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Natriuretic and renoprotective effect of chronic oral neutral 
endopeptidase inhibition in acute renal failure

Natriuretic and renoprotective effect of chronic oral NEP inhibition in ARFMohammad Newaz1, Zivar Yousefipour2 and Adebayo Oyekan2

1 College of Pharmacy, Chicago State University, Chicago, IL, USA
2 Center for Cardiovascular Diseases, Texas Southern University, Houston, TX, USA

ABSTRACT

Neutral endopeptidase (NEP: EC 3.4.24.11) is involved in the degradation of peptides such as atrial natriuretic
peptide, angiotensin II (AngII), and endothelin-1 (ET-1). In this study we propose that NEP inhibition provides pro-
tection in glycerol-induced acute renal failure (ARF). Renal vascular responses were evaluated in ARF rats where
ARF was induced by injecting 50% glycerol in candoxatril, a NEP inhibitor (30 mg/kg, orally; for 3 weeks) pre-
treated rats. AngII and U46619 (a TxA2 mimetic) vasoconstriction was increased (2- to 4-fold) in ARF while ET-1
vasoconstriction was surprisingly reduced (23 ± 3%; p < 0.05). In ARF, candoxatril paradoxically enhanced ET-1
response (60 ± 20%; p < 0.05) but reduced AngII vasoconstriction (51 ± 11%; p < 0.05) without affecting U46619
response. However, candoxatril treatment was without effect on plasma ET-1 and TxB2 levels in ARF. Candox-
atril reduced plasma AngII by 34 ± 4% (p < 0.05) in ARF which was ∼3.5-fold higher compared to control.
Candoxatril doubled the nitrite excretion in control but was without effect on proteinuria or nitrite excretion in ARF.
Candoxatril enhanced Na+ and creatinine excretion in ARF by 73 ± 9% and 33 ± 2%, respectively. These results
suggest that NEP inhibition may confer protection in glycerol-induced ARF by stimulating renal function but with-
out a consistent effect on renal production and renal vascular responses to endogenous vasoconstrictors.
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INTRODUCTION

Neutral endopeptidase (NEP) is a membrane-bound
zinc-dependent metallopeptidase with a widespread
distribution in the vascular endothelium, smooth mus-
cle cells, and the brush border of the renal tubular
cells. The highest concentration of NEP has been
localized in the vesicles of the renal proximal tubule
confirming their critical role in renal tubular function.1

NEP hydrolyzes and inactivates a number of endog-
enous vasoactive peptides, some of which could
alter various functions of cells present in the arterial
wall. Thus, NEP catalyzes the degradation of the
vasodilator atrial and brain natriuretic peptide (ANP
and BNP),2,3 adrenomedullin,4 substance P5, and the
vasoconstrictors angiotensin II (AngII) and endothe-
lin-1 (ET-1).6 The exact mechanism(s) involved in
the effects produced following inhibition of NEP has
been the subject of much debate. NEP inhibitors are
a novel and effective strategy initially targeted for
the treatment of hypertension and heart failure.7–9

Potentiation of natriuretic peptide activity by NEP
inhibitors may reduce the influence of vasoconstrictors

and proliferative mediators such as AngII and ET-1
and increase local levels of vasodilator ANP and
bradykinin.10

The consensus is that enhanced production of
natriuretic peptides and the ensuing increase in nitric
oxide (NO) and/or cGMP production11 account for
the effects of NEP inhibitors in hypertension, chronic
heart failure, and atherosclerosis.12–14 However, data
at variance with these observations were obtained from
studies that demonstrated paradoxical increases in
blood pressure that were accompanied by increased
levels of ET-115 and AngII6 following NEP inhibition.
However, numerous studies are in agreement with the
renoprotective role of NEP inhibitors especially in pro-
gressive nephropathy10 and subtotal nephrectomy.16

NEP inhibitors are therefore being evaluated for other
indications, including renal diseases that are not com-
pletely responsive to angiotensin-converting enzyme
(ACE) inhibitors.17

Glycerol-induced acute renal failure (ARF) is
characterized by acute tubular necrosis and massive
vasoconstriction in renal vessels leading to renal
ischemia.18,19 We reported earlier that there was
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increased renal vascular response to endogenous vaso-
constrictors such as AngII and impaired ET-1
response in this model of ARF.20 Similarly we have
shown an increased plasma AngII and AT1 receptor
expression that is associated with an increased oxida-
tive stress and reduced NO production.21 The precise
pathology behind glycerol-induced ARF has been the
focus for numerous studies. It has been proven that
AngII plays an important role in the ensuing renal
ischemia and increased vasoconstriction that was
observed in this model of renal failure as AngII inhibi-
tion via receptor blockade reduced the enhanced renal
vascular reactivity.20 There was an attenuation of pro-
gression of renal injury by vasopeptidase inhibition
involving both ACE and NEP inhibition16 and a resto-
ration of the balance of vasoactive hormones in pro-
gressive nephropathy10 and profound natriuretic
responses by NEP inhibition in chronic renal failure
patients.22 Surprisingly, in most of these cases, there
was no influence on proteinuria23 though renal func-
tion was profoundly improved. Based on these obser-
vations, we postulate that NEP inhibition may confer
renoprotection in glycerol model of ARF. Thus, we
tested the effect of NEP inhibition with candoxatril
(UK79300) in glycerol-induced ARF and examined
the consequent modulation of renal production and
vascular responses to endogenous vasoconstrictors.

MATERIALS AND METHODS

This study was approved by the Institutional Animal
Care and Use Committee (IACUC) of Texas Southern
University following the National Institutes of Health
(NIH) guidelines for laboratory animal care and use.
All chemicals used in this study were of the highest
grade commercially available. Glycerol and AngII were
obtained from Sigma-Aldrich Chemical Company
(St. Louis, MO, USA). U46619 and ET-1 were
obtained from Cayman Chemicals (Ann Arbor, MI).
Candoxatril (UK79300) was a kind gift of Pfizer UK
Inc. (England).

Male Sprague–Dawley rats (250–300 g, Harlan
Sprague Dawley, Houston, TX, USA) were used for
this study. The animals were housed under standard
conditions of light and dark cycle with free access to
food and water. Twenty-four-hour urine was collected
for evaluation of renal function before starting any
treatment. Rats were randomly divided in two groups:
control and ARF. Each group was further divided into
vehicle and treatment. Treatment groups received
candoxatril (Candox: 30 mg/kg; orally for 3 weeks)
while the control group received equal volumes of
vehicle. Renal failure was induced in the ARF groups
24-hr prior to the day of the experiment.

Induction of acute renal failure
ARF was induced using the standard method involv-
ing administration of 50% glycerol (v/v, 8 mL/kg,
i.m.). Required amounts of glycerol were administered
as a deep intramuscular injection equally distributed to
both hind legs. Rats were deprived of food and water
for 24 hr after glycerol administration. After injecting
glycerol, rats were placed in metabolic cages and 24-hr
urine was collected to evaluate renal function as an
indicator of renal failure.

Rat isolated perfused kidney
The isolated perfused kidney was prepared as previ-
ously described.20 Briefly, after anesthesia with pento-
barbital sodium (50 mg/kg i.p.), the left kidney was
exposed by midline ventral laparotomy. The left renal
artery was cannulated through the abdominal aorta
and the kidney was perfused by means of a peristaltic
pump (MasterFlex cartridge pump, Model 7515-10,
Cole Parmer Instrument Company, Vernon Hills, IL,
USA) with warmed (37°C), oxygenated (95% O2 and
5% CO2) Krebs–Henseleit buffer composed of (in mM)
118 NaCl, 25 NaHCO3, 1.9 CaCl2, 1.19 MgSO4,
4.75 KCl, 1.19 KH2PO4, and 11.1 dextrose (pH 7.2).
The flow of perfusate was adjusted in each kidney to
obtain a perfusion pressure of 80–120 mmHg. The
flow rate achieved was 8.5–13 mL/min. The inferior
vena cava was cut to allow the flow of perfusate and
the kidney was removed from the surrounding fat and
placed in an organ chamber pre-warmed at 37°C. Per-
fusion pressure was monitored constantly by means of
a pressure transducer attached to a signal manifold
(Transbridge, model TBM-4, World Precision Instru-
ment, Sarasota, FL, USA) that is connected to a com-
puter equipped with data acquisition system (model
DI 720 and DI-205, DataQ Instruments, Akron, OH,
USA). Because flow was maintained at a constant rate,
change in perfusion pressure was used as an index of
renal vascular resistance, an increase in perfusion pres-
sure indicating vasoconstriction. All responses were
measured as the differences between the minimum
pressure and the peak responses. Drugs were kept on
ice during the experiments. Agonists were injected
close to the renal artery at a maximum volume ≤30 μL.
Renal vascular response to agonists AII (2.5, 5, 10,
and 25 ng), U46619, TxA2 mimetic (10, 50, and
100 ng), or ET-1 (5, 10, and 25 ng) was determined
randomly as boluses in the perfusate.

Measurement of biochemical parameters
Urinary excretion of protein and creatinine were mea-
sured using commercially available kits (Sigma-Aldrich,
St. Louis, MO, USA). Urinary excretion of Na+ was
measured by flame photometer (Genway FP7, Jenway
Ltd., Essex, UK). Plasma AngII, Urine TxB2, and
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plasma ET-1 were determined by EIA kit (Cayman
Chemicals, Ann Arbor, MI, USA) following manufac-
turer protocol. Urinary NO was determined by mea-
suring its stable metabolite nitrite. In this fluorometric
kit (Cayman Chemicals, Ann Arbor, MI, USA) nitrate
was converted to nitrite using nitrate reductase and the
total nitrite was quantified.

Statistical analysis
Changes in perfusion pressure were expressed as per-
centage changes from basal values. Data were pre-
sented as means ± SEM and group comparisons were
made using ANOVA followed by Bonferroni post hoc
test. In all cases p < 0.05 was considered as significant.

RESULTS

Average weight of the animals used in this study was
276 ± 19 g which was changed to 304 ± 15 g at the end
of the study period. Basal perfusion pressure was not
different in the isolated perfused kidneys from control
(116 ± 6 mmHg) or ARF rats (118 ± 12 mmHg).
Basal perfusion pressure was also not different
between kidneys from control or ARF rats treated with
candoxatril: 126 ± 7 and 122 ± 9 mmHg, respectively.

Effects of candoxatril on renal function 
and proteinuria
ARF was evident in glycerol-treated rats by a ∼2.5-fold
increase in proteinuria compared to the control rats
(Figure 1a). Candoxatril treatment did not influence
protein excretion in any of the treated groups. On the
other hand, urinary nitrite excretion was doubled
(0.5 ± 0 to 1.09 ± 0.22 μmol/mg protein/24 hr) in con-
trol rats treated with candoxatril (Figure 1b). Surpris-
ingly, there was a 200% increase in nitrite excretion in
glycerol-induced ARF, which remained elevated in
ARF rats treated with candoxatril. Figure 2 illustrates
functional impairment of the kidney confirmed by the
measurement of Na+ and creatinine excretion in the
urine for 24 hr after induction of renal failure. In ARF
rats, Na+ and creatinine excretion was blunted
by 61 ± 5% (p < 0.05) and 33 ± 4% (p < 0.05), respec-
tively. Candoxatril enhanced both Na+ and creatinine
excretion by 73 ± 9% (p < 0.05) and 33 ± 2% (p < 0.05).
This was accompanied by a significant reduction of
plasma creatinine in candoxatril-treated ARF rats
(30 ± 3%; p < 0.05) which was increased in untreated
ARF by 81 + 8% (p < 0.05).

Effects of candoxatril treatment of vascular 
responses to AngII, U46619, and ET-1
Compared to that of control rats, there was a 4-fold
increase in AngII-induced renal vasoconstriction in

rats that underwent glycerol-induced ARF (Figure 3a).
In control rats treated with candoxatril (Con + Candox),
there was also an ∼2-fold increase in AngII-induced
vasoconstriction. However, in ARF rats pretreated
with candoxatril (ARF + Candox), AngII-induced
increase in renal perfusion pressure was reduced by
51 ± 11% (p < 0.05). Similarly, U46619, a TxA2
mimetic, dose dependently increased renal perfusion
pressure, which was significantly higher (p < 0.05) in
ARF rats compared to the control rats (Figure 3c). On
the contrary, candoxatril treatment did not affect
U46619 vasoconstriction either in control or in ARF
rats. Unlike with AngII, ET-1-induced increase in
renal perfusion pressure was 23 ± 3% (p < 0.05) less in
ARF rats compared to the control rats (Figure 3b).
Although candoxatril reduced ET-1 vasoconstriction
in control rats, it elicited an opposite effect in ARF rats
as ET-1 response was increased up to a level similar to
that of control rats.

Effects of candoxatril treatment on the 
production of AngII, TxA2, and ET-1
Endogenous production of AngII, ET-1, and TxA2
(Figure 4) was significantly increased in ARF rats
compared to the control rats. In the case of AngII and
TxB2 (a stable metabolite of TxA2) this increase was
∼3.5-fold while in the case of ET-1 it was 23 ± 2%
(p < 0.05). Candoxatril increased plasma levels of

FIGURE 1. Urinary excretion of protein (a) and nitrite
(b) in control and ARF rats treated with or without candox-
atril (30 mg/kg/day; orally, 3 weeks). n = 5 in each experimental
group. Values are mean ± SEM. *p < 0.05 versus control.
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AngII in control rats while reducing it in ARF rats by
34 ± 4% (p < 0.05) (Figure 4a). However, candoxatril
treatment did not influence plasma ET-1 or urinary
excretion of TxB2 either in ARF or in control rats
(Figure 4b and c).

DISCUSSION

This study demonstrates the beneficial effect of
chronic administration of candoxatril, a NEP inhibi-
tor, on renal function and renal vascular reactivity in
glycerol-induced ARF. In this study, the beneficial
effect of candoxatril was also associated with a con-
comitant reduction in plasma AngII level. These find-
ings extend the result of previous studies showing

beneficial effect of NEP inhibition in ameliorating
renal injury in progressive renal diseases.16,24 Simi-
larly, the restoration of balance of vasoactive hor-
mones by vasopeptidase inhibitors in progressive

FIGURE 2. Urinary excretion of Na+ (a), creatinine (b), and
plasma creatinine (c) values in control and ARF rats treated
with or without candoxatril (30 mg/kg/day; orally, 3 weeks).
Values are mean ± SEM. *p < 0.05 versus control; **p < 0.05
versus ARF.
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FIGURE 3. Vascular responses to (a) AngII (2.5, 5, 10, and
25 ng), (b) ET-1 (5, 10, and 25 ng), and (c) U46619 (10, 50,
and 100 ng), a TxA2 mimetic, in isolated kidneys prepared from
control (Control) or ARF rats with (ARF + Candox; Con +
Candox) or without (ARF) candoxatril (30 mg/kg/day; orally, 3
weeks) treatment. Numbers in the parentheses are the number
of animals in each group. Values are mean ± SEM. *p < 0.05
versus control; **p < 0.05 versus ARF.
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nephropathy implicates NEP inhibition in the correc-
tion of altered balance of vasoconstrictor/vasodilator
mediators in kidney failure.10

The most prominent beneficial effect of candoxatril
observed in this study was the improvement of renal
function as evident by increased natriuresis and
enhanced creatinine clearance. This observation is
supported by numerous experimental studies in which
the renoprotective effects following NEP inhibition
was attributed to its ability to produce profound natri-
uresis via increased ANP productions.9,22,23,25 This
observation was further corroborated by the observa-
tion that NEP inhibition also inhibited the activation
of aldosterone-mediated signaling.9,26 It is well estab-
lished that aldosterone increases tubular sodium reab-
sorption in the inner medullary collecting duct cell
which is also the site of action of NEP. Therefore,

inhibition of aldosterone will complement the influ-
ence of NEP inhibition on natriuresis. Similar to these
studies we also observed a profound natriuresis with
candoxatril treatment suggesting that candoxatril may
confer benefit in situations where renal function is
compromised.

Candoxatril has also been reported to increase NO
production,25 which may also promote increasing
renal perfusion and therefore renal function. This
notion is supported by the observation of a 2-fold
increase in nitrite excretion in control rats after treat-
ment with candoxatril. On the contrary, in ARF rats,
where nitrite excretion was already increased by
∼3-fold, candoxatril did not alter this increase any fur-
ther. We propose that this increase in NO production
in ARF is a protective response to the ensuing renal
failure20 where a maximally stimulated NO/NOS sys-
tem had little or no room for candoxatril to exert any
additional effect on NO production. The beneficial
effect of elevated NO in ARF may also account for the
reduced ET-1 vasoconstriction observed in ARF in
this study. In a similar study, we have shown that
increasing NO availability in ARF by antioxidants
increased Na+ excretion and enhanced renal
function21 confirming the critical role of NO in this
model of ARF. Besides natriuresis, candoxatril also
produces an increased creatinine clearance in ARF
rats thus complementing enhancement of renal func-
tion. On the other hand, judged critically by pro-
teinuria, candoxatril failed to protect the failing kidney
in as much as proteinuria was unchanged. This is not
surprising, as other studies have observed renoprotec-
tive effect of candoxatril despite the lack of improve-
ment in proteinuria.23 This may be explained by the
fact that NEPs are predominantly expressed in the
proximal nephron where they regulate the tubular
function and may likely affect proximal tubular func-
tion. On the other hand, physical glomerular damage
is the mechanical process that leads to leakage of myo-
globin in the urine in ARF18,19 where inhibition of
endopeptidase is of no effect. Absence of effects of
candoxatril on NO excretion in glycerol-induced ARF
may be due to involvement of other mechanism
unknown at the moment.

The reduction in ET-1 vasoconstriction in this
study corroborates our earlier observation20 and may
be caused by at least two reasons. First, increased
renal production of NO in ARF which is a known
inhibitor of ET-1 activity.27 Second, the kinetics of
ET-1 production in ARF is such that peak production
was reached at 10 hr after ARF induction returning to
normal or below normal by 24 hr,28 a time coinciding
with the time of experiments in this study. The long
exposure of the kidney to endogenous ET-1 may
therefore have caused receptor desensitization. In the

FIGURE 4. Plasma level of AngII (a), ET-1 (b), and urinary
excretion of TxB2 (c) in control (Control) and ARF rats treated
with (ARF + Candox; Con + Candox) or without (ARF)
candoxatril (30 mg/kg/day; orally, 3 weeks) (n = 5 rats per
group). Values are mean ± SEM. *p < 0.05 versus control;
**p < 0.05 versus ARF.
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presence of candoxatril, increased ET-1 vasoconstric-
tion was a surprising observation in ARF. We interpret
these data to reflect lack of ET-1 receptor desensitiza-
tion due to reduced endogenous ET-1 production by
candoxatril based on its documented ability to
increased production of ANP14,29 or NO.11 The chang-
ing dynamics between the effects of ARF on one hand
and that of candoxatril on the other probably accounts
for the unchanged plasma levels of ET-1 in candoxatril-
treated ARF rats. Thus, there is a crucial balance
between candoxatril-induced NO-mediated inhibition
of ET-1 production and ET-1 degradation by candox-
atril, which is different in normal or diseased condi-
tions. This complex effect of candoxatril is in agreement
with observations that candoxatril can reduce ET-1
production by inhibiting endothelin-converting enzyme
(ECE) activity14 on one hand but increased ET-1 level
by inhibiting ET-1 degradation30 on the other hand.

Endogenous vasoconstrictors such as AngII are
known to contribute to the pathogenesis of glycerol-
induced ARF or rhabdomyolysis. Besides tubular
necrosis and vasoconstriction,18,31 increased responses
to these vasoconstrictors have also been reported.20

Effect of candoxatril on AngII metabolism is always
the focus of study where AngII plays a major role as a
vasoconstrictor. More importantly, there is no direct
evidence that NEP inhibition can modulate AngII pro-
duction by regulating ACE, and this is the reason for
administration of ACE inhibitors together with NEP
inhibitors in hypertensive diseases. The elevated
plasma AngII level in candoxatril-treated control rats
and an exaggerated vasoconstriction are consistent
with candoxatril prevention of degradation of AngII by
inhibiting NEP.32 However, in the candoxatril-treated
ARF rats, there was reduced AngII response and pro-
duction. This may be caused by the fact that candox-
atril enhanced the production and availability of
natriuretic peptides in the kidney.23 Since ANP and
AngII work in the same sites of the kidney33 and ANP
can block the stimulatory effects of AngII,34 we specu-
late that the reduced plasma AngII level observed in
this study may be attributed to the natriuretic peptides
which modulate AngII production via inhibiting
renin–angiotensin–aldosterone system.9,35 An addi-
tional axis for candoxatril-mediated reduction in
AngII is NO since increased renal NO production by
candoxatril may also inhibit the renin–angiotensin
system.36 There was no reported study showing the
role of candoxatril on TxA2 production or metabo-
lism. Therefore, inclusion of U46619, a TxA2
mimetic in the vascular response study and measure-
ment of TxB2 in the urine, was a negative control to
confirm that the effects of candoxatril on AngII and
ET-1 are specific rather than a global influence of
improvement in renal function or vascular reactivity.

In conclusion, we propose that candoxatril modu-
lates the vascular responses to endogenous vasocon-
strictors and enhances renal function. Absence of an
unmasked effect of candoxatril on NO excretion in
glycerol-induced ARF suggests involvement of other
mechanisms, which are unknown at the moment.
Therefore, we propose that enhancement of renal
function may be related to NEP-mediated enhance-
ment of NO production without protecting the kidney
from the physical glomerular damage induced by
myoglobin.
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