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Abstract Obesity with excessive levels of circulating

free fatty acids (FFAs) is tightly linked to the incidence of

type 2 diabetes. Insulin resistance of peripheral tissues and

pancreatic b-cell dysfunction are two major pathological

changes in diabetes and both are facilitated by excessive

levels of FFAs and/or glucose. To gain insight into the

mitochondrial-mediated mechanisms by which long-term

exposure of INS-1 cells to excess FFAs causes b-cell

dysfunction, the effects of the unsaturated FFA linoleic

acid (C 18:2, n-6) on rat insulinoma INS-1 b cells was

investigated. INS-1 cells were incubated with 0, 50, 250 or

500 lM linoleic acid/0.5% (w/v) BSA for 48 h under

culture conditions of normal (11.1 mM) or high (25 mM)

glucose in serum-free RPMI-1640 medium. Cell viability,

apoptosis, glucose-stimulated insulin secretion, Bcl-2, and

Bax gene expression levels, mitochondrial membrane

potential and cytochrome c release were examined. Lino-

leic acid 500 lM significantly suppressed cell viability and

induced apoptosis when administered in 11.1 and 25 mM

glucose culture medium. Compared with control, linoleic

acid 500 lM significantly increased Bax expression in

25 mM glucose culture medium but not in 11.1 mM glu-

cose culture medium. Linoleic acid also dose-dependently

reduced mitochondrial membrane potential (DWm) and

significantly promoted cytochrome c release from mito-

chondria in both 11.1 mM glucose and 25 mM glucose

culture medium, further reducing glucose-stimulated insu-

lin secretion, which is dependent on normal mitochondrial

function. With the increase in glucose levels in culture

medium, INS-1 b-cell insulin secretion function was

deteriorated further. The results of this study indicate that

chronic exposure to linoleic acid-induced b-cell dysfunc-

tion and apoptosis, which involved a mitochondrial-medi-

ated signal pathway, and increased glucose levels enhanced

linoleic acid-induced b-cell dysfunction.
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Introduction

Type 2 diabetes (T2D) is rapidly becoming a global pan-

demic and is projected to afflict more than 300 million

individuals worldwide by the year 2025 [1]. Insulin resis-

tance of peripheral tissues and pancreatic b-cell dysfunc-

tion are generally accepted to be the main pathological

characteristics of T2D, and the latter is widely believed to

be secondary to prolonged exposure to increased glucose

and/or excess free fatty acid (FFA) levels, conditions that

are often associated with obesity. Importantly, recent

studies have indicated that a dysregulation in lipid

homeostasis, but not glucose homeostasis, is the primary

metabolic defect in T2D, leading to a major paradigm shift
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in the understanding of T2D from a ‘‘glucocentric’’ to

‘‘lipocentric’’ theory [2–4]. Although this remains contro-

versial [5], excess FFAs are now recognized as significant

contributors to insulin resistance pathophysiology, and

lipotoxicity is recognized as the primary characteristic of

T2D [6, 7]. Our understanding of the mechanism under-

lying FFA-induced b-cell dysfunction is limited and war-

rants further investigation.

Increased levels of circulating FFAs, particularly satu-

rated FFAs, are the main factors that induce b-cell apop-

tosis and dysfunction, although the effects vary with FFA

chain length and saturation level through multiple mecha-

nisms [8–15]. However, the effects of unsaturated FFAs on

pancreatic islet remain controversial. Some studies have

shown that unsaturated FFAs protect pancreatic b cells

from the effects of saturated FFAs and/or cytokine-induced

apoptosis [14, 16, 17], whereas other studies have indicated

that unsaturated FFAs induce b-cell apoptosis [15, 18, 19].

Recently, a growing body of evidence has linked the

cytotoxic action of unsaturated FFAs to mitochondrial

dysfunction and activation of mitochondrial apoptotic

pathways [10, 20]. The mechanisms underlying different

effects of unsaturated fatty acids, especially polyunsatu-

rated FFAs, on b-cell viability and function are not clear

and reflect the lack of systematic investigations.

On the basis of these observations, we hypothesized that

chronic exposure of b cells to unsaturated FFAs induced the

mitochondrial dysfunction and attenuated insulin secretion,

which subsequently impaired glucose regulation and b-cell

dysfunction. The aim of this study was to determine whether

exposure of INS-1 b cells to linoleic acid-induced cell

apoptosis through a mitochondrial-regulated signal pathway

and whether high glucose levels potentiated the lipotoxicity

of linoleic acid. To address these questions, the rat insuli-

noma b-cell line INS-1 was used because it has previously

been demonstrated that FFAs and cytokines can cause

apoptosis in this cell line [21–23] and it is considered an

appropriate model for b-cell apoptosis research. In addition,

compared with isolated islets, the large amount of available

cellular material from pure b cells allows more biochemical

determinations to be performed than with isolated islets of

mixed cell types. In our study, INS-1 cells were incubated

with various concentrations of linoleic acid for up to 48 h

with normal (11.1 mM) and high (25 mM) glucose con-

centrations, and b-cell viability and function were studied.

Materials and methods

Reagents and chemicals

Rhodamine 123 (Rh 123) and the ApoTargetTM Annexin-V

FITC Apoptosis Kit were purchased from Invitrogen

(Madison, WI, USA). CellTiter 96� AQueous One Solu-

tion Cell Proliferation Assay, Caspase-Glo� 3/7 and

Caspase-Glo� 9 Activity Assay were purchased from

Promega Corp. (Madison, WI, USA). Linoleic Acid

(C 18:2, water soluble), FFA-free BSA, b-mercaptoethanol,

and carbonyl cyanide m-chlorophenylhydrazone (CCCP)

were obtained from Sigma (Sigma-Aldrich, USA). Sensitive

Insulin assay kit (SKI-13) was purchased from Linco

Research (Millipore, USA).

Cell culture and incubation

INS-1 b cells (a gift from Dr T. Biden, Garvan Institute,

Sydney, Australia) were maintained in RPMI-1640

(11.1 mM glucose, 1 mM sodium pyruvate, and 10 mM

HEPES) supplemented with 10% FBS, 2 mM L-glutamine,

and 50 lM b-mercaptoethanol containing antibiotics

(100 U/ml penicillin and 100 lg/ml streptomycin) at 37�C

and 5% CO2, as described previously [24]. A 50 mM lin-

oleic acid stock solution and 10% (w/v) FFA-free BSA

solution was prepared in a water bath at 55�C. Altering the

proportion of these two solutions when mixed together

varied the concentration of FFA compounded to BSA, and

the molar ratio of FFA/BSA varied from 1:3.3 to 1:6.6 to

ensure that the binding of linoleic acid to BSA was not

saturated and the solubility of FFA in water was not

exceeded [25–28]. INS-1 b cells were subcultured on six-

well plates to 60% confluence. The cells were then incu-

bated in 11.1 and 25 mM glucose RPMI-1640 medium

with 50, 250, and 500 lM linoleic acid/0.5% (w/v) BSA

compound for 48 h. The incubation time and concentra-

tions of linoleic acid used in the study to mimic high FFA

exposure conditions were selected based on previous

studies on INS-1 cells [8, 17, 26].

Determination of cell viability

To determine cell viability, INS-1 b cells were seeded at

2 9 104 cells per well in a 96-well plate and grown for

2 days. The absorbance at 490 nm was measured after 48-h

treatment with different concentrations of linoleic acid/

BSA compound by CellTiter 96� AQueous One Solution

Cell Proliferation Assay. Cell viability was assessed as OD

value of treatment/OD value of control 9 100%.

Annexin-V FITC staining apoptosis assay

INS-1 b cells were seeded at 2 9 105 cells per well in six-

well plates, treated with different concentrations of linoleic

acid/BSA compound and grown to 70% confluency in 11.1

and 25 mM glucose RMPI-1640 medium for 48 h [8].

After washing twice with cold PBS, cells were stained

with Annexin-V fluorescein isothiocyanate (FITC) and
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propidium iodide (PI) according to the recommended

protocol, and apoptosis was assessed by flow cytometry. In

the early stages of apoptosis, phosphatidyl serine (PS),

which moved from the inner side of the plasma membrane

to the outer layer, was stained by Annexin-V FITC,

whereas PI staining was used to distinguish apoptotic cells

from necrotic cells.

Caspase-Glo� 3/7 and Caspase-Glo� 9 activity assay

INS-1 b cells were seeded at 5 9 103 cells per well in

96-well plates (Corning Inc., Corning, NY) and cultured for

24 h. INS-1 b cells were treated with 500 lM linoleic acid/

BSA compound in 11.1 or 25 mM glucose RMPI-1640

medium for 48 h. Caspase activity was analyzed using the

commercially available Caspase-Glo� 3/7 and Caspase-

Glo� 9 Activity Assays (Promega Corp., WI, USA)

according to the manufacturer’s instructions. Lumines-

cence was measured using a luminometer (POLAR Star

Omega, BMG LABTECH).

Insulin secretion assay

When the cells reached approximately 70% confluence,

INS-1 b cells were washed twice with PBS (pH 7.40, 37�C)

and incubated in fresh RPMI-1640 medium containing 11.1

and 25 mM glucose with different concentrations of lino-

leic acid/BSA compound for 48 h in 24-well plates. Before

stimulation, the b cells were washed twice with PBS and

pre-incubated in 500 ll of Krebs–Ringer bicarbonate

(KRB) buffer containing 115 mM NaCl, 4.7 mM KCl,

2.6 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 20 mM

NaHCO3, 16 mM HEPES, and 0.5% BSA (glucose-free

and FFA-free) (pH 7.40) at 37�C in a humidified 5% CO2

atmosphere for 60 min [17]. Cells were then washed once

with glucose-free KRB buffer and subsequently incubated

for 60 min with KRB buffer containing 3 or 25 mM glu-

cose. The incubation buffer was collected and centrifuged

at 1.0 9 104 rpm for 10 min at 4�C. Insulin concentrations

were measured using Sensitive Insulin assay kits.

Quantitative analysis of mRNA expression by real-time

PCR

Total RNA was isolated from INS-1 b cells by TRIzol

(Invitrogen, CA, USA) according to the manufacturer’s

instructions. First-strand synthesis of complementary DNA

(cDNA) was carried outperformed using iScriptase reverse

transcriptase following according to the manufacturer’s

instructions (Bio-RAD, CA, USA). The real-time PCR

amplification reaction was done in 20 ll containing

0.5 lM forward and reverse primers, 10 ll 2 9 Fast

SYBR� Green Master Mix (Applied Bioscience, USA) and

2 ll cDNA (transcript from 1 lg RNA, totally 20 ll) plus

RNase-free water. To select proper housekeeping gene,

the stability of glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) expression under different treatment condition

was tested [29]. The expression level of the gene of interest

was normalized with the housekeeping gene GAPDH by

comparison of Ct values (delta - delta Ct) [30]. The spe-

cific primers used and their respective PCR fragment

lengths were as follows: GAPDH, forward, 50-AGTTCAA

CGGCACAGTCAAG-30, reverse, 50-TACTCAGCACCA

GCATCACC-30 (118 bp); Bcl-2 forward, 50-AGGATTGT

GGCCTTCTTTGAGT-30, reverse, 50-GCCGGTTCAGGT

ACTCAGTCAT-30 (115 bp); Bax forward, 50-GGTTGCC

CTCTTCTACTTTGCT-30, reverse, 50-TGAGCCCATCTT

CTTCCAGA-30 (247 bp) [31, 32]. Relative expression

levels of Bcl-2 and Bax to GAPDH was calculated.

Detecting change of mitochondrial membrane potential

Linoleic acid-induced reduction in mitochondrial mem-

brane potential (MMP, DWm) under different concentra-

tions of glucose was quantified in INS-1 b cells. Incubation

medium (11.1 or 25 mM glucose) with or without linoleic

acid/BSA was added successively. After 48-h treatment,

cells were loaded with 1 lg/ml Rh 123 for 15 min. The

mitochondrial uncoupler CCCP (final concentration:

10 lM) was used as a positive control. Fluorescence was

excited at 488 nm and measured at 529 nm. PI was used as

a viability marker and added to the cell suspension prior to

flow cytometric analysis to discard non-viable cells; data

analysis was performed only on non-PI-labeled cells. The

mean fluorescence intensity (MFI) in the Rh 123 positive

cells represented the loss of mitochondrial membrane

potential [33].

Cytochrome c release analysis by western blot analysis

Total protein was collected using radio-immunoprecipita-

tion assay (RIPA) lysis buffer containing 50 mM Tris–HCl

pH 7.4, 150 mM NaCl, 1 mM EDTA, pH 8.0 (chelating

agent), 1% Triton X-100 (non-ionic detergent), 1% sodium

deoxycholate (anionic detergent), 0.1% SDS (anionic

detergent), 10 mM sodium fluoride (serine–threonine

phosphatase inhibitor), and Complete Mini� protease

inhibitor (EDTA-free, Roche, USA). Mitochondria and

cytosol were separated using Pierce mitochondrial isolation

kit according to the manufacturer’s instructions (Thermo

Scientific, Rockford, USA). Then mitochondrial protein

and cytosolic protein were then extracted using RIPA lysis

buffer. Protein content was determined using a BCATM

Protein Assay kit (Thermo Scientific, Rockford, USA).

Total proteins, mitochondrial protein, and cytosolic pro-

teins were resolved by SDS-PAGE and transferred to
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nitrocellulose membranes (Pall Corporation, NY, USA).

The blots were incubated with the desired primary antibody

overnight at the following dilutions: cytochrome c (1:500;

MAB1800, Millipore, MA, USA) and GAPDH (1:100,000;

sc-166545; Santa Cruz, CA, USA). Subsequently, the

membrane was incubated with appropriate secondary

antibodies (anti-mouse, 1:2000; Santa Cruz, CA, USA) for

1 h at room temperature. The bands were detected using an

enhanced chemiluminescence system (SuperSignal� West

Pico Chemiluminescent Substrate, Thermo Scientific,

Rockford, USA) and quantified by densitometry methods.

Statistical analysis

All data were expressed as mean ± S.E. Statistical sig-

nificance was evaluated using Student’s t test or one-way/

two-way ANOVA with a Tukey’s post hoc test. Percentage

changes were analyzed by the Kruskal and Wallis test.

P \ 0.05 was considered statistically significant.

Results

Effects of linoleic acid on cell viability and apoptosis

After exposure to linoleic acid for 48 h, cell viability was

tested in INS-1 b cells. The concentration of linoleic acid

ranged from 0 to 500 lM in 11.1 or 25 mM glucose culture

medium. As shown in Fig. 1, there was a significant

decrease in cell viability in the 500 lM treatment group at

both 11.1 and 25 mM glucose levels. When INS-1 cells

were cultured in 11.1 mM glucose RPMI-1640 medium

(Fig. 1a), representing the normal glucose conditions for b
cells, cell viability showed fluctuations with increasing

linoleic acid concentration, but was only markedly

decreased with 500 lM linoleic acid treatment (P \ 0.05).

When INS-1 cells were incubated in 25 mM glucose to

mimic the increased glucose conditions in T2D, fluctuation

of cell viability was also observed with increasing linoleic

acid dose and markedly reduced with 500 lM treatment

(P \ 0.05; Fig. 1b). Thus, linoleic acid only had signifi-

cantly effects on INS-1 b-cell viability at a dose of

500 lM.

To confirm possible suppression of cell viability by

linoleic acid, cell apoptosis assays were performed with 0,

50, 250, and 500 lM linoleic acid treatments in 11.1 and

25 mM glucose incubation. Cells were double-stained with

FITC and PI to examine apoptosis by flow cytometry.

Compared with the control group (0 lM linoleic acid

treatment group), linoleic acid significantly induced apop-

tosis in the 500 lM treatment groups under 11.1 or 25 mM

glucose conditions (Fig. 2a; P \ 0.001). Consistent with

the cell viability data shown in Fig. 1, linoleic acid only

significantly attenuated cell viability when administered at

500 lM under both glucose culture conditions. Compared

with the 11.1 mM glucose culture group, there was no

significant increase in cell apoptosis in the 25 mM glucose

group.

Although cell viability and apoptosis assays showed the

cytotoxic effects of 500 lM linoleic acid, they provided

little information regarding the mechanism by which the

cell population decreased. To further investigate the

mechanism that linoleic acid-induced INS-1 cell apoptosis,

we tested caspase-9 and caspase-3/7 activity induced by

500 lM linoleic acid under both 11.1 and 25 mM glucose

culture conditions by cell-based assays. After 48 h incu-

bation, the relative luminescent unit (RLU) measure, which

represented caspase-3/7 and caspase-9 activity, was sig-

nificantly increased with 500 lM linoleic acid compared

with controls (Fig. 2b, c; P \ 0.05). Caspase-9 generally

receives the apoptosis signal from the mitochondria-regu-

lated pathway, and then combined with caspase-3/7 to

execute cell apoptosis [34]. The result indicated that lino-

leic acid-induced INS-1 cell apoptosis through mitochon-

dria-regulated mechanisms.

Fig. 1 The effect of chronic exposure to different levels of linoleic

acid in 11.1 mM (a) and 25 mM (b) glucose culture media on the

viability of cultured INS-1 cells. Each value represents the

mean ± S.E. (N = 4). *P \ 0.05; **P \ 0.01
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Mitochondria-regulated mechanisms of the apoptotic

process induced by linoleic acid

A variety of physiological cell death signals, as well as

pathological cellular insults, trigger the genetically pro-

grammed pathway of apoptosis [35, 36]. Previous studies

in several cellular models have implied that mitochondria

have an important role in apoptosis induced by lipotoxicity

and glucotoxicity [35]. To further determine whether lino-

leic acid induces cell apoptosis as a result of mitochondrial

dysfunction, mitochondria-mediated apoptosis pathways

were investigated, including Bcl-2 family gene expression,

change of mitochondrial membrane potential (DWm) and

release of mitochondrial cytochrome c.

Linoleic acid increase Bax expression

Bcl-2 family members reside upstream of irreversible cel-

lular damage and their effects are mostly located at the

level of mitochondria [35, 37]. We investigated Bcl-2 and

Bax expression to indicate whether different treatments

truly induced mitochondria-mediated apoptosis. Compared

with control, linoleic acid significantly increased Bax

expression when administered at a dose of 500 lM in

25 mM glucose culture medium (Fig. 3b; P \ 0.01). There

was, however, no remarkable increase in 11.1 mM glucose

culture medium (Fig. 3a), which reflected a close to normal

glucose level in rats in vivo. In contrast, incubation with

linoleic acid in 11.1 or 25 mM glucose medium had no

significant alteration in Bcl-2 expression compared with

control. These results indicated that linoleic acid may

trigger mitochondrial dysfunction and apoptosis by

upregulating Bax expression and abnormal glucose levels

may further aggravate its cell toxicity.

The loss of mitochondrial membrane potential

Change in mitochondrial membrane potential (DWm) was

determined using Rh 123-loaded cells. Rh 123 is a lipo-

philic dye that selectively concentrates (is quenched) in

Fig. 2 Linoleic acid-induced apoptosis after chronic exposure of

INS-1 cells. The quantitative histogram of different linoleic acid-

induced apoptosis in 11.1 and 25 mM glucose culture media (a), and

there are significantly increases in apoptosis with 500 lM linoleic

acid. To further confirm apoptosis induced by linoleic acid, the

caspase-3/7 and caspase-9 activity levels in the 500 lM linoleic acid

treatment group are presented in b and c, respectively. Values are the

mean ± S.E. (N = 4). *P \ 0.05 vs control; ***P \ 0.001 vs control

Fig. 3 Chronic exposure of INS-1 cells to linoleic acid increased Bax

expression in 11.1 mM (a) and 25 mM (b) glucose culture media.

Incubation with various concentration of linoleic acid caused dose-

dependent increases in Bax expression compared with control; the

increase was not significant with 11.1 mM but was significantly

increased in the 500 lM linoleic treatment group in 25 mM culture

medium. Values shown are the mean ± S.E. (N = 4). *P \ 0.05 vs

control; **P \ 0.01 vs control
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mitochondria due to their negative transmembrane poten-

tial relative to cytoplasm environments. When the mito-

chondrial trans-membrane potential is reduced, Rh 123 is

released (or less quenched) into the cytoplasm and fluo-

rescent level is increased. In other words, at a normal

mitochondrial trans-membrane potential, most of the Rh

123 is concentrated in the mitochondrial matrix and

quenched to have relatively low fluorescent signal. When

DWm is reduced due to dysfunction of mitochondria, Rh

123 is released, leading to an increase in Rh 123 fluores-

cence. Thus in this experiment, the loss of DWm corre-

sponds to a higher fluorescence density value of Rh 123

[38]. In our study, CCCP, a protonophore causing a com-

plete disruption of the DWm, was included as a positive

control in every measurement to discriminate cells with

already depolarized mitochondrial potential from healthy

cells. Typical DWm data from flow cytometry analysis are

presented in Fig. 4. The MFI increased with increasing

linoleic acid concentration. Under 11.1 mM glucose cul-

ture conditions (Fig. 4a), MFI significantly increased with

50, 250, and 500 lM (P \ 0.001) linoleic acid treatment

compared with control. When the glucose level was

increased from 11.1 to 25 mM, the MFI of all three linoleic

acid treatment groups significantly increased (P \ 0.001)

compared with the control group (Fig. 4b). Compared with

apoptosis results (Fig. 2), the loss of DWm occurred earlier

and was more sensitive to linoleic acid treatment, even

with lower levels of linoleic acid.

Cytochrome c release

Loss of mitochondrial membrane potential suggests that

linoleic acid may induce a loss of mitochondrial function

and increase mitochondrial membrane permeability, which

promotes cytochrome c release into the cytoplasm, which

has been implicated in the involvement of mitochondria-

regulated apoptotic processes [39, 40]. Therefore, we

investigated whether cytochrome c was released from the

mitochondrial compartment to the cytosol in INS-1 b cells

after chronic exposed to linoleic acid. Figure 5 shows

cytochrome c levels assessed by western blot analysis when

cells were incubated with 11.1 or 25 mM glucose together

with 0 (control) or 500 lM linoleic acid. With increasing

linoleic acid concentration, there was no significant change

in measurable total cytochrome c (including mitochondria

and cytosol) expression level in both 11.1 and 25 mM

glucose medium. However, expression of cytochrome c in

isolated mitochondria was reduced after treatment with

500 lM linoleic acid in the 11.1 mM glucose culture group

and disappeared in the 25 mM glucose treatment group.

The results indicated that the release of cytochrome c in the

presence of linoleic acid was greater with increasing lino-

leic acid concentration, reaching a maximum after 48 h

exposure with 500 lM group. There was a noticeable

increase in intensity of the band in the cytosolic fractions,

indicating that linoleic acid was able to accelerate cyto-

chrome c release from mitochondria to cytosolic fractions

and to trigger apoptosis via mitochondrial signaling.

Linoleic acid suppressed glucose-stimulated insulin

secretion

Basal insulin secretion (3 mM glucose KRB buffer) and

glucose-stimulated insulin secretion (25 mM glucose KRB

buffer) from the INS-1 b cells were tested by radioimmu-

noassay. Insulin basal secretion level dose-dependently

decreased after chronic exposure to linoleic acid and was

significantly suppressed by 500 lM linoleic acid (P \ 0.05)

in both 11.1 and 25 mM glucose culture medium (Fig. 6a).

Compared with 11.1 mM culture medium, the level of basal

insulin secretion was reduced by long-term culture under

high glucose conditions (25 mM glucose). Glucose-stimu-

lated insulin secretion was markedly suppressed with 250

and 500 lM linoleic acid treatment in 11.1 glucose culture

Fig. 4 Chronic exposure of INS-1 cells to linoleic acid-induced a

loss in mitochondrial membrane potential (DWm). Cells were

harvested after 48 h culture and incubated in suspension at room

temperature with 1 lg/ml Rh 123 for 15 min. Mean fluorescent

intensity (MFI) was assessed using BDLSII Flow Cytometry.

Compared with control, both 11.1 mM (a) and 25 mM (b) glucose

groups showed significant increases in MFI after 50, 250, and 500 lM

linoleic acid treatment; 10 lM CCCP treatment was used as a positive

control to make sure that INS-1 cell mitochondria show a good

response to FFA treatment. Values shown are the mean ± S.E.

(N = 4). ***P \ 0.001 vs control
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medium, which represented normal glucose culture con-

ditions (Fig. 6b; P \ 0.05). In the 25 mM glucose culture

group, which mimics the high glucose conditions of T2D,

the glucose-stimulated insulin secretion level was gener-

ally less than seen in the 11.1 mM glucose group and was

markedly attenuated with 500 lM linoleic acid (Fig. 6b;

P \ 0.05). When the two glucose culture medium levels

were compared, the 11.1 mM group, which mimicked the

normal glucose level, had the highest insulin secretion

levels. These results indicate that high glucose is harmful

to INS-1 b-cell function and increased glucose suppresses

linoleic acid-induced basal and glucose-stimulated insulin

secretion.

Discussion

The purpose of thsi study was to investigate the hypothesis

that chronic exposure to unsaturated FFAs in different

concentrations of glucose initiates a cascade of changes

inside pancreatic b cells that ultimately lead to mitochon-

drial dysfunction and apoptosis. This study demonstrated

that mitochondria-mediated signal pathways contribute to

INS-1 b-cell dysfunction and apoptosis induced by linoleic

acid. The finding that cell viability is affected by low

concentrations and reduced by high concentrations of

linoleic acid was probably due to stimulation of cell

apoptosis by high level of FFAs. In support of this mech-

anism, cells apoptosis was significantly increased with

500 lM linoleic acid treatment. High glucose combined

with linoleic acid significantly increased cell apoptosis,

mimicking obesity-related diabetes. Coincident with lino-

leic acid-induced apoptosis, Bax expression was signifi-

cantly increased by linoleic acid when cells were treated

with the combination of high glucose and linoleic acid

concentrations. Linoleic acid also depolarized the DWm

and promoted cytochrome c release from mitochondria to

the cytosol in INS-1 cells, clearly indicating mitochondrial

dysfunction. In support of this, GSIS, a mitochondrial

function-dependent insulin secretion, was significantly

attenuated by treatment of cells with high levels of linoleic

acid and/or glucose. High glucose conditions did not

potentiate cell apoptosis but markedly affected insulin

secretion function, which is dependent on mitochondrial

function.

Exposure to FFAs and cytokines induces apoptosis of

INS-1 b cells, which is similar to that observed in pan-

creatic islet b cells [21–23]. Therefore, mitochondria-

mediated mechanisms involved in apoptosis were studied

in INS-1 b cells. In addition, compared with isolated islet

cells, the availability of large numbers of pure b-cell

populations of this cell line allows RNA, protein, and

Fig. 5 Increased fatty acid and glucose levels promote cytochrome

c expression and release in INS-1 cells. Loading control GAPDH (G),

total protein (T) including mitochondrial and cytosolic protein,

mitochondrial protein (M), and cytosolic protein (C) in the left panel
were obtained from treated cells after 48 h incubation, as described in

‘‘Materials and methods’’ section. 40-lg protein samples were loaded

on a 12% SDS-polyacrylamide gel and detected using a monoclonal

cytochrome c antibody. The bands from 11.1 mM glucose treatment

(a, total protein; b, cytosol protein) and 25 mM glucose treatment

(c, total protein; d, cytosol protein) were quantified by densitometry

(right panel). Experimental conditions were 11.1 or 25 mM glucose

culture medium containing 500 lM linoleic acid with 0.5% BSA. The

immunoblots shown are representative of three independent experi-

ments (N = 4). *P \ 0.05 vs control
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hormone assays, all of which require large numbers of

cells. Recent studies have indicated that FFAs have an

important role in regulating b-cell function through mito-

chondria-mediated pathways [13], and several hypotheses

have been proposed to explain lipotoxicity-induced b-cell

dysfunction in vivo and in vitro [23, 41]. First, the inner

mitochondrial membrane contains a group of pro-apoptotic

factors, such as cytochrome c, which could be released

from the mitochondria to the cytosol via mitochondrial

permeability transition pore (MPTP) in FFA-induced

mitochondrial dysfunction and cell apoptosis [42]. Second,

mitochondrial DNA damage was reported to occur after

chronic exposure of b cells to FFAs [21]. Chronic exposure

of b cells to FFAs causes accumulation of intracellular

lipid-derived signal molecules, which in turn generate

reactive oxygen species (ROS) through the non-oxidation

pathway [43]. At the same time, mitochondrial DNA is

more vulnerable to ROS damage owing to low expression

levels of DNA repair enzymes in the mitochondria [44, 45].

Third, evidence for the involvement of mitochondria

in FFA-induced apoptosis has come from the studies of

anti-apoptotic genes (such as Bcl-2 and Bcl-XL) and pro-

apoptotic genes (such as Bax) of the Bcl-2 family, which

could determine the fate of cells to a certain extent [35].

These studies indicate that mitochondrial dysfunction

maybe a causative factor of FFA-induced b-cell apoptosis.

This study demonstrated that polyunsaturated linoleic acid

induces apoptosis and mitochondrial dysfunction by col-

lapsing mitochondrial membrane potential and the loss of

capacity to retain Rh 123 after linoleic acid treatment,

confirming disturbed mitochondrial function. This, in turn,

led to the release of cytochrome c from the mitochondria to

the cytosolic space, which then initiated caspase-mediated

apoptosis.

The underlying mechanism of mitochondria-mediated

b-cell dysfunction, especially by unsaturated FFAs, has not

yet been fully determined. Different forms of FFAs have

different patterns of apoptosis after chronic exposure

[8, 17]. Numerous studies have focused on the effects of

saturated FFAs, such as palmitate acid, which markedly

induce apoptosis, but little research has focused on the

action of unsaturated FFAs [46, 47]. Linoleic acid (18:2,

n-6) is an essential fatty acid, and is the main fatty acid in a

‘‘Modern Western Diet’’. Clinical research has indicated

that excessive levels of n-6 fatty acids may increase the risk

of obesity and cancer [48]. Although there is little direct

and systematic evidence for the role of mitochondria in

unsaturated FFA-induced apoptosis, our study provides

some clues regarding this process.

Bcl-2 family members reside upstream of irreversible

cellular damage and have an important role in regulating

cell apoptosis, particularly at the level of mitochondria [35,

49]. It is accepted that the mitochondrial apoptosis pathway

begins with permeabilization of the mitochondrial outer

membrane, but the mechanisms by which this occurs

remain controversial [50]. Previous studies have suggested

that mitochondria-dependent apoptosis is hierarchically

regulated by Bcl-2 subfamilies, which have major sites of

activity on the mitochondrial membrane, alter the perme-

abilization and disrupt DWm [51]. Comparisons of the

expression levels of Bcl-2 and Bax expression after linoleic

acid treatment showed an increase in Bax expression with

500 lM linoleic acid treatment in 25 mM glucose medium

(Fig. 3b) but not in 11.1 mM glucose; there was also no

significant change in Bcl-2 expression, suggesting that

linoleic acid may affect downstream mitochondrial func-

tion through regulation of Bax activity or translocation.

The increase in Bax expression may translocate to the

mitochondrial membrane and form the mitochondrial trans-

membrane pores; further increases lead to the reduction

in DWm and the release of cytochrome c from the

mitochondria.

Consistent with this hypothesis, a reduction in DWm was

found after linoleic acid treatment in all linoleic acid

Fig. 6 Effects of chronic exposure of INS-1 cells to linoleic acid on

basal and glucose-stimulated insulin secretion. Insulin secretion is

shown as the value normalized to cell protein content. Basal insulin

secretion (a) was tested in 3 mM glucose KRB buffer and showed

dose-dependent decreases after exposure to linoleic acid and was

significantly attenuated with 500 lM treatment. Glucose-stimulated

insulin secretion (b) was tested in 25 mM glucose KRB buffer, and

insulin secretion was markedly suppressed with 250 and 500 lM

linoleic acid treatment in 11.1 mM glucose culture medium. In the

25 mM glucose culture group, significant suppression of insulin

secretion was also found in 500 lM linoleic acid treatment group.

Each value represents the mean ± S.E. (N = 6). *P \ 0.05 vs control
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treatment groups. Previous studies have suggested that loss

of DWm may be an early but reversible event of mito-

chondria-mediated apoptosis [52, 53]. In our study, 50 and

250 lM linoleic acid did not induce apoptosis, but they

showed loss of DWm after chronic exposure. These results

further indicate that loss of DWm is an early apoptosis

event under the conditions of this study. Furthermore, loss

of DWm has been demonstrated to be a key regulator of

cytochrome c release. After 500 lM linoleic acid treat-

ment, cytochrome c was released from the mitochondria to

the cytosolic compartment. Upon receiving an apoptotic

stimulus, cytochrome c is released from the intermembrane

space of mitochondria into the cytoplasm. Once in the

cytosol, cytochrome c binds tightly to Apaf-1 and forms an

apoptosome. The only known function of the apoptosome

is to recruit and facilitate activation of procaspase-9. Once

activated, caspase-9 stays with the apoptosome as a holo-

enzyme to maintain its catalytic activity and activate cas-

pase-3, which leads to irreversible cell apoptosis [34]. In

our study, we found that caspase-9 and caspase-3/7 activity

was significantly increased after 500 lM linoleic acid

incubation (Fig. 2b, c). These findings indicate that the

apoptosis induced by linoleic acid is linked to mitochon-

drial dysfunction and mediates apoptotic signal pathways.

Increased glucose concentrations potentiated linoleic

acid-induced mitochondrial dysfunction and further

impaired INS-1 b-cell insulin secretion in this study, but

had little effect on b-cell apoptosis. With the increase in

glucose concentration in culture medium, linoleic acid-

induced apoptosis when administered at a dose of 500 lM

at both the normal and high glucose levels. However,

compared with normal glucose culture conditions, basal

insulin secretion and GSIS level were attenuated. The

combination of high glucose culture conditions and high

FFA concentrations had significant synergistic effects.

Although the underlying mechanism of such synergistic

effects of glucose and FFAs is not yet fully understood,

some hypotheses have been proposed recently. It is well

accepted that glucose and FFAs counteract each other

during energy storage and metabolism [54, 55]. Glucose is

phosphorylated by glucokinase (GK) and converted to

pyruvate by glycolysis. Pyruvate preferentially enters the

mitochondria and feeds the tricarboxylic acid (TCA) cycle,

resulting in the transfer of reducing equivalents (NADPH

and FADH) to the electron transport chain, leading to

hyperpolarization of the mitochondrial membrane and

generation of ATP. Subsequently, closure of the KATP-

channels depolarizes the cytosolic membrane, which opens

voltage-gated Ca2? channels, increasing intracellular cal-

cium levels and triggering insulin exocytosis [54]. FFAs

penetrate the plasma membrane and react with ATP to give

fatty acyl adenylate, which reacts with free coenzyme A to

generate fatty acyl-CoA. Acyl-CoA is then cleaved to

acetyl-CoA units plus reducing equivalents (NADPH and

FADH) to feed the TCA cycle and the electron transport

chain via mitochondrial b-oxidation to stimulate insulin

secretion [43]. Under physiological conditions, glucose

provision promotes glucose oxidation and storage, and

inhibits fatty acid oxidation; increased FFA levels promote

fatty acid oxidation and storage, and inhibit glucose oxi-

dation [3]. When this balance is disrupted by an excess of

FFAs, excess intracellular glucose (which is not stored as

glycogen or oxidized via glycolytic pathways) enters the

lipogenic pathways as acetyl-CoA, to undergo carboxyla-

tion to malonyl-CoA, which is an intermediate in the

synthesis of fatty acids, triacylglycerol, and ceramides [56].

In addition to this, malonyl-CoA can inhibit CPT-1 to

obstruct FFA b-oxidation, which further enhances the

lipotoxicity of FFAs. Furthermore, b cells are extremely

susceptible to hyperglycemia-induced ROS damage because

they exhibit low levels of free radical quenching enzymes

[45]. Although there is increasing evidence for this

molecular mechanism, it remains to be determined how

excess FFAs and glucose cause b-cell dysfunction.

The results of this study demonstrate that linoleic acid

regulates mitochondrial signal pathways, which lead to an

increase in Bax expression, a collapse of DWm, release of

the pro-apoptotic factor mitochondrial cytochrome c, acti-

vation of caspase-9 and 3/7 activity, and finally reduced

levels of both basal insulin secretion and glucose-stimulated

insulin secretion. Glucose levels greater than normal

potentiate the lipotoxicity of linoleic acid on b cells in vitro.
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