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Angiotensin converting enzyme inhibition prevents development
of muscle and nerve dysfunction and stimulates angiogenesis

in streptozotocin-diabetic rats
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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.
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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 guanecthidine 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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increased in vessels in the absence of insulin [20]. The aim
of the present investigation was to ascertain whether an-
giotensin converting enzyme (ACE) inhibition could pre-
vent the development of neuropathy and myopathy in
diabetic rats.

Chronic blood flow increases in striated muscles of
non-diabetic animals result in angiogenesis [21]. A sec-
ondary aim of the investigation was to ascertain in diabetic
rats whether capillarisation of nerve and skeletal muscles
was affected by treatment.

Materials and methods

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/l sodium ci-
trate buffer, pH 4.5,1. p.). Diabetes was verified 24 hlater 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,
1.C.1., Macclesfield, Cheshire, UK) [22] dissolved in the drinking
water at a concentration which resulted in rats receiving approxi-
mately 20 mg-kg~!-day .

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°C. 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
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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

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°C by irrigation with 0.9 % NaCl at40°C.
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 1 to illustrate the measure-
ments. These included, time to peak tension (T'TP) 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°C, with 5.5 mmol/l glucose for nerves from non-diabetic,
and 40 mmol/l glucose for the diabetic rats. Bathing fluid was gassed
with95 % O,,5 % CO,. Nerves were equilibrated for 30 min, then the
chamber was re-filled with mineral oil pre-gassed for 1 h with 100%
N,. Nerves were stimulated with just supramaximal pulses (1 Hz,
0.05 mswidth, 10 mA) and compound action potential amplitude was
monitored at 2-min intervals untilit fell below 10 % ofitsinitial value.

Atthe 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 um 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 wm 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? for each nerve. There were no signifi-
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Table 1. Body and muscle weights, and muscle tension production

Group Body Soleus Extensor digitorum longus
weight Muscle Twitch Tetanic Muscle Twitch Tetanic
(@ weight tension tension weight tension tension
(2) (mN/mm?) (mN/mm?) (&) (mN/mm?) (mN/mm?)

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° 0.169 803 409°
(n=13) 21 +0.009 41 +17 +0.014 162 122
Lisinopril 414 0.215 56.0¢ 362° 0.1712 88.8 504¢
(n=11) +14 +0.009 +24 +12 +0.007 5.0 +22
Values are mean £ SEM. N, Newton
2 p<0.05, ° 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 T™C HRT TMR 90% TTP HRT MCR MRR SCR SRR

(ms) (ms) (ms) (ms) (ms) (ms) (N-s™* ~mm2—‘) (s
Control 334 3.93 387 185 186 63.5 7.66 6.73 20.9 185
(n=11) +0.7 +0.10 +1.5 +0.8 +14 +2.5 +0.51 +0.36 +0.9 +1.0
Diabetic 423 4.06 52.8° 24.0° 239 85.1° 5.04° 4.05 16.4 13.52
(n=13) +14 +0.16 2.7 14 +21 +2.4 +0.45 +0.35 0.8 +12
Lisinopril 36.4° 4.05 41.5° 18.8° 196 69.7° 5912 6.37¢ 16.5° 17.7
(n=11) +0.9 +0.11 +14 +0.6 +12 5.0 +0.28 +0.76 +0.8 2.0

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

cant differences between average fascicular areas between groups.
For soleus and EDL muscles, measurements were made on three
1 mm?® 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 N,. 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

Diabetic animals exhibited hyperphagia and polydipsia,
and there was no indication that this was affected by treat-
ment. Plasma glucose levels were 40.6 2.4 mmol/l for
untreated and 35.9+2.2 mmol/l for treated rats. Body

SCR, specific contraction rate; SRR, specific relaxation rate,
N =Newton. Values are mean = SEM.

2 p<0.05, ® p<0.01, difference vs control group; ° p <0.01, lisi-
nopril vs diabetic group

weight was similarly reduced compared to onset control
animals in both groups (Table 1).

Muscle weight for soleus was unaffected by diabetes,
whereas for EDL it was reduced by 17 % . Tension produc-
tion by soleus during a twitch tended to be slightly reduced
by diabetes, significantly so for the lisinopril-treated
group (p <0.05). Tetanic tension was 17% reduced by
diabetes but this was prevented by treatment. EDL twitch
tension was not significantly affected, but there was a22 %
deficit in tetanic tension production which was prevented
by treatment.

Table 2 lists soleus speed-related contractile proper-
ties. Twitch contraction times were prolonged by diabetes;
TTP was 27 % increased although TMC was relatively un-
affected. TTP was within the control range with treat-
ment. Relaxation was also markedly affected with 36 %
and 30% prolongations of HRT and TMR respectively.
Twitch relaxation was not significantly different from nor-
mal in the lisinopril-treated group. Tetanic 90 % TTP was
28% prolonged by diabetes, and this was reduced to 5 %
by treatment although values were not significantly differ-
ent from either non-diabetic or diabetic control animals.
HRT increased by 34 % with diabetes, and this was re-
duced to 10 % by lisinopril. Maximum rates of contraction
were decreased by diabetes and this was unaffected by
treatment whether expressed as a raw rate corrected for
muscle cross-sectional area, or corrected for differencesin
tension production. Maximum relaxation rates were re-
duced by 40% and this was largely (87 % ) prevented by
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Table 3. Extensor digitorum longus speed-related contractile
properties

Group Twitch Tetanus
TTP TMC HRT TMR MCR MRR SCR SRR
(ms) (N-s~L.mm?") (s7h

Control 121 350 122 584 174 221 348 423
(n=11) £03 +009 +0.6 052 +1.0 *i4 =14 24

Diabetic 131 3.60 112 620 164 148 406 35.5
(n=13) +04 £010 +07 046 £09 *16 =*18 =29

Lisinopril 12.7 343 120 615 20.0° 22.8° 402 44.3°
(n=11) £0.2 +£0.06 =04 £051 £1.2 +27 £26 £33

TTP, time to peak twitch tension; TMC, time to maximum contrac-
tionrate; 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.

2 p<0.05, difference vs control group; ® p<0.05, © p<0.01, lisi-
nopril vs diabetic group

Table 4, Nerve conduction and resistance to hypoxia

Gastro- Tibialis Average Saphe- Ts, Ty
cnemius anterior motor  nous

(mfs)  (m/s)  (mvs) (m/s) (min)  (min)
Control 654 62.6 64.1 59.3 17.7 214
(n=11) +2.1 +2.2 +1.8 +1.3 +0.5 +0.6

Diabetic ~ 50.8 48.2 49.5° 50.7* 247+ 3210
n=13) =£16 +14 +1.1 +1.2 +0.9 0.9

Lisinopril 59.8°  632° 615 573  169° 238
(n=11) +17  +16  +09 +12  +13 12

Group

Tso, time for compound action potential amplitude to be reduced by
50 %; Tso, time for compound action potential amplitude to be re-
duced by 80 % . Values are mean £ SEM.

@ p<0.01, difference vs control group;
diabetic group

® p<0.01, lisinopril vs

lisinopril. Part of the effect may have been due to reduced
tension production by the diabetic group, as the difference
fell to 27 % for specific relaxation rate.

Speed-related contractile properties for EDL are
given in Table 3. There was no significant effect of
diabetes on twitch contraction and relaxation. Maximum
contraction rates may have been slightly reduced by
diabetes, particularly when compared to lisinopril-
treated animals; however, this difference disappeared
when corrected for differences in tension production.
There was a 33 % decrease in maximum relaxation rate,
which was prevented by treatment. As with soleus, part
of this may be accounted for by reduced tension produc-
tion, although a significant difference (p < 0.05) remained
between diabetic control and lisinopril-treated groups for
specific relaxation rate.

Nerve conduction velocity values are given in Table 4.
There was an average 25 % reduction in motor nerve con-
duction velocity with diabetes compared to onset controls.
This was 77 % prevented by lisinopril, the resulting values
were not significantly different from those of controls.
Sensory saphenous nerve conduction velocity was 12 %
reduced by diabetes, and this was 73 % prevented by treat-
ment. In a previous study we found no statistically signifi-

cant increase in nerve conduction velocity in normal con-
trols over the time period investigated [5]. Absolute start-
ing values and relative changes in compound action
potential amplitude (CAPA) with hypoxia are plotted in
Figure 2. After an initial period of hyperexcitability [28],
CAPA declined more slowly in diabetic animals than
onset controls. The curve for the lisinopril-treated group
did not show hyperexcitability, but during the later decline
it followed that of non-diabetic controls quite closely. This
isreflected in Tso and Ty values (Table 4) which were 47 %
and 50 % prolonged by diabetes but were not significantly
different to onset controls with lisinopril treatment.

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 treatment. Myo-inositol was 23 % decreased
in the diabetic group, and this was 14 % further reduced by
lisinopril treatment.

Details of sciatic nerve and soleus and EDIL. muscle ca-
pillarisation are given in Table 6. For sciatic nerve, capil-
lary density was unaffected by diabetes, but was 17 %
increased with lisinopril. Figure 3 shows a positive corre-
lation between average sciatic nerve motor conduction
velocity and capillary density for treated and untreated
diabetic rats. For soleus muscle there was a 10 % increase
in capillary density with lisinopril and a 4 % increase with
diabetes alone. Despite no significant changes in muscle
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Fig.2. Percentage change in sciatic nerve compound action poten-
tial amplitude with duration of hypoxia. Symbols and error bars
show group mean *+ SEM; non-diabetic control (@), diabetic con-
trol (O), and lisinopril-treated diabetic ( A ) groups. The inset histo-
gram shows initial sciatic nerve compound action potential ampli-
tudes before the period of hypoxia for non-diabetic control (C, Ji§),
diabetic control (D, M) and lisinopril-treated diabetic (LIS, O)
groups. There were no significant differences between groups in
initial amplitude
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Table 5. Sciatic nerve polyol levels

Group Sorbitol Fructose Myo-inositol
(nmol/mg wet weight)
Control 0.28 0.90 2.86
+0.02 +0.07 022
Diabetic 259 8.57° 219
+0.12 £0.31 £0.09
Lisinopril 2.49° 7.56° 1.78%¢
£0.07 £0.38 £0.07

Values are mean + SEM.
2 p<0.05, ® p<0.01 difference vs control group; © 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 from controls. However, with
lisinopril, capillary/fibre ratio was approximately 30 %
elevated compared to the two other groups.

Discussion

These previously unreported data demonstrate that ACE
inhibition largely prevented the development of nerve
and skeletal muscle dysfunction in diabetic rats. The
changes in untreated diabetes are unlikely to result from a
cytotoxic action of streptozotocin as they are preventable
by insulin treatment [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 1I 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 treatment has no effect on normal
nerve conduction [30,31].

Lisinopril treatment had no effect on nerve polyols and
worsened the myo-inositol deficit, which suggeststhatapu-
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
treatment improved nerve conduction velocity without
correcting myo-inositollevels, and also increased capillari-
sation [23,32].

For skeletal muscle, the main changes with diabetes are
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] andimpaired sarcoplasmic reticulum function. There is
alsoareduction in oxidative potential [14] which may be 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]. Soleuscontraction and particu-
larly relaxation deficits were largely prevented by treat-
ment as was the reduction in EDL 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 diabeticheartis reduced, in
partbecauseof decreased endothelial prostacyclin produc-
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-
micreticulum 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 metabolism 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.
EDL has poor autoregulation [41]; therefore, flow
changes would be correspondingly greater and the an-
giogenic stimulus larger [21]. Treatment with the ¢-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
Capl}lary Capillary fibre Cit Capillary fibre C/t
dens{[%/ density density ratio density density ratio
(mm™5) (mm-2) (mm-?) (mm-?) (mm-2)
Control 61.8 576 207 279 421 297 1.41
(n=11) +1.7 9 6 +0.05 21 8 +0.04
Diabetic 61.3 601 201 3.00° 486 346 1.43
(n=13) +2.3 +21 6 +0.06 21 17 £0.05
Lisinopril 72.25¢ 631 202 3.14° 591>¢ 317 1.87%¢
(n=11) +1.8 +15 +8 +0.06 +24 +13 +0.05

C/f, capillary/muscle fibre ratio.
Values are mean = SEM.

* p<0.05, ® p<0.01difference vs control group; ° p < 0.01, lisinopril vs diabetic group



N.E.Cameron et al.: Angiotensin converting enzyme inhibition prevents development 17

70 1+

60 1

50 —~

Conduction velocity (m/s)

40 } t t —
40 50 6 70 80
Capillaries/mm?®

Fig.3. Linear regression of average motor nerve conduction velocity
against sciatic nerve endoneurial capillary density for untreated and
lisinopril-treated diabetic animals (» = 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 1IB fibres which are relatively
sparsely capillarised, and 49 % IIA and 2% type I (slow)
fibres that have a well-developed blood supply. With
diabetes there is fibre-type-dependent atrophy which is
greatest for 11B 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 treated diabetic group,
there was a much larger increase in capillary density, the
difference from 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 EDL fibre areas for diabetic control and lisino-
pril-treated groups using previously described methods
(13]. Mean area for IIB fibres was 16 % increased from
1617.3£67.4 to 1871.9+78.8 um? (p < 0.05) with lisino-
pril, whereas IIA (1242.2 £36.7 vs 1300.2 £ 41.9 pm?) and
type I fibres (972.2£31.4 vs 904.7 £39.5 um?) 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 EDL capil-
lary/fibre ratio with lisinopril.

It is of interest that the nerve and muscle deficits
prevented by ACE inhibitor treatment were similarly
ameliorated by aldose reductase inhibition [15, 37], al-
though the latter does not affect capillary density (Came-

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 NADP:NADPH 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, ACE inhibition by lisinopril protected
nerve and skeletal muscle from the deleterious effects of
diabetes. Given that the use of ACE inhibitors in the
treatment of hypertension is common in diabetic patients,
itisimportant to note that there may aiso be some benefits
in the treatment of neuropathy and myopathy.
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