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Human pancreatic islets from eight donors were incubated for 48 h in the presence of 2.0 mmol/l free fatty
acid (FFA) (oleate to palmitate, 2 to 1). Insulin secretion was then assessed in response to glucose (16.7
mmol/l), arginine (20 mmol/l), and glyburide (200
mol/l) during static incubation or by perifusion. Glucose oxidation and utilization and intra-islet triglyceride content were measured. The effect of metformin (2.4
g/ml) was studied because it protects rat islets from
lipotoxicity. Glucose-stimulated but not arginine- or
glyburide-stimulated insulin release was significantly
lower from FFA-exposed islets. Impairment of insulin
secretion after exposure to FFAs was mainly accounted
for by defective early-phase release. In control islets,
increasing glucose concentration was associated with
an increase in glucose utilization and oxidation. FFA
incubation reduced both glucose utilization and oxidation at maximal glucose concentration. Islet triglyceride content increased significantly after FFA exposure.
Addition of metformin to high-FFA media prevented
impairment in glucose-mediated insulin release, decline
of first-phase insulin secretion, and reduction of glucose
utilization and oxidation without significantly affecting
islet triglyceride accumulation. These results show that
lipotoxicity in human islets is characterized by selective
loss of glucose responsiveness and impaired glucose
metabolism, with a clear defect in early-phase insulin
release. Metformin prevents these deleterious effects,
supporting a direct protective action on human ␤-cells.
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F

ree fatty acids (FFAs) act as potent signaling
molecules in several cellular processes, including insulin secretion (1,2). Experimental evidence indicates that prolonged exposure to high
FFA concentrations has detrimental effects on ␤-cells
(lipotoxicity), including reduced glucose-simulated insulin
release, suppressed proinsulin biosynthesis, and ␤-cell
loss by apoptosis (2,3). Thus, prolonged exposure to high
FFAs may generate alterations of ␤-cells, as in type 2
diabetes (4). How this applies to humans, however, is still
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controversial. The 24-h infusion of triglyceride inhibited
insulin release in control subjects (5), and reduction of
plasma FFAs in first-degree relatives of type 2 diabetic
subjects improved acute insulin secretion (6). On the other
hand, Boden et al. (7) found that prolonged fat infusion
stimulated insulin release. Zhou and Grill (8) reported
decreased glucose-induced insulin release in human islets
incubated for 48 h with 0.125 mmol/l palmitate or oleate.
Finally, elevated FFA concentrations were associated with
an increased proinsulin/insulin ratio (9), a marker for
␤-cell dysfunction.
In the present report, we restudied the effect of elevated
FFAs on isolated human pancreatic islets. Moreover, because metformin was recently shown to protect rat islets
from lipotoxicity (10), its effect on human islets was
determined.
RESEARCH DESIGN AND METHODS
Pancreatic islets were isolated from eight donors and cultured in M199
medium as reported (11). Islet aliquots were maintained for 48 h at 37°C in
M199 with or without 2.0 mmol/l FFA (oleate to palmitate, 2 to 1; Sigma, St.
Louis, MO), with 2% human albumin. Then insulin secretion was studied in
batch incubations (6 – 8 independent pancreases) or by perifusion (four
pancreases), as described (11,12). Insulin was measured by immunoradiometric assay (Pantec Forniture Biomediche, Turin, Italy). Glucose utilization and
oxidation were assessed (islets from five pancreases) by measuring the
formation of 3H2O from [5-3H]glucose and 14CO2 from [U-14C]glucose, respectively, as described (13). Intra-islet triglyceride concentration was measured
by a commercial kit (GPO-Trinder; Sigma) after extraction (13). The effect of
a therapeutic concentration (2.4 g/ml) of metformin (Laboratori Guidotti,
Pisa, Italy) was assessed by adding the drug (11) to the 48-h incubation media.
Results are given as means ⫾ SD. Statistical analysis was performed by the

TABLE 1
Insulin release from control, FFA-treated, and FFA-plusmetformin–treated islets
Insulin release (pmol 䡠 islet–1 䡠 45 min–1)
3.3 G ⫹
3.3 G ⫹
3.3 G
16.7 G
arginine
glyburide
Control
FFA
Metformin
FFA ⫹ metformin

22.1 ⫾ 3.1 56.7 ⫾ 12.6* 47.2 ⫾ 9.4* 44.1 ⫾ 9.4*
18.9 ⫾ 6.3 28.3 ⫾ 6.9† 50.4 ⫾ 12.6* 53.5 ⫾ 11.6*
20.7 ⫾ 2.9 46.5 ⫾ 6.4*
—
—
22.0 ⫾ 6.3 47.2 ⫾ 6.3*

—

—

Data are means ⫾ SD. Experiments were performed in triplicate for
each islet isolation; the number of independent pancreases used was
6 – 8. Indications of 3.3 and 16.7 G equal 3.3 and 16.7 mmol/l glucose,
respectively. Values at 16.7 G were significantly different between
groups (P ⬍ 0.01 by ANOVA); *P ⬍ 0.01 vs. 3.3 G by Student’s t test;
†P ⬍ 0.05 vs. control, metformin and FFA ⫹ metformin at 16.7 G by
the Bonferroni correction.
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FIG. 1. Islet perifusion experiments (from four different pancreases) showing the dynamics of insulin secretion from control islets (A), islets
pre-exposed for 48 h to 2.0 mmol/l FFA (B), metformin (2.4 g/ml) alone (C), and FFA (2.0 mmol/l) plus metformin (2.4 g/ml) (D). The flow rate
was 1 ml/min.
two-tailed Student’s t test or analysis of variance (ANOVA) (plus the Bonferroni correction).

RESULTS

Incubation of human islets in high-FFA medium was
associated with a significant impairment of glucose-stimulated insulin release (56.7 ⫾ 12.6 vs. 28.3 ⫾ 6.9 pmol 䡠
islet⫺1 䡠 45 min⫺1; P ⬍ 0.05), whereas the response to
arginine or glyburide was unchanged (Table 1). Metformin
did not affect insulin secretion in response to glucose
alone. When the drug was added with high FFA, the
inhibition of glucose-induced insulin release was preDIABETES, VOL. 51, SUPPLEMENT 1, FEBRUARY 2002

vented (Table 1). The results of perifusion experiments are
shown in Fig. 1. These confirmed that pre-exposure to
FFAs decreased insulin secretion, mainly accounted for by
a reduction of early-phase insulin release (Fig. 1A and B).
As in batch incubations, metformin alone did not affect
insulin release (Fig. 1C), whereas it abolished the suppressive effect of high FFAs (Fig. 1D).
In control islets, glucose utilization and oxidation increased significantly in response to 16.7 mmol/l glucose
(Table 2). The 48-h incubation with 2.0 mmol/l FFA blunted
both glucose utilization (71.5 ⫾ 22.6 vs. 135.8 ⫾ 47.7 pmol
䡠 islet⫺1 䡠 120 min⫺1) and oxidation (24.7 ⫾ 7.0 vs. 44.9 ⫾
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TABLE 2
Glucose utilization and oxidation in control, FFA-treated, and
FFA-plus-metformin–treated islets
Glucose utilization
(mmol/l glucose)
3.3
16.7
Control
FFA
Metformin
FFA ⫹ metformin

Glucose oxidation
(mmol/l glucose)
3.3
16.7

42.5 ⫾ 13.9 135.8 ⫾ 47.7† 19.5 ⫾ 8.7 44.9 ⫾ 13.3*
26.6 ⫾ 11.4 71.5 ⫾ 22.6‡ 17.4 ⫾ 11.2 24.7 ⫾ 7.0‡
43.3 ⫾ 10.1 127.4 ⫾ 25.4† 18.7 ⫾ 8.8 37.2 ⫾ 5.0*
47.1 ⫾ 14.9 130.0 ⫾ 37.7† 18.3 ⫾ 8.6

32.8 ⫾ 8.7*

Data are means ⫾ SD of five separate experiments and are given in
picomoles per islet per 120 min. Values of glucose utilization and
oxidation at 16.7 mmol/l glucose differed significantly between
groups (P ⫽ 0.01 and P ⫽ 0.02 by ANOVA, respectively); *P ⬍ 0.05 vs.
control, 3.3 mmol/l glucose, and †P ⬍ 0.02 vs. control, 3.3 mmol/l
glucose by the Student’s t test; ‡P ⬍ 0.05 vs. control, 16.7 mmol/l
glucose, by the Bonferroni correction.

13.3 pmol 䡠 islet⫺1 䡠 120 min⫺1; P ⬍ 0.05 for both).
Metformin had no effect in control incubations, but its
addition to high-FFA medium was associated with normalization of glucose fluxes.
In control islets, triglyceride content was 15.0 ⫾ 2.1
ng/islet and increased to 25.4 ⫾ 2.5 ng/islet upon culture in
a high-FFA medium (P ⬍ 0.05). In the islets cultured in the
presence of both FFA and metformin, triglyceride content
(21.3 ⫾ 3.0 ng/islet) remained higher than that in control
islets (P ⬍ 0.05).
DISCUSSION

We show that in human islets, high FFA levels cause
selective loss of glucose responsiveness, which is particularly manifest during the first minutes after glucose
challenge (early-phase insulin release). In contrast, insulin
secretion in response to arginine and glyburide was not
affected. This suggests that in human islets, FFAs selectively impair the release of insulin mediated by glucose,
possibly by interfering with its metabolism. In our study,
we measured both glucose utilization and oxidation to
confirm that high FFA levels hampered both processes.
The hypothesis is therefore supported that FFA-induced
inhibition of glucose-stimulated insulin release may be
related, at least in part, to the glucose-FFA (Randle) cycle
(14), i.e., increased availability of FFAs favors their oxidation, leading to impaired glucose metabolism by substrate
competition. Indeed, reduced pyruvate-dehydrogenase activity has been observed in islets from rodents exposed to
high FFA concentrations (15). In our experiments, incubation with high FFAs was associated with triglyceride
accumulation in islets. The role of triglyceride content on
islet function remains controversial (16,17) because several studies have shown marked impairment of insulin
secretion by FFAs independent from islet triglyceride
content. Also in this study, improvement of islet function
by metformin was not associated with a significant reduction of triglyceride content, but with normalization of
glucose utilization and oxidation. These effects of metformin on glucose metabolism in islets are similar to
effects at the level of peripheral tissues (18). Our results
with the therapeutic concentration of metformin are similar to findings in rat islets, in which metformin caused
reduction of FFA oxidation (10). Moreover, metformin has
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been reported to prevent the development of diabetes in
the Zucker diabetic fatty rat (19). Finally, treatment with
drugs able to reduce plasma FFA levels or their oxidation,
such as acipimox (6) or glitazones (19 –21), can improve
␤-cell function, supporting the concept of interplay between FFAs and glucose metabolism.
Overall, the results of the present study are consistent
with the concept that raised concentrations of circulating
FFAs may contribute to the development of abnormalities
in human islet function. Drugs improving glucose utilization and oxidation at the islet level, such as metformin, can
prevent the deleterious effects of FFAs. From a clinical
point of view, these results lend support to intervention
aiming at normalizing lipid metabolism and reducing
plasma FFA levels.
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