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of NIDDM: is a divorce possible? 
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It is astonishing, even saddening, that after decades of 
intensive investigation it is still a mat ter  of contro- 
versy whether  a beta-cell defect or a defective insu- 
lin action is the main pathogenic mechanism in insu- 
l in-dependent diabetes mellitus (NIDDM) [1-4]. 
Categoric statements as to the primacy of one or 
other defect have engrossed the bibliography of 
many distinguished diabetologists (including yours 
faithfully). The controversy may have not been futile 
since it has promoted intensive research into the 
mechanisms of insulin secretion and of insulin ac- 
tion. Yet, we still seem relatively far from fully under- 
standing the cell biological events, not to mention the 
molecular ones, that lead to loss of control over glu- 
cose homeostasis. The difference with the advances 
made in the pathogenesis of insulin-dependent diabe- 
tes ( IDDM) is striking. Barring the option that only 
second-rate scientists were attracted to N I D D M  (an 
option refused by my logic and instinct of preserva- 
tion alike!), either more complex interactions are at 
play in the genesis of NIDDM, or a systematic error 
exists in our approach to investigate the regulation 
of glucose homeostasis. 

Can insulin deficiency or insulin resistance, alone, 
produce NIDDM? This is a rhetorical question, since 
a minimal knowledge of physiology dictates that to 
keep glucose metabolism normally insulin must not 
only be present, but also be able to exert its action. 
Thus, if ex t reme  ends are considered, pancreatec- 
tomized patients or lean patients with severe 
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N I D D M  need only insulin replacement, whereas in 
leprechaunism and other severe insulin receptor dis- 
orders no amount of insulin can correct the meta- 
bolic defect. The difficulty arises when less extreme 
reductions in insulin secretion and in insulin action 
are considered. 

The distribution of the insulin response to glucose 
as well as that of sensitivity to insulin is remarkably 
widely ranged in the normal population [4-7]. In ob- 
ese subjects, although insulin response is higher 
while insulin sensitivity is reduced, variability is as 
large, and considerable overlap exists with the values 
found in lean subjects. Thus. there exist substantial 
numbers of subjects with either a markedly low insu- 
lin response or low Sensitivity to insulin, who never- 
theless retain a normal glucose tolerance. For such 
subjects to become diabetic, we must assume that 
the reduced function (be it insulin secretion or insu- 
lin action) further deteriorates with time until a criti- 
cal (extreme) level is reached, which by itself may be 
sufficient to induce glucose intolerance. The alterna- 
tive is that. with time. other factors are added to re- 
duced insulin secretion or to diminished insulin ac- 
tion, tipping the balance towards diabetes. (I apolo- 
gize to the older readers of Diabetologia, who may 
experience a sense of d6j~ vu; I expressed similar 
views more than 25 years ago [8]) 

Does insulin resistance progress steadily during the 
transition from the normal state to impaired glucose 
tolerance (IGT) and NIDDM? Age and increased 
obesity reduce the whole body insulin sensitivity. 
However, subjects with IGT are often as insulin resis- 
tant as mild N I D D M  patients; furthermore, in the 
healthy offspring of NIDDM patients insulin resist- 
ance of comparable magnitude to that found in IGT 
has been demonstrated [9]. Nevertheless, longitudi- 
nal studies on the evolution of insulin resistance are 
scarce, and it cannot be excluded that refinement in 
methodology for quantifying its severity may unravel 
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progressive deteriorations that may have pathophysi- 
ological significance. The present For debate being 
on the role of the beta-cell, this topic will not be fur- 
ther elaborated; the interested reader is referred to a 
recent For debate in Diabetologia on the insulin re- 
sistance syndrome [10-13], and to a recent review 
[14]. One clinical comment still seems appropriate; 
NIDDM patients present major insulin resistance 
when evaluated by the hyperinsulinaemic normogly- 
caemic clamp technique, performed after acute nor- 
malization of blood glucose by insulin infusion. Since 
their insulin resistance is mainly of the "post-recep- 
tor" type, even suprapharmacological levels of insu- 
lin fail to normalize whole body glucose uptake. This 
suggests to the clinician that insulin treatment may be 
grossly inefficient in such patients. We were therefore 
surprised to find that continuous subcutaneous insu- 
lin infusion (CSII) was highly efficient in NIDDM 
[15]: excellent glycaemic control could be obtained 
in newly-diagnosed, diet-resistant, mildly obese 
NIDDM patients with daily insulin doses in the or- 
der of 0.6~0.8 IU/kg, which is not different from the 
CSII doses utilized in insulin-deficient IDDM. There- 
fore, in contrast to what is commonly believed, the 
extent to which the results of acute clamp experi- 
ments have implications for understanding the chron- 
ic regulation of blood glucose in diabetes may be 
questioned; caution is certainly mandatory before 
drawing conclusions on therapeutic choices. 

Plasma insulin and beta-cell function. Except in its 
most severe forms, both fasting plasma insulin and its 
fluctuating levels throughout the day are normal or 
higher than normal in NIDDM. This is the observa- 
tion that has provided the rationale for insulin resist- 
ance in diabetes: if blood glucose remains high de- 
spite substantial levels of insulin, the hormone action 
must be defective. This is obviously a static view of a 
highly dynamic regulatory system, confusing cause 
and effect: what are "substantial" levels of insulin, 
what degree of hyperinsulinaemia is adequate for a 
given degree of hyperglycaemia? Glucose vs insulin 
dose-response curves have been constructed from 
data obtained in acute experiments [16]; however, 
data on long-term induced hyperglycaemia in normal 
subjects do not exist, therefore no normogramme 
can be established that would allow us to determine 
whether a given plasma insulin value in a given dia- 
betic patient is higher or lower than normal. To the 
clinical endocrinologist this is a familiar difficulty: un- 
der the drive of high adrenocorticotrophic hormone 
(ACTH) levels, a patient with partial adrenal insuffi- 
ciency may show "normal" cortisol levels during 
stress; this neither implies ACTH resistance at the 
level of the adrenals, nor exonerates the patient from 
developing Addisonian crisis. Such considerations 
lead me to the conclusion that, in the hyperglycaemic 
patient, I cannot assess whether the plasma insulin le- 
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vel is high, normal or low; hence, from the daily blood 
glucose and plasma insulin levels I cannot evaluate 
whether beta-cell function is normal or abnormal. 

Is the situation simpler in IGT, where only minor 
postprandial hyperglycaemia exists? Indeed not, 
since these subjects are often obese and insulin resis- 
tant. Insulin resistance, described in its simplest 
terms, obviously leads to augmented glycaemic stim- 
ulation of the beta-cell, since blood glucose is less re- 
duced per unit hormone released. (This differential 
in blood glucose elevation is probably too small to 
be measured since it occurs gradually and is rapidly 
dampened by a compensatory increase in insulin se- 
cretion. A similar situation exists in most hormonal 
feed-back regulations; e.g. the elevation of gonado- 
tropins early in menopause before measurable reduc- 
tion in plasma oestrogen). The magnitude of this gly- 
caemic "overdrive" of the beta-cell being a matter of 
estimation, it is impossible to assess the adequacy of 
the insulin response in a given context of insulin re- 
sistance. Attempts have been made to correlate 
quantitatively the insulin response to insulin sensitiv- 
ity [6, 7, 17]; we are however far from having at our 
disposal normogrammes easily applicable to clinical 
and epidemiological assessments of beta-cell func- 
tion in subjects with a wide spectrum of insulin sensi- 
tivity (compare with the situation of parathyroid hor- 
mone/plasma Ca 2 + or aldosterone/urinary Na + ; 
these can be found in standard endocrinology text- 
books!). 

A further cause for conceptual confusion has its 
source in the complexity of the mechanisms by which 
glucose leads to insulin secretion, where interactions 
between stimulatory and inhibitory events dictate 
the phasicity of the release [18]. In the context of the 
present discussion one of these is of paramount im- 
portance: t ime-dependent potentiation of insulin re- 
lease. Indeed, prolonged stimulation with glucose in- 
duces a state of potentiation in the islet, which with 
time amplifies the insulin response, the degree of am- 
plification reaching 200-400 % under some condi- 
tions [18-20]. Consequently, plasma insulin levels 
measured early or late, for example during an oral 
glucose tolerance test (OGTT), may convey quite dif- 
ferent informations on beta-cell function if this mech- 
anism is ignored. A striking example of such an error 
is the belbshaped insulin curve often used by epide- 
miologists to describe changes in beta-cell function 
seen during the reduction of glucose tolerance from 
normal to IGT and NIDDM [1]. This is an artefactu- 
al construction due to the use of 120-min plasma insu- 
lin values in OGTT: patients with IGTwho have high- 
er blood glucose levels throughout the test generate a 
strong signal for potentiation at a time when blood 
glucose is still high enough to stimulate insulin secre- 
tion; the resulting synergism induces the typical late 
insulin peak. (The results are similar when the area 
under the insulin curve is plotted since the increasing 
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late peak values predominate). Also diabetic patients 
induce time-dependent potentiation [21]; however, in 
the face of a reduced secretory capacity, plasma insu- 
lin levels at 120 rain are usually lower than in IGT but 
higher than in normal subjects. As shown earlier [22], 
and emphasized anew by Hales [3], if early (30-rain) 
time-points are chosen, the insulin response to 
OGTT shows a linear fall from normal over IGT to 
NIDDM. Thus, provided the plasma insulin data is 
interpreted with full reference to the physiology of 
insulin secretion, it becomes clear that beta-cell re- 
sponsiveness to glucose is lower than normal in IGT, 
and more so in NIDDM [23]. In fact, the recent inter- 
est in elevated secretion of proinsulin-related pep- 
tides in diabetes [3, 24], whilst important for the fast- 
ing immunoreactive insulin (IRI) levels, does not 
add much to the above discussion, since the decrease 
of total plasma IRI in IGT and NIDDM, corrected 
for blood glucose level and time of stimulation, is of 
such magnitude that an increase in the proportion of 
proinsulin is of little relevance. 

Amplifiers of insulin release. In his For debate paper 
W.S. Zawalich rightfully draws attention to agents 
that amplify the release of insulin (other than the 
t ime-dependent potentiating effect of glucose), con- 
centrating on cholinergic agonists, a topic that has in- 
terested him for considerable time. Indeed, cholin- 
ergic stimulation results in major amplification of in- 
sulin release, provided the beta-cell is already stimu- 
lated by glucose [25], an action similar in kinetic 
terms to that of gut hormones (incretins, e.g. GLP-I 
[26, 27]). This synergism may be of formidable mag- 
nitude; as an example during OGTT, when both 
vagal and incretin actions prevail, plasma insulin 
increases exponentially in response to minute chan- 
ges in blood glucose (we calculated that in normal 
man increase of the hyperglycaemic response 
f r o m -  7 retool/1 t o -  8 retool/1 may double the plas- 
ma insulin response [23]). However, the stand taken 
by Dr. Zawalich seems exaggerated when he regards 
cholinergic and other amplifiers as "more physio- 
logic releasers than glucose", because glucose is a 
"poor" secretagogue in the physiologic range. It is 
true that, in vitro as well as in man, glucose-induced 
insulin release is saturated at the non-physiologic 
range of 20-50 retool/l, with EDs0 values around 8- 
12 retool/1 [23], but this is only an expression of the 
large redundancy with which the islet works (which 
is also true for the insulin stores that are far beyond 
any physiologic need). The sensitivity of insulin re- 
lease in response to glucose is however exquisite: in 
man and in any sensitive physiologic in vitro prepara- 
tion it can be demonstrated that basal release is re- 
sponsive to reduction of glucose from 4-5 retool/1 to 
2.5 and further t o -  1.5 mmol/1, and distinct first- 
phase responses can be obtained with a pulse of 
6.9 mmol/1 glucose [28]. More important perhaps is 

E. Cerasi: Insulin deficiency vs insulin resistance in diabetes 

the fact that neither cholinergic agents nor incretins 
can induce insulin release in the absence of nutrients 
such as glucose. Thus, the physiologic limiting step 
for induction of insulin secretion remains the glucose 
stimulus. This obviously does not detract from the im- 
portance of amplifiers, since a "physiologic" insulin 
response is simply the beta-cell response to the sum 
total of primary as well as amplifying signaIs. It is 
worth remembering, however, that synergistic inter- 
actions are like multiplications, similar results being 
obtained whether the multiplier or the multiplicand 
is increased. Thus, while it is legitimate to postulate, 
as does Dr. Zawalich, that increased cholinergic ac- 
tivity is the first step towards induction of beta-cell 
hyperresponsiveness, a minimal increase in blood 
glucose in the face of an unchanged vagal tonus leads 
to an identical result. 

Beta-cell hyperresponsiveness first? Dr. Zawalich de- 
velops his thoughts regarding vagus-induced beta- 
cell hyperresponsiveness with the specific objective 
of explaining the initial events in the development of 
obesity and NIDDM. As recently reviewed by Jean- 
renaud [29], in several rodents events initiated in the 
central nervous system lead to hyperinsulinaemia 
and obesity, in some hypersecretion of insulin clearly 
antedating (and probably explaining) obesity and in- 
sulin resistance. Does a similar, hyperinsulinaemia 
first, situation exist in human obesity? I am not aware 
of longitudinal studies where beta-cell hyperrespon- 
siveness could be demonstrated in subjects who later 
became obese at a time when their insulin sensitivity 
was still normal. In studies performed in lean young 
adults we found some insulin responses that could be 
as high as those of obese subjects [5]; however none 
of these became obese in the follow-up, 

More established is the view that prediabetic indi- 
viduals are hyperinsulinaemic. This view stems from 
epidemiological studies where hyperinsulinaemia 
was found to be a risk factor for diabetes [2], and 
from the follow-up of high-risk subjects such as the 
offspring of connubial diabetic patients among 
whom those with initial insulin resistance and hyper- 
insulinaemia showed a higher incidence of IGT and 
diabetes in a follow-up lasting several decades [14, 
30]. (It has to be stressed that another study [31] 
does not support these findings). Whilst the present 
view favours insulin resistance as the inherited pri- 
mary event, Dr. Zawalich suggests that hyperrespon- 
siveness of the beta-cell in insulin sensitive subjects, 
induced by cholinergic activation, is the initial event 
which secondarily leads to insulin resistance and, la- 
ter, to NIDDM. What evidence exists for this sugges- 
tion? All clinical studies point to the coexistence of 
insulin resistance and hyperinsulinaemia; in fact in 
some studies hyperinsulinaemia ceases to be a diabe- 
tes risk factor when obesity and blood glucose levels 
are taken into consideration [32]. I believe much of 
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this confusion has been caused by our inability to 
quantify the insulin secretion in relation to the sub- 
ject's insulin sensitivity. As an example, in the Joslin 
prediabetes study, first-phase insulin response to glu- 
cose was either within normal  limits or slightly above 
normal  despite early insulin resistance [14]. This con- 
trasts with the mean  threefold increase of the insulin 
response found in equally insulin resistant non-dia- 
betic obese subjects, or in women in third trimester 
pregnancy [33, 34]. 

Does this mean  that  what has been denominated  
beta-cell hyperresponsiveness in prediabetes is in 
fact hyporesponsiveness in relation to insulin resis- 
tance? The idea is attractive that  a beta-cell unable 
to adapt  its function to decreasing insulin sensitivity 
would eventually cause metabolic decompensat ion.  
The debate concerns the t iming of the beta-cell defi- 
ciency, since there is consensus that  in the overtly hy- 
perglycaemic diabetic patient the beta-cell response 
is secondarily reduced. Dr. Zawalich views the chain 
of events under  the assumption that beta-cell hyper- 
responsiveness persists until exhaustion occurs 
through "glucose toxicity". This is our point  of diver- 
gence: I (and others [35, 36]) claim that, studied with 
correct methodology, normoglycaemic IGT subjects 
present  reduced insulin responsiveness to glucose. 
This is even more  marked  if first-phase insulin re- 
sponse is considered, suggesting that beta-cell func- 
tion is impaired at a t ime when blood glucose is nor- 
mal  most  of the day. (This is not  the place to discuss 
the importance of the short-lasting first-phase insulin 
release for the glucose homeostasis under  physiologi- 
cal conditions; it is sufficient to consider its reduction 
and/or absence as a sign of beta-cell dysfunction.) We 
have found a reduct ion in first-phase insulin response 
also in a populat ion of lean, insulin sensitive, normal  
glucose tolerant subjects [5]. In these persons glu- 
cose tolerance, al though well within normal  limits, 
was significantly lower than in subjects with a high in- 
sulin response [37]. Low insulin responses were found 
also in children [38], which is not surprising in view of 
the significant heritability of the insulin response [39]. 
The incidence of IGT and N I D D M  was 4.5-fold high- 
er over a 5-15 year follow-up in subjects with initially 
low insulin responses [40, 41]. One can hardly incrim- 
inate "glucose toxicity" for inducing low insulin re- 
sponses in children and young adults at a t ime when 
they were strictly normoglycaemic. Can beta-cells be 
driven to exhaustion in the absence of hyperglycae- 
mia? This is possible in vitro: we have obtained ma- 
jor desensitization of rat islet cultures by chronic ex- 
posure to cAMP-generat ing agents [42], and Dr. 
Zawalich shows similar results with cholinergic stim- 
ulation (see Fig. 2 in his For debate article). In con- 
trast, it is doubtful  whether  this can be reproduced in 
vivo, where reduct ion of the beta-cell mass and expo- 
sure to glucose are usually prerequisites for inducing 
desensitization of the islet [43]. Among  several natu- 
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ral models, Dr. Zawalich cites the sand rat as support  
for his thesis, since this rodent  develops nutrition-in- 
duced insulin resistance, obesity and diabetes. We 
have recently demonstrated,  however, that  once the 
sand rat is hyperglycaemic, most  circulating IRI  is in 
fact proinsulin-related peptides, the islets being se- 
verely depleted of insulin [44]; these events occur 
within days of weaning (Gadot  et al., unpublished 
data). We therefore believe that a yet unidentif ied 
defect in the synthesis and/or handling of insulin in 
the beta-cell prepares the ground for the inability of 
the insulin secretion to cope with increased demand  
in this model  of obesi ty/NIDDM. (See Note added 
in proof) 

No one event first? The controversy of whether  defec- 
tive beta-cell function or defective insulin action con- 
stitutes the initial defect in the development  of 
N I D D M  will probably remain with us for some time, 
but the question is whether  it really matters. Most ev- 
idence seems to indicate that  reduced beta-cell re- 
sponsiveness (with the caveats discussed above) and 
reduced insulin sensitivity go hand-in-hand f rom the 
very beginning. Both  insulin secretion and insulin ac- 
tion are genetically controlled [39, 45] and/or influ- 
enced by intrauterine and neonatal  factors [46, 47]. 
Both  show considerable variation in the normogly- 
caemic population. It is in the logic of physiological 
regulatory loops that  two variables such as insulin se- 
cretion and insulin action should vary inversely in a 
closely l inked manner.  The inability of one of them 
to fully follow changes in the other would generate a 
functional deficit which, if cumulative (e. g. over a 
prolonged period), could lead to IGT. One could sug- 
gest that  we are simply observing the normal  distribu- 
tions of insulin secretion and of insulin action; the 
lower the secretion, the higher the insulin sensitivity 
has to be to maintain normal  glucose homeostasis, 
and vice versa. Since extreme reduction in one func- 
tion would necessitate extreme augmentat ion in the 
other, such subjects would indeed run a high risk of 
becoming diabetic. For less extreme reductions, 
beta-cell function and insulin action should be con- 
templated on a continuous scale of risks, where sub- 
jects combining low functions would run an inversely 
greater risk of decompensat ing for the glucose toler- 
ance. My own biases make  me ascribe greater weight 
to reduction in beta-cell function than to reduction 
in insulin action; nevertheless, the principle of com- 
bining quantitative risks remains unaltered. It should 
be re-emphasized that  what is meant  here by, e.g. in- 
sulin response is not given insulin values, but  the 
range of responses that are within the capacity of the 
beta-cells of a given subject; thus, a low insulin re- 
sponder is a subject whose range of responses is in 
the lower end of the distribution. Both  regarding in- 
sulin product ion and insulin action, it seems reason- 
able to assume that  subjects whose functional capac- 
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ity is at the  lower  end  of  the  s p e c t r u m  would  be  m o r e  
sensit ive,  in t e rms  of  d iabe tes  susceptibili ty,  to fac tors  
tha t  fu r the r  r educe  the  func t ion  (age,  e n v i r o n m e n t a l  
toxins, amyl in  depos i t ion  [48], "g lucose  toxici ty" ,  
etc. for  the  be t a  cell; age, obesity,  d e c r e a s e d  physica l  
activity, etc. for  insulin act ion) .  

I f  the  pa thogenes i s  o f  N I D D M  is cons ide red  in the  
a b o v e  t e r m s  of  stat ist ical  r isks r e l a t ed  to quan t i t a t ive  
changes  in " func t iona l  capabi l i t ies" ,  the  ques t  should  
no t  be  for  a gene  tha t  cont ro ls  a specif ic s tep in, e.g.  
be ta -ce l l  r ecogn i t ion  of  g lucose  ( the g lucok inase  
gene  [49] e x a m p l e )  but  for  genes  tha t  o rches t r a t e  the  
r e spons iveness  and  adap tab i l i ty  of  the  islet. These  re-  
m a i n  to be  ident if ied.  
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Note added in proof." That this belief is correct has recently 
been demonstrated in another model, the C57BL/KsJ-fat/fat 
mice. These "hyperinsulinaemic", hyperglycaemic animals in 
fact have a mutation in carboxypeptidase H, resulting in the 
production of diarginyl insulin (and secondary hyperproinsuli- 
naemia); therefore the circulating insulin-like peptides show 
low biological activity, explaining the hyperglycaemia of the 
animals [50]. 


