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Thiazolidinediones (TZDs) have beneficial effects on glucose homeostasis via enhancement of
insulin sensitivity and preservation of �-cell function. How TZDs preserve �-cells is uncertain, but
it might involve direct effects via both peroxisome proliferator-activated receptor-�-dependent
and -independent pathways. To gain insight into the independent pathway(s), we assessed the
effects of short-term (�90 min) exposure to pioglitazone (Pio) (10 to 50 �M) on glucose-induced
insulin secretion (GIIS), AMP-activated protein kinase (AMPK) activation, and �-cell metabolism in
INS 832/13 �-cells and rat islets. Pio caused a right shift in the dose-dependence of GIIS, such that
insulin release was reduced at intermediate glucose but unaffected at either basal or maximal
glucose concentrations. This was associated in INS 832/13 cells with alterations in energy metab-
olism, characterized by reduced glucose oxidation, mitochondrial membrane polarization, and
ATP levels. Pio caused AMPK phosphorylation and its action on GIIS was reversed by the AMPK
inhibitor compound C. Pio also reduced palmitate esterification into complex lipids and inhibited
lipolysis. As for insulin secretion, the alterations in �-cell metabolic processes were mostly alleviated
at elevated glucose. Similarly, the antidiabetic agents and AMPK activators metformin and ber-
berine caused a right shift in the dose dependence of GIIS. In conclusion, Pio acutely reduces glucose
oxidation, energy metabolism, and glycerolipid/fatty acid cycling of the �-cell at intermediate
glucose concentrations. We suggest that AMPK activation and the metabolic deceleration of the
�-cell caused by Pio contribute to its known effects to reduce hyperinsulinemia and preserve �-cell
function and act as an antidiabetic agent. (Endocrinology 150: 3465–3474, 2009)

Type 2 diabetes (T2D) occurs when pancreatic �-cell com-
pensation for insulin resistance fails (1, 2). Thiazolidinedio-

nes (TZDs), which are agonists of the nuclear peroxisome pro-
liferator-activated receptor (PPAR)-� (3), improve insulin
resistance in T2D, at least in part through activation of PPAR�

in adipose tissue (4). PPAR� activation stimulates the expansion
of sc fat mass and diverts circulating lipids to be stored in adi-
pocytes, away from skeletal muscles and hepatocytes (5), in

which their accumulation is generally associated with insulin
resistance (6).

In addition to their insulin sensitizing effect, TZDs also pre-
serve �-cell mass and function (reviewed in Ref. 7). Many in vivo
studies have described the protective effect of TZDs on �-cell
function and/or the preservation of islet architecture in genetic or
diet-induced rodent models of T2D (8–12). Ex vivo studies pro-
vide evidence that TZDs improve the insulin secretory capacity
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of rat (9, 13) and human (14) islets and protect them from lipo-
toxicity and apoptosis. The A Diabetes Outcome Progression
Trial (ADOPT) study showed evidence that TZDs are able to
sustain glucose control in early T2D better than metformin or
sulfonylureas, possibly due to �-cell preservation (15). TZDs
may also lead to an increase in circulating adipokines, due to
increased fat mass, and reduce glucolipotoxicity (10) and in-
flammation (16), and all these effects can be collectively bene-
ficial to �-cells. Direct TZD activation of PPAR� expressed in
�-cells (17, 18) is also likely, although its role in �-cell function
is unclear.

TZDs may mediate their cellular effects via targets other than
PPAR� (19) of which the more documented is the rapid activa-
tion of AMP-activated protein kinase (AMPK) in various cell
types both in vivo and in vitro (20–22), including �-cell (23).
AMPK is a key regulator of energy metabolism with several
downstream targets, and its activity is influenced by changes in
the AMP to ATP ratio. Fryer et al. (21) have shown that in muscle
cells AMPK activation by rosiglitazone involves a rapid increase
in the AMP to ATP ratio, probably due to the TZDs’ inhibitory
effect on respiratory chain complex I (24). It is possible that in the
�-cell, TZDs might also modulate energy metabolism and func-
tion through AMPK. An important target of AMPK is acetyl-
CoA carboxylase (ACC), which in the �-cell is involved in lipid
partitioning and amplification arms of glucose-induced insulin
secretion (GIIS) pathways (25).

Here we postulated that direct TZD-mediated protection of
the �-cell may in part involve acute PPAR�-independent effects
via AMPK and energy metabolism. We examined this hypothesis
in INS 832/13 �-cells and isolated rat islets. The results show that
the TZD pioglitazone (Pio) has an acute and profound impact on
�-cell energy metabolism, reducing glucose oxidation, mito-
chondrial membrane potential, and ATP production primarily at
intermediate glucose concentrations. Furthermore, Pio mark-
edly inhibits �-cell glycerolipid (GL)/free fatty acid (FFA) cy-
cling. These direct non-PPAR�-mediated metabolic effects of Pio
are associated with a lowering of �-cell glucose sensitivity for
insulin secretion and are dependent on AMPK activity.

Materials and Methods

Materials
Cell culture supplies were from Corning (Corning, NY) and Fisher-

brand (Nepean, Ontario, Canada). Pio-HCl (Toronto Research Chem-
icals, North York, Ontario, Canada) was dissolved in dimethylsulfoxide
(DMSO) (Sigma, St. Louis, MO), berberine-HCl (Wako Pure Chemical
Industries, Osaka, Japan), and metformin (1,1-dimethylbiguanide-HCl;
Sigma) were dissolved in water. Compound C (InSolution) was from
Calbiochem (Darmstadt, Germany). D-[U-14C]glucose was from GE
Healthcare (Baie d’Urfé, Québec, Canada), [1-14C]palmitate from
PerkinElmer Life Sciences (Downers Grove, IL), and palmitate sodium
salt from Nu-Check Prep (Elysian, MN). Bicinchoninic acid protein as-
say from Pierce (Rockford, IL) was used. Stock-unlabeled palmitate was
prepared at 4 mM in 5% defatted BSA (Sigma) as described elsewhere
(26). Defatted BSA was used in all experiments.

Cell culture
INS 832/13 cells (27) (passages 55–65) were cultured at 37 C in a

humidified atmosphere containing 5% CO2 in RPMI 1640 with sodium

bicarbonate (Wisent, St. Bruno, Québec, Canada), supplemented with
10% (vol/vol) fetal calf serum (Wisent), 10 mM HEPES (pH 7.4),
2 mM L-glutamine, 1 mM sodium pyruvate, and 50 �M �-mercaptoetha-
nol (complete RPMI). Cells were grown to 80% confluence. Except when
using metformin, media were changed to RPMI 1640 containing 3 mM

glucose supplemented as the complete RPMI 24 h before the experi-
ments. In experiments using metformin, media were changed 2 h before
the experiments to RPMI 1640 3 mM glucose containing metformin.
Experiments were conducted in Krebs-Ringer bicarbonate buffer con-
taining 10 mM HEPES (KRBH; pH 7.4).

Islet isolation
All procedures were approved by the Institutional Committee for the

Protection of Animals at the Centre de Recherche du Centre Hospitalier
de l’Université du Montréal. Wistar rats from Charles River (St. Con-
stant, Québec, Canada) were anesthetized with Somnotol (MTC Phar-
maceuticals, Hamilton, Ontario, Canada) and killed by exsanguination.
Pancreatic islets were isolated by collagenase (type XI; Sigma) digestion
of total pancreas (28), followed by centrifugation (1040 � g) on a His-
topaque 1119, 1077 (Sigma) gradient. Isolated islets were handpicked
and cultured overnight in a petri dish at 37 C in a humidified atmosphere
containing 5% CO2 in RPMI 1640 with sodium bicarbonate, supple-
mented with 10% fetal calf serum, 10 mM HEPES (pH 7.4), 2 mM L-
glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 �g/ml
streptomycin.

Insulin secretion measurement
INS 832/13 cells were washed in KRBH containing 1 mM glucose and

0.5% BSA (KRBH 1G/0.5%BSA) and preincubated for 45 min in KRBH
1G/0.5%BSA in presence of pharmacological agents or vehicle. When
used, compound C was added first in preincubation media and Pio added
20 min later. Insulin secretion from INS 832/13 cells was measured
during 45-min static incubations in KRBH containing various glucose
concentrations, 0.5% BSA, and pharmacological agents or vehicle, with
or without 35 mM KCl or 0.2–0.3 mM palmitate, as specified. For islet
insulin secretion, batches of 10 islets were washed in KRBH containing
3 mM glucose and 0.5% BSA (KRBH 3G/0.5%BSA), and preincubated
for 45 min in KRBH 3G/0.5%BSA containing Pio or DMSO. Islets were
then incubated for 45 min in KRBH containing various glucose concen-
trations or 3 mM glucose plus 35 mM KCl, 0.5% BSA and Pio or DMSO.
At the end of the incubation, media were collected and insulin extracted
from cells or islets in acid-ethanol [1.5% (vol/vol) HCl, 75% (vol/vol)
ethanol]. Total insulin contents and media insulin concentrations were
determined by RIA using human insulin standards (Linco Research, St.
Charles, MO).

Glucose oxidation
INS 832/13 cells were washed in KRBH 1G/0.5%BSA and preincu-

bated for 45 min in KRBH 1G/0.5%BSA plus Pio or DMSO. Preincu-
bation media were changed to KRBH containing various glucose con-
centrations, 0.07% BSA, Pio or DMSO, and D-[U-14C]glucose at 0.10,
0.15, or 0.20 �Ci/ml (for 1, 6, and 10 mM glucose media, respectively),
and [14C]CO2 liberation was measured as previously described (29) after
a 45-min incubation.

Mitochondrial membrane potential
INS 832/13 cells were washed in KRBH 1G/0.5%BSA, and preincu-

bated for 45 min in KRBH 1G/0.5%BSA to which 10 �g/ml rhodamine
123 (Invitrogen) was added for the last 20 min. Then cells were washed
and incubated for 25 min in KRBH 1G/0.5%BSA followed by a further
wash and incubation for 10 min in KRBH containing 6 mM glucose and
0.5% BSA. At the end of this 10 min incubation, baseline fluorescence
(excitation: 485 nm; emission: 530 nm) was measured on a FLUOstar mi-
croplate reader (BMG Labtech, Offenburg, Germany). Pio, 5 �M carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (Sigma), or DMSO was
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added, or medium was changed for KRBH 1G containing DMSO, and
fluorescence was measured 10 min later.

Cellular ATP content
INS 832/13 cells were washed and preincubated for 45 min in KRBH

1G/0.5%BSA. ATP content of INS 832/13 cells was measured using
ATPlite kit (PerkinElmer, Boston, MA) after 10 min incubation in fresh
KRBH containing varying concentrations of glucose, 0.5% BSA and Pio,
2 �M oligomycin (Sigma), or DMSO.

Palmitate oxidation and esterification
INS 832/13 cells, grown in 25-cm2 flasks, were washed in KRBH

1G/0.5%BSA and preincubated for 45 min in KRBH 1G/0.5%BSA plus
Pio or DMSO. Cells were then incubated for 45 min in fresh KRBH
containing various glucose concentrations, 0.5% BSA, 0.2 mM unlabeled
palmitate, 0.1 �Ci/ml [1-14C]palmitate, 1 mM carnitine (oxidation only),
and Pio or DMSO. Oxidation and esterification measurements were
performed as described elsewhere (26). Briefly, for oxidation, the incu-
bation was in sealed flasks containing a glass fiber filter soaked in 5%
KOH. At the end of the incubation, perchloric acid [40% (vol/vol)] was
injected into each flasks. After overnight isotopic equilibration, filters
(containing trapped CO2) were removed and aliquots of the acidified
media containing acid soluble �-oxidation products were collected for
liquid scintillation counting. For palmitate esterification, after incuba-
tion, cells were washed and scraped in cold PBS, centrifuged, and resus-
pended in 3 ml Folch reagent (30). Total lipids were extracted and non-
polar lipids separated by thin-layer chromatography. Incorporation of
labeled palmitate into specific lipid species was quantified after scraping
by liquid scintillation counting.

Lipolysis determination
INS 832/13 cells were washed in KRBH 1G/0.5%BSA and prein-

cubated for 45 min in KRBH 1G/0.5%BSA. Pio or DMSO was omitted
from the preincubation media to avoid Pio exposure in excess of 90
min. INS 832/13 cells were then incubated for 90 min in fresh KRBH
containing various glucose concentrations and 0.5% BSA in the pres-
ence of Pio or DMSO with or without 0.2 mM palmitate. Glycerol
release, an index of lipolysis, was determined by a coupled enzymatic
assay (31).

Immunoblot analysis
INS 832/13 cells were washed and preincubated for 45 min in

KRBH 1G/0.5%BSA. Cells were then incubated for 20 min in KRBH
containing various glucose concentrations, 0.5% BSA, and Pio or
DMSO. Alternatively, for experiments using compound C, cells were
collected at the end of the incubation. Cells were washed with cold
PBS and lysed using a lysis buffer containing 20 mM Tris-HCl (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (vol/vol) Triton
X-100, 0.1% sodium dodecyl sulfate, protease inhibitors, 1 mM

Na3VO4, and 2.5 mM Na4P2O7. Lysates were sonicated, aliquots were
taken for protein assay, and samples were stored at �80 C. Proteins
from total cell extracts (20 �g protein) were separated on 8% SDS-
PAGE and transferred to nitrocellulose membranes (Scheicher &
Schuell, Dassel, Germany) for Western blotting. Blotted proteins were
probed using antibodies rabbit phospho-AMPK� (Thr172) monoclo-
nal antibody (catalog no. 2535), AMPK�, and ACC (Cell Signaling
Technology, Danvers, MA) and rabbit phospho-ACC (Ser79) (Up-
state, Temecula, CA) according to suppliers’ protocols. Horseradish
peroxidase-conjugated goat antirabbit IgG (Bio-Rad, Hercules, CA)
was used as second antibody with SuperSignal West Pico chemilumi-
nescence (Pierce) for detection.

Statistical analysis
Values are expressed as means � SEM. Statistical analysis was per-

formed using one-way ANOVA with Dunnett’s posttest or two-way
ANOVA with Bonferroni’s posttest for multiple comparisons using

Prism version 5.01 and InStat version 3.06 (GraphPad Software, San
Diego, CA).

Results

Pio lowers the sensitivity of �-cells to glucose for insulin
secretion

Acute exposure of �-cells to TZDs has been shown to reduce
GIIS in vitro, and this was attributed to activation of AMPK (23,
32, 33). In the present study, we confirmed these findings and
noticed that a 90-min exposure to Pio dose-dependently (10–50
�M) inhibited GIIS in INS 832/13 cells in presence of 6–10 mM

glucose (Fig. 1A). Interestingly, and one of the key aspects of our
study, Pio treatment caused a right shift in the glucose dose-
response curve for insulin secretion, and at 10 or 25 �M Pio, there
was no change in the maximal GIIS at 10 mM glucose. Thus, for
the 25 �M Pio dose, insulin secretion was inhibited by 70–90%
at 5–6 mM glucose, with almost total recovery of insulin release
at 10 mM glucose. Recovery of almost full GIIS in INS 832/13
cells at 50 �M Pio required a higher concentration of the sugar
and was apparent at 16 mM glucose (0.45 � 0.06 and 0.36 � 0.06
�g insulin per milligram protein per 45 min for 16 mM glucose
without or with 50 �M Pio, respectively (n � 9; not significantly
different).

Pio had no effect on insulin release at low (nonstimulating)
glucose concentrations and did not affect high potassium-in-
duced insulin release (Fig. 1B). Pio was also without effect on
palmitate amplification of insulin secretion at 6 (Fig. 1C) or 10
mM glucose (data not shown).

Similar to the results obtained with INS 832/13 cells, Pio
reduced significantly insulin secretion in isolated rat islets (Fig.
1D) at intermediate (8 mM) glucose only. Pio again had no effect
on KCl (35 mM)-induced insulin release at 3 mM glucose (data not
shown). Total INS 832/13 cell and islet insulin contents were
unaltered by Pio over the course of the experiments (data not
shown). Thus, Pio specifically reduced �-cell glucose sensitivity
for insulin secretion.

In as much as high concentrations of Pio used in these
experiments (50 �M) did not affect cellular insulin content or
basal-, palmitate-, KCl-, and high glucose-induced insulin se-
cretion and did not affect fat oxidation and the incorporation
of palmitate into diacylglycerol and triacylglycerol (see be-
low), it is unlikely that this drug exerts nonspecific toxicity to
�-cells.

Pio reduces metabolic activation by glucose in INS
832/13 cells

Glucose metabolism is necessary for the triggering and am-
plification arms of GIIS (34). Pio dose-dependently inhibited
glucose oxidation in INS 832/13 cells (Fig. 2A), which was most
marked at 6 mM glucose (20 and 35% in the presence of 25 and
50 �M Pio, respectively). As seen for insulin secretion, the Pio
inhibitory effect on glucose oxidation was partially alleviated at
10 mM glucose.

The reduction in glucose oxidation by Pio suggested that mi-
tochondrial oxidative metabolism may be altered. To examine
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this possibility, we measured mitochondrial membrane potential
(��m) at 6 mM glucose using rhodamine 123 in INS 832/13 cells.
As expected, there was a decrease in the fluorescence of the dye
in cells exposed to 6 mM glucose when compared with 1 mM

glucose (Fig. 2B), indicating hyperpolarization of the mitochon-
drial membrane. Pio dose-dependently inhibited this glucose-in-
duced membrane polarization. In presence of 50 �M Pio, glucose-
induced membrane polarization was significantly dissipated to the
level observed at 1 mM glucose. Pio dose-dependently reduced the
glucose-induced rise in ATP content (Fig. 2C). As for the other

FIG. 1. Pio reduces �-cell glucose sensitivity for insulin secretion. A–C, Insulin
secretion from INS 832/13 cells incubated in the presence of the indicated
glucose concentrations and 0 (open squares), 10 (open triangles), 25 (closed
triangles), or 50 �M Pio (closed squares) (A) or 1 mM glucose with or without 35
mM KCl and 0 or 50 �M Pio (B), or 6 mM glucose (6G), the indicated Pio
concentrations, and 0 (open circles) or 0.3 mM palmitate (Pal) (closed circles) (C).
Means � SEM, n � 9 (nine different cell wells in three separate experiments).
Two-way ANOVA post hoc analyses: *, P � 0.05; **, P � 0.001 vs. vehicle at
same glucose concentration. D, Insulin secretion from groups of 10 rat islets
treated as above. Means � SEM, n � 11 (11 different islet incubations in three
separate experiments). Two-way ANOVA: Pio treatment effect, P � 0.02; one-
way ANOVA post hoc analyses: *, P � 0.01 vs. vehicle for both 25 and 50 �M Pio
conditions. Ctl, Control; prot, protein. FIG. 2. Pio reduces glucose oxidation, the mitochondrial membrane potential

and ATP content of INS 832/13 cells. A, Glucose oxidation measured after 45
min using D-[U-14C]glucose. Means � SEM, n � 9 (nine different cell wells in three
separate experiments), except 25 �M Pio where n � 6 (two separate
experiments). Two-way ANOVA post hoc analyses: *, P � 0.001 vs. vehicle at
same glucose concentration. B, ��m measured with rhodamine 123 after 10 min
incubation. Data are expressed as changes in rhodamine 123 fluorescence vs.
changes measured in presence of 1 mM glucose plus DMSO. Means � SEM, n �
18 (18 different cell wells in three separate experiments). One-way ANOVA post
hoc analyses: *, P � 0.05; **, P � 0.001 vs. vehicle at 6 mM glucose. FCCP,
Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone, 5 �M. C, Total ATP
content measured after 10 min incubation. Data are expressed as fold change
over basal (1 mM glucose) control condition. Means � SEM, n � 3 (three
experiments done with six replicates). Two-way ANOVA post hoc analyses: *,
P � 0.001 vs. vehicle at same glucose concentration. Oligo, Oligomycin, 2 �M;
Glc, glucose; Ctl, control; prot, protein.
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measured parameters, the effect of Pio was more prominent at in-
termediate (6 mM) than high (10 mM) glucose, with complete re-
covery for the 25 �M Pio conditions.

Pio effect on insulin secretion is antagonized by the
AMPK inhibitor compound C

Previous studies showed that TZDs inhibit glucose metabo-
lism in muscle (35, 36) and activate AMPK (21). Thus, rosigli-
tazone rapidly increases the AMP to ATP ratio in H-2Kb muscle
cells, leading to the activation of AMPK (21). A 20-min exposure
of INS 832/13 cells to Pio increased AMPK phosphorylation
(Fig. 3A) and activated this enzyme as evidenced by the phos-
phorylation of its downstream target ACC (Fig. 3A). Thus, Pio
reversed the effect of increasing glucose concentrations (from 1
to 10 mM) to reduce the ACC phosphorylation state.

To assess whether the effects of Pio on insulin secretion is
mediated via AMPK, we used the AMPK inhibitor compound C.
Low concentrations (5 and 10 �M) of compound C restored GIIS

inhibited by 50 �M Pio. In the presence of 10
mM glucose, this restoration was complete
(Fig. 3B, upper panel). Compound C alone
amplified GIIS in INS 832/13 cells. This
finding is in part anticipated because acti-
vation and inhibition of AMPK in the �-cell
are thought to be associated with inhibition
and stimulation of insulin secretion, respec-
tively (37). As shown in representative im-
munoblots, treatment with compound C re-
duced the phosphorylation status of both
AMPK and ACC (Fig. 3B, lower panel).

Pio action on GIIS is mimicked by the
AMPK activators metformin and
berberine

To determine whether other antidiabetic
agents known to activate AMPK (38, 39)
have similar effects as Pio on GIIS, INS
832/13 cells were acutely exposed to ber-
berine or metformin. Similarly to Pio, both
compounds inhibited GIIS, particularly at
submaximal glucose concentrations, with-
out affecting basal or KCl-induced insulin
release (Fig. 3, C and D).

Pio inhibits fatty acid esterification
into complex lipids and lipolysis

AMPK affects lipid partitioning (40).
Thus, ACC phosphorylation at Ser79 by
AMPK reduces malonyl-CoA (41), an allo-
steric inhibitor of carnitine-palmitoyltrans-
ferase-1, which regulates the rate-limiting
long-chain fatty acyl-CoAs entry into mito-
chondria for �-oxidation. Moreover,
AMPK also inhibits glycerol-3-phosphate
acyltransferase (GPAT) (42), responsible
for the first committed step of GL biosyn-
thesis. Therefore, it might be anticipated

that activation of AMPK in INS 832/13 cells would favor fatty
acid oxidation at the expense of their incorporation into complex
lipids.

At intermediate glucose (6 mM), Pio reduced palmitate incor-
poration into diacylglycerol (DAG), triacylglycerol (TG), and
phospholipids (PL) in INS 832/13 cells (Fig. 4). However, at 10
mM glucose, the inhibitory effect of Pio on palmitate incorpora-
tion into complex lipid species was almost totally relieved. The
predicted enhancement of palmitate oxidation in the presence of
Pio was not noticed (Fig. 4D). In fact, there was a small decrease
in palmitate oxidation at low glucose by 50 �M Pio. As antici-
pated, increasing glucose concentration (from 1 to 10 mM) did
lower palmitate oxidation (Fig. 4D).

Results from our and other laboratories suggest that GL/FFA
cycling, in which there is coupling of FFA esterification and li-
polysis processes, plays an important role in GIIS (43, 44). In
addition, both hormone-sensitive lipase and adipose triglyceride
lipase appear to be regulated by AMPK (45, 46). Whether re-

FIG. 3. Pio inhibitory effect on GIIS involves AMPK activation in INS 832/13 cells. A, Representative
immunoblots for Pio-induced AMPK� (Thr172) and ACC (Ser79) phosphorylation after 20 min
incubation. B, Graph, Insulin secretion from INS 832/13 cells incubated in the presence of 10 mM

glucose with (black bars) or without (white bars) 50 �M Pio and the indicated compound C (CC)
concentrations. Means � SEM, n � 16 (16 different cell wells in five separate experiments) except
when compound C is used alone where n � 10 in three separate experiments. One-way ANOVA post
hoc analyses: *, P � 0.01; **, P � 0.001 vs. vehicle. Immunoblots, AMPK� and ACC phosphorylation
(P-AMPK and P-ACC) status in cells collected at the end of the incubations. C and D, Insulin secretion
from INS 832/13 cells incubated in the presence of the indicated glucose concentrations and 0 (open
squares), 5 (open triangles), or 10 �M berberine (BBR) (closed squares) (C) or 0 (open squares), 1 (open
triangles), or 5 mM metformin (Metf) (closed squares) (D). Right to each graph, Insulin release induced
by 1 mM glucose and 35 mM KCl with (black bars) or without (white bars) 10 �M BBR (C) or 5 mM Metf
(D). Means � SEM, n � 9 (nine different cell wells in three separate experiments). Two-way ANOVA
post hoc analyses: *, P � 0.05; **, P � 0.01; ***, P � 0.001 vs. vehicle at same glucose
concentration. Glc, Glucose; Ctl, control; prot, protein.
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duced net incorporation of palmitate into GL in the presence of
Pio was accompanied by altered lipolysis was examined. As ob-
served earlier (31, 47–49), in the absence of Pio, there was an
increase in the release of glycerol at elevated glucose in INS
832/13 cells (Fig. 5A). Pio inhibited glucose-induced glycerol
release in a dose-dependent manner (Fig. 5A).

Exogenous FFAs enhance both lipolysis and insulin
secretion in Pio-treated �-cells

Lipolysis and insulin secretion were measured from control
and Pio-treated INS 832/13 �-cells in the presence and absence
of 0.2 mM palmitate. In control cells, incubation in the presence
of palmitate was associated with marked increases in both glyc-
erol release and GIIS (Fig. 5, A and B). Glycerol release from
Pio-treated cells was also substantially higher in the presence of
palmitate at 6 and 10 mM glucose for the 10 �M Pio and at 10 mM

glucose for the 50 �M Pio (Fig. 5A). These palmitate-induced
increases in glycerol release also paralleled increases in insulin
secretion in Pio-treated cells with complete recovery of secretion
at 10 �M Pio and partial recovery at 50 �M Pio (Fig. 5B). Of note,
there was a remarkably strong correlation between glycerol re-
lease and insulin secretion when combining all the data of this
experiment (Fig. 5C).

Because Pio inhibits both net fatty acid esterification and
glycerol release, an index of lipolysis, we concluded that Pio
acutely impairs both the esterification and lipolysis arms of
GL/FFA cycling in the �-cell. At low to moderate concentra-
tions, the inhibitory effect of Pio on GL/FFA cycling is par-
tially recovered at high glucose. Provision of exogenous FFA
to Pio-treated cells also promotes some recovery of GL/FFA
cycling and GIIS.

FIG. 4. Pio reduces palmitate incorporation into complex lipids in INS 832/13
cells and does not increase �-oxidation. A–C, [1-14C]palmitate incorporation into
DAG (A), TG (B), and PL (C) was determined after 45 min incubation. Data are
expressed as fold change over basal (1 mM glucose) control condition. D, Total
palmitate oxidation into CO2 plus acid soluble products calculated from the
oxidation of [1-14C]palmitate after 45 min incubation. Means � SEM, n � 9 (nine
different cell wells in three separate experiments). Two-way ANOVA post hoc
analyses: *, P � 0.05; **, P � 0.01 vs. vehicle at same glucose concentration.
Glc, Glucose; Ctl; control; prot, protein.

FIG. 5. Effect of Pio in the presence and absence of exogenous palmitate on
glycerol release and glucose-induced insulin secretion in INS 832/13 cells. A,
Glycerol release. B, Insulin secretion. C, Relationship of glycerol release and
insulin secretion. Glycerol release and insulin secretion were measured in the
same experiments. Pio concentrations of 0 (squares), 10 �M (triangles), and 50
�M (circles) in the absence of palmitate (open symbols) and presence of 0.2 mM

palmitate (Pal) (closed symbols) are shown. Means � SEM, n � 9 (nine different
cell wells in three separate experiments). Pio effect: *, P � 0.05; **, P � 0.001
vs. vehicle at same glucose and palmitate concentrations. Palmitate effect: #, P �
0.05; ##, P � 0.01 vs. same glucose and Pio concentrations in the absence of
palmitate. Glc, Glucose; prot, protein; Ctl, control.
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Discussion

The results indicate that Pio reduces GIIS in the �-cell at inter-
mediate glucose concentrations by shifting the dose-dependence
curve of glucose responsiveness to the right. Thus, Pio at the
lower 10 and 25 �M doses had no influence on insulin secretion
at the maximal stimulatory glucose concentration of 10 mM in
INS 832/13 cells. In this �-cell line, 16 mM glucose could over-
come the inhibitory effect of 50 �M Pio on GIIS. In isolated rat
islets, Pio (both 25 and 50 �M) reduced GIIS by about 60% at 8
mM glucose but did not affect secretion at 22 mM glucose. It is
interesting to note that a similar right shift in GIIS with increasing
glucose infusion rates was reported in a 12-wk rosiglitazone clin-
ical trial in insulin-resistant nondiabetic subjects (50).

What are the mechanism(s) involved in Pio action to
acutely reduce GIIS only at intermediate concentrations
of the sugar?

We first considered Pio actions on energy metabolism and
mitochondrial function. Pio decreased the ATP content of INS
832/13 cells, likely due to the partial dissipation of ��m. This
effect of the drug on ATP content and ��m was noticed within
10 min of incubation, thus ruling out the involvement of the
transcription factor PPAR�. It is possible that reduced ATP levels
could have resulted from the known inhibitory effect of TZDs on
complex I of the respiratory chain (51). Another TZD, troglita-
zone, was also found to dissipate the mitochondrial potential and
to activate AMPK within 10 min in muscle cells (24). Interest-
ingly, berberine and metformin, which also inhibit complex I and
activate AMPK (24, 38, 52), caused a right shift in the glucose
dose-response curve of insulin secretion in INS 832/13 cells, sim-
ilar to that seen with Pio.

Earlier attempts (53, 54) to delineate the role of AMPK in the
acute regulation of GIIS have led to contradictory observations.
The present study performed under acute conditions is in accor-
dance with the view that AMPK activation reduces GIIS, whereas
its inhibition promotes insulin release (37). Thus, pharmacolog-
ical inhibition of AMPK using compound C led to elevated in-
sulin secretion, whereas activation of AMPK by three unrelated
compounds, metformin, Pio, and berberine, was able to lower
the sensitivity of INS 832/13 cells to glucose for insulin secretion.
It is interesting to note that there is residual and significant
AMPK phosphorylation at 10 mM glucose in INS 832/13 cells,
which also reflects in the phosphorylation status of ACC (see Fig.
3B). This residual activity of AMPK likely keeps insulin secretion
in check, even at 10 mM glucose because the addition of low
amounts of the chemical inhibitor of AMPK, compound C, led
to a steep increase in insulin secretion. Similarly, lowering glu-
cose concentration to less than 6 mM, with a decrease in insulin
secretion, does not fully activate AMPK (see Fig. 3A) because
addition of Pio further increases AMPK phosphorylation and
decreases insulin secretion. The other AMPK activators used,
metformin and berberine, yielded essentially similar insulin se-
cretion results.

Pio may also inhibit pyruvate dehydrogenase (PDH), as a
similar compound, troglitazone has been reported to acutely in-
hibit PDH activity in L6 myotubes (36) in an AMPK-indepen-

dent manner. Inhibition of PDH by Pio could explain the reduced
CO2 production from glucose (at 6 mM) in INS 832/13 cells.
Finally, glucokinase itself could be implicated in Pio action.
AMPK has been shown to block the translocation of glucokinase
from nucleus to cytosol in hepatocytes and to inhibit glucose
metabolism (55). Considering a similar situation in �-cells, the
reduction in glucose metabolism could be due in part to Pio-
activated AMPK (either directly or indirectly via mitochondrial
metabolism inhibition), reducing flux through glucokinase, glu-
cose oxidation, ATP levels, and GIIS.

To explain the mild effect of Pio at high glucose on both �-cell
metabolism and GIIS, we propose that at elevated concentration of
the sugar the mitochondrial and AMPK effects of the drug listed
above are dampened and overridden due to the push of elevated
substrate on metabolic pathways, with gradual reestablishment of
energy metabolism and GIIS. An increase in the ATP to ADP ratio
acts as a coupling factor between glucose metabolism and insulin
secretion, via the closure of ATP-sensitive potassium channels (34).
Thus, the right shift in the glucose dose-response response curve
observed with Pio can be explained at least in part by a reduction in
the glucose-induced increase in cellular ATP.

Besides an action on energy metabolism, the data are com-
patible with a role of altered lipid metabolism and signaling in
Pio action to reduce GIIS. AMPK activation promotes energy-
producing catabolic pathways (e.g. �-oxidation) and inhibits en-
ergy-consuming anabolic pathways (e.g. complex lipid synthe-
sis) (56). Acute treatment of isolated muscles with troglitazone
was shown to stimulate fatty acid oxidation via activation of
AMPK (22). However, in the present study, Pio did not enhance
fat oxidation in INS 832/13 cells. It is perplexing that despite
ACC phosphorylation (which decreases its activity) and antici-
pated reduced malonyl-CoA levels, acute Pio treatment did not
accelerate palmitate oxidation. It is possible that in the �-cell,
decreased glucose metabolism induced by Pio and AMPK acti-
vation might have resulted in reduced availability of anaplerotic
sparkers for Krebs cycle activity, thereby alleviating any AMPK-
mediated stimulation of �-oxidation. Thus, optimal operation of
theKrebs cycle requires the continuous supplyof glucose-derived
cycle intermediates via anaplerosis.

We have proposed that GL/FFA cycling plays a role in the
lipid amplification of GIIS (43, 44, 57). Some of the intermedi-
ates of this pathway, particularly DAG and fatty acyl-CoA, are
thought to stimulate insulin granule exocytosis (58). The extent
of GL/FFA cycling can be indirectly assessed by measuring the
dynamic pool of GL and lipolysis. Pio decreased palmitate in-
corporation in DAG, TG, and PL at intermediate (6 mM) glucose.
High glucose overcame this inhibition, as for glucose and energy
metabolism, and GIIS. GPAT, which catalyzes the first step of GL
biosynthesis, is negatively modulated by AMPK (42). Thus, Pio/
AMPK-mediated inhibition of GPAT may underlie the action of
this TZD on �-cell lipid esterification processes. In addition,
because lipid esterification processes require two ATP molecules
per fatty-acyl moiety added on the glycerol backbone, the pos-
sibility exists that reduced GL synthesis by Pio results from re-
duced energy production.

Whether Pio also affects the lipolysis segment of GL/FFA cy-
cling was examined by measuring the release of glycerol, an end
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product of GL hydrolysis. Results showed that Pio markedly
inhibited glycerol release in INS 832/13 cells, indicating that it
affects GL/FFA cycling because it also inhibited fatty acid ester-
ification. Interestingly, at the lower dose of 10 and 25 �M Pio for
which GIIS was normalized at 10 mM glucose, there was evidence
of partial recovery of lipolytic activity at this higher concentra-
tion of the sugar. Further recovery from Pio inhibition of both
lipolysis and GIIS occurred with the addition of palmitate to the
incubation medium. This was even observed with the highest Pio
dose (50 �M) that, in the absence of palmitate, had completely
and almost abolished lipolysis and GIIS, respectively. The very
large effect of Pio to reduce lipolysis may be due to inhibition by
AMPK of hormone-sensitive lipase (45) and/or adipose triglyc-
eride lipase (46) and lower ATP to ADP and ATP to AMP ratios,
which would curtail the esterification arm of the energy-depen-
dent GL/FFA cycling. A significant correlation between glyc-
erol release and GIIS, shown earlier by Winzell et al. (47), is
strongly supported by our present results using Pio with and
without palmitate. These data, although not proving cause-
and-effect relationship, add substantial support to previous
studies that have indicated an important role for GL/FFA cy-
cling in GIIS (43, 44, 57).

Inconclusionandas illustrated inFig.6,PioacutelyreducesGIIS
only at intermediate concentrations of glucose, without affecting
basal or maximal secretion induced by the sugar. Collectively, the
data are compatible with the view that this action of the TZD is due
to alterations in mitochondrial energy metabolism, ATP produc-
tion, and the ATP-sensitive potassium channel/Ca2�-triggering
pathwayof insulinsecretionandAMPKactivityaswellasareduced
activityof theamplificationarmofglucose signaling that implicates
GL/FFA cycling and lipid metabolites such as DAG.

A direct and PPAR�-independent protection of �-cells by
pioglitazone?

Pio concentrations used in this study are higher than the max-
imal blood concentrations (3–6 �M) reported in humans (59,
60), but they are not unreasonable because threshold effects on
the various studied processes occurred at 10–25 �M. Even after
chronic administration in rats, Pio and its metabolites did not
accumulate in plasma and white adipose tissue (61). However,
the intracellular distribution of the compound in vivo could be
higher than the reported blood values.

The acute effects of Pio on fuel metabolism and GIIS might
be beneficial for �-cell function and glucose homeostasis. Pio-
mediated reduction of GIIS might prevent hyperinsulinemia,
a possible cause for the development of both insulin resistance
and T2D (1, 62, 63). Although it sounds in part counterin-
tuitive to decrease insulin secretion in hyperinsulinemic pre-
diabetic patients or patients with T2D, one must consider that
both GIIS in the presence of elevated glucose and fatty acid
amplification of GIIS are not affected by Pio. Fatty acid am-
plification is likely an important characteristic of �-cell hy-
persecretion during insulin resistance (1). Thus, a right shift in
the glucose response curve of insulin secretion likely ensures
that the elevated blood FFAs will not lead to excess insulin
secretion at low and intermediate glucose concentrations,
thereby protecting the �-cell from exhaustion. Thus, the po-

tential harmful effect (endoplasmic reticulum and oxidative
stresses) of overstimulating the �-cell in the pathogenesis of
T2D (63) and beneficial effect of pausing insulin secretion (64)
begin to be recognized. The possibility that TZD might work
in part through the prevention of �-cell burnout in the face of
a fuel surfeit (57) needs consideration.

Therapeutic implications
Finally, the results suggest that Pio, metformin, and ber-

berine share at least in part common mechanisms as antidia-
betic agents because all appear to be AMPK activators and
mild mitochondrial inhibitors, cause a right shift in the dose
dependence of GIIS, and have been shown to restore glycemic
control (65). Thus, we would like to propose that mild mito-
chondrial inhibition is an attractive avenue of drug develop-
ment to preserve mitochondria and the functional state of
various tissues in the (pre)diabetic/metabolic syndrome glu-
colipotoxic environment.

FIG. 6. Proposed mechanism for Pio’s PPAR�-independent effects in the �-cell.
Pio reduces the ��m, possibly via complex I inhibition in the electron transport
chain (ETC), thereby reducing the rate of ATP synthesis. Consequent increase in
AMP to ATP ratio may be the cause of the AMPK activation and increased ADP
to ATP ratio restrains the closure of ATP-sensitive potassium channels (KATP) and
therefore the triggering Ca2� pathway for GIIS. Reduced glucose oxidation could
be the result of ETC inhibition coupled to reduced Krebs cycle activity or a
consequence of AMPK activation [via inhibition of glucokinase translocation to
plasma membrane (55)] or due to the inhibition of PDH by Pio (36). Inhibition of
glucose oxidation is associated with reduced pyruvate cycling and mitochondrial
metabolism that generate mitochondria (Mito.)-derived signals such as oxidation
of nicotinamide adenine dinucleotide phosphate (reduced form; NADPH) and
reactive oxygen species (ROS), instrumental in the amplification pathways for GIIS
(29). AMPK activation and possibly reduced ATP to ADP and ATP to AMP ratios
inhibit FFA esterification, and AMPK activation inhibits lipolysis (45, 46). FFA
incorporation into GL and their subsequent lipolysis are parts of the GL/FFA cycle
that generates lipid signaling molecules such as free fatty acids (FA), long chain
fatty acyl-CoA (LC-CoA), phosphatidic acid (PA), and DAG involved in the
amplification pathways for GIIS (43). At high glucose the substrate push
counteracts the mild metabolic inhibition of Pio. It is likely that metformin (Metf)
and berberine (BBR) affect the �-cell via the same processes stemming from
reduced mitochondrial function. Ctl, control.
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