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Effect of Hydrogen Peroxide and High Glucose on the Glucose
Metabolism of Lymphoma-derived U937 Cells
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Abstract : Our study aimed to clarify specific oxidative stress and glucose metabolic
disorders in hemodialysis patients, by examining hydrogen peroxide (H,O,)- and
high glucose-induced oxidative stress, glucose transport and the failure of glycolysis.
As an in vitro blood cell model of end-stage renal disease (ESRD) in patients
with diabetes, human monocytic U937 cells of malignant lymphoma origin were
exposed to high glucose (289 mM) for 6 days, with 5mM H,O, added on the last
day. The generation of intracellular reactive oxygen species (ROS), glucose levels,
lactate levels, AMP-activated protein kinase (AMPK) activity and Glut4 levels
were examined. Exposure of U937 cells to H,O, resulted in a significant increase
in intracellular ROS generation and glucose levels. Under high glucose conditions,
treatment with H,O, significantly promoted these actions. In H;O,-induced U937
cells, AMPK activity and Glut4 levels were significantly increased, but lactate and
pyruvate levels were significantly decreased. Thus, exposure of U937 cells to H,O,
and a high glucose load promoted an increase in intracellular ROS, and exposure
to H,O, induced increased glucose transport and high intracellular glucose due to
reduced glycolytic metabolism. This suggests that reduced glycolytic metabolism
might be induced in states of high oxidative stress in hemodialysis patients with
diabetes.
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Introduction

Patients with diabetes mellitus (DM) undergoing hemodialysis are exposed to significant

1-6)

oxidative stress We previously reported increased Cu/Zn-superoxide dismutase (SOD) in

the blood and upregulated Cu/Zn-SOD mRNA in the leukocytes of hemodialysis patients, as
well as a correlation between leukocyte membrane lipid peroxidation and expression of Cu/
Zn-SOD mRNA in hemodialysis patients; this causes oxidative stress which may also occur

due to blood cell contact with the dialysis membrane”®.

9-11)

Dialysis-associated oxidative stress is
associated with complications such as arteriosclerosis” ", however few studies have investigated

the effect of oxidative stress on glucose metabolism in dialysis patients. Sugar transport increases
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in response to depletion of the intracellular ATP supply, shifting to other intracellular glucose
metabolic pathways, such as the polyol pathway from the glycolytic system, hexosamine pathway,

pentose phosphate pathway, and protein kinase C pathway > 'Y

, however many aspects of this
shift are not well defined. Strict control of blood glucose is necessary in dialysis patients to
improve prognosis and prevent myocardial infarction, cerebral infarction, and lower extremity

arterial disease 7.

Therefore, given the potential changes in glycolytic metabolism due to the
influence of dialysis on blood glucose, it is important to investigate the effect of oxidative stress
on glycolytic metabolism.

In this in vitro study, we cultured malignant lymphoma-derived U937 cells in a high glucose
medium to model end-stage renal disease (ESRD) associated with DM. We then induced
oxidative stress by adding hydrogen peroxide (H,O,) to these cells and analyzed the effects on

reactive oxygen species (ROS), glucose transport, and glucose metabolism.
Methods

Study materials and cell culture

Human monocytes (U937 cells, EC85011440) were purchased from the European Collection of
Animal Cell Culture (ECACC, UK). The following reagents were also used in the study: H,O,
(Wako Co., Osaka, Japan) ; fetal bovine serum (FBS; Sigma Aldrich, St. Louis, MO) ; penicillin
G sodium (Invitrogen, Carlsbad, CA) ; streptomycin sulfate (Invitrogen) ; and 5-(and-6)-
chloromethyl-2', 7'-dichlorodihydrofluorescein diacetate (CM-H2DCF-DA ; Molecular Probes,
Eugene, OR). In order to treat the U937 cells with a high glucose load, cells were cultured
in Roswell Park Memorial Institute medium (RPMI-1640) containing 28.9 mM glucose for 5
days (high glucose group), while the normal glucose group consisted of U937 cells cultured
in standard RPMI-1640 medium containing 11.1 mM D-glucose. Previous experimental studies
showed no dead cells due to apoptosis when the mannitol osmotic pressure was adjusted to
equal the osmotic pressure of the glucose (30 mM)™.
methods with 10% FBS, 100 units/ mL of penicillin G sodium, and 100 ng/mL of streptomycin
sulfate, at 37°C and 5% CO..

U937 cells were cultured by routine

Drug treatment

U937 cells in the normal and high glucose groups (two groups each) were cultured for 5 days,
and each medium was replaced with or without H,O, (S5mM), and then cells were incubated
for 24 h, after that all the parameters were measured. The cultural experiment was carried out
under aseptic conditions.

Evaluation of ROS

CM-H2DCFDA was used to evaluate intracellular ROS formation in U937 cells treated with
H,O, (5mM). After cellular uptake, CM-H2DCFDA is first modified to 2',7-dichlorofluorescein
by intracellular esterases, and then by intracellular ROS to create oxidized fluorescent 2,
7'-dichlorofluorescein .  After dissolving CM-H2DCFDA with dimethyl sulfoxide, 7 uM



Glucose Metabolism Change in U937 Cells 195

CM-H2DCFDA was added to the cells (3x10°cells/mL) and incubated for 15 min at 37°C,
5% CO,. After treatment, the cells were washed with heated phosphate-buffered saline.
Fluorescence intensity was measured on a plate reader (Berthold Technologies, Bad Wildbad,
Germany) at an excitation wavelength of 488 nm and a measuring wavelength of 525 nm.

Glucose uptake and glycolysis

1. Intracellular glucose

Intracellular glucose concentrations in U937 cells after 5SmM H,O, treatment were measured
by high performance liquid chromatography with electrochemical detection (HPLC-ECD), using
a separation column ACT-gelPAC (¢ 4.6 x150 mm, Act-Science, Tokyo, Japan) and a glucose
oxidase-stabilized enzyme-immobilized column GO-ENZ (¢ 4.0 x5 mm, Eicom Co., Kyoto, Japan).
Endogenous H,O, and glucose-derived H,O, were separated with 100 mM phosphate buffer
solution (pH 6.5) in the mobile phase.

2. AMP-activated protein kinase (AMPK)

AMPK was measured with an AMPK Kinase Assay Kit (CycLex, Nagano, Japan). Extracted
samples were added to a microplate coated with AMPK substrate consisting of mouse Insulin
Receptor substrate-1 (IRS-1) serine 789-peptide, which induced the phosphoric acid reaction.
After detection using phosphorylated IRS-1 mouse monoclonal antibody and horseradish
peroxidase-labeled anti-mouse IgG, the sample was stained using tetra-methylbenzidine and
measured at 450nm on a plate reader (Berthold Technologies). Fluorescence intensity was
measured for each protein.

3. Glut4

Glut4 was measured using an SLC2A4 (Human) ELISA kit (Abnova, Walnut, CA).
Extracted samples and Glut4 were treated with specific biotin-conjugated polyclonal antibody
and avidin-conjugated horseradish peroxidase, and then placed in a microplate. After incubation,
tetra-methylbenzidine substrate was added, and the sample was measured at 450 nm.

4. Intracellular pyruvate

Intracellular pyruvate concentrations were measured with a Pyruvate Assay Kit (BioVision
Research Products, Milpitas, CA). Extracted samples were mixed with 50 uL Reaction Mix
(Pyruvate Assay Buffer 46 L, Pyruvate Probe 2 pL, Enzyme Mix 2 1L), incubated in the
dark for 30 min, and then measured at 570 nm on a plate reader (Berthold Technologies). The
fluorescence intensity was measured for each protein.

5. Intracellular lactic acid

Intracellular lactic acid concentrations were evaluated in a series using an LI'I-GEL separation
column (¢4.6x50mm ; Eicom) and a lactic acid oxidase-immobilized enzyme-immobilized
column LT-ENZ (¢4.0x5mm ; Eicom) and measured by HPLC-ECD. Endogenous H,O, and
lactic acid-derived H>O, were separated using 100 mM phosphate buffer solution containing
200 mg tetra-n-hexylammonium bromide /L (pH 70).
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Fig. 1. Effect of hydrogen peroxide (H»O,) and high glucose on
intracellular reactive oxygen species (ROS) production.
U937 cells were cultured for 6 days in RPMI-1640 medium
containing either 11.1 mM D-glucose (Control) or 28.9 mM
glucose (High glucose). For the last 24 h, 5mM H,0, was
added to the control group (5mM H,0,) and the high
glucose group (High glucose +5mM H,0,). *P < 0.05 vs.
Control ; #P < 0.05 vs. 5mM H;0,; ¥ P < 0.05 vs. High
glucose.

Statistical Analysis
Results are presented as means + standard error. Dunnett’s tests were used, and statistical
significance was set at P < 0.05.

Results

Effect of H,O: and high glucose on intracellular ROS production

Compared with untreated cells, ROS production was significantly higher (2-fold) in the normal
and high glucose groups treated with 5mM H,O,. Compared with the normal glucose group,
ROS production in the high glucose group was significantly higher (1.4-fold), confirming that
H,O; increases ROS production (Fig. 1).

Intracellular glucose uptake (glucose transport mechanism) and glycolysis

1. Effect of H,O, and high glucose on intracellular glucose

Compared with untreated cells, intracellular glucose was significantly higher (8-fold) in H,O,-
treated cells. Intracellular glucose was 2-fold higher in the high glucose group than in the
normal group (P<0.05; Fig. 2a), thus validating the H,O,-associated increase in intracellular
glucose.

2. Effect of HO, and high glucose on AMPK production

AMPK production was significantly higher (1.3-fold) in H,O,-treated cells than in untreated
cells, however there were no significant differences between the normal and high glucose groups
(Fig. 2b).

3. Effect of H,O, and high glucose on Glut4 production

Compared with untreated cells, Glut4 production was significantly higher (1.5-fold) in cells
from the normal glucose group treated with 5mM H,0,. Glut4 production tended to be higher
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Fig. 2.

(a) Effect of hydrogen peroxide (H,O,) and high glucose on intracellular glucose. U937 cells were cultured for 6
days in RPMI-1640 medium containing either 11.1 mM D-glucose (Control) or 28.9mM glucose (High glucose).
For the last 24 h, 5mM H,O, was added to the control group (5mM H,O,) and the high glucose group (High
glucose + 5mM H,0,) . *P < 0.05 vs. Control ; #P < 0.05 vs. 5mM H,O,; ¥ P < 0.05 vs. High glucose.

(b) Effect of hydrogen peroxide (H,O,) and high glucose on AMP-activated protein kinase (AMPK) production.
U937 cells were cultured for 6 days in RPMI-1640 medium containing either 11.1 mM D-glucose (Control) or
289 mM glucose (High glucose). For the last 24 h, 5mM H,O, was added to the control group (5mM H,O,)
and the high glucose group (High glucose +5mM H,0,). *P < 0.05 vs. Control; ¥ P < 0.05 vs. High glucose.

(c) Effect of hydrogen peroxide (H,O,) and high glucose on Glut4 production. U937 cells were cultured for 6 days
in RPMI-1640 medium containing either 11.1 mM D-glucose (Control) or 289 mM glucose (High glucose). For
the last 24h, 5SmM H,O, was added to the control group (5mM H,O,) and the high glucose group (High
glucose + 5 mM H,0,). *P < 0.05 vs. Control.

(d) Effect of hydrogen peroxide (H,O,) and high glucose on intracellular pyruvic acid concentration. U937 cells were
cultured for 6 days in RPMI-1640 medium containing either 11.1 mM D-glucose (Control) or 28.9 mM glucose
(High glucose). For the last 24h, SmM H,O, was added to the control group (SmM H,O,) and the high
glucose group (High glucose + 5 mM H,0,). *P < 0.05 vs. Control ; ¥ P < 0.05 vs. High glucose.

(e) Effect of hydrogen peroxide (H,O,) and high glucose on intracellular lactic acid concentration. U937 cells were
cultured for 6 days in RPMI-1640 medium containing either 11.1 mM D-glucose (Control) or 28.9mM glucose
(High glucose). For the last 24h, 5mM H,0, was added to the control group (5mM H,0,) and the high
glucose group (High glucose + 5 mM H,0,). *P < 0.05 vs. Control ; ¥ P < 0.05 vs. High glucose.

Control 5 mM H,0, High glucose

in cells treated with 5 mM H,0,, but the change was not significant. Comparison of the normal
and high glucose groups revealed no significant changes (Fig. 2c).

4. Effect of HO, and high glucose on intracellular pyruvic acid

Treatment with 5mM H,O, significantly reduced intracellular pyruvic acid concentrations in
cells from both the normal and high glucose groups, compared to untreated cells. There was no
significant difference between groups (Fig. 2d).

5. Effect of H,O, and high glucose on intracellular lactic acid

Compared with untreated cells, the amount of intracellular lactic acid was significantly reduced
in cells of the normal and high glucose groups treated with 5 mM H,O,. Intracellular lactic acid
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was 1.5-fold higher than the control in the high glucose group (P < 0.05; Fig. 2e).
Discussion

This in vitro study using U937 cells revealed that intracellular ROS production was 2-fold
higher after H,O, treatment, whereas high glucose treatment caused a 1.4-fold increase in
intracellular ROS, compared to cells treated with normal glucose levels. Previously, Sakai and
colleagues® cultured human and mouse pancreatic B cells in a high glucose medium (30 mM
glucose) for 4 days, and found that intracellular ROS production was 4 times higher than in
cells cultured with SmM glucose. In this study, increased ROS production due to H,O, was
augmented by a high glucose load. Malignant lymphoma-derived U937 cells provide an in vitro
model of blood cells for DM-associated hemodialysis, raising the possibility that high oxidative
stress during treatment is worsened in patients with high blood glucose. This in vitro study
also proves the importance of strict blood glucose control in order to reduce oxidative stress in
hemodialysis patients with various complications such as arteriosclerosis®'".

AMPK is activated when intracellular ATP levels decrease; the enzyme phosphorylates
members of the acetyl-CoA carboxylase metabolic pathway?’ and mammalian target of

rapamycin®.  Adjustment of these enzyme activities and the activity of transcription factors?

and cofactors?’

modulates intracellular energy metabolism. Glut4 is a glucose transporter
belonging to class I of the Glut family and mediates activation of AMPK and insulin. Glut4
promotes transcription and translocation to the plasma membrane, and is also involved in
promoting glucose uptake. Horie et al treated rat cardiomyocytes with H,O, and measured the
time- and concentration-dependent effects. Their study showed that a long duration and high
concentration of H,O, increased the time required for Glut4 to travel to the cell membrane.
Delayed Glut4 transport to the cell membrane in AMPK-deficient cells treated with 100 uM
H,O, (25 vs. 15 min for control) demonstrated the importance of AMPK in Glut4 translocation
to the cell membrane after H,O, treatment®. In our study, AMPK was also significantly
higher (1.3-fold) in cells treated with 5mM H,O, for 24 h, while Glut4 was approximately 1.5-
fold higher. Thus, reduction of either enzyme of glycolytic metabolism reduces intracellular
ATP. Furthermore, inhibition of glycolytic metabolism is suspected to inhibit activation of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) due to H,O, load®?. We also
demonstrated that production of lactic acid was suppressed by approximately 70%, whereas
intracellular glucose increased 8-fold after H,O, exposure. Decreased glycolytic metabolism due
to H,O, was studied by Sakai et al*, who treated mouse pancreatic B cells with 50 uM H,O,
for 30 min and found an approximate 50% reduction in pyruvic acid, whereas the amount of
lactic acid remained unchanged. In contrast, Colussi et al®® treated U937 cells with 1 mM H,O,
for 1h and found that intracellular glucose consumption was 97%, whereas lactic acid production
was suppressed by 96%. Our study also observed these reductions, unlike the study by Sakai

et al™

which found no such changes. This discrepancy may be due to differences in cell type,
H,O, concentration, or duration of administration. Our study and that of Colussi er al’® used

U937 cells, but in well-differentiated cancer cells such as these, even under oxygenated conditions,
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lactic acid is generated by translocation of lactate dehydrogenase from pyruvic acid produced

by glycolysis, in what is known as the Warburg effect®?”.

However, if glycolytic metabolism is
strongly suppressed by H,O,, inhibition of lactic acid production is stronger in cancer cells, such
as U937 cells with their initially high production of lactic acid, compared with other cells.
Mitochondria-derived ROS production increases under high glucose conditions, and then,
resulting in inhibition of the glycolytic metabolic enzyme, GADPH. Additionally, ROS cause

DNA damage, leading to activation of poly (ADP-ribose) polymerase'?.

After culturing mouse
pancreatic S cells in 25mM glucose for 2 days, Sakai and colleagues found that GADPH
activity was reduced by 36% compared with cells incubated in 5mM glucose™. In addition, Du
et al"® cultured bovine endothelial cells in 30 mM glucose for 2 days and found that GADPH
activity was reduced by 66% compared with cells treated with 5 mM glucose. In these studies,
GADPH activation was reduced by a high glucose load, but reduced activation of GADPH
usually leads to a reduction in intracellular ATP. However, in our study, despite the increase
in intracellular ROS production due to high glucose, the amounts of pyruvic acid and lactic
acid were not reduced, suggesting no ATP reduction-dependent increase in AMPK or Glut4.
Glycolysis downstream of pyruvic acid is maintained, as is intracellular ATP. The type of ROS
produced might be different under conditions of high glucose load and hydrogen peroxide load,
or it might be the unique property of cancer cells. Advanced glycation end products (AGE)
can serve as an indicator for changes in GADPH activation due to high glucose load. High
glucose induces various intracellular glucose pathways, including the glycolytic system by reducing
GADPH activity via mitochondria-derived ROS production, activation of the hexosamine
pathway, activation of protein kinase C, increased production of AGE, and activation of the
polyol pathway'?. We previously reported an increase of AGE associated with a high glucose
load®”, indicating the possibility of reduced GAPDH activation.

As an in vitro blood cell model of DM-associated ESRD, this study has a number of
limitations.  Firstly, our use of malignant lymphoma-derived cancer cells as the study material,
and secondly, replacing the mechanical stress of contact between blood cells and the dialysis
membrane with an H,O, load. A third limitation of the study is the inability to consider
changes in glucose metabolism and glucose transport mechanisms due to the change in H,O»
concentration. Because blood cells come into contact with the hemodialysis membrane during
dialysis treatment, the use of monocytic line-derived cells is a valid in vitro model of blood cells
during hemodialysis, but there is the possibility of metabolic differences, despite the absence of
the Warburg effect”?. These results do not mean that mechanical stress influences ROS and
glycolytic metabolism. However, despite these limitations, this model can serve as a useful in
vitro screening tool for DM-associated ESRD.

In conclusion, this study demonstrated an increase of intracellular ROS due to H,O, and high
glucose load, and indicated an increase in glucose transport with reduced glycolytic metabolism
due to H,O,. Reduced glycolytic metabolism might be induced in states of high oxidative stress
in hemodialysis patients with DM.



200 Yasunori TAKEDA, et al

Conflict of interest

The authors have declared no conflict of interest.

References

1) Pawlak K, Pawlak D, Mysliwiec M. Cu/Zn superoxide dismutase plasma levels as a new useful clinical biomarker
of oxidative stress in patients with end-stage renal disease. Clin Biochem. 2005;38:700-705.

2) Nakayama H, Akiyama S, Shiotani S, et al. Evaluation of superoxide dismutase activity in dialyzed patients by
electron spin resonance spectroscopy. Am J Nephrol. 2002;22:6-10.

3) Bonomini M, Stuard S, Carreno MP, et al. Neutrophil reactive oxygen species production during hemodialysis: role
of activated platelet adhesion to neutrophils through P-selectin. Nephron. 1997;75:402-411.

4) Descamps-Latscha B, Goldfarb B, Nguyen AT, et al. Establishing the relationship between complement activation
and stimulation of phagocyte oxidative metabolism in hemodialyzed patients: a randomized prospective study.
Nephron. 1991;59:279-285.

5) Maher ER, Wickens DG, Griffin JF, et al. Increased free-radical activity during haemodialysis? Nephrol Dial Trans-
plant. 1987;2:169-171.

6) Nguyen AT, Lethias C, Zingraff J, et al. Hemodialysis membrane-induced activation of phagocyte oxidative metabo-
lism detected in vivo and in vitro within microamounts of whole blood. Kidney Int. 1985;28:158-167

7) Akiyama S, Inagaki M, Tsuji M, et al. mRNA study on Cu/Zn superoxide dismutase induction by hemodialysis
treatment. Nephron Clin Pract. 2005;99:c107-c114.

8) Washio K, Inagaki M, Tsuji M, et al. Correlation between leukocyte membrane lipid peroxidation and expression
of Cu/Zn-superoxide dismutase mRNA in hemodialysis patients. Blood Purif. 2012;33:59-65.

9) Taki K, Takayama F, Tsuruta Y, et al. Oxidative stress, advanced glycation end product, and coronary artery calcifi-
cation in hemodialysis patients. Kidney Int. 2006;70:218-224.

10) Locatelli F, Canaud B, Eckardt KU, et al. Oxidative stress in end-stage renal disease: an emerging threat to
patient outcome. Nephrol Dial Transplant. 2003;18:1272-1280.

11) Canaud B, Cristol J, Morena M, et al. Imbalance of oxidants and antioxidants in haemodialysis patients. Blood
Purif. 1999;17:99-106.

12) Brownlee M. The pathobiology of diabetic complications: a unifying mechanism. Diabetes. 2005;54:1615-1625.

13) Du XL, Edelstein D, Rossetti L, et al. Hyperglycemia-induced mitochondrial superoxide overproduction activates
the hexosamine pathway and induces plasminogen activator inhibitor-1 expression by increasing Spl glycosylation.
Proc Natl Acad Sci U S A. 2000;97:12222-12226.

14) Hayashino Y, Fukuhara S, Akiba T, et al. Diabetes, glycaemic control and mortality risk in patients on haemodialy-
sis: the Japan Dialysis Outcomes and Practice Pattern Study. Diabetologia. 2007;50:1170-1177

15) Oomichi T, Emoto M, Tabata T, et al. Impact of glycemic control on survival of diabetic patients on chronic
regular hemodialysis: a 7-year observational study. Diabetes Care. 2006;29:1496-1500.

16) Morioka T, Emoto M, Tabata T, et al. Glycemic control is a predictor of survival for diabetic patients on hemodi-
alysis. Diabetes Care. 2001;24:909-913.

17) Wu MS, Yu CC, Yang CW, et al. Poor pre-dialysis glycaemic control is a predictor of mortality in type II diabetic
patients on maintenance haemodialysis. Nephrol Dial Transplant. 1997;12:2105-2110.

18) Leal EC, Aveleira CA, Castilho AF, et al. High glucose and oxidative / nitrosative stress conditions induce apopto-
sis in retinal endothelial cells by a caspase-independent pathway. Exp Eye Res. 2009;88:983-991.

19) Afzal M, Matsugo S, Sasai M, et al. Method to overcome photoreaction, a serious drawback to the use of dichlo-
rofluorescin in evaluation of reactive oxygen species. Biochem Biophys Res Commun. 2003;304:619-624.

20) Sakai K, Matsumoto K, Nishikawa T, et al. Mitochondrial reactive oxygen species reduce insulin secretion by



21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

Glucose Metabolism Change in U937 Cells 201

pancreatic beta-cells. Biochem Biophys Res Commun. 2003;300:216-222.

Sim AT, Hardie DG. The low activity of acetyl-CoA carboxylase in basal and glucagon-stimulated hepatocytes is
due to phosphorylation by the AMP-activated protein kinase and not cyclic AMP-dependent protein kinase. FEBS
Lett. 1988;233:294-298.

Bolster DR, Crozier SJ, Kimball SR, et al. AMP-activated protein kinase suppresses protein synthesis in rat
skeletal muscle through down-regulated mammalian target of rapamycin (mTOR) signaling. J Biol Chem.
2002;277:23977-23980.

Kawaguchi T, Osatomi K, Yamashita H, et al. Mechanism for fatty acid “sparing” effect on glucose-induced tran-
scription: regulation of carbohydrate-responsive element-binding protein by AMP-activated protein kinase. J Biol
Chem. 2001;277:3829-3835.

Yang W, Hong YH, Shen XQ, et al. Regulation of transcription by AMP-activated protein kinase: phosphorylation
of p300 blocks its interaction with nuclear receptors. J Biol Chem. 2001;276:38341-38344.

Horie T, Ono K, Nagao K, ef al. Oxidative stress induces GLUT4 translocation by activation of PI3-K/ Akt and
dual AMPK kinase in cardiac myocytes. J Cell Physiol. 2008;215:733-742.

Colussi C, Albertini MC, Coppola S, et al. HO»-induced block of glycolysis as an active ADP-ribosylation reaction
protecting cells from apoptosis. FASEB J. 2000;14:2266-2276.

Gogvadze V, Zhivotovsky B, Orrenius S. The Warburg effect and mitochondrial stability in cancer cells. Mol
Aspects Med. 2010;31:60-74.

Samudio I, Fiegl M, Andreeff M. Mitochondrial uncoupling and the Warburg effect: molecular basis for the repro-
gramming of cancer cell metabolism. Cancer Res. 2009;69:2163-2166.

Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect: the metabolic requirements of
cell proliferation. Science. 2009;324:1029-1033.

Oishi S, Tsuji M, Hasegawa H, et al. High glucose promotes oxidative stress-induced apoptosis via a caspase-
independent pathway in human monocytic U937 cells. J Showa Med Assoc. 2010;70:315-325. (in Japanese).

[Received January 25, 2013 : Accepted February 19, 2013]



