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Diabetes  and Cardiovascular Disease  

Vascular disease is one of the commonest,  as well as 
one of the most serious chronic complications of 
diabetes. Diabetics are susceptible to disease of both 
the large muscular arteries, particularly those supply- 
ing the myocardium, the brain and the lower limbs, 
and the capillaries, of which those in the retina and 
the glomerulus are the most important clinically. The 
capillary disease, or microangiopathy, appears to be 
closely related to the diabetic state, and is distinct 
from the macroangiopathy. It will not be considered 
further here. The disease of the large vessels is 
atherosclerosis, which in diabetics, differs neither in 
distribution nor in morphology from atherosclerosis 
in non-diabetics [1]. 

A large number  of clinical studies suggest that 
diabetics have an unusually high prevalence of 
atherosclerosis [2]. The pitfalls of describing a high 
prevalence of one common disease in the presence of 
another  have been emphasised [3] and it has not been 
clear from retrospective clinical studies whether the 
relationship between diabetes and atherosclerosis is 
independent of the other  'risk factors' for athero- 
sclerosis commonly found in diabetes, such as obes- 
ity, hyperlipidaemia and hypertension. This problem 
has recently been partly resolved by several 
epidemiological studies in unselected population 
groups. 

In the Framingham study [4] diabetic men and 
women developed more cerebral, coronary and 
peripheral vascular disease than non-diabetics, the 
incidence of intermittent claudication being particu- 
larly high in the diabetics. The mortality rate from 
cardiovascular disease in the diabetics was almost 
three times that in the general population. The 
impact of diabetes on coronary heart  disease was par- 
ticularly strong in women [5], but the relative excess 
for women was confined to those who were treated 

with insulin. Although the mean levels of some car- 
diovascular risk factors were higher in diabetics than 
in comparable non-diabetics, the differences were 
not great enough to account entirely for the excess 
incidence of coronary heart disease in the diabetics. 
There appeared to be some unique effect of diabetes, 
especially in women, which was not explained by 
associated cardiovascular risk factors. 

Two prevalence studies have reported an associa- 
tion of diabetes and vascular disease in unselected 
population groups. In Bedford [6], a standardised 
cardiovascular survey was performed in three popu- 
lation groups classified as normal, borderline or 
diabetic, on the basis of the blood sugar level two 
hours after 50 g of glucose by mouth. The frequency 
of cardiovascular disease was highest in the diabetic 
group, intermediate in the borderline group, and 
lowest in those with normal blood sugar levels. The 
trend to increasing frequency with increasing blood 
sugar value was greater in women, and was more 
marked in those aged over 50 years. In Tecumseh, 
Michigan [7] diabetics at every age had more vascular 
disease than the population as a whole. Conversely, 
hyperglycaemia was considerably more frequent in 
subjects with cardiovascular disease than in the gen- 
eral population. Furthermore,  hyperglycaemia was 
an independent risk factor for coronary heart disease 
[8] and seemed to be at least as important as either 
hypertension or hypercholesterolaemia. In a group of 
370 male diabetics in an industrial population fol- 
lowed for 10 years [9], the death rate of the diabetics 
was 2.6 times higher than that of matched controls, 
and the excess mortality was highest in the group 
under 45 years of age. The most striking difference 
was seen in the incidence of coronary heart  disease 
which caused the deaths of nearly three times as 
many diabetics as non-diabetics. 

Other  workers have shown a high frequency of 
abnormal oral and intravenous glucose tolerance 
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tests in subjects with ischaemic heart disease [10]. 
Particularly significant was the finding of hypergly- 
caemia in subjects with angiographically demon- 
strated atherosclerosis of coronary [11, 12], or 
peripheral [13, 14] arteries without occlusion or 
infarction. These findings are consistent with the 
view that hyperglycaemia is related to the arterial 
disease itself, rather than being a non-specific 
response to the stress of an acute illness. 

An exception to the association of diabetes and 
coronary heart disease occurs in the American Pima 
Indians. In this population there is a low prevalence 
of coronary heart disease despite a very high preva- 
lence of diabetes [15]. Another exception to the gen- 
eral rule occurs in growth-hormone-deficient dwarfs. 
In these subjects, atherosclerotic complications are 
few despite hyperglycaemia and hypertriglycer- 
idaemia [16]. 

Thus the majority of epidemiological studies, 
both cross-sectional and prospective, confirm the 
association between diabetes and cardiovascular dis- 
ease. Mild abnormalities of glucose tolerance and 
hyperglycaemia of insufficient degree to be classified 
as diabetes by conventional criteria are also associ- 
ated with an increased frequency of cardiovascular 
disease. Hyperglycaemia is present early in the 
development of atherosclerosis and has a predictive 
value for the development of cardiovascular disease. 
The predictive value of hyperglycaemia seems to be 
independent of the effects of co-existing hyperten- 
sion, hypercholesterolaemia and cigarette smoking 
[17]. Particularly intriguing is the relatively greater 
risk to which diabetic women are susceptible: dia- 
betes is the only common disease in which the usual 
sex difference in the incidence of atherosclerosis is 
abolished. 

Blood Glucose 

As diabetes is a disorder whose best known charac- 
teristic is elevation of blood glucose concentration, it 
might be considered that this abnormality may have a 
causal role in the development of the large vessel 
complications. Epidemiological and clinical studies, 
however, give contradictory evidence. 

The relationship of the duration and severity of 
diabetes to the vascular complications is unclear. The 
diagnosis of diabetes leads almost invariably to the 
institution of some form of treatment, so that it is 
difficult to differentiate the influence of the disease 
from the influence of treatment on the development 
of the complications. In many cases, treatment of 
diabetes allows the patient to survive long enough to 
develop the chronic complications. Furthermore, in 

most cases it is impossible to determine the date of 
onset of diabetes, particularly as glucose intolerance 
may be a late manifestation of a complex disorder 
which may have been present from birth. Frequently 
the presence of diabetes is discovered when the 
patient seeks medical assistance for some other con- 
dition, and it is clear from the many reports of a high 
frequency of previously undiagnosed diabetes and 
glucose intolerance in patients presenting with vascu- 
lar disease, that atherosclerosis in many diabetics is 
unrelated to antidiabetic therapy. 

Atherosclerosis is a slowly progressive disorder, 
becoming clinically manifest with advancing years, 
and it would be expected that there would be a rela- 
tion between the duration of diabetes and the inci- 
dence of atherosclerosis. Such a relationship has been 
described by some [18-21], but not all authors 
[22-26]. As the incidence of both glucose intolerance 
and arterial disease increases with advancing years, it 
may be age rather than duration of diabetes that is 
important [22]. 

There appears to be little [21] or no [18, 22, 23] 
relationship between the frequency of the large ves- 
sel complications and the severity of diabetes, as 
measured by the degree of hyperglycaemia or the 
treatment required. Nor is the degree of 'control' of 
diabetes by treatment related to the occurrence of 
atherosclerotic heart disease [22]. Furthermore, the 
large prospective study organised by the University 
Group Diabetes Program [27] on the treatment of 
diabetes showed that reduction of blood glucose 
levels by any means was not effective in preventing 
fatal cardiovascular disease. 

The fact that vascular disease in diabetes appears 
to have little relationship to the severity or duration 
of the disease, and is not benefitted by current 
therapeutic regimes, suggests that it is unlikely that 
hyperglycaemia is the essential factor promoting 
atherosclerosis in diabetics. Abnormalities of lipid 
metabolism, obesity and hypertension all occur in 
diabetics but none of these can fully explain the 
association of diabetes with atherosclerosis [17]. 

Insulin 

1. Insulin and Diabetes 

The development of sensitive radio immunoassays 
has clarified the abnormalities of insulin secretion in 
diabetes. Insulin is secreted from at least two func- 
tional pools, one of which, the slowly releasable 
synthesis-dependent pool, is mainly responsible for 
basal insulin secretion, while the rapidly releasable 
storage pool is responsible for the acute insulin 
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response to glucose stimulation [28]. In normal sub- 
jects, basal and stimulated insulin levels are linearly 
related, and there is a linear relationship between 
relative body weight and basal insulin secretion [29]. 

In diabetics the relationship between basal insulin 
and obesity is unaltered [28]. Even when ketotic, 
diabetics have normal basal insulin levels. However, 
the acute insulin response to glucose is impaired in 
diabetics, whether the glucose is given orally or 
intravenously. Thus, if weight-matched diabetics and 
non-diabetics are compared, they will have equal 
basal (or fasting) insulin levels but the diabetics will 
have a lower insulin response to glucose. Obese 
diabetics, however, will have higher basal insulin 
levels and perhaps higher post-glucose levels than 
thin non-diabetics. As obesity is considerably more 
common in diabetics than in the general population 
[30], many diabetics will have higher circulating insu- 
lin levels than many non-diabetics. 

The situation in the insulin-requiring diabetic is 
more complicated. The majority of insulin-treated 
diabetics receive considerably more than the 20-30 
units which is the daily insulin output of the normal 
pancreas [31]. A number of studies of insulin levels in 
insulin-treated diabetics have been reported, and the 
results have been contradictory. Some studies have 
shown fasting insulin levels that are normal or ele- 
vated, sometimes grossly, in insulin-treated diabetics 
fourteen to twenty-four hours after their last insulin 
injection [32-35]. Other workers have shown abnor- 
mally low fasting free insulin levels in insulin-treated 
diabetics [36]. Clearly the technical problems in the 
measurements have to be resolved before firm con- 
clusions can be drawn on the insulin levels in insulin- 
treated diabetics. 

Not only may the fasting insulin concentrations in 
insulin-treated diabetics be abnormal, but normal 
regulation of insulin secretion is no longer present. 
Thus the insulin delivered from the injection site to 
the circulation is not related to the nutritional status 
of the subject, and insulin-treated diabetics will at 
times have insulin levels which are inappropriate for 
their metabolic requirements. The route of insulin 
administration is also abnormal in the insulin-treated 
diabetic. Thus the systemic circulation is first exposed 
to insulin, in contrast to the normal situation where 
the liver, the major organ for glucose homeostasis, is 
exposed to insulin first, and removes about 50 per 
cent of secreted insulin in the first passage. 

Thus, whether because of therapy or because of 
co-existing obesity, few diabetics are truly insulin- 
deficient, and many diabetics appear to have exces- 
sive levels of circulating insulin. Hyperinsulinaemia 
has also been described in mild or potential diabetics 
[37-40]. 

2. Insulin and Hypertriglyceridaemia 

Hypertriglyceridaemia is the commonest lipid abnor- 
mality in diabetes [41]. Hypertriglyceridaemia is 
associated with atherosclerosis in diabetics, [41-42], 
and in non-diabetics it is an important risk factor for 
ischaemic heart disease [43]. 

A number of studies have reported a significant 
correlation between insulin levels and triglyceride 
levels in normal and hypertriglyceridaemic non- 
diabetic subjects [44]. Insulin has been shown to 
promote lipoprotein triglyceride synthesis in the per- 
fused rat liver [45] and to be closely associated with 
triglyceride secretion rates in the obese sand rat [46]. 
It is likely that at least part of the hypertriglycer- 
idaemia associated with obesity is due to high insulin 
levels promoting triglyceride production. The high 
basal insulin levels of obesity will also promote tri- 
glyceride synthesis in obese diabetics. 

3. Insulin and Atherosclerosis 

There have been only two studies of the relationship 
between insulin secretion and atherosclerosis in dia- 
betes. In one [42], it was found that in patients not 
receiving insulin therapy, the ratios of circulating 
insulin to glucose levels were significantly higher in 
diabetics with atherosclerosis. Diabetics with 
atherosclerosis also had slightly higher fasting insulin 
levels than diabetics without atherosclerosis, but the 
difference was not statistically significant. In a study 
of glucose tolerance and  insulin secretion in 
ischaemic heart disease [47], diabetics with athero- 
sclerosis had slightly higher insulin responses to oral 
glucose, and a higher peak insulin response to oral 
tolbutamide than diabetics with no evidence of 
ischaemic heart disease. 

A number of studies of insulin levels in non- 
diabetic subjects with atherosclerosis have also been 
reported. These have shown elevated insulin 
responses to oral glucose in subjects with disease of 
coronary [47-53], peripheral [14, 53, 54] and cere- 
bral [55] arteries. There are however discrepancies in 
the detailed results of some of these studies. Some 
authors have reported elevated insulin levels only in 
subjects with abnormal glucose tolerance [52], 
whereas most others found hyperinsulinaemia in the 
presence of normal glucose levels. In most studies 
hyperinsulinaemia was found up to one year after a 
myocardial infarction, but one study [56] reported 
slightly elevated insulin levels three months after a 
myocardial infarction, and normal insulin levels when 
the subjects were retested nine months later. Con- 
tradictory findings in intravenous glucose tolerance 
and tolbutamide tests have been reported [49, 51, 
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57]. Most studies report no difference in fasting insu- 
lin in subjects with atherosclerosis and controls, but 
Devlin and Stevenson [58] found that compared to 
age and weight-matched controls, subjects with 
myocardial infarction had fasting hyperinsulinaemia 
persisting for up to four months after the infarction. 
In two studies in which lipid, glucose and insulin 
levels were measured in subjects with ischaemic heart 
disease [50] or peripheral vascular disease [59], ele- 
vated insulin responses to oral glucose were the com- 
monest abnormality. Both these studies included 
subjects without complete arterial occlusion or 
infarction, suggesting perhaps that the insulin abnor- 
malities are associated with the arterial disease itself. 
There are single reports of high insulin levels in sub- 
jects with hypertension [54] and 'type A' personality 
traits [60], both of which may predispose to athero- 
sclerosis. 

Although there have been no prospective studies 
on the relationship of insulin levels to atherosclerosis, 
two population studies have shown high insulin 
responses to glucose in populations with a high inci- 
dence of ischaemic heart disease. Thus white South 
Africans have higher insulin responses than Bantus 
corresponding to the relative frequencies of athero- 
sclerosis in these two populations [61]. Edinburgh 
men who have a high incidence of ischaemic heart 
disease have higher insulin responses to glucose than 
Stockholm men who have a lower incidence of this 
disease [62]. 

Several reports have appeared suggesting that 
hyperinsulinism may not be characteristic of 
atherosclerosis in diabetics or non-diabetics. In a 
study of diabetics who were not treated with insulin 
[63], it was found that there was a higher frequency 
of vascular complications in those with a 'poor insulin 
response' to oral glucose than in those with a 'moder- 
ate response'. However, the vascular complications 
studied included retinopathy, neuropathy and 
peripheral vascular disease, but not ischaemic heart 
disease, and thus included both microangiopathic and 
macroangiopathic complications. There were no 
details of how the two types of vascular disease were 
distributed between the two types of insulin 
responses. Furthermore, the division between mod- 
erate and poor insulin responses was based on an 
insulin: glucose relationship rather than on the abso- 
lute insulin levels. In twenty-three patients with 
peripheral vascular disease [64], the insulin response 
to glucose, calculated as the ratio of the peak insulin 
response divided by the basal level, was not elevated 
above normal controls, and was depressed in some 
patients. Actual values for the basal and stimulated 
insulin levels were not given, but it was stated that 
the patients had raised fasting insulin levels. It has 

been suggested [65] that the data on insulin levels in 
atherosclerosis can be manipulated to show an unre- 
sponsiveness of the pancreatic islets in this condition. 
However, it must be emphasised that when the 
metabolic effects of insulin are being considered, it is 
absolute circulating concentrations of insulin that are 
relevant. 

The balance of evidence seems to indicate that a 
proportion of subjects with normal or mildly abnor- 
mal glucose tolerance and atherosclerotic vascular 
disease have elevated insulin responses to oral glu- 
cose. The insulin response to intravenous glucose is 
less certain, suggesting that the elevated response to 
oral glucose may be indirect, perhaps mediated by 
gastrointestinal hormones. The possibility that the 
elevated insulin levels are related to mild degrees of 
obesity in the atherosclerotic subjects has not been 
rigorously excluded. 

Experimental Models of Diabetes 
and Atherosclerosis 

Simultaneously in 1949, Duff and McMillan [66], 
and McGill and Holman [67] reported that rabbits 
with alloxan diabetes fed high cholesterol diets 
developed fewer vascular lesions than control ani- 
mals fed the same diet, despite similar serum choles- 
terol levels in the two groups. Animals which were 
treated with alloxan but which did not develop 
chronic hyperglycaemia had similar vascular lesions 
to control animals. Later Duff et al. [68] reported 
that in alloxanised animals, correction of hypergly- 
caemia with insulin reversed the inhibition of 
atherogenesis. When the pancreas was temporarily 
excluded from the circulation during alloxan 
administration, the vascular disease induced by 
cholesterol feeding was similar to that in control ani- 
mals [69]. Thus experimental ablation of insulin-se- 
cretory cells appeared to protect animals from diet- 
induced atherosclerosis, and vascular disease did not 
appear to be always an inevitable consequence of 
hypercholesterolaemia. 

Much of the other experimental work on diabetes 
and arterial disease has produced confusing results 
because the animals have been given insulin [70, 71], 
or the circulating lipid levels in the diabetic animals 
have been much higher than in the controls [71, 72]. 
Nevertheless, in some studies, the diabetic animals 
developed less, or no greater lesions than controls 
despite higher lipid levels [73, 74, 75]. When insulin 
and saline were infused respectively into the right 
and left femoral arteries of alloxan diabetic dogs [76], 
the insulin-treated artery developed intimal and 
medial proliferation and contained more cholesterol 
and fatty acids than the control artery. 
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Arteries taken from animals with experimental 
diabetes have depressed lipid and glucose metabo- 
lism [77-80]. The artery contains a hormone-sensi- 
tive lipase whose activity is increased by experimen- 
tal diabetes and lipolytic hormones such as 
adrenaline and glucagon and suppressed by insulin 
[811. 

It thus appears that hyperglycaemia due to abla- 
tion or removal of insulin-secreting cells does not 
enhance the development of arterial lesions. It is dif- 
ficult to extrapolate the results of these experiments 
to spontaneous diabetes in man. However, it is likely 
that experimental diabetes is not strictly comparable 
to primary idiopathic diabetes in humans, but bears a 
closer resemblance to diabetes secondary to pancre- 
atic disease or pancreatectomy. In particular, the pat- 
tern of insulin secretion in experimental diabetes is 
different to that found in the majority of diabetics, 
particularly obese patients whose diabetes develops 
in middle age. The experiments suggest that the pres- 
ence of insulin may be necessary for the development 
of arterial lesions. 

The Metabolism of the Arterial Wall in Relation 
to Diabetes and Insulin 

1. The Polyol Pathway 

Polyols, or sugar alcohols, are organic compounds 
containing multiple alcoholic groups that are derived 
from sugars by the reduction of their free aldehyde or 
ketone groups. The polyol pathway catalyses the 
reduction of D-glucose to its polyol derivative, sor- 
bitol, and its subsequent oxidation to D-fructose. The 
metabolic pathway operates irreversibly in intact tis- 
sues and is not dependent on the presence of insulin. 
The rate of sorbitol formation increases with increas- 
ing glucose concentration over a wide range [82]. The 
polyol pathway has been demonstrated in the aortic 
intima and media of humans and rabbits [83-84]. 
Extracts of whole rabbit aorta, incubated in high 
medium glucose concentrations, showed an increased 
concentration of sorbitol and fructose, an increased 
water content, and depressed oxygen uptake. Freshly 
prepared aortic segments from alloxan diabetic ani- 
mals also showed a greater water content and a 
reduced rate of respiration compared with tissue 
from normal controls prepared under the same con- 
ditions. 

It is suggested that high ambient glucose concen- 
trations cause an increase in the activity of the polyol 
pathway in the arterial wall, with intracellular 
accumulation of sorbitol in the wall. The osmotic 
activity of the sorbitol and other, as yet unidentified 

factors, cause an increase in the tissue water content, 
which impairs oxygen diffusion, resulting in a 
decrease in the respiratory rate. This may alter the 
metabolism of the arterial wall and possibly contri- 
bute towards the production of arterial lesions. How- 
ever, neither cellular proliferation nor accumulation 
of lipid or connective tissue has been associated with 
the polyol pathway, and atheromatous lesions at least 
in experimental animals, are associated with 
enhanced, rather than depressed, tissue respiration 
[85]. Thus, although the polyol pathway provides a 
link between hyperglycaemia and the metabolism of 
the arterial wall, its role in the pathogenesis of 
atherosclerosis in diabetes is not yet clear. 

2. The Metabolism of Triglyceride-Rich Lipoproteins 
by Arterial Smooth ?vluscle Cells 

Although hypertriglyceridaemia appears to be 
closely associated with atherosclerosis in both non- 
diabetic and diabetic subjects, the mechanism of the 
association is not clear. A relationship between tri- 
glyceride levels and insulin secretion and the rele- 
vance of this to atherogenesis has already been dis- 
cussed. 

Studies of cultured arterial smooth muscle cells 
have helped to clarify the situation. Very low density 
lipoproteins and high density lipoproteins were taken 
up by cultured rat arterial smooth muscle cells [86], 
the uptake being linearly related to the lipoprotein 
concentration in the medium. The smooth muscle 
cells were also able to catabolise the lipoproteins, the 
triglyceride being hydrolysed within the smooth mus- 
cle cell while the cholesterol remained, perhaps to be 
linked to elastin [87]. Furthermore, very low density 
lipoprotein 'remnants', particles which are formed in 
the circulation by lipolysis of most of the lipoprotein 
triglyceride of very low density lipoproteins and chy- 
lomicrons by lipoprotein lipase, were avidly taken up 
by cultured smooth muscle cells [86]. The uptake of 
remnants was much more rapid than that of very low 
density lipoproteins. 

Thus, if remnants are normally present, even 
transiently, during the metabolism of very low 
density lipoproteins, and present in increased con- 
centrations in certain hyperlipoproteinaemic sub- 
jects, the results of these studies may provide a 
mechanism whereby hypertriglyceridaemia can in- 
fluence the pathogenesis of atherosclerosis. A 
hypothesis has been presented linking atherogenesis 
with the action of lipoprotein lipase on triglyceride- 
rich lipoproteins [88]. It is suggested that lipoprotein 
lipase located on the arterial endothelium may liber- 
ate cholesterol-rich fragments by degrading very low 
density lipoproteins or chylomicrons. The resulting 
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high local concentrations of cholesterol-rich lipopro- 
teins would enhance the uptake of cholesterol by the 
arterial intima. 

3. The Effect of Insulin on the Arterial Wall 

a) Cellular Proliferation: The development by Ross 
[89] of a method for growing arterial smooth muscle 
cells in culture has provided the means of directly 
studying the effect of various factors implicated in 
atherosclerosis. In smooth muscle cells grown from 
explants of thoracic aortae of one-year-old male pig- 
tall monkeys, the addition of insulin in concentra- 
tions ranging from 10 ~tU to 10,000 ~tU/ml resulted 
in progressively greater stimulation of cell prolifera- 
tion [90]. Serum from which insulin had been 
removed stimulated growth less well than whole 
serum at the same concentration. The difference in 
the insulin concentration to which the cells were 
exposed in this situation was 2 to 3 ~tU/ml, indicating 
that the cells were sensitive to very small concentra- 
tions of insulin. Cells which had been passed eight or 
more times, and had thus 'aged' in culture, did not 
proliferate in response to insulin, and showed an 
attenuation of the normal proliferative response to 
serum. 

Serum from diabetic rabbits [91] and human 
diabetics [92] increases the outgrowth of smooth 
muscle cells from primary cultures of rabbit aortas. 
Both the animals and humans had been treated with 
large doses of insulin, and as it seemed that neither 
hyperglycaemia nor hyperlipidaemia was responsible 
for the cellular proliferation, it is possible that insulin 
was the stimulus. In later experiments it was shown 
that small concentrations of insulin did not, although 
growth hormone did, cause smooth muscle cell pro- 
liferation in this experimental system [93]. However, 
the insulin was added to medium containing a high 
concentration of serum and it is possible that the cells 
were already under maximal proliferative stimulation 
from the serum. 

Other factors which stimulate proliferation of cul- 
tured arterial smooth muscle cells include a factor 
associated with platelets [94] and low density lipo- 
proteins [95]. However, the relationship of these fac- 
tors to atherosclerosis in diabetes is not clear. 

It has been suggested that cells of patients with 
diabetes are excessively vulnerable to injury and 
death because of an inherited cellular defect [96]. 
This hypothesis is supported by studies on skin fi- 
broblasts cultured from diabetics [97-99] and by 
studies on diabetic capillary basal lamina [100]. 
Studies of the cellular basis of atherosclerosis in dia- 

' betes have only just begun, but they clearly offer the 
hope of further understanding this disorder. 

b) Arterial Lipid Metabolism: Accumulation of lipid 
in the intima and adjacent media is one of the best 
known features of the atheromatous lesion. The ori- 
gin of the atheromatous lipid is described in more 
detail elsewhere [17]. Insulin's effect on arterial wall 
lipid has been demonstrated in several experimental 
systems. The intravenous administration of insulin to 
normal rats resulted in enhanced synthesis of choles- 
terol, triglyceride and fatty acids in the aorta 
[101-103]. The incorporation of glucose into aortic 
lipid was depressed in streptozotocin-diabetic ani- 
mals compared with normal controls [104]. The insu- 
lin levels at the time of sacrifice in the control and 
treated animals were significantly correlated with the 
aortic lipid metabolism, but the latter was not related 
to blood glucose levels. Similar results have been 
reported from Japan [105]. Insulin-treated chickens, 
fed a normal diet, developed considerably more 
lipid-containing lesions in their aortas than control 
birds [106-107]. The lesions were focal in distribu- 
tion, and involved the intima, and in more severe 
cases, the adjacent media, and thus resembled early 
human fatty streak lesions. 

In cultured rat arterial smooth muscle cells, insu- 
lin in physiological concentrations stimulated choles- 
terol synthesis from acetate [108]. No effect of insu- 
lin was found when mevalonate was the substrate, a 
finding which is consistent with insulin acting on the 
enzyme 3-hydroxy-3-methylglutaryl coenzyme A 
reductase. Cyclic AMP inhibited sterol synthesis in 
arterial smooth muscle ceils [109]. Glucagon also had 
an inhibiting effect but only in very high concentra- 
tions [109]. 

It has recently been reported that insulin stimu- 
lates the binding of low density lipoprotein to cul- 
tured human fibroblasts [110]. If this effect also 
occurs in arterial cells it may be relevant to the 
accumulation of cellular cholesterol and its esterifica- 
tion which are characteristic features of athero- 
sclerosis [111]. 

This series of experiments has shown that insulin 
has effects on the arterial wall which may be relevant 
to the pathogenesis of atherosclerosis. The results of 
these studies are consistent with earlier less direct 
evidence on the effect of insulin on arterial lipids. In 
non-diabetic animals, administration of insulin [112] 
prevented the regression of arterial lesions in chick- 
ens which normally occurs when a high cholesterol 
diet is replaced by a normal diet. Insulin also pre- 
vented oestrogen-induced protection of coronary 
atherosclerosis in cholesterol-fed cockerels [112]: 
The spiny mouse (Acomys cahirinus) which develops 
obesity, diabetes and hyperinsulinism, has been 
reported to develop spontaneous lesions of its coro- 
nary arteries on a normal diet [113]. 
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There is thus evidence that insulin has a direct 
effect on the artery which may be relevant to 
atherogenesis. Insulin also has an important role in 
the regulation of plasma lipid transport. The impor- 
tance of insulin-mediated changes in lipid metabol- 
ism in the development of atherosclerosis in both dia- 
betics and non-diabetics remains to be elucidated 
[114, 115]. 

C o n c l u s i o n s  - A H y p o t h e s i s  

The high frequency of atherosclerosis and its compli- 
cations in the presence of hyperglycaemia and dia- 
betes is now well established. The risk of hypergly- 
caemia is associated with the arterial disease itself, as 
well as with its complications. While the presence of 
hyperlipidaemia or hypertension in the diabetic will 
contribute to the development of the vascular dis- 
ease, epidemiological studies indicate that there is an 
additional factor associated with diabetes itself. 

There is little evidence that hyperglycaemia 
directly contributes to the development of athero- 
sclerosis. The generally reported lack of relationshi p 
between the severity of diabetes and the vascular 
complications, and the lack of benefit from regimes 
designed to lower the blood sugar, suggest that 
hyperglycaemia is not the factor linking diabetes with 
atherosclerosis. It must be recognised however that 
'good control', as normally defined, is a condition far 
different from the normal physiology of carbohydrate 
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metabolism. There are probably several factors that 
contribute to the development of atherosclerosis in 
diabetes, but whether these factors are an inherent 
part of the diabetic syndrome, or are environmental 
is not clear. The fact that diabetics can survive with 
their disease for long periods without developing vas- 
cular disease [114], and that a low incidence of 
atherosclerosis is found in diabetics in some parts of 
the world [6] suggests that environmental factors are 
important. 

The frequency of atherosclerosis as a complica- 
tion of diabetes has become progressively more 
important in the years since insulin became available 
for the treatment of diabetes. This has been attri- 
buted to the decreasing importance of other compli- 
cations such as ketoacidosis and infection, and the 
resulting greater life expectancy of diabetics. The 
possibility that diabetic treatment may have directly 
contributed to the development of the vascular com- 
plications has been little considered. The results of 
the UGPD study and, to some extent, the data from 
Framingham [4] raise this possibility. 

For most of the last half century, few diabetics 
have been truly insulin-deficient. The majority of 
diabetics are overweight and have high basal insulin 
levels, although their response to an acute glucose 
challenge is impaired. Diabetics who require treat- 
ment with insulin usually receive doses far in excess 
of the normal daily output of insulin from the pan- 
creas. In addition, the circulating exogenous insulin 
concentration is often inappropriate to the nutri- 
tional status of the subject, and the injected insulin 
first passes through the systemic circulation, instead 
of through the portal circulation and the liver as with 
normal insulin secretion. 

The possibility that insulin may contribute to the 
development of the large vessel complications of 
diabetics has been explored, and evidence has been 
presented that insulin stimulates arterial smooth 
muscle cell proliferation and lipid synthesis in the 
arterial wall. A scheme can be devised (Figure) link- 
ing insulin with atherosclerosis either by a direct 
effect on the artery, or by way of its effect on lipid 
metabolism. While most of the pathways in this dia- 
gram have been demonstrated to exist, the relation- 
ship of the whole scheme to the development of 
atherosclerosis in diabetes remains hypothetical. It 
does however suggest several lines along which 
future research might be pursued. 

Fig. 1. Diagram indicating how abnormal insulin concentrations 
may contribute to the development of atherosclerosis (modified 
from Bierman [117]) 
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