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Abstract

The role of endogenous kinins and their receptors in diabetes mellitus is being confirmed with the recent developments of molecular and

genetic animal models. Compelling evidence suggests that the kinin B2 receptor is organ-protective and partakes to the therapeutic effects of

angiotensin 1-converting enzyme inhibitors (ACEI) and angiotensin AT1 receptor antagonists. Benefits derive primarily from vasodilatory,

antihypertensive, antiproliferative, antihypertrophic, antifibrotic, antithrombotic and antioxidant properties of kinin B2 receptor activation.

Mechanisms include the formation of nitric oxide and prostacyclin and the inhibition of NAD(P)H oxidase activity involving classical and

novel signalling pathways. Kinin B2 receptor also ameliorates insulin resistance by increasing glucose uptake and supply, and by inducing

glucose transporter-4 translocation either directly or through phosphorylation of insulin receptor. The kinin B1 receptor, which is induced by

the cytokine network, growth factors and hyperglycaemia, mediates hyperalgesia, vascular hyperpermeability and leukocytes infiltration in

diabetic animals. However, emerging data highlight reno- and cardio-protective effects mediated by kinin B1 receptor under chronic ACEI

therapy in diabetes mellitus. Thus, the Janus-faced of kinin receptors needs to be taken into account in future drug development. For instance,

locally acting kinin B1/B2 receptor agonists if used in a safe therapeutic window may represent a more rationale strategy in the prevention and

management of diabetic complications. Because kinin B2 receptor antagonists may further increase insulin resistance, the persisting dogma

that restricts the development of kinin receptor analogues to antagonists (that is still relevant to abrogate pain and inflammation) needs to be

revisited.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The World Health Organisation has estimated that there

will be around 300 million of clinically diagnosed type 2

diabetes worldwide by the year 2025. This represents a 42%

increase in the developed countries and a 170% increase in

the developing countries (King et al., 1998; Gorus et al.,

2004). The epidemic of diabetes mellitus is associated with

a wide variety of long-term devastating complications that

contribute to the increased mortality and morbidity of the

disease. As depicted in Fig. 1, these complications can be

divided into macrovascular complications including myo-

cardial infarction, stroke, artherosclerosis, hypertension and

large-vessel occlusive disease, and microvascular compli-

cations that include nephropathy, polyneuropathy and

retinopathy (Feldman, 2003). Compelling evidence suggests

a causal link between hyperglycaemia and the development

of these clinical complications (Way et al., 2001; Brownlee,

2001). In spite that several therapies are successfully used to

control glycaemia, these complications occur in 20–30% of

type 1 diabetic patients (10% of the diabetic population) and

type 2 diabetic patients (90% of the diabetic population)

(Feldman, 2003; Zimmet, 2003). These complications are at

present irreversible and lead to chronic and further end-stage

diseases in addition to consuming a disproportionate share

of total health care expenditures.

Currently available therapeutic strategies involved in the

management and prevention of diabetes complications

include glycaemia control either with insulin (diabetes of

type 1) or antidiabetic drugs and antihypertensive agents,

particularly those blocking the renin-angiotensin system.

More novel strategies to influence vasoactive hormone

action or to inhibit various metabolic pathways such as the

oxidative stress cascade are under development. Angioten-

sin 1-converting enzyme inhibitors (ACEI) provide unique

therapeutic benefits to reduce both microvascular and

macrovascular complications in diabetes and appear to

improve insulin sensitivity and glucose metabolism (McFar-

lane et al., 2003). In addition to interrupting the renin-

angiotensin system, kinins are most likely involved in the
beneficial effects of ACEI in the treatment of diabetes. Our

review will focus on these recent developments and put

emphasis on the role of kinins which aim not only to control

the glycaemia but also the side effects occurring in diabetes.
2. Complications associated with diabetes mellitus

2.1. Diabetic nephropathy

Diabetic nephropathy is a major and irreversible com-

plication of diabetes representing 30% of all new cases of

end-stage of renal failure. It occurs as the results of a

deleterious interaction between metabolic and haemody-

namic factors, including glucose dependent pathways and

arterial hypertension pathways (Cooper, 2001; Davis et al.,

2004). The early changes, summarized in Fig. 2, include

increases of the kidney size, glomerular volume and kidney

functions mainly associated with glomerular hyperfiltration.

That initial and transient step is followed by the develop-

ment of mesangial cell proliferation and hypertrophy,

accumulation of glomerular extracellular matrix and

increased urinary albumin excretion. Established diabetic

nephropathy is clinically characterized by proteinuria,

hypertension, glomerulosclerosis (hyperplasia and hyper-

trophy of mesangial cells, excessive matrix (collagen and

fibronectin deposit)) and progressive renal insufficiency.

Until recently most of the studies have focused on the initial

early events of the pathological mechanisms. Growing

evidence has emerged and supports the involvement of

several growth factors and cytokines in the development of

diabetic nephropathy.

High glucose-induced extracellular matrix expansion in

the renal glomerulus has been extensively investigated using

cultured mesangial cells and results show that the cytokine

transforming growth factor h (TGF-h) plays a central role.

Synthesis of TGF-h is directly stimulated by oxidative

stress. The activation of TGF-h receptor II induces the

synthesis of matrix components, mainly different forms of

collagen and fibronectin. Blockade of TGF-h accumulation



Fig. 1. Schematic classification of the main vascular complications

associated with the progression of diabetic mellitus.

Fig. 2. Sequential renal events linking hyperglycaemia to chronic renal

insufficiency and available therapeutic treatments (indicated by –). The

early events are the induction of vasodilatation and the subsequent

glomerular hyperfiltration. This results in alteration of glomerular perme-

ability as detected by microalbuminuria. Then, increased intracellular

glucose concentration activates the cascade of protein kinase C (PKC) and

the formation of reactive oxygen species and advanced glycation end

products (AGEs) resulting in cytokines and growth factors synthesis

leading to progressive matrix accumulation. In spite of various therapeutic

treatments, diabetic patients are the major group undergoing dialysis.
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or blockade of its receptor prevents extracellular matrix

synthesis (Ha et al., 1997; Heilig et al., 1997; Ziyadeh and

Han, 1997; Ha and Kim, 1999).

2.2. Diabetic neuropathy

Neuropathy, an early clinical sign of diabetes affecting

sensory and autonomic peripheral functions, is found in

about 30–50% of diabetic patients of type 2 (Dickinson et

al., 2002; Singleton et al., 2003; Feldman, 2003).

Identified as neurovascular disease within the diabetes

population which experienced pain (mainly in the lower

limbs and feet) and autonomic dysfunction (particularly

erectile dysfunction and altered cardiac vagal response),

neuropathy derives from hyperglycaemia-induced oxidative

stress that leads to decreased nerve conduction velocity,

endoneural blood flow and nerve growth factors, and to

increased low-density lipoprotein oxidation (Baynes, 1991;

Dickinson et al., 2002; Singleton et al., 2003; Feldman,

2003). Lipid peroxidation in cell membrane causes

oxidative damage in the myelin sheath surrounding the

nerve. Typical symptoms of diabetic neuropathic pain

include burning and lancinating pain, allodynia, para-

esthesia and hyperaesthesia, aching, cramping and tingling,

nocturnal exacerbation (Benbow and MacFarlane, 1999).

Peripheral neuropathy and peripheral vascular disease

associated with microvascular and macrovascular lesions

represent major aetiological factors involved in the

development of diabetic foot ulceration and lower limb

amputation that occur in about 15% of people with

diabetes and which remain the commonest reason for

diabetes-related hospitalisation (Dickinson et al., 2002;

Feldman, 2003).

2.3. Diabetic retinopathy

Blindness is one of the most feared complications of

diabetes. Diabetic retinopathy is the commonest cause of

new cases of legal blindness in Europe as in North

America in the age group 30 to 70–74 years. Diabetic

retinopathy is due to microangiopathy affecting the

retinal precapillary arterioles, capillaries, and venules.

Clinical trials suggest that glycaemic control and stricter
control of hypertension can lower the incidence and

prevent the progression of retinopathy and loss of vision

associated with diabetes (Klein, 1996; Grassi, 2003;

Aiello, 2003).
3. Oxidative stress as a consequence of hyperglycaemia

Oxidative stress has been considered to be a common

pathogenic factor of diabetic complications and thus

appears a target for therapeutic treatments. Inhibition of

oxidative stress blocks the manifestations of the disease

(Ha and Kim, 1999). Hyperglycaemia-induced oxidative

stress plays a major role in extracellular matrix expansion

since high glucose induced collagen secretion by mesan-

gial cells is blocked by antioxydants (Trachtman et al.,

1993; Trachtman, 1994). Tissue exposure to hyperglycae-

mia results in increased production of reactive oxygen

species. The global term reactive oxygen species includes

oxygen radicals such as superoxide anion (O2
S�), alkoxyl

(RO
S

), peroxyl (ROO
S

), hydroxyl radicals (OH
S

), perox-

ynitrite (ONOO�), and non-radical derivatives of oxygen,

namely hydrogen peroxide (H2O2) and ozone (O3). The

level of reactive oxygen species is the balance between the

production via reactive oxygen species generating systems

and the degradation through antioxidant defence. In

diabetes, antioxidant defences are blunted whereas the

generating systems are stimulated (Dickinson et al., 2002;

Hodgkinson et al., 2003). An experimental model of

intracellular antioxidant enzyme deficiency displays an
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increase in vascular oxidant stress, with resulting endothe-

lial dysfunction (Forgione et al., 2002). Induction of

reactive oxygen species formation can result from different

additive mechanisms. These mechanisms include direct

intracellular effect of glucose in cells subjected to increase

glucose uptake during hyperglycaemia (renal, retinal and

some nervous cells) and indirect effect via the extracellular

formation of advanced glycation end products (AGEs)

(Fig. 3).

In cells, where hyperglycaemia induces increase in

glucose uptake, the rise in glucose concentration leads to

activation of intracellular pathways including aldose

reductase (Windebank and Feldman, 2001), protein kinase

C (PKC), nicotinamide adenine dinucleotide phosphate

(NAD(P)H) oxidase (Kitada et al., 2003), mitochondrial

electron-transport chain (Brownlee, 2001). Activation of

all these pathways leads to over production of reactive

oxygen species and intracellular formation of AGEs with

associated toxic effects. In addition to these direct

intracellular effects, glucose and particularly fructose and

sorbitol react non-enzymatically with proteins, lipids, and

nucleic acids to produce AGEs in the extracellular

medium, which in turn induce reactive oxygen species

generation (Ceriello, 1999; Singh et al., 2001; Dickinson

et al., 2002). One of the main toxic extracellular AGEs

being glycated albumin that decrease plasma antioxidant

defence (Himmelfarb and McMonagle, 2001). Endothelial

reactive oxygen species can also be generated during
Fig. 3. Schematic representation of the mechanisms responsible for the

formation of reactive oxygen species (ROS) in glucose sensitive cells

expressing the glucose transporter GLUT1. Increase in extracellular glucose

concentration is associated with increase in glucose uptake via an

upregulation of the expression of GLUT1 and the formation of advanced

glycation end products (AGEs). Increase in intracellular glucose activates

protein kinase C (PKC) while AGEs bind to specific receptors (RAGE).

Activation of PKC and RAGE synergistically stimulates oxidant systems

resulting in the formation of ROS.
hyperglycaemia by peroxidation of glucose and low-

density lipoproteins and by dysregulation of transition

metals that serve as catalysts for autoxidation (Baynes,

1991; Cameron et al., 2001). Ischemia can also accelerate

reactive oxygen species formation by decreasing mito-

chondrial efficiency and by reperfusion injury (Singleton

et al., 2003).

AGEs interact with specific receptors termed RAGE

resulting in enhanced reactive oxygen species production

which in turn stimulate transcription factors such as the

transcriptional nuclear factor (NF-kB) and cytokines for-

mation mainly TGF-h which play a central role in the

development of renal hypertrophy and accumulation of

extracellular matrix.

In diabetic nephropathy, a renal accumulation of AGEs is

observed (Suzuki et al., 1999; Tanji et al., 2000; Forbes et

al., 2002; Nangaku et al., 2003). Both reactive oxygen

species and AGEs are directly neurotoxic and cause axonal

degeneration (Windebank and Feldman, 2001; King, 2001).

It is now clear that the formation of AGEs is a very

important early step in the initiation of deleterious cascades

leading to diabetic complications and therefore controlling

AGEs formation and action can be an efficient therapy to

reduce the progression of diabetes in peripheral tissues.

In this respect several recent reports indicate that ACEI

inhibit the formation of AGEs and oxidative stress, and

improve renal damage in diabetic rat models (de Cavanagh

et al., 2001; Forbes et al., 2002; Miyata et al., 2002, Miyata

and van Ypersele de Strihou, 2003; Nangaku et al., 2003).

Chronic treatment with ACEI increases enzymatic and non-

enzymatic antioxidant defences in mouse tissues (de

Cavanagh et al., 1997) and restores the deficiency of several

circulating antioxidant systems in chronic hemodialysis

patients (de Cavanagh et al., 1999). It seems that ACEI

may represent a bmagic bulletQ against vascular oxidative

stress, a beneficial effect not achieved by the radical

scavenging antioxidant vitamin E (Münzel and Keaney,

2001). Traditionally, ACEI have been identified as inhib-

itors of angiotensin II formation. Angiotensin II causes

vasoconstriction, mitogenic and pro-fibrotics effects. In

addition to these known effects, ACEI prevent the degra-

dation of kinins which exert vasodilator, antithrombotic and

antiproliferative effects through the formation of nitric

oxygen (NO), prostaglandins and endothelium-derived

hyperpolarizing factor. Moreover, ACEI may interact with

the NADPH oxidase system to act as antioxydants.

3.1. A central role of NAD(P)H oxidases in reactive oxygen

species generation

Activation of NAD(P)H oxidase by protein kinase C

produces the predominant source of reactive oxygen species

in the vasculature that lead to diabetic complications and

numerous cardiovascular diseases (Kitada et al., 2003;

Feldman, 2003; Griendling and FitzGerald, 2003; Cai et

al., 2003). Several stimuli are known to activate NAD(P)H
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oxidases such as cytokines, thrombin, tyrosine kinases,

mechanical forces, hyperglycaemia and angiotensin II via

AT1 receptor signalling (Münzel and Keaney, 2001; Cai et

al., 2003; McFarlane et al., 2003). Thus, the inhibition of

angiotensin AT1 receptor or the formation of angiotensin II

with ACEI will target oxidative stress at its source by

preventing the formation of superoxide anion and other

reactive oxygen species that occurred following NAD(P)H

activation. Moreover, ACEI enhance the formation of NO

through kinins accumulation and abrogate a number of

downstream effects resulting from the activation of

NAD(P)H oxidase and the subsequent formation of reactive

oxygen species (increased cell proliferation, reducted NO

bioactivity, lipid peroxidation). NO is also known to inhibit

the activity of NAD(P)H oxidase, thereby reducing the

formation of reactive oxygen species (Lee et al., 2000a,b).

Hyperglycaemia increases aldose reductase activity that

contribute to NAD(P)H depletion (Tesfamariam, 1994;

Singleton et al., 2003). Because NAD(P)H is required for

generation of NO from l-arginine, the depletion of

NAD(P)H also leads to reduced NO formation. A central

role of NAD(P)H oxidase was also shown in AGE-RAGE-

mediated generation of reactive oxygen species activation

(Wautier et al., 2001).

3.2. Endothelial dysfunction

In endothelial cells, NO plays an important role in

vasodilatation and detoxification of reactive oxygen species.

NO contains an unpaired electron and may react with

superoxide radical anion to form inactive nitrite. NO is

therefore a superoxide radical anion scavenger (Tesfamar-

iam, 1994) that can also inhibit the formation of AGEs

(Asahi et al., 2000). NO is synthesized by NO synthase in

vascular endothelial cells (eNOS) in response to insulin,

bradykinin, shear stress and other stimuli. NO diffuses to the

underlying vascular smooth muscle cells to cause relaxation

via the formation of cGMP resulting from the activation of

the soluble guanylate cyclase. Failure of vasodilatation

secondary to NO consumption during neutralization of free

radicals generated by hyperglycaemia or the inhibition of its

synthesis may result in tissue ischemia, hypertension and

atherosclerosis (Singleton et al., 2003). AGEs downregulate

the expression of eNOS by increasing the rate of mRNA

degradation (Rojas et al., 2000). Disruption of vascular NO

signalling in eNOS knockout mice or the inhibition of

eNOS activity, ultimately leads to a state of insulin

resistance (Shankar et al., 2000). Thus, endothelial dys-

function of micro and macro vessels are associated with the

pathogenesis of diabetes (De Vriese et al., 2000).

3.3. The role of glucose transporters in glucose-dependent

oxidative stress

The cellular response to glucose is tissue specific and

depends on the expression of numerous glucose transporters
(GLUTs) in the plasma membrane (Heilig et al., 1997). The

more common responses of glucose transporters to high

glucose exposure are to downregulate their expression as a

protecting feedback against the toxic effect of excess

glucose. This is the case for GLUT-4, an insulin-dependent

glucose transporter located in skeletal muscle and adipose

tissue, which is down regulated during hyperglycaemia and

that leads to insulin resistance (Heilig et al., 1997).

However, glucose demonstrates a potent cytotoxic effect

on mesangial, retinal and neuronal cells. These cells are very

sensitive to glucose because they express mainly the glucose

transporter GLUT-1, an insulin-independent glucose trans-

porter, which is directly up-regulated by extracellular

glucose concentration (Heilig et al., 1997, 2001). An early

effect of high glucose concentration in mesangial cells is the

rapid influx of glucose and subsequent activation of protein

kinase C isoforms, polyol pathway, diacylglycerol and TGF-

h (Heilig et al., 1997; Ha and Kim, 1999). These early steps

induced by high glucose exposure also involve rapid

activation of mitogen-activated protein kinase (MAP kinase)

isoforms (Cellier et al., 2003). The activation of these

different pathways causes excessive synthesis and release of

extracellular matrix, leading to glomerulosclerosis and renal

failure in diabetes. In this respect, antisense GLUT-1

protects mesangial cells from glucose induction of GLUT-

1 and fibronectine expression (Heilig et al., 2001). Like-

wise, diabetic vascular complications, including basement

membrane thickening, extracellular matrix deposition,

increased vascular permeability, vascular blood flow impair-

ment and neovascularization, are mediated by the diacyl-

glycerol-PKC signal transduction pathway activation during

hyperglycaemia (Way et al., 2001). This is in keeping with

the finding that insulin signalling in vascular tissues through

MAP kinase pathway is selectively preserved in the state of

insulin resistance (Jiang et al., 1999).
4. The kallikrein-kinin system

Kinins namely bradykinin and kallidin (Lys-BK) are

among the most potent pro-inflammatory vasoactive pep-

tides generated during tissue injury and noxious stimulation.

They are also neuromediators of neuronal pathways

involved in the central autonomic control of blood pressure

and in the regulation of nociception (Couture and Lindsey,

2000). As depicted in Fig. 4, bradykinin and kallidin are

generated following the proteolytic cleavage of their

respective precursors, high molecular weight kininogen

and low molecular weight kininogen, by plasma and tissue

serine proteases named kallikreins (Bhoola et al., 1992).

These peptides undergo rapid metabolic degradation by

amino-, carboxy- and endopeptidases found in tissues and

biological fluids. The most physiologically relevant

enzymes are kininase I (carboxypeptidase N from plasma

and carboxypeptidase M from cell membrane), which

remove the COOH-terminal Arg from kinins to produce



Fig. 4. Organisation of the kallikrein-kinin system. Kinins act through the activation of two G-protein coupled receptors denoted as B1 and B2 receptors.

However, activation of the B2 receptor has been associated with the recruitment of G-protein independent pathways and trans-activation or trans-inhibition of

growth factor receptor.
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the active metabolites des-Arg9-bradykinin and des-Arg10-

kallidin; neutral endopeptidase 24.11 (enkephalinase) and

kininase II (also named ACE), which act as dipeptidyl

carboxypeptidases to remove the COOH-terminal dipeptide,

Phe8-Arg9. Moreover, endopeptidase 24.15 and kininase II

cleave the COOH-terminal dipeptide Ser6-Pro7 of bradyki-

nin (1–7) to produce bradykinin (1–5), which is the final

metabolite of bradykinin and des-Arg9-bradykinin. Kallidin

and des-Arg10-kallidin can be transformed into bradykinin

and des-Arg9-bradykinin by aminopeptidase activity

(Kuoppala et al., 2000; Campbell, 2000; Couture and

Lindsey, 2000). A novel ACE (termed ACE2) has recently

been found in human heart, kidney and testis (Donoghue et

al., 2000). This carboxypeptidase is a zinc metalloprotease

which is not inhibited by typical ACE inhibitors and does

not hydrolyse bradykinin but cleaves des-Arg-bradykinin

and neurotensin, and converts angiotensin I to angiotensin

(1–9) and angiotensin II to angiotensin (1–7) (Donoghue et

al., 2000; Turner et al., 2002; Tikellis et al., 2003). ACE2

protein and mRNA in the renal tubules of 24 weeks

streptozotocin diabetic rats were reduced (Tikellis et al.,

2003). Thus, the pathophysiological role of ACE2 in

diabetes deserves further investigation.

Kinins exert their biological effects through the activa-

tion of two transmembrane G-protein-coupled receptors

(Gaq and Gai), denoted as kinin B1 and B2 receptors

(Regoli et al., 2001). Whereas the kinin B2 receptor is

constitutive and activated by the parent molecules (brady-

kinin and kallidin), the kinin B1 receptor is generally

underexpressed in normal tissues and is activated by the C-

terminal kininase 1 metabolites, des-Arg9-bradykinin and

des-Arg10-kallidin. The induction and increased expression

of kinin B1 receptor occur following tissue injury or after

treatment with bacterial endotoxins, growth factors or

cytokines such as interleukin-1h and tumor necrosis
factor-a (Marceau et al., 1998). The induction of kinin B1

receptor by cytokines is controlled by MAP kinase and NF-

nB (Larrivée et al., 1998; Ni et al., 1998; Schanstra et al.,

1998; Campos et al., 1999; Sardi et al., 1999). A role for NO

was also reported in the induction of kinin B1 receptor by

heat stress in the rat (Lagneux et al., 2000). Sequence

analysis of human and rat kinin B1 receptor gene has

revealed the presence of a transcriptional regulatory site for

NF-nB in the promotor region (Bachvarov et al., 1996; Ni et

al., 1998). Signal transduction pathways and mechanisms

regulating the expression of kinin B1 and B2 receptors have

been discussed in recent seminal reviews (Prado et al., 2002;

Blaukat, 2003). Highly potent kinin B1 and B2 receptor

antagonists are currently available to prevent the deleterious

effects of kinins in pain, inflammation and cancer (Regoli et

al., 2001; Gougat et al., 2004; Stewart, 2004).

4.1. Bradykinin: antiproliferative and antihypertrophic and

remodelling properties

Kinins have been shown to regulate cell proliferation of a

wide variety of cultured cells including fibroblasts, arterial

smooth muscle cells and mesangial cells. A review of these

studies demonstrates that the effects of kinins are complex

as stimulation and inhibition have been reported depending

on the experimental conditions. In general, both kinin B1

and B2 receptor agonists induce a weak mitogenic effect of

quiescent cells, whereas they may inhibit mitogenesis

stimulated by growth factors. These opposite effects are

consistent with the stimulation of a dual signalling pathway.

Whereas the classical activation of G protein-dependent

pathways has been associated with the promitogenic effects

of kinins (Alric et al., 1999; Bascands et al., 2003),

inhibition of cell proliferation involves less classical path-

ways and may result from various mechanisms, including
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NOS activation and a direct protein–protein interaction

between the kinin B2 receptor and a protein-tyrosine

phosphatase which does not require G-protein activation

(Duchêne et al., 2002a,b).

Bradykinin prevents angiotensin II-induced hypertrophy

of rat cardiomyocytes in the presence of endothelial cells via

NO and cGMP production (Ritchie et al., 1998; Rosenkranz

et al., 2000). This antihypertrophic effect of BK was blunted

in diabetic rat heart (Rosenkranz et al., 2003). Ventricular

hypertrophy and age-dependent cardiac failure occur in kinin

B2 receptor knockout (B2 KO) mice (Maestri et al., 2003). It

has also been reported that bradykinin could reduce

fibronectin and collagen gene expression in various cells

and tissues such as cardiac fibroblasts via the NO/cGMP

pathway and prostacyclin (Gallagher et al., 1998; Kim et al.,

1999). Recently, it was reported that transgenic expression of

the human tissue kallikrein gene prevents cardiac fibrosis and

left ventricular dysfunction via a kinin B2 receptor-dependent

pathway in rat diabetic cardiomyopathy (Tschöpe et al.,

2004b). Kinin B2 KO mice and transgenic rats expressing

increased endogenous bradykinin were used to demonstrate

that the kinin B2 receptor reduces renal tubulointerstitial

fibrosis induced by unilateral ureteral obstruction via a

cascade involving the activation of plasminogen activators

and metalloproteinase-2 enzymes (Schanstra et al., 2002).

However, a potential role of bradykinin and kinin B2

receptors in the antifibrotic effects of ACEI has not been

confirmed in B2 KO mice using the same animal model of

accelerated renal fibrosis (Schanstra et al., 2003a).

The differential effects of kinins on renal function and

morphology can be related to the activation of different

signalling pathways, namely the activation of phospholi-

pase C (PLC) and MAP kinases. Hence, in addition to

being vasoactive peptides, kinins can be considered as

modulators of growth factors. For instance, activation of

kinin B2 receptors by bradykinin reduces the stimulation of

MAP kinases induced by trophic factors, named insulin-

like growth factor-1, platelet-derived growth factor-BB,

vascular endothelial growth factor (IGF-1, PDGF-BB,

VEGF) and hyperglycaemia in isolated rat renal glomeruli;

this effect of bradykinin involves the activation of a protein

tyrosine phosphatase (Cellier et al., 2002, 2003). Bradyki-

nin also inhibits the epidermal growth factor-induced

phosphorylation of its receptors in epithelial cell line

A431 via stimulation of a protein tyrosine phosphatase

(Graness et al., 2000).
5. Rationale suggesting a role for kinins in diabetes

5.1. Clinical and experimental evidence

Clinical reports showed either increased (Mayfield et al.,

1984) or decreased (Pelikanova et al., 1998) urinary

kallikrein excretion in poorly controlled insulin-dependent

diabetic subjects, and decreased in type 2 diabetics with
nephropathy (Baba et al., 1986). Higher circulating levels of

high and low molecular weight kininogens and prekallikrein

were found in type 1 diabetic rats (Rothschild et al., 1999),

yet myocardial and renal kallikrein gene expression were

reduced (Jaffa et al., 1997; Tschöpe et al., 1999). Increased

renal production of kinins may contribute to hyperfiltration

in early insulin-dependent diabetes mellitus as blockade of

kinin B2 receptors reduces the higher glomerular filtration

rate and renal vasodilatation in streptozotocin-diabetic rats

(Jaffa et al., 1995), albeit this conclusion was not supported

by others (Bank et al., 1988; Komers and Cooper, 1995).

Renal bradykinin was found increased in severe hyper-

glycaemic streptozotocin-diabetic rats. Although this seems

to affect to a minor degree glomerular haemodynamics,

kinins are partly involved in the antiproteinuric action of

ACEI at this stage of diabetic nephropathy (Tschöpe et al.,

2003). This beneficial effect of ACEI associated with

increasd bradykinin contrasts somehow with the reduction

of renal excretion of proteins, nitrites and kallikrein under

kinin B2 receptor inhibition with an antagonist in diabetic-

streptozotocin mice (Zuccollo et al., 1996).

The recent development of molecular and genetic models

permitted to address in a more specific manner the

participation of endogenous kinins and their receptors in

diabetes. Tissue kallikrein deficient mice are unable to

generate significant levels of kinins in most tissues and

develop cardiac and vascular abnormalities despite normal

blood pressure (Meneton et al., 2001; Trabold et al., 2002).

Another study has however reported that mice lacking the

kallikrein gene are hypertensive (Kim et al., 1995). Human

kallikrein gene delivery attenuated hypertension, cardiac and

renal abnormalities in animal models of hypertension (Wang

et al., 1995; Chao et al., 1998; Yayama et al., 1998) and

reduced insulin resistance and hyperinsulinemia in fructose-

induced hypertension and type 2 diabetes (Zhao et al., 2003).

This is keeping with the causal link between a genetically

determined modest increase in ACE gene function and the

development of nephropathy, proteinuria and renal injuries

(mainly glomerular hypertrophy) in diabetic mice (Huang et

al., 2001).

Although evidence suggests that tissue kallikrein is the

main kinin-generating enzyme in vivo (Meneton et al.,

2001), plasma pre-kallikrein may represent a risk marker

for hypertension and nephropathy in type 1 diabetic

patients as elevation of pre-kallikrein levels was associ-

ated with increased blood pressure and macroalbuminuria

(Jaffa et al., 2003).

High glucose concentration increased the expression of

the kinin B2 receptor in rat vascular smooth muscle cells and

this effect was prevented by inhibition of PKC activity

(Christopher et al., 2001). Moreover, kinin B2 receptors, PKC

and the oxidative stress were involved in the prevention of

high glucose-mediated suppression of human aortic endo-

thelial cell proliferation by ACEI (Yasunari et al., 2003).

Kinin B2 receptors play a significant role in the control of

regional blood flows and vascular resistances in the
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coronaries and kidneys as documented in B2 KO mice

(Trabold et al., 2002). Studies conducted in B2 KOmice have

shown that bradykinin interacts with the renin-angiotensin

system by stimulating the renin gene expression (Yosipiv et

al., 2001; Imig et al., 2003) and by neutralizing the

vasoconstrictor activity of angiotensin II through the release

of NO (Cervenka et al., 2001). B2 KO mice develop salt-

sensitive hypertension and mineralocorticoid-induced hyper-

tension (Alfie et al., 1997; Madeddu et al., 1997; Emanueli et

al., 1998; Cervenka et al., 1999). Endothelin-1 and angio-

tensin II are probably involved in the mechanism that leads to

hypertension caused by a high-salt diet in B2 KO mice

(Brochu et al., 2002). Furthermore, B2 KO mice exhibited a

reduced renal nitrite excretion and glomerular cGMP content

associated with a reduced glomerular capillary surface area,

indicating that kinins influence glomerular trophicity (Schan-

stra et al., 2003b).

5.2. Genetic markers

Additional evidence of a link between the kallikrein-

kinin system and diabetes comes from polymorphism

studies. One polymorphism in exon 3 of the kinin B1

receptor promoter was proposed as a marker of prognostic

significance for the preservation of renal function in patients

with a history of end-stage renal failure. It was hypothesized

that the prevalence of the C allele determines an over-

expression of the kinin B1 receptor which could confer a

nephroprotective effect by increasing tissue effects of

endogenous kinins (Bachvarov et al., 1998). In another

study, no significant difference in the kinin B1 receptor-

699C allele frequency was observed between control and

patients with type 1 diabetes and microalbuminuria or

patients with type 2 diabetes and nephropathy (Knigge et al.,

2000). Interestingly, common variation in kinin B1 and B2

receptors genes (kinin B1 receptor-699G and kinin B2

receptor (+9) alleles) increases human cardiovascular risk

associated with hypertension, an effect not identified

amongst those homozygous for the kinin B2 receptor (�9)

or kinin B1 receptor-699C alleles (Dhamrait et al., 2003). In

a study of 49 type 1 and 112 type 2 diabetic patients, a

polymorphic variant located in exon 1 (+/�) of the kinin B2

receptor gene was associated with increased urinary albumin

to creatinine ratio and serum creatinine levels. Also the (+)

allele of kinin B2 receptor exon 1 polymorphism was

associated with lower albumin/creatinine values in these

patients, suggesting that this polymorphism represents a

susceptibility marker for nephropathy progression in dia-

betic patients (Maltais et al., 2002). Although kinin B1

receptor G�699 C and kinin B2 receptor C181T polymor-

phisms were not associated with microalbuminuria or overt

nephropathy in Caucasian type 2 diabetic patients, kinin B2

receptor C181T polymorphism was associated with signifi-

cantly lower systolic and diastolic blood pressure (Zychma

et al., 2003). Also, the kinin B2 receptor promotor C�58

allele was found to be associated with essential hypertension
in populations of Japanese and African-Americans (Mukae

et al., 1999; Gainer et al., 2000).

An insertion/deletion polymorphism of the ACE gene is

found in type 2 diabetes in which a strong association was

evidenced with the DD genotype (Feng et al., 2002). The

DD genotype is strongly associated with increased plasma

or serum ACE levels and elevated kinin degradating

capacity (Rigat et al., 1990). Moreover, this DD genotype

is associated with an elevated frequency of glomerulopathy

lesions in type 2 diabetes (Solini et al., 2002).

5.3. Relationship between kinins and insulin

Plasma levels of high and low molecular-weight kini-

nogens and pre-kallikrein were increased in streptozotocin-

diabetic rats; this effect was normalized by insulin and

suggests a direct modulatory interaction between bradykinin

and insulin and/or their receptors (Rothschild et al., 1999).

Maximum glucose uptake, insulin sensitivity index, and

insulin clearance were reduced in kininogen-deficient rats

(Damas et al., 1999), and gene therapy with human tissue

kallikrein normalized hypertension, whole body glucose

tolerance and insulin resistance in hypertensive and diabetic

rats (Xiong et al., 1995; Zhao et al., 2003).

While insulin modulates renal kallikrein production,

activation, and excretion (Jaffa et al., 1987, 1992), bradykinin

increases the release of insulin from pancreatic h cells

through the increase of intracellular calcium in response to

hyperglycaemia (Yang and Hsu, 1997; Damas et al., 1999).

Bradykinin increases the glucose uptake in cultured adipo-

cytes (Isami et al., 1996) and in skeletal muscle of the human

forearm (Dietze et al., 1996). In Zucker rats, a model of

resistance to insulin and intolerance to glucose, chronic

treatment with bradykinin improves the tolerance to glucose

in all tissues (Henriksen et al., 1998). These data and others

suggest that locally released bradykinin can regulate the

uptake and availability of glucose in target tissues independ-

ently of the release of insulin (Rett et al., 1990). In B2 KO

mice, a resistance to insulin occurs further suggesting a

stimulatory role for this receptor in the sensitivity to insulin.

It is also known that the up-regulation of kinin B1 receptor in

B2 KO mice cannot assume the metabolic function of the

missing kinin B2 receptor (Duka et al., 2001).

Acute and chronic treatments with captopril improve

significantly the transport of glucose in skeletal muscle

induced by insulin in obese Zucker rats (Henriksen and

Jacob, 1995), diabetic dogs and in non-insulin dependent

diabetic patients through kinin B2 receptors (Uehara et al.,

1994). Captopril and bradykinin also reverse insulin

resistance in aging rats by modulating the early steps of

insulin signalling in the liver and muscle (Carvalho et al.,

1997). Selective antagonists of the kinin B2 receptor

decrease glucose uptake and insulin sensitivity and abolish

the improvement in insulin sensitivity produced by ACEI

(Uehara et al., 1994; Tomiyama et al., 1994; Kohlman et al.,

1995; Henriksen et al., 1996, 1999).



Fig. 6. Schematic representation of putative mechanisms involving

angiotensin (AngII) receptors (AT1 and AT2) and bradykinin (BK)

receptors (B2) on stimulation and reduction of oxidative stress during

hyperglycaemia. Many reports support an oxidative effect of AT1 receptor

activation, yet emerging evidence suggests that B2 receptors could play an

antioxidant role. Recent data also indicate that angiotensin II-induced AT2

receptor-dependent effects are mediated by B2 receptor activation. Glucose,

both directly via GLUT1 and indirectly via RAGE and AT1 activation,

increases the intracellular formation of reactive oxygen species (ROS). BK

through B2 receptor activation produces nitric oxide (NO), a potent

scavenger of ROS, and possibly acts on other antioxidant defences. BK also

inhibits metalloproteases (MMP), but it is presently unknown whether this

effect is direct or results from ROS reduction.
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The presence of kinin B2 receptor and its mRNA was

demonstrated on the surface of skeletal muscle cells by

immunohistochemistry, binding and RT-PCR (reverse tran-

scriptase-polymerase chain reaction) (Figueroa et al., 1996;

Rabito et al., 1996; Miyata et al., 1998). Through kinin B2

receptors, bradykinin potentiates the insulin-induced glucose

uptake by upregulating the insulin receptor tyrosine kinase

activity which stimulates phosphorylation of insulin receptor

and its cytosolic receptor substrate-1 (IRS-1) which, in turn,

potentiates the translocation of GLUT-4 in skeletal muscle

(Miyata et al., 1998) and adipocytes (Isami et al., 1996;

McCarty, 2003). Bradykinin can also directly trigger GLUT-4

translocation and increase glucose uptake via an insulin-

independent pathway in cardiac and skeletal muscles (Rett et

al., 1996; Kishi et al., 1998). This has some bearing on

glucose transport in skeletal muscles which is believed to be

facilitated by bradykinin locally released from contracting

muscles during physical exercise. It has been shown that

ACEI improve insulin resistance by increasing glucose

uptake in type 2 diabetic mice and rats partly through

enhancement of the bradykinin-NO system and consequently

GLUT-4 translocation in skeletal muscles (Henriksen et al.,

1999; Shiuchi et al., 2002).

Therefore, the beneficial effects of ACEI and bradykinin

in diabetes involve several mechanisms including the

improvement of insulin resistance (Fig. 5) through increas-

ing glucose uptake, especially in skeletal muscles, and the

prevention of oxidative stress and the production of

extracellular matrix in glucose sensitive cells (retina,

neurons and kidneys) as shown in Fig. 6.

5.4. Mechanisms underlying the benefical effects of

bradykinin

Whereas bradykinin is associated with inflammation,

compelling evidence suggests that bradykinin and its kinin

B2 receptors can be of benefit value in the treatment of

diabetes mellitus by reducing the oxidative stress. Bradyki-
Fig. 5. Schematic representation of the mechanisms involved in the

improvement of insulin resistance by activation of the kinin B2 receptor

(B2): (1 and 2) stimulation of insulin receptor (IR) and insulin receptor

substrate 1 (IRS1) tyrosine phosphorylation; (3) stimulation of glucose

transporter 4 (GLUT4). These insulin mimicking effects of BK have been

shown in various tissues such as liver, skeletal muscle, fibroblasts and

adipocytes and result in the increase of glucose uptake.
nin may interfere with the oxidative stress in different ways:

(1) In streptozotocin-induced diabetic rats, a strong glomer-

ular accumulation of 4-hydroxynonenal protein derivatiza-

tion, an index of oxidative stress, has been observed (Cellier

et al., 2003). The increase of this marker was prevented by

insulin but also by chronic treatment with ACEI, an effect

which was prevented by a kinin B2 receptor antagonist. (2)

Bradykinin is able to reduce some oxidative index such as

plasma levels of hydrogen peroxide and malondialdehyde

and to increase antioxydative enzyme activity, namely

superoxide dismutase, catalase and glutathione peroxidase

in streptozotocin-induced acute hyperglycaemia in rats

(Mikrut et al., 2001). (3) Bradykinin can reduce plasma

levels of glucose either by increasing glucose supply to

skeletal muscles following vasodilatation or by increasing

glucose uptake by stimulating GLUT-4 translocation either

directly or via the insulin pathway (Miyata et al., 1998;

Kishi et al., 1998). Bradykinin-induced increased blood

flow may also help to increase oxygen supply, the wash out

of reactive oxygen species and glucose auto-oxidation. (4)

Bradykinin can facilitate the release of insulin (Yan and

Hsu, 1997; Damas et al., 1999). (5) Bradykinin can

stimulate the glycolytic enzymes, phosphofructokinase and

pyruvate dehydrogenase, that would reduce hyperglycaemia

(Dietze et al., 1984; Begum et al., 1985). (6) Bradykinin

induces NO formation which is a potent superoxide radical

anion scavenger that reduces the formation of AGEs and

reactive oxygen species (Tesfamariam, 1994; Asahi et al.,

2000). The production of superoxide anion mediated by
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increased angiotensin II-induced activation of NAD(P)H

oxidase was inhibited by bradykinin in dog coronary

microcirculation (Kinugawa et al., 2003).

In addition to be involved in the therapeutic effect of

ACEI, bradykinin can also partake to the beneficial effects of

angiotensin AT1 receptor antagonists which are used as

alternative therapy to prevent the deleterious effects of

angiotensin II in cardiovascular diseases and diabetes

mellitus (Schiffrin and Touyz, 2003; Ravera et al., 2003).

Blockade of angiotensin AT1 receptors causes elevation in the

plasma level of angiotensin II in men (Christen et al., 1991),

and induces the activation of angiotensin AT2 receptors that

leads to vasodilatation and hypotension through the release of

bradykinin and subsequently NO from vascular endothelium

(Gohlke et al., 1998; Tsutsumi et al., 1999; Sosa-Canache et

al., 2000; Abadir et al., 2003). At another level of interaction,

angiotensin II increases the expression of vascular kinin B2

receptors through the activation of angiotensin AT1A recep-

tors and the MAP kinase pathway (Tan et al., 2004).

Conversely, angiotensin AT1 receptor overexpression

reduced kinin B1 receptor expression while angiotensin AT1

receptor inhibition further increased kinin B1 receptor

expression, thereby contributing to the cardioprotective effect

of angiotensin AT1 blockers in myocardial infarction

(Tschöpe et al., 2004a). These findings further highlight

multiple interactions between angiotensin II and kinin

receptors on cardiovascular functions (Tschöpe et al., 2002).
6. Crosstalk between kinin B2 receptors and ACE?

Studies in isolated cells overexpressing ACE and kinin B2

receptors and in intact vessel preparations suggest that ACEI

potentiate bradykinin by inhibiting kinin B2 receptor desen-

sitization, via a mechanism involving PKC and phosphatases

(Benzing et al., 1999; Marcic et al., 1999; Marcic and Erdös,

2000). However, several comprehensive studies using

various intact isolated vessel preparations/perfused organs

and ACE-resistant bradykinin analogues have not confirmed

such crosstalk between ACE and kinin B2 receptors. It was

concluded that bradykinin potentiation by ACEI is only a

matter of metabolism that can be explained on the basis of

ACE-kinin B2 receptor co-localization on the cell membrane

affecting the concentration of bradykinin in the vicinity of the

receptor (Dendorfer et al., 2001; Gobeil et al., 2002; Tom et

al., 2002, 2003). Thus, the hypothetical concept of a direct

physical interaction between ACE and the kinin B2 receptor

that may be influenced by ACEI is not universally accepted at

this time.
7. Cardiovascular function of kinin B1 receptor

In B2 KO mice, kinin B1 receptor becomes overexpressed

and takes over some of the haemodynamic properties of the

missing kinin B2 receptor such as vasodilatation and
hypotension associated with ACEI (Duka et al., 2001). It

contributes to vasodilatation by inhibiting a vasoconstricting

product of the arachidonic acid cascade acting via the PGH2/

thromboxane A2 receptor (Duka et al., 2003). When

constitutively expressed or induced under experimental

conditions, kinin B1 receptors generally mediate vasodilata-

tion and hypotension to improve perfusion and preserve

nutrition and oxygenation of vital organs. Indeed, des-Arg9-

bradykinin induced hypotension and vasodilatation in con-

ductance and resistance coronary vessels via the activation of

the constitutive canine kinin B1 receptor (Nakhostine et al.,

1993; Lamontagne et al., 1996; Bélichard et al., 1996; Su et

al., 2000). An hypotension mediated by kinin B1 receptor

activation was also found in rabbits (Regoli et al., 1981;

Drapeau et al., 1991), rats (Oh-ishi et al., 1996; Nicolau et al.,

1996), pigs (Schmid et al., 1998) and Green monkeys

(deBlois and Horlick, 2001) pre-treated with the endotoxin

lipopolysaccharide, a well established approach to induce and

up-regulate peripheral kinin B1 receptors. Intriguingly,

however, a paradoxical study has reported hypertensive

responses to intravenous des-Arg9-bradykinin in transgenic

mice overexpressing kinin B1 receptors (Ni et al., 2003). The

reason of this discrepancy is not known but may be related to

the genetic background of the genetically manipulated kinin

B1 receptor mice.

7.1. Status of the kinin B1 receptor in diabetes: positive and

negative outcomes

Several stimuli are susceptible to trigger the induction of

kinin B1 receptor in diabetes. For instance, type 1 diabetes is

associated with the overproduction of pro-inflammatory

cytokines, including tumor necrosis factor-a and interleu-

kin-1h, resulting from the autoimmune destruction of the

insulin-producing h-cells in the pancreatic islets of Langer-

hans (Hussain et al., 1996; Rabinovitch, 1998; Rabinovitch

and Suarez-Pinzon, 1998). Kinin B1 receptor can also be

induced by hyperglycaemia and the oxidative stress

associated with diabetes which are known to activation the

NF-kB pathway (Couture et al., 2001; Vianna et al., 2003).

Kinin B1 receptors are induced and overexpressed in

several organs of the streptozotocin-diabetic rats where they

mediate several biological functions of kinins, namely the

spinal autonomic control of blood pressure and nociception

(Cloutier and Couture, 2000; Couture et al., 2001) and

vasodilatation of retinal microvessels (Abdouh et al., 2003).

In isolated renal glomeruli from streptozotocin-diabetic rats,

the kinin B1 receptor participates in the reducing effect of

ACEI on hyperglycaemia-induced MAP-kinase activation,

suggesting a protective effect of the kinin B1 receptor in

renal glomerulosclerosis (Mage et al., 2002). Another

beneficial effect of the kinin B1 receptor would be its

ability to increase renal blood flow (Lortie et al., 1992).

The induction of kinin B1 receptor in diabetes was also

associated with unwanted syndromes of the disease, namely

pain hypersensitivity and thermal hyperalgesia (Couture et



R. Couture, J.-P. Girolami / European Journal of Pharmacology 500 (2004) 467–485 477
al., 2001; Gabra and Sirois, 2002, 2003a,b; Gabra et al.,

2003), increased vascular permeability and inflammation

(Campos et al., 2001; Simard et al., 2002), including

mononuclear and polymorphonuclear leukocyte migration

(Vianna et al., 2003). Overexpression of kinin B1 receptors in

transgenic mice induces susceptibility to inflammation (Ni et

al., 2003) while B1 KO mice display deficit in behavioural

tests to thermal and chemical nociceptive stimuli, and

reduced inflammatory responses (Pesquero et al., 2000).

Increased in vascular permeability may also be beneficial

by providing a provisional scaffold for migrating endothelial

cells. Interestingly enough, kinin B1 receptor activation

promotes neovascularization and angiogenesis by reducing

apoptosis and stimulating endothelial cell proliferation via

the NOS pathway in the absence of inflammatory reaction

(Hu and Fan, 1993; Emanueli et al., 2000, 2001, 2002a,b;

Emanueli and Madeddu, 2001; Morbidelli et al., 1998;

Parenti et al., 2001). These studies suggested a role for the

kinin B1 receptor in post-ischaemic healing. This is in

agreement with the up-regulation of kinin B1 receptor gene

expression by ischaemia in skeletal muscle and myocardium

(Tschöpe et al., 2000; Emanueli et al., 2001) and on human

vascular tissues in atheromatous disease (Raidoo et al., 1997).

Although angiogenesis and the kinin B1 receptor are strongly

regulated by hypoxia and acidosis, the natural angiogenic

responses to ischaemia are compromised by the impairment

in the spontaneous surge of growth factors in diabetes and

atherosclerosis (Emanueli and Madeddu, 2001). Thus, vaso-

dilatation and neovascularization afforded by kinin B1

receptor agonists may have a significant therapeutic potential

in the treatment of peripheral ischaemic diseases such as

diabetes by improving perfusion and maintaining nutrition

and oxygenation of tissues. Kinin B1 receptor activation may

represent a new avenue to prevent feet amputation in diabetic

patients by reversing microvascular insufficiency which

represent a major cause of end-organ failure in diabetes.

Conversely, kinin B1 receptor antagonists may have promis-

ing values in the treatment of excessive vascular growth and

angiogenesis occurring in cancer and chronic inflammatory

diseases. In this respect, a new and orally active non-peptide

kinin B1 receptor antagonist has recently been disclosed by

Sanofi-Synthelabo (Gougat et al., 2004).

7.2. Induction of kinin B1 receptors by ACEI

Functional kinin B1 receptors were induced and up-

regulated in vascular and renal tissues of normotensive rats

and B2 KO mice (Marin-Castano et al., 2002), and in the

spinal cord and aorta of spontaneously hypertensive rats

(Ongali et al., 2003; Duguay et al., 2004) under chronic ACE

inhibition. However, when administered acutely (24–48 h),

ACEI failed to induce kinin B1 receptors (Marceau et al.,

1999). Kinin B1 receptors contribute to the hypotensive effect

of ACEI in rats (Marin-Castano et al., 2002) and to the

increased forearm blood flow (vasodilatation) associated

with chronic ACEI therapy in patients with heart failure
(Witherow et al., 2001). Thus, endogenous kinins can

participate through kinin B1 receptors to the benefit ACEI

therapy in patients with heart failure by restoring the reduced

cardiac reserve following systemic vasodilatation. This is

consistent with the vasodilatation reported in conductance

and resistance coronary vessels, and also with the reduction

of peripheral resistance induced by stimulation of the

constitutive canine kinin B1 receptor (Nakhostine et al.,

1993; Lamontagne et al., 1996; Bélichard et al., 1996; Su

et al., 2000). Another cardioprotective action of the kinin B1

receptor is the inhibition of ventricular arrhythmias attributed

to a decrease of noradrenaline release at reperfusion in the rat

ischaemic heart (Chahine et al., 1993).

Despite the kinin B1 receptor appears to play a protective

role in cardiovascular and renal functions, the real contri-

bution of these receptors to the benefit of ACEI therapy in

diabetes deserves further investigation. Intriguingly, it has

been claimed that part of the therapeutic efficacy of ACEI is

due to direct stimulation of kinin B1 receptors (Ignjatovic et

al., 2002a,b). However, this concept has been critically

challenged and not confirmed in several tissue systems and

in cell line stably expressing kinin B1 receptors (Fortin et al.,

2003). An unwanted effect is also attributed to kinin B1

receptors, namely angioedema in susceptible patients treated

with ACEI (Blais et al., 1999; Molinaro et al., 2002).
8. Perspectives

It is becoming clear that the formation of AGEs is a very

important early step in the initiation of deleterious cascades

leading to diabetic complications and therefore controlling

AGEs formation and action can be an efficient therapy to

reduce the progression of diabetes in peripheral tissues. An

increasing number of reports demonstrate reduction of

oxidative stress by anti-hypertensive agents such as ACEI

and angiotensin AT1 blockers, suggesting additive mecha-

nisms with the haemodynamic control. Combination therapy

with ACE and AGE inhibition offers superior renoprotective

effects when compared with either monotherapy in the

diabetic spontaneously hypertensive rat (Davis et al., 2004).

Several recent reports show that endogenous bradykinin

plays a pivotal role, through kinin B1 and/or B2 receptors, in

the mechanism of the cardio- and renoprotective actions

not only of ACEI (Witherow et al., 2001; Marin-Castano

et al., 2002; Zhou et al., 2003; Pawluczyk et al., 2004) but

also of angiotensin AT1 blockers (Walther et al., 2002;

Yokota et al., 2003; Tschöpe et al., 2004a). As locally

increased concentration of bradykinin by ACEI and angio-

tensin AT2 receptor stimulation (under angiotensin AT1

receptor blockade) affords cardioprotective and nephropro-

tective effects, selective kinin B2 receptor agonists (and in

some circumstances kinin B1 receptor agonists) may

represent promising therapeutic agents in the treatment of

various cardiovascular disorders and diabetes mellitus.

Indeed activation of kinin receptors are associated with both



Table 1

Summary of positive and negative effects of peripheral kinin receptors in

diabetes mellitus

B1 receptors B2 receptors

Positive

effects

Neovascularisation Antioxidant (NO)

Angiogenesis Antihypertension

Vasodilatation/hypotension Vasodilatation/hypotension

Antiischemia Antiischemia

Reno- and cardioprotection

under ACEI therapy

Reno- and cardioprotection

under ACEI therapy

Antiarrhythmia Decrease insulin resistance

Increase glucose uptake

(GLUT-4 translocation)

Increase glucose supply

Antiproliferation

Antihypertrophia

Antifibrosis

Antithrombosis

Negative

effects

Chronic pain/inflammation Acute pain/inflammation

Hyperalgesia Hyperalgesia

Angioedema under ACEI Oedema

Vascular hyperpermeability Vascular hyperpermeability

Leukocytes infiltration Rhinitis

Cough Arthritis

Asthma
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positive and negative effects as summarized in Table 1. Thus

a balance between the dual beneficial and pro-inflammatory

effects of bradykinin in clinical situations remain a major

challenge, and a safe therapeutic window remains to be

determined. However, recent data suggest that the vaso-

dilatation, anti-proliferative and anti-fibrotic effects of

bradykinin could be mediated by distinct signalling path-

ways. Therefore, the possibility to define specific agonists of

these distinct pathways open new challenge, i.e. kinin B2

receptor agonists devoid of inflammatory/pain effect. Sev-

eral long-acting non-peptide B2 receptor agonists were

recently made available (Asano et al., 1998, Amblard et

al., 1999, Sawada et al., 2004a,b) and provide promising

tools for this new approach. Moreover, angiotensin AT2

receptor activation and angiotensin (1–7) facilitate the

release of bradykinin and NO (Wiemer et al., 2002; Abadir

et al., 2003; Kurisu et al., 2003; Hannan et al., 2003; Tom et

al., 2003; Soares de Moura et al., 2004), angiotensin AT2

receptor agonists and mimetic compounds at the putative

angiotensin (1–7) receptor (Wiemer et al., 2002) may have

important clinical value. These unexplored therapeutic

targets still remain unanswered questions.

The kinin B1 receptor represents a promising target in the

treatment of various diabetic complications, including

hyperalgesia, neuropathy, retinopathy and nephropathy.

Since kinin receptors are Janus-faced receptors, these data

also raise the puzzling question whether or not an agonist

rather than an antagonist should be used in the treatment of

diabetic complications (Heitsch, 2003). Whereas the

induced kinin B1 receptor exhibits nephro and cardiopro-

tective effects and neovascularization that can reverse

ischaemia and vascular angiopathy, this receptor also

participates to hyperalgesia and inflammatory processes
that could be better treated with the use of kinin B1 receptor

antagonists. Further insights in clinical settings are urgently

needed to define a more conclusive therapeutic approach.

More challenging would be to deliver locally kinin B1

receptor agonists/antagonists or kinin B1 receptor gene to

switch on or switch off a specific function in a selected

target organ in order to prevent unwanted systemic and/or

central effects.

Recent studies have shown that dual inhibition of ACE

and neutral endopeptidase 24.11 with so-called vasopepti-

dase inhibitors (omapatrilat, AVE7688) is more effective

than ACEI alone to ameliorate type 2 diabetic nephropathy,

whole-body and myocardial insulin resistance in rat, and to

improve both symptoms and prognosis in congestive heart

failure patients (Rouleau et al., 2000; Wang et al., 2003;

Schäfer et al., 2004a). Blockade of both enzymes has a

greater protective effect on bradykinin metabolism than ACE

inhibition alone in human heart membranes (Blais et al.,

2000). Most probably vasopeptidase inhibitors also prevent

the degradation of other vasoactive peptides which can

improve the endothelial dysfunction by re-establishing the

generation of NOmediated by receptor activation (d’Uscio et

al., 2001; Schäfer et al., 2004b). Thus, the next decade

promises to be one of great discovery and hope that might

improve the care for patients with diabetes.
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