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Role of insulin resistance in the pathogenesis of NIDDM 
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The ability of body tissues to increase glucose uptake 
in response to a standardized, physiological dose of in- 
sulin varies at least fivefold, even in non-diabetic sub- 
jects (Fig. 1) [1]. This large variability in insulin sensi- 
tivity is of considerable interest as those with a blun- 
ted biological response to insulin have an increased 
risk for developing non-insulin-dependent diabetes 
mellitus (NIDDM) and its complications, especially 
macrovascular disease. This has been demonstrated 
in Native [2], Mexican [3, 4] and Japanese [5, 6] Amer- 
icans, Nauruans [7] and Caucasians [8-11]. However, 
our understanding of the association between insulin 
resistance and N I D D M  is far from complete. It is high- 
ly controversial whether  insulin resistance, which ap- 
pears necessary, although not sufficient, to cause 
NIDDM, is acquired, genetic, or genetic but medi- 
ated via known genetic causes of insulin resistance 
such as abdominal fat distribution [12]. This review 
will describe, first, the major causes of variation in in- 
sulin action in normal subjects. The purpose is to em- 
phasize the need to quantitate and consider all such 
factors before attributing insulin resistance to 'new' 
causes such as smoking [13], hypertension [14] or a 
positive family history for N I D D M  [15, 16]. In the sec- 
ond part, the ability of chronic hyperglycaemia to 
cause insulin resistance ( ' the glucose toxicity con- 
cept'), and its implications for the pathogenesis and 
t reatment  of N I D D M  will be reviewed. 
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Fig. 1. Variation in insulin sensitivity in 177 Finns with normal 
fasting plasma glucose and glycated haemoglobin concentra- 
tions. Each subject received a euglycaemic hyperinsulinaemic 
insulin clamp (insulin infusion rate 1 mU-kg -1. min-1). The 
glucose infusion rate required to maintain normoglycaemia be- 
tween 20-120 min was used as the measure of whole body insu- 
lin sensitivity. Unpublished data and data from references [25, 
31,105,121-123] 

Variation in insulin action in normal subject~" 

Simply knowing the age and degree of relative obe- 
sity (body mass index) is insufficient to explain more 
than - 35 % of the variability in insulin action in nor- 
mal people (Fig. 1), even when insulin sensitivity is 
quantitated using the gold standard technique, the 
euglycaemic insulin clamp [17], in the same labora- 
tory in one homogenous ethnic group such as the 
Finns (Fig. 1). 

Physical fitness. The close correlation between maxi- 
mal aerobic power (VO2max) and whole body insu- 
lin sensitivity is well known [18, 20], but often ne- 
glected [13-16]. For example, after considering 
VO2max as a confounding variable, no significant 
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Fig. 2. Effect of body composition and maximal aerobic power 
on insulin sensitivity. The weight lifters ([]) differ from the 
other two groups by their high percent muscle of body weight, 
while the runners (N) have a higher VO2max than either the 
weight lifters or the control subjects ( �9  *p < 0.05 or less vs 
other groups. Glucose uptake per kg of body weight (lower 
left panel) is increased in both weight lifters and runners com- 
pared to untrained subjects, while glucose uptake expressed 
per kg muscle tissue, is only increased in the runners. Adapted 
with permission from reference [25] 

[21] or a marginally significant [22] deterioration in 
insulin action at physiological insulin concentrations 
was found in patients with essential hypertension in 
two recent studies (Fig. 2). Of course, hypertension 
per se might worsen VO2max and thereby insulin ac- 
tion, but these studies emphasize the need at least to 
consider known determinants of insulin sensitivity. 
Recently, it was also demonstrated that smokers are 
more insulin resistant than non-smokers [13]. Whe- 
ther this is due to some component  of cigarette 
smoke per se or to physical inactivity, which one intu- 
itively might predict to be more frequent among 
smokers than non-smokers, remains to be tested. Re- 
garding insulin resistance in relatives of patients with 
NIDDM, VO2max has been measured in two studies 
[23, 24]. In the Pima Indians, insulin resistance ap- 
pears familial and independent  of physical fitness 
[23] while in a recent study in Caucasians [24], rela- 
tives of patients with N I D D M  were not resistant af- 
ter controlling for physical fitness. These data sug- 
gest that one may have to reconsider the idea that in- 
sulin resistance is a familial or genetic trait indepen- 
dent of physical fitness in NIDDM. 

Body composition. Since muscle tissue is the major 
target for insulin-stimulated glucose disposal, a high 
muscle mass enhances glucose utilization [25] and 
glucose tolerance [26] independent  of physical fit- 
ness (Fig. 2). To control for this confounding variable 
in studies aimed at defining primary defects in 
NIDDM, the fat free or muscle mass should be deter- 
mined. 

Gender. Women have a lower incidence of cardiovas- 
cular disease than men [27], and also typically have, 
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during the fertile age, lower serum triglyceride and 
uric acid concentrations, a higher serum H D L  2 cho- 
lesterol concentration and a lower waist-to-hip ratio 
compared t ~ men [28-30]. These changes are all indi- 
cative of enhanced insulin sensitivity in women. How- 
ever, two confounding factors have to be considered 
when comparing insulin sensitivity between men and 
women. First, women have a greater relative fat 
mass and lower muscle mass than men, and women 
also have on the average an approximately 20 % low- 
er VO2max than men  [31, 32]. If equally fit men and 
women are compared and glucose uptake deter- 
mined directly in skeletal muscle, women are more 
sensitive to insulin [33]. Because of the difference in 
body composition, rates of glucose uptake are simi- 
lar between equally fit men and women if expressed 
per kg of body weight [31]. The gender difference in 
insulin sensitivity appears to be explained by sex ste- 
roid levels although it has been difficult to establish 
causality in human studies. In rats, ovariectomy in- 
duces insulin resistance in skeletal muscles which is 
restored by oestrogen replacement [34]. Treatment 
of female rats with testosterone using doses which in- 
crease serum testosterone concentrations in female 
rats to concentrations found in normal male rats cau- 
ses insulin resistance, and changes in muscle mor- 
phology such as decreases in capillary density and in- 
sulin-sensitive muscle fibre types [35]. 

Obesity. Obese subjects have a greater fat mass and 
lean body mass than non-obese subjects [36]. Be- 
cause muscle cells do not multiply, the increase in 
lean body mass involves muscle cell hypertrophy and 
a decrease in muscle capillary density [37]. Obese in- 
dividuals also have a greater percent of glycolytic in- 
sulin-resistant fibres and a lower percent of oxida- 
tive insulin-sensitive fibres [36, 38]. Whether  these 
morphological changes are causes or consequences 
[39] of hyperinsulinaemia in the obese is presently 
unclear. However, it appears clear that the cellular 
(extraction of glucose) rather than the vascular (in- 
ability of insulin to reach muscle cells or to stimulate 
muscle blood flow) defect appears to be rate-limiting 
for insulin stimulation of glucose uptake, because glu- 
cose uptake is markedly reduced in obese subjects 
even under conditions where the interstitial insulin 
concentrations are higher in obese than in non-obese 
subjects [40]. 

Intra-abdominal fat. Since the pioneering studies of 
J. Vague [41], fat distribution has been known to influ- 
ence glucose tolerance and insulin sensitivity inde- 
pendent of overall adiposity [29, 42]. The amount of 
intra-abdominal fat seems to be the critical determi- 
nant of the impact of regional adiposity on glucose 
metabolism. Both hepatic glucose production and pe- 
ripheral glucose utilization are more resistant to insu- 
lin in upper than lower body obesity [42]. Omental  fat 
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Fig. 3. Relationship between ratio of intra-abdominal vs total 
fat, as determined by MRI scanning, and whole body insulin 
sensitivity in normoglycaemic black men with NIDDM. Adap- 
ted with permission from reference [49] 

cells mobilize more  non-esterified fatty acids than 
subcutaneous fat ceils, possibly due to greater /33 - 
and decreased a2-adrenoreceptor function [43]. The 
ensuing greater hepatic resistance induces hyperinsu- 
l inaemia both by reducing hepatic insulin clearance 
and sensitivity [42, 44]. Hyperinsul inaemia itself is 
able to induce both  insulin resistance [45], and an in- 
sulin-resistant fibre type [39] in skeletal muscle. 
Overfeeding experiments in identical twins suggest 
that  regional fat deposit ion is under  strong genetic 
control  [12]. Populations with a high prevalence of 
N I D D M  such as the Pima Indians [46], Mexican 
Americans  [47] and Japanese Americans  [6] all have 
a higher prevalence of abdominal  obesity and a great- 
er degree of insulin resistance [3, 6, 48] than Cauca- 
sians. Since the ratio of intra-abdominal/ total  fat 
mass, especially when de te rmined  by computer ised 
tomography (CT) [49] or magnet ic  resonance imag- 
ing (MRI) [50] scanning, is highly inversely corre- 
lated with insulin sensitivity (Fig.3), one may ask 
whether  the differences in regional fat distribution, 
obesity and physical fitness could account for racial 
differences in insulin sensitivity. 

Location o f  defects in insulin action in vivo 

Under  basal and postprandial  hyperglycaemic condi- 
tions, the absolute rate of glucose utilization is nor- 
mal  in N I D D M  [51] because hyperglycaemia com- 
pensates by glucose mass-action for peripheral  insu- 
lin resistance [1], and hyperglycaemia cart be attrib- 
u ted to excessive basal hepatic glucose product ion 
and its impaired suppression postprandially [52, 53]. 
However,  if glucose uptake is measured  under  condi- 
tions where glucose and insulin concentrat ions are 
identical in non-diabetic and diabetic individuals, a 
major  defect in glucose uptake is observed. The ensu- 
ing discussion is focused on critically examining at- 
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Fig.4. Components of glucose uptake. During hyperinsulin- 
aemia (serum insulin - 100 mU/1), the component of glucose 
uptake not altered by insulin resistance ( [] ) includes non-insu- 
lin-dependent glucose oxidation, such as that which occurs in 
the brain (- i mg. kg -1 �9 min -1) [55-58], and insulin-sensitive 
glucose oxidation which does not become insulin resistant 
such as that which occurs in the heart (- 0.5 rag. kg -1 . min -1) 
[62]. The other component of glucose uptake, which is altered 
by insulin resistance includes non-oxidative glucose disposal 
[59], and some fraction of oxidative glucose disposal (the sum 
of the black and the hatched bars). Data for control subjects 
and IDDM patients adapted with permission from reference 
[73]. *** p < 0.001 

tempts  to localize the defect in glucose utilization to 
non-oxidative (predominantly glucose storage) and 
oxidative pathways of glucose metabolism. 

Glucose oxidation and storage. In vivo, the rate of glu- 
cose utilization is commonly  de termined using the 
euglycaemic insulin clamp technique combined with 
an infusion of [3-3H]glucose [54]. If glucose oxida- 
tion is simultaneously de termined using indirect calo- 
rimetry, the rate of non-oxidative glucose disposal 
can be calculated by subtracting the rate of glucose 
oxidation f rom total glucose utilization [54]. One 
may then calculate the percent  of total glucose utili- 
zation that  is disposed oxidatively and non-oxidative- 
ly. When  such calculations are applied to compare  in- 
sulin-resistant individuals and normal  subjects, it is 
usually found that the rate of non-oxidative glucose 
disposal, a measure  of glycogen synthesis (glucose 
storage), is more  reduced than the oxidative compo- 
nent  [15]. Such findings have been interpreted to in- 
dicate that  insulin resistance is localized to pathways 
of glycogen synthesis. However,  three factors need 
to be considered before dogmatically accepting this 
conclusion. First, glucose oxidation includes a fixed 
non-insul in-dependent  componen t  (brain glucose ox- 
idation, [55-58]) while non-oxidative glucose dis- 
posal during hyperinsulinaemia closely parallels insu- 
lin-sensitive glucose storage [59]. Second, insulin-sen- 
sitive glucose oxidation includes an appreciable com- 
ponent  (heart glucose oxidation, [60, 61] ) which does 
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Fig. 5. Percent of glucose stored calculated from insulin-sensi- 
tive glucose uptake ( -e- )  and from total glucose uptake 
(-O-). If calculated by dividing the rate of glucose oxidation by 
total glucose disposal without considering the component of 
glucose oxidation that is not decreased by insulin resistance, 
the percent glucose stored will decrease as a function of total 
glucose uptake even if it is constant, as assumed in this exam- 
ple. Adapted with permission from reference [64] 

not seem to become insulin-resistant [21, 62]. These 
two fixed components decrease the relative amount 
of glucose stored in insulin-resistant individuals even 
when the relative reductions in glucose oxidation 
and storage are similar (Figs. 4 and 5). Third, when 
glucose uptake is determined at high physiological in- 
sulin concentrations, glucose oxidation is quantita- 
tively less important than glucose storage. The likeli- 
hood of missing a defect in glucose oxidation is there- 
fore greater for glucose oxidation than storage. The 
net effect of these three factors is that glucose stor- 
age will always be more affected in insulin-resistant 
individuals, and that the likelihood of detecting a de- 
fect in insulin-stimulated glucose oxidation is much 
lower than that of detecting a defect in non-oxidative 
glucose disposal. 

To more reliably estimate the contribution of de- 
fects in glucose oxidation and storage to decreases in 
whole body glucose disposal, the fraction of glucose 
oxidation which is either insulin-independent or not 
affected by insulin resistance, needs to be estimated. 
One possibility is to determine glucose oxidation in 
the basal state, and consider this rate to represent 
non-insulin-dependent glucose oxidation [63, 64]. 
This approach has two limitations. First, a small pro- 
portion of basal glucose oxidation is insulin-depen- 
dent [65], and second, the presence of insulin-sensi- 
tive glucose oxidation, which is not influenced by in- 
sulin resistance will be neglected. Even so, by sub- 
tracting basal glucose oxidation from glucose oxida- 
tion during hyperinsulinaemia, Del Prato et al. [63] 
found that the percent of glucose oxidized and 
stored of total glucose disposal was similar between 
patients with NIDDM and control subjects. The best 
way theoretically is to measure glucose oxidation di- 
rectly using local indirect calorimetry across muscle 
tissue, which is the quantitatively most important lo- 
cation for insulin-stimulated glucose utilization [54]. 
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Using this technique, Kelley et al. [19] found that pa- 
tients with NIDDM oxidized 50 % less glucose than 
matched non-diabetic subjects under normoglycae- 
mic hyperinsulinaemic conditions. This relative re- 
duction in glucose oxidation is appreciably higher 
than that found in studies using indirect calorimetry 
[15, 59, 66]. In insulin-dependent (IDDM) patients, 
the percent glucose oxidized and stored is similar to 
that in non-diabetic patients, assuming brain glucose 
oxidation to be i mg �9 kg -1 �9 min -1, and heart glucose 
uptake (0.5 mg- kg -a- min -1, [62]) to consist of glu- 
cose oxidation [60]. These data imply that there is a 
need to reconsider the glycogen synthetic pathway 
as the predominant location of insulin resistance. Of 
course, even if the percent of glucose oxidized a n d  
stored is similar in insulin-resistant and sensitive indi- 
viduals, this does not exclude the possibility that de- 
fects along the glycogen synthetic pathway cause in- 
sulin resistance, but does indicate that such a defect 
will induce a rate-limiting defect at the level of glu- 
cose transport or phosphorylation. 

Glucose extraction and blood flow. Limb glucose up- 
take can be determined using the Fick principle by 
multiplying the glucose arterio-venous (AV) differ- 
ence by blood flow. In normal subjects, insulin rap- 
idly increases the glucose AV-difference, a measure 
of cellular glucose extraction, to its maximum 
(Fig. 6) [67]. Insulin also increases blood flow but 
this effect of insulin differs from stimulation of glu- 
cose extraction in two important ways. First, stimula- 
tion of blood flow requires higher, supraphysiologi- 
cal plasma insulin concentrations than stimulation of 
glucose extraction [68, 69], (Fig. 6). Second, the re- 
sponse of blood flow to insulin is gradual and 
reaches maximum after several hours of insulin stim- 
ulation, while glucose extraction is maximal within 
30 to 90 min [68, 69]. Based on this physiological 
knowledge, one may predict that variation in insulin 
action in normal subjects is more likely to be attribut- 
able to blood flow at supraphysiological than physio- 
logical insulin concentrations while differences in 
glucose extraction distinguish between sensitive and 
insensitive individuals under physiological condi- 
tions. Abundant  experimental evidence indicates 
that this indeed is the case. Thus, defects in insulin ac- 
tion on blood flow have been described in both obese 
subjects [68], and patients with IDDM [70], NIDDM 
[71] and essential hypertension [72], when glucose 
uptake has been measured during high-dose insulin 
infusions lasting up to 9 h. On the other hand, during 
short-term insulin infusions lasting 2-3 h, defects in 
glucose uptake are due to defects in glucose extrac- 
tion in obese subjects [40], and patients with IDDM 
[73], NIDDM [74, 75] and essential hypertension [76]. 

A fundamental question regarding defects in insu~ 
lin stimulation of blood flow is whether such defects 
are indeed responsible for the decrease in glucose up- 
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Fig.6. The glucose AV-difference (glucose extraction) and 
forearm blood flow plotted as a function of time during three 
sequential intravenous insulin infusions (2 h each, serum insu- 
lin 61,139 and 462 mUff). Adapted with permission from refer- 
ence [69]. *p < 0.05; **p < 0.01;p < 0.001 vs 0-1h (basal) 

take. Data  addressing this question are controversial. 
Baron et al. [77] infused metacholine into the femoral  
artery of healthy volunteers and observed significant 
increases in both  blood flow and leg glucose uptake.  
In contrast, Natali et al. [78] infused adenosine into 
the brachial artery but  found no enhancement  in glu- 
cose uptake despite a significant increase in blood 
flow. In this study, the increase in flow was entirely 
counterbalanced by a significant decrease in the glu- 
cose AV-difference. 

Is there a familial or genetic defect in insulin action in 
relatives o f  patients with "common' NIDDM? 

A positive family history is the single most  important  
factor, independent  of physical fitness and obesity, in 
determining susceptibility to N I D D M  [10, 46, 79-  
82]. It has recently been proposed,  in cross-sectional 
studies, that  individuals with a positive family history 
for N I D D M  are more  insulin resistant than those 
with a negative family history, and that  insulin resist- 
ance may be genetically de te rmined  in such individu- 
als [15, 83-85]. Some potent ia l  shortcomings of these 
studies should be considered before pursuing the hy- 
pothesis that  insulin resistance is the primary abnor- 
mality predisposing to NIDDM.  The studies in- 
cluded a small number  of relatives (13 to 20), and in 
none  of the studies were all parameters,  especially in- 
t ra-abdominal  fat and maximal aerobic power,  which 
profoundly influence insul in  action in normal  sub- 
jects, determined.  This would seem important  partic- 
ularly when a small number  of subjects is studied, to 
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accurately control for known causes of variation in in- 
sulin action, and to avoid recrui tment  bias. Further- 
more,  in the study in which identical twins discor- 
dant  for N I D D M  were studied, an insulin secretory 
defect and normal  insulin sensitivity was found in 
twins with normal  glucose tolerance [84]. Insulin sen- 
sitivity was impaired only in the twins with impaired 
glucose tolerance [84]. In a recent study by Banerji  
et al. [49], where intra-abdominal  fat mass was deter- 
mined  using CT scanning in normoglycaemic black 
N I D D M  men,  whole body insulin sensitivity was 
strongly inversely (r = -0.81) related to intra-abdomi- 
nal fat (Fig. 3) but not to body mass index or adipose 
tissue volume,  and only weakly related to the waist- 
to-hip ratio (r = -0.49). It was proposed that  insulin 
resistance in black N I D D M  men  is exclusively a con- 
sequence of increased intra-abdominal  adipose tis- 
sue mass. In Pima Indians [23], insulin resistance is a 
familial characteristic which is not explained by gen- 
der, age, body mass index or physical fitness. The 
Pima Indians, who have the highest prevalence of 
N I D D M  in the world [86], are more  insulin resistant 
than Caucasians [48]. However,  when de termined  us- 
ing the waist-to-thigh circumference as a measure of 
abdominal  obesity, the Pima Indians are also more  
abdominally obese than the Caucasians [48]. It is un- 
clear to what  extent intra-abdominal  fat mass, if 
quant i ta ted by some direct method,  would explain in- 
sulin resistance in this population.  The Mexican 
Americans  [3, 4] who have a negative family history 
of N I D D M  are equally as sensitive to  insulin as Cau- 
casians matched for age, weight, gender  and intra-ab- 
dominal  obesity, as measured  by MRI  scanning [87]. 
Whether  the same would be true for Mexican Ameri-  
cans who have a positive family history of N I D D M  is 
presently unknown.  

Ano the r  argument,  not explored in detail here, 
which questions the role of insulin resistance as a pri- 
mary genetic defect in the pathogenesis of NIDDM,  
is the evidence gathered in over 20 prospective stud- 
ies. These studies have demonst ra ted  that  insulin re- 
sistance only predicts N I D D M  in individuals with a 
low acute insulin response [8, 9, 81, 88-90], even in 
extremely insulin-resistant populat ions such as the 
Pima Indians [89]. Fur thermore ,  in prospective stud- 
ies both  insulin resistance [3, 4, 6, 8-10, 79, 81, 89- 
92], and markers  of insulin resistance such as obesity 
[7, 9, 10, 81, 82, 88-100], abdominal  fat distribution 
[4, 6, 89, 94], physical inactivity [80, 81, 95, 97, 99], a 
low sex-hormone-binding globulin concentrat ion [4, 
92] and macrovascular disease [81, 90], as welt as in- 
sulin-secretory defects [5, 8, 9, 81, 88, 89, 91] have 
predicted NIDDM.  

A problem in the prospective studies is that  insulin 
secretory defects can only be accurately compared  
between two groups if the groups are matched for 
factors which affect insulin secretion. Since subjects 
who develop N I D D M  are usually more  obese, physi- 
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Fig.7. Plasma glucose (top) and insulin (bottom) concentra- 
tions in hyperglycaemic clamp experiments in 100 normal vol- 
unteers of European ancestry. Reproduced with permission 
from reference [101] 

cally inactive and insulin resistant than those who do 
not, comparison of insulin secretion has to be done 
using statistical procedures that adjust for differ- 
ences between individuals with and without a posi- 
tive family history. This approach is unlikely to be as 
accurate as study of carefully matched groups, be- 
cause it assumes a linear relationship between insu- 
lin secretion and sensitivity. In a recent cross-sec- 
tional study, which included 100 volunteers of Euro- 
pean ancestry, individuals with and without a first-de- 
gree NIDDM relative were carefully matched for 
age, body mass index, gender and the waist-to-hip ra- 
tio. It was found that those with a positive family his- 
tory for NIDDM were equally sensitive as those 
with a negative family history, but had diminished 
first and second phase insulin release as determined 
by the hyperglycaemic clamp technique (Fig.7) 
[101]. Even these data should be interpreted with 
Caution. First, in Caucasians, patients with late-onset 
IDDM may erroneously be classified as having 
NIDDM [102]. Second, the matching of study sub- 
jects makes insulin resistance look unimportant in 
the pathogenesis of NIDDM although it clearly is an 
important risk factor for developing NIDDM, ac- 
cording to the prospective studies. Third, even in this 
study abdominal fat mass and VO2max were not de- 
termined. This may, however, be of lesser concern 
than in the previous studies [15, 84, 85] since a large 
number of subjects was studied and no difference in 
insulin sensitivity was found. 
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Fig.& Diurnal plasma glucose and insulin concentrations in 
studies where eight IDDM patients received identical diet 
and insulin dose on two study occasions. On one occasion, sa- 
line (NaC1) was infused, on the other 10 % glucose was in- 
fused to increase plasma glucose to - 17 mmol/1. The follow- 
ing day (Fig. 9), forearm glucose uptake was determined un- 
der similar conditions of glycaemia and insulinaemia. Repro- 
duced with permission from reference [116] 

Glucose toxicity - the c o m m o n  acquired cause o f  
insulin resistance in I D D M  and N I D D M  

In any type of diabetes, NIDDM [103], IDDM [104, 
105] or pancreatogenic [106], insulin sensitivity is im- 
paired compared to matched non-diabetic individu- 
als. In patients with IDDM, insulin sensitivity is nor- 
mal if glycaemic control is normal, as in patients who 
are in clinical remission [107], or  in whom glycaemic 
control has been normalized by intensive insulin ther- 
apy [108-110]. The normalization of insulin sensitiv- 
ity during intensive insulin therapy is observed in the 
face of unchanged or diminished insulin require- 
ments and free insulin concentrations [108-110] sug- 
gesting that factors other than insulin deficiency con- 
tribute to normalization of insulin sensitivity. In pati- 
ents with NIDDM, any intervention which lowers 
plasma glucose concentrations seems to improve in- 
sulin sensitivity [111]. The degree of insulin resist- 
ance is inversely correlated with average g lycaemic  
control in both patients with NIDDM [2, 112, 113] 
and IDDM [105, 114]. Direct proof of the ability of 
hyperglycaemia per se to induce insulin resistance 
has been obtained in studies in patients with IDDM 
[115, 116] as well as in studies performed in diabetic 
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Fig.9. Forearm glucose AV-difference and blood flow after 
24 h of hyperglycaemia and after 24 h of normoglycaemia (see 
Fig. 8). Exposure to hyperglycaemia decreased forearm glu- 
cose uptake significantly due to a decrease in glucose extrac- 
tion (*p < 0.05 for hyper- vs normoglycaemia) 

rats [117, 118]. In IDDM,  simply increasing the glu- 
cose concentration for 24 h is sufficient to induce in- 
sulin resistance in skeletal muscle [115, 116] (Figs. 8 
and 9). In mildly diabetic rats, selective treatment of 
hyperglycaemia with phlorizin, which normalizes 
plasma glucose concentrations without changing 
plasma insulin concentrations, via inhibition of glu- 
cose reabsorption in the proximal tubuli, normalizes 
insulin sensitivity [117] and secretion [118]. The abil- 
ity of hyperglycaemia itself to impair both insulin 
sensitivity and secretion has been referred to as 'glu- 
cose toxicity' [1,111,119]. 

The glucose toxicity concept has widespread impli- 
cations for both the pathophysiology and treatment 
of N I D D M .  First, as hyperglycaemia itself self-per- 
petuates the diabetic state, it may significantly con- 
tribute to the natural course of N I D D M ,  which is 
characterized by gradual loss of insulin secretion and 
progressive impairment in insulin sensitivity [2]. Fur- 
thermore, hyperglycaemia might also contribute to 
the transition from impaired to diabetic glucose toler- 
ance. 

Regarding treatment of hyperglycaemia, it is well- 
established that every intervention be it diet, weight 
loss, inhibition of glucose absorption by acarbose or 
hepatic glucose production by metformin, stimula- 
tion of insulin secretion by sulfonylureas improves 
both glycaemia and insulin sensitivity [111]. Since 
glycaemia itself is a determinant of insulin sensitiv- 
ity, concepts such as the existence of direct extrapan- 
creatic effects of antihyperglycaemic agents can be 
questioned. Indeed, the current consensus seems to 
be that such direct effects are unlikely to be of clini- 
cal significance [120]. 

Conclusion 

The above discussion illustrating the multitude of 
variables which influence insulin sensitivity in nor- 
mal subjects challenges the prevailing view that insu- 
lin sensitivity is genetically determined in patients 
with NIDDM.  The lack of accurate quantitation of 
all determinants of insulin sensitivity in the cross-sec- 
tional studies, and the difficulty in distinguishing be- 
tween insulin secretion and sensitivity in prospective 
studies implies that the inherited metabolic abnor- 
mality in N I D D M  still remains to be defined. The 
methodological difficulties in assessing the fate of 
glucose in many insulin-resistant states raise the pos- 
sibility that defects in glycogen synthesis may not be 
rate-limiting for insulin action. It seems more likely 
that defects in glucose transport or phosphorylation 
are rate-limiting for glucose disposal, and thus repre- 
sent either the primary regulatory steps or the steps 
via which distal defects signal their influence on glu- 
cose uptake. 

The above considerations should not be inter- 
preted to suggest that insulin resistance is unimpor- 
tant in the pathogenesis of NIDDM.  It clearly in- 
creases the risk of developing N I D D M ,  and more im- 
portantly, its early amelioration by lifestyle modifica- 
tion seems sufficient to prevent N I D D M  [81]. 
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