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Abstract Aims/hypothesis: Long-term exposure of beta
cells to lipids, particularly saturated fatty acids in vitro,
results in cellular dysfunction and apoptosis (lipotoxicity);
this could contribute to obesity-related diabetes. Our aims
were to relate cell death to intracellular triglyceride con-
centration, composition and localisation following incu-
bation of INS1 cells in saturated and unsaturated NEFA
in high and low glucose concentrations. Materials and
methods: In sulin-producing INS1 cells were cultured
(24 h; 3 and 20 mmol/l glucose) with palmitic, oleic or
linoleic acids and the resulting intracellular lipids were
analysed by gas chromatography and microscopy. Cell
death was determined by quantitative microscopy and 3-
(4,5-dimethlthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, and glucose-stimulated insulin secretion by
ELISA. Results: All NEFA (0.5 mmol/l, 0.5% albumin)
inhibited glucose-stimulated (20 mmol/l) insulin secre-
tion. Cytotoxicity was evident only with palmitic acid
(p<0.05), in which case intracellular triglyceride consisted
largely of tripalmitin in angular-shaped dilated endoplas-
mic reticulum. Cytotoxicity and morphological disruption
were reduced by addition of unsaturated NEFA. Trigly-
ceridecontent (control cells; 14.5 ng/μg protein) increased
up to 10-fold following incubation in NEFA (oleic acid
153.2 ng/μg protein; p<0.05) and triglyceride and phos-
pholipid fractions were both enriched with the specific
fatty acid added to the medium (p<0.05). Conclusions/
interpretation: In INS1 cells, palmitic acid is converted

in the endoplasmic reticulum to solid tripalmitin (melting
point >65C), which could induce endoplasmic reticulum
stress proteins and signal apoptosis; lipid-induced apo-
ptosis would therefore be a consequence of the physico-
chemical properties of these triglycerides. Since cellular
triglycerides composed of single species of fatty acid are
not likely to occur in vivo, destruction of beta cells by
saturated fatty acids could be predominantly an in vitro
scenario.

Keywords Beta cell . ER stress . INS1 . Insulin .
Lipotoxicity . Oleate . Palmitate . Phospholipid .
Triglyceride . Tripalmitin

Abbreviations GSIS: glucose-stimulated insulin
secretion . ER: endoplasmic reticulum . TG: triglyceride .
DGAT: diacylglycerol acyl transferase . PFA:
paraformaldehyde . KRH: Krebs–Ringer HEPES . HTGC:
high-temperature gas chromatography

Introduction

Sustained elevated lipid concentrations result in impaired
insulin action and secretion in vivo and in vitro; this has
implications for obesity-related diabetes [1–3]. It is known
that increased plasma NEFA concentrations reduce insulin-
mediated glucose uptake and metabolism in muscles—the
Randle effect [4]—but the exact mechanism of action of
NEFA on the beta cell to modulate glucose-stimulated
insulin secretion (GSIS) [5, 6] is not known. A complex
inter-relationship between the metabolism of glucose and
lipids in beta cells has been described [7], and this is mod-
ified by the duration of exposure (acute or chronic) to the
lipid metabolites [5, 6, 8].

A variety of mechanisms have been proposed to ex-
plain NEFA-induced inhibition of GSIS. In response to
prolonged exposure of beta cells to NEFA and hypergly-
caemia, fatty acids are deviated from beta-oxidation to
alternative pathways, such as storage as triglycerides (TGs),
possibly mediated by increased malonyl CoA [9]. These
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intracellular TGs could provide an energy store, being later
hydrolysed by lipases such as hormone-sensitive lipase
[10], and undergo beta-oxidation [11]. Hence, TG accumu-
lation could play a role in inhibition of GSIS. The inter-
mediates of lipid metabolism change expression of beta
cell genes and proinsulin biosynthesis [12, 13], and NEFA
or their metabolites have been proposed to increase un-
coupling protein 2 and modulate insulin secretion through
decreased production of ATP [14, 15]. NEFA have also
been shown to reduce cellular viability and induce beta-cell
apoptosis [16]. NEFA, and particularly saturated NEFA
such as palmitic acid [17–19], have been identified as toxic
agents which activate signalling cascades that result in
apoptotic beta-cell death [20, 21].

However, the hypothesis of NEFA-induced beta-cell
death cannot play a major role in the pathophysiology of
human diabetes. Although increased plasma NEFA con-
centrations and composition occur in obesity in humans
[22], this condition is not invariably linked to the onset of
type 2 diabetes; fewer than 12% of obese subjects with
elevated lipid profiles have diabetes [23, 24]. Furthermore,
the concept of ‘glucolipotoxity’ [25, 26] proposes that, in
diabetes, the elevation of glucose and NEFA could con-
tribute to the decrease in pancreatic islet function as a result
of both beta-cell apoptotic death and decreased insulin
secretion of type 2 diabetes. Our aims were to compare
the effects of saturated and unsaturated NEFA in high and
low glucose concentrations in INS1 cells. These effects
were evaluated by measurement of GSIS, cell death and
TG concentration, composition and localisation.

Materials and methods

Cell culture conditions

INS1 beta cells (rat insulinoma, passage 9–19) were
cultured in RPMI 1640 (Sigma, Poole, UK), 11 mmol/l
glucose, 10% fetal bovine serum (FBS), 2 mmol/l L-glu-
tamine, 50 μmol/l β-mercaptoethanol, 10 mmol/l HEPES,
1 mmol/l sodium pyruvate, 50 U/ml penicillin and 50 μg/
ml streptomycin (Gibco, Paisley, UK) in 5% CO2. COS7
cells (monkey kidney fibroblasts) were cultured in RPMI
1640, 11 mmol/l glucose, 10% FBS, 2 mmol/l L-glutamine,
50 U/ml penicillin and 50 μg/ml streptomycin (Gibco) in
5% CO2.

Preparation of fatty acids

Potassium salts of palmitic, oleic and linoleic acids (Sigma)
were bound to 10% fatty acid–free BSA in RPMI to make
10 mmol/l stock solutions and were diluted for use to give
a final concentration of fatty acid 0.5 mmol/l, BSA 0.5%
unless otherwise stated. These fatty acid concentrations
were confirmed by enzymatic (Wako, Neuss, Germany)
analysis on the IL Monarch automated analyser (Instru-
mentation Laboratory, Warrington, UK) and composition
was confirmed using gas chromatography (described below).

Cell viability: MTT assay

INS1 cells were plated into 96-well plates at 5×104 cells per
well. Cells were treated with NEFA as described for light
microscopic and insulin secretion experiments. After 24 h,
10 μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) at 5.5 mg/ml in PBS was added and
the cells were incubated for 2 h. The medium was removed
and the cells were lysed with 100 μl propan-2-ol. The
absorbance was measured at 550 nm (Bichromatik; Lab-
systems, Altringham, UK).

Cell viability: quantitative light microscopy

INS1 cells were plated into eight-well Permanox slides
(Gibco) and treated for 24 h with 0.1, 0.25, 0.5 and 1mmol/l
of NEFA in 3 or 20 mmol/l glucose. Adjustments to the
stock solution were made to ensure a constant albumin
concentration. Following incubation, cells were rinsed in
PBS, incubated for a further 30 min in PBS containing
10 μmol/l calcein AM (Sigma) at 37°C and fixed in 2.5%
paraformaldehyde (PFA) for 30 min. Slides were rinsed
twice more in PBS and the slides mounted in Vectorshield
containing propidium iodide (Vector Laboratories, Burlin-
game, CA, USA). Viability was quantified by counting the
propidium-iodide-positive nuclei and calcein-AM-positive
cells (average cell count=60 cells per field) and determin-
ing the percentage of propidium-iodide-positive nuclei in
at least three fields of view per condition.

Insulin secretion

INS1 cells (5×104 per well in 12-well plates) were treated
with RPMI containing 3 or 20 mmol/l glucose and
0.5 mmol/l NEFA or a mixture of oleic and palmitic acids
in equal ratio, with a total concentration of 0.5 mmol/l.
Control wells contained 0.5% fatty acid-free BSA in me-
dium. After 24 h, the cells were washed in PBS and pre-
incubated for 2 h in Krebs–Ringer HEPES (KRH) buffer
containing 3mmol/l glucose (119mmol/l NaCl, 4.75mmol/l
KCl, 5 mmol/l NaHCO3, 1.2 mmol/l MgSO4, 1.18 mmol/l
KH2PO4, 20 mmol/l HEPES, pH 7.4, 2.54 mmol/l CaCl2).
Glucose responsiveness was evaluated by an initial 30-min
incubation in KRH containing 3 mmol/l glucose followed
by incubation for 30 min in KRH containing 20 mmol/l
glucose. Samples were collected for insulin measurement
using ELISA (Diagenics, Milton Keynes, UK); CV 4.5%
and minimal detection 0.15 μg/l.

Triacylglycerol and phospholipid content
and composition

INS1 or COS7 cells were seeded into six-well plates at
2×105 cells per well and treated for 24 h with 0.5 mmol/l
specific fatty acids as above. Total lipids were extracted
from cells in 2:1 chloroform:methanol and lipid fractions
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were separated using solid-phase extraction [27]. The
triacylglycerol and phospholipid fractions were collected
and fatty acid methyl esters prepared using methanolic
sulphuric acid. The fatty acid methyl esters were separat-
ed by gas chromatography using an Agilent 6890 GC
equipped with a DB-Wax 30 m capillary column coated
with a polyethylene glycol stationary phase (internal di-
ameter 0.25 mm, film thickness 0.25 μm; Agilent Technol-
ogies, South Queensferry, UK). Fatty acids were separated
according to fatty acyl carbon chain length and degree of
saturation. Intact TG analyses were performed by high-
temperature gas chromatography (HTGC) on a Hewlett
Packard 5890 series II GC with a DB1-HT 15m fused silica
capillary column (internal diameter 0.32 mm, film thick-
ness 0.1 mm; J & W Scientific, Stockport, UK). Hydrogen
was the carrier gas and a flame ionisation detector was
employed to monitor column eluent. HTGC analyses sep-
arated the TGs according to their carbon number. Baseline
resolution, however, could not be achieved to determine
the degree of unsaturation. The absolute concentrations
of individual fatty acids and TGs were determined by
reference to internal standards (heptadecanoic acid [17:0]
for NEFA; tripentadecanoin [15:0] for triacylglycerol; phos-
phatidylcholine, diheptadecanoyl [17:0] for phospholipid).

Light microscopy

INS1 and COS7 cells were incubated in eight-well Per-
manox or glass slides (Gibco) for 24 h in 3 or 20 mmol/l
glucose with and without NEFA. Cells were washed in PBS
and fixed in 2.5% PFA then stained for lipids. A stock
solution of 0.5% (saturated) oil red O in propan-2-ol was
freshly diluted (three parts stock solution in two parts
distilled water) and filtered immediately before use. Cells
were stained for 30 min at 37°C then briefly destained in
60% isopropanol and washed in water before mounting in
PBS/glycerol.

A freshly prepared 1% Nile blue solution in distilled
water was filtered and an aliquot was further diluted in
water to 0.02%. Fixed cells were washed twice in PBS.
Nile blue solution (1%) was added to the cells for 10 min
at 65 or 70°C, after which the cells were washed in water
and destained in 1% acetic acid (65°C) for 30 s. Cells
were restained for 15 min in 0.02% Nile blue at 65 or
70°C before being washed in water and mounted in PBS/
glycerol.

Electron microscopy

INS1 and COS7 cells for morphological analysis were
incubated in 25 cm2 flasks for 24 h as described above.
Cells were removed and gently prepared as a pellet, fixed
in 2.5% glutaraldehyde (minimum 1 h) at room temper-
ature (or for a 10-min period at 70°C), postfixed in 2%
osmium, dehydrated and embedded in Spurr’s resin. Cells
for immunoelectron microscopy were fixed in ice-cold 4%
PFA (10 min) followed by 8% PFA at room temperature

(50 min), washed in PBS, dehydrated in methanol and
embedded in LR Gold resin. Ultrathin sections were cut
onto nickel grids and contrast-enhanced with uranyl ace-
tate and lead citrate. Immunolabelling for protein di-
sulphide isomerase used methods described previously
[28] and 15 nm protein A gold (Biocell, Cardiff, UK).
Sections were examined in the Joel 1010 microscope with
an accelerating voltage of 80 kV.

Statistical analysis

All results are expressed as means±SEM of three or more
experiments. Statistical significance was calculated using
ANOVA followed by post-hoc analysis; a p value <0.05
was considered significant.

Results

Reduced cellular viability is more pronounced
with palmitic acid than with oleic or linoleic acids

The proportion of non-viable cells was not significantly
increased following incubations with NEFA at 0.1 and
0.25 mmol/l (Fig. 1a). At 0.5 mmol/l there was an increase
in non-viable cells following culture with palmitic acid,
which was significant at high glucose concentration (p<
0.05), but there was no effect with the unsaturated NEFA.
At 1 mmol/l, the number of non-viable cells was increased
with all three NEFA; it is likely that the albumin available
to bind fatty acids at this concentration was insufficient.
Palmitic-acid-induced cytotoxicity can be rescued by addi-
tion of unsaturated NEFA [29, 30]. Mixtures of palmitic
and oleic acid showed increased cell viability compared
with palmitic acid alone (Fig. 1b). Cells labelled with pro-
pidium iodide (nuclear marker for cell death) and calcein
AM (cytoplasmic label for viable cells) (Fig. 1c) demon-
strated similar results; cell death increased with increas-
ing NEFA concentrations and palmitic acid induced the
highest degree of cytotoxicity. These data established that
culture of cells in NEFA (0.5 mmol/l) was appropriate for
estimation of TG content and morphological studies with-
out excessive cell death.

NEFA inhibits glucose stimulated insulin secretion

Following 24 h of incubation with NEFA, INS1 cells had
elevated basal insulin secretion but failed to respond to
glucose (Fig. 2). Glucose (20 mmol/l) failed to elicit a
significant increase in insulin secretion following incuba-
tion with palmitic, oleic or linoleic acids or with a mix-
ture of 1:1 palmitic and oleic acids (Fig. 2). INS1 cells
cultured in 20 mmol/l glucose with or without NEFA for
24 h did not respond to a glucose stimulus. This con-
firms the susceptibility of beta cells to chronic exposure
to glucose [31].
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Triglyceride content and composition

INS1 cells incubated with NEFA and 20 mmol/l glucose
had a higher concentration of total cellular TGs compared
with cells cultured in the absence of NEFA (Fig. 3a). The
degree of accumulation increased up to six-fold in cells
incubated in NEFA in combination with 20 mmol/l glucose
compared with that observed at 3 mmol/l glucose. TG
content at 20 mmol/l glucose was highest with oleic acid
(153 ng/μg protein) and lowest with palmitic acid (37
ng/μg protein). In addition, the composition of total TG
was significantly enriched with the fatty acids in which the
cells were incubated.

The TG content of cells exposed to palmitic acid was
increased when oleic acid was substituted in the culture
medium to make mixtures of oleic and palmitic acids. This
increased TG had a higher palmitate content despite the
lower concentration of palmitic acid (<0.05 mmol/l) in the
culture medium (Fig. 3b) compared with palmitic acid
alone, suggesting that greater uptake and storage of sat-

urated lipid is facilitated by the presence of unsaturated
lipid.

Following incubation in high glucose and palmitic acid,
75% of the TG stored in INS1 cells was found by HTGC to
contain 48 acyl carbon atoms, e.g. 3×16-carbon fatty acids
(Fig. 3c). These TGs are likely to bemostly tripalmitin since
gas-chromatographic analysis of fatty acid methyl esters,
prepared after hydrolysis, revealed negligible amounts of
palmitoleic (16:1 n-7) and myristic acids (14:0). In mixtures
of 1:1 oleic:palmitic acid, the relative proportions of TG
species were consistent with random esterification of
available fatty acids; the percentages of tripalmitin (PPP,
Fig. 3c) and triolein (OOO, Fig. 3c) stored in the cells were
both exactly 13.8%. The proportion of dipalmitoyl oleoyl
glycerol (PPO/POP) and dioleoyl palmitoyl glycerol (OOP/
OPO) were 35 and 33%, respectively.

The TG content of COS7 cells was higher than that of
INS1 cells (Fig. 3d). Following incubation with 0.5 mmol/l
oleic or palmitic acid, intracellular TG content increased
15-fold (from 3.1 to 49.1 μg) and 10-fold (from 3.1 to
31.4 μg) respectively. In COS7 cells incubated in oleic
acid, formation of triolein accounted for 73% of total TGs;
when incubated in palmitic acid, tripalmitin accounted for
76% of total TGs.

Phospholipid fatty acid composition

Fatty acid composition of the phospholipid fraction of
INS1 cells was significantly altered by incubation in dif-
ferent NEFA species (Fig. 4) (p<0.05). Following incu-
bation in palmitate a two-fold increase in the proportion of
palmitic acid in phospholipids was observed. Similarly, in
cells treated with oleic acid, the proportion increased 2.4-
fold and a dramatic increase was seen with linoleate, which
increased from 5% to almost 50% of the total phospholipid
fatty acids. In contrast to cellular TG fractions, incorpo-
ration of fatty acids into phospholipids was not signifi-
cantly affected by glucose.

0

10

20

30

40

50

60

70

80

90

100

3G 20G 3G 20G 3G 20G 3G 20G

%
 c

e
ll

 d
e
a

th
 (

c
o

m
p

a
re

d
 t

o
 c

o
n

tr
o

l) *

*

*

*

* *

*

Glucose (mmol/l) 

   

%
 c

e
ll

 d
e
a

th
 (

c
o

m
p

a
re

d
 t

o
 c

o
n

tr
o

l) *

*

*

*

* *

*

 

   

*

*

*

*

* *

*

 

NEFA (mmol/l)          0.1              0.25             0.5               1

0

10

20

30

40

50

60

70

80

90

100

3G 20G 3G 20G 3G 20G 3G 20GGlucose (mmol/l)

NEFA (mmol/l)           0.1            0.25           0.5               1

*

*

*

*

*

**

3G 20G 3G 20G 3G 20G 3G 20GGlucose (mmol/l)

NEFA (mmol/l)           0.1            0.25           0.5               1

*

*

*

*

*

**

%
 c

e
ll

 d
e

a
th

 (
c

o
m

p
a

re
d

 t
o

 c
o

n
tr

o
l)

a b

Fig. 1 a The proportion of non-viable INS1 cells (MTT assay) was
not significantly increased following incubation with NEFA at 0.1 or
0.25 mmol/l compared with cells incubated without NEFA. At
0.5 mmol/l NEFA, cell death was induced by palmitic acid (red) but
not by oleic (yellow) or linoleic acid (blue). b Mixtures of oleic and

palmitic acid (1:2 oleic [o]: palmitic acid [p] [light green]; 1:1 o:p
mixture [green] and 2:1 o:p mixtures [dark green]) were less toxic at
0.5 mmol/l than palmitic acid alone (red). At 1 mmol/l NEFA there
was an increase in the number of non-viable cells in all conditions.
Means±SEM, three separate experiments (*p<0.05)
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Fig. 2 Insulin secretion into the media following 24-h incubation
with palmitic, oleic and linoleic acids (0.5 mmol/l) and 3 or 20 mmol/
l glucose. Secretion was increased at basal glucose (3 mmol/l; white
bars) and cells failed to respond to elevated glucose (20 mmol/l;
black bars). A 1:1 mixture of oleic (o) and palmitic acids (p) caused
similar loss of glucose sensitivity. Means± SEM; at least three sep-
arate experiments (*p<0.05)

1822



Morphology of intracellular TG

Light and electron microscopic observations demonstrated
lipid accumulations in the cytoplasm of INS1 and COS7
cells exposed to NEFA. COS7 cells were included to
demonstrate that the effects of NEFAwere not restricted to
beta cells. Lipid droplets in the cytoplasm were visible
following exposure to NEFA (Fig. 5a–c and e–f). This was
particularly apparent in cells cultured with either linoleic or
oleic acid. Cells exposed to palmitic acid showed a differ-
ent pattern of lipid distribution (Fig. 5d,g); in these cells, oil
red O-labelled material was more diffuse and associated
with large vacuolated regions of the cytoplasm (Fig. 5d,g).
The degree of lipid accumulation was increased by glu-
cose, consistent with the quantitative observations of TG
content in cell extracts.

To demonstrate that the accumulated lipids were neutral
lipids (TG), INS1 and COS7 cells were labelled with Nile
blue sulphate (Fig. 6). The oxazones in Nile blue sulphate
are soluble in neutral lipid and stain red in visible light [32].
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A few small lipid droplets were present in control cells
(Fig. 6a,e). The size and number of droplets increased
following exposure to oleic acid but cells exposed to
palmitic acid showed few droplets, and large cytoplasmic
vacuoles were prominent. Some of these vacuoles were
labelled for neutral lipid (Fig. 6g). Since the melting tem-
perature of tripalmitin is 66°C, it was possible that the dyes
were not penetrating the solid in cells exposed to palmitic
acid. Nile blue staining was therefore performed at 70°C
and neutral lipid became visible within the vacuoles
(Fig. 6h).

Large lipid droplets were observed in the cytoplasm of
INS1 and COS7 cells exposed to linoleic and oleic acids by
electron microscopy (Fig. 7b, d, f) but angular vacuoles
were the dominant feature of cells exposed to palmitic acid;
no droplets were observed in INS1 cells either under con-
trol conditions or with palmitic acid treatment (Fig. 7a,c).
Some small droplets were present in COS7 cells under
these conditions (Fig. 7e). Droplets were formed in cells
exposed to 2:1 oleic:palmitic acid mixtures (Fig. 7i) but
rarely in cells exposed to 1:2 oleic:palmitic acid mixtures
(Fig. 7j). There was a corresponding decrease in the

occurrence of cells containing vacuoles from 94% in 1:2
oleic:palmitic acid to 27% in 2:1 oleic:palmitic acid mix-
tures. The vacuoles were confirmed to be expanded endo-
plasmic reticulum (ER) by labelling with an antibody to
protein disulphide isomerase, an enzyme resident in the
rough ER (Fig. 7k); gold labelling was present in the ER
of all cells and adjacent to the membranes of the lipid-
filled vacuoles in palmitic acid-treated cells (Fig. 7k). The
terminal enzymes for TG synthesis, diacylglycerol acyl
transferase (DGAT) 1 and 2, are thought to be located in
smooth ER in hepatocytes and enterocytes [33]; however,
this is the first demonstration of TG accumulation in the
ER of beta cells, suggesting a similar location of TG syn-
thesis. Lipid droplets resulting from oleic or linoleic acid
uptake were not found in the ER but were located without
a boundary membrane in the cytoplasm. Cells exposed to
palmitic acid frequently showed damaged mitochondria
and DNA redistribution consistent with apoptosis; these
features were not evident in cells exposed to linoleic or
oleic acid. To determine if the vacuoles contained a ma-
terial which was temperature-sensitive, palmitic acid-
cultured preparations were heated to 70°C for a short

Fig. 5 Oil red O (ORO) stain-
ing of INS1 and COS7 cells
exposed to NEFA (0.5 mmol/l;
24 h) to localise intracellular
lipid. a No ORO staining in
control INS1 cells. b INS1 cells
treated with oleic acid, 3 mmol/l
glucose had few small red
droplets. c Numerous large red
droplets were seen in the cyto-
plasm of INS1 cells incubated
with oleic acid, 20 mmol/l glu-
cose. d No droplets were ob-
served in palmitic acid-treated
INS1 cells but diffuse red cyto-
plasmic staining was seen in
some cells. e COS7 cells incu-
bated in the absence of NEFA
(11 mmol/l glucose) contained
a few small ORO positive
droplets. f Many large ORO-
positive droplets were present
following incubation in oleic
acid. g No droplets but diffuse
red cytoplasmic staining was
seen in palmitic-acid-treated
COS7 cells. Scale bars=10 μm
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period (10 min) during fixation. This resulted in COS7
and INS1 cells having droplets within the expanded ER
that were not visible with fixation at room temperature
(Fig. 7h).

Discussion

Currently there is major interest in cell death following
chronic exposure to lipids; this concept of NEFA-induced
beta-cell death has been extended to the pathophysiology
of type 2 diabetes, in which circulating NEFA levels are
high [34, 35]. In vitro studies on islets and clonal beta cells
have shown that saturated fatty acids, such as palmitic and
stearic acids, are particularly cytotoxic compared with un-
saturated oleic or linoleic acid [17], although unsaturated
NEFA are not entirely without cytotoxic properties [36].
Nevertheless, palmitic acid is the NEFA of choice for many
islet and cell experiments. In agreement with these find-
ings, cytotoxicity was greatest in the presence of palmitic

acid and elevated glucose and lowest with oleic acid in
INS1 cells. However, we found that inhibition of glucose-
stimulated insulin secretion by chronic exposure to NEFA
occurs with both saturated and unsaturated lipids, as pre-
viously described [37]. We used new approaches to de-
termine the relationship between inhibition of GSIS and the
composition and localisation of intracellular TGs, dem-
onstrating that, under in vitro conditions, palmitic-acid-
induced lipotoxicity results from the formation of insoluble
tripalmitin which accumulates in the ER of beta cells.

Our data show that incubation of INS1 cells with single
specific fatty acids resulted in the accumulation of cellular
TG with a distinct composition that reflected the fatty acid
species. This suggested that there was no mixing of the
exogenous fatty acids with the endogenous pool.

Moreover, our data indicate that cell death, which was
highest with palmitic acid, was related to the formation of
TG molecules incorporating palmitic acid and, in partic-
ular, tripalmitoyl glycerol (tripalmitin); these TGs are rel-
atively solid at 37°C, which would have implications for

Fig. 6 Nile blue staining of
INS1 and COS7 cells exposed
to NEFA (0.5 mmol/l; 24 h)
with differentiated neutral lipid
appearing red. a INS1 control;
blue staining of cytoplasmic
lipids. b INS1 in oleic acid;
large red-coloured droplets are
distributed throughout the cyto-
plasm. c INS1 in palmitic acid;
absence of red colour but vac-
uoles are visible as splits in the
cytoplasm (arrows). d Numer-
ous red droplets were present in
INS1 cultured with linoleic acid.
e The COS7 control had no red
lipid droplets. f COS7 cultured
in oleic acid had numerous red
cytoplasmic droplets. g COS7
cultured in palmitic acid dem-
onstrated vacuoles in the cyto-
plasm (arrows) but little red
labelling. h Palmitic acid-treated
COS7 cells stained at 70°C to
reveal small red droplets in the
cytoplasm. Scale bars=10 μm
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the cellular handling of TGs. Oil red O and Nile blue stain-
ing demonstrated a unique distribution of neutral lipid in
cells loaded with palmitate; lipid was present in vacuoles
throughout the cytoplasm rather than in droplets (Fig. 5d,g);
and these were identified by immunoelectron microscopy
to be dilated ER. This suggests that, as in hepatocytes [33],
TGs are assembled in the ER of beta cells. These vacuoles
were not specific to beta cells since a similar localisation
was noted in kidney COS7 cells. When heated to 70°C to

allow increased fluidity of the TGs (Figs. 6h, 7h), lipid
droplets were formed, as demonstrated by light and elec-
tron microscopy. These observations are consistent with
non-physiological retention of tripalmitin in the endoplas-
mic reticulum, with severe disruption of the cellular ar-
chitecture that would contribute to cell death. In contrast, in
oleate-treated cells, which had much higher accumulation
of lipid, largely in the form of triolein (melting temperature
5.5°C) [38], lipid was present in droplets situated in the

Fig. 7 Electron micrographs of lipid storage sites in INS1 and COS7
cells exposed to 0.5 mmol/l NEFA. (a) INS1 control contained
secretory granules. (b) INS1 incubated with oleic acid contained
electron opaque droplets in the cytoplasm (inset). Mitochondria ap-
peared normal. (c) INS1 exposed to palmitic acid had character-
istic angular vacuoles throughout the cell. These were lined with
ribosomes (arrows in inset) in some regions, suggesting distended
endoplasmic reticulum (d) INS1 cultured with linoleic acid contained
electron-dense droplets (inset). (e) COS7 control condition. These
larger cells have lysosomes containing lipid-like material (inset).
(f) COS7 incubated with palmitic acid, showing angular vacuoles
lined with ribosomes (arrows), as seen in the INS1 cells. No droplets
were apparent and mitochondria were normal. (g) COS7 incubated
with palmitic acid and heated to 70°C for 10 min during fixation.
Electron-dense droplets appeared in these cells, adjacent to or with-

in the dilated ER (inset). (h) COS7 cells incubated with linoleic
acid. Numerous electron-dense small droplets without a limiting
membrane were visible in the cytoplasm (inset). (i) INS1 incubat-
ed with a mixture of 1:2 palmitic:oleic acids (final concentration
0.5 mmol/l). Both vacuoles and electron-dense droplets were present
(inset). (j) INS1 incubated with a mixture of 2:1 palmitic:oleic
acids. The vacuoles were present as with palmitic acid alone but no
droplets were visible. (k) INS1 incubated with palmitic acid and
immunolabelled for the ER enzyme protein disulphide isomerase.
Immunogold particles (15 nm) are situated on the borders of the
vacuoles (arrows) close to the ribosomes, indicating that the vac-
uoles are distended ER. Ins, insulin granules; D, lipid droplets; M,
mitochondrion; N, nucleus; ER, endoplasmic reticulum; L, lyso-
some, R, ribosomes. Scale bars; a, b, c, d, i, j=1 µm, e, f, g, h=2 µm,
k and insets=0.5 µm

1826



cytoplasm, yet cell viability was 100% at 0.5 mmol/l NEFA
and 20 mmol/l glucose. Cell viability was therefore un-
related to the amount of TG stored. The concentration of
albumin has been shown to be important in NEFA exper-
iments [18, 39]; 0.5% was selected since this had no effect
in itself on insulin secretion but effectively bound the
NEFA up to 0.5 mmol/l concentrations [29]. At 1.0 mmol/l
NEFA, 0.5% albumin there was an increase in cytotoxicity
with all fatty acids, suggesting inadequate albumin binding.

Addition of unsaturated fatty acids protects cells from
deleterious effects of palmitic acid in vitro [29]. This is
supported by our data (Fig. 1b). Cytotoxicity was reduced
from 40 to 0% by reducing the palmitate fraction in the
incubation medium from 100 to 66%. The incorporation of
unsaturated fatty acids into otherwise palmitic-acid-rich
TGs (Fig. 3b,c) would lower the molecular melting tem-
perature and introduce more fluidity to the TG structure
[40]. It is evident from the data that a proportion of tri-
palmitin of 20% or less does not induce beta cell cy-
totoxicity, whereas if tripalmitin forms greater than 60% of
the TG, more than 20% cell death occurs (Figs. 1 and 3).
The appearance of small droplets in the distended ER
(Fig. 7h) of cells incubated in a mixture of oleic and
palmitic acids supports this hypothesis. The TGs formed in
cells exposed to 1:1 mixtures of palmitic and oleic acids
indicated no selectivity of fatty acid acylation. Thus, we
propose that the ‘protection’ in this type of in vitro study is
simply and primarily due to the physicochemical properties
of the stored TGs rather than any other major pathophys-
iological effect. Palmitic-acid-induced IL-6 production
from myocytes in vitro was similarly prevented by addition
of unsaturated fatty acids and was independent of beta-
oxidation [41]. Both INS1 and COS7 cell lines showed a
reduction in cell viability. Taken together, these data sug-
gest that similar in vitro effects of palmitic acid are found in
many cell types.

The exact mechanism of the cytotoxic effect of NEFA
is unclear. It has been suggested that formation of cera-
mides [42], free radicals [43] and cytokines [44] and the
induction of apoptotic pathways [21] could be involved.
NEFA induce ER stress response genes (nuclear factor κB
[NFκB]) in beta cells [45] in a similar, but not identical,
way to that of cytokines (IL-1β, TNF-α) [44]; these ef-
fects were shown to be more pronounced in cells exposed
to palmitic than oleic acid [44, 45]. TGs that are rich in
saturated fatty acids remain in the ER of cells and could
trigger induction of ER stress response proteins, leading
to apoptotic death [46]. Recently it has been shown that
factors related to oxidative stress (reactive oxygen species
and nitric oxide) and palmitate-derived ceramides are not
causative factors for loss of GSIS following chronic ex-
posure to NEFA [37]. These data, together with the ob-
servations that non-toxic concentrations of unsaturated
NEFA result in loss of GSIS, suggest that the effects of
lipids on insulin secretion and cell viability are unrelated.

Our results show that within 24 h the composition of the
cellular phospholipid fraction is modified by the NEFA in
the incubate. This is in agreement with previous studies on

beta cells [47]. Changes in the composition of phospho-
lipids, particularly incorporation of saturated NEFA, has
implications for cell membrane rigidity and fluidity which
could affect membrane signalling, insulin secretion by
granule trafficking, fusion of secretory granules to the cell
membrane during exocytosis, and protein processing in the
endoplasmic reticulum [47, 48]. In addition, the composi-
tion of phospholipids in lipid rafts has been shown to be
affected by dietary lipids [49], which has implications for
cellular functions such as the recycling of receptors and
endocytosis.

Although subtle changes occur in specific plasma fatty
acid ratios in obesity, a mixture of saturated and unsatu-
rated NEFA still circulates [34]. Some reports of in vitro
experiments using palmitic acid as a surrogate for in vivo
conditions of elevated saturated lipids have clouded the
view of the putative cytoxicity of fatty acids. Whereas
isolated cells are able to take up and metabolise saturated
lipids [50], in the absence of unsaturated NEFA they are
unable to form a normal mixture of TG stores. This results
in cell death via the morphological changes we have
shown. The behaviour of INS1 cells and primary islets may
differ in this respect. These marked changes in beta cell
morphology with concomitant destruction of cell integrity
are likely to mask the more subtle metabolic changes
occurring due to physiological changes in fatty acid
concentration and composition. The hypothesis that lipid-
induced beta-cell death (lipoapoptosis) is a major aetio-
logical factor in type 2 diabetes has evolved partly from
such in vitro investigations. Our data would suggest that
decreased GSIS derives from an imbalance in the sensitive
interaction between glucose and lipid metabolism [51]
coupled with important changes in phospholipids in beta
cells. We believe that ‘lipotoxicity’ describes a metabolic
dysregulation rather than a cellular insult and should
therefore not be studied in cell models supplying a single
species of saturated fatty acid.
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