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To the Editor: We appreciate the thoughtful comments by
Johnson [1] on our review [2] and agree that in general we
have overlapping views that identify beta cell dysfunction as
playing the central role in the pathogenesis of type 2 diabetes.
What distinguishes us is we believe beta cell dysfunction with
impaired insulin release usually occurs early, whereas he feels
primary hyperinsulinaemia is frequently present initially [1].
As insulin resistance and hyperinsulinaemia are likely bidirec-
tional, with obesity as a cause and potential consequence of
both, determining cause/effect for each element in humans is
extremely difficult. Based on rodent insulin gene knockout
studies, Johnson suggests hyperinsulinaemia contributes to
the development of obesity and insulin resistance. In contrast,
we maintain that the development of obesity and insulin resis-
tance unmasks the beta cell defect by asking it to work harder
than it can. To enhance the debate, we respond with a few
additional comments.

First, it is well recognised that the physiology of insulin
production and release by the beta cell is complex, with insulin

secretion tightly regulated and dependent on several factors
including, but not limited to, the nature, quantity and route of
administration of the stimulus as well as tissue sensitivity to insu-
lin. Glucose is a critical modulator of the insulin response, both as
a stimulus and a potentiator. In Fig. 2 in his commentary [1],
Johnson redrew data from Mitrakou et al. [3] and suggests that
while impaired glucose tolerance (IGT) is characterised by dimin-
ished early insulin release during an OGTT, it is also associated
with fasting and fed hyperinsulinaemia. This interpretation fails to
account for the difference in glucose concentrations in those with
dysglycaemia and its impact on insulin responses. In the example
cited, both the fasting and post-load glucose concentrations are
elevated in those with IGT [3]. While the commensurate insulin
concentrations are elevated in the fasting state, they only exceed
those observed in the normal glucose tolerance (NGT) group
beyond the first hour post-glucose ingestion when the glucose
stimulus remains elevated as a result of a delayed/reduced early
insulin response. Thus, our interpretation differs from his in that
we believe that the insulin profile later in the test demonstrates
higher concentrations because the glucose stimulus differs and
therefore does not represent primary hyperinsulinaemia but rather
impaired beta cell function.

To highlight the importance of considering the stimulus
(here oral glucose), we further examined the OGTT data from
the 613 Japanese Americans we reported in our original publi-
cation [2]. Individuals were categorised based on the 2 h plas-
ma glucose as NGT, IGT or type 2 diabetes (Fig. 1). Given the
dysglycaemia, glucose concentrations were elevated in indi-
viduals with IGT or type 2 diabetes (Fig. 1a) so that the incre-
mental AUC (iAUC) above fasting determined over the whole
duration of the test increased progressively with deteriorating
glucose tolerance (Fig. 1c). LikeMitrakou et al’s observations
[3], individuals with IGT or type 2 diabetes displayed
increased basal insulin levels and a reduced early insulin
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response. However, beyond 60 min, insulin levels were
elevated (Fig. 1b) with the iAUC insulin higher in individuals
with IGT vs those with NGT (Fig. 1d). When the prevailing
glucose was accounted for, in the fasting state there was no
longer evidence of basal insulin hyperresponsiveness and,
post-load, the magnitude of the iAUC insulin was reduced
by 38% in individuals with IGT and 75% in individuals with
type 2 diabetes (Fig. 1e). Further, in the whole cohort regres-
sion analysis of the early insulin response (ΔI0–30/ΔG0–30;
also known as the insulinogenic index) and iAUC insulin/
iAUC glucose over the 180 min demonstrated the two
measures to be strongly related (r2 = 0.43, p < 0.001, Fig.
1f). We observed similar results in a subgroup of 430 individ-
uals in whom we used C-peptide (data not shown),

highlighting deficient beta cell responses in individuals with
IGT or type 2 diabetes using either peptide. Our findings are
also in accordance with Mitrakou et al. [3], who found insulin
and glucose concentrations at 2 h were positively correlated.
Thus, we would suggest one cannot simply assume that
primary hyperinsulinaemia is present when insulin levels are
elevated. Uncoupling insulin release from the stimulus can
lead to erroneous conclusions about the functional status of
the beta cell.

Second, we fully agree that type 2 diabetes is a heterogeneous
disease [4] and this heterogeneity in some individuals maymani-
fest as insulin hypersecretion independent of insulin sensitivity
[5, 6]. In fact, as discussed in our review [2], data from the
Restoring Insulin Secretion (RISE) Study highlight this
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Fig. 1 Decreased glucose-
stimulated insulin release in
individuals with IGT and type 2
diabetes. (a) Glucose and (b)
insulin concentrations during an
OGTT in 613 Japanese
Americans. Participants were
categorised based on ADA
criteria as having NGT (green;
n=303), IGT (yellow; n=196) or
type 2 diabetes (T2D, red;
n=114). iAUC for (c) glucose, (d)
insulin, and (e) insulin over
glucose (iAUC insulin/iAUC
glucose) were calculated from 0
to 180 min. Data are reported as
mean ± SEM (a, b), or median
and IQR (c, d, e). ***p<0.001
based on Kruskal–Wallis with
Dunn’s multiple comparisons
tests. (f) The relationship between
the early insulin response to
glucose, calculated asΔ insulin0–
30 /Δ glucose0–30 (ΔI0–30 /ΔG0–

30), and incremental insulin over
glucose (iAUC insulin /iAUC
glucose) in the whole cohort was
linear in nature (r2= 0.43,
p<0.001). Figure based on data in
[15]
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heterogeneity showing it exists within and between youth and
adults. As a component of these observations, youth had greater
insulin responses than adults even after adjusting for differences
in insulin sensitivity [7, 8]. These observations could indicate
primary hyperinsulinaemia; however, since it was not associated
with hypoglycaemia and overall blood glucose levels did not
differ, we suggest that the increased insulin responses may repre-
sent a compensatory mechanism for decreased insulin-
independent glucose uptake (glucose effectiveness). Indeed, it
is well established that glucose effectiveness is important for
glucose disposal in humans [9] and studies have reported that it
is reduced in individuals with obesity, the metabolic syndrome
and/or IGT [10–13] and can itself predict the development of
dysglycaemia [11, 14]. This consideration raises the question
whether hyperinsulinaemia may be a biomarker of reduced
glucose effectiveness? However, even if that was the case, we
do not believe dysglycaemia should develop unless there is an
underlying beta cell defect.

Third, Johnson highlights the value of studies of genetical-
ly modified animals.We agree, but it is important to be careful
when extrapolating from animal models to humans, particu-
larly when considering type 2 diabetes. Type 2 diabetes is not
a monogenic disease but is rather polygenic, highlighted in
part by the increasing risk with increasing genetic risk scores.

In conclusion, we and Johnson certainly agree that an under-
lying beta cell defect characterised by reduced insulin secretion
is required for dysglycaemia to develop. We hope further work
will help elucidate whether in fact hyperinsulinaemia precedes
insulin resistance or is a marker of some other abnormality, and
whether the genetic basis for human type 2 diabetes includes
genes that increase insulin secretion per se when accounting for
known physiologic regulators of the beta cell’s response.
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