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Endothelins in chronic diabetic complications1
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Abstract: Endothelins are widely distributed in the body and perform several vascular and nonvascular functions. Ex-
perimental data indicate abnormalities of the endothelin system in several organs affected in chronic diabetic complica-
tions. In support of this notion, it has been shown that endothelin-receptor antagonists prevent structural and functional
abnormalities in target organs of diabetic complications in animal models. Alterations of plasma endothelin levels have
also been demonstrated in human diabetes. This review discusses the role of endothelins in the pathogenesis of chronic
diabetic complications. The current experimental evidence suggests that endothelin-receptor antagonism may potentially
be an adjuvant therapeutic tool in the treatment of chronic diabetic complications.
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Résumé : Les endothélines sont réparties dans tout le corps et ont plusieurs fonctions vasculaires et non vasculaires.
Des données expérimentales montrent des anomalies du système des endothélines dans plusieurs organes cibles des
complications chroniques du diabète. À l’appui de cette notion, on a montré, dans des modèles animaux, que les anta-
gonistes des récepteurs de l’endothéline préviennent les altérations structurelles et fonctionnelles dans les organes cibles
des complications diabétiques. Des altérations des taux d’endothélines plasmatiques ont aussi été démontrées dans le
diabète humain. La présente synthèse discute du rôle des endothélines dans la pathogenèse des complications chroni-
ques du diabète. Les résultats expérimentaux actuels semblent indiquer que l’antagonisme des récepteurs de
l’endothéline pourrait constituer un outil thérapeutique d’appoint dans le traitement des complications chroniques du
diabète.
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A large body of experimental and clinical data generated
over the last few years indicates that endothelins (ETs) are
of importance in several human diseases (Benigni et al. 2000;
King and Brownlee 1996; Inoue et al. 1989; Yanagisawa et
al. 1988). Multiple functions along with predominant expres-
sion in vascular tissues, do indeed, suggest that alteration of
ETs may be involved in diseases affecting both micro- and
macrovasculature. In the context of diabetes, biochemical
abnormalities occurring secondary to hyperglycemia may al-
ter the ET system (King and Brownlee 1996). Alteration of
ETs may be of significant importance in the development of
structural and functional lesions characteristic of diabetic

complications. Furthermore, ETs may also regulate the ex-
pression of other growth factors and cytokines which may
contribute to the pathogenesis of chronic diabetic complica-
tions.

Patients with diabetes demonstrate wide array of abnor-
malities of plasma ET-1 levels. Type I diabetics have been
reported to demonstrate both decreased (Malamitsi-Puchner
et al. 1996; Smulders et al. 1994) and increased plasma ET-1
levels (Collier et al. 1992; Haak et al. 1992; Takahashi et al.
1990). In addition, patients with type II diabetes have been
reported to exhibit elevated (Ak et al. 2001; Morise et al.
1995; Donatelli et al. 1994) as well as unchanged levels of
plasma ET-1 (Guvener et al. 1997; Kanno et al. 1991). Vari-
ability in duration of diabetes and (or) the level of metabolic
control may contribute to the inconsistency in these studies
(Chakrabarti et al. 2000; Hopfner and Gopalakrishnan 1999).
In addition, ETs act both in an autocrine and paracrine fash-
ion. Therefore, plasma levels of these peptides may not pro-
vide an adequate assessment of their biological activity. In
support of ET alteration in diabetes are in vitro studies con-
ducted by several laboratories that have shown high glucose-
and insulin-mediated increased ET-1 production in endothe-
lial cells (Chen et al. 2000a; Hu et al. 1993; Yamauchi et al.
1990). In the following sections, we will discuss the physiol-
ogy of ET system, the mechanisms that may lead to alter-
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ation of ETs in diabetes, and salient features of chronic
diabetic complications in selected organs in regards to ET
alteration.

The endothelin system
Endothelins are potent vasoactive factors which are pro-

duced by several cell types (Levin 1995;, Rubanyi and
Polokoff 1994; Inoue et al. 1989; Yanagisawa et al. 1988).
The ET family is comprised of three isoforms, ET-1, ET-2,
and ET-3, which are encoded by distinct genes. Regulation
of ET expression is achieved at the transcriptional level.
Several cytokines, physiochemical factors, and blood factors
have been shown to regulate expression of ETs (Malek et al.
1999; Benatti et al. 1994; Emori et al. 1992; Kohno et al.
1992; Kurihara et al. 1989). ETs are produced as precursors
that are processed by two classes of proteolytic enzymes,
furin-like endopeptidases and a group of proteins called
endothelin-converting enzymes (ECEs) (Fig. 1). Two such
ECEs have been cloned, ECE1 and ECE2. There are four
isoforms of ECE1 (ECE1a–ECE1d) which, with the excep-

tion of ECE1b, are localized on cell surface (Valdenaire et
al. 1999; Schweizer et al. 1997; Shimada et al. 1995;
Valdenaire et al. 1995). ECE2 and ECE1b have been shown
to be intracellular, being localized close to the Golgi com-
plex (Schweizer et al. 1997).

ETs regulate signal transduction via specific cell surface
receptors ETA, ETB, and ETC (Sakurai et al. 1992; Sakamoto
et al. 1991; Arai et al. 1990). Mammals have been shown to
express only ETA and ETB receptor types. ETA receptors
bind ET-1 and ET-2 with higher affinity as compared with
ET-3, whereas ETB receptors bind all isoforms with similar
affinity. ETA receptors are primarily localized on vascular
smooth muscle cells and regulate vasoconstriction (Hori et al.
1992; Sumner et al. 1992; Arai et al. 1990). Activation of ETA
receptors results in calcium influx via phospholipase C (PLC)
mediated diacylglycerol (DAG) and inositol trisphosphate (IP3)
production (Fig. 2). DAG activates protein kinase C (PKC),
which, alongside increased intracellular calcium, causes
phosphorylation of myosin kinase and smooth muscle cell
contraction. In addition, interaction of ETs with ETA recep-
tors can also lead to activation of phospholipase D (PLD),
facilitating PKC activation and cellular contraction (Decker
and Brock 1998).

ETB receptors, predominantly expressed by vascular endo-
thelial cells, are involved in vasodilation. Activation of ETB
receptors on endothelial cells leads to generation of nitric
oxide (NO) (Molenaar et al. 1993; Takayanagi et al. 1991).
This receptor type is also coupled to PLC via G-proteins. In-
teraction of ETs with ETB receptors results in increased cal-
cium influx similar to ETA receptors. The resultant increased
intracellular calcium modulates activity of calcium–
calmodulin-dependent nitric oxide synthase (NOS) and gen-
erates NO. Following production, NO diffuses to smooth
muscle cells and initiates the production of cyclic 3′,5′-
guanosine monophosphate (cGMP) by activating soluble
cytosolic guanylyl cyclase. Elevation of cGMP levels causes
vasodilation by decreasing intracellular calcium in smooth
muscle cells. ETB are also expressed on smooth muscle cells
to some extent (Davenport et al. 1993). In smooth muscle
cells, activation of ETB receptors can lead to dual
vasoregulatory effects. Similar to activation of ETA recep-
tors, ETB activation can also lead to increased intracellular
calcium and cellular contraction. In addition, ETB activation
can result in conversion of guanosine triphosphate (GTP) to
cGMP in a tissue-specific manner (Ding et al. 1999; Kohan
and Padilla 1994) (Fig. 2). This ET-mediated cGMP increase
is distinct from that mediated by endothelial-derived NO as
it involves particulate (membrane-bound) guanylyl cyclase.
This increase in cGMP can also be potentiated by
endothelial-derived NO. The net reduction in intracellular
calcium brought upon by elevated cGMP levels leads to
vasodilation. Furthermore, in some cells, ETB receptors have
been shown to be coupled to inhibitory G-proteins that in-
hibit 3′,5′-cyclic adenosine monophosphate (cAMP) genera-
tion (Aramori and Nakanishi 1992). Thus, in vivo
vasoregulatory action of ETs could be the outcome of a
number of factors, including receptor affinity, number of re-
ceptors activated, types of receptors activated, and the tissue
involved.

ETs also control functions such as morphogenesis and
extracellular matrix (ECM) protein synthesis (Levin 1995;
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Fig. 1. An outline illustrating expression of endothelins. ETs are
produced as precursors that are proteolytically processed to gen-
erate mature ET peptides. Two classes of proteins are implicated
in the processing of prepro-ETs: furin-like endopeptidases and
endothelin-converting enzymes. Mature ET peptides act in an
autocrine and paracrine fashion to transduce signals via cell sur-
face receptors, ETA and ETB. Generally, ETA activation leads to
vasoconstriction, and activation of the ETB receptor mediates
vasodilation. These receptors are also expressed by nonvascular
cells and may mediate expression of various genes.
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Rubanyi and Polokoff 1994; Simonson et al. 1992). These
mitogenic signals could possibly be transduced by activation
of PKC, phosphatidylinositol 3-kinase (PI3 kinase), and
extracellular-signal-regulated kinases 1/2 (ERK1/2) (Suzuki
et al. 1999; Decker and Brock 1998; Foschi et al. 1997;
Whelchel et al. 1997; Sugawara et al. 1996). These proper-
ties suggest that ETs may be involved in both early and late
pathogenic changes in target organs of diabetic complica-
tions. Early events in the disease course include blood flow
alteration and increased ECM protein synthesis leading to
basement membrane thickening. Both of these changes
could potentially be brought upon by ET upregulation. With
disease progression, diabetes-induced biochemical anoma-
lies lead to vascular cell dysfunction, eliciting a proliferative
response of the endothelial cells, which could also be medi-
ated by upregulated ET expression because of their potent
mitogenic properties.

Biochemical mechanisms leading to ET
alteration in diabetes

Several interactive factors may lead to alteration of ETs in

diabetes. Most of these factors are initiated/activated second-
ary to hyperglycemia. We will briefly outline the potential
mechanisms contributing to ET alteration in diabetes.

Polyol pathway
Augmented polyol pathway activity is an important mech-

anism in the pathogenesis of chronic diabetic complications.
Elevated intracellular glucose is subsequently reduced to
sorbitol by aldose reductase (AR). Sorbitol is further oxi-
dized to fructose by sorbitol (polyol) dehydrogenase. Flux
through the polyol pathway, secondary to hyperglycemia, in-
creases both sorbitol and fructose (Greene and Stevens 1996;
King and Brownlee 1996; Williamson et al. 1993). Accumu-
lated sorbitol may lead to osmotic injury and cell death
(Greene and Stevens 1996; Williamson et al. 1993). In addi-
tion, increased sorbitol may lead to depletion of myo-
inositol, which may be of importance in diabetic neuropathy
(Greene and Stevens 1996). Activity of AR is coupled to ox-
idation of NADPH, whereas the second enzymatic step,
which converts sorbitol to fructose, requires reduction of
NAD+. The net result of augmented polyol pathway is al-
tered NADPH–NADP+ and NADH–NAD+ ratios, causing a

Fig. 2. Possible mechanisms of vasoregulation by endothelins include various inducers and inhibitors that regulate the expression of
precursor peptides. These precursor peptides undergo proteolytic processing to produce mature ETs. Interaction of ETs with ETA recep-
tors on smooth muscle cells leads to calcium influx via G-protein coupled phospholipase C (PLC) activation. Diacylglycerol (DAG)
generated subsequent to PLC activation can lead to activation of PKC and facilitate cellular contraction. Activation of ETB receptors on
endothelial cells results in nitric oxide (NO) production. NO activates soluble guanylyl cyclase in smooth muscle cells and increases
cGMP. The net reduction in intracellular calcium results in vasodilation. In some tissues, smooth muscle cells can also have ETB re-
ceptors which are coupled to membrane-bound guanylyl cyclase which contribute to NO-mediated vasodilation. It should be noted that
ETB receptor possess dual function. ETB activation in smooth muscle cells can also lead to calcium influx via PLC-mediated pathway.
Therefore, ETB receptor-mediated vasoregulation is tissue-dependent. NOS, nitric oxide synthase; GC, guanylate cyclase; sGC, soluble
GC; G, G-protein; IP3, inositol triphosphate; PKC, protein kinase C.
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redox imbalance and a state of “pseudohypoxia” in target or-
gans of diabetic complications (King and Brownlee 1996;
Williamson et al. 1993). This change may favor increased
free radical generation, inhibition of fatty acid oxidation, in-
creased DAG synthesis, increased formation of reduced
glutathione (Kowluru et al. 1997; Kern et al. 1994), in-
creased prostaglandin synthesis, and defective DNA repair.
However, controversies exist regarding the development of
“pseudohypoxia” in some organs such as the retina
(Obrosova et al. 1998; Winkler et al. 1997). In addition to
changes mentioned above, augmented polyol pathway can
lead to reduced NO production. The enzymatic reaction of
NO synthesis requires NADPH, which is depleted by in-
creased flux of glucose through the polyol pathway. One of
the inhibitors of ET expression is NO; therefore, decreased
NO could positively regulate ET upregulation in diabetes
(Chen et al. 2000a; Cosentino and Luscher 1998; Levin
1995; Rubanyi and Polokoff 1994; Vanhoutte 1994). In-
creased DAG synthesis could also upregulate ET expression
via PKC activation (Fig. 3).

Oxidative stress
Increased oxidative stress due to free radicals and NO

generation have been suggested to play a significant role in

the pathogenesis of diabetic complications (Nadler and
Winer 1996). Hydroxyl radical produced by glucose auto-
oxidation has been shown to damage proteins (Hunt et al.
1988). Hyperglycemia may also activate various lipoxy-
genase enzymes, promoting the interaction of NO with
superoxide anions. This interaction yields peroxynitrite and
hydroxyl radicals, which are toxic to vascular endothelial
cells (Nadler and Winer 1996; Jiang et al. 1990). The exact
mechanism of glucose-mediated endothelial dysfunction is
still obscure. However, evidence suggests an imbalance be-
tween ET expression and NO activity (Cosenino and
Luscher 2001, 1998; Cosentino et al. 1998; Stehouwer et al.
1997; King and Brownlee 1996; Nadler and Winer 1996).
Sequestration of NO by superoxide anions could also con-
tribute to reduced NO activity, leading to upregulation of
ETs.

Antioxidant defense activities are also reduced in experi-
mental galactosemic and diabetic animals. GSH levels,
Ca++/Mg++ ATPase activity, and Na+/K+ ATPase activity
have been demonstrated to be markedly diminished in both
diabetic and galactose-fed animals (Kowluru et al. 1997;
Kern et al. 1994; Tagami et al. 1992). Nonenzymatic
glycation may also lead to direct oxidative stress (King and
Brownlee 1996; Nadler and Winer 1996; Arai et al. 1987). It
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Fig. 3. An outline of interactive mechanisms leading to endothelin (ET) activation and respective effects in the pathogenesis of diabetic
complications. AGE, advanced glycation end product; RAGE, receptor of AGE; NFκB, nuclear factor-κ B; NAD, nicotinamide adenine
dinucleotide; NADH, reduced NAD; VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; ERK1/2,
extracellular signal-regulated kinase 1/2; PKB, protein kinase B; PI3 kinase, phosphatidylinositol 3-kinase; ECM, extracellular matrix.
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has recently been demonstrated that hyperglycemia-induced in-
creased production of superoxides may lead to PKC activation,
increased nonenzymatic glycation, sorbitol accumulation, and
NFκB activation in endothelial cells (Chen et al. 2001b;
Nishikawa et al. 2000; Kowluru et al. 1996). All of these bio-
chemical abnormalities can result in ET upregulation (Fig. 3).

PKC Activation
PKC activation has been demonstrated in chronic diabetic

complications affecting both micro- and macrovasculature
(Koya and King 1998; King and Brownlee 1996). High glu-
cose levels increase DAG synthesis, a potent PKC activator
(Koya and King 1998; King and Brownlee 1996). PKC may
also be activated via the PI3 kinase pathway (Le Good et al.
1998). It has been demonstrated that hyperhexosemia in-
duces increased DAG levels and PKC activation in retinas
and aortas of both diabetic and galactosemic animals (Le
Good et al. 1998; Ishii et al. 1996; Kern et al. 1994; Xia et
al. 1994; Shiba et al. 1991, 1993). Treatment of strepto-
zotocin (STZ) induced diabetic rats with PKCβ-selective in-
hibitor prevents retinal PKC activation and decreased
Na+/K+ ATPase activity (Ishii et al. 1996; Kowluru et al.
1996). Furthermore, PKCβ overexpressing mice demonstrate
lesions in the heart that are reminiscent of diabetic
cardiomyopathy (Wakasaki et al. 1997).

PKC influences several important vascular functions, such
as regulation of blood flow and permeability (King and
Brownlee 1996; Koya and King 1998; Lynch et al. 1990).
PKC has been identified as a potential causal factor in pro-
ducing characteristic retinal blood flow alterations in dia-
betic animals (Shiba et al. 1993, 1991). In addition, PKC
activation, secondary to hyperglycemia, has been shown to
regulate endothelial permeability (Chen et al. 2000a). PKC
activation also regulates several factors that mediate cell sur-
vival and growth signals. These factors include ET-1, vascu-
lar endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), epidermal growth factor (EGF),
insulin-like growth factor (IGF), and fibroblast growth factor
(FGF) (Koya and King 1998; Newton 1997; Greene and
Stevens 1996; King and Brownlee 1996; Williamson et al.
1993). We and others have shown that inhibition of PKCβ
activation can prevent glucose-induced ET-1 mRNA expres-
sion in endothelial cells (Chen et al. 2000; Park et al. 2000).
Furthermore, PKC-mediated upregulation of above men-
tioned growth factors could also contribute to ET alteration
in diabetes.

Nonenzymatic glycation
Glucose, glucose-6-phosphate, trioses, and fructose may

all participate in nonenzymatic glycation of proteins
(Vlassara 1997; King and Brownlee 1996; Takagi et al.
1995). Advanced glycation end products (AGEs) may also
be produced from strong glycating dicarbonyl compounds
such as 3-dioxyglucosone, methylglyoxal, and glyoxals
(Glomb and Monnier 1995). AGEs accumulate in tissues
over time during normal aging. However, diabetes leads to
acceleration of this process (Stitt et al. 1997; Vlassara 1997;
Blakesley and Lerother 1996; King and Brownlee 1996;
Glomb and Monnier 1995; Takagi et al. 1995).

The mechanisms by which AGEs may cause pathologic
changes include alteration of protein function, interference

with extracellular matrix function, and elaboration of
cytokines and free radicals (Stitt et al. 1997; Vlassara 1997;
King and Brownlee 1996). Auto-oxidation of glucose and
production of AGEs can generate reactive oxygen species
(Stitt et al. 1997; Vlassara 1997; King and Brownlee 1996).
AGE and AGE receptor interaction may also lead to oxida-
tive stress and activation of NFκB (Mohamed et al. 1999).
In vascular endothelial cells, AGE formation may affect
gene expression of thrombomodulin and ET-1 and modify
growth factors such as VEGF and basic fibroblast growth
factor (bFGF) (Yamagishi et al. 1997; King and Brownlee
1996; Esposito et al. 1992). Recently, the mechanism of
AGE-induced ET-1 expression has been illuminated to some
extent. It has been shown that AGE formation in endothelial
cells leads to upregulation of ET-1 via NFκB activation
(Quehenberger et al. 2000). Furthermore, AGE formation
has been causally related to defective vasodilator response
to NO (Bucala et al. 1991). Reduced NO, possibly through
NFκB activation, may further upregulate ET-1 expression.

Hyperinsulinemia
Hyperinsulinemia, a concurrent state in type II diabetes,

may be another factor leading to ET alteration. Insulin
upregulates ET expression in vascular endothelial and
smooth muscle cells (Ferri et al. 1995; Anfossi et al. 1993;
Oliver et al. 1991). Insulin has also been shown to increase
plasma ET levels in both humans and animals (Hopfner et
al. 1998a; Piatti et al. 1996; Pontiroli and Pozza 1996; Ferri
et al. 1995; Frank et al. 1993). In addition to increasing ET
peptide levels, insulin can regulate ET responsiveness by
modulating ET receptor expression (Hopfner et al. 1998b;
Juan et al. 1998; Frank et al. 1993). These findings suggest
that hyperinsulinemia may amplify ET alteration and
vasculopathy in diabetes. Indeed, hyperinsulinemia has been
shown to accelerate macroangiopathy in diabetics (Hedblad
et al. 2000).

Other factors
Several other mechanisms may also be of importance in

augmented ET-1 expression in diabetes. ET-1 interacts with
potent vasoactive factors such NO and VEGF (Matsuura et al.
1997; Pedram et al. 1997; Vanhoutte 1994). VEGF increases
in diabetes, and in turn, may increase ET-1 expression (Chen
et al. 2000a). We have demonstrated such an interaction in
endothelial cells, as well as in diabetic animals (Cukiernik et
al. 2000). ET-1 and ET-3 mediated VEGF production involves
activation of PKC (Chen et al. 2000a; Pedram et al. 1997).
We have shown that incubation of endothelial cells with high
glucose levels, VEGF, or NOS inhibitor leads to ET-1
upregulation. Such glucose-induced ET-1 increases were pre-
vented by VEGF-neutralizing antibodies and PKC inhibition
(Chen et al. 2000a). We have recently demonstrated similar
findings in retinas of diabetic animals (Cukiernik et al. 2000).
These findings suggest multiple signaling pathways leading to
alteration of ET-1 in chronic diabetes.

Pathophysiological role of ETs in chronic
diabetic complications

Diabetes produces a variety of structural and functional
lesions in several target organs, including retina, peripheral
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nerves, kidneys, and the cardiovascular system. Although
there are similarities in the pathogenesis of such lesions,
variations due to tissue microenvironment are of great im-
portance. In the following sections, we will discuss the role
of ETs in specific complications.

Diabetic retinopathy
Diabetes is the most important systemic disease causing

blindness (Mazze et al. 1985; Caird 1971). Diabetic
retinopathy is classified in various progressive stages,
namely nonproliferative (background) retinopathy, prepro-
liferative (severe or advanced background) retinopathy, and
proliferative retinopathy. Background retinopathy is charac-
terized by basement membrane thickening, pericyte loss, en-
dothelial loss, retinal hemorrhages, and exudate deposits
(King and Brownlee 1996; Mizutani et al. 1996; Porta 1996,
Blom et al. 1994; Kern and Engerman 1994; Kuwabara and
Cogan 1963). Preproliferative retinopathy, on the other hand,
is characterized by venous dilatation, beading, profuse reti-
nal hemorrhages and exudates, widespread capillary non-
perfusion, and intraretinal microvascular abnormalities.
Patients with such lesions are prone to develop proliferative
retinopathy. Neovascularization is the characteristic feature
of the proliferative stage. Formation of new blood vessels
may lead to hemorrhage and tractional retinal detachment
(Blom et al. 1994; Mazze et al. 1985; Caird 1971).

ET-1 is present in several areas of the ocular tissue, in-
cluding the optic nerve, retinal vascular and extravascular
sites, and the uveal tract (Chakrabarti et al. 1998;
Chakrabarti and Sima 1997; Chakravarthy et al. 1997). We
and others have demonstrated increased ET-1 and ET-3
immunoreactivities in the retinas of STZ-induced diabetic
rats and spontaneously diabetic BB/W rats (Chakrabarti et
al. 1998; Chakrabarti and Sima 1997; Chakravarthy et al.
1997). Blockade of the ETA-receptor signaling by specific
antagonist, BQ 123, has been shown to increase retinal
blood flow in STZ-diabetic rats (Takagi et al. 1996). Fur-
thermore, blocking activity of ECE1 by phosphoramidon has
been shown to normalize diabetes-induced reduced retinal
blood flow (Takagi et al. 1996). Using laser Doppler
sonography, we have recently demonstrated increased resis-
tivity index (RI), a marker for vasoconstriction, in the retinal
bed of both STZ-diabetic and galactose-fed rats after
1 month of follow-up. These changes were prevented by a
dual ETA–ETB receptor antagonist, bosentan (Evans et al.
2000a, 2000b; Deng et al. 1999). Simultaneously, ET-1, ET-3,
and ETA mRNA levels were shown to be increased in hyper-
hexosemic rats. After 6 months of follow-up, ETB receptor
mRNA levels were also elevated in the retina of hyperhexo-
semic animals with no significant difference in RI values as
compared with nondiabetic controls (Evans et al. 2000a,
2000b; Deng et al. 1999). These observations may be indica-
tive of a duration-dependent, differential activation of vari-
ous components of the ET-system, which may account for
temporal alteration in retinal blood flow in diabetes.

Recently, we have demonstrated that hyperhexosemia-
induced increased collagen a1(IV) and fibronectin mRNA
levels can be prevented by bosentan treatment in both dia-
betic and galactose-fed rats (Evans et al. 2000a, 2000b).
Bosentan also prevented retinal capillary basement mem-
brane (BM) thickening in these animals. This suggests that

ETs could play significant role early in the disease course
leading to characteristic changes such as basement mem-
brane thickening.

Alteration of ETs has been demonstrated in both type I
and type II diabetes in humans (Ak et al. 2001; Guvener et
al. 1997; Malamitsi-Puchner et al. 1996; Morise et al. 1995,
Donatelli et al. 1994; Smulders et al. 1994; Collier et al.
1992; Haak et al. 1992; Kanno et al. 1991; Takahashi et al.
1990). Although increased plasma ET-1 levels have been
demonstrated in diabetic patients with retinopathy
(Kawamura et al. 1992), a number of studies provide contra-
dictory reports of plasma ET levels in diabetic patients.
Autocrine and paracrine activity of these peptides should be
considered when interpreting these results. In a recent study,
vitreous ET-1 levels were found to be significantly elevated
in patients with proliferative diabetic retinopathy as com-
pared with controls (Oku et al. 2001). This supports the no-
tion that ETs may also be involved in later stages of diabetic
retinopathy. Indeed, these peptides are angiogenic for vascu-
lar endothelial cells and may regulate endothelial prolifera-
tion during retinal neovascularization.

Diabetic nephropathy
Diabetes is the leading cause of renal failure in the west-

ern world, affecting approximately 30% type I diabetic pa-
tients (Held et al. 1990; Andersen et al. 1983).
Microalbuminuria is the earliest clinical marker of renal af-
fection in diabetes and is associated with glomerular hyper-
filtration (Breyer et al. 1996). As renal damage progresses,
patients develop heavy proteinuria and reduced glomerular
filtration rate, which ultimately leads to renal failure.

Pathological features of diabetic nephropathy include
thickening of glomerular capillary BM, mesangial matrix ex-
pansion, and tubulointerstitial fibrosis. Early in the disease
course, the pathogenic changes are exhibited as renal en-
largement due to cellular hypertrophy affecting both the
glomeruli and tubules. With progression, patients develop ar-
teriolosclerosis, continued mesangial matrix expansion, and
glomerulosclerosis. In the later stages, patients develop char-
acteristic Kimmelstiel–Wilson nodules (Cotran et al. 1999;
Epstein 1998; Steffes et al. 1996; Mogensen et al. 1983). It
has been demonstrated that, similar to other chronic compli-
cations, high blood glucose level is a key factor leading to
the development of diabetic nephropathy (U.K. Prospective
Diabetes Study (UKPDS) Group 1996; Diabetes Control and
Complications Trial Research Group 1993). Systemic hyper-
tension, which causes intraglomerular hypertension and
hyperfiltration, is another risk factor in the progression of
nephropathy (Epstein 1998; Mogensen et al. 1983).

In the kidneys, both ET-1 and ET-3 show widespread tis-
sue distribution (Simonson 1993). From a physiological per-
spective, ETs regulate renal blood flow, glomerular filtration
rate, and sodium and water reabsorption. ETs are expressed
in the endothelium, epithelium, glomerular mesangium, tubu-
lar epithelium, collecting ducts, and vasa recta. ET-binding
sites have also been localized in these cells. In addition, the
ET system has been demonstrated to be altered in several
disease processes affecting the kidneys (Rubanyi and
Polokoff 1994; Simonson 1993).

In the kidneys of diabetic rats, increased ET-1 mRNA and
renal ET-1 clearance has been demonstrated in association
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with proteinuria (Turner et al. 1997). Upregulation of ETA
receptors has also been shown in the kidneys of diabetic rab-
bits (Khan et al. 1999). The long-term consequences of ET-
peptides may involve cellular changes requiring differential
gene expression (Levin 1995; Nakamura et al. 1995;
Rubanyi and Polokoff 1994; Simonson et al. 1992). It has
been demonstrated that diabetes-induced increased expres-
sion of glomerular collagen a1(I), a1(III), a1(IV), laminin
B1 and B2, tumor necrosis factor-α, PDGF, transforming
growth factor-β, and bFGF can be completely prevented by
treatment with an ETA receptor antagonist (Nakamura et al.
1995). In addition, we have recently shown that both diabe-
tes and galactosemia lead to upregulation of ETs and ET-
dependent ECM protein synthesis in the kidneys (Chen et al.
2001a). The dual ETA–ETB receptor antagonist bosentan
prevents such changes, as well as diabetes-induced increased
glomerular BM thickening and mesangial expansion (Chen
et al. 2001a). Whether ETs regulate increased ECM protein
synthesis directly or by induction of other fibrogenic factors
still remains to be determined. However, current evidence
does suggest that these peptides are involved in the progres-
sion of diabetic nephropathy.

Diabetic neuropathy
Diabetic neuropathy affects approximately 60–70% of all

diabetics. At its extreme form, it is a major cause of lower
extremity amputation (Boulton 1993; Thomas 1992). Both
somatic and autonomic nerves can be involved in diabetic
neuropathy, producing a variety of symptoms. Diabetic neu-
ropathy, which may affect peripheral or cranial nerves, can
broadly be classified as mononeuropathy and
polyneuropathy. Mononeuropathies can involve isolated sin-
gle nerves or may affect multiple nerves (mononeuritis mul-
tiplex) (Boulton 1993; Thomas 1992). On the other hand,
polyneuropathies can affect sensory, motor, or autonomic
nervous systems. Chronic sensorimotor polyneuropathy is
the commonest type of neuropathy. It is manifested as im-
paired balance, propioception and vibration, progressive
gloves and stocking anaesthesia, paresthesia, or
hyperasthesia. Although motor weakness is not pronounced,
wasting of small muscles and loss of reflex activity is also
manifested. Foot ulceration and other neuropathic changes
may subsequently develop. Impaired nerve conduction ve-
locity is a key feature of this disease. Autonomic neuropathy
may produce bladder, bowel, or gastric motility problems
and postural hypotension (Boulton 1993; Thomas 1992).

Impaired phosphoinositide metabolism in the peripheral
nerve may lead to impaired activity of PKC and Na+/K+

ATPase (Sima and Sugimoto 1999). This is in sharp contrast
to the retinal findings, where activation of PKC has been es-
tablished (Koya and King 1998; King and Brownlee 1996).
Contrary to retinal findings, peripheral nerves from diabetic
animals show reduced DAG levels (Sima and Sugimoto
1999; Zhu and Eichberg 1990). However, PKC inhibitors
have been shown to prevent diabetes-induced reduced
neuronal Na+/K+ ATPase activity (Hermenegildo et al.
1993). These data demonstrate that hyperglycemia-induced
biochemical changes may vary in target organs of diabetic
complications depending on the tissue microenvironment.

Treatment of STZ-diabetic rats with specific ETA receptor
antagonist and dual ETA–ETB receptor antagonist has been

shown to prevent diabetes-induced nerve conduction veloc-
ity deficit and reduced endoneural blood flow (Stevens and
Tomlinson 1995; Cameron et al. 1994). It is interesting to
note that only the former treatment lead to a reduction in
systemic blood pressure in these studies (Cameron et al.
1994). We have demonstrated that ET-1 and ET-3 immuno-
reactivity is increased in the peripheral nerves in diabetes
(Deng et al. 1998). However, no data are yet available as to
whether ET receptor antagonism is beneficial in preventing
later changes in diabetic neuropathy such as nerve fibre loss.

Macrovasculopathy and cardiovascular complications
Diabetic heart disease comprises three major components:

coronary artery disease, autonomic neuropathy, and diabetic
cardiomyopathy. In addition, both atherosclerosis and hyper-
tension occur at a much higher rate in the diabetic popula-
tion as compared with nondiabetic counterparts (Epstein and
Sowers 1992).

Cardiac complications are a major cause of morbidity and
mortality in the diabetic population. Diabetic individuals are
two to four times more likely to develop heart disease. In ad-
dition, 75% of diabetes-related deaths are due to heart dis-
ease (International diabetes federation triennial report 1994).
Diabetic patients also develop congestive cardiac failure
more readily and have significantly worse prognosis than
their nondiabetic counterparts once they develop coronary
disease (Lewinter 1996; Savage et al. 1988). Functional ab-
normalities affect both systolic and diastolic properties of
the myocardium. These abnormalities include impaired re-
laxation, reduced compliance with elevated end-diastolic
pressure, cardiac hypertrophy, and chamber dilatation
(Lewinter 1996; Shehadeh and Regan 1995; Savage et al.
1988). Pathological findings include cardiomegaly and myo-
cardial scaring. Myocardial hypertrophy, interstitial and
perivascular fibrosis, myocyte necrosis, as well as thickening
of the capillary BM are some other abnormal structural find-
ings in the hearts of diabetics (Lewinter 1996; Shehadeh and
Regan 1995; Savage et al. 1988).

ET-1 is produced by both myocytes and endothelial cells
in the myocardium. High affinity ET-1 binding sites are also
present in cardiac myocytes (Fukuchi and Giaid 1998). ET-1
has been shown to evoke positive inotropic and chronotropic
effects and prolong action potentials (Hu et al. 1988;
Ishikawa et al. 1988). Hypoxia and ischemia are two impor-
tant upregulators of ET-1 expression in the heart (Karmazyn
1996). Several investigators have shown upregulated ET-1
mRNA and receptor binding in rat hearts as early as few
weeks following induction of diabetes (Lin et al. 1996; Vesci
et al. 1995). Furthermore, a duration-dependent alteration of
chronotropic and inotropic responses to ET-1 has been dem-
onstrated in isolated atria of diabetic rats (Lieu and Reid
1994). In keeping with these studies, we have demonstrated
that increased expression of ET-1, ETA, and ETB mRNA lev-
els parallel diabetes-induced myocardial cell death and focal
scarring of the myocardium in diabetic rats (Chen et al.
2000b). In addition, we have demonstrated increased ET
immunoreactivity and ET receptor density in association
with the aforementioned changes. It is interesting to note
that a similar increase in mRNA expression of two ECM
proteins, collagen a1(IV) and fibronectin, was detectable.
The increased ECM protein mRNA levels, myocardial scar-
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ring, and myocardial apoptosis were completely prevented
by treatment of diabetic animals with bosentan. This study
provided direct evidence as to the importance of the ET sys-
tem in the pathogenesis of diabetic heart disease (Chen et al.
2000b). Recently, we have further demonstrated that ET-1
may participate via sodium–hydrogen exchanger-1 in medi-
ating diabetes-induced structural and functional changes
(Hileeto et al. 2001). Sodium–hydrogen exchanger-1 activa-
tion may lead to calcium overload and subsequent cell death
(Karmazyn et al. 1999).

As mentioned earlier, ETs also carry out mitogenic sig-
nals. Smooth muscle cells express both ETA and ETB recep-
tors and proliferate in response to elevated ET levels. This
could potentially play a role in the development and progres-
sion of atherosclerosis. Increased plasma ET-1 levels have
been demonstrated in diabetic patients with atherosclerosis
and hypertension (Perfetto et al. 1997; Fernandez et al.
1995). In addition, elevated levels of prepro-ET-1 have been
demonstrated in aortas of diabetic rats (Makino et al. 2001).
Interestingly, angiotensin-II-mediated vascular hypertrophy
can be prevented by ET-receptor antagonism in a non-
diabetic model (Makino et al. 1998). Taken together, these
data suggest that ETs play important roles in macro-
vasculopathy by modulating structural and functional prop-
erties of vascular smooth muscle cells. It should be noted
that insulin resistance, if present, may also accelerate athero-
sclerosis (Hedblad et al. 2000). As mentioned earlier, insulin
can upregulate both ET peptides and ET receptors in vascu-
lar endothelial and smooth muscle cells. This suggests that
hyperinsulinemia in type II diabetics may potentiate ET
upregulation and may contribute to the progression of
macroangiopathy.

Concluding remarks

Experimental evidence suggests that ETs, because of their
multiple functional capabilities, may play significant roles as
effector molecules in chronic diabetic complications. PKC
activation, nonenzymatic glycation, oxidative stress, and
augmented polyol pathway may contribute to alteration of
ETs. ETs, in turn, may regulate other vasoactive factors and
growth factors such as nitric oxide, VEGF, and PDGF. Evi-
dences gathered from multiple animal experiments, indeed,
indicate that ETs are of importance in the pathogenesis of
chronic diabetic complications. Inhibition of ET-mediated
signaling has been shown to prevent diabetes-induced struc-
tural and functional alterations in target organs of diabetic
complications. This suggests a central role of these multi-
functional peptides in diabetes-induced pathogenic changes
in various organs. Based on the available data, ET antago-
nism may have a potential role in the treatment of these
complications. However, longer term animal studies and
well designed clinical trials are necessary to validate such
notions.
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