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RESEARCH PAPER

Palmitate is not an effective fuel for pancreatic islets and amplifies insulin
secretion independent of calcium release from endoplasmic reticulum
Iok Teng Kuok, Austin M. Rountree*, Seung-Ryoung Jung , and Ian R. Sweet

University of Washington Diabetes Research Institute, University of Washington, Seattle, WA, USA

ABSTRACT
The aim of the study was to determine the acute contribution of fuel oxidation in mediating the
increase in insulin secretion rate (ISR) in response to fatty acids. Measures of mitochondrial
metabolism, as reflected by oxygen consumption rate (OCR) and cytochrome c reduction, calcium
signaling, and ISR by rat islets were used to evaluate processes stimulated by acute exposure to
palmitic acid (PA). The contribution of mitochondrial oxidation of PA was determined in the
presence and absence of a blocker of mitochondrial transport of fatty acids (etomoxir) at different
glucose concentrations. Subsequent to increasing glucose from 3 to 20 mM, PA caused small
increases in OCR and cytosolic calcium (about 20% of the effect of glucose). In contrast, the effect
of PA on ISR was almost 3 times that by glucose, suggesting that the metabolism of PA is not the
dominant mechanism mediating PA’s effect on ISR. This was further supported by lack of inhibi-
tion of PA-stimulated OCR and ISR when blocking entry of PA into mitochondria (with etomoxir),
and PA’s lack of stimulation of reduced cytochrome c in the presence of high glucose. Consistent
with the lack of metabolic stimulation by PA, an inhibitor of calcium release from the endoplasmic
reticulum, but not a blocker of L-type calcium channels, abolished the PA-induced elevation of
cytosolic calcium. Notably, ISR was unaffected by thapsigargin showing the dissociation of
endoplasmic reticulum calcium release and second phase insulin secretion. In conclusion, stimula-
tion of ISR by PA was mediated by mechanisms largely independent of the oxidation of the fuel.
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Introduction

Fatty acids (FA) have both acute and chronic effects
on beta cell function and viability.1,2 Accordingly,
much attention has been directed at understanding
themechanismsmediating their affect. A fundamental
question that has not been definitively addressed is
whether FAs can be a source of energy through oxida-
tion, since this has implications both in regard to the
mechanism of FA-stimulated insulin secretion, and
the understanding of how insulin secretion is regu-
lated. Previous studies overall support an oxidative
role for endogenous fatty acids in energy
generation.3-5 In addition, it is established that FAs
can reduce glucose oxidation;4,6 however, a consensus
from past studies has not emerged on the extent that
exogenous FAs can acutely stimulate mitochondrial
bioenergetics.6-10 Part of the controversy arises due to
the difficulty in interpreting data obtained using radi-
olabeled substrate and measuring the release of CO2,
as the measurements are greatly influenced by

unknowable dilution of radiolabel by intracellular
pools.5,11 In addition, many groups have observed
that FAs can activate L-type calcium (Ca2+)channels,-
10,12-14 suggesting that FAs can close ATP-sensitive
potassium channels by increased ATP/ADP ratio. To
resolve this issue, comparison of oxygen consumption
rate (OCR), a signal that at steady state closely approx-
imates ATP synthesis in islets, in response to glucose
and FAs is needed.

In this study, we focused on palmitic acid (PA),
a FA that is particularly potent in stimulating insulin
secretion rate (ISR).15 In vitro studies have nicely
mirrored those seen in vivo: PA amplifies glucose-
stimulated ISR by isolated islets,10,12,13,16 and most
studies have reported that PA is ineffective in stimu-
lating ISR in the presence of low glucose.10,16-19

Virtually all studies have found that PA can stimulate
cytosolic Ca2+, and most have found that activation
of L-type Ca2+ channels is involved.10,12-14

A contribution to the Ca2+ response has also been
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attributed to the release of Ca2+ from the endoplas-
mic reticulum (ER).6,10,12,20 A number of candidate
processes have been suggested as drivers of the Ca2+

redistribution including increased ATP production
due to beta-oxidation,3,5,8 KATP-independent stimu-
lation of L-type Ca2+ channels,12 and direct activa-
tion of a G protein-coupled receptor GPR40.20,21

How PA increases ISR is also still not completely
understood. There is evidence for the involvement of
endogenous FAs via lipid signals generated from
long-chain CoA such as diacylglycerol, which
stimulates protein kinase C and ultimately glucose-
activated ISR.16,22 This mechanism operates in con-
cert with glucose-induced inhibition of transport of
FA into themitochondria by carnitine palmitoyltrans-
ferase 1 (CPT1) via increasedmalonyl CoA.23 There is
also evidence for an important role for GPR40,24,25

and there is an ongoing challenge of determining the
relative contribution of these pathways. Although it is
commonly stated that an increase in cytosolic Ca2+

leads to an increase in ISR,26,27 we have recently
reported on the lack of effect of Ca2+ release from
the ER in mediating acetylcholine’s effect on ISR.28

This data supported previous studies showing that
only Ca2+ entering the cell via L-type Ca2+ channels
impinge on mechanisms mediating insulin secretion,
which appear to be localized to a microdomain sur-
rounding the channels.29,30

The data generated in the paper utilized a custom-
made islet perifusion system that concomitantly mea-
sured OCR, and a measure of mitochondrial redox
state (reduced cytochrome c) while collecting outflow
fractions for subsequent measurement of ISR.31 OCR
was accurately quantified in real time as the difference
between the amount of oxygen flowing in and out of
the islet perifusion chamber times the flow rate. Real-
time CA2+ imaging was done using the same perfu-
sion system but with an optical imaging dish rather
than a perifusion column. The multi-parametric, real-
time approach enables optimal comparison between
parameters reflecting different stages of stimulus-
secretion coupling and has been used for many
mechanistically based studies of islet
physiology.28,32-34

To take advantage of real-time methods, we uti-
lized acute and pharmacologic approaches to assess
rapid mechanisms mediating metabolic signaling
and insulin secretion. Overall, based on the lack of
effect of PA on ISR at low glucose, we predicted that

PA would not be utilized significantly as a fuel to
increase ATP production, nor increase Ca2+ influx
via voltage-dependent Ca2+ channels. We further
predicted, based on our previous studies showing
that the release of Ca2+ from the ER does not mediate
ISR,28 stimulation of ISR by PA would be mediated
by mechanisms independent of its effects on Ca2+.
These predictions were borne out by the present
study and provide a biochemical explanation for
there being a safeguard against over-production of
insulin during normo- or hypoglycemia.

Results

Effect of PA on OCR is small and not dependent
on glucose concentration

In order to assess the acute contribution of metabo-
lism to PA’s effect on ISR, the changes in three para-
meters, OCR, cytosolic Ca2+ and ISR, were measured
in response to glucose followed by a 45-min exposure
to 100 µM PA. Both glucose and PA increased OCR
and ISR, but stimulation of ISR relative to OCR for
the two agents was very different (Figure 1, Table 1).
Whereas the increase in OCR caused by PA was only
17% of that by glucose, the increase in ISR was nearly
threefold. The dramatically different ratio of ISR to
change in OCR induced by PA indicates that the
mechanism mediating PA’s stimulation of Ca2+ and
ISR is different from that by glucose, which is known
to involve increased metabolic rate.

Since at high glucose, malonyl CoA (an inhibi-
tor of CPT1) is likely to be elevated,35 PA might
have had little effect on OCR because its entry into
the mitochondria was inhibited. We surmised that
PA might be metabolized to a greater extent by
islets at low glucose, and if so, would lead to an
increase in both OCR and ISR. Indeed, the
increase in OCR in response to 100 µM PA at
3 mM glucose was about 60% greater than that
seen at 20 mM glucose (Figure 2, Table 1). Despite
this increase in OCR, ISR was only slightly stimu-
lated (by less than 10% of the response to glucose).

Effect of blocking CPT1 on PA-stimulated OCR
and ISR

In order to more directly assess whether the small
increase in OCR in response to acute exposure of PA
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was due to its metabolism by beta-oxidation, trans-
port of PA into the mitochondria was blocked by an
inhibitor of CPT1, the major mitochondrial transpor-
ter of fatty acids. In the presence of 3 mM glucose,
etomoxir decreased OCR by a similar amount that
was increased by PA (Figure 2, Table 1), and remark-
ably, ISR was increased to almost 50% of a glucose
response.

At high glucose, 200 µM etomoxir had a greatly
reduced effect on OCR relative to its effect at 3 mM
glucose (Figure 3A) and increased ISR (as seen in the

previous studies36). In the presence of etomoxir, PA
had similar increases in OCR and ISR as it did in its
absence. Thus, in the presence of high levels of
glucose, it does not appear that entry into, andmeta-
bolism by, mitochondria are necessary for PA to
stimulate OCR or ISR.

To confirm that etomoxir blocks CPT1, its effect
was tested at low glucose, a condition where CPT1
activity will not be suppressed by malonyl CoA.
Etomoxir in the presence of 3 mM glucose inhibited
OCR 3.8-fold over that observed in the presence of

Figure 1. Effect of PA on glucose-stimulated OCR, Ca2+, and ISR. Islets were perifused in the presence of 3 mM glucose for 90 min.
Subsequently, at time = 0 on the graph, glucose was increased to 20 mM for 45 min, followed by exposure to PA for 45 min and
a 45-min washout period as indicated. i and iii: OCR, and ISR were measured concomitantly using the flow culture system. ii:
Detection of cytosolic Ca2+ by fluorescence imaging (measured in separate experiments). Data are displayed as the change in signal
relative to the steady-state value obtained at 3 mM glucose (determined by averaging data obtained in the final 15 min prior to the
increase in glucose). Steady-state values of OCR and ISR at 3 mM glucose were 0.35 ± 0.065 nmol/min/100 islets (n = 6) and 0.23 ±
0.052 ng/min/100 islets (n = 6), respectively. Statistical analysis was carried out by comparing steady-state values (determined by
averaging data obtained in the final 15 min of each experimental condition) before and after each change in media composition
using a paired t-test.
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20 mM glucose (Figure 3B, Table 1). PA-stimulated
OCR was less than in the absence of etomoxir, but
only by 23% (0.048 ± 0.008 vs. 0.062 ± 0.008).

PA-stimulated OCR is mediated by increased ATP
usage rather than a push from mitochondrial
oxidation

The previous results indicated that PA-stimulated
OCR was little affected by mitochondrial metabolism
of PA at high glucose, and only slightly at low glucose.
Accordingly, we next considered what was driving the
PA-induced changes in OCR. OCR can be stimulated
by increased metabolic supply of NADH (referred to
as a push system), or alternatively by increased ATP
usage thereby elevating ADP levels and pulling elec-
trons through the electron transport chain.37 To dis-
tinguish the two cases, wemeasured real-time changes
in the reductive state of cytochrome c, which increases
in response to NADH and remains unaltered in the
face of changes in OCR mediated by increased ATP
usage.28 Glucose increased both OCR and the reduc-
tive state of cytochrome c, reflecting the increased
generation of NADH (increments were 0.29 nmol/
min/100 islets (p < .001) and 25% (p < .01) respec-
tively) (Figure 4). In contrast, the increase in OCR
induced by PA (0.055 nmol/min/100 islets (p < .001))
was concomitant with an increase in cytochrome
c reduction of only 2% (p < .01). The ratio of changes
in cytochrome c reduction/OCR induced by PA is
very small compared to that for glucose, suggesting
that PA-induced increase in OCR is not due to
increased generation of NADH production by the
oxidation of PA.

Increased intracellular Ca2+ induced by PA is not
mediated by increased L-type Ca2+ channel
activity

As another test of PA’s ability to stimulatemetabolism
in islets, the source of Ca2+ that mediated PA-induced
cytosolic Ca2+ was determined. Secretagogues that are
metabolized by islets, including glucose, glyceralde-
hyde, and KIC,32 all increase cytosolic Ca2+ via L-type
Ca2+ channels. As PA only had a small effect on
metabolism, we expected that the increase in Ca2+

would be primarily due to its release from the ER.
To test this, thapsigargin, a blocker of sarcoendoplas-
mic reticulum Ca2+ ATPase (SERCA), was used toTa
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empty the ER, and subsequently, islets were stimu-
lated with PA (Figure 5). As we have found
previously,28 thapsigargin caused a rapid increase in
cytosolic Ca2+, but only a minor and delayed increase
in ISR. In the presence of thapsigargin, 80% of Ca2+

response to PA was inhibited, consistent with our
expectation that ER Ca2+ mediates the PA-induced
rise in cytosolic Ca2+. PA-stimulated ISR was similar
to that seen in the absence of thapsigargin, supporting
previous observations that ER Ca2+ has a little acute
effect on insulin secretion.28

To further verify that ER Ca2+, and not L-type Ca2+

channels, mediate PA-induced stimulation of cytoso-
lic Ca2+, the effect of PA was tested in the presence of
nimodipine, a blocker of L-type Ca2+ channels.
Nimodipine blocked about 70%, 30%, and 95% of
glucose-stimulated cytosolic Ca2+, OCR and ISR
(Figure 6). Subsequently, PA increased Ca2+ and

OCR by almost identical amounts as that seen in the
absence of nimodipine. Thus, blocking ER Ca2+

release, but not L-type Ca2+ channels, inhibited PA-
stimulation of cytosolic Ca2+, providing further sup-
port that PA’s effect is not mediated by a significant
effect on islet metabolism.

Discussion

As with glucose, FAs are elevated in diabetes38,39 and
have major effects on islet function and viability. As
an important fuel for many tissues,40 FAs may
impact islets through alterations in mitochondrial
metabolism.4,8,41 The present study was designed to
assess the relative contribution of metabolism to the
increased ISR induced by a representative FA, PA. In
addition, we aimed to evaluate the role of Ca2+ signal-
ing in mediating PA’s effects. The major findings of

Figure 2. Effect of PA and blockade of CPT1 on OCR and ISR in the presence of low glucose. Islets were perifused in the presence of
3 mM glucose for 90 min. Subsequently, 100 µM PA was added to the inflow, and after 45 min a blocker of CPT1, etomoxir (200 µM),
was also added. OCR, and ISR were measured concomitantly using the flow culture system. Steady-state values of OCR and ISR at
3 mM glucose were 0.43 ± 0.009 nmol/min/100 islets (n = 6) and 0.16 ± 0.052 ng/min/100 islets (n = 6), respectively. Data are
displayed and processed as described in the legend of Figure 1.
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our study are that PA increased OCR by stimulating
ATP usage rather than increased beta-oxidation; the
increase in metabolic rate was not an important
mechanism for stimulating ISR; increased Ca2+ in
response to PA occurs via release from the ER, not
activation of L-typeCa2+ channels; and the acute effect
of PA on ISR (3–45 min) is mediated downstream of
Ca2+ by non-oxidatively generated signals. These
results have implications on the role of FA in govern-
ing insulin secretion and fundamental mechanisms
mediating stimulus-secretion coupling.

PA can amplify but not trigger insulin secretion

In general, nutrients that are metabolized by pancrea-
tic beta cells can independently stimulate ISR.
Glucose, glyceraldehyde, KIC and some amino acids
such as leucine, stimulate metabolism that leads to
both the closure of KATP channels and generation of
essential metabolic cofactors that together are suffi-
cient to elicit ISR. A common factor amongst this class
of secretagogues is the ability to increase the reductive
state of cytochrome c, without which activation of
insulin secretion does not occur.32,34 A second class
of secretagogues such as acetylcholine and GLP-1, are

unable to stimulate ISR independently, but can
potentiate nutrient-stimulated ISR. The results of
this study place PA in the latter category. The increase
in OCR in response to PA in the presence of high
glucose was small (less than 20% of the increase
induced by glucose) anddid not appear to bemediated
by increased metabolic generation of NADH that
would have come about from beta-oxidation. The
latter was based on a lack of effect of a blocker of
CPT1 on PA-stimulated OCR at high glucose, and
only a very limited response in reduced cytochrome
c (a marker of metabolic generation of NADH). OCR
can be increased either by substrate oxidation, or
increased ADP caused by cellular work (i.e. activation
of steps that lead to greater ATP usage).31,42 The lack
of increase in cytochrome c reduction indicates that
PA-induced increases in OCR were not due to
increased oxidation. The most likely factor mediating
the increased OCR in response to PA was ATP usage,
which can enhance OCR in the absence of changes in
reduced cytochrome c by the action of ADP.43 In this
study, we did not directly address what ATP-utilizing
processes were stimulated by PA, although this will be
addressed in future studies. It is possible that PA could
cause a small amount of mitochondrial uncoupling

Figure 3. Effect of blockade of CPT1 and PA on OCR and ISR in the presence of high (A) and low (B) glucose. Islets were perifused in the
presence of 3 mM glucose for 90 min. Islets were then exposed to etomoxir (200 µM) for 45 min and both etomoxir and PA (100 µM) for 45
min either after (A) or before (B) glucose was increased to 20 mM for 45 min. OCR and ISR were measured concomitantly using the flow
culture system. Steady-state values of OCR and ISR at 3 mM glucose were 0.41 ± 0.056 nmol/min/100 islets (n = 7) and 0.14 ± 0.059 ng/min/
100 islets (n = 7), respectively for the sets shown in A, and 0.50 ± 0.040 nmol/min/100 islets (n = 8) and 0.24 ± 0.064 ng/min/100 islets (n = 8),
respectively for the sets shown in B. Data are displayed and processed as described in the legend of Figure 1.
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resulting in increasedOCR,which has been previously
observed in response to chronic exposure to FA.44,45

However, uncoupling mitochondria in response to
FCCP acutely increases cytochrome c reduction
(unpublished results), and this was not observed in
these studies. In addition, uncoupling by free FAs, in
general, takes 2 days,45 and the acute effects of other
free fatty acids such as the unsaturated FAoleate and
stearate leads to increases in OCR and ISR but have
less effect on mitochondrial uncoupling.46 In total,
based on all these observations, we favor stimulated
ATP usage as the mediator of PA-stimulated OCR.

This is not to say that PA is not oxidized, which
has been shown by studies using radiolabeled
PA.8,9,47 Indeed, studies have shown that
increased FA metabolism is offset by a decrease
in glucose metabolism.9,48 As the net change in
metabolic rate induced by PA was very small, it
follows that metabolism does not contribute
significantly to its potentiation of glucose-

stimulated ISR. Teleologically, this mechanism
makes sense for survival, since it prevents an ani-
mal from becoming hypoglycemic when FAs are
elevated in normal glucose, and lessens mito-
chondrial burden when glucose is elevated.

PA increased cytosolic Ca2+ by the release of Ca2
+ from the ER

In contrast to most studies of islet response to PA
where PA was found to increase Ca2+ influx,10,12-14

we found that PA-induced elevation of cytosolic
Ca2+ was blocked by emptying the ER Ca2+ stores,
but not by inhibition of L-type Ca2+ channels. We
considered a number of factors that could explain
the difference in results between studies. Our stu-
dies were done on rat islets, whereas most studies
showing that PA activates Ca2+ influx were carried
out on mouse islets, which are generally more
electrically excitable than rat islets. The

Figure 4. Effect of PA on glucose-stimulated reduced cytochrome c and OCR. Islets were perifused in the presence of 3 mM glucose
for 90 min. Subsequently, glucose was increased to 20 mM for 45 min, followed by exposure to PA for 45 min and a 45-min washout
period as indicated. Cytochrome c reduction and OCR were measured simultaneously using our flow culture system.
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concentration of PA that was used in our study
(0.1 mM PA) was on the low end of what is typi-
cally used in in vitro studies (ranging from 0.1 to
1 mM.10,12-14 However, it was well above what is
needed to elicit a robust insulin secretory response
and above the physiologic range.49,50 Whatever the
differences may be, the results obtained in this
study are consistent with the inability of PA to
stimulate metabolism and suggests that stimula-
tion of L-type Ca2+ channels is not a major process
mediating PA-stimulated cytosolic Ca2+.

The role of Ca2+ release from the ER in
stimulating ISR

It is commonly stated that an increase in cytosolic
Ca2+ results in stimulation of ISR. However, we, and
others, have published data supporting the exclusive
role of L-type Ca2+ channels in the control of second
phase ISR.28,30,51 The findings that neither thapsigar-
gin- nor PA-induced elevation of cytosolic Ca2+ via
changes in exchange between the ER and the cytosol
affected ISR,mirrored those previously obtained using
acetylcholine.28 It was considered whether ER stress,

Figure 5. Effect of PA on glucose-stimulated OCR, Ca2+, and ISR after depleting ER Ca2+ pools. Islets were perifused in the presence
of 3 mM glucose for 90 min. Subsequently, glucose was increased to 20 mM for 45 min, followed by a 45-min exposure to a blocker
of the SERCA (thapsigargin (5 μM)) and stimulation by PA for 45 min as indicated. i and iii: OCR, and ISR were measured
concomitantly using the flow culture system. ii: Detection of cytosolic Ca2+ by fluorescence imaging (measured in separate
experiments). Steady-state values of OCR and ISR at 3 mM glucose were 0.49 ± 0.046 nmol/min/100 islets (n = 4) and 0.18 ±
0.028 ng/min/100 islets (n = 4), respectively. Data are displayed and processed as described in the legend of Figure 1.
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known to be induced by the use of thapsigargin, could
have affected our results. However, thapsigargin typi-
cally takes 24 h before ER stress is activated,52 and the
lack of effect of thapsigargin on OCR also provides
support that ER stress was not activated during these
acute experiments. In addition, nimodipine, a blocker
of L-type Ca2+ channels, completely suppressed glu-
cose- and PA-stimulated ISR. These findings illustrate
an important safeguard of beta cell function that pre-
vents the secretion of insulin unless glucose stimulates
an energy-dependent process. Acetylcholine and FAs
cannot cause hypoglycemia because of an inappropri-
ate release of Ca2+ from the ER, and there is an
absolute requirement for Ca2+ influx through L-type
Ca2+ channels. Conclusions drawn frommany studies

have been based on the assumption that an increase in
cytosolicCa2+will lead to increased ISR, irrespective of
the source of theCa2+,53,54 and this critical issue should
receive more attention.

CPT1 mediated PA-stimulated ISR

Our data were consistent with the previously estab-
lished role of CPT1 as a metabolic switch. CPT1 has
been elegantly shown to shut off at high glucose via
inhibition by elevated malonyl CoA. and 35,36,55,56

Accordingly, there was a larger decrease in OCR that
occurred in response to etomoxir at low glucose vs.
high glucose reflecting suppression of CPT1 by high
glucose. Although there is evidence that etomoxir

Figure 6. Effect of PA on glucose-stimulated OCR, Ca2+, and ISR after blocking Ca2+ influx through L-type Ca2+ channels. Data
collection and analysis was done identically to that described in Figure 5 except that nimodipine (5 μM) was used instead of
thapsigargin. Steady-state values of OCR and ISR at 3 mM glucose were 0.29 ± 0.042 nmol/min/100 islets (n = 6) and 0.11 ± 0.044
ng/min/100 islets (n = 4), respectively.
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can inhibit complex 1,57 this effect has not been
shown to be glucose-dependent. However, since we
are using high levels of etomoxir, we cannot rule out
that this is the cause of some of the inhibition of
OCR. Nonetheless, etomoxir also acutely increased
ISR which would also argue against a significant loss
of ATP production due to inhibition of complex 1.
Importantly, an increase in ISR caused by etomoxir
is consistent with a redirection of FAs away from
beta-oxidation and toward the generation of long-
chain CoA that function as amplifying signals for
ISR. Apparently, any small contribution that endo-
genous FAs may have made to increase ISR via
increased ATP production was not significant.

Providing further support for the role of non-
oxidative signals generated from FAs, PA in the
presence of etomoxir stimulated ISR at low glucose.
Although the increase was not as large as with glu-
cose, we interpret this as a demonstration that signals
generated from PA independently of mitochondrial
entry impact ISR, although we cannot rule out the
involvement of PPARα.58 There are very few agents
that increase ISR at sub-stimulatory levels of glucose,
and the data begs the question of what is the PA-
generated signal that is mediating its effect?
Although we did not address this in our study, the
esterified lipid product that is thought to be an
important contributor to FA-stimulated ISR is dia-
cylglycerol, which directly activates protein kinase
C.59,60 Other compounds that activate protein kinase
C, such as acetylcholine and TPA, stimulate ISR at
low glucose to a very similar degree as the combina-
tion of PA and etomoxir.28,61 We did not investigate
the role of GPR40 in this study, but previous reports
have established a role for this receptor,24,25 and
GPR40 could contribute to non-oxidative signaling
mediating effects of palmitate.

The effect of non-beta cells on the interpretation
of whole islet data

All the measurement done in this study were using
whole isolated rat islets giving rise to the possibi-
lity that contribution of signals generated by non-
beta cells (if substantially different from beta cells)
would confound the interpretation of the islet data
with respect to regulation of ISR. ISR is a uniquely
beta cell generated response, whereas cytosolic
CA2+ OCR and cytochrome c are all generated

by all cells within the islets. Even though the data
that was obtained in this study was quantitatively
affected by contributions of non-beta cells, we do
not believe that the conclusions drawn from the
whole islet data are dependent on knowing the
exact contribution for the different cell types.
Specifically, the low level of changes in OCR and
cytochrome c reduction in response to PA indi-
cates that neither beta-cells nor non-beta cells
effectively utilize PA as a fuel. One could consider
that the ER-release of Ca2+ seen in response to PA
was only occurring in non-beta cells, making it
incorrect to conclude that ER-Ca2+ release in
beta cells did not greatly impact ISR. However, it
would still be correct to state that ER-Ca2+ does
not mediate PA’s effect on ISR. Moreover, it is
fairly well established that PA can stimulate ER-
Ca release in clonal beta cell lines62,63 providing
support for a lack of coupling between ER-Ca2+

release in the beta cell and ISR as we have con-
cluded from studies of acetylcholine.28

Summary

Metabolic analysis of the effects of PA and etomoxir
revealed that mitochondrial metabolism of neither
endogenous nor exogenous FAs contributes to the
stimulation of ISR. Therefore, it seems that the estab-
lished mechanism whereby PA results in the genera-
tion of non-oxidative signals when CPT1 is inhibited
is wholly responsible for its increase in ISR. The lack
of metabolic stimulation by palmitate is consistent
with its inability to stimulate insulin secretion at low
glucose. This study refines our understanding of how
a class of fuels affects islet function under normal
conditions. Future experiments will focus on generat-
ing data on human islets with altered exposure to FAs,
since the quantitative role of FAs depends on the
accumulation of lipids within the islet.64,65

Materials and methods

Chemicals

Krebs Ringer Bicarbonate (KRB) buffer was used for
the perifusion analyses, prepared as described
previously.37 PA and bovine serum albumin (BSA),
potassium cyanide (KCN), antimycin A, nimodipine,
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thapsigargin, etomoxir, glucose, and PA were pur-
chased from Sigma–Aldrich.

Preparation of palmitate/albumin complex

A solution of PA (100 mM) was prepared by dis-
solving PA in 0.1 N NaOH at 70°C. Subsequently,
this solution was diluted 1:10 in 10% (w/v) BSA
and incubated at 55°C for 10 min to achieve
a stock solution with 10 mM PA that was stored
at −20°C until use.66 This stock solution was added
1:100 into the KRB perifusion buffer for a final
working concentration of 0.1% BSA/100 μM PA
(free PA was estimated to be 248 nM67).

Rat islet isolation and culture

Islets were harvested from male Sprague–Dawley rats
(≈ 250 g, Charles River, Wilmington, MA) anesthe-
tized by intraperitoneal injection of Beuthanasia-D
(35 mg pentobarbital sodium and 5.5 mg phenytoin
sodium/230 g rat) purchased from Schering-Plough
Animal Health Corp. (Union, NJ). All procedures
were approved by the University of Washington
Institutional Animal Care and Use Committee.
Islets were prepared and purified as described,31,68

and then cultured at 37°C in RPMI Media 1640
supplemented with 10% heat-inactivated fetal bovine
serum (Invitrogen, Grand Island, NY) for 18 h prior
to the experiments.

Measurement of OCR, cytochrome c reduction
and ISR

A flow culture system was used that concomitantly
measures OCR while collecting outflow fractions
for subsequent measurement of ISR (described
previously31,69,70). OCR was calculated as the flow
rate (approximately 80 µL/min) times the difference
between inflow and outflow oxygen tensionmeasured
by detecting the phosphorescence lifetime (Tau Theta,
Inc., Fort Collins, CO) of an oxygen-sensitive dye that
was painted on the inside of the perifusion chamber.37

Reduction of cytochrome c was measured as absor-
bance at 550 nm by the layer of intact islets in the
perifusion chamber as we have previously described.31

Data were normalized to reference spectra obtained
when cytochrome c was fully oxidized by antimycin
A. Percent reduction of cytochrome c was calculated

following Kashiwagura et al.71 as a percent of the
maximal signal obtained in the presence of KCN
when cytochrome c is fully reduced. Insulin was mea-
sured using an RIA kit (Linco Research Inc.,
St. Charles, MO).

Imaging and quantification of cytosolic Ca2+

Cytosolic Ca2+ was measured by fluorescence ima-
ging of islets after loading them with Fura-2 AM
(Invitrogen) as previously described.33 Dyed islets
were pipetted into a temperature-controlled, 250-µl
perifusion dish (Bioptechs, Butler, PA) that was
mounted on to the stage of a Nikon Eclipse TE-200
inverted microscope, and KRB (containing 5 mM
NaHCO3) was pumped through the dish at a flow
rate of 150 µL/min. Fluorescent emission was
detected at 510 nm by a Photometrics Cool Snap
EZ camera (Tucson, AZ) during alternating excita-
tion at either 340 or 380 nm. Results are displayed as
the ratio of the fluorescent intensities during excita-
tion at these two wavelengths (F340/F380).

Data analysis

All data were displayed as the average ± SEM of at
least three separate perifusions. Statistical signifi-
cance was determined using paired t-tests calcu-
lated with Excel (Microsoft, Redmond, WA).
Statistical significance for the kinetic data was
determined on changes in steady-state values cal-
culated as the average of the parameter for the
final 15 min at that condition. Steady-state values
are tabulated for all real-time responses in Table 1.

Abbreviations

BSA Bovine serum albumin
Ca2+ Calcium
CMCP Ca2+/metabolic coupling process
CPT1 Carnitine palmitoyl transferase 1
ER Endoplasmic reticulum
ISR Insulin secretion rate
K+ Potassium
KATP ATP-sensitive potassium channel
KIC α-ketoisocaproate
KCN Potassium cyanide
OCR Oxygen consumption rate
PA Palmitic acid
SERCA Sarcoendoplasmic reticulum Ca2+ ATPase.
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