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Ischemia/reperfusion-related injuries are associated with a wide range of diverse 

disorders including but not limited to aging, heat stroke, diabetes and Alzheimer’s 

disease.  Ischemia/reperfusion is known to cause oxidative stress through the generation 

of reactive oxygen species (ROS) and the resulting oxidative stress is thought to be a 

contributing factor in the progression of these neurological disorders [345].  In addition to 

ischemia/reperfusion injury, oxidative stress has also been reported to occur in response 

to heat stress in the brain and is thought to be one of the main contributors to the 

progression of heat-related illnesses [353].  In the present study, we examined whether 

simulated ischemia/reperfusion and mild heat stress increases ROS generation through 

similar mechanisms in cultured hypothalamic cells.  Hypothalamus IVB cells were grown
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under normal culture conditions and either heat stressed at 43oC for 15 minutes followed 

by 15 minutes recovery or exposed to simulated ischemia/reperfusion by incubation for 1 

hour in ischemic media in the absence of oxygen followed by 2 hours incubation in 

normal oxygenated media (reperfusion).  Heat stress caused a significant increase in 

HSP70 and HO-1 gene expression as measured by real time RT-PCR.  Heat stress also 

caused an increase in cytoplasmic HO-1 protein expression and nuclear translocation of 

HSF-1 as measured by western blot.  Heat stress and simulated ischemia/reperfusion also 

increased ROS generation as measured by the fluorescent indicator carboxy-H2DCFDA.  

The increase in ROS was attenuated by pretreatment with the NOX inhibitor apocynin 

and the PKC inhibitors Gö6976 and Ro-31-8220.  To further investigate the generation of 

ROS, we measured NOX activity using chemiluminescence.  Similar to what was seen 

with ROS generation, both mild heat stress and simulated ischemia/reperfusion increased 

NOX activity and these effects were blocked by apocynin, DPI, Gö6976, Ro-31-8220 and 

calphostin C.  Furthermore, using RT-PCR and western blot analysis, NOX4 and PKCα 

were found to be expressed in IVB cells.  These results suggest that both heat stress and 

simulated ischemia/reperfusion cause oxidative stress through PKCα-mediated NOX4 

activation in hypothalamic IVB cells. 



 vii

ACKNOWLEDGEMENTS 

I would like to express my gratitude to those in Auburn University’s College of 

Veterinary Medicine, its Dean Dr. Timothy Boosinger, the Associate Dean of research 

Dr. Carl Pinkert, as well as those in the Department of Anatomy, Physiology and 

Pharmacology and its Department Head Dr. Edward Morrison for the opportunity to 

attend graduate school at Auburn University.  I express my deepest appreciation for my 

mentor and major advisor, Dr. Dean Schwartz, for his support and guidance.  Without 

him, none of this would have been possible.  I would also like to thank the members of 

my committee, Dr. Robert J. Kemppainen, Dr. Elaine S. Coleman, and Dr. Holly Ellis for 

all their help planning and executing this project.  For their assistance in the laboratory 

and friendship during this work, I would like to thank Dr. Heather Edwards, Dr. Pete 

Christopherson, Dr. Eric Plaisance, Dr. Deepa Bedi, Dr. Naglaa El-Orabi, Zhechuan Fan, 

Sudhir Ahluwalia, Kathy O’Donnell and Barbara Steele.  I would also like to thank Dr. 

Jim Sartin, Dr. Ya-Xiong Tao, Dr. Tim Braden, Dr. Robert Judd, Dr. Barbara 

Kemppainen, Dr. Larry Myers, Debbie Allgood, Hattie Alvis, Diane Smith, Dorothy 

Spain, Kathy O’Donnell, Barbara Steele and Mary Lloyd for all their help and support.  I 

would also like to express my appreciation to my family, my mother Janice Rogers, my 

father Brian Rogers, my second mom Pat Schmidt and her husband Roland Schmidt, my 

late grandmother Eula Rogers, my late grandfather Sydney Rogers, my stepmother Ellen 

Sue Brockett and my stepbrothers Ben and Alex Lyon for all their love and support. 



 viii

Style manual or journal used:  Brain Research 

 

Computer software used:  Microsoft Word, Endnote, Microsoft Excel, SAS, 

and Adobe Photoshop.   



 ix

TABLE OF CONTENTS 
 
 

LIST OF TABLES……...….……………………………...…….…………………….…..x 

LIST OF FIGURES.….…......…………………………………….…………….…….….xi 

INTRODUCTION………………………………………………………………………...1 

LITERATURE REVIEW………………………………………………………………..10 

MATERIALS...……….………………………………………………………………….54 

METHODS……………..……………………………………………………………..…57 

RESULTS……………..…………………………………………………………………88 

DISCUSSION…………..………………………………………………………………131 

CONCLUSION…..………..…………………………...…………………………....….147 

REFERENCES…………………………………………………………………………148 

APPENDICES….………..…..…………………………………………………………175 

 



 x

LIST OF TABLES 
 

 
Table 1.  Hypothalamic hormones and their biological functions…………………….....41 

 
Table 2.  Gene Specific Primers for PCR..………………………………………………64 

 
Table 3.  PKC Inhibitors………………..………………………..………………………72 
 



 xi

LIST OF FIGURES 
 
 

Figure 1.  Proposed Structures of Activated NOX Isoforms………...…………………..17 

Figure 2.  RNA Integrity Gel…………………………………………………………….61 

Figure 3.  Effect of heat stress on the expression of HSP70 and HO-1………………….89 

Figure 4.  Effect of heat stress on HO-1 protein levels…………………………..………91 

Figure 5.  Effect of heat stress on HSF-1 protein levels in the cytoplasm and nucleus….93 

Figure 6.  ROS generation in response to heat stress in IVB cells…………………........95 

Figure 7.  ROS generation in response to I/R in IVB cells………………………….…...97 

Figure 8.  Apocynin inhibits heat-induced oxidative stress in IVB cells………………...99 

Figure 9.  Apocynin inhibits I/R-induced oxidative stress in IVB cells…………..……101 

Figure 10.  NOX activity in response to heat stress in IVB cells………………………103 

Figure 11.  NOX activity in response to I/R in IVB cells………………………….…...105 

Figure 12.  PCR analysis for NOX in control IVB cells and rat heart……………….....108 

Figure 13.  Western blots for NOX2 and NOX4 in IVB cells and rat brain………...….109 

Figure 14.  Effect of the PKC inhibitors on heat-induced ROS generation.....................111 

Figure 15.  Effect of the PKC inhibitors on I/R-induced ROS generation…….……….113 

Figure 16.  Effect of PKC inhibitors on heat-induced NOX activity…………………...116 

Figure 17.  Effect of PKC inhibitors on I/R-induced NOX activity………………...….120 

Figure 18.  Effect of PKC and PI3-kinase inhibitors on NOX activity………………...124 

Figure 19.  NOX activity in response to PMA in IVB cells……………………………127 



 xii

Figure 20.  PKCμ, PKCα, PKCβ, PKCδ, PKCε and PKCζ mRNA expression..………129 

Figure 21.  Western blot for PKCα, PKCδ, PKCε, PKCγ, PKCζ and PKCμ…………..130 

 



 1

INTRODUCTION 
 
 
 

Stroke is one of the leading causes of morbidity and mortality in the United States 

and throughout the world [272].  Stroke is commonly characterized as cerebral ischemia 

caused by a loss of blood flow to the brain due to arterial blockage or associated with 

cardiac arrest [48].  Risk factors associated with stroke include hypercholesterolemia 

[11], hypertension [17], hyperhomocysteinemia [34], sedentary life-styles and smoking 

[272].  Cerebral ischemia is defined as regional tissue hypoxia which becomes 

aggravated by the bolus return of oxygenated blood following removal of blockage or 

return of cardiac function, which is referred to as reperfusion injury [6].  Reperfusion 

injury is also associated with surges of intracellular calcium, free radicals, excitatory 

amino acids and eicosanoids, leading to ATP depletion, neural apoptosis and 

microvascular inflammation [55,288].  Recently, oxidative stress has also been reported 

to be a contributing factor to cell injury following ischemia and reperfusion [6].  

Oxidative stress is a general term used to describe the level of oxidant damage in a cell or 

tissue caused by the generation of reactive oxygen species (ROS) [196].  It has become 

widely recognized that oxidative stress contributes to the pathology of a number of 

neurological disorders and is involved in the injury observed following ischemia and 

reperfusion [345].   
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In addition to ischemia/reperfusion injury, oxidative stress has also been reported 

to occur in response to heat stress in the brain and is thought be one of the main 

contributors to the progression of heat-related illnesses [353].  Hyperthermia has received 

considerable attention of late due to increasing incidence of heat-related illnesses 

involving athletes, the elderly, and soldiers exposed to hot environments and severe heat 

waves [337].  Increased environmental temperatures are a major problem when 

accompanied by physical activity and/or dehydration because of the potential for the 

development of heat stroke [289].  Heat stroke occurs when brain temperatures exceed 

105-106oF.  At these temperatures the ability of the hypothalamus to coordinate 

thermoregulation throughout the body is compromised [290].  The decreased ability of 

the hypothalamus to regulate body temperature can cause greater increases in brain 

temperature, increases in intracerebral pressure, overall decreases in blood pressure and 

ultimately multi-organ dysfunction [290].  Even mild hyperthermia that does not result in 

heat stroke has been reported to cause long term neurological defects including memory 

loss, personality disorders, and dementia caused by brain lesions [267].  Current 

treatments for heat-related illnesses are limited and mainly focus on removing the 

individual from the hot environment and cooling the individual’s core body temperature 

[53].  A better understanding of the mechanisms involved in the generation of ROS 

associated with heat stress can potentially lead to more effective therapeutic strategies 

targeted at minimizing heat-related brain injury.    

 Heat stress and ischemia/reperfusion cause oxidative stress through the generation 

and accumulation of ROS, which can damage proteins, lipids, molecular machinery and 

DNA [72,152,197,198,203,275,352,360].  The exact mechanisms of ROS generation are 
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unclear, but both intra- and extracellular ROS increase with mild heat stress and 

ischemia/reperfusion [230,345].  Several enzymes have been reported to contribute to the 

production of ROS in response to various stressors.  Cyclooxygenase (COX) and 

lipoxygenase (LOX) are key ROS-generating enzymes that convert arachidonic acid into 

either prostaglandins or leukotrienes, respectively, and are involved in the inflammatory 

and pain responses associated with oxidative stress [322].  Nitric oxide synthase (NOS) 

catalyzes the conversion of L-arginine and oxygen into citrulline and nitric oxide (NO) 

[236].  NO can interact with superoxide to produce the highly reactive compound 

peroxynitrite.  To date, three subtypes of NOS have been described.  The inducible form 

of NOS (iNOS) is thought to be involved in inflammation [209].  Endothelial NOS 

(eNOS) is constitutively expressed and NO production in endothelial cells is involved in 

vascular tone and platelet aggregation [204].  Neuronal NOS (nNOS) is expressed in 

nerves and various other cell types and produces NO that is reported to play a role in 

neurotransmission [201,363].  Lastly, the enzyme xanthine oxidase catalyzes the 

conversion of hypoxanthine and xanthine to uric acid and generates hydrogen peroxide as 

a by-product [233].  Xanthine oxidase has been shown to play a role in vascular injury 

associated with ischemia, inflammatory diseases and chronic heart failure [238].  The role 

of these enzymes in both ischemia/reperfusion and heat stress induced oxidative stress in 

the brain is not yet fully understood, but it appears these enzymes are mainly involved in 

inflammation-mediated cerebrovascular damage associated with ischemia/reperfusion 

and heat stroke. 

The major source of non-enzymatic ROS generation in aerobic cells comes from 

mitochondrial sources.  Cellular respiration occurs through a process called oxidative 
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phosphorylation in the mitochondria allowing for the generation of energy, in the form of 

adenosine triphosphate (ATP), via the electron transport chain (ETC) [253].  The ETC 

transfers electrons through a series of specialized enzyme complexes generating a proton 

gradient that drives the synthesis of ATP via ATP synthase [194].  Under normal 

conditions, 1-2% of all oxygen consumed during respiration undergoes single electron 

reduction by leakage of electrons from quinone pools to form the superoxide radical 

[237].  Mitochondrial superoxide dismutase (SOD) subsequently converts superoxide into 

oxygen and hydrogen peroxide which are then converted to water and oxygen by catalase 

and/or glutathione peroxidase.  However, under stress conditions, the number of electrons 

leaking out of the ETC is enhanced leading to an accumulation of superoxide in the 

mitochondria and ultimately, mitochondrial dysfunction [187].  Indeed, alterations in 

mitochondrial function have been reported to be involved in diverse pathological 

oxidative stress states such as aging and neurodegeneration [99,237].  These increases in 

ROS are responsible for progressive deterioration of cell structures and continuous 

damage to mitochondrial DNA over time [99,237].   

The current study focuses on yet another ROS generating system.  NADPH 

oxidase (NOX) is a major source of ROS in mammalian cells and was originally 

identified in neutrophils [92].  NOX is a membrane bound, multisubunit enzyme that 

transports electrons across biological membranes to molecular oxygen to catalyze the 

formation of superoxide [346].  Studies suggest NOX-derived ROS may play especially 

important roles in ROS-sensitive signal transduction cascades, including those critically 

important for cell proliferation, differentiation, apoptosis and even necrosis because of 

their rapid generation and degradation [162,317].  NOX has also been suggested to 
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contribute to ischemia/reperfusion injury associated with lung disease [251], liver injury 

[193], hypertension [57] and atherosclerosis [58]. 

To date, little is known about the effects of heat stress on NOX activation and 

signaling.  Studies using the NOX inhibitors apocynin and diphenylene iodonium, 

suggest NOX is involved in ROS generation in response to heat exposure in neutrophils 

[202], fibroblasts [60] cardiomyocytes [61] and neuronal cells [68].  Heat-exposure to 

aged rats has been reported to produce increased levels of ROS in the liver and intestinal 

epithelial cells that possibly contributes to cellular dysfunction and age-related reductions 

in heat tolerance [89,152,360].  Although the source(s) of ROS generation was not 

directly assessed in this study, the authors suggested that mitochondria or a ROS-

generating enzyme such as NOX was responsible for the heat-induced ROS generation.  

Recently, heat shock-induced ROS generated from NOX was reported to cause an 

increase in the expression of matrix metalloproteinases (MMPs) via the mitogen activated 

protein kinase (MAPK) pathway in skin cells [286].  MMPs are enzymes involved in the 

proteolysis of extracellular matrix proteins and are suggested to play a role in the 

development of skin aging exposed to ionizing radiation [59].  In prostate tumor cells 

exposed to heat, a NOX-induced increase in ROS generation was found to increase the 

expression of p-glycoprotein and hypoxia inducible factor-1 (HIF-1α) through the p38 

MAPK pathway, which is involved in protection from apoptosis [286,332].  These 

investigations suggest that heat-induced NOX activation and the resulting ROS 

generation may act as a key signaling event involved in initiating protective mechanisms 

against potentially lethal heat exposure. 
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In the brain, NOX has been identified as the source of ROS generation in 

response to lipopolysaccharide (LPS)-induced fever in rats [262].  Treatment with the 

NOX inhibitor, apocynin, protected against the LPS-induced neuron injury associated 

with neurovascular inflammation [183].  ROS generated from NOX are also found to 

increase permeability and damage of the blood brain barrier that occur following a stroke 

[147].  A major role of NOX-derived ROS in cerebral vasculature is attributed to 

structural and functional changes associated with ROS accumulation that can lead to 

neuronal damage [65].  In the hippocampus, NOX-derived superoxide is thought to play a 

role in regulating memory and emotion by controlling synaptic transmission [162].  

However, increased accumulation of NOX-derived ROS following cerebral 

ischemia/reperfusion is an important underlying cause for neuronal injury leading to 

delayed neuronal death (DND) [330].  Studies performed using the NOX inhibitor 

apocynin, were reported to protect neurons against global cerebral ischemia/reperfusion-

induced oxidative stress injury in the hippocampus [330].  Abramov et al. report that in 

rat hippocampi and cortices exposed to hypoxia, ROS accumulation was attributed to the 

mitochondria and the ROS-generating enzyme xanthine oxidase, but upon reperfusion in 

the rat, NOX appeared to be the main source of ROS generation [6].  This suggests a bi-

phasic generation of ROS during ischemia/reperfusion in the brain involving multiple 

sources. 

The activation of NOX has been reported to involve the signaling molecule 

protein kinase C (PKC), which phosphorylates the p47phox subunit and other subunits of 

NOX, thereby activating the enzyme [334].  PKC, a family of serine/threonine kinases, is 

an important enzyme that mediates a wide range of signal transduction processes, such as 
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differentiation and proliferation [111,341].  The PKC family of enzymes is divided into 

three groups.  The calcium/phospholipid-dependent or conventional PKCs, including 

PKCα, PKCβ and PKCγ; the calcium-independent or novel PKCs, including PKCδ, 

PKCε, PKCμ, PKCη and PKCθ; and the calcium and phospholipid-independent or 

atypical PKCs, including PKCζ and PKCλ.  It has been reported that the PKC isoforms α, 

β, δ, ε, γ and ζ are expressed in the brain, but the role of each PKC isoform remains to be 

elucidated [118].  Studies using the PKCδ inhibitor, rottlerin, prevented the increase of 

ROS generated by NOX in neuronal cells exposed to advanced glycation end (AGE) 

products associated with a number of neurodegenerative diseases [228].  In the spinal 

cord, use of the PKC inhibitor, staurosporine, prevented ischemic neuronal injury [199].  

In the brain, contrasting reports on the effects of ischemia/reperfusion on PKC activity 

suggest site-specific and PKC isoform-specific modulation of PKC activity in response to 

ischemia/reperfusion [46,47,118,164,338].  A role for PKC in activating NOX in the 

brain has also been shown in response to ganglioside treatment in microglial cells and 

exposure to zinc in neurons and astrocytes [215,230].  Although studies on the effects of 

heat stress on PKC activation in the brain are limited [131], heat stress has been shown to 

activate PKC in the heart [146], Jurkat cells [344], and various other cells in the body 

[128].  These studies suggest a role for PKC in NOX activation in the brain, which 

appears to occur in response to a variety of conditions including ischemia/reperfusion and 

heat stress. 

Another group of enzymes that has been shown to play a role in activating NOX 

by phosphorylating the p47phox subunit and potentially other subunits of NOX are the 

phosphotidylinositol-3 kinase (PI3 kinase) enzymes [91,350].  PI3 kinase catalyzes the 
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conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to PIP3, which is involved in 

the recruitment and activation of the phox homology domains of the NOX subunits [91].  

However, the exact mechanism by which PI3 kinase regulates NOX activation other than 

p47phox phosphorylation in intact cells is still unknown.  In the heart, PI3 kinase has been 

shown to play a role in cardiac protection by initiating the Akt pathway, or cell survival 

pathway, in response to ischemia/reperfusion [44].  In the brain, PI3 kinase-mediated 

NOX activation has been shown to occur in response to growth factors and augments 

neurite differentiation [137,245].  Both heat stress and ischemia/reperfusion have been 

shown to activate PI3 kinase, yet the link between PI3 kinase activation and NOX 

activation leading to an increase in ROS accumulation has not been examined [82,333].   

As mentioned previously, oxidative stress is a major contributing factor to both 

ischemia/reperfusion injury and the progression of heat-related illnesses, but the source(s) 

and mechanisms of ROS generation have not been identified in the brain.  More 

specifically in the hypothalamus, which is a critical region of the brain involved in 

temperature regulation, hormonal stress response, neurotransmission and homeostasis 

[19,120,314], the mechanisms of oxidative stress are not yet known.  The crucial role of 

the hypothalamus in regulating the body’s ability to respond and adapt to stressful stimuli 

make it a good candidate for investigating the cellular effects of ischemia/reperfusion and 

heat stress on NOX activation and signaling.  The hypothalamus has been reported to 

express the gp91phox (NOX2) [149] and p47phox [45] subunits of NOX, as well as NOX1 

and NOX3 [67].  One issue that may cause some discrepancies among investigators 

characterizing NOX expression in the hypothalamus is the fact that the cell populations in 

the histological sections used in these studies contain not only neurons, but astrocytes and 
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endothelial cells as well.  This could cause invalid characterization of NOX expression 

levels in hypothalamic tissue sections.  To avoid this issue, we utilized a hypothalamic 

neuronal cell line to investigate NOX expression and activation in this study [150].  Thus, 

the hypothesis that was tested in this study was that heat stress and ischemia/reperfusion 

share a common signaling pathway to increase ROS generation via NOX in a 

hypothalamic neuronal cell line. 
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LITERATURE REVIEW 
 
 
 

Oxidative stress is a general term used to describe the level of oxidant damage in 

a cell or tissue caused by the generation of reactive oxygen species (ROS).  It is widely 

accepted that oxidative stress contributes to the pathogenesis of numerous disease states 

including stroke [326], ischemia/reperfusion injury [127], heat-related illnesses [129], 

atherosclerosis [121], cardiovascular diseases [124], hypertension [356], diabetes mellitus 

[223], neurodegeneration [246] and aging [50].  Many of these diseases are also 

associated with impaired antioxidant activity and impaired energy metabolism which 

further leads to oxidative stress [113].  The implication of oxidative stress as a major 

component of a multitude of diseases, presents the need to understand the mechanisms by 

which oxidative stress occurs.  Currently, the mechanisms by which oxidative stress 

occurs is not yet fully understood.  A major focus of studying oxidative stress involves 

exploring the ROS-generating enzymes that produce ROS as by-products of their 

enzymatic activity.  These enzymes include, but are not limited to cyclooxygenase (COX) 

[322], lipoxygenase (LOX) [322], xanthine oxidase (XO) [233], nitric oxide synthase 

[209] and NADPH oxidase (NOX) [5].  The ROS produced by these enzymes can 

overwhelm the cell’s endogenous antioxidant system leading to oxidative stress. 

ROS are small oxygen-derived molecules including oxygen radicals such as 

superoxide (O2
–.), hydroxyl (OH), and peroxyl (RO2), and non-radicals such as hydrogen
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peroxide (H2O2).  ROS generation is generally caused by a cascade of reactions that 

begins with the production of the oxygen radical superoxide [278].  Superoxide rapidly 

dismutates to hydrogen peroxide either spontaneously or by the antioxidant enzyme, 

superoxide dismutase (SOD).  Hydrogen peroxide can then be converted into water and 

oxygen by two other antioxidant enzymes, catalase and/or glutathione peroxidase.  Other 

elements in the cascade of ROS generation include the reaction of superoxide with nitric 

oxide to form peroxynitrite and the iron-catalyzed Fenton reaction which leads to the 

formation of the hydroxyl radical.  When ROS production exceeds the antioxidant 

system, the accumulation of ROS can become harmful to the cell by interacting with 

macromolecules including proteins, lipids, carbohydrates, and nucleic acids [152,360].  

Through such interactions, ROS may irreversibly destroy or alter the function of the 

target molecule and have been increasingly identified as major contributors to damage in 

biological systems.   

ROS have also been found to play a beneficial role in the immune system for host 

defense [306].  The necessity of ROS in the immune system became clear in 1957 when 

Berendes et al. made the link between deficiencies in ROS generation and reduced ability 

of patients’ leukocytes to fight invading pathogens [30].  This rare syndrome, referred to 

as chronic granulomatous disease (CGD) was recognized in young boys suffering from 

reoccurring infections and was later attributed to the absence of the cytochrome b558 

complex in these patients’ phagocytes [84].  The cytochrome b558 complex is now 

referred to as NADPH oxidase (NOX) and it is a superoxide-producing enzyme that is 

found in both phagocytic and nonphagocytic cells.  ROS can also play a beneficial role in 

cell signaling and are considered to be excellent second messengers because of their rapid 
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formation and degradation.  The cell signaling events are termed reduction-oxidation 

(redox) reactions because they require ROS to regulate a variety of signaling cascades 

involved in cell growth, differentiation, protection and apoptosis [278].  Reports show 

that exogenous addition of superoxide or hydrogen peroxide can stimulate cell growth 

and differentiation in neuronal cells [151], cardiac cells [277], endothelial cells [271], 

fibroblasts [42], smooth muscle cells [259], and cancer cells [331].  These studies 

emphasize the importance of ROS as key signaling molecules for normal cell function 

and presents researchers with numerous questions about the mechanisms behind the 

generation of ROS.   

 As mentioned previously, there are many sources of ROS throughout the body.  

Cyclooxygenase (COX) and lipoxygenase (LOX) are key ROS-generating enzymes that 

convert arachidonic acid into either prostaglandins or leukotrienes, respectively, and are 

involved in the inflammatory and pain responses associated with oxidative stress [322].  

There are two isoforms of COX, COX1 is constitutively active and COX2 is induced by 

inflammatory cytokines such as interleukin-1, that can be reduced by a nutritional diet 

consisting of omega-3 fatty acids [241].  Two omega-3 fatty acids in particular are 

docosahexaenoic (DHA) and eicosapentoaenoic acid (EPA) that compete with 

arachidonic acid thereby inhibiting COX2 and protect from inflammation and 

atherosclerosis [207].  The COX and LOX pathways generate biologically active lipids 

that play important roles in inflammation, cardiovascular disease and tumor progression 

[255].  Interestingly, the expression of COX2 and LOX varies throughout the progression 

of various cancers, and thereby they have been shown to regulate a whole host of 

processes necessary for cancer development [227].  In retinal epithelial cells exposed to 
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ischemia/reperfusion, COX2 and xanthine oxidase were found to produce ROS that were 

inhibited by SOD treatment and the COX inhibitor ibuprofen, and thereby decreased 

inflammatory cell recruitment, vascular permeability and improved retinal perfusion 

[263].    A study by Tang et al. found that by preconditioning cardiac cells with hydrogen 

peroxide, which increased the expression of COX2 and iNOS, the heart was protected 

against a subsequent more lethal hydrogen peroxide treatment and this group attributed 

that protection to COX2 and iNOS [305].  This study supports the idea that COX2 is 

involved in cardioprotection against myocardial infarction and leads us to believe that 

COX and LOX are involved in cardiovascular and immune regulation. 

 One of the most well known ROS-generating enzymes is nitric oxide synthase 

(NOS).  NOS is a crucial enzyme in the body that regulates vascular tone [217], 

neurotransmission [7] and inflammation [209].  NOS catalyzes the conversion of L-

arginine and oxygen into citrulline and nitric oxide (NO) [236].  To date, three subtypes 

of NOS have been described.  The inducible form of NOS (iNOS) is thought to be 

involved in inflammation [209] and cardioprotection [305].  Endothelial NOS (eNOS) is 

constitutively expressed in endothelial cells and generated NO is involved in vascular 

tone and platelet aggregation [204].  Neuronal NOS (nNOS) is expressed in nerves and 

various other cell types and produces NO that is reported to play a role in 

neurotransmission and in learning and memory [201,363].  At low levels, NO can act as 

an antioxidant by increasing glutathione levels in the mitochondria and increasing 

mitochondrial biogenesis and lipid catabolism [35].  On the other hand, when NO levels 

are elevated following exposure to cytokines, NO can react with superoxide to produce 

the harmful peroxynitrite radical that causes neurodegeneration by killing surrounding 
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neurons [201].  The role of peroxynitrite production in neuronal death is supported by 

findings in heat stressed rats with elevated levels of peroxynitrite which were reduced by 

treatment with the antioxidant compound H-290/51 [12].  This study failed to determine 

the source of superoxide production that combined with NO, suggesting another ROS-

generating enzyme is involved in oxidative stress caused by heat exposure.   

 Xanthine oxidase is another ROS-generating enzyme that catalyzes the 

conversion of hypoxanthine and xanthine to uric acid and generates hydrogen peroxide as 

a by-product [233].  Xanthine oxidase has been shown to play a role in vascular injury 

associated with ischemia, inflammatory diseases and chronic heart failure [238].  

Xanthine oxidase also functions in the testes to mediate ROS damage caused by testicular 

torsion which causes ischemic damage in the testes [168].  Overall the harmful role of 

xanthine oxidase is thought to be through the formation of hydrogen peroxide as a by-

product and not the uric acid which is mainly associated with an inflammatory response 

similar to COX2, LOX and iNOS.   

The major source of non-enzymatic ROS generation in aerobic cells comes from 

mitochondrial sources, specifically complex I and complex III [57,190].  Cellular 

respiration occurs through a process called oxidative phosphorylation in the mitochondria 

allowing for the generation of energy, in the form of adenosine triphosphate (ATP), via 

the electron transport chain (ETC) [253].  The ETC transfers electrons through a series of 

specialized enzyme complexes generating a proton gradient that drives the synthesis of 

ATP via ATP synthase [194].  Under normal conditions, 1-2% of all oxygen consumed 

during respiration undergoes a single electron reduction by leakage of electrons from 

quinone pools to form the superoxide radical [237].  Then, mitochondrial superoxide 
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dismutase (SOD) converts superoxide into hydrogen peroxide which is then converted to 

water and oxygen by catalase and glutathione peroxidase.  However, under stress 

conditions, the number of electrons leaking out of the ETC is enhanced leading to an 

increase and accumulation of superoxide in the mitochondria and ultimately, 

mitochondrial dysfunction [187].  Alterations in mitochondrial function have been 

reported to be involved in diverse pathological oxidative stress states such as aging and 

neurodegeneration [99,237].  The mitochondria have also been shown to generate ROS in 

response to ischemia/reperfusion [6,57,58,114] and heat stress [15,70,144,178,286,337], 

but the intensity of these stresses appear to be a major factor in mitochondrial ROS 

generation.  These mitochondrial induced increases in ROS are responsible for 

progressive deterioration of cell structures and continuous damage to mitochondrial DNA 

over time [99,237].  These studies support the idea that mitochondria are the source of 

ROS in response to heat stress and ischemia/reperfusion and the mitochondria may be the 

cause of cell death in response to lethal exposure to heat and ischemia/reperfusion. 

The current study focuses on yet another ROS generating system.  NADPH 

oxidase (NOX) is a major source of ROS in mammalian cells and was originally 

identified in neutrophils [92].  NOX is a membrane bound, multisubunit enzyme that 

transports electrons across biological membranes to molecular oxygen to catalyze the 

formation of superoxide [346].  Studies suggest NOX-derived ROS play an important 

role in ROS-sensitive signal transduction cascades, including those critically important 

for cell proliferation, differentiation, apoptosis and even necrosis because of their rapid 

generation and degradation [162,317].  NOX-derived ROS are thought to also play a role 

in the cellular response to heat stress by regulating the expression of heat responsive 
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genes [243].  It is suggested that NOX is involved in initiating oxidative-stress sensitive 

signaling pathways that also regulate heat shock protein (HSP) production and these 

proteins protect the cell from both heat stress and oxidative stress.  NOX has also been 

suggested to contribute to ischemia/reperfusion injury associated with lung disease [251], 

liver injury [193], hypertension (57) and atherosclerosis (58).  These findings support the 

involvement of NOX in the two important oxidative stress-causing states; heat stress and 

ischemia/reperfusion that will be the focus of this review. 

 

The NADPH Oxidase Homologues  

 Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) is a 

family of ROS-generating enzymes that were first discovered in phagocytes in 1964 by 

Rossi and Zatti [268].  NOX is a membrane-bound enzyme that transports electrons from 

NADPH across biological membranes to molecular oxygen, catalyzing the formation of 

superoxide [346].  The NOX family consists of seven homologues which are 

appropriately named NOX1-5 and Duox 1-2.  Along with a preserved function of ROS 

generation in all the NOX isoforms, they all have conserved structural properties 

including a COOH terminus, a NADPH-binding site at the COOH terminus, a FAD-

binding region, six conserved transmembrane domains and four highly conserved heme-

binding domains [306].  The prototypical NOX is a multisubunit enzyme that consists of 

two membrane-bound subunits gp91phox (NOX2) and p22phox and up to four cytosolic 

subunits p47phox, p67phox, p40phox and the small GTPase Rac1 (figure 1) [225].  Upon 

activation, these subunits combine to form a membrane-bound complex known as NOX.  



Each of the homologues and subunits will be individually described in greater detail in 

this section of the review. 
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Figure 1. Proposed Structures of Activated NOX Isoforms.  The NOX enzymes have 
similar structures, but differ in their activation mechanisms.  NOX1 activation requires 
p22phox, NOXO1, p47phox, NOXA1 and Rac1.  NOX2 (gp91phox) activation requires 
p22phox, p47phox, p67phox, p40phox and Rac1 as well as p47phox phosphorylation.  NOX3 
activation requires p22phox, NOXO1, NOXA1 and may require Rac1.  NOX4 requires 
p22phox and may require Rac1 and phosphorylation.  NOX5, DUOX 1, and DUOX2 are 
activated by Ca2+ and do not appear to require subunits.  Figure modified from Bedard et 
al.  2007.  

 

NOX2 

NOX2, also known as gp91phox, is the prototypical NOX and its biochemical 

features have been extensively studied through the past years [225,266].  The majority of 

information known about the structural features and topography of all NOX isoforms 
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were derived from studies on NOX2 in phagocytes and is appropriately termed the 

phagocytic NOX [138].  To date, sequencing and antibody mapping studies suggest that 

NOX2 has six transmembrane domains, a cytoplasmic NH2 terminus and a cytoplasmic 

COOH terminus [306].  NOX2 in humans is a highly glycosylated protein that has a 

molecular weight of 91 kilodaltons (kDa) [327].  Activation of NOX2 occurs through a 

complex series of protein/protein interactions between the gp91phox, p22phox, p47phox, 

p67phox, p40phox and the small GTPase Rac1 subunits.   

The NOX2 protein is thought to be unstable in the absence of the membrane-

bound subunit, p22phox, based on studies using phagocytes of p22phox-deficient patients 

that had no detectable levels of the NOX2 protein [75].  Activation of NOX2 also 

requires the translocation of the cytosolic factors p47phox, p67phox, p40phox and Rac1 to the 

gp91phox and p22phox transmembrane complex.   Further evidence suggests that full 

activation of NOX2 requires an additional step involving the phosphorylation of p47phox 

by protein kinase C (PKC) and/or phosphatidylinositol 3-kinase (PI3 kinase), leading to a 

conformational change and interaction with p67phox and p22phox [109].  Translocation of 

p47phox to the membrane is initiated by its phosphorylation, which allows p67phox to dock 

with gp91phox and p22phox and thereby recruits the small p40phox subunit to the complex 

[115].  Rac1, a small Rho-GTPase, then interacts with NOX through the direct interaction 

with gp91phox and p67phox [165,172].  Following assembly, the NOX2 complex is active 

and generates superoxide via the transfer of an electron from NADPH to oxygen.   

NOX2 was first described in neutrophils and macrophages.  However, increasing 

evidence at both the mRNA and protein level show the expression of NOX2 in many 

nonphagocytic cells, including neurons [280], cardiomyocytes [124], skeletal muscle 
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cells [142], hepatocytes [260], endothelial cells [145], and hematopoietic stem cells [254].  

In smooth muscle cells, NOX2 has been shown to colocalize with the perinuclear 

cytoskeleton suggesting NOX2 is not only a membrane-bound complex but may have a 

function in other cellular compartments [186].  Interestingly, NOX2 gene expression is 

increased by interferon-γ in phagocytes [226], in myofibroblasts after carotid artery injury 

[302] and in cardiomyocytes after acute myocardial infarction [167].  These studies 

support the idea that activity and expression of NOX2 can be regulated to alter ROS 

production in various cell types. 

The role of NOX2 in brain function is less clear.  In hippocampal neurons, NOX2 

has been reported to be localized in the synaptic membranes of nerves and is thought to 

play a role in superoxide-dependent long-term potentiation and memory function via 

neuronal plasticity [307].  Evidence also suggests a role of NOX-derived ROS in 

cognitive function in that mice overexpressing superoxide dismutase (SOD) have 

impaired memory [309,310].  Learning and memory are impaired in NOX2- and p47phox-

deficient mice, as well as in chronic granulomatous disease patients lacking a functional 

NOX, however the degree of this impairment is mild, suggesting more of a modulatory 

role of NOX in learning and memory [160,242].  Interestingly, NOX2 found in 

hippocampal neurons appear to regulate NMDA receptor signaling necessary for normal 

neurotransmission [242,307].  On the other hand, NOX2 has also been reported to 

contribute to neurodegeneration by oxidizing amyloid-precursor protein (APP) that is 

associated with Alzheimer’s disease [257].  These studies emphasize the need to clarify 

the role of NOX2 in normal and abnormal brain function. 
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NOX1 

NOX1 was the first homolog of NOX2 described.  NOX1 and NOX2 genes 

appear to be the result of recent gene duplication because the number and length of their 

exons are nearly identical [20,298].  NOX1 and NOX2 share a 60% sequence homology 

and both human and mouse NOX1 genes are located on the X chromosome [20,298].  

NOX1 has been found to contain splice variants, one of which lacks exon 11 that encodes 

for a non-ROS producing form of NOX1 [97].   Studies show a molecular mass of NOX1 

in the range of 55–60 kDa suggesting NOX1 is most likely not glycosylated, despite the 

presence of two glycosylation sites in the extracellular domains [69].  NOX1 is highly 

expressed in colon epithelium [301] and is also expressed in a variety of other cell types, 

including neurons [137], vascular smooth muscle cells [173], endothelial cells [163], 

uterus and prostate [298], placenta [163], and osteoclasts [177].  NOX1 is also expressed 

in several cell lines, including colon tumor cell lines Caco-2 [66], HT-29 [252] and the 

pulmonary epithelial cell line A549 [107].   

In vascular smooth muscle cells, NOX1 gene expression is induced by platelet-

derived growth factor (PDGF), prostaglandin F2, and angiotensin II [173,298,342].  

Studies on the inducible expression of NOX1 in the vascular system suggest an 

involvement of epidermal growth factor (EGF) receptor transactivation and involvement 

of ATF-1, PI3-kinase, and PKC [87].  In the brain, NOX1 has been found to negatively 

regulate neuronal differentiation by suppressing neurite outgrowth [137].  There is also 

evidence in the brain that suggests NOX1 regulates growth by associating with growth 

factor receptors and initiating the expression of mitogenic genes by altering the redox 

state of the cell [278].  NOX1 has been found to be constitutively active in the neurons of 
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mice, but is contradicted by studies in humans that reported weak constitutive activity and 

requirement of the PKC activator phorbol-12-myristate-13-acetate (PMA) for full 

activation [98,303].  NOX1 requires the membrane subunit p22phox for activation and the 

NOXA1 (activator subunit), NOXO1 (organizer subunit) and Rac1 are also required for 

the full activation of NOX1 [153,154].  These studies suggest NOX1 is a key enzyme 

involved in regulating growth and differentiation of neurons and smooth muscle cells.   

 

NOX3 

NOX3 was first described in 2000 based on its sequence homology to NOX2, but 

functional studies were only recently performed revealing a role for NOX3 in the inner 

ear [157,239].  NOX3 shares 56% amino acid homology with NOX2 and the gene for 

human NOX3 is located on chromosome 6 [157,239].  Sequence alignment and 

hydropathy plot analysis predict the overall structure of NOX3 to be very similar to 

NOX1 and NOX2 [157].  Two different studies led to a defined role of NOX3 in the 

inner ear.  The original study that characterized the role for NOX3 in the inner ear was 

performed using the "head tilt" mutant mouse that revealed mutations in the NOX3 gene 

causing vestibular defects [239].  This was the first study to show a functional role of 

NOX3 in the inner ear that was responsible for the perception of motion and gravity.  

Another study focused on NOX3 tissue distribution using real time RT-PCR and in situ 

hybridization.  They found high NOX3 expression throughout the inner ear [21] and low 

levels of NOX3 in the brain [21], fetal spleen and kidney [61,157].   

NOX3 is a p22phox-dependent enzyme and its expression appears to stabilize 

p22phox, which leads to p22phox translocation to the plasma membrane [315,316].  
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Functional studies suggest p22phox is required for NOX3 activation and truncated p22phox 

inhibits ROS generation by NOX3 [154,315].  Yet, there remains some controversy over 

the in vivo relevance of p22phox for NOX3 function because no vestibular dysfunction has 

been reported for p22phox-deficient CGD patients [279].  Expression studies show both 

p47phox and p67phox are capable of activating NOX3 similar to NOX1 and NOX2, but may 

not be required for its activation [161].  NOX3 appears to be constitutively active even 

though the role for a constitutively active NOX in the inner ear still remains unclear. 

 

NOX4 

NOX4 was originally identified as a NOX homolog highly expressed in the 

kidney, and is sometimes referred to as renox (renal oxidase) [96,287].  NOX4 is 39% 

homologous to NOX2 and the gene for human NOX4 is located on chromosome 11 

[105].  NOX4 has a molecular weight of around 75 kDa and/or 65 kDa from both 

endogenous NOX4 expressing cells, such as smooth muscle cells and endothelial cells as 

well as in NOX4 transfected endothelial cells [126,135].  The different molecular masses 

detected and the fact that NOX4 contains four glycosylation sites, suggests that NOX4 is 

glycosylated [287].  NOX4 mRNA expression has also been detected in neurons [318], 

osteoclasts [354], endothelial cells [9], smooth muscle cells [83], hematopoietic stem 

cells [254], fibroblasts [74], keratinocytes [54] and melanoma cells [40].  NOX4 

expression in the brain appears to localize in neurons as detected by 

immunohistochemistry and RT-PCR yet the role of NOX4 in the brain is not yet known 

[318].  NOX4 expression is induced by a variety of conditions including hypoxia and 

reoxygenation [299,318], endoplasmic reticulum stress [250], shear stress [134], carotid 
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artery injury [302], and tumor necrosis factor-α (TNFα) stimulation of smooth muscle 

[216].  Upregulation of NOX4 expression has been reported in response to angiotensin II 

and is thought to be involved in the development of hypertension [125].  NOX4 

expression can be down-regulated  in response to the peroxisome proliferator activated 

receptor (PPAR)-γ ligands [135], supporting evidence that NOX4 is involved in vascular 

regulation associated with the Renin-Angiotensin system. 

In vascular smooth muscle, NOX4 is found in proximity to focal adhesions [126], 

but in transfected epithelial cells NOX4 appears to localize near the endoplasmic 

reticulum (ER) [206,319], which is thought to occur by the accumulation at the site of 

protein synthesis.  In vascular smooth muscle and endothelial cells, NOX4 is located near 

the perinuclear membrane, suggesting a role in gene expression regulation [126,169].  

NOX4 is a p22phox-dependent enzyme and co-localizes with and stabilizes the p22phox 

subunit [14].  Functional studies suggest a requirement for p22phox in NOX4-dependent 

ROS generation [154,206].  NOX4 does not appear to require cytosolic subunits for its 

activity, and it has been shown to be constitutively active [96,206,287].  The requirement 

of Rac1 or PKC for the activation of NOX4 is not yet clear, but in some endogenous 

NOX4-expressing cells, a Rac requirement and PKC-dependency have been documented 

[104,139].  

As mentioned above, NOX4 has been suggested to be a constitutively active 

enzyme; however, not all data favor this concept.  NOX4 activation has been shown in 

response to a variety of stimuli, including lipopolysaccharide in HEK293 cells [244], 

insulin in adipocytes [200], angiotensin II or high glucose in mesangial cells [104,139], 

and PMA-stimulated vascular endothelial cells [169].  There is also evidence of the 
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upregulation of NOX4 expression during a stroke [318].  The authors suggest the increase 

in NOX4 expression was due to the increase in available oxygen associated with 

reperfusion following a stroke.  However, the authors did not examine NOX4 activity to 

determine if stroke affected both expression and activity leading to an increase in ROS 

from NOX4.  Angiotensin II and high glucose stimulation are suggested to activate 

NOX4 through a Rac1-dependent mechanism [104,139], although the requirement for 

Rac1 in NOX4 activation still remains controversial.  Another interesting, yet 

controversial finding related to NOX4 is its ability to produce hydrogen peroxide rather 

than superoxide [200].  Studies also suggest this may be due to the rapid conversion of 

superoxide to hydrogen peroxide by either spontaneous dismutation or by the enzyme 

superoxide dismutase [206].  These findings lead us to believe that NOX4 is a unique 

isoform of the NOX family, both structurally and functionally, and can increase ROS 

production by increased gene expression and increased activity.   

 

NOX5  

NOX5 was first described in 2001, by two different groups.  Banfi et al. described 

a protein consisting of over 700 amino acids containing a long intracellular NH2 terminus 

and a calcium-binding EF-hand domain [61].  Cheng et al. predicted a protein of 565 

amino acids which lacked the EF-hand domain and had an overall structure similar to 

NOX1–4 [22].  These predicted protein structures from the two groups are both derived 

from cDNA and therefore the exact structure of NOX5 has not yet been identified.  Based 

on the requirement of calcium for NOX5 activation, the structure containing the EF-hand 

domain is the most likely candidate.  NOX5 is described as an 85-kDa protein and is 
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located on chromosome 15 [39].  NOX5 mRNA expression has also been reported in the 

testis, spleen, lymph nodes, vascular smooth muscle, bone marrow, pancreas, placenta, 

ovary, uterus, stomach, and in various fetal tissues [22,61,274].  NOX5 does not require 

p22phox for its activation, as demonstrated by p22phox siRNA studies that decreased the 

activity of NOX1-NOX4, but not NOX5 [154].  NOX5 does not appear to require 

cytosolic subunits, similar to NOX4, but activation of NOX5 is mediated by an increase 

in the cytoplasmic calcium concentration [22,23].  The calcium-binding domain of NOX5 

undergoes conformational changes in response to calcium elevations and becomes 

activated upon the interaction between the calcium-binding region and the catalytic 

COOH-terminus of the enzyme [22,23].  These findings suggest NOX5 plays a role in 

calcium-sensing and is a potential mediator of calcium-induced ROS generation. 

 

Duox1 and Duox2  

The final two isoforms of NOX are named Duox1 and Duox2 (duox refers to dual 

oxidase), and are predominately expressed in the thyroid [71,79].  The thyroid gland, 

located in the neck, is involved in regulating metabolism through the conversion of 

thyroxine (T4) to triiodothyronine (T3) [218].  The conversion of T4 to T3 is catalyzed 

by the enzyme thyroid peroxidase in the presence of hydrogen peroxide.  The source of 

hydrogen peroxide was traditionally thought to be thyroid peroxidase, but current studies 

suggest it is a calcium- and NADPH-dependent enzyme [32].  This concept led 

investigators to focus on the NOX family of enzymes which led to the discovery of two 

novel NOX isoforms in the thyroid, called Duox1 and Duox2 [71].  The hydrogen 

peroxide produced by Duox1 and Duox2 is thought to be directly produced by these 
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enzymes and not a product of spontaneous dismutation or superoxide dismutase action on 

superoxide [81,90].  Yet there still remains some controversy over these findings because 

of the rapid conversion of superoxide to hydrogen peroxide making it hard to confidently 

say whether Duox1 and 2 only produce hydrogen peroxide or superoxide. 

The Duox isoforms are 50% homologous with NOX2, but a truncated form of 

Duox2 has also been found in rat thyroid cell lines [219].  Both Duox1 and Duox2 have 

two glycosylation states including a glycosylated form found in the endoplasmic 

reticulum that is around 180 kDa, and a fully glycosylated form found at the plasma 

membrane that is around 190 kDa [218].  The peroxidase homology region of Duox2 is 

suggested to be extremely important to normal thyroid function because mutations in the 

extracellular domain have been associated with hypothyroidism [323].  They have also 

been described in airway epithelia [90] and the prostate [328] suggesting they may play a 

role in epithelial cells other than the thyroid.  Duox1 and Duox2 appear to be major 

regulators for maintaining normal metabolic activity in humans by their requirement for 

normal thyroid function. 

 

NADPH Oxidase Subunits and Regulatory Proteins  

p22phox 

 The NOX subunit p22phox is closely associated with the gp91phox (NOX2) subunit 

on the plasma membrane [133].  The gene for human p22phox is located on chromosome 

16 and is predicted to have at least two transmembrane domains [110,180].  Evidence 

suggests two transmembrane domains with both the NH2-terminus and the COOH-

terminus facing toward the cytoplasm [43,138].  The molecular weight of p22phox is 22 
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kDa [247].  The expression of p22phox is widely distributed in both fetal and adult tissues 

and in various cell lines [61,248].  Studies show the expression of p22phox increases in 

vascular tissues in response to angiotensin II [217], streptozotocin-induced diabetes [86], 

and hypertension [356] revealing a major role in regulating vascular function.  The 

promoter region of p22phox contains consensus sequences for transcription factors 

including interferon-γ, Elk1, GAGA, and Nuclear Factor-κB (NF-κB) suggesting p22phox 

is highly regulated at the transcriptional level [220]. 

In phagocytes and endothelial cells, p22phox co-localizes with gp91phox in 

intracellular storage sites, such as the golgi, and translocates to the membrane upon 

activation [27,143].  In vascular smooth muscle cells p22phox co-localizes with NOX1 

[116] and with NOX1 and NOX4 in transfected vascular smooth muscle cells [14,116].  

Currently, it is proposed that gp91phox and the p22phox are stable only as a heterodimer, 

while the monomers undergo proteasomal degradation [73].  This is supported by studies 

on NOX2-deficient CGD patients who have no detectable p22phox protein within 

phagocytes, and p22phox-deficient CGD patients who have no detectable NOX2 protein 

[248].  Studies using siRNA-mediated p22phox downregulation show decreased function 

of NOX1-4, but not of NOX5 [39,154] suggesting p22phox is a necessary component for 

these NOX isoforms. 

 

p47phox and NOXO1 

The two NOX subunits p47phox and NOXO1 are recognized as organizer subunits.  

They are termed organizer subunits based on observations in neutrophils of patients 

lacking the p47phox subunit in which there was no translocation of the p67phox, p40phox, 
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and Rac1 to form a functional NOX2 complex [231,325].  The genes for human p47phox 

and NOXO1 are located on chromosomes 7 and 16, respectively [62].  The molecular 

weights of p47phox and NOXO1 are 47 and 41 kDa, respectively, and are both cytosolic 

proteins that contain a phox (PX) domain which interacts with membrane phospholipids 

[303].  They also have two SH3 domains that allow for the interaction with p22phox 

[180,303].  P47phox has an autoinhibitory domain that prevents the interaction with p22phox 

until p47phox is phosphorylated and undergoes a conformational change thereby blocking 

the autoinhibitory domain [181].  The AIR is absent in NOXO1 which may promote 

constitutive activity in the NOXO1 subunit.  NOXO1 and p47phox also contain a COOH-

terminal proline-rich region that interacts with SH3 domains in NOXA1 and p67phox, 

respectively [181].   

The expression of p47phox has been reported in neurons [307], hepatocytes [260], 

lung [10], endothelial cells [145], and vascular smooth muscle [25].  NOXO1 is highly 

expressed in the colon [20], but also found in other tissues, including testis, small 

intestine, liver, kidney, pancreas, uterus, and inner ear [62].  Rac1 fails to translocate to 

the membrane in neutrophils from patients lacking p47phox [80] which provides further 

evidence for p47phox as an organizer subunit.  The autoinhibitory domain of p47phox 

prevents the association with p22phox, but upon phosphorylation of the autoinhibitory 

domain of p47phox, a conformational change occurs allowing for the translocation to the 

plasma membrane and association with the p22phox subunit.  In humans, stimulation by 

the PKC activator PMA is necessary for full activation and p47phox is also thought to be 

regulated at least in part by PI3-kinase [98,303].   
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p67phox and NOXA1 

 The two activator subunits p67phox and NOXA1 were discovered in parallel with 

the respective organizer subunits (p47phox and NOXO1).  These two subunits are called 

activator subunits because p67phox interacts with p47phox which is thought to activate 

NOX2 following the translocation of p67phox/p47phox, p40phox and Rac1 to gp91phox and 

p22phox [258].  Both p67phox and NOXA1 possess NH2-terminal domains that interact with 

Rac1 [172] as well.  The human p67phox and NOXA1 genes are found on chromosomes 1 

and 9, respectively [303].  Although p67phox and NOXA1 share only 28% amino acid 

identity, their overall domain structure is similar [28].  Their molecular weights are 67 

and 51 kDa, respectively, and they are both cytoplasmic proteins.  p67phox is expressed in 

phagocytes, B lymphocytes [106], glomerular, endothelial cells [145], neurons and 

astrocytes [230].  The expression of p67phox is induced by a variety of stimuli, including 

zinc exposure in neurons and astrocytes [230], interferon-γ in HL60 cells [182] and 

angiotensin II in aortic adventitial fibroblasts [240].  p67phox and NOXA1 interact through 

their COOH-terminal SH3 domain with the proline-rich repeats of p47phox and NOXO1 

[110].  Thus, these subunits appear to be necessary for NOX2 activation, but their 

involvement in the activation of other NOX isoforms is not well documented. 

 

p40phox  

p40phox was first detected by coimmunoprecipitation with p47phox and p67phox 

[339].  p40phox is specific for NOX2 and is suggested to enhance oxidase function, but is 

not necessary for functional NOX2 in phagocytes [339].  The human p40phox gene is 

located on chromosome 22 and is a cytosolic protein with a molecular weight of 40 kDa 
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[80].  The structural domains of p40phox include an SH3 domain, a PX domain, and a PB1 

domain [80].  p40phox has been shown to interact with p47phox and p67phox during the 

activation of NOX2 [265].  The p40phox protein is expressed in phagocytes [339], B 

lymphocytes [106], hippocampus [307], and vascular smooth muscle [312].  

 

Rac1 

The Rho family of GTPases is a subfamily of small G proteins in the Ras 

superfamily of proteins.  The members of the Rho GTPase family have been described as 

molecular switches that regulate many cellular processes including cell proliferation, 

apoptosis, cell division, and gene expression [125].  Rac1 (Ras-related C3 botulinum 

toxin substrate 1) is a member of the Rho GTPase family.  The activation of Rac occurs 

through the exchange of bound guanine diphosphate (GDP) to guanine triphosphate 

(GTP), which is catalyzed by guanine nucleotide exchange factors (GEFs) [265].  It was 

reported that Rac1-GTP is necessary for the activation of NOX2 through binding to the 

p67phox subunit [364].  The Rac1 gene codes for a protein that is around 21 kDa.  It is 

ubiquitously distributed and regulates cell cycle, cell-cell adhesion, motility and 

differentiation [2].  Rac1 is involved in the activation of NOX1 and NOX2, but its 

involvement in NOX3 activation is unclear.  NOX4 activity appears to be Rac1-

independent, although one study using cells endogenously expressing NOX4 implicates a 

role for Rac1 in NOX4 activation [104].  There are no data suggesting a role for Rac1 in 

NOX5 or DUOX activation.   
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NOX Physiology and Pathophysiology 

The physiological functions of NOX include host defense [266], cellular signaling 

[101], posttranslational processing of proteins, regulation of gene expression and cell 

differentiation [173].  The mechanisms of activation and tissue distribution of the various 

members of the NOX family are markedly different and still not fully understood.  NOX 

is a major source of ROS in the vascular system, leading to the widespread use of the term 

vascular NOX [108].  Along with its role in the vascular system, NOX also appears to 

play a role in the physiology and pathophysiology of the central nervous system (CNS) 

[51,365].  This role is only now beginning to be investigated.  The nervous system 

accounts for over 20% of all oxygen consumed by the body, and as a result produces 

large quantities of ROS [77].  The nervous system is particularly sensitive to oxidative 

stress because of enrichment of polyunsaturated fatty acids in the cell membranes of the 

various cell types.  ROS generation in the CNS has traditionally focused on the 

pathological effects of mitochondrial ROS production.  More recently, studies have began 

to unravel the role NOX plays in ROS generation in the nervous system [273].   

Astrocytes are glial cells that play an important role in providing regulatory 

molecules for neurons.  They also play an important role in the CNS inflammatory 

response [329].  In astrocytes, activation of PKC [3,249] or the administration of calcium 

ionophores has been shown to activate NOX [5].  The type of NOX activated, however, is 

a matter of contention.  Abramov et al. reported reduced ROS generation in astrocytes of 

NOX2-deficient mice, suggesting NOX2 may be the predominant isoform in astrocytes 

[5].  NOX-derived ROS are thought to play diverse roles in astrocyte function including 

regulating cell survival via Akt activation [261,355], as well as contributing to 
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inflammation and oxidative damage of nearby neurons [4].  In glia, the phorbol ester 

PMA, known activator of PKC, stimulates NOX-derived increases in superoxide 

production [201].  In oligodendrocytes, neither ROS generation nor expression of NOX 

have been reported, although these cells appear to respond to ROS generated by 

neighboring cells [18].  Microglia are macrophage-like cells that produce large amounts 

of ROS through the phagocyte NADPH oxidase [174,324].  The main function of ROS in 

microglia appears to be its participation in host defense and the removal of debris from 

the CNS. 

In neurons, the expression of NOX was thought not to occur because of their high 

susceptibility to oxidative damage.  However, over the past few years neuronal 

expression of NOX4 [318], NOX2 [304] and NOX1 [137] have been reported.  The two 

main functions of NOX in neurons appear to involve regulation of cell fate and 

modulation of neuronal activity [188].  Induction of neuronal apoptosis in response to 

serum deprivation or by brain-derived neurotrophic factors appears to be mediated 

through NOX2-derived ROS generation [158,304].  In PC12 cells, NOX1 negatively 

regulates NGF-induced neurite outgrowth [137].  This study supports the idea that ROS 

derived from NOX can modulate neuronal growth and differentiation in the brain.  NOX 

enzymes may also modulate neuronal activity as suggested by studies involving 

angiotensin II-stimulated neurons [364,365].  Angiotensin II-mediated NOX activation is 

thought to mediate neuronal chronotropic actions by regulating cardiovascular function 

and fluid balance [300].  Evidence also suggests a role for NOX-derived ROS in 

cognitive function where mice overexpressing SOD have impaired memory [309,310].  

More specifically, NOX enzymes, particularly NOX2, may be involved in long-term 
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potentiation and learning [148].  Learning and memory are impaired in NOX2- and 

p47phox-deficient mice, as well as in CGD patients; however the degree of this impairment 

is mild, suggesting more of a modulatory role of NOX [160,242].  Interestingly, all 

elements of the phagocyte NOX are found in hippocampal neurons where NOX is 

thought to be involved in NMDA receptor signaling necessary for normal 

neurotransmission [242,307].  These findings lead us to believe that NOX-derived ROS 

are an important regulator of normal CNS function.  However, increased NOX activity 

may also contribute to pathological conditions such as neurodegeneration and 

cardiovascular disease. 

  There is also increasing evidence for a role of microglial NOX2 in inflammatory 

neurodegeneration, including Alzheimer’s disease and Parkinson’s disease [64,358].  In 

the case of Alzheimer’s disease, several studies show a role of microglia in amyloid 

precursor protein (APP)-dependent neurodegeneration [64,246,285].  APP fragments 

released from neurons activate NOX2 in neighboring microglia cells through a Vav-

dependent mechanism [257,340].  Consequent ROS generation by NOX2 in microglia 

leads to death of neighboring neurons through interactions with their cellular organelles 

[257].  Several studies suggest similar mechanisms in Parkinson’s disease, however, the 

microglia-activating ligands are less well defined [33,94,95].  A strong argument for a 

role of NOX2 in Parkinson’s disease is shown in experiments with NOX2-deficient mice, 

that appear to be protected from oxidative stress in a 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) model of Parkinson’s disease [361].  Dementia is a common 

problem in advanced human immunodeficiency virus (HIV) disease, and microglia 

activation is thought to be a key element in the development of the disease.  The 
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activation of NOX2 by the HIV-1 negative factor (nef) suggests the involvement of 

NOX2 in the progression of HIV in humans [51,234].  Overall, the role of NOX in the 

CNS is complex because NOX is necessary for normal physiological functions in some 

cases, but can also aid in the progression of many neurodegenerative diseases in other 

cases.  This emphasizes the need to investigate NOX more extensively to truly 

understand its role in the CNS. 

 

PKC and NOX 

Protein kinase C (PKC) represents a family of serine/threonine kinases that are 

involved in signal transduction and controls numerous cellular processes.  All PKCs have 

a conserved C-terminal domain (substrate binding domain), N-terminal regulatory 

domain (phosphorylation donor site) and require a lipid phophatidylserine as a cofactor 

[24].   Differences in structure and substrate requirements allow for the PKC family to be 

divided into three groups.  The conventional PKCs (α, βI, βII and γ) are activated by 

calcium and/or diacylglycerol (DAG); the novel PKCs (δ, ε, µ, η and θ) are calcium-

independent and activated by DAG; the atypical PKCs (ζ, λ) are calcium-independent and 

do not respond to DAG either.  Evidence suggests that each of the PKC isoforms plays a 

unique role and are involved in various signaling cascades within all cell types [136].   

Since the PKC family is so large, it exhibits the extent to which these proteins are 

distributed among different tissues, subcellular localization and biochemical properties.  

Various PKC isoforms can interact with the plasma membrane, golgi, cytoskeleton, 

mitochondria and nucleus [24].  Phorbol esters are a group of compounds used to activate 

conventional and novel isoforms of PKC by interacting with the DAG-sensitive region of 
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these PKCs.  The most commonly used phorbol ester is phorbol-12-myristate-13-acetate 

(PMA), which has been linked to ROS generation through PKC-dependent NOX 

activation [186].   

Oxidative stress can enhance the production of platelets which is a key step in 

vascular injury associated with atherosclerosis [256].  Polyphenolic compounds such as 

quercentin and catechin can inhibit ROS generation by inhibiting PKC-dependent NOX 

which decreases platelet production and reduces vascular injury.  In endothelial cells, 

PKCα, ε and ζ activate NADPH oxidase in response to VCAM-1 [1], docosaheaenoic 

(DHA) [207] and in PI3 kinase gamma knockout mice [91], respectively.  In fibroblasts, 

PKCα and δ were found to activate NADPH oxidase in response to WKYMV (W-

Tryptophan, K-Lysine, Y-Tyrosine, M-Methionine, V-Valine) and insulin [52,136].  

Diabetes is a major risk factor for premature atherosclerosis through oxidative stress.  It 

has also been reported that diabetic PKCβ knockout mice had reduced oxidative stress 

generated from NADPH oxidase which protected renal function [232].  An interesting 

study showed α-tocopherol, a lipid-soluble antioxidant, inhibits PKCα-dependent NOX, 

thereby decreasing ROS generated in monocytes, critical for atherogenesis, exposed to 

hyperglycemia [321]. 

Hyperthermia and ischemia/reperfusion have been shown to activate PKC and 

NOX separately, but no one has examined the potential link between PKC activation and 

NOX activation [146,199,344].  Many of the PKC isoforms are redox-sensitive and can 

be activated by ROS creating a connection between PKC-dependent ROS generation and 

ROS-sensitive PKC activation.  PKCδ is a redox-sensitive kinase which is involved in 

apoptosis in response to ROS generation [349].  PKCδ can also cause ROS generation by 
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phosphorylating the p47phox subunit of NOX [31].  PKC is abundant in neurons and 

necessary for their survival and function implicating their importance in the brain.  PKC 

plays a role in memory and learning by controlling neuronal plasticity which is likely 

attributed to ROS generation.  Specifically, studies show that lithium-induced memory 

impairments are due to an impaired function of PKCα, but the mechanism for this 

impairment is not yet known [159].  In neurons, 6-hydroxydopamine, a neurotoxin that 

mimics Parkinson’s disease, causes oxidative stress through PKCδ leading to neuronal 

apoptosis [117].  Inhibition of PKCδ prevents the increase of ROS generated by NOX in 

neuronal cells exposed to advanced glycation end products (AGEs) [228].   PKCα, βII and 

δ have been reported to activate NOX in microglial cells in response to gangloside 

treatment [215] and zinc was reported to activate NOX via PKC in cortical neurons and 

astrocytes [230].   

 

PI3-Kinase and NOX 

 The majority of what is known about kinase regulation of NOX comes from 

studies done in neutrophils.  Several kinases other than PKC have been reported to 

phosphorylate subunits of NOX and regulate its activity including phosphoinositide-3 

kinase (PI3 kinase), extracellular regulated kinase (ERK) and p38 mitogen activated 

protein kinases (MAPK) [350].  The most well documented of the three, is PI3 kinase, 

which catalyzes the conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) into PIP3.  

PIP3 then activates phospholipase C (PLC) which is converted to inositol-3-phosphate 

(IP3) and diacylglycerol (DAG).  Conventional and novel PKC are activated by DAG 

leading to the activation of NOX via phosphorylation of the p47phox subunit [350].  This 
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presents the possibility that PI3 kinase and PKC are linked in their activation of NOX 

through DAG formation. 

PI3 kinase is activated by various stimuli including ischemia [49], pro-

inflammatory cytokines [91,214], endothelin-1 [166] and growth factors [245].  Ischemic 

preconditioning has been linked to the activation of PI3 kinase to increase hepatic 

tolerance to ischemia/reperfusion [49].  PI3 kinase is thought to confer neuronal 

protection through the activation of protein kinase B (PKB or Akt) through activating 

nuclear factor κB (NF-κB) and blocking caspase 3 activation [41].  Other than the few 

studies in neurons, not much else is known about the role of PI3 kinase and NOX in the 

brain.  Tumor necrosis factor α (TNF-α) mediates PI3 kinaseγ activation through PKCα 

and PKCζ which activates NOX2 to generate ROS required for NF-κB activation and 

ICAM-1 expression in endothelial cells in inflammation [214].  Platelet-derived growth 

factor (PDGF) binds to its receptor, activating PI3 kinase which converts PIP2 to PIP3 

then binds to the pleckstrin homology domain of NOX1-associated βPix (Rac-GEF) 

causing the activation of NOX1 and ROS generation [245].  This shows a clear 

relationship between PI3 kinase and PKC activation that can activate NOX. 

 

NOX Inhibitors 

Diphenylene iodonium  

The most commonly used non-specific NOX inhibitor is diphenylene iodonium 

(DPI).  DPI and other diaryl-iodonium compounds irreversibly inactivate the majority of 

redox-active proteins such as flavoproteins [284].  DPI has been shown to inhibit NOX 

[304].  DPI is not specific to NOX and has also been shown to inhibit nitric oxide 
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synthase [295], xanthine oxidase [76] and mitochondrial complex I [189].  DPI has been 

shown to block apoptosis in neurons exposed to high salt [68] and NGF-starved 

conditions [304].  Studies using DPI make it hard to narrow down the enzyme 

responsible for ROS generation in response to an applied stimulus because DPI will 

block all ROS generating enzymes in the body.  Therefore, using DPI along with the 

other NOX inhibitor apocynin, investigators can better identify that the ROS reduction 

seen with these inhibitors is due to NOX-derived ROS generation. 

 

Apocynin 

The plant-derived phenol 4-hydroxy-3-methoxyacetophenone, apocynin, was first 

described in the 1990’s as a low-affinity inhibitor of the phagocyte respiratory burst 

[293].  Studies on the effect of the phagocyte NADPH oxidase suggested that apocynin 

must be metabolized by peroxidases to generate the inhibitory compound and acts by 

inhibiting the translocation of the cytoplasmic subunits [171].  Apocynin at higher 

concentrations has been used as an effective NOX4 inhibitor [83,269].  One recent study 

suggests that apocynin may actually stimulate ROS production in nonphagocytic cells 

[264].  Yet, another recent study suggests apocynin acts as an antioxidant and should not 

be considered a NADPH oxidase inhibitor [123].  In a model of global cerebral ischemia-

reperfusion injury in the gerbil, apocynin strongly diminishes damage to the hippocampus 

[330].  Therefore, apocynin reduces ROS generated by NOX, but it may be due to direct 

inactivation of NOX or by antioxidant properties that bind to ROS.  Further studies are 

necessary to determine the effectiveness and specificity of apocynin to NOX.  
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Heat Stress Physiology and Pathophysiology 

 Hyperthermia has recently received considerable attention due to increasing 

incidents of heat-related illnesses involving athletes, the elderly, and soldiers exposed to 

hot environments and severe heat waves [337].  Increased environmental temperatures 

are a major problem when accompanied with physical activity and/or dehydration 

because of the potential for the development of heat stroke [289].  Heat stroke occurs 

when brain temperatures exceed 105-106oF because at these temperatures the ability of 

the hypothalamus to coordinate thermoregulation of the body is compromised [290].  The 

decreased ability of the hypothalamus to regulate body temperature can cause increases in 

brain temperature, intracerebral pressure and overall decreases in blood pressure and 

multi-organ dysfunction [290].   

The hypothalamus is the thermoregulator of the body and is involved in sensing 

changes in body temperature through direct contact with warmed blood and receives 

signals from spinal cord thermoreceptors.  The anterior and preoptic regions of the 

hypothalamus are suggested to be the main areas of the hypothalamus responsible for 

eliciting a variety of thermoregulatory responses [37].  These responses include 

redirecting blood flow to the skin, cutaneous vasodilation, sweating, panting and various 

behavioral responses leading to increased heat loss [36].  During exposure to high 

ambient temperatures the skin becomes heated and sends signals through the central 

nervous system to the hypothalamus which can initiate these heat loss mechanisms [38].   

The hypothalamus is also a critical region of the brain that controls the stress 

response through the activation of the hypothalamic-pituitary-adrenal (HPA) axis [235].  

Upon stimulation of the hypothalamus, it secretes a variety of hormones into the 
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hypophyseal portal system to the anterior pituitary which control a variety of biological 

actions shown in table 1.  This review focuses on the release of corticotrophin releasing 

hormone (CRH) from the hypothalamus to the pituitary gland.  In the anterior pituitary, 

CRH stimulates the release of adrenocorticotrophic hormone (ACTH) into the peripheral 

circulation.  ACTH acts on the adrenal glands located near the kidneys causing the 

production of glucocorticoids (cortisol) that can feed back to the hypothalamus to control 

the production of CRH.  The HPA axis controls the immune response by releasing 

cortisol or corticosterone into the circulation, which can inhibit pro-inflammatory 

cytokine production, leading to a reduction in inflammation [130].  This is especially 

important in brain because inflammation can cause brain edema and disruption of the 

blood brain barrier that can lead to ischemia in neurons [63].  The main roles of 

inflammation include increased blood flow, increased membrane permeability and 

repairing damage done by environmental stressors, such as prolonged exposure to 

extreme heat [352].  Excessive inflammation can also cause edema that leads to the 

blockage of blood flow, and subsequent ischemia.  This shows the importance of the 

HPA axis in balancing the inflammatory response in the body and more specifically in 

the brain. 
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Table 1.  Hypothalamic hormones and their biological functions. 
 
 
Hormone Pituitary Hormone Release Biological Functions 

   
Vasopressin or Antidiuretic Hormone 
(ADH) 

Vasopressin or ADH Water Conservation 

   
Oxytocin Oxytocin Uterus Contraction  
  Milk Ejection 
   
Thyrotropin-Releasing Hormone 
(TRH) 

Thyroid-Stimulating Hormone (TSH) Thyroid Regulation 

   Metabolic Control 
   
Gonadotropin-Releasing Hormone 
(GnRH) 

Follicle-Stimulating Hormone (FSH) Gonad Regulation 

 Lutenizing Hormone (LH) Gonad Regulation 
   
Growth Hormone-Releasing 
Hormone (GHRH) 

Growth Hormone (GH) Growth Regulation 

  Milk Production 
   
Somatostatin Inhibits GH and TSH Growth Regulation 
  Thyroid Regulation 
   
Prolactin-Releasing Hormone  
(PRH) 

Prolactin Milk Production 

   
Corticotrophin-Releasing Hormone 
(CRH) 

Adrenocorticotrophic Hormone 
(ACTH) 

Adrenal Control 
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In general, higher temperatures and/or longer exposures to heat increase the risk 

for problems in CNS functions.  The importance of the CNS on the body’s response to 

heat stress is due in part to the role of neurotransmitters including norepinephrine, 

epinephrine, acetylcholine, dopamine and serotonin [102,103].  These neurotransmitters 

are involved in transferring thermal information and regulating thermoeffector response 

[102,103].  The dopaminergic and serotonergic neurons of the hypothalamus have been 

shown to increase activity in humans exercising in the heat, suggesting they are actively 

regulating heat and water loss [347,348].  Thus, the thermoregulatory responses to heat 

stress are biomarkers that can potentially provide more insights into heat stress 

physiology [179].  The concentration of pro-inflammatory cytokines, such as interleukin-

1 (IL-1β), IL-6 and TNFα strongly correlate with the severity of heat stroke as well 

[119,212].  These pro-inflammatory cytokine levels become too high under heat stroke in 

part because of impaired gluococorticoid production and can increase cerebral pressure 

and edema.   

An interesting study done by Niu et al. was performed on rats exposed to 43oC 

heat for 70 minutes until heat stroke was induced [229].  Both heat stroke and control rats 

were then subjected to a hyperbaric chamber (100% O2 at 253 kPa for 1 h) to determine if 

pure oxygen was protective against heat stroke-induced death.  The untreated heat stroke 

rats had an average survival time of around 22 minutes and displayed all the clinical signs 

of heat stroke including cerebrovascular dysfunction, arterial hypotension, intracranial 

hypertension, cerebral hypoperfusion, cerebral hypoxia, cerebral ischemia and tissue 

ischemia/injury in hypothalamus.  On the other hand, the heat stroke rats exposed to pure 

oxygen had increased survival times of 160 minutes and reduced levels of 
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cerebrovascular and ischemia/reperfusion injury.  This study was an interesting 

representation of heat stroke-induced oxidative stress in the hypothalamus because they 

extensively examined all parameters for the clinical signs of heat stroke.  This study 

provides insight into the importance of understanding the cellular mechanisms of heat 

stroke-induced ROS generation leading to this pathological condition. 

The majority of studies focused on heat stress in the hypothalamus did not 

examine the effects at the cellular level and therefore not much is known.  However, heat 

stress is known to cause increased membrane fluidity, protein unfolding and misfolding, 

oxidative stress, and increased expression of heat shock proteins (HSPs) [243].  Exposure 

to heat causes the misfolding and unfolding of proteins in the cell that can cause proteins 

to lose their functionality.  This initiates the heat shock response (HSR), which increases 

HSP gene expression through the phosphorylation and translocation of the transcription 

factor heat shock factor-1 (HSF-1) [276].  HSF-1 then binds to the heat shock element 

(HSE) found upstream of the promoter region of all HSPs and promotes their gene 

expression [343].  HSPs act as molecular chaperones through their binding to misfolded 

proteins and refolding them to their proper state, ultimately restoring their function [291].  

HSPs are highly conserved and ubiquitously expressed and respond to various stressors 

including ischemia/reperfusion, ethanol and inflammation [141,192,208,221,283].  The 

ability of HSPs to protect against heat stress and ischemia/reperfusion-induced oxidative 

stress suggest the oxidative stress component to heat exposure may be a more important 

factor in the physiology and pathology of heat-related illnesses.   
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Heat Stress Causes Oxidative Stress 

 Heat stress has been shown to cause oxidative stress through the production of 

ROS in the brain, heart, liver and skeletal muscle [275,337].  Oxidative stress is thought 

to be a major contributor to the progression of heat-related illnesses [353], however the 

mechanisms are still unknown.  Heat stress has been shown to cause ROS generation 

through the activation of ROS generating systems including NOX [262], NOS [12], and 

the mitochondria [70].  In the mitochondria, heat stress has been reported to cause 

disruptions in the electron transport chain that lead to the release of cytochrome c and 

apoptosis [70].  Bautista et al. found that elevated levels of ROS and other free radicals 

inactivated complex I of the mitochondria and caused mitochondrial dysfunction leading 

to apoptosis [26].    An interesting study done in yeast, found lethal heat stress of 42oC 

for one hour elicited mitochondria-derived hydrogen peroxide thereby causing mutations 

in nuclear DNA [70].  These studies emphasize that lethal heat stress may cause oxidative 

stress in the mitochondria resulting in ROS that are able to permeate other cellular 

organelles, such as the nucleus and cause damage to DNA.  The majority of studies using 

lethal heat stress exposures point toward irreparable damage to the mitochondria due to 

an overwhelming production and accumulation of ROS from the mitochondria [362].   

 A study performed using heat-exposed rat skeletal muscle found increased ROS 

generation that caused decreased muscle function and increased muscle fatigue [366].  

The authors proposed that NOX may also contribute to ROS generation in the muscle 

because the muscles are highly vascularized and endothelial NOX may be the source of 

ROS measured in this study.  The authors only speculated on the source of ROS because 

they did not directly test any of the potential sources and therefore further studies in the 
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muscle need to be performed to determine the ROS sources.  Another study from the 

same group, following up on their previous findings, utilized inhibitors of both the 

mitochondria and NOX, but the inhibitors did not reduce heat-induced ROS levels and 

therefore, they were still unable to identify the source of ROS generation in the 

diaphragm muscle [367].  This may be due to the fact that ROS are quickly made and 

quickly degraded making them difficult to measure.  Nitric oxide synthase has been 

shown to contribute to hyperthermia-induced oxidative stress in the brain which leads to 

edema and increased permeability of the blood brain barrier [282].  However, this study 

did not explore the role of hyperthermia on the increase in other ROS-generating 

enzymes and they suggest the role of NO following hyperthermia is mainly involved in 

decreasing cerebral hypertension.   

  

Heat Stress and NOX 

 Traditionally heat stress was thought to cause oxidative stress via mitochondrial 

sources, but recently researchers have suggested NOX may actually be the major source 

of ROS generation caused by heat stress [275].  In aged rats, heat stress was reported to 

cause ROS generation in the liver and epithelial cells, but the sources were not examined 

[360].  This increase in ROS generation is thought to contribute to the age-related decline 

in heat tolerance through decreases in antioxidant enzymes [89,152,360].  An 

investigation of infrared exposure, which increases temperature of the skin, was found to 

cause ROS generation through NOX and xanthine oxidase but ROS production by these 

enzymes was actually promoted by the mitochondria [286].  These findings are 

interesting because they are the first to show that infrared exposure to skin causes 
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multiple sources to generate ROS which activate MMPs and the MAPK pathway that 

could lead to skin aging and deterioration.   

 Microglia exposure to lipopolysaccharide (LPS), associated with increases in 

body temperature, leads to generation of superoxide by NOX2 and nitric oxide by 

inducible nitric oxide synthase; these react to form peroxynitrite and lead to cell death in 

neighboring oligodendrocytes [185].  Another group investigating LPS-induced fever in 

rats also found NOX was the source of ROS generation [262].  Treatment with the NOX 

inhibitor, apocynin, protected against the LPS-induced neuron injury associated with 

neurovascular inflammation [183].  Other than fever-induced heat stress in the brain, not 

much is known about the mechanisms of ROS generation in response to heat stress.  

More importantly, no one has examined the potential sources of ROS generated in 

hypothalamic neurons exposed to heat stress.  Therefore a major goal of our study was to 

determine the source(s) of ROS generation in hypothalamic neurons. 

 

Ischemia/Reperfusion Physiology and Pathophysiology 

Stroke is commonly characterized as cerebral ischemia caused by a loss of blood 

flow to the brain due to arterial blockage or loss of blood flow to the brain during cardiac 

arrest [48].  Cerebral ischemia is defined as regional tissue hypoxia which becomes 

aggravated by the bolus return of oxygenated blood following removal of blockage or 

return of cardiac function, which is referred to as reperfusion injury [6].  Reperfusion 

injury is also associated with surges of intracellular calcium, free radicals, excitatory 

amino acids and eicosanoids, leading to ATP depletion, neural apoptosis and 

microvascular inflammation [55,288].  The elderly are at higher risk of cerebral vascular 
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blockage and as many as 5 million people aged 60 and older died from stroke in 2005, 

whereas under 1 million people, ages 0 to 59, died from stroke in 2005 [294].   

Strokes can be divided into three main types including thrombotic, embolic, and 

hemorrhagic.  The thrombotic stoke is caused by a local reduction of blood blow arising 

from an atherosclerotic buildup in one of the cerebral blood vessels that eventually 

become occluded [17].  A reduction of blood flow can arise when an embolus (loose 

object in the blood) dislodges from the heart or atherosclerotic plaque and travels to the 

cerebral artery where it occludes blood flow [313].  A hemorrhagic stroke occurs when a 

cerebral blood vessel ruptures, can occur as a result of hypertension, aneurysm (bulging 

of a blood vessel) or a congenital arterio-venous malformation [13].  Tissue plasminogen 

activator (TPA) is a current treatment for thrombotic occlusions because it actually 

dissolves the blockage [17].  Hemorrhagic strokes are treated by neurosurgically 

repairing the ruptured blood vessels.  The inability of the mature brain to replace large 

populations of dead neurons can prevent complete restoration of lost function. 

Ischemia/reperfusion injury of the central nervous system (CNS) may occur after 

stroke.  CNS ischemia/reperfusion injury is characterized by disruption of the blood-brain 

barrier [147], resulting in leukocyte transmigration and cerebral edema and increased 

intracranial pressure that releases various proteases, lipid-derived mediators, and ROS by 

leukocytes into the brain tissue, irreversibly damaging surrounding cells including 

neurons [272].  Cerebral ischemia/reperfusion is also associated with hypercortisolism 

which is caused by increased production of cortisol by the hypothalamus-pituitary-

adrenal (HPA) axis, changes in clearance of cortisol and increased sensitivity to cortisol 

stimulation in the adrenals [235].  Along with hypercortisolism, ACTH levels have been 
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found to increase following ischemic brain injury and exacerbate ischemic injury to 

neurons [88].  This evidence was supported by Hsueh et al. who examined the HPA 

activity in rats following ischemia/reperfusion [130].  They found that a 90 minute 

cerebral artery occlusion followed by reperfusion at various times (0, 4, and 24 hours) 

increased HPA activity following ischemia, but was suppressed during reperfusion.  The 

investigators suggest that the high levels of ACTH and POMC, both secreted from the 

pituitary, found during ischemia were changed due to POMC’s ability to suppress ACTH 

release and this was the reason for the decreased HPA activity during reperfusion.  

Hypercapnia has also been shown to activate the HPA axis, which exerts anti-

inflammatory and antioxidant effects by decreasing the production of pro-inflammatory 

cytokines.  Therapeutic hypercapnia is currently being examined as a potential therapy 

for stroke patients because it is thought that it will promote long term survival following 

cerebral ischemia/reperfusion injury associated with stroke [288]. 

 

Ischemia/Reperfusion Causes Oxidative Stress 

 Recently, oxidative stress has also been reported to be a contributing factor to cell 

injury following ischemia and reperfusion [6].  As previously mentioned, oxidative stress 

is a general term used to describe the level of oxidant damage in a cell or tissue caused by 

the generation of ROS [196].  It has become widely recognized that oxidative stress 

contributes to the pathology of a number of neurological disorders and is involved in the 

injury observed following ischemia and reperfusion [345].  Cerebral ischemia injury to 

neurons is caused by the blockage of blood flow, hypoxia, ATP depletion and re-

oxygenation of the brain during reperfusion [55].  Recently, the pathogenesis of stroke 
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has been associated with the generation of ROS both during ischemia and reperfusion 

[272].   

ROS have been found to mediate the majority of damage that occurs after 

transient brain ischemia through surges in NO and superoxide production, reversal of 

glutamate reuptake at synapses, activation of NMDA receptors, and elevations in 

intracellular calcium in neurons [195].  As mentioned previously, increases in NO along 

with increases in superoxide via NOX, xanthine oxidase and the mitochondria combine to 

form a highly toxic anion, peroxynitrite [155].  Recent studies suggest the toxicity of 

peroxynitrite is due to its role in causing single-strand breaks in DNA, which activate the 

DNA repair protein poly-ADP-ribose polymerase (PARP) [272]. This catalyzes the 

cleavage and thereby the consumption of NAD+, which is the source of energy for many 

vital cellular processes leaving the cell in an energy-depleted state.  By administering 

antioxidants such as superoxide dismutase (SOD) [351] or utilizing SOD-overexpressing 

cell lines and mice [156,281], researchers have found that ROS levels are reduced and the 

brain is protected from apoptosis.  These studies support the harmful role of ROS 

generation following ischemic injury in the brain.  

Along with ROS generation found during ischemia, reperfusion of ischemic 

tissues also results in the formation of ROS and is considered by some to be more 

harmful to the brain than ischemic injury [195].  Reperfusion injury associated with 

oxidative stress is thought to be due to the bolus amount of glucose-rich and highly 

oxygenated blood present during reperfusion [336].  In support of the role of oxidative 

stress during reperfusion, treatment with the synthetic polyphenol, bisphenol, decreases 

ROS generation and enhances neuronal cell viability following ischemia/reperfusion [78].  
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The authors of this study also found increases in the gene expression of hypoxia-

inducible factor-1 (HIF1), hemeoxygenase-1 (HO-1), glucose transporter-1 (Glut-1), the 

oxygen sensor neuroglobin (Nb), SOD1, catalase and glutathione peroxidase following 

ischemia/reperfusion.  These genes are associated with protection from oxidative stress 

and were unable to protect the neuronal cell cultures from ischemia/reperfusion alone.  

These studies suggest that early gene response is not sufficient to protect from neuronal 

dysfunction and that by increasing the antioxidant capacity through administering 

synthetic antioxidants the brain is protected from ischemia/reperfusion-induced ROS 

generation.     

Another recent study examining ischemia/reperfusion in both mice and neuronal 

cells supports a role for both high glucose and oxygen levels associated with reperfusion-

induced oxidative stress injury [297].  The authors show in this study that removing 

glucose from the media or treatment with the NOX inhibitor, apocynin, during 

reperfusion, produced a noticeable decrease in superoxide production and prevention of 

cell death.  These same authors also found the same to be true in mice exposed to 

ischemia/reperfusion suggesting that both NOX and hyperglycemia associated with 

reperfusion injury are the major cause of neuronal injury following a stroke.  These 

studies support the major role of ROS generation associated with ischemia/reperfusion 

and show the importance of elucidating the source(s) of ROS produced during 

reperfusion injury. 
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Ischemia/Reperfusion and NOX 

The sources of the hypoxia-induced ROS are suggested to be mitochondria [281], 

xanthine oxidase [6], and/or NOX enzymes [122].  In favor of a role of mitochondria, 

suppression of the mitochondrial cytochrome-c oxidase suppresses hypoxia-induced ROS 

generation in various cell lines [58,114].  In mouse cortical neurons manganese 

superoxide dismutase has been reported to protect against hypoxia-mediated oxidative 

damage predominately produced by the mitochondria [281].  In favor of a role of 

xanthine oxidase, ROS generation was blocked by the xanthine oxidase inhibitor, 

oxypurinol during hypoxia in rat hippocampal neurons [6].  In favor of a role of NOX 

enzymes, studies using primary mouse carotid body chemoreceptor cells demonstrated 

that moderate hypoxia leads to increased ROS generation that is absent in cells derived 

from p47phox-deficient mice [122].  These findings make it hard to elucidate the source of 

ROS generation in response to hypoxia, but they do suggest that the effects of hypoxia in 

the brain are complex and potentially multifaceted.  The focus of our study is on 

examining the potential ROS-producing enzymes responsible for ROS generation during 

reperfusion in the brain.    

NOX has been suggested to contribute to ischemia/reperfusion injury associated 

with myocardial infarction, lung disease [251], liver injury [193], hypertension (57) and 

atherosclerosis (58).  Angiogenesis-inducing ROS were found to be generated by NOX2 

in endothelial cells [60] and in a model of hind limb ischemia [311], but by NOX1 in 

tumor models of angiogenesis [16].  A role for NOX following ischemia/reperfusion 

injury is supported by studies that show stroke size is markedly reduced in NOX2-

deficient mice [326], and increased NOX2 expression in diabetic rats that presented signs 
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of aggravated ischemic brain injury [170].  In a model of global cerebral ischemia-

reperfusion injury in the gerbil, apocynin strongly diminishes damage to the hippocampus 

[330].  

ROS generated from NOX are also found to increase permeability and damage of 

the blood brain barrier that occur following a stroke [147].  A major role of NOX-derived 

ROS in cerebral vasculature is attributed to structural and functional changes associated 

with ROS accumulation that can lead to neuronal damage [65].  In the hippocampus, 

NOX-derived superoxide is thought to play a role in regulating memory and emotion by 

controlling synaptic transmission [162].  However, increased accumulation of NOX-

derived ROS following cerebral ischemia/reperfusion is an important underlying cause 

for neuronal injury leading to delayed neuronal death (DND) [330].  Studies performed 

using the NOX inhibitor apocynin, were reported to protect neurons against global 

cerebral ischemia/reperfusion-induced oxidative stress injury in the hippocampus [330].  

Abramov et al. supported these findings and reported that in rat hippocampi and cortices 

exposed to hypoxia, ROS accumulation was attributed to the mitochondria and the ROS-

generating enzyme xanthine oxidase, but upon reperfusion in the rat, NOX appeared to be 

the main source of ROS generation [6].  This suggests a bi-phasic generation of ROS 

during ischemia/reperfusion in the brain involving multiple sources. 

 Increased accumulation of ROS following cerebral ischemia-reperfusion is an 

important underlying cause for neuronal injury leading to delayed neuronal death (DND) 

and apocynin (NOX inhibitor) treatment has been reported to protect against global 

cerebral ischemia/reperfusion-induced oxidative stress and injury in the hippocampus 

[330].  ROS generation has been reported to occur in response to reperfusion or 
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reoxygenation following global ischemia in rat hippocampal and cortical neurons and has 

been attributed to NOX, based on the decrease in ROS generation using NOX inhibitors 

[6].  To date, the effects of ischemia/reperfusion on ROS generation have not been 

examined in the hypothalamus.  Thus, the focus of this study is on elucidating the source 

and mechanism for ROS generation in response to heat stress and ischemia/reperfusion in 

the brain. 
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MATERIALS 
 
 
 

Hypothalamus IVB cell line:  Rat hypothalamic neuronal cells were obtained as a 

gift (Kasckow, J., Mulcahney, J.J., et al. J Neuroendocrinol 15(5):  521-9, 2003) and used 

as the neuronal model system. 

 Cell culture supplies:  Dulbecco’s Modified Eagle’s Medium (DMEM), fetal 

bovine serum (FBS), Penicillin/streptomycin/amphotericin B reagent, Hanks Balanced 

Salt Solution with and without calcium and magnesium (HBSS), trypsin, and phosphate 

buffered saline (PBS) were purchased from Invitrogen Co. (Calsbad, CA).  Culture dishes 

including T-75, 10cm, 6cm, 96 well, as well as cryotubes were purchased from B.D. 

Falcon  Co. (Franklin Lakes, NJ).  Conical tubes (15 and 50ml) were purchased from 

Corning Inc. (Corning, NY).  The hypoxic gas packs with oxygen indicators were 

purchased from Fisher.   

 NADPH oxidase activity supplies:  Nicotinamide adenine dinucleotide phosphate 

(NADPH), apocynin, lucigenin, Gö6976, Ro-31-8220, Calphostin C were purchased from 

Sigma-Aldrich (St. Louis, MO).   

Nucleic acid supplies:  TRIzol, blue juice gel loading buffer, and MyIQ supermix 

for qPCR were purchased from Invitrogen.  RNeasy mini kit was purchased from Qiagen 

Inc. (Valencia, CA).  Taq polymerase and its corresponding 10X buffer were obtained 

from Eppendorf Inc. (Westbury, NY).  The iScript first strand synthesis kit, IQ supermix 

for real time RT-PCR, 96-well optical plates and sealing tape were purchased from Bio
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Rad laboratories (Hercules, CA).  Agarose gel, NorthernMax denaturing gel buffer, 

MOPS gel running buffer, formaldehyde sample loading dye, RNase and DNase-free 

water, DEPC- water were purchased from Ambion Inc. (Austin, TX).  The all-purpose 

molecular weight ladder was purchased from Bionexus Inc. (Oakland, CA).  Tris-

Acetate-EDTA (TAE) buffer, Tris-EDTA (TE) buffer, chloroform were purchased from 

Fisher Scientific (Pittsburg, PA).  Thin walled PCR tubes, 1.5ml, and 2ml tubes were 

purchased from LabScientific (Livingston, NJ).  

 Western Blot Supplies:  DC protein assay kit, Laemmli buffer, Tris-Glysine-SDS 

buffer, β-mercaptoethanol, prestained SDS-PAGE broad range molecular weight marker, 

kaleidoscope prestained molecular weight marker and 12% SDS-PAGE ready gels were 

all purchased from Bio-Rad laboratories consignment cabinet (Hercules, CA).  ECL plus 

western blotting detection kit and nitrocellulose membranes were purchased from 

Amersham Biosciences (United Kingdom).  Methanol was purchased from Fisher 

Scientific.  Nonfat dry milk was purchased from Fisher Scientific.  Rabbit IgG anti-heme 

oxygenase-1 (HO-1) or anti-heat shock factor-1 (HSF-1) primary antibodies were 

obtained from Stressgen/AssayDesigns (Ann Arbor, MI).  Goat IgG anti-NOX2 

(gp91phox) (C-15) and rabbit IgG anti-NOX4 (H-300) primary antibodies, rabbit anti-goat 

IgG HRP-conjugated secondary antibody and goat anti-rabbit IgG HRP-conjugated 

secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).  

Mouse IgG anti-PKCα, anti-PKCβ, anti-PKCγ, anti-PKCδ, anti-PKCε, anti-PKCζ, anti-

PKCμ and anti-lamin A/C primary antibodies were purchased from Transduction 

Laboratories (Lexington, KY).  The NE-PER Nuclear Extraction Kit was purchased from 

Pierce Biotechnology (Rockford, IL).  Image-iT live green ROS detection kit was 
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purchased from Molecular Probes/Invitrogen.  All other chemicals not mentioned were 

purchased from Sigma-Aldrich-Fluka (St. Louis, MO).  
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METHODS 
 
 
 

1 – Effect of heat stress on heat shock protein gene expression in hypothalamus IVB 

cells. 

1.1 – Cell Culture: 

All cell culture techniques were performed under a sterile level 2 biosafety 

cabinet.  The hypothalamus IVB cell line [150] was derived from the hypothalamic 

neurons of neonatal rat brains and was obtained as a gift from J. J. Mulcahey (School of 

Medicine, Department of Psychiatry, and Neurosciences Program, University of 

Cincinnati, OH).  IVB cells were frozen and stored in a liquid nitrogen cryotank in freeze 

media containing 10% dimethyl sulfoxide (DMSO) and were thawed rapidly in a 37oC 

water bath prior to use to reduce risk of damaging the cells.  Cells were then triturated 

gently into a five milliliter pipette containing warm high glucose (4.5 milligrams/mL) 

Dulbecco’s modified eagles media (DMEM) supplemented with 10% fetal bovine serum, 

100 milligrams/mL streptomycin, 100 U/mL penicillin F and 0.25 milligrams/mL 

amphotericin B.  Cell mixture was then transferred to a fifteen milliliter conical tube, 

brought up to a total volume of ten milliliters in DMEM growth medium, and centrifuged 

for five minutes at 200 x g at room temperature.  Supernatant was aspirated and the cell 

pellet was resuspended in DMEM growth medium.  Cells were plated into a T75 tissue 

culture flask and grown at 37oC in a cell culture incubator under 95% air and 5% CO2.  

Medium was changed after 24 hours.  After cell culture was established, medium was
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changed every two days and cells were passaged twice a week at 90% confluence.  For 

passage, cells were washed once with Hank’s balanced salt solution (HBSS) without 

calcium and magnesium and trypsinized for five minutes at 37oC in two milliliters of 

trypsin (0.05% trypsin w/v).  Eight milliliters of DMEM growth medium was added to 

the cells.  Cells were then transferred to a 15 milliliter conical tube and centrifuged at 200 

x g for five minutes at room temperature.  Supernatant was removed and cells were 

resuspended in ten milliliters of media and counted by trypan blue exclusion using a 

hemocytometer.  Cells were plated at a density of 2.5 x105 cells/75 cm2.    

1.1.1 – Heat stress conditions:  To examine the effects of a mild heat stress on 

hypothalamus IVB cells, cells were grown to 80% confluence and incubated in a 37oC 

(non-heated control) or 43oC (heat-stressed) water bath for fifteen minutes.  

 

1.2 – HSP gene expression: 

 To determine expression levels of heat shock proteins (HSPs), heat stress was 

used to induce HSP gene expression.  Heat stress causes the initiation of the heat shock 

response (HSR) that is characterized by increases in HSP gene expression [243].  To test 

this in the IVB cells, cells were plated at a density of 5.0 x 105 cells/10 cm dish and 

grown to 80% confluence.  Cells were exposed to 43oC for 15 minutes followed by 

recovery for 1, 2, 4, 8, 12 and 24 hours at 37°C in the cell culture incubator.  At each 

measurement time, the medium was aspirated and one milliliter of TRIzol (Invitrogen, 

Calsbad, CA) was added to each plate.  Plates were scraped into pre-labeled 1.5 milliliter 

tubes and stored at -80°C until use. 
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1.3 – RNA isolation from hypothalamus IVB cells: 

1.3.1 – Isolation of total RNA:  The heat stressed or control IVB cell samples in 

TRIzol were removed from the -80oC freezer and allowed to equilibrate to room 

temperature.  Rat brains and hearts were used as control tissues.  For whole rat brain and 

rat heart isolations, tissues were excised and quick frozen in liquid nitrogen.  For RNA 

isolation, the tissue was weighed, placed in trizol (1 mL trizol/100 milligrams tissue) and 

homogenized at maximum speed for thirty seconds using a polytronic tissue homogenizer 

(Fisher Scientific, Pittsburg, PA).  Chloroform (200 microliters/mL trizol) was added to 

each sample and shaken vigorously for fifteen seconds.  The samples were allowed to sit 

at room temperature for three minutes, and centrifuged at 14,000 x g for fifteen minutes 

at 4°C.  Following centrifugation, the samples were separated into three distinct layers.  

The lower fraction represents the organic phase and is red in color.  The middle fraction, 

or interphase, is a white fluffy layer containing DNA.  The top clear fraction is the 

aqueous phase that contains total RNA.  The top phase was collected carefully from the 

side, so as not to disturb the other phases.  The extracted aqueous phase should be clear, 

containing no white or organic phases.  The aqueous phase was transferred to a new, 

clean pre-labeled 1.5 milliliter tube.  Total RNA was then isolated from the aqueous 

phase using the RNeasy mini kit (Qiagen Inc., Valencia, CA).  The aqueous phase was 

combined with 350 microliters of 70% ethanol in diethyl pyrocarbonate (DEPC) water, 

vortexed, transferred into a spin column and placed into a two milliliter collection tube.  

Samples were centrifuged at 10,000 x g for thirty seconds at room temperature and the 

flow through was discarded.  Samples were washed with 700 microliters of wash buffer, 

centrifuged at 10,000 x g for thirty seconds and the flow through was discarded again.  
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To prevent further contamination, the spin column was transferred to a new clean two 

milliliter collection tube, washed twice with 500 microliters of RPE buffer and 

centrifugation at 10,000 x g for thirty seconds at room temperature.  The collection tube 

was discarded and replaced with a new pre-labeled 1.5 milliliter tube.  Nuclease-free 

water (50 µl) was added to the column and incubated at room temperature for five 

minutes.  The tube was centrifuged at 10,000 x g for two minutes and RNA in the flow 

through was either stored at -80°C or directly used in the following steps. 

1.3.2 – RNA purity and concentration analysis:  Sample RNA was analyzed 

spectrophotometrically for concentration and purity.  The optical density of RNA samples 

was determined by UV spectroscopy using SmartSpec plus spectrophotometer (Bio-Rad, 

Hercules, CA).  Sample RNA was diluted 1:100 in 1X TE buffer (10 millimoles/L Tris-

HCl, pH 7.5, 1 millimoles/L EDTA), transferred into a clean cuvette and analyzed 

spectrophotometrically using 1X TE buffer as a blank.  An absorbance at 260 nanometers 

of one is equivalent to 40 micrograms/mL total RNA.  Sample RNA concentrations 

ranged from 0.1 to 1.0 micrograms/mL.  Purity was also assessed using the ratio of 

absorbencies from 260 nanometers and 280 nanometers (A260/280).  If the A260/280 ratio 

was not greater than or equal to 1.7, the RNA purity was in question and samples were 

subjected to denaturing agarose gel electrophoresis to further verify RNA integrity. 

1.3.3 – RNA integrity assessment:  The purity and integrity of sample RNA was 

determined using denaturing-formaldehyde agarose gel electrophoresis (Mattheus et al. 

2003).  Total RNA (1 microgram) was diluted in three volumes of formaldehyde sample 

loading dye (1X denaturing gel running buffer, 50% glycerol, 1 millimoles/L EDTA, pH 

8.0, 0.25% bromophenol blue and 0.25% xylene cyanol) and heated to 65oC for fifteen 



minutes.  Samples were then removed, condensed on ice, centrifuged at 1,000 x g for five 

seconds and loaded on to the denaturing-formaldehyde agarose gel.  A 1.0% agarose gel 

was prepared in NorthernMax denaturing gel buffer (Ambion Inc., Austin, TX) per 

manufacturers instructions (1X MOPS buffer in DEPC water).  The gel was 

electrophoresed at 130 volts for thirty minutes, removed from chamber and stained for 

five minutes in DEPC water containing 1X SYBR Gold (Molecular Probes/Invitrogen, 

Carlsbad, CA). The gel was de-stained in DEPC water for thirty minutes, visualized via 

UV illumination and an image was obtained using the FluorS imager (Bio-Rad).  RNA 

integrity was determined by visual analysis of the 28S and 18S ribosomal RNA bands 

(figure 2).  Only samples with the 28S band twice as dense as the 18S band were used for 

further analysis. 
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Figure 2.  RNA Integrity Gel.  The quality of the isolated RNA was assessed 
following formaldehyde-denaturing agarose gel electrophoresis.  This image depicts 
a representative gel of control RNA isolated from IVB cells.  Both ribosomal RNA 
18S and 28S bands are clearly visible with the 28S band twice as dense as the 18S 
band. 
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1.4 – Evaluation of mRNA expression: 

1.4.1 – First strand cDNA synthesis:  First strand cDNA was synthesized from 

total RNA using the iScript first strand synthesis kit (BioRad).  Each reaction contained 

one microgram total RNA, reverse transcriptase buffer, one microliter of reverse 

transcriptase in a final volume of 20 microliters.  The reaction was carried out on a 

BioRad MyIQ thermocycler under the following conditions: 25°C for five minutes 

followed by 42°C for thirty minutes then 85°C for five minutes with a final hold at 4°C. 

1.4.2 – Real-Time PCR primer design:  Primer design is crucial in reproducible 

and reliable gene expression analysis.  Oligonucleotide primers were designed using 

vector NTI software (Invitrogen, Carlsbad, CA).  General guidelines for primer design 

include a length of 18-24 base pairs, a GC content of 50-60%, a melting temperature (Tm) 

between 50 and 65°C, no secondary structure, no repeats of G’s or C’s longer than three 

base pairs, no G’s or C’s at ends of primers, no 3’ complementarity (also known as 

primer dimerization), a predicted amplicon of 75-150 base pairs and no secondary 

structures at the binding sites.  All criteria except the secondary structure can be 

programmed into the primer design tab of Vector NTI.  Secondary structure of the gene 

and the amplicon were assessed using the mfold server provided by Dr. Michael Zuker 

(http://bioinfo.math.rpi.edu/~mfold/dna/form1.cgi).   A 75-150 base pair sequence of the 

gene to be amplified was analyzed for secondary structure shown in appendix A under 

the following conditions: folding temperature of 60°C, ionic conditions of sodium (50 

millimoles/L) and magnesium (3 millimoles/L).  The derived secondary structure of the 

amplicon DNA was then used for further primer design.  Primers were designed in 

regions with no secondary structures.  If an area of 75-150 base pairs without secondary 
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structures was not found, the folding temperature was increased and that new temperature 

was used for further primer design or another region of the gene was examined and used 

to design new primers.   

The designed primer sequences were BLAST searched for gene specificity.  

BLAST is a search of all genes stored in the NCBI GenBank database and is available 

online at www.ncbi.nih.gov/Genbank.  If a match was found for a gene other than the 

gene in which the primers were designed, with an expectation number below 0.01, the 

primers were discarded and new primers were designed in a different region of the gene.  

The expectation number is the number of times this match would be expected to occur by 

chance in a search of the entire database.  At least two primer sets for each gene were 

designed and synthesized by Invitrogen (Carlsbad, CA). 

Gene-specific primers were designed for heat shock protein 70 (HSP70) and heme 

oxygenase-1 (HO-1), as well as the two housekeeping genes, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and acidic ribosomal phosphoprotein Po (Arbp) (Table 2). 
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Table 2.  Gene Specific Primers for PCR 

HO-1 (rat) sense 5' -CAGGTGTCCAGGGAAGGCTTTAAGC 
Accession # NM_012580 antisense 5' -TTTCGCTCTATCTCCTCTTCCAGGG 
HSP70 (rat) sense 5' -GTGACCTTCGACATCGACGCCAAC 
Accession # L16764 antisense 5' -TGGTGATCTTGTTGGCCTTGCC 
NOX1 (rat) sense 5' -CTTCCTCACTGGCTGGGATA 
Accession # NM_053683 antisense 5' -TGACAGCATTTGCGCAGGCT 
NOX2 (rat) sense 5' -ATGGGGAACTGGGCTGTGAAT 
Accession # AF298656 antisense 5' -TTAGAAGTTTTCCTTGTTGAA 
NOX3 (rat) sense 5' -GAGTGGCACCCCTTCACCCT 
Accession # NM_001004216 antisense 5' -CTAGAAGCTCTCCTTGTTGT 
NOX4 (rat) sense 5' -AGTCAAACAGATGGGATA 
Accession # NM_053524 antisense 5' -TGTCCCATATGAGTTGTT 
NOX5 (human) sense 5' -AAGCATACTTGCCCCAGCTG 
Accession # NM_024505 antisense 5' -CAGGCCAATGGCCTTCATGT 
Rac1 (rat) sense 5' -CAGTGAATCTGGGCCTCTGGGACA 
Accession # NM_134366 antisense 5' -GCAGGACTCACAAGGGAAAAGCAA 
PKCα (rat) sense 5' -TTTACCCGGCCAACGACTCCA 
Accession # NM_001105713 antisense 5' -AAATCCGCCCCCTCTTCTCTGTGT 
PKCβI (rat) sense 5' -AGAACGCCGTGGCCGCATCTACAT 
Accession # NM_012713 antisense 5' -TGACAAGCCGTTGGGGTCCATAG 
PKCβII (human) sense 5' -CCGCATCTACATCCAGGCCCACAT 
Accession # NM_002738 antisense 5' -GCTCTCACTTTTGGGATCGGGAAT 
PKCδ (rat) sense 5' -TCCCGGAAGCCAGAGACACCAGA 
Accession # NM_133307 antisense 5' -CAGATCGCCCCCATTGAGGAAC 
PKCε (rat) sense 5' -GCTCTGGCGCGGAAACACCCTTAT 
Accession # NM_017171 antisense 5' -CCATCATCTCGTACATCAGCACGC 
PKCζ (rat) sense 5' -CCCCTTCCTGGTTGGCTTACACTC 
Accession # NM_022507 antisense 5' -GCGCCCAGCCATCATCTCAAACAT 
PKCµ (mouse) sense 5' -CCCCAACAATTGCAGTGGAGTTAGAAGG 
Accession # NM_008858 antisense 5' -CATCAGGGACACTGGTGGAGAACTCA 
GAPDH (rat) sense 5' -ATGATTCTACCCACGGCAAG 
Accession # M17701 antisense 5' -CTGGAAGATGGTGATGGGTT 
Arbp (rat) sense 5' -AAGCGCGTCCTGGCATTGTCT 
Accession # NM_007475 antisense 5' -CCGCAGGGGGCAGCAGTGGT 
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1.4.3 – Real-Time PCR:  Once primer and RNA quality had been assessed, real-

time RT-PCR analysis of HSP70 and HO-1 genes was performed.  IVB cells were 

exposed to 43oC for 15 minutes followed by a recovery time course and RNA isolated at 

times 1, 2, 4, 8, 12 and 24 hours.  Expression of heat shock protein 70 (HSP70) and heme 

oxygenase-1 (HO-1) as well as the two housekeeping genes glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), and acidic ribosomal phosphoprotein Po (Arbp) were 

measured in duplicate on the myIQ iCycler real-time PCR detection system.  No change 

was detected in housekeeping gene expression.  The reaction mixture (concentrations 

described in section 1.3.3) was as follows:  13 microliters SYBR green supermix, 10 

microliters nuclease-free H2O, 1 microliter of 5 micromoles/L primer mix (both sense 

and antisense suspended in 1X TE buffer) and 1 microliter experimental cDNA.  The 

thermocycler program was as follows: an initial denaturation at 94°C for 2 min, followed 

by 35 cycles of 94°C for 15 seconds, 60°C for 30 seconds and 68°C for 1 minute.  Each 

sample was run in duplicate, and a cDNA-free sample (blank) was run with each primer 

to ensure no DNA contamination. 

Next, primer PCR efficiency was determined by real-time PCR using a myIQ 

iCycler real-time PCR detection system (Bio-Rad).  A standard curve was generated 

using 10-fold dilutions of control cDNA using the newly designed primers (Appendix B).  

The reaction condition mixture consisted of 1.25 U platinum Taq polymerase, 20 

millimoles/L Tris, pH 8.4, 3 millimoles/L MgCl2, 0.2 moles/L each of the dNTPs, 50 

millimoles/L KCl, 1:75,000 dilution of the DNA intercalating dye SYBR green (Platinum 

SYBR Green Supermix, Invitrogen), and the conditions were as follows: an initial 

denaturation at 94°C for 2 min, followed by 35 cycles of 94°C for 15 seconds, 60°C for 



 66

30 seconds and 68°C for 1 minute followed by a melt curve of 80 cycles starting at 55°C 

and increasing 0.5°C each cycle.  The cycle threshold (Ct) for each dilution was plotted 

against the dilution and the slope of the line was derived using the formula E= (10-1/slope)-

1.   E represents the efficiency of the reaction.  Only primers with efficiencies of 80-

120% were used for experimentation.  In addition, the dilution series provided 

information regarding the correlation coefficient and only those above 0.995 were used in 

these experiments. 

To ensure no 3’ complementarity was present (primer dimerization), a melt curve 

was also performed (Appendix C).  Each primer pair should have only one peak, 

indicative of one PCR product, and no secondary peak formation at 68-72°C (primer 

dimers).  If these criteria were not met, the primers were discarded. 

1.4.4 – Real-Time PCR analysis:  Changes in gene expression of the HSP genes 

HSP70 and HO-1 were calculated relative to the gene expression at time zero.  Matched-

time non-heated controls were checked prior to these experiments to verify no change in 

expression levels over time.  The modified  ΔΔCt method as described by Vandesompele 

et al. [320] was programmed into a Microsoft Excel macro (Bio-Rad) and used for the 

analysis of gene expression.  This method was modified from the ΔΔCt method described 

by Livak and Schmittgen in 2001 and uses complex algorithms that allow for the use of 

multiple housekeeping genes. 
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2 – Effect of heat stress on HO-1 protein expression and HSF-1 translocation in 

hypothalamus IVB cells. 

2.1 – Cell Culture: 

 Hypothalamus IVB cells were plated in ten centimeter dishes and grown to 80% 

confluence as described in section 1.1, and exposed to 43oC heat stress for fifteen minutes 

followed by recovery for 1, 2, 4, 8, 12 and 24 hours at 37°C in the cell culture incubator. 

 

2.2 – Preparation of whole cell lysates:  

At each measurement time the medium was aspirated, dishes were placed on ice 

and one milliliter of ice-cold HBSS was added to each plate.  Cells were scraped into a 

pre-chilled 1.5 milliliter microcentrifuge tube, centrifuged at 500 x g for five minutes at 

4°C.  The supernatant was aspirated and the cell pellet was resuspended in 100 

microliters of radioimmunoprecipitation (RIPA) lysis buffer (KH2PO4 10.6 millimoles/L, 

NaCl 1.5 moles/L, Na2HPO4.7H2O 29.7 millimoles/L, 1% Igepal, 0.5% sodium 

deoxycholate, 0.1% SDS, supplemented with 100 micrograms/mL PMSF, 50 KIU/mL 

apoprotin and 100 microliters/mL of sodium orthovanadate), triturated ten times and 

centrifuged at 10,000 x g at 4oC for fifteen minutes.  Supernatant was removed and 

placed in a pre-chilled 1.5 milliliter microcentrifuge tube and stored at -20oC until 

western blot analysis.   

 

2.3 – Cytoplasmic and nuclear extractions:  

Cytoplasmic and nuclear extracts were isolated by the NE-PER Nuclear 

Extraction Kit (Pierce Biotechnology, Rockford, IL).  Cells were scraped into one 
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milliliter of HBSS and centrifuged for five minutes at 1,000 x g at room temperature.  

Cell pellet was then resuspended in 100 microliters of cytoplasmic extraction reagent 

(CER) I (proprietary recipe supplemented with 100 micrograms/mL PMSF, 50 KIU/mL 

apoprotin and 100 microliters/mL of sodium orthovanadate); vortexed vigorously for 

fifteen seconds and incubated on ice for ten minutes.  CERII buffer (5.5 microliters) was 

added, sample vortexed and the cytoplasmic fraction separated from the nuclear by 

centrifugation at 15,000 x g for five minutes at 4°C.  The supernatant (cytoplasm) was 

separated from the pellet (nucleus) and transferred to a pre-chilled tube.  Nuclei were 

then lysed with the addition of 50 microliters of the Nuclear Extraction Reagent (NER; 

supplemented with 100 micrograms/mL PMSF, 50 KIU/mL apoprotin and 100 

microliters/mL of sodium orthovanadate), followed by four repeats of vortexing and 

incubation on ice for ten minutes.  Samples were centrifuged at 16,000 x g at 4oC for ten 

minutes and the supernatant was stored at -80°C until use.   

 

2.4 – Determination of protein concentration:   

Protein concentration was determined using the DC protein assay (Bio-Rad).   A 

standard curve was generated using bovine serum albumin (BSA) diluted in lysis buffer 

at concentrations ranging from 0.3 to 1.5 micrograms/microliter.  The absorbance was 

measured at 750 nanometers on a SpectraMax Plus microplate reader (Molecular 

Devices, Palo Alto, CA).  Sample protein concentrations were determined based on the 

generated standard curve. 
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2.5 – Western Blot:   

Cell lysates or nuclear and cytoplasmic fractions were standardized to fifteen 

micrograms of protein and boiled in equal volumes of laemmli buffer containing 5% β-

mercaptoethanol for five minutes.  Samples were separated in a 12% polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred electrophoretically to a nitrocellulose 

membrane.  Membranes were blocked at room temperature in 5% milk in 1X TBS-T (20 

millimoles/L Tris, 137 millimoles/L NaCl, pH 7.6; and 0.1% Tween 20) for one hour.  

Membranes were incubated with rabbit IgG anti-heme oxygenase 1 (HO-1) or rabbit IgG 

anti-HSF-1 primary antibodies (1:1000 dilution, Stressgen/AssayDesigns, Ann Arbor, 

MI) in 5% milk overnight at 4°C.  Membranes were washed three times for five minutes 

each with 1X TBS-T (5 milliliters), and incubated in 5% milk containing goat anti-rabbit 

IgG (Stressgen/AssayDesigns, Ann Arbor, MI) conjugated with horseradish peroxidase 

secondary antibody (1:2,000 dilution) at room temperature for one hour.  Membranes 

were washed again five times for five minutes each with 1X TBS-T (5 milliliters) and 

immunoreactive bands were detected by chemiluminescence using ECL Plus Western 

Blotting Detection System (Amersham) on a FluorS Multi Imaging System (BioRad).  

Each western blot was performed at least twice to account for inter-assay variation. 

 

3 – Reactive oxygen species generated by heat stress and simulated 

ischemia/reperfusion. 

3.1 – Heat stress conditions:   

To examine the effects of a mild heat stress on hypothalamus IVB cells, cells 

were grown to 80% confluence and incubated in a 37oC (non-heated control) or 43oC 
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(heat-stressed) water bath for fifteen minutes followed by fifteen minutes recovery in a 

37oC cell incubator.  

  

3.2 – Simulated ischemia/reperfusion conditions:   

To examine the effects of simulated ischemia/reperfusion on hypothalamic IVB 

cells, cells were grown to 80% confluence and simulated ischemia was introduced by a 

buffer exchange to an ischemia-mimetic solution (in millimoles/L: 125 NaCl, 8 KCl, 1.2 

KH2PO4, 1.25 MgSO4, 6.25 NaHCO3, 5 sodium lactate, 20 HEPES, pH 6.6).  Dishes 

were then placed in a hypoxic chamber containing hypoxic pouches, which convert 

available oxygen to carbon dioxide, and equilibrated with 100% N2.  Following one hour 

of simulated ischemia, reperfusion was initiated by a buffer exchange to warm normoxic 

reperfusion buffer (in millimoles/L:  110 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.25 MgSO4, 1.2 

CaCl2, 25 NaHCO3, 15 glucose, 20 HEPES, pH 7.4 and gassed with 95% O2 and 5% 

CO2) for two hours in a 37oC cell culture incubator. 

 

3.3 – Measurement of intracellular reactive oxygen species using microscopy:   

Intracellular reactive oxygen species generation (ROS) levels were determined 

using the Image-it Live Green ROS detection kit (Molecular Probes/Invitrogen).  This 

protocol utilizes the fluorescent probe, 5-,6-carboxy-2’,7’-dichlorodihydrofluorescein 

diacetate (carboxy-H2DCFDA), a cell permeable dye which enters the cell and is cleaved 

by cellular esterases to a non-cell permeable non-fluorescent product H2DCF.  H2DCF is 

oxidized by ROS to the green fluorescent compound carboxy-DCF that can be detected 

by fluorescence microscopy (excitation/emission 495/529 nm).   
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For these experiments IVB cells were plated on electrically charged cover slips in 

three centimeter dishes (Fisher Scientific, Pittsburg, PA) and grown to 80% confluence.  

Cells were exposed to heat stress (43oC for fifteen minutes followed by fifteen minutes 

recovery at 37oC), simulated ischemia/reperfusion (one hour hypoxia followed by two 

hours reperfusion) or their control conditions as described in 3.1 and 3.2.  Following 

treatments, cells were washed with one milliliter HBSS with calcium and magnesium and 

labeled with carboxy-H2DCFDA (25 micromoles/L) in HBSS with calcium and 

magnesium for thirty minutes at 37°C in the dark.  During the last five minutes, nuclei 

were stained with the blue-fluorescent cell permeable nucleic acid stain Hoeschst 33342 

(1 micromoles/L).  Cells were washed five times with one milliliter HBSS with calcium 

and magnesium and coverslips were inverted on glass slides for ROS visualization in a 

double blind fashion using a 40X magnification at Ex/Em 495/529 nanometers (green) 

and 350/461 nanometers (blue) on a Nikon 800E fluorescent microscope.  Green and blue 

images were merged and saved as JPEG files.  These experiments were repeated at least 

three times. 

 

3.4 – Effects of apocynin pretreatment on heat- and simulated ischemia/reperfusion-

induced ROS generation: 

 To determine the effect of the NOX inhibitor, apocynin, on ROS production in the 

hypothalamus IVB cell line, cells were treated with apocynin (300 micromoles/L) or its 

vehicle for one hour.  Cells were then exposed to heat stress, simulated 

ischemia/reperfusion or control conditions as described above in section 3.1 and 3.2.  
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ROS generation was measured as described above in section 3.3.  These experiments 

were repeated at least three times. 

 

3.5 – Effects of the protein kinase C inhibitors Gö6976 and Ro-31-8220 on heat- and 

simulated ischemia/reperfusion-induced ROS generation: 

 To determine the involvement of protein kinase C (PKC) on ROS generation in 

response to heat stress and simulated ischemia/reperfusion, the PKC inhibitors Gö6976 

(PKCα, PKCβ and PKCμ inhibitor) and Ro-31-8220 (PKCα, PKCβ, PKCγ and PKCε 

inhibitor) were used and ROS production was measured in the hypothalamus IVB cell 

line.  These PKC inhibitors are shown on Table 3 with their IC50 values, or half maximal 

inhibition concentration for each of the PKC isoforms they inhibit.  For these 

experiments, IVB cells were plated on electrically charged coverslips and grown to 80% 

confluence in DMEM growth media.  Medium was changed one day prior to treatments.  

Cells were then treated with Gö6976 (5 nanomoles/L) and Ro-31-8220 (5 nanomoles/L) 

or their vehicles in DMEM for one hour before and continuing throughout the exposure 

of the cells to heat stress, simulated ischemia/reperfusion or control conditions.  

Following treatments, ROS generation was measured as described above in section 3.3.  

These experiments were repeated at least three times. 

 

Table 3.  PKC Inhibitors 

PKC Inhibitor 
(IC50 in μM) PKCα PKCβ PKCβI PKCβII PKCγ PKCδ PKCε PKCµ PKCη PKCθ 
Gö6976 0.002 N/A 0.006 N/A N/A N/A N/A 0.020 N/A N/A 
Ro-31-8220 0.005 N/A 0.024 0.014 0.027 N/A 0.024 N/A N/A N/A 
Calphostin C 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 
Rottlerin 30.00 42.00 N/A N/A 40.00 1.000 100.0 N/A N/A N/A 
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4 – Effect of heat stress and simulated ischemia/reperfusion on NADPH oxidase 

activity in hypothalamus IVB cells. 

4.1 – NADPH oxidase activity: 

Hypothalamus IVB cells were plated in six centimeter dishes and grown to 80% 

confluence as described in section 1.1.  NADPH oxidase (NOX) activity was measured in 

IVB cells using lucigenin-derived chemiluminescence to determine the effects of heat 

stress and ischemia/reperfusion on NOX activity [190].  Medium was changed one day 

prior to treatments.  Initial experiments were designed to determine the concentration 

dependent effect of the electron transport chain inhibitor, rotenone (100 nanomoles/L – 1 

micromoles/L), and the NOX inhibitor, apocynin (100 nanomoles/L – 1 micromoles/L), 

on NOX activity.  For these experiments, cells were treated one hour before and 

continuing throughout the experimental period with apocynin (100 nanomoles/L - 1 

micromoles/L), diphenylene iodonium (DPI, 1 micromoles/L), rotenone (100 

nanomoles/L - 1 micromoles/L) or their vehicle in DMEM growth media and then 

subjected to either heat stress or simulated ischemia/reperfusion.  For the heat stress 

experiments, cells were placed in either a 37oC (control) water bath for fifteen minutes 

followed by fifteen minutes at 37oC in a cell culture incubator or a 43oC (heat-stressed) 

water bath for fifteen minutes followed by fifteen minutes at 37oC in a cell culture 

incubator.  For the simulated ischemia/reperfusion experiments, cells were subjected to 

37oC simulated ischemia for one hour followed by two hours of reperfusion at 37oC in a 

cell culture incubator.  Cells were then washed once with phosphate buffered saline 

(PBS) and dislodged using trypsin (0.05%) for five minutes at 37oC.  Krebs’ Hepes buffer 

(KHB) was added (4.5 milliliters) and cells were collected and centrifuged at 200 x g for 
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five minutes at 4oC.  The supernatant was aspirated and cells were resuspended in a final 

volume of 500 microliters of KHB.  Two samples containing 100 microliters each were 

used for duplicate determination of NOX activity.  Each 100 microliter sample was added 

to 345 microliters of KHB containing lucigenin (6 micromoles/L final concentration) in 

luminometer cuvettes (Promega, Madison, WI) and read for five minutes in a TD-20/20 

Luminometer (Turner Designs, Sunnyvale, CA) to determine background luminescence.  

To determine stimulated activity, fifty microliters NADPH (100 micromoles/L final 

concentration) was added and luminescence was measured again for five minutes.  NOX 

activity was expressed as relative light units (RLUs) in the presence of NADPH minus 

that in the absence of NADPH.  Cell number was counted using a hemocytometer for 

each sample and NOX activity was expressed as RLUs/105 cells.  These experiments 

were repeated at least three times. 

 

4.2 – Effects of the PKC inhibitors Gö6976, Ro-31-8220, Calphostin C and Rottlerin 

on heat- and simulated ischemia/reperfusion-induced NOX activation: 

 To determine if PKC was involved in the activation of NOX in response to heat 

stress and simulated ischemia/reperfusion, the effects of the PKC inhibitors Gö6976, Ro-

31-8220, Calphostin C and rottlerin were determined on NOX activity as described above 

in section 4.1.  The PKC inhibitors’ selectivity for the various isoforms of PKC is 

depicted in table 3.  For these experiments, hypothalamus IVB cells were grown to 80% 

confluence in high glucose DMEM supplemented with 10% FBS, 100 milligrams/mL 

streptomycin, 100 U/mL penicillin F and 0.25 milligrams/mL amphotericin B.  Medium 

was changed one day prior to treatments.  Cells were treated for one hour before and 
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continuing throughout the experiments with Gö6976 (0.5 nanomoles/L - 100 

nanomoles/L), Ro-31-8220 (5 nanomoles/L), Calphostin C (0.5 nanomoles/L - 100 

nanomoles/L) and rottlerin (1 micromoles/L) in DMEM growth media and cells were 

subjected to heat stress, simulated ischemia/reperfusion or their control conditions and 

NOX activity measured.  For the heat stress experiments, cell were placed in either a 

37oC (control) water bath for fifteen minutes followed by fifteen minutes at 37oC in a cell 

culture incubator or a 43oC (heat-stressed) water bath for fifteen minutes followed by 

fifteen minutes at 37oC in a cell culture incubator.  For the simulated 

ischemia/reperfusion experiments, cells were subjected to 37oC simulated ischemia for 

one hour followed by two hours of reperfusion at 37oC in a cell culture incubator.  

Following treatments, NOX activity was measured as described above in section 4.1.  

These experiments were repeated at least three times. 

 

4.3 – Effect of the PI3 kinase inhibitor LY294002 on heat- and simulated 

ischemia/reperfusion-induced NOX activation: 

 To determine if phosphoinositol-3-kinase (PI3 kinase) was involved in the 

activation of NOX in response to heat stress and simulated ischemia/reperfusion, the PI3 

kinase inhibitor LY294002 was used and NOX activity was measured as described above 

in section 4.1.  For these experiments, hypothalamus IVB cells were grown to 80% 

confluence in high glucose DMEM supplemented with 10% FBS, 100 milligrams/mL 

streptomycin, 100 U/mL penicillin F and 0.25 milligrams/mL amphotericin B.  Medium 

was changed one day prior to treatments.  Cells were treated for one hour before and 

continuing throughout the experiments with LY294002 (10 nanomoles/L) alone or in 
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combination with calphostin C (50 nanomoles/L) in DMEM growth media and cells were 

subjected to heat stress, simulated ischemia/reperfusion or their control conditions and 

NOX activity measured.  For the heat stress experiments, cell were placed in either a 

37oC (control) water bath for fifteen minutes followed by fifteen minutes at 37oC in a cell 

culture incubator or a 43oC (heat-stressed) water bath for fifteen minutes followed by 

fifteen minutes at 37oC in a cell culture incubator.  For the simulated 

ischemia/reperfusion experiments, cells were subjected to 37oC simulated ischemia for 

one hour followed by two hours of reperfusion at 37oC in a cell culture incubator.  

Following treatments, NOX activity was measured as described above in section 4.1.  

These experiments were repeated at least three times. 

 

4.4 – Effect of PMA on NOX activation: 

To determine if the NOX activator phorbol-12-myristate-13-acetate (PMA) 

responds similarly in hypothalamus IVB cells, NOX activity was measured as described 

above in section 4.1.  For these experiments, hypothalamus IVB cells were grown in high 

glucose DMEM supplemented with 10% FBS, 100 milligrams/mL streptomycin, 100 

U/mL penicillin F and 0.25 milligrams/mL amphotericin B to 80% confluence.  Medium 

was changed one day prior to treatments.  PMA (20 nanomoles/L) or its vehicle was 

added to DMEM growth media for thirty minutes and NOX activity was measured as 

described above in section 4.1.  These experiments were repeated three times. 
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4.5 – Effects of the PKC inhibitors Gö6976, Ro-31-8220 and Calphostin C on PMA-

induced NOX activation: 

To determine if PMA activated NOX through a PKC mediated pathway, the effect 

of the PKC inhibitors Gö6976, Ro-31-8220 and Calphostin C were examined on NOX 

activity as described above in section 4.1.  The PKC inhibitors’ selectivity for the various 

isoforms of PKC is depicted in table 3.  For these experiments, hypothalamus IVB cells 

were grown in high glucose DMEM supplemented with 10% FBS, 100 milligrams/mL 

streptomycin, 100 U/mL penicillin F and 0.25 milligrams/mL amphotericin B to 80% 

confluence.  Medium was changed one day prior to treatments.  Cells were treated one 

hour before and continuing throughout the experimental period with Gö6976 (5 

nanomoles/L), Ro-31-8220 (5 nanomoles/L), Calphostin C (50 nanomoles/L) or their 

vehicle in DMEM growth media.  PMA (20 nanomoles/L) was then added to DMEM 

growth media for thirty minutes and NOX activity was measured as described above in 

section 4.1.  These experiments were repeated three times. 

 

4.6 – Effects of the PI3 kinase inhibitors wortmannin and LY294002 plus Calphostin 

C on PMA-induced NOX activation: 

 To determine if phosphoinositol-3-kinase (PI3 kinase) was involved in PMA-

induced NOX activation, the effect of the PI3 kinase inhibitor wortmannin (100 

nanomoles/L) was examined on NOX activity as described above in section 4.1.  For 

these experiments, hypothalamus IVB cells were grown in high glucose DMEM 

supplemented with 10% FBS, 100 milligrams/mL streptomycin, 100 U/mL penicillin F 

and 0.25 milligrams/mL amphotericin B to 80% confluence.  Medium was changed one 
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day prior to treatments.  Cells were treated one hour before and continuing throughout the 

experimental period with wortmannin (100 nanomoles/L) alone or in combination with 

Calphostin C (50 nanomoles/L) in DMEM growth media.  PMA (20 nanomoles/L) was 

then added to DMEM growth media for thirty minutes and NOX activity was measured 

as described above in section 4.1.  These experiments were repeated three times. 

 

5 – NOX and PKC mRNA expression in control hypothalamus IVB cells. 

5.1 – Cell Culture: 

 Hypothalamus IVB cells were plated in ten centimeter dishes and grown to 80% 

confluence as described in section 1.1. 

 

5.2 – Polymerase chain reaction:   

To determine mRNA expression of the various NOX and PKC isoforms 

expressed in control hypothalamus IVB cells, PCR was performed on cDNA from IVB 

cells, rat brain and heart as our reference tissues from section 1.4.1.  Gene-specific 

primers designed for PCR were: gp91phox (NOX2), NOX1, NOX3, NOX4, NOX5, 

Protein kinase C α (PKCα), PKCβI, PKCβII, PKCδ, PKCε, PKCζ, PKCμ, and Rac1 

(Table 2). 

A standard PCR reaction (1 microliter cDNA, 1 microliter primer mix (5 

micromoles/L), 2.5 microliters reaction buffer, 0.5 microliters dNTPs (10 millimoles/L), 

0.25 microliters Taq polymerase (1.25 U) and 19.75 microliters ddH2O) at the designated 

annealing temperature was performed (1 cycle 2 min @ 95°C; 35 cycles 45 sec @ 95°C, 

then 45 sec @ 60oC, then one minute @ 72°C; and a final hold at 4°C) using control 
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cDNA generated from the hypothalamus IVB cells.  The PCR product was run on a 1.2% 

agarose gel, and the number and size of the band(s) were determined.  Gel was stained for 

five minutes in SYBR Gold, destained for thirty minutes in ddH2O and visualized using a 

FluorS Multi Imaging System (BioRad). 

 

5.3 – PCR verification: 

 5.3.1 – Gel extraction:  To confirm the mRNA expression data, PCR products 

from section 5.2 were cloned and sequenced to ensure the correct gene was being 

identified.  Following visualization of NOX2, NOX4 and Rac1 PCR products on a 1.2% 

agarose gel, bands of appropriate size for these genes were removed using a scalpel and 

PCR products were extracted using the QIAquick Gel Extraction Kit from Qiagen 

(Qiagen, Valencia, CA).  Bands were weighed and added to three volumes (100 

milligrams of gel equals 200 microliters) of binding/solubilization buffer in a sterile 

microcentrifuge tube.  Tubes were incubated in a dry bath for ten minutes at 50oC, 

vortexing every two minutes, until gel was completely dissolved and color of solution 

remained yellow.  One volume of isopropanol was added, placed in a spin column and 

centrifuged for one minute at 18,000 x g at room temperature.  Flow-through was 

discarded and binding/solubilization buffer (500 microliters) was added and centrifuged 

again for one minute at 18,000 x g at room temperature.  Discarded flow-through, added 

wash buffer (750 microliters) and centrifuged for one minute at 18,000 x g at room 

temperature.  Column was placed in a new sterile microcentrifuge tube and elution buffer 

(30 microliters) was added and centrifuged again for one minute at 18,000 x g at room 
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temperature.  DNA concentration was measured using a spectrophotometer and used 

immediately for cloning.   

 5.3.2 – Cloning:  NOX2, NOX4 and Rac1 DNA were used from section 5.3.1 to 

set up a ligation reaction using a TA cloning kit from Invitrogen.  A standard ligation 

reaction contains 10X ligation buffer (1 microliter), pCRII vector (2 microliters), T4 

DNA ligase (1 microliter), DNA (14 nanograms) and sterile water to a final volume of 

ten microliters.  Reaction was gently mixed and placed in a thermocycler (BioRad) at 

14oC overnight.  The ligation product was then used immediately for plasmid 

transformation. 

 5.3.3 – Plasmid transformation:  Ligation product from section 5.3.2 was used to 

perform a plasmid transformation using a One Shot Kit from Invitrogen.  Vials of 

INVαF’ competent cells were removed from -80oC freezer and centrifuged briefly and 

thawed on ice.  Ligation product (2 microliters) was pipetted into the vial of competent 

cells and mixed gently with pipette tip.  Vials were incubated on ice for thirty minutes, 

followed by thirty seconds in a 42oC water bath and then placed back on ice.  SOC 

medium was allowed to equilibrate to room temperature and 250 microliters was added to 

the vial and shaken horizontally for one hour at 225 rpm in a 37oC incubator.  Vial was 

removed and 75 and 175 microliters were spread on two plates with LB agar (10 grams 

tryptone, 5 grams yeast extract, 10 grams sodium chloride and 15 grams agar in one liter 

of water) containing X-Gal (40 microliters) and ampicillin (100 micrograms/mL).  Plates 

were placed right side up in foil, to protect X-Gal from light, and allowed to incubate at 

room temperature for ten minutes.  The plates were removed from foil, inverted and 

allowed to incubate overnight in a 37oC incubator.  The next day plates were placed in 
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4oC refrigerator for two hours to allow for proper color development.  This technique is 

referred to as blue/white screening.   

 Blue/white screening utilizes X-gal, a colorless modified galactose sugar that is 

metabolized by β-galactosidase to form an insoluble product which appears blue, and 

functions as a negative indicator.  The hydrolysis of X-gal by the β-galactosidase causes 

the characteristic blue color in the colonies representing the colonies containing unligated 

vector.  White colonies indicate insertion of target DNA and loss of the cells' ability to 

hydrolyze X-gal.  Bacterial colonies in general are white and a bacterial colony with no 

vector will also appear white.  This is resolved by the presence of an antibiotic, in this 

case penicillin, in the growth medium and a resistance gene on the vector that allows 

successfully transformed bacteria to survive despite the presence of the antibiotic.    

 5.3.4 – Plasmid isolation:  To isolate plasmid DNA, ten white colonies containing 

the target DNA, were removed from plates using sterile wood applicators and placed in 

five milliliters of LB broth in vent-capped glass culture tubes.  The culture tubes were 

placed in a shaker at 225 rpm and incubated at 37oC overnight.  Plasmid DNA was 

isolated using the Wizard Plus SV Miniprep DNA Purification System (Promega 

Corporation, Madison, WI).  Bacterial cultures (5 milliliters) were placed in 15 milliliter 

conical tubes and centrifuged at 10,000 x g for ten minutes at room temperature to pellet 

bacteria.  Supernatant was removed and the cells were resuspended in a resuspension 

buffer (250 microliters; 50 millimoles/L Tris-HCl (pH 7.5), 10 millimoles/L EDTA, 100 

microgram/mL RNase A).  Cells were lysed in a lysis buffer (250 microliters; 0.2 

moles/L NaOH, 1% SDS) and an alkaline protease solution (10 microliters) was added to 

inactivate endonucleases and other proteins released during bacterial lysis.  A 
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neutralization buffer (350 microliters; 4.09 moles/L guanidine hydrochloride, 0.759 

moles/L potassium acetate, 2.12 moles/L glacial acetic acid, pH 4.2) was added, inverted 

four times and centrifuged at 14,000 x g for ten minutes at room temperature.  The 

supernatant was collected and placed in a spin column and centrifuged at 14,000 x g for 

one minute at room temperature.  The flow-through was discarded and 750 microliters of 

a wash solution (60% ethanol, 60 millimoles/L potassium acetate, 8.3 millimoles/L Tris-

HCl (pH 7.5), 0.04 millimoles/L EDTA (pH 8.0)) was added to the spin column and 

centrifuged at 14,000 x g for one minute at room temperature, and then repeated.  The 

spin column was again centrifuged at 14,000 x g for two minutes at room temperature to 

remove all liquid from filtration membrane.  The spin column was transferred to a sterile 

microcentrifuge tube and 100 microliters of sterile water was added.  The spin column 

was centrifuged at 14,000 x g for two minutes at room temperature and the flow-through 

containing plasmid DNA was placed in a -20oC freezer until needed for restriction digest.   

 5.3.5 – Restriction digest:  Plasmid DNA from section 5.3.4 was used to perform 

a restriction digest to determine the presence of insert.  Restriction digest reaction 

contained plasmid DNA (31 microliters; 50 nanograms/μL), 10X Buffer H (4 microliters) 

and the restriction enzyme EcoRI (5 microliters; 12 U/μL, Promega, Madison, WI).  

EcoRI was used because the insert is flanked by two EcoRI restriction sites.  The reaction 

was incubated in a 37oC water bath for two hours.  The mixture (20 microliters) was 

added to 10X blue juice (2 microliters), the loading dye, and run on a 1.2% agarose gel.  

The gel was stained for five minutes in SYBR Gold, destained for thirty minutes in 

ddH2O and visualized using a FluorS Multi Imaging System (BioRad).  Upon 

visualization of a band at 150 base pairs, representing the insert of the gene of interest 
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consistent with the original PCR described in section 5.2, plasmid DNA was quantified 

using a spectrophotometer and 50 nanograms/μL was sent to Auburn University 

Genomics and Sequencing Lab.  T7 primers were used for the sequence analysis because 

they are the primers specific for pCRII vector used in section 5.3.2.  Following sequence 

analysis, the sequences were BLAST searched for gene specificity as described in section 

1.4.2. 

 

6 – NOX4 and PKC protein expression in hypothalamus IVB cells: 

6.1 – Cell Culture: 

 Hypothalamus IVB cells were plated in ten centimeter dishes and grown to 80% 

confluence as described in section 1.1. 

 

6.2 – Preparation of whole cell lysates:  

To correlate protein expression with mRNA expression of the various NOX and 

PKC isoforms in hypothalamus IVB cells, whole cell lysates from control IVB cells and 

rat brain were isolated.  IVB cells were grown to 80% confluence, the medium was 

aspirated, dishes were placed on ice and one milliliter of ice-cold HBSS was added to 

each plate.  Cells were scraped into a pre-chilled 1.5 milliliter microcentrifuge tube, 

centrifuged at 500 x g for five minutes at 4°C.  The supernatant was aspirated and the cell 

pellet was resuspended in 100 microliters of radioimmunoprecipitation (RIPA) lysis 

buffer (KH2PO4 10.6 millimoles/L, NaCl 1.5 moles/L, Na2HPO4.7H2O 29.7 millimoles/L, 

1% Igepal, 0.5% sodium deoxycholate, 0.1% SDS, supplemented with 100 

micrograms/mL PMSF, 50 KIU/mL apoprotin and 100 microliters/mL of sodium 
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orthovanadate), triturated ten times and centrifuged at 10,000 x g at 4oC for fifteen 

minutes.  The pellet was stored at -20°C until western blot analysis.  For control rat brain 

protein isolation, frozen brain was removed from -80oC freezer, tissue was broken into 

pieces in a mortar with pestle in liquid nitrogen.  The tissue was weighed and 

homogenized for thirty seconds using a polytronic tissue homogenizer in RIPA buffer 

(2.4 milliliters RIPA buffer/30 milligrams tissue).  Homogenate was incubated on ice for 

thirty minutes and samples were centrifuged at 14,000 x g for 45 minutes at 4oC.  

Supernatant was removed and placed in a pre-chilled 1.5 milliliter microcentrifuge tube 

and stored at -20oC until western blot analysis. 

 

6.3 – Nuclear, cytoplasmic and membrane protein isolation: 

 To determine the cellular location of NOX4 in control hypothalamus IVB cells 

and to determine the effects of heat stress and simulated ischemia/reperfusion on PKC 

translocation; nuclear, cytoplasmic and membrane fractions were isolated using 

differential centrifugation and NOX4 and PKC immunoreactivity were measured in each 

fraction.  For these experiments, IVB cells were grown to 80% confluence and cells were 

exposed to heat stress or simulated ischemia/reperfusion as described in section 3.1 and 

3.2 respectively.  For PMA experiments, cells were treated for thirty minutes with PMA 

(20 nanomoles/L) in DMEM media in a 37oC cell culture incubator.  The medium was 

then aspirated and the dishes were placed on ice and washed twice with ice-cold PBS.  

PBS was aspirated, 250 microliters of ice-cold lysis buffer (20 millimoles/L Tris, 2 

millimoles/L MgCl2, 2 millimoles/L EDTA, 10 millimoles/L EGTA, protease inhibitor 

cocktail (1:200 dilution, Sigma), pH 7.5) was added to one plate from each treatment 
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group and the plates were scraped into a 1.5 milliliter pre-chilled tube.  Tubes were 

placed in liquid nitrogen for ten seconds and allowed to thaw at room temperature.  

Lysates were placed in a pre-chilled glass dounce homogenizer and homogenized with 

ten up and down strokes on ice.  The lysate was transferred to a pre-chilled conical tube 

(15 milliliters) and centrifuged at 500 x g for five minutes at 4oC.  Supernatant was 

placed in a high spin centrifuge tube (12 milliliters) and pellets were resuspended in lysis 

buffer and served as the nuclear fraction.  Samples in the high spin centrifuge tube (12 

milliliters) were centrifuged at 75,000 x g for one hour at 9oC.  The supernatant was 

removed and served as the cytoplasmic fraction.  The pellet containing the membrane 

fraction was resuspended in 300 microliters of lysis buffer containing 1% Triton-X, 

vortexed for fifteen seconds, triturated twenty times and kept on ice for thirty minutes to 

allow for complete solubilization of the membrane fraction.  The nuclear, cytoplasmic 

and membrane fractions were stored at -80oC until western blot analysis. 

 

6.4 – Determination of protein concentration:   

Protein concentration was determined using the DC protein assay (Bio-Rad).   A 

standard curve was generated using bovine serum albumin (BSA) diluted in lysis buffer 

at concentrations ranging from 0.3 to 1.5 micrograms/μL.  The absorbance was measured 

at 750 nanometers on a SpectraMax Plus microplate reader (Molecular Devices, Palo 

Alto, CA).  Sample protein concentrations were determined based on the generated 

standard curve. 
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6.5 – Western Blot:   

Cell lysates or nuclear, cytoplasmic and membrane fractions were standardized to 

fifteen micrograms of protein and boiled in equal volumes of laemmli buffer containing 

5% β-mercaptoethanol for five minutes.  Samples were separated in a 12% 

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred electrophoretically to a 

nitrocellulose membrane.  Membranes were blocked at room temperature in 5% milk in 

1X TBS-T (20 millimoles/L Tris, 137 millimoles/L NaCl, pH 7.6; and 0.1% Tween 20) 

for one hour.  Membranes were incubated with goat IgG anti-NOX2, rabbit IgG anti-

Nox4 (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) or mouse IgG anti-

PKCα, anti-PKCβ, anti-PKCγ, anti-PKCδ, anti-PKCε, anti-PKCζ, anti-PKCμ, anti-lamin 

A/C primary antibodies (Transduction Laboratories, Lexington, KY) in 5% milk 

overnight at 4°C.  Membranes were washed three times for five minutes each with 1X 

TBS-T (5 milliliters), and incubated in 5% milk containing either rabbit anti-goat, goat 

anti-rabbit or rabbit anti-mouse IgG (Stressgen/AssayDesigns, Ann Arbor, MI) 

conjugated with horseradish peroxidase (1:2,000 dilution), respectively, at room 

temperature for one hour.  Membranes were washed again five times for five minutes 

each with 1X TBS-T (5 milliliters) and immunoreactive bands were detected by 

chemiluminescence using ECL Plus Western Blotting Detection System (Amersham) on 

a FluorS Multi Imaging System (BioRad).  Each western blot was performed at least 

twice to account for inter-assay variation. 
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7 – Statistical analysis: 

 All data were reported as means ± standard errors.  Differences between treatment 

groups were analyzed using a One-Way Analysis of Variance (ANOVA).  Where 

significant differences were observed, Student-Neuman-Keuls post-hoc testing was used.  

All data were analyzed using the Statistical Analysis System (SAS for Windows, version 

9.1, SAS Institute, Cary, NC).  Significance was accepted at the P<0.05 level. 
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RESULTS 
 
 
 

Effect of heat stress on HSP70 and HO-1 gene expression: 

It has been reported that heat stress causes increases in heat shock protein (HSP) 

gene expression that is associated with the initiation of the heat shock response 

[291,335].  HSPs act as molecular chaperones through their binding to misfolded proteins 

and refolding them to their proper state, ultimately restoring their function [291].  

Therefore we examined whether the expression of HSP70 and heme oxygenase-1 (HO-1, 

also termed HSP32) increased after heat stress treatment in IVB cells.  IVB cells were 

exposed to 43oC heat stress for 15 minutes followed by recovery in a 37oC incubator for 

1, 2, 4, 8, 12 and 24 hours and RNA was isolated.  Basal gene expression of HSP70 and 

HO-1 did not change in non-heated control cells over a 24 hour period (data not shown).  

Heat stress caused a significant (p<0.05) increase in both HSP70 and HO-1 gene 

expression by 1 hour which was the peak for their expression (figure 3).  Figure 3 also 

shows heat stress caused a 19.7 ± 3.45 fold and a 10.5 ± 1.02 fold increase in expression 

at 1 hour compared to non-heated control cells for HSP70 and HO-1, respectively.  By 8 

hours and 4 hours, neither HSP70 nor HO-1 expression was significantly different from 

control.  These data suggest that heat stress causes increased transcription of the heat 

shock genes HSP70 and HO-1. 
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Figure 3.  Effect of heat stress on the expression of HSP70 and HO-1.  Cells were 
exposed to 43oC for 15 minutes followed by recovery for up to 24 hours and HSP70 and 
HO-1 gene expression were measured using real time RT-PCR.  Solid square and line 
indicates HSP70 gene expression.  Solid diamond and line indicates HO-1 gene 
expression.  Each data point is normalized to 2 housekeeping genes, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and acidic ribosomal phosphoprotein Po (Arbp).  
Error bars represent standard error.  * indicates significantly different from non-heated 
control cells at indicated time (p<0.05).  Graph is representative of two independent 
experiments. 
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Effect of heat stress on HO-1 protein expression: 

 The specific role of HO-1 is to catalyze the conversion of free heme to biliverdin, 

which is converted to the antioxidant bilirubin via biliverdin reductase, and carbon 

monoxide and iron [132].  The indirect production of the antioxidant bilirubin by HO-1 is 

protective against oxidative stress and has led to the use of HO-1 as an oxidative stress 

marker [222].  To verify that HO-1 protein levels increased after heat stress exposure, 

HO-1 immunoreactivity following heat stress was measured.  IVB cells were exposed to 

43oC heat stress for 15 minutes followed by recovery in a 37oC incubator for 1, 2, 4, 8, 12 

and 24 hours, lysed and normalized for total protein.  Basal levels of HO-1 were detected 

in the lysate of non-heated control cells (figure 4).  Figure 4 also shows heat stress 

increased the expression of HO-1 to 3.5 ± 0.6 fold by 2 hours recovery relative to non-

heated control cells.  HO-1 levels remained elevated until 24 hours recovery.  These data 

suggest that heat stress increased HO-1 translation in hypothalamus IVB cells. 
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Figure 4.  Effect of heat stress on HO-1 protein levels.  Cells were exposed to 43oC for 
15 minutes followed by recovery for up to 24 hours and HO-1 immunoreactivity was 
measured using western blot.  Western blot is depicted above the graph and is 
representative of 3 independent experiments.  Protein levels were quantified by 
densitometry.  Data is expressed as fold change relative to control.   
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HSF-1 translocation into the nucleus after heat stress exposure: 

 The transcription factor heat shock factor-1 (HSF-1) becomes activated and 

translocates from the cytoplasm to the nucleus in response to heat stress [343].  The 

activation of HSF-1 is an integral part of the heat shock response that increases the gene 

expression of HSPs in the nucleus.  To determine if exposure of IVB cells to a mild non-

lethal heat stress caused HSF-1 translocation from the cytoplasm to the nucleus, cells 

were exposed to 43oC for 15 minutes followed by recovery at 37oC for 0 to 4 hours and 

cytoplasmic and nuclear fractions were analyzed for HSF-1 immunoreactivity.  HSF-1 

immunoreactivity was detected in the cytoplasm and nucleus in non-heated control cells 

(figure 5).  HSF-1 levels increased in the nuclear fraction by 0 hours recovery and 

remained elevated until 1 hour recovery.  HSF-1 levels in the cytoplasmic fraction 

decreased by 0 hours recovery and remained decreased until 30 minutes recovery and 

HSF-1 levels increased in the cytoplasm at 1 hour and 4 hours recovery to levels higher 

than control cells.  These data suggest that heat stress increases HSF-1 protein expression 

and activates HSF-1 causing it to translocate from the cytoplasm to the nucleus thereby 

initiating HSP70 and HO-1 gene expression.  These data also suggest that the mild heat 

stress used in this study is sufficient to initiate the heat shock response in the IVB cells. 
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Figure 5.  Effect of heat stress on HSF-1 protein levels in the cytoplasm and nucleus.  
Cells were exposed to 43oC for 15 minutes and HSF-1 immunoreactivity was measured 
in cytoplasmic and nuclear fractions.  Figure is representative of two independent 
experiments. 
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Heat stress causes oxidative stress in hypothalamus IVB cells: 

 It has been reported that heat stress causes oxidative stress by the generation of 

reactive oxygen species (ROS) in the brain, but the cellular effect of heat stress on 

hypothalamic neurons has not yet been investigated.  One of the main roles of the 

hypothalamus is to regulate body temperature.  The ability of the hypothalamus to 

regulate body temperature becomes compromised when an individual experiences a heat 

stroke, which may be attributed to ROS generation and accumulation in hypothalamic 

neurons.  Therefore, we examined whether heat stress caused ROS generation in the 

hypothalamus IVB cells.  IVB cells were grown on charged coverslips and exposed to 

either 37oC (control) or 43oC (heat stress) for fifteen minutes followed by fifteen minutes 

recovery in a 37oC cell culture incubator and ROS generation was visualized using 

fluorescence microscopy.  ROS were measured using the Image-it Live Green ROS 

detection kit (Molecular Probes) which fluoresces green in the presence of ROS.  For a 

positive control, IVB cells were treated with tert-butyl hydroperoxide (tBHP) (100 μM), 

a known inducer of ROS, for 90 minutes and ROS generation was measured.  In control 

cells, no green fluorescence was detected and nuclei appeared round with little to no 

detectable green fluorescence (figure 6a).  Treatment of cells for 90 minutes with the 

positive control tBHP (100 μM) caused an increase in green fluorescence throughout the 

cells suggestive of ROS generation (figure 6b).  Likewise, IVB cells exposed to heat 

stress also displayed green fluorescence throughout the cell (figure 6c).  There was also 

an observed change in cell morphology in response to heat stress and tBHP in that cells 

appeared more rounded compared to control cells. 
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Figure 6.  ROS generation in response to heat stress in hypothalamus IVB cells.  Cells 
were double labeled with a Hoescht stain (Excitation/Emission of 350/461 nm), which 
fluoresces blue inside the nucleus and a carboxy-H2DCFDA stain 
(Excitation/Emission of 495/529 nm) which fluoresces green in the presence of ROS.  
a) Non-heated control cells.  b) Cells treated with tBHP (100 μM) as our positive 
control.  c) Cells heated for 15 min at 43oC followed by 15 min recovery at 37oC.  
Heat stress and tBHP caused an increase in ROS indicated by an increase in green 
fluorescence.  All pictures are representative of 3 independent experiments.  Scale bar 
= 35 micrometers. 
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Simulated ischemia/reperfusion causes oxidative stress in hypothalamus IVB cells: 

 Next, we wanted to determine if simulated ischemia/reperfusion caused ROS 

generation in hypothalamic neurons similar to heat stress.  Oxidative stress has been 

linked to neuronal damage following ischemia/reperfusion injury, but ROS generation 

has not been measured in hypothalamic neurons exposed to ischemia/reperfusion [318].  

Therefore, we examined the effect of simulated ischemia/reperfusion on ROS generation 

in hypothalamus IVB cells.  Hypothalamus IVB cells were exposed to one hour simulated 

ischemia at 37oC followed by two hours reperfusion at 37oC and ROS generation was 

visualized using fluorescence microscopy.  IVB cells exposed to simulated 

ischemia/reperfusion showed an increase in green fluorescence compared to control cells 

(figure 7a and 7b).  Cells exposed to simulated ischemia/reperfusion also exhibited a 

more rounded appearance compared to control cells, which is consistent with our 

previous observations in heat stressed and tBHP treated cells.  These data suggest that 

simulated ischemia/reperfusion causes an increase in ROS generation in IVB cells. 
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Figure 7.  ROS generation in response to simulated ischemia/reperfusion in 
hypothalamus IVB cells.  Cells were double labeled with a Hoescht stain 
(Excitation/Emission of 350/461 nm) which fluoresces blue inside the nucleus and a 
carboxy-H2DCFDA stain (Excitation/Emission of 495/529 nm) which fluoresces green 
in the presence of ROS.  a) Non-ischemic control cells.  b) Cells subjected to 1 h 
simulated ischemia followed by 2 h reperfusion.  Simulated ischemia/reperfusion 
caused an increase in ROS indicated by an increase in green fluorescence.  All pictures 
are representative of 3 independent experiments.  Scale bar = 35 micrometers. 

 

 

 

 

 

 

 

 

 

 97



 98

Inhibition of NOX attenuates heat-induced oxidative stress in hypothalamus IVB 

cells: 

To determine the potential source(s) of heat stress-induced ROS generation in the 

hypothalamus IVB cells.  IVB cells were pretreated with the mitochondrial complex I 

inhibitor, rotenone, or the NOX inhibitor, apocynin, and ROS generation measured using 

the Image-it Live Green ROS detection kit (Molecular Probes).  For these experiments, 

IVB cells were treated with either apocynin (300 μM), rotenone (100 nM) or their vehicle 

for one hour and then exposed to heat stress at 43oC for fifteen minutes followed by 

fifteen minutes recovery at 37oC.  Inhibitor doses and time for exposure were based on 

previous studies [213].  In cells treated with vehicle, heat stress caused an increase in 

green fluorescence as previously observed (figure 8a).  Treatment of control cells for one 

hour with either apocynin (300 µM) or rotenone (100 nM) did not cause a change in 

fluorescence compared to vehicle-treated cells (data not shown).  Treatment with 

apocynin but not rotenone prior to heat stress attenuated the increase in fluorescence 

compared to heat stress alone (figure 8b and 8c).  These data suggest NOX is involved in 

heat-induced ROS generation in hypothalamus IVB cells. 
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Figure 8.  Apocynin inhibits heat-induced oxidative stress in hypothalamus IVB cells.  
Cells were double labeled with a Hoescht stain (Excitation/Emission of 350/461 nm) 
which fluoresces blue inside the nucleus and a carboxy-H2DCFDA stain 
(Excitation/Emission of 495/529 nm) which fluoresces green in the presence of ROS.  
a) Cells heated for 15 min at 43oC followed by 15 min recovery at 37oC.  b) Cells 
pretreated for 1 h with apocynin (300 μM) followed by heat stress.  c) Cells pretreated 
for 1 h with rotenone (100 nM) followed by heat stress.  Pretreatment with apocynin, 
but not rotenone inhibited ROS generated from heat stress to control levels.  All 
pictures are representative of 3 independent experiments.  Scale bar = 35 micrometers. 
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Inhibition of NOX attenuates simulated ischemia/reperfusion-induced oxidative 

stress in hypothalamus IVB cells: 

In a similar fashion to heat stressed cells, we also sought to determine the site of 

ROS generation in IVB cells exposed to simulated ischemia/reperfusion.  ROS was 

measured using the Image-it Live Green ROS detection kit (Molecular Probes).  IVB 

cells were treated for one hour with apocynin (300 µM) followed by exposure to 

simulated ischemia/reperfusion, as previously described.  Apocynin pretreatment 

attenuated the increase in fluorescence in response to simulated ischemia/reperfusion 

compared to vehicle-treated cells (figure 9a and 9b).  These data suggest that NOX is 

involved in simulated ischemia/reperfusion-induced ROS generation in hypothalamus 

IVB cells. 
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Figure 9.  Apocynin inhibits simulated ischemia/reperfusion-induced oxidative stress 
in hypothalamus IVB cells.  Cells were double labeled with a Hoescht stain 
(Excitation/Emission of 350/461 nm) which fluoresces blue inside the nucleus and a 
carboxy-H2DCFDA stain (Excitation/Emission of 495/529 nm) which fluoresces green 
in the presence of ROS.  a) Cells subjected to 1 h simulated ischemia followed by 2 h 
reperfusion.  b) Cells pretreated for 1 h with apocynin (300 μM) followed by 
simulated ischemia/reperfusion.  Pretreatment with apocynin inhibited ROS generated 
from simulated ischemia/reperfusion to control levels.  All pictures are representative 
of 3 independent experiments.  Scale bar = 35 micrometers. 
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NOX activity increases in response to heat stress in hypothalamus IVB cells: 

To further investigate the effect of heat stress on ROS generation, NOX activity 

was measured in IVB cells.  The lucigenin-enhanced chemiluminescence assay  was 

chosen for these experiments because it has been reported as a valid method for 

measuring ROS generation, specifically superoxide, as well as measuring NOX activity 

[137].  For these experiments, IVB cells were pretreated for one hour with the NOX 

inhibitors apocynin (300 μM), diphenylene iodonium (DPI, 1 μM) or their vehicle and 

exposed to either 37oC (control) or 43oC (heat stress) for fifteen minutes followed by 

fifteen minutes recovery in a 37oC cell culture incubator and NOX activity was measured.  

Baseline luminescence in the absence of NADPH was 0.50 ± 0.50 RLUs/105 cells (data 

not shown).  NOX activity in non-heat stressed cells treated with vehicle was 5.01 ± 0.83 

RLUs/105 cells (figure 10).  Apocynin (300 μM) pretreatment had no effect on NOX 

activity in control non-heat stressed cells.  On the other hand, treatment with DPI (1 µM) 

for one hour caused a decrease in NOX activity to 1.27 ± 0.34 RLUs/105 cells compared 

to vehicle-treated cells.  Heat stress caused a significant increase in NOX activity to 20.9 

± 1.76 RLUs/105 cells compared to non-heated cells.  The heat-induced increase in NOX 

activity was significantly reduced to 7.07 ± 0.81 RLUs/105 cells by one hour pretreatment 

with apocynin (300 μM) and reduced to 0.52 ± 0.06 RLUs/105 cells by one hour 

pretreatment with DPI (1 μM).  These data suggest that heat stress causes an increase in 

NOX activity and this contributes to ROS accumulation in hypothalamic neurons. 
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Figure 10.  NOX activity in response to heat stress in hypothalamus IVB cells.  The 
control bar represents NOX activity in non-heated vehicle-treated cells.  The apocynin 
bar represents non-heated control cells treated for one hour with apocynin (300 µM).  
The DPI bar represents non-heated control cells treated for one hour with DPI (1 µM).  
The heat stress bar represents vehicle-treated cells treated for 15 minutes at 43oC 
followed by 15 minutes at 37oC.  The apocynin + heat stress bar represents heat 
stressed cells pretreated for one hour with apocynin (300 µM).  The DPI + heat stress 
bar represents heat stressed cells pretreated for one hour with DPI (1 µM).  Values are 
means ± standard error of three independent experiments.  * indicates significantly 
different from control (P<0.05).  # indicates significantly different from heat stress 
(P<0.05).   
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NOX activity increases in response to simulated ischemia/reperfusion in 

hypothalamus IVB cells: 

To determine whether simulated ischemia/reperfusion produced a similar increase 

in NOX activity as found with heat stress, IVB cells were subjected to simulated 

ischemia/reperfusion and NOX activity was measured by chemiluminescence.  IVB cells 

were pretreated for one hour with the NOX inhibitor apocynin (300 μM) and DPI (1 μM) 

and exposed to either control or one hour simulated ischemia followed by two hours 

reperfusion and NOX activity was measured.  Control activity of NOX was 5.01 ± 0.83 

RLUs/105 cells (figure 11).  NOX activity in control cells was not affected by one hour 

treatment with the NOX inhibitor apocynin (300 μM) but was reduced by DPI (1 μM) to 

1.27 ± 0.34 RLUs/105 cells.  Simulated ischemia/reperfusion in vehicle-treated cells 

caused a significant increase in NOX activity to 13.3 ± 0.25 RLUs/105 cells.  The 

simulated ischemia/reperfusion-induced increase in NOX activity was significantly 

reduced to 7.65 ± 1.09 RLUs/105 cells by one hour pretreatment with apocynin (300 μM) 

and to 0.91 ± 0.23 RLUs/105 cells by one hour pretreatment with DPI (1 μM).  These data 

suggest that simulated ischemia/reperfusion causes an increase in NOX activity and this 

contributes to ROS accumulation in hypothalamic neurons. 
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Figure 11.  NOX activity in response to simulated ischemia/reperfusion in 
hypothalamus IVB cells.  The control bar represents NOX activity in non-ischemic 
vehicle-treated cells.  The apocynin bar represents non-ischemic control cells treated 
for one hour with apocynin (300 µM).  The DPI bar represents non-ischemic control 
cells treated for one hour with DPI (1 µM).  The ischemia/reperfusion bar represents 
vehicle-treated cells treated for one hour in ischemic media in a 37oC hypoxic 
chamber followed by two hours in reperfusion media in a 37oC incubator.  The 
apocynin + ischemia/reperfusion bar represents simulated ischemia/reperfused cells 
pretreated for one hour with apocynin (300 µM).  The DPI + ischemia/reperfusion bar 
represents simulated ischemia/reperfused cells pretreated for one hour with DPI (1 
µM).    Values are means ± standard error of three independent experiments.  * 
indicates significantly different from control (P<0.05).  # indicates significantly 
different from simulated ischemia/reperfusion (P<0.05).   
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NOX gene and protein expression in hypothalamus IVB cells: 

Following our findings that heat stress and simulated ischemia/reperfusion caused 

an increase in ROS generation and an increase in NOX activity, we wanted to determine 

the specific NOX isoform(s) involved in these responses.  To determine the NOX 

isoforms expressed in hypothalamic neurons, we examined mRNA and protein 

expression of NOX in hypothalamus IVB cells.  The NOX family of enzymes consists of 

seven different isoforms, but their expression in hypothalamic neurons has not been 

investigated.  We tested the mRNA expression levels of NOX1-5, but did not test Duox1 

and Duox2 because they are primarily found in the thyroid.  We also tested the mRNA 

levels of the small GTPase Rac1 because Rac1 is a regulatory subunit of the NOX 

complex and has been shown to regulate ROS production in various cell types [137].  

RNA was isolated from control IVB cells and rat hearts (positive control) and cDNA was 

synthesized using iScript cDNA synthesis kit (BioRad).  Primers were designed using 

vector NTI software (Invitrogen) for NOX1-5 and Rac1 and RT-PCR was performed as 

described in section 5.2 of the methods.  PCR analysis of the five NOX isoforms showed 

the presence of NOX2 and NOX4 isoforms in both IVB cells and rat heart (figure 12a).  

NOX1, NOX3 and NOX5 were not detected.  Initially we saw a band for NOX2 in our 

IVB cells although it was faint and hard to visualize, therefore we performed another 

PCR on NOX2, NOX4 and the small GTPase Rac1 specifically.  PCR analysis showed 

the presence of NOX4 and Rac1, but not NOX2 in IVB cells (figure 12b).  To further 

analyze these findings, we cloned and sequenced the NOX2 and NOX4 PCR products 

and performed a BLAST search on the sequences.  We found NOX2 did not match the 

sequence for NOX2 in the rat, suggesting NOX2 is not expressed in IVB cells.  However, 
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NOX4 was 100% homologous with NOX4 in the rat suggesting NOX4 is the only 

isoform of NOX expressed in IVB cells.  The mRNA expression levels of NOX1-5 did 

not change in response to heat stress or simulated ischemia/reperfusion as tested by real-

time PCR. 

Next we wanted to determine if protein expression of NOX4 matched the mRNA 

expression and confirm that NOX2 was not expressed in IVB cells.  To determine the 

protein expression of NOX2 and NOX4, we performed western blots using rabbit 

polyclonal antibodies for NOX2 and NOX4 along with their blocking peptides (Santa 

Cruz Biotechnology) in control IVB cells.  Rat brain was used as a control reference 

tissue.  In rat brain, NOX2 and NOX4 immunoreactivity were detected (figure 13a), but 

only NOX4 immunoreactivity was detected in IVB cells (figure 13b).  To determine the 

cellular location of NOX4, we performed differential centrifugation and collected 

nuclear, cytosolic and plasma membrane fractions and performed western blots using the 

rabbit polyclonal antibodies for NOX4 on each fraction.  We found NOX4 

immunoreactivity in each of the fractions tested with NOX4 showing the highest 

expression in the cytosol (figure 13c), which did not change following exposure to heat 

stress or simulated ischemia/reperfusion.  Lamin A/C was used as the positive control for 

the nuclear fraction.  These data suggest that NOX4 is the only NOX isoform expressed 

in the IVB cells and it resides in the cytoplasm, nucleus and membrane. 
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Figure 12.  PCR analysis for NOX in control IVB cells and rat heart.  a) NOX mRNA 
expression in control IVB cells and rat heart.  One microgram of RNA isolated was 
reverse transcribed and used for PCR with primers specific for NOX1-5.  Rat heart was 
used as reference tissue.  b) NOX2, NOX4 and Rac1 mRNA expression in control IVB 
cells.  Pictures are representative of 2 independent experiments. 
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Figure 13.  Western blots for NOX2 and NOX4 in IVB cells and rat brain.  a) NOX2 
Protein Expression.  Control IVB cells and control rat brain protein expression was 
measured using western blot.  Rat brain was used as reference tissue.  b) NOX4 Protein 
Expression.  c) NOX4 Protein Localization.  Lamin A/C was used as the nuclear marker.  
Pictures are representative of 2 independent experiments. 
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Role of PKC in heat stress-induced oxidative stress in hypothalamus IVB cells: 

PKC has been suggested to play a role in activating NOX by phosphorylating the 

cytosolic subunits (p47phox, p40phox and p67phox)[29,31].  To determine the mechanism of 

activation for NOX in response to heat stress, the PKC inhibitors Gö6976 (PKCα, PKCβI 

and PKCμ inhibitor) and Ro-31-8220 (PKCα, PKCβI, PKCβII, PKCγ and PKCε inhibitor) 

were used, and ROS generation was measured using fluorescence microscopy.  IVB cells 

were grown on electrically charged coverslips and treated for one hour with Gö6976 (5 

nM), Ro-31-8220 (5 nM) or their vehicle and exposed to control or heat stress conditions 

as previously described.  The inhibitor concentrations were chosen based on published 

values of half maximal inhibition concentration (IC50) for Gö6976 and Ro-31-8220 on 

PKC activity [205,341] shown in table 3.  Treatment with Gö6976 (5 nM) or Ro-31-8220 

(5 nM) did not alter fluorescence compared to control vehicle-treated cells.  Treatment 

with either Gö6976 (5 nM) or Ro-31-8220 (5 nM) prior to heat stress attenuated heat-

induced ROS generation to control levels (figure 14b and 14c).  These data suggest PKC 

is involved in regulating ROS accumulation in response to heat stress in hypothalamus 

IVB cells. 
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Figure 14.  Effect of the PKC inhibitors Gö6976 and Ro-31-8220 on heat-induced 
ROS generation in hypothalamus IVB cells.  Cells were double labeled with a Hoescht 
stain (Excitation/Emission of 350/461 nm) which fluoresces blue in the presence of 
nucleic acids and a carboxy-H2DCFA stain (Excitation/Emission of 495/529 nm) 
which fluoresces green in the presence of ROS.  a) Vehicle-treated cells heated for 15 
minutes at 43oC followed by 15 minutes recovery at 37oC.  b) Cells pretreated for one 
hour with Gö6976 (5 nM) followed by heat stress.  c) Cells pretreated for one hour 
with Ro-31-8220 (5 nM) followed by heat stress.  All pictures are representative of 3 
independent experiments.  Scale bar = 35 micrometers. 
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Role of PKC in simulated ischemia/reperfusion-induced oxidative stress in 

hypothalamus IVB cells: 

To determine if the mechanism of activation for NOX in response to simulated 

ischemia/reperfusion was similar to heat stress, the PKC inhibitors Gö6976 (PKCα, 

PKCβI and PKCμ inhibitor) and Ro-31-8220 (PKCα, PKCβI, PKCβII, PKCγ and PKCε 

inhibitor) were used, and ROS generation was measured by fluorescence microscopy.  

IVB cells were grown on electrically charged coverslips and treated for one hour with 

Gö6976 (5 nM), Ro-31-8220 (5 nM) or their vehicle and subjected to control or 

simulated ischemia/reperfusion conditions as previously described.  The inhibitor 

concentrations used were based on the previous experiments with heat stress.  Gö6976 (5 

nM) and Ro-31-8220 (5 nM) did not alter fluorescence in IVB cells compared to vehicle-

treated control cells.  In vehicle-treated cells, one hour ischemia followed by two hours 

reperfusion caused an increase in green fluorescence indicative of an increase in ROS 

generation (figure 15a).  Treatment for one hour with either Gö6976 (5 nM) or Ro-31-

8220 (5 nM) prior to simulated ischemia/reperfusion attenuated simulated 

ischemia/reperfusion-induced ROS generation to levels found in control cells (figure 15b 

and 15c).  These data suggest PKC is involved in regulating ROS accumulation in 

response to simulated ischemia/reperfusion in hypothalamus IVB cells. 
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Figure 15.  Effect of the PKC inhibitors Gö6976 and Ro-31-8220 on simulated 
i chemia/reperfusion-induced ROS generation in hypothalamus IVB cells.  Cells were 
double labeled with a Hoescht stain (Excitation/Emission of 350/461 nm) which 
f uoresces blue in the presence of nucleic acids and a carboxy-H2DCFA stain 
(Excitation/Emission of 495/529 nm) which fluoresces green in the presence of ROS.  
a) Vehicle-treated cells subjected to one hour simulated ischemia followed by two 
hours reperfusion.  b) Cells pretreated for one hour with Gö6976 (5 nM) followed by 
s mulated ischemia/reperfusion.  c) Cells pretreated for one hour with Ro-31-8220 (5 
nM) followed by simulated ischemia/reperfusion.  All pictures are representative of 3 
i dependent experiments. 
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Effect of PKC inhibitors on heat stress-induced NOX activity in hypothalamus IVB 

cells: 

Following our findings that the PKC inhibitors Gö6976 and Ro-31-8220 inhibited 

heat-induced ROS generation, we wanted to determine if PKC mediated the increase in 

NOX activity in response to heat stress.  To determine the effect of the PKC inhibitors on 

NOX activity, dose response curves were performed using the PKC inhibitors Gö6976 

(0.5 nM – 100 nM), which inhibits PKCα, PKCβI and PKCμ, and calphostin C (5 nM – 

500 nM), which inhibits conventional and novel isoforms of PKC.  IVB cells were treated 

for one hour with either Gö6976 (0.5 nM – 100 nM) or calphostin C (5 nM – 500 nM) 

and then exposed to heat stress as previously described.  The PKC inhibitors had no 

effect on control NOX activity at any concentration (figure 16c).  Heat stress caused a 

significant increase in NOX activity which was inhibited by the PKC inhibitors Gö6976 

and calphostin C in a dose-dependent manner.  The maximal inhibition of NOX activity 

by Gö6976 and calphostin C occurred at 50 nM (figure 16a and 16b).  At this 

concentration heat-induced NOX activity was reduced to near control levels.  Since 

treatment with Gö6976 at 5 nM and 50 nM appeared to have similar inhibitory efficiency 

at reducing heat-induced NOX activity 5 nM Gö6976 was chosen for the remaining 

experiments.  Calphostin C was used at 50 nM for all remaining experiments.   

After performing the dose response curves for Gö6976 and calphostin C, we 

wanted to determine if the PKC inhibitor Ro-31-8220, which inhibits PKCα, PKCβI, 

PKCβII, PKCγ and PKCε, also inhibited heat-induced NOX activation in the IVB cells.  

To test this, cells were treated for one hour with the PKC inhibitors Gö6976 (5 nM), Ro-

31-8220 (5 nM) or calphostin C (50 nM) prior to heat stress and NOX activity was 
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measured.  The PKC inhibitors Gö6976, Ro-31-8220 and calphostin C significantly 

reduced heat-induced NOX activation to control levels (figure 16c).  These data suggest 

that PKC is involved in regulating NOX activation and ROS generation in response to 

heat stress in hypothalamus IVB cells. 
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Figure 16.  Effect of PKC inhibitors on heat-induced NOX activity.  a) Gö6976 dose 
response curve in heat stressed IVB cells.  The control bar represents NOX activity in 
non-heated vehicle-treated cells.  The heat stress bar represents vehicle-treated cells 
treated for 15 minutes at 43oC followed by 15 minutes in a 37oC incubator.  The 0.5 
nM Gö6976 + heat stress bar represents heat stressed cells pretreated for one hour with 
Gö6976 (0.5 nM).  The 5 nM Gö6976 + heat stress bar represents heat stressed cells 
pretreated for one hour with Gö6976 (5 nM).  The 50 nM and 100 nM Gö6976 + heat 
stress bar represents heat stressed cells pretreated for one hour with Gö6976 (50 nM 
and 100 nM).  b) Calphostin C dose response curve in heat stressed IVB cells.  The 5, 
50 and 100 nM calphostin C bars represent non-heated control cells treated for one 
hour with calphostin C at their respective concentrations.  The heat stress bar 
represents vehicle-treated heat stressed IVB cells.  The 5 nM calphostin C + heat 
stress bar represents heat stressed cells pretreated for one hour with calphostin C (5 
nM).  The 50 and 100 nM calphostin C + heat stress bars represent heat stressed cells 
pretreated for one hour with calphostin C (50 nM and 100 nM).  c)  The Gö6976, Ro-
31-8220 and calphostin C bars represent non-heated control cells treated for one hour 
with Gö6976 (5 nM), Ro-31-8220 (5 nM) and calphostin C (50 nM).  The heat stress 
bar represents vehicle-treated heat stressed IVB cells.  The Gö6976, Ro-31-8220 and 
calphostin C + heat stress bars represent heat stressed cells pretreated for one hour 
with Gö6976 (5 nM), Ro-31-8220 (5 nM) and calphostin C (50 nM).  Values are 
means ± standard error of three independent experiments.  * indicates significantly 
different from control (P<0.05).  # indicates significantly different from heat stress 
(P<0.05). 
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Effect of PKC inhibitors on simulated ischemia/reperfusion-induced NOX activity 

in hypothalamus IVB cells: 

To determine if PKC was involved in the activation of NOX in response to 

simulated ischemia/reperfusion similar to heat stress, the PKC inhibitors Gö6976 (PKCα, 

PKCβI and PKCμ inhibitor), rottlerin (PKCδ inhibitor), Ro-31-8220 (PKCα, PKCβI, 

PKCβII, PKCγ and PKCε inhibitor) and calphostin C (general PKC inhibitor) were used, 

and NOX activity was measured using chemiluminescence.  A dose response curve was 

performed for calphostin C (5 – 500 nM) to determine if there was a dose dependent 

inhibition of simulated ischemia/reperfusion-induced NOX activation (figure 17a).  Since 

calphostin C is the general PKC inhibitor it was the only PKC inhibitor that we 

performed a dose response curve for to determine if PKC regulated NOX activation in 

cells exposed to simulated ischemia/reperfusion.  Control NOX activity was 3.59 ± 0.28 

RLUs/105 cells which was not changed in control cells treated for one hour with 

calphostin C at any concentration.  Simulated ischemia/reperfusion caused a significant 

increase in NOX activity to 21.1 ± 6.23 RLUs/105 cells, which was significantly inhibited 

by the pretreatment for one hour with PKC inhibitor calphostin C (50 nM), but not 5 nM 

or 500 nM.  The maximal inhibition of NOX activity by calphostin C was found at the 

concentration of 50 nM, which reduced simulated ischemia/reperfusion-induced NOX 

activity to 8.94 ± 2.20 RLUs/105 cells, but not to control levels.  Based on these findings, 

the remainder of experiments were performed using 50 nM calphostin C. 

Next, we wanted to determine the PKC isoforms involved in activating NOX in 

response to simulated ischemia/reperfusion by testing the PKC inhibitors Gö6976 (PKCα, 

PKCβI and PKCμ inhibitor), rottlerin (PKCδ inhibitor) and Ro-31-8220 (PKCα, PKCβI, 
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PKCβII, PKCγ and PKCε inhibitor) on NOX activity.  Cells were treated with the PKC 

inhibitors Gö6976 (5 nM), Ro-31-8220 (5 nM) or calphostin C (50 nM) for one hour 

prior to simulated ischemia/reperfusion and NOX activity was measured.  Control NOX 

activity was 4.52 ± 0.29 RLUs/105 cells (figure 17b).  Gö6976 (5 nM), Ro-31-8220 (5 

nM) and calphostin C (50 nM) did not cause a change in control NOX activity, whereas 

treatment for one hour with rottlerin (1 μM) caused an increase in NOX activity to 9.35 ± 

RLUs/105 cells.  Simulated ischemia/reperfusion caused a significant increase in NOX 

activity to 21.7 ± 2.71 RLUs/105 cells compared to control.  Pretreatment with the PKC 

inhibitors Gö6976 (5 nM), Ro-31-8220 (5 nM) and calphostin C (50 nM) for one hour 

prior to simulated ischemia/reperfusion significantly reduced simulated 

ischemia/reperfusion-induced NOX activation, but not to baseline levels.  In the presence 

of the PKC inhibitors, NOX activity in response to simulated ischemia/reperfusion was 

significantly higher than baseline.  Therefore, the PKC inhibitors did not completely 

inhibit simulated ischemia/reperfusion-induced NOX activation as they did with heat 

stress.  These data suggest that simulated ischemia/reperfusion-induced NOX activation 

is both PKC-dependent and PKC-independent in hypothalamus IVB cells.   
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 Figure 17.  Effect of PKC inhibitors on simulated ischemia/reperfusion-induced NOX 
activity in hypothalamus IVB cells.  a) Calphostin C dose response curve in simulated 
ischemia/reperfused IVB cells.  The control bar represents NOX activity in non-
ischemic vehicle-treated cells.  The 5, 50 and 100 nM calphostin C bars represent non-
ischemic control cells treated for one hour with calphostin C at their respective 
concentrations.  The ischemia/reperfusion bar represents vehicle-treated cells treated 
for one hour in ischemic media in a 37oC hypoxic chamber followed by two hours in 
reperfusion media in a 37oC incubator.  The 5 nM and 500 nM calphostin C + 
ischemia/reperfusion bars represents simulated ischemia/reperfused cells pretreated for 
one hour with calphostin C (5 nM or 500 nM).  The 50 nM calphostin C + 
ischemia/reperfusion bar represent simulated ischemia/reperfused cells pretreated for 
one hour with calphostin C (50 nM).  b) PKC inhibitors effect on simulated 
ischemia/reperfusion-induced NOX activity.  The control bar represents NOX activity 
in non-ischemic vehicle-treated cells.  The Gö6976, Ro-31-8220, and calphostin C 
bars represent non-ischemic control cells treated for one hour with Gö6976 (5 nM), 
Ro-31-8220 (5 nM) and calphostin C (50 nM).  The rottlerin bar represents non-
ischemic control cells treated for one hour with rottlerin (1 μM).  The 
ischemia/reperfusion bar represents vehicle-treated cells exposed to simulated 
ischemia/reperfusion.  The Gö6976 + ischemia/reperfusion bar represents simulated 
ischemia/reperfused cells pretreated for one hour with Gö6976 (5 nM).  The rottlerin + 
ischemia/reperfusion bar represents simulated ischemia/reperfused cells pretreated for 
one hour with rottlerin (1 μM).  The Ro-31-8220 + ischemia/reperfusion bar represents 
simulated ischemia/reperfused cells pretreated for one hour with Ro31-8220 (5 nM).  
The calphostin C + ischemia/reperfusion bar represents simulated ischemia/reperfused 
cells pretreated for one hour with calphostin C (50 nM).  Values are means ± standard 
error of three independent experiments.  * indicates significantly different from 
control (P<0.05).  # indicates significantly different from simulated 
ischemia/reperfusion (P<0.05).   
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Effect of PKC and PI3 kinase inhibitors on heat- and simulated 

ischemia/reperfusion-induced NOX activation in hypothalamus IVB cells: 

 PI3 kinase regulates various cellular functions, mainly through activating Akt, 

including cell growth, proliferation, differentiation, motility, survival and intracellular 

trafficking [8,41,166,214].  PI3 kinase has also been linked to growth factor-induced 

ROS generation derived from NOX1 in nonphagocytic cells [245].  Therefore to 

determine if PI3 kinase was involved in the PKC-independent portion of NOX activation 

in response to simulated ischemia/reperfusion, the PI3 kinase inhibitor LY294002 was 

used along with the PKC inhibitor calphostin C and NOX activity was measured.  We 

also tested the effects of LY294002 in combination with calphostin C in heat stressed 

cells to ensure PI3 kinase did not play a role in heat-induced NOX activation.  Cells were 

treated for one hour in the presence of LY294002 (10 nM) alone or in combination with 

calphostin C (50 nM) and then exposed to heat stress or simulated ischemia/reperfusion 

and NOX activity was measured.  Control NOX activity was 5.40 ± 0.90 RLUs/105 cells, 

which was not altered in control cells treated with either LY294002 (10 nM) or 

calphostin C (50 nM) (figure 18).  Heat stress caused a significant increase in NOX 

activity to 18.9 ± 1.91 RLUs/105 cells, which did not change with one hour pretreatment 

with LY294002 (10 nM).  Pretreatment of heat stressed cells for one hour with either 

calphostin C (50 nM) alone or in combination with LY294002 (10 nM) caused a 

significant decrease in heat-induced NOX activity to 8.72 ± 2.52 RLUs/105 cells.  

Simulated ischemia/reperfusion caused a significant increase in NOX activity to 17.8 ± 

1.89 RLUs/105 cells.  Cells pretreated for one hour with LY294002 (10 nM) or calphostin 

C (50 nM) alone showed a significant decrease in simulated ischemia/reperfusion-
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induced NOX activity to 12.0 ± 1.46 RLUs/105 cells and 10.3 ± 0.77 RLUs/105 cells, 

respectively, but not to basal levels.  However, cells pretreated for one hour with 

LY294002 (10 nM) and calphostin C (50 nM) together showed a significant decrease in 

simulated ischemia/reperfusion-induced NOX activity to 8.08 ± 1.09 RLUs/105 cells to 

near control levels.  These data suggest simulated ischemia/reperfusion activates NOX 

through both PKC and PI3 kinase to produce ROS, whereas heat stress activates NOX 

solely through PKC in hypothalamus IVB cells. 
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Figure 18.  Effect of PKC and PI3 kinase inhibitors on heat- and simulated 
ischemia/reperfusion-induced NOX activity in hypothalamus IVB cells.  The control 
bar represents NOX activity in vehicle-treated cells.  The LY294002 and calphostin C 
bars represent control cells treated for one hour with the PI3 kinase inhibitor 
LY294002 (10 nM) or the PKC inhibitor calphostin C (50 nM).  The heat stress bar 
represents vehicle-treated cells treated for 15 minutes at 43oC followed by 15 minutes 
in a 37oC incubator.  The LY294002 + heat stress bar represents cells treated for one 
hour with LY294002 (10 nM) prior to exposure to heat stress.  The calphostin C + 
heat stress and the LY294002 + calphostin C + heat stress bars represent heat stressed 
cells pretreated for one hour with either calphostin C (50 nM) alone or LY294002 (10 
nM) and calphostin C (50 nM) combined.  The ischemia/reperfusion bar represents 
vehicle-treated cells treated for one hour in ischemic media in a 37oC hypoxic 
chamber followed by two hours in reperfusion media in a 37oC incubator.  The 
LY294002 + I/R and calphostin C + I/R bars represent simulated ischemia/reperfused 
cells that were pretreated for one hour with either LY294002 (10 nM) or calphostin C 
(50 nM).  The LY294002 + calphostin C + I/R bar represents IVB cells treated for one 
hour with LY294002 (10 nM) and calphostin C (50 nM) combined prior to exposure 
to simulated ischemia/reperfusion.  Values are means ± standard error of three 
independent experiments.  * indicates significantly different from control (P<0.05).  # 
indicates significantly different from heat stress (P<0.05).  + indicates significantly 
different from simulated ischemia/reperfusion (P<0.05) 
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PMA activates NOX via PKC in hypothalamus IVB cells: 

The phorbol ester phorbol-12-myristate-13-acetate (PMA) has been reported to 

increase NOX activity in various cell types and was used as a positive control for the 

NOX activity experiments.  PMA is a widely used activator of both conventional and 

novel isoforms of PKC and was used with the selected PKC inhibitors to determine if 

PMA-induced NOX activation required PKC in IVB cells.  We also tested the PI3 kinase 

inhibitor wortmannin to determine if PMA activated NOX through PKC and PI3 kinase, 

which we hypothesized; PMA would only activate PKC and not PI3 kinase.  Cells were 

treated for thirty minutes with PMA (20 nM) and NOX activity was measured using 

chemiluminescence.  Control NOX activity was 6.73 ± 0.52 RLUs/105 cells and PMA 

(20 nM) treatment caused a significant increase in NOX activity similar to heat stress and 

ischemia/reperfusion to 15.8 ± 0.52 RLUs/105 cells (figure 19).  To determine if PMA 

activated NOX via PKC in IVB cells, cells were treated for one hour with Gö6976 (5 

nM), Ro-31-8220 (5 nM) and calphostin C (50 nM) and then exposed to PMA (20 nM) 

for thirty minutes and NOX activity was measured.  Treatment with Gö6976 (5 nm) for 

one hour prior to exposure to PMA (20 nM), did not cause a significant decrease in 

PMA-stimulated NOX activity (figure 19).  On the other hand, treatment for one hour 

with either Ro-31-8220 (5 nM) or calphostin C (50 nM) prior to PMA (20 nM) exposure 

caused a significant decrease in NOX activity compared to PMA treatment.  In the 

presence of Ro-31-8220 and calphostin C, PMA-induced NOX activity was still 

significantly elevated over baseline.  To determine if PMA activated NOX through PKC 

and PI3 kinase in IVB cells, cells were treated for one hour with either wortmannin (100 

nM) alone or in combination with calphostin C (50 nM) followed by thirty minutes of 
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PMA (20 nM) treatment and NOX activity was measured.  Treatment for one hour with 

wortmannin (100 nM) had no effect on control NOX activity (figure 19), however 

treatment for one hour with wortmannin (100 nM) prior to exposure to PMA (20 nM) 

caused a significant decrease in NOX activity compared to PMA treatment.  In the 

presence of wortmannin, PMA-induced NOX activity was still significantly elevated 

above baseline.  However, treatment for one hour with both wortmannin (100 nM) and 

calphostin C (50 nM) combined, caused a significant decrease in PMA-induced NOX 

activation to near baseline (figure 19).  These data suggest PMA stimulates NOX in IVB 

cells and the PMA-induced NOX activation appears to be mainly through PKC, but PI3 

kinase plays a minor role in PMA-induced NOX activation in hypothalamus IVB cells. 
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Figure 19.  NOX activity in response to PMA in hypothalamus IVB cells.  The 
control bar represents NOX activity in vehicle-treated cells.  The wortmannin bar 
represents cells treated for one hour with wortmannin (100 nM).  The PMA bar 
represents cells treated for thirty minutes with PMA (20 nM).  The Gö6976 + PMA 
bar represents cells treated for one hour with Gö6976 (5 nM) followed by thirty 
minutes of PMA (20 nM).  The Ro-31-8220 + PMA bar represents cells treated for 
one hour with Ro-31-8220 (5 nM) followed by thirty minutes of PMA (20 nM).  The 
Calphostin C + PMA bar represents cells treated for one hour with calphostin C (50 
nM) followed by thirty minutes of PMA (20 nM).  The wortmannin + PMA bar 
represents cells treated for one hour with wortmannin (100 nM) prior to PMA (20 nM) 
exposure.  The calphostin C + wortmannin + PMA bar represents cells treated for one 
hour with both calphostin C (50 nM) and wortmannin (100 nM) prior to PMA (20 nM) 
exposure.  Values are means ± standard error of three independent experiments.  * 
indicates significantly different from control (p<0.05).  # indicates significantly 
different from PMA (p<0.05) 
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PKC mRNA expression and protein expression in hypothalamus IVB cells: 

To determine the specific PKC isoforms expressed in IVB cells, we examined the 

expression of various PKCs at the mRNA and protein levels.  The PKC family consists of 

nearly twenty different homologues expressed throughout the body.  We tested the 

mRNA expression levels of PKCα, PKCβ, PKCδ, PKCε, PKCζ and PKCμ.  RNA was 

isolated from control IVB cells and rat hearts (reference tissue) and cDNA was 

synthesized using iScript cDNA synthesis kit (BioRad).  Primers were designed for 

PKCμ and PKCβ using vector NTI software (Invitrogen) and the other primers were 

purchased from Sigma and PCR was performed as described in section 5.2 of the 

methods.  PCR analysis of the six PKC isoforms tested showed the presence of all 

isoforms except PKCβ (figure 20).  PKCβ was not detected in IVB cells, but was in 

reference tissue.  To examine protein expression, we performed western blots using 

mouse monoclonal antibodies for PKCα, PKCδ, PKCε, PKCζ, PKCμ and PKCβ 

(Transduction Laboratories, Lexington, KY).  PKCα, PKCδ, PKCε, PKCζ, PKCμ 

immunoreactivity was detected in IVB cells, but PKCβ was not detected (figure 21).  

These data suggest that heat- and simulated ischemia/reperfusion-induced NOX 

activation and ROS generation are regulated by PKCα in IVB cells. 

 

 

 

 

 

 



 

 PKC           μ                 α        β       δ       ε       ζ 

 250 Bp 

 

 

 
Figure 20.  PKCμ, PKCα, PKCβ, PKCδ, PKCε and PKCζ mRNA expression in 
control hypothalamus IVB cells.  One microgram of RNA was reverse transcribed and 
used for PCR with primers specific for PKCμ, PKCα, PKCδ, PKCε, PKCζ and PKCβ.  
Pictures are representative of 2 independent experiments. 
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Figure 21.  Western blot for PKCα, PKCδ, PKCε, PKCγ, PKCζ and PKCμ in IVB 
cells.  Control IVB cells protein expression was measured using western blot.  Pictures 
are representative of 2 independent experiments. 
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DISCUSSION 
 
 
 

Ischemia/reperfusion-related injuries are associated with a wide range of diverse 

disorders including but not limited to aging, heat stroke, diabetes and Alzheimer’s 

disease.  Ischemia/reperfusion is known to cause oxidative stress through the generation 

of reactive oxygen species (ROS) and the resulting oxidative stress is thought to be a 

contributing factor in the progression of these neurological disorders [345].  In addition to 

ischemia/reperfusion injury, oxidative stress has also been reported to occur in response 

to heat stress in the brain and is thought to be one of the main contributors to the 

progression of heat-related illnesses [353].  In the present study, we examined whether 

simulated ischemia/reperfusion and mild heat stress increases ROS generation through 

similar mechanisms in cultured hypothalamic cells.  Hypothalamus IVB cells were grown 

under normal culture conditions and either heat stressed at 43oC for 15 minutes followed 

by 15 minutes recovery or exposed to simulated ischemia/reperfusion by incubation for 1 

hour in ischemic media in the absence of oxygen followed by 2 hours incubation in 

normal oxygenated media (reperfusion).  Heat stress caused a significant increase in 

HSP70 and HO-1 gene expression as measured by real time RT-PCR.  Heat stress also 

caused an increase in cytoplasmic HO-1 protein expression and nuclear translocation of 

HSF-1 as measured by western blot.  Heat stress and simulated ischemia/reperfusion 

increased ROS generation as measured by the fluorescent indicator carboxy-H2DCFDA.  

The increase in ROS was attenuated by pretreatment with the NOX inhibitor apocynin
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and the PKC inhibitors Gö6976 and Ro-31-8220.  To further investigate the generation of 

ROS, we measured NOX activity using chemiluminescence.  Similar to what was seen 

with ROS generation, both mild heat stress and simulated ischemia/reperfusion increased 

NOX activity and these effects were blocked by apocynin, DPI, Gö6976, Ro-31-8220 and 

calphostin C.  Furthermore, using RT-PCR and western blot analysis, NOX4 and PKCα 

were found to be expressed in IVB cells.  These results suggest that both heat stress and 

simulated ischemia/reperfusion cause oxidative stress through PKCα-mediated NOX4 

activation in hypothalamic IVB cells.   

The hypothalamus is a part of the hypothalamic-pituitary-adrenal (HPA) axis, 

which controls cortisol or corticosterone levels released into the bloodstream in response 

to stressful stimuli.  The hypothalamus secretes corticotrophin releasing hormone (CRH) 

which acts upon the pituitary to release ACTH into the blood.  ACTH is then released 

into the blood stream where it stimulates the adrenal glands to release cortisol which 

signals to the body that it is in a state of stress and initiates a host of physiological 

responses.  Therefore the hypothalamus is an important area of the brain for the study of 

the effects of heat stress and ischemia/reperfusion which both have been shown to cause 

increases in cortisol levels [288].  To study the effects of heat stress and simulated 

ischemia/reperfusion in hypothalamus, we obtained the rat hypothalamus IVB cell line as 

a generous gift from J.J. Mulcahey (University of Cincinnati, OH).  IVB cells were 

developed from the hypothalamus of 19 day old embryonic rat pups [150].  These cells 

were immortalized by retrovirus-mediated transfer of the SV40 large T antigen gene and 

screened for expression of corticotrophin releasing hormone (CRH).  The IVB clone cell 

line was used in this study because of its CRH-like immunoreactivity and expression of 
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CRH, CRH receptor, vasopressin (VP) and the neuronal marker, microtubule-associated 

protein-2 (MAP-2).  The ability of the IVB cells to express CRH led us to believe that 

these cells represented a reasonably good model for studying stress in parvocellular 

neurons of the hypothalamus. 

 Heat shock proteins (HSPs) act as molecular chaperones through their binding to 

misfolded proteins and refolding them to their proper state, ultimately restoring their 

function [291].  The specific role of the antioxidant HO-1 is to catalyze the conversion of 

free heme to biliverdin, which is converted to the antioxidant bilirubin via biliverdin 

reductase, and carbon monoxide and iron [132].  To test the effects of heat stress in the 

hypothalamus IVB cells, real time RT-PCR analysis of HSP70 and HO-1 (HSP32) was 

performed.  IVB cells were exposed to 43oC heat for 15 minutes and allowed to recover 

following a time course from 1 to 48 hours and RNA was collected at various times.  

Following RNA isolation, cDNA was synthesized and real time RT-PCR was performed 

using rat gene-specific primers for HSP70 and HO-1 and expression was normalized to 

the housekeeping genes GAPDH and Arbp.  A major advantage of using real time RT-

PCR is the ability to quantitatively examine increases or decrease in gene expression for a 

particular gene.  We found that by 1 hour recovery following heat stress, HSP70 and HO-

1 levels were significantly increased 15-fold and 20-fold higher than control, 

respectively.  HO-1 and HSP70 expression remained elevated until 4 hours and 8 hours 

of recovery, respectively.  These data suggest that exposure of IVB cells to a mild heat 

stress of 15 minutes at 43oC is sufficient for initiating HSP gene expression, which is 

indicative of the heat shock response [203,359]. 
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 HO-1 protein expression was examined following exposure to 43oC for 15 

minutes followed by recovery following a time course from 1 hour to 48 hours.  We 

examined HO-1 protein expression to determine whether the increases in HO-1 gene 

expression we had found correlated with increased protein levels.  Total protein was 

collected at each respective measurement time and western blot analysis was performed.  

HO-1 immunoreactivity was significantly elevated by 2 hours and did not return to 

baseline until 8 hours into recovery.  These data support our gene expression data and 

demonstrate that brief exposure to heat stress elevates HO-1 gene and protein levels in 

IVB cells.  HO-1 is a HSP that is involved in not only the heat shock response [100], but 

has also been shown to increase in response to oxidative stress [85] and recently has 

emerged as an oxidative stress marker [222].  These findings suggest that heat stress may 

be directly causing an increase in HO-1 transcription and translation or that heat stress 

may cause oxidative stress in the IVB cells that directly affects the levels of HO-1 in the 

cell.   

HSF-1 is a redox-sensitive and heat-sensitive transcription factor that regulates 

HSP gene expression by translocating from the cytoplasm to the nucleus where HSF-1 

binds to the heat shock element (HSE) located upstream of the promoter region in all 

HSPs.  Therefore to investigate the heat shock response in IVB cells, we measured HSF-1 

translocation from the cytoplasm to the nucleus over a 4 hour time span after a mild heat 

stress.  In non-heated cells, HSF-1 was primarily located in the cytoplasm.  In heat 

stressed cells HSF-1 immunoreactivity shifted to the nucleus as early as 15 minutes into 

recovery and remained in the nuclear fraction for as long as 1 hour.  HSF-1 levels 

increased in the cytoplasm by 1 hour and remained elevated at 4 hours recovery 
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suggesting heat stress increases HSF-1 translation at these times.  These data also suggest 

that HSF-1 is involved in initiating the heat shock response by 15 minutes of recovery 

and is involved in initiation of HSP70 and HO-1 gene expression in the IVB cells.  These 

findings led us to believe that our heat stress model (15 minutes 43oC followed by 15 

minutes recovery at 37oC) was a good representation of the heat shock response in IVB 

cells and was therefore used for the remainder of our study.  Our findings are also 

consistent with previous reports that a brief intense heat is able to initiate the heat shock 

response [243]. 

To date, little is known about the cellular effects of heat stress or 

ischemia/reperfusion on ROS generation in the hypothalamus.  To determine whether 

heat stress and simulated ischemia/reperfusion caused an increase in ROS generation in 

the hypothalamus IVB cells we used the fluorescent dye carboxy-H2DCFDA.  This cell-

permeable dye has been used extensively to measure ROS generation in live cells [210].  

Upon entry into the cell, the dye is cleaved by cellular esterases to a non-permeant 

carboxy-DCFH.  In the presence of nonspecific ROS the reduced fluorescein compound 

(carboxy-DCFH) is oxidized and emits a bright green fluorescence at an 

excitation/emission of 495/529 nanometers.  We also used the blue fluorescent nuclear 

dye Hoechst 33342 to identify the nuclei of individual cells.  Cellular fluorescence was 

viewed on a fluorescent microscope at emission/excitation of 350/461 nanometers.  The 

advantages of using the carboxy-H2DCFDA dye are its sensitivity to ROS, simplicity and 

ability to measure ROS generation in live cells rather than fixed cells.  However carboxy-

H2DCFDA does not discriminate between the various types of ROS generated.  
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Therefore, we could determine whether heat stress and simulated ischemia/reperfusion 

increased ROS generation, but not the specific nature of the ROS generated. 

Examination of ROS generation in IVB cells subjected to 43oC for 15 minutes 

followed by 15 minutes recovery or 1 hour simulated ischemia and 2 hours simulated 

reperfusion was measured using carboxy-H2DCFDA.  Control IVB cells displayed nuclei 

that fluoresced blue but showed little green fluorescence indicating low levels of ROS 

accumulation in control cells.  There was a marked increase in cytoplasmic green 

fluorescence in response to both heat stress and simulated ischemia/reperfusion.  The 

increase in green fluorescence found in response to heat stress and simulated 

ischemia/reperfusion was similar to our findings in cells exposed to tBHP, a known 

inducer of ROS.  In addition to the increase in ROS, morphological changes were also 

observed in IVB cells exposed to heat stress, simulated ischemia/reperfusion as well as 

tBHP which we believe is due to ROS interactions with cytoskeletal proteins that have 

been previously documented [224].  The morphological changes observed were a more 

rounded appearance and an overall decrease in the cytosolic region of the cells.  Our 

findings are in line with previous evidence of heat stress and ischemia/reperfusion 

causing oxidative stress in the brain that may lead to neuronal damage [147,183,262].  

These data suggest that heat stress and simulated ischemia/reperfusion cause oxidative 

stress in hypothalamus IVB cells. 

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 

[286,292,332,360,366].  This led us to investigate the role of the mitochondria and/or 
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NOX in heat stress-induced ROS generation in IVB cells by using the mitochondrial 

inhibitor rotenone and the NOX inhibitor apocynin.  IVB cells were treated for one hour 

with either apocynin (300 μM) or rotenone (100 nM) prior to 15 minutes of 43oC heat 

exposure and ROS generation was measured using the carboxy-H2DCFDA fluorescent 

dye.  Apocynin (300 μM) and rotenone (100 nM) alone did not cause a change in ROS 

generation in IVB cells.  Pretreatment with apocynin (300 μM), but not rotenone (100 

nM) attenuated the increase in green fluorescence in response to heat stress.  Cell 

morphology in heat stressed cells pretreated with apocynin mimicked non-heated cells 

with their stellate appearance, suggesting ROS generated by heat stress may play a role in 

cytoskeletal rearrangement consistent with a previous investigation [224].  Taken 

together, these data suggest that the increase in ROS accumulation in response to heat 

stress in IVB cells is mediated by NOX.   

The involvement of NOX in the increase in ROS accumulation in response to 

simulated ischemia/reperfusion was also determined by examining the effects of 

apocynin on ROS generation in IVB cells following simulated ischemia/reperfusion.  

Similar to that seen with heat stress, treatment with the NOX inhibitor apocynin (300 

μM) reduced ROS generation in cells exposed to simulated ischemia/reperfusion.  

Evidence supporting our simulated ischemia/reperfusion data include a study performed 

by Wang et al. who reported that the NOX inhibitor apocynin protected gerbils from 

global ischemia/reperfusion-induced ROS generation in the hippocampus [330].  These 

data along with the heat stress data suggest that both heat stress and simulated 

ischemia/reperfusion appear to generate ROS through NOX in IVB cells. 
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NOX activity has traditionally been measured using the lucigenin-enhanced 

chemiluminescent assay [83].  Therefore, we used this assay to further examine the 

involvement of NOX in heat- and simulated ischemia/reperfusion-induced ROS 

generation.  The chemiluminescent assay utilizes the exogenously added compound 

lucigenin and the substrate NADPH to measure NOX activity in whole cells.  NOX 

produces superoxide in the presence of oxygen and NADPH and this assay measures 

NADPH-dependent superoxide generation as a measure of NOX activity.  Lucigenin is a 

cell-permeable compound that binds specifically to superoxide releasing a photon.  

Photons are measured on a TD-20/20 luminometer and the amount of light generated is 

expressed as relative light units (RLUs).  This method is considered a reliable and 

sensitive method for measuring NOX activity in cells and tissues [83].   

NOX activity was measured in IVB cells exposed to heat stress and simulated 

ischemia/reperfusion.  The measurement of NOX activity was carried out at exactly the 

same time following heat stress or simulated ischemia/reperfusion in every case.  In these 

experiments, we were measuring basal NOX activity in either non-stimulated or heat 

stress and simulated ischemia/reperfusion exposed cells.  To account for changes in cell 

number between samples, cells were counted on a hemocytometer following each assay 

and normalized to 105 cells.  Chemiluminescence in IVB cells in the absence of lucigenin 

and NADPH was undetectable.  Chemiluminescence in control IVB cells in the presence 

of NADPH and lucigenin was measurable and reproducible both within and between 

experiments and was used to define basal NOX activity.  Exposure of IVB cells to heat 

stress and simulated ischemia/reperfusion caused a significant increase in 

chemiluminescence in the presence of NADPH compared to control cells.  
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Chemiluminescence was not different in control, heat stressed or simulated 

ischemia/reperfused cells prior to the addition of NADPH.  These data suggest that heat 

stress and simulated ischemia/reperfusion increase NOX activity in IVB cells.    

To help establish that the increase in chemiluminescence was due to an increase 

in NOX activity, the NOX inhibitors apocynin and diphenylene iodonium (DPI) were 

used.  Apocynin (300 μM) and DPI (1 μM) have been previously shown to inhibit NOX 

at these concentrations [211,213].  Pretreatment with the NOX inhibitors apocynin (300 

μM) and DPI (1 μM) significantly attenuated chemiluminescence in response to heat 

stress and simulated ischemia/reperfusion.  Interestingly, treatment with DPI (1 μM) 

alone or prior to heat stress and simulated ischemia/reperfusion reduced 

chemiluminescence to undetectable levels.  Therefore, DPI appears to be a more potent 

nonspecific NOX oxidase inhibitor and has been reported to block an array of ROS 

generating enzymes other than NOX, including mitochondrial complex I [189], nitric 

oxide synthase [295], cyclooxygenase and xanthine oxidase [263].  Taken together, these 

data suggest that heat stress and simulated ischemia/reperfusion increase NOX activity 

that appears to be responsible for the increase in ROS generation.   

The NOX family consists of seven homologues appropriately named NOX1-5 and 

Duox 1-2 that are involved in ROS generation in many tissues throughout the body 

[28,66], but their expression in hypothalamic neurons has not been investigated.  

Therefore, the gene expression of NOX1-5 and the NOX regulatory subunit Rac1 were 

examined in the IVB cells to identify the possible isoform(s) responsible for ROS 

generation in response to heat stress and simulated ischemia/reperfusion.  Duox1 and 

Duox2 were not tested because they are primarily found in the thyroid where they have a 
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specialized role in maintaining normal thyroid function [218,323].  Rac1 is a small 

GTPase that is involved in regulating NOX activation and ROS generation [93].  Rac1 

expression was examined in IVB cells to explore the possibility that Rac1 may be 

involved in regulating NOX activity in response to heat stress and simulated 

ischemia/reperfusion.  To characterize the expression of the NOX1-5 in IVB cells, 

multiple rat gene-specific primers were designed for each NOX isoform and Rac1 using 

Vector NTI (Invitrogen) and were used with cDNA synthesized from control IVB total 

RNA to perform RT-PCR analysis.  Rac1 is ubiquitously expressed [176] and was found 

to be expressed in our IVB cells.  PCR analysis of NOX1-5 showed the presence of only 

NOX4 in IVB cells.  NOX1, NOX3 and NOX5 were not detected.  Initially a faint band 

for NOX2 was found in the IVB cells, but upon further RT-PCR analysis of NOX2 and 

NOX4, NOX2 was not found in the IVB cells.  To ensure there was not a problem with 

the designed primers, RT-PCR analysis was also performed in rat hearts in which both 

NOX2 and NOX4 have been reported [184].  The presence of NOX2 and NOX4 was 

confirmed in rat hearts, but only NOX4 was detected in IVB cells. 

The PCR product for NOX4 and from the faint band corresponding to NOX2 

were also cloned and sequenced for verification of expression.  The sequence analysis 

along with BLAST searches revealed the NOX2 band we had initially detected contained 

only vector sequence suggesting that NOX2 was not expressed in the IVB cells.  The 

NOX4 sequence was 100% homologous with rat NOX4 (Accession # NM_053524) 

confirming that the gene for NOX4 is expressed in the IVB cells.  NOX4 expression has 

been reported in brain and localized in neurons as detected by immunohistochemistry and 

RT-PCR [318].  Increases in ROS generation associated with NOX4 have been reported 



 141

to correlate with increases in NOX4 gene and protein expression [188] as well as 

increases in NOX activity in response to hypoxia [188], hyperoxia [224] and insulin 

[200].  However, we did not find changes in gene expression for any of the NOX 

isoforms in IVB cells exposed to heat stress and simulated ischemia/reperfusion when we 

examined this effect using real time RT-PCR.  These results may be due to the acute 

stresses used in our study which were unable to alter NOX4 expression, but were able to 

cause increases in NOX4 activity.  The lack of NOX2 expression in IVB cells was a bit 

of a surprise because the hypothalamus has been reported to express NOX1-3 [67,149] 

and neurons in areas of the brain other than the hypothalamus have been shown to 

express NOX1-4 [112].  However, studies in the hypothalamus only examined 

histological sections of the hypothalamus which contain neurons, astrocytes and 

endothelial cells and the observed NOX2 expression could arise from any one of these 

cell types.   

The protein expression of NOX2 and NOX4 was also examined to further 

characterize NOX expression in IVB cells.  Western blot analysis using NOX2 and 

NOX4 antibodies in IVB cells and rat brain was performed.  Rat brain was used as a 

control reference tissue because it has been previously reported to express NOX1-4 

[112].  In the rat brain, NOX2 and NOX4 immunoreactivity was detected at the 

appropriate molecular weights (91 kDa and 70 kDa, respectively) suggesting the 

antibodies for NOX2 and NOX4 were valid.  In IVB cells, only NOX4 immunoreactivity 

was detected which supports our gene expression and sequencing data.  These data show 

that NOX4 appears to be the only NOX isoform expressed in IVB cells.  The prototypical 
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gp91phox (Nox2) was not found to be expressed in these cells, which suggests a 

potentially specialized role for NOX4 in the IVB cells.   

NOX4 expression has been reported to reside in the cytoplasm [206], perinuclear 

membrane, endoplasmic reticulum (ER) and plasma membrane in smooth muscle and 

endothelial cells [169,296].  Following the identification of the NOX4 protein, we also 

examined the cellular location of NOX4 in IVB cells.  Nuclear, cytoplasmic and 

membrane fractions were isolated and NOX4 immunoreactivity was determined.  NOX4 

immunoreactivity was detected in all the fractions collected although it revealed the 

darkest band in the cytoplasmic fraction, which was not affected by heat stress or 

simulated ischemia/reperfusion exposure.  Therefore NOX4 appears to have a wide 

distribution in hypothalamus IVB cells.  This could be explained by the fact that NOX4 is 

the only isoform found in IVB cells and must be located in multiple compartments of the 

cell to generate ROS which perform specialized roles throughout the cell [18,140,278].   

Recent evidence suggests a PKC-mediated mechanism for the activation of NOX 

in neuronal [56], endothelial [214], cardiac [270], vascular smooth muscle [175], and 

mesangial [308] cells in response to various stimuli.  The PKC inhibitors Gö6976 and 

Ro-31-8220 were used to determine whether PKC was involved in ROS generation in 

response to heat stress and simulated ischemia/reperfusion.  The PKC inhibitors used 

inhibit various isoforms of PKC shown in table 3 and were tested to narrow down the 

PKC isoform responsible for ROS generation following heat stress and simulated 

ischemia/reperfusion.  We found Gö6976 (5 nM) and Ro-31-8220 (5 nM) inhibited heat- 

and simulated ischemia/reperfusion-induced ROS generation to near control levels.  At 

these concentrations Gö6976 inhibits PKCα, PKCβ and PKCµ and Ro-31-8220 inhibits 
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PKCα, PKCβ, PKCε and PKCγ.  These experiments suggest that at least one isoform of 

PKC is responsible for ROS generation in response to heat stress and simulated 

ischemia/reperfusion in IVB cells.  Heat stress and ischemia/reperfusion have been 

shown to activate PKC [47] and NOX [146] individually, but no one has examined 

whether there is a connection between PKC activation and NOX activation.  In this study, 

we report that PKC is involved in ROS generation in response to heat stress and 

simulated ischemia/reperfusion in IVB cells.  To further investigate the role of PKC in 

ROS generation, we tested the ability of the PKC inhibitors Gö6976, Ro-31-8220, 

rottlerin and calphostin C to inhibit heat- and simulated ischemia/reperfusion-induced 

NOX activation using chemiluminescence.  PMA treatment was used as a positive 

control for these NOX activity studies.  PMA has been reported to activate both the 

conventional and novel PKC isoforms that activate NOX [357].  Prior to testing Gö6976 

and calphostin C, dose response curves were performed to indentify the lowest 

concentration of inhibitor that would block NOX activity.  We found that all the PKC 

inhibitors except rottlerin (1 μM), which inhibits PKCδ, significantly inhibited heat- and 

simulated ischemia/reperfusion-induced NOX activity in hypothalamus IVB cells.  The 

greatest inhibition we found was with calphostin c (50 nM), which inhibits both the 

conventional and novel PKC isoforms.  These data suggest that PKC-regulated NOX 

activation found in response to heat stress and simulated ischemia/reperfusion involves 

conventional and/or novel PKC isoforms.  Calphostin c (50 nM) was the only PKC 

inhibitor found to inhibit PMA-induced NOX activation as well, which was expected 

because PMA activates both conventional and novel PKC isoforms [258].   
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We found Gö6976 (5 nM) and Ro-31-8220 (5 nM) both caused a similar level of 

inhibition, suggesting the involvement of one or both of the common PKC isoforms these 

inhibitors block, PKCα and/or PKCβ.  The PKC inhibitors were able to inhibit heat-

induced NOX activation to control levels, but were unable to inhibit simulated 

ischemia/reperfusion-induced NOX activation to control levels.  These data suggest heat 

stress causes NOX activation in a PKC-dependent manner, whereas simulated 

ischemia/reperfusion causes NOX activation in a PKC-dependent and PKC-independent 

manner in hypothalamus IVB cells.  PKCα has previously been reported to control NOX4 

gene expression that caused increased ROS generation in response to PMA and VEGF 

suggesting a role for PKC in controlling NOX4 activity [346], but NOX4 activity was not 

directly measured.  Here we suggest that PKCα and/or PKC β may be involved in 

regulating NOX4 activity in IVB cells in response to heat stress and simulated 

ischemia/reperfusion.  

We examined the PKC isoforms expressed in control IVB cells to determine their 

involvement in NOX activation.  RT-PCR and western blot were used to determine gene 

and protein expression of the PKCα, PKCβ, PKCµ, PKCε, PKCδ and PKCζ in IVB cells.  

We found gene expression of all the isoforms tested except for PKCβ.  PKCβ was found 

to be expressed in rat hearts that were used as our reference tissue.  Western blot analysis 

of PKCα, PKCβ, PKCµ, PKCε, PKCδ, PKCγ and PKCζ revealed immunoreactivity for 

all PKC isoforms except PKCβ in the IVB cells, which was consistent with our gene 

expression studies.  PKCζ immunoreactivity was nearly undetectable in IVB cells, but 

there was a faint band detected at the correct molecular weight suggesting PKCζ was 

expressed at low levels in IVB cells.  Therefore, PKCα was the only isoform expressed in 
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the hypothalamic cells that was also inhibited by all the PKC inhibitors used.  These data 

along with the PKC inhibitor data suggest that PKCα is responsible for NOX activation 

and ROS generation in response to heat stress and simulated ischemia/reperfusion. 

PI3 kinase has been reported to activate NOX in phagocytes [350] and endothelial 

cells [82,91], but had not been tested in neurons.  Heat stress and ischemia/reperfusion 

have been reported to activate PI3 kinase [82,191], but the role of PI3 kinase on NOX 

activation in response to these stressors was not examined.  The PI3 kinase inhibitor 

LY294002 was used to determine the PKC-independent activation of NOX in response to 

simulated ischemia/reperfusion.  IVB cells were treated for one hour with LY294002 (10 

nM) alone or in combination with calphostin C (50 nM) prior to exposure to heat stress 

and simulated ischemia/reperfusion and NOX activity was measured.  We found that 

LY294002 (10 nM) slightly inhibited simulated ischemia/reperfusion-induced NOX 

activity, while LY294002 (10 nM) in combination with the PKC inhibitor calphostin c 

(50 nM) blocked simulated ischemia/reperfusion-induced NOX activity.  LY294002 (10 

nM) had no effect on heat-induced NOX activation.  Taken together, these data suggest 

that simulated ischemia/reperfusion, but not heat stress, requires both PKC and PI3 

kinase for activation of NOX4 in IVB cells.  

 In summary, this study is the first to show NOX4 expression in hypothalamus 

IVB cells.  NOX4 appears to be responsible for ROS generation in response to heat stress 

and simulated ischemia/reperfusion.  Fluorescence microscopy and lucigenin-enhanced 

chemiluminescence analyses suggest that PKC is involved in the activation of NOX4 and 

ROS generation following heat stress and simulated ischemia/reperfusion.  Gene and 

protein expression analyses along with our PKC inhibitor studies further suggest that 
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PKCα is involved in NOX4 activation in the IVB cells.  Simulated ischemia/reperfusion 

was also found to require PI3 kinase for the full activation of NOX4, whereas heat stress 

appeared to be totally dependent on PKC for activation of NOX4.  From these data it is 

concluded that ROS generated by heat stress and simulated ischemia/reperfusion is 

through PKCα-mediated NOX4 activation and simulated ischemia/reperfusion also 

requires PI3 kinase for complete activation of NOX4 in hypothalamus IVB cells.     
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CONCLUSION 
 
 
 

From these data it is concluded that ROS generated by heat stress and simulated 

ischemia/reperfusion in hypothalamic neurons is through PKCα-mediated NOX4 

activation.  Along with PKC, simulated ischemia/reperfusion also requires PI3 kinase for 

complete activation of NOX4 and ROS generation.  Further studies are necessary to 

confirm these findings and explore the PKC-dependent mechanism of NOX4 activation 

and the role of ROS generated from NOX in response to heat stress and simulated 

ischemia/reperfusion.  However, our findings reveal a common mechanism for ROS 

generation in the hypothalamus that is a potential target for regulating oxidative stress 

caused by heat-related illnesses and stroke that can lead to neuronal dysfunction. 
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Appendix A.  Mfold output for HSP70.  The secondary structures of the genes quantified 
by real-time PCR were assessed by the mfold server offered by Dr. M Zuker at 
Rensselaer Polytechnic Institute. This figure depicts the HSP70 amplicon folded at 60°C 
with 5mM Na+ and 3mM Mg 2+. 
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Appendix B.  Real-time PCR standard curves for HSP70, HO-1, GAPDH, Arbp.  The 
primer efficiency was determined by a standard curve of 10-fold serial dilutions of IVB 
cDNA.  The top graph is the real-time PCR quantification graph for HSP70.  The orange 
line is the cycle threshold (Ct), which indicates the beginning of gene copy number 
increasing.  Each curve represents a reaction with a certain dilution of cDNA in duplicate.  
The curves with the lowest Ct, represent the highest concentration of cDNA.  The lower 
graph and subsequent graphs are standard curves with cDNA concentration on the X axis 
and Ct on the Y axis.  Each standard curve has a PCR efficiency used by the gene 
expression macro, and is calculated from the standard curve. 
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Appendix C.  Melt curve for HSP70.  The single peak represents one amplicon with a 
distinct melting temperature Tm. 
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