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Abstract  

Purpose of review: Proteinuria in nephrotic syndrome is associated with sodium retention and edema. 

Recent studies from mice, rats and humans have shown that the sodium retention depends on urinary 

serine proteases and that it can be mitigated by blockers of the epithelial sodium channel ENaC (amiloride, 

triamterene). The present review outlines the mechanisms of protease stimulated sodium retention during 

proteinuric diseases.  

Recent findings: Inhibition of protease activity in nephrotic mice using aprotinin alleviates sodium 

retention. From both human and mice studies an increased proteolytic cleavage of the γENaC subunit plays 

a role in ENaC activation. In animal models, urokinase-plasmin contribute but not as sole mediators of 

sodium retention. Across experimental models, human case reports and small intervention trials, amiloride 

alleviates nephrotic sodium retention and low-renin hypertension with high efficacy.  

Summary: Although the exact mechanisms for proteolytic ENaC activation are not resolved, multiple, 

redundant proteases are involved. Experimental and clinical evidence indicate that aberrant proteolytic 

ENaC activation is a primary driver of sodium retention in nephrotic syndrome and contributes to 

hypertension in conditions with low grade proteinuria. Thus, we foresee increased and personalized use of 

amiloride treatment of nephrotic and other proteinuric patients with associated sodium retention and 

hypertension. 
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Introduction  

Nephrotic syndrome (NS) arises due to an aberrant filtration of plasma proteins into the renal tubular 

lumen, which is accompanied by dyslipidemia, hypoalbuminemia and generalized edema generated by avid 

renal sodium and water retention. The enhanced sodium reabsorption is blocked by 

amiloride/benzamil/triamterene pointing to a crucial role for the epithelial sodium channel (ENaC) 

expressed in the connecting tubules and collecting ducts of the kidney where it constitutes the rate-limiting 

step for transepithelial sodium transport. For years, two different mechanisms have been proposed to 

explain the pathophysiological link between proteinuria and increased ENaC activity. The underfill 

hypothesis states that hypoalbuminemia is associated with a reduced plasma oncotic pressure, which 

favors fluid retention and triggers a secondary renin-angiotensin-aldosterone-system (RAAS) stimulation. 

Experimental data and case reports, however, support the overfill hypothesis, which predicts that the 

proteinuria-induced sodium retention is a primary intrarenal event that is independent of the RAAS. ENaC is 

activated by serine proteases (1) and NS is associated with increased urinary excretion of active serine 

proteases (2). Urine samples from nephrotic animals and patients activate ENaC in vitro, which is 

compatible with in vivo contribution to sodium retention. The scope of this review is to summarize recent 

findings into a focused description of the responsible serine proteases that control ENaC activation in 

proteinuric diseases, their influence on sodium balance and the potential future treatment strategies to 

circumvent this pathophysiological mechanism. 

ENaC activation in nephrotic syndrome  

Several lines of evidence support the proteolytic activation of ENaC in NS. In the experimental model of NS 

(Puromycin aminonucleoside (PAN) and Adriamycin induced NS), amiloride blocks sodium retention. Three 

simultaneous patient case reports showed therapeutic effect of amiloride (3) and triamterene (4, 5) in 

patients with different morbidities but severe and resistant nephrotic edema. In mice, Bohnert et al. (6) 

showed that the broad-spectrum serine protease inhibitor aprotinin inhibited sodium retention in 



doxorubicin-induced murine NS model. This documented that urine serine protease activity contributed to 

Na+-retention.  

The proteolytic activation of ENaC by extracellular proteases depends on a cleavage site in the extracellular 

domain of the ENaC γ-subunit (7, 8) and the cleavage is detectable by antibody-based techniques e.g. by 

immunoblotting that allows for detection of a shift in molecular weight of γENaC. The γENaC cleavage is 

physiological and γENaC cleavage at the proposed site for extracellular serine protease is reduced in the 

kallikrein knockout mice (9). In healthy individuals, several serine proteases are excreted in the urine (10), 

but their effect on blood pressure, sodium excretion or ENaC activity has not been systematically tested. 

Nonetheless, in healthy dogs infused with the serine protease inhibitor nafamostate mesylate (11), there 

was an abrupt decrease in plasma sodium along with natriuresis, hyperkalemia, reduced blood pressure 

and increased plasma and urine aldosterone levels (11), suggesting that proteolytic ENaC activation 

contributed to the physiological regulation of Na+. This effect was reproduced in isolated collecting duct 

where the amiloride-sensitive Na+ conductance in the apical membrane was inhibited (12). Studies in rats 

confirmed that physiological changes in salt intake and circulating aldosterone, in the absence of 

proteinuria, changed the abundance of cleaved γENaC in the plasma membranes (13, 14). These studies 

suggested that protease activation of ENaC contributed to normal physiological regulation of ENaC activity 

and sodium excretion.  

In pathological conditions with proteinuria, γENaC cleavage is increased. In PAN nephrotic rats, a shift in 

molecular weight of γENaC was detected (15). Mice with deletion of the glomerular filtration barrier 

protein podocin displayed severe glomerular proteinuria and increased γENaC cleavage (16). It has been 

more challenging to elucidate the cleavage status of γENaC in humans. ENaC subunits are excreted in 

urinary extracellular vesicles (uEVs) (17-19); however, attempts to use uEVs to quantify γENaC 

proteolysis in various clinical conditions have failed to produce a consistent picture. Most solid evidence 

is from high-aldosterone states (aldosteronism, preeclampsia) where the abundance of the αENaC 



subunit was enhanced whereas γENaC underwent extensive extrarenal proteolysis along the urinary 

tract (17, 19, 20). The uEV-associated γENaC is therefore less likely to serve as a reliable readout of 

intrarenal level of γENaC cleavage. We have investigated the γENaC cleavage in nephrectomy samples 

from human cancer patients and found that proteinuria was associated with cleavage of γENaC at a site 

compatible with the proposed extracellular cleavage site targeted by kallikrein, plasmin and prostasin 

(17).  The experimental evidence from mouse, rat and humans support that proteinuria is associated 

with proteolytic cleavage of γENaC while a single culprit serine protease was not identified. 

 

We and others have shown that urinary plasmin is the dominant serine protease in nephrotic urine that 

activates ENaC (2, 21).  Plasmin is generated from proteolytic activation of plasminogen by the 

urokinase-type plasminogen activator (uPA). The urine excretion of plasmin(ogen) in serial samples from 

nephrotic patients was identified as an independent factor for edema remission and correlated positively 

with the ratio of fractional excretion of K+ (FEK)/FENa+, used as a surrogate marker of ENaC activation 

(22). In pediatric patients, acute NS with volume expansion was associated with significantly more 

plasmin in urine compared with remission phase (23). In the urinary system, uPA is the dominant 

plasminogen activator (24). Urine urokinase is inhibited by amiloride (Ki 7 µM) in nephrotic rats (25), mice 

(16, 26) and patients with diabetes (27) preventing plasmin and ENaC activation in proteinuria. Since 

amiloride is a blocker of uPA and ENaC, these findings cannot be used to draw the conclusion that urine 

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 NS. Bohnert et al (26) used uPA deficient mice that were made nephrotic using 

doxorubicin injection. Using this approach, the urine excretion of plasmin, but not plasminogen, was 

blocked in uPA knockout mice with NS (26). Nonetheless, urinary sodium excretion and body weight gain 

was similar between nephrotic wildtype and uPA knockout mice, indicating that uPA is not essential for 

sodium retention during proteinuria. We, on the other hand, found that inhibition of uPA activity during NS 



reduced sodium accumulation (16). NS was induced using inducible knockout of the podocyte slit-

diaphragm protein podocin (28), causing massive proteinuria and sodium retention (16). The sodium 

retention and urine plasmin excretion were blocked by amiloride.  Administration of a uPA neutralizing 

antibody (29) abolished active plasmin formation and excretion in urine. In accordance with Bohnert et 

al.(26), urinary sodium excretion and balance on day-to-day basis was not different between vehicle or 

uPA-inhibited NS mice, but we detected a significantly lower cumulated sodium balance in anti-uPA treated 

mice over time (16). This indicates that uPA-plasmin contributes to sodium retention but is not the sole 

contributor. One reason for the discrepant findings could be the different approaches used to determine 

total sodium balance in mice. Likely, whole-body total sodium balance, i.e. the difference between sodium 

intake, and urinary and fecal excretion, is necessary to register minor changes in sodium retention in small 

animals such as mice. 

Although plasmin appears to be the dominant active serine protease in nephrotic urine (2), other urinary 

proteases are also present. In podocin knock-out mice with NS, several proteases including cathepsin B 

were identified by mass spectrometry (30). Moreover, plasma kallikrein is excreted in urine and activates 

ENaC in vitro; however, in a nephrotic mouse model, mice deficient in plasma kallikrein were not protected 

from sodium retention (31). It should be noted, that quantitative assays for activity of specific subtypes of 

serine protease in urine are not at a stage to allow for application in large clinical trials. Thus, at present, 

several serine proteases might contribute redundantly to ENaC activation and sodium retention during NS, 

and direct inhibition of specific proteases only partially attenuated the proteinuria-induced sodium 

retention.  

Are urine serine proteases through activation of ENaC contributing to hypertension in albuminuria? 

NS is the extreme manifestation with several other conditions characterized by less marked proteinuria. In 

general, albuminuria predicts the presence of serine proteases in urine, ENaC activation and in the chronic 

setting, hypertension. In pre-eclampsia of pregnancy with development of proteinuria and hypertension, 



urine plasminogen and active plasmin are excreted in urine and the urine activates ENaC in vitro (32). In 

few casuistic reports, amiloride lowered blood pressure in preeclampsia (33). In patients with diabetes and 

pregnancy, which is a high-risk condition for development of preeclampsia later in pregnancy, urine 

plasminogen did not predict preeclampsia better than urine albumin and only in last trimester it was 

significantly associated with preeclampsia (34). In a larger cohort of healthy pregnant women, later 

preeclampsia cases did not display elevated plasminogen early in pregnancy compared to controls. Again, 

albumin was a stronger predictor (34). Although the functional involvement of ENaC in pre-eclampsia has 

not been systematically evaluated, these data indicate that aberrant protease activated ENaC activity could 

contribute to the pathophysiological mechanisms in pre-eclampsia.  

The prospective PREVEND cohort study showed a linear relationship between albuminuria in the normal 

range below 30 mg/day, with each 10-fold increase being associated with an odds ratio of 2.3 for the 

development of hypertension (35). Consistently, epidemiological data from the United Kingdom Biobank 

study showed that albuminuria predicted hypertension (36), and in individuals with a genetic 

predisposition to primary albuminuria there was an association to hypertension but no association to 

chronic kidney disease (36). This extends previous data from a Framingham cohort showing that low 

levels of urinary albumin excretion, well below the microalbuminuria threshold, predicted the 

development of cardiovascular disease in persons with no known risk factors (37). In patients with salt-

sensitive hypertension, a predicted consequence of hyperactive ENaC, there was a greater proportion 

with albumin in urine compared to non-salt sensitive (38, 39). Addition of amiloride to a 3-drug regimen 

in diabetes patients with treatment-resistant hypertension was equally efficient to lower blood pressure 

as spironolactone (3). In settings with aberrant proteolytic activation of ENaC, a compensatory low 

plasma renin concentration is expected and in low renin-hypertensives, amiloride unexpectedly lowered 

systolic pressure by 20 mmHg, suggesting low renin-hypertension as a valid guide to predict sensitivity to 

amiloride (40). Larger trials with amiloride versus a thiazide and the combination (PATHWAY) in patients 

with monosymptomatic hypertension showed that the combination of amiloride with 



hydrochlorothiazide, at doses equipotent on blood pressure, prevented glucose intolerance and 

improved control of blood pressure compared with monotherapy with either drug. Hyperkalemia was a 

minor problem and the authors concluded that amiloride plus hydrochlorothiazide could be first line 

treatment in hypertensive patients who need treatment with a diuretic (41). In follow-up studies, plasma 

renin predicted the response to diuretics and the authors concluded that most resistant hypertension 

patients exhibit sodium retention (42). 

Compared to control diabetes patients, diabetes patients with nephropathy displayed significant higher 

blood pressure and urinary excretion of serine protease with capability to activate ENaC in vitro (43). 

Moreover, in patients with diabetes, urine plasminogen was a prognostic factor for hypertension (44). The 

Pittsburgh Epidemiology of Diabetes Complications (EDC) study on type 1 diabetes, performed a follow-up 

for 25 years. They found a modest but significant, 2-fold increase in hypertension risk for those patients 

that exhibited increased baseline urine plasminogen/creatinine (44). Amiloride intervention in diabetes 

CKD patients had to be stopped prematurely due to hyperkalemia and no superior potency in those 

patients with plasmin in urine was uncovered (27, 45). To our knowledge, there are no trials that tested in 

patients whether hypertension accompanied by clinical albumin in urine is more sensitive to amiloride 

compared to hypertension without albuminuria. Together, available data suggest some degree of ENaC 

overactivity in a proportion of hypertensives and this could be associated with low renin, salt retention and 

higher urinary albumin. 

Current treatment options of edema in nephrotic syndrome  

Despite extensive research in the pathophysiology of NS, the diuretic strategy is still a therapeutic challenge 

with no common guidelines and limited clinical studies to guide clinicians. Along with non-pharmacological 

interventions with sodium restricted diet, pharmacologic approaches are used that target different tubular 

sodium transporters located on the apical side of the epithelial cells to reduce sodium reabsorption and 

extracellular volume retention. These diuretics reach the target by glomerular filtration or proximal tubular 



secretion. Loop diuretics are traditionally first-line choice and block the renal Na+, K+, Cl- cotransporter 

(NKCC2) in the ascending limb of Henles loop. The loop diuretics are highly protein bound in plasma and the 

delivery to the kidney may be reduced by the hypoalbuminemic state. To circumvent this problem, human 

albumin infusion may be added to continuous intravenous furosemide infusion. However, conflicting 

results question the efficacy of this approach as reviewed (46). Distal sodium transporters can also be 

targeted. No recommendation exists regarding specific combination of diuretics. Thiazides are often used 

to supplement furosemide (diuretic synergism) with proven effect in CKD patients (47) but there are no 

data from adult patients with NS. Two early and empirical treatment attempts indicated an effect of 

triamterene on edema in NS (48, 49), and a small trial in pediatric patients showed that amiloride was 

equally efficient as furosemide to reduce sodium retention in NS (50). In a case report of NS, intravenous 

furosemide solely or in combination with thiazide failed to reduced edema, instead a combination of 

furosemide and an ENaC blocker triamterene efficiently reduced body weight (4). In a second case, a 

hypertensive patient with NS, blood pressure and bodyweight only decreased modestly during treatment 

with five different drugs including loop-diuretics, thiazide, ACE inhibition and aldosterone blockade. When 

adding low-dose amiloride, an effective resolution of edema and normalization of blood pressure was 

observed (3). The same powerful results of a direct ENaC blocker were found in a third case report from a 

patient with NS caused by membranous nephropathy secondary to gastric cancer (5). These casuistic 

reports support the overfill hypothesis and underpin several animal experiments with NS, where amiloride 

successfully abolished sodium retention (51). It should be emphasized that there are no randomized 

double-blinded prospective intervention trials that prove superior clinical efficacy on amiloride in NS.   

Summary and conclusion 

In experimental models of NS, amiloride-sensitive ENaC activity contributes significantly to sodium 

retention while aldosterone appears of minor significance. Serine protease inhibitors and urokinase 

neutralizing antibodies attenuate sodium retention and ENaC cleavage in NS, suggesting contribution from 



proteolysis. Casuistic reports from patients with NS support that ENaC inhibition with 

amiloride/triamterene potently mitigate sodium retention, hypertension and edema formation. In addition, 

protease activated ENaC activity appears to contribute to hypertension in chronic low renin conditions 

including diabetes and pre-eclampsia. Currently, different clinical studies are exploring the effectiveness of 

ENaC inhibition in NS (52). Further research into the mechanisms are needed to address important 

questions such as: Is there redundancy between the different urine serine proteases? What is the lower 

limit of urine protease activity to mediate activation of ENaC? In chronic settings with albuminuria, does 

ENaC activity account for the concurrent hypertension and impaired Na excretion? Is urine protease activity 

predictive for negative cardiovascular outcomes?  

Key points:   

• Proteinuria is associated with urine excretion of active serine protease that can activate ENaC. 
• Inhibition of either ENaC or serine protease activity in experimental model of nephrotic syndrome 

alleviate sodium retention. 
• Although plasmin appears to be the dominant serine protease in nephrotic urine, other proteases 

are present and do contribute to the proteolytic ENaC activation. 
• Amiloride is an effective add on to control hypertension especially in low-renin hypertension.  
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