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Abstract Pancreatic B-cell death in type 2 diabetes has
been related to p53 subcellular localisation and phosphor-
ylation. However, the mechanisms by which p53 is phos-
phorylated and its activation in response to oxidative stress
remain poorly understood. Therefore, the aim of this study
was to investigate mitochondrial p53 phosphorylation, its
subcellular localisation and its relationship with apoptotic
induction in RINmSF cells cultured under high glucose
conditions. Our results show that p53 phosphorylation in
the mitochondrial fraction was greater at ser392 than at

L. A. Flores-Lopez - M. Diaz-Flores - R. Garcia-Macedo -

M. Cruz - C. Ortega-Camarillo (D<)

Unidad de Investigacion Médica en Bioquimica, HE, Centro
Médico Nacional Siglo XXI. IMSS., Av. Cuauhtémoc 330, Col
Doctores, Del. Cuauhtémoc, México, DF, México

e-mail: clara.ortegacamarillo@gmail.com

L. A. Flores-Lopez

Posgrado en Biologia Experimental, Division de Ciencias
Bioldgicas y de la Salud, Universidad Auténoma
Metropolitana—Izt., Av. San Rafael Atlixco 186, Col. Vicentina,
Del. Iztapalapa, México, DF, México

A. Avalos-Rodriguez - M. Vergara-Onofre

Bioquimica de la Reproduccién, Depto. Prod. Agricola y
Animal, Universidad Auténoma Metropolitana—Xoch., Calz del
Hueso 1100, Col. Villa Quietud, Del. Coyoacan, México, DF,
México

A. Contreras-Ramos

Lab. de Biologia del Desarrollo y T. Exp, Hospital Infantil de
México Federico Gomez., Dr. Marquez 162, Col Doctores Del.
Cuauhtemoc, México, DF, México

M. Konigsberg

Division de Ciencias Bioldgicas y de la Salud, Depto. de
Ciencias de la Salud, Universidad Auténoma Metropolitana—
Izt., Av. San Rafael Atlixco 186, Col. Vicentina, Del. Iztapalapa,
México, DF, México

serl5. This increased phosphorylation correlated with an
increase in reactive oxygen species, a decrease in the Bcl-
2/Bax ratio, a release of cytochrome ¢ and an increase in
the rate of apoptosis. We also observed a decline in ERK
1/2 phosphorylation over time, which is an indicator of cell
proliferation. To identify the kinase responsible for phos-
phorylating p53, p38 mitogen-activated protein kinase
(MAPK) activation was analysed. We found that high
glucose induced an increase in p38 MAPK phosphorylation
in the mitochondria after 24-72 h. Moreover, the phos-
phorylation of p53 (ser392) by p38 MAPK in mitochondria
was confirmed by colocalisation studies with confocal
microscopy. The addition of a specific p38 MAPK inhibitor
(SB203580) to the culture medium during high glucose
treatment blocked p53 mobilisation to the mitochondria
and phosphorylation; thus, the release of cytochrome ¢ and
the apoptosis rate in RINmSF cells decreased. These results
suggest that mitochondrial p53 phosphorylation by p38
MAPK plays an important role in RINmSF cell death under
high glucose conditions.

Keywords Apoptosis - B-cell - High glucose -
Mitochondria - Oxidative stress - p53-p-ser392

Introduction

Dysfunctional and decreasing numbers of pancreatic -
cells are determining factors in the development of type 2
diabetes. A 60 % reduction in B-cell mass has been
reported to occur prior to any clinical manifestations of the
disease [1]. B-cell death is likely a consequence of intra-
cellular changes caused by chronic hyperglycaemia, spe-
cifically the increase in mitochondrial oxidative stress [2,
3] and the decreased expression of reactive oxygen species
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(ROS)-scavenging enzymes [4]. Apoptotic cell death has
also been reported in human pancreatic islets and insulin-
producing cell lines cultured in the presence of high
glucose (30 mM) and mitochondrial respiration inhibitors
[5, 6].

Oxidative stress generated as a consequence of chronic
hyperglycaemia activates multiple signalling pathways,
which in turn initiate phosphorylation cascades involving
kinases such as mitogen-activated protein kinase (MAPK)
family [extracellular signal-regulated kinase (ERK), c-jun
N-terminal kinase (JNK) and p38] [3, 7, 8]. These path-
ways regulate the ROS response and determine cell fate:
proliferation, differentiation, stress adaptation or apoptosis
[9]. Recent studies have demonstrated that the expression
and phosphorylation of ERK, JNK and p38 MAPK exac-
erbate endothelial dysfunction in advanced stage of dia-
betes [10]. Additionally, the activation of MAPKSs is
critical for cardiovascular dysfunction in diabetes [3, 11] as
well as in high glucose-induced cellular hypertrophy [12].
In particular, p38 MAPK activation is a fundamental
mechanism for B-cell apoptosis induced by free fatty acids
[13]. Other high glucose-activated kinases include DNA-
dependent protein kinase and ataxia telangiectasia mutated
(ATM) protein kinase [14, 15]. An important protein that is
susceptible to phosphorylation by any of these kinases is
p53, which plays an important role in B-cell apoptosis [16].

Protein p53 is a major regulator of cell proliferation and
apoptosis. Under physiological conditions, p53 is main-
tained under strict control through binding to Mdm2
(murine double minute 2), a ubiquitin ligase that facilitates
the proteasomal degradation of p53. Under stress condi-
tions such as chronic hyperglycaemia, p53 is rapidly sta-
bilised and activated through post-transcriptional
modifications [17-20], which appear to influence its par-
ticipation in B-cell apoptosis [13, 16]. In particular, phos-
phorylation of the amino and carboxyl terminal regions
plays a key role in defining p53 function. Another impor-
tant feature of p53 functional regulation is its subcellular
localisation. The p53 protein has been shown to mobilise to
the mitochondria in response to stress [21]. Previous results
from our group revealed an increase ROS, p53 mobilisation
to the mitochondria, altered membrane potential, cyto-
chrome c¢ release, and apoptosis when the pancreatic cell
line RINmSF was cultured in 30 mM glucose [16].

Despite existing studies related to the mechanisms of
p53 phosphorylation and its activation in response to oxi-
dative stress, these phenomena remain poorly understood
in hyperglycaemia-induced B-cell apoptosis. In this work,
we propose that the mitochondrial localisation of p53 is a
consequence of its activation and stabilisation via p38
MAPK. The aim of this study was to investigate mito-
chondrial p53 and p38 MAPK phosphorylation, the sub-
cellular localisation of p53 and its association with the
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apoptotic index in RINmSF cells cultured under high
concentrations of glucose.

Materials and methods
Reagents

RPMI-1640 medium, Hank’s balanced salt solution, tryp-
sin, EDTA, glucose, HEPES, KCl, EGTA, DTT, PMSF,
NaF, NaVO,, sucrose and mannitol were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Foetal
bovine serum (FBS), TRIzol, gentamicin and L-glutamine
were purchased from Invitrogen Corp. (Carlsbad, CA,
USA). Dichlorofluorescein diacetate (DCFH-DA), anti-
mouse IgG-Alexa 594, anti-rabbit IgG-Alexa 594 and
MitoTracker Green were obtained from Molecular Probes
(Eugene, OR, USA). Annexin V-FITC and propidium
iodide were purchased from Roche Applied Science
(México). Anti-p53 pAb 240, anti-phospho-serl5, anti-
phospho-p53-ser392, anti-p38 MAPK, anti-phospho-p38
MAPK, anti-ERK 1/2, anti-phospho-ERK 1/2, anti-Bcl-2,
anti-Bax, anti-Cox IV, anti-actin and anti-histone H1
antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). An ECL kit was obtained from GE
Healthcare (Piscataway, NJ, USA). Sequiblot-PVDF
membranes, Precision Plus protein standards and DC pro-
tein assay kit were purchase from Bio-Rad Laboratories
(Hercules, CA, USA). A First Strand cDNA Synthesis Kit
was obtained from Fermentas (MD, USA). A Light Cycler
Fast Start DNA Master PLUS SYBR Green I kit was
purchased from Applied Biosystems (Foster City, CA,
USA). All other analytical grade chemicals were obtained
from Merck (Darmstadt, Germany).

Cell culture

Rat RINmSF (insulin-producing; A.T.C.C) cells were cul-
tured in RPMI-1640 medium with 11 mM glucose (low
glucose, LG) supplemented with 10 % FBS (v/v), 1 mM
sodium pyruvate, 23.8 mM NaHCO3;, 2 mM glutamine and
20 pg/ml gentamicin at 37 °C in a 5 % CO, environment.
The cells were harvested and subcultured for 24, 48 and
72 h in RPMI-1640 with 30 mM glucose (HG). Passage 8
was used until 75 % confluency was achieved [16].

RNA extraction, cDNA synthesis and real-time PCR
(RT-PCR) analysis

Total RNA was purified from RINmSF cells (107 cells)
using TRIzol following the manufacturer’s instructions.
cDNA was synthesised from 5 pg of RNA using a first
strand cDNA synthesis kit; the material obtained was used
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for RT-PCR. The following p53 specific primers were used:
5'-GGACGACAGGCAGACTTTTC-3' (Tm = 59.85) and
3 - TTTTATGGCGGGACGTAGAC-5 (Tm = 59.96). RT-
PCR was performed in a Light Cycler 2.0 (Roche Molecular
Biochemicals, Mannheim Germany) in conjunction with a
Light Cycler Fast Start DNA Master PLUS SYBR Green I
Kit. The data were normalised to GAPDH. After amplifica-
tion, melting curves for each PCR product were obtained and
used to determine their specificity.

Apoptosis analysis
Flow cytometry

Cells were harvested in 2 mM PBS-EDTA, washed in
0.1 % BSA-PBS (w/v) and centrifuged at 200x g for 5 min.
Next, 100 pl of staining solution [20 pl Annexin V-FITC
(10 pg/ml) and 20 pl propidium iodide (PI, 50 pg/ml) in
1 ml HEPES buffer (10 mM HEPES, pH 7.4, 140 mM
NaCl, 5 mM CaCl,)] was added to the pellet followed by
incubation in the dark for 15 min. The samples were ana-
lysed by flow cytometry (BD FACSAria; Becton—Dickin-
son System & Co., San Jose, CA, USA) at an excitation
wavelength of 488 nm. The emitted light was split and
collected at 530 nm for FITC and 585 nm for PI. For each
run, 20,000 cells were required. The data were analysed
using FACSDIVA™ software (Becton—Dickinson).

DNA fragmentation

After treatment, the cells were harvested with PBS-EDTA
and washed twice with PBS. The cell pellet was lysed in
10 pl of buffer (20 mM EDTA, 50 mM Tris—HCI, pH 7.5,
1 % Igepal v/v) per 10%, stirred for 10 s and immediately
centrifuged for 5 min at 9,200xg and 4 °C. The superna-
tant was recovered, the pellet was resuspended with lysis
buffer and centrifuged, and the supernatants were unified.
Subsequently, 1 % SDS was added to the supernatant,
followed by incubation for 2 h with RNase (final concen-
tration: 5 pg/ul) at 56 °C, followed by digestion with
proteinase K (final concentration: 2 pg/pl) for 2 h at 37 °C.
DNA was precipitated with 0.5 volumes of 10 M ammo-
nium acetate and 2.5 volumes of absolute ethanol at
—20 °C overnight. The DNA was visualised on 1.3 %
agarose gels stained with ethidium bromide [22].

Measurement of reactive oxygen species (ROS)

Following high glucose exposure, RINmSF cells were
incubated in the presence of 10 uM 2',7'- dichlorofluores-
cein diacetate (DCFH-DA) for 30 min at 37 °C. After
incubation, the RINmSF cells were washed with HBSS,
trypsinised and resuspended in 1 % FBS-PBS (pH 7.4). The

DCF (dichlorofluorescein) fluorescence intensity was mea-
sured with a flow cytometer at excitation/emission wave-
lengths of 488/530 nm, analysing 20,000 cells in each run.

Subcellular fractionation

After treatment, the cells were harvested in PBS (2 mM
EDTA, pH 7.4), centrifuged at 250 x g for 5 min at 4 °C and
washed with PBS. 500 pl of cold buffer A (10 mM HEPES,
pH7.9,10 mM KCL, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
DTT, 0.1 mM PMSF, 50 mM NaF, 100 mM NaVO,) were
added; after 5 min at 4 °C, 20 pl of 10 % Igepal v/v were
added and samples were centrifuged at 16,500 x g for 1 min.
Both the pellet and the supernatant were recovered. The
nuclear integrity and purity were verified by staining with
0.1 % toluidine blue. The nuclear fraction was obtained
following a previously described method [23]. Mitochon-
drial and cytosolic fractions: 200 pl of 1 M mannitol and
50 pl of 1.25 M sucrose were added to the supernatants
obtained in the previous centrifugation, and the samples were
centrifuged at 10,000x g for 20 min at 4 °C. 40 pl of buffer
A were added to the resulting pellet (mitochondrial fraction),
and the supernatant (cytosolic fraction) was centrifuged at
15,000x g for 10 min at 4 °C; the resulting supernatant was
the cytosolic fraction. Cytosolic fractions were analysed for
glutamate dehydrogenase (GDH, mitochondrial marker)
activity [24] as a purity control. The protein concentration
was determined using DC protein assay kit, and the
remaining lysates were stored at —70 °C until use.

Western blot analysis

Forty microgram samples of total protein from different
subcellular fractions were subjected to 10 % SDS-PAGE
and electroblotted onto PVDF membranes overnight (40 V,
4 °C). The samples were incubated for 2.5 h with the
appropriate primary antibody (1:500 dilution; anti-p53 pAb
240, anti-phospho-p53-serl5, anti-phospho-p53-ser392,
anti-p38 MAPK, anti-phospho-p38 MAPK-Tyr182, anti-
ERK 1/2, anti-phospho-ERK 1/2, anti-Bcl-2, anti-Bax,
anti-cytochrome c, anti-Cox IV (cytochrome oxidase), anti-
actin or anti-histone H1). Next, the samples were incubated
with HRP-conjugated secondary antibodies (1:2,000), and
an enhanced chemiluminescence kit (ECL) was used to
develop the luminescent signal. Immunoreactive bands
were quantified by densitometric scanning, and the density
of the individual bands was calculated using a Kodak 1500
Imaging System and Kodak molecular imaging software.

Immunoprecipitation

The appropriate antibodies (anti-p53 or anti-Bax in a 5 pl
volume) were added to 200 pg of total protein and
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incubated for 1 h at 4 °C under orbital agitation. Thereaf-
ter, 20 pl of Protein G PLUS-Agarose (Santa Cruz Bio-
technology) was added, followed by overnight incubation
under orbital agitation. The immunoprecipitates were col-
lected by centrifugation, boiled in Laemmli sample buffer,
subjected to 10 % SDS-PAGE and electroblotted onto
PVDF membranes. After blocking, the p38 MAPK anti-
body or anti-phosphoserine antibody (1:500) in 1 % BSA-
TBS was added, followed by overnight incubation at 4 °C.
Detection was performed as previously described.

Colocalisation of phospho-p53-ser392 and phospho-p38
MAPK

RINmSF cells were cultured in 8-well Lab-Tek Chamber
Slides with covers (Nalgene Nunc International) in RPMI
1640-10 % FBS (v/v) with 11 or 30 mM glucose. After 72 h,
the cells were incubated in culture medium with 200 nM
MitoTracker Green for 30 min; the dye was then removed,
and the cells were washed and fixed in 4 % formaldehyde in
culture medium for 30 min at 37 °C. After rinsing with PBS-
Tween 20®, the cells were permeabilised with 0.3 % Tri-
ton"™ X-100 in PBS- for 15 min at room temperature. After
blocking, anti-phospho-p53-ser392 or anti-phospho-p38
MAPK antibody (1:10 dilution) was added, and the samples
were incubated at 4 °C overnight. The next day, anti-mouse
IgG-Alexa 594 or anti-rabbit IgG-Alexa 594 (1:50 dilution)
was added, followed by incubation for 4 h. The cells were
then washed, the nuclei were stained with DRA-Q7 (Bio-
status), and the samples were mounted with VECTA-
SHIELD®. Microscopic analysis was performed with a
confocal microscope (Carl Zeiss, Axiovert), and capture and
intensity analysis was performed with the program Zen 2009
(Carl Zeiss, Goettingen, Germany). For imaging, 488- and
543-nm laser and short-pass filters (BP 505-530) were used
for MitoFluor Green, a short-pass filter (BP 565-585) was
used for phospho-p53-ser392 and phospho-p38 MAPK, and
along-pass filter (LP 650) was used for DRA-Q7. All images
were captured at 40x.

Statistical analysis

The results are expressed as the mean £ SD of at least
three independent experiments. The data were subjected to
variance analysis followed by Tukey’s test for multiple
comparisons. Differences with P values <0.05 were con-
sidered to be significant. The overlap coefficient in con-
focal micrographs was determined by the degree of
colocalisation between channel 1 and channel 2 shown in
quadrant 3. Each fluorescent contains 256 intensity levels
(8 bits) and is represented by a two-dimensional graph or a
dot plot of 256 x 256 levels of intensity with the criterion
of 50 x 50 background intensity levels, as indicated by the
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program. Statistical analysis was performed using Pear-
son’s colocalisation coefficient in quadrant 3 with Zen
software (Carl Zeiss).

Results

Reactive oxygen species levels, changes in the Bcl-2/
BAX ratio and ERK 1/2 phosphorylation induced

by high glucose treatment increase the apoptosis rate
in RINmSF cells

Previously, we demonstrated that high glucose concentra-
tions (30 mM) in RINmSF cells increase the apoptotic
index after 48 h of culture [16]. Therefore, in the present
study, we sought to determine the effect of high glucose on
cell viability after a longer time period (72 h). Figure la
illustrates the mitochondrial Bcl-2/Bax ratio, which was
quantified as an indicator of the cellular tendency to
undergo apoptotic cell death. Our results indicate that as
time passes, the ratio tends to favour the pro-apoptotic
protein as opposed to the anti-apoptotic protein. This result
correlates with the observed ROS increase after a longer
period of exposure to high glucose, as measured by flow
cytometry using DCF (Fig. 1b). The percentage of apop-
totic cells was also determined using annexin V-FITC, and
the results indicate that although the previous three
parameters suggested a propensity to undergo apoptosis at
24 h, actual cell death was only observed at 48 and 72 h
(37 and 44 %, respectively, P < 0.01) (Fig. 1c). Finally,
because a reduction in B-cell mass has been reported to
occur as a very early event in diabetic pathology, ERK 1/2
activation was determined as an indicator of cell prolifer-
ation and B-cell mass. Figure 1d shows that high glucose
decreased ERK 1/2 activation by approximately 20 % after
24 h, by 40 % at 48 and by 47 % at 72 h.

High glucose concentrations modify the subcellular
distribution of p53

To ensure the enrichment of the mitochondrial fraction,
GDH activity was measured in the mitochondrial and
cytosolic fractions of cells with low and high glucose.
GDH activity was lower in the cytosolic fraction
(0.83 £+ 0.25 and 0.96 £ 0.28 U/mg protein) for HG and
LG, respectively) compared with the mitochondrial frac-
tion (17.81 £1.95 and 183 £ 0.103 U/mg protein,
respectively). Furthermore, the purity of the nuclei was
verified by staining with toluidine blue before lysis of the
nuclear fraction. High glucose did not alter p53 mRNA
expression in RINmSF cells at any of the studied times
(Fig. 2a); rather, it favoured a p53 subcellular redistribu-
tion. As shown in Fig. 2b, p53 is primarily located in the
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Fig. 1 ROS production, apoptosis, and proliferation markers induced
by high glucose. a Representative western blot and densitometric
analysis of mitochondrial Bcl-2 and Bax and the ratio of Bcl-2/Bax.
Protein expression levels were normalised to the Cox IV expression
level; results are shown in the lower panel (¥, ** and ***, P < 0.001).
b Intracellular ROS production was measured by flow cytometry with
DCEF staining. The histogram is representative of three independent
experiments. ¢ Percentages of apoptotic cells were measured with

cytosol and nucleus in control cells; however, after 24 h of
incubation in the presence of 30 mM glucose, a fraction of
p53 (0.37 £ 0.03) was mobilised from the cytosol and
nucleus into the mitochondria. A similar behaviour was
observed after 48 h and 72 h, where the majority of p53
was found in the mitochondria (0.97 &+ 0.097) (Fig. 2b).

High glucose induces p53 and p38 MAPK
phosphorylation in mitochondria

In RINmSF cells cultured in low glucose (11 mM, LG) for
up to 72 h, p53 was unphosphorylated (in both the cytosol
and mitochondria). High glucose induced p53-ser392
phosphorylation in the mitochondria starting at 24 h, and
this effect was maintained at 72 h. Under these conditions,
pS53-serl5 phosphorylation was also observed, but it was
markedly lower (approximately fourfold) than ser392
phosphorylation. Because p38 MAPK is known to be
activated in response to oxidative stress [25], the activation
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d Western and densitometric analyses of basal and phospho-activated
levels of ERK 1/2 in the cytosol. Expression levels were normalised
to actin; results are shown in the lower panel (* and **, P < 0.05).
HG high glucose, 30 mM; LG low glucose, 11 mM for 72 h. The
values are reported as the mean £ SD of five independent
experiments

of this kinase was examined in the mitochondrial and
cytosolic fractions. The results showed that the protein
kinase p38 MAPK was found only in the cytosol in its
inactive form in RINmSF cells cultured in LG, but in cells
cultured in high glucose, p38 MAPK was found both in the
cytosol and in the mitochondria. However, the phosphor-
ylated form was exclusively found in the mitochondrial
fraction (Fig. 3a).

p38 MAPK co-precipitates with p53 under high glucose
conditions

To investigate the interaction between p38 MAPK and p53,
RINmSF cells were cultured with high glucose and at the end
of the treatment, immunoprecipitation was performed with
an antibody against p53, and western blotting was performed
using an antibody against p38 MAPK. The results showed
the formation of a complex between p38 MAPK and p53 in
cells treated with high glucose. When the pyridinyl
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densitometric analyses. p53 protein expression levels were norma-
lised to actin (cytosol), H1 (nucleus) or Cox IV (mitochondria)
expression levels; results are shown in the lower panel. Cytosol *, **,

imidazole SB203580 (10 uM), a potent inhibitor of p38
MAPK, was added to the culture, the interaction between p53
and p38 MAPK was abrogated (Fig. 3b).

SB203580 inhibits p53-ser392 phosphorylation
and regulates the intracellular localisation of p53

To further investigate whether the apoptosis and p53-
ser392 phosphorylation observed in RINmS5F cells cultured
in high glucose were due to p38 MAPK activation, we
cultured cells in 30 mM glucose with the p38 MAPK
inhibitor SB203580 and examined p53 phosphorylation.
The inhibition of p38 MAPK completely abolished p53-
ser392 phosphorylation in the mitochondria (Fig. 3c).
These results indicate that p53-ser392 phosphorylation
regulates the subcellular distribution of p53 as well as its
degradation because the addition of SB203580 decreased
p53 levels in a time-dependent manner after treatment
(Fig. 3d). Thus, it is likely that preventing the phosphory-
lation of p53 promotes its recognition by molecules that
lead to its degradation.

A p38 MAPK inhibitor (SB203580) inhibits Bax
phosphorylation

Previous studies have shown that p38 MAPK regulates
both Bax translocation to mitochondria and the release of
cytochrome ¢ [26, 27]. Likewise, Bax has been shown to be
phosphorylated by p38 MAPK [28]. As expected in
RINmSF cells, Bax phosphorylation increased in a time-
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Mitochondria

Total Cytosol Nucleus

P < 0.001. Nucleus *, **, ¥ T P <0.05. Mitochondria *, **, ¥ T,
P < 0.001. C cytosol; M mitochondria; N nucleus; T total; HI histone
1; Cox IV cytochrome oxidase; HG high glucose, 30 mM; LG low
glucose, 11 mM for 72 h. The values are reported as the mean £+ SD
of five independent experiments

dependent manner, and when the SB203580 inhibitor was
added, Bax phosphorylation decreased significantly, as was
observed in the immunoprecipitation experiments (Fig 3e).

Phosphorylated p53-ser392 and p38 MAPK colocalise
with mitochondria in RINmS5F cells cultured in high
glucose

The phosphorylation of p53 and that of p38 MAPK were
separately analysed by confocal microscopy after staining
the mitochondria with MitoFluor Green. The results are
shown in Fig. 4. Phosphorylated p53-ser392 in cells har-
vested after 72 h of treatment with high glucose colocal-
ised with the mitochondrial fraction (Fig. 4a). The same
behaviour was observed for phosphorylated p38 MAPK
(Fig. 4b). The average coefficients of colocalisation
(overlap coefficients) were 0.79 4 0.042 and 0.82 + 0.013
for phospho-p53-ser392 and phospho-p38 MAPK with HG,
respectively. For the cells treated with LG, the coefficients
of colocalisation were 0.48 £ 0.02 for phospho-p53-
ser392 and 0.52 £ 0.03 for phospho-p38 MAPK, show
statistically significant differences (P < 0.001) compared
with cells exposed to high glucose (Fig. 4c).

SB203580 inhibits RINmSF cell apoptosis induced
by high glucose

When RINmSF cells were cultured in high glucose with
SB203580, a significant decrease in two important indi-
cators of apoptosis, caspase 3 activation (Fig. 5a) and
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oligonucleosomal DNA fragmentation (Fig. 5b), was
observed. These results agree with previous studies show-
ing that high glucose concentrations alter mitochondrial
permeability and induce the release of cytochrome ¢ and
the incidence of apoptosis in RINmSF cells [16]. In this
study, we also observed that these two effects are dimin-
ished by the addition of SB203580 to RINmSF cells cul-
tured in high glucose (Fig. 5c and 5d).

Discussion

Hyperglycaemia has been associated with oxidative stress
production and cell death. Therefore, to analyse whether
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the glucose concentration and mitochondrial stress are
determinant factors able to modify p53 expression, cellular
distribution and phosphorylation, pancreatic RINmSF cells
were cultured using two different glucose concentrations.
The results showed that the high glucose treatment
increased the ROS levels and the apoptosis rate in a time-
dependent manner. p53 localisation to the mitochondria
and its phosphorylation therein were also promoted, and
this event was abrogated by the inhibition of p38 MAPK.

In our model, an increased rate of apoptosis under high
glucose conditions was observed at 48 h and was still
maintained at 72 h. This response is likely related to dif-
ferences in the cell’s sensitivity to glucose. Nevertheless,
our study was performed using a cell line that was not
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Fig. 4 The colocalisation coefficients of P-p53ser392 and P-p38
MAPK in RINmSF cells cultured in high glucose (30 mM, 72 h).
Mitochondria were labelled with MitoFluor Green (green). a Phos-
phorylation of p53 ser392 (red, quadrant 1). b Phosphorylation of p38
MAPK (red, quadrant 2). Colocalisation with the mitochondria is
shown in yellow (quadrant 3). The dot plot shows a representative
image of the overlap coefficient, and the white lines delimit the

synchronised, therefore each cell in the population could
have been in a different stage of the cell cycle, a condition
that might be able to decide the cellular response to dif-
ferent stressors. It has been suggested that B-cell subpop-
ulations prevent or reverse apoptotic pathway activation
[29]. This outcome occurs in addition to the protective
effect attributed to glucose for B-cell survival, in which the
synthesis of anti-apoptotic proteins is stimulated in a time-
and glucose concentration-dependent manner [30].

Along with the increase rate of apoptosis and in accor-
dance with previous reports [31, 32], we observed a sig-
nificant increase in the percentage of cells producing ROS,
coinciding with a significantly decrease mitochondrial Bcl-
2/Bax ratio. Our results are consistent with previous studies
demonstrating that high glucose induces apoptosis in -
cells by decreasing Bcl-2 expression while increasing Bax
expression in association with cytochrome c release and
caspase 3 activation [32, 33]. Furthermore, high glucose
levels diminished ERK 1/2 phosphorylation, which could
affect B-cell survival. It has been demonstrate that ERK 1/2
phosphorylation modulates genes associated with cell
proliferation, differentiation, migration and death [34]. In
human ductal pancreatic cells, ERK 1/2 phosphorylation
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72h LG

72 h HG

quadrants based on a background value of 50 x 50 intensity levels.
¢ The colocalisation of phosphorylated p53-ser392 and p38 MAPK
with mitochondria was analysed by Pearson’s colocalisation coeffi-
cient and is shown in the lower histogram. The image is represen-
tative of 5-6 independent experiments, and the values are reported as
the mean £+ S.D. (*P < 0.0001 vs. 72 h LG)

increases cell survival by promoting the activity of anti-
apoptotic proteins [35], whereas ERK 1/2 in B-cells stim-
ulates insulin synthesis and secretion in response to glucose
and inhibits apoptosis [36].

We previously reported that the localisation of p53 in
the mitochondria correlates with increased apoptosis in
RINmSF cells cultured in high glucose for 48 h [16]. The
present study shows that the p53 levels in mitochondria
with HG were higher at 72 h. Interestingly, high glucose
treatment of the RINmSF cells did not modify p53 mRNA
expression, suggesting that p53 mobilisation and not de
novo synthesis might be the trigger that modifies mito-
chondrial permeability and initiates apoptosis. These
results are similar to observations in other cell types in
which DNA damage, oncogene expression or ROS induce
p53 mobilisation to the mitochondria as an event prior to or
independent of p53-mRNA transcription [21]. Moreover,
the level of p53 depends on a balance between its synthesis
and degradation, and any increase in p53 levels may have
different consequences for the cell. Because high glucose
did not alter p53 transcription, the mobility and increased
levels of p53 in the mitochondria might be explained by its
stabilisation, which may depend on post-translational
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high glucose. a Analysis of oligonucleosomal DNA fragmentation.
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modifications such as phosphorylation, which not only
prevents p53 degradation but also regulates its biological
activity. N-terminal p53 phosphorylation in the cytosol has
been linked to Bax transcription [37, 38], and ser389
phosphorylation at the C-terminus has been related to tet-
ramer formation, DNA binding, apoptosis and tumour
suppression [20, 39]. To examine the role of p53 phos-
phorylation in the apoptosis induction during high glucose
treatment, we studied two key phosphorylation sites (serl5
and ser392) that regulate p53 activation and are involved in
cell fate. Our results showed an increase in ser392 phos-
phorylation with respect to serl5, emphasising the rele-
vance of ser392 in the glucose-mediated induction of
apoptosis via the mitochondrial pathway. Thus, a contri-
bution from this study is that ser392-p53 phosphorylation
in the mitochondria promoted by high glucose is related to
apoptosis induction. Although the purpose and physiolog-
ical relevance of p53 phosphorylation at serl5 and ser392
in the mitochondria with high glucose remains unclear, this
mechanism is likely a requirement that allows p53 inter-
action with pro- and/or anti-apoptotic proteins. The present
study did not focus on the interaction of p53 with other
proteins; however, we previously demonstrated that p53
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panels, and the protein expression levels were normalised to actin or
Cox IV expression levels (¥, **, § P < 0.001 without SB203580 and
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mobilization to the mitochondria is associated with alter-
ations in mitochondrial permeability that are concomitant
with cytochrome c release in RINmSF cells grown in high
glucose [16]. It might be interesting to further explore p53
interaction with several pro- and anti-apoptotic proteins
and their relationship with cytochrome c release in this
model. In RBK-2H3 cells (mastocytes) treated with euge-
nol (an antiallergen), p5S3 phosphorylation at serl5 in the
mitochondria permits its interaction with Bcl-2 and Bel-xL
and induces changes in the mitochondrial membrane
potential (Aym) and cytochrome c release [40]. In contrast,
there is evidence suggesting that serl5 phosphorylation in
the mitochondria stimulates ATP production and A\ym,
which act as pro-survival signals [41]. The phosphorylation
of p53 at ser392 in mitochondria after high glucose treat-
ment has not been reported to date in B-cells. However,
prior studies reported that the phosphorylation of this ser-
ine residue by p38 MAPK was associated with Bax acti-
vation and apoptosis in myocytes cultured in high glucose
[42, 43]. Although these studies were conducted with total
cell extracts, the observed Bax activation was likely due to
p53 mobilisation to the mitochondria, yet the possible
interaction of p53 with Bcl-2, Bcl-XL or Bak, or its
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participation in mitochondrial permeability modifications
cannot be excluded.

Because p53 has multiple phosphorylation sites and
multiple kinases, including those activated by oxidative
stress, such as p38 MAPK [3, 14], regulate this process, we
analysed p38 MAPK activation and its participation in p53
phosphorylation in RINmSF cells cultured in high glucose.
Our results show a significant increase in p38 MAPK
phosphorylated in the high glucose-treated RINmSF mito-
chondrial fraction; which coincided with the immunopre-
cipitation of the p53-p38 MAPK complex, p53
phosphorylation and an increased apoptosis rate. These
results agree with previous studies that have shown the
involvement of p38 MAPK and p53 in B-cells (NIT-1) [13,
44] and neuroblastoma cells [45] apoptosis induced by
oxidative stress. In this study, p38 MAPK phosphorylation
was found exclusively in the mitochondria under condi-
tions of high glucose, and this result was likely due to the
increased ROS observed under these conditions, as previ-
ously demonstrated [45, 46].

To determine whether phosphorylated p53-ser392 and
p38 MAPK co-localise in mitochondria, in situ immuno-
fluorescence experiments were performed after high glu-
cose treatment (72 h), with the confocal analysis showing a
positive colocalisation of phosphorylated p53 and p38
MAPK within the mitochondria. Furthermore, experiments
utilising the inhibitor SB203580 demonstrated that p38
MAPK plays an important role in the mitochondrial
localisation of p53 and its phosphorylation induced by high
glucose. p38 MAPK inactivation by SB203580 was veri-
fied by measuring Bax phosphorylation, an alternative
target of p38 MAPK [27, 28], and our results showed that
Bax phosphorylation was also inhibited.

Interestingly, SB203580 not only inhibited p53 and Bax
phosphorylation but also decrease cytochrome c release,
caspase 3 activation and DNA fragmentation. These results
suggest that pS3 phosphorylation at ser392 is related to
mitochondrial membrane permeability and high glucose-
induced apoptosis. Our results also suggests that p53
phosphorylation at ser392 may prevent p53 degradation,
and act as a signal for its translocation to the mitochondria
to initiate the apoptotic cascade. In other cells experiencing
hyperglycaemia or oxidative or UV stress, p38 MAPK
regulates apoptosis by phosphorylating p53 at ser392 [20,
43, 47] and serl5 [48]. Within this context, p38 MAPK
also participates in Bax activation, Aym collapse and
apoptosis [27]. Other important functions of p38 MAPK
include its significant contribution to insulin secretion and
B-cells survival [49, 50]. Furthermore, it has been dem-
onstrated that the p38 MAPK/p53 signalling pathway is
activated in H,O;-induced tumour cell apoptosis [51].
Lastly, based on our results, we propose that -cell apop-
tosis induced by high glucose requires p38 MAPK

@ Springer

activation, which leads to the mobilisation of p53 to the
mitochondria and its phosphorylation. However, to confirm
a direct causality, experiments with a molecular knockout
or small interfering RNA against p53 or p38 MAPK in
addition to an animal model of experimental diabetes are
recommended.

In conclusion, we propose that high glucose induces
apoptosis in RINmSF cells via an oxidative stress response
involving p53 mobilisation to the mitochondria and its
phosphorylation at ser392. These events might be associ-
ated with p38 MAPK activation. p53 phosphorylation
might also be an important modification that allows its
interaction with anti- and/or pro-apoptotic proteins and
might also be involved in the regulation of mitochondrial
membrane permeability. In addition, we cannot rule out a
certain degree of p53 transcriptional activation.
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