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Ramipril prevents hypersensitivity to phenylephrine in aorta
from streptozotocin-induced diabetic rats
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Summary This study investigated the protective effect
of the angiotensin converting enzyme inhibitor, rami-
pril, on endothelium-dependent responses in arteries
from control (CON) and streptozotocin-induced
(STZ) diabetic rats. Three hypotheses were tested: 1)
there is an endothelium-dependent component to the
increased alpha-adrenergic responsiveness charac-
teristic of diabetes; 2) endothelium-dependent, ace-
tylcholine-induced relaxation is attenuated in aorta
from diabetic rats; and 3) ramipril (3 mg/kg daily in the
food, 12-15 weeks) will prevent functional vascular
changes in diabetic rats. Vascular function was as-
sessed in aortic rings using standard muscle bath pro-
cedures for measurement of isometric force. Sensitiv-
ity to phenylephrine was increased in aortic rings from
diabetic compared to control values [pD, values (-log
EDy): CON =6.221+0.12, STZ =7.54£0.11), and
removal of the endothelium (-Endo) increased phe-
nylephrine sensitivity (CON-Endo =7.40 £ 0.11, STZ-

Endo =8.32+£ 0.18). The magnitude of the shift in re-
sponsiveness following endothelium removal was
greatest in control rats. Ramipril treatment (Ram)
partially normalized phenylephrine responsiveness in
intact (STZ + Ram = 6.55£0.11) and denuded (STZ-
Endo + Ram =7.75 %+ 0.10) vessels. Vasodilatation to
acetylcholine and nitroglycerin was not altered in
diabetic rats nor was it affected by ramipril treatment.
Diabetes increases contractile sensitivity to phenyl-
ephrine but not to vasodilators and chronic ramipril
treatment prevents this increase in contractile sensitiv-
ity. Ramipril treatment did not alter the hypergly-
caemic condition induced by streptozotocin. The
changes in phenylephrine sensitivity appear to involve
an endothelial and a smooth muscle component. [Dia-
betologia (1994) 37: 664-670]
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Microvascular and macrovascular changes are fre-
quent, complicating features of diabetes mellitus [1, 2]
and approximately 75 % of the mortality in diabetes is a
direct result of these complications [3]. In addition,
diabetes also predisposes humans to multiple cardio-
vascular diseases including hypertension [4, 5], athe-
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rosclerosis, and thrombosis [6, 7]. Thus, the mortality
rate due to cardiovascular diseases is significantly
higher in the diabetic population [8] and the common
pathway appears to involve alterations in vascular
function [8-13]. It has been demonstrated that diabetes
results in damage to the endothelial layer [13, 14] that
leads to changes in vascular reactivity 11, 13,14]. How-
ever, there is considerable variability in the literature
concerning the direction of change in response to va-
soactive agents (Table 1). For example, Agrawal and
McNeill [9] and Chang and Stevens [15] report that
diabetes increases vascular responsiveness to alpha-
adrenergic agonists. Pfaffman and co-workers [8, 13,
16] show data to indicate a decrease in vascular reactiv-
ity to phenylephrine in diabetes. Finally, Durante et al.
[10] and Mulhern and Docherty [17] show no change in
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Table 1. Vascular reactivity in diabetic rats
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Agonist Responsiveness Artery Tested Diabetic Model  References
{Relative to Control)
Phenylephrine Unchanged Aorta STZ, genetic Durante et al. [10], Kyoung et al. 18]
Increased Aorta, mesenteric  STZ Agrawal, McNeil [9], Chang, Stevens [15],
Kyoung etal. [18]
Decreased Aorta STZ Pfaffmanetal. [8, 13, 16]
Acetylcholine Unchanged Aorta, mesenteric  STZ, Alloxan Fortes et al. [19], Kappagoda et al. [20],
Kyoung et al. [18], Mulhern, Docherty [17],
Wakabayashi et al. [21]
Increased Aorta Alloxan Altan et al. [6]
Decreased Aorta, basilar STZ, genetic Altan et al. [6], Durante et al. [10], Kamata et
al. [11], Kappagoda et al. [20], Kyoung et al.
[18], Mayhan [22]; Oyama et al. [23], Pieper et
al. [24, 25}
Nitroglycerin Unchanged Aorta, cerebral STZ Matsuzaki, Sakanashi [25], Mayhan [22],

Pieper etal. [24, 25]

Vascular reactivity was assessed as isometric force generation in isolated preparations using standard muscle bath techniques

response to vasoconstrictors in diabetes. Vasodilator
responsiveness to the endothelium-dependent agonist,
acetylcholine, has been observed to be either de-
creased or unchanged in diabetic rats whereas respon-
siveness to nitroglycerin is not altered in this disease
state (Table 1). Although part of this variability be-
tween studies is probably due to differences in the
diabetic state, it is partly probably also due to differen-
ces in procedure (endothelium removal, ring vs strip
preparations, etc.) and the strain, gender and age of rats
used.

Clozel etal. [27] suggested that ACE inhibitors
serve a protective function in the vasculature by atten-
uating the morphologic changes in the endothelium
which are associated with hypertension. Related re-
search has indicated that ramipril prevents attenuation
of endothelium-dependent responsiveness in aorta
from rabbits receiving an atherogenic diet [28]. The
present study investigated the protective effect of the
ACE inhibitor, ramipril, on endothelium-dependent
responses in rings of thoracic aorta from control
(CON) and STZ-induced diabetic rats. Three hypo-
theses were tested: 1) there is an endothelium-depen-
dent component to the increased alpha-adrenergic re-
sponsiveness characteristic of diabetes; 2) endothe-
lilum-dependent, acetylcholine-induced relaxation is
attenuated in aorta from diabetic rats; and 3) chronic
ramipril treatment will prevent functional vascular
changes in diabetic rats.

Materials and methods

Animals: Male Wistar-Kyoto rats (111+4 g, n =30) were ob-
tained from a University of Michigan colony and randomly
divided into four groups: control (CON, n = S), ramipril-treated
control (CON + Ram, n = 5), untreated diabetic (STZ, n =10),
and ramipril-treated diabetic (STZ + Ram, n = 10). Diabetes

was induced with i.p. injections of STZ, 65 mg-kg™ in citrate
buffer (pH =4). Age-matched control rats received the buffer
alone. Following injection of STZ (3-5 days), diabetes was as-
sessed by the presence of glucose (= 0.33 mmol/l) in the urine
using Chemstrip uGK urine test strips (Boehringer Mannheim,
Indianapolis, Ind., USA). At the end of the dietary intervention,
plasma levels of glucose (non-fasting state) were determined.
Systolic blood pressures were measured in conscious rats by the
tail-cuff method (pneumatic transducer).

Treatment period: One week after STZ injections, the untreated
groups were provided with normal rat chow. The ramipril groups
were given food containing 0.0025 % ramipril. The average daily
dose of ramipril received by the STZ + Ram rats was 3 mg/kg
body weight. All groups received food and water ad libitum, and
all rat chow was prepared by Purina Mills Inc. (St. Louis, MO,
USA). The treatment period was 12-15 weeks.

Tissue preparation: Thirteen to fifteen weeks after induction of
diabetes, rats were anaesthetized with 65 mg/kg sodium pento-
barbital (i.p.). Blood (3-5 ml) was withdrawn from a venous cath-
eter (jugular vein) into heparinized syringes for determination
ofplasma glucose levels using an immobilized enzyme membrane
coupled with a hydrogen peroxide sensor (model 23 A; Glucose
Analyzer, Yellow Springs Instrument Co., Inc. Yellow Springs,
Ohio, USA). The thoracic cavity was opened and the thoracic
aorta was rapidly excised and placed in cold physiological saline
solution containing (mmol/1): NaCl (130), KCl (4.7), KH,PO,
(1.18), MgSO,~7H,0 (1.17), NaHCO; (14.9), dextrose (5.5),
CaNa, EDTA (0.026) and CaCl, (1.6). Excess connective tissue
and fat was removed and each vessel was cut into two S-mm rings.
In one vessel segment from each rat, the endothelium was re-
moved by gently rubbing the lumen of these vessels with a cotton
swab. Ringswere threaded with stainlesssteel wires and attached
to a fixed support at one end and to a force transducer (Grass
FT.03, (Grass Instruments, Quincy, Mass., USA)) at the other
end. Tissues were suspended in 50-ml jacketed organ baths con-
taining physiological saline solution maintained at 37°C and
aerated with 95 % O,, 5% CO,.

Tissues were equilibrated for 2 h under a passive force (~3 g)
that was determined to be optimal for maximal force generation
tophenylephrine (10 pmol/l). Tissues were washed every 30 min.
During the equilibration period, the tissues were exposed to 10~
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Table 2. Blood pressures and body weights
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Experimental group Body weight Systolic blood pressure Plasma glucose
(® (mm Hg) (mg/dL)
Untreated Control (n =5) 45017 135+3 186122
Ramipril-treated Control (n = 5) 412 £32 112 £10° 166+12
Untreated Diabetic (rn = 10) 239 +12¢ 148 £7* 543 + 602
Ramipril-treated diabetic (n = 10) 355+17¢ 106 +4 566+£912

Values are presented as the mean = SEM.
& Statistical significant difference compared to all other groups
(p <0.05)

Table 3. Shift factors and pD?2 values for phenylephrine

b Statistical significant difference between untreated groups and
their respective ramipril-treated groups (p < 0.05)

Experimental group + Endothelium —Endothelium Shift factor
Control (n=35) 6.22+0.12 7.40£0.11¢ 19.0£1.8
Ramipril-treated control (n =5) 6.37 £0.04 722 £0.20¢° 134+3.1
Untreated diabetic (n = 10) 7.54£0.11° 8.32+£0.18%¢ 10.9 £2.2
Ramipril-treated diabetic (n = 10) 6.55+0.11° 7.75£0.10™¢ 18.4 +1.6°

Values are presented as the mean + S. E. M. * Statistical signifi-
cant difference between diabetic and control groups (p < 0.05).
b Statistical significant difference between untreated and rami-

mol/l indomethacin to inhibit cyclooxygenase activity since
tissue damage during isolation can increase the activity of this
enzyme [29]. After the equilibration period, the aortic rings were
contracted with a submaximal concentration of phenylephrine
(3 x10°® mol/l), and relaxation to acetylcholine (10~ mol/l) was
used to test for the presence of the endothelium. The rings were
then washed and allowed to relax to baseline levels.

Concentration-response curves: Concentration response curves
for phenylephrine (107 to 3 x 10~ mol/l) were obtained by ad-
ding cumulative concentrations directly to the muscle baths.
Contractile responses were evaluated as a percentage of maxi-
mal contraction. Concentration response curves to vasodilators
were obtained by contracting the vessel with an ECs, concentra-
tion of phenylephrine and adding increasing concentrations of
acetylcholine (10~ to 3 x 10~ mol/l) or nitroglycerin (10~ to
3 x 107 mol/1). Vasodilator responses are reported as a percent-
age of the phenylephrine-induced contraction.

Drugs: Acetylcholine chloride, indomethacin, phenylephrine
hydrochloride, and STZ were purchased from Sigma Chemical
Company (St. Louis, Mo., USA). Nitroglycerin and sodium pen-
tobarbital were purchased from the University of Michigan Hos-
pital Pharmacy (Ann Arbor, Mich., USA).

Statistical analysis: Data are presented as mean + SEM. Sensi-
tivity to phenylephrine is evaluated as the pD2 (-log ECsy; [30]).
EC, values were calculated using non-linear regression anal-
ysis. A shift factor was calculated according to the following for-
mula to estimate the magnitude of change in phenylephrine sen-
sitivity following endothelium removal:

shift factor =
(pD, for intact segment) — (pD; for denuded segment) y

; 100
pD, for intact segment

Student’s r-tests were used to determine statistical significance
(p <0.05). When multiple Student’s ¢-tests were used, the Bon-
ferroni correction was utilized.

pril-treated groups (p <0.03. © Statistical difference between en-
dothelium intact ( + Endothelium) and endothelium denuded
( — Endothelium) preparations (p < 0.05)

Results

As shown in Table 2, body weights were significantly
reduced in the STZ compared to the CON group. The
rats in the STZ + Ram group had significantly reduced
weights compared to the CON group but greater
weights than the STZ group. There was no significant
difference between the CON group and the
CON + Ram group. Plasma glucose levels were ele-
vated in both diabetic rat groups compared to the con-
trol groups. Plasma glucose levels in the STZ + Ram
group were not statistically different from those in the
STZ rat group.

Table 2 also shows the average systolic blood pres-
sure (in mm Hg) for all rat groups. The STZ group
tended to have higher pressures than the CON group,
but the difference was not statistically significant
(p =0.06). The STZ + Ram group and the CON + Ram
group both had significantly lower systolic blood pres-
sures than either the CON group or the STZ, respec-
tively. Similarly, there was no significant difference in
the average blood pressure of the CON + Ram group
and the STZ + Ram group.

Cumulative addition of phenylephrine, an oy-
adrenergic agonist (10~ to 10~ mol/l), to the muscle
bath caused contraction in all aortic segments (Fig. 1,
top and bottom; pD, values reported in Table 3). Ar-
teries from untreated diabetic rats were more sensitive
to phenylephrine as evidenced by the leftward shift in
the concentration response curve relative to control
values. For groups with intact endothelium (Fig. 1 and
Table 3), phenylephrine had a significantly greater
potency (pD,) in aortic rings from STZ than from
CON animals. There were no significant differences
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Fig.1. Cumulative concentration-response measurements to
phenylephrine in tissues with intact endothelium (top) and tis-
sues with endothelium removed (bottom). Values represent the
mean + SEM. Arteries from diabetic rats (endothelium intact
and removed) demonstrated a significantly higher sensitivity to
phenylephrine when compared to the control group (* p <0.05).
The concentration-response curves for the control group and the
ramipril-treated diabetic group were not significantly different.
Untreated control, —O—; ramipril-treated control, —— O ——;
untreated diabetic, —@—; ramipril-treated diabetic, — — l——

among the CON group, the CON + Ram = 6.37 £ 0.04,
or the STZ + Ram groups. Maximal force develop-
ment (in mg) to phenylephrine in the various groups
was: endothelium-intact segments (CON = 1,116 + 33;
CON + Ram =1,204£44; STZ =1,153+229; STZ +
Ram = 1,480+ 96); endothelium removed segments
(CON = 1,755 £335; CON + Ram =1,975+314; STZ
=1,725+ 288; STZ + Ram =2266+196). The maxi-
mal force developed by denuded segments was statis-
tically greater for intact segments in all rat groups
(p<0.05).

For groups in which the endothelium was removed
(Fig. 1 and Table 3), the untreated diabetic group
(STZ-Endo) demonstrated significantly higher pD,
values than the control group (CON-Endo), the rami-
pril-treated group (CON + Ram-Endo) and the rami-
pril-treated diabetic group (STZ+ Ram-Endo). The
pD; value for the STZ + Ram-Endo group was signifi-
cantly higher than that of the CON + Ram-Endo group
but Jower than that of the STZ-Endo group. There
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were no significant differences in pD, values between
the CON group and the CON + Ram group. Because
endothelium removal significantly increased the pD,
values for all groups, and the magnitude of this change
was greatest for the CON group and lowest for the STZ
alterations in endothelium function may also play a
role in diabetes-induced hypersensitivity to phenyl-
ephrine. This conclusion is also supported by the anal-
ysis of shift factors which reflect the change in phenyl-
ephrine sensitivity following removal of the endothe-
lium (Table 3). The shift factor for aortae from un-
treated diabetic rats was smaller than in those from
control rats, indicating that the endothelium blunts
phenylephrine sensitivity less in diabetes. The shift fac-
tor in ramipril-treated diabetic rats was statistically
greater than untreated diabetic rats and closer in mag-
nitude to that of untreated control rats indicating that
ramipril prevented the change in sensitivity primarily
through the normalization of the endothelium that
blunts phenylephrine sensitivity.

Aorticsegments with and without endothelium were
contracted with half-maximal concentrations of phe-
nylephrine, and subsequent addition of increasing con-
centrations of nitroglycerin (3 x 107 to 3 x 1075 mol/l)
caused relaxation in all aortic segments (Fig. 2). In aor-
ticrings withintactendothelium (Fig. 2,top), there were
no significant differences in the relaxation response to
nitroglycerin at any concentration of the drug for any of
therat groups. For groupsinwhich the endothelium was
removed (Fig. 2, bottom), the aortic rings from the
diabetic group demonstrated an increased sensitivity to
nitroglycerin at concentrations of 3 x 10 mol/land 1078
mol/lcompared tovaluesin the CON group. Onlyat 10
mol/l nitroglycerin was there a significant difference in
relaxation to nitroglycerin in aortic rings from control
and ramipril-treated diabetic rats.

Aortic segments with intact endothelium were con-
tracted with half-maximal concentrations of phenyle-
phrine. The subsequent addition of increasing concen-
trations of acetylcholine (3x107% to 3x 10 mol/l)
caused relaxation in all aortic segments (Fig. 3). Al-
though not shown on the graph, at concentrations of
107 mol/l and 3 x 107, aortic rings from the ramipril-
treated control group demonstrated greater respon-
siveness to acetylcholine than the rings from the un-
treated diabetic group. The concentration response
curves for the control and diabetic group were not sig-
nificantly different.

Discussion

The results showed that sensitivity to phenylephrine
was increased in diabetic compared to control rats and
removal of the endothelium increased phenylephrine
sensitivity in both groups. Ramipril treatment nor-
malized the increased vascular sensitivity to phenyle-
phrine in vessels with intact endothelium and partially
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Fig.2. Cumulative concentration-response measurements to ni-
troglycerin for arteries with endothelium intact (top) and endo-
thelium removed (bottom). Values represent the mean + SEM.
Relaxation to nitroglycerin was calculated as percent relaxation
of force developed in response to an approximate half-maximal
contraction to phenylephrine. For groups in which the endothe-
lium was removed (bottom), the aortic rings from the diabetic
group demonstrated an increased response to nitroglycerin only
at concentrations of 3 x 10 mol/l and 10 mol/L. In arteries with
intact endothelium and endothelium removed, concentration re-
sponse curves for control and diabetic tissues were not signifi-
cantly different. Untreated control, —O—; ramipril-treated con-
trol, —— O - —; untreated diabetic, —@—; ramipril-treated
diabetic,—— W ——

normalized sensitivity in endothelium-denuded ves-
sels. Ramipril also lowered blood pressure in normal
and diabetic rats and partially restored body weights in
diabetic rats. In contrast, vasodilatation to ace-
tylcholine and nitroglycerin was not different between
normal and diabetic rats. The ACE inhibitor did not
alter the STZ-induced hyperglycaemia. These findings
suggest that diabetes increases contractile sensitivity to
phenylephrine but not relaxation to acetylcholine or ni-
troglycerin. More importantly, chronic ramipril treat-
ment prevents the altered contractile sensitivity in
diabetes.

Although short-term diabetes did not have a signifi-
cant effect on blood pressure, ramipril treatment signi-
ficantly reduced systolic blood pressure in normal and
diabetic rats. There are several mechanisms by which
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Fig.3. Cumulative concentration response measurements to
acetylcholine in tissues with intact endothelium. Relaxation to
acetylcholine was calculated as percent relaxation of force de-
veloped in response to an approximate half-maximal contrac-
tion to phenylephrine. Values represent the mean + SEM. Con-
centration response curves for control and diabetic tissues were
not significantly different. Arteries without endothelium did not
relax to acetylcholine. Untreated control, —O—; ramipril-
treated control, —-— O — —; untreated diabetic, —@—; ramipril-
treated diabetic, — — M- —

ramipril might lower systolic blood pressure. By inhibi-
tion of the breakdown of bradykinin, ACE inhibitors
potentiate its direct vasodilator effects [31]. Further,
Momose et al. [32] reported that bradykinin inhibits se-
cretion of the vasoconstrictor endothelin-1 from endo-
thelial cells. ACE inhibitors also reduce blood pressure
by stimulating NO release from the vascular endothe-
lium [33,34] and by lowering plasma levels of angioten-
sin II, ACE inhibitors reduce the release of norepine-
phrine from adrenergic nerve endings in the blood
vessel wall.

Because diabetic rats had increased daily food con-
sumption (in grams eaten and grams/kg body mass),
their reduced body weights appear to be the result of a
metabolic abnormality. The difference in body weights
between the diabetic rats and the ramipril-treated
diabetic rats (STZ =239+ 12 g, STZ + Ram =355+ 17
g) suggests that chronic ramipril treatment partially
normalized this metabolic abnormality. This effect was
not associated with plasma glucose levels; ramipril did
not lower plasma glucose levels in either the untreated
control rats or the STZ rats.

Phenylephrine sensitivity was increased in the aorta
withintact endothelium from diabeticrats. A lack of sig-
nificant difference between phenylephrine pD, values
in aorta from the untreated control group, the ramipril-
treated control group or the ramipril-treated diabetic
group, indicates that ramipril prevents diabetes-in-
duced alterations in phenylephrine sensitivity. Our re-
sults are consistent with studies which have reported in-
creased vascular sensitivity to phenylephrine in diabetic
animals [9, 15] and in tissues from which the endothe-
lium has been removed [35, 36]. Removal of the endo-
thelium significantly increased phenylephrine sensitiv-
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ity in all groups possibly by abolishing the effect of basal
NO release by the endothelium. However, the de-
creased shift in the diabetic group compared to the con-
trol groupsuggeststhattheincrease insensitivity to phe-
nylephrine may be partially related to a diabetes-in-
duced changein the endothelium. Previousresearch has
supported the concept that NO plays a major role in the
regulation of vascular tone [37] and that its release may
be attenuated in diabetes. ACE inhibitors have beenre-
ported to stimulate the release of vasodilator NO from
the vascular endothelium [27, 34] and this may explain
the normalizing effect of ramiprilon phenylephrine sen-
sitivity in endothelium-intact vessels.

However, if increased phenylephrine sensitivity in
diabetes were caused solely by decreased production of
endothelium-dependent vasodilators, termination of
vasodilator production by removing the endothelium
should completely eliminate the differences in smooth
muscle sensitivity to phenylephrine between the
diabetic and the control groups. In our study, however,
vessels from diabetic rats maintained increased phe-
nylephrine sensitivity relative to control groups even
after endothelium removal, and the greatest magnitude
of change was observed in the control group while the
untreated diabetic group demonstrated the smallest al-
teration in sensitivity. A number of researchers have
demonstrated that vascular smooth muscle as well as
endothelium is equipped with the cellular machinery
necessary for NO synthesis [38-40]. It is therefore
possible that increased sensitivity to phenylephrine in
tissues from diabetic rats is partially due to decreased
NO production by smooth muscle. This hypothesis is
somewhat speculative but, if diabetes impairs this func-
tion, then it is possible that ACE inhibitors such as
ramipril could reverse the resulting hypersensitivity to
phenylephrine by stimulating NO production in the
smooth muscle cell.

Our data confirm previous reports [22, 24, 26] indi-
cating that diabetes does not significantly influence
endothelium-independent vasodilatation by nitro-
glycerin. Because nitroglycerin releases NO inde-
pendently of NOsynthase and acts directly on guanylate
cyclase in the smooth muscle, the observed increase in
reactivity to phenylephrine in aortae from diabetic rats
doesnot appear to be due to areduced sensitivity toNO.
Furthermore, because diabetes did not affect vasodila-
tation to acetylcholine, it appears that short-term
diabetes does notimpair agonist-stimulated NOrelease
by the endothelium. This does not disprove the hypo-
thesis that short-term diabetes influences release of NO
by the endothelium, but it does suggest that if endothe-
lium-modulated release of NO is affected by short-term
diabetes,thenitappearstobeatthebasallevel. Ourdata
are also supported by reports that short-term diabetes
doesnot significantly alter endothelium-mediatedreac-
tivity to acetylcholine [17,19-21]. Somewhat unrelated
yet important, these observations indicate that respon-
siveness to acetylcholine may not be an accurate
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measure of a defective contribution of the endothelium
tovascular changes in a disease state such as diabetes.

Diabetes may also affect sensitivity to phenyle-
phrine by influencing membrane permeability, and
ACE inhibition could serve a protective function
against membrane defects. For example, in smooth
muscle cells from hypertensive rats, ACE inhibition
has been found to improve impaired transport in cal-
cium channels [41] and membrane permeability for so-
dium [42]. It is not clear from our study how ramipril
might influence these diabetes-induced changes in
membrane permeability.

ACE inhibition may also have normalized phenyle-
phrine responsiveness by decreasing receptor affinity
to phenylephrine in aorta from diabetic rats. However,
our results showed no change in response to phenyle-
phrine in arteries from healthy rats treated with rami-
pril. These data are supported by Rosendorff et al. [43]
who reported that cilazapril, an ACE inhibitor, does
not affect the affinity of phenylephrine for q-adrener-
gic receptors. Similarly, Tierney et al. [44] reported no
effect of enalaprilat on responses to phenylephrine in
segments from rat tail arteries.

In conclusion, diabetes increases contractile sensi-
tivity to phenylephrine but not to the vasodilators ni-
troglycerin or acetylcholine. The increased sensitivity
to phenylephrine in diabetes is the result of changes in
both the endothelium and the smooth muscle. Chronic
ramipril treatment prevents the altered contractile
sensitivity in diabetes by an action on both the endo-
thelium and smooth muscle. This action of the ACE
inhibitor on vascular reactivity is not associated with
the hyperglycaemia which characterizes the diabetic
state.
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