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Angiotensin converting enzyme inhibition prevents development 
of muscle and nerve dysfunction and stimulates angiogenesis 
in streptozotocin-diabetic rats 
N. E. Cameron, M.A. Cotter and S. Robertson 
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Summary. The effects of the angiotensin converting enzyme 
inhibitor lisinopril on slow and fast twitch muscle contractile 
properties, nerve conduction and hypoxic resistance, and 
muscle and nerve capillary density were examined in strepto- 
zotocin-diabetic rats. Prolongation of soleus contraction and 
relaxation were partially prevented by treatment (p < 0.01). 
A 22 % deficit in fast twitch extensor digitorum longus te- 
tanic tension production was also ameliorated (p < 0.01). Sci- 
atic motor and sensory conduction velocity, 25 % and 12 % 
reduced by diabetes respectively, were 75 % normalized by 
lisinopril (p < 0.01). There was a 47 % increase in resistance 
to hypoxic conduction block with diabetes (p < 0.01). Lisino- 
pril treatment resulted in normal hypoxic resistance. Capil- 
larisation of nerve and muscle was little affected by diabetes; 
however, there was a 17 % increase in capillary density in sci- 

atic nerve, and a 40 % increase in extensor digitorum longus 
muscle with lisinopril (p < 0.01). For soleus, a smaller treat- 
ment-induced increase in capillary density led to an elevated 
capillary/muscle fibre ratio (p < 0.01). These results suggest 
that lisinopril promoted angiogenesis. It was concluded that 
the beneficial effect of preventive lisinopril treatment is like- 
ly to depend upon a reduction of peripheral vascular resis- 
tance and improvement of tissue blood flow, which impli- 
cates relative hypoxia as an important factor in the 
development of myopathy and neuropathy in experimental 
diabetes. 

Key words: Neuropathy, hypoxia, ischaemia, nerve conduc- 
tion, muscle contraction, capillary density, lisinopril, 

. angiotensin converting enzyme. 

Reduced nerve conduction velocity and increased resis- 
tance to ischaemic conduction block are features of nerve 
dysfunction commonly found in diabetic patients and ani- 
mal models [1]. The mechanisms underlying the aetiology 
of diabetic neuropathy remain controversial. Largely 
based on animal experiments, one school of thought con- 
siders that metabolic alterations are primarily respon- 
sible. Thus, a hyperglycaemia-induced enhancement of 
polyol pathway flux has been suggested to reduce nerve 
myo-inositol levels and phosphoinositide turnover, com- 
promising Na-K adenosine triphosphatase (ATPase) ac- 
tivity. The resultant changes in ionic homeostasis may be 
responsible for a number of functional and morphological 
deficits including eventual axonopathy [2]. Aldose reduc- 
tase inhibitors correct nerve dysfunction in diabetic rats 
[3-6], and may also have some beneficial effects on nerve 
fibre growth and repair in diabetic patients [7]. 

Low and co-workers have demonstrated reduced 
nerve blood flow and endoneurial hypoxia in rat sciatic 
nerve which is sufficiently severe so as to contribute to 
dysfunction [1]. Aspects of endothelial control of vascular 
resistance may be important as there is reduced basal 

prostacyclin synthesis from diabetic rat sciatic nerves [8]. 
Endoneurial  hypoxia has also been observed in neuropa- 
thic diabetic patients [9]. Chronic electrical stimulation, 
and guanethidine treatment to reduce sympathetic vaso- 
motor  tone, improve nerve blood flow and conduction 
velocity [10, 11]. Thus, despite reports of increased blood 
flow in the first few months of diabetes in rats [12], it is 
plausible that vascular factors are important in the aetio- 
logy of diabetic neuropathy. 

Striated muscle is also affected by diabetes [13]. Like 
nerve, this has been linked to polyol pathway activity as 
the effects are ameliorated by aldose reductase inhibitors 
and are also found in both cardiac and skeletal muscle of 
galactosaemic rats [14-16]. Unlike nerve, however, there 
is no evidence for the involvement of abnormal myo-ino- 
sitol metabolism [15]. In heart  and skeletal muscle there 
are also indications of vascular dysfunction with diabetes 
[17-19]. Thus, it is possible that reduced perfusion may 
also contribute to diabetic myopathy. 

Angiotensin II is a powerful circulating vasoconstric- 
tor, which may contribute to vascular tone in nerve and 
muscle circulatory beds. Reactivity to angiotensin may be 
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Fig. 1. A typical recording of a so- 
leus muscle twitch, and its differen- 
tiated derivative used to measure 
rates of change. For the tension 
trace, developed tension in New- 
tons (N), time to peak tension 
(TTP), and half relaxation time 
(HRT) in ms were measured. For 
the derivative, time to reach the 
maximum contraction (TMC) and 
relaxation (TMR) rates in ms as 
well as maximum rates in N/s were 
measured 

i n c r e a s e d  in  vessels  in  t h e  a b s e n c e  of  i n s u l i n  [20]. T h e  a i m  
of  the  p r e s e n t  i n v e s t i g a t i o n  was  to  a s ce r t a i n  w h e t h e r  an -  
g i o t e n s i n  c o n v e r t i n g  e n z y m e  ( A C E )  i n h i b i t i o n  c o u ld  p re -  
v e n t  the  d e v e l o p m e n t  of  n e u r o p a t h y  a n d  m y o p a t h y  in  
d i abe t i c  rats.  

C h r o n i c  b l o o d  f low inc rea se s  in  s t r i a t ed  mu sc l e s  of  
n o n - d i a b e t i c  a n i m a l s  resu l t  in  a n g i o g e n e s i s  [21]. A sec- 
o n d a r y  a im  of  the  i n v e s t i g a t i o n  was  to a s ce r t a i n  in  d i abe t i c  
ra ts  w h e t h e r  cap i l l a r i s a t i on  of  n e r v e  a n d  ske le ta l  musc l e s  
was a f fec ted  b y  t r e a t m e n t .  

M a t e r i a l s  a n d  m e t h o d s  

Mature male 19-week-old Sprague-Dawley rats (Aberdeen Univer- 
sity colony) were used. Non-diabetic animals acted as onset controls, 
others were given streptozotocin (45 mg/kg in 20 mmol/1 sodium ci- 
trate buffer, pH 4.5, i. p.). Diabetes was verified 24 h later by estimat- 
ing hyperglycaemia and glycosuria (Visidex II and Diastix; Ames, 
Slough, UK). Samples for plasma glucose measurement were taken 
the day of final experiments. 

Diabetic animals were divided into two groups, one of which was 
untreated for two months, the other was given lisinopril (Zestril, 
I. C.I., Macclesfield, Cheshire, UK) [22] dissolved in the drinking 
water at a concentration which resulted in rats receiving approxi- 
mately 20 mg. kg- 1. day 1. 

In final experiments (1-1.5 g/kg urethane anaesthesia i.p.), con- 
duction velocity was measured in vivo between the sciatic notch and 
the knee for motor branches supplying the tibialis anterior (peroneal 
division) and gastrocnemius (tibial division) muscles. Sensory con- 
duction velocity was measured in the saphenous nerve between the 
groin and ankle. Rectal and nerve temperatures were monitored, 
and regulated between 36.5 and 37.5~ The methods have pre- 
viously been described in detail [4, 5]. 

Contractile properties for slow twitch soleus and fast twitch ex- 
tensor digitorum longus (EDL) muscles were measured in vivo as 
previously described [13, 15]. Muscles were freed from connecting 
tissue and distal tendons were tied and attached to an isometric ten- 
sion transducer. The femur was fixed rigidly with a metal clamp and 
the foot was pinned to a cork board. Muscles were stimulated via 

their motor nerves (0.3 ms pulse width, 2-10 mA). Throughout rec- 
ordings muscle surface temperature was monitored by a thermo- 
couple probe and kept at 37 ~ by irrigation with 0.9 % NaC1 at 40 ~ 
Muscle length was adjusted for maximal twitch tension. An average 
of eight separate twitches was used to determine contractile proper- 
ties. A typical twitch is shown in Figure i to illustrate the measure- 
ments. These included, time to peak tension (TTP) and half relaxa- 
tion time (HRT). Tension traces were differentiated and further 
measurements were made for the times taken to reach maximum 
contraction (TMC) and relaxation (TMR) rates. Similar measure- 
ments were made for tetany; muscles being stimulated for 750 ms at 
350 Hz (EDL) or 250 Hz (soleus), optimal frequencies for tension 
production [15]. Maximum tetanic rates were divided by tension to 
obtain specific contraction (SCR) and relaxation (SRR) rates. 
Muscle cross-sectional area was estimated from weight and length. 
Length was measured before distal tendons were cut. For soleus the 
leg was held in full flexion, and for EDL in full extension. 

Sciatic nerve hypoxic resistance was measured in vitro as pre- 
viously described [23]. The contralateral sciatic trunk was removed 
and mounted on bipolar stimulating (proximal end) and recording 
(distal end) electrodes in a chamber containing Krebs-Ringer solu- 
tion at 35 ~ with 5.5 mmol/1 glucose for nerves from non-diabetic, 
and 40 mmol/1 glucose for the diabetic rats. Bathing fluid was gassed 
with 95 % 02,5 % CO2. Nerves were equilibrated for 30 min, then the 
chamber was re-filled with mineral oil pre-gassed for i h with 100 % 
N2. Nerves were stimulated with just supramaximal pulses (1 Hz, 
0.05 ms width, 10 mA) and compound actionpotential amplitude was 
monitored at 2-min intervals untilit fell below 10 % of its initialvalue. 

At the end of the experiment, rats were killed by exsanguination. 
Just before this, approximately 2.5 cm of the sciatic nerve trunk, be- 
tween the sciatic notch and its bifurcation at the knee, was removed 
and divided into five pieces which were mounted together, along 
with soleus, EDL and tibialis anterior muscle which also acted as 
support tissue [23]. Samples were frozen in isopentane pre-chilled in 
liquid nitrogen, 10 gm sections were cut on a cryostat, and capillary 
endothelium was stained for alkaline phosphatase using the method 
of Ziada et al. [24]. Three sections, each 90 gm apart, were taken and 
all capillaries in all nerve fascicles were counted with the aid of a pro- 
jection microscope. Fascicle outlines were traced and their areas 
measured using a digitizing pad linked to a microcomputer. Thus, the 
measurements represent average capillary density for repeated 
sampling between sciatic notch and knee, on a combined fascicular 
area of approximately 10 mm 2 for each nerve. There were no signifi- 
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Table 1. Body and muscle weights, and muscle tension production 

Group Body Soleus 
weight 
(g) 

Extensor digitorum longus 

Muscle Twitch Tetanic Muscle Twitch Tetanic 
weight tension tension weight tension tension 
(g) (mN/mm 2) (mN/mm 2) (g) (mN/mm 2) (mN/mm 2) 

Control 471 0.236 67.0 364 0.205 76.5 522 
(n = 11) _+ 14 _+ 0.008 _+ 3.0 _+ 11 _+ 0.008 _+ 3.5 -+ 15 

Diabetic 423 0.238 58.1 303 b 0.169 a 80.3 409 b 
(n = 13) -+ 21 _+ 0.009 _+ 4.1 + 17 -+ 0.014 -+ 6.2 _+ 22 

Lisinopril 414 0.215 56.0 a 362 c 0.171 a 88.8 504 ~ 
(n = 11) _+ 14 _+ 0.009 _+ 2.4 _+ 12 _+ 0.007 _+ 5.0 + 22 

Values are mean + SEM. N, Newton 
a p < 0.05, b p < 0.01, difference vs control group; ~ p < 0.01, lisinopril vs diabetic group 

Table 2. Soleus muscle speed-related contractile properties 

Group Twitch Tetanus 

TTP TMC HRT TMR 90% TTP HRT MCR MRR SCR 

(ms) (ms) (ms) (ms) (ms) (ms) (N.s -1.mm 2-~) (s-l) 

SRR 

Control 33.4 3.93 38.7 18.5 186 63.5 7.66 6.73 20.9 18.5 
(n=11) _+0.7 _+0.10 _+1.5 _+0.8 +14 +_2.5 _+0.51 _+0.36 _+0.9 _+1.0 

D i a b e t i c  42.3  b 4 .06  52 .8  b 24.0 b 239 a 85.1 b 5 .04  b 4 .05 b 16.4 b 13.5" 
(n=13) +1.4 +0.16 _+2.7 -+1.4 _+21 _+2.4 _+0.45 _+0.35 +0.8 _+1.2 

Lisinopril 36.4 c 4.05 41.5 ~ 18.8 c 196 69.7 c 5.91 a 6.37 c 16.5 b 17.7 
(n=11) _+0.9 _+0.11 _+1.4 +0.6 _+12 +5.0 -+0.28 -+0.76 -+0.8 +2.0 

TTP, time to peak twitch tension; TMC, time to maximum contrac- 
tion rate; HRT, half relaxation time; TMR, time to maximum relaxa- 
tion rate; 90 % TTR time to reach 90 % of maximum tetanic tension; 
MCR, maximum contraction rate; MRR, maximum relaxation rate; 

SCR, specific contraction rate; SRR, specific relaxation rate, 
N = Newton. Values are mean + SEM. 
a p < 0.05, b p < 0.01, difference vs control group; c p < 0.01, lisi- 
nopril vs diabetic group 

cant differences between average fascicular areas between groups. 
For soleus and EDL muscles, measurements were made on three 
i mm 2 areas selected at random. This represents sampling of ap- 
proximately half of the muscle cross-sectional area. All capillaries 
and muscle fibres within these areas were counted, and the results 
expressed as capillary density and capillary/fibre ratio. 

Sciatic nerve polyol levels 

Just before exsanguination, part of the sciatic nerve proximal and 
distal to the sample for capillary measurements, was taken for nerve 
sugar and polyol measurement and frozen in liquid N2. Trimethyl- 
silyl derivatives were prepared from aqueous deproteinized extracts 
and analysed by gas chromatography [4, 25]. 

Statistical analysis 

Data are expressed as mean -+ SEM. One-way analysis of variance 
was performed, followed by Duncan's multiple range test [26, 27] to 
assign differences to individual groups where overall significance 
(p < 0.05) was attained. 

Results  

D i a b e t i c  an imals  exh ib i t ed  h y p e r p h a g i a  and  polydips ia ,  
and  the re  was no  ind ica t ion  tha t  this was af fec ted  by  t rea t -  
ment .  P l a sma  glucose levels  were  40.6 + 2.4 mmol/1 for  
u n t r e a t e d  and  35.9 +2.2  mmol/1 for  t r e a t e d  rats.  B o d y  

weight  was s imilar ly  r e d u c e d  c o m p a r e d  to onse t  con t ro l  
an imals  in b o t h  groups  (Table  1). 

Musc le  weight  for  soleus was unaf fec ted  by  d iabetes ,  
whe reas  for  E D L  it was r e d u c e d  b y  17 %.  Tens ion  p roduc -  
t ion by  soleus dur ing  a twi tch  t e n d e d  to be  sl ightly r e d u c e d  
by  d iabe tes ,  s ignif icant ly  so for  the  l i s inopr i l - t r ea ted  
g roup  (p < 0.05). Te tan ic  t ens ion  was 17% r e d u c e d  by  
d i abe te s  bu t  this was p r e v e n t e d  by  t r ea tmen t .  E D L  twi tch  
t ens ion  was no t  s ignif icant ly affected,  bu t  t he re  was a 22 % 
defici t  in t e tan ic  t ens ion  p r o d u c t i o n  which  was p r e v e n t e d  
by  t r ea tmen t .  

Table  2 lists soleus  s p e e d - r e l a t e d  cont rac t i le  p r o p e r -  
ties. Twitch con t rac t ion  t imes  were  p r o l o n g e d  b y  d iabetes ;  
TTP  was 27 % inc reased  a l though  T M C  was re la t ive ly  un- 
affected.  T T P  was wi thin  the  con t ro l  range  with  t r ea t -  
ment .  R e l a x a t i o n  was also m a r k e d l y  af fec ted  with  36 % 
and  30 % p ro longa t ions  of H R T  and T M R  respect ively.  
Twitch r e l axa t ion  was no t  s ignif icant ly  d i f ferent  f rom nor-  
mal  in the  l i s inopr i l - t r ea ted  group.  Tetanic  90 % T T P  was 
28 % p r o l o n g e d  by  d iabe tes ,  and  this was r e d u c e d  to  5 % 
by t r e a t m e n t  a l though  va lues  were  no t  s ignif icant ly  differ-  
en t  f rom e i the r  non -d i abe t i c  or  d iabe t ic  con t ro l  animals .  
H R T  inc reased  by  34 % with  d iabetes ,  and  this was re-  
duced  to 10 % by  l isinopril .  M a x i m u m  ra tes  of  con t r ac t ion  
were  d e c r e a s e d  by  d i abe te s  and  this was una f fec ted  by  
t r e a t m e n t  w h e t h e r  expres sed  as a raw ra t e  co r r ec t ed  for  
muscle  c ross-sec t ional  area,  or  co r r ec t ed  for  d i f ferences  in 
t ens ion  p roduc t ion .  M a x i m u m  re l axa t ion  ra tes  were  re-  
duced  by  40 % and  this was la rge ly  (87 % )  p r e v e n t e d  by  
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Table3. Extensor digitorum longus speed-related contractile 
properties 

Group Twitch Tetanus 

TTP TMC HRT TMR 

(ms) 

MCR MRR SCR SRR 

(N.s-l-mm 2~ (s ~) 

Control 12 .1  3.50 12 .2  5.84 17.4 22.1 34.8 42.3 
(n=11) _+0.3 _+0.09 _+0.6 -+0.52 _+1.0 +1.4 .+1.4 .+2.4 

Diabetic 13.1 3.60 11 .2  6.20 16.4 14.8" 40.6 35.5 
(n=13) -+0.4 _+0.10 _+0.7 +0.46 -+0.9 +1.6 -+1.8 -+2.9 

Lisinopril 12.7 3 .43  12 .0  6.15 20.0 u 22.8 r 40.2 44.3 b 
(n=11) +0.2 _+0.06 -+0.4 _+0.51 +1.2 _+2.7 -+2.6 +3.3 

TrR time to peak twitch tension; TMC, time to maxtmum contrac- 
tion rate; HRT, half relaxation time; TMR, time to maximum relaxa- 
tion rate; MCR, maximum contraction rate; MRR, maximum relax- 
ation rate; SCR, specific contraction rate; SRR, specific relaxation 
rate N, Newton. Values are mean _+ SEM. 
a p < 0.05, difference vs control group; b p < 0.05, c p < 0.01, lisi- 
nopril vs diabetic group 

Table 4. Nerve conduction and resistance to hypoxia 

Group Gastro- Tibialis Average Saphe- Ts0 Ts0 
cnemius anterior motor nous 
(m/s) (m/s) (m/s) (m/s) (min) (min) 

Control 65.4 62.6 64.1 59.3 17.7 21.4 
(n= 11) +2.1 +2.2 +1.8 +1.3 +-0.5 +0.6 

Diabetic 50.8 a 48.2 a 49.5 ~ 50.7 a 24.7 a 32.1a 
(n = 13) + 1.6 -+ 1.4 + 1.1 + 1.2 +- 0.9 + 0.9 

Lisinopril 59.8 b 63.2 b 61.5 b 57.3 b 16.9 b 23.8 b 
(n=11) +1.7 _+1.6 +0.9 +1.2 +_1.3 _+1.2 

Ts0, time for compound action potential amplitude to be reduced by 
50 % ; Ts0, time for compound action potential amplitude to be re- 
duced by 80%. Values are mean + SEM. 
a p < 0.01, difference vs control group; b p<  0.01, lisinopril VS 
diabetic group 

lisinopril. Par t  of  the effect m a y  have been  due to reduced  
tension p roduc t ion  by the diabetic group, as the difference 
fell to  27 % for specific relaxat ion rate. 

Speed-re la ted  contract i le  propert ies  for E D L  are 
given in Table 3. There  was no significant effect of  
diabetes on  twitch cont rac t ion  and relaxation. M a x i m u m  
contract ion rates may  have been  slightly reduced  by 
diabetes, part icularly when  c o m p a r e d  to lisinopril- 
t rea ted  animals; however,  this difference disappeared 
when correc ted  for differences in tension product ion.  
There  was a 33 % decrease in m a x i m u m  relaxat ion rate, 
which was p reven ted  by t reatment .  As  with soleus, par t  
of  this may  be accoun ted  for by reduced  tension produc-  
tion, a l though a significant difference (p < 0.05) remained  
be tween  diabetic control  and lisinopril-treated groups for 
specific relaxat ion rate. 

Nerve  conduc t ion  veloci ty values are given in Table 4. 
There  was an average 25 % reduct ion  in m o t o r  nerve  con- 
duction veloci ty with diabetes compared  to onset  controls.  
This was 77 % preven ted  by lisinopril, the resulting values 
were no t  significantly different f rom those o f  controls.  
Sensory saphenous  nerve  conduct ion  veloci ty was 12 % 
reduced  by diabetes,  and this was 73 % preven ted  by treat-  
ment .  In a previous  s tudy we found no statistically signifi- 
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cant increase in nerve conduct ion  velocity in normal  con- 
trols over  the t ime per iod investigated [5]. Abso lu te  start- 
ing values and relative changes in c o m p o u n d  act ion 
potent ial  ampl i tude ( C A P A )  with hypoxia  are plot ted in 
Figure 2. Af te r  an initial per iod of  hyperexcitabil i ty [28], 
C A P A  declined more  slowly in diabetic animals than  
onset  controls.  The  curve for  the l isinopril-treated group 
did not  show hyperexcitability, but  during the later decline 
it fol lowed that  of  non-diabet ic  controls  quite closely. This 
is reflected in T~0 and T80 values (Table 4) which were 47 % 
and 50 % pro longed  by diabetes but  were  not  significantly 
different to onset  controls  with lisinopril t reatment .  

Sciatic nerve  sugar and polyol  levels are shown in 
Table 5. Sorbitol  and fructose were 9.2-fold and 9.5-fold 
elevated respectively in diabetic nerves, and were  un- 
affected by t reatment .  Myo-inosi tol  was 23 % decreased  
in the diabetic group,  and this was 14 % fur ther  reduced  by 
lisinopril t reatment .  

Details of  sciatic nerve  and soleus and E D L  muscle ca- 
pillarisation are given in Table 6. For  sciatic nerve,  capil- 
lary density was unaffec ted  by diabetes,  but  was 17 % 
increased with lisinopril. Figure 3 shows a positive corre-  
lation be tween  average  sciatic nerve  m o t o r  conduc t ion  
velocity and capillary density for t rea ted  and un t rea ted  
diabetic rats. For  soleus muscle there  was a 10 % increase 
in capillary density with lisinopril and a 4 % increase with 
diabetes alone. Despi te  no significant changes in muscle 
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initial amplitude 



16 

Table 5. Sciatic nerve polyol levels 

Group Sorbitol Fructose Myo-inositol 

(nmol/mg wet weight) 

Control 0.28 0.90 2.86 
_+ 0.02 _+ 0.07 _+ 0.22 

Diabe t i c  2.59 b 8.57 b 2.19 a 
+ 0.12 + 0.31 + 0.09 

Lisinopril 2.49 b 7.56 b 1.78 b' c 
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Lisinopril t reatment  had no effect on nerve polyols and 
worsened the myo-inositol deficit, which suggests that a pu- 
tative mechanism of dysfunction, linking myo-inositol to 
Na-K ATPase changes [2], is of little relevance to the pre- 
sent study. It is of interest that omega-6 essential fatty acid 
t reatment  improved nerve conduction velocity without 
correcting myo-inositollevels, and also increased capillari- 
sation [23, 32]. 

For skeletal muscle, the main changes with diabetes are 
__+ 0.07 __+ 0.38 __+ 0.07 

Values are mean + SEM. 
p < 0.05, b p < 0.01 difference vs control group; c p < 0.01, lisi- 

nopril vs diabetic group 

fibre density, the capillary/fibre ratio was marginally in- 
creased by diabetes (p < 0.05), and this was more  apparent  
(12%) with lisinopril (p <0.01). For EDL,  there was a 
15 % increase in capillary density with diabetes, rising to 
40 % with treatment.  Muscle fibre density increased in the 
diabetic control group, resulting in a capillary/fibre ratio 
not significantly different f rom controls. However,  with 
lisinopril, capillary/fibre ratio was approximately 30% 
elevated compared to the two other groups. 

Discussion 

These previously unreported data demonstrate  that  A C E  
inhibition largely prevented the development  of nerve 
and skeletal muscle dysfunction in diabetic rats. The 
changes in untreated diabetes are unlikely to result f rom a 
cytotoxic action of streptozotocin as they are preventable 
by insulin t reatment  [2, 15, 29]. Beneficial effects of lisino- 
pril probably  depend on lowering peripheral  resistance 
and improving tissue blood flow, by preventing formation 
of the vasoconstrictor angiotensin I I  and perhaps reduc- 
ing the degradation of vasodilator bradykinin [22]. The ar- 
gument that vascular actions are important  for the func- 
tional effects is supported by the correlation of motor  
nerve conduction velocity with the expected results of 
chronic blood flow elevation [21], an increase in sciatic 
nerve capillarisation. In contrast to the diabetic state, 
chronic vasodilator t reatment  has no effect on normal  
nerve conduction [30, 31]. 

well-established. Slow twitch soleus, like cardiac muscle, 
shows prolongations of contraction and relaxation which 
are likely to depend on abnormal  calcium handling [15, 33, 
34] and impaired sarcoplasmic reticulum function. There  is 
also a reduction in oxidative potential  [14] which maybe  as- 
sociated with mitochondrial damage [33, 35]. For fast 
twitch muscle the main effect of diabetes is on tetanic ten- 
sion production [14,15,29]. S oleus contraction and particu- 
larly relaxation deficits were largely prevented by treat- 
ment  as was the reduction in E D L  tetanic tension. This 
suggests that reduced blood flow may  contribute to the 
deficits. Resting skeletal muscle vascular resistance is in- 
creased [19]. Blood flow to the diabetic heart  is reduced, in 
part  because of decreased endothelialprostacyclinproduc- 
tion [17, 18, 36]. Perfusion limitation could be particularly 
important  for skeletal muscles during active periods [37] 
and they may, therefore,  be subjected to hypoxic episodes 
further exacerbated by re-perfusion damage. Parallels 
exist between changes occurring as a result of diabetes and 
of chronic hypoxia. For slow skeletal muscle and heart, 
both  involve prolongations of contraction, and sarcoplas- 
mic reticulum and mitochondrial  disruption [38-40]. Thus, 
in both diabetes and chronic hypoxia, there are shifts to- 
wards more  energy-efficient myosin isoforms, and calcium 
homeostasis and oxidative metabol ism are compromised. 

Increases in muscle capillarisation agree with previous 
reports of chronic vasodilator action in normal  animals 
[21]. For the highly capillarised soleus, the increase in ca- 
pillary/fibre ratio was about  10 %, and was three times 
greater  for EDL.  This may reflect a difference between 
vascular beds. Soleus is a strong autoregulator, thus, local 
factors would minimise vasodilator-induced flow changes. 
E D L  has poor  autoregulation [41[; therefore, flow 
changes would be correspondingly greater and the an- 
giogenic stimulus larger [21]. Treatment  with the ~zl-adre- 
noreceptor  antagonist prazosin had a greater  effect on ca- 

Table 6. Capillarisation of sciatic nerve and soleus and extensor digitorum longus muscles 

Group Sciatic Soleus Extensor digitorum longus 
Capillary Capillary fibre C/f Capillary fibre 
density density density ratio density density 
(mm-1) (mm-2) (mm-Z) (mm-2) (mm-Z) 

C/f 
ratio 

Control 61.8 576 207 2.79 421 297 1.41 
(n = 11) + 1.7 + 9 + 6 + 0.05 + 21 + 8 + 0.04 

Diabetic 61.3 601 201 3.00 a 486" 346 a 1.43 
(n = 13) + 2.3 + 21 + 6 + 0.06 + 21 + 17 + 0.05 
Lisinopril 72.2 b, c 631 202 3.14 b 591 b' ~ 317 1.87 b' ~ 
(n = 11) _+ 1.8 _+ 15 + 8 + 0.06 + 24 + 13 + 0.05 

C/f, capillary/muscle fibre ratio. 
Values are mean +_ SEM. 
a p < 0.05, b p < 0.01 difference vs control group; ~ p < 0.01, lisinopril vs diabetic group 
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Fig. 3. Linear regression of average motor nerve conduction velocity 
against sciatic nerve endoneurial capillary density for untreated and 
lisinopril-treated diabetic animals (r = 0.65, p = 0.0002) 

pillarisation in fast than slow muscles in non-diabetic ani- 
mals [21]. The situation in diabetes is, however, more  com- 
plex particularly for a mixed muscle such as EDL.  It  is 
composed of 49 % type I IB fibres which are relatively 
sparsely capillarised, and 49 % I IA  and 2% type I (slow) 
fibres that have a well-developed blood supply. With 
diabetes there is f ibre- type-dependent  atrophy which is 
greatest for IIB and least for type I, and there is also fibre 
damage and splitting [13]. The former  would tend to pro- 
duce an apparent  increase in capillary density, whereas 
the latter would tend to reduce capillary/fibre ratio. In the 
untreated diabetic group capillary density was increased 
but capillary/fibre ratio remained unchanged because of 
an increase in fibre density. In the t reated diabetic group, 
there was a much larger increase in capillary density, the 
difference f rom diabetic controls suggesting angiogenesis. 
In addition, there was an indication that fibre density was 
less affected than with diabetes alone, suggesting some 
preservation of muscle integrity. This was checked by 
comparing E D L  fibre areas for diabetic control and lisino- 
pril-treated groups using previously described methods 
[13]. Mean area for IIB fibres was 16% increased f rom 
1617.3 + 67.4 to 1871.9 + 78.8 gm 2 (p < 0.05) with lisino- 
pril, whereas I I A  (1242.2 + 36.7 vs 1300.2 + 41.9 ~tm 2) and 
type I fibres (972.2 + 31.4 vs 904.7 + 39.5 gm 2) were not 
significantly affected. Given that IIB fibres make  up ap- 
proximately half the muscle, their larger size with lisino- 
pril is sufficient to substantially account for the 9 % de- 
crease in fibre density compared  to the untreated diabetic 
group. Thus, a combination of angiogenesis and fibre 
preservation explains the large increase in E D L  capil- 
lary/fibre ratio with lisinopril. 

It is of interest that the nerve and muscle deficits 
prevented by A C E  inhibitor t rea tment  were similarly 
ameliorated by aldose reductase inhibition [15, 37], al- 
though the latter does not affect capillary density (Came- 
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ron, Cotter  and Robertson,  unpublished observations). 
This implies that increased capillarisation is unnecessary 
for functional improvements ,  but does not rule out a di- 
rect aldose reductase inhibitor effect on the vasculature. 
For example,  increased vascular smooth muscle contrac- 
tility in diabetes [42, 43] may  be polyol-pathway-related in 
an analogous way to striated muscle [14, 15]. 

Another  possibility is that  both treatments increase 
cellular ATP availability, albeit achieved via different 
actions. Thus, excessive polyol pathway activity causes 
changes in the N A D P : N A D P H  ratio, promoting greater  
flux through the pentose phosphate  pathway, at the ex- 
pense of glycolytic ATP production [44]. This would be 
exacerbated by relative ischaemia [1, 11, 19]. Thus, correc- 
tion of deficits in energy metabolism at the cellular level 
by aldose reductase inhibition, and at the level of the 
microenvironment  by lisinopril might both  restore ATP 
production sufficiently to allow relatively normal nerve 
and muscle function. If this is true then the two thera- 
peutic approaches may be complimentary. 

In conclusion, A C E  inhibition by lisinopril protected 
nerve and skeletal muscle f rom the deleterious effects of 
diabetes. Given that the use of A C E  inhibitors in the 
t reatment  of hypertension is common in diabetic patients, 
it is important  to note that there may also be some benefits 
in the t rea tment  of neuropathy and myopathy. 
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