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The pathogenesis of Type 2 (non-insulin-dependent)
diabetes mellitus has recently been debated [1, 2]. The
basis of the controversy centres around the roles of
glucose production by the liver and its sensitivity to in-
sulin, and glucose uptake by skeletal muscle in the
development of hyperglycaemia. Most investigators
agree that the three major players in the genesis of
diabetic hyperglycaemia are the “triumvirate”; beta-
cell function, insulin-mediated glucose uptake (GU)
(in skeletal muscle predominantly) and hepatic glu-
cose production (HGP). But the relative importance
of these three variables, with respect to time course,
quantity and quality in the development of diabetes
forms the basis for the disagreement. Overproduction
of glucose by the liver (secondary to hepatic insulin
resistance or reduced insulin secretion or both) has
been postulated to be the primary and quantitatively
most important defect in Type 2 diabetes [1]. In other
studies HGP was found to be normal in glucose in-
tolerant individuals with normal or near-normal fast-
ing glycaemia of 7.8 mmol/l or less [2], at which time
insulin resistance is already clearly demonstrable [2].
Based on that reduced insulin-mediated glucose up-
take in skeletal muscle was postulated to be the pri-
mary defect, and hyperglycaemia (i.e. >7.8 mmol/l)
was found to appear once insulin secretion starts to
deteriorate and HGP to increase [2]. In several studies
a positive correlation between HGP and fasting plas-
ma glucose concentrations has been claimed to take
place in Type 2 diabetic subjects, and used to support
the argument that increased HGP plays a key role in
the development of progressive hyperglycaemia i.e.
diabetes [1, 2].

However, our previous [3, 4] and more recent data
(Fig.1) fail to demonstrate this positive correlation be-
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tween HGP and fasting plasma glucose (for glucose
levels 5 to 12-15 mmol/l) which we believe is due to im-
portant methodological problems inherant to the cal-
culation of HGP in hyperglycaemic states in previous
studies [4, 5]. Given the potential importance of these
methodological aspects to the measurement of HGP
and the central role placed on HGP by the other deba-
tors, we have decided to enter this discussion in order to
emphasize the importance of the methods used to cal-
culate HGP. We also want to point out that the results
of glucose metabolism from skeletal muscle are much
less controversial than the HGP data, since tracer data
and direct measurements of glucose uptake across the
muscle by arterio-venous (A-V) differences, using arm
and leg preparations, plus in vitro muscle biopsy
studies, have all corroborated the presence of insulin
resistance in Type 2 diabetic subjects [6-8].

Thus, in this commentary we will discuss some of the
general questions raised in the debate but will mainly
focus on the methodological problems that arise in esti-
mating HGP, and how these may impact on the final in-
terpretation of kinetic data. Furthermore, we will pres-
ent data supporting our hypothesis concerning the de-
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Fig.1. Correlation between hepatic glucose production and fast-

ing plasma glucose in 12 Type 2 diabetic patients. Calculated
from previously published data [5] with permission
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velopment and pathophysiological role of hypergly-
caemia in Type 2 diabetes — “the compensatory role of
hyperglycaemia”.

The concept of elevated basal glucose production in
Type 2 diabetes

As stated above, increased basal HGP has been postu-
lated to be a characteristic feature of patients with
Type 2 diabetes[1,2]. In passing, it should be noted that
DeFronzo and co-workers [2] found normal HGP levels
in subjects with normal to and slightly elevated fasting
plasma glucose levels (<7.8 mmol/l), where renal
glucose loss is likely to be negligible in the majority
of subjects. However, they found elevated HGP
(>22mg-kg ' min~') in only 9 of 27 individuals
whose fasting blood glucose levels ranged between 7.9
and 10 mmol/l. Nevertheless, many authors use this
positive correlation to emphasize the importance of an
increase in HGP for the development of hypergly-
caemia and diabetes. However, we question this conclu-
sion given the fact that we have notbeen able to confirm
the presence of significantly raised HGPindiabeticsub-
jects with fasting blood glucose levels below 12-15
mmol/l [3, 9-11]. In our most recent study, we found
HGP to be near normal (increased by only about 10 %)
in Type 2 diabetic patients without glycosuria (blood
glucose < 15 mmol/l)and nottoberelatedtothelevelof
fasting hyperglycaemia [4,5] (Fig. 1). These findings are
inagreement with some previous studies.

If HGP is supposed to be increased in Type 2
diabetic subjects (without glycosuria), glucose uptake
in peripheral tissues must be elevated to the same de-
gree if fasting glucose remains constant from day to
day, i.e. subjects are at steady state. If such a steady-
state condition was not reached, glucose concentra-
tions would continuously increase. Since this is not the
case in the majority of Type 2 diabetic subjects, the
question arises: where is the increased glucose pro-
duced by the liver going to in these individuals? This
question has not been answered as yet. Most glucose in
the basal state is taken up and oxidized in the central
nervous system (CNS) but some glucose is also taken
up in the splanchnic bed and in skeletal muscle. Basal
glucose oxidation (measured at the prevailing hyper-
glycaemic level) has been found to be normal in Type 2
diabetic subjects when estimated by indirect calori-
metry [4, 8, 12-14]. Glucose uptake in the splanchnic
bed is also normal [6]. Glucose uptake in skeletal mus-
cles,as measured by A-V glucose differences in the arm
and leg, has usually been found to be close to normal or
slightly increased under the prevailing hyperglycaemia
[7, 15]. In the most recent study, glucose uptake in the
leg of Type 2 diabetic subjects was found to be slightly
but not statistically significantly increased, being ap-
proximately 0.16 pmol/100 ml muscle tissue per minute
higher than in normals, corresponding to a whole body
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difference of about 0.12 mg-kg'-min~' (estimated on
the basis of a body weight of 80 kg and a muscle mass
of 32 kg). This figure matches the about 10 % increase
in HGP found in our diabetic subjects (Fig.1). Given
the fact that glucose uptake in the brain of Type 2
diabetic subjects is normal or even possibly slightly re-
duced, it would not explain the 0.5 to 2.0 mg-kg™'-
min~! increases in HGP reported in several other
studies [4]. Thus, these normal or near-normal rates of
glucose uptake obtained with catheterisation and di-
rect measurements of A-V differences and the results
of indirect calorimetry, indicate that the raised HGP
levels obtained by the isotope dilution technique in
several previous studies may represent an overestima-
tion of HGP.
What is the reason for this?

Problems in tracer methodology (basal state)

When reviewing previous studies where HGP had been
measured in Type 2 diabetic subjects using the primed
*H-glucose infusion technique, marked differences in
glucose production rates were reported, ranging from
normal through to 240 % of normal [4]. In those studies
where the investigators reported the highest elevation
of HGP a fixed priming dose of tritiated glucose was
used, regardless of the basal blood glucose level pres-
ent at the time of study. In contrast, in those studies
which documented normal or near-normal HGP
values, the priming dose of *H-glucose was adjusted to
the prevailing fasting blood glucose concentration. In
these latter studies a constant steady-state level of plas-
ma 3-*H-glucose specific activity was obtained after
about 1h with the “adjusted” priming technique,
whereas with the “fixed” priming method steady state
was not approached, i. e. both tracer concentration and
specific activity were still increasing after 6 h. Thus,
only with the adjusted priming technique is a plateau
steady-state situation reached which therefore permits
glucose turnover to be calculated from the simple ratio
of tracer infusion rate and the specific activity in plas-
ma [4]. With the fixed prime, an ongoing rise in tracer
specific activity in plasma occurs and plasma specific
activities remain low, which together leads to the calcu-
lated glucose turnover rates being too high. This error
will be greater in those studies with the highest fasting
blood glucose level; it is not surprising that in these lat-
ter situations, the level of glucose turnover (HGP) will
correlate positively with the fasting blood glucose level.
An additional source of error in the majority of pre-
vious studies is the assumption that glucose appearance
and glucose disappearance are equal in the fasting post-
absorptive state in Type 2 diabetic subjects. This is in-
correct since plasma glucose is declining in time over
6 h,atarate of 0.52 mmol-1-'-h~![4,16,17]. Therefore
if HGP is calculated by dividing the tracer infusion rate
with the specific activity of the tracer (i.e. assuming a



H.Beck-Nielsen et al.: Pathogenesis of Type 2 diabetes mellitus

steady-state situation), HGP will be overestimated. On
the other hand, if Steele’s non-steady-state equations
are employed, a lower estimate of HGP will result [4].

In Figure 2, we have shown the correlation between
fasting plasma glucose values and glucose turnover cal-
culated by using the steady-state equation (upper panel)
and HGP as calculated using Steele’s non-steady-state
equation (lower panel), respectively. Results from the
adjusted and the fixed priming method are also given.
The data clearly show that HGP in Type 2 diabetic sub-
jectsisnormal or near normal, when measured using ad-
justed prime and Steele’s non-steady-state equations.
Furthermore, thereisnotapositive correlationbetween
HGP and fasting blood glucose values at fasting blood
glucose levels of less than 15.0 mmol/l. This was con-
firmed in both obese and lean subjects. Thus, we may
conclude that HGP may have been overestimated in
most previous studies to a variable extent. The correla-
tion observed between fasting blood glucose and HGP,
which hasbeen used to emphasize the importance of the
overproduction of glucose by the liver in the develop-
ment of hyperglycaemia should be seriously ques-
tioned. Admittedly, when significant glycosuria devel-
ops (in those patients at plasma glucose levels of about
10-15 mmol/1), HGP may rise to compensate for the
glucose spillover.

Is the liver insulin resistant in Type 2 diabetic patients?

The euglycaemic clamp employing the infusion of unla-
belled “cold” glucose in combination with a tracer infu-
sion has traditionally been used to measure rates of glu-
cose production and utilisation in response to insulin. It
has been, however, clearly documented that with this
conventional approach of constant tracer and unla-
belled glucose infusions, rates of glucose appearance are
underestimated [18, 19]. Consequently, insulin stimula-
tion of glucose utilisation has been underestimated and
insulin suppression of glucose production overesti-
mated. Because previous studies have infused unla-
belled glucose it is therefore likely that glucose utiliza-
tion is more sensitive to insulin and glucose production
less sensitive than previously assumed. Furthermore, as
errors are greater the greater the glucose infusion rate,
mistakes may have been greatest in normal control sub-
jectsrequiring large glucose infusions and smaller in re-
sistant Type 2 diabetic patients requiring smaller glu-
cose infusions [19]. This means that previous studies
may have underestimated peripheral insulin resistance
and overestimated hepatic insulin resistance in Type 2
diabetic patients. Thus, to adequately assess glucose
turnover rates during combined infusions of glucose, in-
sulin and tracer, future studies will require maintenance
of unchanged plasma specific activities by the co-infu-
sion of labelled glucose infusate (“Hot-GINF”) during
the clamps [18, 19]. The well-known but often over-
looked problem of negative HGP values during the infu-
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Fig.2. Correlation between plasma glucose concentration and
glucose turnover rate (GT) (upper panel) after 90-120, 150-180
and 330-360 min tracer infusion in 11 Type 2 diabetic patients
using fixed (@) or adjusted (O) primed-continuous 3-*H-glu-
cose infusion. Mean * SD of seven non-diabetic control subjects
are indicated by horizontal lines. Using fixed priming the corre-
lation of both glucose turnover (GT) and glucose appearance
rate (RA) to plasma glucose concentration decreased in time
(GT: r =0.97, 0.97, 0.86, all p <0.01, RA: r =0.91, 0.88, both
p <0.01,and r =0.37, p = N8). Using adjusted priming no corre-
lation was found (GT: r =0.49,0.51,0.46, RA:r =0.47,0.31,0.14,
all p = NS). Reprinted with permission [4]

sion of cold glucose will also be resolved. No data in
Type 2 diabetes are as yet published with the “Hot-
GINF” technique and therefore it is impossible to con-
clude at the present time, if the liver is resistant to infu-
sions of low dose insulin in these patients. However,
given the fact that HGP is normal or only slightly raised
in normo- and hyperglycaemic Type 2 diabetic subjects
inthe presence of raised basalendogenousinsulinaemia
[3, 4], it is possible that the liver is resistant to insulin in
Type 2 diabetes. By contrast, in cirrhotic subjects with
known severe insulin resistance and marked fasting
hyperinsulinaemia, HGP is significantly reduced com-
pared to normal control subjects indicating normal
hepatic insulin sensitivity in the latter subjects [20].
Thus, the final discussion of the role of hepatic insulin
resistance in Type 2 diabetes and the comparison with
insulin resistance in skeletal muscles must await future
investigations with more accurate methods.

Where is the primary (genetic) insulin resistance
located - in muscle or liver?

Skeletal muscles in Type 2 diabetic subjects are insulin
resistant. The ability of insulin to stimulate glucose dis-
posal in Type 2 diabetic subjects has been localised to a
reduction in glycogen synthesis (so called “glucose
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Fig.3. Insulin-mediated glucose uptake in peripheral tissues in
young first degree relatives (R) to Type 2 diabetic patients and in
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storage”) [21]. This has been found uniformly with in
vivo tracer as Nuclear Magnetic Resonance (NMR)
methodologies, and by in vitro studies with muscle bi-
opsies which show reduced intracellular glycogen syn-
thase activity (the key enzyme in glycogen synthesis),
accumulation of free glucose and possibly glucose 6-
phosphate [12]. However, it has not been possible to
decide whether these defects are of primary or second-
ary origin. Of much greater significance therefore,
would be evidence of insulin resistance being presentin
individuals before the development of frank diabetes.
The investigation of normal glucose tolerant first de-
gree relatives of Type 2 diabetic subjects (i.e. probands
with two parents or one parent and one sibling with the
disease), of whom about 40-50% will develop frank
diabetes, proved critical in determining whether insulin
resistance could be a primary inherited defect. Thus,
studies of these normal glucose tolerant relatives have
shown that approximately 40 % of such individuals are
insulin resistant and that the insulin resistance is lo-
cated at the level of glycogen synthesis in their skeletal
muscles (Fig.3) [22]. Of interest, basal HGP [22, 23]
and the inhibitory effect of insulin on HGP was found
to be normal in these subjects, indicating that the pri-
mary (genetic?) insulin resistance must be located in
skeletal muscles and not in the liver [24].

The “compensation” theory

In hyperglycaemic Type 2 diabetic subjects, we and
others have found normal or near-normal glucose turn-
over in the post-absorptive state, despite the prevailing
higher glucose and insulin levels in these subjects. Such
data would suggest that the hyperglycaemia and hyper-
insulinaemia are necessary to “compensate” for the
cellular defects in insulin action. From our studies, plas-
ma glucose levels appear to rise to exactly the level
necessary to compensate for the reduction in the pro-
cessing of cellular glucose in peripheral tissues [3, 12].
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Glucose is taken up in muscles by a mass action effect
(as well as the insulin-stimulated pathways) and this
mass action of hyperglycaemia may compensate for the
reduction in insulin-mediated glucose uptake. We
would therefore suggest that the rise in plasma glucose
is matched to the need to normalize glucose disposal in
these insulin-resistant diabetic individuals. In support
of this hypothesis, we, and others, have found that gly-
cogen synthesis and glycogen synthase activity in skele-
tal muscles are normalised by hyperglycaemia and
hyperinsulinaemia (thereby compensating for the in-
sulin resistance). The mechanism by which hypergly-
caemia and hyperinsulinaemia overcome the insulin
resistance is not totally unveiled at this stage but from
our in vitro muscle biopsy studies it appears that the de-
fect in covalent activation of glycogen synthase activity
is compensated for by both an increase in allosteric ac-
tivation of the enzyme itself, and by an as yet incom-
pletely understood permissive effect of glucose on the
covalent activation [12].

These findings indicate to us that the organism aims
to keep glucose turnover within normal range. For this
to occur insulin resistance must be compensated for
e.g. by hyperinsulinaemia in the pre-diabetic and by
hyperglycaemia in the diabetic state. If this compensa-
tion procedure is complete, then glucose turnover and
thereby HGP will continue to be normal or near nor-
mal. The mechanism responsible for this communica-
tion between skeletal muscle and the liver is unknown
but may be an increase in glycolysis in the muscle (due
to reduced glycogen storage) resulting in an increased
lactate/alanine supply to the liver. This substrate sup-
plementation will increase gluconeogenesis, as pre-
viously shown [1]. Thus, HGP can be kept normal
(autoregulation) despite hyperinsulinaemia and hy-
perglycaemia, which is known to suppress glycogeno-
lysis [25]. Following this hypothesis (which has not
been proven) the degree of insulin resistance in skeletal
muscle determines the rate of glycolysis and thus alsoin
part the rate of HGP.

Conclusion

Our understanding of the pathophysiology of Type 2
diabetes has advanced considerably over the last de-
cade, but many problems and issues remain unre-
solved. The initiation of this debate mirrors many of the
problems that we face today. An understanding of the
primary and secondary defects leading to diabetes in
“genetically prone” individuals are of crucial impor-
tance to further our understanding of the metabolic
process involved in the development of the diabetic
state. In our contribution to this debate we have
pointed out the methodological problems that have
arisen in the estimation of HGP and the quantitation of
glucose kinetics in normo- and hyperglycaemic Type 2
diabetic individuals. These problems are not yet com-
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pletely resolved. Therefore, the importance of the liver
vs the importance of muscle glucose metabolism in the
development of hyperglycaemia will probably have to
wait for new and improved techniques. However, the
current data strongly indicate that the primary defect
(genetic defect?) in insulin action is located to skeletal
muscles.

The near-normal HGP values in Type 2 diabetes pa-
tients with fasting blood glucose values less than 12—
15 mmol/l do not indicate that the insulin sensitivity of
liver is normal in Type 2 diabetes, but proves to us that
the reduction in insulin action in both liver and muscles
are fully compensated — perhaps slightly overcompen-
sated.
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