
RESEARCH PAPER

Structural requirements for the cytoprotective
actions of mono-unsaturated fatty acids in the
pancreatic b-cell line, BRIN-BD11

S Dhayal, HJ Welters and NG Morgan

Endocrine Pharmacology Group, Institute of Biomedical and Clinical Science, Peninsula Medical School, Plymouth, UK

Background and purpose: Exposure of pancreatic b-cells to long-chain free fatty acids leads to differential responses
according to the chain length and degree of unsaturation. In particular, long-chain saturated molecules such as palmitate
(C16:0) cause apoptosis, whereas equivalent mono-unsaturated species (for example, palmitoleate (C16:1)) are not overtly
toxic. Moreover, mono-unsaturates exert a powerful cytoprotective response against a range of proapoptotic stimuli. However,
the structural requirements that determine cytoprotection have not been determined and form the basis of the present study.
Experimental approach: BRIN-BD11 and INS-1 b-cells were exposed either to the saturated fatty acid palmitate, or to serum
withdrawal, to mediate cytotoxicity. The protective effects of a wide range of mono-unsaturated fatty acid derivatives were
tested in cytotoxicity assays. Effector caspase activity was also measured and correlated with viability.
Key results: The cytotoxic actions of palmitate were inhibited dose-dependently by long-chain mono-unsaturated fatty acids
with a defined potency order C18:14C16:1cC14:1. The configuration of the double bond was also important with cis forms
being more potent than trans forms. Alkylated mono-unsaturated fatty-acid derivates were also cytoprotective, although their
efficacy declined as the alkyl chain length increased. Cytoprotection was achieved rapidly on addition of mono-unsaturates
and correlated with a rapid and dramatic inhibition of caspase-3/7 activity in palmitate-treated cells.
Conclusions and implications: The data reveal the structural requirements that dictate the cytoprotective actions of mono-
unsaturated fatty acids in pancreatic b-cells. Metabolic activation is not required and the data point at the potential
involvement of a fatty acid receptor in mediating cytoprotection.
British Journal of Pharmacology (2008) 153, 1718–1727; doi:10.1038/bjp.2008.43; published online 25 February 2008
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Introduction

The incidence of type 2 diabetes has increased sharply across

the globe in recent years and is strongly correlated with

rising obesity (Hull et al., 2005; Kamei et al., 2005). This

suggests that the altered metabolic profile associated with

obesity may contribute to the development of type 2

diabetes, a disease characterized by peripheral insulin

resistance, pancreatic b-cell dysfunction and decreased b-cell

mass (Leonardi et al., 2003; Maedler and Donath, 2004; Cnop

et al., 2005; Maedler, 2007). In particular, there is mounting

evidence that elevated levels of circulating free fatty acids

can be detrimental to pancreatic b-cells and that this may

contribute to their long-term demise during the progression

of type 2 diabetes (Bergman and Ader, 2000; Hardy et al.,

2003).

Free fatty acids exert differential effects on pancreatic

b-cells according to their chain length, degree of unsatura-

tion and the period of exposure (Newsholme et al., 2007).

Thus, when free fatty acids are administered to b-cells

acutely, they enhance insulin secretion, whereas chronic

treatment can be detrimental to the cells leading ultimately

to loss of viability. This phenomenon (recognized as

‘lipotoxicity’) can be observed experimentally both in vivo

and in vitro and probably recapitulates some of the events

associated with the chronic elevation of circulating fatty

acids in obesity (Eitel et al., 2003; El-Assaad et al., 2003;

Robertson et al., 2004; Haber et al., 2006).

Examination of the chronic effects of saturated fatty acids

in vitro has revealed that these molecules are poorly tolerated

by b-cells and can induce apoptosis (Moffitt et al., 2005;

Newsholme et al., 2007). By contrast, long-chain mono-

unsaturates display a much reduced propensity to cause
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b-cell death. Indeed, at physiological concentrations, certain

mono-unsaturates (for example, palmitoleate (C16:1) and

oleate (C18:1)) actively promote cell proliferation and

viability. Moreover, they potently attenuate the ability of

saturated fatty acids to induce b-cell apoptosis (Eitel et al.,

2002; Welters et al., 2004; Dimopolous et al., 2006; Karaskov

et al., 2006).

The differential responses seen on chronic exposure of

b-cells to saturated and unsaturated fatty acids imply that

these two molecular species must exert fundamentally

different effects within the cells. However, these mechanisms

remain to be defined. In particular, the precise structural

requirements for cytoprotection by mono-unsaturates have

not been established, and it is also unclear whether poorly

metabolized derivatives of unsaturated fatty acids are

protective. These issues are particularly important in view

of the emerging evidence that cells can express receptors for

fatty acids (both at the cell surface and intracellularly) whose

binding properties are likely to vary according to defined

structural parameters (Rayasam et al., 2007). It is not yet

known whether the ability of mono-unsaturated fatty acids

to promote cell viability reflects their interaction with such a

receptor, although this has recently been proposed (Katsuma

et al., 2005). Therefore, in the present study, we have assessed

the structural requirements that underlie b-cell cytoprotec-

tion in response to mono-unsaturated fatty acids as a means

to establish the cellular pharmacology of this response.

Materials and methods

Materials

RPMI-1640 medium, penicillin/streptomycin and glutamine

were purchased from Invitrogen (Paisley, Scotland). Foetal

calf serum was purchased from PAA Laboratories (Somerset,

England). Fatty-acid-free BSA, palmitoleate and palmitelai-

date were from MP Biomedicals (Oxon, England). Palmitate,

oleate, myristoleate, methyl-palmitoleate, methyl oleate,

ethyl oleate, butyl oleate, elaidate, pertussis toxin (Ptx),

etoposide and b-mercaptoethanol were from Sigma (Dorset,

England) and caspase-3/7 luminescence kit was from

Promega (Southampton, England).

Cell culture

BRIN-BD11 and INS-1 b-cells were used in the present study.

These cell lines were derived from a rat insulinoma by

methods reported by Asfari et al. (1992) and McClenaghan

et al. (1996). Both were cultured in RPMI-1640 medium

containing 11 mM glucose supplemented with 10% foetal

bovine serum, 2 mM L-glutamine, 100 U ml�1 penicillin and

100 mg ml�1 streptomycin. The medium used to culture INS-1

cells was also supplemented with 50 mM b-mercaptoethanol.

The cells were grown in monolayers at 37 1C and 5% CO2.

For individual experiments, cells were seeded into six-well

plates at a density of 1�105 cells per well for BRIN-BD11

cells and 1.5�105 cells per well for INS-1 cells in complete

RPMI-1640 media for 24 h. After this period, the medium was

removed and replaced by serum-free RPMI-1640 containing

appropriate fatty acid-BSA complexes. Controls received BSA

and vehicle only.

Preparation of fatty acid-BSA complexes

Stock solutions of palmitate were prepared in 50% ethanol

by heating to 70 1C, and stock solutions of all mono-

unsaturated fatty acids were prepared in 90% ethanol at

room temperature. Fatty acids were bound to 10% fatty-acid-

free BSA by incubation at 37 1C for 1 h. The final concentra-

tion of BSA was maintained at 1% and that of ethanol was

maintained at 0.5%. Control cells received vehicle (BSA plus

ethanol) alone.

Quantification of cell death

Routine measurement of cell viability was determined by the

ability of the cells to exclude trypan blue. After incubation,

all cells (adhered and detached) were collected, centrifuged

at 200 g for 5 min and resuspended in complete RPMI-1640

containing trypan blue (0.4% in PBS) in 1:1 ratio. Viable and

dead cells were counted using a haemocytometer and the

dead cells were expressed as the percentage of the total cells

for each condition. Over the course of the present experi-

ments, the extent of cell death recorded in untreated BRIN-

BD11 cells averaged 9.8±1.1%.

Caspase-3/7 activity measurement

Caspase-3/7 activity was measured using a commercial

luminescence assay kit. Following incubation, cells were

counted and 5000 cells per well from each incubation

condition were placed in a white-walled 96-well plate.

Caspase detection reagent was then added and the cells

incubated for a further 30 min at room temperature.

Luminescence was measured according to the manufac-

turer’s instructions using a Tecan plate reader.

Statistical analysis

All experiments were performed on at least three separate

occasions and either duplicate or triplicate of each condition

were used in each experiment. The results are expressed as

mean±s.e.m. and the level of significance was calculated

using Student’s t-test or ANOVA, as appropriate.

Results

The cytoprotective effects of mono-unsaturated fatty acids depend

on their chain length and double-bond configuration

We have previously reported that, in BRIN-BD11 cells, the

cytotoxicity mediated by incubation in the presence of the

saturated fatty acid, palmitate (C16:0), is ameliorated by

the co-presence of long-chain mono-unsaturated fatty acids

(Welters et al., 2004; Diakogiannaki et al., 2007). However,

the specificity of this response has not been investigated in

detail and, therefore, initial experiments were performed

with mono-unsaturates of increasing chain length to estab-

lish their relative potencies. The results are shown in Figure 1.
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All three mono-unsaturated fatty acids tested, myristoleate

(C14:1), palmitoleate (C16:1) and oleate (C18:1), signifi-

cantly attenuated the loss of viability caused by palmitate

(250 mM), and they also reduced the ‘basal’ rate of cell death

measured in control cells. However, their potencies were

markedly different such that the longer chain molecules

displayed the highest potency (oleate EC50 B10 mM total

concentration; palmitoleate EC50 B25 mM) and the greatest

efficacy. Myristoleate failed to provide complete protection

at concentrations up to 250 mM (Figure 1), although it did

reduce the loss of viability by B50% at this concentration.

These results imply that there is specificity in terms of chain

length for the protective actions of mono-unsaturates. We

next considered whether the orientation of the double bond

is also important.

Exposure of BRIN-BD11 cells to palmitate in the presence

of increasing concentrations of transC16:1 (palmitelaidate)

resulted in an improvement in viability relative to those

exposed to palmitate alone. However, the protective re-

sponse to the trans-fatty acid was reduced in potency

compared with that seen with cisC16:1 (palmitoleate;

Figure 2a). Similar observations were made when transC18:l

(elaidate) and cisC18:l (oleate) were compared (Figure 2b). To

ascertain whether these responses were reproduced in a

different b-cell line, the effects of the cis- and trans-fatty acids

were also examined in INS-1 cells (Figure 2c). As observed in

BRIN-BD11 cells, the cis mono-unsaturates were powerfully

protective in INS-1 cells, whereas the trans forms were less

effective (Figure 2c). Thus, both the chain length and the

configuration of the double bond appear to be important in

conferring the cytoprotective activity of mono-unsaturated

fatty acids in b-cells.

A free carboxylic group is not essential for the protective effects

exhibited by mono-unsaturated fatty acids

To investigate the importance of the free carboxylic acid

moiety in the protective effects of mono-unsaturates, BRIN-

BD11 cells were incubated in the presence or absence of

palmitate together with the unesterified mono-unsaturated

fatty acids, palmitoleate and oleate, or their equivalent

alkylated derivatives. The presence of the alkyl group serves

to block the functional carboxylate group, thereby rendering

the molecules metabolically inert. The results indicated that

fatty acid methyl esters were equally effective with the free

forms in protecting cells against palmitate-induced toxicity

(Figure 3a). Similar results were obtained with INS-1 cells

(Figure 3b). Moreover, comparison of the cis and trans forms

of methyl-palmitoleate revealed a similar difference in

potency to that seen when the non-methylated, parental

molecules were employed (compare Figure 3c with

Figure 2a). Experiments conducted with ethyl and butyl

derivatives of C18:1 revealed a reduced efficacy in compar-

ison with the unesterified fatty acids (Figure 3d), although

these derivatives still attenuated the loss of viability

promoted by palmitate.

Previously, it was shown that palmitoleate provides

protection against the loss of viability seen in BRIN-BD11

cells on serum withdrawal (Welters et al., 2004), and it was

considered important to examine whether a similar response

is also elicited by its methylated counterpart. Accordingly,

BRIN-BD11 cells were incubated with increasing concentra-

tions of palmitoleate or methyl palmitoleate for 30 h in

serum-free media. The results revealed that, as in the case of

palmitate-induced toxicity, both methyl-palmitoleate and

palmitoleate were effective in protecting cells against the loss

of viability associated with serum withdrawal (Figure 4).

Time dependency of the protective actions of palmitoleate against

palmitate-induced cytotoxicity

As the results obtained above imply that there are strict

structural requirements for induction of the cytoprotective

response mediated by mono-unsaturated fatty acids, we next

examined whether the protective actions are mediated with

rapid onset. To achieve this, BRIN-BD11 cells were initially

exposed to palmitate (at t¼0) before the introduction of

palmitoleate at timed intervals thereafter. Under all condi-

tions, the cells were incubated for a total of 24 h before

assessment of their viability (Figure 5). It was observed that

when palmitoleate was introduced as late as 10 h after the

initial exposure to palmitate, the loss of viability associated

with the saturated fatty acid was attenuated significantly.

Thus, in an extension of an earlier study (Welters et al.,

2004), it was observed that palmitoleate was able to exert a

protective influence even when added several hours after

the cytotoxic stimulus. To examine these effects further,

measurements were made of effector caspase activity as this

is usually considered to be one of the end points in the

apoptotic pathway in b-cells.

Treatment of cells with 250 mM palmitate caused a marked

and time-dependent increase in caspase-3/7 activity

(Figure 6a) consistent with the progression of apoptosis

previously shown to occur under these conditions (Welters
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Figure 1 Effects of the chain length of mono-unsaturated fatty
acids on their protective effects against palmitate-induced toxicity
in BRIN-BD11 cells. Cells were treated with 250 mM palmitate in
the presence or absence of increasing concentrations of C14:1
(myristoleate), C16:1 (palmitoleate) or C18:1 (oleate) for 18 h. Cell
viability was then estimated.
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et al., 2006). The increase in caspase-3/7 activity was

abolished when cells were also exposed to palmitoleate

together with palmitate from t¼0. Strikingly, when palmi-

toleate was added to the cells at later time points (up to 10 h

after palmitate), it again prevented any further rise in

caspase-3/7 activity beyond that already achieved in re-

sponse to palmitate at the relevant time point (Figure 6a).

Thus, at each time point tested, addition of the mono-

unsaturate caused a rapid and dramatic inhibition of caspase

activation, which was associated with enhanced cell survival

(Figure 5). In additional studies, we examined whether this

ability to inhibit the activation of caspase-3/7 induced by

palmitate might be common to other agents that also

promote cell survival. Accordingly, the effects of insulin-like

growth factor-1 (IGF-1) (Figure 6b) and glucagon-like

peptide-1 (GLP-1) were studied. However, neither agent

attenuated palmitate-induced caspase-3/7 activation when

added to cells at the same time as the cytotoxic stimulus

(that is, conditions under which palmitoleate was

completely protective).

To assess whether the extent of activation of caspase-3/7 in

cells exposed to fatty acids correlated with the overall extent

of viability seen under these conditions, the effects of chain

length, methylation and the configuration of the double

bond were examined (Figure 7). A striking correlation was

observed between the extent of caspase-3/7 activation and

the corresponding cell viability associated with each incuba-

tion condition. Thus, methylation of the carboxyl group of

either palmitoleate or oleate did not alter the capacity of

either fatty acid to inhibit palmitate-induced caspase-3/7

activation (Figure 7), and the trans form of each unsaturated

fatty acids was partially effective, but less so than the
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Figure 2 Effects of the double-bond configuration of mono-unsaturated fatty acids on their protective effect against saturated fatty acid
toxicity. (a) BRIN-BD11 cells were exposed to increasing concentrations of cisC16:1 (palmitoleate) or transC16:1 (palmitelaidate) in the
presence of 250mM of palmitate. Viability was assessed following 18 h incubation. (b) BRIN-BD11 cells were incubated with increasing
concentrations of cisC18:1 (oleate) or transC18:1 (elaidate) in the presence of 250mM palmitate. Viability was assessed following 18 h
incubation. (c) INS-1 cells were treated with the 250mM of the cis (c) or trans (t) forms of C16:1 (PO) and C18:1 (Ol) in the presence or absence
of 250 mM palmitate. Cell viability was assessed after 48 h incubation. *Po0.01 relative to palmitate alone.
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corresponding cis form. Similarly, the limited attenuation of

caspase-3/7 activation by myristoleate (cisC14:l) paralleled

its effects on viability under these conditions (Figure 1).

In view of the finding that palmitoleate is able to attenuate

caspase-3/7 activity rapidly and completely in palmitate-

treated cells, we felt it important to consider whether the

mono-unsaturate is also able to inhibit this activity (and

promote cell viability) in cells exposed to a different type of

proapoptotic stimulus. Therefore, BRIN-BD11 cells were

exposed to the topoisomerase inhibitor, etoposide, under

serum-free conditions and, as expected, this agent increased

caspase-3/7 activity and provoked a time-dependent loss of

viability (Figure 8). Palmitoleate did not alter the increased

rate of cell death caused by etoposide, although it did lower

the absolute number of dead cells under these conditions,

reflecting its ability to attenuate the extent of cell death

elicited by the removal of serum (as deduced from the

controls shown in Figure 8a). In accord with these findings,

measurement of caspase-3/7 activity revealed a modest

reduction in cells exposed to etoposide and palmitoleate

(relative to etoposide alone) but the enzyme activity

remained well above control and at a level markedly greater

than that seen when palmitate and palmitoleate were

combined (Figure 8b).

Effects of Ptx and prior exposure to agonist on the cytoprotective

actions of mono-unsaturated fatty acids

In the next series of experiments, the influence of Ptx on the

cytoprotective response to mono-unsaturates was assessed.

Pretreatment of BRIN-BD11 cells with Ptx did not modify

the ability of palmitate to cause cytotoxicity (Figure 9)

and it failed to alter the protection afforded by methyl-

palmitoleate.
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Figure 3 Effects of methylated derivatives of mono-unsaturated fatty acids on b-cell viability. (a) BRIN-BD11 cells were treated with 250mM of
palmitoleate (PO), oleate (Ol), or their respective methyl derivatives (me-PO or me-Ol) in the presence and absence of 250mM palmitate. Cell
viability was assessed after 18 h incubation. (b) INS-1 cells were incubated with either 250 mM PO or me-PO in the presence and absence of
250 mM palmitate. Cell viability was assessed after 48 h incubation. (c) Dose-dependence of the protective effects of methyl palmitoleate
(me-cisPO) and methyl palmitelaidate (me-transPO) against toxicity induced by 250mM palmitate in BRIN-BD11 cells. Viability was assessed at
the end of 18 h incubation. (d) BRIN-BD11 cells were treated with increasing concentrations of oleate (Ol), methyl oleate (me-Ol), ethyl oleate
(et-Ol) or butyl oleate (bu-Ol) in the presence of 250mM palmitate. Cell viability was assessed after 18 h incubation. *Po0.001 relative to
palmitate alone.
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The possibility was also investigated that cells might

become desensitized to the protective actions of unsaturated

fatty acids during prolonged exposure. Therefore, BRIN-

BD11 cells were exposed to a high concentration (250 mM) of

methyl-palmitoleate for an initial period of 24 h. After this

time, the fatty acid was removed and the culture medium

replaced with fresh medium containing palmitate (250 mM)

and increasing concentrations of methyl-palmitoleate

(Figure 10). The protective action of the unsaturated

molecule was then compared with that seen in cells not

previously exposed to the agent (Figure 10), but no change in

potency was observed.

Discussion

Fluctuations in the circulating levels of free fatty acids are

probably important for the physiological regulation of

insulin secretion in response to nutrients (Stein et al., 1996;
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Figure 4 BRIN-BD11 cells were treated with increasing concentra-
tions of either palmitoleate (PO) or methyl palmitoleate (me-PO) in
the absence of added foetal calf serum as a means to promote loss of
viability. Viability was assessed after 30 h incubation.
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ate on palmitate-induced toxicity. BRIN-BD11 were initially exposed
to 250mM palmitate (Palm) at t¼0 h and then 250mM palmitoleate
was added at various time points (t¼0, t¼5, t¼8 and t¼10 h). The
hatched bar represents cells incubated with 250mM palmitate alone.
Cells were incubated for a total of 24 h under all conditions and the
viability was assessed at the end of this period. *Po0.001 relative to
palmitate alone.
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Figure 6 Caspase-3/7 activity in BRIN-BD11 cells exposed to fatty
acids. (a) Cells were treated with 250 mM palmitate at t¼0 h and
250mM palmitoleate was then added at different time points during
the incubation (0 h (circles), 8 h (triangles) and 10 h (inverted
triangles)). Caspase-3/7 activity was measured after 6, 9 and 12 h of
incubation. *Po0.001 relative to palmitate alone at the equivalent
time point; **Po0.001 relative to caspase-3/7 activity measured in
palmitate-treated cells incubated for 12 h. (b) BRIN-BD11 cells were
exposed to 250mM palmitate alone (Ctrl) or 250mM palmitate in
combination with 250mM palmitoleate (PO), 10 nM IGF-1 or 1 mM

GLP-1, as shown. Caspase-3/7 activity was measured after 6, 9 and
12 h under all conditions.
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Dobbins et al., 2002; Haber et al., 2006), but it is clear that a

sustained elevation can be detrimental to pancreatic b-cells

(Shimabukuro et al., 1998; Cnop et al., 2005). This response

has been observed both in vivo and in vitro and is often

termed ‘lipotoxicity’ (Newsholme et al., 2007). However,

despite its potential importance in type 2 diabetes, the

molecular basis of lipotoxicity remains obscure and has been

variously attributed to factors ranging from the physical

disruption of cells by accumulated triacylglycerol (Moffitt

et al., 2005) to the activation of specific proapoptotic

pathways by defined subgroups of fatty acids (Diakogiannaki

et al., 2007). In this context, others and we have provided

evidence that the lipotoxic actions of long-chain free fatty

acids in vitro do not arise from nonspecific effects but, rather,

the response displays considerable specificity and is depen-

dent on the chain length and saturation of the fatty acid

molecules. These observations have spawned the proposition

that b-cell lipotoxicity results from the activation of specific

proapoptotic pathways that are differentially regulated by

saturated and mono-unsaturated molecules. Thus, long-

chain saturated fatty acids such as palmitate (C16:0) and

stearate (C18:0) are powerfully lipotoxic to pancreatic b-cells,

whereas the equivalent mono-unsaturated molecules (pal-

mitoleate (C16:1) and oleate (C18:1)) are not intrinsically

toxic. Rather, these molecules are well tolerated by b-cells

(at physiological concentrations) and, as confirmed in the

present study, they can attenuate the toxicity of their

saturated counterparts. This effect is not prevented by

etomoxir, an inhibitor of mitochondrial b-oxidation, imply-

ing that altered oxidative metabolism is not a prerequisite for

this response (Welters et al., 2004). In support of this, we now

demonstrate that alkylation of the terminal carboxyl group

of the C16:1 mono-unsaturated fatty acid, palmitoleate, or

the C18:1 molecule, oleate, does not prevent the cyto-

protective actions of either molecule. This manoeuvre is

expected to significantly reduce the rate of fatty acyl-CoA

formation from these molecules (as confirmed by the failure

of methyl-palmitoleate to increase b-cell triacylglycerol

formation) and suggests that their actions on cell viability

are mediated independent of changes in metabolism

(Diakogiannaki et al., 2007).

Until recently, it was widely thought that the regulatory

effects of long-chain fatty acids on pancreatic b-cells were

mediated solely by alterations in metabolic activity. How-

ever, it is now clear that this is an oversimplification and that

both cell-surface and intracellular fatty acid receptors exist,

which can control cellular functionality by mechanisms that

do not depend directly on altered fatty acid metabolism

(Rayasam et al., 2007). Thus, the net effect of the addition of

a fatty acid to b-cells may result from a combination of

factors, including altered signal transduction, changes in
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Figure 7 Caspase-3/7 activity was measured in BRIN-BD11 cells
exposed to palmitate in the presence of various mono-unsaturated
fatty acid derivatives. Cells were incubated in the presence of 250mM

palmitate in the presence or absence of 250mM of the various mono-
unsaturated fatty acid species, as shown. Caspase-3/7 activity was
measured after 12 h incubation. **Po0.001 relative to palmitate
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Figure 8 Effects of etoposide on the viability of BRIN-BD11 cells
and on caspase-3/7 activity. (a) BRIN-BD11 cells were exposed to
etoposide (1mM) in the presence or absence of 250mM palmitoleate,
as shown. Cell viability was assessed at 24, 48 and 72 h incubation.
Palmitoleate significantly reduced the loss of viability (Po0.01) at all
time points tested both in control cells and those exposed to
etoposide (Etop). (b) Caspase-3/7 activity was measured after 12 h
exposure of BRIN-BD11 cells to 250mM palmitate alone (Palm) and in
combination with 250 mM palmitoleate (Palm/PO), or 5 mM etoposide
alone (Etop) and in combination with 250 mM palmitoleate (Etop/
PO). *Po0.01 relative to etoposide alone; **Po0.001 relative to
palmitate alone.
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metabolic activity and variations in transcriptional activa-

tion. In view of these findings, and in the light of our

conclusion that changes in metabolism may not be required

for cytoprotection, we have considered whether ‘receptor’

activation could underlie the improved viability associated

with incubation of BRIN-BD11 b-cells with mono-unsatu-

rated fatty acids.

To begin to address this hypothesis, the structure–activity

relationships required for the cytoprotective response in

BRIN-BD11 cells were explored. The results reveal that both

the chain length and the configuration of the double bond

are important determinants of the protective actions of

mono-unsaturated fatty acids. Molecules with a double bond

in the cis configuration and a chain length of 16 or 18 carbon

atoms were potent and efficacious in mediating cytoprotec-

tion. By contrast, reduction of the chain length to C14 or

substitution of a trans double bond in place of the cis

configuration was associated with greatly reduced potency.

The total concentration of fatty acids used in the current

experiments are within the range that is expected to occur in

vivo in patients with type 2 diabetes (Kusunoki et al., 2007),

although the true potency of the reported effects is difficult

to define due to uncertainties about the absolute free

concentration of each fatty acid after complex formation

with BSA. In this context, Richieri et al. (1993) and Richieri

and Kleinfeld (1995) employed fluorescent methods to

determine the free fatty acid concentrations in solutions

containing serum albumin under quasi-physiological condi-

tions similar to those employed here and found that these

lies within the nanomolar range. Moreover, in other studies

where b-cells were exposed to fatty acids complexed to

albumin at ratios similar to those used in our experiments, it

has been argued that the effective free fatty acid concentra-

tion is likely to lie within the nanomolar range (Listenberger

et al., 2003; Cnop et al., 2005). Given that the EC50 values for

cytoprotection reported in the present work (defined as the

total fatty acid concentration in the presence of serum

albumin) were B25 mM for cis-palmitoleate and B10 mM for

cis-oleate, it seems likely that these would yield active (free)

concentrations within the subnanomolar range. Thus, it is

clearly possible that the engagement of a high-affinity

receptor might mediate the response.

This possibility is also supported by the results of time-

course studies, which revealed that addition of palmitoleate

to cells up to 10 h after introduction of the initial cytotoxic

stimulus was still effective as a means to promote viability.

This implies that the actions of the mono-unsaturate were

mediated rapidly as the development of cytotoxicity was

already well established under these conditions. This con-

clusion was verified by direct measurement of caspase-3/7

activity. Caspase-3/7 activation reflects the effector phase of

apoptosis in b-cells and was increased dramatically during

the progression of cell death in cells exposed to the saturated

fatty acid, palmitate. However, addition of palmitoleate to

the cells at a time when caspase-3/7 activity was already

increasing substantially resulted in a rapid and complete

attenuation of the rise. This implies that an early response to

the mono-unsaturate is the activation of a signalling path-

way that culminates in reduced activation of effector

caspases. As the rate of caspase activation was halted at the

earliest time point measured (that is, within 1 h of introduc-

tion of palmitoleate), we consider it unlikely that alterations

in gene transcription mediate this response, as such changes

would probably require a longer time period to take

complete effect.

In parallel with studies of the regulation of caspase activity

by palmitoleate, the effects of both IGF-1 and GLP-1 were
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toxin (Ptx) on the cytoprotective actions of methyl-palmitoleate
(me-PO). Cells were incubated with 250 mM palmitate (Palm),
250 mM me-PO or a combination of the two (Palm/me-PO) in the
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also examined. In common with palmitoleate, these agents

have been reported to promote cytoprotection and mitogen-

esis in b-cells (Lingohr et al., 2002; Liu et al., 2002; Geelhoed-

Duijvestijn, 2007; Knop et al., 2007) but, unlike palmitoleate,

they failed to prevent palmitate-induced caspase-3/7 activa-

tion. Thus, it can be deduced that the mechanisms by which

mono-unsaturates exert their protective actions are unlikely

to be mediated via signalling pathways equivalent to those

used by IGF-1 or GLP-1. In support of this, we have been

unable to demonstrate any increase in phosphorylation of

PKB/Akt in b-cells exposed to palmitoleate (manuscript in

preparation), whereas this enzyme is rapidly phosphorylated

in response to IGF-1 (Wrede et al., 2002). Moreover, previous

work has established that changes in cAMP (which occur in

response to GLP-1; Doyle and Egan, 2007) are not required

for cytoprotection by palmitoleate (Welters et al., 2006).

To reach the conclusion that palmitoleate mediates a rapid

inhibition of caspase-3/7 activity in b-cells, it was important

to examine whether this response occurs universally (that is,

whether it is independent of the stimulus for caspase

activation) or whether it displays selectivity. Accordingly,

cells were exposed to the DNA topoisomerase inhibitor,

etoposide, which promotes apoptosis by inhibition of

DNA replication and culminates in the activation of effector

caspases (Karpinich et al., 2006). In cells treated with

etoposide, palmitoleate attenuated, but did not abolish,

caspase-3/7 activation and it did not prevent the cumulative

increase in cell death associated with etoposide treatment

(although it did reduce the absolute number of dead cells

during etoposide treatment by virtue of its protective action

against serum withdrawal seen in control cells). Thus, we

conclude that the cytoprotective actions of palmitoleate are

stimulus-dependent and this, in turn, implies that its ability

to inhibit caspase-3/7 activation is unlikely to be mediated

by a nonspecific mechanism, such as direct interaction of the

fatty acid with the enzyme.

Taken together, the results obtained in the present study

reveal that long-chain mono-unsaturated fatty acids exert

their cytoprotective actions in b-cells by a mechanism that

is rapidly activated, displays strict structural specificity and

does not require their metabolism. As such, it seems possible

that interaction with a fatty acid ‘receptor’ could be

involved. However, any such conclusion must remain

tentative as the relevant receptor has not been identified.

In this context, it is noteworthy that the response was

unaffected by pretreatment of cells with Ptx, which effec-

tively excludes the involvement of a Gi/Go-coupled mole-

cule. Moreover, we were also unable to alter the potency of

methyl-palmitoleate by prolonged (24 h) exposure of cells to

this fatty acid suggesting that if a receptor is involved, then

this is not subject to desensitization in BRIN-BD11 cells.

In raising the possibility that some form of receptor might

be involved in mediating the cytoprotective actions of

mono-unsaturates, attention inevitably becomes focused

on the newly emerging class of G-protein-coupled cell

surface receptors for fatty acids. These include GPR40, 41,

43, 119 and 120 (Rayasam et al., 2007). Among these, GPR40

is highly expressed in pancreatic b-cells and has been

implicated in the regulation of insulin secretion by fatty

acids (Itoh et al., 2003; Shapiro et al., 2005; Briscoe et al.,

2006). It has also been proposed that this receptor may be

responsible for the cytotoxic actions of saturated fatty acids

in at least one b-cell line (Zhang et al., 2007). However,

GPR40 is activated efficiently by both saturated and

unsaturated molecules and also by medium- and long-chain

fatty acids (Rayasam et al., 2007). Thus, the cellular

pharmacology of cytoprotection by fatty acids in b-cell does

not accord with their reported activities at this molecule.

Equivalent considerations can also be applied to GPR41, 43

and 119 as these are selectively responsive to short-chain

molecules (GPR41 and 43) or to derivatized fatty acids

(GPR119) rather than to long-chain mono-unsaturates

(Covington et al., 2006). Thus, we do not consider that these

receptors are likely to be responsible for the responses

observed in the present work.

In the intestinal L-cell line, STC-1, activation of GPR120

has been reported to underlie the cytoprotective actions of

unsaturated fatty acids (Katsuma et al., 2005). Therefore, this

receptor might be considered a candidate for mediating

the effects of palmitoleate reported here. However, the

functional pharmacology of GPR120 has not been estab-

lished fully, and it is currently unclear whether the observed

specificity of fatty acid effects reported here are consistent

with the involvement of GPR120 in mediating cytoprotec-

tion in b-cells. Nevertheless, the expression of GPR120 can

be detected in both BRIN-BD11 and INS-1 b-cells by reverse-

transcription PCR (SD and NGM unpublished observations)

and, thus, further studies to investigate the functional

consequences of GPR120 activation in these cells are

warranted.
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