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Abstract

Regulation of glycaemia represents a fundamental
biological principle, and its failure underlies Type 2
diabetes. The complex aetiology of Type 2 diabetes,
which probably involves a medley of molecular mech-
anisms, requires dissection out of diabetes-associated
subphenotypes, such as the non-obese with increased
liver fat or the obese with low plasma adiponectin.
The concepts of the hyperbolic relationship of insulin
secretion and insulin sensitivity with glucose allosta-
sis help us to establish the pathophysiological frame-
work within which such mechanisms must operate.
The translation of burgeoning new basic science find-
ings into a physiological and clinical context calls
for novel and imaginative clinical experimental tools.
For the purpose of this review, four molecules
(adiponectin [APM1], stearoyl CoA desaturase-1
[SCD1], insulin receptor substrate-1 [IRS1], peroxi-
some proliferator-activated receptor-y [PPARG]), each
with a plausible role in the disease process, have been

selected to illustrate the use of such techniques in hu-
mans. These include procedures as diverse as isotope
dilution for turnover studies (e.g. glycerol turnover as
a proxy for lipolysis), conventional and modified
clamp procedures, association studies of functionally
relevant single nucleotide polymorphisms in candidate
genes (e.g. IRS-1 and PPARY), multivariate correla-
tional analyses (as with plasma adiponectin), magnetic
resonance spectroscopy to quantify intra-tissue lipid
deposition and regional fat distribution, and gas
chromatography to determine fatty acid patterns in se-
lected lipid fractions as proxy for intrahepatic enzyme
activity. A concerted effort by scientists from many
disciplines (genetics and cell biology, physiology and
epidemiology) will be required to bridge the growing
gap between basic scientific concepts of biological
modifiers of glycaemia and concepts that are truly
relevant for human Type 2 diabetes.
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Introduction

The regulation of glucose levels is a fundamental bio-
logical process that becomes deranged in diabetes
mellitus, a condition that affects millions of people
around the world [1] and, via its associated complica-
tions, imposes enormous strain on health care systems
[2]. Some 90% of affected individuals have Type 2 di-
abetes mellitus, and within this category no more than
10% can be accounted for by monogenic forms such
as maturity-onset diabetes of the young [3], by mito-
chondrial diabetes [4], or by late-onset autoimmune
diabetes [5]. The common form of Type 2 diabetes is,
in itself, likely to represent a melting pot of disease



M. Stumvoll: Control of glycaemia: from molecules to men. Minkowski Lecture 2003 771

entities that differ in terms of aetiology and pathogen-
esis. By definition, whatever the primary aetiology,
all of these mechanisms culminate in the inability to
regulate hyperglycaemia.

Traditionally, little effort has been made to distin-
guish between one person with Type 2 diabetes and
another, except perhaps for the distinction between the
lean and the obese. Our knowledge about the patho-
genesis of this condition has, however, advanced to a
stage where pathophysiological substratification into
categories such as beta cell dysfunction, increased en-
dogenous glucose production or impaired insulin-
stimulated glycogen storage has become possible.
Having said this, such characterisation is virtually im-
possible after the onset of overt hyperglycaemia and
associated metabolic derangements, because hypergly-
caemia can, in itself, induce all of these abnormalities.
Nevertheless, an understanding of the molecular
mechanisms underlying the loss of normoglycaemia
will form the essential basis for our ultimate success
in predicting, preventing and treating Type 2 diabetes.
This requires us to have a clear idea about the general
principles of control of glycaemia in humans, espe-
cially in the pre-diabetic state.

This review will identify the principal physiologi-
cal constraints within which any mechanism affecting
glycaemia must operate. The aim will be to provide a
framework within which the flow of new knowledge
from disciplines ranging from genetics and cell biolo-
gy to physiology and epidemiology can be channelled
into the identification of molecules truly relevant for
human Type 2 diabetes. Within this framework each
and every advance in basic science will need to be
scrutinised carefully before its relevance for human
disease can be accepted.

The hyperbolic law of glycaemia

Normoglycaemia is maintained by the balanced inter-
play between insulin action and insulin secretion. This
prevents not only the development of hyperglycaemia
(Type 2 diabetes) but also of hypoglycaemia. In hu-
mans with normal glucose tolerance, a decrease in in-
sulin action is accompanied by up-regulation of insu-
lin secretion (and vice versa). Figure 1 illustrates the
curvilinear relationship between beta cell function
and insulin sensitivity in subjects with normal glucose
tolerance. It is thought to indicate beta cell compensa-
tion for insulin resistance [4, 5, 6, 7]. Mathematically,
this relationship is best approximated by a hyperbolic
function, with the product of beta cell function and in-
sulin sensitivity being constant. This constant has
been named the “disposition index” [7] and can be in-
terpreted as a measure of the ability of the beta cells to
compensate for insulin resistance. Deviation from the
“hyperbola”, such as in the subjects with impaired
glucose tolerance and Type 2 diabetes in Figure 1,
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Fig. 1. “The hyperbolic law of glycaemia”. In subjects with
NGT a quasi-hyperbolic relationship exists between beta cell
function (estimated from the OGTT [85]) and insulin sensitivity
(estimated from the OGTT [86]). With deteriorating glucose
tolerance (IGT and Type 2 diabetes), deviation from this hy-
perbola occurs. In other words, as long as a decrease in insulin
sensitivity over time (as a result of weight gain, for example) is
accompanied by a compensatory increase in beta cell function,
glucose tolerance is maintained. However, if in response to de-
creasing insulin sensitivity beta cell function remains un-
changed or even decreases, glucose tolerance deteriorates.
Grey squares, NGT (n=483); white circles, IGT (n=71); black
diamonds, Type 2 diabetes (n=065)

occurs when beta cell function is inadequately low
for a given degree of insulin sensitivity, i.e. with a
decreasing disposition index.

While the hyperbola elegantly captures many pre-
vious observations, the physiological signal that stim-
ulates this compensatory increase in beta cell function
in response to decreasing insulin action remains unex-
plained, especially in subjects with perfectly normal
glucose tolerance. Glucose is the pre-eminent insulin
secretagogue, and if this were important as the signal
linking insulin resistance to beta cell compensation,
insulin secretion would probably not fully compensate
for worsening insulin resistance, since this would re-
move the stimulus for the compensation. We therefore
hypothesised that despite appropriate beta cell com-
pensation (reflected by a constant disposition index),
glycaemia, i.e. fasting or 2-hour glucose, would in-
crease as insulin action decreases. This is in sharp
contrast to what was widely believed, namely that the
compensatory increase in beta cell function would
keep glycaemia (glucose tolerance) constant. We used
a mathematical separation of changes in disposition
index and changes along the hyperbola, with disposi-
tion index remaining constant, to analyse cross-
sectional, longitudinal and prospective data of Pima
Indians and Caucasians with normal glucose tolerance
[8]. When everything else is kept constant, especially
the disposition index (i.e. appropriateness of beta cell
compensation), a higher beta cell demand due to re-
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Fig. 2. a. Hyperbolic relationship (here linearised by log trans-
formation) between the acute insulin response (AIR) from the
IVGTT and insulin action (M) from the hyperinsulinaemic-
euglycaemic clamp (413 Pima Indians with normal glucose
tolerance). r=—0.28; p=0.0001 b. Superimposition of the
2-hour plasma glucose concentration in the cohort (qualitative
representation from data in Stumvoll et al. [8]). In the x-y plain
the linear least square regression line of the correlation be-
tween log M and log AIR of Figure la is shown again. The
dotted line illustrates how glycaemia increases when M de-
creases, even if AIR increases (i.e. the projection of the regres-
sion line onto the mesh has a significant slope). The grey shaded
area represents the 95% confidence band of the least square re-
gression line. EMBS, effective metabolic body size

duced insulin action was positively associated with
glycaemia. Figure 2a shows the same inverse relation-
ship as in Figure 1, just on a log-transformed scale
and in a cohort of Pima Indians in whom beta
cell function was truly measured by an intravenous
glucose tolerance test. Introducing glycaemia on the
z axis for the same set of data (Fig. 2b) illustrates an
increase in glycaemia along the hyperbola which
might not have been expected. We also studied a large
cohort of subjects longitudinally (time of follow-up:
5-6 years) and made them “travel” exactly along the
curve by mathematically accounting for any deviation
from the curve. Interestingly enough, with increasing
beta cell demand over time, i.e. upon travelling up and
left, glycaemia also increased; in the extreme groups
this increase was almost 0.6 mmol/l for fasting glu-
cose and 2.2 mmol/l for 2-hour plasma glucose. Vice
versa, with decreasing beta cell demand, i.e. upon
travelling down and right, glycaemia decreased. Final-
ly, the prospective analysis showed that for any given
disposition index, subjects with initially higher beta
cell demand were more likely to become “diabetic”
than those with lower beta cell demand [8]. These re-
sults clearly demonstrate that despite normal beta cell
compensation, glycaemia increases when insulin resis-
tance is present. In other words, even with unlimited
beta cell reserves, it is unhealthy to become insulin re-
sistant.
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The concept of glucose allostasis

In 1988, Sterling and Eyer expanded the general con-
cept of homeostasis [9] by introducing the term
“allostasis” as an essential component of maintaining
health in response to stress [10]. McEwen and others
applied the concept of allostasis to help explain adap-
tive neuroendocrine responses to chronic stress, which
ensure day-to-day survival but take a cumulative toll
on the individual’s health [11, 12, 13].

Based on our observations and the presented con-
cepts, we propose to make an analogous distinction
between homeostasis and allostasis in the context of
glucose metabolism. The widely used term, glucose
homeostasis, describes a system that is essential for
life and becomes operative when an acute and tran-
sient stressor (e.g. an oral glucose load) is introduced.
In sequence, glucose levels rise, insulin secretion in-
creases, glucose disposal is stimulated, and finally,
glucose levels return to where they started. A chronic
glucotoxic state is prevented. When the stressor is
chronic, however, (i.e. insulin resistance due to obesi-
ty) beta cell function improves and insulin secretion
increases, but this usually fails to bring glucose con-
centration back to where it was before insulin resis-
tance was introduced. This increment may be minute,
but over time it accumulates and takes its toll. Such
a situation fulfils the original criteria for the term
allostasis. Thus, with chronic insulin resistance, the
regulatory process becomes allostatic while continu-
ing to maintain homeostatic regulation during the next
acute challenge. It appears that this higher glycaemia
(among other signals like non-esterified fatty acids,
sympathetic nerve activity or glucagon-like peptide-1)
is necessary to keep the beta cell continuously in-
formed that insulin resistance is present.

Though not appreciated in such terms, an allostatic
increase in glycaemia despite normal beta cell regula-
tion has been previously documented. In a longitudi-
nal study in 60 children going through insulin resis-
tance of puberty (from Tanner I to Tanner III), fasting
glucose increased by an average of 0.2 mmol/l with
each stage, a difference that was statistically signifi-
cant [14]. It can be safely assumed that beta cell com-
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pensation at that age is as good as it gets. Thus, de-
spite perfect compensation, the glucoregulatory
system is not designed to maintain perfectly constant
glycaemia as implied by the term glucose homeosta-
sis. It follows logically that any mechanism that
induces insulin resistance has the potential to lead
ultimately to Type 2 diabetes.

Interindividual variability

Figure 1 teaches us one other important lesson. The
variability along both axes is remarkable. Within one
group, say the IGT group, the two-dimensional vari-
ability is so great that there is a large degree of over-
lap with the Type 2 diabetes group and the NGT
group. Moreover, in contrast to what the hyperbola
might suggest at any given degree of insulin sensitivi-
ty, beta cell function can vary enormously. It seems
that a high number versus a low number ultimately
determines whether an individual becomes diabetic or
remains NGT. Thus, the obvious question is what en-
dows one person with poor beta cell function and an-
other person with good beta cell function? A similar
notion can be obtained from Figure 3, which depicts
the inverse, slightly curvilinear relationship between
obesity and insulin sensitivity. Even within the NGT
cohort the variability of insulin sensitivity at any
given BMI is remarkable. Here, the analogous ques-
tion is what makes one person develop insulin resis-
tance in the presence of obesity while another does
not?

A significant portion of this variability is accounted
for by factors such as measurement error (due to the
limited reproducibility of the in vivo procedure, for
example) or incompleteness of the artificial experi-
mental condition to quantify every biologically impor-
tant nuance of the parameter of interest. For example,
how precisely can a euglycaemic-hyperinsulinaemic
clamp at insulin concentrations of ~400 pmol/l assess
insulin sensitivity of glucose uptake at say 100 pmol/l,
or insulin sensitivity of the vessel wall to vasodilate?
The answer is probably not at all, and as with any ex-
periment, the data obtained by such an in vivo proce-
dure are only valid under the defined experimental
conditions unless proven otherwise. In any case, mea-
surement technique and understanding of the disease
mechanism are inseparable.

A good example to show that the two go hand in
hand is the issue of fat distribution. It has been well
established that measuring the absolute or relative fat
mass is insufficient to capture fat-related associations.
With the advances of molecular tools (for expression
studies, for example) and imaging techniques (CT
scanning) it has become clear that regional differences
have to be taken into consideration. Visceral adipose
tissue is metabolically more detrimental than subcuta-
neous adipose tissue [15]. Further advancements in
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Fig. 3. Inverse, curvilinear relationship between obesity (quan-
titated by BMI) and insulin sensitivity (in arbitrary units [86])
across different stages of glucose tolerance. Grey squares,
NGT (n=483); white circles, IGT (n=71); black diamonds,
Type 2 diabetes (n=65)

imaging techniques (magnetic resonance spectrosco-
py) shed light on the metabolic importance of fat (usu-
ally small quantities in absolute terms) at atypical
sites such as intrahepatic [16] or intramyocellular
lipids [17]. Thus, developing and advancing measure-
ment techniques to the best possible level, and con-
trolling for the measured parameter (either by match-
ing or mathematically) should progressively reduce
interindividual variability and help us to understand
why one person develops diabetes and another does
not. This concept must be taken all the way to the
molecular level by comparing the genetic make up of
one individual with that of another. Theoretically,
measurement of as many relevant parameters as
possible, including those that can be influenced (e.g.
physical fitness due to regular exercise) and those that
cannot be influenced (genetic factors), should permit
near-perfect assessment of disease risk.

Genetic factors in control of glycaemia

The most compelling evidence for a genetic compo-
nent of Type 2 diabetes is the excess concordance rate
in monozygotic versus dizygotic twins. The heritabili-
ty of abnormal glucose tolerance has been estimated
as about 60% [18, 19]. Moreover, excess concordance
rates in monozygotic versus dizygotic twins also sug-
gest a contribution of genetic factors to insulin resis-
tance and beta cell dysfunction [20]. There can be no
doubt, therefore, that in the control of glycaemia and
in the pathogenesis of Type 2 diabetes, genetic factors
play a role. But what exactly is meant by genetic fac-
tors?

Approximately 35 000 genes, organised in 46
chromosomes, encode for an even greater number of
proteins (due to alternate splicing and post-translatio-
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nal modification, for example), which regulate the
structure and function of the human organism. What
makes humans different from one another—not only
in terms of eye colour but also in terms of disease
susceptibility—is the presence or absence of genetic
polymorphisms such as single nucleotide polymor-
phisms (SNPs). An SNP with biological significance
is expected to alter the function (when located in an
exon) or the expression (when located in the promo-
tor region or in an intron) of the resulting protein.
This could lead to a decrease or increase in activity of
an enzyme, to altered signal transmission for sig-
nalling proteins, or to modified expression of depen-
dent genes in the case of a transcription factor.

Among the 3 billion base pairs of the human ge-
nome there is a common site of variation every 300
base pairs. The crucial question is which of these
SNPs accounts for the fact that one person develops
diabetes, say with a given degree of obesity, while
another does not? The enormous heterogeneity of the
diabetic phenotype has impeded the identification of
significant SNPs, and very few genetic variants have
been identified to account for even a minor proportion
of common Type 2 diabetes. The most widely used
experimental techniques for dissecting complex traits
in general are the candidate gene approach and ge-
nome-wide random mapping (linkage analysis).

The candidate gene approach targets naturally oc-
curing variants in genes that encode for proteins criti-
cal for insulin secretion, insulin action or obesity. The
variants or polymorphisms in these genes are subse-
quently examined for significant association with
Type 2 diabetes. Ideally, evidence should also be
available from in vitro experiments, demonstrating
functional significance of a variant, such as impaired
binding of a docking protein, altered catalytic activity,
or reduced expression as a result of an amino acid ex-
change or of a promoter polymorphism in a transcrip-
tion factor binding site. Classical historical examples
include the insulin receptor as a candidate gene for in-
sulin resistance and the beta-cell-specific potassium
channel KIR6.2 as a candidate gene for beta cell dys-
function. More recent candidates (IRS1 and PPARG)
will be discussed below.

The genome-wide random mapping approach, in
contrast, is not based on assumptions about the bio-
logical involvement of any gene product. It locates
genes through their genomic position alone and is
based on the following rationale: family members
who share a specific phenotype (e.g. Type 2 diabetes)
will also share chromosomal regions surrounding the
gene, which contribute to that phenotype in excess of
what is expected by chance alone [21]. Allele sharing
is assessed after typing several hundred polymorphic
chromosomal markers across the genome. The first
(and to date only) successful example of a positionally
cloned “common Type 2 diabetes gene” is CAPNI0 in
the NIDDM1 region of chromosome 2 [22, 23]. This
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gene encodes for calpain-10, a cysteine protease that
is ubiquitously expressed [24]. Although an associa-
tion with insulin-stimulated glucose disposal was
reported in Pima Indians [25], the biological role of
this protein in the control of glycaemia is far from
understood.

Successful identification of genes through associa-
tion with Type 2 diabetes is, however, only the begin-
ning. To take full advantage of a “diabetes gene” for
prevention and therapy it is necessary to understand
the mechanism by which it modifies disease risk or
progression. This is the interface between basic and
clinical science. The basic scientist develops the bio-
logical concept, according to which the gene or pro-
tein in question might affect relevant pathways. For
example, peroxisome proliferator-activated receptor-y
(PPARY) interferes with development of obesity and
insulin resistance by regulating transcription of genes
important in adipogenic differentiation and lipid
metabolism. Can this concept become relevant for
humans? The clinical scientist’s task is to devise an
experimental approach to test a plausible hypothesis,
for example whether variability in transcriptional ac-
tivity of PPARY affects the risk of developing obesity
in humans. The presence of the Prol2Ala polymor-
phism, leading to proline—alanine exchange, alters
transcriptional activity in vitro. Comparing carriers
and non-carriers of this polymorphism provides one
opportunity to test the above hypothesis.

In the following section I shall present human data
obtained in vivo to illustrate the potential role of four
proteins that have been implicated in pathways or
mechanisms related to insulin secretion or insulin sen-
sitivity and thus to control of glycaemia. This will
serve as a platform to describe different clinical exper-
imental approaches to questions such as those dis-
cussed above.

Selected molecules involved in control of glycaemia
Adiponectin (APM1)

The striking association between insulin resistance
and obesity justifies the study of factors originating
from adipose tissue that have insulin-sensitising or
-desensitising effects. Conceivably, greater release of
an insulin desensitising factor for a given fat mass
should make an individual more insulin-resistant. Adi-
pose tissue releases not only fatty acids but also pep-
tide hormones (adipocytokines or adipokines) with
distant sites of action, making it an endocrine organ.
While the role of leptin appears to be most prominent
in the context of lipoatrophy [26], and that of TNF-a
is confined to rodents, or in humans is only detectable
at a local but probably not systemic (i.e. circulating)
level, the role of adiponectin as an endogenous insulin
sensitiser is progressively emerging.
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Fig. 4. a. Inverse relationship between % body fat and plasma
adiponectin concentrations after adjustment for age and sex.
r=—0.28; p<0.0001 b. Positive relationship between plasma
adiponectin concentrations and insulin sensitivity (umol-kg!

min*l'[pmol~l’l]_l, measured by euglycaemic-hyperinsulin-

aemic clamp) after adjustment for age, sex and % body fat
(modified from Tschritter et al. [34]). »=—0.28; p<0.0001

With a concentration of around 5 pg/ml in human
plasma, adiponectin represents one of the most abun-
dant circulating proteins. In cases of obesity, plasma
adiponectin levels are significantly decreased [27, 28],
and after weight reduction, levels increase [29]. More-
over, two independent nested case-control studies, one
in Pima Indians and one in a German cohort, demon-
strated that high plasma adiponectin concentrations
predicted lower risk of developing Type 2 diabetes in
the future, independently of any known covariate [30,
31].

In rodent models of insulin resistance, intravenous
administration of recombinant adiponectin restored
normal insulin sensitivity, and transgenic elevation of
circulating adiponectin resulted in improved insulin
sensitivity [32, 33]. In humans, plasma adiponectin
concentrations are negatively associated with obesity
(Fig. 4a). On the other hand, plasma adiponectin con-
centrations are positively correlated with insulin sensi-
tivity independently of measures of body fatness [27,
34] (Fig. 4a), which is compatible with a direct insu-
lin-sensitising effect of this adipokine. Animal data
have also suggested that this may occur primarily in
the liver [35], although effects on muscle have been
reported [32]. In the Pima Indians, higher plasma
adiponectin concentrations were associated with
greater insulin suppression of endogenous glucose
production independently of age, sex, percentage body
fat and insulin-stimulated glucose disposal [36]. Con-
sistent with the suggestion of an effect on the liver,
high plasma HDL cholesterol concentrations (an indi-
cator of hepatic insulin sensitivity) were independent-
ly correlated with high plasma adiponectin concentra-
tions in non-diabetic humans [34].
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In conclusion, variability in adiponectin release
may contribute to the variation in insulin sensitivity
for any given degree of adiposity. It is still unclear
what influences the variability in adiponectin release
independently of the determinants such as age, sex
and percentage body fat. Although the data are not
convincing, SNPs in the adiponectin (APM1) gene
itself, such as the T-G polymorphism in exon 2 [37],
or any of the host of proteins involved in the regula-
tion of adiponectin production and degradation, could
play a role. Nevertheless, the emerging role of
adiponectin as an endogenous insulin sensitiser might
lead to novel therapeutic modalities for Type 2 diabe-
tes, conceivably also in a preventive context. Al-
though recent observations of exophthalmos and in-
creased interscapular fat pads in transgenic mice
with elevated circulating adiponectin [33] have some-
what dampened earlier enthusiasm, cloning of the
adiponectin receptor [38] might lead the way to safe
and effective adiponectin analogues for human use.

Stearoyl-CoA desaturase (SCD1)

Human obesity involves accumulation of excess
triglycerides not only at classical sites (subcutaneous,
visceral) but also at intramuscular and intrahepatic
locations. More so than intramyocellular lipids, intra-
hepatic lipids are associated with insulin resistance
[16]. A step crucial for hepatic VLDL and triglyceride
synthesis is the enzyme stearoyl-CoA desaturase-1
(SCD1), which catalyses the conversion of saturated
fatty acids (palmitate and stearate) to monounsaturat-
ed fatty acids (palmitoleic and oleate). Ob/ob mice are
characterised not only by excessive whole-body adi-
posity (as a result of hyperphagia) but also by a
markedly increased hepatic triglyceride content. Inter-
estingly, transgenic reduction of SCD1 activity almost
completely prevented hepatic triglyceride accumula-
tion in ob/ob mice [39].

We sought to develop a method to probe SCDI
activity non-invasively in humans in vivo. Oleate in-
corporated into secretory VLDL is the product of
stearate desaturated by SCD1. The oleate:stearate ra-
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tio in VLDL particles, the main secretory triglyceride
originating in the liver, should therefore semiquanti-
tavely reflect intrahepatic SCD1 activity. Since plas-
ma triglycerides are the predominant content of VLDL
particles, we measured the oleate:stearate ratio in fatty
acids contained in plasma triglycerides. Stearate
(18:0) and oleate (18:1 9) relative to total fatty acids
in plasma triglycerides were determined in 98 healthy
individuals using gas chromatography and flame ioni-
sation detection.

We found the oleate:stearate ratio in plasma triglyc-
erides to be higher in women than in men (p=0.04), to
be negatively correlated with age (r=—0.20, p=0.04)
and to be positively correlated with percentage body
fat (r=0.20, p=0.047). Interestingly, the oleate:stearate
ratio in plasma triglycerides was inversely correlated
with insulin sensitivity determined by hyperinsuli-
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Fig. 5. Correlation between the oleate:stearate ratio in the
plasma triglyceride fraction and insulin sensitivity (log scale)
determined by hyperinsulinaemic-euglycaemic clamp (least
square regression line and 95% confidence intervals) in 98
healthy individuals. r=—0.27; p=0.008
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naemic-euglycaemic clamp (=—0.27, p=0.008) (Fig. 5).
This relationship remained significant (p=0.01) after
adjustment for percentage body fat, age, sex, waist-to-
hip ratio and plasma adiponectin concentrations.

SCDI1 activity is regulated by nutritional factors
(stimulated by saturated fatty acids and caloric over-
supply, inhibited by polyunsaturated fatty acids) and
probably genetic factors. Figure 6 shows an example
where despite increased whole-body adiposity (sub-
ject A, Fig. 6a), intrahepatic lipids were reduced (sub-
ject A, Fig. 6¢) compared with those in a control sub-
ject (subject B, Fig. 6b, d). Figure 6e suggests that the
decreased liver fat content is causally related to the
greater insulin sensitivity. It has been previously ob-
served that the intrahepatic fat content is highly corre-
lated with insulin suppression of endogenous glucose
production [16]. It is thus possible that human insulin
resistance and Type 2 diabetes due to caloric oversup-
ply are mediated, at least partially, by the intrinsic ac-
tivity of SCD1 and accumulation of intracellular, i.e.
intrahepatic lipids. Hypothetically, down-regulated
SCDI1 activity in subject A may protect against insulin
resistance despite caloric overload, and may help to
explain the variability shown in Figure 3.

Insulin receptor substrate-1
(IRS1, Gly972Arg polymorphism)

IRS-1 is a classical insulin signalling molecule and
therefore a prime candidate gene for insulin resis-
tance. The Gly972Arg polymorphism in IRS-1 there-
fore represented a prime candidate for genetic causes
of impaired insulin signalling. Over the years, how-
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Fig. 6. Comparison between an obese subject with low intra-
hepatic lipids (subject A) and a less obese subject with in-
creased intrahepatic lipids (subject B). a, b. Magnetic reso-
nance image with volume of interest for spectroscopic mea-
surement. ¢, d. Magnetic resonance spectroscopy of intrahepat-
ic lipids (quantitated against the water peak). Despite 20-fold
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magnification there is no detectable lipid peak (CH,), in sub-
ject A. e. Placement of the two subjects (A and B) into the
inverse linear relationship between liver fat and insulin sensi-
tivity. Despite a greater % body fat, subject A is more insulin-
sensitive. The position in the figure suggests that this may be
related to the very intrahepatic lipids. r=—0.65; p=0.01
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ever, conflicting data have accumulated [40, 41, 42,
43, 44, 45, 46] and this polymorphism has not held up
to expectations as an insulin resistance gene. More re-
cently, it was shown that insulin-secreting cells over-
expressing the IRS-1 Gly972Arg variant had de-
creased sulphonylurea and glucose-stimulated insulin
secretion compared with cells overexpressing the
wild-type IRS-1 [47]. Moreover, cell apoptosis in iso-
lated human islets obtained from organ donors hetero-
zygous for Arg972 was increased two-fold compared
with that of wild-type IRS-1 carriers [48], and the
mature to immature insulin-containing granules were
unfavourably affected by this polymorphism [49]. It
was consequently suggested that this polymorphism
might represent a genetic variant unifying insulin
resistance and beta cell dysfunction.

We studied subjects with and without the polymor-
phism using a modified hyperglycaemic clamp method
[50]. This consisted of a sequential and additive combi-
nation of square-wave hyperglycaemia (at 10 mmol/l
glucose concentration), glucagon-like peptide-1 and
arginine. To increase statistical power, we also analysed
OGTTs of 212 subjects (31 with and 181 without the
mutation), using a number of validated indices to esti-
mate beta cell function from insulin (and C-peptide)
concentrations obtained during an OGTT. During the
modified hyperglycaemic clamp insulin secretion rates
were significantly lower in Gly/Arg than in Gly/Gly
during first-phase secretion and after maximal stimula-
tion with arginine. During second-phase insulin secre-
tion the differences reached statistical significance,
while during the GLP-1 phases they were not signifi-
cant. Several validated indices of beta cell function
from the OGTT were significantly lower in X/Arg than
in Gly/Gly (p values 0.002-0.05). Insulin sensitivity as
determined by the euglycaemic-hyperinsulinaemic
clamp was not different [48]. The most striking differ-
ence in absolute terms was seen during maximal stimu-
lation with glucose plus GLP-1 plus arginine (5340+
639 vs 9075+722 pmol/min), compatible with the find-
ing of reduced mature granules in beta cells of arginine
carriers [49]. Although no association with impaired
beta cell function was observed in an older Dutch co-
hort [51], it is possible that the Gly972Arg polymor-
phism in IRS1 contributes to the variation in insulin se-
cretion in people with normal glucose tolerance.

Peroxisome proliferator-activated receptor-y
(PPARG, Prol2Ala polymorphism)

The PPARY is a transcription factor that belongs to the
same family of nuclear receptors as steroid and thy-
roid hormone receptors [52]. It is activated by certain
fatty acids, prostanoids and thiazolidinediones [53, 54,
55, 56] and promotes transcription of numerous target
genes [57]. While the isoform PPARY, is expressed in
most tissues, PPARY, is specific for adipose tissue,

where it plays a key role in regulating adipogenic dif-
ferentiation [58]. The PPARG gene is located on chro-
mosome 3 [59], and the specific isoforms are a result
of alternative mRNA splicing. The highly prevalent
Prol2Ala polymorphism in PPARY, is the result of a
CCA to GCA missense mutation in codon 12 of exon
B of the PPARG gene. This exon encodes the N-termi-
nal residue that defines the adipocyte-specific PPARY,
isoform. The Prol2Ala polymorphism in PPARY, was
first identified in 1997 [60] and studied as a plausible
obesity candidate variant.

Whenl6 candidate gene variants with previously
published evidence for association with Type 2 diabe-
tes (or related disorders) were tested using transmis-
sion disequilibrium testing (a powerful variant of as-
sociation studies) in 333 Scandinavian parent—off-
spring trios with abnormal glucose tolerance, only the
Prol2Ala polymorphism in the PPARYy, gene was
found to be significant [61]. An additional meta-anal-
ysis demonstrated a signficant risk reduction of 21%
and a population-attributable risk of approximately
25% [61]. In other words, if the entire population car-
ried the Ala allele, the prevalence for Type 2 diabetes
would be 25% lower. In a recent prospective analysis
(n>1000) from the Nurses’ Health Study, carriers of
the Ala variant had 27% reduced risk of Type 2 diabe-
tes compared with carriers of the Pro/Pro genotype
[62]. This underlines the importance of alleles with
weak individual effect but high population prevalence,
such as the Pro/Pro wild type of PPARY (75% preva-
lence in Caucasians).

The mechanism by which the Ala allele of the
polymorphism protects from Type 2 diabetes probably
involves improved insulin sensitivity [63, 64, 65]. It is
worth noting that the heterozygous PPARY knockout
mouse is also more insulin-resistant. In subgroups
with obesity, the difference in insulin sensitivity is
more pronounced [66, 67], suggesting an interaction
of the polymorphism with factors originating from
adipose tissue. Most investigators observed lower
fasting insulin concentrations in carriers of the Ala
allele [64, 68, 69]. While this observation is generally
compatible with the suggestion of greater insulin sen-
sitivity, it could also indicate greater insulin clearance.

In a recent series of analyses from our laboratory
we therefore addressed the question of whether carri-
ers of the Prol2Ala polymorphism have greater insu-
lin clearance than wild-type controls. We used insulin
concentrations during the steady state of a standard
euglycaemic-hyperinsulinaemic clamp produced by a
constant insulin infusion based on kg body weight. We
also used C-peptide:insulin ratio and insulin concen-
trations adjusted for C-peptide concentrations during
an OGTT and a hyperglycaemic clamp, taking advan-
tage of endogenous hyperinsulinaemia.

In all three datasets insulin clearance was signifi-
cantly greater in carriers of the Ala allele compared
with that in controls (Fig. 7a). Such differences in insu-
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lin clearance may be secondary to differences in (main-
ly hepatic) insulin sensitivity. The liver-specific mouse
knockout model of the insulin receptor, a model of pri-
mary hepatic insulin resistance, is characterised by ex-
treme hyperinsulinaemia as a result not only of hyper-
secretion but also of reduced or absent insulin clearance
[70]. Interestingly, in Pima Indians insulin suppression
of glucose production was 40% more efficient in carri-
ers of the Ala allele, while insulin-stimulated glucose
uptake was not different [68]. Collectively, these find-
ings suggest that greater hepatic insulin sensitivity is
pivotal for the mechanism of this polymorphism.

Since PPARY, is exclusively expressed in adipose
tissue, a primary mechanism in this tissue with an im-
mediate impact on hepatic insulin sensitivity and insu-
lin clearance can be invoked. Increased NEFA deliv-

Pro Ala Ala

ery to the liver could induce hepatic insulin resistance
and decreased insulin clearance [71]. In vitro, NEFAs
reduced insulin binding, degradation and action [72].
In vivo, elevation of NEFAs substantially decreased
insulin clearance [73, 74]. Moreover, human obesity, a
condition characterised by excessive NEFA turnover
[75], is usually associated with reduced insulin clear-
ance [76, 77, 78]. Finally, in dogs [79, 80, 81] and in
humans [82], insulin-induced suppression of endoge-
nous glucose production is prevented by experimental
elevation of NEFA. It is therefore highly possible that
the greater insulin clearance in carriers of the Ala
allele mirrors reduced portal NEFA availability. Our
observation of significantly lower insulin-suppressed
NEFA concentrations in carriers of the polymorphism
[83] (Fig. 7b) suggested that one effect of the Ala
allele is the more efficient suppression of lipolysis.

We addressed this issue further using a combina-
tion of a three-step hyperinsulinaemic-euglycaemic
clamp and isotopic dilution to measure insulin sensi-
tivity of lipolysis in subjects with and without the
polymorphism. Glycerol labelled with a stable isotope
(ds) was infused, and the systemic rate of appearance
of glycerol was used as an index for whole body
lipolysis. We found greater sensitivity to suppression
of lipolysis by insulin in carriers of the Alal2 allele
(Fig. 8a), translating into a lower insuln ECj,
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(Fig. 8b), which confirmed our earlier findings based
on NEFA concentrations alone [69] (Fig. 8).

Nevertheless, our results are also compatible with
an alternative hypothesis. Although PPARY is mainly
expressed in adipose tissue, a direct effect of this
polymorphism on hepatic insulin binding, action, in-
ternalisation and degradation cannot be excluded. In
such a scenario, the Ala allele would primarily cause
enhanced hepatic insulin clearance. That this could
impact on insulin sensitivity and glucose tolerance de-
rives support from a very recent report. Carcinoem-
bryogenic-antigen-related cell adhesion molecule-1
(CEACAM]I) is a protein with a key role in hepatic in-
ternalisation and degradation of receptor-bound insu-
lin. Mutation of a functional serine residue resulted in
hyperinsulinaemia, insulin resistance and impaired
glucose tolerance in mice, while not affecting meta-
bolic insulin signalling [84]. This clearly demonstra-
ted that a primary defect in insulin clearance can trig-
ger the cascade of events leading to Type 2 diabetes.
Thus, a mutation that leads to an increase in insulin
clearance would secondarily produce an improvement
in insulin sensitivity and glucose tolerance.

In conclusion, the diabetes-protective effect of the
Ala allele in PPARY is probably secondary to the asso-
ciation with greater insulin sensitivity. This in turn is
probably secondary to decreased release of NEFAs
and possibly other factors from (perhaps mainly vis-
ceral) adipose tissue, and may operate through greater
hepatic insulin sensitivity and insulin clearance [87].

Summary and conclusions

Unravelling the pathogenesis of Type 2 diabetes re-
quires continued efforts to understand the mechanisms
relevant for the control of glycaemia, from the molec-
ular to the epidemiological level. Translation of the
ever-growing basic scientific findings into a physio-
logical and clinical context calls for novel and imagi-
native clinical experimental tools. The scope of such
techniques encompasses procedures as diverse as iso-
tope dilution for turnover studies (such as glycerol
turnover as proxy for lipolysis) in addition to conven-
tional clamp procedures, association studies of func-
tionally relevant SNPs in candidate genes (such as
IRS-1 and PPARY), intelligent multivariate correla-
tional approaches (such as with plasma adiponectin),
magnetic resonance spectroscopy to quantify intra-
tissue lipid deposition in addition to regional fat distri-
bution, and advanced analytical biochemistry to deter-
mine fatty acid patterns in selected lipid fractions as
proxy for enzymatic activity. Whenever human co-
horts are studied, it is crucial to control for possible
confounders of the variable under investigation based
on a profound insight into human physiology. This
can range from simple control for age or sex to taking
into account differences in fat distribution or even

genetic background. Future generations of scientists
from all backgrounds and disciplines will need to
make an honest effort to bridge the growing gap be-
tween basic scientific concepts and their relevance for
human disease in prediction, prevention, diagnosis
and therapy.
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