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Diabetic nephropathy is the single most common cause of end-stage renal disease 
(ESRD) and accounts for significant morbidity and mortality. While the incidence of 
ESRD increased dramatically in the 1980s and 1990s, the U.S. Renal Data System 
(USRDS) 2005 Annual Data Report shows that 338 out of every million Americans had 
kidney failure in 2003, down slightly from 340 per million in 2002. This report shows that 
the numbers of people developing ESRD have stabilized despite the persistent increase 
in the number of people diagnosed with type 2 diabetes mellitus (T2DM). These data 
attest to both the efficacy of the currently available therapeutic regimens for the 
treatment of ESRD as well as better overall patient care. Unfortunately, these 
encouraging statistics do not apply to all patients. According to the USRDS report, the 
most marked ESRD decrease was seen in young Caucasian men (<40 years of age), while 
in other patient groups, particularly African Americans, ESRD has not changed much at 
all. These observations suggest that more in-depth studies, addressing specific issues, 
such as race, are needed to understand the disease process fully in order to create novel 
therapeutic strategies to eradicate the disease completely in all patient populations.  

The most commonly used therapeutic treatments for diabetic nephropathy are 
angiotensin-converting enzyme (ACE) inhibitors and angiotensin II (Ang II) receptor 
blockers (ARBs), implicating the importance of the renin-angiotensin-aldosterone system 
(RAAS) in the pathophysiology of diabetic nephropathy. The RAAS is not the only 
vasoactive hormonal system that is involved in the disease process. Over the past 
decade, studies have suggested that other vasoactive hormones, including endothelin, 
urotensin II, and the kallikrein-kinin system (KKS), are instrumental in mediating 
structural and functional alterations in the renal vasculature and parenchyma, leading to 
the development and progression of diabetic nephropathy. This review will summarize 
our current understanding of the contribution of vasoactive hormones in the 
pathophysiology of diabetic nephropathy with specific emphasis on the RAAS, especially 
the more recently identified components of this hormonal pathway.  
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INTRODUCTION 

Diabetic nephropathy is the leading cause of end-stage renal disease (ESRD) worldwide and is associated 
with increased cardiovascular risk, high morbidity, and mortality[1,2]. Despite the increasing prevalence 
of diabetes mellitus globally and the predictions that the prevalence of ESRD is likely to increase with the 
epidemic of diabetes, the most recent U.S. Renal Data System (USRDS) report suggests that the numbers 
of people developing ESRD due to diabetes have stabilized[3]. While this report seems to indicate that the 
currently available treatments for diabetic nephropathy are effective in attenuating the disease 
progression, the number of patients with ESRD is still very high and diabetic nephropathy remains a 
significant problem in terms of economic burden as well as quality of life.  

Clinically, diabetic nephropathy is characterized by an initial increase in glomerular filtration rate 
(GFR) and microalbuminuria[4,5]. As a consequence of uncontrolled hyperglycemia, this stage of 
hyperfiltration coupled with glomerular hypertrophy is followed by proteinuria, glomerular and 
tubulointerstitial damage, accompanied by a decline in GFR and hypertension, ultimately leading to 
ESRD[6,7].  

Diabetic nephropathy is generally believed to develop as a result of an interaction between multiple 
metabolic and hemodynamic factors, which activate common intracellular signaling pathways that, in 
turn, trigger the production of cytokines and growth factors, leading to renal disease. More specifically, 
prolonged and uncontrolled hyperglycemia that characterizes diabetes has been shown to activate 
nonenzymatic glycation and oxidative stress, polyol pathway, and hexosamine flux[8,9,10]. Persistent 
hyperglycemia also perturbs the renal hemodynamics through activation of a number of vasoactive 
hormonal pathways, including the renin-angiotensin-aldosterone system (RAAS), endothelin, and 
urotensin II[11,12,13,14,15]. These vasoactive hormones, in turn, activate common second messenger 
signaling pathways (such as protein kinase C [PKC] and MAP kinase [MAPK]), transcription factors 
(such as nuclear factor-κB [NF-κB]), which alter expression of genes of growth factors, and cytokines 
(such as transforming growth factor-beta [TGF-β], vascular endothelial growth factor [VEGF], platelet-
derived growth factor [PDGF], and connective tissue growth factor [CTGF]), all of which have been 
implicated in the development of albuminuria, glomerulosclerosis, and tubulointerstitial fibrosis 
associated with diabetic nephropathy[16,17,18,19]. Fig. 1 depicts the cross-talk between metabolic and 
hemodynamic pathways that lead to the development and progression of diabetic nephropathy. 

Renin-Angiotensin-Aldosterone System (RAAS) 

One of the best described and most researched vasoactive hormonal pathways in the pathophysiology of 
diabetic nephropathy is the RAAS. The RAAS has classically been thought to be part of the major 
regulatory system involved in blood pressure control as well as in water and electrolyte 
homeostasis[20,21]. However, studies in the last decade or so have demonstrated an important role for the 
RAAS in regulating cell growth and differentiation, extracellular matrix (ECM) metabolism, and 
inflammation in chronic diseases, such as diabetic nephropathy[22,23,24,25]. The most convincing 
evidence for the involvement of the RAAS in diabetic nephropathy comes from randomized, controlled 
clinical trials demonstrating the efficacy of angiotensin-converting enzyme (ACE) inhibitors and 
angiotensin II (Ang II) receptor blockers (ARBs) in slowing the progression of renal disease[26,27]. The 
stabilization in the number of diabetic patients going into ESRD has also largely been attributed to the 
efficacy of these drugs. These observations strongly support the notion that the RAAS is a major 
contributor in the development and progression of diabetic nephropathy.  

While for decades Ang II had been regarded as the single effector molecule of the RAAS, in recent 
years, studies have suggested that other components of the “classical” RAAS, including aldosterone, 
renin, and prorenin, also have direct biological actions in the diabetic kidney[28,29,30]. In addition, 
recent studies have suggested that metabolites of Ang II, including Ang (1-7) and Ang (1-9), may  
have important biological activities in diabetic nephropathy[31,32]. Enzymes involved in their synthesis,  
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FIGURE 1. Interaction between metabolic and hemodynamic pathways in the pathophysiology of diabetic nephropathy. 

namely ACE2 and neprilysin, have also recently been added to the increasing complexity of the 
RAAS[33,34]. Furthermore, several studies have suggested that alternative enzymes to ACE exist for 
converting Ang I into Ang II in the kidney, namely chymase[35]. Fig. 2 summarizes our current 
understanding of the RAAS. 

Angiotensin II (Ang II) 

Ang II is one of the most potent effector molecules of the RAAS, with diverse actions in many renal cell 
types[36]. A large body of evidence suggests that in addition to the systemic production of Ang II, most 
tissue beds, including the kidney, express a local RAAS that acts independently of the circulating 
RAAS[36,37]. Thus, while the circulating RAAS does not seem to be activated in type 1 diabetes mellitus 
(T1DM) or type 2 diabetes mellitus (T2DM)[38], the renal RAAS appears to be up-regulated and 
contributes much to the pathophysiology of diabetic nephropathy[39]. Furthermore, most recent studies 
have shown that in addition to the renal RAAS, cell-specific RAAS also exists and its expression, for 
example, in the proximal tubules is up-regulated in the diabetic kidney[40]. These observations suggest 
that RAAS expression and activity are under extremely complex regulation. Moreover, these observations 
explain why ACE inhibitors and ARBs are effective in the treatment of diabetic nephropathy, despite the 
fact that circulating RAAS does not seem to be altered in the setting of diabetes.  
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FIGURE 2. The current view of the RAAS showing the “classical” pathway of Ang II formation and 
the more recently identified enzymes, metabolites, and receptors of the RAAS. Abbreviations: ACE: 
angiotensin converting enzyme; ACE2: angiotensin converting enzyme-2; AT1: angiotensin II type 1 
receptor; AT2: angiotensin II type 2 receptor; APA: aminopeptidase A; APB: aminopeptidase B; CPX: 
unknown carboxypeptidase; IRAP: insulin-regulated aminopeptidase; MR: mineralocorticoid receptor; 
NPL: neprilysin; Mas protooncogene; AT4: angiotensin IV receptor 

In the kidney, Ang II mediates its actions by signaling through its two receptor subtypes, the AT1 and 
the AT2 receptor. The AT1 receptor is widely distributed throughout the kidney[37,41], while the 
distribution of the AT2 receptor is restricted to glomerular endothelial cells and tubular epithelial cells in 
the cortex, interstitial, and tubular cells in the outer medulla, and inner medullary collecting duct 
cells[42]. It is generally believed that AT1 and AT2 receptors mediate the opposing effects of Ang II such 
that, for example, activation of AT1 receptors leads to renal vasoconstriction, sodium retention, and cell 
proliferation[41,43,44], while activation of AT2 receptors leads to vasodilatation, natriuresis, and 
inhibition of cell proliferation[45,46,47]. Surprisingly, the expression of renal AT1 receptors has been 
reported to be decreased in diabetic nephropathy[48], suggesting that it may be the sensitivity of the AT1 
receptors to Ang II, rather than the level of its expression, that mediates the deleterious effects of Ang II 
activation of the AT1 receptor[39,49]. Indeed, both early hyperfiltration as well as later decline in GFR 
associated with diabetic nephropathy is thought to be associated with AT1 receptor–mediated alterations 
in vascular responsiveness to Ang II[7,50,51]. In addition to its hemodynamic effects, it is becoming 
increasingly apparent that Ang II, via the AT1 receptor, contributes to the development and progression of 
diabetic renal structural injury. In cultured mesangial, proximal tubular, and interstitial cells, Ang II 
increases cell proliferation and ECM synthesis[52,53,54,55]. These actions of Ang II have mainly been 
attributed to stimulation of a number of profibrotic cytokines, such as TGF-β, VEGF, PDGF, and CTGF, 
as well as activation of downstream signaling pathways involving PKC and NF-κB[55,56,57,58], 
ultimately leading to glomerulosclerosis and tubulointerstitial fibrosis. Ang II, via the AT1 receptor, has 
also been shown to be a potent proinflammatory agent, activating differentiation and proliferation of 
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monocytes and macrophages via stimulating the expression of monocyte chemoattractant protein-1 
(MCP-1), osteopontin, and RANTES[59,60,61]. In addition, Ang II has been reported to activate 
metabolic pathways leading to accumulation of advanced glycation end-products[62], which in turn 
contribute to renal injury. 

The importance and contribution of AT2 receptors in the diabetic kidney is less well understood and 
there is still much controversy regarding the levels of expression of AT2 receptors in the diabetic kidney. 
Both decreases[42,48] and increases[45] in the level of expression of AT2 receptors have been reported in 
experimental models of diabetic nephropathy. The decrease in AT2 receptor expression supports the 
concept that AT2 receptors may mediate the beneficial effects of Ang II and that these beneficial effects 
may be lost in diabetic nephropathy due to down-regulation of AT2 receptor expression. The increase in 
AT2 receptor expression in obese Zucker rats, a model of T2DM, has been reported to mediate the 
natriuretic affects of an AT1 receptor antagonist[45]. These findings indicate that AT2 receptors may 

compensate for the enhanced fluid intake observed in streptozotocin (STZ)-induced diabetic rats. In 
addition, AT2 receptors have been shown to promote cell differentiation and apoptosis[63], thus offering 
protection against glomerulosclerosis and tubulointerstitial fibrosis associated with diabetic nephropathy. 
Further supporting the importance for AT2 receptors in diabetic nephropathy is the recent report of the 
polymorphism of the AT2 receptor gene that is associated with the decline in renal function and premature 
aging of the arterial tree in patients with type I diabetes[64]. 

It is important to note that not all studies are in agreement regarding the levels of expression of not 
only AT1 and AT2 receptors in the diabetic kidney, but also other components of the RAAS. The most 
likely explanation for these disparate findings is the experimental models of diabetic nephropathy these 
studies have been performed in, duration of diabetes, as well as the techniques used for assessing the 
levels of expression of various components of the RAAS. However, studies have also suggested that 
rather than the changes in the level of expression, diabetes may alter the distribution of the components of 
the RAAS within various kidney compartments. In an experimental model of diabetic nephropathy, 
proximal tubule ACE activity was reported to be reduced, but ACE immunostaining intensity was 
enhanced in glomeruli and renal vasculature[65]. These observations once again stress the importance of 
not just the renal RAAS, but also coexistence of cell-specific RAASs in the pathophysiology of diabetic 
nephropathy. Furthermore, these cell-specific expressions may be important in determining cell-specific 
effects of the RAAS, such as that albuminuria and renal fibrosis associated with diabetic nephropathy, for 
example, may be regulated by Ang II through different signaling pathways in different cell types. 

Despite the above-mentioned controversies regarding levels of expression of the RAAS in diabetic 
nephropathy, several ACE inhibitors and ARBs have been shown to slow the progression of diabetic 
nephropathy. ACE inhibitors such as enalapril and lisinopril have clearly been shown to offer 
renoprotection in both experimental models of diabetic nephropathy as well as in humans[66,67,68]. The 
beneficial effects of ACE inhibitors may not only be related to their ability to inhibit Ang II formation, 
but also increase Ang (1-7) formation, which on its own may be beneficial (see discussion below). 
However, ACE inhibition may not be sufficient to block Ang II formation completely, as Ang II may be 
formed via ACE-independent mechanisms involving chymase, the expression of which is increased in the 
diabetic kidney[69]. In addition, ACE inhibition may also be associated with increased renin levels, 
which may be detrimental to the diabetic kidney. Furthermore, long-term use of ACE inhibitors is 
associated with frequent side effects, such as cough and angioedema[70]. Thus, while inhibiting ACE 
activity is beneficial to a degree, additional levels of inhibiting the RAAS, such as ARB, are needed to 
protect the kidney in the setting of diabetes.   

Increasing evidence suggests that alternative pathways to ACE exist for Ang II generation in target 
tissues, including the kidney[71,72]. The most prominent of these alternative pathways is thought to be 
chymase dependent, as Ang II formation is substantially blocked by chymase inhibitors, such as 
chymostatin, NK3201, and CD41[73,74]. Recent studies have reported that chymase is markedly up-
regulated in mesangial cells, mast cells, and vascular smooth muscle cells in experimental models of 
diabetic nephropathy[75,76]. These observations indicate that the chymase-dependent, Ang II–generating 

system may play an important role in the pathophysiology of diabetic nephropathy. Future studies are 
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needed to determine the potential renoprotective effects of chymase inhibitors alone or in combination 
with other therapies blocking the RAAS in the diabetic kidney in humans. 

The Reduction of Endpoints in Non-insulin dependent diabetes mellitus with the Angiotensin 
Antagonist Losartan (RENAAL)[26] and the Irbesartan Diabetic Nephropathy Trial (IDNT)[26,27] have 
both reported renoprotective effects of inhibiting the AT1 receptor in the diabetic kidney. The Olmesartan 
Reducing Incidence of ESRD in diabetic Nephropathy Trial (ORIENT) is currently ongoing and is also 
expected to show similar renoprotective effects[77]. The beneficial effects of ARBs may not only lie in 
the fact that they block the AT1 receptor, but that in the process, they unmask the protective effects of the 
AT2 receptor.. On the down side, ARBs do not inhibit Ang II formation, which may potentially be able to 
exert its detrimental effects through an as-yet-unknown receptor. Thus, the combination therapy of ACE 
inhibitors and ARBs would be the path of a more complete blockade of the RAAS and thus more 
effective in attenuating diabetic nephropathy. Indeed, both clinical trials and experimental studies have 
reported the superiority of the combination therapy over either ACE inhibitors or ARBs alone in diabetic 
nephropathy[78,79,80,81]. However, despite the success of the combination therapy in slowing the 
progression of diabetic nephropathy, there is still room for improvement of therapeutic strategies relating 
to the RAAS. Given the existence of the renal as well as cell-specific RAAS, it is conceivable that the 
ultimate beneficial effects of inhibiting the RAAS in the diabetic kidney would come from inhibition at 
both the tissue and level of a single cell. However, developing tissue and cell-specific pharmacological 
inhibitors of the RAAS may, at least at this stage, be far from realistically possible.  

Renin and Prorenin 

Part of the reason why ACE inhibition is only partially effective in attenuating the progression of diabetic 
nephropathy may be due to tissue renin accumulation, which, in turn, may lead to higher renal Ang II 
formation via renin-dependent, but ACE-independent, pathways[82]. Interestingly though, plasma renin 
levels and activity are low in patients with T2DM, while renal levels are high in the diabetic kidney, 
especially in the damaged tubules[40,83]. This increase in proximal tubule renin has been suggested to be 
responsible for the increased local formation of Ang II, which subsequently leads to tubular injury and 
tubulointerstitial fibrosis. Thus, renin inhibition has been identified as an independent therapeutic target, 
not only in the treatment of diabetic nephropathy, but chronic renal disease in general. Aliskiren is the 
first nonpeptide, orally active, renin inhibitor approved by the FDA[70]. Thus far, aliskiren monotherapy 
has been shown to provide antihypertensive efficacy and placebo-like tolerability in patients with 
hypertension[30,70]. While no data on the efficacy of aliskiren in the treatment of diabetic nephropathy in 
humans are available as yet, a recent experimental study has shown renoprotective effects of aliskiren 
through reducing albuminuria and renal structural injury[84].  

Prorenin is a precursor of renin that, under normal physiological conditions, lacks renin enzymatic 
activity, i.e., it cannot generate Ang I from angiotensinogen[85]. Plasma prorenin concentrations have 
been shown to be elevated in T2DM, in particular in those patients with microalbuminuria[86], 
suggesting that prorenin may contribute to the progression of diabetic nephropathy. Both prorenin and 
renin have recently been identified as having direct actions on target cells in the kidney via binding to the 
membrane-associated protein, now called prorenin/renin receptor[87,88]. The prorenin/renin receptor is 
predominantly localized to mesangial cells, distal tubules, glomeruli, and the macula densa[88,89]. 
Binding of prorenin/renin to its receptor has been shown to have profibrotic effects via activation of the 
TGF-β pathway, even in the presence of an ARB (Ref 23 of Huang et al). These findings suggest that 
renin and prorenin may have direct cellular effects independent of Ang II formation. A site-specific 
binding protein (called “decoy peptide”) has recently been found to prevent prorenin activation on 
binding to the prorenin/renin receptor[88]. In an experimental model of diabetic nephropathy, the “decoy 
peptide” has been shown to attenuate glomerulosclerosis and tubulointerstitial fibrosis, both 
directly[90,91] and indirectly[91], via inhibition of local Ang II formation. These observations support the 
concept of the importance for renin and prorenin in the pathophysiology of diabetic nephropathy in 
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concert with and independent of Ang II. Further studies are needed to evaluate whether renin inhibition 
and blockade of the prorenin/renin receptor, in addition to ACE inhibition and/or ARB, may provide 
synergistic renoprotective effects in diabetic nephropathy in humans. 

Aldosterone 

The concept of “aldosterone escape” in the context of ACE inhibition is well recognized. Long-term ACE 
inhibition or ARBs are associated with increases in plasma aldosterone levels in some patients after an 
initial reduction or unchanged levels[28,92]. These observations led to the belief that one of the 
underlying reasons for the incomplete renoprotection offered by ACE inhibitors or ARBs is elevation in 
aldosterone levels. In addition, in the past decade, a broader perspective has also emerged regarding 
aldosterone's actions in the kidney. Aldosterone is now not just believed to be involved in water and 
electrolyte balance, but that it has direct actions on target cells leading to renal injury. These findings 
suggest that aldosterone inhibition may be an effective treatment for diabetic nephropathy. Indeed, in 
experimental models, spironolactone, a mineralocorticoid receptor (MR) blocker, reduces albuminuria, 
glomerulosclerosis, macrophage infiltration, renal MCP-1 synthesis, and expression of its upstream 
transcription factor NF-κB[93]. In patients with T2DM complicated by diabetic nephropathy, 
spironolactone decreases albuminuria and plasminogen PAI-1[94]. Addition of spironolactone to an ACE 
inhibitor or ARB also reduced proteinuria, which, in part, relates to the more pronounced reduction in 
GFR[28,95,96]. These studies concluded that the combination therapy of aldosterone blockade with ACE 
inhibition or ARB confers additional renoprotection in patients with diabetic nephropathy. While both 
experimental and clinical observations indicate that aldosterone blockade may be a potential therapeutic 
target in diabetic nephropathy, it should be stressed that long-term administration of MR blockers is 
associated with a major adverse effect of hyperkalemia[97]. 

Metabolites of Ang II: Ang (1-7), Ang (1-9), and Ang IV 

Studies in the last several years have shown that Ang I can be metabolized to Ang (1-7) by enzymes such 
as neprilysin[98,99,100]. In addition, Ang (1-7) can also be formed as a result of metabolism of Ang (1-9) 
by ACE and metabolism of Ang II by ACE2[98,99,100]. Ang (1-7), via binding to its Mas receptor[101], 
is a potent vasodilator that has been shown to have antihypertensive, anti-inflammatory, and 

antiproliferative properties in several tissues, including the kidney[99,102,103]. These actions of Ang (1-
7), in essence, oppose the actions of AT1 receptor–mediated effects of Ang II. To date, however, very few 
studies have examined the direct effects of Ang (1-7) in the diabetic kidney. In the STZ-induced Wistar 
rat kidneys, there is a down-regulation in the expression of Ang (1-7) mRNA compared with the 
nondiabetic rat, but differences in renal Ang (1-7) levels were not observed[104]. These observations 
suggest that diabetes may be associated with a down-regulation of renal Ang (1-7) levels. In the same 
experimental models, treatment with Ang (1-7) and/or Ang (1–7) receptor Mas agonist AVE-0991 
reduces albuminuria and prevents diabetes-induced, abnormal vascular responsiveness to norepinephrine, 
endothelin-1, and Ang II[31]. These observations support the concept for Ang (1-7) as a renoprotective 
agent in diabetes. Future studies are needed to address whether similar renoprotective effects of Ang (1-7) 
and Mas receptor analogues extend to human diabetic nephropathy.  

Perhaps the most interesting aspect or, at least, the element of the Ang II/Ang (1-7) axis that has 
received the most attention in the recent years is ACE2. Since ACE2 degrades Ang II to Ang (1-7), it is 
now thought that ACE2 acts as a functional clearance mechanism for Ang II, acting as a counter-
regulatory manner to ACE by shifting the balance between Ang II and Ang (1-7)[100]. In the healthy 
kidney, ACE2 is highly expressed in proximal tubules, endothelial and smooth muscle cells of renal 
vessels, and podocytes[105,106]. Experimental studies evaluating the expression of ACE2 in the diabetic 
kidney have thus far reported conflicting findings. In the STZ-induced diabetic rat, ACE2 expression has 
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been shown to be decreased in the proximal tubules, while glomerular expression was increased after 24 
weeks of diabetes[34]. In the db/db mouse, a model of diabetic nephropathy associated with T2DM, both 
ACE2 mRNA and protein expression have been shown to be up-regulated in the renal cortex in early 
diabetes[105,107]. Thus, it appears that in early stages of diabetic kidney disease, ACE2 is up-regulated, 
probably as a protective mechanism against the increase in ACE-dependent Ang II formation and 
subsequent development of diabetic nephropathy. Indeed, increases in ACE2 expression are coupled with 
decreases in ACE expression[105,107]. As a result of prolonged hyperglycemia and consequent activation 
of proinflammatory and profibrotic pathways, ACE2 expression becomes down-regulated and may 
contribute to the disease progression. In support of the concept that down-regulation of ACE2 may 
contribute to the disease is a study showing that db/db mice infused with an ACE2 antagonist developed 
albuminuria and glomerulosclerosis[105]. Interestingly, polymorphisms in the ACE2 gene have been 
reported not to be associated with the decline in renal function and progression of proteinuria in diabetic 
nephropathy associated with T1DM[108]. Similar studies in patients with diabetic nephropathy associated 
with T2DM have thus far not been performed.  

The beneficial effects of ACE inhibitors and ARBs have been attributed, in part, to increasing renal 
ACE2 activity[109]. At the same time, since ACE inhibition can also reduce Ang (1-7) formation, this 
may partially abolish the renoprotective effect of ACE inhibitors and/or ARBs. While further studies are 
needed to examine, in more detail, the role of ACE2 in the pathophysiology of diabetic nephropathy, 
based on the currently available information, it is conceivable that ACE2 agonists alone or combined with 
ACE inhibitors and/or ARBs may be useful in the treatment of diabetic nephropathy. 

Ang I can be degraded into Ang (1-9) by ACE2[98]. While the role for Ang (1-9) in diabetic 
nephropathy has thus far not been properly evaluated, it may be expected that generation of Ang (1-9) 
from Ang I may be beneficial, as Ang (1-9) may be converted into a vasodilator Ang (1-7). Interestingly, 
increased conversion of exogenous Ang (1-9) into Ang II in glomerular extracts from diabetic rats has 
been reported, with the reaction being catalyzed by an as-yet-unknown carboxypeptidase (CPX)[32]. 
These observations suggest that increased levels of Ang (1-9) may, in fact, be detrimental, as they may 
provide an additional pathway for Ang II formation in the diabetic kidney. Conversion of Ang I to Ang 
(1-9) is generally thought not to be of significance under normal physiological conditions, but rather 
under conditions that raise Ang II levels, e.g., ARB treatment[110]. Further studies are needed to evaluate 
the significance of Ang (1-9) in the diabetic kidney properly, although based on the current knowledge, it 
appears that attenuation of the Ang (1-9)-dependent pathway of Ang II formation may be a potential 
novel therapeutic target in the treatment of diabetic nephropathy.  

Recent studies have identified the importance for N-terminal angiotensin degradation product, Ang 
IV, in cardiovascular disease[111]. Ang IV is generated by degradation of Ang II by aminopeptidase N 
(APN) in response to tissue injury, suggesting that elevated levels of Ang IV can be found under 
pathophysiological conditions. Ang IV then binds to the AT4 receptor, which has recently been identified 
as an insulin-regulated aminopeptidase (IRAP). Ang IV has been shown to regulate cell growth in cardiac 
fibroblasts, endothelial cells, and vascular smooth muscle cells. In the kidney, Ang IV has been shown to 
have both vasoconstrictor and vasodilatory effects, and induces PAI-1 expression in an experimental 
model of hypertension[112]. However, to date, no studies have examined the role of AT4/IRAP in the 
diabetic kidney. Given its importance in regulating renal function in hypertension, it is likely that future 
studies will unravel the role for Ang IV/IRAP in diabetic nephropathy.  

Endothelin 

Endothelins are potent vasoconstrictors with proinflammatory, mitogenic, and profibrotic properties in the 
kidney[113,114,115,116]. The endothelin family consists of three distinct isoforms, namely endothelin-1, 
endothelin-2, and endothelin-3, with endothelin-1 being the most potent in terms of its renal actions. 
Endothelin-1 exerts its renal actions mainly through its two receptor subtypes: ETA and 
ETB[114,117,118]. In the kidney, both of these receptor subtypes are widely distributed[118,119], 
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suggesting that endothelin-1 plays a role in modulating a number of renal functions under normal 
physiological conditions. More interestingly, increasing evidence suggests that endothelin-1 is also an 
important mediator of renal function under pathophysiological conditions, including diabetic 
nephropathy. Selective ETA receptor antagonists as well as combined ETA/ETB receptor antagonists 
prevent the development of hypertension, renal vasoconstriction, inflammation, proteinuria, 
glomerulosclerosis, and tubulointerstitial fibrosis in experimental models of diabetic 
nephropathy[12,83,120,121,122]. Inflammation and fibrosis appear to be mediated via both ETA and ETB 
receptors, while vasoconstrictor actions of endothelin-1 are primarily mediated via ETA receptors[117]. 
ETB receptors have also been suggested to be involved in endothelin-1 clearance. This concept is 
supported by a recent report showing that diabetic mice lacking the ETB receptor develop low-renin 
hypertension and progressive renal failure, and have increased endothelin-1 levels[123]. In other 
experimental models, enhanced renal synthesis of endothelin-1 has been observed in 
diabetes[120,123,124], while high glucose conditions in vitro, as well as Ang II, increase endothelin-1 
mRNA and protein levels[125,126]. Experimental models of diabetic nephropathy have also shown 
increases in ETA receptor expression[127,128]. In vitro studies further support the role for endothelin-1 
under high glucose conditions. In cultured proximal tubule cells, endothelin-1 increases ECM protein 
synthesis by activating MAPK and PKC, and increasing production of reactive oxygen 
species[125,129,130,131]. These findings support the concept that inhibition of endothelin may offer 
renoprotection in the setting of diabetes. Further clinical evaluation of endothelin-1 receptor antagonism 
either alone or in combination with inhibiting the RAAS in diabetic nephropathy is warranted.  

Urotensin II 

Urotensin II is a powerful vasoconstrictor with potency greater than that of endothelin-1; however, its 
vasoconstrictive properties are restricted to certain regional vascular beds[132]. Not surprisingly, given its 
vasoconstrictive actions, urotensin II has been shown to be a potent growth factor in porcine renal 
epithelial cells[133], vascular smooth muscle cells[134,135], and myocardial cells[136]. Recent 
experimental and clinical studies have revealed increased expression of urotensin II and urotensin II 
receptors in diabetic nephropathy[11], suggesting a potential role for urotensin II in diabetic renal 
diseases. A series of peptide and nonpeptide urotensin II receptor ligands have been shown to be effective 
in antagonizing the effects of urotensin II in the cardiovascular system; however, their effect in the 
diabetic kidney have thus far not been evaluated. While further studies are needed to understand the 
actions of urotensin II in the diabetic kidney fully, based on the current knowledge, it is likely that the 
interaction between urotensin II and other endogenous vasoactive hormones may play a significant role in 
the pathophysiology of diabetic nephropathy. 

Kallikrein-Kinin System (KKS) 

Similar to the RAAS, the KKS is a complex multienzyme system that has a circulating as well as a 
tissue/renal component[137,138]. The KKS consists of a precursor kininogen, which is cleaved by 
kallikrein enzymes, leading to the formation of the biologically active kinins[139]. One of the most potent 
of kinins is bradykinin, which mediates its renal actions via signaling through bradykinin B1 and B2 
receptor subtypes[140]. Kinins are endogenous vasodilators that have been shown to play an important 
role in the regulation of renal function under both normal physiological as well as pathophysiological 
conditions, such as diabetic nephropathy. Specifically, kinins antagonize Ang II–induced vasoconstriction 
and sodium retention via increasing cP450 metabolites and nitric oxide[141]. In addition, bradykinin, via 
the B2 receptor, has been shown to have antiproliferative and anti-inflammatory effects in the 
kidney[142,143]. In support of the beneficial effects of B2 receptors in the diabetic kidney is the study 
showing that mice lacking the bradykinin B2 receptor are more susceptible to the development of diabetic 
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nephropathy[144]. Interestingly, a very recent study showed the opposite effects of targeted deletion of 
B2 receptors; these mice were protected from the development of diabetic nephropathy[145]. The most 
likely explanation from these disparate findings is the difference in mouse strains and duration of 
diabetes. It is conceivable that the absence of B2 receptors in early diabetes may have beneficial effects in 
terms of attenuating hyperfiltration and glomerular hypertrophy. However, prolonged absence of B2 
receptors may be detrimental, setting a stage for the development of hypertension, inflammation, and 
renal injury. In support of this concept is the report on increased levels of bradykinin in early diabetes in 
the STZ-induced rat kidney, and decreased bradykinin levels in more advanced stages of the disease[146]. 
Future studies are needed to determine the efficacy of selective nonpeptide B2 receptor agonists in the 
treatment of diabetic nephropathy. 

Kinins are rapidly inactivated by several peptidases, including ACE and neutral endopeptidase 
(NEP)[147]. The efficacy of ACE inhibitors in attenuating the progression of diabetic nephropathy has 
been attributed, in part, to its ability to inhibit kinin degradation. Thus, there has been a great deal of 
interest in developing more specific inhibitors of kininases to extend the potency of kinins in mediating 
vasodilatation and antiproliferation in a disease setting. A dual ACE/NEP inhibitor, omapatrilat, has been 
shown to prevent albuminuria, glomerulosclerosis, tubulointerstitial fibrosis, and hypertension in 
experimental models of diabetic nephropathy[148,149,150]. These studies concluded that the dual 
inhibition of ACE and NEP may offer more superior renoprotection to the diabetic kidney than therapy 
with an ACE inhibitor. In particular, omapatrilat has been shown to be more effective in reducing blood 
pressure than an ACE inhibitor[149]. Furthermore, the increased renoprotective effect of omapatrilat may 
also be due, in part, to increased levels of bradykinin-stimulated B2 receptors. Future studies are needed 
to evaluate whether a similar synergistic renoprotection can be achieved in the treatment of diabetic 
nephropathy in humans.  

CONCLUSION 

Until the recent past, the treatment of diabetic nephropathy has relied on tight control of hyperglycemia, 
hypertension, and the inhibition of the RAAS. While these treatments have proven efficacious and have 
been credited for the recently reported stabilization in the number of patients with diabetic nephropathy 
progressing to ESRD, additional studies are needed to evaluate the potential renoprotective effects of 
other vasoactive hormones. The recognition of the importance of the classical components of the RAAS 
in addition to the more novel elements of this hormonal pathway are just some of the candidates for the 
development of new therapeutic treatments for diabetic nephropathy. It is most likely that resolution of 
diabetic nephropathy will require synergistic therapies to target multiple mediators of this disease. 
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