
Connexin36 contributes to INS-1E cells survival
through modulation of cytokine-induced oxidative
stress, ER stress and AMPK activity
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Cell-to-cell communication mediated by gap junctions made of Connexin36 (Cx36) contributes to pancreatic b-cell function. We
have recently demonstrated that Cx36 also supports b-cell survival by a still unclear mechanism. Using specific Cx36 siRNAs or
adenoviral vectors, we now show that Cx36 downregulation promotes apoptosis in INS-1E cells exposed to the pro-inflammatory
cytokines (IL-1b, TNF-a and IFN-c) involved at the onset of type 1 diabetes, whereas Cx36 overexpression protects against this
effect. Cx36 overexpression also protects INS-1E cells against endoplasmic reticulum (ER) stress-mediated apoptosis, and
alleviates the cytokine-induced production of reactive oxygen species, the depletion of the ER Ca2þ stores, the CHOP
overexpression and the degradation of the anti-apoptotic protein Bcl-2 and Mcl-1. We further show that cytokines activate the
AMP-dependent protein kinase (AMPK) in a NO-dependent and ER-stress-dependent manner and that AMPK inhibits Cx36
expression. Altogether, the data suggest that Cx36 is involved in Ca2þ homeostasis within the ER and that Cx36 expression is
downregulated following ER stress and subsequent AMPK activation. As a result, cytokine-induced Cx36 downregulation elicits
a positive feedback loop that amplifies ER stress and AMPK activation, leading to further Cx36 downregulation. The data reveal
that Cx36 plays a central role in the oxidative stress and ER stress induced by cytokines and the subsequent regulation of AMPK
activity, which in turn controls Cx36 expression and mitochondria-dependent apoptosis of insulin-producing cells.
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The fine-tuning of insulin secretion in response to nutrient
stimulation requires a tight coordination of pancreatic b-cells,
which is achieved by multiple mechanisms.1,2 The direct
intercellular communication provided by connexin-made
gap junctions is key to integrate individual cells into
coordinated multicellular units.1,2 Gap junction-mediated
intercellular communication also modulates apoptosis in a
variety of systems, even though the effect may be anti- or pro-
apoptotic, depending on the connexin isoform and the cell
type.3 We recently reported that mice lacking Connexin36
(Cx36), the sole connexin expressed in b-cells,1,2 are
sensitized to cytotoxic drugs and cytokines, whereas mice
overexpressing Cx36 in b-cells are more resistant to these
insults.4 However, the molecular mechanism of this protection
remains to be established.

Type 1 diabetes (T1D) originates from the autoimmune
destruction of pancreatic b-cells, mostly through apoptosis
induced by pro-inflammatory Th1 cytokines (interleukine-1
beta (IL-1b), tumor necrosis factor alpha (TNF-a) and
interferon gamma (IFN-g)) and other pro-apoptotic mediators

released by or expressed at the surface of the immune cells
infiltrating the islets of Langerhans.5 Increasing evidence
suggests a combined involvement of endoplasmic reticulum
(ER) stress, oxidative stress and mitochondrial dysfunction in
the induction of b-cell apoptosis,6–8 as per the so-called
intrinsic pathway.9 This pathway is characterized by the
permeabilization of the outer mitochondrial membrane,
leading to the leakage of mitochondrial proteins such as
cytochrome c, which, after association with cytosolic proteins,
activate the downstream caspases that ultimately trigger
apoptosis.10,11 We recently showed that the C/EBP homo-
logous protein (CHOP) and the anti-apoptotic proteins Bcl-2
and Mcl-1 are key to the regulation of this pathway in b-cells.12

Here, we have investigated the molecular mechanism
linking Cx36 signaling to the intrinsic pathway. We show that
exposure to cytokines, particularly IL-1b, reduces Cx36
expression in insulin-secreting cell lines and primary b-cells.
This effect is mediated by the Ca2þ -dependent activation
of the AMP-activated protein kinase (AMPK), a metabolic
stress-sensing protein kinase responsible for coordinating
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metabolism and energy demands.13 In turn, AMPK inhibits the
CREB-regulated transcription coactivator 2 (Crtc2), leading to
a decrease in the promoter activity of the Cx36 gene GJD2.
We further document that low levels of Cx36 increase the
effects of ER stress and AMPK activation, leading to a further
downregulation of Cx36 and enhanced b-cell apoptosis.
The data provide evidence that Cx36 modulates ER Ca2þ

homeostasis and molecular components of the intrinsic
mitochondrial pathway of apoptosis, which ultimately regulate
the death of insulin-producing b-cells.

Results

Cytokines reduce Cx36 expression and function in
insulin-producing cells and primary mouse islets. To
evaluate the effect of the pro-inflammatory cytokines on
Cx36 expression, insulin-producing cells and primary mouse
islets were treated with IL-1b, TNF-a and IFN-g, alone or in
combination. Supplementary Figure S1 shows that a 24-h
exposure to 1000 U/ml TNF-a or 100 U/ml IFN-g did not affect
insulin-secreting cells viability. In contrast, 10 U/ml IL-1b
significantly increased insulin-secreting cells apoptosis in
both primary islets and insulin-producing cell lines
(Supplementary Figure S1). The combination of TNF-a and
IFN-g significantly decreased viability levels in all models,
and the addition of IFN-g potentiated the negative effect of
IL-1b (Supplementary Figure S1). We then studied the Cx36
mRNA regulation in the same conditions and observed that
Cx36 mRNA levels are closely correlated with cell survival in
all models (Figure 1a). TNF-aþ IFN-g also decreased Cx36
protein levels, and IFN-g potentiated the effect of IL-1b alone,

both in INS-1E cells and primary mouse islets (Figures 1b
and c). IL-1b decreased the protein levels of Cx36 in a dose-
dependent manner (Figure 1d). Time-course experiments
further revealed that IL-1bþ IFN-g time-dependently
decreased the Cx36 protein expression in INS-1E cells
(Figure 1e). Consistently, a 24-h cytokine treatment
decreased the typical punctate immunostaining of Cx36 in
INS-1E cells (Figure 1f). These conditions also resulted in a
significant decrease in both the extent and the incidence of
INS-1E coupling, as evaluated by the intercellular exchange
of the gap junction tracer Lucifer Yellow (Table 1).

The levels of Cx36 influence apoptosis and the
production of reactive oxygen and nitrogen species in
INS-1E cells. To investigate the involvement of Cx36 in
cytokine-induced apoptosis, we used siRNA and adenoviral

Figure 1 Pro-inflammatory cytokines downregulate Cx36 in b-cells. (a) Cx36 over Rpl27 transcript levels in INS-1E cells, MIN6-B1 cells and primary mouse islets cultured
for 24 h in the presence or absence (ctrl) of IL-1b (10 U/ml), TNF-a (1000 U/ml) and/or IFN-g (100 U/ml), alone or in combination as indicated. Data are mean±S.E.M. of 4–6
independent experiments. (b) Upper panel: representative western blot analysis of Cx36 and tubulin in INS-1E cells cultured for 24 h in the presence or absence (ctrl) of IL-1b,
TNF-a and/or IFN-g, alone or in combinations. Lower panel: quantitative assessment of five independent experiments. (c) Western blot analysis and quantitative assessment
of Cx36 over tubulin in primary rat islets cultured for 24 h in the presence of IL-1bþ IFN-g. n¼ 4. (d) Western blot analyses and quantitative assessment of Cx36 over tubulin
in INS-1E cells cultured for 24 h in the presence of increasing concentrations of IL-1b as indicated. (e) Time-course analysis of Cx36, CHOP and tubulin in INS-1E cells cultured
in the presence of IL-1bþ IFN-g (representative of three independent experiments). (f) Cx36 immunolabeling dots (white dots) and DAPI (nuclear staining in blue) of INS-1E cells
cultured in the presence of IL-1bþ IFN-g for 24 h. White bar: 10mm. *Po0.05; **Po0.01; ***Po0.001 versus ctrl #Po0.05; ###Po0.0001 versus IL-1b or TNF-a alone

Table 1 Dye coupling of INS-1E cells after a 24 h exposure to either IL-1b or
metformin

Condition Extent of
couplinga

Incidence
of

couplingb

Coupling
indexc(a.u.)

Number of
microinjections

Control 2.5±0.2 28 (65.1) 162.1 43
IL-1b 1.5±0.1*** 12 (41.4)* 60.0 29
Metformin 1.4±0.1*** 8 (32.0)** 43.5 25

aData are mean±S.E.M. values of the number of cells featuring labeling by
Lucifer yellow, in the number of microinjections indicated in the right column.
***Po0.001 compared with the value in control cells, as evaluated by ANOVA.
bNumber and (proportion) of injections resulting in the intercellular transfer of
the dye. *Po0.04, **Po0.008 versus control as evaluated by the non
parametric w2-test.
cGiven by average extent w percentage of coupling.
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transfer strategies to modulate its content. Two distinct
siRNAs targeting Cx36 mRNA induced a 60% decrease
in Cx36 mRNA and protein levels in INS-1E cells
(Supplementary Figures S2 and 3a). This knockdown did
not alter the apoptosis of control or TNF-a-treated INS-1E
cells (Figure 2b) but significantly increased the apoptosis
induced by IL-1b, TNF-aþ IFN-g or IL-1bþ IFN-g, and
sensitized the INS-1E cells to IFN-g alone (Figure 2b).
Conversely, the adenoviral-mediated overexpression of
Cx36 (Figure 2c) significantly reduced the apoptosis induced
by TNF-aþ IFN-g, IL-1bþ IFN-g or a combination of the three
cytokines (Figure 2d).

A 15-h IL-1bþ IFN-g treatment did not trigger the formation
of superoxide species (data not shown), but stimulated the
production of ROS–RNS, which was fully inhibited by 1 mM of
the antioxidant N-acetyl-cystein (Figures 2e and f). Knock-
down of Cx36 increased IL-1bþ IFN-g-induced ROS–RNS
production (Figure 2e), whereas the overexpression of Cx36
prevented it (Figure 2f). As a positive control for ROS–RNS
and superoxide production, INS-1E cells were treated for
30 min with 200 mM of the ROS inducer pyocyanin, which
induced a 3–5 fold increase in ROS–RNS production.

Cx36 modulates the mitochondrial pathway of apoptosis.
Release of mitochondrial cytochrome c into the cytoplasm
is a known feature of the mitochondrial pathway of

apoptosis.14 We assessed cytochrome c distribution by
immunofluorescence in INS-1E cells treated with IL-1bþ
IFN-g for 15 h and observed four distinct patterns (Figure 3a).
Live (L) cells featured the typical mitochondrial network
staining, whereas apoptotic cells, identified by nucleus
morphology using DNA staining by Hoechst, displayed either
a diffuse cytosolic cytochrome c staining (A), a discrete
pattern typical of fragmented mitochondria that still retain
cytochrome c (B), or occasionally no cytochrome c staining
(C) (Figure 3a, left panel). Quantitative analysis revealed
that about 60% of the apoptotic cells featured cytosolic
cytochrome c and this fraction was significantly reduced in
cells overexpressing Cx36 (Figure 3a, right panel). Western
blots of Bcl-2 and Mcl-1 confirmed that the levels of these
proteins were significantly decreased after a 15-h treatment
with IL-1bþ IFN-g (Figures 3b and c). Cx36 knockdown using
siCx36#2, which was the most efficient siRNA (Figures 2 and
3), significantly decreased basal Mcl-1 and Bcl-2 levels and
tended to aggravate the cytokine-induced Mcl-1 and Bcl-2
decrease (Figure 3b). In contrast, Cx36 overexpression
restored Bcl-2 levels and increased Mcl-1 levels in cells
treated with IL-1bþ IFN-g (Figure 3c).

Cx36 overexpression increases ER Ca2þ store and
prevents ER Ca2þ store depletion upon cytokine
treatment. We previously showed that cytokines induce a

Figure 2 Changes in Cx36 expression modulate the cytokine-induced ROS–RNS production and apoptosis of INS-1E cells. (a, b and e) INS-1E cells were transfected with
a control siRNA (siCtrl) or two different Cx36 siRNAs (siCx36#1 and #2). (c, d and f) INS-1E cells were infected or not (NI) with a control adenovirus (Ad-GFP) or a rat Cx36
adenovirus (Ad-Cx36) at various multiplicity of infection (MOI), as indicated. (a and c) Western blot analysis of Cx36 over tubulin levels. (b and d) Prevalence of apoptosis was
evaluated by Hoechst–PI staining in cells treated or not (ctrl) for 24 h with IL-1b, TNF-a and/or IFN-g, alone or in combination, as indicated. (e and f) ROS–RNS production was
evaluated in live cells treated for 15 h with IL-1bþ IFN-g, together or not with 1mM N-acetyl cystein (NAC), or in cells treated for 30 min with 200mM pyocyanin (pyo).
*Po0.05, **Po0.01, ***Po0.001 versus ctrl. #Po0.05, ##Po0.01 versus siCtrl-transfected or NI condition
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depletion of the ER Ca2þ stores,15 leading to ER stress and
b-cell apoptosis.12,16 In an attempt to measure ER Ca2þ ,
INS-1E cells loaded with the cytosolic Ca2þ indicator Fura-2
were maintained in KRBH medium without Ca2þ and treated
with 5 mM thapsigargin to induce the leaking of
the cation out of the ER.15 This resulted in a rapid rise of
cytosolic [Ca2þ ]i, which depends on the Ca2þ concentration
in this organelle (Figure 4a).15 This first phase was followed
by a second ‘descending’ phase where [Ca2þ ]i returned to
the basal level, which directly reflects the Ca2þ buffering/
export capacities of the cells.17,18 INS-1E cells treated for
15 h with IL-1bþ IFN-g displayed a reduced thapsigargin-
induced [Ca2þ ]i increase (Figure 4a), indicating that cyto-
kines depleted the ER Ca2þ stores as previously shown.15

Of note, Ca2þ buffering/export was slower in cytokine-
treated cells, suggesting that cytokines also affected the
cytosolic buffering capacity of the cells. Cx36 overexpression
significantly increased the amplitude of the thapsigar-
gin-induced release of Ca2þ from the ER and prevented
the overall release of ER Ca2þ in cytokine-treated cells
(Figure 4a). However, Cx36 overexpression did not have an
impact on the slope of the second ‘descending’ phase of the
curve, suggesting that Cx36 overexpression did not alter the

kinetics of Ca2þ buffering/export, in control or in cytokine-
treated conditions (Figure 4a).

Interestingly, Cx36 knockdown sensitized, whereas Cx36
overexpression protected INS-1E cells against apoptosis
induced by a 15-h treatment with the chemical ER stressors
thapsigargin (100 nM) or tunicamycin (5mg/ml) or the Ca2þ

ionophore A23187 (1mM) (Supplementary Figures S3a and b).
Western blot analyses of the ER-stress marker CHOP
revealed that Cx36 knockdown aggravated the cytokine-
induced CHOP overexpression (Figure 4b and Supplementary
Figure S3c), whereas Cx36 overexpression reduced it
(Figure 4c and Supplementary Figure S3d). Similar effects
were observed on thapsigargin-induced CHOP overexpression
(Figures 4d and e). Of note, the amounts of cleaved caspase 3
closely correlated with those of CHOP in all experiments
(Figures 4b–e and Supplementary Figures S3e and f).
Altogether, these data indicate that Cx36 modulates in parallel
ER Ca2þ levels, ER stress and apoptosis of INS-1E cells.

Cx36 expression is regulated by ER stress and AMPK.
IL-1bþ IFN-g stimulated the phosphorylation of AMPK
(Figure 5a and Supplementary Figure S4a) in INS-1E
cells and simultaneously downregulated Cx36 (Figure 5a).

Figure 3 Changes in Cx36 expression modulate the mitochondrial pathway of apoptosis in INS-1E cells. (a) INS-1E cells were infected or not (NI) with Ad-Cx36 at MOI 2.
Representative cytochrome c immunostaining (red) and DAPI (blue nuclear staining) upon IL-1bþ IFN-g-induced apoptosis (left panel) and quantitative assessment of
picnotic nuclei and cytosolic or mitochondrial cytochrome c staining pattern (right panel). White bar: 5mm. L: live cell; A: apoptotic cell with cytochrome c release; B: apoptotic
cell without cytochrome c release; C: apoptotic cell without cytochrome c. (b) INS-1E cells were transfected with a control siRNA (siCtrl) or two different Cx36 siRNA (siCx36#1
and #2) and treated for 15 h with IL-1bþ IFN-g. Representative western blot for Bcl-2 and Mcl-1 over tubulin and quantitative assessment (means±S.E.M.) of Mcl-1/tubulin
(left panel) and Bcl-2/tubulin (right panel) levels from five independent experiments. *Po0.05, **Po0.01 versus ctrl. #Po0.05 versus respective siCtrl condition. (c) INS-1E
cells were infected or not (NI) with a control virus (Ad-GFP) or a Cx36 virus (Ad-Cx36) and treated for 15 h with IL-1bþ IFN-g. Representative western blot for Bcl-2 and Mcl-1
over tubulin and quantitative assessment (means±S.E.M.) of Mcl-1/tubulin (left panel) and Bcl-2/tubulin (right panel) levels from six independent experiments (Ad-GFP and
Ad-Cx36 at MOI2). *Po0.05, **Po0.01, ***Po0.01 versus ctrl. #Po0.05 versus respective NI condition
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Co-treatment with 20 mM of the AMPK inhibitor compound C
abolished the effect of IL-1b or IL-1bþ IFN-g on both AMPK
phosphorylation and Cx36 downregulation (Figure 5b).
Metformin and AICAR, two compounds known to activate
AMPK, also decreased Cx36 expression in INS-1E cells
(Supplementary Figure S4b) and compound C blocked
all these effects (Supplementary Figures S4c and d). In
agreement with these data, metformin reduced the coupling
between INS1-E cells (Table 1). AMPK inhibition using an
adenovirus allowing the overexpression of a dominant-
negative form of the kinase (Ad-DN-AMPK) also prevented
the effect of both metformin and IL-1bþ IFN-g on the levels of
Cx36 mRNA (Supplementary Figure S4e) and protein
(Figure 5c). As a positive control, we observed that the
known AMPK target gene Liver-type pyruvate kinase (L-PK)
was regulated like Cx36 after both AMPK activation and
inhibition (Supplementary Figure S4e).

We then studied the mechanisms of cytokine-induced
AMPK activation. Figure 5d shows that the cytokine-induced
AMPK phosphorylation and Cx36 downregulation were both
inhibited by 1 mM L-NAME (Figure 5d), suggesting an
involvement of NO. In line with these data, 100 mM sodium
nitroprusside (SNP) mimicked the effect of cytokines on
Cx36 levels and, to a limited extent, on AMPK phosphoryla-
tion (Figure 5d). Cytokines were able to phosphorylate
AMPK and decrease Cx36 despite the presence of 50 mM
the pan-caspase inhibitor Z-VAD-FMK (Figure 5d), indicat-
ing that NO production and the regulation of AMPK and
Cx36 are independent and precede apoptosis. Time-course
analyses revealed that thapsigargin (100 nM), but not
tunicamycin (data not shown), controlled Cx36, CHOP
expression and AMPK phosphorylation within a same
time-window (Figure 5e). The Ca2þ ionophore A23197
(1 mM) mimicked the effects of thapsigargin on the

Figure 4 Changes in Cx36 expression modulate ER stress, CHOP and activate caspase 3 levels in INS-1E cells. (a) INS-1E cells were infected or not (NI) with a
control adenovirus (Ad-GFP) or a rat Cx36 adenovirus (Ad-Cx36) at various multiplicity of infection (MOI), as indicated. Cells were then treated or not (ctrl) for 15 h with
IL-1bþ IFN-g (cyt), loaded with the cytosolic calcium-dye Fura-2 and monitored in Ca2þ -free KRBH in presence of the SERCA inhibitor thapsigargin (Tg; 5 mM, arrow).
Left panel: data are representative traces. Right panel: quantitative assessment of the cytosolic Ca2þ rise calculated by the area under the curve (A.U.C.) of four
independent experiments. *Po0.05 versus ctrl condition; ##Poversus respective NI condition. (b–d) Representative western blot for CHOP and cleaved caspase
3 over tubulin levels in INS-1E cells transfected with a control siRNA (siCtrl) or two different Cx36 siRNA (siCx36#1 and #2) and treated for 24 h with IL-1bþ IFN-g
(b) or for 15 h with thapsigargin (Tg: 100 nM; (d)). (c–e) Representative western blot for CHOP and cleaved caspase 3 over tubulin levels in INS-1E cells infected or not
(NI) with a control adenovirus (Ad-GFP) or a rat Cx36 adenovirus (Ad-Cx36) at various MOI and treated for 24 h with IL-1bþ IFN-g (c) or for 15 h with thapsigargin
(Tg: 100 nM; (e))
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expression of Cx36 and CHOP and on the phosphorylation
of AMPK (Figure 5f), suggesting that cytosolic Ca2þ as a
plausible link between the different conditions that control
Cx36 expression.

AMPK phosphorylation/activation is controlled by several
kinases.19 The Ca2þ -activated Ca2þ /calmodulin-dependent
kinase kinases (CaMKKs) inhibitor STO-60920 partly blocked
the effects of IL-1bþ IFN-g, thapsigargin (100 nM) and
A23187 (1 mM), but not metformin (1 mM), on AMPK
phosphorylation and Cx36 levels (Figure 5g). In addition,
transient overexpression of a constitutively active form of
CaMKKb, but not CaMKKa (Supplementary Figure S5a),
increased the basal levels of P-AMPK and potentiated the
effects of IL-1bþ IFN-g, thapsigargin and A23187 on these
levels (Figure 5h and Supplementary Figure S5b), enhan-
cing the downregulation of Cx36 (Figure 5h and
Supplementary Figure S5c). In contrast, LKB1 knockdown
using two siRNAs (Supplementary Figure S6a) did not affect
the downregulation of Cx36 induced by IL-1bþ IFN-g,

thapsigargin or A23187 (Supplementary Figures S6b–d),
whereas it partially blocked the effects of IL-1bþ IFN-g,
thapsigargin and A23187 on AMPK phosphorylation
(Supplementary Figures S6b and c). Collectively, these
experiments suggest that both LKB1 and CaMKKb are
involved in the cytokine-induced AMPK phosphorylation and
that only CaMKKb-mediated AMPK phosphorylation selec-
tively leads to Cx36 downregulation.

Cytokine-induced Cx36 downregulation triggers a
positive feedback loop of AMPK activation. Cx36
downregulation aggravates ER stress (Figure 3), and
cytokine-induced ER stress stimulates AMPK phosphoryla-
tion, leading to Cx36 downregulation (Figure 5). We tested
the effect of Cx36 knockdown or overexpression on
cytokine-induced AMPK phosphorylation. Cx36 knockdown
increased cytokine-induced P-AMPK levels, whereas Cx36
overexpression slightly decreased the P-AMPK levels
(Figures 6a and b).

Figure 5 Cytokine-induced Cx36 downregulation requires AMPK activation in INS-1E cells. (a) Time-course analyses of P-AMPK, AMPK, Cx36 and tubulin levels in INS-
1E cells treated with IL-1bþ IFNg. (b) Western blot of P-AMPK, AMPK, Cx36 and tubulin levels in INS-1E cells cultured for 24 h in the presence or absence (ctrl) of IL-1b or
IL-1bþ IFNg (cyt), alone or in combination with the AMPK inhibitor compound C (20 mM). (c) INS-1E cells were infected with a control Ad-GFP virus or a dominant-negative
AMPK virus (Ad-DN-AMPK) and cultured for 24 h in the absence (ctrl) or presence of metformin (met; 1 mM) or IL-1bþ IFNg (cyt). (d) Representative western blot of iNOS,
P-AMPK, AMPK, Cx36 and tubulin in INS-1E cells treated for 24 h with IL-1bþ IFN-g (cyt), alone or in combination with 1 mM L-NAME or 50 mM Z-VAD, or 100mM SNP or
1 mM metformin (met). (e and f) Time-course or dose-response analyses of P-AMPK, AMPK, Cx36 and CHOP reveal that thapsigargin and A23187 stimulated AMPK
phosphorylation and Cx36 reduction in INS-1E cells. (g) Representative western blot of P-AMPK, AMPK, Cx36 and tubulin levels in INS-1E cells treated with IL-1b,
IL-1bþ IFN-g (cyt), thapsigargin (Tg), A23187 (A23) or metformin (met) for 16 h, together with DMSO or the CaMKKs inhibitor STO-609. (h) Representative western blot of
P-AMPK, AMPK, Cx36 and tubulin in INS-1E cells transfected with an empty vector (ctrl) or vectors encoding either CaMKKa or CaMKKb, and treated for 15 h with
IL-1bþ IFN-g (cyt), thapsigargin (Tg) or A23187 (A23)
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Cytokines inhibit Cx36 transcription via a cAMP
response element in the GJD2 promoter. The stability of
the Cx36 transcript was not altered by a 15-h exposure
to either 1 mM metformin or 50 U/ml IL-1b, as indicated
by the time-course treatments with 5 mg/ml actinomycin D,

suggesting that the AMPK-dependent control of Cx36 occurs
at the transcriptional level (Figure 7a).

To identify the region of the Cx36 gene responsible for the
AMPK effect, INS-1E cells were transiently transfected with
four fragments of the promoter of the human Cx36 gene GJD2
and then exposed for 24 h to either 1 mM metformin, 50 U/ml
IL-1b or 10 U/ml IL-1bþ 100 U/ml IFN-g. All constructs, but the
pGL3-316, displayed a 20–30% reduction in the response to
both metformin and cytokines. Mutation of a cAMP response
element (CRE) involved in the transcriptional activity
of GJD221,22 restored the activity of the GJD2 promoter in
response to all treatments (Figure 7b). AMPK hampers CRE
activities by inhibiting the nuclear translocation of the
Crtc2.23,24 Transient overexpression of mouse Crtc2
(Figure 7c) stimulated the activity of the wild type GJD2
promoter but not that of the promoter containing the
CRE-mutated fragment (Figure 7d). Furthermore, Crtc2 over-
expression restored the Cx36 transcript levels to the control
value in INS-1E cells treated with IL-1bþ IFN-g (Figure 7e).

Discussion

We have previously shown that loss of the native gap junction
protein Cx36 sensitizes pancreatic b-cells to death in mice
models of hyperglycemia induced in vivo by the administration
of either alloxan or streptozotocin, and that, conversely, the
experimental overexpression of Cx36 protects against these
insults.4 Cx36 also protects pancreatic b-cells in vitro against
apoptosis induced by lipids22,25 and cytokines.4 Although
these studies suggest a common pathway for Cx36-mediated
protection against various cytotoxic insults both in vitro and
in vivo, the molecular mechanisms activating this pathway
remain to be unraveled. The aim of this study was to identify

Figure 6 Changes in Cx36 expression modulate ER stress-induced
phosphorylation of AMPK in INS-1E cells. (a) Representative western blot and
quantification of P-AMPK over AMPK levels in INS-1E cells transfected with a
control siRNA (siCtrl) or two different Cx36 siRNAs (siCx36#1 and #2) and treated
for 24 h with IL-1bþ IFN-g. (b) Representative western blot and quantification of
P-AMPK over AMPK levels in INS-1E cells infected or not (NI) with the Ad-GFP or
the Ad-Cx36 at various multiplicity of infection (MOI), as indicated, and treated for
24 h with IL-1bþ IFN-g. *Po0.05, **Po0.01 versus ctrl. #Po0.05 versus
respective siCtrl condition or NI condition

Figure 7 Crtc2 is involved in cytokine-induced inhibition of Cx36 transcriptional activity. (a) INS-1E cells were incubated for 2, 4 or 6 h in the absence (ctrl; black squares) or
presence of IL-1b (white squares) or metformin (white circles), together or not (t0) with the transcription inhibitor actinomycin D. Data are means±S.E.M. of Cx36/L27 mRNA
levels assessed by qPCR in three independent experiments. (b) INS-1E cells were cotransfected with a plasmid expressing the reporter gene luciferase under the control of
progressive deletions of the human GJD2 promoter, including one construct with a mutated CRE (pGL3-1079m). After transfection, cells were incubated for 24 h in absence
(control; black bars) or presence of metformin (gray bars), IL-1b (white bars) or IL-1bþ IFN-g (striped bars). Data are mean±S.E.M. of 4–7 independent experiments.
*Po0.05; **Po0.01 versus ctrl. (c) Quantitative RT-PCR analyses of Crtc2 over L27 mRNA levels in INS-1E cells transfected with a Crtc2-coding plasmid or a control empty
vector (ctrl). Data are mean±S.E.M. of four independent experiments. **Po0.01 versus respective empty vector transfection. (d) Luciferase activity in INS-1E cells
cotransfected with various GJD2 promoter constructs and a control empty vector (ctrl; black bars) or the Crtc2-coding plasmid (Crtc2; white bars). Data are mean±S.E.M. of
five independent experiments. *Po0.05; **Po0.01 versus empty vector transfection. (e) Quantitative RT-PCR analyses of Cx36 over L27 mRNA levels in INS-1E cells
transfected with a control plasmid (ctrl) or the Crtc2-coding plasmid (Crtc2) and treated or not (black bars) for 24 h with IL-1bþ IFN-g (white bars). Data are mean±S.E.M. of
four independent experiments. **Po0.01 versus untreated cells. #Po0.05 versus respective empty vector transfection
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these mechanisms, specifically those contributing to the b-cell
apoptosis induced by the pro-inflammatory cytokines involved
in the pathophysiology of type 1 diabetes.5 Here, we first
demonstrate that cytokines and chemical ER stressors
decrease the expression of Cx36 by downregulating the
transcription of the cognate GJD2 gene. This effect requires
the Ca2þ -mediated activation of AMPK by CaMKKb, and
the subsequent inhibition of Crtc2, a CREB cofactor that
modulates the activity of the GJD2 promoter. By altering the
expression of Cx36 using siRNA and adenoviral gene transfer
strategies, we then document that the knockdown of Cx36
sensitizes insulin-producing cells to the apoptosis induced by
pro-inflammatory cytokines (IL-1b, TNF-a and IFN-g),
whereas the overexpression of Cx36 protects against this
effect. We further document that these effects correlate with
oxidative stress. Thus, the knockdown of Cx36 increases the
cytokine-induced production of both ROS and NO, whereas
the overexpression of Cx36 prevents against this effect.
Although more studies are required to carefully assess the
impact of Cx36 on ER Ca2þ levels, the study of ER Ca2þ

release in the cytosol also suggest that Cx36 overexpression
increases the basal ER Ca2þ levels. As a result, Cx36
overexpression dampens the depleting effect of cytokines on
INS-1E cells and subsequent stress at the level of the ER.
Accordingly, Cx36 overexpression lessens the effects of
cytokines on ER stress-induced overexpression of CHOP,
degradation of anti-apoptotic proteins Mcl-1 and Bcl-2,

release of intra-mitochondrial cytochrome c, caspase 3
cleavage and, ultimately, apoptosis. Together, the activation
of the mitochondria-dependent apoptosis and the concurrent
downregulation of Cx36 following ER stress and the subse-
quent AMPK activation may contribute to the impairment of
the b-cell resistance to cytokines (Figure 8).

Cytokines trigger ER stress in b-cells in an NO-dependent
manner, through the downregulation of Serca2 and the
subsequent depletion of ER Ca2þ stores.15 Cytokines are
also known to stimulate AMPK activity in b-cells,26 but the
mechanisms underlying this activation remained unclear.
Here we show that AMPK activation requires the production of
NO, and can be achieved with thapsigargin but not with
tunicamycin, suggesting that the depletion of ER Ca2þ and
the subsequent increase in cytosolic Ca2þ concentration,
rather than the ER stress per se, trigger the activation of the
kinase. The activation of the AMPK complex is controlled by
several upstream kinases,13 including the constitutively active
kinase LKB119,27–29 and the Ca2þ -activated CaMKKs.19,30,31

Our data demonstrate that cytokines and thapsigargin
phosphorylate AMPK via both LKB1 and CaMMKb, but that
only the latter kinase controls the expression of Cx36 in
INS-1E cells. This discrepancy between AMPK and Cx36
regulation may be due to the fact that b-cells express
both AMPKa1 and AMPKa2,32 two isoforms with partly
redundant actions, but different localizations32 and preferen-
tial targets.33–35 The negative effect of AMPK on Cx36
transcriptional activity is mediated by inhibition of Crtc2, and
it could be that only a CaMKKb-activated pool of AMPK is
inhibiting Crtc2 and Cx36 expression.

We have previously shown that diabetogenic conditions
such as high glucose, palmitate and/or oxidized LDL particles
downregulate the expression of the Cx36 gene GJD2 through
a cAMP/PKA-dependent overexpression of the repressor
ICER-1/ICER-1g.21,36 The present study unveils a novel
pathway whereby cytokines downregulate Cx36 expression
through a Ca2þ - and CaMMKb-dependent activation of
AMPK. We further document that the levels of AMPK, Cx36
and cell apoptosis are tightly related. Our data extend the
notion that a persistent activation of AMPK leads to b-cell
apoptosis, which has been suggested to involve the c-jun
N-terminal kinase37,38 as well as the anti-apoptotic mTOR
pathways.39 We propose that Cx36 downregulation is an
additional pro-apoptotic mechanism explaining the deleter-
ious impact of sustained AMPK activation on b-cell survival.
Strikingly, the downregulation of Cx36 triggers a feedback
loop, whereby the decreased connexin expression enhances
the cytokine-induced ER stress, the activation of AMPK
and the overexpression of CHOP, leading to further Cx36
downregulation and, eventually, apoptosis (Figure 8).

The sequence of events induced by cytokines leading
to b-cell apoptosis is still incompletely understood. Here,
we observe that Cx36 overexpression decreases the cytokine-
induced production of ROS, but that neither the knockdown
nor the overexpression of Cx36 influences the basal and the
cytokine-induced production of NO (data not shown).4 This
indicates that the effect of Cx36 on ROS–RNS production
occurs downstream the generation of NO. Furthermore, since
Cx36 overexpression protects INS-1E cells against the
thapsigargin-induced apoptosis, the cytokine-induced ROS

Figure 8 Cx36 has a central role in cytokine-induced ER stress, AMPK
regulation and apoptosis. Pro-inflammatory cytokines stimulate NO production,
leading to ER stress and increased CHOP expression. The ER stress-mediated
[Ca2þ ]I increase promotes CaMKKb activation, resulting in AMPK phosphorylation,
inhibition of Crtc2 and the subsequent Cx36 downregulation. The decline in Cx36
levels aggravates ER stress, leading to increased CHOP overexpression, which in
turn facilitates the degradation of the anti-apoptotic proteins Bcl-2 and Mcl-1,
leading to cytochrome c release and, eventually, apoptosis. In a feedback loop, the
reduced Cx36 levels facilitate AMPK phosphorylation, which further contributes to
decrease in the levels of Cx36 and to worsening of the ER stress
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production is likely to be secondary to the release of ER Ca2þ

and to the ensuing ER stress. Our data suggest that the
cytosolic concentration of free Ca2þ has a central role in the
cross talk between ER stress, AMPK activity and Cx36
signaling and regulation. This is consistent with previous
studies showing a critical role of the cation in the activation of
ER stress, the generation of ROS, the control of mitochondrial
function40 and the activation of AMPK.41 Cx36 overexpres-
sion increases the basal Ca2þ stores of ER and prevents their
depletion after exposure to cytokines (present data), whereas
loss of Cx36 impairs the intercellular synchronization of Ca2þ

transients,42–45 whose generation requires proper ER Ca2þ

stores.46 The homeostasis of ER Ca2þ is controlled by many
factors, including inositol 1,4,5-trisphosphate (IP3), which can
permeate gap junctions and contribute to mitochondrial apop-
tosis.47 Therefore, it is plausible that, by allowing the intercellular
diffusion of Ca2þ and/or IP3, Cx36 channels achieve a sufficient
dilution of harmful signals across the population of coupled cells,
thus preventing the activation of mitochondrial apoptosis.4

Consistent with this hypothesis, Cx36 specifically hampers the
intrinsic mitochondrial pathway of apoptosis by modulating
the effect of cytokines on the Ca2þ stores of the ER and on the
expression of the CHOP, Bcl-2 and Mcl-1 proteins. These data
further confirm our previous findings that CHOP has an
important role in cytokine-induced apoptosis of insulin-producing
cells by altering the stability of the Bcl-2 and Mcl-1 proteins.12

Overall, our data document that, by preserving the ER
Ca2þ stores, Cx36-mediated intercellular communication
prevents the cytokine-mediated ER stress, the subsequent
activation of AMPK and the mitochondria-dependent apopto-
sis of INS-1E cells (Figure 8). Altogether, our data underscore
the novel, central roles of AMPK and Cx36 in the pro-apoptotic
events leading to b-cell apoptosis. In this scenario, innovative
therapeutic approaches to interfere with the b-cell destruction
in the context of T1D should benefit of the association of drugs
restricting AMPK activation and of drugs promoting the
expression and function of Cx36. The availability of novel
methods for the screening of such specifically targeted
drugs43,48 will be instrumental to test this exciting possibility.

Materials and Methods

Materials. The following chemicals were purchased from
Sigma-Aldrich NV/SA (Bornem, Belgium) and used as
indicated: A23187 (1mM), thapsigargin (100 nM or 5 mM),
tunicamycin (5mg/ml) and STO-609 (10 mM) were dissolved
in DMSO; NG-Methyl-L-arginine (L-NMMA, 1 mM), sodium
nitroprusside (SNP; 100mM) and N-acetyl-cystein (NAC;
1 mM) were dissolved in distilled water. The following
cytokines were used: recombinant human IL-1b (R&D systems,
Abingdon, UK) at 10 U/ml in experiments with INS-1E cells;
recombinant rat IFN-g (R&D systems) at 100 U/ml (7.2 ng/ml) in
experiments with INS-1E cells;15,16 recombinant human TNF-a
(R&D systems) at 1000 U/ml in all experiments. The concen-
trations of chemicals and cytokines were selected based on our
previous dose-response studies.15

Cells and islets. The rat insulinoma cell line INS-1E (kindly
provided by Professor Pierre Maechler, CMU, University of

Geneva) was maintained in complete RPMI 1640 medium,
as previously described.16,21 C57Bl6/J mice and male Wistar
rats (Janvier, St Berthevin, France) islets were isolated by
collagenase digestion followed by hand picking under a
stereomicroscope.16,21 Mouse and rat care, surgery and
euthanasia procedures were approved by the Centre Hospita-
lier Universitaire Vaudois (CHUV) and the Cantonal Veterinary
Office (Service de la Consommation et des Affaires Vétér-
inaires SCAV-EXPANIM).

RNA isolation and quantitative RT-PCR. Cells were
homogenized in Tripure Isolation Reagent (Roche Diagno-
stics AG, Rotkreuz, Switzerland) and total RNA was
extracted using the kit procedure. Transcripts (1 mg) were
reverse-transcribed using ImProm-II Reverse transcription
System (Catalys AG, Wallisellen, Switzerland). Quantitative
PCR was performed in a StepOne plus apparatus, using the
Applied Biosystems Fast SYBR Green Master mix (Life
Technologies Europe B.V., Zug, Switzerland). The primers
used for amplification are given in Supplementary Table S1.
Expression values were normalized to the ribosomal protein
L27 (Rpl27).

Immunofluorescence. INS-1E cells grown on glass cover-
slips were fixed for 5 min in � 20 1C acetone, air-dried, rinsed
in PBS and permeabilized for 1 h in PBS supplemented with
1.5% BSA and 0.1% Triton X-100 (full PBS). Cytochrome c
was immunostained on INS-1E cells fixed for 5 min in 4%
ice-cold PFA, rinsed in PBS and permeabilized for 1 h in full
PBS. In both cases, the coverslips were incubated overnight
at 4 1C in the presence of either a rabbit polyclonal
serum against Cx36 (dilution 1/100; Invitrogen) or a mouse
monoclonal against cytochrome c (1/1000; BD Biosciences,
Allschwil, Swizterland). Cells were then washed and further
exposed for 1 h to an appropriate Alexa fluor 488- or 555-
conjugated antibody (1/1000; Life Technologies Europe B.V.)
and photographed under fluorescence microscopy (Leica
Camera AG, Nidau, Switzerland). Quantitative assessment
of the membrane spots immunostained by the Cx36
antibodies was performed using the ImageJ software. Briefly,
30 images from 3 distincts experiments were first converted
to a 32-bit format and the signal-to-noise ratio was
determined by applying the Yen thresholding method.49

A binary image was then created and the pixel intensity of the
Cx36 signal was calculated. Data were normalized to the
number of cells in each image.

Transient transfection and promoter reporter assays.
INS-1E cells were transiently transfected using lipofectamine
2000 (Life Technologies Europe B.V.) as previously
described.22,36 The CaMKKa and b CDS plasmids cloned
in pCDNA3 were kindly provided by Dr Angela Woods (MRC
Clinical Science Centre, Imperial College, Hammersmith
Hospital, London, England). The mouse Crtc2 CDS plasmid
was purchased from Origene (OriGene Technologies, Rock-
ville, MD, USA). Promoter studies were performed using
various fragments of the promoter of the human Cx36 gene
GJD2, which was cloned in the pGL3-basic reporter plasmid,
as previously described.36 The Luciferase plasmids were
cotransfected with the internal control pRL-CMV encoding
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Renilla luciferase (Promega, Madison, WI, USA). The
transcriptional activity of GJD2 was assessed using the
Dual-Luciferase reporter assay system (Catalys AG) in a
Turner TD-20/20 Luminometer.21 The activity of the GJD2
promoter was normalized to that induced by the pRL-CMV
plasmid, which was cotransfected.

Western blot analysis. Cells were washed once with cold
PBS and immediately lysed in Laemmli buffer as previously
described.16,21 Lysates were resolved by SDS-PAGE and
transferred to a PVDF membrane. Immunoblot analyses
were performed as previously described,16,21 using the
following antibodies: rabbit polyclonal antibodies against
Cx36 diluted 1 : 200;21,36 rabbit polyclonal anti P-AMPKa1
and a2, diluted 1 : 1000; rabbit polyclonal anti-total AMP-
Ka1,a2, diluted 1 : 2000; rabbit polyclonal anti-LKB1, diluted
1 : 1000; polyclonal anti-cleaved caspase 3, diluted 1 : 1000
from Cell Signaling Boston, MA, USA; polyclonal anti-Bcl-2,
diluted 1 : 1000; polyclonal anti-CHOP/GADD153, diluted
1 : 1000 and polyclonal anti-Bax, diluted 1 : 1000; from Santa
Cruz Biotechnology, Santa Cruz, CA, USA; rabbit anti-rat
Mcl-1 (Biovision, LuBioScience GmbH, Lucerne, Switzer-
land) diluted 1 : 500; monoclonal anti-a-tubulin and horse-
radish peroxidase-conjugated goat anti-rabbit or anti-mouse
IgG (Sigma-Aldrich), diluted 1 : 5000.

RNA interference and adenoviral cell infection. Rat Cx36
Silencer Select pre-designed siRNA s132237 (siCx36#1) and
s132238 (siCx36#2) and rat LKB1 Silencer Select pre-designed
siRNA s163339 (siLKB1#1) and s163340 (siLKB1#2) were
from Applied Biosystems (Life Technologies Europe B.V.). The
Allstars Negative Control siRNA (Qiagen, Hombrechtikon,
Switzerland), which has no effect on b-cell gene expression
and viability,12,16,50 was used as a control. siRNA transfections
were conducted as previously described using lipofectamin
RNAiMax (Life Technologies Europe B.V.) and 30 nM siRNA.
The efficiency of transfection was 490% of the cells.12,16,50

The Control Ad-GFP and Ad-Cx36 viruses were generated
as previously described.21,22 Ad-DN-AMPK was a kind gift
from Professor Bernard Thorens, University of Lausanne,
Switzerland.51 All viral vectors were amplified and purified by
Vector Biolabs, Philadelphia, PA, USA. Adenoviral infections
were conducted as previously described.16,22,52

ROS and/or RNS and superoxide measurements. The
ROS–RNS and superoxide production were measured
using the total ROS and Superoxide Detection Kit (Enzo
Life Sciences AG, Lausen, Switzerland) as previously
described.25 Briefly, INS-1E cells were plated in 96-well
plates. Cells were transfected or infected as previously
described and then treated for 24 h with IL-1bþ IFN-g. As a
positive control, INS-1E cells were treated for 30 min with
200mM of the ROS inducer pyocyanin. INS-1E cells were
then washed once and incubated for 30 min in 100ml buffer
containing 2 mM oxidative stress detection reagent (green)
and 2mM superoxide detection reagent (orange). Fluores-
cence was quantified using the Synergy Mx Monochromator-
Based Multi-Mode Microplate Reader (BioTek AG, Luzern,
Switzerland) and fluorescein (Ex¼ 488 nm, Em¼ 520 nm)
and rhodamine (Ex¼ 550 nm, Em¼ 610 nm) filter sets.

Cytosolic calcium monitoring. Cells were washed once in
KRBH (20mM NaCl, 3.5mM KCl, 0.5mM NaH2PO4, 1.5mM
CaCl2, 5mM NaHCO3, 10mM HEPES and 5 mM glucose) and
incubated for 30min in the same solution supplemented with
3mM Fura-2/AM (Life Technologies Europe B.V.), in the dark
and at 37 1C. Loaded cells were washed in Ca2þ -free KRBH
containing 0.1mM EGTA and observed under a Zeiss inverted
microscope (x40 oil immersion fluorescence objective).
Fura-2AM was excited at 340/380nm with a Visichrome
holographic monochromator (Visitron Systems GmbH,
Puchheim, Germany) and emission fluorescence was monitored
at 510nm using a Hamamatsu Orca ER coded CCD Camera
(Hamamatsu, Solothurn, Switzerland). Images were treated with
MetaFluor (Molecular Devices France, St. Grégoire, France) to
evaluate the ratio of fluorescence emitted at 340 and 380nm.

Assessment of cell viability. The percentage of viable,
apoptotic and necrotic cells was determined using the DNA-
binding dyes propidium iodide (PI, 5mg/ml) and Hoechst
33342 (HO, 5mg/ml, Sigma-Aldrich).15 The cells were
examined by inverted fluorescence microscopy (Axiovert
200, Carl Zeiss, Zaventem, Belgium). A minimum of 500 cells
were counted in each experimental condition by two indepen-
dent observers, one of them unaware of the sample identity.

Cell coupling. Three-day-old cultures of INS-1E cells were
exposed for 24 h to RPMI 1640 medium supplemented with
either 10 U/ml IL-1b or 2 mM metformin. The dishes were then
transferred onto the heated (37 1C) stage of an inverted Zeiss
ICM35 microscope, and individual cells were microinjected
using glass pipettes containing 4% Lucifer Yellow CH (Sigma-
Aldrich, St Louis, MO, USA) in 10 mM Hepes-buffered (pH 7.2)
150 mM LiCl and square negative pulses of 0.1 nA amplitude,
900 ms duration and 0.5 Hz frequency. Coupling extent was
calculated after each injection by scoring the number of cells
containing the injected tracer. Coupling incidence was deter-
mined by calculating the percentage of injections resulting in
the cell-to-cell transfer of the tracers. Coupling index was given
by coupling extent� coupling incidence.

Statistical analysis. Data are presented as mean±S.E.M.
Comparisons were performed by two-tailed paired Student’s
t-test or by one-way ANOVA followed by t-tests with
Bonferroni correction for multiple comparisons. Coupling
incidence was compared by the w2-test. A P-value r0.05
was considered statistically significant.
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