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SUMMARY
1. (Pro)renin receptor (PRR) binding to renin or prorenin mediates Ang II dependent and

independent effects. PRR expression was increased in the kidneys of diabetic rats but its
role in diabetic nephropathy is unknown. We investigated the contribution of PRR to the
development of diabetic nephropathy through enhancement of renal production of tumor
necrosis factor-α (TNF-α) and interleukine-1β (IL-1β).

2. Normoglicemic control and streptozotocin-induced diabetes Sprague-Dawley rats were
studied. We evaluated urine albumin-to-creatinine ratio (UACR), renal interstitial fluid
(RIF) levels of Ang II, TNF-α, and IL-1β, and the renal expression of TNF- α and IL-1β
in control, non-treated diabetes, and diabetes treated with PRR blocker (PRRB), AT1
receptor blocker valsartan, or combined therapy, administered directly to the renal
cortical interstitium for 14 days via osmotic minipump.

3. Compared to normoglycemic control, UACR and RIF Ang II, TNF-α, and IL-1β were
significantly higher in diabetic rats. PRRB or valsartan individually and combined
significantly reduced UACR, RIF TNF-α and IL-1β levels. Renal expressions of TNF-α
and IL-1β were higher in non-treated diabetic rats and significantly reduced by PRRB or
valsartan individually and combined. Renal PRR expression was increased in non-treated
and PRRB treated diabetic rats, and reduced in rats receiving valsartan alone or combined
therapy. RIF Ang II was not influenced by PRRB, while valsartan alone and combined
with PRRB significantly increased its levels.

4. We conclude that PRR is involved in the development and progression of kidney disease
in diabetes by enhancing renal production of inflammatory cytokines TNF-α and IL-1β,
independently of renal Ang II effects.
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INTRODUCTION
Diabetic nephropathy is the leading cause for the development of end-stage renal disease
(1). Previous studies suggested that the renin-angiotensin system (RAS) contributes to the
development and progression of kidney disease in diabetes. The efficacy of the RAS
blockade was demonstrated in large multicenter randomized trials (2–3) involving patients at
various stages of diabetic nephropathy with slowing of the progression of renal injury.
However, although the RAS inhibitors are widely used, the prevalence of diabetic
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nephropathy continues to be high (1). In diabetes, the RAS was shown to activate renal
inflammation (4). The enhanced production of inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and interleukin-6 were
demonstrated to play important role in the development and progression of diabetic
nephropathy (5).

The discovery of the (pro)renin receptor (PRR) as a new member of the RAS (6) brought
new concepts to possible mechanisms contributing to organ damage in diabetes and
hypertension. PRR consists of 350 amino acids protein with a single transmenbrane domain
that binds both prorenin and renin. This receptor has high affinity for prorenin allowing the
renin precursor to become catalytically active without proteolytic cleavage of its prosegment
(7). The binding of PRR by renin or prorenin can determine the ultimate generation of
angiotensin II (Ang II) (7–8). In addition, independent of Ang II production, PRR was
shown to activate intracellular protein phosphorylation and matrix formation (9–10).
Recently, a putative peptidic PRR blocker (PRRB) knows as ‘handle region peptide’ (HRP)
was developed (11–12). This drug contains the amino acids sequence that mimics the handle
region segment of PRR and thus binds competitively to this receptor, thereby preventing its
activation by prorenin (13). Treatment of diabetic rodents with PRRB led to prevention or
reversal of diabetic nephropathy, including decrease in albuminuria (12,14–15). However,
the pathophysiological mechanisms related to PRR activation in diabetes remain unclear.

In the present study, we hypothesized that in presence of diabetes, PRR contributes to the
development of diabetic nephropathy, independent of Ang II generation, through
enhancement of renal production of inflammatory factors TNF-α and IL-1β.

METHODS
Animal preparation

Experiments were approved by the University of Virginia Animal Care and Use Committee
and conducted in male Sprague-Dawley rats (Charles River Laboratories; Wilmington, MA)
weighing 230 to 260g. Animals were given food and tap water ad libitum and a minimum of
one week was allowed to adjust to our animal care facility. Rats were divided randomly into
five groups: normoglycemic control group (n = 8), diabetes group (DM; n = 10), DM treated
with PRRB group (DM + PRRB; n = 10), DM treated with valsartan group (DM + VAL; n =
10), and DM treated with both PRRB and valsartan group (DM + PRRB + VAL; n = 9).
Diabetes was induced by intraperitoneal injection of 65 mg/kg of streptozotocin (STZ;
Sigma-Aldrich, Saint Louis, MO). Normoglycemic control rats were injected with an equal
volume of vehicle (0.9% NaCl). The decapeptide NH3-RILLKKMPSV-COOH (HRP) was
dissolved in saline and an infused at 0.2 mg/kg/2 wks. The angiotensin AT1 receptor blocker
valsartan (Novartis, East Hanover, NJ, USA) was used at 2 mg/kg/day, a dose which does
not affect blood pressure in rats (16). Both drugs were administered directly to the left renal
cortical interstitium for 14 days via osmotic minipump (model 2002; Alzet, Cupertino, CA,
USA). Controls and non-treated diabetic rats were implanted with a sham osmotic minipump
containing 0.9% NaCl.

For minipump implantation and kidney infusion, one day after STZ or vehicle (0.9% NaCl)
injection, rats were anesthetized with ketamine (80 mg/kg; i.p.) and xylazine (8 mg/kg; i.p.)
and placed on a heating pad throughout the surgery period. The osmotic minipump was
implanted subcutaneously in the subscapular region of all rats. Thereafter, a midline
laparotomy was performed and the left kidney was properly isolated. A PE-10 catheter
connected to each minipump was tunneled subcutaneously through a bevel-tipped stainless-
steel tube to emerge into the abdominal cavity and the distal end of the catheter was placed
under the left renal capsule and glued on the surface of the kidney using Vetbond (3M
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Animal Care Products, St. Paul, MN, USA) (17). The abdominal wall was then sutured and
rats were allowed one week to recover.

Body weight, blood glucose, and 24-h urine measurements
Body weight, blood glucose, and 24-h urine collections were obtained before and at the end
of the second week post-diabetes induction. Blood glucose from tail vein was also
monitored 72-h after STZ administration and at the end of the study using a glucometer
(Bayer HealthCare, Mishawaka, IN, USA). For urine collections, rats were placed in
individual metabolic cages for a period of 24-h and urine samples were kept at −80°C until
assayed. Urinary albumin was determined by ELISA using Nephrat (Exocell, Philadelphia,
PA, USA), and urine creatinine by a creatinine assay kit (Cayman Chemical, Ann Arbor,
MI, USA). Changes in urinary albumin to creatinine ratio (UACR) were used as a marker
for diabetic nephropathy.

In vivo renal interstitial fluid (RIF) collections
To determine the RIF Ang II, TNF-α, and IL-1β we constructed a microdialysis probe as
previously described (4,18–20). In this technique, substances with a molecular mass >
40,000 Da cannot cross the dialysis membrane but allowing the free passage of Ang II,
TNF-α, and IL-1β. Two weeks after development of diabetes and drugs treatment, acute RIF
collections were performed under sodium pentobarbital anesthesia (50 mg/kg i.p.; Sigma-
Aldrich, St. Louis, MO, USA). A midline laparotomy was performed and a dialysis probe
was placed in the left kidney cortex. In brief, a 30-gauge needle was tunneled approximately
1–2 mm from the outer renal surface for about 0.5 cm before it exited by penetrating the
capsule again. The tip of the needle was then inserted into one end of the dialysis probe, and
the needle was pulled together with the dialysis tube until the dialysis fiber was situated into
the renal cortex. To prevent dislodging, dialysis probe was glued to the surface of the kidney
using Vetbond. Thereafter, the inflow tube of the dialysis probe was connected to a gas-tight
syringe filled with saline and perfused at a rate of 3 µl/min using an infusion pump. After a
60-min period for stabilization following completion of surgical procedures, the effluent was
collected from the outflow tube in nonheparinized plastic tubes over ice over five periods of
60-min each. At the end of each experiment, animals were euthanized and kidneys were
harvested and weighed. Kidney mass was calculated as kidney weight in miligrams divided
by body weight in grams. Kidney tissue was immediately frozen in liquid nitrogen and
stored at −80°C for mRNA analysis.

RIF storage and assays
The RIF collections were stored at −80°C until assayed. Both RIF TNF-α and IL-1β were
measured using an enzyme immunoassay kit (R&D Systems, Minneapolis, MN, USA). The
RIF Ang II samples were measured using enzyme immunoassay kit (SPI-BIO, France). RIF
recovery rate of each substance is presented as picograms per minute.

Quantitative real time reverse transcriptase-polymerase chain reaction (RT-PCR)
The procedures for mRNA measurements were performed as previously described (21). The
frozen kidneys were thawed and homogenized on ice. The total renal RNA was extracted
using RNeasy Kit (Qiagen, Valencia, CA, USA). The quality of RNA was confirmed by
ethidium bromide staining in 1% formaldehyde agarose gel. Single-stranded cDNA was
synthesized using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Gene-
specific primers were as follows: for β-actin, forward sequence 5'-
AGCCATGTACGTAGCCATCC-3' and reverse sequence 5'-
ACCCTCATAGATGGGCACAG-3'; for TNF-α, forward sequence 5’-
ACTCCCAGAAAAGCAAGCAA-3’ and reverse sequence 5’-
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CGAGCAGGAATGAGAAGAGG-3’; and for IL-1β, forward sequence 5’-
AGGCTTCCTTGTGCAAGTGT-3’ and reverse sequence 5’-
TGAGTGACACTGCCTTCCTG-3’. Quantitative RT-PCR was performed using iCycler
(Bio-Rad), and threshold cycle number was determined using iCycler software version 3.0
(Bio-Rad). Reactions were performed in triplicate, and threshold cycle numbers were
averaged. The mRNA results for specific target genes were normalized to β-actin mRNA.

Western blot analysis
Preparation of kidney tissue lysate and protein quantitation was performed as previously
described (21). Antibody to PRR (Abcam, Cambridge, MA, USA) was used in the Western
blot. Signal detection was carried out by using Super Signal West Pico Chemiluminescent
Subtract (Pierce Biotechnology, Rockford, IL, USA). The blot was treated with Restore
Western Blot Stripping Buffer (Pierce Biotechnology) according to the manufacturer's
recommendation, followed by reprobing with a monoclonal antibody against β-actin (Sigma,
St Louis, MO, USA). Densitometry of the bands was done using Image Master™ TotalLab
version 2.0 (Amersham, Piscataway, NJ, USA). The band density of PRR was normalized to
the corresponding density of β-actin. The arbitrary unit of band densities was represented as
the expression level of PRR.

Statistical analysis
All data are expressed as mean ± SEM. Statistical analysis was performed using SPSS 17.0
(SPSS, Inc). Data were compared among groups using one-way analysis of variance
(ANOVA) followed by a Tukey test for post-hoc comparisons. Pearson's correlation
coefficient was used to correlate UACR with RIF TNF-α and IL-1β. A value of P < 0.05
was considered to be significant.

RESULTS
Body weight, blood glucose, urine output, and left kidney mass index data of all rats at the
end of two weeks post-induction of diabetes and with different treatments are presented in
Table 1. At baseline there were no significant differences in body weight, blood glucose, or
urine volume between all studied groups. Fasting blood glucose before STZ administration
was 98 ± 1 mg/dl and increased to 379 ± 9 mg/dl (P < 0.001) three days after STZ
administration. Blood glucose remained elevated during the whole period of study in
diabetic animals. Compared to normoglycemic control group, two weeks after induction of
diabetes there was a significant decrease in body weight and increase in blood glucose, urine
volume, and left kidney mass index in all diabetic animals (P < 0.001). There was no
significant changes in these parameters during PRRB or valsartan treatment individually and
combined.

Expression of TNF-α, IL-1β, and PRR in the kidney of normoglycemic and diabetic rats
The PRR mRNA (Figure 1A) and protein (Figure 2B) expressions were significantly
increased in non-treated and PRRB treated diabetic animals compared to normoglycemic
control group (P < 0.01). In contrary, the receptor expression was significantly reduced in
diabetic animals treated with valsartan alone or combined PRRB and valsartan compared to
non-treated diabetes (P < 0.01). There were no significant differences in PRR mRNA and
protein expressions between non-treated and PRRB treated diabetic animals or valsartan
individually and combined. TNF-α (Figure 2A) and IL-1β mRNA (Figure 2B) expressions
were significantly higher in non-treated DM group compared to normoglycemic control
group (P < 0.01). Treatment with PRRB or valsartan individually or combined significantly
reduced mRNA expression of both TNF-α and IL-1β compared to diabetes group (P < 0.01).
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There were no significant differences between TNF-α and IL-1β mRNA in diabetic groups
treated with PRRB or valsartan individually and combined.

RIF Ang II in normoglycemic and diabetic rats
RIF Ang II recovery rates are showed in Figure 3A. Two weeks after STZ-induction of
diabetes, RIF Ang II was significantly higher in all diabetic groups compared to the
normoglycemic control group (P < 0.05). RIF Ang II did not change in response to PRRB
treatment. In contrast, valsartan treatment caused 57% further increase in RIF Ang II
compared to diabetes group or diabetes treated with PRRB group. RIF Ang II in the diabetes
group treated with combined PRRB and valsartan was also significantly increased compared
to the non-treated diabetes group or diabetes group treated with PRRB (P < 0.01), but not
different from the DM group treated with valsartan alone.

RIF TNFα and IL-1β in normoglycemic and diabetic rats
Compared to normoglycemic control group, there were significant increases in RIF TNF-α
(Figure 3B) and RIF IL-1β (Figure 3C) recovery rates in all diabetes groups (P < 0.04). Both
PRRB and valsartan treatment attenuated the increases in RIF TNF-α and RIF IL-1β that
were observed in the non-treated diabetes group (P < 0.02). There were no significant
difference in RIF TNF-α and RIF IL-1β between rats treated with PRRB and valsartan.
Compared to non-treated diabetes group, combined PRRB and valsartan treatment
significantly reduced RIF TNF-α and RIF IL-1β (P < 0.05) but it was not different from the
levels observed with individual PRRB or valsartan treatment.

UACR in normoglycemic and diabetic rats
Two weeks after development of diabetes, there was significant increase (P < 0.001) in
UACR in all diabetic animals compared to the normoglycemic control group (Figure 4).
UACR decreased significantly in DM groups treated with PRRB or valsartan by 14% and
22%, respectively, compared to non-treated DM group (P < 0.01). Similarly, there was
significant reduction in UACR in the DM group treated with combined PRRB and valsartan
compared to non-treated DM group (P < 0.01). There were no significant differences
between groups receiving individual or combined PRRB and valsartan treatment.

Relationship between UACR with RIF TNFα and IL-1β
At the end of two week study period, UACR of all animals (n = 47) were correlated with
RIF TNFα (Figure 5A) and RIF IL-1β (Figure 5B). The analyses showed a direct correlation
in both situations and significant Pearson’s coefficients (r = 0.63 and r = 0.67, respectively)
were determined.

DISCUSSION
The present study was conducted to evaluate the role of PRR in development of renal
inflammation in diabetic nephropathy. Our data demonstrated that in presence of diabetes,
PRR blockade reduced albuminuria and in vivo renal production of the inflammatory
cytokines TNF-α and IL-1β. The absence of changes in renal production of Ang II during
PRR blockade suggests that the contribution of this receptor to development of renal
inflammation in diabetes is additive to Ang II-mediated effects. Angiotensin AT1 receptor
blockade reduced albuminuria as well as renal expressions of TNF-α and IL-1β, and
increased renal Ang II levels in diabetic rats. These results point to different mechanisms
associated with PRR and AT1 receptor in diabetic kidney disease and expand on our
previous report demonstrating that stimulation of the AT1 receptor by Ang II mediates renal
inflammation in diabetes (4). Collectively, our studies suggest both Ang II-dependent and
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independent mechanisms contributing to development of renal inflammation in diabetic
nephropathy.

In diabetes, the expression and activity of all components of the RAS are increased (18,22),
including prorenin (23). The relation between increased plasma prorenin and organ damage
in diabetes remains unclear. Prorenin is a precursor of renin that was considered to be
without any physiological significance until recent discovery of its receptor (6). PRR is
expressed in the kidney mainly in the glomerular mesangial cells (6,9), vascular smooth
muscle cells of renal vessels (6), distal renal tubule (7), and podocytes (10). Plasma prorenin
levels were higher (23), while plasma renin levels were lower in diabetic patients than in
normal healthy subjects (24). The presence of high prorenin levels together with increased
renal PRR expression in diabetes (21) suggests contribution of this receptor to development
of diabetic nephropathy. In support of this hypothesis, recent studies demonstrated that
activation of PRR in diabetes plays a role in the development of microvascular
complications such as retinopathy (25) and nephropathy (12). In addition, chronic
administration of a PRRB to diabetic rodents prevented the development and progression of
diabetic nephropathy (12,14–15). PRRB interferes with the binding of prorenin to its
receptor, thereby preventing its nonproteolytic activation (11,13).

Our current data show increased expressions of PRR mRNA and protein in non-treated and
in PRRB treated diabetic animals after two weeks of development of diabetes. PRR
blockade did not influence PRR expression. In contrast, two weeks of AT1 receptor
blockade with valsartan caused significant reductions in the renal expressions of PRR
mRNA and protein. These results confirm our previous finding of reduction of PRR
expression in diabetes by AT1 receptor blockade (21). The exact mechanism responsible for
the downregulation of PRR expression with valsartan in diabetes needs further clarification.
As demonstrated by in vitro studies where renin was associated with reduction of PRR
expression (26), it is possible that increased production of renin during AT1 receptor
blockade, as demonstrated by the increased levels of renal Ang II, contributes to
downregulation of PRR expression. Another possibility is that blockade of AT1 receptor
reduces the high oxidative stress and superoxide production (27) observed in the kidney of
diabetic animals (28) leading to reduced renal PRR expression, as we have previously
demonstrated (21).

In the current study, we confirmed that chronic treatment with PRRB reduced the
development of diabetic nephropaty as demonstrated by decreased UACR. The PRRB dose
used in the present study is high enough to work as a competitive inhibitor (29). Valsartan
treatment also reduced UACR, as previously demonstrated (30). However, different
mechanisms seem to be involved with PRRB or valsartan effects on albuminuria as judged
by the differences of their influence on renal Ang II generation. Despite of this difference
we did not observe further reductions of UACR when animals were concomitantly treated
with both drugs. The reduced renal expression of PRR mRNA and protein in valsartan
treated diabetic rats suggests that AT1 receptor blockade contributes to decreased PRR
activity.

The pathophysiology of diabetic nephropathy involve multiple mechanisms including the
RAS (22) and inflammation (5,31). Renal expressions of inflammatory cytokines such as
TNF-α and IL-1β were demonstrated to increase in diabetes contributing to the development
of diabetic nephropathy (30–32). In the current study, the association between the
development of diabetic nephropathy and inflammatory cytokines was demonstrated by a
positive correlation between UACR and the renal production of both TNF-α and IL-1β. The
role of cytokines in development of diabetic nephropathy is complex, involving different
mechanisms of cellular injury (5,32). Current study demonstrated that high levels of blood
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glucose stimulated renal production of both TNF-α and IL-1β. We also demonstrated
reductions in the production of these renal inflammatory cytokines in diabetic rats with
chronic PRRB or valsartan treatments that were not related to changes in blood glucose or
body weight. The reductions in renal cytokines with PRRB treatment were independent of
changes in renal Ang II. These findings are in agreement with a previous study showing
reduction in the development of diabetic nephropathy with PRRB in the angiotensin II type
1a receptor-deficient mice (14), an animal model which no longer responds to Ang II. Based
on these results, production of inflammatory molecules in diabetes involves both Ang II -
dependent and -independent mechanisms.

(Pro)renin receptor activation by renin or prorenin mediates both Ang II dependent and
independent pathways. The binding of renin and prorenin to the PRR, independently of Ang
II, was demonstrated to initiate a cascade of intracellular signal transduction mechanisms,
including increased phosphorylation of extracellular signal-related protein kinase 1 and 2
(ERK 1/2), increased mitogen-activated protein kinase activity (34–36), and increased
production of transforming growth factor-β1 and matrix proteins with subsequent induction
of mesangial cell proliferation (9). In contrast, PRR blockade with either small-interference
RNA targeted to PRR mRNA or PRRB prevented the phosphorylation of ERK 1/2,
independently of AT1 receptor blockade (9,37). This finding is supported by a recent study
showed that PRR blockade inhibited the production of inflammatory molecules such as
VEGF and ICAM-1 in diabetic AT1 receptor deficient mice (29). The increased expression
of PRR and the production and action of cytokines in diabetic kidney are closely related.
Our current findings of reduced renal interstitial levels and renal expressions of TNF-α and
IL-1β after PRR blockade in diabetes with concomitant reduction of UACR suggest that this
receptor is involved in the development of diabetic nephropathy.

In conclusion, PRR is involved in the development and progression of kidney disease in
diabetes through enhancement of renal inflammatory mechanisms including TNF-α and
IL-1β. The inflammatory mechanisms mediated by PRR activation in diabetes are mainly
independent of the renal Ang II effects.
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Figure 1.
Renal expressions of (pro)renin receptor (PRR) mRNA (A) and PRR protein (B) in
normoglycemic control rats (n = 5), and streptozotocin (STZ)-induced diabetic rats (DM; n
= 5) treated with PRR blocker (DM + PRRB; n = 5), valsartan (DM + VAL; n = 5), or
PRRB plus valsartan (DM + PRRB +VAL; n = 5) after two weeks of STZ-induction of
diabetes and drug treatment. Data are mean ± SEM. *P < 0.05 vs. control; #P < 0.05 vs.
DM.
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Figure 2.
Renal expressions of TNF-α mRNA (A) and IL-1β mRNA (B) in normoglycemic control
rats (n = 5), and streptozotocin (STZ)-induced diabetic rats (DM; n = 5) treated with PRR
blocker (DM + PRRB; n = 5), valsartan (DM + VAL; n = 5), or PRRB plus valsartan (DM +
PRRB +VAL; n = 5) after two weeks of STZ-induction of diabetes and drug treatment. Data
are mean ± SEM. *P < 0.05 vs. control; #P < 0.05 vs. DM.
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Figure 3.
Renal interstitial fluid recovery rates of Ang II (A), TNF-α (B), and, IL-1β (C) in
normoglycemic control rats (n = 8), and streptozotocin (STZ)-induced diabetic rats (DM; n
= 10) treated with PRR blocker (DM + PRRB; n = 10), valsartan (DM + VAL; n = 10), or
PRRB plus valsartan (DM + PRRB + VAL; n = 9) after two weeks of STZ-induction of
diabetes and drug treatment. Data are mean ± SEM. *P < 0.05 vs. control; #P < 0.05 vs.
DM.
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Figure 4.
Urinary albumin to creatinine ratio (UACR) of normoglycemic control rats (n = 8), and
streptozotocin (STZ)-induced diabetic rats (DM; n = 10) treated with PRR blocker (DM +
PRRB; n = 10), valsartan (DM + VAL; n = 10), or PRRB plus valsartan (DM + PRRB +
VAL; n = 9) at baseline (open bars) and after two weeks of STZ-induction of diabetes and
drug treatment (solid bars). Data are mean ± SEM. *P < 0.05 vs. control; #P < 0.05 vs. DM.
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Figure 5.
Correlation between urinary albumin to creatinine ratio (UACR) of all rats (n = 47) with
renal interstitial fluid (RIF) TNFα (A) and IL-1β (B) at the end of two week study period,
investigated by Pearson’s correlation analysis. r = Pearson’s coefficient.
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