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ABSTRACT 
 

Oxidative stress plays a vital role in the pathogenesis of many chronic and acute 

inflammatory diseases. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are 

two key mediators that are known to induce cellular and tissue oxidative stress. The generation 

of ROS and RNS is mediated by innate immune signaling processes. Lipopolysaccharide (LPS), 

a major inflammatory signal, is known to be a potent inducer of ROS/RNS. Thus, strategies that 

may block LPS-mediated generation of free radicals may hold promise in treating various 

inflammatory disease processes. However, the molecular mechanisms underlying LPS-mediated 

ROS/RNS production are not fully defined. Interleukin-1 Receptor associated kinase (IRAK-1), 

an intracellular kinase downstream of Toll-like Receptor 4 (TLR4) has been shown to contribute 

to the inflammatory cascade associated with LPS-TLR4 signaling pathway. However, its role in 

ROS production has not been defined. Therefore, we tested the hypothesis that IRAK-1 plays an 

important role in regulating ROS/RNS production. Both in vitro and in vivo studies were 

conducted to investigate the role of IRAK-1 in modulating free radicals as well as oxidative 

stress. In vitro studies demonstrate that IRAK-1 is a critical molecule involved in the induction 

of ROS/RNS.  IRAK-1 deletion ablated free radical production following LPS challenge in a 

variety of cell types including macrophages, fibroblasts and microglia. Mechanistically, we 

observed that IRAK-1 is required for optimal expression and activity of NADPH oxidase 

subunits and iNOS.  IRAK-1 deletion reduced LPS-triggered p47phox membrane translocation, 

suppressed NOX-1 expression and protein levels as well as hampered Rac1 activation. On the 

other hand, IRAK-1 deletion sustained antioxidative enzyme activity and levels in IRAK-1-/- 

macrophages and fibroblasts.  In terms of the in vivo physiological consequences, IRAK-1-/- mice 

exhibited attenuated lipid peroxidation in vital organs, attenuated histopathological lesions in 

liver and kidney, and reduced endotoxemia-associated mortality.  Taken together, IRAK-1 may, 

at least in part, serve as an important therapeutic target in the treatment of various inflammatory 

disease processes.   
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1. Introduction 

1.1 Innate immunity, inflammation and diseases 

 Innate immunity is a phylogenetically conserved host defense against invasive pathogens 

which plays an important role in protecting the host from diseases. Innate immune cells composed 

of monocytes/macrophages, poly morphonuclear cells (PMNs) such as neutrophils and natural 

killer cells as well as dendritic cells not only act as a first line of defense against infectious agents 

but also play an important role in formulating and modulating the adaptive immune response (1).  

When a foreign microbe invades our body, innate immune cells (either resident in the 

tissue or present in the blood circulation), constantly scanning our body for the presence of 

antigens, sense the pathogen-associated molecular patterns (PAMPs) on microbes through 

specialized Toll-like receptors (TLR) and initiate intracellular signaling events leading to the 

activation of various transcriptional factors necessary for pro-inflammatory gene induction (2). 

The pro-inflammatory mediators released by activated macrophages including free radicals, pro-

inflammatory cytokines, chemokines, complement and acute phase proteins, play a major role in 

initiating a robust local inflammatory response. Chemokines attract monocytes and other PMNs 

to the site of infection while microbial bacterial byproducts including bacterial endotoxin and 

pro-inflammatory cytokines further activates macrophages and neutrophils to release copious 

amounts of free radicals.  

Free radicals, particularly, ROS and RNS released from activated PMNs following 

enzymatic activation of NADPH oxidase and iNOS, mediate most of the antimicrobial 

properties. These primary free radicals along with their derivatives exert their microbicidal 

properties by oxidizing unsaturated fatty acids in the plasma membrane, carbohydrates, labile 

amino acids in protein/enzymes, as well as mutate RNA and DNA bases, thereby inhibiting vital 



 

2 
 

cellular machinery functioning necessary for survival (3, 4). Free radical released by activated 

macrophages and neutrophils during oxidative burst/phagocytosis not only inactivate and kill 

pathogens thereby imparting protection/defense against highly infectious agents but also inflict 

damage to the surrounding host tissues (5). Once initiated and if remains unchecked by the 

cellular antioxidant defense system, these free radical reactions continue to self propagate and 

induce substantial damage to the vital organs. 

Interestingly, the pathogenesis of many chronic diseases is often thought to be triggered 

by an initial inflammatory event. The innate immune cell mediated host inflammatory response 

is only beneficial if it is localized and tightly regulated by the host and gets resolved with time. 

However, if there is an inadequate or systemic/excessive inflammatory response, instead of 

curing the infection it subjects the body’s vital organs to excessive free radical-mediated 

oxidative stress. Persistent low grade infection confined to a localized area/tissues or presence of 

antigen in the systemic circulation, often keeps PMNs and macrophage in a constant state of 

activation. However, unlike neutrophils, activated macrophages produce free radicals and other 

pro-inflammatory mediators for a long period of time and with an average life span of several 

months,  and are among the major cells types involved in the pathophysiology and progression of 

several chronic inflammatory diseases. Excessive free radicals produced over time overwhelm 

the antioxidant defense system and initiate oxidative stress-mediated wide spread tissue damage 

but at the same time complements and exacerbate the inflammatory response by regulating pro-

inflammatory gene expression, cellular differentiation and proliferation. Elevated markers of 

oxidative stress including protein carbonyls, nitro tyrosine adducts, oxidized DNA bases, lipid 

peroxidation products detected in acute and chronic inflammatory diseases  suggest that 

oxidative stress and inflammation plays a vital role in the pathogenesis of  the  diseases (6). 
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Inflammatory conditions persisting over long period of time often contribute to the pathogenesis 

of many chronic disease conditions such as cancer, neurodegenerative disorders, diabetes 

mellitus and atherosclerosis. Taken together, proinflammatory mediators often act as a double 

wedged sword which on one hand help in getting rid of pathogens while if remain unchecked, 

play an important role in the pathogenesis and  progression of many acute and chronic 

inflammatory diseases.  

Sepsis is one such acute inflammatory syndrome where LPS, a Gram negative bacterial 

endotoxin and a TLR-4 agonist, initiates an exacerbated inflammatory storm. Even though the 

exact pathogenesis of sepsis is still unknown, oxidative stress and inflammation plays a vital role 

in the pathogenesis of sepsis-associated multiple organ failure (MOF). Excessive free radicals 

released/generated by activated PMNs following bacterial byproducts/pro-inflammatory 

cytokines-induced NADPH oxidase and iNOS activation cause extensive oxidative damage to 

the vital organs and vasculature as well as induces metabolic and hemodynamic alterations, all 

factors contributing to multi organ failure (7).  

Despite extensive research, current therapies haven’t proven effective in preventing 

sepsis associated mortality. Given the fact that sepsis-associated inflammatory complications are 

the result of complex interactions between biological effectors and cell types, therapies which 

target just one pathway or mediator haven’t proven beneficial. Most of the current therapies for 

sepsis are supportive and are often applied too late in the progression of the disease, when their 

blockades are ineffective in changing the final prognosis.  

Current focus is shifted on deciphering and targeting molecular mechanism/signaling 

pathways involved in the production of pro-inflammatory mediators including free radicals and 

pro-inflammatory cytokines. Drugs which can quench/reduce free radical production or disrupt 
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the pro-inflammatory TLR-4 signaling pathway have shown encouraging results in reducing 

sepsis associated mortality. Pretreatment with All-trans retinoic acid (ATRA) a nuclear receptor 

agonist, protected endotoxemia animal models by inhibiting iNOS induction but with uncertainty 

of potential side effects (8). Therefore, identifying signaling molecules which can regulate both 

free radical-mediated oxidative stress as well as release of pro-inflammatory mediators will be an 

ideal approach for future treatment of both acute and chronic inflammatory diseases. IRAK-1 

(Interleukin receptor-associated kinase), a 712 amino acid protein (kinase), downstream of TLR-

4 signaling pathway has been shown to regulate various transcription factors involved in pro-

inflammatory gene induction (9). However its role in regulating ROS production has not been 

investigated. Therefore the aim of this research project is to investigate the role of IRAK-1 in 

regulating ROS/RNS production in the innate immune cells following LPS challenge.  

 

1.1.1 Hypothesis- IRAK-1 critically regulates LPS-induced free 

radical/oxidative stress related injury both in vivo and in vitro cell culture 

model.  

In order to test the hypothesis stated above, experiments were designed based on three different 

specific aims stated below.  

 

1.1.1.1 Specific Aim 1 - To examine the role of IRAK-1 in the production and 

regulation of molecular mechanism vital for ROS production. 
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To address the role of IRAK-1 in regulating ROS production, we planned the following 

sets of experiments. WT and IRAK-1-/- macrophages derived from IRAK-1 deficient mice were 

utilized for measuring intracellular as well as extracellular ROS generation following LPS 

challenge. In order to elucidate the molecular mechanism involved in the differential regulation 

of ROS production, various molecular events including NOX expression, p47phox translocation to 

membrane as well as Rac activation involved in the activation of NADPH oxidase were 

investigated. Additionally, ROS levels are also regulated by anti-oxidant enzyme defense. 

Antioxidant enzymes including Glutathione peroxidase (GPx) and catalase activity as well as 

expression levels were determined. In order to confirm these findings, some of these experiments 

were repeated in fibroblasts derived from WT and IRAK-1-/- mice.  

 

1.1.1.2 Specific Aim 2 -  To determine the role of IRAK-1 in the generation of 

RNS following LPS challenge and strategies to modulate free radical 

production using synthetic retinoids. 

To evaluate the role of IRAK-1 in regulating RNS production, macrophages derived from 

WT and IRAK-1 deficient mice were utilized. Since iNOS is the only source of nitric oxide and 

its stable byproduct nitrite, iNOS activity was indirectly evaluated by measuring nitrite levels in 

cell culture treated with LPS. The extent of IRAK-1 involvement in modulating iNOS expression 

and activity was tested over broad range of LPS doses. The in vivo impact of IRAK-1 deletion on 

iNOS activity during sepsis progression was evaluated by measuring blood plasma nitrite levels. 

ATRA, a nuclear receptor agonist, exert anti-inflammatory properties by inhibiting iNOS 

expression. To determine whether IRAK-1 plays a differential role in the suppression of ATRA-

mediated iNOS activity as well as expression, nitrite as well as iNOS protein levels were 
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evaluated in cell culture studies. Pretreatment with ATRA protected endotoxemia animal models 

from sepsis-associated mortality while nuclear receptors agonists were ineffective during septic 

shock progression. To address the possible cause of this differential effect, macrophages were 

pretreated with ATRA or LPS, before incubating them with LPS or ATRA and nitrite levels were 

detected after the specified time interval. Similarly differential effects of ATRA pretreatment as 

well as simultaneous addition of LPS and ATRA on iNOS activity was determined in WT and 

IRAK-1-/- cells.  

1.1.1.3 Specific Aim 3 - To examine the role of IRAK-1 in modulating 

sepsis/endotoxemia associated oxidative stress related injury in a 

mouse model. 

To demonstrate the physiological relevance of the in vitro findings, we utilized an acute 

inflammatory disease model in which oxidative stress and inflammation plays a vital role in the 

disease progression. Endotoxemia was induced in WT and IRAK-1 deficient mice by injecting 

them with the lethal dose of LPS. In order to examine the role of IRAK-1 in modulating the 

mortality-associated with septic shock, a mortality study was conducted. To evaluate the role of 

IRAK-1 in modulating in vivo oxidative stress, lipid peroxidation products were measured in 

blood plasma as well as in vital organs. Pro-inflammatory mediators such as pro-inflammatory 

cytokines, chemokines as well as endothelin levels were detected in plasma samples. Injury to 

vital organs including liver and kidney was assessed by examining histopathological lesions, 

neutrophilic infiltration as well as liver and kidney function tests. Endotoxemia-associated 

oxidative stress is often accompanied by altered antioxidant defense. To examine the role of 

IRAK-1 in modulating antioxidant defense, total antioxidant potential, glutathione (GSH) and 

antioxidant enzyme expression levels as well as activity was measured in vital organs.  
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2. Review of the Literature 

2.1 Immune system and Inflammation 

2.1.1 Immune system 

In order to survive in an environment full of infectious microorganisms, our body has 

evolved a germ-line encoded protective machinery known as the immune system. The immune 

response against pathogens is initially coordinated by the non-specific innate immune system and 

is latter on followed by the highly specialized adaptive immune system. The brief review focuses 

on the complex network of interrelated cellular, molecular and chemical mediators which 

coordinate in initiating a robust defense against pathogenic microorganisms. 

 

2.1.1.1 The Innate Immune System  

Inflammation is a protective, non-specific defense mechanism evoked by the innate 

immune system of multicellular organisms against a variety of environmental stressors including 

pathogenic microbes (viruses, bacteria and fungi), chemicals, toxins and traumatic physical 

injuries. This phylogenetically conserved inflammatory response consists of an array of highly 

orchestrated molecular and cellular events /mechanisms whose sole aim is to get rid of noxious 

agents or keep them from getting established or gaining entry into the systemic circulation, with 

minimal damage to the host. 

Whenever there is breach in the integrity of the integumentary system (epithelial layer 

and mucosal layer) or when microbes successfully evade other passive defense mechanisms 

including extreme pH and anti-microbial secretory enzymes, they invade and establish 

themselves in the underlying tissues. Once these pathogens are inside the body, the sensory 
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components of the innate immune system including soluble proteins and cell surface receptors  

present in the blood circulation or in tissues recognize and bind to the specific antigenic 

sequence of these microbes and alerts the cellular component of the innate immune system. 

Neutrophils, macrophages, dendritic and NK cells together constitutes the cellular components of 

innate immune system and they respond to these sensory components by initiating an 

intracellular signaling cascade leading to the release of pro-inflammatory mediators. Cytokines, 

chemokines, free radicals, complements and acute phase proteins together constitute the 

chemical/inflammatory component of the innate immune system.  The initial pro-inflammatory 

phase is poised to get rid of infectious agents while the latter phase is characterized by release of 

anti-inflammatory mediators aimed at tissue healing and remodeling. 

 

2.1.1.1.1 Cellular components of innate immune system 

2.1.1.1.1.1 Macrophages 

Macrophages which reside in the host tissue at the site of injury are the first effector cells 

of the innate immune system to encounter the pathogens and initiate a release of pro-

inflammatory mediators intended to neutralize the threat/pathogen. Macrophages along with 

dendritic cells internalize antigens, reprocess them and initiate the adaptive immune response by 

presenting antigens to naïve CD 4+T cells. Given the role of macrophages in initiating an innate 

immune inflammatory response, the brief review focuses on the role of macrophages in the 

regulation of the innate immune response- 

Normally, resident tissue marcophages are derived from the mature circulating monocyte 

population, which represent 5-10% of the total peripheral-blood leukocytes in human beings. 

These resident macrophages are mostly concentrated in those vital organs where chances of 
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catching infections are maximum or in often cases life threatening. Highly specialized 

macrophages such as kupffer cells in the liver, microglia in the brain, mesangial cells in the 

kidney exhibit marked heterogenecity in terms of both morphology (cell size, granularity and 

nucleus shape) and differential expression of antigenic markers. Pro-inflammatory cytokines and 

chemoattractants released by the activated macrophages and damaged tissues at the site of 

infection directs circulating monocytes and neutrophils towards the site of infection. 

Additionally, activated endothelial cells expressing adhesion molecules assist in the attachment 

and extravasation of the neutrophils and monocytes to the site of infection. Once the circulating 

monocytes reach the infection site, they can differentiate into tissue macrophages and dendritic 

cells. Even though the exact point at which the heterogenous monocytes differentiate into either 

phagocytic marcophages or dendritic cells is not clear, but depending on the stimulus different 

subtypes can be harvested. In the presence of macrophage colony-stimulating factor (M-CSF), 

monocyte differentiates into macrophages, which are characterized by enhanced phagocytic 

activity and differential receptor expression. However in the presence of granulocyte-

macrophage colony-stimulating factor (GM-CSF) and interleukin-4 (IL-4) both human and 

murine monocytes can differentiate into dendritic cells. 

Once monocytes are differentiated into macrophages, depending on the micro-

environment activation stimuli, they can be further sub-differentiated into specialized phenotypes 

with specific functional properties. Priming of macrophages by Interferon-γ (IFN-γ) followed by 

microbial LPS, classically activates macrophages into a pro-inflammatory M1 phenotype. IFN-γ  

secreted by TH1 plays a vital role in enhancing the phagocytic ability of macrophages. These M1 

macrophages are microbicidal and are characterized by the secretion of pro-inflammatory 

cytokines including IL-1, IL-6 and Tumor necrosis Factor-α (TNF-α) as well as free radicals 
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including ROS and RNS during respiratory burst. On the other hand, when exposed to anti-

inflammatory cytokines such as IL-4, IL-10 and IL-13 secreted by TH2 cells, macrophages 

acquire an alternative activation form which is characterized by the release of anti-inflammatory 

cytokines. This phenotype is mostly associated with resolving inflammatory complications and 

aids in tissue repair. Additionally, exposure to transforming Growth Factor-β (TGF-β), IL-10, M-

CSF and nuclear receptor agonist such as glucocorticoids, differentiate macrophages into an 

innate/acquired deactivation state. This state is characterized by the release of anti-inflammatory 

cytokines including TGF-β and IL-10 and is mostly immunosuppressive in nature.  

 

2.1.1.1.1.2 Neutrophils 

Neutrophils are the polymorphonuclear phagocytes which represent 70% of the 

peripheral leukocytes present in the circulation. Neutrophils are derived from bone marrow, 

share a common lineage with monocytes and usually differentiate in the presence of granulocyte 

colony stimulating factor (G-CSF). They are the first circulating leukocyte to migrate to the site 

of infection within the first few hours of infection and serve as first line of defense against 

pathogens. The cytoplasm of neutrophils is often filled with granules which contain a variety of 

enzymes including lysozymes, elastases and collagenases. Most of these granules are mobilized 

either intracellularly in phagolysosomes or are secreted extracellularly via exocytosis. Both 

processes assist in getting rid of both extracellular and intracellular infectious agents but at the 

same time causes extensive damage to the surrounding tissues.  
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Figure 2.1. Schematic representation of major events in initiation of inflammatory reponse 
- Innate immune cells respond whenever foreign pathogens gain entry into the body. These 
foreign antigens are recognized by antigen presenting cells (APC), mainly resident macrophages 
and dendritic cells via specialized Toll-like receptors (TLRs). Injured tissue along with activated 
resident macrophages respond by releasing pro-inflammatory mediators including TNF-α, IL-1 
and chemokines. These chemical mediators attract circulating neutrophils and monocytes to the 
site of injury. Macrophages and neutrophils initiate phagocytosis releasing copious amounts of 
cytotoxic free radicals and enzymes.  Meanwhile APC process engulfed antigens and present 
them to T Helper cells (TH0). Activated TH1 cells in turn secrete IFN-γ and enhance phagocytic 
activity of macrophages by polarizing them into M1 state. During resolution of inflammation, 
TH2 cells plays an important role in tissue remodeling by secreting anti-inflammatory IL-4 and 
IL-10, which skews macrophage phenotype into M2 state. 
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2.1.2 Pathogen recognition and TLR signaling pathways 

 

Initially considered as a non-specific immune response, innate immune cells instead 

function in a highly coordinated manner via cell-cell/antigen interaction. Innate immunity 

signaling pathways in macrophages are largely controlled by the TLR-mediated signaling 

pathway. The brief review focuses on the pathogen recognition via TLR signaling pathways. 

 

2.1.2.1 Pathogen Recognition Receptors 

Despite lacking the sophistication observed in the adaptive immune system cells (B and T 

cells) in detecting specific antigens, the innate immune cells discriminate between self and 

foreign antigen via a limited number of receptors known as pathogen recognition receptors 

(PRR) which specialize in detecting PAMPS. PAMPs include a repertoire of the 

phylogenetically conserved microbial structures and molecules which are necessary either for the 

survival of the microbes (DNA) or imparting pathogenecity (LPS) to them (1).   

PRRs function as sensors of the innate immune system and are composed of  

heterogenous group of both cell surface receptors and proteins which are expressed either 

extracellularly on the cellular surface of macrophages and neutrophils such as TLRs, mannose 

receptor, scavenger receptors, integrins and CD11/CD18 or intracellularly in the cytoplasm 

(NODs) (2). PRRs secreted in blood and body fluid includes acute phase proteins, complement, 

soluble CD14, complements and mannose-binding protein (3, 4).The activation of PRRs initiates 

a variety of actions such as opsonization, phagocytosis and initiation of signal transduction 

pathway necessary for the release of pro-inflammatory mediators. Furthermore, PPRs also 

recognize oxidized proteins and molecules released by damaged cells and host tissues and 
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thereby assist macrophages in getting rid of debris. Once these danger associated molecular 

patterns (DAMPs) start accumulating, they keep phagocytic macrophages in a constant state of 

activation, leading to release of  low level of inflammatory mediators which often results in the 

initiation and progression of chronic inflammatory diseases (5). 

 

2.1.2.1.1 Toll-like Receptors 

2.1.2.1.1.1 Structural components of TLR 

TLRs are the transmembrane PPRs which act as communication bridge between 

extracellular stimulants and intracellular signaling. TLRs are the mammalian homologue of the 

Drosophila melanogastor toll gene. Toll protein was first identified in Drosophila where it plays 

a vital role in dorso-ventral differentiation of the embryo and protects adult flies from the fungal 

infection. Structural analysis of Toll has revealed a single transmembrane domain with an 

extracellular domain consisting of series of leucine-rich repeats (LRRs) which contain sites for 

binding ligands. Meanwhile, the intracellular domain (TIR) shares homology with the 

intracellular segment of the human IL-1 gene. TIR contains 3 conserved motifs or boxes: Box-1 

is required for the oligomerization of receptors, Box-2 contains a conserved P region which is 

required for oligomerization of adaptor molecules including MyD88 and Box-3 assists in the 

functioning and receptor localization of TLRs (6, 7). 
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Figure 2.2.  Typical mammalian Toll-like receptors (TLRs). Extracellular leucine rich repeats 

are separated by hypervariable regions while intracellular TIR domain consists of 3 conserved 

Boxes and shares common homology with human IL-1 R family. 

2.1.2.1.1.2 TLR classification  

Several homologues of Toll have been discovered in almost all animal species, with 

variability in their ability to bind different agonists. Eleven TLRs have been identified in 

mammals with each TLR specialized in recognizing specific PAMPs. The generation of TLR 

knockout mice has revealed ligand specificity for various TLRs.  TLR 4 recognizes LPS of Gram 

negative bacterial cell wall while TLR 2 recognizes lipotechoic acid (LTA) and peptidoglycans 

present in the cell wall of Gram positive bacteria and zymogens. TLR 5 has specificity for 

flagellar antigens of Gram negative bacteria. TLR 3 detects double stranded RNA while TLR 7 

and 8 recognizes single stranded RNA. TLR 9 binds to CpG DNA motifs in bacteria and viruses. 

TLRs also exhibit distinct distribution patterns depending on the cell type and stimulus present. 

Bacterial and fungal PAMPs are mostly detected by extracellular TLRs, while foreign nucleic 

acids are detected by intracellular TLRs. TLRs 3,7,8 and 9 are localized in the endosomal 

compartment while TLRs 1, 2, 4, 5 and 6 signal from the cell surface(8, 9). Besides recognizing 

distinct ligands, many TLRs often function as heterodimers in recognizing distinct ligands, 
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thereby initiating a complex web of signaling processes. For instance, the TLR1/2 heterodimer 

recognizes bacterial triacylated lipopeptide PAM3CSK4 while TLR2/6 complex recognizes 

mycoplasma diacylated lipopetide (MALP). 

 Furthermore, the expression patterns of TLRs, especially TLR4 & TLR2, are tightly 

regulated in different tissues and cells in order to generate well balanced robust immune 

responses against foreign pathogens. Usually in order to avoid an immune response against 

commensal microbes but at the same time avoiding excessive inflammatory complication against 

foreign pathogenic microbes, low basal expression levels of TLR4 have been reported in body 

tissues which are constantly exposed to the variety of microflora such as intestinal apical cells. 

However, over expression of TLR 4 in chronic inflammatory diseases and the IFN-γ mediated 

TLR-4 upregulation during the acute phase of sepsis can lead to exacerbated inflammation (10).  

 

2.1.2.2 LPS  

 TLR4 has been identified as a key regulator which plays an important role as a transducer 

in LPS-mediated transmembrane signaling pathways (11). LPS is a structural component of the 

outer membrane of Gram negative bacteria. A single E. coli cell on an average contains 3.5x106 

LPS molecules (12). LPS is vital for both bacterial viability and pathogenecity. The LPS 

molecules are generally nontoxic when present in the bacterial cell wall. However, LPS can 

shed/get into the blood stream either during multiplication or during complement-mediated and/ 

antibiotic-mediated bacterial lysis. The innermost portion of the LPS molecule is subsequently 

exposed to the innate immune cells, which in turn activates a pro-inflammatory immune 

response. The structural component of LPS will be discussed briefly in the following paragraph. 
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The LPS molecule often consists of 4 different portions. The inner most “Lipid A” 

moiety is the most essential portion of the molecule responsible for imparting pathogenecity 

(13). This glycophospholipid consists of six or more fatty acids (12-16) which are linked to the 

two phosphorylated glucosamine sugars. All bacterial species have unique subtypes of LPS 

containing slight variations in acylation patterns as well as number and length of the fatty acid 

residues (10-16 C). The second portion of the LPS molecule is the inner core with two or three 2-

keto-3-deoxyoctonic acid (KDO) linked to both the lipid A glucosamine and the 2 or 3 heptose 

(L-glycero-D-manno-haptose) sugars. The third portion consists of the outer core, i.e. the 3rd part 

containing 3 sugar moieties, which are bound covalently to the sugar side chain. The fourth and 

final moiety is the O antigen which is attached to the terminal sugar of the outer core of the LPS 

molecule. This portion extends outward from the membrane. There exists a huge interspecies and 

interstrain variability in both length and composition of the sugars (0 to 40 repeating units). 

Generally there are 20 to 40 repeating units, with each repeating unit composed of 3 sugars with 

a single sugar attached to the first and third sugar (14). 

  

 

Figure 2.3. Structural components of LPS. Lipid A portion embedded in the outer membrane 
is necessary for initiating inflammatory responses. Adapted from Beutler and Rietschel,2003 
(15). 
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2.1.3 TLR Signaling pathways 

 

 LPS signaling via TLR4 is mainly mediated by early phase TIRAP/MyD88- dependent 

and late phase MyD-independent TRIF/TRAM pathways. The following brief review focuses on 

the signaling aspect of LPS.  

 

2.1.3.1 MyD88-Dependent signaling 

 

LPS, when shed in the blood, often binds to LPS-binding protein, which in turn binds to 

the pattern-recognition co-receptor for LPS, CD14, a glycosyl-phosphatidylinositol (GPI)- 

anchored protein, found on the surface of phagocytes(16). Following the binding of an adaptor 

molecule, MD 2, to the complex, myeloid differentiation primary response gene 88 (MyD88) 

is/gets recruited at TIR via its C–terminal domain, while forming a complex with both IRAK-1 

and IRAK-4 via its N-terminal death domain. In resting cells, IRAK-1 is bound to Toll interacting 

protein (Tollip), thereby preventing it from undergoing phosphorylation. However recruitment to 

the MyD88 complex brings IRAK-1 into close proximity with IRAK-4. Following IRAK-4 

phosphorylation, IRAK-1 gets partially phosphorylated by IRAK-4. Once IRAK-1 is partially 

phosphorylated, it hyper phosphorylates via its own catalytic activity and sets itself free from the 

MyD88 complex and Tollip. Once in the cytosol, IRAK-1 interacts with tumor necrosis factor-α 

(TNF-α) receptor associated factor-6 (TRAF-6). TRAF-6 gets ubiquitinated and binds to TAB-

2 which serves as link between TRAF-6 and transforming growth factor-β (TGF β)-activated 

kinase 1 (TAK-1).  TAK-1 activation by TRAF-6 leads to its assembly to the high molecular 

weight signalosome inhibitors of kB kinases (IKK) α, β, γ).  IKK α and β phosphorylate IkB, a 
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NFkB inhibitory protein. The phosphorylation of IkB leads to its subsequent ubiquitination and 

degradation and thus releasing the brake on the NF-kB subunits. Subsequently, p65/p50 subunit 

translocates to the nucleus and binds to the transcription sites of many pro-inflammatory genes 

leading to the increased production of many pro-inflammatory gene products. Other pathway 

include TAK-1 mediated activation of mitogen activated protein kinases (MAPK) pathways, 

which in turn activates downstream p38 and JNK kinases and ultimately leads to the activation of 

activation protein (AP-1) transcription factor (17).  

 

2.1.3.2 TRIF/TRAM-Dependent pathway 

This MyD88 dependent pathway is common in all TLR signaling pathways which are 

mostly mediated by TIRAP and MyD88 adaptor molecules. However, there is also a MyD-88 

independent pathway specific to TLR-3 and TLR-4 signaling pathways (18). The adaptor 

molecules in this signaling pathway are TIR-domain-containing adapter-inducing interferon-β 

(TRIF) and TRIF-related adaptor molecule (TRAM). Following LPS binding TRIF/TRAM 

adaptor molecules are recruited to the cell membrane which in turn recruit TANK-binding 

kinase-1(TBK1) and IKKε heterodimer. This complex formation initiates IRF-3 phosphorylation, 

which then dimerizes and translocates to the nucleus leading to the activation of IFN-β genes. 

Additionally, there is another subpathway which leads to late-phase NF-kB activation (17).  
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Figure 2.4. Systematic representation of LPS-TLR 4 signal transduction pathway. Innate 
immune cells response to bacterial endotoxin by initiating early phase TIRAP/MyD88-dependent 
and late phase MyD-independent TRIF/TRAM signaling pathways leading to the activation and 
release of pro-inflammatory gene products. 

2.1.4 Inflammatory Response 

Binding of antigens to innate immune cells initiates intracellular signaling cascades which 

result in the release of pro-inflammatory chemical mediators including cytokines, chemokines, 

ROS, complement and acute phase proteins. This inflammatory response initiated against 

pathogens is often characterized by redness, swelling, heat and pain at the site of infection. 

Meanwhile, the activation/release of tissue factors from macrophages and endothelial cells 

promote intravascular coagulation and hence assist in the isolating the infection to the site of 

infection. Acute phase proteins released from liver in response to pro-inflammatory cytokine 

further assist in complement activation and phagocytosis. Serum complement can be activated 

either by classical, alternative or by mannose-binding lectin pathways. Activated serum 
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complements (C5-C9) assists in the formation of membrane attack complex (MAC) necessary for 

microbial lysis, in the opsonization of antigens to assist in phagocytosis (C3b) while others 

including C5a, C3a and C4a promote chemotaxis and leukocytic extravasation by increasing 

vascular permeability and local blood flow. 

 

2.1.4.1 Respiratory Burst and Microbial killing 

Phagocytes including macrophages and neutrophils facilitate their anti-microbial 

responses by initiating both oxygen dependent and oxygen-independent mechanisms. Following 

receptor mediated endocytosis/phagocytosis, microbes that are present in the phagosomes are 

subjected to free radical mediated killing. Phagosomes gain the ability to kill microbes upon 

fusion with the lysosome, which contains lysosomal hydrolases and ATPases responsible for 

maintaining the acidic pH necessary for enzymatic activation. Other granules present in the 

cytoplasm either release their content into the phagosome or are secreted out from the plasma 

membrane. NADPH oxidase is usually present in an unassembled inactive state in the plasma 

membrane and/or phagosomal membrane in the cytoplasm. During phagocytosis, NADPH 

oxidase often gets activated thereby generating copious amounts of superoxide both 

extracellularly and intracellularly inside the phagosomes. This phenomenon is known as 

respiratory burst. Usually superoxide is relatively ineffective in killing intracellular microbes. 

However, the combination of low pH and the non-polar environment in the phagosome converts 

it into a highly reactive protonated form of superoxide which exhibits microbicidal properties 

(19). Once generated, superoxide can directly inhibit bacterial enzymes necessary for amino acid 

synthesis or gets dismutated either spontaneously or via the enzymatic action of superoxide 

dismutase (SOD) into hydrogen peroxide (H2O2). H2O2, in the presence of chloride or bromide 
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ion, undergoes a complex redox reaction catalyzed by myeloperoxidases and subsequently gets 

converted into highly reactive hypochlorous acid (HOCl). The formation of HOCl mediates most 

of intracellular killing in phagolysosomes. Additionally, HOCl in turn can react with H2O2 

leading to the formation of singlet oxygen and chloramines which exerts their own antimicrobial 

properties. Furthermore, NO, released by activated PMNs following iNOS induction, inactivate 

catalytic centres of microbial enzymes involved in the metabolism or can react with superoxide 

leading to the formation of highly reactive peroxynitrite which futher initiates microbicidal 

action by inducing tyrosine nitration.  

Given the role of free radicals in initiating microbial killing, the following section below 

with focus on the types and various sources of free radicals. 

2.2 Free radicals  

Free radicals are highly reactive atoms or molecules, lacking the full complement of electrons 

necessary for molecular stability. Common examples of free radicals include ROS and RNS. ROS 

comprises of both oxygen radicals and non-radicals. Superoxide, hydroxyl radicals and lipid 

hydroperoxides (alkoxyl, peroxyl) are some of important ROS that are produced either enzymatically or 

non-enzymatically within the cell (20). Non-radicals including H2O2, HOCl and ONOO are often 

considered strong oxidizing agents which can be easily converted into free radicals. NO and its derivatives 

including nitrogen trioxide (N2O3), nitrogen dixode (NO2), containing nitrogen atom constitutes RNS.  

 

 

2.2.1 Sources of Free Radicals 
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2.2.1.1 Reactive Oxygen Species 

Our body is continuously exposed to free radicals, which are mostly generated either 

accidentally or produced deliberately in response to certain stimuli. Superoxide, the product of 

reduction of molecular oxygen by electrons, is the “primary” ROS formed during mitochondrial 

adenosine triphosphate (ATP) formation. The accidental leakage of electrons from mitochondrial 

complexes 1 and III of the electron transport chain (ETC) during oxidative phosphorylation 

leading to superoxide formation, is a major source of endogenously produced ROS (21). Other 

enzymatic sources of superoxide includes α-ketoglutaraldehyde, cytochrome P450, 

cyclooxygenase and xantine/xanthine oxidase (22). However ROS can be deliberately produced 

in the cells by various environmental stimuli such as pathogens, cigarette smoking, ionizing 

radiation, pesticides and pollutants. NADPH oxidase-mediated release of superoxide at the site 

of inflammation from activated neutrophils and macrophages during phagocytosis is the major 

source of superoxide/ROS and is implicated in the pathogenesis of many inflammatory diseases. 

(23). 

 NADPH +2O2 → NADP++2O2
-+H+ 

Superoxide is a relatively unreactive species. However, when it is produced, it can in turn 

interact with other molecules either directly or via enzymatic and metal-catalyzed processes, 

leading to the formation of secondary ROS. Common examples of secondary radicals include 

H2O2, OH and ONOO. H2O2 is produced when superoxide released into the matrix of 

mitochondria undergoes dismutation either spontaneously or enyzmatically by MnSOD to form 

H2O2. 

O2
.-, once released into the matrix of the mitochondria, is subsequently dismutated either 

spontaneously or enzymatically by MnSOD to form H2O2. 
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2O2
.- + 2H+   →    H2O2 + O2      

Other sources of H2O2 include DUOX and monooxygenase. Hydrogen peroxide (H2O2), a 

comparatively more powerful oxidant than superoxide, is usually unreactive towards most 

biological substrates unless present in very high concentrations. H2O2 can be either reduced to 

water by antioxidant enzymes such as catalase and glutathione peroxidase (GPx) or can be 

readily diffused across the outer membrane of mitochondria. Once in the cytoplasm, H2O2 can 

undergo a number of reactions leading to the formation of highly reactive hydroxyl radicals. 

Additionally, H2O2 in the presence of reduced transition metals (Fe or Cu) can be converted into 

the highly reactive hydroxyl radical (.OH) via Fenton’s reaction. 

 Fe2+ + H2O2 →    Fe 3+   + .OH   + -OH  

H2O2 can also react with O2
.- via the Haber-Weiss reaction to form .OH radicals. 

H2O2 + O2
.-  →   .OH + HO- + O2 

Hypochlorous acid (HOCl), a powerful bleaching agent, is produced by the oxidation of halides 

(Cl) in the presence of H2O2 by myeloperoxidases. 

2H2O2 + Cl- →   HOCl + HO- +H2O 

 

2.2.1.2 Reactive Nitrogen Species (RNS): The Oxidation of L-arginine to L-citrulline by 

NO synthase (NOS) leading to the production of nitric oxide is the only source of  RNS in the 

body (24). The induction of the inducible form of NOS (iNOS) present in the innate immune 

cells including macrophages and neutrophils, when gets activated during inflammatory state, 

generates copious amount of NO. The generated NO can further react with molecular oxygen 

and lead to the formation of NO2 and N2O3. All of these compounds exert deleterious effects on 
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body tissue. Also, NO can diffuse into mitochondria, where it can readily react with O2
.- at a 

diffusion-limited rate to produce ONOO, a powerful oxidizing agent (25). 

2NO + O2→   2NO2 

NO2+ NO →   N2O3
 

 NO + O2
.-   →   ONOO-  

ONOO-, being extremely unstable, gets protonated to form the highly reactive peroxynitrous acid 

(ONOOH). ONOOH can undergo hemolytic cleavage to form hydroxyl radicals and nitrogen 

dioxide.  

                                     ONOO- + H+ → ONOOH → HO. + .NO2 → NO3
- + H+. 

2.2.2 Physiological Role of Free radicals 

Being in constant exposure to the atmospheric pollutants/free radicals, our biological 

system has evolved itself to utilize these free radicals for various physiological functions. 

However depending on the concentration, both RNS and ROS can play a dual role of being 

either beneficial or detrimental species. Usually at low/moderate concentration, ROS modulate 

many cellular processes involved in selective transcription factors and gene expression. The brief 

review below focuses on several mechanisms involved in ROS mediated signal transduction. 

 

2.2.2.1 Cross talk between ROS and cellular signaling pathways 

Besides their phagocytic action, ROS plays a vital role in modulating several intracellular 

signaling pathways in a variety of non-phagocytic cells including fibroblasts, endothelial cells, 

and vascular smooth muscle cells (26). Thus, there exists a potential cross talk between the 

cellular redox state and various signaling pathways (27). Normally, cells maintain a reduced 
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intracellular environment by tightly regulating ROS levels both by compartmentalization and 

antioxidant-(glutathione) mediated removal of excessive free radicals. Several environmental 

stimulants exert their cellular effects by altering the redox status of the cell. Various growth 

factors such as epidermal growth factor (EGF) and platelet derived growth factor (PDGF), as 

well as angiotension II, insulin, TGF-β and cytokines such as TNF-α, IL-6 and IL-1 β upon 

binding to the cognate receptor induce ROS production via Rac-1 mediated NADPH oxidase 

activation (28). Increased intracellular ROS production in turn induces a pre-oxidative shift in 

the cellular redox status and acts as positive feedback loop/secondary messenger, activating 

various signaling transduction pathway either via increased autophosphorylation of receptors 

themselves or by increasing the catalytic activity of the transcription factors (29). Various other 

cytoplasmic protein kinases are also activated by changes in the intracellular redox state or ROS 

levels. Examples include JNK and P38 MAPK, extracellular signal-regulated kinase (ERK-1,-2), 

proto-oncogenic ras, protein kinase C, and apoptosis signaling regulating kinase 1(ASK1). These 

kinases are responsible for controlling many functional aspects of the cell including cellular 

proliferation, differentiation and apoptosis (30, 31). Furthermore, there exists a ROS-mediated 

cooperative effect between different receptors in enhancing their signaling process. Angiotensin 

II type 1 receptor, a G-protein coupled receptors expressed in cardiomyocytes and fibroblast, is 

also known to transactivate tyrosine kinase-linked receptors (including EGF and PDGF) by 

inducing ROS production which in turn autophosphorylates these receptors and boosts their 

signaling cascade (32). Inhibition of H2O2 by catalase inhibited not only EGF-induced tyrosine 

phosphorylation of other downstream signaling proteins but also its own phosphorylation, 

thereby highlighting the role of ROS in modulating signaling processes.   
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Besides enhancing the activity of intracellular secondary messangers, ROS can also 

modulate the intracellular signaling by altering the intracellular calcium (Ca2+) levels. ROS-

mediated oxidation of redox sensitive cysteine residues in calcium channels of the plasma 

membrane and/or release of calcium from intracellular Ca2+ stores can activate serine/threonine 

kinases such as protein kinase C (PKC-α) as well as induce transcriptional activation of  the 

various AP-1 proteins. Upregulation of AP-1 proteins such as c-Fos and c-Jun along with c-myc 

further regulate cellular proliferation, tumor growth and apoptosis (33). 

Many cellular signaling pathways are tightly regulated by reversible protein 

phosphorylation. In the presence of a stimulus, the phosphorylation of various signal-

transduction proteins by protein kinases initiates cellular functioning. On the other hand, 

dephosphorylation of receptors and other signaling proteins (<1 min) by protein tyrosine 

phosphatase (PTP) often results in the termination of cellular signaling (34). H2O2 and other 

oxidants, often prolong various growth factor mediated signaling cascade by oxidizing the redox 

sensistive cysteine residues (Cys-SH) at the catalytic site of PTP. Oxidation of Cys-SH to 

cysteine sulfenic acid (Cys-SOH), inhibits the phosphatase activity necessary for the termination 

of  the signaling process. Prolonged signaling often results in increased cellular differentiation, 

proliferation, metabolism, oncogenic transformations and apoptosis (35, 36). 

 

2.2.2.2 ROS and transcriptional activation 

NOX-dependent ROS generation has been shown to upregulate mRNA levels of various 

genes including TNF-α, TGF-β1, angiotensin II and monocyte chemoattractant protein-1(MCP-

1) (37). This effect is mostly mediated by ROS-mediated oxidation of cysteine residues in the 

DNA binding domains of various transcription factors including NF-kB, AP-1 and the tumor 
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suppressor p53. This allows for the enhanced transcriptional activity necessary for gene 

induction. These pro-inflammatory genes can also be up-regulated via the activation of redox-

sensitive protein kinases which are mentioned previously (38, 39). ROS can also indirectly 

activate NF-kB by inducing the expression of pro-inflammatory cytokines such as TNF-α and 

IL-1. These transcription factors in turn regulate many genes involved in cell survival, 

inflammation, differentiation and tumor progression (40-42). 

 

2.2.2.3 Physiological role of NO  

Nitric oxide released by neuronal nitric oxide synthase (nNOS) mediates 

neurotransmission signaling processes; while NO produced by endothelial nitric oxide synthase 

(eNOS) activates the soluble guanylyl cyclase by binding to its heme moiety which in turn 

converts guanosine triphosphate (GTP) into cyclic guanosine monophosphate (cGMP). NO-

derived cGMP activates a variety of intracellular signaling pathway involved in regulating basal 

vascular tone and hence assists in maintaining enough vasodilation (via smooth muscle 

relaxation) to ensure proper perfusion of the host tissues. Additionally, NO released by the low-

output constitutive eNOS, helps in preserving the integrity of the endothelium by exerting anti-

inflammatory properties. NO maintains the homeostasis of the vessels by inhibiting NF-kB 

mediated gene expression under basal conditions and preventing stress induced apoptosis as well 

as by inhibiting fibroblast proliferation, platelet aggregation and leucocytic adhesion. Besides 

these properties, NO also protects the endothelium against free radical mediated cytotoxicity by 

scavenging free radicals and thereby prevents oxidative stress associated capillary 

leakage/damage. Additionally, NO released by macrophages during infections exerts 

antimicrobial activity by modifying cysteine residues and Fe-S clusters in bacterial enzymes and 
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proteins thereby inhibiting cellular machinery necessary for bacterial DNA synthesis. (43).  NO 

also exerts anti-viral properties by inhibiting viral proteases necessary for viral replication (44). 

Intriguingly, NO exerts pro-apoptotic properties by inducing p53 expression but is also involved 

in cellular proliferation and tumor pathogenesis (45). 

Taken together, low/moderate levels of ROS can modulate a wide range of cellular 

processes including neuronal signaling, anti-oxidant transcription fator NF-E2-related factor 2 

(Nrf-2) activation, vasodilatation, body defense, enzymatic activation, proliferation, 

differentiation, regulation of cell cycle, cell survival and apoptosis (46). 

 

2.3 Antioxidant defenses 

Under a normal physiological state, there exists a homeostatic balance between the 

formation and removal of free radicals by endogenous antioxidant defenses. However, quite 

often our body cells start generating excessive free radicals as in the case of inflammatory 

conditions by activated PMNs, which if remains unchecked often leads to a condition known as 

oxidative stress. In order to counteract any excessive free radical production, our body responds 

by initiating an antioxidant defense system though the induction of both enzymatic and non-

enzymatic defense mechanisms. The following brief review focuses on the antioxidant enzymes 

vital for the maintenance of redox homeostasis in living cells. 

2.3.1 Superoxide dismutase  

Superoxide dismutases (SODs) are the only anti-oxidant enzymes which are capable of 

scavenging superoxide by catalyzing the conversion of superoxide into H2O2 and water(47). 

Depending on the distribution pattern, these metallo-enzymes can be classified into three major 
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sub types. Cu/Zn SOD (SOD1) is localized in the cytoplasm while MnSOD (SOD2) is restricted 

to the mitochondria and extracellular SOD (SOD3) is present extracellularly in the interstitial 

spaces between tissues, blood vessels airways, plasma and lymph. SOD catalyses this 

dismutation by a series of oxidation and reduction of the transition metals. SOD-1 exists as a 

dimer with each subunit catalyzing these reactions by Cu and Zn present in the catalytic centre, 

while SOD2 and SOD3 both function as tetramers and utilizes Mn and Cu, respectively (48-50). 

By dismutating superoxide, SOD3 prevents NO from being inactivated by reaction with 

superoxide, which otherwise would elicit the formation of highly oxidizing peroxynitrite (51).  

However, excess superoxide, along with H2O2 and peroxynitrite, can inhibit the activity of SOD3 

by mediating the nitration of tyrosine residues and thus allow for an increased accumulation of 

superoxide. 

Although, H2O2 is not a highly reactive molecule, its  ability to get reduced to OH radicals in the 

presence of transition metals as well as its ability to modulate intracellular signaling, makes it a 

lethal precursor. Cellular antioxidant enzymes such as catalase and glutathione peroxidase (GPx) 

are two enzymes which play major role in reducing H2O2. 

2.3.2 Catalase  

Catalase is a tetrameric enzyme with each subunit containing a heme group which 

catalyzes the decomposition of H2O2 into water and molecular oxygen (52).  

2 H2O2 →2 H2O +O2. 

However catalase does not reduce lipid hydroperoxides. In the human body, the highest 

concentrations of catalase are found subcellularly in peroxisomes in RBCs, liver and kidney. 

Catalase present in RBCs detoxifies most of the H2O2 generated during the auto-oxidation of 

hemoglobin. Catalase also exhibits peroxidative activity in which it decomposes H2O2 at the 
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expense of low molecular weight alcohol (AH2) (methanol, ethanol). These alcohols serve as 

electron donor and are reduced to formaldehyde, allowing for the reduction of H2O2 to H2O.  

H2O2 + AH2 → A + 2 H2O 

However, catalase can also be inactivated by high levels of ROS. 

 

2.3.3 Glutathione peroxidase 

Glutathione peroxidase (GPx), a selenium-containing peroxidase, plays a major role in 

catalyzing the reduction of a variety of hydroperoxides including lipid hydroperoxides (LOOH) 

and H2O2.  

LOOH+ 2GSH → LOH + GSSG + H2O  

GPx reduces H2O2/LOOH into H2O by oxidizing GSH into glutathione disulfide (GSSG). GSSG 

is reduced back to GSH by Glutathione reductase at the expense of nicotinamide adenine 

dinucleotide phosphate (NADPH). There are atleast 5 GPx isoenzymes (GPx 1, 2, 3, 4, 5) that 

have been discovered in the mammalian system. With the exception of phospholipid 

hydroperoxide (GPx4), all other forms of GPx are composed of tetramers with Se/selenocysteine 

at the active site of each subunit. Although GPxs are ubiquitiously expressed, their distribution 

and expression varies depending on the tissue type. GPx 1 (cytosolic GPx) is located in the 

cytosol/mitochondria, where it reduces fatty acid hydroperoxides and H2O2 at the expense of 

GSH. Meanwhile, GPx4 is present in the cytosol and membrane fractions and in addition to 

hydroperoxides and H2O2, reduce fatty acid and cholesterol hydroperoxides that are formed in 

the plasma membrane by the ROS-mediated lipid peroxidation of poly-unsaturated acids. 

Furthermore, GPx2 is present in the intestine while GPx3 is expressed mainly in the kidney and 

extracellular fluids, including milk, lung lining and aqueous/vitreous humor of eyes. The higher 
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affinity of GPx for H2O2 and LOOH as compared to catalase makes it the principal antioxidant 

enzyme in tissues and erythrocytes responsible for the detoxification of most of the 

hydroperoxides. Additionally, GPX reduces ROS levels and negates most of the peroxynitrite 

mediated mitochondrial injury. Thus the cellular depletion of GPx makes the cells more 

susceptible to oxidative stress-mediated cytotoxicity. On the contrary, over expression or 

administration of GPx have offered protection against sepsis-induced oxidative stress and 

mortality. One of the main mechanisms for this protection is due to the ability of GPx to detoxify 

lipid peroxides formed during lipid peroxidation of the plasma membrane, thereby terminating 

the chain reaction. 

In addition to these primary antioxidant enzymes, there are also dietary plasma proteins (Fe 

chelators-ferritin, ceruloplasmin, Cu chelator albumin) which indirectly stop free radical 

production by chelating the redox-active metals involved in hydroxyl radical production via 

Fenton’s reaction. Meanwhile, other metal chelators such as GSH, vitamin E & C and bilirubin 

acts as direct free radical scavengers which not only quench  free radicals but also terminate lipid 

peroxidation(53). 

2.3.4 Glutathione- The tri-peptide glutathione (γ-glutamyl cysteinyl-glycine) is an important 

intracellular antioxidant which plays a vital role in the normal cellular functioning. By 

maintaining cellular redox homeostasis (in a reduced state) and  reduced functional sulphhydryl 

(–SH) groups in proteins, GSH creates conducive environment for proper functioning of 

enzymes/cellular signaling pathways(54). Besides being a cofactor for the GPx enzyme, GSH 

helps in the recycling of chain breaking antioxidants including Vitamins E and C. Under normal 

conditions, GSH is mostly present in the reduced form (99%) while less than 1 % exists as GSSG 

(oxidized GSH)(55). High concentration of the GSH in the cytosol (0.1-10mM) can 
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detoxify/reduce free radicals such as OH, HOCl, OONO and (peroxyl)RO and in turn gets 

oxidized to GSSG(56, 57). GSH reacts non-enzymatically with peroxynitrite leading to the 

formation of nitrosothiol (GSNO). GSNO often act as source of NO. Thus GSH plays a vital role 

in preventing the conversion of NO to peroxynitrite during oxidative stress. Additionally, GSH 

can reduce the disulphide bonds formed by ROS mediated oxidation and in turn is converted to 

GSSG, thereby protecting the –SH groups of enzymes from oxidation-mediated inactivation. By 

reducing hydroperoxide to hydroxylated fatty acid, GSH serves as an excellent scavenger of lipid 

peroxides, including hydroxynonenal (HNE) and 2-propenal (acrolein), (58). Oxidative stress is 

often associated with a decrease in GSH or an increase in the GSSG/GSH ratio and has been 

considered as a sensitive indicator of oxidative stress. Besides GSH, thioredoxin and 

glutaredoxin are cysteine containing redox proteins which reduce oxidized –SH groups on 

protein and H2O2. 

 

2.4 Free radical and Oxidative Stress 

 Cellular havoc arises when the production of free radicals exceeds the capacity of the cellular 

antioxidant defense mechanism, thereby shifting the cellular milieu to a state known as oxidative stress. 

ROS/RNS plays an important role in inducing oxidative stress in cells. Free radicals, being highly reactive 

atoms or molecules species, when comes in contact with cellular macromolecules, abstract/strip electrons 

from them, thereby stabilizing themselves but in turn causing extensive damage to cellular machinery.  

2.4.1 Lipid Peroxidation 

OH radical and OONO are two highly reactive molecules with a very short life which can 

virtually oxidize any biomolecules which comes in immediate contact with them. OH radicals 
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present in the vicinity of the plasma membrane abstract hydrogen from membrane 

polyunsaturated fatty acids leading to the formation of lipid alkyl radicals (L.). Lipid alkyl 

radicals, in the presence of O2 and H, form lipid hydroperoxide (LOOH) which via the Fenton 

reaction can generate lipid alkoxyl (LO.) radicals. 

Reaction       LH+OH → L.+H2O                          Initiation 

  L. + O2 → LOO.                                Propagation 

    LOO. +LH → LOOH + L. 

L. + O2 + H →   LOOH 

                    Fe2+ + LOOH + H+→ Fe3+ + LO. + H2O 

                     LOOH + M n+ → LO. + OH- + H2O          M = metal 

 Alternatively, alkyl radicals can binds with molecular oxygen leading to the formation of 

peroxyl radicals. Thus once initiated, lipid peroxidation continues to self-propagate, damaging 

plasma membranes and various ion channels, until it is terminated by itself or by an antioxidant. 

If it remains unchecked, the peroxyl radicals are eventually degraded to form stable aldehydes 

such as 4-hydroxy-2-nonenal (HNE) and malondialdehyde (MDA) leading to chain termination. 

4-HNE and MDA can further diffuse to other sites in the cytoplasm and can interact with 

DNA bases and the amino groups of histidine, lysine and cysteine, leading to the formation of 

covalent adducts, which can either inhibit or alters the activity of these amino acids. 4-HNE 

reacts with the sulfhydryl group of Na+/K+-ATPase and alters the activity of the ion-motive 

ATPase leading to the disruption of Ca2+ homeostasis necessary for normal cellular functioning 

(59). H2O2, either directly or along with the other byproducts such as HNE and acrolein 

produced during the oxidation of cellular macromolecules activates various redox sensitive 

transcription factors such as NFkB and AP-1 and therefore leads to enhanced gene expression of 
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many proinflammatory mediators. Additionally, HNE induces intracellular peroxide production 

and can further activate stress signaling pathways by activating protein kinases. This activation 

further stimulates downstream JNK and P38 MAPK kinases, which are responsible for inducing 

apoptosis in neuronal cells. 

 

2.4.2 Protein Oxidation 

Another intracellular target susceptible to free radicals are the amino acids. Sulfhydryl 

containing amino acids such as tryptophan and methionine are highly vulnerable to free radical 

mediated oxidation. .OH or ONOO mediated -SH oxidation is often associated with the loss of 

catalytic activity, leading to enzymatic and cellular dysfunction. Free radicals can abstract H 

atom from the backbone or side chain of an amino acid, leading to formation of a carbon 

centered radical which can react with O2 and form peroxyl radicals, which further propagate free 

radical mediated oxidation, leading to wide spread tissue destruction (60). OONO- can cause 

damage to cellular protein molecules leading to the formation of protein carbonyls as well as 

nitration of amino acids isuch as cysteine, methionine and tryptophan (61). Nitration of tyrosine 

by OONO- results in the production of 3-nitro tyrosine (NT). Thus, occurrence of elevated levels 

of NT are quite often considered a hallmark of ONOO mediated damage in vivo (62). 

 

2.4.3 ROS and mitochondrial dysfunction 

 OH/OONO mediated protein nitration as well as direct oxidative inhibition of  transition 

metals (Fe, Mn & Cu), inactivate key mitochondrial ETC enzymes including  ATPase, succinyl- 

CoA , cytochrome c oxidase and NADPH dehydrogenase. Inactivation of these enzymes depletes 

the cell of ATP which is essential for proper functioning. The oxidation of MnSOD can further 
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elevate peroxynitrite formation. Additionally, the oxidation of cardiolipin, a phospholipid 

normally present in the mitochondrial inner membrane which is bound to cytochrome c, leads to 

the release of cytochrome c into the mitochondrial cytosol. Furthermore, ROS/OONO- mediated 

oxidation of thiols, particularly glutathione in the adenine nucleotide translocator (ANT) present 

on the inner mitochondrial membrane, leads to the opening of membrane permeability transition 

(MPT). The opening of MPT pores induces mitochondrial depolarization and impairs the influx 

of ADP thereby inhibiting ATP production. The increased mitochondrial membrane permeability 

following MPT pore opening also leads to mitochondrial swelling, causing rupture of the outer 

membrane and thereby release of mitochondrial cytochrome c into the cytoplasm. Cytochrome c 

release initiates the caspase-mediated apoptotic pathway. Futhermore, s-nitrosylation or –SH 

oxidation in the active site of caspase often inactivates it, which along with decreased ATP 

production, often predispose cells to undergo necrosis. Necrotic cells and tissues in response 

release other noxious inflammatory stimuli and cause the activation of innate immune cells.  In 

the meantime, the release of Ca2+ from mitochondria and/or the influx of calcium via voltage 

gated calcium channels on the membrane, leads to elevated intracellular calcium levels. 

Additionally, the inhibition of calcium sequestering SERCA pump or oxidation of sensitive 

cysteine residues in pumps involved in calcium efflux also contributes to elevated intracellular 

calcium levels. These elevated calcium levels result in the activation of various enzymes 

including proteinases (calpains), endonucleases, phospholipases, NOS and xanthine oxidases, 

which all contributing to increased ROS production and extensive damage to vital cellular 

macromolecules and cell death.  
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2.4.4 ROS and DNA damage 

Furthermore, .OH is capable of abstracting H from any component of DNA. Reaction of 

.OH with purines and pyramidines leads to wide spread damage to DNA. .OH and ONOO. radical 

reacts with nuclear and mitochondrial DNA leading to strand breakage, DNA-DNA base, DNA-

protein crosslinking, base modification as well as formation of oxidized base adducts. 

Additionally, ROS can hydroxylate guanine to produce 8-oxo-7, 8-dihydro-2’-deoxyguanosine 

(8OHdG) in DNA and 8-oxo-7, 8-dihydroguanosine (8OHG) in RNA, which are considered 

sensitive biomarkers for oxidative stress (63).  

2.4.5 ROS and cancer progression 

To further extend the severity of damage, ROS-mediated oxidative damage to DNA 

repair enzymes, single or double strand breakage, transversions, frame shift mutations, and 

chromosomal abnormality, all contribute to mutagenesis. This DNA damage accumulates over 

time, often resulting in either the arrest of the cell cycle or the uncontrolled induction of 

transcription factors/signaling pathways in the absence of any growth factor or external stimuli 

resulting in uncontrolled proliferation and differentiation. The resulting phenotype is often 

cancerous growth. Constantly elevated levels of ROS/RNS may also nitrate tyrosine residues or 

oxidize cysteine residues present in the PTP, contributing to the inhibition of its activity and 

causing a sustained activation of signaling pathways (MAP kinases, NF-kB, p-21-activated 

kinase-1(PAK) pathways, even in the absence of receptor activation. Additionally, the activation 

of the ROS-mediated Rac-PAK pathway, plays a vital role in cell migration and angiogenesis 

mainly via cytoskeletal remodeling and is often implicated in tumorogenesis and metastasis (64). 

Tissue damage induced by ROS mediated cytotoxicity during chronic inflammatory conditions 

also allows for the prolonged release of pro-inflammatory cytokines including TNF-α and IL-1 
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which in turn activate MAPK kinases, AP-1 and NF-kB which are involved in cellular 

proliferation and metastasis (65). Excessive NO released by iNOS also further contributes to 

tumor growth by promoting angiogenesis (66). 

 

Figure 2.5. Schemtatic representation of the role of free radicals and antioxidant enzymes 
in the initiation and progression of oxidative stress. 

Taken together, both moderate and high ROS levels are detrimental to the host body. 

Excessive free radicals generated during acute inflammatory conditions causes extensive damage 

to cellular machinery including protein, plasma membrane, enzymes and DNA that often results 

in cell necrosis. However, a continuous low/moderate level of ROS exposure not only initiates 

apoptosis but also alters cellular signaling machinery in such a way that it leads to the constant 

activation of transcription factors and therefore promotes the expression of proto-oncogenes, 

which often results in excessive cellular proliferation and tumorous growth. Additionally, 

oxidative stress mediated nuclear and mt DNA- damage, which accumulates over time, 

predisposes the cells to neoplastic phenotypes.  
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2.5 Molecular mechanism regulating LPS mediated Free radical production  

Although a lot is known about the role of ROS in inducing oxidative stress, much less 

information is available about the molecular mechanisms regulating the ROS/RNS production. 

Given the role of free radicals in the pathogenesis of both acute and chronic inflammatory 

diseases, understanding the molecular mechanisms regulating their production will help in 

formulating better therapeutic strategies. The following section gives insight about the molecular 

mechanism involved in the activation of NADPH oxidase and iNOS. 

2.5.1 Molecular mechanism regulating LPS mediated ROS production  

2.5.1.1 NADPH oxidase 

NADPH oxidases are a group of plasma membrane bound enzymes expressed in both 

phagocytic and non phagocytic cells and play a vital role in the generation of ROS. NADPH 

oxidase is an enzyme composed of four regulatory cytosolic components including p47phox, 

p67phox, p40phox and Rac protein and a transmembrane flavocytochrome heterodimer composed 

of the p22phox and the gp91phox (NOX) catalytic subunit. Normally in a resting state, 10-20% of 

the NOX subunit is present in the plasma membrane while the remaining 80-90% is localized in 

the membrane of secretory vesicles, specific and tertiary granules. In response to a specific 

stimulus, the exocytosis of these vesicles and granules translocates the majority of the NOX 

subunit to the plasma membrane where it interacts with other subunits. However, in contrast 

of/to phagocytes, NOX isoforms present in other non haemopoetic cell types are distributed more 

widely at multiple locations throughout the cell including the caveolae of the plasma membrane, 

lamellipodia, endosomes, endoplasmic reticulum and the nucleus (67).  

Various stimulants including bacterial toxins and byproducts, chemotaxins such as  LPS, 

formyl-methionyl-leucyle-phenylalanine(fMLP), anaphylatoxins (complement product C5a), 
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calcium ionophores and phorbol myristates can activate NADPH oxidase (68). Activated 

NAPDH oxidase reduces molecular oxygen to superoxide by electron transfer from NADPH. 

Large amounts of free radicals and their derivatives generated by phagocytic cells during the 

respiratory burst exerts their antimicrobial properties. Meanwhile low levels of ROS (about 1/3rd 

of superoxide released by phagocytes) generated by non phagocytic cells often act as secondary 

intracellular messengers which play a vital role in regulating cellular functions (69).  

Generation of ROS following LPS challenge involves the activation of multiple signaling 

molecules. These molecules often cross talk making the ROS generation signaling network a bit 

more complicated. The brief review below focuses on the molecular mechanisms regulating ROS 

production.  

2.5.1.1.1 p47phox and p67phoxtranslocation 

The phosphorylation of p47phox followed by its translocation to the plasma membrane 

where it binds to the NOX subunit is essential for superoxide production. In the resting state, 

p47phox adopts a conformation such that the two SH3 domains of p47phox are inaccessible for 

interaction with other subunits. This conformation change is mediated by an intramolecular 

interaction with the c-terminal flanking region named the auto-inhibitory region (AIR). 

Following monocyte activation, an increase in intracellular calcium levels either triggered 

through membrane receptors or from intra cellular calcium stores activates various protein 

kinases. These protein kinases in turn phosphorylate multiple serine residues in the AIR region. 

This phosphorylation of p47phox relaxes the conformational restraint and unmasks the SH3 

domain for further interaction. Subsequently, p47phox translocates to the plasma membrane where 

the SH3 domain interacts with the PRR of the p22phox while its phox (PX) domain binds to 

membrane bound phosphatidylinositol (3,4)-bisphosphate (PI3,4P2+) and phosphatidic acid (PA). 
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This binding ensures that the p47phox complex is anchored and assembled to the membrane(70). 

Thus, p47phox serves as an organizer. Once p47phox translocation takes place to the membrane, 

another cytosolic subunit p67phox, which is an essential activation subunit of NADPH oxidase, 

translocates to the plasma membrane. Here it plays a vital role in regulating electron flow from 

NADPH to the flavin in flavocytochrome b558 (71). The translocation of P67phox to the membrane 

is mediated either by p47phox or by Rac1/2 dependent pathways. Additionally, while p47phox can 

translocate to the plasma membrane in the absence of p67phox , p67phox can’t relocate to 

membrane in p47phox deficient cells(72). Following the phosphorylation of p47phox and its 

translocation to the plasma membrane, the C–terminal SH3 domain of p67phox binds to the C-

terminal PRR of p47phox. Subsequently p67phox binds to NOX subunit and plays an important role 

in transferring an electron from NADPH present in the cytosol to the NOX subunit where 

catalytic reduction of molecular oxygen takes place and superoxide is released either 

extracellularly or intracellularly into the lumen of the phagosome. In zymogen activated 

monocytes, the induction of PLA2 in response to the increase in calcium or PKC-α activation 

leads to the production of arachidonic acid. Arachidonic acid in turn governs the translocation of 

p47phox and p67phox to the plasma membrane and thus the activation of NADPH oxidase.   

                    

Figure 2.6. Functional NADPH oxidase assembly at the plasma membrane. Following LPS 
challenge, p47phox gets phosphorylated, translocates to membrane along with p67phox where it 
binds to p22phox and NOX subunit. LPS further activates Rac, active Rac translocates to the 
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membrane and binds with p67phox and NOX and helps in transferring electrons to NOX subunit 
for reducing molecular oxygen into superoxide.   

 

  

Figure 2.7 : Conformation changes in p47phox subunit of NADOH oxisdase following LPS 
challenge. In the resting cell cytoplasm, intramolecular interaction prevents p47phox binding to 
other subunits. Following LPS challenge, protein kinase mediated phosphorylation of 
autoinhibitory region relieves the intermolecular interactions site, which in turn binds to 
respective subunits and initiates NADPH oxidase activation. Adapted from (73) 

Activated NAPDH oxidase reduces molecular oxygen to superoxide by electron transfer 

from NADPH. However, the kinases responsible for phosphorylating p47phox have not been 

identified with certainity. For example PKC has been shown to phosphorylate p47phox following 

LPS challenge while PMA and fMLP induces p47 phosphorylation through the activation of 

PAK 1(74). (75). Additionally, recent studies in neutrophils have highlighted the role of IRAK-4 

in p47phox phosphorylation. The findings from these studies suggest that p47phox can be 

phosphorylated by multiple kinases at different sites. Genetic deficiencies in IRAK-4 resulted in 

impaired oxidative burst in neutrophils during LPS challenge, failed to produce any H2O2 and 

were unresponsive to the LPS priming effect (76). In neutrophils, there exists a physical contact 

between IRAK-4 and p47phox. IRAK-4 has been shown to co-immunoprecipitate along with 

P47phox with or without LPS challenge and following LPS challenge migrates along with p47phox 
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to the plasma membrane. IRAK-4 also co-imunoprecipiates with IRAK-1 after LPS challenge 

(77) and there is a strong possibility that IRAK-1 might assist in p47phox translocation.   

 

2.5.1.1.2 Rac Activation 

Rac GTPase, a member of the Rho family of small GTPases, plays a major role in 

regulating neutrophil functions by regulating various signal transduction pathways that control 

proliferation, chemotaxis and free radical (O2
.-) production. Several isoforms of this 21 kD 

protein exist. Rac-2 is mostly expressed in neutrophils while in monocytes/macrophages Rac-1 is 

predominantly expressed (78). In the resting state, Rac exists as Rac-GDP and is bound to an 

inhibitory protein, Rho-GDI, in the cell cytosol. Activation of Rac-1/2 is regulated by guanidine 

nucleotide exchange factors (GEF) which exchange GDP for GTP. Various stimuli including 

TNF-α, GCPR, thrombin, fMLP, PDGF and PMA can activate GEF members by inducing 

kinases-mediated phosphorylation which results in the dissociation of Rac1/2 from the inhibitory 

protein in the cytoplasm and allow for the exchange of GDP for GTP(79).  Activated Rac-1 

translocates and binds to the plasma membrane where the first step in electron transfer takes 

place from NADPH to FAD. The N terminus of Rac-1 binds to the p67phox at four tetratrico-

peptide repeat (TPR) motifs, leading to its translocation to the membrane (80). The insert region 

(residues 124 to 135) at the c-terminal is vital for the interaction of Rac-1 with the NOX subunit. 

Initially, first electron transfer takes place independently by Rac1/2, however for final electron 

transfer, both p67phox and Rac are important prerequisites (80, 81). At the membrane, Rac 

interacts with and activates p67phox, resulting in the activation of the NOX subunit, thereby 

initiating the final transfer of electrons to molecular oxygen and results in the release of 

superoxide. Other studies suggest that activated Rac-1 functions as a shuttle protein which binds 
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to P67phox and translocates it along with p47phox to the plasma membrane where it forms a 

complex with the catalytic subunit of NADPH oxidase. Defects in ROS production following the 

knock down of Rac or in Rac-deficient mice, are indicative of the fact that Rac activation is vital 

for NADPH oxidase activity. Thus the activation and binding of Rac-1 to the cytochrome b558 is 

considered a critical step in the NADPH oxidase activation(82).   

 

2.5.1.1.3 NOX  

NOX/ gp91phox is a catalytic subunit of NADPH oxidase complex and contributes to ROS 

formation. To date, seven members of the NOX family have been identified, including Nox1 

through 5 and the dual oxidases Duox 1 and Duox 2 (83). NOX catalyzes the one electron 

reduction of oxygen to superoxide anion using NADPH as an electron donor. While NOXs 1-5 

produce superoxide, the DUOX  enzyme releases H2O2 without generating much superoxide 

(84). Besides phagocytes, NOX isoforms are expressed in a variety of cell types including 

fibroblasts (NOX-1) (85), mesangial cells (NOX-4) (86), endothelial cells (NOX-1,4) (87), 

osteoclasts (88) chondrocytes (89) and colon cells (NOX-1). Although NOX 1 is mainly 

expressed in colon cells, its expression has been reported in other peripheral tissues as well, 

including dorsal root ganglia, vascular cells and macrophages (90). Additionally, many isoforms 

of NOX can be expressed within the same cell types. In microglia, both NOX-1 and NOX-2 are 

equally expressed: NOX-1 localization is confined to the lysosomal membrane (intracellular 

vesicles) while the NOX2-p22phox dimer is localized in the plasma membrane (91).  

The enzymatic activity of NOX/ and its ability to produce superoxide is regulated by the 

assembly of various regulatory subunits which interact with each other to form an active catalytic 

subunit. Interestingly, the receptor mediated ROS production is associated with NOX subunits. 
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Recent studies suggest that there exists a potential crosstalk between LPS signaling pathways 

and NOX-4 mediated ROS production. The TIR domain of TLR-4 has been shown to physically 

interact with the c-terminal of NOX-4 in HEK293t cells and the knock down of NOX4 inhibits 

LPS-mediated NF-kB activation and ROS production, thereby highlighting the role of NOX in 

LPS mediated signaling (69, 92). 

Unlike the electron transferase activity of NOX-2, p22phox is required for stabilization of 

NOX-p22phox complex. p22phox-NOX heterodimer formation is a prerequisite for exit from the 

endoplasmic reticulum (ER) (93). Binding to p22 phox extends the half-life of NOX and allows  

for its export from the ER to the subcellular membrane where it forms a docking site for other 

regulatory subunits to bind and function (94). 

 

2.5.1.1.3.1 Transcriptional control of NOX  

LPS has been known to induce the expression of NOX either by inducing the expression of 

transcription factors like NFkB or by activating Rac-1 which in turn regulate NOX-1 

activity(95).   

NOX-2 gets activated only upon agonist binding and besides the spatial segregation 

between different subunits there very limited transcriptional regulation/activities associated with 

NOX-2(96). IFN-γ can partially restore normal transcription of NOX-2 in immature PMN 

derived from patients suffering from chronic granulomatous disease (CGD), while this effect was 

absent in mature PMN(73). However, unlike NOX-2, NOX-1, -3 and -4 not only constitutively 

produce superoxide but can also be transcriptionally induced by a variety of stimulants including 

LPS, cytokines, prostaglandin F2α and platelet derived growth factors(97, 98). The amount of 

superoxide generated is often regulated by the expression levels of different NOX subunits in a 
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particular cell. Thus the induction of NOX1 mRNA expression alone with constitutive NOX-2 in 

response to various stimuli can govern amount of total superoxide formation (99). LPS-mediated 

TLR4 signaling is associated with increased expression of NOX-1 and it was observed that the 

amount of superoxide production was proportional to the induction of NOX-1(100). Depending 

on the stimuli, the expression of NOX-1 mRNA levels changes. NOX-1 expression in vascular 

smooth muscle cells is induced by angiotensin-II while treatment of rat renal mesangial cells by 

DETA-NO, a nitric oxide releasing compound, resulted in substantial suppression of NOX-1 

mRNA(101). The expression of a NOX isoform in response to a stimulus is also both cell 

dependent and transcription site specific. IFN-γ induces NOX1 in colon cells and up-regulates 

NOX2 in immature PMN. However, the transcription factor binding sites are distinct in both cell 

types (102, 103). Additionally, Flagellin, a bacterial component, is known to activate mRNA 

expression of NOX-1 via TLR5 (104).  

Several transcription factors, depending on the NOX isoform and cell type, play a vital 

role in controlling the expression of the NOX family genes. Some transcription factors such as 

CEBP delta and p65 of NFkB bind to the promoter region and promote transcription while others 

such as nuclear receptors inhibit the transcription of NOX-1(105, 106) 

 

2.5.2 Mechanism regulating RNS production  

2.5.2.1 Nitric oxide synthase  

Originally identified as endothelial derived relaxation factor (EDRF) which modulates 

vascular tone, the role of nitric oxide as an important effector molecule of the innate immune 

system against pathogenic microorganisms is indespensible. Nitric oxide, a lipophilic free 

radical, is produced by members of the nitric oxide synthase family. NO is released as a gaseous 
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byproduct during the enzymatic oxidation of one of the terminal guanidine nitrogen atoms of L-

arginine in the presence of NADPH and molecular oxygen to L-citruline by nitric oxide 

synthase. Depending on the source, the expression pattern and calcium dependence, three distinct 

isoforms of NOS sharing 51-57% homology, were identified. Neuronal NOS (nNOS) expressed 

in neurons and endothelial NOS (eNOS) expressed in endothelial cells, are constitutively 

expressed and require both cofactors (BH4, FAD, FMN, haem) as well as calcium calmodulin 

for their activity. These enzymes are constitutively active under resting conditions, releasing 

small amounts of NO transiently. In contrast to constitutive eNOS, iNOS can be induced in 

variety of cell types including macrophages, neutrophils and endothelial cells during infection by 

variety of bacterial/microbial byproducts including LPS as well as proinflammatory cytokines 

such as IL-6, TNF-α, IFN-γ and free radicals. This enzyme, unlike eNOS is independent of 

intracellular calcium levels and once induced, it continues to produce large amount of NO (nM-

μM) for many days untill it degrades. 

 

Table 2.1. Various isoforms of Nitric oxide synthase 
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2.5.2.2 Transcriptional control of nitric oxide synthesis 

iNOS expression can be controlled at both transcriptional and translational levels. The 

iNOS promoter contains binding sites for various transcription factors including NF-Kb, AP-1 

and IRF which depending on stimulants can synergize or inhibit the expression of iNOS (107). 

For example, LPS-mediated TLR-4 signaling pathway activation leading to NFkB and AP-1 

activation while IFN-γ-mediated JAK-STAT-IRF-1 activation, often synergistically drives the 

expression of iNOS(108). This synergistic affect is also associated with the LPS-mediated 

stabilization of mRNA levels of iNOS, resulting in longer duration of increased expression. On 

the other hand, anti-inflammatory cytokines such as IL-4, IL-10, IL-13, TGF-β and nuclear 

receptor agonists including ATRA and glucocorticoids are known to inhibit iNOS transcription. 

These mediators decrease mRNA stability and translational efficiency, interfere with other 

transcription factors, reduce substrate availability and can also work by other unknown 

mechanisms(109, 110). Additionally, post translational modulation involves prevention of NOS 

homodimerization which is necessary for iNOS induction(111). 

 

Figure 2.8. inducible Nitric oxide synthase- Activators such as LPS and TNF-α are known to 
induce iNOS whereas inhibitors such as IL-4 and nuclear receptor agonists such as all-trans 
retinoic acid (ATRA) inhibits iNOS activation. Elevated levels of NO produced following iNOS 
induction mediate many cytotoxic functions as listed above.  
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2.6 NADPH oxidase and clinical significance  

  Superoxide production is not only vital for the host’s defense by  virtue of its microbicidal 

properties(112), but also plays an important role in modulating the immune response 

(lymphocyte mitogenesis) (113). However, over activation of NADPH oxidase by inflammatory 

mediators such as LPS, immune complexes and complement results in the excessive production 

of free radicals. Free radical-mediated damage contributes to the pathophysiology of many acute 

and chronic inflammatory diseases including sepsis, rheumatoid arthritis, cancer and 

inflammatory bowel disease (114). As mentioned previously, there is a strong correlation 

between NOX-1 expression, ROS and cancer growth. The over-expression of NOX-1 in colon 

cells resulted in increased ROS production and initiated increased production/expression of c-

fos-induced growth factor such as VEGF, IL-8 and chemokines like CXCL2. These mediators 

play an important role in angiogenesis, tumor progression and metastasis. Meanwhile, free 

radicals also mediate the dysregulation of apoptosis either by upregulating antiapoptotic genes 

such as caveolin-1(Cav-1) or by promoting the mutation in the pro-apoptotic gene p53, which 

normally induces apoptosis when cells come under oxidative stress, leading to uncontrolled 

growth of cancerous cells (115). 

Renin-angiotensin system plays a vital role in regulating hypertension. This hypertensive 

effect of angiotensin is associated with NOX-1 activation in vascular smooth muscle cells. The 

increased and sustained expression of NOX-1 in endothelial cells in response to angiotensin II 

can lead to superoxide-mediated dysfunction, which may predispose individuals to chronic 

inflammatory conditions including atherosclerosis, hypertension and congestive heart failure. 

Endogenous superoxide released alters the vascular tone necessary for regulating blood pressure 
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mostly by altering the functional bioavailability of NO (superoxide-mediated inactivation) 

leading to high blood pressure. The infusion of SOD in angiotensin II-treated hypertensive rats 

restored normal blood pressure and vascular reactivity further highlighting the role of 

superoxide/NOX-1 in the progression of hypertension. Constant exposure to low levels of ROS 

leads to PDGF mediated cellular proliferation in vascular smooth muscle along with the 

deposition of extracellular matrix in blood vessels. These factors result in the narrowing of the 

arterial lumen. Meanwhile in the kidneys, ROS-mediated PDGF activation leads to the mesangial 

cell proliferation in the glomeruli and often contributes to the development of  

glomerulonephritis (116).  

 

NOX-1 also plays a major role in the pathogenesis of neurodegenerative diseases  

including Parkinson’s and Alzheimer’s disease. Superoxide, derived from NOX-1 and NOX-2 in 

microglia, induces Nk-KB, leading to increased pro-inflammatory IL-6 and iNOS gene 

expression  and elevated IL-6 and nitric oxide levels in LPS challenged microglia.. Elevated 

level of nitro tyrosine, a marker of oxidative stress, have also been reported in WT and NOX-2 

deficient mice that were injected intracranially with LPS indicating that both NOX-1 and 2 are 

equally responsible for mediating oxidative stress related injury. Furthermore, deletion of NOX-

1 in a mouse model of Amylotrophic lateral sclerosis has shown improved survivability 

indicating the therapeutic potential associated with inhibition of NOX-1 (91). 

On the other hand genetic deficiency of NADPH oxidase or any abnormality  in the  full 

activation, impairs the phagocytic ability of PMNs. Impaired innate immune cell phagocytic 

function leads to the persistence of the microbial infection and often predisposes the body to 
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severe pyrogenic infection or chronic inflammatory diseases like chronic granulomatous disease 

(117).  

 Inflammation involved in the pathogenesis of many diseases often acts as a double edged 

sword. On the one hand inflammation is necessary for getting rid of infectious agents but on the 

other hand, inflammation-induced oxidative stress initiates oxidation of lipids, proteins and 

DNA, contributing to the pathogenesis of many chronic inflammatory diseases (118). 

 

2.7 Outcome of inflammatory responses 

Normally our body/innate immune system responds to any infectious agent by initiating a 

localized inflammatory process aimed at getting rid of the infection with minimal tissue injury. 

However depending on the intensity of the host innate immune response against a foreign 

antigen, there are three possible outcomes of this inflammatory response. Firstly, a well balanced 

and tightly regulated inflammatory response initiates pathogen killing, clears damaged tissue, 

initiates tissue remodeling and gets resolved after an appropriate period of time. A second 

outcome results from defects in initiating an appropriate inflammatory immune response which 

is often detrimental to the host. Inadequate immune responses predispose the body to secondary 

infections and/or a persistent low grade chronic inflammatory state which can result in the 

development of cancers and other debilitating disease conditions. Lastly, a third outcome which 

in the majority of cases leads to an acute life threatening complication that arises from an 

inappropriate and exacerbated inflammatory immune response to systemic infection(119). 

 A highly orchestrated inflammatory response not only aids in recovering at the tissue 

level but also tries to confine the microbes from entering systemic circulation. Unfortunately in 

some cases, these microorganisms are able to evade the host immune defenses and gain entry 
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into the blood stream, releasing various molecules including LPS and other cell wall 

components, toxins and enzymes. This systemic distribution of antigen subsequently triggers a 

systemic inflammatory response. Once disseminated in the blood stream, these inflammatory 

mediators spread throughout out the body and can lead to the highly fatal condition known as 

multi-organ dysfunction syndrome (MODS).  

 

2.8 Sepsis  

2.8.1 Introduction 

Sepsis is one such example of an exacerbated immune response which, if remains 

untreated, can lead to multiple organ failure. The following brief review discusses the general 

aspects and pathophysiology associated with sepsis. 

The concept of sepsis was laid in as early as 400 BC when Hippocrates described the 

clinical manifestations of sepsis by using the term “wound putrifection”. In the 18th century, 

Louis Pasteur, working on the germ theory, correlated putrefaction with the presence of bacteria. 

In 1914, Hugo Schottmuller further revolutionized the modern definition of sepsis by stating that 

presence of infection is vital for the initiation of sepsis (120).  

As per the latest definition, sepsis is defined as the systemic inflammatory response 

syndrome evoked in response to an infection in the body, which if remains untreated over a 

period of time, often ends in MODS(121). The incidence rate of sepsis in the United States is on 

an average 3 cases per 1000 in the population, totaling 750,000 cases annually. With a mortality 

rate of 30-50%, nearly one-third of these cases or approximately 250,000 patients succumb to 

septic shock and account for the majority of non-coronary intensive care units (ICU) deaths 

throughout the world (122).   



 
 

53 

2.8.2 Etiology 

Microbiological diagnostics attribute 60% of sepsis cases to Gram-negative bacteria 

while the rest are attributed to Gram-positive bacteria. Poly-microbial infections have also been 

documented in 20-30% cases (123). The most common microorganisms associated with sepsis 

include bacteria from the Enterobactereaceace family (Escherichia coli and Klebsiella), as well 

as Psuedomonas aeruginosa, Staphylococcus aureus and other enterococci species. In recent 

years, antibiotic-resistant bacteria such as methicillin resistant S. aureus (MRSA) and 

opportunistic fungi such as Candida species (2 to 5%) cases are also on the rise.  The lung is the 

most common site of infection leading to sepsis, followed by infections from the abdominal 

cavity. Accidental trauma, catherization, immunosuppressive corticosteroid treatment and 

chemotherapies, prolonged use of antibiotics, and invasive surgery can trigger sepsis. In addition, 

antibiotic resistant bacteria, increased life span/elderly patients, disease history/underlying 

conditions are other factors which have contributed to the increase in the incidence rate of sepsis 

over the past few decades(124).   

2.8.3 Sepsis and endotoxin 

 Elevated levels of endotoxin in the plasma are a common finding in most of sepsis cases. 

The infusion of LPS, a component of the Gram negative bacterial cell wall and a TLR-4 agonist, 

alone can mimic most of the symptoms associated with sepsis including fever, hypotension, 

tachycardia, tachypnea, leucopenia, and multiple organ failure in both humans and laboratory 

animals (125, 126). In the laboratory setting, the endotoxicosis model is widely used for studying 

sepsis while cecal puncture and ligation (CPL) and colon ascendens stent peritonitis are the other 

two less frequently used models to understand the complex pathophysiology associated with 

sepsis.  
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2.8.4 Pathophysiology 

The pathogenesis of sepsis involves complex interactions between the host and the 

invading microorganism.. Inflammatory mediators such as free radicals and pro-inflammatory 

cytokines, released by activated neutrophils and macrophages to get rid of invading pathogens, 

are also involved in the pathogenesis of endotoxemia-related MODS. Although the exact 

pathophysiology of sepsis is not fully known, the following section reviews the well established 

role played by inflammation and oxidative stress in the pathogenesis of multiple organ failure 

(MOF). 

 

2.8.4.1 Sepsis and Pro-inflammatory cytokines  

Based on the serum parameters, experimental endotoxic shock can be divided into three 

phases- the induction phase (0-4 hours following LPS challenge), the acute phase (ranging from 

6-12 hours after LPS challenge) and recovery phase (12 to 48 hours post-challenge). Pro-

inflammatory cytokines such as TNF-α and IL-1 which are released during induction phase are 

considered important regulators of innate immunity and inflammatory response. As with LPS, 

the administration of TNF-α is also capable of triggering haemodynamic, metabolic and 

pathological altercations including fever, myocardial depression, hypotension, intravascular 

coagulation and necrosis often resulting in MOF (127, 128).  

  TNF-α and IL-1 released during the initial hours of the inflammatory response mediate 

most of immunopathological lesions associated with LPS-induced sepsis. Once released these 

cytokines act synergistically via binding to the surface receptors present on many cells types 

including innate immune cells and endothelial cells and in turn initiates release of a second wave 

of inflammatory cascade by inducing multiple signaling pathways/transcription factors (AP-1, 
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NFkB) leading to increased expression of pro-inflammatory genes including phospholipase A2 

(PLA2), cyclooxygenase (COX-2) and iNOS, as well as endothelial adhesion molecules, 

chemokines (IL-8) and tissue factors(129, 130).  

Elevated levels of pro-inflammatory cytokines, chemokines, acute phase proteins, 

endothelin-1(Et-1), coagulation factors, ROS and RNS detected at various phases in both human 

patients and experimental endotoxemic animal models often contribute to the pathophysiology of 

MODS. These inflammatory mediators released during sepsis complement each other. While 

proinflammatory cytokines induce free radical production from various cells types, oxidative 

stress/free radicals enhance the gene expression of many proinflammatory cytokines leading to 

increased production of proinflammatory cytokines, thereby further complicating and prolonging 

inflammation.  

The following brief review focuses on the role of innate immune cells and oxidative 

stress/mediators in the progression of MODS- 

2.8.4.2 Sepsis and oxidative stress 

Elevated levels of reactive oxygen species in the plasma have been well documented in both 

patients and animal models of sepsis. Various sources which contribute to free radical generation during 

sepsis include the mitochondrial electron transport chain, ischemia-reperfusion events leading to activation 

of xanthine oxidase, arachidonic acid metabolism, lipo/cyclooxygenase activity, NADPH oxidase-

mediated respiratory burst of phagocytes, and the induction of iNOS (131).   

  Moreover, neutrophils isolated from patients suffering from sepsis exhibited relatively 

higher activities of NADPH oxidase and iNOS and produced elevated levels of superoxide and 

nitric oxide in response to LPS and PMA in comparison to the neutrophils obtained from healthy 

individuals (132). These enzyme complexes, present in the variety of cell types including the 
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cells of the innate immune system, fibroblasts, vascular smooth muscle cells and endothelial 

cells, when activated by proinflammatory mediators released during sepsis, notably, cytokines, 

anaphylatoxins, leukotrienes, and platelet-activating factor, generate copious amount of 

superoxide and nitric oxide and mediates most of the cytotoxicity associated with MOF (133). 

Additionally, various sources of free radicals quite often synergize each other’s production. ROS 

generated via NADPH oxidase modulates intracellular signaling processes (MAPK, NFkB) 

leading to iNOS induction, while by inhibiting mitochondrial ETC, nitric oxide induces 

superoxide production. The ultimate result is elevated levels of free radical production(134, 135).  

 

Elevated levels of plasma reactive oxygen species are accompanied by altered redox 

status/anti-oxidant enzyme status. Low level of antioxidants have also been well documented in 

both patients and animal models of sepsis (136). Significant reduction in the activities of 

enzymatic antioxidants including SOD, catalase, GPx and low molecular weight plasma 

antioxidants such as Vit. A, C, E, GSH and metals such as Se (critical for the functioning of 

GPx) has been reported in many rodent models of sepsis during both early and late sepsis stages 

(137). The fact that reduced plasma concentrations of these antioxidants have been reported 

during sepsis progression is further evidence that body undergoes enormous oxidative stress 

(138, 139).  

The depletion of the antioxidant defense further enhances the free radical mediated 

oxidative stress/cytotoxicity. Hydroxyl and peroxynitrite mediated extensive oxidative damage to 

the plasma membrane, protein, amino acid and DNA plays a vital role in the development and 

progression of MODS. Decreased plasma total antioxidant potential, often accompanied by 

elevated level of plasma lipid peroxides has been reported in clinically ill patients (140, 141). 
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Elevated plasma thiobarbituric acid reactive substances (TBARS) and lipid hydroperoxides in 

vital organs including liver, lung, heart and kidney are often linked to MODS. Sakaguchi et al. 

reported a dose and time dependent increase in liver lipid hydroperoxides and plasma TBARS 

after endotoxin administration which later on subsided with time(142).  Elevated levels of 

markers of oxidative stress including TBARS, protein carbonyl and nitrotyrosine adducts suggest 

that redox imbalance and free radical-mediated cytotoxicity play a major role in the pathogenesis 

of sepsis. 

 Increased myeloperoxidases (MPO) activity in the lungs, heart and liver are indicative of 

the fact that neutrophils plays a vital role in inflicting oxidative stress related injury. (143). The 

brief review below focuses on the role of neutrophils in the progression of MOF.  

 

2.8.4.3 Neutrophilic infiltration and MOF 

MOF can be described as condition arising from major inflammatory 

mediators/complications that are capable of initiating a cascade of events leading to organ 

failure. Organ dysfunction associated with severe sepsis is mainly attributed to oxidative stress-

induced injury to vascular endothelium and tissue parenchyma. Monocyte chemotactic protein-1 

(MCP-1), a chemoattractant, secreted by variety of cell types including monocytes, fibroblast, 

and endothelial cells attract PMNs to the site of inflammation. Circulating endotoxin and pro-

inflammatory cytokines released during  endotoxemia induce the expression of various adhesion 

molecules including β2 integrins, CD11a/CD18 and CD11b/CD18 on neurophils and inter-

cellular adhesion molecule 1 (ICAM-1) and selectins expression on their counterpart endothelial 

cells (144). The upregulation of these molecules substantially increases the physical contact 

between neutrophils and endothelial cells. The strong adhesion of neutrophils on post capillary 
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venules often results in vascular occlusion, thereby blocking tissue perfusion and causing tissue 

hypoxia. Elastases secreted by activated neutrophils enter the endothelial cells converting 

xanthine dehydrogenase into xanthine oxidase (145, 146). Activation of superoxide generating 

enzymes, NADPH oxidase and xanthine oxidase, in the activated neutrophils and macrophages 

plays a vital role in the vascular pathophysiology associated with sepsis. Superoxide reduces 

intracellular ferritin-bound Fe3+ to Fe2+, which in turn reacts with H2O2 via Fenton’s reaction 

leading to production of highly reactive hydroxyl radicals [96]. Additionally, the NO released by 

endothelial cells and PMNs/neutrophils reacts with superoxide to form peroxynitrite. Hydroxyl 

and peroxynitrite-mediated oxidative damage in conjugation with the proteolytic factors released 

from neutrophils causes extensive damage to endothelial cells and basement membranes, leading 

to seepage of fluid along with neutrophils into alveolar space/tissue parenchyma  causing free 

radical mediated cytotoxicity or in the case of lungs, leads to acute respiratory distress syndrome 

(147). The quenching of superoxide and H2O2 by SOD and catalase respectively, along with 

chelation of Fe3+, alleviated neutrophil-mediated cytotoxicity, which suggests that free radicals 

are critically involved in tissue destruction and endothelial dysfunction. 

 

2.8.4.4 ROS, Intravascular Coagulation and MOF  

Sepsis is associated with the activation of the coagulation cascade which often results in 

widespread thrombosis and tissue hypoxia. Thrombosis occurs as a result of imbalance between 

procoagulant and anticoagulant mechanism and can lead to the highly fatal condition known as 

disseminated intravascular coagulation (DIC). The brief review below focuses on the role of 

oxidants in initiating thrombosis and thus MOF.  
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About 30-50% of patients suffering from severe sepsis also suffers from disseminated 

intravascular coagulation (DIC) (148). Proinflammatory cytokines and free radicals released 

from LPS-activated monocytes and macrophages promote the coagulation cascade by increasing 

the expression of tissue factors on mononuclear and endothelial cells(149, 150). Tissue factor in 

turn activates proteolytic cascades that result in the conversion of prothrombin to thrombin, 

thereby contributing to the increased generation of fibrin from fibrinogen and hence intravascular 

coagulation(151). Furthermore, the procoagulant state is reinforced by oxidant mediated 

downregulation and inactivation of tissue factor-pathway inhibitor (TFP1) activity, endogenous 

anti-thrombogenic factors including alpha-2-antiplasmin, plasminogen activator and 

thrombomodulin(152, 153). Additionally, free radicals produced during endotoxemia interfere 

with the cellular processes required for fibrinolysis by increasing the production of plasminogen-

activator inhibitor (PAI-1) from activated platelets and endothelium, which exerts its pro-

coagulant action by inhibiting fibrinolytic plasmin production. Lipid peroxides derived from the 

oxidation of plasma membrane lipids increase the amount of thrombin production and at the 

same time decreases thrombin decay by inhibiting plasmin antithrombin activity (154, 155). 

Taken together inflammatory mediators including cytokines and free radicals assist in thrombi 

formation and can lead to wide spread intravascular coagulation and hypoxia.  

 

2.8.4.5 Sepsis and Endothelin-1 

In addition to pro-inflammatory cytokines and free radicals, endothelin-1, a 21 amino 

acid vasoregulatory peptide produced by variety of cells types including endothelial and vascular 

smooth muscle in response to inflammatory mediators such as TNF-α and endotoxin during 
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endotoxemia, also assists in promoting intravascular coagulation and microthrombi formation by 

inducing vasoconstriction/altering vascular tone (156, 157).  

 

Additionally, endothelin (Et) plays a major role in the pathogenesis of many other 

diseases including myocardial infarction, pulmonary hypertension and renal failure. Studies 

conducted by Pittet et al. and others draw correlation between endothelin levels and the severity 

of sepsis in patients(158). Et-1, being a potent vasoconstrictor, modulates regional perfusion 

resulting in maldistribution of blood to various organs.  The effect of Et-1 infusion on the heart 

includes a negative ionotropic effect, decreased cardiac output and arrhythmias (159, 160). 

Therapies aimed at antagonizing the function of endothelin-1 have proven safe and effective in 

the treatment of hypertension and severe heart ailments (161). Administration of mixed Et 

receptor antagonists lead to increased cardiac output during endotoxemia, confirming the role of 

Et-1 as cardio-depressant during sepsis. Et-1 also activated neutrophils and leukocyte and 

induced ROS production in cardiomyocytes [31]. ET-1 assists in leucocytic transmigration by 

inducing the expression of vascular adhesion molecules thereby assisting leukocyte adhesion to 

the endothelium and increasing the transit time necessary for transmigration through constricted 

blood vessels (162, 163). Renal and hepatic dysfunction during sepsis has also been attributed to 

endothelin mediated afferent arteriole and hepatic sinusoidal vasoconstriction leading to reduced 

renal and hepatic blood flow (164). The administration of a mixed endothelin receptor antagonist 

improved renal and hepatic function by increasing renal and hepatic blood flow thereby 

preventing the hepatocellular injury associated with hypoxia (165, 166).  
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 2.8.4.6 Sepsis and NO 

  The increased expression of iNOS following LPS challenge has been observed in 

a variety of cell types including macrophages, microglia, Kupffer cells, hepatocytes, endothelial 

cells, vascular smooth muscle cells, mesangial cells and fibroblasts. Elevated levels of 

circulating nitrite and nitrate, which are the stable byproducts of NO, produced by the induction 

of iNOS, can be detected in plasma and urinary samples within few hours following LPS 

challenge (167, 168).  

Myocardial depression and hypotension are two other factors which often predispose septic 

patients to life threating hypovolumic shock state. This state leads to widespread ischemia and 

tissue hypoxia and contributes to MOF. Many clinical reports stated a positive correlation 

between levels of NO production, haemodynamic alteration and MODS in septic patients (169, 

170). The following section reviews the role of NO in inducing severe cardiovascular 

abnormalities and hypotension which play a critical role in inducing MOF.  

 

2.8.4.6.1 NO and cardiovascular system 

Excessive NO released during endotoxemia may exert both direct and indirect effect on 

the cardiovascular system/functioning. NO exerts a strong vasodilatory effect by Guanylyl 

cyclase-mediated cGMP-dependent and -independent mechanisms (169). NO and OONO exert 

their direct effects on vascular smooth muscle independently of cGMP by activating Ca2+ 

dependent-K+ channels and inhibiting the activity of enzymes involved in oxidative 

phosphorylation (171). The reduction in oxidative phosphorylation results in the reduced 

availability of ATP. This lack of ATP results in reduced contractibility and vasodilation of the 

smooth muscle in the vasculature. On the other hand, the NO-mediated rise in c-GMP levels and 
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subsequent reduction in intracellular Ca2+in vascular smooth muscles cells leads to excessive 

vasodilation of vessels (172). This vasodilatory effect is further complemented by the 

superoxide-mediated oxidation and subsequent loss of the vasoconstrictor property of 

endogenous nor-epinephrine (173). Together, these factors contribute to the hyporeactivity of the 

smooth muscle. Additionally, NO indirectly exerts its vasodilatory effect by inhibiting the 

release of the vasoconstrictor endothelin-1 from endothelial cells in both human and animals 

(174). The induction of iNOS within cardiac muscle (myocardium) and/or the release of NO 

released from endothelium or adjacent endocardium in response to endotoxin or pro-

inflammatory cytokine, is known to exert a negative ionotropic effect on heart activity (175). 

Additionally peroxynitrite mediated oxidative damage to cardiomyocytes and TNF-α induced 

apoptosis, as well as inactivation of alpha-adrenoreceptor by peroxynitrite, are few other indirect 

mechanisms responsible for reduced myocardial contractibility (176). Peroxynitrite-mediated 

oxidative damage to vascular bed often lead to increased vascular permeability and seepage of 

body fluid in body cavities often contributing to tissue hypoxia and MOF. Pretreament with 

corticosteroids and TGF-β which are known to inhibit iNOS induction as well as other iNOS 

inhibitors completely blocked the impairment of the cardiomyocyte contractibility, reduced 

hypotension and vascular hyporeactivity and improved haemodynamic shock alterations. These 

outcomes further highlight the role of iNOS in negatively regulating cardiovascular function 

during sepsis (177, 178).  

 

2.8.4.6.2 NO and energy metabolism 

Sepsis is associated with inhibition of respiration in vital organs including the liver, heart, 

skeletal muscle, kidney and brain. NO generated in the cytoplasm can easily diffuse into the 
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mitochondria where NO competes with O2 for cytochrome oxidase (complex IV). Sepsis is often 

associated with tissue hypoperfusion and thus chances of NO binding to complex IV are very 

high in underperfused organs leading to impairment of oxidative phosphorylation. Inhibition of 

cytochrome oxidase by NO, disrupts the functioning of the respiratory chain complex making  

more electrons available for binding to molecular oxygen. The net result is increased superoxide 

and H2O2 formation. NO in the presence of superoxide forms ONOO. Peroxynitrite mediated 

nitration and inhibition of mitochondrial ETC enzymes further inhibits mitochondrial ATP 

generation. Inactivation of MnSOD often makes more superoxide available to react with NO to 

form peroxynitrite. Peroxynitrite and OH mediated DNA damage often leads to the activation of 

poly (ADP-ribose) polymerase 1 (PARP-1). PARP-1 by utilizing NAD+ transfers its ADP-ribose 

portion on nuclear proteins to repairs DNA damages. Excessive DNA strand breakage often 

leads to overactivation of PARP-1 which in turn depletes NAD+ necessary for ATP synthesis. 

Taken together, inhibition of the mitochondrial respiratory chain, TCA activity along with 

reduced NAD+ depletes all the source of energy often resulting in cell death (179).  

 

Treatment with an SOD mimetic inhibited both peroxynitrite formation and subsequent PARP 

activation, restored mitochondrial respiration in macrophages and smooth muscle cells and 

prevented vascular hyporeactivity and endothelial dysfunction in endotoxin-treated rats. 
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Figure 2.9. Summarized representation of events associated with multiple organ failure 
(MOF). Free radical-mediated microvascular injury and cytotoxicity to vital organs, myocardial 
depression, hypotension, disseminated intravascular coagulation leading to thrombi formation, 
subsequent hypoperfusion and ischemia related injuries in vital organs are various factors 
contributing MOF. 

Collectively, ROS and RNS cause oxidative tissue damages and multi-organ failure during 

septic shock.  Although the local generation of free radicals may benefit the host in killing the 

invading pathogens, pervasive production of free radicals often cause significant bi-lateral 

damages to host tissues during disseminated bacterial infection and sepsis. 
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2.8.5 Challenges in sepsis treatment 

Despite more than three decades of extensive research, little progress has been achieved 

in terms of reducing sepsis associated mortality. A lack of systematic understanding of the 

inflammatory complications during the acute yet complex pathogenesis of MODS have 

contributed to the failure of treating this devastating syndrome (180). The administration of 

antimicrobial agents, vasopressors, ionotropic agents and antibodies against specific cytokines all 

have been met with limited success. Thus, the treatment of sepsis has been limited to supportive 

care, including fluid therapy and a combination of anti-inflammatory agents. Immunosuppressive 

therapy hasn’t been successful either. As patients come from diverse genetic backgrounds and 

thus respond differently to infections, some patients require immune inhibition therapies to 

suppress inflammation while others benefit from immune-stimulation so that they can effectively 

fight off the infection. Thus, using one standard therapy for all patients has not proven beneficial 

either. Moreover, antibiotics have proven ineffective in controlling disseminated endotoxemia, 

since the bacterial endotoxin lipopolysaccharide (LPS), rather than the live bacteria, plays a 

major role in initiating the pathogenesis (181). Antibodies against TNF-α and IFN-γ have 

improved survival in baboons and mice, but human clinical trials using an antibody against TNF-

α failed to provide protection against sepsis(182-184). The rationale behind the failure of TNF-α 

treatment is attributed to the narrow time frame for administering TNF-α antibody because by 

the time sepsis is diagnosed, the TNF-α levels have already spiked and returned to normal and 

most of the metabolic and hemodynamic altercation have already taken place. However pre-

treatment with TNF-α antibody offered protection against sepsis but also increased the risk of 

complications due to secondary infection, since TNF-α is vital in initiating an immune 

response(130). Since proinflammatory cytokines such as TNF-α and IL-1 synergize, strategies to 
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target a single cytokine haven’t been adequate to offer sufficient protection. On the other hand, 

blockade of both TNF-α and IL-1 simultaneously, improved survival chances and vital organ 

functions (185, 186). The irony surrounding the treatment of sepsis is that initially the syndrome 

is characterized by a hyper-inflammatory response which itself is associated with low mortality. 

However, the majority of patients succumb at later stages, due to prolonged immune-suppression 

and subsequent secondary infections. Therefore judging the appropriate time for administration 

of immune-suppressive or immune boosting therapies can be very challenging. Given the fact 

that sepsis-associated inflammatory complications are the result of complex interactions between 

biological effectors and cell types, current therapies which target single pathway or mediator 

have not proven beneficial. Most of the current therapies for sepsis are supportive and palliative 

at best, or are applied too late in the progression of the disease, when their blockades are 

ineffective in changing the final prognosis. The limited progress in sepsis treatment is also partly 

due to the fact that while current animal models have been very helpful in identifying the 

molecules and specific mediators of sepsis, we still lack an appropriate animal model which can 

exactly mimic human sepsis (187). Thus an alternative approach focused on identifying further 

microbial products and signaling mechanisms involved in immunopathology/exacerbated 

immune activation might prove helpful in developing successful therapies for reducing the 

mortality rates associated with sepsis. 

 

2.9 Therapeutic strategies to alleviate sepsis 

Since the over-activation of the innate immune response, leads to an increased production 

of inflammatory cytokines and ROS, therapy which can reduce the release of inflammatory 

mediators to a level where the host can initiate an appropriate immune response against 
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pathogens without suffering from hyper inflammation-mediated tissue injury would be the ideal 

therapy.  

 

2.9.1 Antioxidant Therapy 

Strategies aimed at reducing both the production of free radicals and excessive 

inflammatory cytokine levels during acute sepsis have shown promising results in preserving 

organ function and decreasing the high mortality rate. Several antioxidants have shown 

beneficial effects in the prognosis of sepsis. Therapies which can restore antioxidants such as 

SOD mimetics, N-acetyl cysteine (a precursor of GSH), catalase, overexpression of GPx as well 

as metal chelators and drugs which can block excessive NADPH oxidase activation, have proven 

effective in reducing mortality (188). Pre- and post-treatment with EUK-8, a synthetic SOD as 

well as catalase mimetics were protective against oxidative stress mediated lung injury in 

endotoxemic animal models(189). Pre-treatment with NAC protected mice from endotoxemia 

and improved survivability by decreasing NF-kB activation and attenuating TNF-α production 

(190). Additionally, Vitamin E administration has been shown to inhibit free radicals not only 

through direct scavenging of free radicals but also by negative regulation of NADPH oxidase 

activity. Furthermore, drugs which work by disruption of NADPH oxidase activity and/or 

inhibition of Rac have shown remarkable reduction in mortality associated with LPS (191).  

 

2.9.2 TLR Signaling Disruption 

One potential therapy for the alleviation of sepsis would be to target the TLR-4 signaling 

pathway which is primarily responsible for the host response to LPS (192). Upon activation, 

components downstream of TLR4 can activate multiple transcription factors including NF-kB 
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and AP-1, which eventually leads to the expression of pro-inflammatory genes and oxidative 

enzymes such as NADPH oxidase as well as iNOS. Studies suggest that IRAK-4, a kinase 

downstream of TLR4, has been associated with the alteration in several endotoxin-triggered 

signaling pathways. IRAK-4 knockout mice developed tolerance to LPS-induced septic shock 

(193). In vitro studies revealed that inhibition of the TLR4 signaling pathway via IRAK-4 

deletion attenuated free radical production, mainly by interfering with NADPH oxidase 

activation and iNOS induction. 

 

2.9.2.1 IRAK-1 and TLR signaling 

Additionally, IRAK-1, another intracellular kinase downstream of TLR-4 can be a 

potential therapeutic target for alleviating sepsis associated mortality. IRAK-1 has been shown to 

co-immunoprecipitate with the intracellular domain of IL-1, and given the similarity between the 

TLR intracellular domain and IL-1, it was hypothesized and later proven that IRAK-1 also 

participates in TLR-4 mediated signaling. IRAK-1 deficient mice developed resistance against 

endotoxemia associated mortality in a mouse model of sepsis. Recent studies conducted by our 

group and others suggest that IRAK-1 is the key TLR4 intracellular kinase which critically 

mediates the diverse cellular effects of LPS. The following brief review summarizes the role of 

IRAK-1 in modulating innate and adaptive immunity.  

 

2.9.2.1.1 IRAK-1  

TLR signaling is finely regulated through a series of intracellular proteins, including the 

interleukin-1 receptor associated kinases (IRAKs). To date,  4 IRAKs, namely IRAK-1, 2, M and 

4, sharing 30-40% homology have been identified. IRAK-1, a protein with 712 amino acids, 
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contains a death domain in the N-terminus, a central serine/threonine kinase domain and a C- 

terminal serine threonine rich region. IRAKs, are ubiquitously expressed in numerous types of 

cells and tissues, including PMNs, neurons, hepatocytes and endothelial cells, with the exception 

of IRAK-M, which has only been detected in macrophages(194). 

IRAK-1 plays an important regulatory role in controlling prolonged TLR signaling which 

if remains unchecked, often results in excessive inflammatory responses. Following LPS 

challenge, IRAK-1 gets phosphorylated, relays signals further downstream and is subsequently 

ubiquitinated, leading to its proteosomal-degradation(195, 196). Thus IRAK-1 degradation 

serves as negative feedback mechanism to terminate TLR signaling and its degradation has been 

shown to confer endotoxin tolerance in leukocytes isolated from septic shock patients. Secondary 

inhibitory control over NF-kB activation/TLR signaling is exerted by IRAK-M and Tollip which 

under basal conditions keep IRAK-1 in the inactive unphosphorylated form in the cytoplasm.  

Additionally, subsequent studies have demonstrated that IRAK-1 sumoylation by IL-1 

can also trigger its entry into the nucleus where it serves as transcriptional regulator for STAT-3, 

leading to the production of pro-inflammatory IL-6. Thus depending on the type of modification 

that IRAK-1 undergoes, it plays a diverse role in modulating cellular functioning. Unlike MyD88 

or IRAK-4 deficiency, IRAK-1 deletion has only a partial effect in disrupting TLR signaling 

following LPS challenge. Initially thought to be actively involved in the classical NFkB 

activation, IRAK-1 knock-out studies in mice and cells have revealed that nuclear translocation 

of P65/Rel A, a NFkB subunit, takes place unhampered suggesting that unlike IRAK-4, IRAK-

1 play an in-direct role in modulating the NF-kB pathway (193). However, IRAK-1 has been 

shown to be selectively involved in the selective phosphorylation of IRF5/7 and p65/RelA, 

thereby enhancing the transcriptional activation of various target genes (197, 198).  Further 
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studies have shown that unlike IRAK-4 knockout, IRAK-1 deletion caused marginal suppression 

of NF-kB and MAPK mediated signaling suggesting that IRAK-1 is required for  optimal TLR 

signaling and that there is  redundancy in the functioning of IRAKs (199). Besides regulating 

NF-kB activity, the role of IRAK-1 as an adaptor molecule is vital for TLR signaling. The N-

terminal (death domain) of IRAK-1 interacts with MyD88 while the C- terminal interacts with 

TRAF-6, thereby completing the signaling circuit for signal transmission. Studies using an N-

terminal IRAK-1 mutant failed to initiate IL-1 induced NF-kB activation, thus signifying the 

importance of IRAK-1 in TLR signaling. 

 

2.9.2.1.2 IRAK-1 and Clinical Significance 

Many studies conducted in both human and animal models suggest that IRAK-1 is a vital 

component of TLR signaling and that IRAK-1 exacerbates inflammatory conditions.  IRAK-1 

deletion in mice resulted in the development of resistance against endotoxemia-associated 

mortality. Furthermore, significant reduction in the level of TNF-γ in response to a low dose of 

LPS treatment has been reported in peritoneal macrophages derived from IRAK-1-/- deficient 

mice (200). In human-based studies, genetic variability in the IRAK-1 gene has been linked to an 

increased susceptibility to shock and atherosclerosis progression. IRAK-1 deletion conferred 

partial resistance to the burn-triggered myocardial contractile dysfunction due to disruption of 

the Toll/IL-1 signaling pathway(201). Besides regulating TLR-4 signaling, IRAK-1 is also 

involved in regulating the adaptive immune response. IRAK-1 deletion protected the mice from 

experimental autoimmune encephalomyelitis with minimal or no inflammation in the CNS (202). 

In this model, protection offered by IRAK-1 deletion was linked to an impaired ability of TH1 

cells to release IFN-γ in response to IL-18(203). In humans, the differential expression of IRAK-
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1 in the human brain is also correlated with age-related neurodegenerative diseases. Absence of 

IRAK-1 in the brains of young children while the presence of full length IRAK-1 in the brains of 

the elderly population, which are often predisposed to age related neurodegenerative changes, 

suggests that IRAK-1 plays a critical role in mediating neuro-inflammatory diseases(204).  

 

2.9.3 iNOS inhibition 

Given the vital role played by NO in the pathophysiology of sepsis, therapeutic strategies 

aimed at getting rid of as much NO as possible during initial few hours of sepsis may prove 

beneficial in reducing septic shock-associated mortality. However, due to the complex 

physiological role of NO in tissue perfusion and immunomodulation, most of non-selective NOS 

inhibitors, despite reducing NO levels, proved to be ineffective in alleviating sepsis associated 

mortality. High doses of non-selective NOS inhibitors increased systemic blood pressure; 

however they decreased cardiac output, exacerbated pulmonary hypertension and decreased renal 

blood flow and tissue oxygenation (205-207). Overall, high doses of NOS inhibitors have proven 

detrimental and ineffective. However, the beneficial effects of nitric oxide inhibition are 

observed with selective iNOS inhibitors, signifying the importance of iNOS mediated 

pathophysiology. iNOS inhibitors attenuated circulatory failure and improved renal, hepatic and 

pancreatic function in endotoxemic rats (208). Therapies targeting iNOS were also able to restore 

myocardial contractibility, decrease pulmonary leakage and improve over-all survivability in 

endotoxemic rats and mice (177). 

 

Once induced, iNOS, produces nitric oxide for days before it is degraded. Since iNOS is 

a main source of nitric oxide during sepsis and NO is potentially toxic to cells, strategies aimed 
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at controlling the expression of iNOS such that NO won’t cross the threshold which might lead 

to irreversible damage, may prove to be an effective therapy in alleviating oxidative stress-

related pathology in sepsis. 

 

2.9.4 Nuclear Receptors agonist and anti-inflammatory properties 

Another potential target for sepsis intervention strategies includes those therapies targeted 

at nuclear receptors. Already, nuclear receptors (NRs) are one of the important therapeutic 

targets that are utilized by the pharmaceutical industry for the prevention and cure of many 

chronic inflammatory diseases. By disrupting TLR signaling, NR ligands exert their anti-

inflammatory properties. However, therapeutic effects are often accompanied by undesirable side 

effects. Glucocorticoids have proven to be beneficial in alleviating chronic inflammatory 

diseases, but higher therapeutic doses and the ability to modulate large number of genes are often 

associated with secondary complications (209) and haven’t proven beneficial in treating sepsis. 

 

Nuclear receptor ligands such as glucocorticoids can often activate or suppress gene 

expression either at transcriptional level via nuclear receptor mediated signaling pathways or by 

altering transcriptional factors involved in gene transcription by physical protein-protein 

interactions. The following section gives a brief insight on the nuclear receptor family. 

 

2.9.4.1 The Nuclear Receptor family 

Nuclear receptors (NRs) are highly specialized ligand-inducible transcription factors 

present in the cell cytosol or nucleus, which often function as receptors/sensors for steroid and 
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thyroid hormones and regulate diverse functions of cells by controlling the expression of a 

number of genes necessary for development, homeostasis and metabolism (210). 

 

2.9.4.1.1 Structural Components 

To date, more than 100 nuclear receptors have been discovered. Typically, most NRs, as 

depicted in figure. 2.10, share a general structure often composed of 4 functional domains. The 

NH2-terminal domain (A/B) contains the ligand independent activation function-1(AF-1), 

followed by a conserved DNA binding domain (DBD). DBD is linked by short hinge region (a 

linker) which connects DBD to the ligand binding domain (LBD). DBD determines the sequence 

specific DNA binding of NRs with-in the promoter region of the target gene. The LBD is the 

main regulatory domain which contain binding sites for the NR ligands including agonists, 

antagonists, coactivators and repressors. LBD contain ligand-dependent AF-2, the ligand binding 

pocket (LBP) and the main dimerization domain, which mediates homo and hetero dimerization 

of the NRs. Mutational analysis of the E domain suggests that AF-2 is indespensible for proper 

ligand-dependent NR activation. Generally, unligand- or antagonist-bound NR LBD interacts 

with co-repressors whereas agonist-bound NR LBD interacts with coactivators which 

subsequently results in the target gene activation. Additionally, E or LBD domain is necessary 

for not only ligand binding but also for heat shock proteins (HSP) and nuclear localization (211). 

 

 

Figure 2.10. Structural components of a typical Nuclear Receptor. 
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2.9.4.1.2 Nuclear Receptors subtypes 

Depending on the mechanism of action and subcellular distribution in the absence of 

ligand, nuclear receptors can be classified into two categories: Type I and Type II.  

 

Type I nuclear receptors often localize in the cytosol, bound to HSP. The binding of a 

ligand leads to the dissociation of the NR from HSP, followed by its homodimerization and 

translocation to the nucleus. In the nucleus, these NR binds to the specific response elements, 

which in turn promotes the removal of the HDAC co-repressor block on the promoter region of 

the genes of interest leading to target gene transcription. Examples of these classical steroid 

receptors which function by transactivation include the glucocorticoid, estrogen and 

progesterone receptors (212, 213). 

 

Type II nuclear receptors normally localize in the nucleus, bound to the response element 

in conjugation with HDAC-co-repressors. These complexes promote histone deacetylation and 

subsequently result in no transcription initiation. These receptors can form heterodimers with 

other member of same family (RAR-RXR) or other family members. These nuclear receptors 

exert their anti-inflammatory effect by a phenomenon known as transrepression. Retinoic acid 

receptors (RAR and RXR), liver X receptors (LXRs) and peroxisome proliferator-activated 

receptors (PPAR) belong to the type II nuclear receptor family(210).  

 

2.9.4.1.3 NR and regulatory control 

Nuclear receptor activity can be controlled by ligands which act as either agonists, 

antagonists and co-regulatory proteins. Ligand-based transactivation, as well as the 
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transrepression of genes, has been reported to alter signaling pathways. When activated, 

glucocorticoid receptors have been shown to alter AP-1 and NF-kB signaling by directly 

interacting with proteins involved in TLR signaling. Regulation of NRs transcription is 

complicated by the fact that there are hundreds of NR coregulators which mediates their 

functioning. Co-activators and co-repressors are common examples of NR coregulators, which 

critically regulate gene expression of NR. Co-activators are molecules which are directly 

recruited by NR and in-turn enhance NR-mediated gene-expression(214). PGC-1 is one such co-

activator which interacts with PPAR-γ in the presence or absence of ligand and thereby 

modulates PPARs expression and hence its activity (215). Furthermore, nuclear receptor co-

repressor (NCoR) and silencing mediator of retinoic and thyroid hormone receptors (SMRT) are 

two commonly known co-repressors which control the expression of many pro-inflammatory 

genes. These co-repressors can undergo phosphorylation, sumolyation and ubiquitination. 

SUMOylation of NCoR enhances its ability to act as corepressor, and thereby inhibits the 

transcription of many pro-inflammatory genes. Thus it follows that NCoR and NRs play a 

critical role in controlling mediators of inflammation(216). 

 

2.9.5 Retinoic acid agonist and Sepsis 

All-trans retinoic acid (ATRA), a synthetic analog of retinoic acid and nuclear receptor 

agonist, has demonstrated anti-inflammatory effects within a safer therapeutic range. ATRA  has 

been reported to attenuate LPS and/or cytokine mediated iNOS expression in several cell types 

including macrophages(217), cardiac myocytes (218), endothelial cells and vascular smooth 

muscle cells (219). In one study, ATRA suppressed LPS-induced disseminated intravascular 

coagulation in rats. The mechanism associated with this anti-coagulant affect of ATRA was due 
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to the suppression of pro-coagulant tissue factor and the induction of anti-coagulant 

thrombomodulin, a cofactor of thrombin essential for APC activation (220). Additionally, 

pretreatment with Vitamin A, a natural precursor of retinoids, protected pigs and mice from 

endotoxemia related mortality by restoring/improving cardiac and pulmonary function. Thus, 

disease conditions including sepsis which are associated with increased iNOS induction can 

potentially be treated with RAR agonist administration.  

 

2.9.5.1 Retinoic acid metabolism  

Vitamin A and its metabolite retinoic acid, are known to modulate the host immune 

response and inflammation. Retinoids exert their cellular effects by binding to nuclear hormone 

receptors and modulating gene expression at the transcriptional level. In order to be functionally 

active ligands, these retinoids undergo complex metabolic processing involving enzymes and 

multiple binding proteins. A brief paragraph summarizing the metabolic pathways involved in 

the conversion of dietary vitamin A into a functional NR ligand (ATRA) is discussed below. 

Vitamin A is often present in food as retinyl esters, which upon metabolism by pancreatic 

lipases is converted into retinol. Due to its lipophilic nature, retinol often forms a complex with 

retinol binding protein and circulates in the blood stream or is stored in liver parenchymal cells 

as retinol. Once this complex comes in contact with a target cell, retinol dissociates itself from 

the complex and is subsequently taken up by the cells either by diffusion across the plasma 

membrane or via receptor mediated uptake. Once inside cytoplasm, retinol, in order to protect 

itself from oxidation, binds to cellular retinol-binding protein (CRBP), where it remains stored or 

is further catabolized by alcohol dehydrogenase (ADH) into all-trans retinal. All-trans retinal can 

be further oxidized into 11-cis-retinal by retinal isomerase or to all-trans retinoic acid (ATRA) 
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by retinal dehydrogenase (RalDH). This ATRA can be further reversible converted into 9-cis-

retinoic acid by a currently undefined enzymatic process.  

 

Nuclear receptor ligands such as ATRA can often activate or suppress gene expression at 

the transcriptional level via retinoic acid receptor mediated signaling pathways. The following 

section gives brief insight on the retinoic receptor family. 

2.9.5.2 The Retinoic receptors 

The retinoid receptors, members of the type II nuclear receptor family are expressed in a 

variety of cell types including cells of the immune system. All-trans retinoic acid (ATRA), a 

synthetic analog of retinoic acid, is known to exert it’s biological effect by interacting with two 

subfamilies of nuclear receptors, RARs and RXRs(221). RAR and RXR exist in 3 isotypes:  α, β 

and γ encoded by separate genes. Depending on the alternative start site of transcription or 

alternative splicing, each isotype can exist in multiple isoforms. These RAR and RXRs exhibit 

different expression patterns among tissues. RAR α and RXR β are expressed in wide variety of 

tissues while RAR-β, -γ and RXR-α, -γ shows somewhat restricted expression patterns in 

selective tissues (221). RARs often functions as ligand-dependent transcription factors, and can 

be activated by both ATRA and 9 cis-RA, whereas RXRs selectively bind with 9-cis-RA (222, 

223). RA exerts its cellular effects by binding to the specific DNA sequence located in the 

promoter region of target genes known as RARE (Retinoic acid Response element). The RARE 

to which a heterodimer binds is composed of 2 hexameric motifs arranged as direct repeats 

(AGGTCA) separated by 5 base pairs. In the absence of any ligand/stimuli, RARs often act as 

transcriptional repressors (224, 225). RARs can also heterodimerize with RXRs and bind to RA 

response element (RARE) in the target gene promoter, in conjugation with the corepressor 
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complex (NCoR-HDAC). The histone deacetylase complex (HDAC) present in this co-repressor 

complex, deacetylates the lysine residues in chromatin-associated histones, thereby preventing 

the opening of chromatin necessary for the binding of RNA polymerase II for transcriptional 

initiation. However when activated by ligand, RAR-RXR complexes undergo a conformational 

change, which reduces their affinity for binding to the corepressor complex. The NCoR complex 

thus gets displaced and steroid receptor co-activators (SRC) come in and assist in the 

transcription of the gene of interest by recruiting histone acetyltransferase which help in 

unwinding the histone and subsequently results in gene transciption. 

 

2.9.5.3 Retinoic acid functions 

Given the beneficial effect of ATRA, a synthetic analog of endogenous retinoic acid, in 

alleviating some of the complications associated with sepsis, a following review summarizes the 

beneficial effect of retinoic acid in modulating immune response.  

 

2.9.5.3.1 Retinoids and the immune system- 

Retinoids i.e. vitamin A and its active metabolites, are known to modulate inflammatory 

processes in various disease conditions including atherosclerosis and sepsis. Vitamin A 

deficiency and subsequently depletion of downstream derivatives including retinol and retinoic 

acid, alters the homeostasis of immune system, thereby predisposing individuals to bacterial, 

viral and parasitic infections(226). Macrophages derived from rats fed on vitamin A deficient 

diets have impaired phagocytic activity and intracellular microbicidal property and hence 

resultant higher persistence of infection as compared to normal diet fed mice(227). Interestingly, 

sepsis is also associated with the reduction in vitamin metabolites. Vitamin A deficient chickens 
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when infected with New castle disease virus have significant depletion of T cell populations and 

an impaired antibody producing B cell  response suggesting that vitamin A deficiency impairs 

adaptive immunity too(228). On the other hand, high dose vitamin A supplementation in children 

suffering from measles increased the circulating number of T cells highlighting the importance 

of Vitamin A/retinoic acid in T cell proliferation(229). Taken together, retinoic acid is essential 

for a robust immune response. 

 

2.9.5.3.2 Retinoids and anti-inflammatory response 

One of several mechanism by which these NR ligands exerts their anti-inflammatory 

effects is by altering both innate and adaptive immune system. 

ATRA exerts its anti-inflammatory properties by reducing the mRNA levels of  pro-

inflammatory mediators such as TNF- α and NO in macrophages treated with LPS(217). RA 

enchanced the expression/release of anti-inflammatory cytokine IL-10 while on the other hand 

inhibited the production of proinflammatory cytokines like TNF-α and IL-12 in LPS treated 

blood mononuclear cells and THP1 cell line (230). Similarly, pretreatment with RA inhibited the 

release of pro-inflammatory IL-12 from macrophages subsequently activated with LPS or heat 

killed listeria both in vivo and in vitro cell culture (231). Depending on the immediate 

environment (cytokines secreted from innate immune cells), T cells can differentiate into pro-

inflammatory TH1 or anti-inflammatory TH2. Pro-inflammatory IL-12 is known to promote TH1 

cell differentiation while IL-4 is known to promote anti-inflammatory TH2 subtypes. While 

investigating the indirect effect of RA-treated macrophages on T cell subpopulation Kang et al 

reported that coculturing of these APC (pretreated macrophages) with heat killed Listeria (HKL) 

primed CD4+ T cell lead to reduction of macrophage derived IL-12 levels while T cell (TH1 
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mediated) derived IFN-γ levels were down regulated and anti-inflammatory IL-4(TH2 mediated) 

levels were upregulated (232). Taken together, this and other studies suggest that RA modulate 

macrophage expression and hence the microenvironment (decreased IL-12 and elevated IL-4 

expression) such that Naive T cell differentiation is skewed towards TH2 phenotype and this 

process is facilitated by RA via RAR α and RAR β NRs. 

Besides favoring TH2 differentiation, RA exerts inhibitory effect on TH17 differentiation. 

TH17 are characterized by their ability to secrete IL-17 and play an important role in the 

pathogenesis of autoimmune disease. TGF-β and other pro-inflammatory cytokines such as IL-6, 

IL-1 or TNF-α are known to drive Naïve Tcells into TH17 phenotype and this differentiation is 

dependent on orphan nuclear receptor RORγt (233, 234). RA inhibited the differentiation of 

TH17 and this effect was mediated by its ability to suppress the expression of RORγt in T cells 

(235).  

Regulatory Tcells (Treg), characterized by CD4+ and Foxp3, are important regulatory 

cells which play a vital role in maintaining tolerance against autoimmune and infectious diseases. 

RA exerts its anti-inflammatory effect in gut by favoring the differentiation of CD4+CD25- T 

cells in the presence of TGF-β into Foxp3+ Treg cells (236). Retinoic acid also exerts its direct 

or indirect effect on B cell isotype switching and antibody production (237). 

Taken together RA plays a vital role in the maintenance and differentiation of T cells into 

various subtypes. RA exerts its immunomodulatory effects by altering innate and adaptive 

immunity. 

2.9.6 Transcriptional antagonism and cross talk 

Nuclear receptors including retinoid and glucocorticoid receptors, can modulate gene 

expression without binding to the promoter region of the target gene. This crosstalk is controlled 
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by the mechanism of transrepression and transactivation, and is achieved through interference 

with the signaling pathways and transcription factors of the gene of interest. The common 

example of this is exemplified by the cross talk between TLRs and nuclear receptor agonists 

such as glucocorticoids. The different mechanisms involved in this crosstalk include the physical 

interaction of the NRs with the transcription factors of the target gene, which can serve to 

prevent the transcription factors from binding to the promoter region. Common examples include 

glucocorticoid-mediated interference of AP-1/NF-kB activity as well as stabilization of the 

corepressor such as NCoR at the promoter region of inflammatory genes such as iNOS. Other 

possible mechanisms involved include direct binding to the p65 subunit of NF-kB thereby 

preventing NF-kB translocation to the nucleus (209) as well as inhibition of kinases such as Jun-

NH2-terminal kinase (JNK) which in turn prevents the phosphorylation of c-Jun necessary for 

AP-1 activity (238).  

 

Figure 2.11. ATRA and LPS signaling cross talk- Following ATRA binding, RARs 
heterodimerizes  with RXRs and translocates to the nucleus where this complex binds to retinoic 
acid response element (RARE) and governs the activation of many genes either directly or 
indirecting (transactivation). Additionally, the RAR-RXR complex binds to the promoter region 
of various proinflammatory genes including iNOS and stabilizes the corepressor complex NCoR, 
thereby inhibiting iNOS expression. ATRA can also destabilize iNOS mRNA, inhibit various 
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transcription factors including NF-kB subunits and AP-1 MAPK pathway. LPS, on the other 
hand induces iNOS suppression by inhibiting NR (including RARs and RXRs) expression, 
induces proteosomal degradation of NCoR, and thus relieves iNOS promoter sites for the binding 
of AP-1 and NFkB subunits and subsequent induction of iNOS. 
 

2.9.6.1 LPS and Nuclear Receptor cross talk 

LPS has been shown to suppress RA signaling. Although the exact mechanism governing 

this repression still remains to be determined, below is a brief summary of possible mechanism 

regulating LPS-mediated suppression of RAR-RXR signaling. 

 

LPS-mediated suppression of RAR signaling pathways  

The best possible theory established so far is that LPS inhibits RAs signaling by 

inhibiting the expression of both constitutive and nuclear receptor ligand-induced RARs. In 

hamsters (rodent) injected with LPS, there was marked reduction in the expression of RXR α, β 

and γ in the liver.  This reduction in RXR was shown to be due to an LPS-mediated dose 

dependent increase in mRNA degradation and protein expression of RXRs (239). Li et al. in 

2002 found that LPS-induced suppression by mediated by c-Jun-N-terminal kinase (JNK)-

dependent phosphorylation of RXR which in turn led to the suppression of RAR-RXR 

transcriptional activation (240). In another study LPS mediated inhibition of hepatic RXRs 

activity was attributed to translocation of nuclear RXRs back in the cytoplasm following JNK 

mediated phosphorlylation of RXRs (241). Srinivas et al reported that this JNK- mediated 

phosphorylation of RARα lead to ubiquitin-proteosomal degradation of RARα (242). Meanwhile 

in 2009, our lab reported that LPS mediated suppression of RARα in BMDM was regulated by 

IRAK-1 and that deletion of IRAK-1 maintained ATRA-responsive cholesterol efflux gene 



 
 

83 

(ABCA-1) expression level in LPS-treated IRAK-1-/- BMDM derived from IRAK-1-/- mice. This 

study for the first time links IRAK-1 with expression of RARα (243).  

 

RA mediated suppression of LPS signaling pathways  

Although the exact mechanism by which RA inhibit LPS mediated signaling is still 

unknown, there are several possible mechanisms associated with RA mediated suppression of 

LPS signaling pathways. 

RA/ATRA has been shown to inhibit LPS-induced TNF-α and nitric oxide production in 

macrophages, kupffer cells, cardiomyocytes and microglia. This effect is mediated by both RAR 

and RXR agonists as both 9-cis and ATRA are capable of inhibiting these pro-inflammatory 

mediators. This inhibitory effect of ATRA on LPS-induced TNF-α and iNOS expression can be 

attributed to ATRA mediated mRNA destabilization (218, 244, 245). Simultaneous treatment of 

THP-1 cells with ATRA and LPS, resulted in synergistic induction of anti-inflammatory IL-10. 

Meanwhile, this simultaneous treatment also resulted in the suppression of pro-inflammatory 

TNF- α and IL-12. Since IL-10 exerts its anti-inflammatory effect by inhibiting NF-kB signaling, 

these findings demonstrate that ATRA plays an important role in potentiating negative feedback 

pathway in LPS-mediated signaling (246). In 1999, Na et al. explained that the suppressive effect 

of RA on IL-12 levels in LPS-treated macrophage is due to physical interaction between RXR 

and p50 and p 65 subunits of NF-kB (247). However in another report, the suppressive effect of 

ATRA on LPS-induced pro-inflammatory mediators was attributed to the ATRA mediated 

suppression of signaling molecules belonging to the MAPK family mainly, MKK1/2 and ERK 

(248, 249).  
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                                         Chapter 3. 

Tilte- IRAK-1, a critical kinase regulating LPS-induced ROS generation in 

macrophages.   

                                                  ABSTRACT  

Inflammatory stimulants such as bacterial endotoxin (LPS) are known to induce tissue 

damage partly through the induction of reactive oxygen species (ROS). Although it is recognized 

that the induction of ROS in macrophages by LPS depends upon the expression and activation of 

NADPH oxidase, as well as the suppression of anti-oxidative enzymes involved in ROS 

clearance, the underlying molecular mechanisms are poorly defined. In this report, we examined 

the contribution of the interleukin-1 receptor associated kinase 1 (IRAK-1) to LPS-induced 

generation of ROS. We observed that LPS induced significantly less (p<0.05) ROS both 

extracellularly and intracellularly in IRAK-1 macrophages, indicating that IRAK-1 is critically 

involved in the generation of ROS. Mechanistically, we observed that IRAK-1 is required for 

LPS-induced expression of NOX-1, a key component of NADPH oxidase, via multiple 

transcription factors including p65/RelA, C/EBPβ and C/EBPδ. IRAK-1 was involved in the 

optimal translocation of P47phox, an organizer of functional NADPH oxidase complex on the 

plasma membrane. We demonstrated that IRAK-1 activated small GTPase Rac1, a known 

activator of NOX-1 oxidase enzymatic activity. On the other hand, we also observed that IRAK-

1 is required for LPS-mediated suppression of anti-oxidative enzymes such as GPx and catalase. 

Taken together, our study reveals IRAK-1 as a novel component involved in the generation of 

ROS induced by LPS.   
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INTRODUCTION  

 

Reactive oxygen species (ROS) play a critical role in the regulation of inflammatory processes 

causing the oxidation of lipids and proteins and eventually leading to tissue damage and organ 

failure. The generation of ROS is modulated by two families of opposing enzymes—oxidative 

enzymes such as NADPH oxidase and anti-oxidative enzymes including glutathione peroxidase 

(GPx), catalase, and superoxide dismutase (SOD). Bacterial products such as lipopolysaccharide 

(LPS) selectively induce the expression and activation of oxidative enzymes, while decreasing 

the expression of anti-oxidative enzymes (1, 2). Taken together, LPS challenge significantly 

contributes to the production of ROS and the pathogenesis of diverse inflammatory diseases.   

 Most of the published studies regarding NADPH oxidase have been specifically focused on the 

regulation and activation of NOX2, the enzymatic NADPH oxidase component primarily 

expressed in neutrophils (3, 4). NOX2 protein is constitutively expressed and is not regulated 

transcriptionally (3). LPS challenge causes rapid translocation of the functional NOX2 

containing NADPH oxidase to the membrane complex, leading to its activation (3).  In contrast, 

NOX-1, the primary NADPH oxidase in macrophages, can be both transcriptionally induced and 

post-transcriptionally activated by LPS. However, the molecular mechanism for LPS-induced 

expression and activation of NOX-1 is poorly defined. Based on studies done in other cell types 

(5, 6), it is conceivable that LPS may contribute to the activation of NOX-1 containing NADPH 

oxidase via the small GTPase Rac1 in macrophages (7). However, the detailed molecular 

mechanism underlying LPS-mediated activation of Rac1 in macrophages is not known. On the 

other hand, LPS treatment decreases the expression of anti-oxidant enzymes including 
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glutathione peroxidase and catalase (8-11). Collectively, the LPS-triggered up-regulation of 

oxidative enzymes and concurrent down regulation of anti-oxidases leads to the overproduction 

and accumulation of ROS and tissue damage.     

 IRAK-1 is one of many intracellular signaling components downstream of LPS receptor 

(TLR4) (12-14).  A series of studies have revealed that IRAK-1 positively contributes to the 

activation of NFκB, STAT1/3, and IRF5/7, while negatively regulating the activities of NFAT 

and nuclear receptors (15-20). Despite the prominent role that IRAK-1 plays within the TLR4 

signaling pathways, its involvement in LPS-mediated ROS production in macrophages has not 

been clearly defined.  

In the current study, we tested the hypothesis that IRAK-1 may activate the transcription of 

NOX-1 via NFḱB and other related transcription factors, and suppress the transcription as well as 

activity of anti-oxidative enzymes. Furthermore, we tested whether IRAK-1 may facilitate LPS-

mediated activation of the small GTPase Rac1, a key factor involved in the activation of NOX1 

containing NADPH oxidase. The generation of ROS following LPS challenge was measured in 

vitro using wild type (WT) and IRAK-1-/- mice and cells.     

MATERIAL AND METHODS  

Reagents   

LPS (E. Coli O111:B4) was obtained from Sigma. The antibodies against Catalase, Nox-1, 

C/EBPδ, C/EBPβ, LaminB and β-actin were purchased from Santa Cruz Biotechnology. The 

anti-P47 antibody was purchased from Millipore. The primer sets were obtained from IDT. The 

primer sequences are as follows:  

NOX-1 (+):5’ TCCATTTCCTTCCTGGAGTGGCAT 3’; 

NOX-1 (-):5’ GGCATTGGTGAGTGCTGTTGTTCA 3’; 
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GPx (+):  5’ GCCAGCTACTGAGGTCTGACAGA 3’; 

GPx (-):  5’ CAAATGGCCCAAGTTCTTCTTG 3’;  

Catalase (+):  5’ TTCAGAAGAAAGCGGTCAAGAAT 3’; 

Catalase (-): 5’ GATGCGGGCCCCATAGTC 3’;  

GAPDH (+):  5’ AACTTTGGCATTGTGGAAGGGCTC 3’;  

GAPDH (-):  5’ TGGAAGAGTGGGAGTTGCTGTTGA 3’  

Mice and primary murine cells   

Wild-type C57BL/6 mice were obtained from the Charles River Laboratory. IRAK-1-/- mice with 

C57BL/6 background were kindly provided by Dr. James Thomas from the University of Texas 

Southwestern Medical School. All mice were housed and bred at Derring Hall Animal Facility in 

compliance with approved Animal Care and Use Committee protocols at Virginia Polytechnic 

Institute and State University. Bone marrow-derived macrophages (BMDM) and murine 

embryonic fibroblasts (MEF) were harvested and cultured  from 3-5 month old Male mice (WT 

and IRAK-1-/-)as we have previously described (21).    

Isolation and culturing of BMDM 

Mice were anesthetized by inhalation of Isofluorane, USP (Abbott), and sacrificed by cervical 

dislocation in accordance with Virginia Tech IACUC protocol 08-193-BIOL. Thighs were 

dissected, femurs, tibia and fibula were cleared of flesh in 15 ml sterile 0.01 M phosphate 

buffered saline. Bones were cut into tiny pieces and bone marrow was isolated by repeated 

flushing with PBS using hypodermic needle fitted to a syringe. Flushing PBS was collected in 50 

ml tube, centrifuged for 8 minutes at 1200 RPM, 4°C. Following centrifugation, PBS was 

removed and cells were resuspended in 5 ml RBC lysis buffer (ACK lysis buffer). After ACK 

inactivation by adding PBS, cells were centrifuged and resuspended in 300 ml of media 
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containing 2/3 fresh DMEM (containing phenol red, sodium bicarbonate, 10% heat-inactivated 

fetal bovine serum, 4,500 mg/L D-glucose, sodium pyruvate, L-glutamine, Penicillin, 

Streptomycin) and 1/3 L-929-conditioned DMEM and incubated in incubated for 6 days. On day 

6, media was removed and replaced with 15 ml PBS. Plates were kept at 4°C for 20 minutes, 

after which macrophages detach from culture vessels with gentle washing. Cells were pelleted by 

centrifugation, PBS was discarded and cells were resuspended in DMEM (containing phenol red, 

sodium bicarbonate, 1-10% heat-inactivated fetal bovine serum, 4,500 mg/L D-glucose, 110 

mg/L sodium pyruvate, 2mM L-glutamine, 1% Penicillin- Streptomycin (5000 U/ml penicillin G 

sodium + 5000 U/ml streptomycin ) and plated at desired concentration as per experiment 

requirement. 

Western blot analysis   

Isolation of whole cell lysates was performed as described earlier (18). Briefly, untreated or 

treated BMDMs and MEFs were rinsed in PBS and then lysed on ice in 1x SDS lysis buffer (80 

mM Tris-HCl (pH 6.8), 2% SDS, 50% glycerol) containing protease inhibitor cocktail. Western 

blot analysis of the protein samples were performed as described previously. Immunoblots were 

developed by using the Amersham ECL Plus chemiluminescent detection system (GE 

Healthcare). The intensities of the bands were quantified using the Fujifilm Multi Gauge 

software, and then normalized against β-actin levels.   

Real time RT-PCR  

Total RNA was extracted from untreated or treated BMDM and MEF cells using TRIZOL 

(Invitrogen) according to the manufacturer’s protocol. Reverse transcription was carried out 

using the High-Capacity cDNA Reverse transcription kit (Applied Biosystems) and subsequent 

real-time RT-PCR analyses were performed using the SYBR green supermix on an IQ5 
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thermocycler (Biorad). The relative levels of transcripts were calculated using the delta delta ct 

method after normalizing with GAPDH as the internal control. 

Measurement of intracellular reactive oxygen species (ROS)  

To monitor the net intracellular accumulation of ROS, the fluorescent probe chloromethyl-2’,7’-

dichlorofluorescein diacetate (CM-HDCFDA; Molecular Probes, Eugene, OR) was used. WT 

and IRAK-1-/- BMDM cells (5x105 cells/well on 12-well plates) were treated with LPS 10 ng/ml 

overnight in phenol free medium containing 1% FBS and then rinsed with PBS containing 

calcium and magnesium followed by addition of 10 μM CM-HDCFDA. After 30 min of 

incubation at 37° C, cells were washed twice with PBS to remove any extracellular dye. The 

formation of fluorescent product, dichlorofluorescin (DCF) was analyzed using a fluorescence 

spectrometer with excitation and emission wavelength of 488 nm and 525 nm, respectively.  

DCFH-DA undergoes deacetylation and reacts quantitatively with intracellular peroxides and   

free radicals and is converted to its fluorescent product, DCF, which is retained within the cells 

and thus provides an index of cell cytosolic oxidation.  

Extracellular Superoxide Assay 

 The amount of extracellular superoxide produced was determined by measuring 

superoxide-mediated reduction of  2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-

tetrazolium (WST-1; Dojindo Molecular Technologies Inc.) WST-1 dye (22) as previously 

reported (23). The cells were treated with and without LPS in the presence or absence of 

superoxide dismutase (SOD). Cells were treated with LPS (100 ng/ml) in the presence or 

absence of SOD (100 Units/250uL) containing WST-1 (250μM). SOD inhibitable superoxide 

production was calculated by subtracting OD from treatment group (LPS) and LPS+SOD 

treatment group and result were expressed as % of vehicle treated (sterile PBS) control group. 
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Intracellular superoxide Assay 

Intracellular production of superoxide was detected using DHE dye (24). BMDM 

(1.5x105/well) were incubated with and without dihydroethidium (DHE; Molecular probes 

followed by treatment with LPS (100ng/ml) in the presence or absence of diphenylene iodinium 

(1μM), (DPI; Sigma) a NADPH oxidase disruptor. Superoxide-mediated oxidation of 

intracellular DHE to fluorescent ethidium was analyzed using a fluorescence spectrometer with 

excitation and emission wavelength of 520 nm and 600 nm, respectively. The mean background 

OD was subtracted from respective groups and results were expressed as mean OD±SE. P<0.05 

Membrane fractionation and p47phox translocation  

BMDM were resuspended at 10 × 106/mL in PBS with 0.9 mM CaCl2, 0.5 mM MgCl2, 

and 7.5 mM glucose (PBSG), warmed for 5 minutes at 37°C, and then stimulated with and 

without 100ng/ml LPS for 20 minutes at 37°C. Control cells were incubated (20 minutes at 37°C) 

without any stimulus. Following incubation, reactions were stopped by placing tubes containing 

BMDMs on ice and immediately diluted 10× with ice-cold PBS, then centrifuged at 1200 rpm for 

6 minutes at 4°C. Pelleted BMDMs were resuspended in relaxation buffer (100 mM KCl, 10 mM 

Hepes, 3.5 mM MgCl2, 3 mM NaCl, 1.2 mM ethyleneglycotetraacetic acid [EGTA], 25 mM NaF, 

5 mM Na3VO4, 1 mM p-nitrophenyl phosphate, 2 mM PMSF and complete protease inhibitory 

cocktail,), disrupted/sonicated in a daigenode Bioruptor (UCD-200TM-Ex, TOSHO Dengi co 

Ltd). Following centrifugation at 1300 rpm for 10 minutes at 4°C to remove unbroken cells and 

nuclei, supernatant was centrifuged at 100,000xg for 12 mins. The high speed supernatant 

represents soluble cytosolic fraction while pellet was resuspended in relaxation buffer and 

subjected to ultra centrifugation at 100,000xg for another 12 mins. The final pellet representing 
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membrane fractions were resuspended in relaxation buffer. Protein content of membrane fraction 

was quantified and western blot analysis was performed as described previously. Fractions were 

electrophoresed, and immunoblotted for anti p47phox polyclonal antibody (Millipore). 

Immunoblots were developed by using the Amersham ECL Plus chemiluminescent detection 

system (GE Healthcare). The intensities of the bands were quantified using the Fujifilm Multi 

Gauge software. 

Rac1 activity assay  

The activity of Rac1 was measured by the affinity-precipitation assay based on the specific 

interaction of activated Rac with its downstream effectors using the Active Rac1 detection kit 

(Thermo Scientific). For the Rac activity assay, BMDM cells were lysed in a buffer containing 

25 mM Tris-HCl pH 7.5,1 % NP-40, 150 mM NaCl, 5 mM MgCl , 5% glycerol and 1 mM DTT 

supplemented with protease inhibitor cocktail (Sigma). GST-p21-activated protein kinase 1 

(PBD) beads were used for affinity precipitation assays, and the activated Rac was detected by 

immunoblotting using an anti-Rac1 antibody.  

Glutathione Peroxidase (GPx) and Catalase activity assay 

  GPx activity in LPS treated MEF and BMDM cells was assessed using a commercially 

available colorimetric kit (Cayman Chemical), which measures GPx activity indirectly by a 

coupled reaction with glutathione reductase. 170 μl of reaction mixture containing 20 μl of cell 

lysates from BMDM or MEF cells, 100 μl of assay buffer (50 mM Tris–HCl (pH 7.6), 5 mM 

EDTA) and 50 μl of co-substrate ( 5.0 mM GSH, 0.1 mM NADPH, 0.1 unit of glutathione 

reductase) was added in 96-well plate. The reaction was initiated by the addition of 20 μl of 0.2 

mM cumene hydroperoxide. The oxidation of NADPH to NADP+ leading to decrease in 

absorbance at 340 nm (using extinction coefficient 0.00373 μΜ-1cm-1) was recorded at every 1 
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min intervals for 5 mins. The rate of decrease in the absorbance is directly proportional to the 

GPx activity in the sample. One unit of enzyme activity is defined as the amount of enzyme that 

transforms 1 nmol of NADPH to NADP per minute per ml. The enzyme activity was expressed 

as nmol NADPH oxidized/min/ml/mg protein.  

The catalase activity in BMDM cells was determined using a commercially available 

colorimetric kit (Cayman Chemical) based on the peroxidation function of catalase for 

determination of enzyme activity. The amount of formaldehyde produced was measured 

spectrophotometrically at 540 nm with the assistance of purpald, a chromogen which generates a 

purple color upon reaction with an aldehyde. The catalase activity was determined from 

formaldehyde standard curve and results are expressed as nanomoles of formaldehyde 

produced/ml/mg protein. 

Chromatin Immunoprecipitation (ChIP) assays  

WT and IRAK-1-/- BMDM cells were either untreated or treated with 100 ng/ml for 2 h 

followed by cross-linking with 1% formaldehyde in complete media for 15 min with gentle 

rocking at room temperature. Cells were then washed twice with ice-cold PBS and treated with 

glycine solution for 5 min to stop the cross-linking reaction. Cells were then lysed in buffer 

containing SDS and protease inhibitor cocktail. Samples were sonicated 6 times with 30s pulses 

at 4°C followed by centrifugation to collect the sheared chromatin. The sheared chromatin was 

used to set up IP reactions with the indicated antibodies using the CHIP-IT Express kit (Active 

Motif) as per manufacturer’s recommendations. The immunoprecipitated DNA fragments were 

analyzed by PCR using the primers spanning the binding sites of the specified transcription 

factors on the murine Nox-1 promoter.  
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siRNA interference assays  

For siRNA interference, WT BMDM cells (2x106 cells) were plated in six-well plates and 

transfected the following day by Lipofectamine 2000 (Invitrogen) with the indicated siRNA 

oligos (Santa Cruz Biotechnology). After 36 hours post- transfection, the cells were treated with 

LPS (100ng/ml) for the indicated time-points followed by DCFDA staining. Whole cell extracts 

were prepared for western blot analysis using the specified antibodies. 

 

Statistical analyses  

Statistical significance was determined using the unpaired 2-tailed Student’s t-test. P- values less 

than 0.05 were considered statistically significant.  

 

RESULTS  

IRAK-1 is involved in LPS-induced ROS formation  

To determine whether IRAK-1 is involved in LPS-induced production of ROS, we measured the 

intracellular levels of ROS induced by LPS in bone-marrow-derived macrophages (BMDMs) 

harvested from WT and IRAK-1-/- mice. Following LPS treatment, the cells were stained with 

ROS-selective fluorescent dye DCF-DA. The fluorescent intensities reflecting the levels of 

intracellular ROS were measured with a fluorescent plate reader. As shown in Fig. 3.1A and 

3.1B, LPS treatments induced a significant increase in ROS production in WT BMDM (100% 

increase after 15 min treatment; 60% increase after 16 hr treatment).  In contrast, there was no 

significant induction of ROS following either LPS treatment in IRAK-1-/- BMDM. To further 

confirm the specificity and involvement of IRAK-1 in LPS- induced ROS expression, we 
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performed siRNA experiments to knock down the expression of IRAK-1 in WT BMDMs. As 

shown in Fig 1 C, IRAK-1 specific siRNA results in significant knock down of IRAK-1 protein 

expression as compared to the control siRNA (lower panel). The transfected cells were either 

untreated or treated with LPS for 15 min followed by the measurement of intracellular ROS 

levels. Consistent with the previous data using IRAK-1-/- BMDMs, LPS treatment failed to 

induce ROS levels in IRAK-1 siRNA transfected cells as compared to the control siRNA (Fig. 

3.1C).  

IRAK-1 is involved in extracellular superoxide production following LPS challenge.  

To determine whether IRAK-1 is involved in LPS-induced extracellular production of ROS, 

we measured the amount of superoxide produced in response to LPS in bone-marrow-derived 

macrophages (BMDMs) harvested from WT and IRAK-1 deficient mice.  Following LPS 

treatment, superoxide generated reduces WST-1 to yellow formazan which is quantified by 

reading absorbance at 450 nm. As shown in Figure 3.2, 30 mins post LPS challenge(100ng/ml) 

there  was  significant increase in superoxide production in WT BMDM (4.5 fold increase).  In 

contrast, there was just 1.8 fold increase in IRAK-1-/- BMDM.   

IRAK-1 is involved in intracellular superoxide production following LPS challenge.  

To determine whether IRAK-1 is involved in LPS-induced intracellular production of ROS, 

we measured the amount of superoxide produced in response to LPS in bone-marrow-derived 

macrophages (BMDMs) harvested from WT and IRAK-1 deficient mice. Following LPS 

treatment, superoxide generated intracellularly oxidizes the cell permeable DHE to ethidium 

which in turn intercalates with DNA and fluoresces at 600 nm. As shown in Figure 3.3, 30 mins 

post LPS challenge there was significant increase in superoxide production in WT BMDM. In 
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contrast, there was ~50% reduction in intracellular superoxide production level in IRAK-1-/- 

BMDM.  

 

LPS-mediated p47phox membrane translocation is compromised in IRAK-1 cells  

Mechanistically, the generation of reactive oxygen species can be partly attributed to the 

activation of NADPH oxidase.  In order to determine whether LPS may differentially activate 

NADPH oxidase in tissues from WT and IRAK-1 deficient mice, we examined the membrane 

translocation of p47phox following LPS challenge in WT and IRAK-1 deficient murine BMDMs.  

As shown in figure 3.4, LPS treatment led to significant membrane accumulation of p47phox.  In 

contrast, there was significantly less p47 membrane translocation in IRAK-1-/- cells.   

IRAK-1 contributes to LPS-induced expression of NOX-1  

LPS is known to induce the expression of NOX-1, although the underlying mechanism is not 

well understood (25).  The induction of NOX-1 contributes to the generation of ROS following 

LPS treatment. Since our study indicates that IRAK-1 deficiency ablates the induction of ROS 

following LPS treatments, we tested the hypothesis that IRAK-1 may be required for LPS- 

induced expression of NOX-1. WT and IRAK-1-/- BMDM were stimulated with LPS for 2 hrs.  

Total RNAs were harvested and used to measure the levels of NOX-1 messages by real-time RT-

PCR. As shown in Fig. 3.5A, the induction of NOX-1 by LPS was significantly lower in IRAK-

1-/- BMDM (3-fold induction in IRAK-1-/- BMDM compared to 6-fold induction in WT BMDM). 

Similarly, the protein levels of NOX-1 were significantly higher in WT as compared to IRAK-1-/- 

BMDMs in response to LPS (Fig. 3.5B). In contrast, the levels of NOX2 remain constant with or 

without LPS challenge in WT or IRAK-1-/- cells (data not shown). Although the transcriptional 

mechanism for NOX-1 expression is not known, previous studies have identified putative C/EBP 
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binding sites within the proximal promoter of NOX-1 (26). We therefore examined the status of 

C/EBPβ and C / E B P δ  i n  W T  a n d  I R A K - 1 -/- macrophages.  As shown in figure 6 A, LPS 

treatment lead to a significant induction of C/EBPβ and C/EBPδ  levels in the nuclear lysates 

from WT cells. Strikingly, LPS-mediated C/EBPβ and C/EBPδ  induction was significantly 

impaired in IRAK-1-/- cells (Fig. 3.6A). Furthermore, we examined the in vivo binding of 

C/EBPδ to the proximal promoter of Nox-1 in WT and IRAK-1-/- BMDMs using ChIP analysis.  

As shown in Fig. 3.6C, there was no basal interaction of C/EBPδ  with NOX-1 promoter.  LPS 

treatment led to a significant recruitment of C/EBPδ  to the endogenous NOX-1 promoter in WT 

BMDMs.  In contrast, the binding of C/EBPδ  to the NOX-1 promoter in response to LPS 

treatment in IRAK-1-/- BMDMs was dramatically reduced (Fig. 3.6C).    

It is increasingly recognized that cooperation among multiple transcription factors is required for 

inducible gene expression.  Besides the C/EBP binding site, we also observed a putative binding 

site for NFκB within the NOX-1 proximal promoter region (Fig. 3.6B). We subsequently 

examined whether LPS may induce the association of p65/RelA to the NOX-1 promoter.  As 

shown in Fig. 3.6, LPS induced a significant recruitment of p65/RelA to the NOX-1 promoter in 

WT BMDM, but not in IRAK-1-/- BMDMs. Our data revealed that LPS induces a combinatorial 

effect of multiple transcription factors in the regulation of NOX-1 expression.  

 

IRAK-1 interacts with and activates the small GTPase Rac1, the activator of NOX-1 

enzyme  

Once NOX-1 protein is expressed, its enzymatic activity can be activated by LPS through the 

small GTPase Rac1 (27). Thus, we further tested whether IRAK-1 also participates in LPS-

induced activation of Rac1.  Using the Rac1 activation assay, we observed that LPS treatment for 
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5 min resulted in significant activation of Rac1 in WT, but not in IRAK-1-/-BMDM (Fig. 3.7A 

and 3.7B).  

IRAK-1 is required for the suppression of GPx and catalase  

The levels of intracellular ROS are not only regulated by the activities and levels of NADPH 

oxidase, but also by the levels of anti-oxidases. LPS is known to suppress the expression of anti-

oxidases such as glutathione peroxidase (GPx) and catalase through suppressing nuclear 

receptor-mediated gene transcription (28). Since IRAK-1 participates in LPS-mediated 

suppression of nuclear receptor (20), we tested whether IRAK-1 may also contribute to the 

suppression of anti-oxidases by LPS. As shown in Fig. 3.8A and 3.8B, LPS treatment led to a 

significant reduction of both GPx and catalase in WT BMDM (~60% reduction for both GPx and 

catalase).  In contrast, their expression levels were not significantly altered by LPS treatment in 

IRAK-1-/- BMDM.  

To test whether the reduced expression correlates with the actual activities of GPx and catalase, 

we performed activity assays. As shown in Fig. 3.8C, LPS treatment led to a significant decrease 

in the activities of both GPX and catalase in WT, but not IRAK-1-/- BMDMs.  

  

 

DISCUSSION 

In this study, we have defined the molecular mechanism underlying the complex regulation of 

LPS-induced ROS generation in macrophages. We identified that IRAK-1 is critically involved 

in this process by regulating p47phox translocation, inducing both the expression and activation of 

NOX-1, and suppressing the expression of anti-oxidative enzymes, GPx and catalase.  

Collectively, IRAK-1-/- cells exhibit reduced ROS production both intracellularly and 
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extracellularly following LPS challenge.  

 

Our data provide first-hand evidence revealing the molecular mechanism responsible for the 

transcriptional regulation of NOX-1 by LPS in macrophages. In particular, we demonstrate that 

multiple transcription factors including p65 and C/EBPβ/δ are coordinately involved in the LPS-

induced transcription of NOX-1. Historically, p65/NFkB is the most extensively studied 

transcription factor downstream of TLR4. However, it has been increasingly recognized that 

p65/NFkB alone is usually not sufficient for effective transcription of selected target genes.  

Instead, cooperation among multiple transcription factors, co-activators and/or co-repressors is 

essential for precise control of gene transcription (29, 30). Our study also confirms with a recent 

report demonstrating that TLR4 pathway leads to the activation of C/EBPβ and C/EBPδ, and 

indicates that IRAK-1 is necessary for LPS-induced activation of C/EBPβ/δ. Further work is 

warranted to clarify how P65 and C/EBPs cooperate in inducing the ordered transcription of 

NOX-1 by LPS in macrophages. Besides transcriptional regulation, our study indicates that 

IRAK-1 also facilitates the activation of NOX-1 through activating the small GTPase Rac1 (Fig. 

3.7). Rac1 is a well-known activator for NOX-1 enzyme, and LPS is known to induce Rac-1 

activation (31). Using transfection assays and dominant negative constructs, O’Neill’s group 

initially reported that dominant negative IRAK-1 antagonizes the function of Rac1 (32). Studies 

conducted by our group confirms and expands upon that finding, and provides the first 

biochemical evidence indicating that IRAK-1 physically associates with Rac1 upon LPS 

challenge and is upstream of Rac1 activation (33).  

 

Functional activation of NADPH oxidase is dependent on the proper assembly of different 
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subunits on the plasma membrane leading to superoxide production either extracellular or 

intracellularly in the phagolysosome. P47phox plays a vital role as NADPH oxidase organizer 

(34). Apart from the role of IRAK-1 in inducing NOX-1 subunit following LPS challenge, 

deletion of IRAK-1 reduced p47phox translocation to the membrane. These two factors could be 

the possible mechanistic links for significant reduction in superoxide production in BMDM 

derived from IRAK-1 deficient mice (Fig. 3.4).   

 

Intriguingly, our data also demonstrate that IRAK-1 further contributes to LPS-induced ROS 

formation by suppressing the expression of anti-oxidant enzymes such as GPx and catalase.  

IRAK-1 suppresses their expression by decreasing the levels of nuclear receptors such as PPARα 

and PGC-1α (28).  Although the molecular mechanism underlying IRAK-1 mediated suppression 

of these nuclear receptors is not clear yet, it is interesting to note that IRAK-1 is distributed in 

both cytoplasm and nucleus (18, 35). In addition, IRAK-1 can interact with Tollip, a molecule 

implicated in protein ubiquitination, sumoylation, and trafficking (36-38). It is therefore 

plausible that IRAK-1, together with Tollip, may selectively regulate the protein stability and/or 

trafficking of nuclear receptors such as PPAR and PGC-1 following LPS treatment.  Future 

biochemical studies are warranted to test such hypothesis.    

 

Collectively, our study reveals the potential mechanism underlying the beneficial effects 

observed in animal models with IRAK-1 gene deletion (14, 39, 40). IRAK-1 deficient mice are 

reported to be protected from various inflammatory diseases including EAE, endotoxemia, 

atherosclerosis and systemic lupus erythematosus (41-43). Our data provide compelling evidence 

indicating that IRAK-1 is not only a key mediator for LPS-induced production of inflammatory 
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cytokines, but also regulates the generation of reactive oxygen species. Given the well 

established role of extracellular ROS in inflicting damage to bystander tissue as well as the 

ability of intracellular ROS in modulating various signaling pathways which can further 

exacerbate inflammation, the ability of IRAK-1in regulating free radicals, can help in relieving 

many oxidative stress linked acute and chronic inflammatory complications. Taken together, we 

postulate that IRAK-1 can serve as a viable target for future intervention of inflammatory 

diseases.  
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                                                             FIGURES 

 

Figure 3.1A. 

 

 

 

Figure 3.1B. 
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Figure 3.1C. 

 

      

                     

Figure 3.1. IRAK-1 is involved in LPS-induced ROS formation. (A) Effect of LPS on ROS 
production in BMDM cells. Intracellular ROS levels were measured by DCFDA staining using 
fluorescence microscope after LPS (100 ng/ml) stimulation in WT and IRAK-1-/- BMDM cells 
for 15 min and (B) 16 h. The Student t test was used to calculate statistical significance, * 
P<0.05. Data are representative of three independent experiments, N=3. (C) Loss of IRAK-1 
abrogates LPS-induced ROS expression in WT BMDM cells. The cells were transfected with 
either scrambled control siRNA or IRAK-1 specific siRNA followed by measurement of 
intracellular ROS levels in response to LPS using DCFDA staining (top panel), N=4. The lysates 
of control and IRAK-1 specific siRNA transfected cells were analyzed by western blotting to 
detect the expression of IRAK-1 (bottom panel). The same blot was probed with ß-actin as the 
loading control.  
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Figure 3.2. 

 

Figure 3.2. IRAK-1 deletion inhibits invitro extracellular superoxide production following 
LPS challenge. WT and IRAK-1-/- deficient BMDMs were seeded at a density of 1.5x105/well in 
96 well plate. Cells were treated with or without LPS (100 ng/ml) in the presense or absence of 
SOD (100 U) and incubated for 30 minutes in the presence of WST-1 (250 μM).  Extracellular 
superoxide production was calculated by subtracting OD from treatment group (LPS) and 
LPS+SOD treatment group and result were expressed as % of vehicle treated control group. Data 
is representative of 3 independent experiments, N=5. *P<0.05 

Figure 3.3 

 

Figure 3.3. IRAK-1 deletion inhibits in vitro intracellular superoxide production following 
LPS challenge. WT and IRAK-1-/- BMDMs were seeded at a density of 1.5x105/well in 96 well 
plate. Cells were treated with or without LPS (100 ng/ml) in the presense or absence of DPI 
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(1μM) and incubated for 30 minutes in the presence of DHE (15 μM).  The mean background 
OD was subtracted from respective groups and results were expressed as mean OD ± SE. Data 
is representative of 2 independent experiments. N=5. *P<0.05. 

Figure 3.4. 

 

Figure 3.4. IRAK-1 is involved in the translocation of p47phox to the cellular membrane. WT 
and IRAK-1-/- BMDM cells (10x 106 cells) were treated with or without LPS (100 ng/ml) for 30 
mins at 37°C. Equal amount of cell membrane fraction were resolved on SDS-PAGE and probed 
with an antibody against p47phox. The intensities of the p47phox bands were quantified by 
densitometry. These experiments were performed in duplicate. The representative blot is shown 
above.  

P47 translocation
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Figure 3.5A. 

 

Figure 3.5B. 

 

 

Figure 3.5. IRAK-1 contributes to LPS-induced expression of NOX-1. (A) Effect of LPS on 
NOX-1 expression in WT and IRAK-1-/- BMDM cells. The cells were stimulated with LPS (100 
ng/ml) for 2h. After stimulation, the mRNA levels of NOX-1 were analyzed using real-time RT-
PCR. Each data point represents the mean ± SD of at least three independent experiments. 
*P<0.05, compared with control. (B) The protein levels of NOX-1 were analyzed after LPS 
stimulation in WT and IRAK-1-/- BMDM cells by Western blot using an anti-NOX-1 antibody. 
The same blots were probed with ß-actin as the loading control. The band intensities were 
quantified using the Fujifilm Multi Gauge software, and then expressed as the fold difference as 
compared to the untreated control group, assigned a value of 1.    
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Figure 3.6A. 

 

Figure 3.6B. 

 

Figure 3.6C. 

 

Figure 3.6. IRAK-1 mediates LPS-induced activation of p65 and C/EBPβ/δ.  (A) WT and 
IRAK-1-/- BMDM cells were treated with 100ng/ml LPS for 2 hrs.  Equal amounts of total cell 
lysates were resolved on SDS-PAGE and blotted with antibodies specific for C/EBP δ and 
C/EBPß. Data are representative of three independent experiments. (B) Putative binding sites of 
transcription factors within the proximal promoter of murine Nox-1. 1+ denotes the transcription 
start site. (C) Decreased binding of multiple transcription factors to the proximal promoter of 
murine Nox-1 in IRAK-1-/- BMDMs. The BMDMs were either uninduced or induced with 
100ng/ml LPS for 2 h and subjected to ChIP assay using the indicated antibodies and primers 
specific to the proximal promoter of murine Nox-1. Data are representative of three independent 
experiments. 
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Figure  3.7A. 

 

Figure 3.7B. 

 

 

Figure 3.7. IRAK-1 is required for LPS-mediated activation of Rac1, a small GTPase 
necessary for activating NOX-1 enzyme. (A) Rac1 activity was determined using the PBD pull 
down assay following LPS stimulation (100ng/ml) for 5 min in WT and IRAK-1-/- BMDM cells 
followed by immunoblotting with an anti-Rac1 antibody. The bottom immunoblot panel shows 
total Rac1 expression in whole cell lysates. (B) The amount of activated Rac1 was normalized to 
the amount of total Rac1 in whole cell lysates. The bar graphs are densitometric analyses of the 
active Rac1 specific bands from three independent experiments.   
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Figure 3.8A. 

 

 

Figure  3.8B. 

 

Figure 3.8A and 3.8B.  IRAK-1 is required for LPS-mediated suppression of GPx and 
catalase expression. (A) Effect of LPS on GPx and catalase expression in WT and IRAK-1-/- 
BMDM cells. The cells were stimulated with LPS (100 ng/ml) for the indicated time points. 
After stimulation, the mRNA levels of GPx and catalase were analyzed using real-time RT-PCR. 
Each data point represents the mean ± SD of at least three independent experiments. *P<0.05, 
compared with control. (B) The protein levels of catalase were measured after LPS stimulation in 
WT and IRAK-1-/- BMDMs by Western blot. The same blots were probed with ß-actin as the 
loading control 
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Figure 3.8C 

 

 

 

Figure 3.8C IRAK-1 is required for LPS-mediated suppression of GPx and catalase 
activity. (C) Effect of LPS on GPx and catalase activity in WT and IRAK-1-/- BMDM cells. The 
cells were stimulated with LPS overnight and the GPx and catalase activities were analyzed in 
the cell lysate. Data are representative of three independent experiments, N=5. *P<0.05, 
compared with control 
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Figure 3.9. 

 

Figure 3.9. A schematic diagram illustrating the contribution of IRAK-1 to LPS-induced 
ROS formation.  
 

Supplemental Figures 

Figure 3.10. 

 

 Figure 3.10. IRAK-1 is involved in LPS-induced ROS formation in MEFs. (A)Effect of LPS 
on ROS production in MEF cells. Intracellular ROS levels were measured by DCFDA staining 
using fluorescence microscope after LPS (100 ng/ml) stimulation in WT and IRAK-1-/- MEF 
cells for 16 h. The Student t test was used to calculate statistical significance, * P<0.05. Data are 
representative of three independent experiments, N=3.  
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Figure 3.11A. 

 

Figure 3.11B. 

 

Figure 3.11. IRAK-1 is required for LPS-mediated suppression of GPx and catalase in 
MEFs. Effect of LPS on GPx (A) and catalase activity (B) in WT and IRAK-1-/- MEF cells. The 
cells were stimulated with LPS overnight and the GPx and catalase activities were analyzed in 
the cell lysate using the Cayman kit. Data are representative of three independent experiments, 
N=5. *P<0.05, compared with control 
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                                        Chapter 4. 

Title -IRAK-1, a critical kinase regulating iNOS activity in LPS-challenged 
innate immune cells. 

ABSTRACT 

Excessive nitric oxide (NO) released by activated innate immune cells has been implicated in 

the pathogenesis of septic shock. Lipopolysaccharide (LPS), a Gram negative bacterial 

endotoxin, has been known to upregulate inducible nitric oxide synthase (iNOS) expression in 

innate immune cells. LPS-mediated Toll-like receptor-4 (TLR-4) signaling transduction pathway 

plays a vital role in regulating the molecular mechanisms necessary for iNOS induction. 

Therapeutic strategies aimed at altering the induction and activation of iNOS have proven 

moderately effective in reducing sepsis-associated mortality. All-trans-retinoic acid (ATRA), a 

nuclear receptor agonist, has been reported to exert anti-inflammatory properties through the 

attenuation of iNOS activity but at higher dose levels with the high risk for certain potential side 

effects. Deciphering the role of signaling molecules downstream of TLR-4 in regulating iNOS 

expression may offer potential effective therapeutic targets for sepsis treatment. To this regard, 

we have investigated the role of Interleukin-1 receptor associated kinase-1 (IRAK-1), an 

intracellular kinase downstream of the TLR-4 signaling pathway, in the regulation of iNOS 

expression/activity in LPS-treated innate immune cells. Subsequently, we have also evaluated 

the combined effects of IRAK-1 deletion and ATRA treatment on iNOS activity in murine bone 

marrow derived macrophages (BMDM). Our findings suggest that IRAK-1 is critically involved 

in nitric oxide (NO) production. Significant reduction (p<0.05) in nitric oxide/nitrite levels was 

observed in both in vivo IRAK-1-/-sepsis mice model as well as in variety of cell culture models 

including BMDM, microglia as well as fibroblast derived from IRAK-1-/- deficient mice. 

Mechanistically, IRAK-1 deletion suppressed iNOS mRNA expression and protein levels. 



 
 

132 

Interestingly, this inhibitory effect of IRAK-1 deletion on iNOS induction was more pronounced 

at lower doses of LPS. Additionally, IRAK-1 deletion potentiated the anti-inflammatory effect of 

ATRA by suppressing iNOS activity at higher percentages. Notably, pretreatment with ATRA, 

suppressed iNOS activity more effectively in IRAK-1-/- deficient BMDM, holding potential for 

the effective treatment of sepsis. These results document for the first time that IRAK-1 plays a 

critical role in modulating iNOS activity and that the anti-inflammatory activity of ATRA can be 

harnessed at much lower dose levels following IRAK-1 inhibition. 

 

INTRODUCTION 

The upregulation of iNOS expression in various tissues is a hallmark of several acute and 

chronic inflammatory conditions including sepsis and neurodegenerative diseases (1). 

Inflammatory mediators including LPS and TNF-α are known to induce iNOS expression in a 

wide variety of cell types including macrophages, neutrophils, endothelial cells and microglia (2, 

3). Once induced, iNOS produces large amount of NO for days until it gets degraded. Depending 

on the concentration and cell type, nitric oxide can perform dual function. Normally, low levels 

of NO (<1 ρM) secreted transiently by constitutive NOS mediates many physiological functions 

including vascular relaxation, signal transmission and microbicidal properties (4).  However, 

when NO levels are elevated (>1μM) they can play a major role in the pathogenesis of many 

acute and chronic inflammatory diseases. Nitric oxide along with its derivatives such as 

peroxynitrite, nitroxyl, N2O3 and NO2 are known to induce nitrosative damage to proteins, lipids 

and nucleic acids, often resulting in cellular cytotoxicity (5).  

Sepsis is one of the many acute inflammatory conditions, which is accompanied by the 

upregulation of iNOS (6). Excessive NO released during sepsis, can both directly and indirectly 
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contributes to the pathogenesis of MOF by altering the functioning of cellular machinery and 

vasculature (7). Excessive generation of NO induces mitochondrial ROS production. Superoxide 

released from ETC often reacts with NO, present in its vicinity, to produce highly oxidizing 

peroxynitrite (8). Peroxynitrite-mediated extensive damage to the membrane phospholipids, 

protein, and nucleic acid in cardiomyocytes, hepatocytes and renal parenchyma results in altered 

vital organ functions (9). Furthermore, NO/peroxynitrite-mediated nitration/inactivation of 

mitochondrial enzymes involved in oxidative phosphorylation often results in the depletion of 

ATP production levels. Reduced availability of energy source further contributes to myocardial 

dysfunction and reduced cardiac contractibility (10). Additionally, NO-mediated microvascular 

damage, excessive vasodilatation, vascular hyporeactivity and decreased peripheral resistance 

contribute to a severe hypotension which in turn results in hypoperfusion of vital organs and 

ultimately results in hypoxia-induced multiple organ failure (11).  

Given both the beneficial and cytotoxic effects of nitric oxide, the regulation of iNOS 

expression/activity plays a critical role in determining the prognosis of disease processes 

including sepsis. iNOS expression is dependent on the complex interactions between various 

activators and inhibitors. Pro-inflammatory mediators such as LPS, TNF-α and IFN-γ are known 

to induce iNOS expression (12). On the other hand anti-inflammatory mediators such as TGF-β, 

IL-4 and IL-10 as well as nuclear receptors are well known suppressors of iNOS (13-15).  

Nuclear receptor agonists exert their anti-inflammatory effects by inhibiting various transcription 

factors (NF-Kb and AP-1) involved in the TLR-4 signaling pathways (16). ATRA, a synthetic 

analog of retinoic acid and a RAR agonist, exerts its anti-inflammatory properties through the 

inhibition of iNOS expression/activity in a various cell types including macrophages, cardiac 

myocytes and endothelial cells (17). ATRA inhibited iNOS production in cardiac myocytes 
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treated with LPS and IFN-γ by decreasing the iNOS mRNA half life (18). Additionally, retinoid 

pretreatment inhibited thrombus formation and prevented death associated with disseminated 

intravascular coagulation (DIC) in endotoxemia rat model (19, 20). 

LPS-mediated TLR4 receptor signaling, regulated by various downstream signaling 

mediators/kinases including IRAK’s, plays a vital role in inducing transcription factor (NF-Kb 

and AP-1), which in turn regulate the induction of pro-inflammatory genes including iNOS (21, 

22). IRAK-1 has been shown to positively contribute to NF-kB activation while negatively 

regulating the activity of nuclear receptors (23-25). Our recent study suggests that IRAK-1 plays 

a vital role in modulating LPS-induced TLR4 signaling as well as regulating ROS production 

following LPS challenge in innate immune cells (26). Despite the prominent role IRAK-1 plays 

in regulating ROS, its involvement in LPS-mediated RNS production in innate immune cells has 

never been investigated. Thus, the present study was conducted to examine the role of IRAK-1 in 

the modulation of iNOS activity as well as to analyze the combined effects of ATRA and IRAK-

1 deletion in reducing NO levels to near physiological levels.  

 

MATERIAL AND METHODS 

 

Reagents:  

LPS (E. coli O111:B4) was obtained from Sigma. The polyclonal iNOS antibody was 

purchased from Cell Signaling Technology. ATRA was purchased from Sigma Aldrich (R2625) 

and resuspended in DMSO (Sigma Aldrich) at 3 mg/ml (100 mM). Aliquots were protected from 

light and stored up to 3 months at -20°C in order to minimize photo-isomerization between all-

trans and cis isomers. 
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Mice 

Wild-type C57BL/6 mice were obtained from the Charles River Laboratory. IRAK1-1 

knockout mice with C57BL/6 background were kindly provided by Dr. James Thomas from the 

University of Texas Southwestern Medical School. All mice were housed and bred at Derring 

Hall Animal facility in compliance with approved Animal Care and Use Committee protocols at 

Virginia Polytechnic Institute and State University.  

 

In vivo experiment:  

Wild type and isogenic IRAK-1-/- mice of matched gender and age were injected with LPS 

(E. Coli O111:B4, Sigma) (25mg/kg body weight) or sterile PBS intraperitoneally. Ten hours 

following LPS injection, mice were anesthetized and blood was collected via intracardiac 

puncture into a heparinized tube and centrifuged at 2000 rcf for 15 mins at 4°C. The plasma was 

aliquoted and kept at -80°C until further analysis for determining nitrite levels in blood plasma. 

Cell culture preparation:  

Primary bone marrow-derived macrophages (BMDM) and murine embryonic fibroblasts 

(MEF) were prepared as described earlier under Chapter 3. Primary microglia cell culture was 

prepared from WT and IRAK-1 deficient mice pups as described below-  

Microglia cell cuture preparation: Mixed organotypic brain cell cultures of neuronal and glial 

cells were prepared from 36-48 hour-old neonatal C57BL/6 and isogenic IRAK-1 deficient mice 

pups. Following anesthetization, pups were sacrificed by decapitation and the brains 

(neocortices) were removed and placed in a petri dish containing sterile dissecting saline 
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(Composition:137 mM NaCl, 5.3 mM KCl, 0.17 mM Na2HPO47H2O, 0.22 mM KH2PO4, 10 

mM HEPES, 33 mM Glucose). The superficial blood vessels were removed from cortices and 

cortices were transferred in a petri dish containing fresh dissecting saline. The isolated cortices 

were subsequently transferred in a 60 mm dish and incubated for 10 minutes in 5 ml dissecting 

saline containing trypsin (0.25%). Cortices were gently chopped into small pieces using a scalpel 

blade and were transferred to a sterile tube containing 5 ml astrocyte feed medium (DMEM, 10% 

FBS, 1% penicillin-streptomycin (5,000 U/ml penicillin G sodium + 5,000 U/ml streptomycin 

sulfate) and 2 mM L-glutamine). The sliced tissues were washed gently by pipetting up and 

down atleast 3-4 times and the suspension was then centrifuged for 5 min at 2,000g. The 

supernatant was aspirated without disturbing the cell pellet and 5 ml of culture medium was 

added. The remaining undissociated tissue sections were broken by pipetting up and down using 

glass pipettes. The tissue suspension was then filtered through a 70-μm sterile cell strainer to 

remove any undissociated tissues/meninges/blood vessels. The filtrate was diluted in 5 ml 

astrocyte media. The cell suspension was adjusted to 1.2x106 cells/ml and mixed brain cells 

were seeded on a 75-cm2 flask at a density of 1.2x 106 cells/ml. Cell culture flasks were 

maintained at 37°C in a 5% CO2 incubator. After 3 days, half of the medium was replaced with 

the fresh astrocyte feed medium (DMEM, Penicillin-Streptomycin, L-glutamine and 10% FBS) 

was added. Media was changed every 3 days after preparation. After 10 days, flasks were shaken 

on an orbital shaker at room temperature for 1.5 hours at 150 rpm. Since microglial cells are 

loosely adherent, the medium containing the floating microglia, was decanted into a sterile 50ml 

culture tube. The flasks were sharply tapped on the bottom to remove remaining microglia. The 

cell suspension was centrifuged at 4°C for 7 minutes at 1500xg. The supernatant was removed 
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gently without disturbing the cell pellet. Cell counts were performed and the microglias were 

plated in a 96 well plated at the density of 1.5x105 cells/well for the experiment. 

  

Nitric oxide production Assay:  

Nitrite/nitrate, stable metabolic end products of NO, are indirectly used as markers for iNOS 

activity(27). The nitrite content in the cell culture supernatant/plasma samples was measured 

using the Griess reagent assay kit Promega). Briefly, 50 μl of cell culture supernatant was 

incubated with 50 μl of Griess reagent R1 (Sulfanilamide in 3N HCl) for 5 mins. The 

intermediate product formed was further incubated with 50 μL of R2(N-(1-Naphthyl) 

ethylenediamine dihydrochloride) at room temperature for 5 mins. The absorbance of the azo-

compound formed was measured at 540 nm using a microplate reader. The nitrite concentration 

was determined by plotting standard curve derived by using standard dilution of known sodium 

nitrite concentration. Results were expressed as mean ± SD. 

Plasma Nitrite/Nitrate (NOx) levels: 

 Plasma nitrates/nitrite levels were measured by using a commercially available kit supplied 

by Bioxytech Nitric Oxide assay kit. Nitrate present in the plasma samples were first converted 

into nitrite following the enzymatic reduction by nitrate reductase in the presence of NADPH. 

The nitrite in the plasma samples was then measured by Griess reaction as described in the above 

section.  

Measurement of intracellular iNOS activity:  

To monitor the intracellular NOS activity in BMDM, the fluorescent probe 4,5-

Diaminofluorescein Diacetate (DAF-2DA) was used. The intracellular nitric oxide was measured 

using Fluoremetric kit FCANOS1 purchased from Sigma Aldrich. WT and IRAK1 BMDM cells 
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(1.5x105 cells/well on 96 well plates) were pretreated with LPS or ATRA  in phenol free medium 

containing 1% FBS. Following incubation, cell supernatant was discarded and individual wells 

were washed with PBS, pH 7.4 and cells were incubated for 2 hours in the reaction mixture 

containing arginine and DAF-2DA. DAF-2DA permeabilizes through the cell membrane where 

estrases hydrolyses it into DAF-2. DAF-2 reacts with intracellular NO produced to form 

fluorescent compound. The formation of fluorescent triazolofluorescein (DAF-2T) was analyzed 

using a fluorescence spectrometer with excitation and emission wavelength of 488 nm and 520 

nm, respectively and fluorescence product formation(fluorescence unit) were directly 

proportional to intracellular NO and hence iNOS activity. 

 

Measurement of intracellular reactive oxygen species (ROS):  

To monitor the net intracellular accumulation of ROS, the fluorescent probe chloromethyl-

2’,7’-dichlorofluorescein diacetate (CM-HDCFDA; Molecular Probes, Eugene, OR) was used. 

WT and IRAK1 BMDM cells (1.5x105 cells/well on 96 well plates) were preincubated in 10 μM 

CM-HDCFDA for 30 minutes. Cells were washed twice with PBS to remove any extracellular 

dye and treated with LPS 10 ng/ml for 1 hour in phenol free medium containing no FBS. One 

reading was taken immediately after treating cells with LPS. Following 1 hour of incubation, 

second reading was taken. The formation of fluorescent product, dichlorofluorescin (DCF) was 

analyzed using a fluorescence spectrometer with excitation and emission wavelength of 488 nm 

and 525 nm, respectively. Change in fluorescence over 1 hour interval reflected increase in 

intracellular ROS formation.  

 

 



 
 

139 

RNA procedure:  

Total RNA was extracted from untreated or treated BMDM cells using TRIZOL (Invitrogen) 

according to the manufacturer’s protocol. Reverse transcription was carried out using the High-

Capacity cDNA Reverse transcription kit (Applied Biosystems) and subsequent real-time RT-

PCR analyses was performed using the SYBR green supermix on an IQ5 thermocycler (Biorad). 

The relative levels of transcripts were calculated using the delta delta Ct method after 

normalizing with GAPDH as the internal control. The primer sets were obtained from IDT. The 

primer sequences are as follows: 

GAPDH (+):  5’ AACTTTGGCATTGTGGAAGGGCTC 3’;  

GAPDH (-):  5’ TGGAAGAGTGGGAGTTGCTGTTGA 3’  

 iNOS (+)      5’   AGCCTTGCATCCTCATTGG 3’ 

 iNOS (-)       5’  CACTCTCTTGCGGACCATCT 3’ 

 

Western blot analysis:   

The extraction of whole cell lysates was performed as described earlier (28). Briefly, 

untreated or treated BMDMs were rinsed in PBS and then lysed on ice in 1x SDS lysis buffer (80 

mM Tris-HCl (pH 6.8), 2% SDS, 50% glycerol) containing a protease inhibitor cocktail. Western 

blot analysis of the protein samples was performed as described previously. Immunoblots were 

developed by using the Amersham ECL Plus chemiluminescent detection system (GE 

Healthcare). The intensities of the bands were quantified using the Fujifilm Multi Gauge 

software, and then normalized against β-actin levels.  
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Protein:-  

The protein concentrations of the samples was determined by the method of Lowry et al 

using bovine serum albumin as the standard(29). 

Statistical analysis: Results were expressed as mean ± SD or by weighted average. P values was 

determined using 2-tailed unpaired student’s t test. P<0.05 was considered statistically 

significant. The statistical analysis was performed using Sigmaplot software version 11 (Systat 

Software, San Jose, CA, USA). 

 

RESULTS-  

IRAK-1 is involved in LPS-induced iNOS activation. 

 Usually present in an inactive state, iNOS can be induced and activated by LPS(30). To 

determine whether IRAK-1 is involved in modulating iNOS activity, we evaluated iNOS activity 

indirectly by measuring nitrite level. 16 hours following LPS challenge, there was a significant 

increase in iNOS activity in both WT and IRAK-1-/- MEF (Figure 4.1A), BMDM(Figure 4.1B), 

and microglia(Figure 4.1C). However, IRAK-1 deletion lead to significant reduction in nitrite 

levels in BMDM (20%), MEF (77%) and microglia (46%) as compared to WT type cells.  

 

IRAK-1 modulates iNOS activity in a dose dependent manner. 

 

A wide range of endotoxin levels are detected in patients suffering from acute and chronic 

inflammatory diseases (31). To examine the extent of IRAK-1 involvement in LPS-mediated 

iNOS activation, a broad range of LPS (0-100ng/ml) dosages were tested. Detectable levels of 

nitrite were observed as early as 100pg/ml in WT type BMDM whereas nitrite levels in the cell 
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culture supernatant of IRAK-1-/- BMDM were not detected until LPS concentrations  was 

increased to 200pg/ml and onwards (Figure 4.2). IRAK-1 deletion offered maximum protection 

(in the range between  20 to 73% reduction in nitrite levels as compared to WT BMDM) at lower 

doses of LPS (200-5ng/ml) however it’s effect on modulating iNOS activity wades as LPS dose 

increases beyond 10ng/ml and minimum effect was observed at 100ng/ml LPS. 

 

 IRAK-1 differentially modulates iNOS expression at low and high LPS concentrations. 

 

LPS is a well-recognized culprit for both acute and chronic inflammatory complications.  

High doses of circulating LPS (>100ng/ml) can cause severe sepsis and acute mortality in both 

humans and mice. Meanwhile, although less noticed, low doses of LPS are present in humans 

who are obese, practice a sedentary life-style as well as those with advanced age. The low levels 

of LPS (in the range of 10-500pg/ml) can cause a persistent induction of low levels of pro-

inflammatory mediators such as iNOS. However, most of the existing studies in the literature use 

high doses of LPS (>100ng/ml). Given the prevalence of low doses of LPS in severe chronic 

inflammatory diseases, it is imperative to examine whether IRAK-1 is a key mediator for the low 

dose LPS. To examine the role of IRAK-1 in regulating the expression of iNOS at very low 

(50pg/ml) and high (100ng/ml) LPS concentrations, mRNA level of iNOS was evaluated at 6 

hours post LPS treatment (Figure 4.3). RT-PCR analysis of total RNA isolated from control 

groups of both WT and IRAK-1 deficient BMDM, revealed very low levels of iNOS mRNA 

levels. There was significant induction (p<0.05) in iNOS expression at both low and high dose of 

LPS. However at a low dose, IRAK-1 deletion led to a 90% decrease in iNOS mRNA levels 
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(Figure 4.3A). However at high dose LPS treatment, IRAK-1 deletion inhibited mRNA level of 

iNOS by only 36% (Figure 4.3B). 

 

Plasma nitrite levels were significantly reduced in IRAK-1 deficient mice following LPS 

challenge 

Large amounts of NO are frequently detected in both septic shock patients and endotoxemia 

mice model. Elevated level of NO plays a key role in altering cardiovascular function often 

resulting in multiple organ failure (32). Given the role of iNOS inhibitors in the restoration of 

endotoxin altered arterial blood pressure, we examined the role of IRAK-1 in modulating nitric 

oxide production in an in vivo sepsis mice model. To examine the in vivo consequences of 

IRAK-1 deletion, WT and IRAK-1 deficient mice were injected with lethal dose of LPS and 

nitrite levels were measured in the blood plasma. As shown in Figure 4.4, LPS injection led to a 

significant elevation of systemic nitrite levels in WT mice. In contrast, the induced nitrite levels 

were dramatically reduced in IRAK-1 deficient mice (60 % reduction as compared to WT).  

 

IRAK-1 deletion potentiates the beneficial effect of ATRA in suppressing the iNOS activity 

ATRA is a known agent that demonstrates limited effects in treating inflammatory diseases. 

ATRA exert its anti-inflammatory activity by suppressing the LPS-mediated NFkB pathway 

through a downstream nuclear receptor, RAR. On the other hand, LPS can suppress RAR, 

thereby promoting inflammation (33). The tug-of-war between the LPS-TLR pathway and the 

ATRA-RAR pathway limits the beneficial anti-inflammatory effects of ATRA. Because IRAK-1 

participates in the LPS-mediated suppression of nuclear receptors, we tested whether ATRA may 

be more effective in suppressing LPS-induced iNOS expression in IRAK-1deficient BMDMs. As 
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shown in Figure 4.5A, when cells were simultaneously treated with LPS (1ng/ml) + ATRA 

(100nM), there was significant reduction in nitrite levels in both WT (9.86μM) and IRAK-1-/-

(2.73μM). In WT BMDM, ATRA treatment lead to 32% reduction in nitrite levels while IRAK-1 

deletion potentiated effect of ATRA on iNOS activity as evident by 60% reduction in nitrite 

levels. Subsequently protein expression of iNOS was determined in WT and IRAK-1-/- BMDM 

sixteen hours following LPS (1ng/ml) and LPS (1ng/ml) +ATRA (100nM) challenge. As shown 

in Figure 5B, iNOS protein was undetectable in the control group. As a positive control, ATRA 

alone also didn’t induce any iNOS protein levels (data not shown). LPS treatment induced iNOS 

protein levels in both groups while simultaneous administration of LPS and ATRA lead to 

significant reduction in LPS mediated iNOS expression (50% and 85% reduction in WT and 

IRAK-1-/- BMDM, respectively).  

ATRA pretreatment is more effective in suppressing iNOS activity in IRAK-1-/- BMDM 

The pretreatment of BMDM with ATRA has shown beneficial effects in terms of protecting 

mice from LPS induced mortality(34). However most of therapies are administered after the 

initiation of sepsis and haven’t approved as effective. Therefore, we examined the effect of pre 

treatment of ATRA or LPS for 1 hour on BMDM treated with LPS or ATRA respectively on 

iNOS activity and the role of IRAK-1 in potentiating ATRA effect, we quantified both nitrite 

levels (Figure 4.6A, Table 4.1 and 4.2) and intracellular NO levels using fluorimetric assay 

(Figure 4.6B, Table 4.3 and 4.4). Pretreatment of both WT and IRAK-1 deficient BMDM with 

ATRA for 1 hour followed by LPS treatment significantly reduced iNOS activity when 

compared with WT and IRAK-1-/- BMDM pretreated with LPS for 1 hr followed by addition of 

ATRA. As shown in Figure 4.6, Pretreatment with ATRA along with IRAK-1 deletion 

potentiated the suppression of iNOS activity. 
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Subsequently we evaluated the effect of pretreatment as well as simultaneous addition of ATRA 

along with LPS and compared the reduction in nitrite levels with respect to BMDM which were 

treated with LPS alone. As evident from the nitrite levels in Table number 4.5, 4.6 and 4.7, 

pretreatment with ATRA was more effective in suppressing iNOS activity as compared to 

simultaneous addition of ATRA and LPS and this effect was more prominent in IRAK-1-/- 

BMDM and this suppressive effect of IRAK-1 deletion was more effective at lower LPS doses. 

 

ATRA is more effective in suppressing ROS levels activity in IRAK-1-/- BMDM  

To determine whether ATRA is more effective in suppressing ROS levels in IRAK-1-/- 

BMDM, we measured the intracellular levels of ROS induced by LPS in BMDMs harvested 

from WT and IRAK-1 mice. Following LPS treatment, the cells were stained with ROS-selective 

fluorescent dye DCF-DA. The fluorescent intensities reflecting the levels of intracellular ROS 

were measured with a fluorescent plate reader. As shown in Figure 4.7, LPS treatments induced a 

significant change in OD values after 1 hour following LPS treatment reflecting significant 

increase in ROS production in WT BMDM as compared to IRAK-1-/- LPS treated BMDM. 

ATRA slight suppressed ROS level in WT BMDM, however there was significant suppression in 

IRAK-1-/- BMDM. ATRA was diluted 1:1000 so as to minimize the effect of DMSO on ROS 

production.  

 

DISCUSSION 

In this study we have reported for the first time that IRAK-1 is a critical kinase involved in 

the regulation of iNOS expression and activity, both in vitro and in vivo. IRAK-1 deletion 

reduced iNOS activity in the cells of innate immune system including BMDM and microglia as 
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well as in fibroblasts. The invivo beneficial effects of IRAK-1 deletion were demonstrated by the 

significant reduction in plasma nitrite/nitrate level in IRAK-1 deficient mice following lethal 

LPS challenge. Furthermore, IRAK-1 deletion potentiated the anti-inflammatory effects of 

ATRA at a very low dose (100nM). 

The iNOS expression level is correlated with the degree of inflammation (35). Sepsis, a 

systemic inflammatory condition, is accompanied with pathogenic levels of iNOS expression and 

nitric oxide synthesis (32). Excessive NO released by marcophages and neutrophils not only 

exerts nitrosative stress leading to vital organs injury and dysfunction but also contributes to the 

development of hypotension and circulatory collapse (36). All these factors together contributes 

to multiple organ failure and highlights the role of NO in inducing sepsis-associated mortality. In 

agreement with the survival study conducted by Swantek et al., we found a significant reduction 

in sepsis-associated mortality in IRAK-1 deficient mice injected with a lethal dose of LPS 

(25mg/kg) (37). However, no mechanistic studies to date have been conducted to decipher the 

role of IRAK-1 in the modulation of sepsis-associated mortality. Our previous in vitro studies 

suggests that IRAK-1 is involved in reactive oxygen species (ROS) production following LPS 

challenge (26) and played a vital role in modulating oxidative stress associated with endotoxemia 

(unpublished data). Given the crucial role played by nitric oxide in the pathogenesis of MOF, we 

investigated the role of IRAK-1 in the regulation of iNOS expression and activity. In our study 

innate immune cells including macrophages and microglia as well as fibroblasts all demonstrated 

a significant reduction in iNOS activity in the cell cultures derived from IRAK-1 deficient mice 

(Fig. 4.1). The amount of nitric oxide generation is dependent on the concentration and activity 

of iNOS enzymes. Thus a possible protective mechanism of IRAK-1 deletion could be due to the 

attenuation of iNOS induction and/or activity in these cell types activated following LPS-
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challenge. Deletion of IRAK-1 in BMDM decreased mRNA levels of iNOS both at low and high 

doses of LPS (Fig. 4.3). The interference in mRNA induction/expression could be due to direct 

involvement/role of IRAK-1 in modulating transcription of iNOS or may be due to IRAK-1- 

dependent post transcriptional modifications. Although the detailed mechanistic study wasn’t 

conducted in this set of experiments, our study provided a solid background for the role of 

IRAK-1 in regulating iNOS expression. Further studies must be conducted to help clarify the 

exact role of IRAK-1 on iNOS induction and activity. Few speculations on the possible role of 

IRAK-1 in modulating iNOS expression based on our and others results, are explained below- 

Firstly, the iNOS promoter region contains putative binding sites for various transcription 

factors including NF-kB and AP-1, which synergistically induce iNOS expression (12). Recent 

studies suggest that IRAK-1 is required for optimal activation of NF-kB and MAPK pathway. 

Unlike IRAK-4, IRAK-1 deletion has been associated with the marginal reduction in NF-kB and 

MAPK pathway activation and has demonstrated a reduction in NFkB DNA binding activity 

effect (37). Sub-optimal activation of NF-kB and MAPK pathways following IRAK-1 deletion 

could be one of the plausible reasons for the decreased nitrite levels in IRAK-1 deficient 

fibroblast, macrophages and microglia treated with LPS.  

Another possible reason for the reduction in iNOS activity in IRAK-1 deficient cells may be 

attributed to the regulatory control of IRAK-1 on NADPH oxidase-mediated iNOS activation. 

Free radicals released during NADPH oxidase activation following LPS challenge drive the 

expression of iNOS in murine macrophages (38). Studies in microglia derived from WT, NOX-1 

and NOX-2 knockout mice indicate that NOX-1 and NOX-2 are required for optimal nitric oxide 

production. Additionally, the reduction of superoxide to H2O2 by superoxide dismutase (SOD) 

results in the activation of redox-sensitive NFkB , which in turn plays a vital role in the induction 
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of iNOS (39). ROS derived from NADPH oxidase, especially NOX-1 in the endothelial cells 

activated both AP1 and IRF pathway and lead to iNOS expression (40). As discussed in Chapter 

3, IRAK-1 critically regulates ROS production via NOX-1 activation and its (IRAK-1) deletion 

suppressed the optimal activation of NADPH oxidase which subsequently leads to reduced ROS 

production. Thus the reduction in nitrite levels in plasma and cell culture supernatant in IRAK-1 

deficient mice and IRAK-1 deficient immune cells may be possibly due to inhibition of NOX-1 

expression and subsequently NADPH oxidase in IRAK-1 deficient macrophages. 

Furthermore, IRAK-1 is involved in modulating pro-inflammatory cytokine levels. IRAK-1 

knockout mice injected with a lethal dose of LPS have reduced levels of plasma/cell culture 

supernatant pro-inflammatory cytokines such as TNF-α and IL-6 levels, compared to WT 

counterparts (unpublished,(37)). Given the fact that pro-inflammatory cytokines such as TNF-α 

and IL-6 are known to induce NF-KB, and since NF-KB mediates iNOS expression, it is very 

possible that reduced levels of nitrite in IRAK-1 deficient mice and cells could be due to 

reduction in the level of pro-inflammatory cytokines. 

Interestingly, in this study, we observed that IRAK-1 is more effective in modulating mRNA 

expression level and iNOS activity at lower doses of LPS (Fig.4.3). We observed a significant 

reduction in iNOS activity in IRAK-1-/- BMDM at lower LPS doses (200pg/ml-1ng/ml) (Fig. 

4.2). This suppressive effect of IRAK-1 deletion started decreasing as the dose of LPS was 

increased in increment. This makes the role of IRAK-1 as a critical regulator in physiological 

settings even more relevant. The clinical/epidemilogical study conducted by Opal et al. reported 

that the median plasma endotoxin level in patients suffering from sepsis was around 300pg/ml 

while this endotoxin level rose to 515 pg/ml in non-survivors (31). This further highlights the 

beneficial role of IRAK-1 deletion at endotoxin dose levels which are clinically relevant and are 
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routinely detected in patients suffering from sepsis or chronic inflammatory diseases and makes 

IRAK-1 as a potential therapeutic target for the treatment of sepsis.  

Furthermore, LPS has been shown to exert its pro-inflammatory response by decreasing the 

expression of anti-inflammatory NRs including RARα. This effect of LPS was critically 

regulated by IRAK-1 (24, 33). Studies conducted by Grosjean et al and others suggest that 

ATRA exerts its inhibitory effect on iNOS expression and activity either by promoting RARα 

binding to the putative RARE in the promoter region of iNOS and inhibit iNOS gene expression, 

by decreasing iNOS mRNA half life or by mediating direct protein-protein interaction with 

transcription factors such as AP-1 and NF-kB (18, 41-44). However unlike glucocorticoids, 

retinoic acid has been shown to decrease iNOS expression and activity more effectively at higher 

doses in LPS-treated macrophages. Importantly in our study, significant reductions in the nitrite 

levels in IRAK-1 deficient BMDM treated simultaneously with LPS and ATRA were observed 

at physiological relevant LPS dose levels. This may be attributed to the maintenance of RAR 

receptor levels necessary for ATRA action. Therefore, another possible explanation for the 

disruption in LPS-mediated suppressive effects on RAR levels by IRAK-1 deletion may be the 

reason for the reduced nitrite levels in IRAK-1 deficient BMDM observed after LPS plus ATRA 

stimulation. 

There always exist mutual competition between NF-KB and nuclear receptors pathways. 

Depending on the dose and time of treatment one pathway can inhibit the effect of other. 

Pretreatment with ATRA skews the macrophage phenotype towards an anti-inflammatory, M2 

like state, whereas LPS pretreatment modulates the expression of macrophages towards a pro-

inflammatory M1 state (45). Our findings are in agreement with other studies, which have 

reported a significant reduction in nitrite levels in cell cultures treated with LPS pretreated with 
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ATRA. According to Gidlof et al., the beneficial effect of ATRA pretreatment was attributed to 

RARa receptor mediated reduction in NO production and suggested ATRA pretreatment lead to 

decreased iNOS expression in myocardium and aorta (34). Administration of ATRA in pigs 

before LPS challenge not only protected them against mortality but also improved cardiac and 

pulmonary function (46). However glucocorticoids another NR agonists, failed to improve 

survival rate in cases of septic shock (47). To address the possible cause of this differential 

effect, we pretreated cells with ATRA as well as LPS and one hour latter treated them with LPS 

or ATRA. Similarly we treated BMDM simultaneously with LPS and ATRA together. 

Pretreament with ATRA, reduced nitrite levels more effectively in cell culture supernatant which 

were latter treated with LPS compared to BMDM which were pretreated with LPS followed by 

ATRA treatment or treated simultaneously with LPS and ATRA (Fig. 4.6, table 4.5, 4.6, 4.7). 

Thus, timing of NRs agonist administration could possibly determine protective efficacy of 

ATRA against endotoxemia associated-mortality. In addition, we found higher percentages of 

NO suppression in IRAK-1 deficient BMDM. Thus, IRAK-1 deletion can help in reducing the 

dosage of ATRA used to achieve the same effect. Given the fact that ATRA/retinoic acid can 

modulate variety of cellular processes including differentiation and proliferation, by knocking 

down IRAK-1 we can reduce the dose of ATRA to attain same inhibitory effect on iNOS activity 

and can possibly reduce the possible side effects, if any, associated with it.   

Finally, taken together, therapeutic strategies aimed at reducing the iNOS 

expression/activity during the initial few hours of sepsis have proved beneficial in restoring 

mean arterial blood pressure, reversing hypotension, vascular leakage and vasopressor 

hyporeactivity (48, 49). Based on our results, knocking down IRAK-1 may be an effective 

therapy in reducing sepsis associated mortality. Besides reducing the NO levels, IRAK-1 
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deletion potentiated the anti-iNOS effects allowing for much lower doses of ATRA to be 

effective and thereby reducing the chances of potential sides effects if any using high dosage of 

ATRA. Furthermore, our preliminary in vitro data suggests that IRAK-1 deficient BMDM 

treated with LPS and ATRA together failed to induce ROS production. Given the role of 

NADPH oxidase and iNOS in the pathophysiology of oxidative stress-associated multiple organ 

failure, a therapeutic startegy which can minimise ROS/RNS levels will not only help in 

reducing free radical-associated cytotoxicity but also at the same time help in maintaining 

enough level of free radicals which can exert antimicrobial effect will be effective in addressing 

some of sepsis-associated inflammatory complications. However, further experiments aimed at 

deciphering the molecular mechanisms involved in regulating iNOS expression and activity via 

IRAK-1 needs to be carried out. In addition, in vivo sepsis studies evaluating the combined effect 

of ATRA and IRAK-1 deletion both before and after LPS challenge needs to be evaluated. 
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                                                           FIGURES 

 
Figure 4.1A. 

 
 
Figure 4.1B. 

 
 
Figure 4.1 C. 

 
 
Figure 4.1. NO production induced by LPS was significantly reduced in IRAK-1-/- deficient 
cells. WT and IRAK-1-/- MEF (Fig. 1A), BMDM (Fig. 1B)  and Microglia (Fig. 1C) were 
cultured in 96 well plate containing 1-1.5x105 cells/well in phenol free DMEM containing 1% 
FBS medium, treated with and without LPS for 16 hrs. Following incubation, cell culture 
supernatant from individual wells was collected and nitrite level (μM) in cell culture supernatant 
was analyzed using Griess reagent. Experiments were performed in triplicate atleast 3 times. 
Data is expressed as mean±SD, N=3. *P<0.05, compared with LPS treated groups.  
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Figure 4.2.  IRAK-1 is critically involved in regulating iNOS activity at lower LPS doses. 
WT and IRAK-1-/- BMDM were cultured in 96 well plate containing 1.5x105 cells/well in phenol 
free DMEM containing 1% FBS medium, treated with and without LPS in increasing 
concentration starting from 0, 100, 200, 400, 600, 800 pgs/ml to 1, 1.2, 1.4, 1.8, 2, 5, 10, 100 
ng/ml for 16 hrs. Following incubation, cell supernatant from individual wells was collected and 
nitrite level (μM) in cell culture supernatant was analyzed using Griess reagent kit. Experiments 
were performed in triplicate at least 2 times. Data is representative of one experiment and 
expressed as mean±SD. *P<0.05, compared with LPS treated groups.  

Figure 4.3A. 
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Figure 4.3B. 

 
Figure 4.3. IRAK-1 deletion suppresses iNOS mRNA expression more at lower LPS dose 
level. WT and IRAK-1-/- BMDM were cultured in 6 well plate containing 2x106 cells/well in 
phenol free DMEM containing 1% FBS medium, treated with and without LPS (50 pg/ml(low 
dose) and 100 ng/ml (high dose)) for 6 hrs. Following incubation, total RNA was extracted from 
control and LPS-treated BMDM cells using Trizol. The mRNA levels of iNOS in BMDM were 
analyzed using real time RT-PCR. Each data point represents the mean±SD. Experiments were 
performed in triplicate at least 2 times. *P<0.05, compared with LPS treated groups.  

Figure 4.4. 

 
Figure 4.4. NO production induced by endotoxemia was significantly reduced in IRAK-1-/- 
deficient mice. Nitrite level in blood plasma of WT type and IRAK-1-/- mice (N=4) injected with 
25 mg/kg LPS via intraperitoneal(I/P) route and analyzed 10 hrs following LPS challenge while 
control group received PBS(I/P). The experiments were performed 3 times. Data is represented 
as mean ±SD. *P<0.05, compared in between LPS-injected WT and IRAK-1-/-mice. 
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Figure 4.5A. 

 
Figure 4.5A.  IRAK-1 deletion potentiates ATRA-mediated iNOS inhibition (activity). 5A) 
WT and IRAK-1-/- BMDM were cultured in 96 well plate containing 1-1.5x105 cells/well in 
phenol free DMEM containing 1% FBS medium, treated with and without LPS(1ng/ml) in the 
absence or presence of ATRA (100nM) for 16 hrs. Following incubation, cell supernatant from 
individual wells was collected and nitrite level (μM) in cell culture supernatant was analyzed by 
Griess reagent. Experiments were performed in triplicate at least 3 times. Data is expressed as 
mean±SD. *P<0.05, compared with LPS treated groups.  

Figure 4.5B. 

 

Figure 4.5B. IRAK-1 deletion potentiates ATRA-mediated iNOS inhibition (protein 
expression). WT and IRAK-1-/- BMDM were plated in 6 well plate at density of 1.5x106. Cells 
were allowed to settle down at the bottom in phenol free DMEM medium containing 1% FBS. 
Cells were treated with LPS (1ng/ml) alone, simultaneous addition of LPS (1ng/ml) +ATRA 
(100 nM) while control receive vehicle PBS. After 16 hours of incubation, cells were harvested 
and protein samples were analyzed for iNOS protein expression by western blot using an iNOS 
antibody. The same blots were reprobed with GAPDH as the loading control. Experiments were 
repeated 3 times. Representative blot is shown in Figure. 5B.  
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Table 4.1 
 

ATRA(100nM) 1 hr 
pretreatment 
+LPS(0-100ng/ml) 

WT BMDM 
Nitrite (μM) 
 

IRAK 1-/- BMDM 
Nitrite (μM) 
 

 control  0.41±0.02 0.42±0.01 
100 pg/ml 0.44±0.03 0.48±0.08 
500pg/ml 0.42±0.01 0.38±0.03 
1ng/ml 0.59±0.08* 0.41±0.02 
2ng/ml 1.86±0.16* 0.69±0.08 
4ng/ml 7.73±1.35* 2.87±0.82 
6ng/ml 11.84±0.09* 5.66±0.32 
10ng/ml 14.65±1.51* 7.86±0.66 
100ng/ml 25.08±1.24* 17.49±0.60 

 
 
Table 4.1 Nitrite levels in LPS- treated cell culture pretreated with ATRA. Each experiment 
was performed atleast 2-3 times. Nitrite levels (μM), from single experiment (N=3) is presented 
in table 4.1 and expressed as mean±SD.  *P<0.05, compared between WT and IRAK-1-/- groups 
 

Table 4.2 
 
 
LPS pretreatment 1 hr 
+ATRA(100nM) 

WT BMDM 
Nitrite (μM) 

IRAK 1-/- BMDM 
Nitrite (μM) 
 

Control  0.41±0.02 0.42±0.01 
100 pg/ml 0.43±0.03 0.44±0.01 
500pg/ml 0.64±0.04 0.46±0.02 
1ng/ml 4.26±0.05* 1.84±0.26 
2ng/ml 12.35±0.18* 7.93±0.20 
4ng/ml 25.36±1.86* 14.12±0.62 
6ng/ml 31.53±0.67* 20.84±1.79 
10ng/ml 34.64±1.66* 25.68±0.86 
100ng/ml 40.10±2.15* 33.98±2.27 
 
 
Table 4.2 Nitrite levels in ATRA- treated cell culture (fixed 100 nM dose)  pretreated with 
LPS. Each experiment was performed atleast 2-3 times Nitrite levels (μM), from single 
experiment (N=3) is presented in table 4.2 and expressed as mean±SD.  *P<0.05, compared 
between WT and IRAK-1-/- groups 
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Figure 4.6A. ATRA pretreatment suppresses nitrite levels (iNOS activity) more effectively 
in IRAK-1-/- BMDM. WT and IRAK-1-/- BMDM were cultured in 96 well plate containing 1-
1.5x105 cells/well in phenol free DMEM containing 1% FBS medium, pretreated with 
LPS(various doses) or ATRA(fixed concentration 100nM). One hour latter, the BMDM were 
treated with LPS (0-100ng/ml) or ATRA (100nM) for 15 hrs. Following incubation, cell 
supernatant from individual wells was collected and nitrite level (μM) in cell culture supernatant 
was analyzed by Griess reagent. Data is represented in table 1 and 2 of one independent 
experiment Experiments were performed in triplicate at least 2-3 times. Data is expressed as 
mean±SD.  *P<0.05, compared between WT and IRAK-1-/- groups.  
 
 
ATRA(100nM) 
pretreatment 
+LPS 

WT BMDM 
RFU 

IRAK 1-/- BMDM 
RFU 
 

C 48.09±1.79 47.90±0.37 
LPS 100pg/ml 45.96±2.31 47.67±1.34 
LPS 1ng/ml 55.19±0.76* 48.88±1.87 
LPS 4ng/ml 162.94±24.24* 115.26±23.96 
LPS 10ng/ml 215.52±17.11* 181.31±17.29 
LPS 100ng/ml 277.00±27.86 243.30±24.83 
 
Table 4.3 Intracellular nitric oxide in LPS- treated cell culture pretreated with ATRA. 
Nitrite levels (μM), from single experiment (N=3) is presented in table 4.3 and expressed as 
mean±SD.  *P<0.05, compared between WT and IRAK-1-/- groups 
 
LPS pretreatment 
+ ATRA(100nM)  

WT BMDM 
RFU 

IRAK 1-/- BMDM 
RFU 
 

C 48.09±1.79 47.90±0.37 
LPS 100pg/ml 50.19±4.24* 44.93±1.46 
 LPS 1ng/ml 72.12±1.96* 53.67±1.73 
LPS 4ng/ml 261.94±5.51* 214.07±2.75 
LPS 10ng/ml 354.42±10.54* 267.70±5.48 
LPS 100ng/ml 397.02±22.76* 314.31±19.61 

 
Figure 4.6A. 
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Table 4.4 Intracellular nitric oxide in ATRA-treated cell culture pretreated with LPS. 
Nitrite levels (μM), from single experiment (N=3) is presented in table 4.4 and expressed as 
mean ± SD.  *P<0.05, compared between WT and IRAK-1-/- groups 
 
 
 
 
 
 

 
Figure 4.6B. IRAK-1 deletion potentiates intracellular nitric oxide supression (iNOS 
activity) in BMDM pretreated with ATRA. WT and IRAK-1-/- BMDM were cultured in 96 
well plate containing 1-1.5x105 cells/well in DMEM containing 1% FBS medium, pretreated 
with LPS(various doses as shown in Figure 4.6A) or ATRA (fixed concentration 100nM. One 
hour latter, the BMDM were treated with LPS (0-100ng/ml) or ATRA (100nM) for 15 hrs. 
Following incubation, cell supernatant was discarded and individual wells were washed with 
PBS, pH 7.4 and cells were incubated for 2 hours in the reaction mixture containing DAF-2DA. 
DAF-2 reacts with intracellular NO produced to form fluorescent compound. Fluorescence Unit 
(FU) measured is an indicator of iNOS activity. Data is represented in table 4.3 and 4.4 of one 
independent experiment. Experiments were performed in triplicate at least 2 times. Data is 
expressed as mean FU ± SD. *P<0.05, compared between WT and IRAK-1-/- BMDM.  
 

 

 

 

 

 

 

 

Figure 4.6B. 
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Table 4.5 

LPS WT BMDM 
Nitrite (μM) 

IRAK 1-/- BMDM 
Nitrite (μM) 
 

 0 pg/ml 0 0 
100 pg/ml 0.26±0.13 0.08±0.09 
200 pg/ml 1.61±0.25* 0.43±0.15 
400 pg/ml 8.30±0.41* 2.54±0.24 
600 pg/ml 21.61±3.64* 8.58±1.80 
800 pg/ml 33.14±0.90* 14.12±2.12 

1 ng/nl 41.67±0.98* 24.29±1.43 
1.2 ng/ml 43.83±0.76* 29.43±0.95 
1.4 ng/ml 49.67±1.42* 35.44±2.48 
1.8 ng/ml 51.45±1.20* 39.62±1.45 

2 ng/ml 49.96±1.97* 39.87±0.50 
5 ng/ml 50.60±0.89* 40.83±1.12 

10 ng/ml 55.74±0.90* 51.98±2.03 
 
Table 4.5 Nitrite levels in LPS- treated cell culture. Each experiment was performed atleast 2-
3 times. Nitrite levels (μM), from single experiment (N=3) is presented in table 4.5 and 
expressed as mean±SD.  *P<0.05, compared between WT and IRAK-1-/- groups. 
 
Table 4.6 
 
LPS+ATRA(100nM) WT BMDM 

Nitrite (μM) 
IRAK 1-/- BMDM 
Nitrite (μM) 
 

 0 pg/ml 0 0 
100 pg/ml 0 0 
200 pg/ml 0.51±0.08 0.25±0.15 
400 pg/ml 2.72±0.56* 1.75±0.74 
600 pg/ml 8.15±0.49* 4.06±0.89 
800 pg/ml 22.28±3.79* 10.13±1.85 

1 ng/nl 29.18±3.86* 15.02±0.41 
1.2 ng/ml 36.42±1.24* 21.73±1.17 
1.4 ng/ml 42.97±1.43* 30.77±1.71 
1.8 ng/ml 41.27±0.70* 29.58±17.37 

2 ng/ml 42.99±1.10* 37.54±0.61 
5 ng/ml 44.23±1.59* 39.39±1.07 

10 ng/ml 48.76±0.84 47.96±1.67 
 
 
Table 4.6 Nitrite levels in LPS- and ATRA- treated cell culture. Each experiment was 
performed atleast 2-3 times. Nitrite levels (μM), from single experiment (N=3) is presented in 
table 4.6 and expressed as mean±SD.  *P<0.05, compared between WT and IRAK-1-/- groups.  
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Table 4.7                                                                                                 
 
 
ATRA(100nM) 
pretreatment +LPS 

WT BMDM 
Nitrite (μM) 

IRAK 1-/- BMDM 
Nitrite (μM) 
 

 0 pg/ml 0 0 
100 pg/ml 0 0 
200 pg/ml 0 0 
400 pg/ml 0.41±0.11 0.22±0.19 
600 pg/ml 1.91±0.56 1.31±0.41 
800 pg/ml 8.53±1.85* 4.65±0.97 

1 ng/nl 11.53±1.06* 6.67±0.31 
1.2 ng/ml 17.44±3.42* 10.98±2.03 
1.4 ng/ml 18.60±0.67* 13.49±2.32 
1.8 ng/ml 22.38±3.25* 17.74±3.75 

5 ng/ml 38.49±1.46* 35.20±0.90 
10 ng/ml 46.02±0.73* 41.50±1.51 

 
Table 4.7 Nitrite levels in LPS- treated cell culture pretreated with ATRA. Each experiment 
was performed atleast 2-3 times. Nitrite levels (μM), from single experiment (N=3) is presented 
in table 4.7 and expressed as mean±SD.  *P<0.05, compared between WT and IRAK-1-/- groups.  
 
 
Table 4.5, 4.6 and 4.7. Pretreatment with ATRA suppresses iNOS activity more effectively 
than simultaneous addition of ATRA and LPS and IRAK-1 deletion potentiates ATRA 
activity.  WT and IRAK-1-/- BMDM were cultured in 96 well plate containing 1-1.5x105 
cells/well in phenol free DMEM containing 1% FBS medium. Different treatments were given to 
cell culture as depicted in table 5, 6 and 7. Cells were treated in the following 3 different ways. 
Table 4.5. BMDM were treated with LPS for 16 hrs. Table 4.6. BMDM were pretreated with 
LPS, one hour later, these BMDM were again treated with fixed dose of ATRA (100nM) for 15 
hours. Table 4.7, BMDMs were pretreated with ATRA (fixed dose 100nM), one hour later, the 
same BMDM were treated with LPS (0-100ng/ml). Following incubation, cell supernatant from 
individual wells was collected and nitrite level (μM) in cell culture supernatant was analyzed by 
Griess reagent. Experiments were performed in triplicate at least 3 times. Data from single 
experiment is presented in table 4.5, 4.6 and 4.7 and expressed as mean±SD.  *P<0.05, compared 
between WT and IRAK-1 groups.  
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Figure 4.7. ATRA is more effective in suppressing ROS levels activity in IRAK-1-/- BMDM. 
Effect of ATRA on intracellular ROS levels in WT and IRAK-1-/- BMDM cells were measured 
using DCFDA staining by subtracting the OD at 0 minute from OD taken at 60 minute interval 
following LPS stimulation. The Student t test was used to calculate statistical significance, * 
P<0.05. Data are representative of one independent experiments, N=3. 
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                                               Chapter 5.  

Title- Reduced Oxidative Tissue Damage During Endotoxemia in IRAK-1 
Deficient Mice  

 

                                                     ABSTRACT  

The interleukin-1 receptor associated kinase-1 (IRAK-1)-mediated Toll-like Receptor 4 (TLR-4) 

signaling pathway has been shown to be involved in the generation of reactive oxygen species in 

vitro. However, the role of IRAK-1 during bacterial endotoxin Lipopolysaccharide (LPS)-

induced oxidative tissue damage in vivo has not been addressed.  In this report, we studied the 

oxidative stress in vital organs including liver, kidney, and brain from wild type (WT) and 

IRAK-1 deficient mice injected with a lethal dose of LPS (25mg/kg), a known agonist for 

TLR4. We demonstrated that LPS challenge induced marked elevation in the plasma and tissue 

lipid peroxidation levels, in addition to elevated pro-inflammatory cytokines and endothelin-1 

levels in WT mice. In contrast, LPS-treated IRAK-1 deficient mice have significantly less 

(p<0.05) lipid peroxidation, pro-inflammatory cytokines and endothelin-1 

levels. Mechanistically, LPS treatment triggered significant reduction in the levels and activities 

of anti-oxidative enzymes including Glutathione peroxidase (GPx), catalase and superoxide 

dismutase (SOD) in tissues harvested from WT, but not in IRAK-1 deficient mice. As a 

consequence, LPS caused pronounced damage to vital organs including liver and kidney in WT 

mice, as compared to IRAK-1 deficient mice. IRAK-1 knock-out mice exhibited significant 

resistance against endotoxemia-associated mortality and therefore, targeting IRAK-1 may prove 

to be an effective therapeutic strategy to protect against inflammatory complications associated 

with septicemia. 
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  INTRODUCTION  

A highly lethal systemic multi-organ dysfunction syndrome (MODS) can occur following a 

diverse clinical insults including endotoxemia due to disseminated infection, as well as trauma 

and injury (1-3). The subsequent systemic inflammation can spread throughout the intravascular 

space of humans and animals, causing failure of multiple organ-systems (3, 4). MODS due to 

endotoxemia and sepsis has a mortality rate ranging from 40-80% and is the major cause of death 

in critical care units (CCU) and intensive care units (ICU) throughout the world. Antibiotics have 

been proven ineffective in controlling disseminated endotoxemia, since the bacterial endotoxin 

lipopolysaccharide (LPS), rather than the live bacteria, plays a major role in inducing MODS 

(5). LPS alone can trigger multi-organ failure (MOF) in both humans and laboratory animals (4, 

6). Little improvement has been made in the treatment of human multiple organ dysfunction 

syndrome (MODS) since the syndrome was first defined (7). A lack of systematic understanding 

of the inflammatory complications during the acute yet complex pathogenesis of MODS has 

contributed to the failure of treating this devastating syndrome (7).   

A plethora of inflammatory mediators are rapidly induced in blood circulation of both human 

endotoxemic patients and in animals with experimentally-induced endotoxemia (8, 9). These 

mediators include inflammatory cytokines and chemokines (e.g. IL-6, TNF-α, MIP-1a, GRO-a), 

acute phase proteins (e.g. lipocalin 2, endothelin-1, PAI-1), reactive oxygen species (ROS) and 

reactive nitrogen species (RNS). Elevated levels of chemokines recruit toxic neutrophils and 

activated monocytes to vital organs, while ROS cause damaging modifications to host proteins 

and other macromolecules (10). Collectively, high levels of these inflammatory mediators can 

contribute to multi-organ injury and death (11). Mechanistically, the levels of ROS within the 

tissues and circulation are controlled by two families of enzymes with opposing 
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functions. Oxidases such as NADPH oxidases are induced and/or activated by LPS, leading to 

the generation of ROS (12, 13). In contrast, anti-oxidases such as glutathione peroxidase (GPx), 

superoxide dismutase (SOD), and catalase are suppressed by LPS, compromising the clearance 

of generated ROS (14, 15). In addition, LPS induces elevated activities of the inducible nitric 

oxide synthase (iNOS), which subsequently contribute to the formation of RNS. Collectively, 

systemically elevated levels of ROS and RNS can cause oxidative tissue damages and contribute 

to the pathogenesis of multi-organ failures during septic shock.     

The TLR4 pathway is primarily responsible for the host response to LPS (16). Upon 

activation, TLR4 downstream components can activate a variety of transcription factors 

including NFkB, which eventually lead to the expression of oxidative enzymes including 

NADPH oxidase and iNOS. In the meantime, we have demonstrated that LPS can also suppress 

the expression of anti-oxidative enzymes such as GPx and catalase in cultured macrophages 

(17). Mechanistically, the key TLR4 intracellular kinase IRAK-1 has been shown to be critical 

for mediating the diverse cellular effects of LPS (17-19).   

Despite convincing in vitro data, relatively little information is available regarding the in vivo 

relevance of IRAK-1 during LPS-induced tissue oxidative damage. In this report, we have 

performed systematic evaluation of in vivo oxidative damage in vital organs of both WT and 

IRAK-1 deficient mice following LPS challenge. Our present study reveals that IRAK-1 serves 

as a critical mediator for LPS-induced oxidative tissue damage and failure. These data indicate 

that IRAK-1 may serve as a novel therapeutic target for future intervention strategies in limiting 

the incidence of multi organ failure during sepsis progression.   
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MATERIAL AND METHODS 

Reagents: LPS (E. Coli O111:B4) was obtained from Sigma. The primer sets were obtained from 

IDT. The primer  sequences are as follows-  

GPX3 (+): 5’ CCAGCTACTGAGGTCTGACAGA 3’;  

GPX3 (-): 5’ CAAATGGCCCAAGTTCTTCTTG 3’;  

Catalase (+): 5’ TTCAGAAGAAAGCGGTCAAGAAT 3’;  

Catalase (-): 5’ GATGCGGGCCCCATAGTC 3’;  

GAPDH (+): 5’ AACTTTGGCATTGTGGAAGGGCTC 3’;  

GAPDH (-): 5’ TGGAAGAGTGGGAGTTGCTGTTGA 3’  

 

Mice: Wild-type C57BL/6 mice were obtained from the Charles River Laboratory. IRAK-1-/- 

mice with C57BL/6 background were kindly provided by Dr. James Thomas from the University 

of Texas Southwestern Medical School. All mice were housed and bred at Derring Hall Animal 

Facility in compliance with approved Animal Care and Use Committee protocols at Virginia 

Polytechnic Institute and State University. Bone marrow-derived macrophages (BMDM), murine 

embryonic fibroblasts (MEF) and microglia were harvested and cultured as previously described 

(20). Wild type and IRAK-1-/- mice of matched gender and age were injected with LPS (E. Coli 

O111:B4, Sigma) (25mg/kg body weight) or PBS intraperitoneally. Total blood was drawn 10 

hours after the injection and plasma was collected for downstream analysis. Liver, Brain and 

kidney tissues were harvested and used for described assays.  

Mouse survival study: C57BL/6 and isogenic IRAK-1-/- mice (n=14 per genotype) were 

injected with LPS (25mg/kg body weight) or PBS intraperitoneally. Injected mice were provided 



 
 

169 

with drinking water only, and closely monitored at 6 hr intervals. Survival/mortality were 

recorded for a period lasting for 50 hrs.  

Lipid Peroxidation Assay: Tissue samples were thawed on ice and homogenized in ice-cold 

50mM PBS buffer pH-7.4 containing 10 μL of 0.5 M butylated hydroxyl toulene (BHT). The 

crude homogenate were centrifuged at 3000g for 10 mins at 4оC. The clear supernatant was 

aliquoted and stored on ice until further analysis. Malondialdehyde + 4-hydroxynonenal (MDA + 

HAE), by-products of membrane bound polyunsaturated fatty acid peroxidation were measured 

as an indicator of LPO. Lipid peroxidation in tissue samples/plasma samples was measured as 

previously described. Lipid peroxidation was determined by the Oxis Bioxytech LPO-586 assay 

kit (Oxis International Inc., Portland, OR, USA) (21). Briefly, in 100 μL of sample supernatant, 

325 μL of Chromogen reagent, N-Methyl-2-Phenylindole, diluted in methanol, was added and 

briefly vortexed, followed by the addition of 75 μL of methasulfonic acid. Samples were 

incubated at 45° C for 60 minutes, yielding a stable chromophore, which is centrifuged at 15,000 

g for 15 minutes. The clear supernatant was allowed to cool and absorbance was measured at 586 

nm by using microplate reader. The results were expressed as μM per mg protein. 

 

Antioxidant potential: The total antioxidant potential in plasma samples was measured as per 

the manufacturer instruction using commercially available antioxidant assay kit from cayman 

chemical, Ann Arbor, MI.  

 

Reduced Glutathione Level: Reduced glutathione level was determined by commercially 

available GSH-420 kit manufactured by Oxis International Inc. Frozen tissue were thawed and 

homogenized in TCA to precipitate protein.  Homogenized sample was centrifuged at 3000 g for 
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10 mins at 4о C. Supernatant was collected and reduced thiols group present in tissue lysate was 

determined by the reaction with dithionitrobenzoic acid (DTNB). Following reaction with 

sulfhydryl group, DTNB was reduced to a yellow chromogen. The absorbance of reduced 

chromogen was measured spectrophotometrically at 420 nm. Reduced GSH level was 

determined from GSH standard curve and expressed as μM/mg protein. 

 

Measurement of tissue antioxidant and anti-oxidative enzymes: Brain, liver and kidney 

samples were removed and washed in ice-cold PBS 7.4, snap frozen in liquid nitrogen and stored 

at –80oC until further analysis. The crude homogenate was centrifuged at 10,000xg for 15 mins 

at 4оC. The clear supernatant was aliquoted and stored on ice until further analysis. Sample 

supernatant were used to measure the activities of antioxidant enzymes. 

 

GPx Activity: GPx activity in tissue lysate was determined by the Oxis Bioxytech GPx-340 

(Oxis International, Inc. Portland, OR, USA). GPx enzyme catalyses the reduction of organic 

peroxide to stable alcohols using glutathione (GSH) as reducing equivalents. GPx activity was 

assessed indirectly by using t-butyl hydroperoxide as the substrate. Oxidized glutathione, GSSG, 

produced during reaction is recycled to GSH by GR utilizing NADPH as a reducing substrate.  

The oxidation of NADPH to NADP+ leading to decrease in absorbance at 340 nm as a function 

of time was directly proportional to the GPx activity in the sample. One unit of enzyme activity 

is defined as the amount of enzyme that transforms 1 μmol of NADPH to NADP per minute. 

Results are expressed in units/mg protein. The enzymatic activity was expressed as nmol 

NADPH oxidized/min/mg protein. 
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SOD Activity The activity of SOD was determined using a SOD activity assay kit-WST 

(Dojindo Molecular Technologies Inc, Maryland, USA). The inhibitory activity of SOD was 

determined colorimetrically using WST-1, a water soluble tetrazolium salt. Upon reduction with 

superoxide, WST-1 is converted to water-soluble formazan dye. The rate of the reduction of 

WST-1 is linearly related to the activity of Xanthine Oxidase.  However, this WST-1 reduction is 

inhibited by SOD enzymatic activity present in the sample. The decrease in the color 

development of WST-1 formazan at 450 nm reflects the SOD inhibitory activity.  

 

Catalase activity: Catalase activity in tissue homogenates was determined by Oxis 

Biooxytech catalase-520 (Oxis International, Inc. Portland, OR, USA). The rate of 

decomposition of H2O2 to water and molecular oxygen is directly proportional to the catalytic 

activity of the catalase enzyme present in the tissue lysate. The amount of H2O2 remaining after 1 

min of reaction was than determined by the oxidative coupling reaction of 4-aminophenazone 

(AAP) and 3,5-dichloro-2- hydroxybenzene sulphonic acid (DHBS) in the presence of 

horseradish peroxidase (HRP). The resulting quinoneimine dye formed was measured 

spectrophotometrically at 520 nm. The catalase concentration was determined from the standard 

curve derived from the known concentartion of catalase. The catalase activity was expressed as 

U/mg protein. 

 

Real time RT-PCR- Total RNA from small pieces of mouse liver and kidney tissues (50-

100μg) using TRIZOL (Invitrogen) according to the manufacturer’s protocol.  Reverse 

transcription was carried out using the High-Capacity cDNA Reverse transcription kit (Applied 

Biosystems) and subsequent real-time RT-PCR analyses were performed using the SYBR green 
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supermix on an IQ5 thermocycler (Biorad). The relative levels of transcripts were calculated 

using the DDCt method after normalizing with GAPDH as the internal control.  

 

Plasma Urea, Creatinine and ALT levels: Plasma creatinine and Alanine aminotransferase 

(ALT) levels were analyzed using a automatic analyzer while Plasma urea level were deterimed 

by using the commercially available DIUR-500 quantichromeTM urea assay kit as per 

manufacturer protocol. 

Measurement of plasma levels of Cytokine and endothelin-1 profile: Cytokine levels (IL-6, 

TNF-α, MCP-1)  in plasma samples were measured by ELISA based techniques using the Bio- 

Rad multiplex reagents kit (Bio-rad Endogen, Rockford, IL, USA) as per the manufacturer’s 

protocol. The optical density was determined by an automated ELISA reader (Bio-Plex 

System, Hercules, CA, USA) at 450/540 nm wavelengths. The endothelin-1 (ET-1) levels in 

plasma sample were measured using ELISA based method as per the manufacturer’s protocol 

[Assay Designs (Ann Arbor, MI)]. The results were expressed as pg/ml. 

 

Histological evaluation: Liver and kidney tissue samples were fixed in 10% buffered 

formalin, dehydrated and embedded in paraffin. 5 μm sections were cut and stained with 

hematoxylin and eosin. The evaluation of tissue samples slides was carried out by a board 

certified pathologist. Based on the morphology, the numbers of infiltrated neutrophils present in 

20 fields from different tissue slide were counted and expressed as mean ± SD. Histological 

changes due to acute tubular necrosis were quantified by counting the percentage of tubules that 

displayed vacoulation/necrosis and tubule dilatation as follows: 0 = none, 1 = <10%, 2 = 11–25%, 

3 = 26–45%, 4 = 46–75%, and 5 = >76%. At least 20 fields (x200) were reviewed for each slide.  
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Protein estimation: The protein concentration of the samples was measured using 

bicinchonic acid and bovine serum albumin as protein standard (22) and enzymatic activity was 

expressed as per mg protein.   

 

Statistical analysis Results were expressed as mean ± SD or weighted average. Survival 

curve were analyzed by log-rank test. The statistical analysis was performed using sigmaplot 

software vesion 11 (Systat Software, San Jose, CA, USA). P values were determined using 2-

tailed unpaired student t test or Man Whitney U- test. *P<0.05 will be considered statistically 

significant. 

 

RESULTS  

Reduced lethality following lethal LPS challenge in IRAK-1 deficient mice  

Confirming the phenotype previously observed, we demonstrated that an i.p. injection of LPS 

(25mg/kg) caused significant lethality of WT mice within a 52 hr period.  In contrast, IRAK-1-/- 

mice exhibited a remarkably lower rate (p<0.05) of mortality as early as 30 hours post LPS 

challenge. The mortality among the IRAK-1-/- mice was 50 % by the end of 2 days as compared 

to 90% in WT mice (Figure 5.1).  

    

LPS induces lipid peroxidation in plasma and tissues from WT, but not IRAK-1 deficient mice  

To determine whether LPS may differentially contribute to tissue oxidative damage in WT 

and IRAK-1 deficient mice, we measured the lipid peroxidation levels in plasma collected from 

mice 10 hrs after LPS injection. As shown in Figure 5.2A, the levels of plasma lipid peroxidation 
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rose significantly in WT, but not in IRAK-1 deficient mice. Similarly, we examined the levels of 

lipid peroxidation in vital organs including liver, kidney and brain. Consistently, we observed 

significantly elevated lipid peroxidation in vital organs from WT, but not IRAK-1 deficient mice 

(Figures 5. 2B, 2C, and 2D).  

 

LPS suppresses total antioxidant potential, GSH and anti-oxidative enzymes in tissues from 

WT, but not IRAK-1 deficient mice  

Since tissue oxidation is regulated by opposing forces of oxidative and anti-oxidative 

activities, we measured the levels of anti-oxidative activities in vital organs harvested from mice 

injected with LPS. First, we measured the levels of plasma antioxidant potential, reduced 

glutathione, a key reducing agent in vital organs. As shown in Figure 5.3, LPS injection 

significantly reduced the levels of overall plasma antioxidant potential (44%), glutathione in 

liver (~24% reduction), kidney (~18% reduction) and brain (~10% reduction) from WT mice.  In 

contrast, LPS injection had no significant effect on the levels of plasma antioxidant potential as 

well as glutathione from tissues harvested from IRAK-1-/- mice.   

Additionally, we measured the enzymatic activities of anti-oxidative enzymes including 

glutathione peroxidase (GPx), catalase, and superoxide dismutase (SOD) in vital organs.  As 

shown in Figure 5.4, LPS injection caused a significant reduction of GPx activities in kidney 

(35.5%), liver (22%) and brain tissues (8.5%), as well as reduction of catalase activities (Fig. 

5.5) in all three tissue types. A similar trend was observed in the mRNA expression levels of 

GPx and Catalase in both liver and kidney tissues (Fig. 5.6). LPS challenge significantly reduced 

the activity of SOD in vital organs (kidney ~25%, liver ~14.5% and brain ~10.5 %) from WT 
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mice (Fig. 5.7). In contrast, LPS failed to reduce any of these enzymatic activities in tissues from 

IRAK-1 deficient mice.  

 

Reduced production of pro-inflammatory cytokines in IRAK-1 deficient mice  

Since oxidative damage and tissue inflammation often accompanies the expression of pro-

inflammatory cytokines, we measured the levels of representative cytokines in plasma samples 

from WT and IRAK-1 deficient mice treated with LPS.  As shown in Figure 5.8, LPS injection 

led to a significant induction of TNF-α , IL-6 and MCP-1 in WT mice. In contrast, the magnitude 

of induction of these pro-inflammatory cytokines by LPS was dramatically reduced in IRAK-1 

deficient mice (IL-6: ~40% reduction; MCP-1: ~50% reduction, TNF-α: ~33% 

reduction). IRAK-1 deletion reduced endothelin-1 levels by 60% in LPS treated mice compared 

to WT LPS treated mice. 

 

Reduced tissue damage in IRAK-1 deficient mice  

Elevated tissue oxidative damages can eventually lead to multi-organ failure.  Thus, we 

examined the morphological changes of vital organs from mice injected with LPS.  As shown in 

Figure 5.9 and 5.10, LPS injection caused significant neutrophil infiltration and tubular 

degeneration in WT liver and kidney, respectively. In contrast, there was significantly less 

(p<0.05) neutrophil infiltration (~55% reduction vs WT) and tubular degeneration (~37% 

reduction vs WT) in IRAK-1 deficient mice. 

We also examined the blood levels of ALT as well as creatinine and urea as indicators of 

liver and kidney damage, respectively. As shown in Figure 5.11, LPS injection significantly 

increased (p>0.05) the plasma levels of ALT (5.11A) and creatinine (5.11C) in WT but not in 
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IRAK-1 deficient mice. Additionally, urea levels were significantly lower in IRAK-1 deficient 

LPS treated mice as compared to WT mice treated with LPS.   

   

 

DISCUSSION  

In this report, we have provided first-hand evidence demonstrating the in vivo beneficial 

effects of IRAK-1 deficiency in LPS-induced oxidative tissue damage and injury. 

Mechanistically, our study has revealed the novel contribution of IRAK-1 in the regulation of 

antioxidative enzymes activity and GSH vital for scavenging of free radicals in vivo. We have 

also demonstrated that LPS significantly decreased the total antioxidant potential as well as the 

activities of critical antioxidative enzymes including SOD, GPx and catalase in vital organs such 

as brain, kidney and liver and elevated oxidative stress-associated with lipid peroxidation in vital 

organs. In contrast, LPS failed to suppress these activities in IRAK-1 deficient mice and GSH 

levels were maintained. Additionally, IRAK-1 deletion reduced pro-inflammatory cytokines, 

MCP-1 and endothelin-1 levels. IRAK-1 deletion also reduced neutrophilic infiltration and the 

severity and number of histopathological lesions associated with endotoxemia in liver and 

kidney. IRAK-1 deletion also preserved the vital organ functions and protected them against 

oxidative stress-associated damages. Collectively, the maintenance of antioxidant enzymes in 

IRAK-1 deficient mice explains the reduced damage to vital organs following LPS challenge. 

 

Septic shock is often associated with high mortality in critically ill patients of which 

multiple organ failure accounts for the majority of the sepsis-associated deaths. Free radicals 

including ROS and RNS generated during endotoxemia play a vital role in the pathogenesis of 
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sepsis and MOF (10). Potential sources of excessive ROS/RNS during sepsis include the 

respiratory burst associated with activated NADPH oxidase and iNOS in neutrophils, 

macrophages, endothelial cells and other innate immune cells which generate copious amount of 

superoxide and nitric oxide (23, 24).  Although this local generation of free radicals may benefit 

the host in killing the invading pathogens, excessive ROS generated following LPS 

administration, are responsible for most of the pathophysiology associated with MOF. Excessive 

NO generated by the induction of iNOS at the site of inflammation often reacts with superoxide, 

leading to the formation of peroxynitrite, a key form of RNS (25).  Both ROS and RNS can in 

turn react with cellular macromolecules and lead to significant oxidative damage to cellular 

macromolecules in the including plasma membrane, protein and DNA. This unchecked oxidative 

damage plays a major role in the progression of organ dysfunction and subsequent MOF. Thus, 

strategies aimed at reducing the production of free radicals and inflammatory mediators during 

the acute phase of sepsis may hold promise in decreasing the high mortality rate. Given the role 

of the LPS-TLR4 signaling pathway in initiating the intracellular events leading to the release of 

inflammatory mediators including pro-inflammatory cytokines and ROS, we examined the role 

of IRAK-1, a downstream signaling kinase, in influencing endotoxemia-associated mortality. In 

accordance with studies conducted earlier (26), we observed a significant improvement in the 

survival rate of  IRAK-1-/- mice injected with lethal dose of LPS compared to WT mice. In order 

to further investigate the beneficial effect of IRAK-1deletion in protecting against sepsis-

associated mortality, we investigated the role of IRAK-1 in modulating oxidative stress- 

associated parameters.  

Oxidative damage to unsaturated fatty acids in lipid membrane often leads to the 

elevation of lipid peroxidation products. Clinical studies conducted in patients suffering from 
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systemic inflammatory response syndrome (SIRS) indicate a strong correlation between free 

radical production and thiobarbituric acid reactant substances (TBARS) level in both  plasma and 

vital organs(27). Lipid peroxidation products/lipid derived radicals are considered potentially 

toxic to cellular enzymes and proteins, often initiating chain reactions in the plasma membrane. 

These reactions promote wide spread tissue damage and hence are likely among the predisposing 

factors responsible for extensive vital organ injury (28). Unlike in WT mice with treated LPS, we 

observed a slight elevation in lipid peroxidation products level in LPS-treated IRAK-1-/- mice 

vital organs. This decrease in lipid peroxidation in IRAK-1 deficient mice may be due to the 

potential role of IRAK-1 in modulating ROS/RNS levels. Our in vitro studies suggest that 

IRAK-1 deletion alters the molecular mechanisms in particular NOX-1 induction, rac-1 

activation and p47 translocation necessary for the optimal activation of NADPH oxidase (17). 

Additionally, IRAK-1 also contributes to iNOS induction and activity in innate immune cells and 

fibroblasts following LPS challenge. Deletion of IRAK-1 significantly reduced superoxide, ROS 

and nitrite levels in BMDM and MEF derived from IRAK-1-/- mice. There was significant 

reduction in plasma nitrite level in IRAK-1-/- mice treated with LPS (unpublished data). This 

reduction in free radicals production in IRAK-1-/- BMDM possibly explains the reduced LPO in 

plasma and vital organs observed in vivo. This could probably the reason for increased resistance 

offered by IRAK-1 deficient mice against endotoxemia-related mortality.  

 

Increased lipid peroxidation can only be possible when free radicals generation overwhelms the 

antioxidant enzyme defense capacity to quench there/free radical production. Antioxidant 

enzymes such as catalase, GPx and SOD as well as non-enzymatic antioxidant such as GSH 

imparts protection against oxidative stress (29). Pre or post administration of GSH analogs, 
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catalase and SOD mimetics as well as over expression of GPx improved the organ function and 

survivability in endotoxemic animal models, signifying the protective role played by oxidative 

enzymes (30-32). Furthermore, the glutathione redox cycle (GSH/GSSH) plays an important role 

in determining whether tissue/organ is susceptible to ROS mediated injury. High amounts of 

intracellular GSH maintain enzymes in the reduced/functional form. GSH reacts non-

enzymatically with ROS thereby neutralizing them, recycles chain breaking antioxidants such as 

Vitamin E and reduces lipid peroxidation products such as hydroperoxides to hydroxylated fatty 

acids. Besides its free-radical quenching ability, GSH is also an important cofactor for GPx 

activity (33, 34). By utilizing GSH, GPx plays an important role in eliminating H2O2 and other 

organic peroxides, thereby inhibiting the propagation of the lipid peroxidation chain reaction. 

Therefore, alterations in GSH levels can also impair the enzymatic functions resulting in 

metabolic and physiological alterations. Additionally, increased lipid peroxidation is often 

associated with the decrease in the both enzymatic and non-enzymatic antioxidant defenses in 

both clinical and experimental sepsis models (35, 36). In accordance with other sepsis related 

studies, we also observed significant reduction in the total plasma antioxidant potential in LPS 

treated WT mice. Reduction in the GSH levels in both blood and tissues with concomitant 

oxidative damage to vital organs is reported in endotoxin shock rat models.  Furthermore, we 

observed significant depletion in both GSH and thereby GPx activity, along with catalase and 

SOD activity in the liver, kidneys and brain of WT type mice. This loss of GSH may be 

attributed to the interference in its synthesis, increased oxidation by ROS or the reduced ability 

of GR to catalyze the reduction of GSSG to GSH.  Elevated ROS often oxidize transition metals 

of antioxidant enzymes which are necessary for their enzymatic activity. The marked reduction 

in the antioxidant enzyme profile in LPS-treated WT mice could be due to increased ROS 
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production-mediated enzymatic inactivation. Reduction in antioxidant enzyme and concomitant 

increase in lipid peroxidation products is likely be responsible for the oxidative stress-associated 

cytotoxicity and resusltant impairment of vital organ functioning in WT type mice. Additionally, 

significant elevation in enzymatic level of ALT, marker for liver damage as well as decreased 

kidney function/glomerular filtration rate as evident by elevated BUN and creatinine in WT mice 

is observed in cases of sepsis and/or during oxidative stress associated organ damage and hence 

could be associated with increased mortality too. However in IRAK-1 deficient sepsis mice 

challenged with LPS, the total plasma antioxidant potential as well as the GSH, GPx, and SOD 

mRNA/activity levels sustained, which can possibly explain the protection offered by GSH and 

GPx against oxidative stress-associated  lipid peroxidation products. Furthermore, these findings 

are consistent with our recent in vitro findings in which IRAK-1 deletion sustained GPx and 

calatalse activity as well as mRNA levels in BMDM and MEF treated with LPS. Another factor 

which regulates the levels of antioxidant enzymes is the cross talk between nuclear receptors and 

downstream LPS-TLR-4 transcription factors. Nuclear receptors have been shown to regulate 

antioxidant enzyme levels. On the other hand, LPS have been shown to suppress nuclear receptor 

expression levels. Our previous in vitro mechanistic study suggests that high doses of LPS down-

regulate the nuclear receptors expression and this effect was mediated by IRAK-1 (37). The 

maintenance of nuclear receptor levels and hence GPx levels in IRAK-1 knock-out mice might 

have contributed to reduced oxidative stress as it is evident by marginal elevation in ALT and 

BUN levels in liver and kidney of LPS injected IRAK-1 deficient mice. However, more studies 

are required to describe more in depth relationship between nuclear receptor, antioxidant 

enzymes and the LPS-TLR4 pathway. 
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Besides inducing free radical production, LPS is also known to induce pro-inflammatory 

cytokine expression. Pro-inflammatory mediators including TNF-α and IL-1 and latter on IL-6 

released by innate immune cells during initial hours of endotoxemia mediate most of 

immunopathological lesions associated with LPS-induced sepsis(38). TNF-α and other pro-

inflammatory cytokines activate neutrophils, which in turn induces the expression of iNOS and 

NADPH oxidase(39). Activation of these enzymes and subsequent generation of free radicals 

further initiate oxidative stress-associated cytotoxicity as well as excessive NO-mediated 

vasodilatation(40). Additionally, TNF-α is known to induce apoptosis and initiates wide spread 

intra vascular coagulation in vital organ vasculature. All these factors contributes to hypoxia in 

the vital organ tissues and hence multiple organ failure (41, 42). In often cases, the measurement 

of elevated levels of proinflammatory cytokines during the early phase of sepsis correlates with 

the severity of sepsis and has been considered as an early indicator for predicting mortality risk 

(43, 44). We observed an inhibitory effect of IRAK-1deletion on TNF-α and IL-6 levels, which 

may possibly explains lower mortality in IRAK-1 knock-out endotoxemic mice. Since IRAK-1 is 

necessary for the optimal activation of transcription factors including NF-ḱB and AP-1 which are 

also necessary for inducing proinflammatory gene expression in LPS-TLR4 signaling pathway, a 

substantial reduction in TNF-α levels is likely due to IRAK-1 deficiency. Our studies are in 

accordance with the in vitro studies conducted by Swantek et al. who also reported a reduction in 

TNF-α level in LPS-treated macrophages derived from IRAK-1 deficient mice (26). ROS, in 

particular H2O2, are known to induce cytokine expression by inducing NF-Kb expression and 

given the role of IRAK-1 in modulating intracellular ROS production (17), it is likely possible 

IRAK-1 deletion dampened/hampered NF-kB induction by checking free radical production.  
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Many chronic and acute inflammatory diseases including sepsis are associated with 

increased infiltration of inflammatory cells in many vital organs (45). Autopsy specimens from 

patients and animal models of sepsis suggest that the increased accumulation of neutrophils is the 

main cause of organ failure (46, 47). Various studies correlate the extent of liver injury with the 

number of infiltrating neutrophils. The chemokine MCP-1 plays a major role in 

directing/attracting monocytes and neutrophils to the site of inflammation during septic shock 

(48). Activated PMNs and kupffer cells release copious amount of free radicals, TNF-α, 

proteases and elastases, which besides exerting microbicidal properties, also cause extensive 

damage to the adjacent cells (49). We observed a marked reduction in the severity of neutrophilic 

infiltration and necrotic foci in liver and kidney tissue section from LPS treated IRAK-1 

deficient mice. Fewer neutrophilic infiltartion in IRAK-1-/- mice may be due to the significant 

reduction in the plasma MCP-1 levels. This in vivo finding is further supported by recent in vitro 

mechanistic studies conducted in our lab which suggests that IRAK-1 critically regulate 

transcription factors which drives MCP-1 expression and that BMDM transmigration following 

LPS challenge was significantly hampered in IRAK-1-/-deficient macrophages (unpublished 

data). Hepatic damage/failure is associated with release of aspartate aminotransferases and 

alanine aminotransferase in the sepsis cases. Marked reduced in ALT levels in LPS injected 

IRAK-1-/- mice liver further could be due to reduced neutrophilic infiltration in hepatic 

parenchyma.  

 

Another important factor in the development of MOF is the vascular collapse often 

prevalent in cases of severe sepsis and shock. Vasoconstriction and intravascular coagulation 

often contributes to decreased blood supply and hypoxia in vital organs during sepsis(50). In 
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particular, elevated levels of endothelin-1 (Et-1), a powerful vasoconstrictor peptide, have been 

reported in animal models injected with LPS (51). Et-1 has been shown to activate neutrophils, 

induce ROS production in cardiomyocytes (52), exert negative ionotropic effects, induce 

vasoconstriction and activate the coagulation cascade(53).  All these factors together promotes 

disseminated intravascular coagulation and directly or indirectly contribute to thrombi formation 

and subsequently vital organ failure (54, 55).  Administration of mixed endothelin receptor 

antagonists protected against endotoxemia-associated deaths by increasing cardiac output as well 

as improved renal and hepatic function by increasing blood flow thereby preventing any 

hepatocellular injury associated with hypoxia during endotoxemia (56). In our study endothelin-1 

levels were also regulated by IRAK-1. A significant elevation in Et-1 levels in the plasma of WT 

mice was detected after LPS injection, which may be one of the contributing factors associated 

with increased mortality in WT mice. On the other hand, slight elevation in potentially lethal Et-

1 level in IRAK-1-/- mice following LPS challenge might have prevented the deleterious effects 

in vital organs. However the exact role of IRAK-1 in altering molecular mechanism necessary 

for Et-1 production needs to be further investigated. 

 

Collectively, our results demonstrate that IRAK-1 is an important regulator of the host 

inflammatory and oxidative stress response during LPS-mediated sepsis. Our study also reveals 

the novel contribution of IRAK-1 to the regulation of antioxidative enzymes. Therapeutic 

strategies targeting critical regulators of the LPS-TLR-4 signaling pathway such as IRAK-4 and 

MyD88, have conferred very high degree of resistance/protection against sepsis-associated 

mortality. At the same time, however, these knock down disrupted the signaling pathway 

necessary for pro-inflammatory mediators production, reducing the pro-inflammatory mediators 



 
 

184 

to ineffectively low levels (57). Given the role of inflammatory mediators in initiating defense 

against pathogens, the inability to mount an inflammatory response against pathogens makes the 

host susceptible to secondary infections. To this regards, the deletion of IRAK-1 appears to be a 

much better and safer alternative approach. IRAK-1 deletion conferred significant resistant 

against endotoxemia but at the same time prevented the inflammatory mediators from elevating 

to dangerous levels which might be counterproductive to the host. The ability of IRAK-1 to 

regulate oxidative stress and pro-inflammatory mediators may help the host in initiating a robust 

inflammatory immune response against infections while protecting the host against exacerbated 

inflammatory complications, makes IRAK-1 a promising therapeutic target in the treatment of 

both acute and chronic inflammatory diseases.  
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                                                               FIGURES 
 

 
 

 
Figure 5.1. Deletion of IRAK-1 protects mice against LPS-induced mortality. Wt and IRAK-
1-/- mice were injected peritoneally with 25 mg/kg LPS (500 μg/mice, n=14). Animals were 
monitored every six hrs for any mortality for next 50 hrs and survival rate was plotted against 
time. Difference in survival curves were analyzed with log-rank test (P=0.018).  
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Figure 5.2A. 

Figure 5.2B. 
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Figure 5.2. The effect of IRAK-1 deletion on lipid peroxidation levels (MDA+HNE) in vital 
organs.  Lethal dose of 25 mg/kg LPS was injected i.p. and organs were removed 10 hrs after 
LPS injection .Control mice of each genotype were injected with sterile PBS. Lipid peroxidation 
levels in (A) plasma, (B) liver, (C) kidney and (D) brain was measured and expressed as mean+ 
SD. (N=4). Data representative of one of 3 independently done experiments. P<0.05 as compared 
to control of respective group.   

Figure 5.2D. 

Figure 5.2C. 
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Figure 5.3A. 

Figure 5.3B. 
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Figure 5.3. IRAK-1 deletion prevents LPS-induced plasma antioxidant potential and GSH 
reduction. Effect of IRAK-1 deletion on plasma antioxidant potential (A) and reduced GSH 
level following LPS injection was measured in  liver(B), kidney(C) and brain(D). Lethal dose of 
25 mg/kg LPS was injected intraperitoneally and organs were harvested 10 hrs after LPS 
injection and tissue lysate was analysed for reduced glutathione levels. Control mice of each 
genotype were injected with sterile PBS. Data are expressed as mean± SD. (N=4). Data 
representative of one of 3 independently done experiments. P<0.05 versus control of respective 
group.  

Figure 5.3C. 

Figure 5.3D. 
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Figure 5.4A. 

Figure 5.4B. 
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Figure 5.4. IRAK-1 is required for LPS-mediated suppression of GPx. Effect of LPS on GPx 
activity in WT and IRAK-1-/-  kidney(A), liver(B) and brain(C) tissues samples. The mice were 
injected with 25 mg/kg LPS while control group received sterile PBS pH 7.4. Organs were 
harvested after 10 hrs and tissue homogenate supernatant was analyzed for GPx activity. Data is 
expressed as mean ± SD (N=4) of at least three independent experiments. *P<0.05, compared 
with control 

Figure 5.4C. 
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Figure 5.5. Effect of LPS on catalase activity  in WT and IRAK-1 deficient  liver(A) and 
kidney(B) tissues samples. The mice were injected I.P. with and without 25 mg/kg LPS. Organs 
were harvested after 10 hrs. Each data point represents the mean ± SD (N=4) of atleast three 
independent experiments. *P<0.05, versus control of respective group. 

Figure 5.5B. 

Figure 5.5A. 
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Figure 5.6. IRAK-1 is required for LPS-mediated suppression of GPX and catalase.  Effect 
of LPS on GPx, and catalase activity in WT and IRAK-1-/- liver (A,B) and kidney(C,D) tissues 
samples. The mice were injected I.P. with and without 25 mg/kg LPS. Organs were harvested 
after 10 hrs. The mRNA levels of GPx and catalase in liver and kidney was analyzed using real-
time RT-PCR. Each data point represents the mean ± SD (N=4) of atleast three independent 
experiments. *P<0.05, compared with control. 
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Figure 5.7. Effect of LPS on SOD activity in WT and IRAK-1-/- kidney and brain tissues 
samples. Effect of LPS on SOD activity in WT and IRAK-1-/- kidney (A) and brain (B) tissues. 
The mice were injected I.P. with and without 25 mg/kg LPS. Organs were harvested after 10 hrs. 
Data is expressed as mean ± SD (N=4) of at least three independent experiments. *P<0.05, 
compared with control.  

Figure 5.7A. 

Figure 5.7B. 
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Figure 5.8A. 

Figure 5.8B. 
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Figure 5.8. Reduced production of pro-inflammatory cytokines in IRAK-1 deficient mice. 
Mice were injected with 25mg/kg LPS and blood plasma was collected 10 hrs after injection. 
Cytokines like TNF-α (A), MCP-1(B), IL-6(C) and ET-1(D) were analysed in both the groups 
(N=4) and data is represented as dot plot, indicating data  for individual sample.  

Figure 5.8C. 

Figure 5.8D. 
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WT C(A)                                         WT LPS 10 hrs(B)                             WT LPS 16  hrs(C)

IRAK-1-/- C (D)                          IRAK-1-/- LPS 10 hrs(E)                        IRAK-1-/- LPS 16 hrs(F) 

 

 
Figure 5.9. Reduced hepatic tissue damage in IRAK-1 deficient mice following 
endotoxemia.  (A). H&E staining of liver tissues from WT and IRAK-1 deficient mice injected 
with LPS (25mg/kg) or PBS.  Histopathological changes in the liver were evaluated 10 and 16 
hrs following LPS challenge.  Time-dependent hepatic injury was observed in the liver, 

Figure 5.9A 

Figure 5.9A 
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characterized by marked neutrophilic infiltration and extensive necrotic foci throughout WT liver 
parenchyma (B and D).  (B) Amount of neutrophilic infiltration was quantified by counting 
neutrophils in 20 different fields and results were expressed as mean ± SD.** P<0.01, compared 
between LPS treated  groups. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.10 Reduced renal tissue damage in IRAK-1 deficient mice following endotoxemia.
(A) H&E staining of kidney tissues from WT and IRAK-1 deficient mice injected with LPS 
(25mg/kg) or PBS.  Light microscopic evaluation of the H&E stained kidney in both control 

WT C (A)                         WT LPS 10 hrs (B)                              WT LPS 16 hrs (C)

IRAK-1-/-C  (D)                      IRAK-1-/- LPS 10 hrs (E) IRAK-1-/- LPS 16 hrs (F)

 
Figure 5.10A. 

Figure 5.10 B.
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groups (WT and IRAK-1-/-) showed regular morphology of renal parenchyma with well-defined 
glomeruli and tubules (A and D).  Moderate degenerative changes in tubules along with 
neutrophilic infiltration were observed in LPS-injected WT kidney tissues (Section B and D) . 
Comparatively slight tubular degeneration was observed in LPS-injected irak-1-/- Kidney 
samples (Section E and F). (B) Number of tubules undergoing going degeneration were counted 
in 20 random fields and quantified as per arbitrarty scale described in material and method and 
expressed as mean±SD. 

 

Figure 5.11A. 
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Figure 5.11. IRAK-1 deletion protects Liver and kidney function after LPS challenge. ALT 
levels (U/L) were measured in plasma samples of control and LPS treated mice (25mg/kg) of 
both genotype 16 hrs following LPS challenge. ALT data is represented as dot plot for individual 
samples (5.11A). *P<0.05, compared with control.  *P<0.05, compared with control.  Plasma 
BUN (B) and creatinine (C) were measured as an indicator of kidney. Data is expressed as mean 
± SD in the case of urea and creatinine. *P<0.05, compared between LPS treated groups (Fig. 
5.11B),*P<0.05, compared with control (Fig. 5.11C) creatinine.  

Figure 5.11B. 

Figure 5.11C. 
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                                         Chapter 6 
 
                                      Summary and Future Perspectives 
 
 
 The central objective of this project was to elucidate the role of IRAK-1 in the production 

as well as regulation of molecular mechanisms vital for free radical production. Macrophages 

derived from WT and IRAK-1-/- mice were utilized to examine the contribution of IRAK-1 to 

LPS-induced ROS and RNS production. Additionally, in vivo endotoxemia studies were 

conducted to evaluate the role of IRAK-1 in offering protection against oxidative stress and 

inflammatory complications associated with sepsis. 

 We observed that IRAK-1 plays an important role in the generation of ROS. There was 

significant reduction in the intracellular as well as extracellular superoxide production in 

macrophages derived from IRAK-1-/- mice. Mechanistically, IRAK-1 was involved in regulating 

expression and activity of various NADPH oxidase subunits, which are vital for full enzymatic 

activation of NADPH oxidase. There was significant reduction in NOX-1 expression, p47phox 

translocation as well as Rac-1 activation. Moreover, IRAK-1 was also involved in the LPS-

mediated suppression of the anti-oxidant enzymes which are mainly responsible for free radical 

quenching.  From our studies, we can conclude that IRAK-1 plays an important regulatory role 

in regulating ROS production in LPS-TLR-4 signaling pathway.  However, in the majority of our 

studies we used primary cell culture derived from IRAK-1-/- mice, there is a possibility that few 

compensatory signaling processes/mechanisms might have taken place in order to accommodate 

for IRAK-1 deficiency. To back up our findings, we can reintroduce IRAK-1 gene in the IRAK-

1-/- cells and then evaluate whether these cells produce free radicals similar to their WT type 

counter parts. If signaling events as well as free radical production are similar to that observed in 

WT cells, we can state with more precision that IRAK-1 is the sole player responsible for 

modulating ROS/RNS production.  

In addition, we observed that IRAK-1 is also required for nitric oxide production.  IRAK-1 

deletion ablated iNOS expression as well as activity in the various cell types. However, the 

molecular mechanisms that are altered following IRAK-1 deletion are still unknown. Since iNOS 

expression is controlled by many signaling pathways, a thorough mechanistic study needs to be 

carried out for determining the signaling pathways/transcription factors regulated by IRAK-1. 
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Intriguingly, we observed that IRAK-1 was more actively involved in regulating iNOS induction 

as well as activity at low doses of LPS, there is strong possibility that depending on LPS dose, 

IRAK-1 regulate iNOS activity via two different signaling pathways. It will be interesting to 

probe for this differential activity of IRAK-1.  

Our in vivo endotoxemia results also hold promise for the future treatment of sepsis. We 

observed beneficial effect of IRAK-1 deletion in suppressing lipid peroxidation as well as pro-

inflammatory cytokines. Current therapies available for the treatment of sepsis have been limited 

to supportive care. Given the multifactorial pathogenic mechanisms involved in the sepsis 

progression, therapies which can target several distinct mechanisms at the same time will be 

more effective in alleviating some of sepsis- related complications. Various intracellular kinases 

including IRAK-4 and IRAK-1, regulating pro-inflammatory TLR signaling, are currently under 

thorough investigation for their role in altering inflammatory disease processes.  However, in 

order to utilize our findings in real world clinical setting, we need to find ways to inhibit IRAK-1 

and/or its kinase activity. There are several chemical compounds which can degrade IRAK-1.  

Epigallocatechin gallate (EGCG), a catechin found in green tea, has the ability to degrade IRAK-

1. Thus, pharmacological screening of chemical compounds which can alter IRAK-1 levels 

and/or its signaling in an efficient and safe way with minimal side effects will pave the way for 

the future therapies which can be utilized for the cure of both chronic and acute inflammatory 

disease conditions.  

 
 
 
 


