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Abstract
Aims/hypothesis The rapid remission of type 2 diabetes by a diet very low in energy correlates with a marked improvement
in glucose-stimulated insulin secretion (GSIS), emphasising the role of beta cell dysfunction in the early stages of the
disease. In search of novel mechanisms of beta cell dysfunction after long-term exposure to mild to severe glucotoxic
conditions, we extensively characterised the alterations in insulin secretion and upstream coupling events in human islets
cultured for 1–3 weeks at ~5, 8, 10 or 20 mmol/l glucose and subsequently stimulated by an acute stepwise increase in
glucose concentration.
Methods Human islets from 49 non-diabetic donors (ND-islets) and six type 2 diabetic donors (T2D-islets) were obtained from
five isolation centres. After shipment, the islets were precultured for 3–7 days in RPMI medium containing ~5 mmol/l glucose
and 10% (vol/vol) heat-inactivated FBS with selective islet picking at each medium renewal. Islets were then cultured for 1–3
weeks in RPMI containing ~5, 8, 10 or 20 mmol/l glucose before measurement of insulin secretion during culture, islet insulin
and DNA content, beta cell apoptosis and cytosolic and mitochondrial glutathione redox state, and assessment of dynamic insulin
secretion and upstream coupling events during acute stepwise stimulation with glucose [NAD(P)H autofluorescence, ATP/
(ATP+ADP) ratio, electrical activity, cytosolic Ca2+ concentration ([Ca2+]c)].
Results Culture of ND-islets for 1–3 weeks at 8, 10 or 20 vs 5 mmol/l glucose did not significantly increase beta cell apoptosis or
oxidative stress but decreased insulin content in a concentration-dependent manner and increased beta cell sensitivity to subse-
quent acute stimulation with glucose. Islet glucose responsiveness was higher after culture at 8 or 10 vs 5 mmol/l glucose and
markedly reduced after culture at 20 vs 5 mmol/l glucose. In addition, the [Ca2+]c and insulin secretion responses to acute
stepwise stimulation with glucose were no longer sigmoid but bell-shaped, with maximal stimulation at 5 or 10 mmol/l glucose
and rapid sustained inhibition above that concentration. Such paradoxical inhibition was, however, no longer observed when
islets were acutely depolarised by 30 mmol/l extracellular K+. The glucotoxic alterations of beta cell function were fully
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reversible after culture at 5 mmol/l glucose and were mimicked by pharmacological activation of glucokinase during culture at 5
mmol/l glucose. Similar results to those seen in ND-islets were obtained in T2D-islets, except that their rate of insulin
secretion during culture at 8 and 20 mmol/l glucose was lower, their cytosolic glutathione oxidation increased after culture
at 8 and 20 mmol/l glucose, and the alterations in GSIS and upstream coupling events were greater after culture at 8 mmol/l
glucose.
Conclusions/interpretation Prolonged culture of human islets under moderate to severe glucotoxic conditions markedly
increased their glucose sensitivity and revealed a bell-shaped acute glucose response curve for changes in [Ca2+]c and insulin
secretion, with maximal stimulation at 5 or 10 mmol/l glucose and rapid inhibition above that concentration. This novel
glucotoxic alteration may contribute to beta cell dysfunction in type 2 diabetes independently from a detectable increase in beta
cell apoptosis.

Keywords Cytosolic calcium . Glucose response curve . Glucotoxicity . Human islets . Long-term culture

Abbreviations
[Ca2+]c Cytosolic Ca2+ concentration
EGSH Glutathione redox state
GSIS Glucose-stimulated insulin secretion
K30Dz 30 mmol/l extracellular K+ in the presence of

diazoxide
ND-islets Non-diabetic islets
SP Slow potential
T2D-islets Type 2 diabetic islets

Introduction

Pancreatic beta cells are critical for glucose homeostasis
owing to their ability to constantly adapt insulin secretion
to changes in the concentrations of glucose and other nutri-
ents. In humans and rodents, glucose-stimulated insulin
secretion (GSIS) results from an acceleration of glucose
metabolism with a rise in the NAD(P)H/NAD(P)+ and
ATP/ADP ratios, closure of ATP-sensitive K+ channels,
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plasma membrane depolarisation, opening of voltage-
dependent Ca2+ channels and Ca2+ influx, with the rise in
cytosolic Ca2+ concentration ([Ca2+]c) triggering insulin
granule exocytosis [1–3]. In addition, glucose metabolism
amplifies Ca2+-induced exocytosis [4]. In the context of
glucose intolerance and type 2 diabetes, chronic exposure
to the diabetic milieu slowly alters beta cell mass and func-
tion, thereby aggravating the disease [5, 6]. Although the
relative contributions of glucose and lipids to nutrient
toxicity are debated, several studies in rodents have
demonstrated a major contribution of glucotoxicity to the
reversible alterations of beta cell gene expression, loss of
insulin content and GSIS, and apoptosis in diabetes, and a
beneficial impact of beta cell rest on some of these alter-
ations [7–13]. In comparison, human beta cells in culture
or humanised murine models of diabetes are less prone to
glucotoxic apoptosis unless concomitantly exposed to high
levels of saturated NEFAs [12, 14, 15]. Moreover, a
decrease in beta cell function rather than number probably
contributes to the alterations in GSIS in early type 2 diabe-
tes. Indeed, in obese patients with recent type 2 diabetes
submitted to severe energy restriction, the remission of
diabetes critically depends on rapid restoration of beta cell
glucose responsiveness [16, 17]. Here, we tested the
impact of 1–3 weeks of culture at various glucose concen-
trations on human islets from non-diabetic and type 2
diabetic donors. As beta cell apoptosis did not increase,
we thoroughly analysed insulin secretion and upstream
coupling events during stepwise stimulation with glucose,
looking for yet unrecognised glucotoxic alterations in
human beta cell stimulus–secretion events.

Methods

For detailed methods, please see the electronic supplementary
material (ESM).

Islet preparations Islets were isolated with informed consent
from 49 non-diabetic donors (ND-islets) and six donors with a
history of type 2 diabetes (T2D-islets) in five isolation centres.
Islets were cultured and shipped in CMRL medium containing
5.5 mmol/l glucose and 10% (vol/vol) FBS or 59 g/l human
serum albumin. Donor and islet preparation characteristics are
shown in Table 1 and ESMTable 1. Experiments were approved
by the UCL-Saint-Luc ethics committee (project 2017/05JUL/
355).

Islet culture Islets were precultured for 4–7 days in RPMI medi-
um containing 5.5mmol/l glucose and 10% (vol/vol) FBS or 5 g/l
BSA, with hand-picking to another dish every 2–3 days and
removal of islets with detectable central necrosis at ×10 magnifi-
cation. Islets were then cultured for 1–3 weeks in RPMI medium
containing ~5.5, 8.5, 10.5 or 20.5 mmol/l glucose (referred to as
G5-, G8-, G10- and G20-islets throughout the paper). Insulin was
measured in the culture medium (renewed every 2–3 days) using
an in-house RIA with human insulin as a standard.

Apoptosis and proportion of alpha and beta cells Islet
histone-associated DNA fragments were quantified using a
commercial ELISA. The results were normalised to DNA
content measured by fluorimetry. The percentage of beta cell

Table 1 Summary of the characteristics of donors and islet preparations

Descriptive statistics Age Sex ratio (M/F) BMI (kg/m2) HbA1c (%) HbA1c

(mmol/mol)
Cold ischaemia
duration (h)

Islet purity
(%)

Culture time until
reception (h)

Donors with no history of diabetes

n 49 31/18 49 12 12 41 46 49

Min. 17 20.5 4.5 25.5 2 75 6

Max. 74 40.2 6.1 43.1 23 95 170

Median 55 25.7 5.5 36.5 8 90 96

Mean 54 26.6 5.4 35.4 9 87 95

Donors with a history of type 2 diabetes

n 6 6/0 6 2 2 6 6 6

Min. 43 25.4 6.0 42 4 80 60

Max. 68 30.5 6.5 47.5 11 90 168

Median 61 27.9 6.3 45.3 8 83 125

Mean 59 27.9 6.3 45.3 8 84 116

Details for each donor and islet preparation can be found in ESM Table 1. The numbers of donors/preparations for which the data were available are
shown on the first line of each column
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apoptosis was determined by TUNEL assay and insulin
immunodetection in islet sections (ESM Fig. 1). Central
necrotic areas were excluded from counting. Other islet
sections were used to compute the proportion of alpha and
beta cells after immunodetection of glucagon- and insulin-
positive cells.

Glutathione redox state Cytosolic and mitochondrial glutathi-
one redox state (EGSH) were measured as indicators of cyto-
solic and mitochondrial oxidative stress in islets expressing
roGFP1 or mt-roGFP1. The probe fluorescence ratio was
normalised to the minimal ratio (set to 0%) in dithiothreitol
and the maximum ratio (set to 100%) in aldrithiol [18, 19].

SolutionsAcute glucose responses were measured using KRB
containing (in mmol/l) NaCl (124), KCl (4.8), CaCl2 (2.5),
MgCl2 (1.2) and NaHCO3 (20), 1 g/l BSA (fraction V;
Roche) and n mmol/l glucose (Gn). When KCl was raised to
30 mmol/l, NaCl was reduced to 98.8 mmol/l. The solutions
were continuously gassed with 5% (vol/vol) CO2 in pure O2 to
maintain a pH of ~7.4 at 37°C.

ATP measurements After 30 min preincubation in KRB
containing 0.5 mmol/l glucose, islets were incubated for
30 min in 0.5 or 10 mmol/l glucose before incubating for
30 min at various glucose concentrations. ATP and ATP+
ADP were measured using a luminometric method [20]; the
ATP/(ATP+ADP) ratio was computed and normalised to the
ratio in G5-islets treated with azide.

NAD(P)H, [Ca2+]c and insulin secretionAfter 30min perifusion
with KRB containing 0.5 mmol/l glucose, islets were stimu-
lated with increasing glucose concentrations. NAD(P)H auto-
fluorescence and [Ca2+]c were measured in small- to medium-
sized islets (diameter ~75–150 μm) [21]. [Ca2+]c was
measured by recording the fura2-LR fluorescence ratio in
islets loaded with 2 μmol/l fura2-LR-acetoxymethylester at
the same glucose concentration as during culture [21].
Alternatively, islets were infected with Ad-RIP-D3cpv and
the probe fluorescence ratio was recorded. Insulin secretion
was measured in 2 min effluent collections from 100–150
perifused islets (diameter ~75–330 μm). The islet DNA and
insulin contents were measured after perifusion and used for
data normalisation.

Electrical activity Islets were seeded on multielectrode arrays
coated with Matrigel. After 1 week of culture at G5, G8 or
G20, islets were perifused with HEPES-buffered KRB at vari-
ous glucose concentrations with the final addition of 1 mmol/l

CoCl2. Extracellular field potentials were acquired and treated
as described [22]. Slow potentials (SPs), which are multicel-
lular beta cell-specific signals resulting from beta cell
coupling [23], were isolated as described in Lebreton et al
[23]. Mean SP frequencies were determined over the last
5 min of each condition for each recorded islet.

�Fig. 1 Long-term (1 week) effects of glucose on cultured human islets.
After preculture at G5, human islets were cultured for 1 week in RPMI
medium containing G5, G8 or G20 (G5-islets, black; G8-islets, green;
G20-islets, red). (a) Insulin secreted in the culture medium, which was
collected every 2–3 days. Means ± SD and individual data for the 22
preparations used for the experiments shown in Fig. 1. (b) Islet insulin/
DNA content ratio and (c) DNA content at the end of the experiments
shown in (m). Means ± SD and individual data for six preparations. (d)
Proportions of beta and alpha cells and (e) percentage of TUNEL-positive
beta cells in islet sections. Means ± SD and individual data for three to
four preparations. (f) Islet histone-associated cytosolic DNA fragments
after culture (absorbance arbitrary units normalised for differences in islet
DNA content). Means ± SD and individual data for three preparations. (g)
Cytosolic and (h) mitochondrial EGSH as reflected by the roGFP1 and mt-
roGFP1 normalised fluorescence ratio, respectively (see Methods).
Means ± SD and individual data for four (g) or six (h) preparations. (i)
NAD(P)H autofluorescence during stimulation with a stepwise increase
in glucose concentration (Gn, nmmol/l glucose), as indicated at the top of
the figure. Data from each islet were normalised to the fluorescence level
measured 10 min after the addition of 10 μmol/l FCCP. Means ± SD for
five preparations, each with one or two islets. The Δ(G30–G10) graph
shows the change in NAD(P)H autofluorescence between the 10 and 30
mmol/l glucose steps calculated by subtracting the mean data over the last
3 min for G10 from the mean data over the last 3 min for G30; units are as
in the graphs showing the corresponding dynamic traces. (j) ATP/(ATP+
ADP) ratio in islets incubated for two consecutive periods of 30 min at the
indicated glucose concentrations. In each experiment, the ratios were
normalised to that measured in G5-islets incubated in 30 mmol/l
glucose + 5 mmol/l azide. Means ± SD and individual data for five
preparations, each with two to three batches of 10 islets per condition.
(k) Fura2-LR fluorescence ratio (as an indicator of [Ca2+]c) and (m)
insulin secretion rate during stepwise glucose stimulation followed by
membrane depolarisation with 30 mmol/l extracellular K+ in the
presence of 250 μmol/l diazoxide (K30Dz). Means ± SD for five to six
preparations. The Δ(G30–G10) graphs show the changes in fura2-LR
fluorescence ratio and insulin secretion rate between the 10 and 30
mmol/l glucose steps calculated as in (i) using the mean data during the
last 3 min (k) or 6 min (m) of each step. (l) Electrical activity recorded
with MEAs in islets stimulated by a stepwise increase in glucose
concentration, as indicated at the top of the figure. The mean SP
frequencies were computed over the last 5 min of each condition. Co2+,
1 mmol/l CoCl2. Data are means ± SD for 14–27 measurements from
three islet preparations. For more details, see ESM Fig. 4. (n, o) Effect of
100 μmol/l diazoxide (Dz) on [Ca2+]c (n) and insulin secretion (o) during
perifusion at 0.5 mmol/l glucose. Means ± SD for four or five
preparations. (p) Fura2-LR fluorescence ratio and (q) insulin secretion
rate during acute depolarisation with 30 mmol/l extracellular K+ (K30) in
the presence of 0.5 mmol/l glucose and 100 μmol/l Dz followed by
stepwise glucose stimulation. Means ± SD for four to five preparations.
Statistical analysis: ([a, j] and dynamic recordings in [i, k–q]) Two-way
ANOVA plus Tukey’s test: *p<0.05, **p<0.01 and ***p<0.001 vs day
1–2 (a) or G0.5 step (i–q) in the same islet type; †p<0.05, 2†p<0.01 and
3†p<0.001 vs G5-islets at the same time point; ‡p<0.05 and 3‡p<0.001
vs previous step in the same islet type; §p<0.05 and 3§p<0.001 vs azide
(j) or vs initial step before K30 stimulation (p, q). ([b–h] andΔ graphs in
[i, k,m]) One-way ANOVA plus Dunnett’s test: †p<0.05, 2†p<0.01 and
3†p<0.001 vs G5-islets; test for linear trend from left to right: §p<0.05
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Statistics Means ± SD are shown for the number of
preparations/donors indicated, with individual data added to
the column bars. The statistical significance of differences
between groups was evaluated by one-way ANOVA followed
by Dunnett’s test or a test for linear trend, or by two-way
ANOVA (for repeated measurements when comparing select-
ed time points in the same trace) followed by Tukey’s test, or
by mixed-effects model analysis followed by Sidak’s test
when few data were missing. Analyses were carried out using
GraphPad Prism version 9 (USA).

Results

Impact of culture for 1 week at increasing glucose concentra-
tions on insulin secretion, islet insulin and DNA content, beta
cell apoptosis, and cytosolic and mitochondrial glutathione
redox state During culture, insulin secretion was significantly
higher in G8-islets and G20-islets than in G5-islets, with a
time-dependent increase in G8-islets (Fig. 1a). After culture,
the insulin content was ~33% lower in G8-islets and ~85%
lower in G20-islets than in G5-islets (Fig. 1b), while the DNA
content was unaffected (Fig. 1c). The proportions of beta and
alpha cells were also similar in G5-islets and G20-islets
(Fig. 1d). DNA fragmentation, percentage of TUNEL-
positive beta cells, cytosolic EGSH (a marker of cytosolic
oxidative stress) and mitochondrial EGSH did not differ signif-
icantly between groups (Fig. 1e–h). We obtained similar
results after culture in FBS-free medium containing BSA
(ESM Fig. 2).

Impact of culture for 1 week at increasing glucose concentra-
tions on subsequent GSIS and upstream coupling events
After culture, the responses to stepwise increases in glucose
concentration were measured after a ~30 min exposure to 0.5
mmol/l glucose (Fig. 1 and ESM Fig. 3). To compare glucose
metabolism between groups, NAD(P)H autofluorescence and
the ATP/(ATP+ADP) ratio were normalised to their mini-
mums in the presence of the mitochondrial poisons FCCP
(uncoupler) or azide (complex IV inhibitor).

In G5-islets, glucose increased NAD(P)H autofluorescence
and the ATP/(ATP+ADP) ratio across the whole range of
concentrations (Fig. 1i, j) and increased [Ca2+]c and insulin
secretion at 10 and 30mmol/l (Fig. 1k, m; ESM Fig. 3), with a
further increase on cell depolarisation with high K+. Glucose
also increased the SP frequency recorded with multielectrode
arrays (Fig. 1l; ESM Fig. 4), an effect that was inhibited by
blocking all voltage-gated Ca2+ currents with Co2+ [24].

In G8-islets vs G5-islets, NAD(P)H was not significantly
higher at 0.5 and 2 mmol/l glucose, the SP frequency was
higher at all glucose concentrations, a rise in [Ca2+]c and stim-
ulation of insulin secretion was already detected at 5 mmol/l

glucose (Fig. 1i, k, l, m) and the maximal amplitude of insulin
secretion was two to five times larger depending on the mode
of expression (per islet, DNA content or insulin content)
(ESM Fig. 3). Culture at G8 therefore slightly increased the
sensitivity and markedly enhanced the maximal response to
subsequent glucose stimulation.

In G20-islets, the initial NAD(P)H autofluorescence, SP
frequency, [Ca2+]c and insulin secretion after perifusion for
30 min at 0.5 mmol/l glucose were significantly higher vs
G5-islets (Fig. 1i, k–o). The higher [Ca2+]c and insulin secre-
tion resulted from sustained closure of KATP channels with
membrane depolarisation, as shown by their rapid reduction
by the KATP channel opener diazoxide (Fig. 1n,o). Despite this
persistent stimulation, NAD(P)H, the ATP/(ATP+ADP) ratio,
[Ca2+]c and insulin secretion further increased on stimulation
with 5–10 mmol/l glucose. Above 10 mmol/l glucose,
NAD(P)H and the ATP/(ATP+ADP) ratio plateaued, whereas
SP frequency, [Ca2+]c and insulin secretion abruptly
decreased to a minimum [Fig. 1k, m, Δ(G30–G10)]. Thus,
the acute [Ca2+]c and insulin secretion glucose response
curves in G20-islets looked ‘bell-shaped’ rather than
‘sigmoid’ as in G5-islets (Fig. 1k, m). In addition, the maxi-
mal rate of insulin secretion was larger in G20-islets than in
G5-islets, irrespective of the mode of expression, but it was
lower than in G8-islets when normalised to DNA content
(ESM Fig. 3b), similar when normalised to islet number
(ESM Fig. 3a) and much higher when normalised to insulin
content (ESM Fig. 3c). Similar alterations in NAD(P)H,
[Ca2+]c and insulin secretion were observed after culture
in FBS-free medium containing BSA (ESM Fig. 5).

We also measured the acute glucose-induced changes in
[Ca2+]c and insulin secretion during sustained depolarisation
with 30 mmol/l extracellular K+ in the presence of diazoxide
(K30Dz). As shown in Fig. 1p, q, the addition of K30Dz to 0.5
mmol/l glucose stimulated insulin secretion to a larger extent
in G8-islets and G20-islets than in G5-islets, despite similar
increases in [Ca2+]c levels. Subsequent stimulation with 10
mmol/l glucose reduced [Ca2+]c to a larger extent in G5-
islets whereas it decreased insulin secretion to a larger
extent in G8-islets and G20-islets. There were, however,
only transient changes in [Ca2+]c and insulin secretion in
all islet types on glucose changes from 10 to 30 mmol/l and
then back to 10 mmol/l. These results suggest that the acute
high glucose-induced reduction of [Ca2+]c in G20-islets
(Fig. 1k) resul ted from acute plasma membrane
repolarisation.

Characterisation of the acute [Ca2+]c glucose response curve
in human islets cultured under glucotoxic conditions As beta
cells represent only ~50% of human islet cells, we used a RIP-
driven D3cpv Ca2+ sensor to confirm that the glucotoxic alter-
ations of islet [Ca2+]c measured with fura2-LR occurred in
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beta cells (Fig. 2a; ESM Fig. 6). Interestingly, in these exper-
iments, both G8-islets and G20-islets showed an acute inhibi-
tion of beta cell [Ca2+]c above 10 mmol/l glucose. Thus, the
acute [Ca2+]c glucose response curves evolved from sigmoid
in G5-islets to bell-shaped with a predominant increase in G8-
islets to bell-shaped with a predominant inhibition in G20-
islets (Fig. 2b).

We next measured islet [Ca2+]c in 19 islet prepara-
tions that were different from the six preparations used
in Fig. 1k to evaluate the variability in the glucotoxic
alterations of [Ca2+]c (Fig. 2c–f). The mean [Ca2+]c
traces were as in Fig. 1k, except that [Ca2+]c was acutely
inhibited above 10 mmol/l glucose not only in G20-islets
but also in G8-islets (Fig. 2c). The alterations of [Ca2+]c
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Fig. 2 Detailed analysis of the [Ca2+]c glucose response curve in ND-
islets. Islets were cultured as in Fig. 1 before measuring their acute func-
tional responses to stepwise glucose stimulation (G5-islets, black; G8-
islets, green; G10-islets, blue; G20-islets, red). (a) Changes in the beta
cell D3cpv fluorescence ratio (Ad-RIP-D3cpv-infected islets) in response
to glucose and K30Dz. The Δ(G30–G10) graph shows changes in the
D3cpv fluorescence ratio between the indicated glucose steps, computed
as for fura2-LR data in Fig. 1k. Means ± SD for six islet preparations,
each with two islets of each kind. (b) Acute [Ca2+]c glucose response
curves drawn from data in (a). (c–f) Fura2-LR fluorescence ratio during
stepwise glucose stimulation in 19 islet preparations that were different
from the six preparations used in Fig. 1k (c) and in subgroups sorted
according to the glucose step at which [Ca2+]c was maximal in G20-islets
(d, maximal at 10 mmol/l glucose for seven preparations; e, maximal at 5

mmol/l glucose for five preparations; f, maximal at 0.5 mmol/l glucose for
seven preparations). The mean [Ca2+]c was computed over the 2 min
preceding the last minute of each step. Data are means for the number
of islet preparations. (g) Fura2-LR fluorescence ratio (as an indicator of
[Ca2+]c) during stepwise glucose stimulation followed by membrane
depolarisation with K30Dz. Means ± SD for four preparations. The Δ
graphs show the changes in fura2-LR fluorescence ratio between the
indicated glucose steps calculated as in Fig. 1k using the mean ratio
during the last 2 min of each step. Statistical analysis: Dynamic record-
ings, two-way ANOVA plus Tukey’s test: *p<0.05, **p<0.01 and
***p<0.001 vs G0.5 step in the same islet type; †p<0.05, 2†p<0.01 and
3†p<0.001 vs G5-islets at the same time point; ‡p<0.05, 2‡p<0.01 and
3‡p<0.001 vs previous step in the same islet type. Δ graphs, one-way
ANOVA plus Dunnett’s test: †p<0.05 and 2†p<0.01 vs G5-islets
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in G8-islets and G20-islets were not influenced by the
isolation centre (ESM Fig. 7) or the donor sex, age and
BMI (ESM Fig. 8). However, the glucose concentration at
which [Ca2+]c was maximal in G20-islets ranged from 10
to 0.5 mmol/l, generating slightly different types of acute
[Ca2+]c glucose response curves, with a drop in [Ca2+]c
above 10 mmol/l glucose as in Fig. 1k (Fig. 2d), from 5 to

10 mmol/l glucose (Fig. 2e) or from 5 to 30 mmol/l
glucose (Fig. 2f).

We also determined the concentration of glucose required to
acutely inhibit [Ca2+]c. In G20-islets, the inhibition was maxi-
mal on stimulation from 10 to 15 mmol/l glucose (Fig. 2g). In
G10-islets, the [Ca2+]c glucose response curve was also bell-
shaped, with a maximum at 10 mmol/l glucose and an
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inhibition at 15 mmol/l glucose. Interestingly, the changes in
[Ca2+]c from 5 to 10 mmol/l glucose and from 10 to 15 mmol/l
glucose were significantly lower in G10-islets and G20-islets
than in G5-islets.

Impact of culture for 3 weeks at increasing glucose concen-
trations The islet characteristics and functional responses to
acute stimulation with glucose were similar in islets cultured
for 1 or 3 weeks at G5 (ESMFig. 9). After 3 weeks at G8, G10
or G20 instead of G5, beta cell apoptosis did not increase
significantly but insulin secretion during culture and other islet
variables were affected as after 1 week of culture (Fig. 3; ESM
Fig. 10). However, the alterations in GSIS and upstream
coupling events were worse after 3 weeks of culture. After 3
weeks at G20, there was an almost complete lack of NAD(P)H
response to glucose, an acute inhibition of [Ca2+]c and insulin
secretion on stimulation from 5 to 10–30 mmol/l glucose, and
a lower maximal rate of insulin secretion than in G5-islets
(except if expressed relative to insulin content) (Fig. 3f–h).
After 3 weeks at G10, the acute glucose response curve for
[Ca2+]c and insulin secretion also looked bell-shaped rather
than sigmoid (Fig. 3g, h).

Acute and chronic reversibility and role of glucose metabo-
lism in the glucotoxic alterations in beta cell function The
long-term culture of human islets at G10 or G20 revealed a
bell-shaped acute glucose response curve for [Ca2+]c and insu-
lin secretion. In G20-islets, the drop in [Ca2+]c and insulin
secretion on stimulation from 10 to 30 mmol/l glucose lasted
for at least 1 h and was acutely reversible on return to 10

mmol/l glucose, with a large rebound increase in insulin secre-
tion (Fig. 4a, b). In addition, the long-term alterations of
[Ca2+]c responses in G20-islets were fully reversible after 1
week of culture at G5 (Fig. 4c, d), and the alteration after 1
week of culture at G20 was largely reproduced by pharmaco-
logical activation of glucokinase with Ro 28-0450 during
culture at G5 (Fig. 4e, f). Finally, we tested the impact of acute
glucokinase activation on the [Ca2+]c responses of G5-islets
and G20-islets (Fig. 4g). As expected, the glucose-induced
changes in [Ca2+]c were left-shifted by Ro 28-0450 in both
G5-islets and G20-islets, with a significant acute inhibition of
[Ca2+]c in G20-islets above 5 mmol/l glucose + Ro 28-0450
rather than 10 mmol/l glucose alone.

Impact of culture for 1 week at increasing glucose concentra-
tions on islets from donors with type 2 diabetes The
glucotoxic alterations in beta cell function differ from the
lower glucose sensitivity of insulin secretion usually described
in patients with type 2 diabetes [25]. They also differ from the
decrease in glucose sensitivity and maximal GSIS described
in islets from type 2 diabetic donors and sometimes attributed
to defective mitochondrial metabolism [15, 26–29]. However,
these results were obtained in freshly isolated islets or after a
short culture and did not show whether these functional alter-
ations persisted after prolonged culture. We therefore tested
the impact of 1 week of culture at G5, G8 or G20 on T2D-
islets from six male donors (Table 1; ESM Table 1). As with
ND-islets (Fig. 1a), insulin secretion by T2D-islets was higher
during culture at G8 and G20 vs G5 (Fig. 5a). However, it
was significantly lower than in six ND-islet preparations
from ND donors of similar sex, age and BMI with similar
cold ischaemia duration, islet purity and total culture dura-
tion (ESM Fig. 11). As in ND-islets, insulin content in
T2D-islets was significantly lower after culture at G20 vs
G5 (Fig. 5b; ESM Fig. 12a), whereas DNA content,
percentage of TUNEL-positive beta cells and beta cell
proportion were unaffected (Fig. 5c–e; ESM Fig. 12b, c).
However, cytosolic EGSH significantly increased after
culture at G8 and G20 vs G5 (Fig. 5f; ESM Fig. 12d) while
mitochondrial EGSH was unaffected (Fig. 5g; ESM Fig.
12e), suggesting that, under glucotoxic conditions, T2D-
islets experience higher cytosolic oxidative stress than
ND-islets.

Regarding the metabolic responses to acute glucose,
NAD(P)H recordings in T2D-islets cultured for 1 week at
G5, G8 or G20 were similar to those of ND-islets cultured
for 3 weeks at G20, with NAD(P)H levels that were already
high in 0.5 mmol/l glucose and little glucose-induced rises in
NAD(P)H despite the rapid decrease in FCCP (Fig. 5h; ESM
Fig. 12f). Accordingly, data from two islet preparations from
donors with type 2 diabetes suggested that the ATP/(ATP+
ADP) ratio at low glucose was higher than in ND-islets and

�Fig. 3 Very-long-term effects of glucose on cultured human islets. Islets
were cultured for 3 weeks under the same conditions as in Fig. 1 (G5-
islets, black; G8-islets, green; G10-islets, blue; G20-islets, red). (a)
Insulin secreted in the culture medium, which was collected every 2–3
days; 7 day pooled data are shown for the last 2 weeks of culture.Means ±
SD and individual data for the ten preparations used for this figure. (b)
Islet insulin/DNA content ratio and (c) DNA content after culture and
perifusion shown in panel (h). Means ± SD and individual data for five
to six preparations. (d) Proportions of beta and alpha cells and (e)
percentage of TUNEL-positive beta cells in islet sections. Means ± SD
and individual data for three to four preparations. (f) NAD(P)H
autofluorescence during stepwise glucose stimulation normalised to the
fluorescence after 10 min in FCCP. Means ± SD for seven preparations,
each with one or two islets. (g) Fura2-LR fluorescence ratio and (h)
insulin secretion rate during stepwise glucose stimulation followed by
membrane depolarisation with K30Dz. Means ± SD for seven (g) or
five (h) preparations. The Δ graphs show the changes in (f) NAD(P)H
autofluorescence, (g) fura2-LR fluorescence ratio and (h) insulin
secretion rate between the indicated glucose steps, calculated as in Fig.
1. Statistical analysis: (a) Two-way ANOVA plus Tukey’s test: *p<0.05
and **p<0.01 vs day 1–2 in the same islet type; 2†p<0.01 and 3†p<0.001
vs G5-islets at the same time point. ([b–e] and Δ graphs in [f–h]) One-
way ANOVA plus Dunnett’s test: †p<0.05, 2†p<0.01 and 3†p<0.001 vs
G5-islets; test for linear trend from left to right: §p<0.05
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only slightly increased at high glucose (ESM Fig. 13).
Nevertheless, the [Ca2+]c and insulin secretion responses to
glucose after culture at G5 were qualitatively and quantitative-
ly the same in T2D-islets and ND-islets (Fig. 5i, j; ESM Fig.
12g, h). Moreover, the alterations in T2D-islets after culture at
G8 and G20 were qualitatively similar to those in ND-islets,
except for two major differences in G8-islets: first, their

[Ca2+]c and insulin secretion during perifusion at low glucose
was slightly although not significantly higher than in G5-islets
(Fig. 5i, ESM Fig. 12g, h); second, their insulin secretion
significantly decreased on stimulation from 10 to 30 mmol/l
glucose (Fig. 5i, j; ESM Fig. 12h, ESM Fig. 14). These results
suggest that T2D-islets show functional signs of glucotoxicity
at lower glucose concentration than ND-islets.
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Discussion

Human islets cultured for up to 3 weeks under glucotoxic
conditions (G8, G10 and G20 vs G5) displayed strong alter-
ations in GSIS and upstream coupling events but no signifi-
cant increase in beta cell apoptosis (for further details see ESM
Discussion) or oxidative stress. Among the glucotoxic alter-
ations in human beta cell function, the lower insulin content,
the left-shifted glucose response curve with higher mitochon-
drial metabolism and rate of secretion at low glucose, and the
lower amplitude of the maximal glucose response have been
reported previously [15, 30–35]. However, the alterations in
acute [Ca2+]c and insulin secretion glucose response curves
from sigmoid to bell-shaped, with maximal stimulation at 5
or 10 mmol/l glucose and paradoxical inhibition above that
concentration, have not been reported previously. These alter-
ations occurred in beta cells and were almost systematically
observed, irrespective of the available donor characteristics,
including a history of type 2 diabetes.

Possible mechanism The acute glucose-induced inhibition of
[Ca2+]c and insulin secretion in glucotoxic islets is unlikely to
have resulted from an increase in beta cell apoptosis, as shown
by their normalisation after another week of culture at G5 and
by the lack of a significant increase in beta cell apoptosis. This
inhibition is likely to have resulted from an acute
repolarisation of the plasma membrane owing to changes in
ion channel activity, as it was not observed in K30-
depolarised islets. It did not, however, result from an acute
inhibition of glucose metabolism. Indeed, although the
glucotoxic alteration of GSIS in human islets is usually
considered to result from defective mitochondrial metabolism
[28, 36], measuring NAD(P)H and the ATP/(ATP+ADP)
ratio normalised to FCCP or azide unequivocally confirmed
that, in human as in rat islets cultured under glucotoxic condi-
tions, mitochondrial metabolism was markedly increased at
low glucose concentrations rather than decreased at high
glucose concentrations [21, 34]. In our study, such an increase
at low glucose concentrations was also observed in T2D-islets
cultured at G5 for ~10 days and was further augmented by
culture at G20, in contrast to studies showing that mitochon-
drial metabolism is markedly reduced in T2D-islets [12, 15,
36–38]. The glucotoxic alterations of human beta cell function
that we observed may therefore result from overstimulation of
glucose metabolism (perhaps resulting from increased gluco-
kinase activity [39]) with the eventual activation of a
repolarising current on a further rise in glucose concentration.
It remains possible, however, that other changes in metabolic
coupling factors, for example divergent changes in NADH,
NADPH and adenine nucleotides between the cytosol and
mitochondrial matrix, underlie the acute glucose-induced inhi-
bition of [Ca2+]c and insulin secretion. Alterations in cAMP
signalling and distal Ca2+ exocytosis coupling events may
also reduce GSIS independently from alterations in [Ca2+]c
responses [40, 41].

Pathophysiological relevanceThe acute glucose-induced inhi-
bition of [Ca2+]c and insulin secretion was mainly studied in
G20-islets stimulated above 10 mmol/l glucose, questioning
its pathophysiological relevance. However, we have evidence
that this inhibition occurs at lower glucose concentrations that
can be encountered in patients with type 2 diabetes undergo-
ing an OGTT [25]. First, in ~50% of the preparations, the drop
in [Ca2+]c in G20-islets was already detected on stimulation
from 5 to 10 mmol/l glucose. Second, the drop in [Ca2+]c was
observed in G10-islets, in most beta cell-specific [Ca2+]c
recordings in G8-islets, and in T2D-islets cultured at G8.
The alterations in GSIS and upstream coupling events in
ND-islets cultured at G8 and G10 merit further discussion.
The left shift of their glucose response curves and marked
increase in maximal GSIS could be a beneficial adaptation
to a moderate increase in glucose concentration. However,

�Fig. 4 Detailed analysis of the glucotoxic alterations in human beta cell
function. (a, b) Acute reversibility. Islets were cultured for 1 week at G5
or G20 before measuring [Ca2+]c and insulin secretion in response to
various glucose concentrations, as shown at the top of the figure (G5-
islets, black; G20-islets, red). The insulin/DNA content ratio was
measured after perifusion. Data are means ± SD for three to four
preparations. The dashed trace shows the mean from two preparations
as a reference but was not used for statistical analysis. (c, d) Long-term
reversibility. Islets were cultured for a total of 3 weeks at the glucose
concentrations shown for each consecutive week: G5-G5-G5 (3 weeks
at G5; black), G5-G5-G20 (last week at G20; red), G5-G20-G5 (second
week at G20 then 1 week at G5; orange). (c) Insulin secretion during
culture with data pooled over 3- to 4-day periods. Means ± SD for nine
preparations. (d) [Ca2+]c responses to stepwise glucose stimulation and
K30Dz. Means ± SD for five preparations. The Δ graph shows the
difference in fura2-LR fluorescence ratios between 10 and 30 mmol/l
glucose. (e, f) Impact of pharmacological glucokinase activation during
culture. Islets were cultured for 1 week in G5 + DMSO 1/1000 (G5-islets,
black), G20 + DMSO 1/1000 (G20-islets, red) or G5 + 3 μmol/l Ro 28-
0450, a glucokinase activator (G5+GKA-islets, purple). (e) Insulin
secretion in the medium collected at the end of day 2, day 4 and day 7
of culture. Means ± SD and individual data for five preparations. (f)
[Ca2+]c responses to stepwise glucose stimulation and K30Dz. Means ±
SD for six preparations. TheΔ(G30–G10) graph shows the difference in
fura2-LR fluorescence ratios between 10 and 30 mmol/l glucose. (g)
Impact of acute pharmacological glucokinase activation. Islets were
cultured for 1 week in RPMI medium containing G5 or G20 (G5-islets,
black; G20-islets, red). The graphs show [Ca2+]c responses to acute
glucose stimulation in the presence of DMSO 1/1000 (+DMSO) or 3
μmol/l GKA (+GKA) as shown at the top of the graphs. The Δ graphs
show the differences in fura2-LR fluorescence ratios between the
indicated glucose concentrations in the presence of DMSO or GKA.
Means ± SD for four preparations. Statistical analysis: ([a, c, e] and
dynamic recordings in [b, d, f, g]) Two-way ANOVA plus Tukey’s
test: *p<0.05, **p<0.01 and ***p<0.001 vs G0.5 step in the same islet
type; †p<0.05 and 2†p<0.01 vs G5-islets at the same time point; ‡p<0.05,
2‡p<0.01 and 3‡p<0.001 vs previous step in the same islet type. (Δ
graphs in [b, d, f, g]) One-way ANOVA plus Dunnett’s test: †p<0.05,
2†p<0.01 and 3†p<0.001 vs G5-islets
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the bell-shaped curves with acute inhibition of [Ca2+]c above
10 mmol/l glucose and the larger variability of their insulin
secretion response to acute stimulation from 10 to 30 mmol/l
glucose suggest that these islets are close to the tipping point
between beta cell adaptation and decompensation. The corre-
sponding blood glucose level at which such a process would
occur in vivo is, however, difficult to estimate.

How do our results change our understanding of beta cell
pathophysiology in type 2 diabetes? The role of glucotoxicity
in the development of glucose intolerance and type 2 diabetes
remains questionable; however, its role in established type 2

diabetes is clearer [13, 42]. As (gluco)lipotoxic culture condi-
tions trigger apoptosis and irreversible defects in GSIS [15],
and because fast recovery of the beta cell mass is unlikely, the
rapid improvement of GSIS and remission of type 2 diabetes
in recently diagnosed patients submitted to a diet very low in
energy [16, 17] is likely to have resulted from correction of
glucotoxic beta cell dysfunction. If the acute glucose-induced
inhibition of insulin secretion we observed above 5–10
mmol/l glucose in glucotoxic human islets is operational in
patients with type 2 diabetes, it may contribute to the lack of
an appropriate increase or even to a decrease in insulin secre-
tion after meals. Interestingly, it was previously reported that,
in murine models of diabetes with mouse and human islets
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Fig. 5 Long-term effects of glucose on cultured islets from type 2 diabet-
ic donors. After preculture, islets from donors with type 2 diabetes were
cultured for 1 week in RPMI medium containing G5, G8 or G20 (G5-
islets, black; G8-islets, green; G20-islets, red). (a) Insulin secreted in the
culture medium collected every 2–3 days. Means ± SD and individual
data for five to six preparations. (b) Islet insulin and (c) DNA content after
perifusion shown in panel (i). Means ± SD and individual data for six
preparations. (d, e) Percentages of apoptotic beta cells (d) and proportions
of beta cells (e) measured in the same islet sections. Means ± SD and
individual data for four preparations. (f) Cytosolic and (g) mitochondrial
glutathione oxidation measured as in Fig. 1g,h. Means ± SD and individ-
ual data for three to four (f) and five (g) preparations. (h) NAD(P)H
autofluorescence during stepwise glucose stimulation normalised to the
fluorescence after 10 min in FCCP. Means ± SD for five preparations. (i)

Fura2-LR fluorescence ratio and (j) insulin secretion rate during stepwise
glucose stimulation followed by membrane depolarisation with K30Dz.
The islet insulin/DNA content ratio was measured after perifusion. Means
± SD for six preparations. TheΔ graphs show changes in (h) NAD(P)H
autofluorescence, (i) fura2-LR fluorescence ratio and (j) insulin secretion
rate between the indicated glucose steps. Statistical analysis: ([a] and
dynamic recordings in [h–j]) Two-way ANOVA plus Tukey’s test:
*p<0.05, **p<0.01 and ***p<0.001 vs G0.5 step in the same islet type;
†p<0.05, 2†p<0.01 and 3†p<0.001 vs G5-islets at the same time point;
‡p<0.05, 2‡p<0.01 and 3‡p<0.001 vs previous step in the same islet type;
¶p<0.05 vs G2 step in the same islet type. ([b–g] andΔ graphs in [h–j])
One-way ANOVA plus Dunnett’s test: †p<0.05 and 2†p<0.01 vs G5-
islets; test for linear trend from left to right §p<0.05
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transplanted under the kidney capsule, glucose injection
acutely decreased human plasma insulin while increasing
mouse insulin, suggesting that this glucotoxic phenotype is
operational in vivo [14]. The observation of a bell-shaped
insulin secretion glucose response curve during pancreas
perfusion in Zucker diabetic fatty rats [43] reinforces the
hypothesis that this glucotoxic alteration is operational in
diabetic islets in vivo. In that scenario, a reduction in beta cell
glucose metabolism could restore a sigmoid acute glucose
response curve (for [Ca2+]c and insulin secretion) and restore
a rise in insulin secretion after meals. In support of this
hypothesis, it has been shown that inhibition of glucokinase
or the mitochondrial pyruvate transporter in models of beta
cell glucotoxicity or diabetes reduced beta cell stimulation at
low glucose concentrations, right-shifted the [Ca2+]c and insu-
lin secretion glucose response curves and thereby improved
[Ca2+]c oscillations and GSIS [34, 44, 45]. Thus, identifying
the molecular mechanism of the acute glucose-induced inhi-
bition of [Ca2+]c and insulin secretion beyond acute
membrane repolarisation may help to identify new putative
therapeutic targets to improve beta cell function in recent-
onset type 2 diabetes.

Considerations about donors, islet shipment, culture condi-
tions and islet characteristics This study was carried out with
islets from donors from five different sources covering a large
range of ages and BMI with or without a history of type 2
diabetes. The islet preparations were selected based on their
high islet purity and the possibility of shipping islets in a
maximum of 3 days. The size of the islets without central
necrosis detected at ×10 magnification was rather large, limit-
ing the validity of the study to islets with a diameter between
75 and 330 μm.However, except for the highmale/female sex
ratio and high prevalence of obesity (Table 1), the clinical
characteristics of the donors were unremarkable. Although
we used different sets of preparations for each type of
measurement, the alterations in the [Ca2+]c responses to
glucose were largely similar across the 27 islet preparations
tested.

The time between isolation and reception in the laboratory
varied considerably between islet sources. Because we
cultured islets for at least 10 days, we consider that this vari-
able should not have affected our results. Moreover, the long
preculture and culture time can be considered as a strength of
our study, as it allowed us to assess beta cell function at a
distance from the events preceding donor death and to study
the intrinsic alteration of beta cell function that persists in
islets from donors with type 2 diabetes after 10–15 days of
culture at G5.

Finally, isolated islets are no longer vascularised and inner-
vated, which may alter their response to glucose, thereby
limiting the pathophysiological relevance of in vitro studies.

In this context, the islet size is important, as diffusion of
oxygen/nutrients to the centre decreases with increase in
diameter. From their DNA content, we estimated that islets
with a diameter of ~250μm contained ~12,000 cells (of which
~6000 are beta cells). Althoughwe cannot exclude that limited
access to nutrients/oxygen contributed to the glucotoxic
phenotype, the alterations in the [Ca2+]c responses occurred
at the islet periphery where fura2-LR-acetoxymethylester
loading and adenoviral infection are optimal.

Conclusion Prolonged culture of human islets from non-diabetic
or type 2 diabetic donors under moderate to severe glucotoxic
conditions markedly increased their glucose sensitivity and
changed their acute glucose response curve for changes in
[Ca2+]c and insulin secretion from sigmoid to bell-shaped, with
maximal stimulation at 5 or 10 mmol/l glucose and paradoxical
inhibition above that concentration. If the latter glucose-induced
inhibition is operational in vivo, characterising its underlying
mechanism may help identify new ways to improve beta cell
function and reverse recently diagnosed type 2 diabetes.
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doi.org/10.1007/s00125-022-05842-y) contains peer-reviewed but
unedited supplementary material..
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