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Sepsis results in more than 200,000 deaths annually and is the 10th leading cause of death 

in the United States (US).  In spite of significant advances in medical care the mortality rate for 

sepsis has continued to rise.  Sepsis and the diseases along its continuum (septic shock and 

multiple organ dysfunction syndrome, MODS) are characterized by excessive production of 

inflammatory mediators via a feed-forward mechanism that results in a condition commonly 

referred to as the ‘cytokine storm.’  This maladaptive inflammatory response, and the subsequent 

mitochondrial dysfunction that results from it, are thought to underlie the impairment of cardiac 

function that occurs in the progression from sepsis to MODS.  Prohibitin (PHB) is a ubiquitously 

expressed mitochondrial localized protein, which recent evidence has suggested has a wide 

variety of roles from transcriptional regulator to a mediator of inflammatory and oxidative 

signaling.   

Here, using a comprehensive series of in vitro and in vivo experiments, we tested the 

hypothesis that PHB confers cardiac protection during endotoxic shock (i.e., cytokine storm 



induced by LPS) through 1) preservation of mitochondrial integrity 2) attenuated inflammatory 

signaling, primarily through NFκB and 3) augmented Nrf2 signaling and antioxidant capacity.  

As expected, LPS and cytokines disrupted mitochondrial function and integrity in both our 

models.  In rats, LPS injection reduced PHB expression in whole heart while simultaneously 

concentrating the remainder in the nucleus.  Interestingly, serum levels of PHB were transiently 

elevated 3-fold by LPS, but were restored to normal levels within 24 hours.  Similarly, whole 

cell PHB expression was reduced and nuclear accumulation of PHB was increased in 

cardiomyocytes following TNFα/IL1β treatment in vitro.  Overexpression of PHB (oPHB) and 

treatment with recombinant PHB (rPHB) protected cardiomyocytes from TNFα/IL1β-induced 

toxicity by preserving mitochondrial function, suppressing oxidative stress and ultimately 

mitigating cytokine-induced cytotoxicity.  We further observed that oPHB and rPHB attenuated 

the TNFα/IL1β-induced transcription of pro-inflammatory genes in cardiomyocytes, while 

augmenting Nrf2 nuclear transactivation and up-regulation of Nrf2-mediated genes.   

Next, using wild-type (WT) and Nrf2-/- mice we tested the hypothesis that cytokine 

generation and inflammatory signaling induced by LPS challenge would be suppressed by rPHB 

treatment in a Nrf2-dependent manner, leading to protection of cardiac mitochondria and 

recovery of cardiac function.  Following LPS challenge, endogenous levels of PHB transiently 

increased dramatically in WT but not Nrf2-/- mice.  Treatment with rPHB following LPS 

challenge suppressed circulating levels of IL6 and TNFα in WT and Nrf2-/- mice, resulting in 

decreased NFκB and STAT3 activation in heart and complete attenuation of proinflammatory 

cytokines and iNOS in this organ.  Additionally, rPHB treatment reversed the LPS-induced 

decrease in mitochondrial ATP generation in heart, simultaneously leading to rapid recovery of 

cardiac function within ~12 hours.  Interestingly, rPHB treatment mitigated the LPS-induced 



inflammatory response and cardiac dysfunction to similar extent in both WT and Nrf2-/- mice, 

suggesting the effects of rPHB are independent of Nrf2.  

Collectively, these findings suggest that PHB is a mitochondrial inner-membrane protein 

that acts as a mobile signal transducer, capable of moving from mitochondria to nucleus and also 

between cell and tissue compartments, to suppress inflammation and cytotoxicity during severe 

inflammatory stress.  They further suggest that PHB may be critical to alleviating the 

maladapative host response to infection and represents a novel therapeutic target for the 

treatment of sepsis-associated cardiac dysfunction.   Future studies directed at exploiting the 

pleiotropic functions of PHB to mitigate inflammation and oxidative stress in other cardio-

metabolic disease models will be important to building on the knowledge that the present studies 

have established.  
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CHAPTER ONE – Introduction 

1.1 Sepsis 

Sepsis, the 10th leading cause of death in the United States, is a complex disorder with an 

estimated 750,000 cases annually resulting in 210,000 deaths (Angus et al., 2001; Melamed and 

Sorvillo, 2009; Angus and van der Poll, 2013).   Medical care for patients suffering from sepsis 

and the diseases along its continuum (e.g. MODS) are estimated to be in excess of $17 billion in 

the United States each year (Coopersmith et al., 2012).  The term sepsis dates back to 

Hippocrates who used it to describe how “flesh rots, swamps generate foul smells, and wounds 

fester” (Majno, 1991).  In 1991, the American College of Chest Physicians and Society of 

Critical Care Medicine Consensus Conference was held to standardize the definition of sepsis 

and its sequelae.  The consensus conference defined ‘sepsis’ as the systemic inflammatory 

response (SIRS to infection.  The conference further defined ‘severe sepsis’ as sepsis 

complicated by organ failure, and ‘septic shock’ was defined as severe sepsis with refractory 

hypotension (Bone et al., 1992).  Septic shock is the number one cause of MODS in intensive 

care units and is strongly correlated to mortality (Blanco et al., 2008).  Additionally, MODS 

accounted for 43.1% of deaths in a retrospective study of septic patients, making it the leading 

cause of death associated with severe sepsis (Vincent et al., 2011).  Sepsis is characterized by 

complex interactions between the infecting microorganism, the host immune system, 

inflammatory and coagulation responses (Hotchkiss and Karl, 2003).  In spite of advances in our 

knowledge of the mechanisms underlying sepsis and improved treatments (Levy et al., 2010; 

Angus and van der Poll, 2013), the mortality rate has risen over the past several decades 

(Dombrovskiy et al., 2007) and is expected to continue rising as the US population ages 

(Melamed and Sorvillo, 2009).   



 

2 

 

 Many mediators have been proposed to trigger sepsis.  Much interest has fallen on 

products released from bacteria, including lipopolysaccharide (LPS) and lipoteichoic acid.  LPS 

is a component of the outer wall of gram negative bacteria.  LPS and endotoxin are used 

interchangeably throughout the literature.  Both LPS and lipoteichoic acid are ligands from a 

subset of pattern recognition receptors known as the toll-like receptors (TLRs) (Erridge, 2010).  

In response to bacterial invasion LPS is released from gram negative bacteria to activate TLR4 

on phagocytic cells, resulting in a robust release of proinflammatory cytokines thought to play a 

central role in the pathogenesis of sepsis-induced MODS (Clark and Coopersmith, 2007).  

Despite the well-characterized pathophysiology, most attempts at mitigating MODS with 

pharmacological interventions have failed.  Recently, a clinical trial involving 1800 septic 

patients and the use of a TLR4 antagonist, eritoran, was discontinued due to the drug’s inability 

to decrease 28-day mortality in patients with severe sepsis (Opal et al., 2013).  Since the 1980s, 

approximately 60 phase two and phase three clinical trials have been conducted for 

pharmacological agents in the treatment of sepsis.  In a 2013 publication, Mitchell Fink compiled 

a list of these clinical trials and  reported that only a very small number of drug trials have 

resulted in improved survival, none of which have been remarkable (Fink, 2013).  Clearly, gaps 

exist in current knowledge of the molecular mechanisms involved in the development of sepsis 

and MODS, and further investigation and data from preclinical studies involving animal models 

of sepsis are needed to address these knowledge gaps so that effective therapies can be 

developed.   
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1.1.1 Animal Models  

Sepsis is a heterogeneous clinical condition, making it difficult to develop an 

experimental model to match the physiology of human sepsis.  Sepsis and the conditions on its 

continuum are induced experimentally in a number of ways.  As discussed above, knowledge 

obtained using animal models of sepsis has yielded misleading results.  New approaches for 

animal models of sepsis are being investigated, but the most commonly used are intraperitoneal 

(IP) bolus of LPS, intravenous (IV) infusion of LPS and cecal ligation and puncture (CLP).  

Some lesser-used variations of the first two include cecal slurry and injection of bacteria. All 

models have their benefits and limitations.   

Using LPS as an induction method leads to systemic activation of the innate immune 

system.  At large doses, LPS can mimic some clinical characteristics of  gram negative infection 

in humans including marked hypotension, cardiac impairment, increased circulating 

proinflammatory cytokines and lactic acidosis (Fink, 2013).  This method of induction yields 

highly reproducible degrees of sepsis or acute septic shock in animals.  The major drawback to 

this method is related to the varying degree of susceptibility of mice to the toxic effects of LPS.  

The dose required to kill half the mice (LD50) in a cohort at 24 hours was 24 mg/kg (Ramana et 

al., 2006).  Fink relays that the dose used to investigate the response of healthy humans to LPS is 

between 2-4 ng/kg and this resulted in symptoms including fever and increased circulating 

proinflammatory cytokines (Barber et al., 1995; Suffredini et al., 1995; Fink, 2013).  

Furthermore, to induce severe illness in humans the dose is  1,000-10,000 fold  lower than what 

is used in mice (Taveira da Silva et al., 1993). Other major confounding results include the 

ability of anti-inflammatory agents, such as tumor necrosis factor-alpha (TNFα) neutralizing 
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antibodies, to increase survival in animal models of LPS-induced sepsis but their failure in 

clinical trials.  This could be due to underlying difference in gene expression responses to LPS 

between species (Seok et al., 2013).   

CLP is considered the “gold standard” animal model of sepsis.  CLP surgery includes 

ligation distal to the ileocecal valve and needle puncture of the ligated cecum which results in 

leakage of fecal matter into the peritoneum causing polymicrobial bacteremia and sepsis 

(Rittirsch et al., 2009).  Clinical characteristics mimicked by CLP include multiple  strains of 

bacteria in the bloodstream (Alexander et al., 1991), progressive systemic inflammatory 

response, severe hypotension and immunosuppression thought to be the result of lymphocyte 

apoptosis (Ayala and Chaudry, 1996; Hotchkiss and Karl, 2003). However, despite 

encompassing more clinical features of sepsis it is still missing some key features.  The foremost 

limitation is that the surgery is not well standardized and if done incorrectly, can yield highly 

variable results.  CLP fails to reproducibly induce acute kidney or lung injury (Kuhlmann et al., 

1994; Yang and Hauptman, 1994).  Another major drawback is that septic patients usually 

receive multiple forms of supportive care (e.g., antibiotics and fluid resuscitation), and while 

some of these are included in murine models, the more complex interventions are rarely used 

(Fink, 2013).   

The lesser known and used animal models of sepsis are riddled with flaws, but have some 

benefit to certain lines of research.  Using an injection of bacteria does not mimic clinical 

characteristics of sepsis, however, it is helpful to study to mechanisms of host response to 

infectious pathogens.  The method of cecal slurry induction, a process by which mice are 

injected with a slurry containing feces and saline,  yields a high degree of variability due to 
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inaccurate calculations of colony forming units (CFU) as well as varying infectious agents (Jon 

et al., 2005). 

 1.1.2 Cardiac dysfunction in sepsis 

 Impairment of cardiac contractility and function has been suggested to be an initial and 

key component of clinical sepsis and the development of MODS (Sharma, 2007; Flierl et al., 

2008; Werdan et al., 2009).  The first evidence for cardiac dysfunction in septic patients with 

adequate fluid resuscitation was reported by Calvin and colleagues in 1981.  Using radionuclide 

cineangiography this group demonstrated decreased ejection fraction (EF) and increased end-

diastolic volume index in patients suffering from severe sepsis (Calvin et al., 1981).   

Echocardiographic studies have demonstrated impaired left ventricle (LV) systolic and diastolic 

dysfunction in septic patients (Poelaert et al., 1997).  Much work has been done to delineate the 

mechanism by which cardiac dysfunction occurs during sepsis.  Despite this, the 

pathophysiology of this condition remains elusive and is likely multifactorial.  Decreased 

contractility and impaired myocardial compliance have been demonstrated across various 

experimental models of sepsis including cell culture (Ren et al., 2002), isolated heart studies 

(McDonough et al., 1998; Merx et al., 2004) , and in vivo models (Natanson et al., 1986; Ramana 

et al., 2006).  Other mechanisms implicated in the pathophysiology of  cardiac dysfunction in 

sepsis include inflammatory signaling (Liu and Malik, 2006; Ding et al., 2009; Fallach et al., 

2010; Zou et al., 2010), mitochondrial dysfunction (Crouser, 2004; Lancel et al., 2005; Crouser 

et al., 2008; Exline and Crouser, 2008), cellular damage and death (Hassoun et al., 2008; Celes et 

al., 2010; Kao et al., 2010), and autonomic deregulation (Werdan et al., 2009; Wondergem et al., 

2010).  The development of sepsis-induced cardiac dysfunction is directly correlated to worse 
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outcomes in patients.  Patients that develop sepsis-induced cardiac dysfunction have a 50% 

higher mortality rate than patients that do not development this condition (Merx and Weber, 

2007).   

1.1.3 Mitochondrial dysfunction in sepsis 

Mitochondria are a network of interconnected structures that are constantly remodeling 

through dynamic processes known as fission and fusion.  Depending on cell type and energy 

demand, mitochondria adjust shape and distribution (McBride et al., 2006; Cerveny et al., 2007).  

Mitochondria are responsible for supplying the cell with energy through the conversion of food 

to adenosine triphosphate (ATP).  The chemiosmotic theory, originally proposed in 1961 by 

Mitchell (Mitchell, 1961), states that mitochondria pump protons out of the mitochondrial matrix 

to create a proton motive force.  Mitochondria utilize this electrochemical gradient to free energy 

needed for the F1Fo-ATPase to phosphorylate ADP to ATP. Mitochondrial membrane potential 

(∆ψmito) comprises a major portion of the proton motive force.  While this is the most well 

described function of the mitochondria, evidence over the past two decades suggests 

mitochondria are directly involved in cell signaling (Li et al., 1999) and facilitate other cellular 

processes including proliferation, calcium homeostasis (Marhl et al., 1998) and cell death 

(Marchetti et al., 1996).  Mitochondrial dysfunction ca and its sequelae n be characterized by 1) 

loss of mitochondrial respiratory capacity, 2) mutated or decreased mitochondrial DNA, 3) 

elevated reactive oxygen/nitrogen species generation (ROS/RNS) and/or 4) altered ∆ψmito.  The 

end result of this dysfunction usually culminates in reduced ATP generation and cell death if the 

dysfunction is not reversed.  The emerging importance of mitochondria has led to its association 

with the pathogenesis of many human diseases, including mitochondrial disorders (Shoffner et 
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al., 1989; Wallace et al., 1989; Zheng et al., 1989), diabetes (Poulton et al., 1995; Maechler and 

Wollheim, 2001), cardiac dysfunction (Lesnefsky et al., 2001), sepsis (Chopra et al., 2011; 

Garrabou et al., 2012) and numerous neurological disorders (Petrozzi et al., 2007).   

The importance of mitochondrial dysfunction in sepsis-induced MODS, particularly in 

the heart, is widely accepted and has been clearly demonstrated in experimental models (Brealey 

et al., 2004; Larche et al., 2006; Hassoun et al., 2008; Lowes et al., 2008; Chopra et al., 2011; 

Lowes et al., 2013).  Clinically, mitochondrial dysfunction has been linked to both severity and 

outcome in septic patients (Brealey et al., 2002).  In 2007, Rudiger and colleagues published a 

detailed review of the mechanisms implicated in the development of sepsis-induced 

mitochondrial dysfunction  and subsequent cardiac dysfunction (Rudiger and Singer, 2007).  To 

summarize, the proposed mechanisms include ultrastructural mitochondrial damage (Schumer et 

al., 1971; Cowley et al., 1979; Hersch et al., 1990), reduced mitochondrial oxygen consumption 

(Schumer et al., 1971), decreased activity of enzyme complexes central to the function of the 

electron transport chain (Suliman et al., 2004; Tavener et al., 2004), the inhibitory effects of RNS 

and ROS on oxidative phosphorylation and ATP production (Brealey et al., 2002; Suliman et al., 

2004),  and increased expression of uncoupling proteins (UCPs), which could reduce ∆ψmito and 

ATP synthesis (Echtay et al., 2002; Roshon et al., 2003).  Recent strategies for novel therapies 

have focused on the mitochondria.  L-carnitine supplementation has been used as a 

mitochondrial therapy in many diseases associated with oxidative stress, including sepsis, type 2 

diabetes (Makowski et al., 2009) and organ dysfunction.  An IP bolus of L-carnitine was shown 

to decreased circulating levels of TNFα, IL1β and IL6 (importance of these cytokines is 

discussed below) in a rat model of sepsis (Winter et al., 1995).  In an earlier study using a 

bacterial infusion of Escherichia coli in rats, oral administration of L-carnitine prior to the 
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infusion increased survival rates in the rats (Takeyama et al., 1989).  Succinate supplementation 

has been another mitochondrial therapy explored in sepsis.  During sepsis, it has been commonly 

reported that complex I function is decreased, while complex II function (i.e. succinate 

dehydrogenase activity) is largely untouched (Brealey et al., 2002; Brealey et al., 2004).  Protti 

and colleagues showed in 2007, that following induction of sepsis via cecal slurry, mitochondrial 

oxygen consumption in the soleus muscle with complex I substrates, glutamate and malate, was 

severely depressed.  With the addition of complex II substrate, succinate respiration increased by 

39% compared to only a 10% increase in sham animals (Protti et al., 2007).  Accordingly, an 

infusion of  succinate preserved liver ATP content and improved lactate clearance in a rat model 

of sepsis (Malaisse et al., 1997).  In the more clinically based CLP sepsis model, succinate 

infusion increased the survival time of rats (Ferreira et al., 2000).   

In addition to targeting mitochondria substrates as a potential therapy for sepsis, studies 

have also looked at mitochondrial antioxidants and scavengers.  As explained earlier in this 

section, mitochondria are a major source of intracellular ROS and RNS.  In a healthy individual 

it is estimated that 2-4% of electrons leak from the electron transport chain.  Under normal 

physiological conditions the mitochondria have a defense system in place to combat excess ROS 

and RNS, which include glutathione, manganese superoxide dismutase (SOD), and the 

peroxiredoxins.  During sepsis the levels of mitochondrial-derived RNS and ROS increase, thus 

the balance between pro-oxidants and antioxidants is shifted toward oxidative stress through the 

depletion of the antioxidant systems and overproduction of ROS/RNS (Svistunenko et al., 2006; 

Doise et al., 2008).  However, the use of antioxidant-based therapies in the treatment of intensive 

care unit (ICU) patients with sepsis have yielded no conclusive beneficial results (Mishra, 2007).  

More recently, experimental studies have focused on the role of mitochondrial-targeted 
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antioxidants including MitoE (mitochondrial targeted vitamin E) and MitoQ as well as the 

mitochondrial specific ROS scavenger mitoTempol.  MitoE has been shown to improve total 

antioxidant capacity and decrease H2O2 generation in cardiac mitochondria when compared to 

treatment with vitamin E and vehicle in septic rats (Zang et al., 2012).  The same group went on 

to show that MitoE treatment decreased lipid and protein oxidation, preserved ∆ψmito and 

recovered respiratory function.  Both vitamin E and MitoE suppressed peripheral and myocardial 

proinflammatory cytokine production, however, MitoE elicited a stronger inhibitory response 

(Zang et al., 2012).  Similar results have been published with the use of MitoQ (Lowes et al., 

2008; Supinski et al., 2009; Lowes et al., 2013) and mitoTempol (Zacharowski et al., 2000; 

Mariappan et al., 2007).   Thus, mitochondrial-targeted antioxidants remain a promising 

therapeutic avenue in sepsis and MODS, although much investigation is still needed to validate 

and understand the mechanisms by which mitochondrial dysfunction and oxidative stress are 

involved in the pathophysiology of this condition. 

1.2 Important signaling pathways in sepsis 

 Multiple intracellular signaling pathways have been investigated in sepsis, all in varying cell 

types.  These pathways include kinase/phosphatase signaling, transcription factor 

activation/inhibition and immune modulation.  All are thought to contribute in part to MODS and 

death in sepsis.  As described previously, these intracellular events are initiated by the interaction 

of microbial products with pattern recognition receptors such at TLRs.  Subsequent activation of 

kinases leads to enhanced transcription of inflammatory mediators resulting in local and systemic 

release of these inflammatory mediators.  Once in circulation, the inflammatory mediators have 

the ability to interact with membrane bound receptors, which activate feed-forward intracellular 



 

10 

 

pathways resulting in an increase in their production.  Kinases central to this process are p38 and 

extracellular signal regulated kinase (ERK) 1/2 (Guha et al., 2001; Kyriakis and Avruch, 2012).    

1.2.1 NFκB signaling 

As a central mediator in the inflammatory response to sepsis and perhaps one of the most 

well characterized signaling pathways, nuclear factor (NF)-κB (Guha and Mackman, 2001; 

Kyriakis and Avruch, 2012) is a transcriptional regulator  of many cytokines, chemokines, 

adhesion molecules, and enzymes (Abraham, 2003). The family of NFκB transcription factors 

function as hetero- or homo- dimers involving p65 (RelA), p50, RelB, c-Rel, and p52.  The 

classic transcriptionally active form is a heterodimer of p65 and p50.   Under basal conditions 

these transcription factors are found bound to their inhibitory protein, IκB which blocks the 

nuclear localization signal in the cytoplasm of cells (Verma et al., 1995; Ghosh and Karin, 2002; 

Karin and Lin, 2002).  NFκB is central to the production of proinflammatory mediators 

following the engagement of TLRs by microbial products, such as LPS.  LPS binding to TLR4 

results in the activation of kinases including IL1 receptor-associated kinase (IRAK)-1 and IRAK-

4, while signaling through the TLRs and receptors result in the activation of p38, and Akt 

(O'Neill, 2002; Medvedev et al., 2003).  These kinases in turn activate the IκB kinase complex 

(IKK), which is comprised of two kinases (IKKα and IKKβ) and a regulatory subunit (IKKγ).  

The IKK complex phosphorylates IκB on serine residues 32 and 36 resulting in ubiquitination 

and subsequent degradation (Israël, 2010).   Following phosphorylation, the NFκB dimer is 

released from IκB and accumulates in the nucleus where it enhances transcription of genes 

including TNFα, IL1β, IL6, and inducible nitric oxide synthase (iNOS).  Secreted TNFα and 
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IL1β can in turn activate their respective membrane-bound receptors, resulting in a feed-forward 

loop and potentiating the activation of NFκB (Figure 1.1).  (Parrillo et al., 1990).   

1.2.2 STAT3 signaling 

Generally, cytokine receptors lack intrinsic tyrosine kinase activity, requiring association 

with receptor associated kinases in order to propagate signal transduction.  The Janus kinases 

(JAKs) are associated with many cytokine receptors and can fulfill the functions described above 

(Ihle, 1995).  Cytokine binding results in dimerization of the receptor, which allows JAKs to 

phosphorylate one another while concurrently phosphorylating the receptor.  The phosphorylated 

cytokine receptor then binds signal transducers and activators of transcription (STATs) 

transcription factors.  Once bound the STATs are phosphorylated by JAK, this releases them 

from receptor binding to allow for dimerization.  Following dimerization STATs are translocated 

to the nucleus (Scott et al., 2002) (Figure 1.2).  STAT3 regulates the gene transcription of the 

potent anti-inflammatory cytokine IL10 and LPS administration in macrophage specific STAT3 

knockout circulating cytokines mice resulted in elevated levels of TNFα, IL1β, IL6 and 

interferon-γ.  These STAT3-/- mice were particularly susceptible to LPS-induced sepsis, with 

increased production of inflammatory cytokines.  Together these data suggests that STAT3 is 

central to suppressing cytokine secretion likely through the anti-inflammatory action of IL10  

(Takeda et al., 1999).   

1.2.3 Nrf2 signaling 

Nuclear factor (erythorid-derived 2)-like 2 (Nrf2) is a transcription factor that binds to the 

antioxidant response element (ARE) regulating the basal and inducible expression of a battery of 

antioxidant genes including glutamate-cysteine ligase (GCLC), NAD(P)H dehydrogenase 
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quinone 1 (NQO1), glutathione peroxidase 1 (Gpx1), glutathione peroxidase 4 (Gpx4), and 

thioredoxin reductase 2 (Trx2), heme-oxygenase 1 (HO1) and catalase (Venugopal and Jaiswal, 

1996).  Nrf2 is a basic leucine zipper transcription factor with redox sensitivity.  In the absence 

of stimuli, nuclear levels of Nrf2 are low due to Nrf2 binding to its cytosolic inhibitor kelch-like 

ECH-associated protein 1 (Keap1).  Discovered in 1999 as a binding protein anchoring Nrf2 in 

the cytoplasm, Keap1 serves as the oxidative stress sensor which is central to Nrf2 activation 

(Itoh et al., 1999).   In response to inflammatory or oxidative stimuli, four cysteine residues on 

the Keap1 protein sense oxidative stress either via  adduct formation with electrophiles, or  via 

disulfide bond formation and subsequent structural changes in the protein, thus releasing Nrf2  

and allowing it to accumulate in nuclear compartments (Dinkova-Kostova et al., 2002) (Figure 

1.3).   Evidence has implicated Nrf2 as a critical mediator of the innate immune response and 

central to survival in experimental models of sepsis.  In 2006, Thimmulappa and colleagues 

showed that Nrf2 knock-out (Nrf2KO) mice were more sensitive to a lethal dose of LPS.  1.5 

mg/mouse of LPS resulted in morality of 100%  of Nrf2KO mice in less than 48 hours compared 

to 20% mortality in age-matched wild-type (WT) mice (Thimmulappa et al., 2006).  More 

recently, work from the same group showed that myeloid cell-specific deletion of Keap1 resulted 

in enhanced Nrf2 activity in macrophages and neutrophils.  Enhanced Nrf2 activity resulted in 

decreased circulating level of IL6, TNFα, monocyte chemotactic protein 1 (MCP1), and IL10 

and improved survival in a CLP model of sepsis (Kong et al., 2011).   

1.2.4 Autophagy signaling 

Autophagy is recognized as a non-apoptotic, non-necrotic form of cell death which is 

independent of caspase activity and is characterized by the formation of autophagosome that 
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engulf cellular components or in some cases whole cellular compartments (Clarke, 1990).  

However, it is heavily debated whether autophagy is a primary cause of cell death or a 

mechanism by which the cell tries to rescue itself from an insult.  During this highly-conserved 

process, redundant and/or dysfunctional proteins, even whole organelles such as mitochondria 

are sequestered in a double membrane autophagosome and delivered to lysosomes for 

degradation and recycling.  The signaling involved in autophagy is complex and regulated by a 

family of proteins known as autophagy-regulated genes.  Briefly, induction of autophagy 

happens when ULK1-Atg13-FIP200-Atg101 kinase complex activates autophagic signaling via 

mTor signaling (Xie and Klionsky, 2007).  Following induction, an omegasome, which was 

given its name because it looks like the Greek letter omega, is formed from endoplasmic 

reticulum as the precursor to the autophagosome.  Two ubiquitin-like modifications to Atg12 and 

light chain 3 (LC3) are essential for proper membrane elongation and ultimately autophagosome 

formation.  In a process known as selective or chaperone-mediated autophagy, p62/SQSTM1 

binds to proteins and these ubiquitylated proteins form aggregates that are sequestered into 

autophagosomes.  Accumulation of p62-positive aggregates are a sign of impaired autophagy.  

Lysosome associated protein 2a (Lamp2a), is a lysosomal membrane associated protein that 

recognizes proteins tagged for selective autophagy.  Upon proper formation, the outer membrane 

of the autophagosome fuses with a lysosome to form an autolysosome.  Inside the autolysosome, 

lysosomal hydralases begin degrading the contents (Tanida, 2011).  Classical autophagy can 

degrade proteins, lipids, or organelles.  In contrast, selective or chaperone-mediated autophagy 

only degrades protein (Figure 1.4).  It has been suggested that autophagy is involved in the 

regulation of inflammation, however, the mechanisms underlying the regulation are poorly 

understood (Ohsumi, 2001; Levine and Deretic, 2007; Mizushima et al., 2008).   Studies have 
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shown that mitochondrial dysfunction and increased ROS/RNS production trigger the induction 

of autophagy (Ding et al., 2010).  In 2011, a study found that autophagy was impaired in CLP-

induced mice by showing increased autophagasome production but few autolysosomes.  This 

was associated with decreased cardiac performance.  When rapamycin was given to the animals 

to induce completion of autophagy, cardiac performance and ATP content were restored in the 

CLP model of sepsis (Hsieh et al., 2011).  A 2008 study by Saitoh and colleagues found that 

autophagy related 16-like-1 (Atg16L1) deficiency in cells results in the loss of LC3 conjugation 

which causes impaired autophagasome formation and reduced autophagy-driven degradation of 

protein.  In macrophages stimulated with LPS, Atg16L1 deficiency caused excessive release of 

IL1β and IL18 (Saitoh et al., 2008).   

1.3 Prohibitin 

Prohibitin (PHB) is an essential highly conserved ~32kDa protein that is present in the 

genome of all eukaryotes sequenced to date.  PHB belongs to the stomatin/prohibitin/flotillin/ 

HflK/C (SPFH) domain containing superfamily of proteins.  PHB is closely related to B-cell 

receptor associated protein 37 (BAP-37), also known as prohibitin 2 (PHB2).  Functional 

redundancy of PHB and its isoform PHB2 is not likely, as at least one gene of each isoform is 

found in all genomes sequenced (Coates et al., 1997).    Structurally, PHB contains an N-terminal 

transmembrane spanning domain, which consists of a hydrophobic membrane-anchoring alpha 

helix.  This region is known as the SPFH domain, and is the common characteristic of all SPFH 

superfamily proteins (Winter et al., 2007).  The C-terminus is a coiled-coil structure of alpha 

helices.  Also at the C-terminus a leucine/isoleucine rich motif  is present and serves as a nuclear 

export sequence (Winter et al., 2007) (Figure 1.5).  Predominantly, PHB has been found to 



 

15 

 

anchor in the inner mitochondrial membrane (Ikonen et al., 1995; Coates et al., 1997; Berger and 

Yaffe, 1998; Artal-Sanz et al., 2003), where it forms a large complex with PHB2 (Nijtmans et 

al., 2000; Artal-Sanz et al., 2003; Tatsuta et al., 2005).  This membrane bound complex is 

composed of multiple PHB and PHB2 subunits.  Co-immunoprecipitation experiments have 

confirmed assembly of PHB and PHB2 subunits in human fibroblasts (P.J.Coates et al., 2001).  

Deletion of one PHB gene leads to loss of both PHB proteins, however, this has not lead to 

evidence of transcriptional co-regulation, instead suggests degradation in the absence of the 

assembly partner (Berger and Yaffe, 1998; Artal-Sanz et al., 2003; Katsumi et al., 2006; 

Merkwirth and Langer, 2009).  Interestingly, IL6 has been shown to increase PHB protein 

abundance, mRNA expression and induce PHB promoter activity in intestinal epithelial cells.  

An IL6 response element site identified in the PHB promoter was demonstrated to be critical for 

basal promoter activity and promoter responsiveness to IL6.  Additional work showed that a 

STAT3 antibody supershifted nuclear protein binding to the IL6 response element on the PHB 

promoter and short interference RNA (siRNA) to STAT3 attenuated IL6 induced increases in 

PHB expression, suggesting that STAT3 regulates PHB activity via IL6 (Theiss et al., 2007b).     

Further work in cardiomyocytes found that IL6 preconditioning improved cell viability following 

exposure to H2O2.  Proteomic analysis found that IL6 preconditioning resulted in increased PHB 

expression and when PHB was knocked down using siRNA the protective effect of IL6 

preconditioning was lost.  Use of tyrosine kinase inhibitor AG490 decreased STAT3 

phosphorylation and PHB expression resulting in further weakened the protective effects of IL6 

preconditioning (Jia et al., 2012).  Collectively, these results suggest that PHB may be under 

transcriptional regulation of IL6 induced STAT3 activation.  In addition to mitochondrial 

localization, PHB has been shown to localize to the cell surface (Sharma and Qadri, 2004; 
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Yurugi et al., 2012), and the nucleus (Wang et al., 2002a; Fusaro et al., 2003; Gamble et al., 

2004; Rastogi et al., 2006; Sripathi et al., 2011) in various cell types.  PHB has been shown to be 

essential for embryonic development in mice (Park et al., 2005; He et al., 2008; Merkwirth et al., 

2008) and C. elegans (Artal-Sanz et al., 2003).   

As its name indicates, PHB was originally identified as a tumor suppressor in liver tissue 

(McClung et al., 1989), however, this function was later attributed to the 3’untranslated region of  

PHB gene which encodes a functional RNA that halts cell cycle transition between the G1 and S 

phases (Manjeshwar et al., 2003; Manjeshwar et al., 2004).  The well-characterized function of 

PHB is as a chaperone and scaffold protein in the mitochondria (Figure 1.5) allowing for proper 

stabilization of mitochondrial proteins (Coates et al., 1997; Nijtmans et al., 2000; Nijtmans et al., 

2002).  Studies have also provided evidence suggesting a wide variety of roles for PHB including 

transcriptional regulation (Wang et al., 2002a; Fusaro et al., 2003), a cell-surface binding protein 

actively involved in signal transduction (Rajalingam and Rudel, 2005; Rajalingam et al., 2005; 

Yurugi et al., 2012), a secreted protein found in circulation (Mengwasser et al., 2004; Wang et 

al., 2004; Mishra et al., 2007; Kang et al., 2008), a regulator of autophagy (Kathiria et al., 2012a) 

and apoptosis (Liu et al., 2009; Lee et al., 2010), as well as a mediator of inflammatory (Sharma 

and Qadri, 2004; Theiss et al., 2009a; Theiss et al., 2011) and oxidative signaling (Theiss et al., 

2007a; Theiss et al., 2009b; Lee et al., 2010; Theiss et al., 2011; Kathiria et al., 2013).  Recent 

data have implicated PHB as a functional player in the pathogenesis of various disease states 

including inflammatory bowel disease (Kathiria et al., 2012b; Kathiria et al., 2013), insulin 

resistant/type 2 diabetes (Vessal et al., 2006; Lee et al., 2010) and obesity (Kolonin et al., 2004; 

Hossen et al., 2010), and a diverse range of cancers (Sato et al., 1993; Tsai et al., 2006; Wu et al., 

2007; Gregory-Bass et al., 2008; Kang et al., 2008; Ren et al., 2010).  Underlying factors, which 
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are common for all these diseases include mitochondrial dysfunction, oxidative stress and 

inflammation.   This diversity in roles that have been shown for PHB has been suggested to have 

a direct correlation to the complexity of PHB’s post-translational modifications.  PHBs have 

several tyrosine and serine phosphorylation sites as well as O-GlcNAc modifications, 

palmitoylations, transamidations and tyrosine nitrosylations (Mishra et al., 2010).  The profound 

effects these modifications have on PHB activity will be discussed below.  

1.3.1 Role of PHB in the mitochondria 

As discussed above, PHB is localized to the mitochondria in most cells types studied to 

date.  Accordingly, the majority of recent studies into the function of PHB have focused on its 

role in maintaining normal mitochondrial structure and function.  Artal-Sanz and colleagues 

were first to show, in 2003, that loss of PHB had a severe effect on mitochondrial morphology.  

The study found that mitochondria in muscle cells with depleted PHB appear fragmented and 

disorganized (Artal-Sanz et al., 2003).  Similar results were found in studies with mouse embryo 

fibroblasts (MEFs) (Merkwirth et al., 2008) and HeLa cells (Katsumi et al., 2006).  A potential 

mechanism explaining the destabilization of mitochondria structure when the prohibitins are 

depleted was proposed by Merkwirth and colleagues in 2008.  Using conditional gene targeting, 

PHB2 was depleted in mice and OPA1 destabilization followed (Merkwirth et al., 2008).  OPA1, 

optic atrophy 1, is found on the mitochondrial inner membrane where it serves as an essential 

mediator of mitochondrial fusion and proper cristae formation.  The mitochondrial fragmentation 

and disorganization found in PHB2-depleted MEFs bears a striking similarity to the 

mitochondrial morphology seen in OPA1 down-regulation (Griparic et al., 2004).  Evidence also 

suggests a role for PHB in the assembly and stability of proteins associated with oxidative 
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phosphorylation (OxPhos) (Nijtmans et al., 2000; Nijtmans et al., 2002).  However, it is unclear 

if there is a direct interaction with the PHB complex and OxPhos protein complexes.  Some 

evidence suggests that the PHB complex is associated with complex IV in yeast (Nijtmans et al., 

2000) and complex I in mammals (Taylor et al., 2003; Bourges et al., 2004).  Instability of 

mitochondrial-en8coded subunits of the electron transport chain has been shown in yeast cells 

lacking PHB (Steglich et al., 1999) and conversely, overexpression of the PHB complex in yeast 

results in stabilization of the same subunits (Nijtmans et al., 2000).  It has been suggested that 

PHBs protect newly imported proteins by preventing their degradation by mitochondrial ATPase 

Associated with diverse cellular Activities (m-AAA) protease (Steglich et al., 1999), while also 

promoting mitochondrial protein synthesis  and maintaining the organization and copy number of 

mitochondrial DNA.  Loss of PHB genes resulted in reduced ∆ψmito in yeast (Coates et al., 1997; 

Christof et al., 2009) while knockdown of PHB in endothelial cells resulted in mitochondrial 

membrane depolarization due to reduced complex I activity  (Schleicher et al., 2008).  Taken 

together, the evidence shows that depletion of PHB results in altered mitochondrial morphology 

and function, suggesting that PHB plays a critical role in maintaining proper mitochondrial 

homeostasis. 

1.3.2 Physiological role of PHB outside the mitochondria 

Cancer is one of the most common pathological settings in which PHB has been 

investigated.  In addition to the functions described above, PHB has also been shown to interact 

with p53 in the nucleus of cancer cells.  p53 is a transcription factor that regulates genes 

responsible for tumor suppression, cell cycle, apoptosis, genomic stability and angiogenesis 

(Fusaro et al., 2003).  Data suggests that Skp2B, an ubiquitin ligase complex found in high 
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abundance in breast cancer, promotes the degradation of PHB and PHB2 which in turn causes 

the attenuation of p53 activity (Chander et al., 2010),  thereby promoting the survival of cancer 

cells.  In addition to p53, PHB1 has been shown to regulate retinoblastoma tumor suppressor 

protein (Rb), p107 and p130 (two members of the Rb super family).   The Rb super family 

suppresses growth via inhibition of E3F-mediated transcription.  PHB represses E2F gene 

transcription through its interaction with Rb, histone deacetylases (HDACs) and nucleosomes-

remodeling proteins Brg-1 and Brm (Wang et al., 1999a; Wang et al., 1999b; Wang et al., 2002a; 

Wang et al., 2002b) resulting in cell cycle arrest in cancer cells (Wang et al., 1999a; Wang et al., 

1999b).  Interestingly, PHB has also been linked to pro-tumorigenic activity as well.  Both PHBs 

have been implicated in the growth, resistance to chemotherapy, and metastasis through 

activation of the Ras-C-Raf-MEK-ERK pathway, altered transforming growth factor β (TGFβ) 

signaling and transcriptional regulation.  In response to insulin, PHB is phosphorylated at 

tyrosine 114 (Tyr114) which facilitates binding of Shp1, a phosphatase that facilitates Akt and 

enhances insulin signaling (Ande et al., 2009a).  PHB has also been shown to interact with 

phosphatidylinositol 3, 4, 5-triphosphate (PIP3).  Overexpression of PHB was found in attenuate 

insulin signaling downstream of phosphatidylinositol 3 (PI3) kinase and interestingly, Akt 

phosphorylation of PHB on threonine 258 (Thr258) prevents the interaction between PHB and 

PIP3 and enhanced insulin signaling (Ande and Mishra, 2009).  Phosphorylation of Thr258 on 

PHB is also necessary for the activation of oncogene serine/threonine-protein kinase (C-Raf or 

Raf-1) in response to Ras (rat sarcoma) (Chiu et al., 2013).  The activation of C-Raf by Ras 

requires the heterodimerazation of phosphor-PHB1 (Thr528) with C-Raf (Rajalingam et al., 

2005).  On the surface of cancer cells phosphor-PHB1(Thr258) activates PI3K/Akt and C-Raf/ 

ERK pathways to result in the promotion of proliferation and metastasis (Chiu et al., 2013).  
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Evidence indicates that PHB may have a role in the biphasic response TGFβ exhibits in cancer 

cells (Zhu et al., 2010).  TGFβ serves as a tumor suppressor early in tumorigenesis, although in 

the late stage it promotes tumor progression.  By binding to its receptor, TGFβ triggers the C-

Raf/ERK and Smad 2/3 pathways, prompting opposite effects.  ERK activation leads to protein 

kinase C δ (PKCδ) activation, which phosphorylates PHB1 leading to cell survival and invasion.  

Activation of Smad signaling upregulates proteins associated with inhibition of PKCδ, resulting 

in reduced PHB phosphorylation and promoting apoptosis (Zhu et al., 2010). A growing body of 

work indicates that PHB overexpression on the surface of cancer cells may be conferring cell 

resistance to paclitaxel, doxorubicin and etoposides (Patel et al., 2010).  It is likely that much of 

the opposing results surrounding the role of PHB in tumorigenesis can be explained by sub-

cellular localization.  Similarly, cellular localization of PHB has been shown to affect cellular 

apoptosis (Rastogi et al., 2006).  While many studies of PHB in cancer have explored expression 

level, few have reported on the sub-cellular distribution.   

In addition to cancer, several studies in vivo and in vitro have suggested a role for PHB in 

the alleviation of inflammation in intestinal epithelial cells and promotion of cell survival in a 

setting of inflammatory or oxidative stress.  Oxidative stress is a major contributor to the 

etiology of many inflammatory diseases.  In response to bacterial, fungal, or other antigen, 

activation of membrane-bound NADPH oxidase in immune cells such as macrophages and 

neutrophils results in the release of ROS, specifically superoxide (O2
●-) and H2O2.  Similarly, 

increased expression of iNOS results in excessive production and release of NO.  Crohn’s 

disease and ulcerative colitis, two common subsets of inflammatory bowel disease, are 

characterized by increased ROS, decreased antioxidant capacity and increased NO generation in 

the intestinal mucosa (Rachmilewitz et al., 1995; McKenzie et al., 1996).  Decreased mRNA 
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levels and expression of PHB were shown in experimental models (Yeo et al., 2006; Theiss et 

al., 2007a) of IBD and in humans (Hsieh et al., 2006).  Overproduction and stimulation of TNFα 

in the inflamed colon was shown to drive PHB1 expression down (Theiss et al., 2009a).  The 

decrease in PHB expression resulted in increased ROS signaling, autophagy, and excessive 

inflammation in patients with irritable bowel disease (IBD) (Kathiria et al., 2012a).  Extensive 

work has been done to explore the impact of PHB in IBD.  In a transgenic mouse, 

overexpressing PHB specifically in intestinal epithelial cells caused significantly less NFκB 

activation and signaling in response to TNFα exposure.  Investigation into the mechanism by 

which PHB mediated this inhibition of NFκB activity demonstrated that PHB decreased the 

nuclear accumulation of NFκB by down-regulating expression of importin α3, a protein involved 

in NFκB nuclear import (Theiss et al., 2009a).  Using the same transgenic mouse, PHB 

overexpression resulted in attenuated oxidative stress and reduced susceptibility to the 

development of colitis.  This effect was mediated by an increase in Nrf2-mediated gene 

transcription (Theiss et al., 2009b).  The evidence for PHB as a therapeutic target in the 

treatment of IBD was strengthened using enema administration of recombinant adenovirus or 

nanoparticle-based delivery of PHB.  Both delivery methods increased PHB expression in 

intestinal epithelial cells, resulting in decreased sensitivity to dextran sodium sulfate (DSS) 

induced colitis demonstrated by an attenuated body weight loss, clinical score, proinflammatory 

cytokine production, histological score and protein carbonyl content when compared to mice 

without increase PHB expression (Theiss et al., 2011). 

PHBs have also been implicated in other models of inflammatory disease.  Salmonella 

typhi is the causative agent of typhoid.  PHB binds to S.typhi antigen to inhibit the inflammatory 

response caused by this infectious agent.  This inhibition is mediated through the downregulation 
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of mitogen-activated protein kinase (MAPK) signaling (Sharma and Qadri, 2004).  More 

recently, PHB repressed PITX1 when it accumulated in the nucleus of osteoarthritic 

chondrocytes.  PITX1, is a transcription factor involved in osteoarthritis, a well-characterized 

inflammatory disease.  PHB binds to a distal E2F1 transcription factor site in the promoter region 

on PITX1, where it suppressed mRNA level and expression of PITX1 (Picard et al., 2013).  In B 

lymphocytes, PHB and PHB2 were found to bind CD86 following CD40 engagement.  

Association of CD86 and PHB1/2 elicited an immune response by inducing phosphorylation of 

IκB, phospholipase Cγ2, and protein kinase Cα/β(II) yielding increased nuclear accumulation of 

p65 and enhance transcription of Oct-2 and IgG1 (Lucas et al., 2013).  Additionally, PHB1/2 can 

be found on the surface of activated T cells, where they are co-localized with CD3 and contribute 

to the activation of T cells through ERK signaling (Yurugi et al., 2012).  Interestingly, PHB is 

found embedded in lipid droplets in human serum where it interacts with complement protein C3 

to induce an innate immune response (Mishra et al., 2007).  Elevated circulating levels of PHB 

and PHB2 have been found in patients with cancer (Mengwasser et al., 2004). 

In 2009 Ande and Mishra demonstrated the importance of PHB in insulin signaling and 

adipose differentiation (Ande et al., 2009a; Ande and Mishra, 2009).  As discussed previously, 

the insulin receptor directly phosphorylates PHB to promote insulin signaling and Akt 

phosphorylation, while PHB phosphorylation by Akt mediates the opposite effect.  But 

phosphorylation is not the only post-translation modification that affects PHB in response to 

insulin.  O-linked β-N-acetylglucosamine conjugated PHB is found in myoblasts in response to 

insulin or high glucose.  This conjugation has been implicated in insulin resistance (Ande et al., 

2009b; Gu et al., 2011).  Vessal et al. in 2006 provided evidence that PHB may be involved in 

lipid accumulation by demonstrating in adipocytes that PHB inhibited pyruvate carboxylase and 
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decreased insulin-stimulated oxidation of glucose and fatty acid (Mahmood et al., 2006).  

Upregulation of PHB1 in response to insulin and a peroxisome proliferator-activated receptor γ 

(PPARγ) agonist was demonstrated in preadipocytes and enhanced expression of PHB was 

sufficient to induce adiopgenesis (Ande et al., 2012).   

Collectively, the pleiotropic effects of PHB make this protein an appealing therapeutic 

target for cancer, metabolic diseases, neurodegenerative disease and inflammatory diseases.  

Over the last 10 years, PHBs have been found to interact with 60 other proteins resulting in the 

regulation and modification of a diverse set of cellular events. Clearly much more research into 

this fascinating protein is necessary.  Specifically, more investigation is needed into the 

intracellular (and extracellular) localization and translocation of PHB in response to various 

stimuli, as location seems to be an important factor in determining PHB function.  This 

dissertation seeks to address the hypothesis that PHB mitigates the cardiac response to sepsis 

through preservation of mitochondrial function and integrity while also suppressing 

proinflammatory signaling and oxidative stress.  Using a comprehensive approach, we have 

investigated the intra- and extra-cellular translocation of PHB in response to a severe 

inflammatory stress, the role of PHB in inflammatory stress-induced mitochondrial dysfunction 

and subsequent cell death, and the potential for PHB to serve as a signal transducer blunting the 

NFκB-driven inflammatory response.   
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Figure 1.1 LPS mediated NFκB feed-forward signaling. 

Schematic representation of LPS induced NFκB signaling.  Upon binding to the TLR4 receptor 

on macrophages, LPS stimulates the activation of a series of kinases resulting in activation of the 

IKK complex and phosphorylation of IκB.  Following phosphorylation, IκB releases the NFκB 

dimer which allows it to translocate to the nucleus where it initiates the transcription of TNFα, 

IL1β, IL6, iNOS, etc.  The cytokines are then released into circulation where they are free to 

bind and activate their respective receptors on the surface of surrounding cells (ie. 

cardiomyocytes) or on the surface of the macrophage.  Cytokine binding promotes activation of 

NFκB and initiation of transcription.   See section 1.2.1 for a detailed description of NFκB 

signaling. 
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Figure 1.2 IL6 activation of the JAK/STAT pathway. 

Schematic representation of IL6-induced activation of the JAK/STAT pathway.  Cytokine 

receptors lack intrinsic tyrosine kinase activity, requiring association with receptor associated 

kinases in order to propagate signal transduction.  Following IL6 binding the IL6 receptor 

induces phosphorylation of JAK, which in turn phosphorylate STAT3.  Phosphorylated STAT3 

dimerizes and translocates to the nucleus, where they bind the STAT3 binding element to initiate 

transcription.  See section 1.2.2 for detailed description of JAK/STAT signaling.   
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Figure 1.3 LPS-mediated activation of Nrf2. 

Schematic representation of LPS mediated Nrf2 activation. LPS binding to TLR4 activates 

NADPH oxidases on the surface of macrophages to produce ROS.  NFκB activation drives an 

increase in iNOS expression resulting in increased RNS.  Together these intermediates modify 

critical thiol residues on KEAP1 release Nrf2 allowing it to translocate to the nucleus.  Once in 

the nucleus it can interact with small Maf and bind to the antioxidant response element (ARE).  

See section 1.2.3 for more detail.   
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Figure 1.4 Schematic representation of autophagy.  

Schematic representation of autophagy.  Autophagy is characterized by rearrangement of 

subcellular membranes to sequester dysfunctional or redundant proteins, organelles and 

infectious agents for delivery to the lysosome to be degraded and recycled.  See section 1.2.4 for 

more detailed explanation.   
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Figure 1.5 PHB ring complex in the mitochondrial inner membrane.   

A, Doman structures of mammalian prohibitins.  Green box indicates the transmembrane 

spanning domain of PHB and the gold box indicates the hydrophobic domain of PHB2, these 

regions anchor PHB and PHB2 into the mitochondrial inner membrane (MIM).  The blue boxes 

represent the SPFH domain and the violet the nuclear export signal on PHB1.  B, PHB and 

PHB2 subunits form a multimeric ring complex in the MIM.  Single-particle electron micrograph 

confirms this ring structure (Osman et al., 2009b).  Additionally, it has been suggested that the 

PHB ring complex could assemble perpendicular to the axis of cristae tubules (C), to help with 

proper cristae formation (Merkwirth et al., 2008; Merkwirth and Langer, 2009).  



 

CHAPTER TWO - Materials and Methods 

2.1 Animals 

Male Sprague-Dawley rats (Charles River Laboratory Wilmington, MA) weighing between 

275-300 grams (9-11 weeks old) were used in all animal studies in Chapter three.  Male C57 

Black/6 mice (Charles River Laboratory Wilmington, MA) weighing between 20-25 grams (8-10 

weeks old) were used in all animal studies in Chapter four.  Animals were housed in temperature 

and light-controlled conditions with free access to food and water.  All experiments were 

conducted with approval from the Institutional Animal Care and Use Committee at East Carolina 

University.   

2.1.1 Induction of sepsis and delivery of recombinant prohibitin (rPHB) 

Sepsis was induced in rats and mice with an IP injection of LPS purified from 

Escherichia coli (Sigma-Aldrich, St. Louis, MO) mixed in 5% Dextrose-H2O at various 

concentrations [rats – 0.5 and 7.5 mg/kg and mice 4 and 12 mg/kg].  Vehicle-treated animals 

received an injection of 5% Dextrose-H2O (Vehicle, Veh).  Following the LPS-injection all 

animals were monitored every 4 hours.  Purified rPHB (Origene, Rockville, MD) was diluted in 

saline immediately prior to injection.  Mice received an IP injection of rPHB to achieve a final 

circulating volume of 200ng/mL 2, 8, 14 hours following the induction of sepsis. This 

concentration of rPHB was estimated by assuming a mouse blood volume/mass ratio of 58.5 

ml/kg (NC3Rs).   Vehicle and LPS-treated groups received IP injections at equal volumes of 

saline.  Table 2.1 shows the treatment groups used in the animal experiments and figure 2.1 

depicts the time course for the animal experiments.   
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2.1.2 Echocardiography 

Direct cardiac function measurements were obtained using the Visualsonics Vevo 2100 

(Toronto, Ontario, Canada).  Both rats and mice were kept under controlled anesthesia using 

vaporized isoflurane (2-3% isoflurane in oxygen at a flow rate of 100 mL/min).  

Echocardiography was recorded at baseline, 4, and 24 hours in the rat model and at baseline, 4,  

8, and 14 hours in the mouse model.   Images were analyzed using Vevo®2100 1.3.0 software.    

2.1.3 Preparation and permeabilization of cardiac fibers 

This technique has been described by our group (Fisher-Wellman et al., 2013) and others 

(Saks et al., 1998) in detail. Following exsanguination under anesthesia the heart was removed, 

briefly rinsed in saline to remove excess blood and dried. A portion of the left ventricle (LV) 

near the apex was removed from the heart for mitochondrial experiments.  This LV muscle 

samples were placed in ice-cold (4◦C) Buffer X containing (mM): 7.23 K2EGTA, 2.77 

CaK2EGTA, 20 imidazole, 20 taurine, 5.7 ATP, 14.3 phosphocreatine, 6.56 MgCl2.6H2O and 

50Mes (pH 7.1, 295 mosmol l−1). Fat and connective tissue were removed from muscle samples 

under a dissecting microscope and small bundles of fibers were prepared (>1mg wet weight per 

fibers bundle). Fibers bundles were treated with 50 μg ml−1 saponin for 30 min as previously 

described (Anderson and Neufer, 2006).  Following permeabilization, myofiber bundles were 

washed in ice-cold Buffer Z containing (mM): 110 K-Mes, 35 KCl, 1 EGTA, 5 K2HPO2, 3 

MgCl2.6H2O and 5mgml−1 bovine serum albumin (BSA; pH 7.4, 295 mosmol l−1) and 

remained in Buffer Z on a rotator at 4◦C until analysis (<4 h). We have observed that 

permeabilized myofibers bundles exhibit a very strong Ca2+-independent contraction that is 

temperature sensitive and can occur even at 4◦C (Perry et al., 2011); therefore, 20 μM 

blebbistatin was added to the wash buffer, in addition to the respiration medium during 
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experiments, to prevent contraction as previously described. Following permeabilization and 

washing in Buffer Z, all mitochondrial function measurements in this study were performed in 

exactly the same order from one animal to another and among groups, to minimize the potential 

influence that the timing and duration of washing may have on the end-points measured.  

2.2 Cell Culture 

HL-1 cardiomyocyte (HL1c) cells were used in this study.  HL1c are an immortalized atrial 

cardiomyocyte cell line (Claycomb et al., 1998; White and Claycomb, 2003; White et al., 2004), 

a kind gift from Dr. WC Claycomb (Louisiana State University Medical Centre, LA).  Cells were 

cultured in Claycomb media (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal 

bovine serum, 4mM L-glutamine, 10µM norepinephrine and MycoZap™Plus-CL (Lonza, 

Walkersville, MD) and maintained at 37°C and 5% CO2.  In all experiments where TNFα and 

IL1β were used in this study, the concentration was 3 and 100 (ng/mL) respectively (0.17nM 

TNFα and 5.71nM IL1β).    These dosages were determined using a modified dose-response 

curve (Figure 3.8), where this dosage, when compared to control, showed an increase in nuclear 

localization of p65.  For PHB exposure, cells were incubated with recombinant Flag-tagged PHB 

(6.25uM or 200ng/mL, dose chosen based Figure 3.14) or transfected with a pCMV6-AC-GFP 

vector (Origene, Rocksville, MD) containing a human clone of PHB or a GFP positive scrambled 

vector (see 2.2.1 below).  

2.2.1 Cell transfection 

For over-expression of PHB, we used a PrecisionShuttle™ Vector System (Origene, 

Rockville, MD) with a pCMV6-AV vector, which is a mammalian expression vector, containing 

the human PHB gene encoded in-frame with a green fluorescent protein (GFP) sequence on the 
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C-terminal end. The transfection was performed at 75-80% of cell confluency.  Five micrograms 

of PHB-GFP or control vector (Vec) and 4µL of Lipofectamine Reagent (Life Technologies, 

Grand Island, NY) were mixed carefully in unsupplemented Claycocmb medium.  Following 

thorough mixing by pipetting, the mixture was incubated at room temperature (RT) for 30 

minutes. The tranfection mix, containing either PHB-GFP or control vector was then applied to 

the cells and cultured for 24 hours.  For the ARE reporter assay, we used a Lenti ARE reporter 

(GFP) System (SABiosciences, Valencia CA) which is a preparation of VSV-g pseudotype 

lentivirus particles with minimal CMV promoter and tandem repeats of the ARE transcriptional 

response element controlling the expression of GFP.  This system allows us to monitor transient 

pathway regulation.  The transfection process was similar to the one previously described in this 

section.  Cells were transfected at 85-90% confluency.  One microgram of ARE-GFP and 1uL of  

Lipofectamine Reagent (Life Technologies, Grand Island, NY) were mixed carefully in 

unsupplemented Claycocmb medium.  Following thorough mixing by pipetting, the mixture was 

incubated at room temperature (RT) for 30 minutes. The tranfection mix was then applied to the 

cells and cultured for 24 hours.   

2.2.2. Preparation of HL1c for assessment of mitochondrial function. 

 HL1c were lifted from culture flasks with 0.05% Trypsin-Ethylenediaminetetraacetic 

acid (EDTA) and counted using the Vi-Cell SGL (Beckman Coulter).  The protocol for 

permeabilization was adapted from Boyle et. al (Boyle et al., 2012).   Briefly, 2.0 million cells 

(for mitochondrial O2 consumption) and 1.0 million cells (for mitochondrial H2O2 and Ca2+ 

uptake) cells were centrifuged at 500xg for 5 minutes at room temperature.  Cells used for 

mitochondrial O2 consumption were resuspended in room temperature MiRO5.1 (respiration 
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buffer: 110mM Sucrose, 60mM K-MES, 20mM HEPES, 20mM Taurine, 10mM KH2PO4, 3mM 

MgCl2·6H2O, 1mM EGTA and 2.5g/L BSA [pH=7.4 with KOH]) while cells for mitochondrial 

H2O2 and Ca2+ uptake were resuspended in room temperature buffer Z-lite (150mM K-MES, 

30mM KCL, 10mM KH2PO4, 5mM MgCl2·6H2O, 1mM EGTA and 0.5mg/L BSA [pH=7.4]).  

Cells are permeabilized using 3.0 µg/million cells of digitonin (Sigma-Aldrich, St. Louis, MO) in 

final resuspension before functional assessment. 

2.2.3 Subcellular Fractionation 

Nuclear extract preparations were performed using fresh portions of cardiac tissue 

immediately after dissection and HL1c lifted using 0.05% trypsin/EDTA, according to the 

method described by (Deryckere and Gannon, 1994).  Briefly, after removal of connective tissue, 

the fresh myocardial tissue was placed in ice-cold hypotonic buffer (10 mM HEPES, pH 7.5; 40 

mM NaF; 10 µM Na2MoO4; 0.1 mM EDTA, 1 mM β-glycerophosphate; 1 mM Na3VO4, and 

protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO) and transferred to the laboratory.  

Tissue was then minced very fine, placed back into ice-cold hypotonic buffer, pulverized in a 

dounce homogenizer for 10-12 strokes, and incubated on ice for 15 minutes.  The sample was 

then centrifuged at 300xg for 10 minutes and supernatant retained as a cytosolic fraction.  Pellet 

was then resuspended in ice-cold hypotonic buffer and again incubated for 15 minutes on ice.  

Nonidet P-40 was added at 0.1X the sample volume and centrifuged at 14,000Xg for 30 seconds.  

This supernatant was also retained as the cytosolic fraction, and pellet was resuspended in 

nuclear extraction buffer (10 mM HEPES, pH 7.9; 0.1 mM EDTA; 3 mM MgCl2; 420 mM 

NaCl2; 10% glycerol (v/v)), vortexed at full speed for 30 seconds and then incubated for 15 
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minutes at 4°C with rocking.  This step was repeated.  The sample was then centrifuged at 

14,000Xg for 10 minutes at 4°C, and the supernatant retained as the nuclear fraction.    

2.3 Measurement of Mitochondrial Function 

All experimental were performed at 30ºC and in Buffer Z.  mO2 consumption was measured 

using the O2K Oxygraph system (Oroboros Instruments, Austria) in buffer Z containing 20mM 

creatine monohydrate (Sigma-Aldrich, St. Louis, MO).  Substrates and respiratory inhibitors 

were provided as indicated in the figure legends.  Measurements of mitochondrial ATP 

generation were obtained using a custom tandem oxi-fluorometer approach developed and 

validated in our laboratory (Anderson et al., 2011), by coupling ATP hydrolysis to NADPH 

release and autofluorescence (Figure 2.2). To maintain coupling of ATP hydrolysis to NADPH 

release, 2.5 U/mL of glucose-6-phosphate dehydrogenase (Roche, Indianapolis IN) 2.5 U/mL 

yeast hexokinase (Roche, Indianapolis IN), 5mM nicotinamide adenine dinucleotide phosphate 

(NADP+) (Sigma-Aldrich, St. Louis, MO), and 5mM D-glucose (Sigma-Aldrich, St. Louis, MO) 

were added to the assay media.  P1,P5-Di(Adenosine-5′)Pentaphosphate (Ap5A) (Sigma-

Aldrich, St. Louis, MO)  was added  to inhibit adenylate kinase and ensure that ATP production 

being measured by the system was solely from the mitochondria.  Mitochondrial H2O2 and Ca2+ 

uptake studies were done using a spectrofluorometer (Photon Technology Instruments, 

Birmingham, NJ).  All experiments were performed at 30°C.  Mitochondrial H2O2 studies were 

performed in the presence of 125μM ADP, 5mM glucose and 1 unit/ml hexokinase to keep the 

mitochondria in a permanent submaximal phosphorylating state. For mitochondrial H2O2 

measurements, buffer z-lite contained 10μM Amplex Red, 3 unit/ml horseradish peroxidase, 25 

units/mL superoxide dismutase (SOD), 5mM pyruvate, 2mM malate and 5mM succinate, and the 
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H2O2 emission rate was calculated as outlined previously.  For Ca2+ uptake measurements, buffer 

Z-lite contained 1μM Calcium Green 5-N, 5mM pyruvate, 2mM malate, 5mM succinate.  At the 

start of the Ca2+ uptake studies 1.5μM thapsigargin was added to inhibit the 

sarcoplasmic/endoplasmic reticulum Ca2+ -ATPase (SERCA) and 10μM EGTA, to chelate any 

remaining Ca2+.  Pulses of 30μmol Ca2+ (CaCl2) were added sequentially and Ca2+ uptake was 

followed until the mitochondrial permeability transition pore opening, as described previously 

(Anderson et al., 2011).  At the conclusion of the experiment, a 1mM bolus of CaCl2 was added 

to saturate the probe.  Using the known Kd for Calcium Green 5-N and the Fmin and Fmax 

established during each experiment, changes in free calcium were calculated using the equations 

described by Tsien (Tsien, 1988).   

2.4 Myocardial Protein Extraction  

For whole tissue protein preparation, myocardial samples frozen in liquid N2 were 

homogenized in ice-cold 10x (w/v) of TEE Buffer (10mM Tris-base; 1mM EDTA and 1mM 

EGTA pH 7.4) containing 0.5% Triton X-100 and protease inhibitor cocktail (Sigma-Aldrich, St. 

Louis, MO), using a glass grinder (Kimble Chase, Vineland, NJ).  After 5 minute incubation on 

ice, homogenates were spun at 10,000 rpm for 10 minutes to pellet debris, and supernatants were 

retained for protein analysis.  

2.5 Serum PHB Enzyme-linked immunosorbent assay 

Blood was drawn from the tail vein of the rats at baseline (time 0), and 4 and 12 hours 

following the induction of sepsis with LPS.  At the 24 hour time point, blood was collected by 

cardiac puncture.  In the mouse studies, blood was collected at 4 and 16 hours by cardiac 

puncture.  The blood was centrifuged at 500xg for 5 minutes to separate the serum.  Serum was 
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removed and flash frozen in liquid nitrogen and stored at -80°C until the time of analysis.  The 

absolute amount PHB in circulation determined by a quantitative ELISA approach developed in 

our lab.  A standard curve of PHB was first established using purified recombinant PHB 

(Origene, Rockville, MD).  Standards and undiluted serum samples were added to an 

Immunolon-coated 96-well assay plate (Fisher Scientific).  Samples were incubated overnight at 

4°C, and subsequently washed with PBS+0.05% Tween-20 and blocked for 2 hours with with 

10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) diluted in PBS   Samples were then 

incubated with anti-PHB antibody (1:200 in PBS+0.05% BSA, Abcam) for 2 hours at 37°C.  

Samples were washed with PBS+0.05% Tween-20 and incubated with secondary antibody for 2 

hours at room temperature (goat anti-rabbit HRP, Bio-Rad).  Following this incubation, samples 

were washed as before and incubated with TMBZ for 20 minutes at room temperature.  Reaction 

was quenched with 1M sulfuric acid, and the absorbance of the samples at 450 nm was 

determined. Total quantities of serum PHB in each group was determined using standard curve 

of rPHB, and expressed in absolute amount as ng/mL.  

2.6 Immunocytochemistry 

HL1c were grown in glass bottom 6-well plates (MatTek Corporation).  Where 

appropriate, 50nM MitoTracker® Red CMXRos was incubated on the cells for 15 minutes at 

37°C after which the cells were washed twice in sterile PBS.  Using 3.7% para-formaldehyde, 

cells were fixed.  Fixative was washed off with PBS.  Cells were permeabilized using 0.1% 

Triton X-100 and blocked using 5% goat serum.  Cells were incubated with primary antibodies 

as indicated throughout (antibody information can be found in Table 2.3) overnight at 4°C.  Cells 

were washed and incubated with secondary antibodies as indicated throughout (see Table 2.3 for 
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antibody information) for 1 hour at room temperature.  Cell were washed with PBS and 

incubated with Draq5 (Cell Signaling Technology, Danvers, MA) for 5 minutes.  Cell 

microscopy was carried out with a Carl Zeiss LSM 510 using a 63X magnification.   

Measurements of mitochondrial ROS production using MitoSox™Red were carried out 

in live cells.  Cells were exposed to a cocktail of 3/100 (ng/mL) TNFα/IL1β for 24 hours.  

Following treatment the cells were incubated with 2µM MitoSox™Red in buffer containing Ca 

and Mg for 10 minutes.  Cell were then washed with PBS and imaged with a Nikon Eclipse Ti 

microscope using 20X magnification  

Measurements of ARE-driven GFP fluorescence were carried out in live cells.  

Transfected cells were exposed to PBS as a vehicle control, 20uM sulforphane (Sigma-Aldrich, 

St. Louis, MO), a cocktail of 3/100 (ng/mL) TNFα/IL1β only, rPHB (200ng/mL) only or a 

combination of rPHB and TNFα/IL1β (both applied at time 0 and rPHB added 12 hours after 

TNFα/IL1β) for 24 hours.  Following treatment cells were washed with PBS and imaged using 

with a Nikon Eclipse Ti microscope using 20X magnification.  

2.7 Cytotoxicity 

Cell death was assessed 24 hours after the inflammatory insult using a commercially 

available lactate dehydrogenase (LDH) assay kit (Abcam, Cambridge, MA).  Briefly, HL1c were 

grown to 85% confluency in normal growth media.  Upon reaching 85% confluency, HL1c were 

incubated in phenol-red free Opti-MEM media and treated with 3.0 ng/mL TNFα and 100 ng/mL 

IL1β.  Following treatment, 100µL of medium was removed to an optically clear 96-well plate.  

LDH Reaction Mix was added to each well and color development was monitored for 20-30 

minutes.  Absorbance was measured at 450nm.   
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2.8 Real-time quantitative PCR 

For mRNA extraction, cardiac samples frozen in liquid N2 and HL1c were homogenized 

using a Pro Scientific Pro200 tissue homogenizer in 350µL and 600µL respectively and then 

subjected to a brief proteinase K treatment (55°C for 10 min). Total mRNA was then extracted in 

RNeasy columns according to the manufacturer's instructions (Qiagen, Inc., Valencia, CA, 

USA). Reverse transcription and relative changes in mRNA of all redox- and anti-inflammatory 

target genes were determined by fluorescence-based real-time PCR using SsoAdvanced SYBR 

Green Supermix (BioRad Laboratories, Hercules, CA, USA). The primer pairs used in these 

experiments are listed in Table 2.2, along with their respective source.  Data were analyzed by 

the ∆∆Ct (threshold cycle) method using Bio-Rad CFX Manager software and mRNA levels 

were normalized to β-Actin and 18S under various conditions.  

2.9 Western Blot Analysis 

 Proteins were separated based on molecular weight using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE).  Following electrophoresis, proteins were 

transferred to Immobilon FL PVDF (Milipore, Billerica, MA) membrane using a semi-dry blot 

apparatus (Trans-Blot SD; Bio-Rad Laboratories, Hercules, CA).  After transfer, membranes 

were blocked using 5% non-fat dry milk in tris-buffered saline with 0.1% Tween-20 (TBS-T) for 

at least 1 hour at room temperature, to prevent nonspecific antibody binding.  Membranes were 

washed with TBS-T three times for 10 minutes and incubated overnight at 4°C with primary 

antibodies.  The following day, membranes were washed with TBS-T three times for 15 minutes 

to remove any unbound primary antibody.  Following washing, membranes were incubated with 

secondary antibodies for 1 hour at room temperature.  Before imaging, membranes were washed 
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three times for 10 minutes.  Protein-antibody complexes were imaged using Odyssey® CLx (Li-

Cor; Lincoln, NE).  Various proteins were probed for using specific antibodies, a list can be 

found in table 2.3.  The densitometric analysis of immunoblots was performed using ImageJ 

software (National Institutes of Health). 

2.10 Macrophage Activation 

RAW 264.7cells, an immortalized murine macrophage-like cell line, were cultured in 

DMEM medium (Life Technologies, Grand Island, NY) supplemented with 10% FBS, 100U/mL 

penicillin and 100µg/mL streptomycin and maintained at 37°C with 5% CO2.  To explore the 

effect of PHB on macrophage activation, RAW264.7 cells were stimulated with 10µg/mL 

purified from Escherichia coli (Sigma-Aldrich, St. Louis, MO).  Upon reaching 90% confluence, 

cells were lifted using 0.05% trypsin/EDTA and counted using a Vi-Cell SGL (Beckman 

Coulter, Brea CA).  Following counting, cells were centrifuged and resuspended to a 

concentration of 1x106 cells/mL in media. In a 96-well plate, 50µL of cell suspension was added 

to all sample wells containing 50µL of media for a total volume in the well of 100µl.  96-well 

plates were incubated for 2 hours at 37°C with 5% CO2 to allow cells to adhere.   At least three 

wells received no cells and served as blanks.  Following time for adherence, media was removed 

and fresh was added as indicated in the table below.   Table 2.4 shows the different experimental 

conditions. Cells were stimulated with LPS for 17-20 hours.   

Blood collected from mice at four and 16 hours following the administrations of LPS was 

centrifuged to separate the plasma.  Plasma was flash frozen in liquid nitrogen and stored at -

80°C until use in the cytokine multiplex.   
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2.10.1 Macrophage Nitrite Secretion 

The nitrite secretion assay was adapted from the Griess Reagent Kit for Nitrite 

Determination (Life Technologies, Grand Island, NY).  This method utilizes the Griess 

diazotization reaction (Figure 2.3) to determine the amount of nitrite formed following 

spontaneous oxidation of NO.   Breifly, NaNO2 was used to create a standard curve at the 

concentrations listed in table 2.5.  The Griess reagent is comprised of equal parts 1.0% 

sulfanilamide (0.025g into 2500µL) and 0.1% naphtylethyenediamine dihydrochloride in 2.5% 

H3PO4 (0.0025g into 2500µL of 2.5% H3PO4) and was prepared fresh daily. 50µL of media was 

removed from each well of the 96-well plate containing the RAW 264.7 macrophages and added 

to a fresh 96-well plate.   An equal volume of Griess reagent was added and mixed using a 

pipette.  The plate was protected from light and color development was monitored.  Plate was 

read at 548 nm within 30 minutes.   

2.10.2 Macrophage Reactive Oxygen Species (ROS) Secretion 

The ROS secretion assay was adapted from the Amplex Red Hydrogen 

Peroxide/Peroxidase Assay Kit (Life Technologies, Grand Island, NY).  In the presence of 

horseradish peroxidase (HRP), Amplex® Red reagent, reacts with H2O2 to produce resorufin 

(ex/em 571/585nm), the fluorescent product.  SOD was added to ensure all superoxide molecules 

were converted to H2O2.   Briefly, H2O2 was used for production of the standard curve at the 

following concentrations, 0, 0.5, 1, 2, 4 and 8 µM.  Working concentrations of HRP, SOD, and 

Amplex  Red were prepared daily.  Equal volumes of the HRP, SOD, and Amplex  Red 

mixture and media from macrophages stimulated with LPS for 17-20 hours were added to a fresh 
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96-well plate to a total volume of 100µL.   The plate was protected from light and color 

development was monitored.  Plate was read at 560 nm within 30 minutes.   

2.10.3 Cytokine Multiplex 

The concentrations of circulating serum cytokines IL6 and TNFα were determined 

following the manufacture protocol provided with the Q-plex Array™ Mouse IR (Quansys 

Biosciences, Logan, Utah).  Briefly, antigen standards and serum from animals was incubated in 

the wells of a manufacturer provided 96-well plate for two hours at 400 RPM at room 

temperature.  After washing, a proprietary Detection Mix was incubated for an additional two 

hours, followed by washing.  The plate was then protected from light and incubated for 30 

minutes with DyLight® IR Dye. After washing, the plate was rinsed with Stabilizing Solution 

and allowed to dry at room temperature, protected from light.  Prior to imaging, the bottom of the 

plate was wiped down with 70% ethanol.  The plate was imaged using a LI-COR® Odyssey-

CLx®, and densitometry was performed using ImageJ software (National Institutes of Health).   

2.11 Statistical Analysis  

Statistical analysis was performed with PRISM (GraphPad Software, San Diego, CA).  All data 

are expressed as means ± standard error of the mean (SEM) unless otherwise noted.  Differences 

were determined by one-way ANOVA, followed Newman-Keuls multiple comparisons test.  A 

two-way ANOVA was used to determine difference in all echocardiography data.  In all cases, a 

P value of less than 0.05 was used to indicate statistical significance between groups.    
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Table 2.1 Experimental groups used in animal experiments. 

Group Species rPHB (ng/mL) 5%Dextrose 

H2O (µL)  

LPS (mg/kg) 

Vechicle Rat 

Mouse  

-- 

-- 

550 

250 

-- 

-- 

rPHB Mouse LD 

Mouse HD 

200 

200 

250 

250 

-- 

-- 

LPS Rat LD 

Rat HD 

Mouse LD 

Mouse HD 

-- 

-- 

-- 

-- 

550 

550 

250 

250 

0.5 

7.5 

4 

12 

rPHB + LPS Mouse LD 

Mouse HD 

200 

200 

250  

250 

4 

12 
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Figure 2.1 Schematic overview of experimental time courses. 

A, The 24 hour time course of LPS-induced sepsis in rats.  B, The 16 hour time course of LPS-

induced sepsis in mice.  
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 Figure 2.2 Enzyme coupling of ATP hydrolysis to NADPH release 

Saturating the system with glucose, hexokinase, NADP+ and glucose-6-phosphate 

dehydrogenase ensures that upon its production ATP will be used to convert glucose to glucose-

6-phosphate by hexokinase yielding ADP.  In the presence of NADP+, glucose-6-phosphate is 

converted to 6-phosphogluconolactone by glucose-6-phosphate dehydrogenase to yield NADPH 

which autofluoresces at 340 ex/460 em.   
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Table 2.2 List of PCR primers 

Primers Sequence (5’→3’) Reference 

Prohibitin 1 Mouse 

Forward 

Reverse 

 

GCATTGGCGAGGACTATGAT 

CTCTGTGAGGTCATCGCTCA 

 

(Theiss et al., 

2009b) 

Nrf2 Mouse 

Forward 

Reverse 

 

CTACTCGTGTGGGACAGCAA 

AGCAGACTCCAGGTCTTCCA 

 

(Theiss et al., 

2009b) 

TNFα Mouse 

Forward 

Reverse 

 

ACTCAACAAACTGCCCTTCTGAG 

TTACAGCTGGTTTCGATCCATTT 

 

(Niu et al., 

2007) 

IL1β Mouse 

Forward 

Reverse 

 

TGTGGCTGTGGAGAAGCTGT 

CAGCTCATATGGGTCCGAGA 

 

(Niu et al., 

2007) 

IL6 Mouse 

Forward 

 

CACGGCCTTCCCTACTTCAC 

 

(Niu et al., 
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Reverse TGCAAGTGCATCATCGTTGT 2007) 

iNOS Mouse 

Forward 

Reverse 

 

CCCTTCCGAAGTTTCTGGCAGCAGC 

CCCTTCCGAAGTTTCTGGCAGCAGC 

 

(Heo et al., 

2010) 

COX2 Mouse 

Forward 

Reverse 

 

CACTACATCCTGACCCACTT 

ATGCTCCTGCTTGAGTATGT 

 

(Heo et al., 

2010) 

CRP Mouse 

Forward 

Reverse 

 

AGCCTCTCTCATGCTTTTGG 

TGTCTCTTGGTGGCATACGA 

 

(Paul et al., 

2004) 

NRF1 Mouse 

Forward 

Reverse 

 

TGGAGGAGCACGGAGTGA 

CAGCCAGATGGGCAGTTA 

 

(Ding et al., 

2007) 

PGC1α Mouse 

Forward 

Reverse 

 

GGAGCCGTGACCACTGACA 

TGGTTTGCTGCATGGTTCTG 

 

Ding et al., 

2007) 
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Tfam Mouse 

Forward 

Reverse 

 

CATTTATGTATCTGAAAGCTTCC 

CTCTTCCCAAGACTTCATTTC 

 

(Thundathil et 

al., 2005) 

Gpx1 Mouse 

Forward 

Reverse 

 

CTCACCCGCTCTTTACCTTCCT  

ACACCGGAGACCAAATGATGTACT 

 

(Gosbell et al., 

2006) 

Gpx4 Mouse 

Forward 

Reverse 

 

TGAGGCAAAACTGACGTAAACTACA 

GCTCCTGCCTCCCAAACTG 

 

(Gosbell et al., 

2006) 

Trx2 Mouse 

Forward 

Reverse 

 

CAGCCTCTGGCACATTTCCT 

GTTCGGCTTCTGGTTTCCTTT 

 

(Gosbell et al., 

2006) 

NQO1 Mouse 

Forward 

Reverse 

 

CCATTCTGAAAGGCTGGTTTG 

CTAGCTTTGATCTGGTTGTC 

 

(Zhu et al., 

2008) 

HO1 Mouse   
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Forward 

Reverse 

GCCTTGAAGGAGGCCACCAA 

CCTCAAACAGCTCAATGTTG 

(Zhu et al., 

2008) 

GCLC Mouse 

Forward 

Reverse 

 

GGAGGCTACTTCTGTACTA 

CGATGGTCAGGTCGATGTCATT 

 

(Zhu et al., 

2008) 

GSTA1 Mouse 

Forward 

Reverse 

 

CCGTGCTTCACTACTTCAAT 

GCATCCATGGGAGGCTTTCT 

 

(Zhu et al., 

2008) 

GR Mouse 

Forward 

Reverse 

 

TGCCTGCTCTGGGCCATT 

CTCCTCTGAAGAGGTAGGAT 

 

(Zhu et al., 

2008) 

Catalase Mouse 

Forward 

Reverse 

 

GACATGGTCTGGGACTTCTG 

GTAGGGACAGTTCACAGGTA 

 

(Zhu et al., 

2008) 

Prohibitin 1 Rat 

Forward 

 

TGGCGTTAGCGGTTACAGGAG 

 

(Zhu et al., 
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Reverse GAGGATGCGTAGTGTGATGTTGAC 2008) 

TNFα Rat 

Forward 

Reverse 

 

GCCTCTTCTCATTCCTGC  

CTTCTCCTCCTTGTTGGG 

 

(Pan et al., 

2011) 

IL1β Rat 

Forward 

Reverse 

 

GCTAGGGAGCCCCCTTGTCGAG 

AGGCAGGGAGGGAAACACACGTT 

 

(Pan et al., 

2011) 

IL6 Rat 

Forward 

Reverse 

 

TCCGCAAGAGACTTCCAGCCAG 

TGTGAAGTAGGGAAGGCAGTGGC  

 

(Pan et al., 

2011) 

LC3b 

Forward 

Reverse 

 

CGATACAAGGGGGAGAAGCA 

ACTTCGGAGATGGGAGTGGA 

 

(Raffaello et 

al., 2010) 

Beclin-1 

Forward 

Reverse 

 

TGAATGAGGATGACAGTGAGCA 

CACCTGGTCTCCACACTCTTG 

 

(Raffaello et 

al., 2010) 
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Lamp2a 

Forward 

Reverse 

 

TGGCTAATGGCTCAGCTTTC 

ATGGGCACAAGGAGTTGTC 

 

(Raffaello et 

al., 2010) 

p62 

Forward 

Reverse 

 

GGAGGAGCTCGAGCCATGGCGTTCACGGTGAA 

TATTATTTTTGGATCCTTCAATGGTGGAGGGTG

TTCG 

 

(Perera et al., 

2011) 
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Table 2.3 Primary and Secondary Antibodies 

Antibody Concentration Vendor (Cat. No) 

Prohibitin 1 1:1000 (WB) 1:10 (ICC) Abcam (ab28172) 

Prohibitin 2 1µg/mL Millipore (AB10198) 

COX-IV 1µg/mL Abcam (ab14744) 

Alpha-Tubulin 1:5000 Abcam (7291) 

TATA Binding Protein 1:2000 Abcam (ab818) 

Beta-Actin 1:250 Abcam (ab8226) 

NFκB-p65 1µg/mL  Abcam (ab16502) 

Draq5® 1:1000 (ICC) Cell Signaling (4084) 

iNOS 1:500 Cell Signaling (2977) 

Nrf2 1:1000 Abcam (ab62352) 

DYKDDDDK Epitope Tag 

(Flag Epitope) 

1:1000 Novus Biologicals (NBP1-

06712) 

FITC- Goat Anti Rat 1:50 Jackson ImmunoResearch 

Laboratories (112-095-003) 
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FITC-Donkey Anti Rabbit 1:50 Jackson ImmunoResearch 

Laboratories (711-095-152) 

FITC-Donkey Anti Mouse 1:50 Jackson ImmunoResearch 

Laboratories (715-095-150) 

HRP-Goat Anti Rabbit 1:7500 Bio-Rad (170-651) 

Goat Anti-Rabbit IgG, 

DyLight™ 680 Conjugated 

1:17000 Thermo Scientific (35568) 

Goat Anti-Mouse IgG, 

DyLight™ 800 Conjugated 

1:17,000 Thermo Scientific (35521) 

Donkey Anti-Rabbit 

IRDye® 680 

1:30,000 Li-Cor (926-32223) 

Donkey Anti-Mouse IRDye® 

800CW 

1:30,000 Li-Cor (926-32212) 

Goat Anti-Rat IRDye® 

800CW 

1:30,000 Li-Cor (926-32219) 
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Table 2.4 Experimental Conditions for Macrophage Activation 

 Medium (µl) rPHB (ng/mL) LPS (µg/mL) 

Blank 100   -- -- 

Negative Control 100  -- -- 

Positive Control 99  -- 10  

rPHB Control 99  200  -- 

Sample A 98  200  10  

Sample B 98  200 (10 hours after 

insult)  

10  
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Figure 2.3 The Griess diazotization reaction: Nitrite determination  

NO is a short-lived molecular mediator of a number of physiological processes including 

vasodilation, reduced cardiac contractility, inflammation, immunity, and thrombosis.  NO is 

rapidly converted to nitrate (NO3
-) and nitrite (NO2

-) in cells, making it hard to determine levels 

of NO in physiological systems.  The Griess diazotization reaction allows for the detection of 

NO2
-.  When sulphanilic acid is added to a solution containing NO2

- a diazonium salt is formed.  

In the presence of an azo dye, a pink color develops which can be measured 

spectrophotometrically at 548nm.  The combination of sulphanilic acid and the azo dye are the 

commercially available “Griess Reagent.” 
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Table 2.5 Nitrite secretion assay standards 

0 µg/mL  0  nM  

2.5 µg/mL 36 nM 

5.0 µg/mL 72 nM 

10 µg/mL  145 nM 

20 µg/mL 290 nM  

40 µg/mL 580 nM  
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CHAPTER THREE – Prohibitin coordinates an anti-inflammatory/antioxidant feedback 

loop from mitochondria to nucleus during inflammatory stress 

Research over the last 10 years has linked PHB to a myriad of pleiotropic effects in 

numerous cell types, resulting in its becoming a therapeutic target for cancer, inflammatory 

diseases, type-2 diabetes and neurodegenerative diseases.  Despite its promise, little is known 

and much more research needs to be done on this protein. Specifically, many questions remain 

concerning PHB’s intra- and extracellular localization and translocation in response to various 

stimuli, as location appears to be critical to determining PHB’s function.  This section of the 

dissertation will outline preliminary in vivo work that established changes in expression and 

localization of PHB in response to LPS.   Here, we addressed the hypothesis that overexpression 

of PHB, would result in increased cell viability in response to hyper-inflammatory stress (i.e. 

TNFα/IL1β exposure) by preserving mitochondrial function and suppressing oxidative stress.   

3.1 Study Design 

Male Sprague-Dawley rats (Charles River Laboratory Wilmington, MA) weighing 

between 275-300 grams (9-11 weeks old) were used in this study.  Animals’ ages and weights 

can be found in Table 3.1. Once assigned, rats were given a minimum of five days to acclimate 

to the animal facility.  A schematic representation of the experimental timeline can be found in 

figure 3.1   As described in detail in chapter two and in Figure 2.1, rats were randomized into one 

of four experimental groups: 1) Vehicle (Veh) – 550 µL IP injection of 5% dexterous water, 2) 

Low-dose 24 hours (LD24) LPS – IP injection of 0.5 mg/kg LPS in 550 µL of 5% dexterous 

water 3) High-dose 24 (HD24) LPS – IP injection of 7.5mg/kg LPS in 550 µL  of 5% dexterous 

water and 4) Low-dose 4 (LD4) LPS – IP injection of 0.5 mg/kg LPS in 550 µL of 5% dexterous 
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water.  Rats in groups one through three were euthanized 24 hours after the IP injection of LPS 

or vehicle (Veh).  Rats in group four were euthanized four hours after the IP injection of LPS.   

HL1 cardiomyocytes (HL1c) were obtained from Dr. William Claycomb.  Cells were 

exposed to 3.0 ng/mL TNFα in combination with 100 ng/mL IL1β for various times to explore 

PHB expression and localization.  Transient transfection with PHB-GFP (oPHB) and incubation 

with rPHB were utilized in HL1c to investigate mitochondrial function, oxidative stress, cytokine 

production and cytotoxicity following TNFα/IL1β exposure.   

3.2 Validation of LPS-mediated experimental models of sepsis. 

Four hours following the administration of LPS the animals were more lethargic, exhibited 

marked piloerection and appeared to have halted grooming behaviors.  Additionally, LPS treated 

animals labored to breathe and frequently their eyes became encrusted.   In order to verify that 

the doses of LPS were inducing a sepsis-like inflammatory response we examined NFκB 

transactivation in LV tissue.  We found that LPS caused a dose and time-dependent increase in 

NFκB activation.  LD4 LPS and HD24 LPS elicited a significant increase in NFκB activation, 

however the effect was gone in the LD24 LPS group (Figure 3.2A).    In addition, we 

investigated the mRNA levels of target genes under regulation of NFκB in LV tissue.  TNFα, 

IL1β and IL6 are cytokines released from macrophages in response to LPS activation of TLR4 

receptors.  These cytokines then act on their respective receptors on other cell types (ie. 

cardiomyocytes) to activate NFκB and enhance their own transcription, resulting in a feed-

forward regulatory cycle that perpetuates itself (i.e. so-called “cytokine storm”) (Figure 1.1).  

Both LD24 LPS and HD24 LPS induced an increase in TNFα and IL1β gene expression while 

LD4 LPS increased the mRNA level of all three cytokines relative to Veh (Figure 3.2B)  



 

66 

 

3.2.1 Endotoxin-mediated sepsis induces myocardial impairment  

Cardiac function was monitored using a noninvasive transthoracic echocardiography in rats 

under anesthesia.  Echocardiography was obtained at baseline, 4 hours and 24 hours after the 

injection of Veh or LPS.  LPS administration resulted in a decrease in wall thickening at 4 hours 

in both LD24 LPS and HD24 LPS, which remained significantly decreased at 24 hours in HD24 

LPS.  The decrease in wall thickening corresponded to increased left ventricular end-systolic 

diameter (LVeSD) at 4 hours in both dose groups and significantly decreased left ventricular 

end-diastolic diameter (LVeDD) at 4 hours in the high dose group and 24 hours in both dose 

groups (Table 3.1).  There were no significant differences in the baselines of LPS injected and 

Veh injected animals.  Using the dimensional measurements, parameters of cardiac function 

were calculated.  Veh injected animals had no significant changes in heart rate (HR), stroke 

volume (SV), fractional shortening (FS), ejection fraction (EF) or cardiac index (CI) across the 

time points.  As expected, HR significantly increased in the HD24 LPS group, 19.4 ±11% and 

18.8 ± 7% and 13.5 ± 6% and 15.1 ± 6% in the LD24 LPS group at 4 and 24 hours, respectively 

(Table 3.1).  Additionally EF, which is the percentage of blood pumped out of the heart with 

each cardiac cycle, was significantly reduced by 21.3 ± 6% and 12.0 ± 7% in HD24 LPS animals 

at 4 and 24 hours, respectively and 22.2 ± 8% in LD24 LPS animals at 4 hours (Figure 3.3A).   

FS, an index used to calculate contractile function of the heart, is the ratio of LVeDD to LVeSD.  

In a pattern similar to EF, FS was reduced by 29.7 ± 9% and 20.0 ± 10% in HD24 LPS animals 

at 4 and 24 hours, respectively and 32.7 ± 9% in LD24 LPS animals at 4 hours (Figure 3.3B).   

CI is a hemodynamic measurement that related cardiac output to bodyweight, resulting in a 

measure of cardiac performance relative to the size of the animal.  CI was reduced at four hours 

in HD24 LPS and LD24 LPS animals.  The reduction in CI was sustained in the HD24 LPS 
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animals, but returned to baseline in the LD24 LPS animals (Figure 3.3C).  Representative m-

mode echocardiographic traces comparing a Veh and HD24 LPS animal four hours following 

LPS administration shows a substantial decrease in cardiac contractility (Figure 3.4) 

3.2.2 Endotoxin-mediated sepsis induces mitochondrial dysfunction  

As a common feature of severe sepsis, mitochondrial dysfunction (reviewed in (Exline and 

Crouser, 2008; Harrois et al., 2009; Galley, 2011)), has been linked to both severity and outcome 

(Brealey et al., 2002; Garrabou et al., 2012) of the disease in patients.  Using permeabilized LV 

muscle fibers we examined mitochondrial respiration supported by the  tricarboxylic acid (TCA) 

cycle and fatty-acid substrates.  Shown in Figure 3.5 is a representative overlap of ADP-

stimulated O2 consumption in permeabilized LV muscle fibers from a Veh animal (red) and a 

HD24LPS animal (green) in response to substrates from the TCA cycle.  Permeabilized fibers in 

the absence of substrate (deFB) were added to  respiration medium in the presence of 20 mM 

creatine (in order to saturate creatine kinase).  The chamber was hyperoxygenated to an O2 

tension of ~400 nmol/mL and respiratory substrates were added as indicated.   

There were no differences in basal mitochondrial O2 respiration (mO2) supported by 

carbohydrate-based complex I substrates, pyruvate and malate (P/M), suggesting there was no 

difference in mitochondrial content between the LV fiber bundles (Figure 3.6A).  Additionally, 

there was no difference in the respiratory control ratio (RCR), a measure of mitochondrial 

coupling, between groups (Figure 3.6B).  LPS caused a significant reduction in ADP-stimulated 

state-3 mO2 supported by P/M (P/MADP) in HD24 LPS animals and trended towards a decrease in 

LD24 LPS animals (P=0.0514) (Figure 3.6A).   When succinate (S) is added, driving maximal 

mO2 through both complex I and II (P/M+S ADP), the LPS-mediated reduction in ADP-stimulated 
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respiration was sustained (Figure 3.6A).  Complex II-only mO2 was assessed using rotenone to 

inhibit complex I.  In line with the literature on mitochondrial dysfunction in sepsis (Brealey et 

al., 2002; Protti et al., 2007), we found no differences in complex II (SADP) stimulated mO2 

(Figure 3.6A).  This suggests that complex I is responsible for LPS-induced decreases in 

mitochondrial O2 consumption.    There was no difference between the LD4 LPS and Veh 

animals.  LPS did not cause any change in basal fatty–acid respiration driven by pamitoyl-

carnitine + malate (PC+M).  However, ADP-stimulated mO2 supported by PC+M (PC+MADP) 

was reduced in all animals exposed to LPS (Figure 3.6C).   

Sepsis is associated with the development of oxidative stress. ROS/RNS from the 

mitochondria are important for the host  response to infection (Fang, 2004), however, in excess 

they also exacerbate organ injury (Crimi et al., 2006).  Thus we sought to determine if 

mitochondrial ROS emission (mH2O2) was elevated in rats in response to LPS.  Mitochondrial 

H2O2 emission was measured under continuous submaximal phosphorylating state, in the 

presence of glucose, hexokinase and ADP, to more closely model physiological conditions.  In 

the presence of P/M, HD24 LPS rats had a significant increase in mH2O2 (Figure 3.6D).  Upon 

addition of S, all LPS treated groups demonstrated an increase mH2O2.  .   

3.3 LPS induces changes in cardiac PHB expression and localization in vivo 

Recent evidence suggesting a protective role for PHB in oxidative stress (Liu et al., 2009; 

Lee et al., 2010) and inflammation (Theiss et al., 2009a) led us to investigate cardiac PHB during 

sepsis. Figure 3.7 A & C show representative western blots of whole heart homogenate and 

nuclear protein analyzed for both PHB and β-Actin or TATA, respectively.  PHB protein levels 

significantly decreased (p<0.05) in whole hearts of both LD24 LPS (-50%) and HD24 LPS (-
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75%) animals compared to Veh (Figure 3.7B).  Under normal physiological conditions, PHB is 

localized to the mitochondria.  Interestingly, in both LD24LPS and HD24LPS, nuclear 

expression of PHB increased (p<0.05) ~140% and ~290% (Figure 3.7 D), respectively with no 

significant change in mitochondrial PHB expression. 

PHB  has been reported to be released from adipocytes into circulation embedded in lipid 

droplets (Brasaemle et al., 2004), and  has also been reported to be detectable in the serum of 

cancer patients (Mengwasser et al., 2004), leading us to investigate PHB levels in circulation 

during sepsis. Blood was drawn from the tail vein of rats in each experimental group during the 

time-points shown in Figure 3.1. To our surprise, serum levels of PHB spiked ~2 and 3-fold as 

early as four hours following the induction of sepsis in LD24 LPS and HD24 LPS, respectively.  

Serum levels remained significantly (p<0.05) elevated at 12 hours in both dose groups and at 24 

hours in the HD24 LPS animals (Figure 3.8).       

3.4 Development and characterization of in vitro model of severe inflammatory stress 

 As discussed in detail in section 1.1 and 1.2.1, LPS acts on TLRs in immune cells to 

trigger the release of proinflammatory cytokines.  These proinflammatory cytokines then act on 

their respective receptors on the same immune cells or surrounding cells to activate a feed 

forward mechanism through activation of NFκB.  TNFα and IL1β, two proinflammatory 

cytokines released in response to LPS, are known to act synergistically (Kuldo et al., 2005) on 

NFκB activation.  We examined p65 nuclear translocation and gene expression of NFκB target 

genes in response to increasing doses of a cocktail of TNFα and IL1β.  Doses ranging from 0.003 

ng/mL TNFα and 0.1 ng/mL IL1β to 3.0 ng/mL TNFα and 100 ng/mL IL1β were incubated  with 

HL1c for four hours. Following exposure, we performed subcellular fractionation to isolate the 
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cytosol, mitochondria and nuclear compartments, in addition to isolating RNA.   We observed 

that TNFα/IL1β cocktail dose-dependently increased the amount of nuclear p65 (Figure 3.9).  

Additionally, we also examined the mRNA expression of four target genes under regulation of 

NFκB: TNFα, IL1β, IL6 and iNOS.  Similarly to the p65 nuclear translocation data, increasing 

concentrations of TNFα/IL1β caused an increase in the gene expression of all four target genes 

compared to Veh-treated cells (Figure 3.10 A-D).    These experiments validated using 3.0 

ng/mL TNFα and 100 ng/mL IL1β as cytokine cocktail in all subsequent in vitro experiments.   

3.5 In vitro localization of endogenous PHB 

 PHB1 subcellular translocation in response to TNFα/IL1β was examined using 

immunocytochemistry in HL1c.   Organelles and endogenous PHB were visualized using Draq5 

(nuclear DNA shown in blue, 650/680nm ex/em), MitoTracker® Red CMXRos (mitochondria 

shown in red, 579/599nm ex/em) and FITC (PHB, shown in green, 492/520nm ex/em).  Changes 

in localization were quantified using Pearson’s coefficient, which measures the overlapping 

pixels from different fluorescent channels.  Confluent HLlc were treated with a cocktail of 3.0 

ng/mL TNFα and 100 ng/mL IL1β for 24 hours.  Figure 3.11 shows representative confocal 

images following various treatments. HL1c exposed to TNFα/IL1β showed a significant increase 

in nuclear localization of PHB, whereas untreated cells showed mitochondrial localization of 

PHB (Figure 3.12).  To examine the trigger of PHB translocation HL1c were pretreated with 

400nM MitoQ, a mitochondrial specific antioxidant, and 10 μM MnTMPyP, a cytosolic-specific 

ROS scavenger.  MitoQ attenuated the translocation induced by TNFα/IL1β, while MnTMPyP 

had no effect (Figure 3.12).  To investigate whether PHB translocation was dependent on 

specific mitochondrial complex inhibition, we stressed the cells with other stimuli including, 
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rotenone (a mitochondrial complex 1 inhibitor), oligomycin (an inhibitor of mitochondrial F0F1-

ATPase), p-trifluoromethoxy carbonyl cyanide phenyl hydrazine (FCCP, a potent mitochondrial 

uncoupler that depolarizes mitochondrial membranes).  Rotenone, which blocks electron flow 

through NADH dehydrogenase (complex 1) has been shown to increase mitochondrial ROS and 

induce apoptosis (Li et al., 2003).  HL1c were treated with 1μM rotenone for 4 hours yielding a 

slight but significant increase in nuclear PHB (Figure 3.12).   Treatment for 4 hours with 1 

μg/mL oligomycin resulted massive loss of cell viability.  Concurrently, oligomycin treatment 

caused a significant increase in nuclear PHB (Figure 3.12).   FCCP, uncouples the components of 

the electron from the F0F1-ATPase, driving maximal respiration while depolarizing the MIM.  

FCCP treatment (1 μM for 3 hours) yielded a modest but significant increase in PHB nuclear 

localization (Figure 3.12).  Collectively, these results suggest that mitochondrial-derived ROS 

and mitochondrial membrane depolarization are important mediators of PHB nuclear 

translocation.  Recent reports have shown that exogenously added PHB can be taken up by 

cultured cells and regulate metabolism in adipocytes (Vessal et al., 2006), as well as protect 

against oxidative stress in pancreatic β cells (Lee et al., 2010).   

3.6 Overexpression of PHB in HL1c preserves mitochondrial function during severe 

inflammatory stress 

As a common feature of severe sepsis, mitochondrial dysfunction (Harrois et al., 2009) 

(Galley, 2011), has been linked to both severity and outcome (Garrabou et al., 2012) (Brealey et 

al., 2002).  PHB has been shown to protect mitochondrial ATP generation in pancreatic β-cells 

exposed to H2O2 (Lee et al., 2010), leading us to examine the impact of PHB on mitochondrial 

function in an in vitro model of sepsis.  TNFα/IL1β exposure disrupted mitochondrial function 
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similar to what was seen in rat heart following LPS challenge (Figure 3.13a and 3.5a).  Using a 

custom tandem oxi-fluorometer approach developed and validated in our laboratory (Anderson et 

al., 2011) mitochondrial ATP production and O2 consumption were measured simultaneously in 

the presence of P/M (5mM/2mM), ADPsub (200μM), ADPmax (1mM) and S (5mM).  Vector-

transfected HL1c (Vec) treated with 3/100 (ng/mL) TNFα/IL1β for 24 hours had decreased 

(p<0.05) ADP-stimulated mO2 and ATP generation (Figure 3.13 A and B).  Together these 

findings resulted in a decreased (p<0.05) P:O ratio, which is a measure of the efficiency of the 

OxPHOS (Figure 3.13C).  When PHB was overexpressed in HL1c (oPHB) treated with 3/100 

(ng/mL) TNFα/IL1β for 24 hours, mitochondrial function was completely unchanged compared 

to Vec cells.   

 Additional measurements of mitochondrial function yielded similar results.   Under ADP-

stimulated conditions supported by P/M and S, mH2O2 from Vec cells treated with TNFα/IL1β 

doubled (p<0.05) in comparison to untreated Vec cells.   This increase in TNFα/IL1β-mediated 

mH2O2 was completely blocked with oPHB (Figure 3.13D).   We investigated the mitochondrial 

permeability transition pore sensitivity to Ca2+ by determining the mitochondrial retention 

capacity for Ca2+ (mCa2+).  Consistent with the mH2O2 and OxPHOS function data, mCa2+ was 

reduced by ~60% (p<0.05) in Vec cells treated for 24 hours with 3/100 (ng/mL) TNFα/IL1β 

when compared to untreated Vec cells.  PHB overexpression prevented the TNFα/IL1β –

mediated decrease in mCa2+. (Figure 3.13E).   
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3.7 PHB mediates mRNA expression of NFκB and Nrf2 target genes during severe 

inflammatory stress  

 NFκB’s dichotomous actions have been highly debated over the past decade.  Prolonged 

activation and signaling through NFκB has been suggested to be detrimental in the heart by 

eliciting production of an elaborate network of cytokines including TNFα, IL1β, and IL6 

(Bonfoco et al., 1995; Hamid et al., 2011).  Recent reports have suggested that PHB may inhibit 

NFκB activation in colonic epithelial cells (Theiss et al., 2009a; Theiss et al., 2011).  Here, we 

investigated the impact of rPHB on the expression of NFκB target genes in an in vitro model of 

sepsis in order to determine optimal dose of rPHB for future studies.  Not surprisingly, exposure 

of HL1c to 3/100 (ng/mL) TNFα/Il1β for four hours resulted in a dramatic increase (p<0.05) in 

NFκB target genes, TNFα, IL1β, IL6, and iNOS.  In contrast, prior incubation with a range of 

rPHB doses for 16 hours prior attenuated the cytokine-mediated increase in NFκB target genes, 

with the greatest response coming with the 200 ng/mL rPHB dose.  (Figure 3.14 A-D).   

We repeated the above experiment using 200 ng/mL rPHB and with oPHB to investigate 

the potential for PHB to inhibit NFκB activated target gene expression.  oPHB and rPHB 

treatment in the absence of TNFα/Ilβ had no effect on NFκB target gene expression.  However, 

following incubation with the inflammatory cocktail for three hours, both oPHB and rPHB 

treatment completely abolished the TNFα/IL1β driven increases in TNFα, IL1β, IL6, and iNOS 

gene expression (Figure 3.15 A-D).   

We next sought to determine if PHB could up-regulate the Antioxidant Response 

Element (ARE) signaling pathway in HL1c. Theiss et al provided evidence that PHB may affect 

the Nrf2 pathway (Theiss et al., 2009b).   Nrf2 is a transcription factor that regulates the oxidant 

response by causing increased expression of a myriad of antioxidant enzymes including 



 

74 

 

glutamate-cysteine ligase (GCLC), NAD(P)H, quinine oxioreducttase 1 (NQO1), glutathione 

peroxidase 1 (Gpx1), glutathione peroxidase 4 (Gpx4), and thioredoxin reductase 2 (Trx2).  

Using cells transfected with an ARE-GFP construct rPHB treatment caused a dramatic increase 

in GFP fluorescence in presence and absence of inflammatory stimuli (Figure 3.16B).  

Interestingly, incubation with rPHB resulted in an increase (p<0.05) in all Nrf2 target genes, in 

the presence or absence of inflammatory stress while oPHB only increased GCLC and NQO1 

gene expression (Figure 3.17).   

3.8 rPHB prevents LPS-induced macrophage activation   

 Macrophages play a central role in the response of the innate immune system to infection.  

Following activation, macrophages secrete proinflammatory cytokines, prostaglandins, NO and 

ROS all of which can propagate the feed-forward regulatory cycle.  We therefore investigated 

whether rPHB treatment would prevent NO and ROS generation in LPS-activated RAW 264.7 

macrophages.  As expected LPS caused a dramatic increase in both nitrite and ROS levels.   

Remarkably, both concomitant and post-endotoxin treatment with rPHB abolished the LPS-

induced increase in nitrite (Figure 3.18A) and ROS secretion (Figure 3.18B).   

3.9 PHB protects against mitochondrial oxidative stress and cytotoxicity during severe 

inflammatory stress 

 Mitochondria are a major source of intracellular ROS, generated as a result of leakage of 

unpaired electrons from complexes I and III of the electron transport chain.  During sepsis the 

balance between pro-oxidants and antioxidants favors a state of oxidative stress, resulting in 

overproduction of ROS, depletion of antioxidant systems, cellular damage and cell death 

(Svistunenko et al., 2006; Vanasco et al., 2008).  We sought to determine if the NFκB inhibition 
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and Nrf2 activation induced by rPHB or oPHB would result in reduced oxidative stress using 

immunocytochemsitry and MitoSox™Red (510/580 nm ex/em).  Figure 3.19A shows 

representative images of MitoSox™Red staining in HL1c.  As expected, TNFα/IL1β treatment 

caused a significant (p<0.05) increase in MitoSox™Red fluorescence (Figure 3.19B).  In 

contrast, oPHB prevented the TNFα/IL1β-mediated increase in MitoSox fluorescence.   In 

addition, incubation for 16 hours with rPHB blunted the TNFα/IL1β-mediated increase in 

(p<0.05) MitoSox™Red fluorescence when compared to untreated Vec cells  

Dysfunctional mitochondria can be fatal to the cell through programmed breakdown of 

the cell into apoptotic bodies or ATP depletion, which promotes necrotic cell death (Vanasco et 

al., 2008).  During either necrotic or apoptotic cell death LDH is lost to the culture media 

following loss of plasma membrane integrity and therefore can be used as an early indicator of 

cytotoxicity.  We used LDH release to determine if PHB could confer cytoprotection during 

cytokine toxicity.  Exposure of Vec cells to 3/100 (ng/mL) TNFα/IL1β for 24 hours caused a 

~40% increase (p<0.05) in cell death.  This increase was completely abolished with oPHB or 

incubation of rPHB 16 hours prior to the start of treatment (Figure 3.20).  Interestingly, 

incubation of rPHB six hours following the beginning of the treatment substantially attenuated 

(p<0.05) cytotoxicity as well, implicating a potential ‘rescue’ effect of PHB in this context 

(Figure 3.19).   



 

76 

 

 



 

77 

 

Figure 3.1 Schematic representation of the study design.   

24 hour time-course of sepsis in rats.   
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Figure 3.2 LPS-induces rapid time and does-dependent inflammatory response. 

A, Quantified level of NFκB transactivation in the nuclear compartment of LV myofibers.  LPS 

induced a rapid, time and dose-dependent increase in NFκB activation.  B. Gene expression of 

targets under regulation of NFκB.  LPS induced a rapid, time and dose-dependent increase in 

gene expression of targets known to be under direct regulation of NFκB.  Data are represented as 

means ± SEM, N=3-6, * P<0.05 vs. Veh, € P<0.05 vs. LD4LPS, ¥ P<0.05 vs. LD24LPS 
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Table 3.1  In vivo cardiovascular changes induced by LPS  

Echocardiography was preformed on rats under ansthesia before (baseline), 4 and 24 hours 

following administration of LPS.  Two-way repeated measures (RM) ANOVA was found to be 

statistically significant.    Data shown are mean ± SEM from M-mode images, N=3-6, * P<0.05 

vs. Veh. 
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Figure 3.3 Effect of LPS administration of cardiovascular function in vivo 

LPS-mediates a rapid reduction in ejection fraction (A), fractional shortening (B), and cardiac 

index (C) in anesthetized rats.  Two-way repeated measures (RM) ANOVA was found to be 

statistically significant.    Data shown are mean ± SEM from M-mode images, N=3-6, * P<0.05 

vs. Veh 
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Figure 3.4 Representative M-mode echocardiography traces.   

Representative m-mode echocardiography traces obtained using a Visualsonics Vevo 2100 

ultrasound machine of a Veh (A) animal and a HD24LPS (B) animal four hours following the 

administration of LPS or Veh.   
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Figure 3.5 Overlay of representative mO2 traces 

Representative raw trace of  the rate of ADP-stimulated O2 consumption over-laid to highlight 

the LPS-mediated decrease in mO2 consumption in permeabilized LV myofibers from a Veh 

animal (red) and a HD24LPS animal (green) in response to substrates from the TCA cycle.   
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Figure 3.6 LPS-mediates complex specific mitochondrial dysfunction 

A, Quantified rates of pyruvate-supported respiration in permeabilized LV myofibers from Veh 

and LPS exposed rats.  LPS administration decreased complex I driven mO2.  B, Calculated RCR 

shows no difference in mitochondrial coupling. C, Quantified rates of fatty-acid supported mO2.  

D, Quantified rates of mitochondrial oxidant emitting potential during respiration supported by 

carbohydrate-based substrates.  Data are expressed as means ± SEM, n=3=6, * P<0.05 vs. Veh 
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Figure 3.7 LPS alters PHB expression and localization in LV muscle 

Representative immunoblot (A) and fold-change quantified using relative density (B) of whole 

heart PHB expression normalized to β-Actin expression.  Representative immunoblot (C) and 

fold-change quantified using relative density (D) of nuclear PHB expression normalized to 

TATA expression.  Data are expressed as means ± SEM, n=3=6, * P<0.05 vs. Veh, ¥ P<0.05 vs. 

LD24LPS 
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Figure 3.8 Effect of LPS administration on circulating levels of PHB 

LPS administration caused a spike in circulating PHB expression.  Two-way repeated measures 

(RM) ANOVA was found to be statistically significant.  Data are expressed as means ± SEM, 

n=3=6, * P<0.05 vs. Veh 



 

94 

 

 

 



 

95 

 

Figure 3.9 TNFα/IL1β induced dose-dependent nuclear translocation of p65. 

Ratio of the relative density of nuclear p65 to cytosolic 65 following exposure of HL1c to 

increasing concentration of a TNFα/IL1β cocktail for four hours.  Increasing the dose of 

TNFα/IL1β resulted in a greater portion of nuclear p65.  Data are expressed as means. These 

results are a composite of repeated experiments with each cytokine dose.   



 

96 

 

 

 



 

97 

 

Figure 3.10 TNFα/IL1β induced increased transcription of NFκB target genes.   

Real-time PCR analysis of targets downstream of NFκB activation in response to increasing 

doses of TNFα/IL1β. Increasing the dose of TNFα/IL1β resulted in increased gene expression of 

targets down stream of NFκB.  The doses of TNFα and IL1β were 0.003/0.1, 0.01/0.3, 0.03/1.0, 

0.1/3.0, 0.3/10, 1.0/30, 3.0/100 ng/mL.  Data are expressed at means ± SEM, n=3, *P<0.05 vs. 

Veh. 
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Figure 3.11 Triggers of PHB nuclear translocation.  

Representative confocal images demonstrating endogenous PHB localization in response to 

various stimuli.  Draq5, blue nuclear stain, MitoTracker Red CMX, red mitochondrial stain, 

FITC, green endogenous PHB.  60X magnification, scale bars are 20μm.   
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Figure 3.12 Fraction of nuclear localized PHB.   

Quantified fraction of nuclear PHB localization using mean intensity per cell.  Mitochondrial 

derived ROS and MIM depolarization appear to be a trigger for PHB nuclear translocation.  Data 

are expressed at means ± SEM.  N=25-30, *P<0.05 vs. Vec 
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Figure 3.13 oPHB preserves mitochondrial function following TNFα/IL1β inflammatory insult. 

A, Quantified rates of pyruvate-supported respiration in permeabilized  Vec and oPHB 

transfected HL1c in the presence and absence of TNFα/IL1β.  B, ATP generation was driven by 

a progressive titration of ADP (B shown 500µM ADP) and peaked between 200µM and 1mM 

ADP.  Measurements of respiratory capacity and ATP generation allow us to calculate the P:O 

ratio, which is a measure of the efficiency of OxPHOS (C).  D, Quantified rates of mitochondrial 

oxidant emitting potential during respiration supported by carbohydrate-based substrates. E, 

Quantified amount of total mitochondrial Ca2+ retained before opening of mitochondrial 

permeability transition pore (mPTP). F, Calculated RCR shows no difference in mitochondrial 

coupling Data are expressed as means ± SEM, n=3=6, * P<0.05 vs. Veh
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Figure 3.14 rPHB effects TNFα/IL1β-induced up-regulation of NFκB target gene expression 

rPHB has varying effects on quantified gene expression of NFκB targets following activation 

with TNFα/IL1β.  Data are expressed at means ± SEM, n=4-6, *P<0.05 vs. Vec, ¥P<0.05 vs. 

TNFα/IL1β 
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Figure 3.15 rPHB and oPHB attenuate NFκB driven gene expression 

rPHB and oPHB attenuate quantified gene expression of NFκB targets following exposure to 

TNFα/IL1β for three hours.  Data are expressed at means ± SEM, n=6, *P<0.05 vs. Vec, 

¥P<0.05 vs. TNFα/IL1β 
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Figure 3.16 rPHB activates the antioxidant response element (ARE). 

A, Representative bright field and ARE driven GFP fluorescent images. Scale bars are 200μm.  

B, Quantified mean GFP fluorescent intensity.  rPHB drives activation of the ARE in the 

presence and absence of TNFα/IL1β.  Data expressed at means ± SEM. N=6, *P<0.05 vs ARE 

Only 
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Figure 3.17 PHB activates Nrf2 to increased gene transcription. 

A, Quantified level of Nrf2 transactivation in the nuclear compartment of HL1c.  oPHB induced 

increase in Nfr2 activation. B, Quantified gene expression of Nrf2 targets with rPHB treatment 

and oPHB in the presence and absence of TNFα/IL1β induced inflammatory stress.  Data are 

expressed as means ± SEM.  N=6-7, *P<0.05 vs. Vec 
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Figure 3.18 rPHB treatment suppresses LPS-activation of macrophage. 

A,   Concomitant and post-endotoxin rPHB treatment abolished NO secretion by LPS-activated 

RAW 264.7 macrophages.  B, Concomitant and post-endotoxin rPHB treatment abolished ROS 

secretion by LPS-activated RAW 264.7 macrophages.  Data are expressed as means ± SEM, 

N=8-16, * P<0.05 vs.  Control. 
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Figure 3.19 PHB abolishes TNFα/IL1β induced oxidative stress. 

A, Representative images of MitoSox™ Red staining in HL1c with and without six hours of 

TNFα/IL1β treatment.  Scale bars are 200μm.  B, Quantified mean MitoSox™ Red fluorescent 

intensity.  oPHB abolishes the TNFα/IL1β-mediated increase in oxidative stress as measured by 

MitoSox™ Red staining.  rPHB attenuates TNFα/IL1β induced oxidative stress.  Data expressed 

at means ± SEM. N=6, *P<0.05 vs Vec, ¥ P<0.05 vs. TNFα/IL1β. 
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Figure 3.20 1 PHB prevents TNFα/IL1β induced cell death.  

Percent cell death quantified using lactate dehydrogenase assay. HL1c are treated for 24 hours 

with TNFα/IL1β.  oPHB and pretreatment with rPHB completely abolish TNFα/IL1β induced 

cell death.  Treating cell with rPHB 6 hours after the exposure to TNFα/IL1β attenuates cell 

death.  Data are expressed at means ± SEM.  N=4-6, * P<0.05 vs. Vec, ¥ P<0.05 vs. TNFα/IL1β 
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CHAPTER FOUR – Recombinant PHB treatment attenuates LPS-induced systemic 

inflammation and cardiomyopathy.  

Sepsis is characterized by the excessive production of inflammatory cytokines leading to 

alterations in cardiac mitochondria and collapse in cardiac function.  Currently there are no 

therapies to prevent sepsis-induced cardiomyopathy.  In the experiments described in the 

preceding chapter we described how PHB induces a broad anti-inflammatory/antioxidant 

response in macrophages and cardiomyocytes, while also preserving mitochondrial function 

during exposure to elevated cytokines in cardiomyocytes.   Here, we moved to an in vivo model 

and tested the hypothesis that cytokine generation and inflammatory signaling induced by LPS 

challenge would be suppressed by rPHB treatment, mediated by Nrf2, leading to protection of 

cardiac mitochondria  and recovery of cardiac function.   

4.1 Study Design 

C57 Black 6 (C57B/6) mice from Charles River Laboratory and Nrf2KO mice (a kind 

gift from Dr. Thomas Kensler) were used in this study to test the hypothesis that rPHB confers 

cardioprotection by attenuating inflammatory signaling and cytokine production during  

endotoxic shock induced by LPS challenge.  Animals’ ages and weights can be found in Table 

4.1 Mice were randomly assigned to one of the following experimental groups: 1) WT Vehicle 2) 

WT rPHB Only 3) WT LPS Only 4)WT rPHB+LPS 5) Nrf2KO Vehicle 6) Nrf2KO LPS Only or 

7) Nrf2KO rPHB+LPS.  Once assigned, mice were given a minimum of five days to acclimate to 

the animal facility.  A schematic representation of the experimental timeline can be found in 

figure 4.1   Baseline echocardiograms were recorded immediately prior LPS or Veh injection (all 

echocardiograms were recorded under anesthesia).  LPS (12 mg/kg), resuspendend in 5% 

dextrose water, was given IP to animals in groups 3, 4, 6, and 7, while animals in groups 1, 2, 
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and 5 received an IP injection of 5% dextrose water.  Two hours following the LPS or Veh 

injection, animals in groups 2, 4, and 7 received their first of three IP injection of 200 ng/mL 

rPHB  (the amount of rPHB given was adjusted based off the animals estimated circulating blood 

volume (NC3Rs))  the subsequent rPHB injections were given at 8 hours and 14 hours post LPS 

injection.  Animals in the remaining groups were given IP injections of saline along the same 

timeline described for rPHB injections.  Echocardiograms were taken at 4, 8 and 14 hours post 

LPS/Veh injection (for the 8 and 14 hour time points’ rPHB or Sal was given after the 

completion of the echocardiogram).  Animals were euthanized at 16 hours post LPS/Veh 

injection using a sublethal dose of ketamine/xylazine followed by exsanguination and 

decapitation.  Critical organs were immediately dissected and processed according to procedures 

described thoroughly in Chapter 2. 

4.2 rPHB attenuated LPS-induced inflammation in vivo 

To determine whether LPS caused changes in PHB expression and localization, we 

examined whole heart and nuclear PHB levels via western blotting.  In contrast to what we saw 

in the rats and HL1c, LPS caused no significant change in whole heart or nuclear PHB 

expression (data not shown).  However, similar to what we saw in the rats, LPS caused a sharp 

increase in circulating PHB (Figure 4.2).  There was no difference between the circulating levels 

of PHB in the WT-Veh and Nrf2KO-Veh animals.  Four hours following LPS exposure, 

circulating levels of PHB were elevated 8-fold in WT-LPS and WT-rPHB+LPS animals.  Mice 

receiving rPHB alone also had substantially higher serum PHB.  To our surprise, LPS had no 

effect on serum PHB levels in Nrf2KO animals at 4 hours following LPS exposure (Figure 4.2).  

Interestingly though, 16 hours following LPS exposure all groups, including the Nrf2KO mice, 
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showed a significant increase in serum PHB levels.  These data suggest that Nrf2 may be critical 

for the early release of PHB into circulation.   

Inflammation is a major component of sepsis and suppression of the inflammatory 

response has been proposed as a therapeutic approach.  Here we sought to determine whether 

rPHB treatment suppressed LPS driven systemic inflammation in vivo by measuring levels of 

circulating proinflammatory cytokines IL6 and TNFα following LPS +/- rPHB injection. LPS 

caused a dramatic increase in these cytokines in both WT and Nrf2KO mice (Figure 4.3A).  

rPHB treatment in WT mice two hours after LPS  challenge attenuated the LPS-induced spike in 

serum IL6 at 4 hours post-LPS challenge.  However, rPHB had no effect on circulating IL6 

levels in Nrf2KO mice (Figure 4.3A) at 4 hours post-LPS challenge.  Similarly, the level of 

circulating TNFα in Veh animals was below the detection level while, rPHB only and Nrf2KO 

Veh animals had serum TNFα levels below 100 pg/mL (Figure 4.3B).  LPS treatment increased 

the circulating levels of TNFα to nearly 1,000 pg/mL in WT mice and 800 pg/mL in Nrf2KO 

mice.  rPHB treatment in WT mice attenuated the spike in serum TNFα level in response to LPS.   

Interestingly, rPHB caused a greater reduction in circulating TNFα levels in Nrf2KO mice than 

in WT mice, while the effect on TNFα appears to be independent of Nrf2.   

Echocardiography has been commonly used to characterize sepsis-related cardiac 

dysfunction (Ramana et al., 2006; Zang et al., 2012; Drosatos et al., 2013).  To determine if 

rPHB could rescue cardiac dysfunction associated with systemic inflammation, we preformed 

serial echocardiography on anesthetized mice.  All cardiac function parameters were calculated 

from M-mode tracings (Figure 4.4).  Four hours after LPS injection, LVeSD was increased by 

nearly 40% in WT mice and 25% in Nrf2KO mice.  This increase was sustained at 8 hours in 
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WT and Nrf2KO mice and at 14 hours in WT mice, indicating a decrease in cardiac contractility 

(Table 4.1).  Treatment with rPHB following LPS administration restored cardiac contractility.  

Fractional shortening (FS%) is the ratio between the diameter of the heart during systole and 

diastole and measure the pump function of the heart.  Following four hours of LPS exposure, 

FS% is reduced by ~50% (Figure 4.5A).  A similar decrease was observed in mice treated with 

LPS and rPHB at 4 hours post-LPS challenge; however, 14 hours after LPS treatment, rPHB 

treated mice showed complete recovery of FS compared to mice treated with LPS alone (Figure 

4.5A).   In Nrf2KO mice, LPS reduced FS to similar degree as WT.  rPHB treatment in Nrf2 KO 

mice following LPS resulted in a similar decrease at four hours as WT, however at 8 hours Nrf2 

KO mice demonstrated significant recovery compared to mice treated with only LPS (Figure 

4.5B).  These findings are the first to demonstrate that rPHB attenuates LPS-mediated systolic 

dysfunction.   

4.3 rPHB suppresses LPS-induced NFκB and STAT3 activation in heart. 

 In order to determine whether rPHB would mitigate LPS-induced NFκB or STAT3 

activation and subsequent cytokine production in the heart, we compared nuclear p65 and 

phospho-STAT3 (pSTAT3) activation and proinflammatory cytokines mRNA levels in 

myocardial tissue from mice that were treated with LPS alone or rPHB+LPS for four hours.  LPS 

caused a four-fold increase in NFκB nuclear activation in WT and Nrf2KO hearts (Figure 4.6B).   

Similarly, LPS induced a ten-fold and seven fold increase in STAT3 activation, demonstrated by 

nuclear pSTAT3, in WT and Nrf2KO mice respectively (Figure 4.6C).  Treatment of mice with 

rPHB two hours following LPS administration yielded suppression of NFκB and STAT3 

activation, which occurred to equivalent extent in both WT and Nrf2 KO mice (Figures 4.6 B-C).   



 

122 

 

 NFκB and STAT3 are both transcription factors that regulate the production of cytokines 

(Figure 1.1 and 1.2).  Therefore, we examined the effect of rPHB on cytokine production in 

myocardium following four hours after LPS administration.  As expected, LPS caused a marked 

increase in IL1β, IL6, and TNFα gene expression (Figure 4.7A-C).  LPS caused a significantly 

higher induction of IL1β and IL6 (Figure 4.7A and B) in Nrf2KO mice.  Treatment with rPHB 

two hours following LPS administration abolished LPS induced increases in IL1β, IL6, and 

TNFα gene expression in WT mice.  rPHB treatment in Nrf2KO mice attenuated LPS-induced 

increases in IL1β, IL6, and TNFα (Figure 4.7A-C).  These data suggest that rPHB suppresses 

activation of NFκB and STAT3 in heart following LPS challenge, thus attenuating the 

production of their downstream gene targets. 

The mechanisms by which sepsis-related cardiac dysfunction develops remain 

incompletely understood.  Clinical evidence has provided insight into a potential role for the 

endogenous potent vasodilator nitric oxide (NO) in the pathogenesis of sepsis-induced cardiac 

dysfunction (Avontuur et al., 1998; Flynn et al., 2010).  NO synthesis occurs via three isoforms. 

Constitutive enzymes responsible for NO production include, endothelial cell derived nitric 

oxide synthase (eNOS) and neuronal derived nitric oxide synthase (nNOS).  Under conditions of 

stress, including sepsis, inducible nitric oxide synthase (iNOS) leads to the production of large 

amounts of NO.  To determine whether rPHB attenuates LPS-induced myocardial iNOS 

expression, we investigated the iNOS protein (Figure 4.8A) and mRNA expression in the 

myocardium following four hours of LPS exposure in the presence and absence of rPHB.  As 

expected, LPS induced a four-fold increase in iNOS expression in WT mice (Figure 4.8B).  

Treatment with rPHB two hours following LPS administration completely abolished the LPS-

induced increase in iNOS protein expression (Figure 4.8B).  No significant increase in iNOS 
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expression was observed in Nrf2KO mice following LPS exposure, and Nrf2KO mice treated 

with rPHB two hours following LPS administration showed a significant increase in iNOS 

protein expression compared to Nrf2KO–Veh mice (Figure 4.8B).   A four-fold and six-fold 

increase in iNOS mRNA levels in WT and Nrf2KO mice respectively, was observed at 4 hours 

post-LPS challenge (Figure 4.8C).  rPHB treatment in WT mice completely abolished the LPS-

induced increase in iNOS mRNA, while in Nrf2KO mice rPHB partially reversed the LPS-

induced increase in iNOS mRNA (Figure 4.8C).  LPS exposure for four hours did not increase 

nitrosylation of tyrosine residues  in cardiac  homogenate.  However, rPHB treatment suppressed 

tyrosine nitrosylation below Vehicle levels in mice treated with LPS (Figure 4.9A and B).  These 

data suggest that rPHB confers cardioprotection from LPS through suppression of myocardial 

inflammation and possibly through the inhibition iNOS expression.  Future studies will be 

explore the role of iNOS inhibition in rPHB mediated cardioprotection.   

4.4 rPHB inhibits activation of autophagy early in sepsis 

Autophagy is an adaptive response intended to recycle redundant, defective, or 

unnecessary proteins and cellular components.   These dysfunctional proteins and organelles are 

sequestered in double membrane bound vesicles called autophagosomes.  Upon delivery to 

lysosomes, the contents of the autolysosome is degraded and recycled (Mofarrahi et al., 2012) 

(Figure 1.4).   Autophagy has been implicated as an important pro-survival mechanism in late 

sepsis, critical for cellular  hibernation, where alternative energy supplies are needed to promote 

cell survival (Singer, 2008).  Activation of the TLR4 has been shown to increase activation of 

autophagy in cultured skeletal muscle cells (Doyle et al., 2011) and in vivo following LPS 

administration (Mofarrahi et al., 2012).  To determine whether rPHB mitigates LPS-induced 

activation of autophagy, we examined several genes involved with autophagosome formation.  
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LPS exposure triggered a significant increase in mRNA expression of LC3B, Lamp2a, and 

Beclin-1, with no change in p62 mRNA expression (Figure 4.10 A-D) at 4 hours.   rPHB 

treatment two hours after LPS administration resulted in a significant inhibition of autophagy 

marker mRNA expression (Figure 4.10 A-D).  In contrast to the mRNA expression, four hours of 

LPS was not sufficient to induce changes in LC3B or p62 protein (Figure 4.11 B and C).  

Interestingly, rPHB treatment following LPS administration appeared to increase LC3B protein 

expression, however it was not statistically significant (p=0.061) (Figure 4.11 A and B).   

4.5 rPHB protects mitochondrial function in heart during endotoxic shock 

 Mitochondrial dysfunction has been implicated in the pathogenesis of sepsis-associated 

multiple organ dysfunction.  Functional deficiency, characterized by decreased oxidative 

phosphorylation (OxPhos), and excessive production of mitochondrial derived ROS/RNS are 

commonly recognized as mediators of MODS (Crouser, 2004; Exline and Crouser, 2008).   

Mitochondrial dysfunction in tissue samples taken from septic patients in the ICU has been 

associated with poor prognosis and death (Brealey et al., 2002).  To determine if rPHB could 

preserve mitochondrial function during sepsis, we compared mitochondrial oxygen consumption 

(mO2), mitochondrial ATP generation (mATP), and mitochondrial oxidant emitting potential 

(mH2O2) in mice 16 hours following LPS challenge, with and without subsequent rPHB 

treatment.  As expected, LPS administration had a moderate but significant deleterious effect on 

mO2 in WT mice, reducing ADP-stimulated respiration by ~30% compared to Veh-treated mice 

(Figure 4.12A).  rPHB treatment was unable to rescue the LPS-induced decrease in mO2 (Figure 

4.12 A).  In contrast, mATP was significantly decreased by LPS administration in both WT and 

Nrf2KO mice, and treatment with rPHB preserved mATP in mice treated with LPS in both WT 

and Nrf2KO mice (Figure 4.12 B).  Simultaneous measurement of mO2 and mATP allows us to 
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calculate the P:O ratio,  the ratio of the number of ATP  produced per oxygen consumed, which 

is a measure of mitochondrial OxPhos efficiency.  Treatment with rPHB in both WT and 

Nrf2KO mice exposed to LPS resulted in preserved P:O ratio (Figure 4.12 C).  The respiratory 

control ratio (RCR), which is a measure of mitochondrial coupling, was not different between 

groups, indicating that uncoupling of OxPhos was not likely to be the cause of the differences 

seen (Figure 4.12 D).  Surprisingly, LPS or rPHB+LPS treatment did not yield significant 

changes in mH2O2 in either WT or Nrf2KO mice (data not shown).  Collectively, these data 

suggest that rPHB mediated mitochondrial protection by preserving mATP generation capacity 

and mitochondrial OxPhos efficiency during LPS challenge. 
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Figure 4.1 Schematic representation of study design. 

Sixteen hour time-course of sepsis in WT and Nrf2KO mice. 
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Figure 4.2 Serum PHB spikes in a time-dependent manner following administration of LPS. 

LPS induces a rapid (≤ 4 hours) increase in circulating PHB which is dependent on Nrf2 (solid 

bars). Serum PHB level remain elevated 16 hours following LPS administration, with greater 

elevation in the WT LPS+rPHB mice (Stripped bars). There was no significant difference 

between WT sham and Nrf2KO sham, therefore they were grouped into one sham column. Data 

are expressed at means ± SEM.  N=3-6, *P<0.05 vs. WT Vehicle, ¥ P<0.05 vs. WT LPS Only 

16hr 
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Figure 4.3 rPHB administration attenuates circulating cytokines in LPS treated mice.   

A. IL6 production was significantly reduced by an IP injection of rPHB (200ng/mL) two hours 

after LPS administration in WT mice treated LPS for four hours.  However, no change of IL6 

production was detected in Nrf2KO mice.  B.  Increased circulating TNFα levels were attenuated 

by an IP injection of rPHB (200ng/mL) two hours following LPS administration in both WT and 

Nrf2KO mice treated with LPS for four hours. Data are expressed at means ± SEM. N=3, * 

P<0.05 vs. WT Vechile, ¥ P<0.05 vs. WT LPS Only, ҩ P<0.05 vs WT rPHB+LPS, ϛ P<0.05 vs. 

Nrf2KO Vehicle, Ϫ P<0.05 vs. Nrf2KO LPS Only 
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Figure 4.4 rPHB restores cardiac contractility. 

Representative M-mode tracing images 14 hours after LPS alone (A) and rPHB+LPS (B) in WT 

mice. 
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Table 4.1 Echocardiographic Data 

Echocardiogram was performed in anesthetized mice before LPS administration and again four, 

eight and 14 hours after LPS.  Data shown as statistical analysis of echocardiography 

measurements means ± SD.  Left-ventricle end systolic diameter (LVeSD), left-ventricle end 

diastolic diameter (LVeDD), N=4-6, * P<0.05 vs. WT Vehicle, ϛ P<0.05 vs. Nrf2KO Vehicle. 
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Figure 4.5 rPHB improves recovery from LPS-mediated decrease in fractional shortening. 

A, IP injection of LPS resulted in decreased FS%, as determined by M-mode echocardiographic 

tracings, as early as four hours after LPS in WT mice.  rPHB treatment resulted in recovery of 

FS% by 14 hours in WT mice.  B, IP injection of LPS resulted in decreased FS%, as determined 

by M-mode echocardiographic tracings, as early as four hours after LPS in Nrf2KO mice.  rPHB 

treatment resulted in recovery of FS% by 8 hours in Nrf2KO mice.  Data are expressed as means 

± SEM, N=4-6, * P<0.05 vs. WT Vehicle, ϛ P<0.05 vs. Nrf2KO Vehicle. 
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Figure 4.6 rPHB attenuated LPS-induced NFκB and STAT3 activation independent of Nrf2. 

Mice given an IP injection of LPS or Veh followed two hours later with an IP injection of rPHB 

(200 ng/mL) or saline. A. Representative immunoblots of p65 and pSAT3 in isolated nuclei 4 

hours following LPS administration.  B.  Quantified fold-change in p65 nuclear expression with 

respect to the genotype sham.  C. Quantified fold-change of pSTAT3 nuclear expression with 

respect to the genotype sham.  Data are expressed as means ± SEM. N=3, * P<0.05 vs. WT 

Vehicle, ¥ P<0.05 vs. WT LPS Only, ҩ P<0.05 vs. WT rPHB+LPS, ϛ P<0.05 vs. Nrf2KO 

Vehicle, Ϫ P<0.05 vs. Nrf2KO LPS Only 
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Figure 4.7 rPHB prevention LPS-driven cytokine production in cardiomyocytes partially 

dependent of Nrf2.  

Following two hours of LPS or Veh administration, mice were given rPHB (200 ng/mL) or 

saline.  Four hours of LPS induced a dramatic increase in IL1β (A), IL6 (B) and TNFα (C) gene 

expression which was completely abolished in WT animals receiving rPHB and partially 

inhibited in Nrf2KO animals receiving rPHB.  Data are expressed at means ± SEM.  N=3-4, * 

P<0.05 vs. WT Vehicle, ¥ P<0.05 vs. WT LPS Only, ҩ P<0.05 vs. WT rPHB+LPS, ϛ P<0.05 vs. 

Nrf2KO Vehicle, Ϫ P<0.05 vs. Nrf2KO LPS Only 
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Figure 4.8 rPHB attenuates iNOS gene and protein expression. 

Two hours following administration of LPS or Veh mice received their first IP injection of Flag-

tagged rPHB (200ng/mL) or saline.  Four hours of LPS induced a significant increase in iNOS 

gene and protein expression.  A. Representative immunoblots of iNOS and α-Tubulin.  B. 

Quantified fold change of iNOS expression shows that rPHB inhibits LPS-induced iNOS 

expression in an Nrf2-dependent manner.  C. Quantified fold change of iNOS gene expression 

shows rPHB inhibits LPS-induced gene expression.  Data are expressed as mean ± SEM. N=3, * 

P<0.05 vs. WT Vehicle, ¥ P<0.05 vs. WT LPS Only, ҩ P<0.05 vs. WT rPHB+LPS, ϛ P<0.05 vs. 

Nrf2KO Vehicle, Ϫ P<0.05 vs. Nrf2KO LPS Only 
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Figure 4.9 rPHB inhibition of tyrosine nitroslyatation requires Nrf2. 

Two hours following administration of LPS or Veh mice received their first IP injection of Flag-

tagged rPHB (200ng/mL) or saline.  A. Representative immunoblot of protein nitrosylation.  B. 

Quantified fold change in nitrotyrosine expression shows that four hours of LPS exposure does 

not increase tyrosine nitrosylation however, rPHB treatment in WT mice exposed to LPS yields a 

decreased in tyrosine nitrosylation, that is not seen in Nrf2KO mice.  Data are expressed as mean 

± SEM. N=3, *P<0.05 vs. WT Vehicle, ¥ P<0.05 vs. WT LPS Only 
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Figure 4.10  LPS induced upregulation of autophagy gene expression prevented by rPHB. 

Four hours of LPS caused an increase in the gene expression of common autophagy markers 

LC3B (A) and Beclin-1 (D) in both C57B6 and Nrf2KO mice and Lamp2a (C) in C57B6 mice.  

LPS induced no change in p62 gene expression.  rPHB treatment two hours after LPS 

administration abolished the increase in LC3B, Lamp2a, and beclin-1 gene expression in WT 

mice, but only abolished the LPS effect on Beclin-1 in Nrf2KO mice.  Data are expressed as 

means ± SEM.  N=3, *P<0.05 vs. WT Vehicle, ¥ P<0.05 vs. WT LPS Only, ϛ P<0.05 vs. 

Nrf2KO Vehicle 
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Figure 4.11 rPHB has no effect of protein expression of autophagy markers.  

Despite changes in gene expression, LPS caused no change in LC3B or p62 protein express four 

hours after exposure.  A. Representative immunoblots of Lc3B, p62 and α-tubulin in mice 4 

hours after LPS or Veh administration.  B.  Quantified fold-change in LC3B protein expression.  

C.  Quantified fold-change in p62 protein expression.   Data are expressed as means ± SEM.  

N=3 
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Figure 4.12 rPHB sustains ATP production in LPS exposed mice.  

A. Quantified rates of substrate supported respiration in permeabilized LV myofibers from mice 

in all groups.  LPS decreased complex I and complex II driven mO2 was not reversed with rPHB 

in WT mice.  B.  Quantified rates of complex I supported ATP generation in permeabilized LV 

myofibers from mice in all groups.  LPS administration decreased ATP generation under both 

maximal and submaximal conditions in WT and Nrf2KO mice.  C. Calculated P:O ratio.  rPHB 

significantly increased the P:O ratio in mice exposed to LPS, with no change in mice treated with 

only LPS.  LPS caused a small but significant decrease in P:O in Nrf2KO mice, that we 

abolished with rPHB.  D. Calculated RCR showed no significant differences.  Data are expressed 

as means ± SEM.  N=4-6, * P<0.05 vs. WT Vehicle, ¥ P<0.05 vs. WT LPS Only, ϛ P<0.05 vs. 

Nrf2KO Vehicle 



 

CHAPTER FIVE – Discussion  

The broad objective of this project was to determine the role of PHB in preserving n 

mitochondrial function and mediating inflammatory/redox signaling within heart during severe 

inflammatory stress. Furthermore, a systematic experimental approach was utilized to investigate 

whether PHB acts in a Nrf2-dependent manner in the heart during endotoxic shock.  In this 

context, the work presented in the preceding chapters is both novel and significant for a number 

of reasons.   First, this study is the first to examine the role of PHB in the cardiovascular system, 

specifically the heart and blood, during endotoxic shock and inflammatory stress.   It is also the 

first to examine effects of recombinant PHB administration in vivo during any disease and show 

that rPHB treatment induces protective effects on cardiac function during endotoxic shock.  

These findings are also novel in that they demonstrate that an inflammatory stimulus induces 

changes to endogenous PHB expression and localization in the heart, namely, causing a sharp 

rise in circulating levels of PHB.  Third, this work shows that PHB mediates antioxidant and 

anti-inflammatory signaling events following exposure to inflammatory stimuli.  Finally, these 

findings show that PHB protects mitochondria from inflammatory stress mediated dysfunction 

through direct measures of oxygen consumption, ATP generation and H2O2 emitting capacity.  

Together these results unveil a completely new biology concerning mitochondrial proteins, 

namely, that PHB, a mitochondrial inner-membrane protein, serves as a global anti-

inflammatory/antioxidant signal, spanning from intracellular to paracrine to systemic level.  

While the diverse functions of PHB are still being elucidated, it is evident that this protein 

harbors a new avenue for therapeutic based research, in that the mechanisms by which PHB 

performs these functions can serve as novel targets.  With implications in diseases ranging from 

cancer to diabetes, PHB’s therapeutic potential seems to lie in altering its expression level and its 
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subcellular localization in affected cells.  Importantly, PHB itself may be a viable therapeutic 

option for diseases with excessive inflammatory and oxidative stress.   

5.1 Mitochondria’s role in signaling with the innate immune system 

 The importance of mitochondrial function dates back to the 1946 discovery that 

respiratory chain function and energy production take place in mitochondria (HOGEBOOM et 

al., 1946).  However, in the decades since it has become widely accepted that in addition to 

bioenergetics ATP production, mitochondria also actively participate in numerous biological 

process by initiating and transducing cell signaling.  Mitochondrial regulation of cell signaling 

happens in two ways, 1) the outer mitochondrial membrane serves as physical platforms on 

which protein-protein signaling interactions occur and 2) by regulating the levels of intracellular 

signaling intermediates including mitochondrial metabolites (i.e cytochrome c, ATP, and ROS).  

Mitochondria have been implicated in cell death signaling, innate immunity and autophagy.   

 In response to microbial invasion cells of the immune system, such as macrophages, use 

pattern recognition receptors to detect pathogen-associated molecular patterns (PAMPs) on 

infectious agents and damage-associated molecular patterns (DAMPs) on proteins release from 

damaged cells.  Recent evidence has shown that mitochondria regulate innate immunity by 

serving as damage-associated molecular patterns themselves or by responding as effectors 

through the generation of ROS (West et al., 2011).  Mitochondria represent a large pool of 

DAMPs.  For example, mitochondrial DNA (mtDNA) has been shown to act as an effective 

DAMP.  When injected into the joints of mice, mtDNA was shown to induce a proinflammatory 

response (Collins et al., 2004).  mtDNA, like bacterial DNA, possess hypomethylated CpG 

motifs which are required to activate PRRs including TLR (Medzhitov, 2007).  Another 
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similarity between mtDNA and bacterial DNA is the use of N-formylmethionine to initiate 

protein synthesis.  Mitochondrial N-formyl peptides are also effective DAMPs, acting through 

the same formyl peptide receptors as bacterial formyl peptides to stimulated neutrophil 

chemotaxis and cytokine secretion (Carp, 1982; Zhang et al., 2010).    Trauma injury causes the 

release of mtDNA and formyl peptides into circulation.  Evidence presented in 2010 by Zhang 

and colleagues demonstrated that circulating mtDNA and formyl peptides, release following 

trauma, stimulate polymorphonuclear neutrophils resulting in systemic inflammation (Zhang et 

al., 2010).  The authors suggest that mitochondrial DAMPs drive the hyperactivity of the innate 

immune system which underlies the development of SIRS.  In addition to mtDNA and formyl 

peptides, evidence also suggests that mitochondrially derived ATP and ROS can also act as 

DAMPs activating NLR family pyrin domain-containing 3 (NRLP3) inflammasomes.  Mature 

inflammasomes are responsible for the cleavage and maturation of IL1β.  Two studies have 

implicated mitochondria derived ROS in the activation of NLRP3 inflammasomes (Nakahira et 

al., 2011; Zhou et al., 2011).  Zhou et. al. found that inhibition of oxidative phosphorylation 

drives mitochondrial ROS generation which was sufficient for NLRP3 activation, while 

inhibition of mitochondrial ROS generation blocked NLRP3 activation.  Additionally, they 

demonstrated that inhibition of the mitophagy lead to increased ROS and NLRP3-driven IL1β 

release, which was consistent with earlier work showing autophagy-deficient macrophages 

stimulated with LPS released excessive amounts of IL1β (Saitoh et al., 2008; Nakahira et al., 

2011; Zhou et al., 2011).  Interestingly, release of mtDNA was also shown to facilitate NLRP3 

activation (Nakahira et al., 2011).  Taken together the evidence suggests a critical role for 

mitochondria as DAMPs activating NRLP3 inflammasomes and innate immune signaling.   
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The data discussed above are in sharp contrast to the work presented here.  Our results 

show that the mitochondrial derived protein, prohibitin acts as a global mobile suppressor of 

inflammation.  rPHB treatment in vivo, resulted in decreased systemic and local inflammation 

following an LPS challenge.  With mounting evidence supporting the hypothesis that a decline in 

mitochondrial function is essential to the development of the inflammatory phenotype observed 

in both chronic and acute disease, it is interesting to speculate that PHB release from 

mitochondria could be acting as an early warning alarm for the system.   

5.2 PHB and mitochondrial function 

Mitochondria are responsible for greater than 90% of the body’s total oxygen 

consumption for generation of ATP, making this organelle monumentally important in organs 

with high energy demand (i.e. the heart).  Of late, keen interest has been placed on the 

determining the role of mitochondria in the cell’s response to stress, resulting in evidence 

suggesting it plays a central role in the pathogenesis of diseases in which metabolic and 

inflammatory stresses result in altered cardiac function (Baines, 2010).  The existence of 

mitochondrial dysfunction and increased oxidative stress in animal models of sepsis has been 

well characterized in the literature (Brealey et al., 2004; Crouser, 2004) and demonstrated in the 

data presented here making this organelle a target of therapeutic-based research.  Excessive 

production of NO has been reported to bind and inhibit complex IV of the mitochondrial electron 

transport chain, thus decreasing mitochondrial respiration and increasing mitochondrial ROS 

production (Borutaite et al., 2001).   The adverse effects of NO may be mediated in part by the 

generation of peroxynitrite, a highly reactive nitrogen species formed by the interaction of 

superoxide anions and NO.  Peroxynitrite itself has toxic effects on complexes I, II and III of the 

electron transport chain (Rabuel and Mebazaa, 2006) and has been directly linked to 
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perturbations of calcium flux (Ishida et al., 1996; Khadour et al., 2002).  These adverse effects 

on oxidative phosphorylation prevent cells from using molecular oxygen to produce ATP 

inducing bioenergetics failure.  This phenomenon has been termed cytopathic hypoxia (Fink, 

2001; Fink, 2002) and has been proposed as a mechanism for sepsis-induced organ failure (Levy, 

2007).  

 Given that PHB’s predominate cellular localization in the mitochondria and its most 

well-documented function is stabilizing mitochondrial proteins and maintaining proper 

mitochondrial morphology, we sought to determine how PHB would affect mitochondrial 

function and integrity during sepsis.  In cardiomyocytes, TNFα/IL1β treatment resulted in a 

decrease in complex I supported respiration. These data are in line with others who have reported 

complex I specific mitochondrial dysfunction under cytokine stress (Brealey et al., 2002; Protti 

et al., 2007).  Simultaneous measurement of mO2 and mATP revealed that in concert with the 

decrease in mO2, TNFα/IL1β treatment decreased mATP production, leading to compromised 

mitochondrial efficiency as indicated by the P:O ratio.  Not surprising, over-expression of PHB 

in cardiomyocytes abolished the TNFα/IL1β-driven decrease in complex I-mediated mO2 and 

mATP generation, resulting in sustained mitochondrial integrity (Figure 3.13).  Similar results 

were obtained with rPHB treatment in the mouse model of sepsis.  While rPHB treatment was 

unable to completely reverse the LPS-driven decrease in mO2 in WT mice, it maintained ATP 

production despite impaired oxygen consumption in a mechanism that is independent of Nrf2, 

resulting in enhanced mitochondrial efficiency (Figure 4.13).  These data are in line with 

previous reports that show exogenous PHB, when incubated with pancreatic β-cells, sustains 

mitochondrial electron transport chain enzyme activities following incubation with ethanol (Lee 

et al., 2010).  Knock-down studies have shown that loss of PHB in endothelial cells induces 
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mitochondrial membrane depolarization and decreased complex-I activity (Schleicher et al., 

2008).  Similar results have been found in plants (Osman et al., 2009) and yeast (Coates et al., 

1997).  Additionally, PHB has been implicated as a chaperone for newly synthesized subunits of 

the mitochondrial election transport chain (Artal-Sanz et al., 2003).  Its chaperone activity 

reduced proteolysis of these essential respiratory components (Nijtmans et al., 2000).    

Furthermore, studies have implicated mitochondrial uncoupling as a cause of cytopathic hypoxia 

(Fink, 2001).  Mitochondrial uncoupling occurs when oxygen consumption is no longer tightly 

coupled to the production of ATP and has been reported in sepsis dating back to the early 1970s 

(Decker et al., 1971; Le Minh et al., 2009).  While  our findings do not directly investigate the 

impact of PHB on mitochondrial uncoupling during  endotoxic shock, per se, the rPHB-mediated 

maintenance of ATP generation  during LPS challenge suggests that PHB may preserve 

mitochondrial coupling during cytokine stress, either directly through interaction with 

mitochondrial transporters/enzymes, or indirectly via up-regulation of antioxidant enzymes.   

5.3 PHB expression and antioxidant/anti-inflammatory signaling 

The data presented here suggests a role for PHB in attenuating inflammation and is 

consistent with recent observations showing that PHB inhibits NFκB nuclear translocation, DNA 

binding, and NFκB–mediated gene transcription in epithelial cells during TNFα-induced 

inflammatory stress (Theiss et al., 2009).  NFκB plays a central role in the initial inflammatory 

response and the feed-forward mechanism that causes the subsequent cytokine storm during 

sepsis (Kumar et al., 2001).  Therapeutic strategies focusing on inhibition of NFκB activation 

during sepsis has resulted in a mass of evidence demonstrating reduced systemic release of 

TNFα, IL1β and IL6 and protection from a lethal dose of LPS in mice (Lauzurica et al., 1999; Li 

et al., 2009; Theiss et al., 2009; Mofarrahi et al., 2012; Liu et al., 2013).  In 2007, a NFκB 
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binding site was identified in the  PHB promoter (Theiss et al., 2007b).  The findings presented 

in this dissertation, combined with others (Theiss et al., 2009) have shown that PHB expression 

is decreased in response to inflammatory mediators.  Theiss et al. in 2009 reported that TNFα 

treatment in intestinal epithelial cells mediated a decrease in PHB promoter activation, mRNA 

and protein expression.  Interestingly, responsiveness of PHB promoter activity to TNFα was 

dose-dependently decreased with the use of NFκB inhibitor pyrrolidine dithiocarbamate (PDTC) 

and abolished with mutation of the NFκB binding site (Theiss et al., 2009) demonstrating that the 

NFκB binding site is required for the TNFα mediated decrease in PHB promoter activity.   

Although not specifically examined in the present study, it is plausible that similar pathways in 

vivo could be responsible for the decrease in cardiac PHB following LPS insult.  

Maintenance of proper mitochondrial function requires communication between nuclear 

and mitochondrial encoded genes, particularly under stress conditions.  Our results suggest that 

PHB may fulfill dual roles, serving as a mitochondrial phospholipid scaffold and chaperone 

protein in the mitochondria and a mobile signal transducer and transcriptional regulator under 

stress conditions in the heart. The role of PHB in the mitochondria is well documented and 

evidence of interactions between prohibitin and phospholipids such as cardiolipin and PIP3 

suggest that lipid binding may determine PHB’s mitochondrial localization (Ande and Mishra, 

2009; Osman et al., 2009; van Gestel et al., 2010).  Interestingly, cardiolipin content decreases 

under conditions of oxidative stress (Sen et al., 2007; Wiswedel et al., 2010) and in experimental 

models of sepsis (Crouser et al., 2006) leading us to speculate that PHB translocation during 

sepsis could be mediated through a loss of cardiolipin content.  This speculation is supported by 

recent work showing decreased cardiolipin and cardiolipin-prohibitin interaction following 
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H2O2-induced oxidative stress corresponding to an increase in nuclear PHB localization (Sripathi 

et al., 2011).  PHB localization influences its multiple functions within a cell.   

Because we hypothesized a protective role for PHB, we addressed whether sustained 

expression of PHB would diminish the effect of inflammatory stimuli on NFκB and STAT3-

mediated signaling events.  In vivo LPS increased nuclear accumulation of the NFκB protein 

p65, and phosphorylated STAT3 (pSTAT3) in the heart.  In comparison, following LPS 

challenge, treatment with rPHB resulted in a ~30% reduction of p65 and a ~45% pSTAT3 

nuclear expression through a mechanism independent of Nrf2. Similarly, Theiss and colleagues 

found following exposure to TNFα, transgenic mice specifically overexpressing PHB in 

intestinal epithelial cells exhibited a marked decrease in NFκB activation, p65 nuclear 

localization and NFκB/DNA binding when compared to WT mice (Theiss et al., 2009).  While 

the mechanism of PHB-mediated inhibition of p65 is not entirely known, it has been reported 

that PHB has no effect on the degradation of IκB-α, the inhibitory protein which hold the NFκB 

dimer in the cytosol, following a TNFα insult in vitro (Theiss et al., 2009).  This suggests that 

PHB interferes with an event downstream of NFκB release from its repressor protein.  The 

nuclear pore complex responsible for the nuclear trafficking of protein containing arginine/lysine 

rich nuclear localization signals such as p65 is a heterodimer of importin α/β (Goldfarb et al., 

2004).  Evidence suggests that PHB inhibits p65 nuclear accumulation by inhibiting importin α3 

expression. Forced expression of importin α3, in cells overexpressing PHB, restored NFκB 

activation and nuclear accumulation of p65 (Theiss et al., 2009) verifying that PHB interrupts 

p65 nuclear accumulation through the inhibition of importin α3.  Interesting loss-of-function 

studies in the liver also supports a role for PHB in mediating an anti-inflammatory response.  

PHB heterozygous mice displayed more severe steatohepatitis and had elevated circulating levels 
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of proinflammatory cytokines and chemokines including TNFα, macrophage inflammatory 

protein 1 and vascular cell adhesion protein 1.  The survival rate in WT mice 48 hours following 

an IP injection of 15 mg/kg LPS was 80%, while in PHB heterozygous mice it was reduced to 

40% and the mice displayed decreased appetite, mobility and severe tremors (Sanchez-Quiles et 

al., 2012).  Additionally, both the work presented here (Figures 3.16 and 4.8) and by others 

(Theiss et al., 2009; Kathiria et al., 2012) reveals an inhibitory role of PHB on NFκB-mediated 

gene transcription. Numerous reports have linked pathophysiological generation of NO to the 

development of cardiovascular dysfunction in sepsis.  Elevated levels of nitrite and nitrate 

metabolites of NO in the serum of rats and humans during septic shock have been reported 

(Wagner et al., 1983; Ochoa et al., 1991; Gómez-Jiménez et al., 1995; Wong et al., 1995).  

Adverse cardiovascular effects associated with LPS or TNFα and IL1β administration in vivo 

were substantially reduced with NOS inhibition (Kilbourn et al., 1990a; Kilbourn et al., 1990b; 

Petros et al., 1991; Petros et al., 1994; Avontuur et al., 1998; Xu et al., 2012).  Similarly, high-

dose NO perfused through isolated hearts induces cardiac contractile dysfunction (Kelm et al., 

1997).   The work presented here demonstrates that PHB treatment in vitro and in vivo lessens 

the induction of iNOS following exposure to an inflammatory stimuli.  These findings suggest 

that in addition to limiting systemic inflammatory mediators, rPHB treatment may improve 

cardiac function during sepsis by inhibiting the induction of iNOS and therefore reducing NO 

production. 

Normally functioning mitochondria emit ROS and RNS, which are partially reduced 

oxygen species including superoxide, hydrogen peroxide and the hydroxyl radical.  As discussed 

previously, NO can also be produced during the normal function of the mitochondrial respiratory 

chain as well as through the induction of NOS enzymes.  The production of RNS occurs 
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following the interaction between super oxide and NO, to produce peroxynitrite.  Interaction 

between proteins and peroxynitrite can result in the nitrosylated proteins.  Interestingly, rPHB 

treatment in mice following LPS challenge reduced tyrosine nitrosylation of cardiac proteins.  It 

is estimated that as much as 1% of the oxygen taken up under normal physiological conditions is 

converted to ROS or RNS (Du et al., 1998).   When the production of ROS/RNS exceeds the 

cells detoxification systems, namely during diseases, the cell has reached a state of redox 

imbalance.  Redox imbalance during sepsis has been amply reported in the literature.  

Interestingly, PHB has been implicated in the induction of Nrf2, a key regulator of cellular redox 

status.  Nrf2KO mice have been reported to have dramatically higher mortality rates, and 

increased inflammatory mediators following LPS challenge (Thimmulappa et al., 2006).   Theiss 

and colleagues shown decreased oxidative stress through sustained activation of Nrf2 in 

transgenic mice overexpressing PHB specifically in the intestine (Theiss et al., 2009) and 

through nanoparticale delivery of PHB (Theiss et al., 2007a; Theiss et al., 2011). Both models 

showed decrease incidence of colitis.  The authors suggest that PHB is acting as a regulator of 

both the inflammatory and antioxidant response in the setting of inflammatory disease.  This is a 

compelling argument that our data supports in the context of inflammatory stress in the heart.  

Our data demonstrates that PHB is protective against oxidative stress (Figure 3.18).  

Additionally, we show that PHB induces nuclear translocation of Nrf2, and up-regulates 

antioxidant gene transcription in the presence and absence of an inflammatory stimuli (Figure 

3.17).  With its known importance in regulating mitochondrial morphology and function, PHB 

has been the subject of investigation as mediator of cytoprotection in response to various 

stresses.  Overexpression of PHB was shown to protect cardiomyocytes from hypoxia 

(Muraguchi et al., 2010) and H2O2-induced cell death (Liu et al., 2009) by suppressing 
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cytochrome c release and decreasing the Bax/Bcl-2 ratio in the mitochondria and β-cells from the 

apoptotic effects of ethanol (Lee et al., 2010).  We demonstrate similar results, showing that 

overexpression of PHB and exogenously added rPHB can protect cardiomyocytes from 

TNFα/IL1β-mediated cell death.  

5.4 PHB mobilization during inflammation 

In addition to intracellular localization changes, the work presented here also 

demonstrates an increase in circulating PHB levels (Figures 3.8 and 4.2).  Giving precedence to 

these findings, PHB levels in the serum of cancer patients were shown to be higher than in 

healthy patients (Mengwasser et al., 2004).  However, little is known about the function of PHB 

in circulation or the mechanism of its release from cells.  Recently it has been suggested that 

PHB can be released from adipocytes in lipid droplets (Brasaemle et al., 2004; Vessal et al., 

2006).  PHB has been implicated in some aspects of the immune response.  Crosslinking studies 

demonstrated that PHB binds fragments of C3 and enhances complement activation (Mishra et 

al., 2007).   PHB has been implicated as a critical mediator of T-cell mitochondrial function 

(Ross et al., 2008).  More recently it was shown that PHB expression increases on the surface of 

activated T-cells (Yurugi et al., 2012) and B-cells (Lucas et al., 2013) where it modulates CD86 

and CD3 signaling.  Data presented here demonstrate that rPHB administration in vivo following 

LPS exposure decreases circulating levels of the proinflammatory cytokines TNFα and IL6 

(Figure 4.3).  This suggests that PHB in circulation may directly prevent cytokine generation by 

macrophages or other immune cells and the subsequent release into circulation.  Clearly more 

investigative work is needed to establish the role of circulating PHB and the mechanism of its 

release.   
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Additionally, in vitro work (Lee et al., 2010) has shown that exogenously added PHB can 

enter cultured cells.  Mechanisms of PHB internalization have yet to be discovered, however an 

association between PHB and EH domain 2 has been reported in isolated adipocytes (Vessal et 

al., 2006).   EH domain-containing proteins function in intracellular trafficking and have been 

implicated in endocytosis and vesicle recycling (George et al., 2007).  Additionally, PHB has 

been found on cell membranes in lipid rafts (Wu and Wu, 2012).  Lipid rafts are involved in the 

internalization processes of various molecules (Mielenz et al., 2005; Staubach et al., 2009), 

which suggests that PHB uptake into cells may rely on EH domain 2 or lipid raft association. 

5.5 Clinical ramifications of these findings 

It is widely accepted that most septic patients have some degree of cardiac dysfunction 

(Krishnagopalan et al., 2002) and development of cardiac dysfunction is positively correlated to 

death (Merx and Weber, 2007).  In some patients, cardiac dysfunction progresses to cardiac 

collapse, with output being severely reduced subsequently being the primary cause of death 

(Rudiger and Singer, 2007).  Over the last 35 years significant progress has been made in 

identifying mechanisms involved in sepsis-induced cardiac dysfunction.  The proposed 

mechanisms underlying the development of cardiac dysfunction include: 1) depression and 

deregulation of autonomic β-adrenergic receptors (Rudiger, 2010); 2) generation of a cytokine 

storm, characterized by excessive levels of proinflammatory cytokines (Kumar et al., 2001; 

Lichtenstern et al., 2012); 3) microvascular dysfunction with impaired microcirculatory flow and 

increased heterogeneity with reduced myocardial oxygen extraction (Doerschug et al., 2007); 4) 

mitochondrial dysfunction (Chopra et al., 2011); 5) NO-mediated depression, likely due to iNOS 

activity (Kumar et al., 2001; Araújo et al., 2012) and generation of peroxynitrite (Lancel et al., 

2004); 6) apoptotic cell death in the heart via intrinsic (mitochondrial) and extrinsic (TNFα-



 

164 

 

receptor associated) pathways (Iwata et al., 2011), and 7) altered calcium homeostasis, 

manifested through suppression of autonomic-related L-type calcium channels resulting in 

reduced cytosolic calcium (Stengl et al., 2010) and reduced ryanodine receptor type 2 density 

which causes reduced release of calcium from the sarcoplasmic reticulum (Dong et al., 2001).  

Recent therapeutic attempts to reduce the mortality rate of patients along the sepsis continuum 

have provided limited success (Levy et al., 2010; Fink, 2013) and the development of successful 

novel therapies for the treatment of sepsis will likely involve modulating multiple of the 

mechanisms mentioned above.  These data provide evidence to suggest that PHB can play a 

beneficial role in the treatment of sepsis and other diseases associated with the production of 

excessive or maladaptive inflammation.  

Using echocardiography, a tool used clinically to measure and monitor cardiac function, 

findings in the present work are consistent with commonly reported effects of LPS 

administration on the heart.  LPS administration in both animals and humans reproduces many of 

the clinical characteristics of human sepsis (Kumar et al., 2001).  Interestingly, compared to the 

vehicle-treated sepsis groups, rPHB treatment improve sepsis associated changes on cardiac 

contractility including FS (Figure 4.5), EF (data not shown) and left ventricular end systolic 

diameter (Table 4.1).  In 1991, work by Snell and Parrillo resulted in the isolation and 

identification a circulating substance in humans and animals in septic shock, termed myocardial 

depressant factor (MDF) for its ability to induced cardiac dysfunction when injected in donor 

animals (Snell and Parrillo, 1991).  Extensive investigation into the identity of MDF 

demonstrated it was a combination of TNFα and IL1β (Kumar et al., 2001).  Studies found that 

TNFα and IL1β individually cause depression on cardiac contractile function.  However, 

together the two work synergistically to decrease contractility at much lower concentrations.  
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Immuno-absorption studies found that removal of both cytokines (but not either alone) from the 

serum of 5 patients in septic shock reversed the depression in cardiac contractility (Kumar et al., 

1996).  Other compounds used to prevent the production and release of cytokines have also 

resulted in improved cardiac recovery to sepsis similar to the results shown here (Ramana et al., 

2006; Lowes et al., 2008; Zang et al., 2012).  Taken together, our results suggest that PHB 

mediates cardioprotection through decreased systemic inflammation, which subsequently lowers 

local inflammation in the heart, likely through decreased NFkB and STAT3 signaling, leading to 

suppression of iNOS expression and activity (Figure 5.1).   

Our findings have clinical ramifications in that they provide a new therapeutic target for 

potent anti-inflammation action to mitigate organ failure, particularly cardiac, thereby reducing 

mortality caused by endotoxin-stimulated systemic inflammatory response syndrome.  While 

sepsis is the most common clinical condition associated with a maladaptive hyper-inflammatory 

response, a variety of other clinical conditions are associated with extremely high concentrations 

of cytokines, including trauma, ischemia-reperfusion injury, antigen specific immune response 

and various auto-immune diseases (Landry and Oliver, 2001).  The development of organ and 

tissue dysfunction in these clinical settings has been associated with excessive cytokine 

production and it could be suggested that use of PHB during these conditions could abate the 

maladaptive inflammatory response.   
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Figure 5.1  Proposed pathway for PHB-mediated cardioprotection in endotoxic shock. 

Schematic representation of PHB-mediated decreases in systemic inflammation, leading to 

decreased local inflammation in the heart and preserved mitochondrial function.  
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