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Abstract Type 2 diabetes is characterized by hyperglyce-
mia and oxidative stress. Hyperglycemia is linked to mito-
chondrial dysfunction and reduced β-cell mass due to the
reduced expression of genes such as Mfn2 as well as the
participation of the Bcl2 gene family, responsible for in-
creased apoptosis. The purpose of this study was to describe
the effect of different iron and/or glucose concentrations
over Mfn2, Bax, and Bcl2 expressions in a β-pancreatic
cell line (MIN6 cells). MIN6 cells were pre-incubated with
different iron and/or glucose concentrations, and the relative
mRNA abundance of the Bcl2/Bax ratio and of Mfn2 genes
was measured by qRT-PCR. Heme oxygenase (HO) activity,
iron uptake, superoxide dismutase activity, and glutathione
content were also determined. The Bcl2/Bax ratio increased
and Mfn2 expression decreased in MIN6 cells after glucose
stimulation. These effects were higher when glucose and
iron were incubated together. Additionally, treatment with
glucose/iron showed a higher HO activity. Our study re-
vealed that high glucose/Fe concentrations in MIN6 cells
induced an increase of the Bcl2/Bax ratio, an indicator of
increased cell apoptosis.
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Introduction

In type 2 diabetes (T2D), the progressive damage of pan-
creatic β-cells results in decreased insulin secretion, impair-
ment in insulin responsiveness (as insulin resistance),
glucose toxicity, and increased oxidative stress (OS) [1].
OS has been defined as the disturbance in the pro-oxidant–
antioxidant balance, resulting in potential cell damage [2]. It
is widely accepted that OS plays a key role in the develop-
ment and progression of T2D. Iron contributes to OS by
donating and capturing electrons, acting as a catalyst in
redox reactions. In the presence of iron, hydrogen peroxide
and superoxide anion can be converted into a hydroxyl
radical, which is a reactive oxygen species (ROS). On the
other hand, an excess of glucose is also toxic for the cell
since ROS are produced through glucose auto-oxidation
[3–6]. Under these conditions, a cell possesses two types
of antioxidant defense mechanisms: enzymatic and non-
enzymatic. Superoxide dismutase (SOD), glutathione per-
oxidase, catalase, and heme oxygenase 1 (HO1) activities
are all enzymatic defense mechanisms. HO1 protects against
cell death, regulating levels of intracellular redox-active iron
[7]. Examples of non-enzymatic defenses are glutathione
(GSH), ascorbate, α-tocopherol, β-carotene, and bilirubin
concentrations.

The mitochondrion is the main source of ROS in cells
when defective coupled electron transport is taking place.
Furthermore, the mitochondria play a central role in many
cellular functions which include apoptosis, cell proliferation
and differentiation, bioenergetics, as well as amino acid and
lipid metabolism [8, 9]. The mitochondria frequently form
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tubular structures or networks that are crucial for mitochon-
drial DNA inheritance. This mitochondrial network is a highly
dynamic structure that is regulated through changes in the rates
of mitochondrial fission and fusion. Mitochondrial fusion de-
pends on the mitochondrial transmembrane GTPase proteins
mitofusin 1 and 2 (Mfn2) [9, 10]. Mfn2 is highly expressed in
skeletal muscle, heart, and brain tissues and regulatesmitochon-
drial metabolism. Its repression reduces glucose oxidation,
mitochondrial membrane potential, and cell respiration. In ad-
dition, alterations in Mfn2 expression in muscle cells cause a
parallel change in the expression of subunits of the oxidative
phosphorylation complexes I, II, and IV [8, 10, 11].

Apoptosis constitutes a commonmechanism of cell replace-
ment [12] and has been associated with increased levels of
ROS and decreased levels of antioxidants such as GSH [13].
Additionally, it has been associated with diseases such as
cancer, immunological disorders, and neurodegenerative dis-
orders [14]. The Bcl2 gene family (Bax andBcl2) participate in
apoptosis regulation, where Bax promotes apoptosis and Bcl2
has an anti-apoptotic function [15, 16]. The Bcl2/Bax ratio has
been used to determine cell apoptosis susceptibility [15, 17].

T2D is characterized by hyperglycemia and mitochondrial
function impairment. Hyperglycemia elicits an increase in
ROS production; moreover, high glucose levels lead to
dynamic changes in mitochondrial morphology due to
prolonged ROS overproduction, causing changes in mito-
chondrial gene expression such as the downregulation of
Mfn2 [9, 10, 18]. A link between hyperglycemia and apopto-
sis was found in the development of T2D in animal models.
This was due to the overproduction of ROS that increased β-
cell apoptosis with a progressive decrease of these cells in the
pancreas [19, 20]. In this article, we analyzed the impact of
high iron and/or glucose concentrations over mRNA relative
abundance of Mfn2, Bax, and Bcl2 in MIN6 cells.

Methods

Cell Cultures

MIN6 cells were used as a β-pancreatic cell line model [21].
MIN6 cells were cultured in RPMI-1640 (with L-glutamine
and without glucose; Invitrogen) containing 10 % fetal
bovine serum (Hyclone) and 10 % antibiotic–antimicotic
(Gibco). Cells were kept at 37 °C, 5 % CO2, and 80 %
relative humidity. Cells were cultured in six-well culture
plates at 1.5×105 cells per well.

Fe and Glucose Treatment and 55Fe Uptake Experiments
in MIN6 Cells

MIN6 cells were pre-incubated with increasing iron and
glucose concentrations for a week. Control cells (Cn) were

cultured in a medium supplemented with 0.5 μM of FeCl3
and 1.1 μM of sodium nitrilotriacetate (NTA; Sigma-
Aldrich) for complexing ferrous iron with NTA as Fe(III)–
NTA. Experimental conditions corresponded to cells incu-
bated with (1) 5 and 20 μM iron, (2) 5 and 20 mM glucose,
and (3) 5 μM Fe/5 mM glucose or 20 μM Fe/20 mM
glucose using the same ratio of Fe/NTA as used above. On
the day of the experiment, MIN6 cells were challenged with
10 μM 55Fe for 1 h at 37 °C. A protein extract was prepared,
diluted with Ultra Fluor, and radioactivity (in counts per
minute) was determined in a liquid scintillation counter
(Perkin Elmer). Treatments were performed in triplicate in
three independent experiments.

HO1 Activity Measurement

MIN6 cells were incubated with different iron and/or glu-
cose concentrations as aforementioned, were trypsinized,
and afterwards centrifuged (1,500×g at 4 °C). The pellet
was homogenized with a non-denaturing lysis buffer
(20 mmol KH2PO4 per liter, 135 mmol KCl per liter, and
0.1 mmol EDTA per liter, pH 7.4) and centrifuged for
20 min at 10,000×g at 4 °C. A volume of 100 μL of cell
extract was incubated for 1 h at 37 °C with the following
mix: 100 μL hemin 15 mM (Sigma-Aldrich), 100 μL bili-
verdin reductase (extracted from rat liver), and 600 μL
dilution buffer (100 mM KH2PO4). The reaction was initi-
ated by adding 100 μL of 1 mM NADPH (Sigma-Aldrich).
Finally, the yielded bilirubin was measured at 530 nm using
a spectrophotometer (Shimadzu). This analysis was run in
triplicate.

Total RNA Isolation and cDNA Synthesis

Total RNAwas isolated using Trizol reagent (Gibco). MIN6
cells were lysed directly in each well by adding 1 mL of
Trizol. RNA was separated using chloroform, precipitated
by mixing with isopropyl alcohol, washed with 75 % etha-
nol, and finally dissolved in H2O-DEPC. RNA was quanti-
fied at 260 nm and its purity determined by the 260:280 nm
OD ratio. RNA was reverse-transcribed into cDNA using
Affinity Script QPCR cDNA Synthesis Kit (Stratagene)
according to product instructions. This kit is a genetically
engineered reverse transcriptase obtained from the Moloney
Murine Leukemia Virus Reverse Transcriptase. This reac-
tion was performed using Thermal Cycler 2720 (Applied
Biosystems).

Bax, Bcl2, and Mfn2 Relative mRNA Abundance

Real-time PCR reactions were carried out to determine the
levels of mRNA relative abundance. The PCR mix for Bax
contained 2 μL cDNA, 6 μL Brilliant II SYBR Green
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QPCR mix (Stratagene), 1.2 μL 10× bovine serum albumin
(BSA), 1.8 μL H2O, and 2 μM of sense and antisense
primers. The PCR mix for Bcl2 contained 2 μL cDNA,
10 μL Brilliant II SYBR Green QPCR mix (Stratagene),
2 μL 10× BSA, 2.6 μL H2O, and 2 μM of sense and
antisense primers. cDNAs were amplified in a Light Cycler
System (Roche, 3.5). The specific primer pairs were: for
Bax—forward 5-CGAGTGGCAGCTGACATGTTTT-3′,
reverse 5-TGAGGCAGGTGAATCGCTTG-AA-3; for Bcl-
2—forward 5-CAGTTGGGCAACAGAGAACCAT-3, re-
verse 5-AGCCCTTGTCCCCAATTTGGAA-3; and for
Mfn2—forward 5-AACTGTCTGGGACC-TTTGCTCA,
reverse 5-TTTCTGGCATCCCCTGTGCTTT-3. β-actin
was used as a housekeeping gene to normalize gene expres-
sion (forward: 5-TGGCACCCAGCACAATG-AAGA-3, re-
v e r s e : 5 -GAAGCATTTGCGGTGGACGAT-3 ) .
Quantitative RT-PCR data were analyzed using the compar-
ative threshold (Ct) method; treated samples were compared
with the untreated samples. Gene expression levels were
calculated as described by Yuan et al. [22]. The results were
exp r e s s ed us ing the fo l l ow ing fo rmu la : Ct ¼
Ct genesð Þ � Ct b � actinð Þf g . To determine the relative

expression levels, the following formula was used: Ct ¼
Ct treatedð Þ � Ct controlð Þf g.

SOD Activity and GSH Content

SOD activity was measured in cell lysates using an ELISA
CuZn SOD commercial kit (BioVendor). The amount of
colored product obtained was proportional to the amount
of CuZn SOD present in the sample. Absorbance was mea-
sured at 450 nm. Cell lysate GSH content was measured by
fluorescence using a GSH Detection Kit (Chemicon)
according to product protocol (excitation=380 nm, emis-
sion=461 nm).

Statistical Analyses

Data are presented as the mean±SEM. Statistical signifi-
cance was determined using one-way ANOVA and
Dunnett’s multiple comparison as a post hoc test. The anal-
ysis was performed using GraphPad Prism software, version
5.0. Significance was accepted at p<0.05.

Results

Iron uptake decreased in pre-incubated MIN6 cells with
increased iron concentration (5 and 20 μM) in the media
and challenged with 10 μM 55Fe, as expected (one-way
ANOVA: p<0.001; Dunnett’s post hoc test: p<0.01 and
p<0.001, respectively; Fig. 1). In cells pre-incubated with
increased glucose concentration, iron uptake did not change

and remained constant and similar to control cells (0.5 μM
Fe in the media). However, in cells pre-incubated with the
Fe/glucose mix (5 μM Fe/5 mM glucose and 20 μM
Fe/20 mM glucose), iron uptake was higher than Cn (one-
way ANOVA: p<0.001; Dunnett’s post hoc test: both p<
0.001; Fig. 1).

HO activity showed a similar behavior toward iron up-
take. HO activity was higher in cells pre-incubated with low
iron compared to high iron concentrations, but these activ-
ities were not different amongst each other (one-way
ANOVA: p<0.0001; Dunnett’s post hoc test: NS for 5 or
20 μM Fe; Fig. 2). Also, HO activity tends to decrease in
MIN6 cells pre-incubated with different glucose concentra-
tions. However, in cells pre-incubated with the Fe/glucose
mix (5 μM Fe/5 mM glucose and 20 μM Fe/20 mM
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Fig. 1 Iron uptake analysis in MIN6 cells. Pre-incubated MIN6 cells
with different Fe and/or glucose concentrations were challenged with
10 μM 55Fe for 1 h. A protein extract was prepared and the counts per
minute counted in a liquid scintillation counter. Data are the mean±
SEM of three independent experiments (one-way ANOVA: p<0.0001;
Dunnett’s post hoc test: **p<0.01, ***p<0.001)
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Fig. 2 Heme oxygenase activity in MIN6 cells challenged with dif-
ferent iron and glucose concentrations. A cellular extract was prepared
with MIN6 cells pre-incubated with different iron and glucose concen-
trations. Heme oxygenase activity was determined by measuring bili-
rubin concentration at 530 nm. Data are presented as the mean±SEM
of three independent experiments in triplicate (one-way ANOVA:
p<0.0001; Dunnett’s post hoc test: ***p<0.001)
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glucose), HO activity increased (one-way ANOVA:
p<0.0001; Dunnett’s post hoc test: both p<0.001; Fig. 2).

To examine the effects of high Fe and/or glucose
concentrations over the expression of apoptosis-related
genes Bcl2 and Bax, MIN6 cells were exposed to dif-
ferent Fe, glucose, or Fe/glucose concentrations. The
treatment of MIN6 cells with different Fe concentrations
showed an induction of the Bcl2/Bax ratio to over 3.5-
and 4.5-fold compared to basal conditions (one-way
ANOVA: p<0.001; Dunnett’s post hoc test: both p<
0.001; Fig. 3). Pre-incubation with 5 or 20 mM glucose
induced a significant decrease of the Bcl2/Bax ratio
(one-way ANOVA: p<0.001; Dunnett’s post hoc test:
both p<0.001; Fig. 3). A similar effect was observed
only in cells pre-incubated with 20 μM Fe/20 mM
glucose (one-way ANOVA: p<0.001; Dunnett’s post
hoc test: p<0.01; Fig. 3). Both treatments with glucose
and Fe/glucose showed a lower Bcl2/Bax ratio than
control cells.

Mfn2 mRNA relative abundance tends to increase in
MIN6cells pre-incubated with Fe, but not significantly
(one-way ANOVA: p<0.001; Dunnett’s post hoc test: NS
for 5 or 20 μM Fe; Fig. 4). However, Mfn2 mRNA abun-
dance decreased when cells were incubated with high glu-
cose (20 mM) or high iron/glucose concentrations (one-way
ANOVA: p<0.001; Dunnett’s post hoc test: p<0.05 for
20 mM glucose and p<0.001 for 20 μM Fe/20 mM glucose,
respectively; Fig. 4).

No differences were observed in SOD activity or GSH
content in both cell types incubated with different iron or
glucose concentrations.

Discussion

The aim of this work was to evaluate the relationship be-
tween iron and the Bcl2/Bax ratio since previous evidence
has shown that iron could be a risk factor for β-cell dys-
function and apoptosis [23, 24]. Bax and Bcl2 are genes that
participate in apoptosis regulation [15, 16]. A lower ratio of
Bcl2/Bax mRNA expression has been used to determine the
susceptibility of cells toward apoptosis. In this study, the
Bcl2/Bax ratio decreased when cells were incubated either
with low or high glucose and high Fe/glucose concentra-
tions. Hasnan et al. [25] showed that Bax protein expression
increased in the blood vessels of diabetic patients and at
elevated glucose levels. Also, Podesta et al. [26] showed a
slightly increased but significant level of Bax in postmortem
retinas of diabetic patients compared to the levels present in
non-diabetic subjects. These studies showed that in the
presence of elevated glucose concentrations, an increase in
Bax expression is observed, and hence the increased apo-
ptosis in human and animal tissues [27]. We found that
chronic exposure to high levels of glucose decreases the
Bcl2/Bax ratio, which suggests that the cell may be in an
apoptotic pathway.

Iron is broadly recognized as an oxidative stress inducer;
the time of exposure to this metal, as well as subsequent
ROS production, could trigger cell damage and diminished
insulin secretion [28]. However, iron might have an indirect
protective mechanism against apoptosis, which could be
related to HO enzymatic activity. Previously, we showed
that HO activity was increased in diabetic patients with
increased iron storage [29]. Fang et al. [30] proposed that
HO1 may block apoptosis through three mechanisms: by
decreasing intracellular pro-oxidant levels, increasing bili-
rubin levels, and through CO production. Cho et al. [31]
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Fig. 3 Bcl2/Bax mRNA ratios in MIN6 cells. Total RNAwas isolated
from pre-incubated MIN6 cells and the relative abundance of Bcl2 and
Bax genes was determined by qRT-PCR. Data are presented as the
mean±SEM of three independent experiments (one-way ANOVA: p<
0.0001; Dunnett’s post hoc test: **p<0.01, ***p<0.001)
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Fig. 4 Relative abundance of Mfn2 mRNA. Total RNA was isolated
from pre-incubated MIN6 cells and the relative abundance of Mfn2
mRNA determined by qRT-PCR. Data are represented as the mean±
SEM of three independent experiments (one-way ANOVA: p<0.0001;
Dunnett’s post hoc test: *p<0.05, ***p<0.001)
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observed that when HO1 was overexpressed in Jurkat cells,
they became resistant to Fas-mediated apoptosis. In addi-
tion, the presence of exogenous iron in the media also
prevented Fas-mediated apoptosis. Our results indicated
that HO activity is not modified in the presence of high
Fe, but it is increased at high iron/glucose concentra-
tions, probably partially demonstrating that HO is highly
activated under oxidative stress, as it is when exposed
to high glucose concentrations.

Studies in animal models and humans have shown that
the Mfn2 protein plays an important role in mitochondrial
integrity since it maintains membrane potential, thus
allowing adequate glucose and lipid oxidation. Bach et al.
[10] found a reduced expression of Mfn2 in the skeletal
muscle of obese patients compared to lean subjects. In
addition, Mfn2 was increased in morbidly obese patients
under bile-pancreatic diversion [32]. In our results, Mfn2
relative mRNA abundance was significantly decreased at
the highest levels of glucose as well as in high-glucose plus
iron conditions. As shown in previous studies, there was a
strong relationship between both the reductions of the
Bcl2/Bax ratio as well as the decrease of Mfn2 expression
at high glucose concentrations. This might be linked to β-
cell dysfunction, which consequentially develops diabetes
and its complications [10, 32]. Also, Nauespiel et al. [33]
observed that when Cos-7 cells possessed a mutation in
Mfn2, apoptosis was increased; when Mfn2 was activated,
Bax activation and cytochrome c were both repressed, thus
preventing apoptosis. These results demonstrate that mito-
chondrial integrity and activity are closely related to apo-
ptosis. In this work, we were able to demonstrate that
glucose at high levels is a pivotal factor in Mfn2 decreased
expression, suggesting mitochondrial dysfunction.

In summary, we observed that glucose itself had delete-
rious effects over β-pancreatic cells, overcoming the oxida-
tive effect of iron and inducing a decrease in Bcl2/Bax ratio
and Mfn2 expression. This result is in agreement with
evidence in humans and animal models. However, further
studies are required after observing that iron surprisingly
increased the Bcl2/Bax ratio and the expression of Mfn2.
Therefore, our results show that glucose is a factor that
causes β-cell failure at molecular and cellular levels, as
observed in diabetes development.

Acknowledgments The authors are grateful for the support provided
by Fondo Nacional de Desarrollo Científico y Tecnológico de Chile
(FONDECYT, grant no. 1085173) to MA.

References

1. Collier A, Wilson R, Bradley H (1990) Free radical activity in type
2 diabetes. Diabet Med 7:27–30

2. Sies H (1997) Oxidative stress: oxidants and antioxidants. Exp
Physiol 82:291–295

3. Du X, Matsumura T, Edelstein D, Rossetti L, Zsengeller Z, Szabo
C, Brownlee M (2003) Inhibition of GAPDH activity by
poly(ADPribose) polymerase activates three major pathways of
hyperglycemic damage in endothelial cells. J Clin Invest
112:1049–1057

4. Russell JW, Golovoy D, Vincent AM, Mahendru P, Olzmann JA,
Mentzer A, Feldman EL (2002) High glucose-induced oxidative
stress and mitochondrial dysfunction in neurons. FASEB J
16:1738–1748

5. Wells-Knecht KJ, Zyzak DV, Litchfield JE, Thorpe SR,
Baynes JW (1995) Mechanism of autoxidative glycosylation:
identification of glyoxal and arabinose as intermediates in the
autoxidative modification of proteins by glucose. Biochemis-
try 34:3702–3709

6. Robertson RP (2004) Chronic oxidative stress as a central mech-
anism for glucose toxicity in pancreatic islet cells in diabetes. J
Biol Chem 279:42351–42354

7. Ferris CD, Jaffrey SR, Sawa A, Takahashi M, Brady SD, Barrow
RK, Tysoe SA, Wolosker H, Baranano DE, Dore S, Poss KD,
Snyder SH (1999) Haem oxygenase-1 prevents cell death by
regulating cellular iron. Nat Cell Biol 1:152–157

8. Zorzano A, Liesa M, Palacín M (2009) Role of mitocondrial
dynamics proteins in the pathophysiology of obesity and type 2
diabetes. Int J Biochem Cell Biol 41:1846–1854

9. Pich S, Bach D, Briones P, Liesa M, Camps M, Testar X, Palacín
M, Zorzano A (2005) The Charcot–Marie–Tooth type 2 A gene
product, Mfn2, up-regulates fuel oxidation through expression of
OXPHOS system. Hum Mol Genet 14:1405–1415

10. Bach D, Pich S, Soriano FX, Vega N, Baumgartner B, Oriola J
(2003) Mitofusin-2 determines mitochondrial network architecture
and mitochondrial metabolism. A novel regulatory mechanism
altered in obesity. J Biol Chem 278:17190–17197

11. Palmeira C, Rolo A, Berthiaume J, Bjork J, Wallace K (2007)
Hyperglycemia decreases mitochondrial function: the regulator
role of mitochondrial biogenesis. Toxicol Appl Pharmacol
225:214–220

12. DeLong MJ (1998) Apoptosis: a modulator of cellular homeostasis
and disease states. Ann N YAcad Sci 842:82–90

13. Tan S, Sagara Y, Liu Y, Maher P, Schubert D (1998) The regulation
of reactive oxygen species production during programmed cell
death. J Cell Biol 141:1423–1432

14. Thompson CB (1995) Apoptosis in the pathogenesis and treatment
of disease. Science 267:1456–1462

15. Oltvai ZN, Milliman CL, Korsmeyer SJ (1993) Bcl-2
heterodimerizes in vivo with a conserved homolog, Bax, that
accelerates programmed cell death. Cell 74:609–619

16. Chao D, Korsmeyer S (1998) Bcl-2 family regulators of cell death.
Annu Rev Immunol 16:395–419

17. Yin XM, Oltvai ZN, Korsmeyer SJ (1994) BH1 and BH2 domains
of Bcl-2 are required for inhibition of apoptosis and
heterodimerization with Bax. Nature 369:321–323

18. Yu T, Robotham J, Yoon Y (2006) Increased production of reactive
oxygen species in hyperglycemia conditions requires dynamic
change of mitochondrial morphology. PNAS 10:2653–2658

19. Federici M, Hribal M, Perego L, Ranalli M, Caradonna Z, Perego
C, Usellini L, Nano R, Bonini P, Bertuzzi ML, Davalli A,
Carandente O, Pontiroli A, Melino G, Marchetti P, Lauro R, Sesti
G, Folli F (2001) High glucose causes apoptosis in cultured human
pancreatic islets of Langerhans. A potential role for regulation of
specific Bcl family genes toward an apoptotic cell death program.
Diabetes 50:1290–1301

20. Butler A, Janson J, Bonner-Weir S, Ritzel R, Rizza R, Butler P
(2003) β-cell deficit and increased β-cell apoptosis in humans
with type 2 diabetes. Diabetes 52:102–110

394 Fuentes et al.



21. Miyazaki J, Araki K, Yamato E, Ikegami H, Asano T, Shibasaki Y,
Oka Y, Yamamura K (1990) Establishment of a pancreatic beta cell
line that retains glucose-inducible insulin secretion: special refer-
ence to expression of glucose transporter isoforms. Endocrinology
127:126–132

22. Yuan JS,Wang D, Stewart CN Jr (2008) Statistical methods for efficien-
cy adjusted real-time PCR quantification. Biotechnol J 3:112–23

23. Poulsen HE, Specht E, Broedbaek K, Henriksen T, Ellervik C,
Mandrup-Poulsen T, Tonnesen M, Nielsen PE, Andersen HU,
Weimann A (2012) RNA modifications by oxidation: a novel
disease mechanism? Free Radic Biol Med 15:1353–1361

24. Cooksey RC, Jouihan HA, Ajioka RS, Hazel MW, Jones DL,
Kushner JP, McClain DA (2004) Oxidative stress, β-cell apopto-
sis, and decreased insulin secretory capacity in mouse models of
hemochromatosis. Endocrinology 145:5305–5312

25. Hasnan J, Yusof MI, Damitri TD, Faridah AR, Adenan AS,
Norbaini TH (2010) Relationship between apoptotic markers
(Bax and Bcl-2) and biochemical markers in type 2 diabetes.
Singapore Med J 51:50–55

26. Podesta F, Romeo G, Liu WH (2000) Bax is increased in the retina
of diabetic subjects and is associated with pericyte apoptosis in
vivo and in vitro. Am J Pathol 156:1025–1032

27. Hockenbery DM, Zutter M, Hickey W, Nahm M, Korsmeyer SJ
(1991) Bcl2 protein is topographically restricted in tissues

characterized by apoptotic cell death. Proc Natl Acad Sci U S A
88:6961–6965

28. Eaton JW, Qian M (2002) Molecular bases of cellular iron toxicity.
Free Radic Biol Med 32:833–840

29. Arredondo M, Fuentes M, Jorquera D, Candia V, Carrasco E,
Leiva E, Mujica V, Hertrampf E, Pérez F (2011) Cross-talk be-
tween body iron stores and diabetes: iron store are associated with
activity and microsatellite of the heme oxygenase and type-2
diabetes. Biol Trace Elem Res 143:625–636

30. Fang J, Akaike T, Maeda H (2004) Antiapoptotic role of heme
oxygenase (HO) and the potential of HO as a target in anticancer
treatment. Apoptosis 9:27–35

31. Cho BM, Pae HO, Jeong YR, Oh GS, Jun CD, Kim BR, Kim YM,
Chung HT (2004) Overexpression of heme oxygenase (HO)-1
renders Jurkat T cells resistant to fas-mediated apoptosis: involve-
ment of iron released by HO-1. Free Radic Biol Med 36:858–871

32. Mingrone G, Manco M, Calvani M, Naon D, Zorzano A (2005)
Could the low level of expression of the gene encoding skeletal
muscle mitofusin-2 account for the metabolic inflexibility of obe-
sity? Diabetologia 48:2108–2114

33. Nauespiel M, Zunino R, Gangaraju S, Rippstein P, McBride H
(2005) Activated mitofusin 2 signals mitochondrial fusion, inter-
feres with Bax activation, and reduces susceptibility to radical
induced depolarization. J Biol Chem 280:25060–25070

Iron/Glucose and Mitochondrial Activity 395


	Effects of High Iron and Glucose Concentrations over the Relative Expression of Bcl2, Bax, and Mfn2 in MIN6 Cells
	Abstract
	Introduction
	Methods
	Cell Cultures
	Fe and Glucose Treatment and 55Fe Uptake Experiments in MIN6 Cells
	HO1 Activity Measurement
	Total RNA Isolation and cDNA Synthesis
	Bax, Bcl2, and Mfn2 Relative mRNA Abundance
	SOD Activity and GSH Content
	Statistical Analyses

	Results
	Discussion
	References


