
Abstract

Aims/hypothesis. Whether excess glucose (glucotoxic-
ity) and excess non-esterified fatty acids (lipotoxicity)
act synergistically or separately to alter beta-cell func-
tion on Type 2 diabetes remains controversial. We ex-
amined the influence of non-esterified fatty acids,
with or without concomitant increased glucose con-
centrations, on human islet function and on the ex-
pression of genes involved in lipid metabolism.
Methods. Human islets isolated from non-diabetic and
non-obese donors were cultured with 5.5, 16 or
30 mmol/l glucose, and when appropriate with 1 or
2 mmol/l non-esterified fatty acids. After 48 h, glu-
cose-stimulated insulin secretion, insulin content, tri-
glyceride content and expression of different genes
were evaluated.
Results. Non-esterified fatty acids decreased glucose-
stimulated insulin secretion, insulin content and in-
creased triglyceride content of human isolated islets, in-
dependently from the deleterious effect of glucose. In-

creased glucose concentrations also decreased glucose-
stimulated insulin secretion and insulin content, but had
no influence on triglyceride content. Glucose-stimulated
insulin secretion of islets appeared to be significantly
correlated with their triglyceride content. Glucose and
non-esterified fatty acids modified the gene expression
of carnitine palmitoyltransferase-I, acetyl-CoA carbox-
ylase, acyl-CoA oxidase and uncoupling protein 2.
Conclusion/interpretation. In our model of isolated
human islets, increased glucose and non-esterified fat-
ty acids separately reproduced the two major beta-cell
alterations observed in vivo, i.e. loss of glucose-stim-
ulated insulin secretion and reduction in islet insulin
content. Our results also suggest that this deleterious
effect was, at least in part, mediated by modifications
in lipid metabolism gene expression. [Diabetologia
(2004) 47:463–469]
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Progression from normal glucose tolerance to Type 2
diabetes results from a gradual deterioration in beta-cell
function, in the presence of insulin resistance [1]. Over
the past 10 years, the role of excess glucose in the alter-
ation of beta-cell function has become increasingly
clear and has led to the concept of glucotoxicity [2, 3].
At the same time, the deleterious effect of increased
NEFA was suggested by studies on Zucker diabetic fat-
ty (ZDF) rats, an animal model of Type 2 diabetes com-
bined with obesity. The authors showed that altered
beta-cell function was preceded by an important in-
crease in the plasma concentration of NEFA and subse-
quent triglyceride (TG) accumulation in pancreatic is-
lets [4, 5]. This hypothesis, also referred to as lipotoxic-



ity, was confirmed by in vitro exposure of isolated islets
to NEFA [6, 7, 8]. However, whether glucose and
NEFA alter beta-cell function synergistically or sepa-
rately, remains controversial. Some authors have shown
that beta-cell failure was induced by increased glucose
alone [2, 9] or increased NEFA alone [6, 10], while oth-
ers have suggested that excess glucose or NEFA are not
deleterious separately, but synergize in causing glucol-
ipotoxicity [11, 12, 13, 14].

Numerous studies have also shown that glucose
and/or NEFA affect the expression of certain genes in
islet cells. These include endocrine-specific genes such
as insulin, glucagon, somatostatin and the glucose
transporter GLUT2 [9, 15, 16, 17, 18]. Glucose and
NEFA have also been shown to impair their own intra-
islet metabolism via changes in expression of genes
encoding for key enzymes in glycolytic, lipogenic and
fat oxidation pathways [9, 16, 19, 20, 21, 22, 23, 24,
25, 26, 27]. The expression of such transcription fac-
tors as pancreatic/duodenal homeobox-1 (PDX-1 or in-
sulin promoter factor-1, IPF-1), peroxisome prolifera-
tor-activated receptor (PPAR) α and PPARγ, also ap-
pear to be modified by glucose and/or NEFA in pan-
creatic islets [9, 15, 16, 17, 18, 25, 26, 28].

To date, most gene expression studies have been
conducted in insulin-secreting cell lines or animal tis-
sues. Results concerning beta-cell function and gene
expression obtained in these various experimental
models are contradictory. In this study, we examined
the influence of NEFA on human islet function with or
without concomitant increased glucose concentra-
tions. Because lipid metabolism seems to have a cru-
cial role in lipotoxicity [8], we also studied the ex-
pression of genes involved in this metabolism.

Materials and methods

Human tissues and culture conditions. Human pancreata were
harvested, in accordance with the Declaration of Helsinki,
from brain-dead non-diabetic (mean HbA1c=5.03±0.09), and
non-obese (mean BMI=24.2±1.5) adult donors. Islets were iso-
lated by Liberase (Roche Diagnostics, Meylan, France) diges-
tion using a slightly modified version of Ricordi’s automated
method [29, 30]. They were then purified using a continuous
gradient density of Ficoll Separating Solution (Biochrom AG,
Berlin, Germany). Islet preparations were cultured for 12 to
36 h in CMRL-1066 (Gibco BRL, Paisley, Scotland) contain-
ing 5.5 mmol/l glucose and supplemented with 10% FCS (Eu-
robio, Les Ullis, France), 100 UI/ml penicillin (Eurobio) and
100 µg/ml streptomycin (Eurobio). Islet preparations were then
placed in CMRL-1066 medium containing 5.5, 16 or
30 mmol/l glucose, supplemented with 2% fatty acid-free BSA
(Roche Diagnostics) and when appropriate with 1 or 2 mmol/l
of a mixture of oleate/palmitate (2/1; Sigma Aldrich, Saint
Quentin Fallavier, France). NEFA were added to the medium
as ethanol solutions. Ethanol was eliminated by evaporation
and NEFA were measured to check the concentration (Free
Fatty Acid kit, Roche Diagnostics). Control media were sup-
plemented with an equal volume of ethanol and underwent the
same evaporation protocol.

Islet TG content. After 48 hours of culture in the different con-
ditions, samples of islet preparations (n=3) containing 1000 is-
lets with an equivalent diameter of 150 µmol/l were sonicated
in NaCl 0.9% and TG content was assessed using the Trinder
method (Triglycerides GPO-PAP kit, Roche Diagnostics),
without extraction. The TG content was expressed as a ratio
over DNA content, measured with the PicoGreen dsDNA
Quantification kit (Molecular Probes, Leiden, The Nether-
lands).

Islet insulin content and secretion. Intracellular insulin content
and glucose-stimulated insulin secretion (GSIS) were evaluat-
ed after 48 h of culture in the different conditions, on five dis-
tinct islet preparations. For intracellular insulin content, three
samples of ten handpicked islets were sonicated in a lysis buff-
er (Tris HCl 10 mmol/l, EDTA 1 mmol/l) and insulin was ex-
tracted from secretion granules by overnight incubation in an
extraction buffer (HCl 0.18 mol/l in 95% ethanol). To assess
GSIS, static incubations were done in three batches of ten
handpicked islets, for each condition of glucose and NEFA
concentration. This step consists of 1 h preincubation with
2.8 mmol/l glucose, followed by three incubations of 1 h with
2.8 mmol/l glucose (basal 1), 25 mmol/l glucose (stimulation)
and 2.8 mmol/l glucose (basal 2), respectively, in RPMI medi-
um (Sigma Aldrich) containing 10% FCS. At the end of each
incubation, RPMI was collected. Intracellular and secreted in-
sulin were titered with the bi-insulin IRMA kit (Sanofi Diag-
nostics Pasteur, Marnes-la-Coquette, France). Insulin was ex-
pressed with reference to DNA content. The stimulation index
was defined as the ratio of stimulated secretion to the mean of
the two basal secretions.

Islet gene expression by quantitative RT-PCR. For each islet
preparation (n=5), samples of 2000 to 3000 islets were dis-
tributed over the varying conditions. After 48 h of culture, total
RNA was extracted with the Nucleospin RNA II kit (Macherey
Nagel, Hoerdt, France) and quantified with the RiboGreen
RNA Quantification kit (Molecular Probes). First strand cDNA
was synthesised from 1 µg RNA using M-MLV (Gibco BRL)
primed with random hexamers (Roche Diagnostics), in an
equal volume for each islet preparation sample.

The amplification was carried out in a 25 µl volume in 1X
SYBR Green PCR Master Mix (Applied Biosystems, Warring-
ton, UK) containing 300 nmol/l of primers and 3 µl cDNA ten-
fold diluted after reverse transcription. The reaction consisted
of 10 min at 95°C for activation of the AmpliTaq Gold DNA
Polymerase and 40 cycles including 30 s denaturation at 95°C
and 1 min annealing and extension at 60°C, and was achieved
in the ABI PRISM 7700 Sequence Detection System (Applied
Biosystems). Detection of PCR products was monitored at
each cycle by measuring the increase in fluorescence caused
by the binding of SYBR Green to double strand DNA. The
threshold cycle (Ct) reflects the point at which a sufficient
number of amplicons have accumulated to be statistically dif-
ferent from the baseline.

Primers were designed using the software Primer Express
(Applied Biosystems). For each gene of interest, at least three
couples of primers were tested for efficacy. Primers were se-
lected only when their efficacy, calculated as described by the
manufacturer, exceeded 95% (Table 1).

For each gene of interest, samples of islet preparations in
each condition were amplified in 96 well plates, concomitantly
with specific primers for the gene of interest and for β-actin
and 18S as internal standards. As described by the manufactur-
er, quantification requires the calculation of: (i) the mean Ct
value of the replicate wells for each sample; (ii) the difference
between the mean Ct values of the samples in the gene of in-
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terest wells and those of the internal standards (∆Ct); (iii) the
difference between the mean ∆Ct values of the treated samples
and the mean ∆Ct value of the non-treated (control) sample
(∆∆Ct).

The relative quantitation value is expressed as 2−∆∆Ct.

Statistical analysis. Results are expressed as means ± SEM.
Statistical analysis was done by using Wilcoxon tests. A p val-
ue under 0.05 was considered to indicate significant differ-
ences.

Results

Islet TG content. The presence of 2 mmol/l NEFA in
the culture medium of human islets for 48 h signifi-
cantly increased TG content to 81.4%, 48.7% and
101.0% at 5.5, 16 and 30 mmol/l glucose, respectively
(Fig. 1). The variation of glucose concentration did
not influence TG content regardless of NEFA concen-
tration.

GSIS and insulin content of human islets. Addition of
1 or 2 mmol/l NEFA to human islets culture medium
for 48 h led to significant 19.3% and 49.9% decreases
of GSIS, respectively, even at the physiological glu-
cose concentration of 5.5 mmol/l (Table 2, Fig. 2).
Significant reductions were also observed at 16 and
30 mmol/l glucose. The maximal effect was obtained
for 2 mmol/l NEFA, which totally abolished the islet

glucose response (stimulation index dropped to ap-
proximately 1). Glucose also reduced the islet stimula-
tion index, in the absence of NEFA or in the presence
of 1 mmol/l NEFA. At the concentration of 30 mmol/l
glucose in the absence of NEFA, GSIS was signifi-
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Table 1. Sequences of oligonucleotide primers

Genes Primers sense Primers antisense

β-actin 5′-TTG CCG ACA GGA TGC AGA A-3′ 5′-GCC GAT CCA CAC GGA GTA CT-3′
18S 5′-TCCCA GTAAGTGCGGGTCA-3′ 5′-GATCCGAGGGCCTCACTAAAC-3′
Insulin 5′-GCA GCC TTT GTG AAC CAA CAC-3′ 5′-CCT CGT TCC CCG CAC AC-3′
Glucagon 5′-AGG CCA AGC TGC CAA GG-3′ 5′-TGT CTG CGG CCA AGT TCT TC-3′
Glucokinase 5′-TGG ACA AGC ATC AGA TGA AAC AC-3′ 5′-TCC AGT TGA GAA GGA TGC CC-3′
GLUT 1 5′-GAGGGTTGCTGCAAGCACTC-3′ 5′-TGT CCACGCCATTGTTCTCTT-3′
GLUT 3 5′-AGC AGATCCTCCAGCGGTT-3′ 5′-AGCTCTAGCACGGTGACTTGC-3′
CPT-I 5′-CTC AAC GCT GAA CAC TCC TGG-3′ 5′-CCA TCC TCC GCA TAG CCC-3′
ACC 5′-TGG ACC CAG TCT ACA TCC ACT TG-3′ 5′-TGC ACG GCT ACC TGA TGG T-3′
ACO 5′-ACA AAG CAG AGG TCC ACG AAT C-3′ 5′-TTG CAC ACA GGC GCT TTC T-3′
UCP-2 5′-ACT GTG CTG AGC TGG TGA CCT-3′ 5′-CCC CAA AGG CAG AAG TGA AG-3′

Fig. 1. Islet TG content after 48 h of culture, with respect to
glucose and NEFA concentrations (white bars without NEFA;
grey bars 1 mmol/l NEFA; black bars 2 mmol/l NEFA). 
§§ significant effect of glucose and NEFA (p<0.01), * signifi-
cant effect of NEFA (p<0.05)

Table 2. Insulin secretion during static incubations, after 48-h exposure to glucose and NEFA

5.5 mmol/l Glucose 16 mmol/l Glucose 30 mmol/l Glucose

without 1 mmol/ 2 mmol/ without 1 mmol/ 2 mmol/ without 1 mmol/ 2 mmol/
NEFA l NEFA l NEFA NEFA l NEFA l NEFA NEFA l NEFA l NEFA

Basal 1 946±277 1374±355 1172±191 942±207 1231±262 1275±223 702±133 1034±181 1010±154
(mUI/ng DNA)

Stimulation 1678±355 2303±393 1491±107 1695±371 1792±155 1500±234 688±137 1127±68 947±134
(mUI/ng DNA)

Basal 2 589±79 1153±171 976±74 865±197 1185±146 1052±171 767±152 888±54 841±100
(mUI/ng DNA)



cantly lower by 27.9% and 22.9% than at 5.5 and
16 mmol/l, respectively. Moreover, effects of NEFA
and glucose seemed to be additive, since alteration of
GSIS caused by 1 mmol/l NEFA was more important
at 16 and 30 mmol/l glucose than at 5.5 mmol/l,
though the difference was not statistically significant.
Finally, a significant inverse correlation appeared be-
tween GSIS of islets and their TG content (r=0.747;
p=0.018).

The insulin content of human islets cultured with
16 or 30 mmol/l glucose was significantly lower than
with 5.5 mmol/l, since it decreased by 38.7% and
50.7%, respectively (Fig. 3). Addition of 2 mmol/l
NEFA to the culture medium also reduced insulin con-
tent of human islets by 21.0%, in the presence of
5.5 mmol/l glucose, but had no additional effect at
higher glucose concentrations.

Islet gene expression. Modifications in glucose and
NEFA concentrations for 48 h had no influence on in-
sulin, glucagon or glucokinase gene expression in hu-
man islets (Fig. 4).

Carnitine palmitoyltransferase-I (CPT-I) expression
was increased by NEFA (Fig. 4). Two mmol/l NEFA
increased CPT-I expression 2.8-, 3.9- and 5.4-fold, at
5.5, 16 and 30 mmol/l glucose, respectively. Glucose
also influenced CPT-I expression, especially with a
concomitant high concentration of NEFA. At
2 mmol/l NEFA, glucose increased CPT-I expression
1.7- and 2.1-fold at 16 and 30 mmol/l glucose, respec-
tively. However this induction was not significant.

CPT-I expression was inversely correlated with GSIS
(r=0.702; p=0.033) and correlated with TG content of
islets (r=0.750; p=0.017).

The most noteworthy variation concerning acetyl-
CoA carboxylase (ACC) was observed with the com-
bination of 30 mmol/l glucose and 2 mmol/l NEFA,
which increased ACC gene expression 1.7-fold, com-
pared with 5.5 mmol/l glucose and no NEFA (Fig. 4).
Note, however, that ACC expression also increased
with 16 mmol/l glucose and no NEFA, since it was
1.4-fold the level of ACC expression with 5.5 mmol/l
glucose.

GLUT3, acyl-CoA oxidase (ACO) and uncoupling
protein 2 (UCP-2) gene expression were similarly reg-
ulated by glucose and NEFA (Fig. 4). The expression
of these five genes increased with glucose concentra-
tion, in the absence of NEFA. Conversely, 1 and
2 mmol/l NEFA decreased their expression when
combined with high glucose concentrations (16 and
30 mmol/l).

In contrast to GLUT3, GLUT1 expression was in-
creased by NEFA at 16 and 30 mmol/l glucose
(Fig. 4).

Discussion

Type 2 diabetes results from the failure of beta-cells to
compensate for increased insulin secretory demand
[1]. Increased glucose and NEFA seem to actively
contribute to beta-cell function alteration, and their
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Fig. 2. Stimulation index of islets after 48 h of culture, with re-
spect to glucose and NEFA concentrations (white bars without
NEFA; grey bars 1 mmol/l NEFA; black bars 2 mmol/l
NEFA). § significant effect of glucose and NEFA (p<0.05), 
* significant effect of NEFA (p<0.05) and # significant effect
of glucose (p<0.05)

Fig. 3. Insulin content of islets after 48 h of culture, with re-
spect to glucose and NEFA concentrations (white bars without
NEFA; grey bars 1 mmol/l NEFA; black bars 2 mmol/l
NEFA). § significant effect of glucose and NEFA (p<0.05), 
* significant effect of NEFA (p<0.05) and # significant effect
of glucose (p<0.05)



Fig. 4. Gene expression after 48 h of culture, with respect to
glucose and NEFA concentrations (white bars without NEFA;
grey bars 1 mmol/l NEFA; black bars 2 mmol/l NEFA). § sig-
nificant effect of glucose and NEFA (p<0.05), * significant ef-
fect of NEFA (p<0.05) and # significant effect of glucose
(p<0.05)

albumin concentration was used to obtain an appropri-
ate albumin to NEFA ratio. It is indeed important to
note that the effect of NEFA on beta-cells can differ
with NEFA subtypes: it was suggested that saturated
NEFA, such as palmitate, impaired beta-cell function
and viability whereas monounsaturated NEFA, such as
oleate, can prevent this deleterious effect [33, 34]. Us-
ing a mixture of oleate and palmitate, our model did
not distinguish the effect of each NEFA subtype, but
tended to reproduce the plasmatic mixture of NEFA
that exists in vivo. This methodological difference
could explain some of the discrepancies between our
results on gene expression and others, which in most
cases used palmitate alone.

With our model of in-vitro human islets, we
showed that beta-cell alterations characteristic of clin-
ical Type 2 diabetes, including loss of GSIS and de-
crease in insulin content, can be reproduced with ei-
ther increased glucose or NEFA concentrations. The
deleterious effect of high glucose is well established
[2, 3], but increased NEFA at physiological glucose
concentrations were also able to significantly alter
GSIS and insulin content. These results are in accor-
dance with previous studies [6, 10, 33], but argue
against the hypothesis that increased glucose is a pre-
requisite for the deleterious effect of NEFA on beta-
cell function [11, 12, 13, 14]. We also found that in-
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action is, at least in part, mediated by modifications in
gene expression [9, 17]. We studied the respective in-
fluence of glucose and NEFA on human islet function
and several gene expressions. Both increased glucose
and NEFA separately mimicked the two major beta-
cell alterations observed in vivo, i.e., loss of GSIS and
reduction in islet insulin content. The effects of glu-
cose and NEFA were also partially additive. Function-
al alterations were associated with intracellular accu-
mulation of TG and modifications of certain islet gene
expressions.

In vivo, the normal plasma concentration of NEFA
is less than 0.6 mmol/l, but could exceed 1 mmol/l in
Type 2 diabetic patients [31, 32]. Palmitate and oleate
are the two most represented NEFA in plasma (20 to
25% each) and circulate linked to albumin. To mimic
what is observed in vivo, we used a mixture of oleate
and palmitate with 2% fatty acid-free BSA. This high



creased glucose and NEFA have additive effects since
their combination led to more pronounced deteriora-
tion of beta-cell function.

Increased NEFA concentrations induced constant
decrease in GSIS but inconstant decrease in insulin
content, and had no influence on insulin gene expres-
sion, as described in certain studies [35], in contrast to
others [17, 18]. Those results suggested that NEFA
could probably act via pathways not related to beta-
cell exhaustion, by inducing for example overexpres-
sion of hormone-sensitive lipase [36] or change in sig-
nal recognition not yet clearly understood [37].

In accordance with these studies, increased NEFA
induced TG accumulation in islets, which was in-
versely correlated with GSIS. As shown previously
[38], a chronic increase in fatty acids, enhances insu-
lin basal secretion (hence diminushing GSIS) by stim-
ulating fatty acyl-CoA that acts distally and in turn
stimulates the exocytic machinery. In accordance with
previous studies, NEFA concentrations appeared also
linked to CPT-I expression in human islets, [22, 35].
CPT-I’s involvement in fatty acid penetration into the
mitochondria [39], plays a central role in the reparti-
tion of fatty acids between mitochondrial oxidation
and their accumulation as long chain fatty acyl-CoA
or complex lipids in the cytoplasm. The marked in-
crease in CPT-I expression induced by NEFA, and its
negative correlation with GSIS suggest that CPT-I
could exert a central role in the loss of beta-cell signal
recognition induced by NEFA. Those results are con-
cordant with the glucose fatty acid cycle reported in
rat islets [6, 7, 10]. This hypothesis proposes that an
increase in NEFA oxidation leads to a decrease in glu-
cose metabolism in beta-cells, according to the Randle
cycle observed in other tissues [40]. The consequence
is a reduction in insulin secretion, since it is linked to
glucose oxidation. This hypothesis is supported by (i)
the restoration of insulin secretion by inhibition of
NEFA oxidation and (ii) the specificity of the altered
response to glucose, as opposed to other secreta-
gogues [6, 7, 10]. We report, however, that the con-
comitant presence of increased glucose and NEFA
also induced ACC gene expression in islets. ACC in-
duces the inhibitor of CPT-I, malonyl-CoA, and is
also critical for the regulation of fatty-acid balance be-
tween oxidation and cytoplasmic accumulation. At
this time, the effect of NEFA on ACC expression is
still controversial [20, 35, 38, 41]. So, complementary
studies exploring enzymatic activity of CPT-I and
NEFA oxidation are necessary to determine the pre-
cise interaction between CPT-I and ACC and their
regulation by glucose and NEFA.

In conclusion, we found in our model of isolated
human islets that exposure to increased glucose or to a
mixture of palmitate and oleate independently repro-
duced some of the islet anomalies observed in Type 2
diabetes in vivo, i.e. loss of GSIS, decrease in islet in-
sulin content and islet TG accumulation. Our results

also suggested that this deleterious effect was, at least
in part, mediated by modifications in the expression of
genes implicated in lipid metabolism.
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