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Abstract

Increased activity of the h-isoform of protein kinase C (PKC) has been linked to the vascular and neural complications of diabetes

mellitus. Treatment with the PKCh inhibitor, (s)-13-[(dimethylamino)methyl]-10,11,14,15-tetrahydro-4,9:16,21-dimetheno-1H,13H-

dibenzo[e,k]pyrrolo[3,4-h][1,4,13]oxadiazacyclohexadecene-1,3(2H)-dione, (LY333531), improves somatic nerve function and blood flow

in diabetic rats. The aim was to assess whether LY333531 treatment could prevent nitric oxide-dependent autonomic nerve and vascular

dysfunction in a diabetic mouse model. Diabetes was induced by streptozotocin; duration was 4 weeks. Aorta and corpus cavernosum were

isolated and mounted in organ baths and agonist or electrical stimulation-evoked nerve-mediated tension responses were examined.

Maximum nitric oxide-mediated endothelium-dependent relaxation of phenylephrine-precontracted aorta and cavernosum to acetylcholine

were more than 30% reduced by diabetes. LY333531 treatment (10 mg kg� 1 day� 1) completely prevented the diabetic deficit in

cavernosum, and 75% prevented the deficit in aorta. Maximum nitric oxide-dependent non-adrenergic, non-cholinergic (NANC) nerve-

mediated relaxation of phenylephrine-precontracted cavernosum was approximately 43% reduced by diabetes; LY333531 attenuated the

deficit by 44%. For diabetic aorta, but not cavernosum, sensitivity (EC50) to phenylephrine-mediated contraction was increased by

approximately 0.85 log10 M units; LY333531 treatment completely prevented this effect. Thus, PKCh activation contributes to nitric oxide-

dependent vascular and autonomic nerve dysfunction in diabetic mice and could prove suitable for further study in clinical trials of diabetic

autonomic neuropathy and vasculopathy.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Hyperglycaemia associated with diabetes mellitus

increases de novo synthesis of diacylglycerol, which, in

turn, increases activation of the protein kinase C (PKC)

signal transduction pathway. This process has been demon-

strated in multiple vascular beds including aortic endothelial

and smooth muscle cells (Tesfamariam et al., 1991; Inogu-

chi et al., 1994; Xia et al., 1994), affecting vascular

permeability, proliferation and contractility (Koya and King,

1998). Of the various PKC isoforms, the conventional

Ca2 +-dependent PKC-h and -y appear to be preferentially

activated in diabetes (Inoguchi et al., 1992).
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The bisindolylmaleimide compound, (s)-13-[(dimethy-

lamino)methyl]-10,11,14,15-tetrahydro-4,9:16,21-dime-

theno-1H,13H-dibenzo[e,k]pyrrolo[3,4-h][1,4,13]oxadiaza-

cyclohexadecene-1,3(2H)-dione, (LY333531), is a selective

inhibitor of the hI and hII isoforms of PKC (Ishii et al.,

1996). Vascular complications play a pivotal role in the

development of diabetic neuropathy in animal models and

man (Cameron et al., 2001). LY333531 treatment prevented

the development of retinal and renal haemodynamic deficits

in diabetic rats (Ishii et al., 1996), and PKC inhibition

corrected somatic peripheral nerve conduction and blood

flow deficits (Cameron et al., 1999; Jack et al., 1999;

Nakamura et al., 1999; Cameron and Cotter, 2002; Cotter

et al., 2002).

Nitric oxide-mediated endothelium-dependent relaxation

is depressed in aorta from diabetic animals (Durante et al.,

1988; Pieper, 1998; Piercy and Taylor, 1998); similar

deficits have been reported in man (Johnstone et al.,
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1993; McVeigh et al., 1992). Furthermore, defects in nitric

oxide-mediated endothelial- and non-adrenergic, non-cho-

linergic (NANC) nerve-dependent smooth muscle relaxa-

tion are evident in corpus cavernosum from animals and

man (Azadzoi and Saenz de Tejada, 1992; Gocmen et al.,

2000; Keegan et al., 1999; Saenz de Tejada et al., 1989).

The NANC nerves provide the majority of nitric oxide

during the erectile process, however, endothelium-derived

nitric oxide may also have a physiological role (Andersson

and Wagner, 1995; Bivalacqua et al., 2000).

PKC can reduce endothelial nitric oxide synthase activity

via phosphorylation (Hirata et al., 1995). Furthermore, PKC

inhibition increases endothelial nitric oxide synthase mRNA

and protein expression (Ohara et al., 1995). This could

improve endothelial function in diabetes, particularly as

diabetic vasculopathy is often associated with reduced nitric

oxide synthase activity and/or increased nitric oxide inacti-

vation by reactive oxygen species (Cai and Harrison, 2000).

However, hyperglycaemia-driven PKC activation has not

been observed in peripheral nerve from diabetic rats

(Cameron et al., 1999). Thus, it is not known whether

PKC inhibition could modulate neuronal nitric oxide syn-

thase activity in NANC nerves supplying corpus caverno-

sum, although this has clear implications for diabetic

impotence. Therefore, the aim study was to examine wheth-

er LY333531 treatment could protect nitric oxide-mediated

cavernosum NANC nerve function and to further clarify the

effects of PKCh inhibition on nitric oxide-dependent vas-

cular function in diabetic mice.
2. Materials and methods

2.1. Animals

Male C57BL/6J mice from the University of Aberdeen

breeding colony were aged between 4 and 6 months on the

day of experimentation. All mice received standard labora-

tory chow and had access to water ad libitum. Experiments

were performed in accordance with regulations specified by

the United Kingdom ‘Animal Procedures Act, 1986’ and the

National Institutes of Health ‘Principles of Laboratory

Animal Care, 1985 revised version’. Unless otherwise

stated, all chemicals were obtained from Sigma (Poole,

Dorset, UK).

2.2. Anaesthesia and diabetes induction

Diabetes was induced by 125 mg kg� 1 i.p. streptozoto-

cin (AstraZeneca, Macclesfield, Cheshire, UK) dissolved in

sterile 154 mM saline solution. After 48 h, diabetes was

verified by the presence of hyperglycaemia and glycosuria

(Visidex II and Diastix, Ames, Slough, UK) in nonfasted

mice. Diabetic mice were weighed daily and were rejected

if blood glucose levels were less than 20 mM. Nonfasting

plasma glucose concentrations were more accurately esti-
mated from samples taken from the heart on the day of

experimentation, by means of colorimetric spectrophotom-

etry using a standard test kit (Sigma). Diabetes duration

was 4 weeks. In addition to untreated nondiabetic and

diabetic control groups, one group of diabetic mice re-

ceived preventative treatment with LY333531 (Eli-Lilly,

Indianapolis, IN, USA) at a dose of 10 mg kg� 1 day� 1

as a dietary supplement. This dose was previously shown to

have optimal effects for restoration of nerve conduction

velocity in diabetic rats (Cameron and Cotter, 2002). On

the final day of experiments, mice were anaesthetised (5%

halothane in air, with 0.1 ml 10% urethane in 154 mM

saline solution per 10 g body weight i.p.) before removal of

tissues.

2.3. Aorta experiments

The thoracic aorta was removed between the aortic arch

and diaphragm. It was cleared of connective tissue and two

sections cut into 1 mm lengths were mounted as ring

preparations, using 40 Am tungsten wire, into 5 ml organ

baths in a small-vessel myograph (Linton Instrumentation,

Diss, Norfolk, UK) for measurement of isometric tension as

previously described (Mulvany and Halpern, 1976). Aortas

were bathed in carboxygenated (95% O2/5% CO2) modified

Krebs–Ringer solution (144 NaCl, 5 KCl, 1.1 MgSO4, 25

NaHCO3, 1.1 NaH2PO4, 1.25 CaCl and 5.5 glucose; in mM)

at 37 jC (pH 7.35). Resting tension was maintained at 0.75

g. Tissues were left to equilibrate for 1 h, with frequent

changing of bathing solution. Tissue viability was assessed

with a priming 300 nM phenylephrine and 100 nM acetyl-

choline contraction/relaxation cycle. Following a 45–60

min washout and recovery period, cumulative concentra-

tion–response curves to phenylephrine, and acetylcholine

and sodium nitroprusside (against an approximate 80%

maximal phenylephrine contraction), were determined. In

some experiments, concentration–response curves were

repeated following a 30-min incubation period with 10

AM of the nitric oxide synthase inhibitor, NG-nitro-L-argi-

nine (L-NNA).

2.4. Corpus cavernosum experiments

The penis was excised at its base with removal of the

glans penis and connective and adventitial tissues along the

shaft, and two corpus cavernosum strips were obtained.

These were mounted in 10 ml organ baths and bathed in

Krebs–Ringer solution as for aorta. Tension was monitored

by isometric transducers and resting tension was set at 0.5

g. Tissues were left to equilibrate for 1 h before determi-

nation of cumulative concentration–response curves for

phenylephrine, and for sodium nitroprusside against an

approximately 80% maximal phenylephrine contraction.

Noncumulative concentration–response curves for acetyl-

choline were established against individual 80% maximal

phenylephrine contractions. Tissues were washed and



Fig. 1. Cumulative concentration– response curves for relaxation to

acetylcholine of aortas from nondiabetic and diabetic mice, and the effects

of preventive LY333531 treatment. Groups: nondiabetic control (o, n= 13);

4 week diabetic control (., n= 10); diabetic mice treated with 10 mg kg� 1

day� 1 LY333531 for 4 weeks from diabetes induction (n, n= 10). Data are

meanF S.E.M. *P < 0.05 vs. nondiabetic control group; #P < 0.05, effects

of LY333531 treatment vs. the diabetic control group.
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allowed to recover for 20–30 min between response curve

determination.

Repetitive supramaximum electrical field stimulation of

autonomic nerves was delivered via platinum wire electro-

des placed either side of the cavernosa (train duration 30

s; frequency 2–30 Hz; pulse duration 5 ms; 90 mA; 10

V). Frequency–response curves were determined for va-

soconstrictor nerves before incubation with atropine (1

AM) and guanethidine (4 AM) for 20–30 min to eliminate

responses mediated by cholinergic and noradrenergic

nerves, respectively. Following phenylephrine precontrac-

tion, electrical stimulation produced frequency-dependent

relaxations mediated by NANC nerves. Some concentra-

tion– or frequency–response curves were repeated fol-

lowing 30 min preincubation with 10 AM L-NNA. At the

end of experiments, tissues were lightly patted dry and

weighed.

2.5. Statistical analysis

Data are expressed as meansF S.E.M. They were sub-

jected to Bartlett’s test for homogeneity of variances before

one-way analysis of variance. Where significance was

reached (P < 0.05), between-group differences were estab-

lished using the Newman–Keuls multiple comparison test.

Otherwise, data were analysed by Kruskal–Wallis nonpara-

metric one-way analysis of variance and Dunn’s multiple

comparison test. Concentration–response curves were fitted

by sigmoid curves using the least squares method to

calculate EC50. Within-group serial comparisons were made

using paired two-tailed Student’s t-tests. All calculations

used a standard statistical software package (Prism3, Graph-

pad, San Diego, CA, USA).
3. Results

3.1. Plasma glucose concentrations and body weights

Diabetes caused a greater than fourfold increase

(P < 0.001) in plasma glucose concentrations (Table 1). In

addition, there was an approximately 20% body weight loss

(P < 0.001). These diabetic changes were unaltered by

preventative LY333531 treatment.
Table 1

Body weights and plasma glucose concentrations of the mouse groups used

in the study

Group n Body weight (g) Plasma glucose

Start End
(mmol l� 1)

Nondiabetic 15 32.9F 0.8 – 9.3F 1.1

Diabetic 12 32.9F 1.3 27.6F 1.0a 40.6F 0.5b

Diabetic + LY333531 11 30.4F 0.8 23.5F 0.8a 39.8F 0.6b

Data are meanF S.E.M.
a P < 0.001 vs. start weight.
b P< 0.001 vs. nondiabetic control.
3.2. Aorta study

Maximum endothelium-dependent relaxation to acetyl-

choline (Fig. 1), following phenylephrine precontraction,

was reduced by approximately 39% with diabetes compared

to aortas from nondiabetic controls (54.0F 4.2% vs.

88.0F 2.9%, P < 0.001). Treatment with LY333531 pre-

vented the development of this deficit by approximately

75% (79.5F 3.7%, P < 0.001). However, at acetylcholine

concentrations of less than 1 AM, there was no significant

effect of treatment. Sensitivity to acetylcholine, assessed by

(� log)EC50, was decreased by diabetes by approximately

0.37 log units (6.89F 0.11 vs. 7.26F 0.12, P < 0.05); this

was unaffected by LY333531 treatment (6.67F 0.13). Pre-

incubation with 10 AM L-NNA completely abolished ace-

tylcholine-mediated relaxations (data not shown).

Endothelium-independent relaxation to the nitric oxide

donor, sodium nitroprusside, following phenylephrine pre-

contraction, approached 100% in all groups (Table 2). In

addition, sensitivity remained unaltered by diabetes or
Table 2

Effects of 10 AM NG-nitro-L-arginine (L-NNA) administration on relaxation

responses of aorta to sodium nitroprusside

Group n Maximum

relaxation

(%)

+ L-NNA (� log)EC50

(mol l� 1)

+ L-NNA

Nondiabetic 8 98.7F 1.0 99.0F 0.6 8.02F 0.11 8.40F 0.12a

Diabetic 10 99.5F 0.3 98.0F 0.7 7.94F 0.08 8.02F 0.08

Diabetic +

LY333531

9 99.6F 0.4 99.0F 1.1 8.11F 0.08 8.27F 0.10b

Data are meanF S.E.M.
a P < 0.01 vs. response prior to L-NNA administration.
b P< 0.05 vs. response prior to L-NNA administration.



Fig. 2. Cumulative concentration– response curves for contraction to

phenylephrine of aortas from nondiabetic and diabetic mice, and the effects

of preventive LY333531 treatment. Groups: nondiabetic control (o, n= 10);

4 week diabetic control (., n= 10); diabetic treated with 10 mg kg� 1

day� 1 LY333531 for 4 weeks from induction (n, n= 10). Data are

meanF S.E.M. *P< 0.05 vs. nondiabetic control and LY333531-treated

diabetic groups. There were no significant differences between curves for

nondiabetic control and LY333531-treated diabetic groups.
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LY333531 treatment ((� log)EC50 approximately 7.9–8.1

for all groups). However, in the presence of 10 AM L-NNA,

while there was no effect on diabetic control tissue

responses to sodium nitroprusside, aortas from nondiabetic

control and LY333531-treated diabetic mice had increased

(� log)EC50 values of approximately 0.38 (P < 0.01) and

0.16 (P < 0.05) log units, respectively.

Maximum contraction to phenylephrine of diabetic aortas

was increased by approximately 1.5-fold (P < 0.01) com-

pared to nondiabetic controls (Table 3). LY333531 treatment

prevented this diabetic increase by approximately 48%, such

that maximum tensions did not significantly differ from

either diabetic or nondiabetic tissues. Similarly, sensitivity

((� log)EC50) to phenylephrine of diabetic aortas was

markedly increased by approximately 0.85 log units

(P < 0.001, Fig. 2); this was completely prevented by

LY333531 treatment (P < 0.001). Following preincubation

with 10 AM L-NNA, there were increases in maximum

contraction developed to phenylephrine across all groups.

Maximum tensions were increased approximately 1.4-fold

(P < 0.001) for nondiabetic, 1.1-fold (P < 0.05) for diabetic

and 1.2-fold (P < 0.01) for LY333531-treated diabetic aor-

tas. Thus, while diabetes reduced the degree of L-NNA-

dependent tension augmentation, LY333531 treatment

resulted in a more control-like response. Sensitivity to

phenylephrine was not significantly altered by L-NNA

incubation in any group.

3.3. Corpus cavernosum study

Tissue weights did not significantly differ between

groups (7.2F 0.3 mg, n = 13, and 7.5F 0.3 mg, n = 12, for

nondiabetic and diabetic control, and 6.7F 0.4 mg, n = 10,

for LY333531 treated diabetic cavernosum, respectively).

Electrical stimulation of corpus cavernosum elicited

frequency-dependent contractions (Fig. 3) that were abol-

ished by incubation with 4 AM guanethidine (data not

shown). Expressed relative to tissue weight, maximum

contractions at 30 Hz did not significantly differ between

groups (0.0636F 0.007 and 0.0590F 0.009 mN mg� 1 for
Table 3

Effects of 10 AM NG-nitro-L-arginine (L-NNA) administration on contractile

responses of aorta to phenylephrine

Group n Maximum

contraction

(mN)

+ L-NNA (� log)EC50

(mol l� 1)

+ L-NNA

Nondiabetic 10 8.82F 0.95 12.23F 0.83a 6.93F 0.13 7.14F 0.11

Diabetic 10 12.79F 0.69b 14.26F 0.68c 7.78F 0.11d 7.84F 0.12

Diabetic +

LY333531

10 10.88F 0.70 13.11F 0.83e 6.97F 0.21 7.06F 0.17

Data presented as meanF S.E.M.
a P < 0.001 vs. response prior to L-NNA administration.
b P< 0.01 vs. nondiabetic control.
c P < 0.05 vs. response prior to L-NNA administration.
d P< 0.001 vs. nondiabetic control.
e P < 0.01 vs. response prior to L-NNA administration.
nondiabetic and diabetic control groups, and 0.0551F 0.009

mN mg� 1 for treated tissue, respectively).

Electrical stimulation following phenylephrine precon-

traction in the presence of 1 AM atropine and 4 AM guaneth-

idine produced frequency-dependent NANC nerve-mediated

relaxation (Fig. 4); this was abolished by L-NNA preincuba-

tion (data not shown). Maximum NANC relaxation at 20 Hz

was reduced by approximately 43% with diabetes compared

to nondiabetic control tissues (42.5F 3.6% vs. 74.1F 4.7%,

P < 0.001). This deficit was 44% prevented by LY333531

treatment (56.3F 3.1%, P < 0.05). However, NANC relaxa-
Fig. 3. Frequency– response curves for contraction to electrical field

stimulation of corpus cavernosum from nondiabetic and diabetic mice, and

the effects of preventive LY333531 treatment. Groups: nondiabetic control

(o, n= 10); 4 week diabetic control (., n= 12); diabetic treated with 10 mg

kg� 1 day� 1 LY333531 for 4 weeks from induction (n, n= 7). Data

presented as meanF S.E.M. There were no significant differences between

curves for the three groups.



Fig. 5. Noncumulative concentration response curves for relaxation to

acetylcholine of corpus cavernosum from nondiabetic and diabetic mice,

and the effects of preventive LY333531 treatment. Groups: nondiabetic

control (o, n= 10); 4 week diabetic control (., n= 9); diabetic mice treated

with 10 mg kg� 1 day� 1 LY333531 for 4 weeks from diabetes induction

(n, n= 7). Data are meanF S.E.M. *P < 0.05 vs. nondiabetic control and

LY333531-treated diabetic groups. There were no significant differences

between curves for nondiabetic control and LY333531-treated diabetic

groups.
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tion of treated cavernosum remained lower than the nondi-

abetic control value (P < 0.01).

Maximum endothelium-dependent relaxation to acetyl-

choline (Fig. 5), following phenylephrine precontraction,

was approximately 32% reduced by diabetes, compared to

cavernosum from nondiabetic controls (36.0F 3.4% vs.

53.1F 3.0%, P < 0.01). Treatment with LY333531 com-

pletely prevented the diabetic deficit (56.9%F 4.7,

P < 0.01). Sensitivity to acetylcholine tended to decrease

with diabetes; however, statistical significance was not

attained. Thus, (� log)EC50 values were 7.07F 0.17 and

6.63F 0.11 for nondiabetic and diabetic control groups, and

6.93F 0.15 for treated cavernosum, respectively.

Endothelium-independent relaxation responses of caver-

nosum to sodium nitroprusside were not altered by diabetes

or treatment. Thus, maximum relaxations were 50.1F 3.9%,

n = 10, and 47.7F 4.9%, n= 9, for nondiabetic and diabetic

controls, and 47.1F 5.0%, n = 8, for LY333531-treated tis-

sues. (� log)EC50 values were 6.19F 0.14 and 5.97F 0.07

for nondiabetic and diabetic control groups, respectively, and

6.14F 0.12 for LY333531-treated cavernosum. L-NNA pre-

incubation did not significantly alter sodium nitroprusside

relaxation of either nondiabetic or diabetic control caverno-

sum (data not shown).

Contractile responses of corpus cavernosum to phenyl-

ephrine were not altered by diabetes or treatment. Thus,

maximum tensions (mN mg� 1) were 0.086F 0.008, n = 11,

and 0.105F 0.011, n = 10, for nondiabetic and diabetic

control groups, and 0.084F 0.009, n = 6, for LY333531-

treated tissue, respectively. (� log)EC50 values were

6.33F 0.08 and 6.28F 0.06 for nondiabetic and diabetic

control groups, and 6.18F 0.12 for LY333531-treated cav-
Fig. 4. Frequency– response curves for relaxation to electrical field

stimulation in the presence of atropine and guanethidine, of corporus

cavernosum from nondiabetic and diabetic mice, and the effects of

preventive LY333531 treatment. Groups: nondiabetic control (o, n= 10); 4

week diabetic control (., n= 11); diabetic treated with 10 mg kg� 1 day� 1

LY333531 for 4 weeks from induction (n, n= 8). Data are meanF S.E.M.

*P < 0.05 vs. nondiabetic control group; #P< 0.05, effects of LY333531

treatment vs. the diabetic control group.
ernosum. L-NNA preincubation did not significantly alter

cavernosum contraction to phenylephrine (data not shown).
4. Discussion

In agreement with observations in nonmurine species

(Durante et al., 1988; Azadzoi and Saenz de Tejada, 1992;

Cameron and Cotter, 1992; Keegan et al., 1999), streptozo-

tocin-diabetes attenuated nitric oxide-mediated endotheli-

um-dependent relaxation to acetylcholine in mouse aorta

and corpus cavernosum. Relaxations to the nitric oxide

donor sodium nitroprusside were unaltered by diabetes in

either tissue. This suggests that the dysfunction was at the

level of the endothelium, as the ability of the smooth muscle

to relax to nitric oxide was not compromised. In diabetic

patients, endothelium-independent relaxation to nitric oxide

donors is either unaltered (Johnstone et al., 1993) or

depressed (McVeigh et al., 1992). The reason for the latter

discrepancy with animal studies is not known, but likely

reflects the progression and severity of vasculopathy.

In contrast to the present findings, a modest residual

acetylcholine-mediated relaxation was demonstrated in the

presence of nitric oxide synthase inhibition for mouse

cavernosum (Gocmen et al., 1997). This may be due to an

as yet unidentified agent such as endothelium-derived

hyperpolarising factor. In the rat mesenteric vascular bed,

diabetes suppresses both nitric oxide and endothelium-

derived hyperpolarising factor-mediated vasodilatation

(Cotter et al., 2002). In rabbit aorta, hyperglycaemia

increases acetylcholine-stimulated cyclooxygenase-derived

vasoconstrictor prostanoid production (Tesfamariam et al.,
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1990). However, as nitric oxide synthase inhibition abol-

ished aorta acetylcholine-mediated vasodilatation in this

study, constrictor prostanoids did not contribute to the

attenuated endothelium-dependent relaxation of diabetic

mouse aorta.

This is the first study showing that chronic LY333531

treatment attenuates the development of nitric oxide-de-

pendent endothelial dysfunction in cavernosum and aorta

from diabetic mice. Similar effects of LY333531 were

noted for both nitric oxide and endothelium-derived hyper-

polarising factor deficits in diabetic rat mesenteric resis-

tance vessels (Cotter et al., 2002). The amelioration of

endothelium-dependent relaxation deficits in diabetic mice

was greater for cavernosum than aorta, which could

suggest that PKCh activation is particularly relevant for

microvascular complications.

Elevated PKC activity in the diabetic milieu occurs by

several mechanisms; de novo synthesis of the activator,

diacylglycerol, from glucose is increased (Koya and King,

1998). Increased oxidative stress in diabetes also stimulates

PKC independent of hyperglycaemia, by liberating diacyl-

glycerol from phospholipids (Numaguchi et al., 1996).

Oxidative stress augments neurovascular endothelin-1 and

angiotensin II systems and PKC activation is involved in

their signalling pathways (Cameron et al., 2001; Touyz and

Berry, 2002). Thus, these changes could also contribute to

elevated vascular PKC activity in diabetes. Indeed, the

balance of endothelin-1, angiotensin II and nitric oxide

action has important regulatory roles in vascular function

through complimentary interacting pathways. For example,

endothelin-1 and angiotensin II act on endothelial cells to

suppress nitric oxide-dependent vasodilation (Oriji and

Keiser, 1996; Mollnau et al., 2002). Conversely, nitric oxide

inhibits endothelin-1 induced PKC activation (Lang and

Lewis, 1991). It is plausible, therefore, that the benefits of

LY333531 on vasorelaxation could at least in part be due to

inhibition of the signalling pathways for endothelin-1 and

angiotensin II.

In aorta, diabetes caused a marked increase in contractile

responses to the a1-adrenoceptor agonist, phenylephrine. As

LY333531 prevented the development of diabetes-like con-

tractility in aorta, this suggests that the PKCh isoform has a

role in modulating smooth muscle contractility. Smooth

muscle PKC activity is increased by diabetes and may cause

phosphorylation of contractile proteins, which would aug-

ment phenylephrine responses (Inoguchi et al., 1992; Shi-

mamoto et al., 1993). This may account for the actions of

LY333531 on aorta. However, increased contractile

responses were not observed in diabetic cavernosum, so

such a mechanism may not be of universal vascular impor-

tance. In the rat mesenteric bed, diabetes did not enhance

phenylephrine-induced contractions, and LY333531 was

without effect on contractility (Cotter et al., 2002). Treat-

ment with the lipid-lowering drug, rosuvastatin, prevented

nitric oxide-dependent reductions of endothelium-dependent

relaxation in aortas from diabetic mice, but was did not alter
the enhanced contractile response to phenylephrine (Nangle,

2002). Therefore, the actions of LY333531 on aortic con-

tractility in diabetic mice are unlikely to be caused by

antagonism of phenylephrine-mediated contraction because

of improved endothelial nitric oxide bioavailability. Rather,

they likely reflect modulation of contractile stimulus–re-

sponse signalling mechanisms.

Nitric oxide synthase inhibition with L-NNA augmented

phenylephrine-mediated contraction of aorta to a greater

extent in nondiabetic and LY333531-treated diabetic than in

untreated diabetic mice. In addition, L-NNA increased

sensitivity to sodium nitroprusside in aorta from nondiabetic

and LY333531-treated diabetic mice, but not untreated

diabetic controls. Thus, diabetes markedly diminished spon-

taneous as well as agonist-induced production or bioavail-

ability of nitric oxide. The preventative effect of PKCh
inhibition may be via increased nitric oxide synthase ex-

pression and/or activation (Hirata et al., 1995; Ohara et al.,

1995). Comparable effects were seen following rosuvastatin

therapy (Nangle, 2002); statins can also increase nitric oxide

synthase expression and activity (Laufs et al., 1998). How-

ever, similar findings following L-NNA incubation were not

observed for cavernosum, suggesting that at least under the

in vitro experimental conditions, basal nitric oxide release is

minimal compared to aorta.

This study is the first to demonstrate that diabetic

autonomic nitrergic nerve function is protected by PKCh
inhibition. Diabetic peripheral nerve blood flow and somatic

motor and sensory conduction velocity deficits were largely

corrected by LY333531 and nonspecific PKC inhibitor

treatment in rats (Cameron et al., 1999; Cameron and Cotter,

2002; Cotter et al., 2002). In the latter case, these effects

were blocked by co-treatment with a nitric oxide synthase

inhibitor, emphasising the importance of a vascular action as

opposed to a direct neuronal effect.

It is plausible that in addition to nitric oxide synthase in

vessel endothelium, the neuronal isoform of nitric oxide

synthase is upregulated in nerve by LY333531. However,

unlike the case for vessels, peripheral nerve diacylglycerol

and PKC activity are not elevated in diabetic rats or mice

(Cameron et al., 1999; Yagihashi et al., 2001). Alternatively,

improved nerve blood flow via inhibition of vascular PKCh
and prevention of nitric oxide-mediated endothelial dys-

function, rather than changes in nerve PKC activity, may

account for the protection of cavernosum NANC nerve

function in mice. As noted for nerve trunks (Cameron et

al., 1991), autonomic ganglion blood flow shows an early

and marked reduction with diabetes in rats (Cameron and

Cotter, 2001). Thus, LY333531-induced elevation of major

pelvic ganglion and pelvic nerve blood flow could indirectly

protect NANC neuronal cell bodies and nerve fibres, hence

function.

In summary, PKCh inhibition has marked beneficial

effects on aorta and corpus cavernosum agonist- and spon-

taneously induced nitric oxide-dependent endothelial func-

tion in diabetes. Furthermore, LY333531 protected against
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nitric oxide-mediated NANC nerve dysfunction, which

could have implications for the treatment of diabetic impo-

tence. Treatment also prevented altered adrenergic contrac-

tility in diabetic mouse aorta. Improving vascular and neural

and nitric oxide pathway function by PKCh inhibition may

prove a useful therapeutic approach for diabetic impotence

and vasculopathy.
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