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It is well known that acute administration of fatty acids enhances insulin release from � cells, although chronic exposure to

fatty acids inhibits insulin release (lipotoxicity). The mechanism for these reciprocal effects of fatty acids on insulin release

remains to be elucidated. The present study was performed to investigate the effects of fatty acids on gene expression related

to glucose metabolism or insulin biosynthesis. In islets cultured with palmitate for 8 hours, glucose-induced insulin release

was enhanced together with increment of pyruvate carboxylase (PC) mRNA or peroxisome proliferator-activated receptors

(PPAR)�. In contrast, by extending the culture period up to 48 hours, glucose-induced insulin release or islet insulin content

was significantly impaired by the coexistence of palmitate. Concomitantly, PC, PPAR�, GLUT-2, glucokinase (GK), preproin-

sulin, or pancreatic/duodenal homeobox-1 (PDX-1) mRNA were significantly suppressed in those islets cultured for 48 hours

with palmitate. These data may imply that during short-term culture period palmitate promotes PPAR� gene expression,

which enhances PC mRNA expression leading to the enhancement of insulin release, whereas during long-term culture

period, palmitate rather inhibits PPAR� mRNA, which reduces PC mRNA expression. Furthermore, palmitate reduces GLUT-2,

GK, or preproinsulin mRNA expression probably through the inhibition of PDX-1 mRNA.
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TYPE 2 DIABETES is often associated with obesity and
increased levels of circulating free fatty acids.1 In healthy

individuals, levels of free fatty acids usually range between 0.2
to 0.7 mmol/L, whereas in diabetics, levels of those are higher
and often reach 1.0 mmol/L.2-4 It is well known that acute
elevation of free fatty acids moderately stimulates insulin re-
lease both at normal and at elevated glucose concentration.5,6

However, in most diabetic states, elevated levels of free fatty
acids persist for years and even decades. This phenomena has
led to the proposal that high free fatty acid levels might aggra-
vate the diabetic condition by increasing the peripheral resis-
tance to insulin and increasing hepatic gluconeogenesis.1 In-
deed, Zhou and Grill7 first characterized long-term inhibitory
effects of free fatty acids on �-cell functions, that is, free fatty
acids inhibited glucose-induced insulin release and insulin bio-
synthesis in islets cultured for 48 hours. Our previous report
showed that a 48 hour-lipid infusion to normal rats time-
dependently inhibited glucose-induced insulin release.8 Zhou
and Grill9 showed that free fatty acids decreased the activity
and gene expression of enzymes involved in �-cell glucose
utilization and oxidation. An alternative hypothesis is that free
fatty acids might also have direct inhibitory effects on insulin
gene expression, thereby contributing to the decrease in insulin
content. Gremlich et al10 reported that a 48-hour exposure of
islets to palmitate decreases insulin gene transcription through
negative regulation of the transcription factor pancreatic/duo-
denal homeobox-1 (PDX-1). To investigate the mechanisms for
effects of free fatty acids on �-cell functions, we measured
insulin release, insulin content, or the gene expressions related
to glucose metabolism or insulin biosynthesis in rat pancreatic
islets cultured with free fatty acids.

MATERIALS AND METHODS

Materials

Glucose, palmitate, Dulbeccos’ Modified Eagle Medium (DMEM),
histopaque, N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
(HEPES) were purchased from Sigma Chemical Co (St Louis, MO).
Rat insulin was from Cosmo Bio Co (Tokyo, Japan). Collagenase was
from Boehringer Mannheim (Mannheim, Germany). Penicillin, strep-

tomycin, and fetal-calf serum (FCS) were from Life Technology
(Grand Island, NY). Insulin RIA kit was from Kabi Pharmacia Co
(Tokyo, Japan). Tissue culture flask was from Falcon Co (Plymouth,
England).

Animals

Female Wistar rats (150 to 250 g of body weight) were bred under
pathogen-free conditions at the Kyushu University Animal Center,
Fukuoka, Japan. They had free access to tap water and standard
pelleted chow (Clea Japan Inc, Tokyo, Japan). They were exposed to a
12-hour light (6 AM to 6 PM), 12-hour dark cycle. All experiments were
approved by the ethics committee for animal experiments at the Faculty
of Medicine, Kyushu University and performed according to the Guide-
lines for Animal Experiments of the Faculty of Medicine, Kyushu
University, as well as Law No. 105 and Notification No. 6 of the
Japanese Government.

Isolation of Islets

Pancreatic islets were isolated by collagenase digestion as previously
described.11 Collagenase was injected into the common bile duct at a
concentration of 2 mg/mL in 10 mL Hanks solution. The pancreas was
digested at 37°C for 20 minutes. Islets were partly separated from
exocrine tissue using gradient centrifugation, (1,000�g, 20 minutes,
4°C) in histopaque. Islets were transferred to DMEM containing 5.5
mmol/L glucose, antibiotic (100 U/mL penicillin and 100 �g/mL
streptomycin), and 10% FCS, then cultured free floating at 37°C in a
humidified atmosphere of 5% CO2/95% air for 12 hours (primary
culture) to remove exocrine or other tissues.

Islet Culture

After the period of primary culture, islets were selected under ste-
reomicroscope and transferred into tissue culture flasks. Cultures were
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performed in DMEM containing 5.5 mmol/L glucose with or without
250 �mol/L palmitate for up to 48 hours at 37°C in a humidified
atmosphere of 5% CO2/95% air. Palmitate was dissolved in 95%
ethanol before being added to the cultured media. The final concentra-
tion of ethanol in medium was 0.1% at the concentration of palmitate
used in this study. Control conditions with 0.1% ethanol during culture
were included in each experiment.

Insulin Release

After each culture period, islets were preincubated at 37°C for 30
minutes in Krebs-Ringer bicarbonate (KRB) medium12 with the fol-
lowing composition: 143 mmol/L Na�, 5.8 mmol/L K�, 2.5 mmol/L
Ca2�, 1.2 mmol/L Mg2�, 124.1 mmol/L Cl�, 1.2 mmol/L SO4

3�, and
25 mmol/L CO3

2�, pH 7.4, supplemented with 10 mmol/L HEPES,
0.2% bovine serum albumin (BSA), and 3.3 mmol/L glucose. After
preincubation, islets were selected under microscope and batches of 3
islets were transferred into tubes containing 300 �L of KRB with 3.3
mmol/L or 27 mmol/L glucose. Final incubations were then performed
at 37°C for 60 minutes in a water bath with continuous shaking and in
an atmosphere of 5% CO2/95% air. At the end of the incubation,
aliquots of the incubation media were retrieved for assay of insulin
concentrations. Islets that had been exposed to 3.3 mmol/L glucose in
the final incubation were retrieved for later determination of islet
insulin content.

Insulin Assay

Insulin was measured by RIA using rat insulin as a standard. For the
determination of islet insulin content, 3 islets were each put into 200
�L of acid-ethanol (0.18 mol/L HCl in 95% ethanol). Insulin was
extracted overnight at 4°C after sonication as previously described.13

Measurement of mRNA Levels

Total RNA was extracted by the TRIzol isolation method (Life
Technologies, Gaithersburg, MD) from about 100 isolated islets of
individual rats. The mRNA levels of each protein were measured by
using semiquantitative polymerase chain reaction (PCR). Total RNA
was reverse-transcribed by random priming using Avian Myeloblasto-
sis Virus reverse transcriptase (RT) (first-strand DNA synthesis) ac-
cording to the manufacturer’s instructions. A total of 1 �L of RT
reaction mix was amplified with primers specific for each protein
described in Table 1 in a total volume of 50 �L.14-19 The samples were
amplified in 18 to 20 cycles for preproinsulin, in 30 to 32 cycles for
GLUT-2, glucokinase (GK), hexisokinase-1 (HK), pyruvate carboxy-
lase (PC), pyruvate dehydrogenase (PDHE1 �), PDX-1, or �-actin, in
32 to 34 cycles for peroxisome-activated rececptors (PPAR)� using the
following parameters: 92°C for 45 seconds, 55°C for 45 seconds, and

72°C for 1 minute. Aliquots (10 �L) of the PcR were tested on 1%
agarose gels. Gels were stained with ethidium bromide. Signasl were
quantified by scanning densitometry using NIH Image 1.56 software
(NIH, Bethesda, MD).

Statistical Analysis

All results are presented as means � SEM of more than 4 experi-
ments. Data were analyzed by Students t test (paired). P values less
than .05 were considered to indicate significant differences.

RESULTS

Effects of Palmitate on Glucose-Induced Insulin Release or
Islet Insulin Content in Cultured Islets

In islets cultured with 250 �mol/L palmitate for 8 and 24
hours, 3.3 mmol/L glucose-induced insulin release significantly
increased with no effect of palmitate after 48 hours (Fig 1A). A
total of 27 mmol/L glucose-induced insulin release increased
not significantly in palmitate-cultured islets after 8 hours. After
a 24- or 48-hour culture period, however, 27 mmol/L glucose-
induced insulin release was significantly impaired by the addi-
tion of palmitate (Fig 1B). Furthermore, islet insulin content
was significantly impaired by coculture with palmitate for 48
hours (Fig 1C).

Effects of Palmitate on Gene Expression of Proteins Related
to Glucose Metabolism or Insulin Biosynthesis in
Cultured Islets

Coculture with palmitate for 8 hours significantly enhanced
mRNA expression of PC or PPAR�. After 48 hours of culture,
however, mRNA expression of these proteins was significantly
suppressed by the coexistence of palmitate (Fig 2). GLUT-2,
GK, preproinsulin, or PDX-1 mRNA was not affected by
coculture with palmitate for 8 hours, while similar inhibition of
mRNA expression of these proteins was shown after a 48-hour
culture with palmitate (Fig 3). Palmitate did not affect mRNA
expression of HK, PFK, and PDHE1� mRNA during a 48-hour
culture period (data not shown).

DISCUSSION

In the present study, we showed that in islets cultured with
250 �mol/L palmitate for 8 hours, glucose-induced insulin
release was enhanced together with PPAR� or PC gene expres-
sion. Free fatty acids are known to activate PPAR�.20 PPAR�

Table 1. Sequences of PCR Primer

mRNA Primer Sequences (5�-3�) Reference No. mRNA Primer Sequences (5�-3�) Reference No.

GLUT-2 TTA GCA ACT GGG TCT GCA AT 12 PC ACT TGT ATG AGC GGG ACT GC 15
GGT GTA GTC CTA CAC TCA TG TGA CCT TGA CGG GGA TTG GA

GK AAG GGA ACT ACA TCG TAG GA 12 PDX-1 GAG CAG GAT TGT GCC GTA ACC 16
CAT TGG CGG TCT TCA TAG TA CTC AAA GTT TTC AGA AGC TCG

HK GGC TCA GAG GAG ACC CTT CG 12 preproinsulin TGC CCG GGC TTT TGT CAA AC 16
CCA GGT CGA ACT TGA ATC AT CTC CAG TGC CAA GGT CTG AA

PFK TGA TGA GCT CTG CAT CCC 13 PPAR � CCT TTT TGT GGC TGC TAT 17
TGT CGA AGA TGC CCT TCC TCC CTG CTC TCC TGT ATG

PDH TCA AGT ACT ACA GGA TGA TG 14 �-actin CGT AAA GAC CTC TAT GCC AA 12
GGC GTA CAT GTG CAT TGA TC AGC CAT GCC AAA TGT GTC AT

Abbreviations: GK, glucokinase; HK, hexokinase I; PFK, phosphofructokinase-A; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase E1 �.
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is primarily expressed in liver and regulates gene expression
related to lipoprotein metabolism.21 PPAR� is also expressed
in pancreatic islet,22 while its role in � cells is unclear. Wang
et al23 reported that overexpression of leptin receptors in pan-
creatic islets of Zucker diabetic fatty (ZDF) rat augmented
PPAR� mRNA expression and restored glucose-stimulated in-
sulin secretion. Their data are in line with our results except for
the fact that GK or GLUT-2 mRNA was not affected by
palmitate culture. PPAR� is thought to be 1 of the transcription
factors involved in direct upregulation of GLUT-2 and GK
mRNA. This discrepancy may be due to the difference in the
experimental model. PPAR� mRNA increased by only 40% in

the present study instead of the several times increment in their
study. Unexpectedly, PC mRNA was increased in palmitate-
cultured islets for 8 hours. PC is the important enzyme in
pyruvate metabolism and it also plays a key role in regulating
cytosolic nicotinamide adenine dinucleotide phosphate (NADPH)
by participating in a pyruvate-malate shuttle.24 Farfari et al25

showed that phenylacetic acid, a PC inhibitor, reduced glucose-
induced insulin release in both insulin-secreting (INS) cells and
pancreatic islets. Although the relationship between PPAR�
and PC is unknown, it is possible that the increment of PC
mRNA may play a part in the enhancement of glucose-induced
insulin release in palmitate-cultured islets for 8 hours.

Fig 1. Glucose-induced insu-

lin release and insulin content in

islets cultured for 8, 24, and 48

hours. Open bar: islets cultured

without palmitate. Closed bar:

islets cultured with 250 �mol/L

palmitate. (A) Represents 3.3

mmol/L glucose-induced insulin

release, (B) 27 mmol/L glucose-

induced insulin release, and (C)

insulin content. Results are ex-

pressed as mean � SEM of 4

experiments. *P < .05 v islets

cultured without palmitate. Sta-

tistical significance was ana-

lyzed by Student’s t test.

Fig 2. Quantification of PC or

PPAR� mRNA expression by

semiquantitative RT-PCR in is-

lets cultured for 8 or 48 hours.

(A) Represents PC mRNA ex-

pression, (B) PPAR� mRNA ex-

pression. Open bar: islets cul-

tured without palmitate. Closed

bar: islets cultured with 250

�mol/L palmitate. Mean � SEM

of 4 experiments. *P < .05 v is-

lets cultured without palmitate.

Statistical significance was ana-

lyzed by the Student’s t test.
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In contrast to the 8-hour culture, 48-hour culture with palmi-
tate rather suppressed glucose-induced insulin release or islet
insulin content together with the suppression of gene expres-
sions of PC or PPAR�. Consistent with this result is the
observation that pyruvate flux of PC was decreased in islets
exposed to free fatty acids for the long term.26 Furthermore,
GLUT-2 or GK was suppressed in 48-hour culture with palmi-
tate. As discussed above, PPAR� could be 1 of the transcrip-
tion factors involved in direct upregulation of GLUT-2 or GK
mRNA.23 We also showed that the gene expression of prepro-
insulin or PDX-1 was decreased in palmitate-cultured islets for
48 hours. These results imply that the impairment of insulin
content in islets cultured with palmitate for the long term can be
attributed to the inhibition of insulin biosynthesis. Gremlich et
al10 also reported that the exposure of isolated islets to palmi-
tate for 48 hours decreased PDX-1 and insulin mRNA levels.
Because PDX-1 transactivates GLUT-2, GK, or insulin
genes,27-30 PDX-1 may be 1 of the transcription factors in direct
upregulation of GLUT-2 and GK mRNA, as well as PPAR� in
the palmitate culture period for 48 hours. However, the mech-
anism of the suppression of PPAR� or PDX-1 by chronic
exposure of free fatty acids needs to be clarified. It is possible
that chronic exposure of free fatty acid may exert its inhibitory
effects on PPAR� or PDX-1 by some indirect mechanisms.
Carlsson et al31 reported that the generation of reactive oxygen
species (ROS) was increased in palmitate-cultured islets for 24
hours. ROS-induced damage might influence �-cell dysfunc-
tion in palmitate-cultured isles for 48 hours.

In the present study, it is not clear whether those inhibitory
effects by palmitate are reversible (desensitization) or irrevers-
ible (toxicity) ones. In this context, Bollheimer et al32 reported
that the effect of high circulating free fatty acid, which in-

creased basal insulin release and decreased islet insulin content,
could be blocked by somatostatin, a potent inhibitor of insulin
release. Our preliminary results shown that coculture with
diazoxide, KATP channel opener, restored the impaired insulin
release or insulin content in islets cultured with 250 �mol/L
palmitate for 48 hours. Furthermore, our preliminary results
showed that wash-out of palmitate restored the impaired insulin
release or content in palmitate-cultured islets. From these find-
ings, desensitization is likely to occur in palmitate-cultured
islets.

We showed that the expression of PDH, PFK, and HK
mRNA did not change in palmitate-cultured islets for 8 or 48
hours. The glucose-fatty acid cycle (Randle cycle) is commonly
known as the cause of the inhibition of glucose metabolism by
free fatty acid (lipotoxicity). It entails 2 elements, the inhibition
of PDH activity and PFK activity. The former inhibits glucose
oxidation. The latter causes the accumulation of glucose-6-
phosphate (G-6-P), which leads to the inhibition of HK activity
and glucose utilization.33-35 Indeed, it is reported that an expo-
sure to free fatty acid for 48 hours led to the decrease of PDH
activity in rat pancreatic islets.10 In the present study, partici-
pation of PDH or PFK inhibition in lipotoxicity cannot be ruled
out because we did not measure the activity of PDH or PFK.
The concept of Randle cycle is now controversial. Liu et al36

suggested that glucose-fatty acid cycle to inhibit glucose utili-
zation and oxidation was not operative in fatty acid-cultured
islets.

In this study, the concentration of palmitate was dissolved in
95% ethanol before being added to the culture media, and final
concentration of ethanol in medium was 0.1%. The use of
ethanol-solubilized low concentration of free fatty acid is a
commonly used experimental modality. In vivo, free fatty acid

Fig 3. Quantification of

GLUT-2, GK, preproinsulin, or

PDX-1 mRNA expression by

semiquantitative RT-PCR in is-

lets cultured for 8 or 48 hours.

(A) Represents GLUT-2 mRNA

expression, (B) GK mRNA ex-

pression, (C) preproinsulin mRNA

expression, and (D) PDX-1 mRNA

expression. Open bar: islets cul-

tured without palmitate. Closed

bar: islets cultured with 250

�mol/L palmitate. Mean � SEM

of 4 experiments. *P < .05 v islets

cultured without palmitate. Sta-

tistical significance was analyzed

by the Student’s t test.
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levels in the blood stream are much higher, but much is in
association with blood albumin. Free fatty acid and ethanol can
have physiochemical and membrane permeability interactions
that are concentration-dependent. A previous study showed that
in islets cultured for 48 hours with or without 1% ethanol,
glucose-induced insulin release and islet insulin content were
not changed.7

In conclusion, free fatty acids enhance insulin release during
a short-term culture period by promoting PPAR� or PC. On the
other hand, free fatty acids suppress insulin release or content
after a long-term culture period probably due to the inhibition
of PPAR� or PDX-1. Although, these reciprocal effects on
insulin release are quite in line with previous reports, a distinct
mechanism could be operative in each effect of free fatty acids.
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