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Summary Improvements in the specificity and sensi-
tivity of assays for insulin-related molecules in the
circulation have proved to be necessary and informa-
tive in studies of the pathogenesis of non-insulin-de-
pendent diabetes (NIDDM). Of particular interest
has been the close relationship between increases in
des 31,32 split proinsulin and susceptibility to loss of
glucose tolerance and the insulin resistance syn-
drome. It is suggested that the analogy can be drawn
between this measurement and the measurement of
HbA, .. The amount of this partially processed pre-
cursor of insulin in the circulation indicates the de-
gree of glucose stimulus applied to the beta cell com-
bined with the inherent capacity of the insulin secre-
tory system to respond. Further improvements of the
sensitivity and specificity of the assay of proinsulin
related molecules are desirable. Deterioration of the
early insulin response to oral glucose is a major fea-
ture of the loss of glucose tolerance associated with

the transition from normal to impaired glucose toler-
ance and to NIDDM. The extent to which this loss of
insulin secretion reflects a major predisposing factor
in the aetiology of this type of diabetes or is second-
ary to glucose toxicity or amyloid accumulation re-
mains to be determined. A relationship between
birth weight and impaired glucose tolerance,
NIDDM and the insulin resistance syndrome has
now been observed in two populations in the UK, in
Mexican Americans and in Pima Indians. It is there-
fore reproducible and applicable to widely differing
populations. Much further research is indicated to de-
termine, amongst many questions, how much diabetes
is associated with this link and what factors explain it.
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The underlying causes of NIDDM remain controver-
sial. It is not agreed whether insulin deficiency, insu-
lin resistance or a combination of the two represent
the primary pathogenic process. However, as we un-
derstand in greater detail the basic mechanisms
which subserve the physiology of insulin secretion
and insulin action it does at least become clearer
why it is proving so difficult to unravel the patho-
genic sequence of events. The main reason for the dif-
ficulty is the way in which insulin secretion and insu-
lin action interact one upon the other. Thus, a major
consequence of insulin deficiency is to generate insu-
lin resistance through a variety of secondary events.
Conversely insulin resistance can lead through chron-
ic hyperglycaemia to secondary damage to the insulin
secretory process.

A further problem relates to the fact that insulin
resistance leads to a compensatory increase in insu-
lin secretion. Thus, in studying the maximum secre-
tory response of an individual it is not at present pos-
sible to distinguish between the inherent genetically
or environmentally endowed capacity of the system
and any increment or decrement induced by changes
in demand. To these problems of the interactions of
the basic pathophysiological processes involved in
the metabolic abnormalities of NIDDM has been ad-
ded the difficulty of measuring insulin specifically in
the plasma of patients with this condition when the
plasma concentrations of intact and partially proces-
sed proinsulin are also elevated [1].

Despite these fundamental problems there are im-
portant areas of agreement resulting from many stud-
ies of NIDDM. Over the past 25 years it has been
consistently observed that the early insulin response
(30 min after an oral glucose tolerance test) is re-
duced in established diabetes [1] There is also in-
creasing evidence that the same defect, albeit on a re-
duced scale, is present in subjects with IGT [2-4].
There is also general agreement from prospective
studies that both insulin resistance and poor insulin
secretion are predictors of the subsequent develop-
ment of NIDDM [5-10]. It is probable that the condi-
tion is heterogeneous with some subjects being pre-
dominantly characterised by insulin deficiency and
others by a mixture of resistance and deficiency [11,
12]. A further example of heterogeniety is provided
by the variable conjunction of glucose intolerance,
hypertension and hyperlipidaemia (variously known
as syndrome X [13] or the insulin resistance syn-
drome). This “syndrome” is really a statistically in-
creased frequency of association between these and
other metabolic abnormalities. The fact that these ab-
normalities are by no means invariably associated
must mean that they are the outcome of a variety of
pathological processes.

The research which we have been pursuing for
more than 30 years into the basis of NIDDM has fol-
lowed three main themes:
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(i) the development of assay methods for the specific
and sensitive assay of insulin and insulin-related pep-
tides for use in clinical and epidemiological studies
[14-17].

(ii) Studies of plasma insulin and insulin related pep-
tides in subjects with diabetes or IGT.

(iii) Epidemiological studies into the relationship of
fetal and infant growth and development with the la-
ter development of diabetes, IGT and/or syndrome X.
The following is a summary of the outcome of this re-
search together with a discussion of the interpretation
of the findings.

Assay development

The main thrust of this research in recent years has
been to apply the monoclonal antibody technique
[18] and bioengineered human proinsulin and insu-
lin molecules [19] to the development of specific
and sensitive two-site immunometric assays [20] of
insulin and proinsulin-like molecules [17, 21],
(Fig.1). As a result of this work it has been found
that, other than intact proinsulin, the major insulin-
like molecule present in plasma is “32-33” split
proinsulin which in the plasma of normal subjects is
approximately equimolar with intact proinsulin. A
recent comparison of the results of the “32-33” split
proinsulin assay with those obtained in Polonsky’s la-
boratory using a combination of HPLC separation
and immunoassay has shown that most, if not all, of
the material measured as 32-33 split proinsulin is in
fact lacking the C-terminal basic amino acids of the
B-C chain junction region and is des 31, 32 split
proinsulin (Ostrega et al., unpublished data). Thus
far it has not been possible to detect with confi-
dence the alternative partially processed proinsulin,
namely that split at the 65-66 site. Both for this rea-
son and because in normal plasma the concentra-
tion of intact and des 31,32 split proinsulin may be
below the limit of detection of assays currently avail-
able, some further improvement of assay sensitivity
is desirable and continues to be a subject of our re-
search.

Studies of NIDDM and IGT

It has been known for many years that proinsulin is
present in human plasma [22, 23] and that the concen-
tration of proinsulin is raised in the plasma of subjects
with NIDDM [24-26]. The availability of biosynthe-
sised human proinsulin and its partially processed de-
rivatives [19] led to the discovery that partially pro-
cessed proinsulin is also present in the circulation
[27]. It soon became apparent that many “insulin”
radioimmunoassays cross-react strongly with both in-
tact and partially processed proinsulin.
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Fig.1a, b. Diagram illustrating (a) principle of two-site immu-
nometric assays and (b) approximate location of epitopes for
the monoclonal antibodies used in different combinations to
measure insulin, intact and partially processed proinsulins (In
press. Reproduced from Protein Engineering, with permission)

It therefore became imperative to re-examine the
insulin status of diabetic patients using assays specific
for insulin and to define the amount of intact and par-
tially processed proinsulin in their plasma. A specific
insulin assay [17] re-emphasised the important role
of a poor early insulin response to oral glucose even
in diabetics with a relatively modest elevation of fast-
ing glucose [28, 29]. Both intact and partially proces-
sed (des 31,32 split) proinsulin concentrations were
considerably raised. A similar, although less severe,
pattern of changes was discovered in people with
IGT [4, 30]. When this data is put together the critical
relationship of the early, as opposed to 120 min, insu-
lin response becomes apparent as has been previous-
ly shown in studies of IGT [2] and those using in-
jected insulin [31]. There was an almost linear inverse
relationship between the height of the 30 min insulin
response and the height of the 120 min glucose when
data from normal, IGT and diabetic responses were
pooled and plotted (Fig.2). The relationship of the
120 min glucose to the 120 min insulin gives the mis-
leading impression that individuals with IGT or mild
diabetes are primarily insulin resistant and only be-
come insulin deficient when there is a severe loss of
glucose tolerance (Fig.2).
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In studies of glucose tolerance in three separate
populations in East Anglia, UK, an interesting inci-
dental finding has been that individuals with IGT are
significantly shorter than subjects with normal glu-
cose tolerance [30, 32]. One such study of 346 sub-
jects from the population of Ely, Cambridgeshire,
UK, showed that there was a significant negative cor-
relation between height and 120 min glucose after an
oral glucose tolerance test in both men and women
[32]. This link between height and glucose tolerance
would suggest that changes linked to loss of glucose
tolerance are already operating before the cessation
of growth in height.

The relationships between fetal and infant growth and
development with the later development of NIDDM, IGT
and syndrome X

Studies linking fetal and infant growth with death
from ischaemic heart disease and the prevalence of
hypertension [33, 34] raised the possibility that IGT
and NIDDM might show a similar linkage. Such a
linkage has now been found in two populations in
the UK, in Hertfordshire and Preston, and in men
and women [35, 36]. This linkage is independent of
social class, either currently or of the parents and of
gestational age. Men and women in Preston who had
IGT or newly-diagnosed NIDDM were 5.0 cm short-
er, 5.1 kg heavier and had a higher waist to hip ratio.
Their mean birth weight was 0.3 kg less; the ratio of
placental to birth weight was greater; their head cir-
cumference was less at birth and they were thinner
at birth as judged by the ponderal index (weight/
length?).

These results showing strong associations between
impaired fetal and infant growth and the subsequent
development of IGT or NIDDM imply that events
very early in life are major factors leading to loss of
glucose tolerance. Since loss of glucose tolerance is
statistically associated with hypertension and hyperli-
pidaemia, a further analysis was performed to deter-
mine whether this collection of abnormalities might
itself be linked to early growth and development.
Strong associations were found between birth weight
and syndrome X in two populations. In 64-year-old
men in Hertfordshire the relative risk for an indivi-
dual of birth weight less than 2.50 kg having syn-
drome X in comparison with one of birth weight
more than 4.31 kg was increased 18 fold. In men and
women in Preston at a mean age of 50 years, the in-
crease in risk between birth weight of less than
2.50 kg and more than 3.41 kg was 13.5 fold [37]. A si-
milar finding has now been reported in ca. 44-year-
old Mexican-Americans [38]. It has also been ob-
served that in Pima Indians low birth weight is associ-
ated with increased risk of developing NIDDM [39].
Interestingly in the latter population there is also an
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Fig.2a, b. Relationships between 2-h glucose concentration
and (a) 30-min; (b) 2-h insulin concentrations in subjects with
normal, impaired and three grades of NIDDM oral glucose tol-
erance tests

increased risk associated with the higher birth weight
presumably because of the large proportion of preg-
nancies associated with gestational diabetes which is
also a factor predisposing to subsequent NIDDM in
the offspring [40].

The association of NIDDM, IGT and syndrome X
with poor early growth and development raises the
question as to whether insulin deficiency, insulin re-
sistance or both can be linked to changes in fetal and
infant growth. There is a considerable amount of evi-
dence both in experimental animals and man that
poor nutrition and growth are associated with long-
term defects in insulin secretion [41]. We have recent-
ly studied insulin resistance in 103 men and women in
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Preston, UK. Of the subjects 81 were known to have
normal glucose tolerance and 22 had IGT [42]. Insu-
lin resistance was measured by the fall in blood glu-
cose concentration after the intravenous injection of
insulin, a test which we have found to be simple and
reproducible for population studies [43] and others
have been shown to give results which correlate clo-
sely with the euglycaemic clamp [44, 45]. We found,
as expected that subjects with IGT were more resis-
tant to insulin than normoglycaemic individuals.
Men and women who were thin at birth as measured
by their ponderal index were more insulin resistant.
This finding was independent of the duration of ge-
station, adult body mass index and waist to hip ratio
and of the potentially confounding variables social
class currently or at birth and current cigarette smok-
ing. These findings suggest that insulin resistance may
have its origin in defects of growth and development
in early life.

Thus, these studies of adult populations for whom
we have varied anthropometry at birth or the age of
one show that a number of indices of poor early
growth and development are linked with the risk of
IGT, NIDDM and syndrome X in adult life. These in-
clude reduced weight at birth and age one year; less
teeth at one year; a raised placental to birth weight
ratio; reduced head circumference and a lower pond-
eral index. These links are not explained by prema-
turity or the social class of the parent or person con-
cerned.

Discussion

Improvements in immunoassay specificity and sensi-
tivity have refined our ability to probe the changes
in insulin production and release which accompany
NIDDM. The close structural relationships between
insulin and its precursor molecules and the very low
concentration of the latter in the circulation make
difficult technical demands of assay systems. The in-
creased concentrations of intact and des 31,32 split
proinsulin in the plasma of individuals with IGT sug-
gest that changes in the release of these molecules
may give an early indication of the pathogenic
events leading to NIDDM. Improving the assays of
these molecules would therefore seem to be a worth-
while investment of time. Improvement is also desir-
able since a number of normal subjects have unde-
tectable concentrations of intact and des 31,32 split
proinsulin in the circulation (< 1 pmol/l) and it is not
yet possible to measure des 64, 65 split proinsulin reli-
ably.

In many of our studies of conditions related to
NIDDM and in epidemiological studies relating fetal
growth to the subsequent development of diabetes,
IGT or syndrome X it has been apparent that the
measurement of des 31,32 split proinsulin often pro-
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vides the strongest association with these changes.
Recent investigations of families with genetically de-
termined maturity onset diabetes of the young
(MODY) have also shown differences between them
and subjects with NIDDM with regard to the proinsu-
lin-like molecules in the circulation [46]. Intact proin-
sulin concentrations were not raised in MODY and
des 31,32 split proinsulin was undetectable. Whilst
the genetic defects leading to MODY in these indivi-
duals have not all been characterised, many of them
are known to have glucose sensing defects due to mu-
tations in the beta-cell glucokinase enzyme. Thus, it
would appear probable that increased secretion of
des 31,32 split proinsulin is the result of an in-
creased, but sensed, glucose stimulus to the beta cell.
Recent work on the pathway of proinsulin proces-
sing and the control of the synthesis of the proces-
sing enzymes provides an explanation of why the re-
lease of this molecule provides.a particularly good
signal of the glucose “pressure” on insulin secretion.
Proinsulin is converted to insulin via the action of
three enzymes known as PC1(3), PC2 and carboxy-
peptidase H. Kinetic studies suggest that the prefer-
red route of processing is via cleavage at the 32-33
site rather than at 65-66 [47]. It is not clear what are
the relative activities of PC1(3) and PC2 in the beta
cell, but it is possible that PC2 is present in much
smaller amounts (see article by Halban this issue). Ir-
respective of this, glucose strongly stimulates the
synthesis of proinsulin and of PC1(3), but not PC2
[48]. Thus, as plasma glucose concentrations rise pro-
cessing of des 31,32 split proinsulin to insulin is, or be-
comes, rate-limiting. Thus, it is suggested that the
concentration of des 31,32 split proinsulin in the cir-
culation provides a unique signal related (a) to the in-
tensity of glucose stimulation of the beta cell, and (b)
to the ability of the beta cell to adapt its performance
to increased demands for insulin. In obesity not com-
plicated by deterioration of glucose tolerance, there
is an increased release of all these insulin-related mo-
lecules with maintenance of their relative propor-
tions. However, increased demands which cannot be
met by the normal compensatory mechanisms lead
to a relative increase in the proportion of proinsulin-
like molecules released and in particular that of des
31,32 split proinsulin. An analogy can be drawn with
the relationship of glycaemia to the concentration of
HbA, .. The concentration of des 31,32 split proinsu-
lin in the circulation could be regarded as the
“HbA,, of the beta cells” since it measures the de-
gree of exposure of the beta cells to glucose.

The sequence of events accompanying the loss of
glucose tolerance from normal to IGT and then to
NIDDM is becoming clearer. In the normal subject
insulin secretion is closely linked to insulin sensitiv-
ity such that any insulin resistance is balanced by an
increased production and release of insulin. The abil-
ity to undertake this compensatory adjustment is gov-
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erned, we believe, by environmental factors operat-
ing in fetal and possibly early infant life which deter-
mine the structure and function of the beta cells with
which the adult is eventually endowed. What genetic
factors are involved remains unclear except in rare
conditions such as glucokinase deficient MODY sub-
jects. Because of the close interplay between insulin
resistance and production it is difficult to obtain mea-
sures of the inherent performance of the beta cell in-
dependent of resistance. Whilst we have found rela-
tionships between insulin secretion and birth weight
in young men [49] it has not yet been possible to es-
tablish such linkages in older adults [50].

However, the transition from normal to IGT and
IGT to NIDDM is clearly associated with loss of ear-
ly insulin secretion during an oral glucose tolerance
test. Our bias is to believe that this is the stage at
which the inherent limitation of the beta cell’s capaci-
ty to compensate for resistance is reached. Neverthe-
less it must be acknowledged that damage to the beta
cell secondary to “glucose toxicity” or amyloid accu-
mulation cannot be ruled out at present as causing
the beta cell defect.

The association between low birth weight and IGT,
NIDDM and syndrome X have now been observed in
two populations in the UK [35-37], in Mexican
Americans [38] and in Pima Indians [39]. Thus, it
must be accepted as reproducible and as applying to
widely differing populations. These findings open up
a new field of enquiry in studies of the pathogenesis
of NIDDM. Much further research is indicated. It is
important to discover how much of the prevalence of
diabetes in different populations can be attributed to
this linkage. This calculation is fraught with difficulty
since whatever factors are involved they are clearly
not totally limited to the lowest birth weight infant
(even though the effect is strongest in these infants)
since the relationship is graded and continuous
through the birth weight range. We also need to dis-
cover what it is which determines the observed epide-
miological link. Again our bias is to believe that it is
predominantly environmental and dietary, but infec-
tions or genetic factors cannot be ruled out at this
stage. A reason for exploring the environmental and
dietary hypothesis in the first instance is the exis-
tence of good experimental data in rats that such fac-
tors have major effects [41]. Furthermore, if maternal
dietary factors play a major role in this aspect of fetal
development then it is a matter of considerable ur-
gency to unravel and prevent this process in human
populations.
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