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ABSTRACT 

 

     Heart failure and high mortality rates are associated with severe sepsis. 

Recently, focus has been on mitochondrial ultrastructural changes and function 

due to sepsis and sepsis-related pathologies. Chopra et al. (2011) has provided 

data showing the involvement of the mitochondrial-mediated intrinsic apoptosis 

cascade in regulating adult rat ventricular myocyte (ARVM) dysfunction in sepsis. 

Experimental endotoxemia has shown mitochondrial membrane potential 

collapse, membrane permeability changes and release of cytochrome C to be 

indicators of mitochondrial dysfunction. Outer mitochondrial membrane (OMM) 

permeability is controlled by Bax translocation, resulting Voltage Dependent 

Anion Channels (VDACs) pores in the OMM and activation of mitoKATP channels 

in the inner mitochondrial membrane. Endotoxins can induce mitochondrial 

damage and there is a correlation between the severity of sepsis and 

mitochondrial damage and dysfunction. Since the progression of sepsis occurs 

from vascular dysfunction to organ dysfunction, in the current study we examined 

mitochondrial dysfunction in endotoxic HUVEC cells. This study has provided 

evidence for 5HD, a putative mitoKATP blocker, in the preservation of ∆Ψm in 

endotoxic HUVEC. Additionally, 5HD appears to prevent Apaf-1 expression and 

reduce H2O2 generation in endotoxic HUVEC. 
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INTRODUCTION 

Mitochondria: An Energy Source for Cells  

     Mitochondria serve as a significant source of energy for cells due to the 

considerable amounts of ATP produced during aerobic respiration. Mitochondria 

facilitate the use of oxygen by cells to generate large quantities of ATP compared 

to lower amounts under anaerobic conditions. Energy sources such as 

carbohydrates, lipids and proteins are broken down through the process of 

glycolysis which produces two molecules of ATP per one event of glycolysis 

under anaerobic conditions and lactic acid accumulation (5). However, under 

aerobic states, cells further oxidize these energy sources through the citric acid 

cycle to generate electron carriers such as NADPH and FADH2. Mitochondria 

enable the use of these electron carriers to produce over thirty ATP molecules 

through the process of oxidative phosphorylation.  

      An electron transport chain (ETC) also exists along the inner mitochondrial 

membrane (IMM). The ETC serves to generate ATP through electron donation 

from electron carriers NADH and FADH2 and formation of a proton gradient 

across the IMM (34). Four protein complexes form the ETC to shuttle electrons 

donated by NADH and FADH2, three of which also transport protons across the 

IMM into the intermembrane space: complexes I, III and IV (34), (44). Transport 

of electrons from NADH and FADH2 to ubiquinone, or coenzyme Q, is 

accomplished by complex I (NADH/ubiquinone oxidoreductase) and complex II,  
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respectively. Electrons are then transported from ubiquinone to complex III and 

from complex III to IV by cytochrome C to ultimately reduce molecular oxygen to 

water. Protons are simultaneously transferred with electron transport from the 

mitochondrial matrix to the intermembrane space by complex I, III and IV. It is the 

influx of protons from the intermembrane space into the mitochondrial matrix 

through ATP synthase which provides the energy for ATP production by 

mitochondria. This ATP can either remain in the mitochondrial matrix or be 

transported into the intermembrane space by an adenine nucleotide translocator 

(ANT) and into the cytoplasm by a voltage-dependent anion channel (VDAC) 

located in the outer mitochondrial membrane (OMM) (44),(5). 

 

Mitochondria: Significance in Pathogenic Disorders  

     Mitochondrial dysfunction contributes to several physiological disorders due to 

the essential role in energy supply. Normal mitochondrial activity produces 

harmful compounds and the balance between generation and neutralization of 

these compounds is fundamental. Mechanisms exist in mitochondria to maintain 

stability in the presence of various by-products; however, distinct pathologies can 

have deleterious effects on these mechanisms. However, mitochondria also have 

many other functions in addition to energy production. For example, specific 

mitochondrial enzymes exist to act as defense mechanisms which are also 

susceptible to disruption. Defects in mitochondrial function and associated  
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pathologies can cause oxidative stress and metabolic disorders in addition to a 

diminished supply of ATP.  

 

Mitochondria and Diabetic Cardiomyopathy 

     Diabetic cardiomyopathy can be characterized by left ventricular dysfunction 

and hypertrophy in diabetic individuals (69). Cardiac contractility diminishes due 

to the influence of pathological morphological and functional changes which 

occur in the heart in diabetic cardiomyopathy. Zhang et al. have provided 

evidence of mitochondrial ultrastructural alterations in mitochondria isolated from 

cardiac tissue of a murine model of type 1 diabetes, as well as demonstrated 

disrupted mitochondrial membrane potential (ΔΨM) in cardiomyocytes exposed to 

high levels of glucose (71). Moreover, it is mitochondria-derived ATP through 

oxidative phosphorylation which supplies the majority of the energy required for 

cardiac function (22). Up to 70% of the total ATP received is used for contraction 

of cardiac myocytes alone (22). The bioenergetics of cardiac physiology requires 

a substantial and consistent supply of ATP which is limited in diabetic individuals. 

Insulin is responsible for the insertion of glucose transporters, GLUT1 and 

GLUT4, into cardiac cell membranes. Expression of GLUT4 is known to be 

reduced in individuals with diabetes (69). Hyperglycemia persists and ATP 

production is decreased due to the lack of glucose uptake by cardiac cells in 

these individuals (69). The fact that  
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fatty acids remain the primary source of ATP generation by cardiac myocytes 

also allows for mitochondrial dysfunction to be recognized in diabetic 

cardiomyopathy as an abnormal buildup of lipids is characteristic of this condition 

(22), (25). Evidently, mitochondria remain a crucial organelle for normal cardiac 

function taking into consideration the energetic demands of this organ. 

Pathological conditions which lead to mitochondrial dysfunction and alterations in 

morphology can alter the normal heart function. 

 

Reactive Oxygen Species and Related Pathologies 

     For mitochondria to meet energetic demands, a steady supply of oxygen is 

necessary to accept electrons at the termination of the electron transport chain. 

Mitochondrial oxygen consumption under non-pathological conditions results in 

the production of reactive oxygen species (ROS) which, if neutralized, remain 

unproblematic. However, mitochondrial dysfunction and subsequent ROS 

generation have been linked to obesity and insulin resistance (6), (44). 

Uncoupling protein 1 (UCP1) uncouples ATP synthesis from the proton gradient 

generated during oxidative phosphorylation to facilitate the clearance of ROS (6). 

UCP1 is located in the inner mitochondrial membrane and mitochondrial 

membrane disruption may eliminate its activity in ROS disposal. Moreover, the 

balance between generation and removal of ROS through mitochondrial 

uncoupling can be disturbed in the event of excessive nutrient consumption and  
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overabundant substrate availability for ATP generation through mitochondria (6), 

(44). Consequently, oxidative damage and cell death can occur (6). Excessive 

nutrient availability for prolonged periods of time can also lead to insulin 

resistance (6), (44). The essential activities of mitochondria are also 

accompanied by the generation of destructive by-products; however, 

mitochondrial mechanisms exist to control the damaging effects. Chronic 

pathological conditions may abolish these mechanisms and lead to cellular 

damage and death.  

Aldehyde Dehydrogenase 2 Deficiency 

     Aldehyde dehydrogenase 2 (ALDH2) is a mitochondrial enzyme which exists 

in the matrix and acts during the rate-limiting step of ethanol metabolism to 

convert acetaldehyde to acetic acid (11). Due to the hydrophilic nature of 

acetaldehyde, accumulation of this compound from defects in ALDH2 causes 

adverse reactions in the cell following passage through the lipid bilayers (11), 

(19), (2). Consequently, ALDH2 participates in defense against damage from 

oxidative stress. For example, ALDH2 has a crucial function in neutralizing the 

highly reactive aldehyde products of lipid peroxidation, 4-hydroxynonenal (4-

HNE) and malondialdehyde (MDA) (11), (19), (2). Deficiency in mitochondrial 

aldehyde dehydrogenase has also been linked to several pathologies. Neuron 

cell death and reduced cognitive ability have been presented as the results of 

reactive aldehyde accumulation in the brain (36). Particularly, 4-HNE has been 

implicated in Alzheimer’s disease (36). It has been suggested that ALDH2, which  
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acts to convert the reactive products of lipid peroxidation to less injurious 

compounds, plays a key role in neuroprotection (19). Indeed, upregulation of 

ALDH2 may be considered a marker of improved cognitive function in animal 

models of Alzheimer’s disease (36). Further, D’Souza et al. have shown cognitive 

deterioration in an age-dependent manner in a murine ALDH2 knockout model 

(19). ALDH2 is also present in greater quantities in highly metabolic organs 

which require plenty of oxidative phosphorylation, such as the heart and brain 

indicating the need for protection from oxidative damage (11). Clearly, proper 

mitochondrial function is necessary beyond the energetic demands for ATP 

generation. Enzymes contained in these organelles provide a vital defensive 

function as evidence shows that deleterious effects result from deficits in 

mitochondrial aldehyde dehydrogenase activity.   

 

Apoptosis and the Role of Mitochondria  

     Apoptosis is a form of cellular death which follows a specific and genetically 

controlled procedure. The systematic activation of various proteins results in 

destruction of the cell which can be recognized by characteristic changes in cell 

morphology as well as protein expression. Two forms of apoptosis exist: the 

intrinsic and extrinsic pathways. The extrinsic path of apoptosis requires the 

activation of death receptors at the surface of cells (23).  
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     Mitochondria serve as the conduit through which the stress-induced intrinsic 

pathway of apoptosis is carried out. Bak and Bax, pro-apoptotic members of the 

Bcl-2 protein family, are inserted into the mitochondrial membrane to form the 

mitochondrial permeability transition pore (64). Due to this disruption in the 

mitochondrial membrane, cytochrome C is subsequently released from the 

intermembrane space into the cytoplasm. Oligomerization of typically monomeric 

apoptotic protease activating factor-1 (Apaf-1) occurs following hydrolysis of 

dATP to dADP (54). Apaf-1 functions to bind released cytochrome C in the 

cytoplasm to form the apoptosome. This structure, composed of seven Apaf-1 

units and cytochrome C function to cleave procaspase-9 into its active form, 

caspase-9. Activated caspase-9 proceeds to activate caspase-3 through 

cleavage from the inactive procaspase-3 to result in destruction of the cell (54). 

Degradation of the cell involves various processes such as DNA fragmentation, 

shrinkage of the cell and protrusion of the plasma membrane. These 

morphological changes are characteristic indicators of a cell undergoing 

apoptosis through the mitochondrial-mediated pathway. 

 

Mitochondrial Outer Membrane Permeabilization  

     Bax and Bak are Bcl-2 (B-cell lymphoma protein-2) family members and form 

pores in the mitochondrial outer membrane in response to an apoptotic stimulus 

through the intrinsic pathway (21), (72), (38). Homo-oligomerization occurs once  
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Bax and Bak are activated and the BH3 (Bcl-2 homology) domain of one 

molecule will interact with the hydrophobic groove of another activated molecule 

(21). Bax, in monomeric form, primarily remains in the cytosol prior to the 

apoptotic signal after which Bax translocates to the outer mitochondrial 

membrane (OMM) to insert its transmembrane domain (21), (72). This contrasts 

with Bak which perpetually remains anchored to the OMM. Bax and Bak 

regulation mechanisms are unclear, however it is believed that these proteins are 

detained in the cytosol by pro-survival proteins prior to their activation by an 

apoptotic stimulus (21). 

     Voltage-dependent anion channels (VDACs) are considered the most 

predominant outer mitochondrial membrane proteins responsible for ion and 

metabolite flux ranging from 1.5-5 kDa in size (3), (43). Adenine nucleotide 

translocase (ANT), a prevalent inner mitochondrial membrane protein, functions 

in ADP import into the matrix and ATP export eventually to the cytosol (40). The 

OMM pore has been previously thought to include VDACs and ANT (21), (3). 

Evidence is lacking and inconsistent for a necessary role of VDACs in 

mitochondrial permeability pore formation and function during apoptosis (3), (43). 

Although, a regulatory role for ANT has been implicated with proposed pro- and 

anti-apoptotic isoforms (3), (40), (8). Ultimately, the pores created in the 

mitochondrial membrane are primarily established by Bcl-2 proteins and function 

to release cytochrome C into the cytosol from the intermembrane space. 
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Cytochrome C and the Apoptosome 

     Cytochrome C in healthy cells is a key component of the electron transport 

chain and participates in substantial amounts of ATP generation. Yet, the 

resulting mitochondrial dysfunction, apoptosome formation and caspase cascade 

activation from cytochrome C release commits the cell to death (21), (72). 

Cardiolipin (CL), an inner mitochondrial membrane (IMM) lipid, is known to 

anchor cytochrome C to the IMM (38), (65). Accordingly, CL oxidation is thought 

to lead to the release of cytochrome C from the IMM so that it may be 

transported from the intermembrane space into the cytosol (38), (65), (73). 

Further, data from Zhong et al. proposes that modulation of CL oxidation is a 

mechanism used by cancer cells to evade apoptosis (73). Experimental evidence 

by Zhang et al. also suggests that cytochrome C release into the cytosol requires 

contact with Bax, interactions with the pore residues and can influence the pore 

structure to facilitate release (72). Evidently, this systematic process of cell death 

is controlled at multiple levels.  

     Constitutive, but low levels of Apaf-1 are present in cells, however, expression 

can be increased by transcription factors E2F transcription factor 1 (E2F1) and 

tumor-suppressor protein (p53) (54), (33). E2F1 phosphorylation, stabilization, 

subsequent activation of APAF1 genes and apoptosis are known to occur 

following DNA damage or serum starvation (33). The nucleotide-binding 

oligomerization domain (NOD) of Apaf-1 facilitates binding between multiple units 

of Apaf-1 to form the heptameric apoptosome structure (54), (65). The WD40  
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(tryptophan-aspartate) repeats domain (WRD) possesses a regulatory function 

as the binding of cytochrome C to this domain causes a conformational change 

that allows procaspase-9 attachment (54), (65). Multiple Apaf-1 isoforms exist 

ranging from 133-142 kDa with caspase recruitment domains (CARDs) located at 

their N-terminus responsible for binding procaspase-9 (54). It is known that 

dATP/ATP is necessary for Apaf-1 oligomerization, however, cytochrome C 

binding is not dependent on the presence of dATP/ATP (54), (65). The 

apoptosome provides the scaffold which permits the cleavage of procaspase-9 to 

active caspase-9 (54), (65). 

 

 

The Caspase Cascade and Cell Death 

     Caspases are cysteine-aspartic acid proteases which mainly cleave at the C-

terminal end of aspartate residues (30). In particular, caspase-3 and caspase-7 

are further classified as apoptotic effector caspases (30). Procaspases are the 

inactive zymogen forms of caspases which are present in cells prior to cleavage 

to active forms (30). Certain procaspases are expressed as monomers and later 

form dimers after activation, or as dimers which require cleavage within the linker 

region, nevertheless, active caspases ultimately function as dimers (30). 

Apoptosis due to caspases is not limited to the intrinsic pathway as the extrinsic 

pathway of cell death is also carried out by caspase-8, caspase-3 and caspase-7  
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(30). Further, caspases can cause cell death through mechanisms other than 

apoptosis. For example, the binding of LPS to inflammatory caspase-4 and 

caspase-11, in response to bacterial infections, can result in activation, 

oligomerization and inflammatory cell death (30). 

     Once bound to the apoptosome, procaspase-9 cleaves itself in order to 

activate procaspase-3 and procaspase-7 (54), (9). It has been proposed that up 

to four molecules of procaspase-9 attach to the apoptosome (54). Bretnall et al. 

have proposed distinct roles for caspase-9, caspase-3 and caspase-7 in the 

intrinsic apoptosis pathway (9). The data implies additional functions for caspase-

9 such as mitochondrial remodeling (9). Also, caspase-3 may inhibit the 

production of reactive oxygen species as well as being the primary effector 

caspase and caspase-7 may be responsible for cleavage of ECM proteins and 

cell detachment (9). Nevertheless, the resulting effects of the caspase cascade 

on the cell include shrinkage of the cell, DNA fragmentation, membrane blebbing 

and exposure of phosphatidylserines to the extracellular environment (30), (9). 

This controlled process of cell death ensures un-injurious degradation and 

removal of damaged or unwanted cells. 

 

Oxygen Free Radicals and Apoptosis 

     Oxygen free radicals exist as types of highly reactive oxygen-containing 

molecules due to the possession of an unpaired electron. Similarly, reactive  
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oxygen species (ROS) exist as a class of highly reactive oxygen-containing 

compounds with roles in multiple cellular functions including cell death and can 

include superoxide (O2
-) and hydrogen peroxide (H2O2) (47). Routine cellular 

activities, such as aerobic respiration, can result in the production of ROS. 

Further, nitric oxide synthase (NOS) can contribute as an endogenous source of 

ROS under conditions of reduced availability of tetrahydrobiopterin or L-arginine 

and ultimately generates OH• and NO2• (47), (4). Hypoxic conditions additionally 

serve as a cause of mitochondrial production of ROS (47). ROS maintain the 

ability to both stimulate and inhibit cell death (47), (4). 

 

Aerobic Respiration and ROS Production 

     Mitochondria house an electron transport chain (ETC) which coincides with its 

purpose of serving as the major source of energy for cells. Remarkably, it is the 

ETC which also provides the major source of ROS in mammalian cells (4), (51). 

Electron “leak” in pairs from electron carriers forms H2O2 and a single electron 

leak forms superoxide (60).  Complex III (cytochrome C oxidoreductase) and 

complex IV (cytochrome C oxidase) are the sites of superoxide production in the 

ETC (51), (60). Although mitochondrial respiration is the major source of ROS, 

the amount produced is not sufficient to cause devastating effects on the cell in 

non-disease states.  
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Hypoxia and ROS Production via Mitochondria 

     Mitochondrial production of ROS functions in normal cell signaling when 

generated at low concentrations (27). However, a deficiency in oxygen available 

to cells is suggested to result in mitochondrial ROS production by complexes I 

and III (27), (59), (74). Superoxide appears to be the primary ROS generated by 

complex III under hypoxic conditions and ROS from complex III are thought to 

activate hypoxia-inducible factor-1α (HIF-1α) (27), (74). HIF-1 plays a protective 

role for cells experiencing hypoxic conditions and is known to execute a number 

of functions in response to low oxygen levels in attempts to maintain cell survival 

(10). However, Shvetsova et al. have provided evidence which shows that HIF-

1α activation is dependent on the proper functioning of mitochondria (74).   

 

ROS and Apoptosis 

     Production of ROS, if not equally countered by their catabolism, can result in 

accumulation which leads to oxidative stress (47). This excessive quantity of 

ROS can react with biomolecules to cause cellular and DNA damage resulting in 

cell death. Evidence exists to support the role of hydrogen peroxide (H2O2) 

contributing to oxidative stress and ultimately signaling apoptosis through the 

intrinsic pathway (51), (39). Liu et al. have shown that H2O2 can induce cellular 

morphological defects, oxidative stress, increased levels of Bax, disruption of 

ΔΨm and apoptosis (39). Additionally, Bcl-2 is known to be involved in inhibition  
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of cell death through apoptosis (7). Kern et al. have provided evidence for the 

role of Bcl-2 in prevention of endothelial superoxide (O2
-) production in a murine 

model of Bcl-2 overexpression (32). Further, support exists for a reduction in 

apoptosis in a model of mitochondrial superoxide dismutase (SOD2) expression 

by adenovirus transfection (7). Together, the present evidence suggests that 

oxidative stress, attributable to H2O2 and O2
-, bring about apoptosis through the 

mitochondrial-mediated pathway. 

     Mechanisms do exist to regulate the production of ROS. For example, the 

availability of necessary cofactors, receptor activation and cell signaling 

cascades which result in ROS production can be controlled (47). Furthermore, 

enzymes exist to neutralize harmful oxygen free radicals. Superoxide dismutase 

(SOD) functions to convert O2
- into H2O2 which can be further broken down into 

water and oxygen by the enzyme catalase. Mn-dependent SOD (SOD2) exists in 

the mitochondrial matrix and functions to protect mitochondria from the effects of 

O2
-. However, few researchers have observed SOD2 decrease in response to 

oxidative stress induced by H2O2  (39). 
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Nitric Oxide (NO) and Apoptosis 

Infection and the Immune Response  

     Invasion by foreign microbes or toxins elicit standard responses by the 

immune system which are categorized as innate and adaptive. Adaptive 

immunity includes specific T-cell and B-cell responses which require more time to 

occur and last for longer periods compared to innate immune responses (48). 

Innate immunity involves an initial swift response to invading pathogens and 

toxins due to recognition of foreign molecular structures (48). Release of 

inflammatory mediators is a well-established innate immune reaction (48), (50).  

Macrophages, derived from monocyte differentiation, function in the innate 

immune response to eliminate invading microbes through nitric oxide (NO) 

release and oxidative damage (48). Apoptosis can occur because of infection by 

many bacterial species despite efforts by the immune system to control and 

eliminate pathogens (50). Bacterial toxins, such as lipopolysaccharide (LPS) 

derived from gram negative species, are also known elicit inflammation due to its 

recognition by Toll-like receptor 4 (TLR4) (12). Pro-inflammatory factors, such as 

tumor necrosis factor alpha (TNF-α), interferon-gamma (IFN-γ), interleukin-6 (IL-

6) and LPS can lead to the generation of NO by inducible nitric oxide synthase 

(iNOS) (61). Macrophage release of NO in response to LPS has been well-

characterized as well as the cytotoxicity of high exogenous NO levels (46), (62). 
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Role of NO in the induction of apoptosis 

     There exist three enzymatic sources of NO production by nitric oxide 

synthases including neuronal (nNOS), endothelial (eNOS) and inducible (iNOS) 

(61), (62). NO production by nNOS and eNOS from L-arginine remains a 

physiological necessity, however, iNOS production of NO is known to occur 

under inflammatory conditions (61), (62). In addition to its role in maintaining 

normal physiological functions, NO is involved in inducing mitochondria-mediated 

cell death (13). Snyder et al. has provided experimental data implicating that NO 

induces the formation and subsequent insertion of Bax/Bak oligomers into the 

outer mitochondrial membrane to result in cytochrome C release and apoptosis 

(61).  

 

Endotoxemia or Sepsis and Apoptosis  

Sepsis and Apoptosis 

     Sepsis occurs as the result of a widespread inflammatory reaction to infection. 

This condition consists of two stages: hyperdynamic and hypodynamic, also 

referred to as the warm and cold stages of sepsis, respectively. The initial 

hyperdynamic stage involves warm and perfused extremities due to high cardiac 

output and low peripheral resistance of blood vessels. However, the 

cardiovascular system is unable to maintain this perfused stage which can lead 

to a decline to the hypodynamic stage (15), (55). When this occurs, organ  
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perfusion is dramatically reduced. A patient in this stage of sepsis will experience 

cold extremities due to the effects of inflammation on vascular permeability and 

subsequent lack of perfusion.  

     Data from Chopra et al. has provided evidence to show that adult rat 

ventricular myocytes (ARVMs) undergo apoptosis (14). The evidence implicates 

the involvement of the intrinsic pathway of apoptosis due to the increased levels 

of Bax and cytochrome C as well as morphological changes in mitochondria such 

as swelling and membrane deformity (46),(68). Further, progression to apoptosis 

in sepsis has been well-documented in the pathophysiology of sepsis (13), (67).  

 

Endotoxemia and Apoptosis 

     Endotoxemia is defined as the presence of endotoxins in the blood, for 

example, lipopolysaccharide (LPS) derived from the outer membranes of gram-

negative bacteria. Consequences of endotoxemia include metabolic endotoxemia 

defined as endotoxins in the blood derived from intestinal bacteria, the 

development of inflammation, shock, or death (37), (20). The induction of 

endotoxemia under experimental conditions can be utilized as a model system 

for studying pharmacological interventions for septic patients (31). According to 

Kamisoglu et al., the pathophysiology of sepsis and endotoxemia share similar 

metabolic profiles and the metabolic distinctions between endotoxemia and 

sepsis increase with time (31). These findings suggest that pharmacological  
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treatments evaluated during experimental endotoxemia should be administered 

as early as possible during the onset and progression of sepsis in patients.  

      Present data also provides evidence for the ability of LPS to induce apoptosis 

in hepatocytes at 1000 ng/mL (49). In addition to cell death, LPS has been 

observed to produce dissipated ΔΨm, reduced levels of ATP and mitochondrial 

cytochrome C (49). Moreover, Wang et al. have demonstrated the capacity for 

LPS to induce apoptosis and caspase-3 activity in adult rat ventricular myocyte 

(ARVM) at concentrations as low as 10 ng/mL (66). Further, this study also 

demonstrated a greatly enhanced effect of LPS on disrupted ΔΨm, mitochondrial 

Bax translocation and cytochrome C release in combination with β1-adrenergic 

receptor activation in cardiomyocytes (66). Together, these experimental data 

support the capacity for LPS-induced endotoxemia to cause mitochondrial 

dysfunction and activation of the intrinsic apoptosis cascade - effects which can 

be augmented by β-adrenergic stimulation and affect multiple cell types. 

However, the degree of these effects appears to vary with LPS concentration. 

 

MitoKATP Channels and Apoptosis  

     Potassium ATP (KATP) channel structure consists of 4 subunits each of Kir and 

SUR proteins. The aqueous pore through which potassium ions flow out of the 

cell is formed by the Kir subunits. The SUR subunits exhibit pharmacological 

functions in that they contain binding sites for various agents which affect ion flow  
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through the channel. Ion transport through these channels can be regulated by 

varying ATP and nucleotide diphosphate concentrations. During the physiological 

state, mitoKATP channels function to transport potassium ions into the matrix to 

maintain volume. Low levels of ATP can activate the flow of potassium ions 

through these channels and increased flow of potassium out of the cell leads to 

hyperpolarization of the cell membrane. In mitochondria, the opening of these 

channels leads to depolarization of the mitochondrial membrane (68).  

Matrix Volume and Cytochrome C Release 

     Mitochondrial swelling due to increased matrix volume has been shown to 

result in cytochrome C release without the need for increased mitochondrial 

membrane permeability (28). Evidence also exists to suggest that mitochondrial 

swelling due to K+ influx through mitoKATP channels can rupture the OMM and 

permit cytochrome C release (18). Moreover, recent data has shown that 

valinomycin, an ionophore specific to K+, can induce mitochondrial swelling and 

release of cytochrome C (41). Consequently, blockage of mitoKATP channels by 

5HD, a mitoKATP channel blocker, may reduce matrix swelling and cytochrome C 

release, thereby reducing the extent of cell death under the intrinsic pathway of 

apoptosis.  
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MitoKATP Channels and Mitochondrial Membrane Potential (ΔΨm)  

     Dissipation of mitochondrial membrane potential (ΔΨm) has been considered 

an early event in apoptosis and also necessary for cytochrome C release (63). 

Likewise, collapse of ΔΨm is linked to the progression of cell death and is a 

conventional parameter used for detection and measurement of apoptosis (63). 

Reduced mitochondrial membrane potential is a known result of mitoKATP 

channel opening (42). Accordingly, prevention of mitoKATP channel activity may 

limit the degree of ΔΨm disruption and reduce the magnitude of cell death.  

 

Reactive Oxygen Species 

     MitoKATP channel opening has been found to lead to increases in 

mitochondrial generation of ROS, particularly superoxide and hydrogen peroxide 

(18), (42), (70). This effect has also been proposed as a mechanism of 

cardioprotection from prolonged ischemic damage through ROS signaling 

pathways - an effect which can be induced by the mitoKATP channel opener 

diazoxide and inhibited by 5-HD (18), (70). However, the effects of ROS signaling 

are concentration-dependent and oxidative stress is known to cause cell death 

involving the intrinsic apoptosis pathway (17). Consequently, it can be suggested 

that under the conditions of sepsis or endotoxemia, mitoKATP channel opening 

may be detrimental to the survival of patients experiencing myocardial  
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dysfunction. Rather, blockage of these channels may prove more beneficial to 

the condition as a method of preserving cardiomyocyte function.  
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AIMS AND OBJECTIVES 

     Vascular dysfunction, end-organ failure and high mortality rates are 

associated with endotoxemia, sepsis and septic shock. Recently, focus has been 

on mitochondrial ultrastructural changes and function due to sepsis and sepsis-

related pathologies. Data from Sharma’s laboratory indicated involvement of 

mitochondrial-mediated intrinsic apoptosis cascade in regulating ARVM 

dysfunction in sepsis. Experimental endotoxemia has shown mitochondrial 

membrane potential collapse, membrane permeability changes and release of 

cytochrome C as indicators of mitochondrial dysfunction. Outer mitochondrial 

membrane (OMM) permeability is controlled by Bax translocation, resulting 

Voltage Dependent Anion Channels (VDACs) pores in the OMM and activation of 

mitoKATP channels in the inner mitochondrial membrane. Endotoxins can induce 

mitochondrial damage and there is a correlation between the severity of sepsis 

and mitochondrial damage and dysfunction. The data from our laboratory 

indicate that 5HD treatment that blocks mitoKATP channels could increase 

survival in septic rats and increase contractility in septic cardiomyocytes. He 

progression of sepsis is known to involve vascular dysfunction. Therefore, we 

hypothesize that inhibition of mitoKATP channels by 5HD restores altered 

mitochondrial membrane permeability in human umbilical vein endothelial cells 

due to LPS-induced endotoxemia. To investigate this hypothesis the following 

specific aims are developed.  
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Specific Aim 1. To determine time-dependent and dose-dependent effects 

of LPS and 5HD on mitochondrial dysfunction in HUVECs 

     Prior to testing the restorative properties of 5HD (5-hydroxydecanoic acid) on 

mitochondrial membranes in endotoxic human umbilical vein endothelial cells 

(HUVEC), it is necessary to determine the time- and dose-dependent effects of 

5HD and lipopolysaccharide (LPS) on HUVEC viability. Cell viability assays have 

been conducted using Presto blue dye to measure metabolic activity of the cells 

following treatment with LPS and 5HD at increasing concentrations.   

 

Specific Aim 2. To determine if 5HD modulates LPS-induced a) 

mitochondrial dysfunction b) NO and catalase levels and c) proapoptotic 

markers such as Bax, Cytochrome C and Apaf-1 in HUVECs 

     The effect of 5HD on LPS-induced alterations of mitochondrial membrane 

potential (measure of mitochondrial membrane integrity) in HUVECs can be 

determined. Macrophages serve as a positive control as the ability of LPS to 

decrease viability of these cells has been well characterized. Mitochondrial 

membrane potential will be assessed using JC-1 cationic dye. NO and catalase 

levels were measured by colorimetric assay and levels of proapoptotic proteins 

were measured using immunoblot procedures. 
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Materials and Methods 

Chemical Preparations 

     Chemical compounds were purchased from Sigma-Aldrich (St. Louis, MO) 

and prepared in sterile deionized water. Treatments were prepared in warm 

Medium 200 (GibcoTM; Thermo Fisher Scientific, Grand Island, NY) at the 

required concentrations. All drugs and treatments were prepared under sterile 

conditions and vortexed prior to usage.  

5-Hydroxydecanoic Acid (5HD) 

     5-hydroxydecanoic acid sodium salt (MW; 210.25 g/mol) was prepared at a 

100,000 μM stock concentration. The 100,000 μM stock was further diluted to a 

working concentration of 1000 μM in sterile deionized water. 1000 μM 

concentration aliquots were prepared and stored at -80oC for future use.  

Lipopolysaccharide (LPS) 

     Lipopolysaccharide was prepared at a 100,000 ng/mL stock concentration. 

The 100,000 ng/mL stock was further serially diluted to 10,000 ng/mL and then to 

a working concentration of 1000 ng/mL in sterile deionized water. 1000 ng/mL 

concentration aliquots were prepared and stored at -80oC for future use.  
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Cell Culture 

     Human umbilical vein endothelial cells (HUVEC) were purchased from ATCC 

(Manassas, VA) and cultured in Medium 200 supplemented with low serum 

growth supplement (LSGS) (GibcoTM; Thermo Fisher Scientific, Grand Island, 

NY) containing 10 µg/mL heparin, 1 µg/mL hydrocortisone, 10 ng/mL human 

epidermal growth factor, 3 ng/mL basic fibroblast growth factor, 2% FBS and 1% 

penicillin and streptomycin (46). Cells were incubated at 37oC, 5% CO2 and 80% 

humidity. Medium was exchanged every other day and cells were passaged at 

95% confluency in trypsin plus 0.25% EDTA. Cells were cultured and maintained 

in T175 cell culture flasks and treated at 75-80% confluency for cytotoxicity 

assays and 90-95% confluency for all other assays.  

Treatment 

     Cells were passaged with trypsin plus 0.25% EDTA, counted using the trypan 

blue cell counting method and cell suspension was plated on cell culture plates at 

volumes and seeding densities based on specifications necessary for each 

experiment. Treatments were prepared based on cell culture plate well volume 

and concentration of drug required per well from 1000 μM or 1000 ng/mL working 

concentrations. A master mix was prepared and calculated for based on the 

number of plated wells to be treated and the volume of each well. All drugs were 

prepared in Medium 200 warmed in a 37oC water bath and under sterile 

conditions, vortexed and mixed during treatment preparation as well as prior to  
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addition to cells. HUVEC model of endotoxemia was induced by treatment of 

cells with LPS 100 ng/mL.  

Determination of Cell Viability 

     HUVECs were cultured on 48-well plates and seeded at a density of 70,000 

cells per well. The cells were treated with LPS for 16 and 24 hours with the 

following dosages: 50 ng/mL, 100 ng/mL, 500 ng/mL, 1000 ng/mL, 5000 ng/mL 

and LPS 100 ng/mL plus 5HD 50 µM. Cells were treated with 5HD at the 

following dosages: 50 µM, 100 µM, 200 µM and 500 µM. Cells were treated at 

75-80% confluency. Cells were incubated for 1 hour with PrestoblueTM Cell 

Viability Reagent (Molecular Probes; Invitrogen, Carlsbad, CA) and absorbance 

was measured using Biotek Synergy HT microplate reader. Cell viability was 

quantified based on absorbance of metabolically active cells at 570 nM. 

 

Determination of Mitochondrial Membrane Potential  

JC-1 Fluorescent Imaging (13) 

     JC-1 assay kit was purchased from Molecular Probes (Life Technologies; 

Thermo Fisher, Grand Island, NY). Performance of the JC-1 cationic dye assay 

was adapted from vendor directions. HUVECs were cultured and plated on 48-

well plates at 60,000 cells per well and treated at 90% confluency with the 

following treatment groups: LPS 100 ng/mL, 5HD 50 µM and LPS plus 5HD.  
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Assays were performed at 2, 4, 6, 16 and 24 hours. Carbonyl cyanide 3-

chlorophenylhydrazone (CCCP), a mitochondrial membrane depolarizer, was 

added 5 minutes prior to addition of JC-1 dye at a final concentration of 50 μM as 

per vendor guidelines to serve as a positive control for JC-1 fluorescence activity. 

Treatment groups and positive controls were incubated with 5 µL of 200 µM JC-1 

cationic dye for 30 minutes and washed with 10X PBS. Cells were imaged using 

EVOS FL Cell Imaging System (Thermo Fisher Scientific, Grand Island, NY) at 

20X magnification. 

 

Immunoblot Analysis (13) 

     HUVECs were seeded at a density of 2x106 cells per well on 6-well cell 

culture plates and treated with LPS 100 ng/mL, 5HD 50 μM and LPS plus 5HD 

for 16 hours. Cells were lysed with 100 μL RIPA buffer and incubated on ice for 5 

minutes. The collected lysate remained on ice for 10 minutes prior to 

centrifugation at 13.3g and 4oC for 10 minutes. Protein quantification of collected 

lysate was performed using PierceTM BCA Protein Assay Kit (Thermo Fisher, 

USA) according to vendor directions. 40 μg of protein sample was loaded into 

each sample well of gel. Gels were run at 150V for 1 hour prior to transfer to 

PVDF membrane. Membranes were incubated with primary antibody overnight at 

4oC on a rocker and secondary antibody for 45 minutes at room temperature on a 

rocker. Primary antibody was prepared in 5 mL Odyssey® Blocking Buffer (PBS)  
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(Li-COR, USA), 5 μL Tween 20 and 1 μL mouse monoclonal β-actin antibody 

(Santa Cruz). All primary antibodies were prepared at a 1:1000 concentration. 

Membranes were imaged using Li-COR Odyssey® CLx Imaging System 

(Lincoln, NE) for 7 minutes exposure time per membrane. Bands were quantified 

using Li-COR Image StudioTM Lite (Lincoln, NE). All samples were run in triplicate 

(N = 3).  

Apoptotic Protease Activating Factor 1 (Apaf1) 

     Samples were run on 10-well 7.5% SDS gels prepared according to directions 

adapted from Northern Arizona University Lab Protocols. Rabbit polyclonal anti-

Apaf1 antibody was purchased from Abcam (Cambridge, MA). PVDF 

membranes were incubated with 1 μL anti-rabbit and 1 μL anti-mouse secondary 

antibodies. 

Cytochrome C and Bax 

     Samples were run on 10-well 4-20% gels purchased from Bio-Rad (Hercules, 

CA). Sheep polyclonal anti-Cytochrome C and rabbit monoclonal anti-Bax 

antibodies were purchased from Abcam (Cambridge, MA). PVDF membranes for 

Bax quantification was incubated with 1 μL anti-mouse plus 1 μL anti-rabbit. 

PVDF membranes for Cytochrome C quantification were incubated with 1 μL 

anti-sheep purchased from Abcam (Cambridge, MA) and 1 μL anti-mouse 

secondary antibodies.  
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Assays 

Enzyme-Linked Immunosorbent Assays 

Catalase  

     HUVECs were seeded at a density of 2x106 cells per well on 6-well cell 

culture plates and treated with LPS 100 ng/mL, 5HD 50 μM and LPS plus 5HD 

for 16 hours. Following treatment, cells were lysed and protein was extracted for 

catalase quantification using Abcam Human Catalase ELISA Kit (Cambridge, 

MA) adapted from manufacturer directions. HUVEC lysate was centrifuged at 

13.3 g for 20 minutes at 4oC and the collected supernatant was immediately 

assayed. Samples were incubated with capture and detection antibody cocktail 

out of direct light and at room temperature for 1 hour and 15 minutes on a plate 

shaker at 150 rpm. Optical density (OD) was recorded at 450 nM using Biotek 

Synergy HT microplate reader. Samples were assayed as three sets for each 

treatment group and run in duplicates (N = 6).  

Griess Reagent Assay (56) 

     HUVECs supernatant was collected from prior treatments with LPS 100 

ng/mL, 5HD 50 μM and LPS plus 5HD for 2, 4, 6, 16 and 24 hours and used for 

quantification of nitrite release using Promega Griess Reagent System (Madison, 

WI). Samples were run in three sets in duplicates (N = 6) on a 96-well plate 

according to manufacturer protocol. Samples were incubated for 10 minutes at 

room temperature and out of direct light with sulfanilamide. Samples were then  
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incubated for 10 minutes at room temperature and out of direct light with N-1-

napthylethylenediamine dihydrochloride (NED). Absorbance was measured at 

520 nM using Biotek Synergy HT microplate reader. 
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Results 

Effect of LPS (50, 100 and 1000 ng/mL) on HUVEC viability   

The effect of LPS at increasing concentrations, i.e., 50, 100 and 1000 

ng/mL was observed in HUVEC. With increasing concentration, a decrease in 

HUVEC viability was observed in cells treated with LPS 50 ng/mL, 100 ng/mL 

and 1000 ng/mL for both 16 (Fig. 1) and 24 (Fig. 2) hours. This suggests that 

LPS deceases cell viability in dose-dependent and time-dependent manner. 

Effect of 5HD on HUVEC viability 

5HD, a putative mitoKATP blocker, produces a decrease in viability in 

HUVEC treated with 5HD 50 μM, 100 μM and 200 μM for 24 hours. Significant 

reductions in HUVEC viability were observed at the aforementioned 

concentrations with the higher concentrations of 100 and 200 μM producing 

similar significant reductions in cell viability. This data suggests that 5HD reduces 

HUVEC viability at increasing concentrations of the compound (Fig. 3). 
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Figure 2: Dose-dependent effect of LPS (50, 100 and 1000 ng/mL) on human umbilical 
vein endothelial cell (HUVEC) viability at 24 hours. The dose-dependent effects of LPS 50 
ng/mL and LPS 100 ng/mL on HUVEC viability at 24 hours. 
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Figure 1: Dose-dependent effect of LPS (50, 100 and 1000 ng/mL) on human umbilical 
vein endothelial cell (HUVEC) viability at 16 hours. The dose-dependent effects of LPS 50 
ng/mL and 100 ng/mL on HUVEC viability at 16 hours.  
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Figure 3: Dose-dependent effect of 5-hydroxydecanoic acid (5HD) on human umbilical 
vein endothelial cell (HUVEC) viability at 24 hours. The dose-dependent effects of 5HD at 
50 μM, 100 μM and 200 μM on HUVEC viability at 24 hours. Statistical significance was 
determined through one-way analysis of variance (ANOVA). P < 0.0001 
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Effect of 5HD on LPS-induced effect on nitrite levels  

The time-dependent effect of 5HD on LPS-induced effects on nitrite 

release was measured in HUVEC treated at 2, 4, 6, 16 and 24 hours. HUVEC 

treated with LPS alone showed significant increases in nitrite release following 

treatment for 16 and 24 hours. 5HD (50 μM) in the presence of LPS at 100 ng/mL 

did not affect the LPS-induced elevated levels of nitrite at both 16 and 24-hour. 

This suggests that 5HD does not diminish the LPS-induced nitrite release in 

HUVEC (Fig. 4). 
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Figure 4. Effects of LPS, 5HD and LPS + 5HD on nitrite release in HUVEC. The effects of 
LPS 100 ng/mL, 5HD 50 μM, and LPS + 5HD nitrite release in HUVECs treated for 2, 4, 6, 16 
and 24 hours. Statistical significance was determined through one-way analysis of variance 
(ANOVA). P < 0.0001 
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The Effect of 5HD on LPS-induced effect on cytosolic Bax, Cytochrome C 

and Apaf-1 proteins  

The effect of 5HD (50 µM) in the presence and absence of LPS (100 

ng/mL) was observed using Western blot at 16 hours post treatment. LPS did not 

significantly alter protein levels of cytosolic Bax and Cytochrome C. Also, 5HD 

did not alter the effect of LPS on Bax and Cytochrome C levels (Fig. 5 and Fig 6, 

respectively).  

 LPS produces a significant decrease in the levels of Apaf-1 (Fig. 7). 

Treatment with 5HD significantly reduced levels of Apaf-1 compared to control 

(alone group).   
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Figure 5. Effect of 5HD on the LPS-induced response on Bax. Effect of LPS 100 ng/mL, 
5HD 50 μM and LPS + 5HD on the levels of Bax protein in HUVEC treated for 16 hours.  
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Figure 6. Effect of 5HD on the LPS-induced response on Cytochrome C. Effect of LPS 100 
ng/mL, 5HD 50 μM and LPS + 5HD on the levels of Cytochrome C protein in HUVEC treated for 
16 hours. 
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Figure 7. Effect of 5HD on the LPS-induced response on protein levels of Apaf1. Effect of 
LPS 100 ng/mL, 5HD 50 μM and LPS + 5HD on the levels of Apaf1 protein in HUVEC treated 
for 16 hours. Statistical significance was determined through one-way analysis of variance 
(ANOVA). *P < 0.0197, **P < 0.0175, P < 0.0001 
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Effect of 5HD on LPS-induced mitochondrial membrane potential 

alterations in HUVEC  

The effect of 5HD on mitochondrial membrane integrity in LPS-treated 

HUVEC was visualized at 16 and 24 hours by JC-1 assay. Mitochondrial 

membrane disruption is evident as green fluorescence in LPS treatment groups 

at both 16 and 24 hours indicating the presence of cytoplasmic JC-1 monomers 

(Fig. 8 and 9).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Effect of LPS, 5HD and LPS + 5HD on mitochondrial membrane potential (∆Ψm) in 
HUVEC. The effect of LPS 100 ng/mL, 5HD 50 μM and LPS + 5HD on mitochondrial membrane 
potential in HUVECs treated for 16 hours. 
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Figure 9. Effect of LPS, 5HD and LPS + 5HD on mitochondrial membrane potential (∆Ψm) in 
HUVEC. The effect of LPS 100 ng/mL, 5HD 50 μM and LPS + 5HD on mitochondrial membrane 
potential in HUVECs treated for 24 hours. 
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The effect of 5HD on LPS-induced increase in cytosolic catalase  

LPS-induced endotoxemia is known to lead to the production of reactive 

oxygen species and ultimately oxidative stress (27). To determine whether 5HD 

plays a role in protection from oxidative damage in endotoxic HUVEC, catalase 

levels were quantified through ELISA following 16-hour treatment. LPS-treated 

HUVEC showed a significant increase in catalase expression. A high level of 

catalase in response to LPS was blocked by co-treatment with 5HD (Fig. 10) 

suggesting that 5HD offers endotoxic cells protection from the generation of 

reactive oxygen species.  

   

Figure 10. Effect of 5HD on LPS-induced increase in Catalase. The effect of 5HD 50 μM on the 
LPS-induced increase in catalase protein expression in HUVECs treated for 16 hours. Statistical 
significance was determined through one-way analysis of variance (ANOVA). P < 0.0001 
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DISCUSSION 

Sepsis, septic shock and endotoxemia have been shown to produce 

vascular perfusion dysfunction in experimental models (1, 52, 53, 57). Likewise, 

in the current in vitro model of endotoxemia in HUVEC, a 25 and 30% decrease 

in cell viability after 16 and 24 hours post LPS treatment was observed. 

Additionally, a 51% decrease after 24-hour treatment with LPS 1000 ng/mL was 

observed suggesting a time- and dose-dependent decrease in cell viability in 

HUVECs. Similar data has been reported by other investigators (46, 58). 

 It is well-established that LPS activates the toll-like receptor 4 (TLR-4) 

signaling pathway (26), (16). The TLR-4 pathway ultimately activates NF-κB 

nuclear translocation which can go on to induce the transcription of pro-

inflammatory molecules and iNOS (26). Choy et al. have recently demonstrated 

that LPS acts through the TLR-4 pathway to induce apoptosis in HUVEC as well 

as increases inducible nitric oxide synthase (iNOS) levels (16). Additionally, 

nitrite can be used to generate nitric oxide (NO) and can, therefore, also be used 

to indirectly quantify levels of NO production (35). Experimental evidence shows 

that LPS treatment increases nitrite levels in HUVEC in a time-dependent 

manner. However, it appears that 5HD does not diminish the LPS-induced nitrite 

release in HUVEC. These data suggest that the protective effects of 5HD likely 

occur downstream of initial inflammatory events in response to LPS.  
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LPS-induced endotoxemia is known to lead to the production of reactive 

oxygen species and ultimately oxidative stress (61). MitoKATP channel opening is 

also known to lead to the production of ROS, an effect which can be opposed by 

blockage of the channel by 5HD (18). Prevention of mitoKATP channel activity by 

5HD could reduce the generation of ROS from mitoKATP channels and therefore 

suppress the need for antioxidant enzyme expression. Data show that LPS 

treatment increases catalase levels. Low levels of ROS are known to be typically 

generated as a result of oxidative phosphorylation which may be involved in the 

catalase levels observed in the control group. 5HD treatment alone resulted in 

catalase levels similar to the control group suggesting that the protective effects 

of 5HD are limited to HUVEC in endotoxemia rather than healthy cells. However, 

treatment of HUVEC with LPS induced an increase in the levels of H2O2 as 

indicated by the greater catalase levels. In contrast, 5HD reduced this LPS-

induced increase in catalase expression. These results suggest that 5HD may 

offer protection to endotoxic cells from oxidative damage by preventing the 

generation of excessive H2O2 thereby reducing the need for catalase activity.   

Since, in the current study, 5HD did not alter LPS-induced elevated NO levels, it 

appears the free radical scavenging effect could by mediated through cytosolic 

catalase and may have no or negligible effects from superoxide dismutase.  

Further studies are needed to establish this stipulation. 

LPS has been shown to induce cell death directly in several in vitro 

models such as bovine endothelial cells and HUVECs (45),(29). Shioiri et al.,  
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(2009) reported that LPS causes activation of caspse-3 and 7, decreases cell 

viability and produces cytotoxicity. In the current study, we observed that LPS 

failed to produce an increase in cytosolic- Bax and cytochrome C levels. This 

result is most likely due to the fact that LPS causes activation of caspse-3 which 

rapidly releases to the supernatant (58). In addition, cytochrome C is released 

from the intermembrane space rather than expressed and Bax exists primarily in 

the cytosol prior to mitochondrial relocation and oligomerization following an 

apoptotic stimulus (21), (72). Moreover, 5HD reduces Apaf-1 expression due to 

LPS-induced endotoxemia in HUVEC. These data suggest that 5HD treatment 

can prevent Apaf-1 expression above normal baseline levels in endotoxic 

HUVEC which may prevent apoptosome formation. However more studies are 

warranted to confirm this speculation.   

To elucidate the role of the intrinsic apoptotic cascade mediated via 

mitochondria, we also studied role of 5HD in mitochondrial membrane potential 

alterations, an indicator for mitochondrial integrity, during endotoxemia in 

HUVECs. Preservation of mitochondrial membrane potential (∆Ψm) requires 

intact mitochondrial membranes. Mitochondrial membrane permeabilization due 

to Bax insertion and pore formation which facilitates cytochrome C release is 

known to occur under the intrinsic pathway (24). Pore formation can impede 

oxidative phosphorlation and the resulting ATP depletion may activate mitoKATP 

channels. MitoKATP channel opening leads to influx of potassium ions, matrix 

swelling and depolarization which are known to occur in apoptosis. The increase  
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in matrix volume due to this channel opening has also been shown to disrupt 

outer mitochondrial membrane integrity and contribute to cytochrome C release 

(28), (18). 5HD appears to alleviate the LPS-induced mitochondrial membrane 

potential alterations in endotoxic HUVEC at both 16 and 24 hours. HUVEC 

treated with 5HD alone for 16 hours exhibited more red than green fluorescence 

compared to 24-hour treatment which shows substantially more green than red. 

This abundance of cytoplasmic JC-1 monomers at 24 hours suggests that 

prolonged exposure to 5HD may disrupt ∆Ψm in healthy HUVEC. Greater red 

fluorescence is noticeable following LPS and 5HD co-treatment which indicates 

more JC-1 aggregates within mitochondria with intact ∆Ψm compared to LPS 

alone at 16 and 24 hours. Considerable green color is not obvious in LPS group 

at 16 hours compared to 24 hours indicating that LPS in a time-dependent 

manner produced the degree of ∆Ψm, an effect which was reversed by inhibition 

of mitoKATP channels. The data supports our earlier obvervation in ARVM, where 

5HD, a mitoKATP channel blocker, increased viability of septic cardomyocytes 

and survival of septic animals (13).  
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CONCLUSIONS 

The current study provides evidence for the role of 5HD, a putative 

mitoKATP blocker, in preserving ∆Ψm in endotoxic cells. 5HD may exert a 

protective effect on endotoxic HUVEC by reducing the magnitude of cell death as 

this compound appears to play a role in preventing Apaf-1 expression and 

maintaining ∆Ψm in endotoxic HUVEC which may reduce cytochrome C release. 

Further protection from cell death arises from the ability of 5HD to reduce H2O2 

generation in endotoxic HUVEC.   
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