Uncoupling Protein 2: A Possible Link Between Fatty
Acid Excess and Impaired Glucose-Induced Insulin
Secretion?
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The mechanism by which long-term exposure of the
␤-cell to elevated concentrations of fatty acid alters
glucose-induced insulin secretion has been examined.
Exposure of INS-1 ␤-cells to 0.4 mmol/l oleate for 72 h
increased basal insulin secretion and decreased insulin
release in response to high glucose, but not in response
to agents acting at the level of the KATP channel (tolbutamide) or beyond (elevated KCl). This also suppressed
the glucose-induced increase in the cellular ATP-to-ADP
ratio. The depolarization of the plasma membrane promoted by glucose was decreased after oleate exposure,
whereas the response to KCl was unchanged. Cells
exposed to free fatty acids displayed a lower mitochondrial membrane potential and a decreased glucose-induced hyperpolarization. The possible implication of
uncoupling protein (UCP)-2 in the altered secretory
response was examined by measuring UCP2 gene expression after chronic exposure of the cells to fatty
acids. UCP2 mRNA and protein were increased twofold
by oleate. Palmitate and the nonoxidizable fatty acid
bromopalmitate had similar effects on UCP2 mRNA,
suggesting that UCP2 gene induction by fatty acids does
not require their metabolism. The data are compatible
with a role of UCP2 and partial mitochondrial uncoupling in the decreased secretory response to glucose
observed after chronic exposure of the ␤-cell to elevated fatty acids, and suggest that the expression and/or
activity of the protein may modulate insulin secretion in
response to glucose. Diabetes 50:803– 809, 2001
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ype 2 diabetes is considered a polygenic disease
aggravated by environmental factors, such as
low physical activity or a hypercaloric lipid-rich
diet (1). Obese type 2 diabetic patients show
insulin resistance of skeletal muscle, enhanced hepatic
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glucose production, and decreased glucose-induced insulin secretion, the molecular nature of which is still unknown. Several studies have proposed that free fatty acids
(FFAs) could be the common factor producing gradually
in a tissue-specific manner the alterations observed in type
2 diabetes (2– 4). At the level of the ␤-cell, long-term
exposure to fatty acids could alter the coupling of glucose
metabolism to insulin secretion by acting on the expression of specific genes or by acting directly on the activity
of some enzymes. In vitro, long-term exposure of ␤-cells to
FFAs increases basal insulin release, but strongly decreases secretion in response to glucose (4). Thus, longterm exposure to FFAs increases the expression of
carnitine palmitoyl transferase 1 (CPT-1), which is considered the rate-limiting step in fatty acid oxidation (5).
Increased fatty acid oxidation could reduce glucose metabolism through operation of the glucose–fatty acid cycle
(6), as suggested in some studies (7,8). In contrast, other
work has shown long-term effects of FFAs on glucoseinduced insulin secretion without major changes in glucose oxidation or any evidence of an operative glucose–
fatty acid cycle (9 –11). This suggests that other factors
account for the long-term effects of FFAs. Glucose metabolism in ␤-cells is linked to insulin secretion, at least in
part, through changes in the cytosolic ATP-to-ADP ratio
leading to the closure of KATP channels (12). This results in
depolarization of the plasma membrane and leads to
calcium entry through voltage-gated Ca2⫹ channels and an
increase in cytosolic Ca2⫹ (12). Among other effects, the
increase in long-chain acyl-CoA esters, resulting from
exposure to FFAs, may open KATP channels and hyperpolarize the ␤-cell; this could prevent glucose-induced closure of the channel and the consequent depolarization
(13). Chronic FFA exposure also alters the energy metabolism of the ␤-cell, elevates the redox state, and increases
basal oxygen consumption; this suggests an effect at the
level of ATP generation (11), or beyond.
Proteins of the uncoupling protein (UCP) family are
located in the inner mitochondrial membrane and act as
proton channels or transporters (14). They uncouple the
electrochemical gradient produced by the respiratory
chain from ATP synthesis. The UPC family consists of four
main isoforms with different tissue distribution. Among
them, UCP2 shows a quasi-ubiquitous expression. Fatty
acids or dietary fats increase UCP2 mRNA and protein
levels in several tissues (14,15). Leptin and troglitazone
increase its expression in isolated islets from control and
Zucker diabetic fatty (ZDF) rats (16,17).
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In the pancreatic ␤-cells, an increase in UCP2 could
decrease glucose-induced ATP production by uncoupling
the mitochondrial oxidative phosphorylation, thereby decreasing glucose-stimulated insulin secretion without an
associated change in glucose metabolism. Long-term exposure to fatty acids could increase UCP2 expression
and/or activity and thereby specifically modify insulin
secretion in response to glucose and other fuel stimuli.
This hypothesis is supported by the observation that
adenovirus-mediated overexpression of UCP2 in pancreatic islets abolished glucose-stimulated insulin secretion
(18). In contrast, another study reported that overexpressing UCP2 in islets from ZDF rats partly restored glucosestimulated insulin secretion (19).
Because chronic exposure of the ␤-cell to FFAs alters
glucose-induced insulin secretion without major changes
in glucose oxidation (9 –11), the aim of the present study
was to investigate the possible role of UCP2 in the
long-term effect of FFAs on glucose-induced insulin release. The results show that chronic exposure of the ␤-cell
to FFAs increases the expression level of the UCP2 gene
and decreases the effects of glucose on the ATP-to-ADP
ratio and on the plasma membrane and mitochondrial
membrane potentials. Therefore, these results are compatible with the hypothesis that a long-term effect of fatty
acids on UCP2 expression and/or activity leads to a
decrease in glucose-induced insulin secretion.
RESEARCH DESIGN AND METHODS
Cell culture, incubation condition, and islet isolation. INS-1 cells were
grown in monolayer cultures, as previously described (20), in RPMI 1640
medium containing 11 mmol/l glucose supplemented with 10 mmol/l HEPES,
10% heat-inactivated fetal calf serum (FCS), 2 mmol/l glutamine, 1 mmol/l
sodium pyruvate, 50 mol/l ␤-mercaptoethanol, 100 IU/ml penicillin, and 100
g/ml streptomycin in an humidified atmosphere (5% CO2 and 95% air). After
6 –7 days (60 – 80% confluence), cells were incubated in the same medium at 5
mmol/l glucose with 0.5% bovine serum albumin (BSA) or 0.4 mmol/l of
various fatty acids bound to BSA. Albumin-bound fatty acids were prepared by
stirring the fatty acid sodium salt at 50°C with defated BSA (Sigma, St. Louis,
MO). After adjustment of the pH to 7.4, the solution was filtered through a
0.22-m filter, and the fatty acid concentration was measured using a
commercial kit (NEFA PAP, bioMérieux, Lyon, France).
Mitochondria were prepared from INS-1 cells after homogenization in 250
mmol/l sucrose, 0.5 mmol/l EGTA, and 5 mmol/l HEPES, with 1 l/ml of a
protease inhibitor cocktail (cat no. P 8340, Sigma). After a low-speed
centrifugation (800g for 3 min), the supernatant was centrifuged for 10 min at
10,000g and the pellet used as a crude mitochondrial preparation. The 10,000g
supernatant was centrifuged for 2 h at 180,000g and the pellet used as a crude
membrane preparation. Pancreatic islets from 250-g male Wistar rats were
isolated by collagenase digestion (21) using Histopaque (Sigma) centrifugation. The islets were either used directly for total RNA extraction or were
homogenized in 250 mmol/l sucrose, 0.5 mmol/l EGTA, and 5 mmol/l HEPES,
with 1 l/ml protease inhibitor cocktail for Western blotting. Islets were also
digested with trypsin, and ␤-cells were separated from non–␤-cells by
fluorescence-associated cell sorting (FACS). For Western blotting, ␤-cells
were homogenized in the same buffer as the islets. Protein measurements
were carried out using the Bio-Rad protein assay (Bio-Rad Laboratories,
München, Germany), with BSA as standard. DNA was measured according to
Labarca and Paigen (22).
mRNA analysis. Cells or tissues were washed with cold phosphate-buffered
saline, and total RNA was extracted by the guanidium isothiocyanate method
(23). RNA samples were denatured with formaldehyde, subjected to electrophoresis in 1% agarose gels, transferred to a nylon membrane, and fixed by UV
exposure. mRNA analysis was carried out by the Northern blotting hybridization method, using human UCP2 32P-labeled cDNA probe. The human UCP2
cDNA probe of 772 bp was obtained by polymerase chain reaction from
cloned human UCP2 cDNA (24). The membranes were also hybridized with a
␤-actin probe and a [␥32P]ATP-labeled synthetic oligonucleotide specific for
the 18S rRNA subunit to ensure that equivalent amounts of RNA were loaded
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on the gel. Membranes were exposed for autoradiography, and the autoradiograms were analyzed by laser densitometry scanning.
Insulin secretion. INS-1 cells were plated (105 cells/well) into 24-well plates
and cultured for 6 days in RPMI medium, then cultured for 72 h in the same
medium containing 5 mmol/l glucose and 0.5% BSA or BSA-bound fatty acids
(0.4 mmol/l). They were then washed with Krebs-Ringer bicarbonate HEPES
(KRBH) buffer medium containing 10 mmol/l HEPES and 0.07% BSA and
preincubated for 60 min in KRBH medium containing 2.8 mmol/l glucose and
0.5% BSA. The cells were then incubated for 30 min with the additions
mentioned, and the insulin concentration in the medium was determined.
Total cellular insulin content measured after acid/ethanol extraction (1.5%
HCl and 75% ethanol) and insulin secretion were quantified by radioimmunoassay using rat insulin as standard (25).
ATP and ADP measurements. After a 15-min incubation, the medium was
rapidly removed, and 0.75 ml of 0.6N perchloric acid was added to the cells.
Precipitated proteins were removed by centrifugation at 10,000g and the
supernatants neutralized by addition of 2.7 mol/l K2CO3. The potassium
perchlorate was eliminated by centrifugation. ATP and ADP were assayed in
the supernatants by luciferase measurements (Sigma). ATP was assayed
directly. For ADP measurements, ATP was first hydrolyzed to AMP using ATP
sulfurylase (26). After inactivation of the sulfurylase, ADP was converted to
ATP with pyruvate kinase and phosphoenolpyruvate and was measured by
luciferase (26).
Measurements of plasma and mitochondrial membrane potential. After
a 72-h culture in the absence or presence of fatty acids, the cells were then
detached by incubation in the presence of EDTA without trypsin, washed, and
resuspended in KRBH buffer containing 0.1% BSA and 2.8 mmol/l glucose. The
cells were loaded with 20 nmol/l tetramethylrhodamine ethyl ester (TMRE)
(Molecular Probes, Eugene, OR) for 30 min at 37°C, and flow cytometry was
performed with a FACStarPlus cell sorter (Beckton Dickinson, Bedford, MA)
on 10,000 cells per sample using the 514-nm line of an argon laser to assess the
mitochondrial membrane potential. Fluorescent light was directed to a
photomultiplier tube equipped with a filter selecting ⬎590 nm. The data were
analyzed with Lysis II software. Each determination was carried out in the
absence or presence of 75 mol/l carbonylcyanide m-chlorophenylhydrazone
(CCCP).
Glucose- and CCCP-induced changes in mitochondrial membrane potential
were also measured in cell suspension after loading the cells with 10 g/ml
rhodamine 123 (Molecular Probes) in KRBH buffer for 10 min at 37°C (27).
After centrifugation, the cells were resuspended in the same medium without
rhodamine and transferred to a fluorimeter. Fluorescence was excited at 490
nm and measured at 530 nm. For plasma membrane potential measurements,
2.5 ⫻ 106 cells were pelletted and resuspended in 2 ml KRBH buffer containing
2.8 mmol/l glucose and 100 mol/l bisoxonol (Molecular Probes) and transferred to the thermostatic cuvette. Cells were excited at 540 nmol/l, and
emission was recorded at 580 nmol/l (20). All fluorescence measurements
were performed in a LS-50B fluorimeter (Perkin Elmer, Bucks, U.K.) at 37°C
with gentle stirring.
Western blotting. Cell proteins (30 g) were subjected to electrophoresis on
a 12% polyacrylamide gel then electrotransfered to an Immobilon P membrane
(Millipore), blocked with 0.5% nonfat dry milk in Tris-buffered saline with 0.1%
Tween, and incubated overnight at 4°C in the same buffer containing goat
polyclonal antibody to the NH2-terminal domain of UCP2 (Research Diagnostics, Flanders, NJ) or rabbit polyclonal antibody to the COOH-terminal domain
of the protein (Alpha Diagnostic International, San Antonio, TX) anti-UCP2
antibody. Membranes were then rinsed in Tris-buffered saline with Tween and
incubated with a horseradish peroxidase– coupled goat or rabbit IgG antibody
(Amersham, U.K.) for 1 h at room temperature. Cytochrome oxidase and
prohibitin were detected using a monoclonal antibody against subunit IV of
cytochrome oxidase (Molecular Probes) or against prohibitin (Research
Diagnostics) and horseradish peroxidase– coupled anti-mouse IgG (Santa
Cruz Biotechnology, Santa Cruz, CA) as secondary antibody, respectively. The
resolved bands were visualized by enhanced chemiluminescence (ECL)
detection reagents (Amersham) and exposed to Hyperfilm ECL (Amersham)
for 1–10 min.
Statistical analysis. All results are expressed as means ⫾ SE of the indicated
number of experiments. Statistical significance was calculated by Student’s t
test for paired or unpaired data.

RESULTS

Long-term exposure of INS-1 cells to oleate specifically reduces glucose-induced insulin release in association with alterations in the ATP-to-ADP ratio as
well as plasma and mitochondrial membrane potential. Exposure of INS-1 ␤-cells to 0.4 mmol/l oleate for 72 h
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FIG. 1. Effects of a long-term exposure of INS-1 cells to oleate on
insulin secretion in response to glucose, tolbutamide, and KCl. Cells
were cultured in RPMI medium containing 10% FCS with 0.5% BSA for
72 h at 5 mmol/l glucose, in the absence or presence of 0.4 mmol/l
oleate. They were then incubated for 30 min in KRBH buffer at 2.8
mmol/l glucose (G 2.8), 12 mmol/l glucose (G 12), 2.8 mmol/l glucose ⴙ
100 mol/l tolbutamide (TOLB), or 30 mmol/l KCl (KC1). The insulin
contents in cells cultured in the absence or presence of oleate were
231 ⴞ 43 and 190 ⴞ 8 ng/g DNA, respectively (P < 0.05 by paired t
test). Data are means ⴞ SE of 3–5 experiments. **P < 0.02.

results in an altered insulin secretion in response to
glucose, with an elevated secretion at low glucose that is
not further enhanced by increasing the concentration of
the secretagogue. This observation has already been made
in isolated islets (7–9), INS-1 (11), and HC9 cells (10). In
contrast, agents that stimulate insulin secretion by acting
at the level of the KATP channel (tolbutamide), or trigger an
increase in Ca2⫹ as a consequence of membrane depolarization (elevated KCl), elicited comparable levels of insulin
secretion in control and oleate-treated cells (Fig. 1).
Because a large part of the generation of signals coupling glucose metabolism to insulin secretion involves
changes in the ATP-to-ADP ratio elicited by glucose metabolism, ATP and ADP were quantified in control and
oleate-treated INS-1 cells subsequently incubated at low
and high glucose. Table 1 shows that the increase in ATP
and in the ATP-to-ADP ratio measured after glucose administration in control cells was not observed in cells

FIG. 2. Effect of a long-term exposure to oleate on glucose-induced
changes in plasma membrane potential. INS-1 cells were cultured in
RPMI medium containing 10% FCS with 0.5% BSA for 72 h at 5 mmol/l
glucose, in the absence or presence of 0.4 mmol/l oleate. Cells were
detached and incubated in KRBH buffer containing 2.8 mmol/l glucose
and bisoxonol (100 mol/l), and fluorescence was used to measure
plasma membrane potential. At the indicated time, glucose was added
at a final concentration of 12.8 mmol/l and then at 30 mmol/l KCl. Data
are from one of four representative experiments.

chronically exposed to oleate. In contrast, short-term (i.e.,
during the 15-min incubation period) fatty acid exposure
did not affect the action of glucose. Glucose-induced
changes in the ATP-to-ADP ratio of the ␤-cell is known to
be followed by a depolarization of the plasma membrane.
Figure 2 shows that the addition of glucose to a final
concentration of 12.8 mmol/l produced a clear depolarization of the plasma membrane in control cells and a minor
change of plasma membrane potential in cells chronically
exposed to oleate (47 ⫾ 7% of control cells, n ⫽ 4, P ⬍
0.02). Fatty acid exposure did not alter the depolarization
in response to KCl (fatty acid exposed cells 92 ⫾ 8% of
control cells, n ⫽ 4, NS).
The effects of long-term exposure to fatty acid on
mitochondrial membrane potential was measured by flow
cytometry using TMRE, a fluorescent dye sensitive to the
mitochondrial membrane potential. Cells exposed to oleate
for 72 h displayed a significant decrease in the level of

TABLE 1
Effects of a long-term or short-term exposure of INS-1 cells to oleate on the ATP content and ATP-to-ADP ratio at low and high
glucose
Culture conditions
ATP (nmole/g DNA)
Glucose (mmol/l)
Long-term
BSA 72 h
Oleate 0.4 mmol/l 72 h
Short-term
BSA 15 min
Oleate 0.4 mmol/l 15 min

ATP-to-ADP ratio

2.8

12

2.8

12

0.420 ⫾ 0.048
0.500 ⫾ 0.048

0.480 ⫾ 0.043*
0.510 ⫾ 0.056

4.9 ⫾ 0.1
6.4 ⫾ 0.2

8.3 ⫾ 0.9†
6.7 ⫾ 0.5

0.296 ⫾ 0.033
0.216 ⫾ 0.021

0.355 ⫾ 0.029‡
0.329 ⫾ 0.029§

ND
ND

ND
ND

Data are means ⫾ SE of four independent experiments. *P ⱕ 0.02 vs. 2.8 mmol/l glucose; †P ⱕ 0.05 vs. 2.8 mmol/l glucose; ‡P ⬍ 0.02 vs.
2.8 mmol/l glucose by paired analysis; and §P ⬍ 0.01 vs. 2.8 mmol/l glucose ⫹ oleate by paired analysis. ND, not determined.
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FIG. 3. Effect of a long-term exposure to oleate on the mitochondrial
membrane potential (⌬⌿m) of INS-1 cells. Cells were cultured in RPMI
medium containing 10% FCS with 0.5% BSA for 72 h at 5 mmol/l
glucose, in the absence or presence of 0.4 mmol/l oleate, then detached
and incubated 30 min in KRBH buffer containing 0.1% BSA and 2.8
mmol/l glucose with the mitochondrial potential sensitive dye TMRE,
and analyzed by flow cytometry. CCCP (75 mol/l) was added to
uncouple the cells. A, ⌬⌿m in the absence of CCCP; B, ⌬⌿m in the
presence of CCCP; ⌬, A – B. Data are means of four experiments. *P <
0.05.

fluorescence per cell. The mean values of fluorescence in
arbitrary units (AU) are presented in Fig. 3. The addition of
the protonophore CCCP uncoupled both cell populations
to a similar level of final fluorescence. The values obtained
after uncoupling were subtracted from those obtained
without CCCP. Figure 3 shows that the effect of CCCP
(⌬ ⫽ A–B) was significantly less in cells exposed to oleate,
indicating a reduced mitochondrial membrane potential at
a low concentration of glucose. This action of oleate was
not observed when the fatty acid was added 30 min before
the fluorescence measurement (data not shown).
The increased supply of reducing equivalents resulting
from glucose metabolism increases the rate of electron
transport and H⫹ efflux from the mitochondria, resulting in
a hyperpolarization of the mitochondrial membrane.
Therefore, the action of glucose on the mitochondrial
membrane potential was also tested in control and oleateexposed cells by monitoring rhodamine 123 fluorescence.
In control cells, raising glucose from 2.8 to 12.8 mmol/l
hyperpolarized the mitochondria (Fig. 4), and CCCP depolarized it. In contrast, cells previously exposed to oleate for
72 h displayed a smaller hyperpolarization in response to
high glucose (51 ⫾ 15% of control cells, n ⫽ 4, P ⬍ 0.05).
In agreement with the flow cytometry measurements,
depolarization induced by CCCP was of smaller amplitude
in oleate-treated cells; this suggests that the mitochondria
were already partly depolarized in cells chronically exposed to FFAs (55 ⫾ 10% of control cells, n ⫽ 4, P ⬍ 0.05).
UCP2 is present in the ␤-cells, and fatty acids increased UCP2 gene expression. The observations that
long-term FFA exposure modified glucose-induced but not
tolbutamide-induced insulin secretion prevented glucoseinduced changes in the ATP-to-ADP ratio and reduced the
mitochondrial membrane potential as well as the ampli806

FIG. 4. Effect of a long-term exposure to oleate on glucose-induced
changes in mitochondrial membrane potential (⌬m). INS-1 cells were
cultured at 5 mmol/l glucose, in the absence or presence of 0.4 mmol/l
oleate, then detached and incubated in KRBH buffer containing 0.1%
BSA and 2.8 mmol/l glucose with the mitochondrial membrane potential sensitive dye rhodamine 123. At the indicated times, glucose was
added at a final concentration of 12.8 mmol/l. At the end of each trace,
CCCP (75 mol/l) was added to uncouple the cells. Data are from one
of four representative experiments.

tude of the glucose-induced hyperpolarization (⌬⌿m) suggest that the mitochondria are partly uncoupled. This
could be because of the presence and/or the activation of
an uncoupling protein. Therefore, the presence of UCP2
mRNA in ␤-INS-1 cells and in pancreatic islets was first
examined by Northern blot analysis and compared with
other tissues known to express the protein. Figure 5A
shows that INS-1 cells and isolated rat islets contain UCP2
mRNA at levels comparable with that of white adipose
tissue, but less than that of the spleen. Similarly, UCP2
protein was found in INS-1 cells, pancreatic islets, and
purified ␤-cells (Fig. 5B).
Fractionation of INS-1 cells indicates that the protein
concentrates with cytochrome c oxidase, confirming its
mitochondrial localization (Fig. 5C).
The effect of various fatty acids on UCP2 mRNA expression level was examined in INS-1 cells. Figure 6 shows that
an 18-h exposure of the cells to oleate or palmitate
increased UCP2 mRNA expression approximately twofold.
Similar data were obtained with 2-bromopalmitate, suggesting that fatty acid oxidation is not required. Glucose
was without effect after 18 h, whereas the cAMP agonist
forskolin decreased UCP2 mRNA. The possible role of
peroxisome proliferator–activated receptors (PPARs) in
the effects of fatty acids was examined by using several
ligands: clofibrate (200 mol/l) for PPAR-␣, Ly 171– 883 (20
mol/l) for PPAR ␣ ⫹ ␤, and ciglitazone (10 mol/l) for
PPAR-␥. Only clofibrate increased UCP2 mRNA by 38% at
the concentration used (data not shown). Long-term (72-h)
fatty acid exposure also doubled the amount of UCP2
protein (Fig. 7). The effect corresponds to a specific
increase in the UCP2 protein, because two other mitochondrial proteins, subunit IV of cytochrome c oxidase
and prohibitin, were unchanged by fatty acid exposure
(149 ⫾ 10 and 99 ⫾ 10% of control for subunit IV of
cytochrome oxidase and prohibitin, respectively, n ⫽ 3,
NS).
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FIG. 5. Distribution and expression of UCP2 in rat tissues and INS-1
cells. A: Comparison of UCP2 mRNA expression in rat tissues and INS-1
cells. UCP2 and 18S mRNA were detected on Northern blots containing
8 g total RNA per lane and hybridized with 32P-labeled rat UCP2 or 18
S probes. L, liver; S, spleen; K, kidney; WAT, white adipose tissue. B:
Comparison of UCP2 protein expression in INS-1 cells, rat pancreatic
islets, and purified ␤-cells. Western blotting was performed with 30 g
protein from INS-1 cells, pancreatic islets, and ␤-cells using a polyclonal antibody to the COOH-terminal domain of UCP2. C: UCP2 is
found in the same cellular fraction as the mitochondrial enzyme
cytochrome oxidase. H, homogenate; S, postnuclear supernatant; mit,
mitochondrial fraction; PM, crude plasma membrane fraction. Western
blotting was performed with 30 g protein from homogenate and
subcellular fractions of INS-1 cells using a polyclonal antibody to the
NH2-terminal domain of UCP2.

DISCUSSION

Long-term exposure of INS cells to fatty acids alters
insulin secretion in response to glucose, but not insulin
secretion caused by agents acting at the level of or beyond
KATP channels. Fatty acid exposure also suppresses the
glucose-induced increase in the ATP-to-ADP ratio, without
major changes in glucose metabolism and oxidation (11).
These two observations allow us to localize, at least in
part, the long-term effects of fatty acids at any step
between glucose metabolism/oxidation and ATP generation; this suggests an uncoupling between NADH oxidation and ATP synthesis. The observation of a lower
mitochondrial membrane potential and a smaller hyperpolarization induced by glucose in FFA-exposed cells is
compatible with an uncoupling effect of FFA that could be
explained by an increased level of UCP2. Similarly, evidence of uncoupling, enhanced respiration, lower mitochondrial potential, and increased mitochondrial volume
has recently been observed in rat pancreatic islets cultured for 1–2 days with palmitate (28).
What are the mechanisms by which FFA may uncouple mitochondria in the ␤-cell? FFAs are known to act
as weak uncouplers of mitochondrial respiration in several
cell types (29). However, their mechanism of action is still
uncertain. Studies show that long-chain fatty acyl-CoA
exerts an inhibitory effect on the adenine nucleotide
DIABETES, VOL. 50, APRIL 2001

FIG. 6. Effects of oleate, palmitate, bromopalmitate, glucose, and
forskolin on UCP2 mRNA expression. INS-1 cells were cultured for 18 h
with 0.5% BSA, fatty acid bound to BSA (0.4 mmol/l), 25 mmol/l
glucose, or 50 mol/l forskolin. UCP2 transcript was measured by
Northern blotting hybridization on 8 g total RNA. Cont, control; OL,
oleate; Palm, palmitate; BrP, 2-bromopalmitate; G25, 25 mmol/l glucose; Forsk, forskolin. The inset shows the signal of a representative
experiment. Data are means ⴞ SE of four to five separate experiments.
*P < 0.05.

translocase in hepatocytes (30). A similar action in INS-1
cells could explain the lack of effect of glucose on changes
in ATP-to-ADP ratio after long-term FFA exposure. However, the action of FFAs on the translocase takes place
within minutes in hepatocytes (30), and therefore should
also be observed in our experiments after a short-term
exposure (15 min) of the cells to FFAs. Thus, an effect of
FFAs on adenine nucleotide translocase is unlikely to
explain the long-term effect of fatty acids on ATP production. FFAs can also uncouple the mitochondria by acting
on UCP activity. Recent studies on UCP2 reconstituted in
proteoliposomes show that minimal amounts of FFAs are
necessary to measure uncoupling activity (31). A direct
effect of FFAs on UCP2 is unlikely, because it should also
be seen in short-term experiments with FFAs.
Increased expression of UCP2 by fatty acids and by
ligand of PPARs has been measured in several tissues in
vivo and in vitro (32). UCP2 mRNA is increased by BRL
49654 (a ligand of PPAR-␥) and by bromopalmitate in
cultured rat and human adipose tissues (33,34). Troglitazone increases UCP2 mRNA in isolated pancreatic islets
from ZDF rats (17). Lipids also induce UCP2 in hepatocytes, which normally do not express this protein (35).
UCP2 expression is associated with hepatic ATP depletion
(36). In the present study, long-term exposure to FFAs
increased UCP2 mRNA and protein, but did not decrease
ATP levels. The uncoupling effect may be compensated for
807
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FIG. 7. Effect of oleate on UCP2 protein expression. INS-1 cells were
cultured for 72 h with normal medium containing 0.5% BSA of BSAoleate (0.4 mmol/l), and UCP2 was measured by Western blotting using
30 g cell homogenate. Data are means of triplicate determinations.
*P < 0.05.

by the twofold increase in oxygen consumption and accelerated fat oxidation measured after long-term FFA exposure (11).
The UCP2 promoter contains a PPAR response element
(37). The observation that FFAs increase UCP2 mRNA
independently of their oxidation suggests an implication of
PPAR in the induction of UCP2 by FFAs. However, among
the PPAR ligand tested, only clofibrate had a modest effect
on UCP2 mRNA, suggesting that FFAs may act, at least in
part, through transcription factors other than PPAR. Longchain fatty acyl-CoA may be a ligand of hepatic nuclear
factor-4␣ and could conceivably act on the UCP2 gene via
this transcription factor (38).
The long-term effects of fatty acid on ␤-cell function
with respect to insulin secretion may require cellular
accumulation of long-chain fatty acyl-CoA esters or other
fatty acid derivatives acting on UCP2 expression and/or
activity (31,34), the opening of KATP channels (13), and the
expression of metabolic genes implicated in the ␤-cell
fuel-sensing process. Thus, fatty acids alter the expression
of several enzymes of lipid metabolism; they decrease
acetyl CoA carboxylase (39) and increase CPT-1 (5),
resulting in an increased capacity for fatty acid oxidation.
Long-term fatty acid exposure also results in an accumulation of triglycerides (11,16) that could behave as an
endogenous source of FFA for oxidation and ATP generation, explaining the high rate of oxygen consumption, the
elevated redox state, and the insulin release measured
even at low glucose concentrations (11).
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The absence of change in the ATP-to-ADP ratio after
long-term FFA exposure should prevent the closure of
KATP channels, the plasma membrane depolarization, and,
therefore, the increase in cytosolic Ca2⫹. Hyperpolarization of the mitochondria contributes to relay the increase
in cytosolic Ca2⫹ into the mitochondria. Increase in mitochondrial Ca2⫹ activates Ca2⫹-sensitive dehydrogenases
(40) and generates factors that potentiate or maintain
glucose-induced insulin secretion (41). Our studies show
that basal mitochondrial membrane potential as well as
hyperpolarization produced by glucose addition are lower
in fatty acid– exposed cells compared with controls. This
could also contribute to the loss of glucose-induced insulin
secretion by impairing the production of mitochondrial
signals originating directly or indirectly from the Krebs
cycle, such as glutamate (42), malate (43), or citrate (44).
The exact role of UCP2 in cell physiology is unclear.
Increase in its expression is often associated with high
fatty acid supply and suggests that this protein may
protect the cell from the consequences of a high rate of
␤-oxidation (32). Formation of reactive oxygen species
(ROS) by the mitochondria is correlated to the mitochondrial potential (45). This raises the possibility that some
uncoupling could prevent excessive increase in mitochondrial potential, particularly when fatty acid oxidation is
high, thereby limiting the production of ROS (46). These
products are particularly deleterious for the ␤-cells, because their content in ROS-inactivating enzymes is low
(47,48). Thus, to avoid lipotoxicity and death through ROS
upon chronic exposure to elevated FFAs, ␤-cells might be
subject to partial mitochondrial uncoupling, resulting in
an altered ATP generation at high glucose and impaired
insulin secretion.
All of the present data do not entirely correspond with
the traditional idea of uncoupling; however, they can be
explained by a partial uncoupling of cells chronically
exposed to oleate in the presence of high glucose. Whether
this is attributable to an activation of the endogenous
UCP2 by some fatty acid derivatives and/or an increase in
UCP2 and/or a direct effect of fatty acid on the mitochondria cannot be determined by the present experiments.
In summary, our data show that INS-1 and pancreatic
␤-cells express UCP2 and that long-term fatty acid exposure uncouples the mitochondria in association with increased UCP2 mRNA and protein expression. Therefore,
UCP2 could be a link between the abundance of fatty acids
and the loss of glucose-induced insulin secretion as observed in obesity-associated type 2 diabetes.
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