N
N

N

HAL

open science

Oxidative and energetic stresses mediate beta-cell
dysfunction induced by PGC-1a

A. Besseiche, J.-P. Riveline, L. Delavallée, F. Foufelle, J.-F. Gautier, Bertrand

Blondeau

» To cite this version:

A. Besseiche, J.-P. Riveline, L. Delavallée, F. Foufelle, J.-F. Gautier, et al..
getic stresses mediate beta-cell dysfunction induced by PGC-1la.

10.1016/j.diabet.2017.01.007 . hal-01483959

HAL Id: hal-01483959
https://hal.sorbonne-universite.fr /hal-01483959v1
Submitted on 6 Mar 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Oxidative and ener-
Diabetes & Metabolism, 2017,


https://hal.sorbonne-universite.fr/hal-01483959v1
https://hal.archives-ouvertes.fr

Original Research Article

Oxidative and energetic stresses mediates beta-cell dysfunction induced by PGC-1a

Adrien Besseiche!™, Jean-Pierre Riveline' ™, Laure Delavallée ', Fabienne Foufelle! =, Jean-

Francois Gautier'™ and Bertrand Blondeau'—

'INSERM, UMR_S 1138, Centre de Recherche des Cordeliers, F-75006, Paris, France
2 Sorbonne Universités, UPMC, Univ Paris 06, UMR_S 1138, Centre de Recherche des
Cordeliers, F-75006, Paris, France
3 Université Paris Descartes, Sorbonne Paris Cité, UMR_S 1138, Centre de Recherche des
Cordeliers, F-75006, Paris, France
4 Department of Diabetes and Endocrinology, Hopital Lariboisiére, AP-HP, Paris, France

3 Université Paris Diderot, Paris, France.

Address correspondence to:
Bertrand Blondeau, INSERM UMRS 938, Centre de Recherche Saint-Antoine, 27 rue de
Chaligny, 75012 Paris, France. Phone: +33140011354; Fax: +33140011432; E-mail:

bertrand.blondeau@upme.fr

Short title: Energetic and oxidative stress in beta cells

Received 25 October 2016; Accepted 29 January 2017


mailto:bertrand.blondeau@upmc.fr

ABSTRACT

Aim. - Alteration of functional beta-cell mass in adults can be programmed by adverse events
during fetal life. Previously, it was demonstrated that high glucocorticoid (GC) levels during
fetal life participates in this programming by inhibition of beta-cell development. More
specifically, it GC levels stimulate expression of peroxisome proliferator-activated receptor-
gamma coactivator 1-alpha (PGC-1a), a transcriptional co-regulator of the GC receptor (GR),
which per se impairs beta-cell mass and function when overexpressed. As PGC-1a is also a
potent inducer of mitochondrial biogenesis, our study aimed to determine how PGC-la
modifies mitochondrial function in beta cells and how it might regulate insulin secretion.
Methods. - Beta-cell function was studied in mice overexpressing PGC-1a specifically in beta
cells and in MING cells overexpressing PGC-1a in vitro.

Results. — PGC-1a overexpression in beta cells in vivo leads to a reduced beta-cell mass early
in fetal life, whereas PGC-1a overexpression in vitro stimulates mitochondrial biogenesis and
respiratory activity without improving ATP production, while increasing oxidative stress and
impairing insulin secretion in response to glucose. While oxidative stress with PGC-la
overexpression in beta cells activates AMPK, it has also been revealed that blocking such
oxidative stress or AMPK activation may restore insulin secretion.

Conclusion. - PGC-1a induces oxidative stress, which disrupts insulin secretion by AMPK
activation. Thus, control of oxidative or energetic stress in beta cells may help to restore

insulin secretion.
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INTRODUCTION

Type 2 diabetes (T2D) is characterized by two major defects: insulin resistance in
insulin-responsive organs and impaired insulin secretion due to decreased functional beta-cell
mass. The origins of these two T2D factors are multiple and far from being fully understood.
Apart from genetic predisposition and the influence of lifestyle, the fetal environment now
appears to be a key component in the risk of developing metabolic diseases in adulthood. The
concept of fetal programming stipulates that changes in the fetal environment alter the
development of organs, leading to dysfunction in adult life and contributing to the onset of
adult diseases. Our laboratory, which focuses on clarification of fetal programming in T2D,
has shown that high glucocorticoid (GC) levels in rodents during fetal life participate in this
programming by inhibiting the development of beta cells [1]. This inhibition eventually leads
to a reduced beta-cell mass, impaired insulin secretion and glucose intolerance in adult
animals. Thus, excess GC levels during fetal life programme T2D by targeting beta cells.

GCs are pleiotropic hormones that regulate several key adaptive processes.
Synthesized from cholesterol and secreted by the adrenal glands in response to stimuli such as
stress and fasting, they act on target organs by binding to cytoplasmic receptors and
subsequently migrating to the nucleus. It then acts as a transcription factor and regulates the
expression of target genes through recruitment of other proteins, such as transcriptional co-
regulators. PGC-1a (peroxisome proliferator-activated receptor-y coactivator-la) is a crucial
transcriptional regulator involved in the metabolic effects of GC receptors (GRs) in the liver
[2], and also co-regulates other nuclear receptors, such as PPARs (peroxisome proliferator-
activated receptors) in adipose tissue [2]. Previously, our team demonstrated that PGC-1a is
involved in the fetal programming of beta-cell dysfunction: first, GCs stimulate expression of
PGC-1a; second, PGC-1a forms a complex with GRs that bind to insulin promoter type 1
(Pdx1), a key beta-cell transcription factor, leading to a clear reduction of Pdx1 expression;
and, finally, PGC-la overexpression in beta cells leads to glucose intolerance, impaired
glucose-stimulated insulin secretion (GSIS), decreased beta-cell mass and beta-cell
hypotrophy in adult mice [3]. Surprisingly, overexpression of PGC-1a just during fetal life
was sufficient to induce beta-cell dysfunction in adults. Thus, PGC-1a can be considered a
major regulator of beta-cell mass and function.

Beta-cell function is highly dependent on energy production. In fact, insulin secretion
is controlled by the adenosine triphosphate (ATP)/adenosine diphosphate (ADP) ratio.
Glucose, a source of energy production, is transported to beta cells by specific transporters

(GLUT2 in rodents and GLUT1 in humans). Glucose is oxidized and its catabolism activates



the respiratory chain in mitochondria, which increases the ATP/ADP ratio. This latter event
triggers closure of ATP-dependent potassium (K) channels, leading to membrane
depolarization allowing the opening of calcium channels, which eventually induces insulin
exocytosis. Beta cells in diabetic animals display deficiencies of glucose oxidation associated
with reduced expression of GLUT2 and of several enzymes involved in glucose catabolism
(glucokinase, glycerol-3-phosphate dehydrogenase). This results in a decreased ATP/ADP
ratio and insulin release [4]. Interestingly, PGC-la is a potent inducer of mitochondrial
biogenesis [5], and can bring about the expression of mitochondrial genes that are mainly
controlled by two nuclear transcription factors: TFAM (mitochondrial transcription factor A)
and TFB (transcription factor B) [5, 6]. As this crucial role of PGC-1a is under the control of
cellular energy production, our present study aimed to determine the consequences of PGC-1a
overexpression on energy production and its potential link with altered insulin secretion
induced by PGC-1a.

In fact, the present study has confirmed that PGC-1a overexpression, specifically in
beta cells during fetal life, induces oxidative stress and decreases beta-cell mass in fetuses and
newborns, and that PGC-1a expression in a beta-cell line and in isolated mouse islets leads to
oxidative stress. Also, while 5'-AMP-activated protein kinase (AMPK) is activated in beta
cells when PGC-1a is overexpressed, this activation seems not only linked to a deficit in ATP
production, but also—and mostly—to high levels of reactive oxygen species (ROS), whereas
preventing ROS production and AMPK activation counteracts the impaired GSIS induced by
PGC-1a. These results therefore provide new insights into how PGC-1a regulates beta-cell

function through induction of oxidative and energetic stress.



MATERIALS AND METHODS

Beta-cell-specific PGC-1a overexpression in mice

The present study’s transgenic mice expressing PGC-1a in beta cells have been previously
described elsewhere [3]. All animal experiments were done according to Principles of

Laboratory Animal Care and French law under French Ministry Agreement N° 02886.03.

Mouse islet isolation, and cell-culture infection and treatment

Islets from wild-type or Ins-PGC-1a mice were isolated using a collagenase solution (1
mg/mL, Sigma-Aldrich, St. Louis, MO, USA), separated with Histopaque (Sigma-Aldrich)
and handpicked using a binocular microscope (Leica Microsystems GmbH, Wetzlar,
Germany). Isolated islets were cultured in Roswell Park Memorial Institute (RPMI) medium
containing 11.1 mmol/L glucose (GE Healthcare France, Vélizy-Villacoublay), 0.2 mmol/L
glutamine, 10% heat-inactivated fetal bovine serum (FBS), 100 units/mL penicillin and 100
mg/mL streptomycin. Islets were then treated with Tempol 10 mmol/L or compound C (CC)
500 pumol/L (Sigma-Aldrich) for 48 h. MIN6 cells were similarly treated and cultured as
described elsewhere [7], and infected with adenovirus overexpressing either green fluorescent
protein (Ad-GFP) or PGC-la (Ad-PGC-1a) for 24 h, as previously described [3]. These
MING cells were also treated with Tempol 10 mmol/L or CC 500 pmol/L for 48 h.

Measurement of glucose-induced insulin secretion

MING6 cells or batches of 50 islets were sequentially incubated for 1 h at 37° C with 2.8
mmol/L glucose, 16.7 mmol/L glucose and 50 mmol/L KCI in Krebs—Ringer bicarbonate
HEPES buffer. Total islet insulin content was extracted by acid ethanol (1.5% HCI in 75%
ethanol), and insulin contents and insulin secretion assayed by enzyme-linked immunosorbent

assay (ELISA) kits (Mercodia AB, Uppsala, Sweden).

Pancreatic processing and quantitative morphometry

Pancreata from mouse fetuses [embryonic (E) days E13.5, E15.5 and E18.5] were fixed in a
3.7% formalin solution, then dehydrated and embedded in paraffin, and cut into 5-um sagittal
sections. These sections were collected on poly-L-lysine-coated slides, left at 37° C overnight
and stored at 4° C until needed for immunohistochemistry. Morphometric beta-cell mass
analysis was performed on eight random transverse sections from wild-type and Ins-PGC-1a
pancreata, as previously described [1], and the beta-cell fraction calculated as the ratio of

pancreatic insulin-positive cell area to total tissue area of the entire section, as determined by



computer-assisted measurements, using a Leica DMRB microscope equipped with a colour

video camera coupled to a Leica Q500IW PC computer, as previously described [1].

RNA preparation and real-time PCR

Total RNA was extracted using RNeasy Plus extraction kits (Qiagen, Hilden, Germany) and
reverse-transcribed into c¢cDNA wusing SuperScript II reverse transcriptase (Invitrogen
Corporation, Carlsbad, CA, USA). Gene expression was quantified by real-time polymerase
chain reaction (RT-PCR) using SYBR Green supermix in a MyiQ thermocycler (Bio-Rad
Laboratories, Hercules, CA, USA). The value obtained for each specific gene product was
normalized by 18S ribosomal RNA and expressed as the fold change of the value under
control conditions. Primers were designed to span two exons where possible (primer

sequences are available upon request).

Western blot tests

Total proteins were separated on SDS-PAGE gels and transferred to nitrocellulose membranes,
which were then incubated with rabbit antibodies raised against PGC-1a (provided by Daniel
P. Kelly), AMPK, anti-phospho-AMPK a (Thr172; Merck KGaA, Darmstadt, Germany) and
beta-actin (Sigma-Aldrich).

Measurement of ROS content

Intracellular ROS generation was detected using a MitoSOX molecular probe (Invitrogen
Corp.). After a 5-pmol/L MitoSOX probe reagent solution was prepared, the MING6 cells were
covered by 1 mL of this solution, then incubated for 10 min at 37° C (away from light), then
washed three times with warm buffer. The fluorescence rate for each cell group was analyzed
by flow cytometry (FACS) with an excitation wavelength of 510 nm and emission wavelength
of 580 nm. For isolated islets, intracellular ROS levels were detected using a 2',7'-
dichlorofluorescein diacetate (H2DCF-DA) probe (Invitrogen Corp.). Islets were then
resuspended in prewarmed HBSS (Hank’s Buffered Salt Solution) buffer containing the
H2DCF-DA probe (1 mmol/L) for 5 min at 37° C (away from light), then washed three times
with culture media. The fluorescence rate in islets was measured with an excitation

wavelength of 485 nm and emission wavelength of 530 nm on a fluorescence plate reader.

Determination of ATP content



Cells were lysed and their total ATP content assessed with a luciferin—luciferase kit
(CellTiter-Glo, Promega Corporation, Madison, WI, USA). Luminescence was then measured
with a Berthold LB96V MicroLumat Plus luminometer (Berthold Technologies, Bad Wildbad,
Germany). ATP was expressed relative to protein quantity and compared with ATP quantified

in control cells.

Measurement of oxygen consumption

Oxygen consumption was assessed with an XF24 Analyzer (Agilent Technologies, Santa
Clara, CA, USA). MIN6 cells were seeded onto XF24 plates loaded with 25 mmol/L of
glucose-stimulating solution and incubated to 37° C in a non-CO; incubator 30 min before the
run, which was launched according to a programme designed to achieve the optimal mix, wait
and measure cycle times. Variations of oxygen concentration in cell media were recorded
every 5 min. To measure proton leaks, cells were first exposed to oligomycin A (1 puM)
followed by rotenone (1 pM); the proton leak was then calculated as the difference between

oxygen consumption after oligomycin A and after rotenone.

Assay of activity of respiratory complexes

Freshly prepared mitochondria were used for spectrophotometric determination of the activity
of respiratory chain complexes using biochemical assays with a total volume of 200 pL.
Protocols were adapted from previous publications for complexes I and II [8, 9], complex III
[10], complex IV [9] and all complexes [11]. Activity of respiratory chain complexes was
calculated as units per 1 pg of isolated mitochondrial fraction and normalized by citrate

synthase activity.

Statistical analysis
All results are expressed as means + SD. Statistical significance of all variations was tested by

Mann—Whitney non-parametric tests. P values < 0.05 were considered significant.



RESULTS
PGC-1a overexpression in fetal beta cells leads to oxidative stress in adults

Previously, it was found that when PGC-1a is overexpressed in beta cells in Ins-PGC-
la mice, they present with glucose intolerance and impaired insulin secretion in response to
glucose along with a decreased beta-cell mass [3]. The present study found that PGC-la
expression is increased in Ins-PGC-1a fetuses at embryonic stages E15.5 and E17.5 (Fig. 1A)
and that fetal beta-cell mass is altered at stages E15.5 and E17.5 in Ins-PGC-1la fetuses
concomitantly with overexpression of PGC-la (Fig. 1B). As PGC-la is involved in
mitochondrial function, a search was made for indirect evidence of increased respiration and
increased oxidative stress. It was observed that the mRNA coding for antioxidant proteins
such as SOD1, SOD2, catalase and Hmox was increased in fetal Ins-PGC-1a pancreata at
both E15.5 and E17.5 compared with control fetuses (Fig. 1C). Next, measuring the
expression of antioxidant genes in islets from adult Ins-PGC-1a mice revealed that specific
beta-cell PGC-1a overexpression significantly increased mRNA levels of genes coding for
antioxidant proteins compared with islets from control mice (Fig. 1D). In addition, increased
expression of mRNA coding for transcription factors involved in mitochondrial biogenesis,
such as NRF1, NRF2 and TFAM, was also observed in Ins-PGC-1a islets (Fig. 1D), while
using a fluorescent probe to detect ROS levels (MitoSOX) revealed increased levels in adult

Ins-PGC-1a pancreatic islets compared with control islets (Fig. 1E).

PGC-1a overexpression in beta cells in vitro leads to oxidative stress

To evaluate how PGC-1a overexpression might modulate mitochondrial function and
respiration, our study used an adenovirus to prompt PGC-1a expression in a beta-cell line, the
MING6 cells. The MING6 cells that overexpressed PGC-la presented with increased mRNA
levels of transcription factors controlling mitochondrial biogenesis compared with cells
infected with the control adenovirus (Fig. 2A). ROS production was also increased in Ad-
PGC-1la cells compared with control cells (Fig. 2B), and there was increased expression of
eight genes encoding for proteins involved in ROS scavenging—namely, SOD1, SOD2, CAT,
TXN2, GCLC and UCP?2 (Fig. 2C)—which is similar to what was observed in islets from Ins-
PGC-1a mice (Fig. 1D). Thus, PGC-1a overexpression in vitro was also associated with an

increase of oxidative stress and expression of genes coding for antioxidant proteins.



PGC-1a overexpression in beta cells in vitro leads to improved respiration despite
AMPK activation

Next, our study addressed the effect of PGC-la overexpression on beta-cell
mitochondrial and respiratory capacity. Based on quantification of the ratio between
mitochondrial and nuclear DNA, the number of mitochondria was increased in PGClo-
overexpressing cells compared with control cells (Fig. 3A). Also, to study how Ad-PGC-1a in
MING6 cells regulates oxidative phosphorylation in response to glucose, the oxygen
consumption rate was measured and was significantly increased in Ad-PGC-1a vs control
cells (Fig. 3B). Also, measuring proton leaks using oligomycin A and rotenone (Fig. 3B)
revealed that proton leaks were increased when PGC-1a was overexpressed in MING6 cells
(Fig. 3C). Assessing enzyme activity of the individual respiratory chain complexes of MIN6
cells showed that the overall activity of each complex was significantly increased in cells
overexpressing PGC-1la, except for complexes I (NADH reductase) and III (ubiquinol
cytochome C reductase; Fig. 3D), while the activity of ATP synthase (complex V) was
increased when PGC-la was overexpressed, but with no changes at the transcription level
(data not shown). These increases in the mitochondrial pool and overall respiratory chain
activity suggested that Ad-PGC-la cells could produce more ATP, and measurements
revealed that ATP content under basal conditions (2.5 mM of glucose) was similar in cells
expressing PGC-1a and control cells (Fig. 3E). With stimulation by 25 mM of glucose, Ad-
PGC-1a cells had decreased ATP contents compared with control cells (Fig. 3E). When levels
of expression of the ATP/ADP nucleotide carrier (SLC25 family) were measured, they were
increased in cells overexpressing PGC-la cells (Fig. 3F). The blunted ATP production
suggests that Ad-PGC-1a cells might be under energetic stress. In fact, Western blots of Ad-
GFP and Ad-PGC-la cells showed that a fivefold increased PGC-la protein level was
associated with an increased ratio of AMPK phosphorylated on Thr172 over total AMPK,
which is classically associated with AMPK activation (Fig. 3G). Thus, in MING6 beta cells,
PGC-1a overexpression led to AMPK activation.

PGC-1a-induced oxidative stress and AMPK are both involved in decreased GSIS

Mice overexpressing PGC-1a in beta cells displayed impaired GSIS [3]. Similarly, an
altered GSIS was observed in Ad-PGC-1a cells in response to 16.7 mM of glucose (Fig. 4A)
compared with control cells. As both oxidative and energetic stress can control insulin
secretion, our study aimed to determine whether PGC-1a-induced oxidative stress and AMPK

activation were involved in impaired insulin secretion. To address this question, ROS



production and AMPK activation in Ad-GFP and Ad-PGC-1a cells were blocked by 10 mM
of Tempol (a superoxide dismutase mimetic that inhibits ROS accumulation) and 500 uM of
CC (AMPK inhibitor), respectively. After 48-h treatment with Tempol, ROS production,
measured by a MitoSOX fluorescent probe, was reduced (Fig. 4B). On analyzing the
expression of mRNA coding for antioxidant proteins, PGC-1a overexpression in the presence
of Tempol led to increased levels of SODI, HMOX, Txn2 and Prdx2, but not SOD2, CAT,
GCLC and UCP? (Fig. 4C). Concerning insulin secretion, Tempol significantly restored GSIS
in Ad-PGC-1a cells (Fig. 4D) to similar levels as in control MING6 cells. Thus, oxidative stress
induced by PGC-1a overexpression in beta cells was involved in impaired insulin secretion.
Interestingly, on investigating Thr172-AMPK phosphorylation in Ad-GFP and Ad-PGC-1a
cells treated with 10 mM of Tempol for 48 h, the antioxidant strongly decreased AMPK
activation (Fig. 4E), suggesting that ROS are responsible for AMPK activation.

In addition, when PGC-1a-overexpressing cells were treated with CC for 48 h, AMPK
phosphorylation was decreased (Fig. 4F), while GSIS in Ad-PGC-la cells was partially
restored in response to glucose (Fig. 4G). Thus, PGC-1a-induced AMPK activation in beta
cells participates in GSIS inhibition.

ROS-activated AMPK is also involved in decreased GSIS in Ins-PGC-1a mice

The influence of oxidative and energetic stress was also explored in isolated pancreatic
islets from Ins-PGC-1a mice, which detected an increase of Thr172-AMPK in Ins-PGC-1a
isolated islets (Fig. 5A). As previously shown in MING6 cells, treatment of Ins-PGC-1a islets
with 10 mM of Tempol for 24 h reversed AMPK phosphorylation and partially restored GSIS
in isolated islets (Fig. 5B) to levels similar to those of control islets. Thus, Tempol treatment

of adult islets can reverse AMPK activation and partially restore insulin secretion.
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DISCUSSION

Understanding the underlying mechanisms of beta-cell dysfunction helps to define
strategies to restore normal insulin secretion and improve glycaemic control in diabetes
patients. It had previously been shown that PGC-1a overexpression in beta cells in vivo led to
decreases in beta-cell mass, insulin secretion and glucose intolerance [3]. In the present study,
the aim was to clarify how PGC-1a overexpression inhibits insulin secretion, with a particular
focus on mitochondrial function. Indeed, it was demonstrated that PGC-1a overexpression
induces mitochondrial biogenesis and oxidative and energetic stress, and impairs insulin
secretion. It also revealed that energetic stress is induced by oxidative stress and that blockade
of either oxidative or energetic stress can restore insulin secretion.

Previous studies suggested that PGC-1a is a major actor in the aetiology of diabetes.
PGC-1a expression in pancreatic beta cells is increased in several animal models of obesity
and diabetes as well as in diabetic patients [12]. It was also found that glucolipotoxicity has
deleterious effects on beta-cell function [13] through induced expression of PGC-1a, whereas
inhibiting PGC-1a expression can restore insulin secretion even in the presence of fatty acids
[14-16]. This suggested that the increased expression of PGC-1a in islets might contribute to
beta-cell dysfunction induced by chronic hyperlipidaemia. In addition, previous research by
our team showed that PGC-1a 1s induced by GCs in fetal beta cells and that PGC-1a adds to
the deleterious effect of GCs on beta-cell development and function [3]. However, other
authors proposed the opposite situation wherein reduced PGC-1a expression correlated with
reduced insulin secretion in islets from patients with T2D, and was ascribed to both genetic
and epigenetic factors [17]. Yet, despite these contradictory observations, elevated PGC-1a
expression seems clearly deleterious in the pancreas and is linked to the metabolic syndrome,
although few data on beta-cell type are available regarding the specific effects of PGC-1a on
beta-cell dysfunction.

In our present study, PGC-1a overexpression led to increases in ROS production and
AMPK activation, two signs already associated with beta-cell dysfunction [18-20]. Pancreatic
beta cells are vulnerable to oxidative stress due to their low levels of antioxidant enzyme
systems, whereas oxidative stress can inhibit insulin gene expression, suppress insulin gene
transcription and alter GSIS by damaging mitochondrial DNA. Our study has also shown that
insulin (INS)-1 and INS-2 genes are decreased when PGC-1a is overexpressed in MING6 cells
and in Ins-PGC-1a islets [3]. On the other hand, antioxidant treatment or overexpression of
antioxidant enzymes preserved insulin promoter activity, Pdx1-binding and levels of insulin

mRNA despite high glucose concentrations in studies in vitro [21] while, in animal studies,

11



antioxidant treatment decreased markers of oxidative stress and had beneficial effects on
levels of insulin mRNA, Pdx1-binding and glycaemia [22]. In our experiments, antioxidant
treatment reduced AMPK phosphorylation induced by PGC-1a overexpression, suggesting
that ROS are responsible for AMPK activation. Interestingly, one study has shown that ROS
production is an absolute requirement for proper GSIS [23]. In our present study, GSIS was
not changed in either Tempol-treated or untreated Ad-GFP cells, suggesting that lowering
ROS levels did not hamper GSIS. Although ROS are not major AMPK activators, several
authors have shown that such activation is possible under specific conditions [24, 25],
although the mechanism remains unclear., AMPK is mainly activated by increased
concentrations of AMP, which is in equilibrium between ADP and ATP contents. In our study,
no significant increase was observed in ATP production after PGC-1a overexpression. Yet,
increased mitochondrial activity was detected after PGC-1a overexpression. A decoupling
process of the respiratory chain might explain this discrepancy. In fact, there was an increase
in proton leaks after PGC-1a overexpression, although their origin remains unclear because,
in our two models (MING cells + Ad-PGC-1a or Ins-PGC-1a), expression of the uncoupling
protein UCP1 was undetectable (data not shown). Paradoxically, however, a twofold increase
was measured in mitochondrial membrane potential (data not shown), as well as a significant
increase in ATP synthase activity, while the expression of two kinases known to activate
AMPK—namely, LKB1 and CamKK—were unchanged after PGC-1a overexpression (data
not shown). Given that AMPK can directly phosphorylate PGC-1a [26], it would be of
interest to investigate whether the activation of AMPK after PGC-la overexpression
reinforces PGC-1a action in beta cells. Also, as phosphorylation by AMPK increases PGC-
la-dependent activation of its own promoter [26], these modifications of PGC-1a, taken
together, could induce a positive loop of PGC-la action, thus supporting the phenotype
observed in beta cells.

To understand the defect in ATP production after PGC-1a overexpression, several key
points were studied. First, whether cytosolic ADP/matrix ATP transport is impaired was
determined by measuring the expression of the transporter ATP/ADP nucleotide carrier
(SLC25 family), which revealed that expression of this ADP/ATP transporter was also
increased when PGC-1a was overexpressed, suggesting that the deficit in ATP production
was not due to a defect of nucleotide transport. Also, as PGC-la controls mitochondria
biogenesis, the quality of the mitochondrial network was analyzed to determine the number,
size and distribution of mitochondria in Ad-PGC-la vs Ins-PGC-la beta cells. Electron

microscopy revealed no significant changes or alterations of mitochondrial structures (data
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not shown). The energetic status of beta cells overexpressing PGC-1a might also be explained
by the fact that mitochondrial biogenesis mobilizes a huge amount of energy to generate new
mitochondria at the expense of secretory function. Apart from AMPK activation, another
hallmark of altered energy production has been reported: a smaller cellular size when PGC-1a
is overexpressed in beta cells [3]. As S6 kinase, a target of AMPK that controls protein
synthesis, controls beta-cell size [27] and insulin secretion, measurements of S6 kinase
activation revealed a reduction of the phosphorylated S6 ribosomal protein, the target of S6
kinase, when PGC-1a is overexpressed (data not shown). Thus, activation of this pathway
may explain the observed phenotype of secretory defect, as small beta cells secrete less
insulin than large beta cells, and the membrane surface is directly related to cell exocytosis
capacity [28].

Previously, adenovirus-induced overexpression of PGC-la in rat islets reduced
expression of the glucose sensors involved in GSIS—namely, GLUT2 and glucokinase—and
increased expression of G6Pase, leading to a decrease in ATP/ADP by reducing glucose
oxidation and thereby contributing to impaired GSIS [12]. Our present study has found that,
in Ad-PGC-1a MING cells, G6Pase was significantly increased compared with Ad-GFP cells,
whereas GLUT2 and glucokinase levels remained unchanged (data not shown). Thus,
elucidating why ATP production is blunted remains a challenge. An increased expression of
UCP2 was found with PGC-1a overexpression in beta cells. Recently, the role of UCP2 as a
mitochondrial uncoupler has been questioned, and studies have suggested it might actually act
as an antioxidant enzyme [29, 30]. Yet other studies have proposed that uncoupling protein
might modify mitochondrial function. For example, UCP?2 is activated by high glucose and
ROS levels, which are associated with reduced mitochondrial membrane potential and heat
production [31]. In our present study, UCP2 expression was increased after PGC-la
overexpression and normalized after Tempol treatment. Moreover, two other studies in vitro
have shown that PGC-1a can induce expression of UCP2 in INS-1 cells and in rat pancreatic
islets, resulting in reduced insulin secretion [15, 32]. Thus, UCP2 increases could contribute
to the onset of beta-cell dysfunction.

The present results for GSIS were obtained from both MING6 cells and isolated islets
from Ins-PGC-1a mice. Blockade of AMPK activation by either CC or Tempol was clearly
associated in MING6 cells with complete restoration of GSIS. In contrast, in isolated islets from
Ins-PGC-1a mice, GSIS was only weakly, yet significantly, restored by Tempol treatment
despite a clear reduction of AMPK activation. To explain this discrepancy, two explanations

may be proposed: first, PGC-1a overexpression starts early in fetal life, as shown by the
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present study, and strongly impairs beta-cell function and hampers its restoration by Tempol
treatment whereas, in MING6 cells, PGC-1a was only overexpressed during the 48 h prior to
GSIS measurement; and second, the fact that, in beta cells from Ins-PGC-1a mice, factors
other than oxidative stress may be responsible for AMPK activation, or factors other than
AMPK may be responsible for the decrease in GSIS, cannot be excluded. Thus, further
studies are needed to elucidate these points.

In conclusion, our present study data point to the involvement of PGC-1a in beta-cell
dysfunction while also exposing the mechanisms by which PGC-la impairs beta-cell
development and the ability of cells to secrete insulin. Our study also identifies a new network
of interactions among beta cells linking oxidative and energetic stress, thereby reinforcing the

idea that both are major regulators of insulin secretion.
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Fig. 1. PGC-1a overexpression in control (white bars) and transgenic (black bars) mice leads
to oxidative stress in beta cells: (A) PGC-1a expression in fetal pancreata at embryonic (E)
stages E13.5, E15.5 and E17.5; (B) beta-cell mass in stage-5 fetal pancreata; (C) antioxidant

gene expression in fetal pancreata at stages E15.5 and E17.5; (D) gene expression in isolated
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adult pancreatic islets; and (E) levels of reactive oxygen species (ROS) measured in isolated
adult pancreatic islets. Results are means = SD. * P < 0.05, ** P < 0.01, *** P <0.001 vs

controls by Mann—Whitney non-parametric tests (n = 4 per group).
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Fig. 2. PGC-1a overexpression in beta cells in vitro [control MING cells (Ad-GFP, white bars)
and cells overexpressing PGC-1a (Ad-PGC-1a, black bars)] leads to oxidative stress: (A)
mRNA levels assayed by quantitative polymerase chain reaction (QPCR); (B) measured levels
of reactive oxygen species (ROS); and (C) mRNA levels assayed by qPCR. Results are means
+ SD. * P < 0.05, ** P < 0.01, *** P <0.001, Ad-PGC-1a vs Ad-GFP cells by Mann—

Whitney non-parametric tests (n = 4 per group).
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bars) and cells overexpressing PGC-la (Ad-PGC-la, black bars)] leads to improved

respiration and AMPK activation: (A) mitochondrial to nuclear DNA ratio; (B) oxygen

consumption; (C) proton leak; (D) enzyme activity of respiratory chain complexes; (E)
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quantified ATP contents; (F) mRNA levels for SLC25 carrier assayed by qPCR; and (G)
Western blot tests, with graph showing quantification by group. Results are means + SD. * P
< 0.05, ** P <0.01, *** P <0.001, Ad-PGC-1a vs Ad-GFP cells by Mann—Whitney non-

parametric test (n = 4 per group).

22



A B
__20 - O25mm -
2 W 16,7mM ELNGGER
= B Ad-PGC-1a
5 15 A 5
2 <
= b= 2 -3
= 5
<] E=
+ 10 A o
z 3
= o
g a
° Hokok -3
s
3
w0 - 0 4
Ad-GFP  Ad-PGC-la Ctrl 10mM
Tempol
4 -
OAd-GFP + Tempol
S ** [Ad-PGC-1a + Tempol
<3 -+
3
3
s24 X * .
-4
£
2
51 -
&
0 T T T T T T
& S 15 o Q < A \a
L Q Q N N v * (®)
D
5,0 1 Dglucose 2,5mM
= * kK M glucose 16,7mM
< i $
£ 4,0 *kk
=
£
T 3,01
2
3
=
7 2,01
£
-}
2
2 1,01
]
0,0 - r -
Ad-GFP Ad-GFP + Ad-PGC-la  Ad-PGC-la+
Tempol Tempol
P-AMPK/ AMPK Ratio
E Ad-GFP Ad-PGC-1a g, .
@
Tempol . 4+ + + - + 4+ 4 g
Thri72-AMPK ] S S R e e
AMPK [ s ot e e e e 3. *

%

Ad-GFP  Ad-PGC-la Ad-PGC-la
+T +T

I

Ad-GFP

1]

23



P-AMPK/ AMPK Ratio

Ad-GFP Ad-PGC-1a

CC . - -+ o+ o+ - - -+ o+ o+
Thri72-AMPK S s o e e -
CAMPK g siee i @h %0 0 S S5 SND YD s e

Relative levels (AU)

Ad-GFP Ad-GFP Ad-PGC-1g  Ad-PGC-1g

G +cC +CC

10,0 1

6,0
4,0
2,0 A
0,0

Ad-GFP Ad-GFP + CC  Ad-PGC-la AdPGC1a+

o
o
i

Secreted insulin/ total insulin (AU|

Fig. 4. Oxidative stress and AMPK are both involved in decreased glucose-stimulated insulin
secretion (GSIS) following PGC-1a overexpression [control MIN6 cells (Ad-GFP, white
bars) vs cells overexpressing PGC-la (Ad-PGC-la, black bars)]: (A) GSIS; (B) ROS
production with/without Tempol treatment; (C) gene expression after Tempol treatment; (D)
GSIS with/without Tempol; (E) Western blot protein test with/without Tempol or compound
C (CC), with graph showing quantifications for controls (white bar), Ad-GFP + CC (grey bar),
Ad-PGC-1la (grey hatched bar) and Ad-PGC-la (white hatched bar); (F) Western blot
with/without Tempol and CC, with graph showing quantifications by group; and (G) GSIS
with CC. Results are means + SD. * P <0.05, ** P <0.01, *** P<0.001, Ad-PGC-1a vs Ad-
GFP cells by Mann—Whitney non-parametric test (n = 4 per group); * P < 0.05, Ad-PGC-1a

cells treated with vs without Tempol by Mann—Whitney non-parametric test (n = 4 per group).
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Fig. 5. Tempol treatment partially restores insulin secretion by isolated islets from Ins-PGC-
la mice (grey bars) vs controls (white bars): (A) Western blot protein tests of isolated islets
with/without Tempol, with graph showing quantifications by group; and (B) GSIS in islets
with/without Tempol. Results are means = SD. * P < 0.05, Ins-PGC-1a vs control mice by
Mann-Whitney non-parametric test (n = 4 per group); ¥ P < 0.05, Ad-PGC-1a islets treated

with vs without Tempol by Mann—Whitney non-parametric test (n = 4 per group).



