine-carbonyl-guanidine derivative [69]. It consists of a
pyrazine ring substituted with an acylguanidine group attached to position 2 of
the ring, where amino groups are attached to positions 3 and 5 of the ring, and a CI
group attached to position 6 (Figure 2). Amiloride is a weak base with a pKa of 8.7 in
aqueous solution. The protonation of amiloride occurs at the guanidine group. Due to
these acid-base properties, amiloride can effectively penetrate biological and artificial
membranes [70]. Amiloride is rarely soluble in water.

6.1 Pharmacodynamics

Amiloride reaches the nephron largely by glomerular filtration and acts on the
luminal membrane of the distal convoluted tubule and collecting ducts [69]. In the
distal tubules and cortical collecting ducts, there are principal cells that have epithe-
lial sodium channels (ENaC) in their luminal membranes. ENaC is a heterotrimer
consisting of three subunits: alpha, beta, and gamma, such that maximum sodium
permeability is induced when all three subunits are co-expressed in the same cell.
ENaC are a highly regulated site for sodium reabsorption, entering the cell by pas-
sive diffusion down the electrochemical gradient created by the basolateral Na*/K*
pump [71]. High sodium permeability depolarizes the luminal membrane but not
the basolateral membrane. The transepithelial potential difference provides a driv-
ing force for potassium secretion into the lumen through apical potassium channels.
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3,5-diamino-N-carbamimidoyl-6-chloropyrazine-2-carboxamide

Figure 2.
Amiloride chemical structure.

Amiloride reversibly blocks principal cell luminal ENaC from binding to the channel
pore, increasing Na + and Cl- excretion rates. Inhibition of ENaC hyperpolarizes the
luminal membrane, reducing the negative transepithelial lumen voltage. Normally,
the negative potential difference of the lumen facilitates cation secretion, their
attenuation then decreases the excretion rates of K*, H*, Ca**, and Mg2+ [69].

6.2 Pharmacokinetics

One study suggested that a single oral dose of 20 mg amiloride had a biological
half-life of 9.6 + 1.8 hours in humans. Its effects began approximately 2 hours after
drug administration, and peak activity was reached within 4 to 8 hours [72].

Amiloride is absorbed from the gastrointestinal tract and has an oral bioavail-
ability of about 50%. Co-administration with food may decrease absorption by
up to 30%, but the absorption rate does not change. After administration, the
onset of diuretic activity usually occurs within 2 hours. Maximum diuresis occurs
within 6-10 hours. Diuretic effects persist for approximately 24 hours after
administration. Amiloride is not metabolized in the liver. About 50% is excreted
unchanged by the kidneys in the urine, about 40% is excreted in the feces. In
patients with normal renal function, amiloride has a serum half-life of approxi-
mately 6-9 hours [73].

6.3 Clinical evidence in nephrotic syndrome

Nephrotic syndrome is associated with aberrant glomerular filtration of plasmino-
gen and conversion to plasmin in the urine proteolytically activates ENaC and thus
contributes to sodium retention and edema. Amiloride inhibits urokinase-type plas-
minogen activator (uPA) activity in urine, which attenuates plasminogen activation
and protease activity in urine in vivo. Urinary uPA is a relevant target for amiloride in
vivo [74].

Several lines of evidence support proteolytic activation of ENaC in nephrotic
syndrome. In the experimental model of nephrotic syndrome (nephrotic syndrome
induced by puromycin aminonucleoside (PAN) and adriamycin), amiloride blocks
sodium retention. Three simultaneous patient case reports showed the therapeutic
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effect of amiloride and triamterene [45, 75, 76] in patients with different morbidities
but severe and resistant nephrotic edema.

Urinary plasmin has been shown to be the dominant serine protease in nephrotic
urine that activates ENaC [26, 77]. Plasmin is generated from the proteolytic activa-
tion of plasminogen by urokinase-type plasminogen activator. Urinary plasmin excre-
tion in serial samples from nephrotic patients was identified as an independent factor
for edema remission [78]. In pediatric patients, volume-expanded acute nephrotic
syndrome was associated with significantly higher urine plasmin compared with
the remission phase [55]. In the urinary system, uPA is the dominant plasminogen
activator [79]. Urinary urokinase is inhibited by amiloride in nephrotic rats [74], mice
[59, 80], and diabetic patients [81] by preventing activation of plasmin and ENaC in
proteinuria. Since amiloride is a uPA and ENaC blocker, these findings cannot be used
to conclude that urinary plasmin is the causal link between proteinuria and ENaC
activation.

Two studies have directly addressed the hypothesis that uPA-activated plasmin
is involved in sodium retention during nephrotic syndrome [59], one of them
using uPA-deficient mice rendered nephrotic using doxorubicin injection. With
this approach, excretion of urinary plasmin, but not plasminogen, was blocked in
uPA knockout mice with nephrotic syndrome. On the other hand, another study
found that inhibition of uPA activity during nephrotic syndrome reduced sodium
accumulation [80]. Nephrotic syndrome was induced using inducible inactivation
of the podocyte slit diaphragm protein podocin, resulting in massive proteinuria
and sodium retention. Amiloride blocked sodium retention and urinary plasmin
excretion.

Although plasmin appears to be the dominant active serine protease in nephrotic
urine [26], other urinary proteases such as cathepsin B, identified by mass spectrome-
try, are also present [82]. Thus, at present, several serine proteases might redundantly
contribute to ENaC activation and sodium retention during nephrotic syndrome, and
direct inhibition of specific proteases only partially attenuates proteinuria-induced
sodium retention.

7. Conclusion

The pathophysiology of edema in nephrotic syndrome is probably related to sev-
eral factors, essentially the alteration of the forces that govern Starling’s principle and
sodium retention due to hyperactivation of ENaC in the aldosterone-sensitive distal
nephron. Therapeutic strategies that include knowledge of the basic mechanisms that
generate edema may be useful to the clinician to make better decisions during decon-
gestion treatment. The use of amiloride has a very intuitive approach on one of the
pathways that promote sodium retention. Its efficacy has been proven in some case
reports, but it is necessary to carry out controlled studies that can thoroughly evaluate
its theoretical efficacy.
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