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Abstract
Obesity and insulin resistance are associated with the development of type 2 diabetes. It is well accepted that beta cell dysfunction
is required for hyperglycaemia to occur. The prevailing view is that, in the presence of insulin resistance, beta cell dysfunction
that occurs early in the course of the disease process is the critical abnormality. An alternative model has been proposed in which
primary beta cell overstimulation results in insulin hypersecretion that then leads to the development of obesity and insulin
resistance, and ultimately to beta cell exhaustion. In this review, data from preclinical and clinical studies, including intervention
studies, are discussed in the context of these models. The preponderance of the data supports the view that an early beta cell
functional defect is the more likely mechanism underlying the pathogenesis of hyperglycaemia in the majority of individuals who
develop type 2 diabetes.
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DPP-4 Dipeptidyl peptidase-4
GLP-1R Glucagon-like peptide-1 receptor
HFD High-fat diet
IFG Impaired fasting glucose
IGT Impaired glucose tolerance

The beta cell in type 2 diabetes: history
of the debate

Type 2 diabetes is characterised by hyperglycaemia, typically
due to the interaction of insulin resistance and impaired beta
cell function [1]. The relative importance of these two critical
factors has been extensively debated [2–8].

Four decades ago, many felt insulin resistance was the
primary abnormality in type 2 diabetes, with beta cell dysfunc-
tion being a later manifestation, when beta cells were no
longer able to sustain sufficient insulin secretion to compen-
sate and became ‘exhausted’ [2–5]. In contrast, others postu-
lated that beta cell dysfunction was an early prerequisite for
the development of dysglycaemia [6–8]. Currently, the
predominantly accepted view is that beta cell dysfunction,
manifest as impaired insulin secretion, is a primary indepen-
dent abnormality that typically occurs early in the pathogene-
sis of dysglycaemia, on a background of insulin resistance
(Fig. 1a).

Recently, an alternative view that posits that primary
hypersecretion of insulin is the initial manifestation of beta
cell dysfunction has regained attention. This concept
hypothesises that beta cell overstimulation in a hostile envi-
ronment is primary and the resultant hyperinsulinaemia initi-
ates and sustains the development of obesity and insulin resis-
tance until, ultimately, the beta cell fails [9–14] (Fig. 1b). In
this model, insulin resistance is considered an adaptive
response to protect against energy-induced metabolic stress,
rather than being the cause of hyperinsulinaemia.

In this review, we address these two beta cell-based
hypotheses by discussing insights gained from preclinical
and human studies. Further, we examine recent lessons
learned from direct comparisons of youths and adults.
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Crosstalk between the beta cell
and insulin-sensitive tissues

Homeostatic control in endocrinology is intimately tied to
feedback loops, and glucose metabolism is no different.
Below we consider, with the two aforementioned hypotheses
in mind, the interaction between the beta cell and insulin-
sensitive tissues (liver, adipose tissue, muscle) under condi-
tions of normal glucose homeostasis.

In a model where insulin secretion is modulated by insulin
sensitivity, the former will increase or decrease reciprocally
with changes in insulin sensitivity, thereby maintaining
normal glucose tolerance. In the presence of obesity and insu-
lin resistance, the beta cell adapts by increasing insulin output,

leading to peripheral compensatory hyperinsulinaemia (Fig.
2a).

In a model that presupposes beta cell hypersecretion as the
initial manifestation of beta cell dysfunction, insulin sensitiv-
ity is modulated by insulin secretion. When beta cell hyperse-
cretion occurs, the responsiveness of insulin-sensitive tissues
to insulin is downregulated and these tissues become insulin
resistant in order to maintain normal glucose tolerance without
the adverse outcome of hypoglycaemia (Fig. 2b). However, as
the beta cell hypersecretion is primary and ‘fixed’, when insu-
lin sensitivity is acutely improved, hypoglycaemia would be
expected to ensue.

In either case, the demonstration of the existence of a feed-
back loop that regulates glucose metabolism has made it
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Fig. 1 Models of primary beta
cell dysfunction and primary
insulin hypersecretion in the
pathogenesis of type 2 diabetes.
(a) In the first model, the
interaction of environmental
factors with obesity and insulin
resistance genes leads to the
development of abdominal
obesity and insulin resistance.
This results in increased secretory
demand on beta cells, which adapt
by producing compensatory
hyperinsulinaemia to maintain
normal glucose tolerance. In
contrast, in the presence of an
early beta cell defect caused by
genetics and environmental
factors, the increased beta cell
secretory demand leads to relative
hypoinsulinaemia and the
development of dysglycaemia
and, ultimately, type 2 diabetes.
(b) In the second model, beta cell
overstimulation, which may be
genetic or linked to
environmental factors, leads to
hyperinsulinaemia and this, in
turn, produces obesity and insulin
resistance. Type 2 diabetes
ultimately develops when beta
cell exhaustion occurs. The
important early stages in each of
the hypotheses are shown in bold
font. This figure is available as
part of a downloadable slideset
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abundantly clear that assessment of the adequacy of beta cell
function requires knowledge of both the degree of insulin
sensitivity and the magnitude of the insulin response [15].

The case for primary early beta cell
dysfunction in the pathogenesis
of dysglycaemia

Use of the disposition index, a measure of beta cell function
that accounts for the degree of insulin sensitivity, has
highlighted that, when the feedback loop becomes deranged
due to beta cell dysfunction, dysglycaemia ensues [15]. Both
cross-sectional and longitudinal studies have demonstrated
that beta cell dysfunction is already present early in the natural
history of dysglycaemia, with progressive dysfunction ulti-
mately leading to diagnostic hyperglycaemia [7, 16–21].
This has been shown to occur in populations that phenotypi-
cally are not usually considered obese, e.g. Japanese
Americans and Asian Indians [19, 21], and others, such as
the Pima Indians, who were previously thought to have a
disease process driven by insulin resistance [16]. The critical
role of an early beta cell functional defect in type 2 diabetes is
further highlighted by the observations of reduced beta cell
function in groups at increased risk of developing type 2
diabetes, including normoglycaemic first-degree relatives of
individuals with type 2 diabetes [22–24], and women with
polycystic ovary syndrome [25] or history of gestational
diabetes [26, 27].

We have re-examined our data in a Japanese American
cohort living in Seattle, WA, USA to determine insulin sensi-
tivity and beta cell function across the spectrum of fasting
glucose in this high-risk population [28]. Increasing fasting
glucose concentrations were associated with significant
increases in fasting insulin (Fig. 3a, b) and decreases in insulin
sensitivity (Fig. 3c, d). The stimulated insulin response to oral
glucose was lower in individuals with dysglycaemia (Fig. 3e,
f). Further, the disposition index, which accounts for differ-
ences in insulin sensitivity, showed beta cell function to be
reduced by ~40% in individuals with impaired fasting glucose
(IFG) and >80% in those with type 2 diabetes (Fig. 3g, h).
This degree of beta cell dysfunction is more in line with that
reported for type 1 diabetes [29] and what is generally accept-
ed for endocrine systems before a clinical phenotype
develops. Of note, beta cell function decreased as fasting
glucose levels increased (Fig. 3h; p < 0.0001), with no
evidence of early insulin hypersecretion or insulin resistance
in those with the lower glucose levels (Fig. 3b, d). To ensure
that these observations were not unique to Japanese American
individuals, we re-examined data from the Genetics of Non-
Insulin-Dependent Diabetes (GENNID) cohort [30] and found
the same pattern for white, African-American and Latino indi-
viduals (N. Esser and S. E. Kahn, unpublished data). These
observations are in keeping with those in other cohorts [20,
31, 32]. Further, the critical importance of reduced beta cell
responses was highlighted by their strong predictive power for
the subsequent development of dysglycaemia [19, 33, 34],
which was better than that of fasting insulin [19].

Primary insulin hypersecretion

Secondary insulin resistance
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Fig. 2 Crosstalk between the beta cell and insulin-sensitive tissues. (a)
Model in which the degree of insulin sensitivity in the peripheral tissues
(liver, adipose tissue and muscle) is the principal determinant of the
magnitude of the beta cell response. With the development of obesity
and insulin resistance (primary insulin resistance), the beta cells in the
pancreas compensate by increasing the insulin response (secondary
increased insulin response), thereby avoiding the development of

hyperglycaemia. (b) Model in which the amount of insulin secreted deter-
mines the degree of insulin sensitivity in the peripheral tissues. In
response to primary insulin hypersecretion by the beta cells, insulin-sensi-
tive tissues decrease their sensitivity to insulin (secondary insulin resis-
tance), thereby preventing the development of chronic hypoglycaemia.
This figure is available as part of a downloadable slideset
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The case for insulin hypersecretion
in the pathogenesis of dysglycaemia

The prevailing view that the hyperinsulinaemia of obesity is a
compensatory response of the beta cell to increased insulin
resistance has been challenged by several groups [9–14]. It
is proposed that environmental changes, such as chronic
excess of nutrients [12], food additives [11] or diabetogenic
signals from the gut [10], result in beta cell overstimulation,
exhibited as basal hyperinsulinaemia. The result is the devel-
opment of obesity and insulin resistance, with these processes
occurring either in series or in parallel. Based on this hypoth-
esis, primary hyperinsulinaemia is the culprit that ultimately
leads to beta cell exhaustion, manifest as reduced insulin
secretion.

When considering the feedback loop governing glucose
metabolism, in the face of increased insulin secretion, insulin
resistance should develop as a protective measure to maintain
normal glucose concentrations without hypoglycaemia. This
is supported by observations in patients with insulinomas in
whom the danger of hypoglycaemia is reduced by downreg-
ulation of insulin action through the development of insulin
resistance [35–37]. Further support for this downregulation of
insulin action comes from studies in healthy individuals with
normal glucose tolerance in whom insulin resistance
developed during 3–5 days of chronic physiological
hyperinsulinaemia, which was achieved by insulin infusion
balanced by glucose infusion to prevent hypoglycaemia [38].

Increased basal insulin concentrations have been docu-
mented in individuals with obesity and impaired glucose toler-
ance (IGT) before the development of type 2 diabetes and
identified as a risk factor for diabetes [39–41]. However, these
studies frequently do not account for differences in the
prevailing glucose concentration and insulin sensitivity, two

important drivers of fasting insulin concentrations. Two stud-
ies have accounted for these factors, in part; one found
increased fasting insulin concentrations predicted type 2
diabetes development [42] and the other observed that insulin
hypersecretion during an OGTT predicted subsequent
dysglycaemia [43]. However, in the latter study, OGTT
glucose levels were already higher in those who progressed
and could be a confounder. Thus, these two studies provide
some support for the concept of a potential independent path-
ogenic role of primary hyperinsulinaemia in dysglycaemia.

Additional insights from interventional
studies in animals and humans

Preclinical studies

A genetic background linked to beta cell dysfunction appears
to be required for the development of hyperglycaemia in diet-
induced obese mice [44–46]. Mice fed a high-fat diet (HFD)
commonly develop obesity, insulin resistance and
hyperinsulinaemia, but susceptibility to hyperglycaemia in
this setting varies by strain. For example, after a year on an
HFD, C57BL/6J×DBA/2J mice develop obesity and
hyperinsulinaemia and, if anything, have better glucose toler-
ance than mice fed a low-fat diet [47]. This may be due to the
DBA/2 component of the hybrid mice, as such a background
is associated with insulin hypersecretion without
hyperglycaemia [44], while C57BL/6J mice do develop
hyperglycaemia after 6 months on an HFD [48]. The impor-
tance of reduced insulin secretion in the pathogenesis of
hyperglycaemia is further supported by a study in which
young mice received low doses of the beta cell toxin
streptozotocin, followed by high-fat feeding. This experimen-
tal paradigm resulted in hyperglycaemia and beta cell secreto-
ry defects, as observed in human type 2 diabetes [49].

Ablation of insulin action through either insulin receptor or
glucose transporter disruption has highlighted that reducing
insulin’s effect alone does not necessarily lead to diabetes
[50, 51]. Doing so in muscle and fat led to decreased
insulin-stimulated glucose transport and hyperinsulinaemia
[51]. Deletion of the insulin receptor in muscle increased fat
mass and resulted in hypertriacylglycerolaemia and elevated
non-esterified fatty acids, without a change in glucose toler-
ance even at 20 months of age [52]. In the liver, 50% loss of
the glucose transporter did not alter glucose tolerance,
while complete deletion of the insulin receptor led to
hyperglycaemia in young animals that resolved by 4 months
of age, perhaps because of liver dysfunction [51, 53]. Deletion
of the insulin receptor in the brain resulted in hyperphagia
followed by obesity, insulin resistance and hyperinsulinaemia,
with no evidence of hyperglycaemia [54]. Only with loss of
the insulin receptor in the beta cell did impaired glucose-

Fig. 3 Insulin sensitivity and beta cell response across ranges of fasting
glucose. Relationship of fasting glucose with (a, b) fasting insulin, (c, d)
insulin sensitivity quantified by the HOMA2-IR, (e, f) the insulinogenic
index, and (g, h) beta cell function quantified as the oral disposition index
(DIO), in 613 Japanese American individuals. HOMA2-IRwas calculated
from fasting glucose and insulin levels using the HOMA2 calculator
(www.dtu.ox.ac.uk/homacalculator/; accessed 19 May 2020) [110]. The
insulinogenic index and DIO were calculated asΔI0–30/ΔG0–30 andΔI0–
30/ΔG0–30 × 1/fasting insulin, respectively, whereΔI0–30 is the change in
insulin concentration and ΔG0–30 is the change in glucose concentration
between 0 and 30 min during an OGTT, as previously described [19].
Data are reported as median and IQR. The 2003 American Diabetes
Association criteria were used to categorise participants as having
normal fasting glucose (NFG; green squares; n = 374), IFG (yellow
squares; n = 168) or type 2 diabetes (T2D; red squares; n = 71). The n
values in (g) also apply to (a), (c) and (e), while those in (h) also apply to
(b), (d) and (f). *p< 0.05 based on Kruskal–Wallis with Dunn’s multiple
comparisons tests. Figure based on data in [19]. This figure is available as
part of a downloadable slideset
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induced insulin secretion and progressive post-glucose-load
hyperglycaemia occur over time [55].

Insulin injection has been used as an experimental para-
digm to induce hyperinsulinaemia. This approach led to
hypoglycaemia and compensatory hyperphagia with resultant
weight gain in rats, effects that dissipated after insulin resis-
tance had developed to protect against hypoglycaemia
[56–58]. In one of these studies, mild glucose intolerance
was observed after 10 days of intervention, but beta cell func-
tion and glucose tolerance were not examined over a longer
period [58]. Chronic hyperinsulinaemia has also been induced
from conception by overexpression of the insulin gene in mice
[9]. In this mouse model, insulin resistance developed second-
ary to hyperinsulinaemia, without a change in fasting glucose
until 10–12 months of age, when these mice manifested
glucose intolerance due to a delayed early insulin response
[9]. However, against the predictions in the model favouring
primary hyperinsulinaemia as the basis for the ultimate devel-
opment of dysglycaemia, these mice did not become obese.

Built on the premise that hyperinsulinaemia is deleterious,
recent mouse studies used the approach of reducing insulin
production by deleting two or three insulin alleles. The predic-
tion was that this would prevent hyperinsulinaemia and, there-
by, weight gain, insulin resistance, glucose intolerance and
dysglycaemia in mice fed an HFD for 1 year. Figure 4 illus-
trates the phenotypic differences in mice fed an HFD
compared with their littermate controls on a moderate-fat diet.
Only mice that were null for Ins1 developed the expected
phenotype of obesity, hyperinsulinaemia and insulin resis-
tance; however, these mice did not develop diabetes as may
have been expected [59, 60] (Fig. 4a, b). Very little effect on
this phenotype was observed when one of the Ins2 alleles was
also deleted, with no sex-based effect observed [59, 60] (Fig.
4a, b). The phenotype of the mice that were null for Ins2 did
not differ in females on the two diets, whether they were
homozygous or heterozygous for Ins1, while males lacking
one Ins1 allele did not develop obesity and insulin resistance
[61] (Fig. 4c, d). Of note, these studies did not include mice
with a full complement of (four) insulin alleles, so it is unclear
whether the loss of two or three alleles even had an impact on
the normal phenotype. The lack of this control group means
that any potential compensatory change in response to gene
deletion cannot be excluded [62] and it is unclear whether the
presence of four insulin alleles would have been associated
with hyperglycaemia. Thus, from these studies it is rather
difficult to determine whether reducing insulin production
by systematic insulin gene deletion produces a phenotype
supporting primary hypersecretion as a pathological entity.

In summary, the preclinical literature supports the concept
that an HFD results in obesity, insulin resistance and
hyperinsulinaemia, but does not cause hyperglycaemia unless
a genetic susceptibility to reduced beta cell function exists.
Genetic induction of reduced peripheral insulin action or

experimental hyperinsulinaemia alone do not produce diabe-
tes. Attempts to reduce hyperinsulinaemia genetically were
predicted to improve obesity and insulin sensitivity, but the
outcomes were not consistent. Thus, it would appear that the
only approaches that result in persistent hyperglycaemia are
those in which a compensatory increase in insulin secretion
cannot occur because of either a genetic or chemically induced
beta cell defect.

Human studies

Interventional studies examining changes in body weight,
insulin sensitivity and beta cell function provide valuable
insight into understanding the mechanisms by which type 2
diabetes may occur.

If beta cell dysfunction is the primary driving factor in the
pathogenesis of dysglycaemia (Fig. 1a), one would expect that
weight loss and medical interventions targeting insulin resis-
tance to be beneficial. This benefit would result from an
‘offloading’ of the dysfunctional beta cell leading to a reduc-
tion in glucose and insulin levels. The use of secretagogues
would increase the workload on a dysfunctional beta cell,
initially improving glucose levels but possibly leading to beta
cell failure.

On the other hand, if hyperinsulinaemia is the primary
driving factor and precedes obesity and insulin resistance
(Fig. 1b), interventions that aim to directly reduce insulin
hypersecretion should have a fairly rapid benefit on insulin
sensitivity that should continue to improve as obesity resolves.
With a rapid reduction in insulin secretion, unless a marked
decrease in energy intake or improvement in insulin-
independent glucose uptake were to occur, an increase in plas-
ma glucose would be expected. Alternatively, if insulin resis-
tance is downstream of insulin hypersecretion, primarily
improving insulin sensitivity would not be expected to change
insulin secretion and would be likely to result in ongoing
hypoglycaemia. Such would be akin to the hypoglycaemia
observed in people with type 1 diabetes on a fixed insulin
dose, in whom acute exercise or reduced energy intake result
in hypoglycaemia [63–66]. This hypoglycaemia could be
obviated if counterregulatory responses are activated and
remain permanently so unless either the beta cell eventually
r educes i t s exces s ive ou tpu t o r the con t i nued
counterregulation in and of itself leads to insulin resistance.
Finally, increasing insulin levels with secretagogues in an
unregulated manner should produce insulin resistance,
increase body weight, induce hypoglycaemia and, ultimately,
precipitate beta cell failure.

Lifestyle Randomised studies of diabetes prevention have
shown that lifestyle interventions effectively prevent progres-
sion from IGT to type 2 diabetes [67–69]. Two of these studies
demonstrated that weight loss was associated with

2012 Diabetologia (2020) 63:2007–2021



improvements in insulin sensitivity and beta cell function that,
together, reduced circulating insulin levels [70, 71]. While the
interventions aimed to reduce weight as the primary effect, it
cannot be fully excluded that the lifestyle intervention
decreased insulin hypersecretion per se, subsequently leading
to reduced insulin resistance and weight loss. However, if
hyperinsulinaemia was primary, one may have expected that
the ‘fixed’ insulin hypersecretion, at least initially, would not
have been able to adapt to the reduced energy intake or weight
loss so that hypoglycaemia would have been reported, which
was not the case.

Medications Various studies using therapeutic agents shed
light on the primary beta cell dysfunction vs primary insulin
hypersecretion hypotheses. Some of these studies are outlined
below.

Inhibition of insulin secretion: potassium channel openers
and somatostatin analogues Studies using potassium channel
openers have shown inconsistent results in humans (Table 1).
With primary hyperinsulinaemia, the prediction would be an
improvement in insulin sensitivity and decrease in body
weight. In obese, non-diabetic, hyperinsulinaemic partici-
pants, when diazoxide (a potassium channel opener) was
combined with a dietary intervention, three studies reported
greater weight loss along with reduced insulin levels from
baseline [72–74]. However, when compared with placebo,
weight loss was only greater in two studies [72, 74], of which
only one found a greater reduction in fasting insulin with
diazoxide vs placebo [74]. Insulin sensitivity improved in
one study with diazoxide use when compared with placebo
[74], but not in the other two studies [72, 73]. While the
studies lasted between 2 and 6 months, the reasons for the
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Fig. 4 Metabolic phenotypes ofmice fed anHFD for 1 year when lacking
two or three insulin gene alleles. Ins1−/−:Ins2+/− (light green) and Ins1+/−

:Ins2−/− (light blue) mice (lacking three insulin alleles) and their litter-
mate controls, Ins1−/−:Ins2+/+ (dark green) and Ins1+/+:Ins2−/− (dark
blue) mice (lacking two insulin alleles) were fed an HFD (58% energy
from fat) for 1 year. The figure summarises themetabolic phenotype these
mice developed at the end of the study with respect to plasma insulin
levels, body weight gain, insulin resistance and hyperglycaemia/diabetes
compared with identical mice fed a moderate-fat diet (25% energy from
fat). (a) Both Ins1−/−:Ins2+/− and Ins1−/−:Ins2+/+ male mice developed
HFD-induced hyperinsulinaemia, obesity and insulin resistance. In one
cohort of male mice, Ins1−/−:Ins2+/− mice developed a mild impairment
of glucose disposal during an IPGTT compared with Ins1−/−:Ins2+/+

mice, but these findings were not reproduced in a second cohort (data
from [60]). (b) HFD induced milder obesity in Ins1−/−:Ins2+/− female
mice as compared with Ins1−/−:Ins2+/+ mice. Insulin levels and insulin
resistance were similar in both groups of mice after 1 year on the HFD.
Neither genotype developed diabetes but both had mild impairments in
glucose tolerance (data from [59]). (c) HFD-induced fasting
hyperinsulinaemia and obesity did not occur in Ins1+/−:Ins2−/−male mice
but was observed in Ins1+/+:Ins2−/− male mice. Neither genotype devel-
oped insulin resistance or hyperglycaemia (data from [61]). (d) Both
Ins1+/+:Ins2−/− and Ins1+/−:Ins2−/− female mice fed an HFD did not
develop hyperinsulinaemia, obesity, insulin resistance or hyperglycaemia
(data from [61]). This figure is available as part of a downloadable slideset
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discrepant findings are not simple to explain. However,
diazoxide did not consistently improve glucose levels, rather
resulting in a small increase in blood glucose in one study [74]
and deterioration in glucose tolerance in another [73], as
compared with placebo. These studies in obese, non-diabetic
participants would support the conclusion of the group of
authors of one of these studies who stated that ‘these findings
do not suggest that hyperinsulinaemia per se contributes to

maintenance of the obese state, and insulin secretion inhibi-
tion seems not a promising drug target.’ [73].

Inhibition of insulin release with somatostatin analogues also
does not support a primary role of hyperinsulinaemia in the path-
ogenesis of dysglycaemia.Obese individuals treated for 24weeks
with octreotide experienced weight loss that correlated with the
improvement in insulin sensitivity, making it difficult to know
which occurred first [75]. However, in a 1-week study in healthy

Table 1 Study design, baseline characteristics and metabolic outcomes of double-blind, placebo-controlled, intervention studies with diazoxide

Inclusion criteria and mean baseline
characteristics

N (F/M) Study
duration

Dose of diazoxide Other intervention(s) Outcomes vs placeboa Reference

Inclusion criteria: obese (BMI
≥30 kg/m2), no diabetes (fasting
glucose <6.67 mmol/l and/or
HbA1c < 53 mmol/mol [<7%])

Baseline characteristics: BMI
41.7 kg/m2, fasting glucose
5.3 mmol/l, HbA1c 40 mmol/mol
[5.8%], fasting insulin 186 pmol/l

24 (20/4) 8 weeks 2 mg kg−1 day−1

(maximum
200 mg/day)

Low energy diet started
1 week before
diazoxide

• No difference in fasting
insulin (reduced fasting
insulin on diazoxide
compared with
baseline)

• ↓ GSIS (AIRg during
IVGTT)

• No difference in fasting
glucose and glucose
disposal (KG)

• No difference in HbA1c

levels
• No difference in insulin

sensitivity (Bergman’s
minimal model)

• ↓ Body weight and body
fat

• No difference in REE

[72]

Inclusion criteria: overweight and
obese (BMI 27–66 kg/m2), no
diabetes (fasting glucose
<6.1 mmol/l), hyperinsulinaemic
(fasting insulin ≥100 pmol/l)

Baseline characteristics: BMI
41.5 kg/m2, fasting glucose
5.99 mmol/l, fasting insulin
138 pmol/l

35 (32/3) 8 weeks 2 mg kg−1 day−1

(maximum
200 mg/day)

Fat-reduced,
energy-restricted
weight-loss diet
(2.5 MJ energy
deficient/day)

• No difference in fasting
insulin (reduced fasting
insulin on diazoxide
compared with
baseline)

• ↓ GSIS (iAUCins during
OGTT and MTT)

• No change in fasting
glucose

• ↓ Glucose tolerance
• No difference in insulin

sensitivity (Matsuda
index)

• No change in body
weight, body fat and
REE

[73]

Inclusion criteria: obese (BMI
30–37 kg/m2), no diabetes (fasting
glucose ≤6.1 mmol/l,
HbA1c ≤ 42 mmol/mol [≤6.0%]) and
C-peptide level ≥1.0 nmol/l)

Baseline characteristics: BMI
35.1 kg/m2, fasting glucose
5.6 mmol/l, HbA1c 38 mmol/mol
[5.6%]), fasting insulin 135 pmol/l

33 (0/33) 6 months 200–700 mg/day Moderate hypoenergetic
diet + standardised
exercise programme ±
metformin up to
850 mg tid

• ↓ Fasting insulin and
post-meal insulin
secretion

• ↑ Fasting glucose and
post-meal peak glucose

• No difference in HbA1c

levels
• ↑ Insulin sensitivity

(HOMA-IR)
• ↓ Body weight

[74]

a Comparisons of outcomes compared variables at the end of the intervention in diazoxide-treated participants with the placebo groups

AIRg, acute insulin response to glucose; F, female; GSIS, glucose-stimulated insulin secretion; iAUCins, incremental area under the insulin curve; KG,
glucose disposal rate; M, male; MTT, meal tolerance test; REE, resting energy expenditure; tid, three times a day
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participants, octreotide administration reduced insulin levels but
did not change insulin sensitivity. Rather, it impaired beta cell
function and reduced insulin-independent glucose uptake,
resulting in elevated glucose levels [76].

Insulin sensitisers: metformin and thiazolidinediones
Metformin treatment in individuals with IGT reduces the risk
of progression to type 2 diabetes [69, 77, 78]. In the Diabetes
Prevention Program, metformin improved insulin sensitivity
with a weight loss of about 2 kg within a year. This resulted in
beta cell offloading and reduced insulin responses that, in the
context of improved insulin sensitivity, represented enhanced
beta cell function [70, 79]. In a study of a large cohort of recently
diagnosed, drug-naive type 2 diabetic individuals, 4 years of
metformin treatment improved insulin sensitivity and, again,
reduced secretory demand on the beta cell, leading to lower
insulin responses and overall better beta cell function [80].

Thiazolidinediones, which primarily act to improve insulin
sensitivity, have similar effects on insulin sensitivity, insulin
responses and beta cell function asmetformin, although themagni-
tude of the effect on insulin sensitivity is greater [80, 81]. Thus, the
reduction in beta cell secretory demand is superior. Further, these
effects occur in spite of an increase in body weight. Studies of
thiazolidinediones in diabetes prevention and early intervention
have all demonstrated a beneficial effect of this medication class,
which is also greater than that of metformin [78, 81–84].

I n s um , t h e s e s t u d i e s w i t h me t f o rm i n a nd
thiazolidinediones provide valuable insight into the primary
beta cell dysfunction vs primary insulin hypersecretion
hypotheses. Use of these insulin sensitisers is not associated
with the development of hypoglycaemia, in keeping with the
notion that improvements in insulin sensitivity are associated
with the appropriate downregulation of insulin output by the
beta cell. If the primary lesion was insulin hypersecretion, and
insulin resistance represented an adaptive response, it would
have been anticipated that, in the face of the improvement in
insulin sensitivity, the beta cell would inappropriately contin-
ue to secrete increased amounts of insulin so that many indi-
viduals would have experienced hypoglycaemia. Thus, we
believe that these clinical data strongly support beta cell
dysfunction as the primary abnormality in dysglycaemia.

Insulin secretagogues: sulfonylureas and incretin-based
medications Insulin secretagogues by nature increase insulin
release. In general, despite increased insulin concentrations,
no change in insulin sensitivity is observed unless weight loss
also occurs, as frequently observed with glucagon-like
peptide-1 receptor (GLP-1R) agonist treatment. Further, over
time the increased secretory demand on the beta cell results in
a progressive loss of beta cell function when compared with
medications that improve insulin sensitivity [80]. These long-
term differences were first demonstrated with sulfonylureas
[80], but more recently the dipeptidyl peptidase-4 (DPP-4)

inhibitor linagliptin showed a similar rate of deterioration in
glucose control as the sulfonylurea glipizide [85], suggesting
this effect is not limited to one class of secretagogues or
dependent on body weight. Whether the same occurs with
GLP-1R agonists is unclear as there are no long-term active
comparator studies with sulfonylureas.

With these three classes of secretagogues, one sees divergent
effects on weight: sulfonylureas increase body weight, DPP-4
inhibitors are weight neutral and GLP-1R agonists decrease
weight. Thus, the relationship between increased insulin secre-
tion and the development of obesity/insulin resistance is not
congruent, although the ability of GLP-1R agonists to reduce
satiety confounds the interpretation somewhat.

In sum, the enhancement of beta cell failure with insulin secre-
tagogues is compatible with either model of dysglycaemia devel-
opment. With the primary hyperinsulinaemia hypothesis, one
would have expected the development of obesity and/or insulin
resistance. However, the lack of insulin resistance with both sulfo-
nylureas andDPP-4 inhibitors, as well as the weight neutrality and
lack of hypoglycaemia with the DPP-4 inhibitors, are contrary to
what might have been expected with this hypothesis.

Bariatric/metabolic surgeryWeight-loss surgery has also been
quite informative regarding the two hypotheses. Within a
week after surgery in patients with type 2 diabetes, it has been
reported that insulin levels decline, insulin sensitivity
improves and glucose levels fall [86]. This observation has
been interpreted as hyperinsulinaemia being the primary prob-
lem in dysglycaemia since decreased insulinaemia preceded
the resolution of insulin resistance [10, 12, 13, 87]. However,
in this same study, the control group of obese individuals with
no diabetes also demonstrated a significant reduction in
fasting insulin but without a change in insulin sensitivity, even
3 months after the surgery [86]. In contrast, others have not
observed an early change in insulin sensitivity following
surgery [88]. In the study that made a strong case for primary
hyperinsulinaemia being the primary event in the pathogene-
sis of dysglycaemia [86], energy intake was not reported. This
would have been very informative given that the similar
degrees of weight loss that were achieved 3 weeks after gastric
bypass surgery or commencement of a very-low-energy diet
resulted in similar reductions in fasting insulin and improve-
ments in insulin sensitivity [89]. Finally, similarities in the
outcomes from these two interventions raises the question of
whether the gastrointestinal tract itself is important in the
development of hyperinsulinaemia.

Youths vs adults: new insights
into the pathophysiology of dysglycaemia

Similar to adults, type 2 diabetes in youths is characterised by
peripheral and hepatic insulin resistance, together with beta
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cell dysfunction that worsens over time [90–92]. The disease
appears to be more aggressive in youths with higher treatment
failure rates [78, 80, 93, 94]. A reduction in beta cell function
has also been demonstrated before the development of
dysglycaemia [95, 96]. Of note, in the EarlyBird cohort study,
a longitudinal study examining trajectories of both beta cell
function and insulin sensitivity in young children, reduced
beta cell function was already present at 5 years of age in
children who had normal fasting glucose who subsequently
developed IFG during puberty [97].

The Restoring Insulin Secretion (RISE) Study has, for the
first time, directly compared insulin sensitivity, beta cell func-
tion and treatment response in adults and youths with IGT or
recently diagnosed type 2 diabetes [98–100]. At baseline,
youths were more insulin resistant and had greater insulin
responses for any degree of insulin sensitivity despite similar
levels of obesity and dysglycaemia as compared with adults
[98, 99]. Further, in youths with IGT and type 2 diabetes, beta
cell function progressively deteriorated while on metformin
alone or insulin glargine followed by metformin [100]; this
deterioration was not observed in adults.

Using the feedback loop concept of the regulation of glucose
metabolism, given youths and adults had similar impairments in
glucose tolerance, one would have expected insulin resistance in
the youths to have been proportionately balanced by an increase
in the insulin response. However, the observation of beta cell
hyperresponsiveness in the younger age group at baseline
suggests one of two things: (1) that there is a greater workload
on beta cells in youths than adults due to the more severe insulin

resistance and/or primary hyperinsulinaemia, both of which may
contribute to more rapid beta cell failure; or (2) since both youths
and adults had similar glucose tolerance, insulin levels in youths
are disproportionately increased for the degree of insulin resis-
tance, strongly suggesting that the increased insulin responses in
youths represent compensation for something else, such as
decreased insulin-independent glucose uptake (glucose-mediated
glucose disposal), rather than representing primary
hyperinsulinaemia. This latter hypothesis would be in line with
findings from studies of normoglycaemic offspring, the parents
of which both had type 2 diabetes. Offspring that developed
diabetes had reduced insulin-independent glucose uptake and
were more insulin resistant 10 years prior to the development
of the disease, as compared with offspring that did not develop
hyperglycaemia [101].

These new comparisons in youths and adults highlight that
a great deal more work is needed to understand why type 2
diabetes is now emerging in youths.

Areas for future work

A better understanding of the correct pathophysiological
sequence leading to type 2 diabetes will be valuable in better
designing preventative and therapeutic approaches. Here we
consider a limited approach to increasing our knowledge.

More longitudinal studies are needed as most opinions are
based on associative studies. Large longitudinal observation
cohort studies, like EarlyBird [97], could be expected to

Obesity/adiposity

Lipodystrophy-like/insulin action

Lipid metabolism/liver

Beta cell function

Mixed features 
(beta cell function + other)

7%

5%

19%
32%

37%

Fig. 5 Phenotypes associated with gene variants linked to type 2 diabetes.
The proportions of gene variants (SNPs) associated with type 2 diabetes
susceptibility, the function of which have been linked to specific pheno-
typic characteristics, are shown. Clinical and biochemical features define
phenotypes of reduced beta cell function (beta cell and proinsulin), obesi-
ty/adiposity, lipodystrophy-like/insulin action and lipid metabolism/liver.
Of over 400 variants identified by genome-wide association studies
(GWAS), 128 have been linked to one or more of the phenotypes listed.

If a variant had more than a single feature, it was classified as mixed (n =
41 variants). Of the mixed phenotypes, all included beta cell function
features. Seven genes had multiple variants in which separate variants
were associated with different phenotypes. Variants linked to type 2
diabetes that did not have a distinct phenotype were considered unclassi-
fied and not included in this analysis. Figure based on data from soft
clustering data analysis [103, 104]. This figure is available as part of a
downloadable slideset
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inform us about the natural history of the beta cell, if
commenced early in life.

Genome-wide association studies (GWAS) have clearly
identified more than 400 gene variants (SNPs) associated
with type 2 diabetes [102]. While most gene products
from these variants have not been identified, 128 of them
have been linked phenotypically to beta cell dysfunction
[103, 104] (Fig. 5). Recent work from the EarlyBird
cohort demonstrated that genetic markers associated with
type 2 diabetes in adults are also present in youths [105].
These markers were more commonly associated with beta
cell dysfunction and increasing glucose, independent of
BMI or insulin resistance. Similar observations were
made in obese, adolescent white, Hispanic and African-
American youths followed longitudinally [106]. In these
youths with five known SNPs associated with type 2
diabetes, mathematical modelling demonstrated that with
increasing numbers of risk alleles there was no difference
in insulin sensitivity, but early-phase insulin secretion was
reduced and the risk of developing IGT and type 2 diabe-
tes over time was increased. Whether any of these gene
variants may have been associated with preceding insulin
hypersecretion is unknown. Further, epigenetics also
provides compelling evidence for dysregulation of islet-
specific gene expression in type 2 diabetes [107, 108].
However, it is not clear whether this occurs prior to or
following the development of hyperglycaemia or whether
it could even be transgenerational. Longitudinal studies
starting at birth would, again, be informative with regard
to this, in this instance from both genetic and epigenetic
perspectives.

Preclinical studies using cell lines or animal models
have always been informative and should continue to be
performed. Importantly, they cannot fully replace human
investigations of glucose metabolism. Small animals
more readily facilitate studies of gene deletion or upreg-
ulation; however, these may represent extreme pheno-
types and do not necessarily translate to human physi-
ology [51–53, 109]. In addition, as mentioned earlier
when discussing the insulin gene deletion studies in
mice, it is critical to include the appropriate control
groups, in which no genetic modification and/or inter-
vention have been performed.

While not perfect because all potential confounders cannot
be controlled, human interventional studies are necessary.
While, in our minds, the studies with diazoxide are fairly
definitive, others may argue they are not ideal. Thus, it is
important to test the primary hypersecretion hypothesis in
humans by using an alternative intervention that directly
reduces insulin secretion for a prolonged period of time, and
to quantify, with formal measures, the effects on glucose
metabolism, from insulin sensitivity to beta cell function,
along with body weight regulation.

Conclusion

While it is clear that type 2 diabetes is a heterogeneous condi-
tion characterised by beta cell failure, whether beta cell
dysfunction or primary hyperinsulinaemia is the early event
in the pathogenesis of dysglycaemia is now up for debate. We
believe that the weight of the evidence in humans (and animal
models) supports the principal defect in most individuals as
being early beta cell dysfunction associated with reduced insu-
lin secretion, rather than primary hypersecretion. Thus, it
seems incumbent on the proponents of the primary
hyperinsulinaemia hypothesis to undertake further studies to
make their case more forcefully. Improved understanding of
whichever mechanism underlies beta cell dysfunction should
allow us to provide better preventative and therapeutic inter-
ventions for type 2 diabetes.

Summary 

What is the question?

While beta cell dysfunction is the critical component 

responsible for the increase in glucose observed in 

prediabetes and type 2 diabetes, the question is 

whether this beta cell dysfunction is present from 

early in the disease course or arises late as a result 

of beta cell exhaustion following prolonged primary 

insulin hypersecretion.

What is the key observation?

Beta cell dysfunction is clearly present at the time of 

development of dysglycaemia (IGT/type 2 diabetes). 

The preponderance of the evidence supports this 

dysfunction being the early event in the natural history 

of dysglycaemia. However, the heterogeneity of type 

2 diabetes suggests an outside possibility that, in 

some, primary hyperinsulinaemia may be an early 

event.

Selected outstanding questions for a better 

understanding of the pathophysiological se-

quence leading to type 2 diabetes:

Does primary overstimulation of the beta cell and 

the resulting hyperinsulinaemia precede insulin 

resistance and, ultimately, lead to type 2 diabetes 

in some individuals?

Are some beta cell gene variants that are linked 

to type 2 diabetes associated with preceding 

insulin hypersecretion rather than decreased 

insulin output?

Can an intervention aimed at directly reducing 

insulin secretion for a prolonged period of time 

prevent the development of obesity, insulin 

resistance and type 2 diabetes?
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