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a b s t r a c t

Superoxide dismutase (SOD) is major cytosolic antioxidant enzyme responsible for dismutation of

superoxide anion (O d�
2 ). Alterations in SOD expression and activity are associated with various

neurological disorders. In the present study, we utilized neuronal HT-22 cells to investigate heat-

stressed induced cytotoxicity. Heat stress at 43 1C for 30 min caused a decrease in SOD-1 mRNA levels,

cytoplasmic SOD protein and enzyme activity and a corresponding decline in cell number during a 48 h

recovery at 371C. During the recovery phase, there was an increase in reactive oxygen species generation

and an increase in NADPH oxidase activity with a corresponding increase in DNA fragmentation and

release of cytochrome c from the mitochondria. The increase in ROS accumulation and cell death was

abolished by pretreatment with the SOD mimetics EUK-134 and Mn(III)TBAP and the NADPH oxidase

inhibitor apocynin. These data suggest that hyperthermia increases ROS generation by increasing NADPH

activity and decreasing SOD activity leading to cytotoxicity in HT-22 cells.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Oxidative stress is a condition characterized by an elevation in
the cellular steady-state concentration of reactive oxygen species
(ROS) due to an imbalance between the production of ROS and the
destruction by antioxidant enzymes. ROS such as superoxide and
hydrogen peroxide are produced at low levels during normal
cellular metabolism (Boveris and Chance, 1973) and levels are
kept low by the enzymatic activities of endogenous antioxidants
such as superoxide dismutase, catalase and glutathione peroxidase
(McCord and Fridovich, 1969). Manipulations that increase ROS
generation or decrease the antioxidant capacity of cells lead to a
state of oxidative stress. Accumulated ROS can react with lipids,
proteins and DNA leading to lipid peroxidation, alterations in
protein structure and enzymatic activities and DNA damage. The
damage imparted by reaction with ROS has been reported to
initiate an apoptotic program of cell death or necrosis (Galli et al.,
2005b; Zhao et al., 2006).

Hyperthermia has been reported to enhance numerous forms of
ROS including superoxide anion (O d�

2 ), hydrogen peroxide (H2O2),
hydroxyl radical ð dOHÞ, nitric oxide ð dNOÞ and peroxynitrite
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(OONŌ) in various cell types (Zhao et al., 2006; Arnaud et al.,
2002; Katschinski et al., 2000). This accumulation of ROS plays a
pivotal role in heat-induced neuronal cell degeneration (Sreedhar
et al., 2002) and apoptosis (Katschinski et al., 2000; Sugawara et al.,
1999). The source of ROS generation in response to heat stress has
traditionally been attributed to mitochondrial generation, but
recent evidence suggests that other ROS generating systems, such
as NADPH oxidase (NOX), may be involved (Starkie et al., 2005;
Wartenberg et al., 2005; Zhang et al., 2003; Zuo et al., 2000). The
superoxide radical has also been implicated in a broad range of
human pathologic conditions including diabetes, cancer, inflam-
matory diseases, atherosclerosis, pulmonary fibrosis, diseases of
ischemia and reperfusion injuries, neurodegenerative diseases and
aging (McCord and Edeas, 2005; Thannickal and Fanburg, 2000).

Superoxide dismutases (SODs) are the front-line intracellular
defense against ROS, particularly superoxide anion radicals
(McCord and Edeas, 2005; Fridovich, 1997; Noor et al., 2002;
Fattman et al., 2003). SODs are metalloenzymes that have been
isolated and characterized from a wide variety of organisms. SODs
have been reported to be expressed in the brain (Colombrita et al.,
2003; Peluffo et al., 2005) and altered expression and/or mutation
of SODs are associated with several degenerative neurological
disorders including amyotrophic lateral sclerosis (ALS), Parkinson’s
disease (PD), Alzheimer’s disease (AD) and Down’s syndrome (Noor
et al., 2002; Colombrita et al., 2003). The activity and the expression
of brain SOD are also altered in response to many stressful
conditions including hyperthermia. Total brain SOD was decreased
in a heat stroke model in rats (Yang and Lin, 2002) whereas CuZn-
SOD expressed at high levels in immature neurons is rapidly down

www.elsevier.com/locate/jtherbio
dx.doi.org/10.1016/j.jtherbio.2010.11.002
mailto:schwadd@auburn.edu
dx.doi.org/10.1016/j.jtherbio.2010.11.002


N.F. El-Orabi et al. / Journal of Thermal Biology 36 (2011) 49–5650
regulated in the hippocampus following excitotoxic insult (Peluffo
et al., 2005). On the other hand, preconditioning of cortical
neuronal cultures at 42.5 1C for 1 h increased SOD-1 protein levels
(Meloni et al., 2005) whereas human neuronal SK-N-MC cells
exposed to tetrachlorobiphenyl showed decrease SOD activity (Lee
et al., 2005).

In a preliminary study, we observed a decrease in the gene
expression of SOD-1 in the hippocampus of adult pigs that under-
went a mild heat stress for 12 h (El-Orabi et al., 2005). In the present
study, we extend these observations and report that a decrease in
the activity and expression of SOD is responsible for the heat-
induced increase in reactive oxygen species and cell death in the
HT-22 cell line. The HT-22 cell line is an immortalized hippocampal
cell line that has been used in a number of studies to study
oxidative glutamate toxicity (Lewerenz et al., 2006; Xu et al., 2007).
2. Experimental procedures

2.1. Cell culture

A mouse hippocampal cell line, HT-22 cells, (gift from Dr. David
Schubert, Salk Institute for Biological Studies, La Jolla, CA), was
maintained in Dulbecco’s minimal essential medium (DMEM)
supplemented with 10% fetal calf serum, 100 mg/ml streptomycin,
100 U/ml penicillin G and 0.25 mg/ml amphotericin B and grown at
37 1C in 95% O2/5% CO2. Growth media was changed every other
day. Cells were plated in 10 cm dishes and experiments were
performed at 50–60% confluence.

2.2. Hyperthermic conditions

Hyperthermia was induced by incubation of HT-22 cells in
either a 37 1C (control) or 43 1C (heat-stressed) water bath for
30 min. Cells were then allowed to recover in a cell culture
incubator under normal growth conditions at 37 1C for 0–48 h.
In experiments measuring SOD gene and protein expression and
activity, medium was then aspirated and cells washed in ice-cold
PBS before further analysis. This was performed to assure the
removal of all dead cells floated in the culturing medium, or
partially attached to the dish bottom.

2.3. SOD gene expression

Total RNA was isolated from both control and heated cells at
various times using the RNeasy Plus Mini kit (Qiagen Inc., CA, USA).
In each case, medium was aspirated from tissue culture dishes and
cells were washed 2� in ice-cold PBS. RNA was isolated following
the manufacturer’s protocol for total RNA isolation from animal
cells. RNA quality and quantity were assessed using formaldehyde/
agarose gel electrophoresis and UV spectrophotometry. All RNA
samples were stored at �80 1C until gene expression analysis. First
strand cDNA was synthesized using 1 mg total RNA and reverse
transcribed to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad
laboratories, CA, USA).

2.4. Real-time RT-PCR

Real-time PCR was carried out using an iCycler My iQ Real-Time
PCR Detection System and iQ SYBR Green Supermix (Bio-Rad). Real-
time PCR reactions were carried out in a total volume of 25 ml
containing: 12.5 ml iQ SYBR Green Supermix, 11 ml nuclease-free
H2O, 1 ml of 5 mM sense and antisense primer mix and 0.5 ml cDNA
template. The thermal cycling conditions were set at 95 1C for
3 min, 45 repeats of two-step cycle; 10 s at 95 1C and 45 s at 65 1C.
Melt curve analysis was carried out for each PCR analysis. Two
housekeeping genes, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and acidic ribosomal phosphoprotein (Arbp) were used as
internal controls. The following oligonucleotide primers were
used: NAD(P)H quinone oxidoreductase 1 (NQO1, Accession #
NM_017000) 50-CCT TGT ATT GGT TTG GGG TG (sense) and 50-GCA
TAC GTG TAG GCG AAT CCT GCT (antisense); Heme oxygenase-1
(HO1, Accession # NM_012580) 50-CAG GTG TCC AGG GAA GGC TTT
AAG C (sense) and 50-TTT CGC TCT ATC TCC TCT TCC AGG G
(antisense ); catalase (Accession # NM_ 012520) 50-ACC CAG CCA
GCG ACC AGA TGA A (sense) and 50-CAC GAG GTC CCA GTT ACC ATC
TTC A; SOD-1 (Accession # NM_000454) 50-ACA GCA GGC TGT ACC
AGT GCA GGT CCT (sense) and 50-CAT TGC CCA AGT CTC CAA CAT
GCC TCT (antisense); GAPDH (accession number AF141959) 50-TGC
ACC ACC AAC TGT TAG C (sense) and 50-GGC ATG GAC TGT GGT CAT
GAG (antisense); Arbp (Accession # NM_007475), 50-AAG CGC GTC
CTG GCA TTG TCT (sense) and 50-CCG CAG GGG GCA GCA GTG GT
(antisense). The change in gene expression in heat stressed HT-22
cells was calculated relative to the gene expression in non-heated
control samples according to the modified DDCt method
(Vandesompele et al., 2002).

2.5. SOD protein expression

SOD protein expression was determined by Western blotting in
whole cell lysates. To prepare cell lysates, HT-22 cells were washed
twice in phosphate-buffered saline, scraped and pelleted at 2000g

for 5 min at 4 1C. Cells were solubilized in 200 ml cell lysis buffer
containing: Tris–HCl, (50 mM pH 7.5) NaCl (100 mM), EDTA
(2 mM), 1% Nonidet P-40, NaVO4 (100 mM), NaF (100 mM) and
5 ml/ml protease inhibitor cocktail (Sigma, MI). The lysate was then
centrifuged at 14,000g for 10 min at 4 1C. Supernatant protein
concentration was determined using the DC protein assay kit (Bio-
Rad) using BSA as the standard and all samples were normalized
per microgram total protein.

Equivalent amounts of cell lysate total protein (15 mg) were
boiled in an equal volume of Laemmli sample buffer containing 5%
b-mercaptoethanol for 5 min. Cell lysates were separated by SDS-
PAGE on 12% Tris–HCl precast gels (Bio-Rad) and transferred to
nitrocellulose membranes (Amersham Biosciences, UK). Mem-
branes were blocked for 1 h at room temperature with TBS-T
(20 mM Tris, pH 7.6, 137 mM NaCl and 0.1% Tween 20) containing
5% non-fat dry milk. Membranes were then incubated with a rabbit
anti-Cu/Zn SOD polyclonal antibody (1:1000 dilution in blocking
buffer, Stressgen Bioreagents, Victoria, Canada) overnight at 4 1C.
Beta tubulin expression was determined as a background control
and was detected using a rabbit anti-tubulin polyclonal antibody.
Membranes were washed 3�5 min with TBS-T at room tempera-
ture and then exposed to a goat anti-rabbit IgG HRP-coupled
antibody (1:3000 dilution in blocking buffer) for 1 h at room
temperature. Membranes were washed 5�5 min with TBS-T
and immunoreactive bands were detected by the ECL Plus Western
Blotting Detection System (Amersham Biosciences, UK). Blots were
scanned with a Flour-S Multi Imaging System (Bio-Rad) to deter-
mine the density of the resulting bands and analyzed with Quantity
One software.

2.6. Measurement of SOD enzyme activity

A superoxide dismutase assay kit (Cayman Chemicals, Ann
Arbor, Michigan) was used to measure SOD activity (Peskin and
Winterbourn, 2000). Cells from two 10-cm plates were washed,
scraped and collected in ice-cold PBS at 2000g, for 10 min at 4 1C.
Pellets were homogenized in 0.1 ml HEPES buffer (20 mM, pH 7.5)
containing mannitol (210 mM), sucrose (70 mM) and EDTA (1 mM)
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with a syringe and a narrow-gauge (No. 27) needle. The homo-
genate was centrifuged at 1500g for 5 min at 4 1C. The resulting
supernatant was then centrifuged twice at 10,000g for 15 min at
4 1C and the supernatant was collected as the cytosolic fraction. The
protein concentration was adjusted to 2 mg/ml using HEPES buffer.
SOD activity was carried out following the manufacturer instruc-
tions and color change was measured in 96-well plates at 450 nm
using a Fusion-Alpha Universal microplate analyzer (Perkin Elmer
Inc, Boston, MA). SOD standard curves were performed using serial
dilutions of the SOD standard stock solution (0.25–0.05 U/ml).
Assays were performed in duplicate and the average absorbance of
each standard and test sample was calculated.

2.7. Cytotoxicity studies

The effect of hyperthermia on cell number was estimated using
the CyQUANT Cell Proliferation Assay Kit (Molecular Probes Inc,
Eugene, OR). HT-22 cells were heat stressed as described above. At
the end of each time point, cells were trypsinized, suspended in
culture media and collected by centrifugation for 5 min at 2000g.
The supernatants were removed and the cell pellets were frozen at
�80 1C. Frozen cells were thawed and lysed by addition of 200 ml
1� cell lysis buffer containing the CyQUANT GR dye. The entire
200 ml corresponding to each sample was transferred to a 96-well
microplate and fluorescence was measured directly at Ex/Em 480/
520 nm using a Fusion-Alpha Universal microplate analyzer (Beck-
man Coulter). A calibration standard curve was created for con-
verting the observed fluorescence values into cell numbers (Jones
et al., 2001) using known concentrations of HT-22 cells.

2.8. Intracellular reactive oxygen species (ROS):

Intracellular ROS levels were determined by fluorescence
microscopy using the Image-iT Live Green ROS detection kit
(Molecular Probes Inc., Eugene, OR) using the fluorescent probe
6-carboxy-20,70-dichlorodihydroflourescein diacetate (carboxy-
H2DCFDA) (Bass et al., 1983). HT-22 cells were cultured on glass
coverslips and heated as described above. Cells were washed with
warm HBSS with Ca+ 2 and Mg+2 and labeled with 25 mM carboxy-
H2DCFDA in HBSS for 30 min at 37 1C in the dark and with 1 mM
Hoeschst 33342 stain for the last 5 min. Cells were then washed
three times with warm HBSS, mounted on glass slides and
visualized using a Nikon Eclipse E 800 Fluorescence microscope.

2.9. NADPH oxidase activity

NADPH-dependent superoxide production was measured using
lucigenin-enhanced chemiluminescence (Li et al., 1999). HT-22
cells were pretreated for 1 h with apocynin (300 mM; NADPH
oxidase inhibitor) or its vehicle and then incubated in a water
bath at either 37 1C (control) or 43 1C for 30 min followed by 15 min
at 37 1C in a cell culture incubator. The cells were washed once with
5 ml PBS and dislodged using 1 ml of trypsin (0.25%) for 5 min at
37 1C. Cells were washed twice in a Krebs–Hepes buffer (KHB;
containing 115 mM NaCl, 47 mM KCl, 19 mM CaCl2, 12 mM MgSO4,
1 mM KH2PO4, 25 mM NaHCO3, 11 mM glucose, 20 mM HEPES and
0.1% BSA, pH 7.4) and resuspended in 500 ml KHB and divided into
two aliquots containing 200 ml each for duplicate determination of
NADPH oxidase activity. Aliquots of cell suspensions were added to
KHB containing 5 mM lucigenin (Sigma-Aldrich; St. Louis, MO) in
luminometer cuvettes and luminescence was determined for 5 min
in a TD-20/20 Luminometer (Turner Designs) to determine back-
ground luminescence. To determine stimulated activity, NADPH
(100 mM final concentration) was added and luminescence mea-
sured again for 5 min. NADPH oxidase activity was expressed as
relative light units (RLUs) in the presence of NADPH minus that in
the absence of NADPH. Cell number was counted for each sample
and NADPH activity was expressed as RLUs/2�105 cells.

2.10. Cytoplasmic cytochrome c detection

Cytochrome c was detected in the cytoplasm of HT-22 cells using
western blotting. HT-22 cells were incubated in a water bath at 37 1C
or 43 1C for 30 min and allowed to recover at 37 1C in a cell culture
incubator for 12 h. Adherent and floating cells were collected and
centrifuged at 500g for 5 min at 4 1C, washed with ice-cold PBS and
resuspended in 100 ml mitochondria isolation buffer (320 mM sucrose,
1 mM potassium-EDTA, 10 mM Tris–HCl, (pH 7.4) 1 mM phenyl-
methanesulfonylfluoride (PMSF), 1 mg/ml leupeptin, 20 mg/ml pep-
statin, 30 mg/ml aprotinin). Cells were triturated with a syringe and a
narrow-gauge (No. 27) needle. The homogenate was centrifuged at
500g for 15 min at 4 1C. The resulting supernatant was centrifuged at
17,000g for 15 min at 4 1C, and the supernatant was collected as the
cytosol fraction. The pellet was resuspended in isolation buffer and
centrifuged again at 17,000g for 15 min at 4 1C. The supernatant was
collected and the cytosol fractions combined. The resultant pellet was
incubated in 50 ml of RIPA lysis buffer supplemented with 1 mM PMSF
for 15 min on ice and then centrifuges at 13,000g for 4 min and the
supernatant collected as the mitochondrial fraction. Sun and Leaman
(2005). Equal amounts of protein (15 mg/lane) were analyzed using
SDS-PAGE as described above with a mouse anti-cytochrome c
monoclonal antibody (1:500 dilution, Stressgen) and a goat anti-
mouse IgG HRP-coupled antibody (1:3000 dilution in blocking buffer).
Purified cytochrome c protein was used as a positive control and
b-actin was used as a cytosolic marker. Immunoreactive bands were
detected by ECL Plus Western Blotting Detection System (Amersham
Biosciences, UK). Blots were scanned with a Flour-S Multi Imaging
System (Bio-Rad) to determine the density of the resulting bands and
analyzed with Quantity One software.

2.11. Analysis of DNA fragmentation

HT-22 cells were heated to 43 1C for 30 min and allowed to
recover at 37 1C for 24 h in a cell culture incubator. Adherent and
floating cells were collected and total genomic DNA was isolated
from cell pellets by use of DNeasy tissue kit (Qiagen). DNA
concentration was determined spectrophotometrically. DNA
(5 mg) samples were separated on 1.5% horizontal agarose gels
and stained with ethidium bromide. DNA fragmentation was
visualized using UV illumination on Flour-S imager (Bio-Rad).

2.12. Statistical analysis

Data represent the mean7SEM of the indicated number of
samples. Statistical analysis between groups was made using
ANOVA single factor. Student’s t-test and F-test were used to
analyze between time points.
3. Results

3.1. Cytotoxic effects of heat stress

HT-22 cells were incubated in a water bath at 37 or 43 1C for
30 min and then allowed to recover at 37 1C in a cell culture incubator
for up to 48 h. Exposure of HT-22 cells to 43 1C for 30 min caused a
continuous decrease in adherent cell number during the recovery
period (Fig. 1). A significant decrease in adherent cell number was
seen as early as 2 h after heat stress and the decrease in cell number
continued up to the 12 h time point. Cell number remained constant



Fig. 1. Effect of heat stress on HT-22 cell survival. HT-22 cells were incubated in

either a 37 1C (control) or 43 1C (heat-stressed) water bath for 30 min. Cells were

allowed to recover in a cell culture incubator under normal growth conditions at

37 1C for 0–48 h and cell number measured. Values are means7standard error of

three independent experiments. * Indicates significantly different from unheated

control cells (Pr0.05).

Fig. 2. Effect of heat-stress on antioxidant gene expression. HT-22 cells were

incubated in a water bath at 37 1C (control) or 43 1C (heat-stressed) for 30 min. Cells

were allowed to recover in a cell culture incubator under normal growth conditions

at 37 1C for 0–48 h and gene expression was measured as described in Methods. (A)

Expression of the housekeeping genes, GAPDH and Arbp in heat-treated cells

showing no change in expression of the housekeeping genes in response to

hyperthermia. (B) Expression of NAD(P)H quinone oxidoreductase 1 (NQO1), heme

oxygenase-1 (HO1) and catalase. (C) expression of SOD-1 in heated and non-heated

control HT-22 cells. Values are means7standard error of three independent

experiments performed in duplicate. Values represent the expression of the

indicated gene in response to hyperthermia relative to the same gene in non-

heated cells at the same time point. * Indicates significantly different from non-

heated control for corresponding expression (Pr0.05).
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from 12 to 48 h of recovery. Non-heated cells continued to grow and
their number reached 147710% of time 0 by 24 h at which point cells
were confluent and cell number did not increase further.

3.2. Superoxide dismutase expression and activity

Hyperthermia also caused a time dependent decrease in gene
expression, protein expression and activity of SOD in HT-22 cells.
Cu/Zn-SOD gene expression declined shortly into the recovery
period and reached a maximum decrease of 82% at 12 h before
expression started to increase back towards baseline (Fig. 2). Gene
expression of Cu/Zn-SOD was not different from non-heated cells at
24 h of recovery. There was no change in the expression of the
housekeeping genes GAPDH or Arbp in response to hyperthermia,
nor was there any change in Cu/Zn-SOD expression in control non-
heated cells over the same time period (Fig. 2A). Furthermore,
when we looked at the expression of HO1, NQO1 and catalase we
observed an increase in HO1 gene expression at 4 and 8 h into the
recovery phase but no significant change in either NQO1 or catalase
(Fig. 2B). Hyperthermia also decreased the cytoplasmic protein
expression of SOD during the recovery period (Fig. 3). This decrease
in SOD protein expression was significant from control at 4 h of
recovery and continued to decrease up to 48 h after hyperthermia.
At 48 h there was a 54% decrease in SOD protein content compared
to non-heated control cells. There was no change in the expression
of beta-tubulin over the same time-period nor was there a change
in SOD expression in control non-heated cells. Similar to what was
seen for gene and protein expression, lysate SOD enzyme activity
was also decreased in response to hyperthermia in HT-22 cells
(Fig. 3). The effect of hyperthermia on SOD enzyme activity was
apparent immediately following the 30 min heat stress. There was
approximately a 35% inhibition in total SOD activity at the end of
the hyperthermia incubation (0 h) when compared with unheated
control cells. The decrease in activity was maximal at 8 h of
recovery and remained at this level for the duration of the
experiment. SOD activity after 8 h was 16.271.3% of that mea-
sured in non-heated control cells.

3.3. Cytochrome c release and DNA fragmentation

To determine the characteristics of heat-induced HT-22 cell
death, mitochondrial release of cytochrome c and genomic DNA
fragmentation were determined to assess apoptotic cell death
(Fig. 4). For these experiments, cells for analysis were composed of
both floating and attached cells in control and hyperthermia-
stressed groups. The proportion of floating cells was much higher in
the heated groups compared to the control group. Cytochrome c
immunoreactivity was undetectable in the cytosol of non-heated
control cells but was dramatically increased in the cytoplasm of
heat-stressed cells (Fig. 4A). A similar scenario was observed for
DNA fragmentation. DNA laddering was seen in cells that were
exposed to hyperthermia but not in non-heated control cells
(Fig. 4B).
3.4. SOD mimetics

In light of the decrease in SOD expression and activity, we next
examined the contribution of SOD to the heat induced cytotoxic
effects. HT-22 cells were treated with the SOD mimetics, EUK-134



Fig. 3. Effect of heat-stress on SOD protein expression and cytosolic SOD activity.

HT-22 cells were incubated in a water bath at 37 1C (control) or 43 1C (heat-stressed)

for 30 min. Cells were allowed to recover in a cell culture incubator under normal

growth conditions at 37 1C for 0–48 h and protein expression and activity were

measured as described in Methods. (A) Representative Western blot of SOD-1 and

beta-tubulin expression in heated cells. Con refers to non-heated control cells. (B)

SOD-1 expression and cytosolic SOD activity expressed relative to non-heated

control cells. Values are means7standard error of three independent experiments

performed in duplicate. * Indicates significantly different from non-heated control

for corresponding expression or activity (Pr0.05).

Fig. 4. Effect of heat stress on cytochrome c release and DNA fragmentation in HT-

22 cells. (A) Western blot analysis for cytochrome c in cytosolic fraction prepared

from HT 22 cells. Cells were treated with EUK-134 (10 mM) or it’s vehicle for 1 h and

incubated in either a 37 or 43 1C water bath for 30 min and allowed to recover at

37 1C for 12 h. C, vehicle-treated, non-heated control; H, vehicle-treated, heat

stressed; C+E, EUK-134-treated, non-heated control; H+E, EUK-134-treated, heat

stressed; Cyto c, purified cytochrome c protein as a positive control. b-tubulin was

used as internal control. Blot is a representative of three independent experiments.

(B) Effect of heat stress on DNA fragmentation in HT-22 cells. HT-22 cells were

incubated at 37 or 43 1C for 30 min and allowed to recover at 37 1C for 24 h. Genomic

DNA was isolated and separated by agarose gel electrophoresis. DNA fragmentation

was visualized using UV illumination. M, DNA ladder; C, unheated control; H, heat

stressed cells, C+E, EUK-134-treated, non-heated control; H+E, EUK-134-treated,

heat stressed cells. Gel is a representative of three independent experiments.

Fig. 5. Effect of heat stress on HT-22 cell survival in presence of the SOD mimetics

EUK-134 and TBAP and the NOX inhibitor Apocynin. HT-22 cells were pretreated

with EUK-134 (10 mM), TBAP (100 mM), apocynin (300 mM) or their vehicles for 1 h

and then incubated at either 37 1C (control) or 43 1C (heat-stressed) for 30 min and

allowed to recover under normal growth conditions for 12 h and cell number was

determined. Values are means7standard error of three independent experiments

performed in duplicates. * Indicates significantly different from control (Pr0.05).
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(10 mM), Mn(III)TBAP (100 mM) or their vehicle for 1 h and then
exposed to hyperthermia. EUK-134 (10 mM) had no effect on
growth in non-heated control cells but completely reversed the
cytotoxic effect of hyperthermia in HT-22 cells (Fig. 5). The growth
of heated HT-22 cells pretreated with EUK-134 was indistinguish-
able from control-non-heated cells. Similar to EUK-134, Mn(III)
TBAP (100 mM) pretreatment also protected HT-22 cells from
hyperthermia-induced cell death (Fig. 5). Along similar lines,
pretreatment of HT-22 cells with EUK-134 (10 mM) had no effect
on cytosolic cytochrome c immunoreactivity or DNA laddering in
control cells, but completely blocked the increase in the cytoplas-
mic appearance of cytochrome c and DNA laddering in HT-22 cells
exposed to heat (Fig. 5).

3.5. Reactive oxygen species generation

The decrease in SOD activity also led us to investigate the
generation of intracellular reactive oxygen species (ROS) in
response to hyperthermia in HT-22 cells. Cells were labeled with
the Image-iT Live Green ROS detection kit 2 h after heat exposure,
at which time there was a 25% decrease in cell number compared to
control non-heated cells. The intensity of green fluorescence
corresponding to oxidized DCF is directly proportional to the level
of intracellular ROS. In non-heated control cells, little to no green
fluorescence was detected and nuclei stained blue and appeared
rounded (Fig. 6A). In heated cells, there was enhanced generation
and accumulation of intracellular ROS as determined by an increase
in the number and intensity of green fluorescence inside the cells
(Fig. 6B). Cells pretreated with EUK-134 showed reduced intensity
of green fluorescence as well as the number of DCF-labeled cells
when compared to vehicle-treated, heat stressed HT-22 cells
(Fig. 6C). This increase in ROS generation was further examined
by examining the effects of hyperthermia on NADPH oxidase (NOX)
activity (Fig. 6D). Heat increased NOX activity from 14.3+2.3
RLU/2�105 cells to 35.8+5.1 RLU/2�105 cells. The effect of heat
on the increase in NOX activity was blocked by pretreatment of
HT-22 cells with the NOX inhibitor, apocynin (300 mM). Apocynin
also blocked the cytotoxic effects of hyperthermia on cell
survival (Fig. 3).



Fig. 6. Effect of heat stress on ROS generation and NOX activity in HT-22 cells. HT-22

cells were exposed to heat stress at 43 1C for 30 min and allowed to recover at 37 1C

for 2 h. Unheated control cells were maintained at 37 1C for the same period. Cells

were labeled with 25 mM carboxy-H2DCFDA and 1 mM Hoeschst and visualized

under fluorescence microscope. (A) unheated control cells; (B) heat stressed cells;

(C) heat-stressed cells pretreated with EUK-134 (10 mM) for 1 h before heat stress.

Pictures are representative of three independent experiments. (D) NOX activity in

response to heat stress. NOX activity is expressed in relative light units (RLU)/

2�105 cells. The control bar represents NOX activity in absence of heat stress. The

apocynin bar represents control cells treated for 1 h with apocynin (300 mM).

The heat stress bar represents NOX activity in cells following heat stress. The

apocynin+heat stress bar represents the effect of apocynin (300 mM) on NOX

activity in heat stress cells. Values are means7standard error of three independent

experiments. * Indicates significantly different from control (Po0.05).
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4. Discussion

Exposure of HT-22 cells to 43 1C for 30 min followed by recovery
at 37 1C caused a decrease in Cu/Zn-SOD mRNA levels, cytoplasmic
SOD protein and enzyme activity and a corresponding decline in
cell number. During the recovery phase after heating, there was an
increase in reactive oxygen species generation and an increase in
NADPH oxidase activity that was associated with an increase in
DNA fragmentation and release of cytochrome c from the mito-
chondria. The increase in ROS accumulation and cell death was
abolished by pretreatment with the SOD mimetics EUK-134 and
Mn(III)TBAP as well as the NADPH oxidase inhibitor apocynin.
These data suggest that hyperthermia increased ROS generation by
increasing NADPH activity and decreasing SOD activity leading to
cytotoxicity in HT-22 cells.

In many cell types, hyperthermia-induced cell death appears to
be both time and temperature dependent. In rat embryonic striatal
neurons in culture, a heat load of 43 1C for 2 h was necessary to
produce delayed cell death (White et al., 2003) whereas increasing
the temperature to 45 1C for only 30 min caused delayed death in
cortical neurons cultured for 10–15 days (White et al., 2007). In the
present study, heating cells to 43 1C for 30 min lead to significant
cell death. The time and temperature load is lower than has been
reported for cells in culture. However, our experiments were
performed at 50% confluence in what would be considered a
rapidly growing population of cells. The developing nervous
system appears to be especially sensitive to hyperthermia and
actively dividing population of cells are highly susceptible to
hyperthermia-induced apoptosis (Khan and Brown, 2002). In our
study, if the hyperthermic insult was carried out at 70–80%
confluence, there was a considerable decrease in the ability of
our heating regimen to produce its cytotoxic effects (data not
shown). Therefore, it appears that rapidly dividing HT-22 hippo-
campal cells in culture are more susceptible to hyperthermia.

Hyperthermia is associated with accumulation of ROS such as
superoxide anion (O d�

2 ) and hydrogen peroxide (H2O2) (Zhao et al.,
2006; Arnaud et al., 2002; Perez-Crespo et al., 2005; Niu et al., 2003;
Shin et al., 2008). This increase in reactive oxygen species genera-
tion has been shown to be critical in both the apoptotic as well as
anti-apoptotic pathways induced by hyperthermia (Katschinski
et al., 2000). In the present study, heating cells to 43 1C for 30 min
increased ROS generation estimated by the fluorescent indicator
carboxy-H2DCFDA and well as by the superoxide detector luci-
genin. Both methods suggest that there was an increase in ROS
generation. The source of ROS generation in response to hyperther-
mia has traditionally been attributed to mitochondrial generation,
but recent evidence suggests that other ROS generating systems,
such as NADPH oxidase (NOX), may be involved (Starkie et al.,
2005; Wartenberg et al., 2005; Zhang et al., 2003; Zuo et al., 2000).
HT-22 cells contained mRNA for NOX 1 and NOX4 (data not shown)
and exposure of HT-22 cells to hyperthermia caused a significant
increase in chemiluminescence in the presence of NADPH com-
pared to control cells. The hyperthermia-induced increase in
chemiluminescence was attenuated by pretreatment with the
NOX inhibitors apocynin (300 mM) and DPI (1 mM, data not shown).
Apocynin, at the concentration that blocked NOX activity also
blocked hyperthermia induced apoptosis. Taken together, these
data suggest that the hyperthermia-induced increase in ROS
generation was mediated by NADPH oxidase. The mechanism for
the hyperthermia-induced activation of NADPH oxidase however,
is unclear. Protein kinase C has been reported to activate NOX in
various cell types including neuronal (Chan et al., 2007), endothe-
lial (Min et al., 2005), cardiac (Rude et al., 2005) and vascular
smooth muscle (Lavrentyev and Malik, 2009) whereas phosphati-
dylinositol 3-kinases (PI3 kinase) have also been reported to
activate NOX in phagocytes (Yamamori et al., 2004) and endothelial
cells (Frey et al., 2006; El-Assal and Besner, 2005). However,
whether PKC or PI3K is involved in hyperthermia-induced increase
in NADPH oxidase activity is unknown.

In addition to the hyperthermia-induced increase in reactive
oxygen species generation and apoptosis, we also observed a
decrease in SOD-1 expression and activity that contributed to its
pro-apoptotic effects. Under normal physiological conditions,
cellular levels of the reactive oxygen species superoxide are kept
low by several antioxidant mechanisms including the enzyme
copper/zinc superoxide dismutase (Cu/Zn SOD) (McCord and
Fridovich, 1969), which catalyzes the dismutation of superoxide
to hydrogen peroxide (H2O2) in the cytosol of various cell types.
Hydrogen peroxide is reduced to water by the actions of catalase
and glutathione peroxidase. In the CNS, SOD-1 plays an important
role in neuroprotection and has been reported to be rapidly down
regulated after several types of CNS injury (Peluffo et al., 2005).
Overexpression of SOD-1 is protective in neuronal cells and delays
apoptosis triggered by many oxidative insults (Schwartz et al.,
1998). On the contrary, downregulation of SOD-1 promotes
apoptosis (Troy and Shelanski, 1994). Many stressors and patho-
logical conditions associated with accumulation of reactive oxygen
species and development of oxidative stress decrease the level of
SOD-1 mRNA with or without a decline in protein content and/or
enzymatic activity in different tissues and species. Such conditions
include immobilization stress (Oishi and Machida, 2002), septic
shock (Ghosh et al., 1996), hypoxia/ischemia (Martin et al., 2002)
(Rawal et al., 2004), chronic fatigue syndrome (Steinau et al., 2004),
inflammatory bowel disease (Segui et al., 2004), type-II diabetes
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(Sakuraba et al., 2002) and chemical induced excitotoxic injury
(Peluffo et al., 2005). Inhibition of SOD-1 activity following
exposure to elevated temperature have also been reported in rat
brain (Yang and Lin, 2002), gold fish brain (Lushchak and
Bagnyukova, 2006), rat liver (Morrison et al., 2005; Zhang et al.,
2003) and in PC-3 cells (Moriyama-Gonda et al., 2002).

In our study, the decrease in SOD activity occurred immediately
after hyperthermia. SOD activity in heated cells decreased by 35%
compared to non-heated cells at time 0 suggesting that there was
an immediate disruption of SOD activity despite no change in
protein content. Lushchak and Bagnyukova (2006) have also
reported that in goldfish brain, a 1 h exposure to 35 1C decreased
SOD activity by 40% in brain whereas further heat treatment
increased SOD activity. In our study, a rebound effect on SOD
activity was not observed and lysate SOD activity never recovered.
We did not investigate the cause of the immediate decrease in SOD
activity but others have attributed this to thermal/oxidative
inactivation of the enzyme (Lushchak and Bagnyukova, 2006).

The pretreatment of HT-22 cells with the salen manganese
antioxidant SOD-mimetic compound (EUK-134) rescued HT-22
cells from heat-induced death. EUK-134 is a synthetic SOD-
mimetic drug that has the ability to scavenge superoxide anion
and its dismutation product hydrogen peroxide (Pong et al., 2000).
EUK-134 has been shown to be protective against oxidative injury
in many types of cells including rat cortical neurons (Pong et al.,
2001) and motorneurons (Sanchez-Carbente et al., 2005). In our
study, EUK-134 protected HT-22 cells against hyperthermia-
induced accumulation of intracellular ROS, mitochondrial cyto-
chrome c release, DNA fragmentation and most importantly cell
death. These data suggest that oxidative stress plays a major role in
hyperthermia-neuronal cell damage and EUK-134 is protective via
an antioxidant mechanism. Interestingly, salen manganese SOD-
mimetic drugs (EUKs) have been used successfully to abrogate
oxidative stress-induced cellular damage and apoptosis in different
cell types and tissues associated with many pathologic conditions
such as neurodegenerative disorders like Alzheimer’s disease
(Anderson et al., 2001), Parkinson’s disease (Peng et al., 2005)
and amyotrophic lateral sclerosis (Jung et al., 2001). They have been
used also in the treatment of cell injuries in many other patholo-
gical conditions such as diabetes (Olcott et al., 2004), inflammatory
immune diseases (Decraene et al., 2004), ischemia-reperfusion
injuries (Li et al., 2005), heat stress-induced liver injury (Zhang
et al., 2006, 2004), septic shock (Wayman et al., 2002) and heavy
metal-induced toxicity (Yang et al., 2005).

In conclusion, exposure of HT-22 cell to 43 1C for 30 min
followed by recovery at 37 1C decreased in SOD-1 mRNA levels,
cytoplasmic SOD protein and enzyme activity and a corresponding
decline in cell number. During the recovery phase, there was an
increase in reactive oxygen species generation and an increase in
NADPH oxidase activity that was associated with an increase in
DNA fragmentation and an increase in the release of cytochrome c
from the mitochondria. The increase in ROS accumulation and cell
death was abolished by pretreatment with the SOD mimetics EUK-
134 and Mn(III)TBAP and the NADPH oxidase inhibitor apocynin.
These data suggest that hyperthermia increases ROS generation by
increasing NADPH activity and decreasing SOD activity leading to
cytotoxicity in HT-22 hippocampus cells.
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