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ABSTRACT 
 
KUIKWON KIM. Assessment of Lipopolysaccharide, Isoproterenol and Phenylephrine 
Induced Pathophysiology in Lipoic Acid Synthase Deficient Mice (Under the direction 

of Dr. Nobuyo Maeda.) 
 

α-Lipoic acid is a potent antioxidant, and also an essential cofactor for PDH and α-

KDH complexes in mitochondria. Investigations have shown complex human diseases are 

associated with oxidative stress. As preventative and therapeutic purposes, studies have 

evaluated effects of lipoic acid on complex human diseases, however, its molecular 

mechanisms and effects remained unknown. 

 In this study, we examined the effects of heterozygous Lias deficiency on LPS 

induced inflammation and adrenergic agonist induced cardiac hypertrophy. We observed 

increased sensitivity of Lias heterozygous mice with elevation of TNF-α, decreased and 

delayed recovery of leukocyte and platelet counts accompanied with liver necrosis lung 

inflammation on LPS stimuli. Upon adrenergic agonist stimulation, both genotypes 

developed hypertrophy with increased HW/BW ratio and fibrosis in the heart, however, we 

observed protective effect of Lias deficiency upon stimulation. Our data indicates that Lias 

deficiency results in increased sensitivity upon LPS stimulation, however, protective effect 

against cardiac stimulation. 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1 OXIDATIVE STRESS AND COMPLEX HUMAN DISEASES 

Diabetes, cardiovascular disease, and hypertension are important and complex human 

diseases which are major causes of mortality and morbidity in the world today. Investigations 

have revealed several causative factors of these complex human diseases: genetic factors, 

ethnic background, gender, nutrition, sedentary life styles, and aging (Smith, 2007). A 

concept of oxidative stress and reactive oxygen species has been under extensive debate as a 

contributing factor to the initiation and progression of diabetes, cardiovascular diseases and 

hypertension. Oxidative stress, caused by ROS (reactive oxygen species), is defined as any 

cellular damage resulting from an imbalance between an excessive generation of oxidant 

compounds and insufficient antioxidant defense mechanisms (Sies et al., 1997). 

Oxidative stress may damage cellular macromolecules. For example, oxidative stress 

can biochemically modify proteins and lipids, and often leads to modification and 

fragmentation of amino acid sequences and lipid structures. These modifications result in 

alterations and loss of properties as functional products in the biological system (Cecarini et 

al., 2007; Bartsch et al., 2006). Moreover, oxidative damage, much like ionizing radiation on 

DNA, is known to cause deletion, insertion, inversion and translocation in base pairs, and 
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consequently leads to DNA degradation, single strand breakage and cellular damage (Imlay 

et al., 1998).  

Currently, many clinical and animal models of investigations address issues of the 

reactive oxygen species as one of causative factor, in diabetic complications such as 

atherosclerosis, nephropathy, and polyneuropathy. These studies suggest that antioxidant 

supplements may have preventive and therapeutic effects on these diseases. The outcome of 

these clinical tests are, however, consistently positive. Nevertheless, genetic alterations in the 

genes controlling the body’s antioxidant defense system is another potential candidate that 

may influence the risk for developing these diseases (Wollin et al., 2003; Maritim et al.,

2003; Opara et al., 2002; Gotto, 2003; Ziegler et al., 2004). 

 

1.2 ANTIOXIDANT AND LIPOIC ACID 

According to Halliwell and Gutteridge (1989), an antioxidant is defined as any 

substance that delays or inhibits oxidation of oxidizable substrates, including any molecular 

compounds. Every living organism produces endogenous oxidants as a form of aerobic 

metabolism and endogenous buffering systems naturally balance oxidants and free radicals 

by initiating antioxidant defense mechanisms. Sies et al. summarizes and describes three 

principle functions of antioxidant defense mechanisms - prevention, interception, and repair 

(Sies et al., 1997).  

Prevention of endogenous oxidative stress from oxidative metabolism can be 

achieved by several enzymatic activities. Removing or transferring radicals and enzymes 

including glutathione S-transferases, plays a role of prevention. Strategies of interception of 

free radicals and oxidative stress also play an important role in transferring damaging 
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radicals away from sensitive cells and tissues. Several enzymatic reactions and non-

enzymatic molecular compounds are responsible for intercepting harmful free radicals 

including-vitamin E, carotenoids, superoxide dismutase, catalases and glutathoione 

peroxidases. Elevated rates of harmful radicals and accumulation of oxidants under certain 

physiological conditions may damage structures of DNA, proteins and lipids. However, these 

molecular and cellular damages can be repaired by specific repair mechanisms or substituted 

by multiple lipolytic and proteolytic enzyme complexes (Sies et al., 1997).  

In the last decade, alpha-lipoic acid (LA or 6, 8-thioctic acid) gained much attention 

as a potent and powerful antioxidant compound because of its preventive and therapeutic 

effects on many types of complex human diseases, including diabetes, atherosclerosis, and 

neurodegenerative diseases (Packer et al., 2001; Bilska and Wlodek, 2005; Bielarczyk et al.,

2006; Ziegler et al., 2004), (Figure 1.1.). 

Lipoic acid (LA) is a naturally occurring compound and a crucial disulfide/dithiol 

cofactor for pyruvate dehydrogenase (PDH), and alpha-ketogluterate dehydrogenase (α-

KDH), which are important multienzyme complexes in energy metabolism in mitochondria 

(Reed et al., 1951), (Figure 1.2.). As one of the most potent antioxidants, LA and its reduced 

form DHLA, have drawn much interest because of its several unique features (Packer et al.,

2001; Moini et al., 2002). First, LA/DHLA is an amphiphilic compound and easily crosses 

the blood brain barrier. Second, it can quench free radicals and chelate heavy metals. Third, it 

interacts with other antioxidants such as vitamin C, vitamin E, glutathione coenzyme Q10, 

and ubiquinone, and metabolically can be regenerated by other antioxidants (Gotz et al.,

1994; Han et al., 1997; Kozlov et al., 1999; Packer et al., 1995; Scholich et al., 1989). 
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Figure 1.1. Molecular structures of lipoic acid. Lipoic acid is synthesized from octanoic 
acid and an unknown sulfur source in cell by lipoic acid synthase. Lipoic acid exists in two 
forms, oxidizied and reduced which both act as strong antioxidants. Naturally, lipoic acid is 
formed as lipoamide complex (lysine side chain). (Bilska and Wlodek, 2001; Packer et al.,
2001, 2002; Moini et al., 2002). 
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Krebs cycleKrebs cycle

 

Figure 1.2. Oxidative metabolism in mitochondria and lipoic acid. Pyruvate is transported 
into mitochondria and acetyl-CoA is synthesized by pyruvate dehydrogenase complex. TCA 
cycle begins with transferring two carbons, acetyl CoA, to four carbon acceptor, oxaloacetate 
to form six carbon citrate. This Citrate goes through a series of cycles of reducing its carbon 
number and producing NADH, FADH2, CO2 and GTP. Lipoic acid is a crucial cofactor for 
pyruvate dehydrogenase and alpha-ketogluterate dehydrogenase (Created based on the 
Marcotte, Fall, 2005 Chapter 16, Citric Acid Cycle)  
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1.3 LIPOIC ACID SYNTHASE AND MOUSE MODEL OF DEFICIENCY 

Lipoic acid is universally present in prokaryotes and eukaryotes, and its endogenous 

production is regulated by lipoic acid synthase (Lias) from octanoic acid and an unknown 

sulfur source (Packer et al., 2001; Jordan et al., 1997; Miller et al., 2000). The lipoic acid 

synthase gene is shared by many species (Morikawa et al., 2001), and is encoded by the 

nuclear gene Lias located on mouse chromosome 5.

Since it has been shown that LA plays crucial roles as a potent antioxidant in several 

biological systems, and as a critical cofactor of multi enzyme complexes that are important in 

energy metabolism, Lias is a potential candidate gene for cardiovascular and metabolic 

diseases. To test this hypothesis, our laboratory generated mice deficient in lipoic acid 

synthase. We did this in order to explore the genetic and physiological effects of lipoic acid 

synthase deficiency and to assess whether the endogenous deficiency is associated with 

increased susceptibility to diabetes and cardiovascular diseases. Homozygous Lias deficient 

mice die in utero, whereas heterozygous deficient mice survive with a decreased antioxidant 

capacity compared to wild type littermates (Yi et al., 2005). These results indicate that lipoic 

acid synthase is an essential enzyme in normal embryonic development, and synthesis of 

endogenous LA is also crucial due to its roles as cofactor and antioxidant. 

In this study, I have investigated physiological effects of Lias heterozygous 

deficiency and assessed whether the reduction of endogenous lipoic acid production is 

associated with the initiation and progression of various forms of human disease under 

certain pathological conditions. To this end, I administered LPS (lipopolysaccharide), ISO 

(isoproterenol) and PE (phenylephrine) to Lias heterozygous deficient mice and characterized 
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genetic effects of Lias heterozygous deficiency upon exogenous oxidative stimulation such 

as lipopolysaccharide, isoproterenol and phenylephrine.. 

 



CHAPTER 2 
 
ASSESSMENT OF LIPOPOLYSACCHARIDE INDUCED PATHOPHYSIOLOGY IN 

LIPOIC ACID SYNTHASE DEFICIENT MICE 
 

2.1 INTRODUCTION 

Oxidative stress or reactive oxygen species (ROS) is defined as cellular damages 

resulting from an imbalance between an excessive generation of oxidant compounds and 

insufficient antioxidant defense mechanism (Sies et al., 1997). Reactive oxygen species have 

been extensively studied and evidences indicated that oxidative stress and oxidation process 

may damage cellular macromolecules and resulting in progression of several chronic diseases 

(Wollin et al., 2003). Currently, it has been observed that complex human diseases such as 

atherosclerosis and diabetes are associated with increased levels of cellular oxidative stress 

(Madamanchi et al., 2005; Sachidanandam et al., 2005, Maritim et al., 2003). Up to date, 

several experimental models and clinical investigations have evaluated benefits of LA/DHLA 

as a potent antioxidant in prevention and treatment of diabetes and cardiovascular diseases 

(Wollin et al., 2003; Osiecki et al., 2004). However, its molecular anti-oxidizing mechanism 

involved in reduction of naturally occurred oxidative stress and pathophysiological roles 

associated with complex human diseases have not been clarified in details. Moreover, there is 

no concrete knowledge describing how the endogenous lipoic acid synthesis is modified 

under certain pathological conditions and whether the genetic alterations of lipoic acid 

synthesis will modify the development of diseases (Yi et al., 2005).  
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To identify underlying mechanisms of lipoic acid as an antioxidant and unravel 

pathophysiological roles of lipoic acid against complex human diseases, we used lipoic acid 

synthase deficient mice generated by targeting Lias gene responsible for synthesis and 

endogenous production of lipoic acid (Yi et al., 2005). Previous experimental results showed 

that homozygous Lias deficient mice die in utero whereas heterozygous survive with 

increased oxidative stress, reduced antioxidant capacity compared to wild type littermates. 

These findings suggest that lipoic acid and its synthesis play crucial roles in normal 

development, energy metabolism and endogenous antioxidizing mechanism (Yi et al., 2005), 

and It can be speculated that Lias deficiency may be more vulnerable to various forms of 

complex human diseases associated with exogenous oxidative stress. 

LPS (lipopolysaccharides) is a large molecular compound composed of lipid and 

carbohydrate, and is a major protective cellular structure of Gram-negative bacteria 

(Henderson et al., 1996). Commonly, LPS acts as an endotoxin that induces septic shock and 

cascade of systemic pro-inflammatory reactions triggered by macrophages, cardiovascular 

failures, internal organ damage and even death (Henderson et al., 1996; Lynn et al., 1998). In 

addition, LPS also can increase reactive oxygen species production by generating free 

radicals which lead to oxidative stress at given species, thus it is a widely accepted and used 

reagent to induce oxidative stress (Galley et al., 1997; Goode et al., 1995; Loft et al., 1998). 

In this study, we tested hypothesis that reduced lipoic acid synthase gene expression 

increases lipopolysaccharide-induced oxidative stress and tissue damage in lipoic acid 

synthase heterozygous deficient mice compared to wild type mice. Our data demonstrate that 

lipoic acid synthase heterozygous deficient mice show an increased recruitment of 

inflammatory cells to lung and liver and markedly enhanced tissue damage following an LPS 
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administration, and implicates that Lias deficiency has increased sensitivity upon LPS-

induced inflammatory reaction and septic response. 
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Figure 2.1. The LPS and pathway of sepsis. LPS is produced by the Gram negative 
bacteria. Upon administration, recruited macrophages generate various cytokines, 
chemokines and free radicals which induce local inflammation. Prolonged inflammation will 
result in septic shock and organ damage. 
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2.2 MATERIALS AND METHODS 

2.2.1 Mice and LPS administration 

The Lias heterozygous mice and their wild type litter mates were F1 between wild 

type C57BL/6J mice and 129/SvEv mice heterozygous for the disrupted Lias gene. 

Experiments were conducted on young (3 months old) female Lias heterozygous and wild 

type mice. Lipopolysaccharide (Sigma, E. Coli 055:B5) of 20 mg/kg of body weight was 

administered intraperitoneally (I.P.) to conscious mice whereas control mice received PBS. 

All animals were housed at the room temperature (22-24°C) with free access to laboratory 

chow and drinking water and were exposed to alternate cycles of 12-hour light and dark 

cycle until the time of sacrifice. Mice were maintained according to the Guide for Care and 

Use of Laboratory Animals, published by the NIH in U.S., and all experiments were carried 

out in accordance with protocols approved by the IACUC of the University of North Carolina 

at Chapel Hill. 

 

2.2.2 Plasma Metabolites, Body Temperature 

Mice were fasted for approximately 4-5 hours before collection. Retro-orbital 

bleeding was performed with heparinized capillaries to obtain blood from each animal. 

Collection tubes were anti-coagulated with 0.5M of EDTA and whole blood was then 

centrifuged at 4°C to separate the plasma. Plasma levels of glucose (WAKO, Richmond, 

VA), triglyceride (Stanbio, Boernl, TX), and cholesterol (WAKO, Richmond, VA) were 

determined by enzymatic reaction of 2ul of plasma in 200ul of commercially available 

solution followed by spectrophotometer quantitation. Rectal temperature sensors (Physitemp, 
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Physitemp Instruments Inc, Co., Clifton, NJ) was placed and body temperature of each 

animal was recorded before and every 60 minutes for 4 hour after LPS administration. 

 

2.2.3 Hematological and Blood Assays 

Retro-orbitally drawn blood at 0hr, 2hr, 4hr, 8hr and 16hr after LPS injection was 

analyzed for hematological assays. Leukocyte and platelet counts were measured on an 

Animal Blood Counter, CBC-Diff™ (Heska Inc. Loveland, CD). LPS-induced liver and 

kidney damages were assessed by measuring the activities of plasma alanine 

aminotransferase (ALT), aspartate aminotransferase (AST) and blood urea nitrogen (BUN) 

using a Vitro 250 Chemical Analyzer (Ortho-Clinical Diagnostics, Inc., Raritan, NJ). Plasma 

levels of cytokines and chemokines were quantified by commercially available kit which is 

specific for mouse (Linco Research, St. Charles, MI). Levels of IL-6, IL-10 (Interleukin-10), 

TNF-α (Tumor necrosis factor-alpha) and MCP-1 (Monocyte chemoattractant protein-1) 

were measured on the Luminex 100 system and analyzed with the Masterplex QT 1.2 or 

LMAT software (Luminex Corporation, Austin, TX). 

 

2.2.4 Biochemical Analyses and Tissue Preparation 

Liver, lung, heart, kidney, spleen and pancreas were surgically removed and quick 

frozen in liquid nitrogen and stored at -80°C for subsequent biochemical analyses. Tissues 

were homogenized in 1ml of ice-cold 50mM potassium phosphate buffer (pH 7.4) and then 

centrifuged at 4°C of 10,000g for 30 minutes. The supernatants were used for measurement 

of NOx, GSH and TBARS. The infiltration and activation of neutrophils were determined 

indirectly by measuring the activity of MPO (myeloperoxidase) in lung and hepatic 
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homogenates as described (Suzuki et al., 1994). Measurement of the antioxidant capacity, 

GSH (reduced glutathione) level of the erythrocyte and tissue was determined using a 

commercially available kit (Calbiochem, San Diego, CA) following the manufactures’ 

protocol. Measurement of the lipid peroxidation, TBARS (Thiobarbituric Acid Reactive 

Substances) assay and NO (Nitric Oxide, Nitrate/Nitrite Oxide concentration) was measured. 

TBARS assay was performed in the supernatant of homogenized tissue lysate of heart, liver 

and kidney as previously described (Lapenna et al., 2001) using MDA (malondialdehyde) as 

a standard. For NO assay, plasma levels of Nitrate/Nitrite Oxide concentration was 

determined at 0hr, 4hr and 8hr after LPS administration by using commercially available kit 

(Cayman, Ann Arbor, MI) following the manufactures’ protocol, and the concentration of 

nitrite was calculated from a standard curve of NaNO2 (5-35 mmol/L) and expressed as 

mmol/L of nitrate. Nuclear extract of livers was freshly prepared by using the Nuclear 

Extraction Kit (Active Motif, Carlsbad, CA) following manufactures’ protocol. NF-κβ 

activation in liver tissues was monitored using a TransAM NF-κβ p65 Transcription Factor 

Assay Kit (Active Motif, Carlsbad, CA) following manufactures’ protocol. Protein 

concentrations of tissue homogenates were determined based on the Bradford method (Bio-

Rad Laboratories, Hercules, CA) and known concentrations of BSA (bovine serum albumin) 

was used as a standard. 

 

2.2.5 RNA Isolation & Gene Expression Analysis 

Tissue from liver, heart, spleen, kidney and pancreas were transferred immediately 

after surgical removal and stored in RNA later solution (Ambion, Austin, TX) overnight. 

RNA isolation was done by the ABI 6700 RNA automated robot, approximately 30 to 100mg 
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of tissue was weighed and was put into 1ml of lysis buffer (ABI, diluted with 1X PBS). 

Samples were then homogenized thoroughly for 30 seconds for two times. Cooled down for 

five minutes and stored overnight at 4°C. Roughly, 10 to 20µl of proteinase K (10ug/µl) was 

added into lysate, incubated at room temperature for an hour and then cooled down at ice for 

five minutes. Approximately, 200µl out of 1ml of lysate was applied to ABI 6700 RNA 

extraction robot. Remaining steps were followed by the manufactures’ protocol. Levels and 

patterns of mRNA expression of Lias, MnSOD, TNF-α, ICAM, VCAM, E-Selectin, L-

Selectin, GRO, MIP1-α, MCP1, eNOS, iNOS, IFN-γ, NF-κβ were determined by TaqMan 

real-time quantitative reverse transcription PCR (RT-PCR), with β-actin as the reference 

gene in each reaction (Kim et al., 2002). Sequences of all TaqMan primers and probes are 

summarized in Table 2.1. 

 

2.2.6 Histological Analysis and Immunofluorescence 

Liver, heart, kidney, spleen and pancreas tissue samples were surgically removed 

and immediately kept in 4% PFA (pH 7.4) solution, and then fixed overnight. Samples were 

trimmed and sent to the Histological Core Facility at University of North Carolina at Chapel 

Hill for further process. Five micron sections were stained with H&E (hematoxylin and 

eosin) and Mason’s trichrome staining. Lipoic acid in tissue sections were visualized by the 

immunoflourescence procedures with a rabbit anti-lipoic acid polyclonal antibody 

(Calbiochem, San Diego, CA) and a goat anti-rabbit IgG antibody conjugated with Alexa 

Fluor 594 (Invitrogen, Carlsbad, CA). Slides were examined using a Nikon Eclipse TE300 

microscope attached with either a Nikon D100 camera or a CoolSnap Photometrics HQ 

camera from Media Cybernetics with Image-Pro Plus 5.0 software. 
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2.2.7 Statistical Analysis 

Statistical analyses were carried out with JMP software (SAS, Cary, NC). Values 

reported here is mean ± SEM. Effect of genotype and drug treatment was analyzed by two-

factorial ANOVA followed by Tukey-Kramer test. Student’s t test was used for comparison 

between heterozygous and wild type mice group. P<0.05 was considered as a statistical 

significance. 
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2.3 RESULTS 

 

2.3.1 Energy Metabolism in Lias Heterozygous deficient mice after LPS administration 

Since lipoic acid is an important cofactor for the enzyme complexes locating in the 

TCA cycle and participating in oxidative metabolism of glucose, blood glucose and body 

temperature at different time points following LPS administration were monitored in the Lias 

heterozygous mice (n=10) and wild type mice (n=12). Similar as septic shock patients, the 

LPS-administered mice showed a typical biphasic response of hepatic carbohydrate 

metabolism (Maitra et al., 1999) with an initial hyperglycemia followed by a profound 

hypoglycemic phase (Fig 2.2.). No significant difference was observed in blood glucose 

levels at any time point between Lias heterozygous and wild type mice, however, the blood 

glucose levels in the Lias heterozygous mice tended to be higher at basal level and during 

hyperglycemic phase but lower during the hypoglycemic phase resulting in a steeper drop 

between 1 hour to 2 hour after treatment of LPS than wild type mice group (P<0.0012). 

Marked change in body temperature, either fever or hypothermia, is a hallmark of 

endotoxemia in laboratory animal experiments (Kozak et al., 1994), and this was observed in 

all LPS-administered mice in our study with the body temperature reduction to mean of 28°C 

(Fig 2.3.). These data suggest that decreased energy metabolism in the wild type mice upon 

LPS treatment is the same in the mice with reduced Lias gene activity. 
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Figure 2.2. Measurement of blood glucose level before and after LPS administration. 
Blood glucose level was measured before and after the LPS administration in Lias 
heterozygous and wild type groups. Biphasic response (Hyperglycemia and hypoglycemia) 
was observed after LPS administration in both genotypes; However, both genotypes 
developed hypoglycemia. 
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Figure 2.3. The measurement of body temperature before and after LPS 
administration. The body temperature was measured before and after LPS administration in 
both genotypes. Both genotypes showed decreased body temperature (hypothermia) after 
LPS administration, however, genotypic difference was not observed. 
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2.3.2 Peripheral WBC and Platelet counts in Lias heterozygous deficient mice after LPS 

administration 

The platelet counts fell following injection of LPS similarly in mice of both 

genotypes until at 4 hour when response of the two genotypes diverged. At 8 hour time point, 

platelet counts in Lias heterozygous mice continued to reduce whereas wild type group 

started to recover, however, the counts of the platelet of these two groups reached to similar 

levels at 16 hour time point (Fig 2.4.). Mean platelet volume in these two groups did not 

change during this course (Fig 2.5.) implying that decreased platelet numbers in Lias 

heterozygous mice was not due to the reduction of platelet generation in bone marrow. 

Likewise, circulating WBC was markedly decreased, reaching to a minimum (Approximately 

20%) at 4 hour post-injection of LPS and followed by a return back to an about 50% normal 

level at 8 hour in wild type mice group. In contrast, Lias heterozygous mice showed a similar 

degree of reduction but a significant delay in the recovery at 8 hour and 16 hour compared to 

wild type mice (Fig 2.6.).  

To test whether the decreased levels of WBC and platelets were due to enhanced 

sequestration in tissues in lungs and liver upon LPS challenged Lias heterozygous animals, 

we measured the activity of MPO, an enzyme primarily produced by neutrophils in lung and 

liver at 8 hour after LPS challenge. As shown in Fig 2.7., MPO activities in the Lias 

heterozygous mice were twice as much as that of wild type tissues (Lung:1.13±0.18 U/mg 

protein vs 0.49±0.06 U/mg protein, P<0.05; Liver:0.565±0.1 U/mg protein vs 0.232±0.059 

U/mg protein P<0.05). These data suggest that lungs and livers of Lias heterozygous mice 

contain more WBC at 8 hour and 16 hour and that the release of marginated leukocytes to 

circulation is significantly impaired in Lias heterozygous mice compared to wild type mice. 
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Figure 2.4. Measurement of platelet counts before and after LPS administration. 
Platelet counts were measured before and after LPS administration. Four hours after LPS 
administration, Lias heterozygous mice show low counts of platelet and delayed recovery of 
platelet compared to wild type mice. Both reached similar platelet counts after 16 hours. 
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Figure 2.5. Measurement of mean platelet volume before and after LPS administration. 
Mean platelet volume was measured before and after LPS administration. Their average 
platelet volume did not change before and after LPS administration, and genotypic difference 
was not observed. 
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Figure 2.6. Measurement of white blood cell counts before and after LPS 
administration. WBC counts before and after LPS administration was measured. Both 
showed decreased WBC after LPS administration, however, Lias heterozygous mice showed 
significant reduction in WBC counts and delayed recovery compared to wild type littermates. 
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Figure 2.7. Measurement of MPO activity in lung and liver. The levels of MPO 
(myeloperoxidase) in llung and liver after LPS administration. The MPO activity of the Lias 
heterozygous mice in lung and liver significantly increased upon LPS administration due to 
increased levels of neutrophil activity. 
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2.3.3 Organ damage in Lias heterozygous deficient mice after LPS administration 

Leukocytes sequestration in the tissues is thought to be responsible for the organ 

damage induced by LPS (Lukaszewicz et al.,1996). Serum levels of ALT, AST and BUN in 

the Lias heterozygous and wild type mice were not different in the basal. However, mean 

serum levels of AST was much higher in the Lias heterozygous mice group than the wild 

type mice (Lias +/-: 412 U/L, Lias +/+: 178 U/L, P<0.001, Fig 2.8.), and the ALT level was 

also significantly elevated in the Lias heterozygous mice compared to wild type mice group 

(Lias +/-: 100 U/L, Lias +/+: 68 U/L, P<0.01, Fig 2.9.). These data suggest that Lias 

heterozygous mice are much more sensitive to LPS-induced hepatic damage. Similarly, 

serum BUN levels in Lias heterozygous mice and wild type were the same before LPS 

challenge (Lias +/-: 10.4±1.3 mg/dl, Lias +/+: 11.5±1.7mg/dl), but marked increase was 

detected in both Lias heterozygous and wild type mice after LPS challenge (Lias +/-: 

41.6±5.7mg/dl, Lias +/+: 36.4±2.3mg/dl, P=0.25, Fig 2.10.). The genotypic effect on serum 

BUN levels was not significant suggesting that the reduced Lias had a lesser effect on the 

kidney damage than on the liver damage at the 8 hour time point.  

Light microscopic evaluation of the lung and liver in both genotypes at 8 hour after 

LPS challenge confirmed that the infiltration of inflammatory cells are more extent in the 

Lias heterozygous mice group than in the wild type mice (Fig 2.11.). Neutrophil infiltration 

in the lung of the Lias heterozygous mice was also more evident compared to that of wild 

type mice group. One Lias heterozygous mouse out of total 17 mice had severe liver necrosis 

while one wild type mouse out of total 16 mice had small but histologically detectable lover 

necrosis. These observations indicate that the delayed recovery of platelets and leukocyte 



26

counts in circulation of Lias heterozygous mice is associated with enhanced tissue damage in 

response to LPS challenge.  
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Figure 2.8. Measurements of plasma AST (aspartate aminotransferase) before and after 
LPS administration. Plasma levels of AST (an indicator of liver damage) were measured 
before and after LPS administration. Before LPS administration, both genotypes showed no 
sign of liver damage, however, AST level significantly increased in the Lias heterozygous 
mice compared to wild type after eight hours of LPS administration. (Black bar represents 
Lias heterozygous mice and solid bar represents wild type mice, number represents the 
number of animal used for experiment). 
.
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Figure 2.9. Measurement of plasma ALT (alanine aminotransferase) before and after 
LPS administration. Plasma levels of ALT (an indicator of liver damage) were measured 
before and after LPS administration. Before LPS administration, both genotypes showed no 
sign of liver damage, however, ALT level significantly increased in the Lias heterozygous 
mice compared to wild type after eight hours of LPS administration. (Black bar represents 
Lias heterozygous mice and solid bar represents wild type mice, number represents the 
number of animal used for experiment). 
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Figure 2.10. Measurement of plasma BUN (Blood urea nitrogen) before and after LPS 
administration. Plasma levels of BUN (indicator of kidney damage) were measured before 
and after LPS administration. Before LPS administration, both genotypes showed no sign of 
kidney damage, however, the levels of BUN significantly increased in both groups but no 
genotypic difference was observed after LPS administration. 
 



30

A

B

C

D

Lias+/-

Lias+/+

A

B

C

D

Lias+/-

Lias+/+

 

Figure 2.11. Histological analysis of lung and liver after LPS administration. H&E 
staining of lung and liver tissue. After LPS administration, Lias heterozygous mice showed 
enhanced infiltration of inflammatory cells and tissue damage in liver and lung compared to 
wild type littermates. 
A, B, lung sections of both genotypes after LPS administration; C, D, liver sections of both 
genotypes after LPS administration 
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2.3.4 Induction of Plasma Cytokines 

To examine whether the increased tissue damage is related to enhanced 

inflammatory response to LPS challenge in the Lias heterozygous mice, serum levels of the 

pro-inflammatory cytokines, TNF-α, IL-6, MCP-1 and the anti-inflammatory cytokine IL-10 

were measured at 0, 2, 4, and 8 hour after LPS injection. Basal level of TNF-α, IL-6, IL-10 

and MCP-1 in sera of Lias heterozygous mice and wild type mice group was not different. At 

2 hour after LPS administration, plasma cytokine levels were significantly increased 

compared to basal level. The mean serum TNF-α level at 2 hour in Lias heterozygous mice 

was significantly higher than in wild type mice (Lias +/-: 7.4±0.5 ng/ml, Lias +/+: 

4.3±1.0ng/ml, P<0.01 Fig 2.12.). IL-10 was also higher in the Lias heterozygous mice at 2 

hour, but the difference was not statistically different (Fig 2.13.). Both TNF-α and IL-10 

levels were decreased with the time and at 8 hour time point, but the serum levels in both 

genotypes were not different. In contrast, IL-6 and MCP-1 levels were increased at 2 hours 

after LPS injection and remained relatively high at 8 hours in mice with both genotypes (Fig 

2.14., Fig 2.15.). These data indicate that the inflammatory cytokine response in the mice 

with heterozygous deficiency of the Lias may be exaggerated in the very early phase of 

infection, but not in the later phase of infection.  

NF-κβ regulates inflammatory reactions through its binding to the promoter regions 

of many genes including TNF-α. To investigate whether the sensitivity of Lias heterozygous 

mice to LPS challenge occurs via the activation of NF-κβ signaling pathway, NF-κβ DNA-

binding activity was examined in the nuclear extracts of liver tissue from the untreated and 

LPS-administered mice. NF-κβ p65 was highly activated in the livers of mice of the both 

genotypes at 8 hour after LPS challenge as demonstrated by the five fold increase in the 
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absorption, at the OD450nm (0.49±0.1 vs 0.1±0.01, P<0.001, Fig 2.16.). However, levels of 

NF-κβ activation in Lias heterozygous and wild type mice were virtually were identical, 

suggesting that the activation of NF-κβ is not responsible for the increased tissue damage 

seen in the Lias heterozygous mice group at 8 hour post infection. 
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Figure 2.12. Measurement of plasma TNF-alpha before and after LPS administration. 
The plasma levels of TNF-alpha significantly increased after 2 hour of LPS administration in 
Lias heterozygous mice compared to wild type littermates, however, both genotypes reached 
similar levels after 4 hour of LPS administration. 
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Figure 2.13. Measurement of IL-10 before and after LPS administration. The plasma 
levels of IL-10 increased after 2 hour of LPS administration in Lias heterozygous mice 
compared to wild type littermates but did not reach statistical significance. However, both 
genotypes reached similar levels after 4 hour of LPS administration. 
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Figure 2.14. Measurement of plasma IL-6 before and after LPS administration. The 
plasma levels of IL-6 increased after 2 hour of LPS administration in groups of mice, 
however no genotypic difference was observed. 
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Figure 2.15. Measurement of plasma MCP1 before and after LPS administration. After 
LPS administration, plasma levels of MCP1 increased in both genotypes and remained 
relatively high during the experiment. No genotypic difference was observed. 
 



37

control  LPS control LPS
0.00

0.25

0.50

0.75

1.00

M utate d oligo
WT oligo

NS

p<0.001

Untreate d

p<0.001

Lias+/+ Lias+/-

N
F-
κB

(O
D

)

Figure 2.16. Measurement of NF-ĸβ in liver before and after LPS administration. After 
LPS administration, NF-ĸβ activation was significantly increased in both genotypes. 
However, genotypic difference was not observed in NF-ĸβ activity upon LPS administration. 
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2.3.5 Increased Oxidative Stress in Lung and Liver 

LPS-induced septic shock increases oxidative stress (Galley et al., 1997; Goode et 

al., 1995; Hewett et al., 1993; Macdonald et al., 2003; Shenkar et al., 1999; Sakaguchi et al.,

2006; Takeda et al., 1986). We, therefore, examined GSH in erythrocyte, lung and liver, and 

TBARS in plasma, lung and liver at 8 hour after LPS-injection. Plasma TBARS was 

increased and erythrocyte GSH was decreased by LPS challenge, but there was no 

statistically significant difference between two genotypes. In contrast, TBARS in lungs and 

livers of Lias heterozygous mice at 8 hour post infection were 70% and 100% more 

respectively, than those in the wild type mice group while liver GSH was significantly lower 

(Fig 2.17., Fig 2.18.). Similarly, serum nitrite levels were increased 10 times in response to 

LPS challenge in the both wild type (211.2±20.9µM at 8 hour vs. 20±2.1µM basal level, 

P<0.001), but not statistically significant (Fig 2.19.). The Lias heterozygous mice had 

slightly higher NOx levels in the liver than wild type mice (Lias +/-: 0.91±0.19µmol/mg 

protein, Lias +/+:0.81±0.10µmol/mg protein, P=0.6), but the difference between two 

genotypes was not significant. 

As expected, the basal expression of the Lias gene assessed by the real time RT-PCR 

in the livers of the Lias heterozygous mice were approximately 50% of that in the wild type 

mice. At 8 hour after LPS-injection, the Lias gene expression was markedly reduced by in 

both groups by 70% (P<0.001, Fig 2.20.). Immunostaining of the liver sections with anti-LA 

antibody showed that the number of LA-positive hepatocytes of the Lias heterozygous mice 

was much less than wild type mice group after LPS-challenge (Fig 2.21) suggesting that, in 

addition to the reduced lipoic acid production, lipoic acid in the liver of Lias heterozygous 

mice was consumed to a greater extent. These results suggest that although the general 
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oxidative stress in response to LPS treatment as measured in the plasma is the same, the 

tissue of the Lias heterozygous mice demonstrate increased oxidative stress than those of 

wild type mice, reflecting an impaired endogenous antioxidant reserve and/or increased 

damage in these tissues. 
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Figure 2.17. Measurement of TBARS in lung and liver after LPS administration. After 
LPS administration, levels of lipid peroxidation, TBARS, significantly increased in lung and 
liver of Lias heterozygous mice compared to wild type littermates. (Black bar represents Lias 
heterozygous mice and solid bar represents wild type mice, number represents the number of 
animal used for experiment). 
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Figure 2.18. Measurement of GSH in lung and liver after LPS administration. After LPS 
administration, levels of antioxidant capacity, GSH (reduced glutathione), significantly 
decreased in liver and lung of Lias heterozygous mice compared to wild type littermates. 
(Black bar represents Lias heterozygous mice and solid bar represents wild type mice, 
number represents the number of animal used for experiment). 
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Figure 2.19. Measurement of plasma NO before and after LPS administration. Before 
LPS administration, plasma levels of NO (indicator of oxidative stress) shows relatively low, 
however, both genotypes significantly increased after LPS administration. No genotypic 
difference was observed upon LPS administration. 
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Figure 2.20. Measurement of lias gene activity in liver before and after LPS 
administration. As expected, Lias heterozygous mice showed half reduced levels of Lias 
gene in the liver. After LPS administration, lias gene expression was significantly decreased 
in both genotypes, however, genotypic difference was not observed. 
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Figure 2.21. Immunoflourescence of lipoic acid in liver after LPS administration. The 
level of lipoic acid upon LPS administration is decreased more in Lias heterozygous mice 
compared to wild type littermates, and this indicates that lipoic acid is consumed more in 
Lias heterozygous mice compared to wild type mice.  
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2.3.6 Enhanced Expression of Inflammatory Genes 

To gain further insights into the mechanisms underlying the enhanced tissue 

sequestration of leukocytes in the Lias heterozygous mice compared to wild type mice, we 

analyzed the expression of some of the LPS-inducible genes in the livers at 8 hour post 

infection by real time RT-PCR (Table 2.2.). Among cytokines and chemokines important for 

recruiting white blood cells into the tissues, expression in the Lias heterozygous livers of 

GRO gene, a major chemoattractant protein for neutrophils, was three fold that in the wild 

type liver, while those for MIP1-α and MCP1, two major chemoattractant proteins for 

macrophages, were not significantly different between two groups. The expression trend of 

TNF-α was higher in Lias heterozygous mice than wild type mice. Of the genes related to 

leukocyte trafficking, small increases were seen in intracellular cell adhesion molecule 

(ICAM-1) and vascular cell adhesion molecule (VCAM-1) expression in the Lias 

heterozygous mice livers, but expressions of L-selectin and E-selectin were not different. 

Lias genotype had no effects on the expression of the genes for MnSOD, iNOS and CD14 in 

the liver. Taken together, these gene expression data suggest that the impaired recovery of 

the plasma WBC and platelet counts after LPS-administration in the Lias heterozygous mice 

is likely due to enhanced tissue response leading to continual recruitments of neutrophils via 

GRO and infiltration through increased expression of cell adhesion molecules on 

endothelium.  
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Table 2.1. 
TaqMan Primers and Probes 

Gene  Type   Sequence (5’-3’) 
Lias  Forward GGG TCT GGA TTA TGT TGT CC 
 Reverse CAT GAC ACG GTC TTG GCG AT 
 Probe  f CCC GTC GGC CAC ATC ATC TCG AT q 
 
MnSOD Forward AAG GAG CAA GGT CGC TTA CA 
 Reverse AGC AGC GGA ATA AGG CCT GT 
 Probe  f TGC TGC CTG CTC TAA TCA GGA CCC A q 
 
TNF-a  Forward CAC ACT CAG ATC ATC TTC TCA A 
 Reverse AGC TGC TCC TCC ACT TGG T 
 Probe  f AGC CTG TAG CCC ACG TCG TAG CA q 
 
ICAM-1 Forward ACT GAG GAG TTC GAC AGA AC 
 Reverse AGG ACC GGA GCT GAA AAG TT 
 Probe  f CCG CTA GCT CCA AAA CGC AGC G q 
 
VCAM-1 Forward GTA TCC ACG TGG ACA TCT AC 
 Reverse CAC TTG ACT GTG ACC GGC TT 
 Probe  f TCA ATT CAG TGG CCC CCT GGA GG q 
 
E-Selectin Forward GGA TGC CGC CTA CCT GTG AA 
 Reverse AGG TTC CTG CCG CAG AAA GT 
 Probe  f TCA GCC CCA CCC GTC CCT TGG TA q 
 
L-Selectin Forward AAC ACA GTG TGG AGC ATC TG 
 Reverse CTC CAA AGG CTC ACA CTG GA 
 Probe  f TGG TCA TCT CCA GAG CCA ATC TGC CA q 
 
GRO  Forward GCT TGA AGG TGT TGC CCT C 
 Reverse AGG CAA GCC TCG CGA CCA T 
 Probe  f ACC CAA ACC GAA GTC ATA GCC ACA CTC q 
 
MIP-1a Forward ACC AAG TCT TCT CAG CGC CA 
 Reverse AAT CTT CCG GCT GTA GGA GA 
 Probe  f AGC TGA CAC CCC GAC TGC CTG CTG q 
 
MCP1  Forward CTG GAG CAT CCA CGT GTT G 
 Reverse TGG GAT CAT CTT GCT GGT GA 
 Probe  f AGC CAG ATG CAG TTA ACG CCC CAC T q 
 
eNOS Forward GAC AGA CTA CAC GAC ATT GAG 
 Reverse ATG GTC CAG TTG GGA GCA TC 
 Probe  f CTA CAA CCT GCC CCC ATG ACT TTG q 
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iNOS Forward GAG CCT TTA GAC CTC AAC AG 
 Reverse TGC TGG GAT TTC AGC CTC AT 
 Probe  f CCT CAG CAG CAT CCA TGC AAA GAA CG q 
 
IFN-γ Forward GTG GCA TAG ATG TGG AAG AAA AGA 
 Reverse TTT CAT GTC ACC ATC CTT TTG C 
 Probe  f TC TCT TCT TGG ATA TCT GGA GGA ACT q 
 
NF-ĸβ Forward AAG TGA TCC AGG CAG CCT TC 
 Reverse CTA TGT GCT GCC TCG TGG AG 
 Probe  f TC AGG TCC ACT GTC TGC CTC TCT CGT q 
 
MCAD  Forward GAG CAG GTT TCA AGA TCG CA 
 Reverse ACT TCG TGG CTT CGT CTA GA 
 Probe  f CTA GCC CGA CAG CGC CAG CT q 
 
β-MHC Forward AGC TCA GCC ATG CCA ACC GT 
 Reverse TGA GTG TCC TTC AGC AGA CT 
 Probe  f AGG CTC TTC ACT TGT TTC TGG GCC TCA q 
 
ANF  Forward GAG AAG ATG CCG GTA GAA GA 
 Reverse AAG CAC TGC CGT CTC TCA GA 
 Probe  f ATG CCC CCG CAG GCC CGG q 
 
Collagen I Forward AGA GCA TGA CCG ATG GAT TC 
 Reverse ATT AGG CGC AGG AAG GTC AG 
 Probe  f CTC CGA CCC CGC CGA TGT CG q 
 
Collagen III Forward          CAG TTC TAG AGG ATG GCT GT  
 Reverse           TAG TCT CAT TGC CTT GCG TG 
 Probe  f CTG TCT TGC TCC ATT CCC CAG TGT G q 
 
β-Actin Forward CTG CCT GAC GGC CAG GTC 
 Reverse CAA GAA GGA AGG CTG GAA AAG A 
 Probe  t CAC TAT TGG CAA CGA GCG GTT CCG q 
 
f, Reporter dye1 (FAM:6-carboxyfluorescein); t, Reporter dye2 (TET:Tetrachloro-6-
carboxyfluorescein); q, Quencher dye (TAMRA: 6-carboxytetramethyl1-rhodamine) 
 

Table 2.1. RT-PCR sequences. Sequences of forward, reverse primers and probes of all 
mRNA analysis. 
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Table 2.2. Relative gene expression in the liver of mice at 8hr after LPS infection 

Gene Lias+/+ Lias+/- P 

GRO 0.82±0.24 (6) 2.35±0.46 (6) 0.02 

MIP1α 1.27±0.25 (6) 2.20±1.22 (6) 0.47 

MCP1 1.13±0.25 (6) 1.00±0.21 (5) 0.71 

TNFα 1.28±0.29 (6) 1.92±0.22 (5) 0.12 

ICAM-1 0.90±0.11 (12) 2.72±0.96 (11) 0.06 

VCAM-1 1.00±0.16 (12) 1.73±0.26 (11) 0.03 

L-selectin 1.04±0.11 (6) 1.25±0.11 (5) 0.21 

E-selectin 1.18±0.30 (6) 1.13±0.20 (5) 0.91 

MnSOD 0.95±0.09 (12) 1.04±0.13 (11) 0.57 

iNOS 1.49±3.5 (9) 1.95±0.46 (8) 0.44 

CD14 1.06±25 (9) 1.03±0.14 (8) 0.93 

PaiI 1.06±0.15 (6) 0.75±0.19 (5) 0.22 

Table 2.2. Relative gene expression in the liver of mice at 8hr after LPS infection. Data 
are expressed as mean ±SE relative to the mean expression in the Lias+/+ liver as 1.00. The 
number of animals is in parentheses. P values between the two genotypes were calculated by 
Student’s t-test. 
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2.4 DISCUSSION 

In this study, we found that the Lias heterozygous mice are more sensitive to LPS 

induced oxidative stress and tissue damage. They develop thrombocytopenia and leucopenia 

in early phase of infection to similar degrees with wild type mice, but are significantly 

impaired in their recovery at 8 hour post infection. Higher expression of genes for GRO and 

VCAM-1 and diminished lipoic acid in the Lias heterozygous mice liver compared to wild 

type suggest that reduced ability to combat with oxidative stress caused continual recruitment 

and infiltration of neutrophils leading to an exacerbated tissue damage.  

LPS is known to induce inflammatory reactions and oxidative stress in experimental 

animals. Thrombocytopenia, leukocytosis and hyperglycemia followed by hypoglycemia are 

among the hallmarks of early endotoxinemia, and a marked increases of serum cytokines, 

such as TNF-α and IL-1, have been implicated for the cause of these symptoms. We found 

that TNF-α, a pro-inflammtory cytokine, and IL-10, an anti-inflammatory cytokine were 

higher in Lias heterozygous mice than in wild type mice at 2 hour after LPS challenge. 

However, their levels at later stages and those of IL-1b and MCP-1 did not differ between the 

two genotypes, although they were markedly increased over the basal levels. NF-κβ regulates 

many gene expression such as TNF-α through its binding sites in the promoter region 

(Collins et al., 1995) and the NF-κβ activity in the liver increased about 4-5 fold at 8 hour 

upon LPS challenge. Nevertheless, since almost the same amount of NF-κβ was activated in 

both groups, NF-κβ activation may not be the major cause of the enhanced susceptibility to 

the LPS induced tissue damage of the mice with heterozygous deficiency of Lias. Similarly, 

although some evidence suggests that continual production of NO derived from up-regulation 

of NO synthase after LPS challenge may cause hepatocellular damage, either directly or 
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indirectly by forming reactive nitrogen intermediates (Li et al., 1999), we observed no 

significant differences in the NO levels in both plasma and liver between the two genotypes. 

Likewise, upregulation of iNOS gene expression induced by LPS were same in both 

genotypes. These findings differ from the effects of exogenously administered LA observed 

by other investigators. For example, Suntres reported that intraperitoneal pretreatment with 

LA significantly alleviated LPS induced tissue injuries by decreasing LPS induced TNF-α

and NO concentration in plasma and lipid peroxidation in liver (Suntres, 2003). Similarly, it 

has been reported that LA inhibits the activation of NF-κβ in human T cells exposed TNF-α

(Roy et al., 1998) and in cultured aortic endothelial cells challenged with advanced glycation 

end products (Bierhaus et al., 1997). 

Our results showed that the neutrophil, lymphocyte and monocyte counts 

continuously drop during the first 4 hours of infection, but started to recover after 4 hours in 

wild type mice. The initial drop could be explained by destruction of peripheral blood cells, 

shift of the cells from circulating pool to the marginated pool and/or hemorrhage and 

sequestration within the tissue. The subsequent rise of blood leukocyte counts in these mice 

may be explained by cellular release from the marrow reservoir, or a reversal of the shift 

from a marginated pool to a circulating pool. Reduced Lias expression in the Lias 

heterozygous mice has almost no effect on the initial drop, even though both pro-

inflammatory TNF-α and anti-inflammatory IL-10 levels in their plasma are higher than in 

wild type mice during the early phase. However, the Lias heterozygous mice are severely 

impaired in the recovery phase. Thus, the WBC counts in these mice at 8 and 16 hours after 

infection remained low, and inflammatory cell infiltration (Leukocyte extravagation) in the 

liver and lung were more pronounced than in wild type tissue judged by the tissue MPO 
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activities and histological assessments. These were accompanied by a significant increase of 

oxidative stress biomarkers in these tissues at 8 hour after LPS administration. Increased 

expression of the gene for GRO in the liver suggests that enhanced endothelial activation and 

recruitment of neutrophils. 

The impairment in the process of leukocytes from margination back to circulation in 

the Lias heterozygous mice suggests that lipoic acid affects proteins involved in the 

leukocytes trafficking. Reactive oxygen species and other inflammatory mediators including 

cytokines activate endothelium and up-regulate the density of ICAM-1 and platelet-

endothelial cell adhesion moleculae-1 (PECAM-1) and induce exposure of P- and E-selectin 

on endothelium (Springer, 1990). Thus, we found that gene expression of VCAM-1 was 

significantly higher in the Lias heterozygous mice livers than the wild type. The expression 

of genes for ICAM showed a similar trend. In contrast, gene expression of E- or L-selectin 

was not different. Although the levels of active proteins were not measured, these results 

suggest than endogenous LA production may affect adhesiveness of endothelial cells for 

neutrophils/monocytes. This is consistent with the findings by Zhang and Frei who showed 

that exogenous LA can inhibit TNF-α induced expression of ICAM-1 and VCAM-1 at the 

mRNA level in cultured human aortic endothelial cells (Zhang and Frei, 2001) and by 

Chaudhary et al. who demonstrated the ability of lipoic acid to inhibit up-regulation of 

ICAM-1 and VCAM-1 in endothelial cells on central nervous system in mice (Chaudhary et 

al., 2006) although the detailed anti-inflammatory mechanisms of lipoic acid remain elusive. 

Thrombocytopenia commonly takes place in septic shock due to peripheral 

abnormalities associated with platelet loss or increased destruction of margination of 

activated platelets into the peripheral circulation (Stephan et al., 1999; Vincent et al., 2002). 
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LPS has been shown to increase platelet aggregation in animal model (Itoh et al., 1996; Sheu 

et al., 1999). Noticeably, neutrophil infiltration in lung of LPS treated Lias heterozygous 

mice is consistent with a report by Strange et al. that platelets attenuate oxidant-induced 

permeability in endothelial cells in glutathione-dependent mechanism (Strange et al., 1996). 

This mechanism may be also account why both platelets and WBC shared the similar 

recovery curve at 4 hour after LPS injection in wild type mice. Recently, Andonegui et al.

reported that platelets express functional levels of TLR4 ad that the presence of TLR4 on 

platelets is essential for the LPS induced thrombocytopenia (Andonegui et al., 2005). The 

authors also demonstrated that LPS induced platelet sequestration is entirely dependent upon 

neutrophil accumulation into the lung. 

Activated leukocytes and macrophages trigger a large amount of ROS production 

during sepsis. Glucose uptake of these cells increases through membrane translocation of 

Glut1 and its transcriptional up-regulation. The energy in these mitochondria-poor cells is 

then provided by the hexose-monophosphate shunt with pyruvate and lactate as end products. 

Alteration of glucose metabolism in cells, such as hepatocytes, also takes place concurrently 

with increased expression of genes for glycolytic enzymes and reduction of key enzymes in 

TCA cycle. Thus, pyruvate dehydrogenase (PDH) enzyme activity reduces through 

phosphorylation of the subunit E1 to an inactive form by increased PDH kinase activity. LPS 

challenge also results in transcriptional suppression of the PDH-E1 and E2 genes in various 

organs (Kim et al., 2006). Since the major source of the cellular ROS is through oxidative 

phosphorylation in mitochondria, reduction of oxidative metabolism is consistent with the 

body’s attempt to cope with an increased oxidative stress. In the current work, we found that 

that LPS markedly decreased the Lias gene expression. Since LA is a mandatory cofactor for 
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PDH and a-KDH, reduction of Lias also ensures the reduction of oxidative metabolism under 

sepsis. This metabolic change induced by LPS is the same as switch required for cellular 

adaptation to hypoxia, though whether sepsis induces hypoxic condition or not has been 

under continual debate, hypoxia-inducible factor 1a has been implicated to activation of 

genes such as glucose transporters, glycolytic enzymes, PDH kinase and vascular endothelial 

growth factor. Although further studies are necessary to elucidate the mechanism underlying 

the down regulation of the Lias gene expression in sepsis, one adverse consequence of this 

down regulation is the reduction of cellular antioxidant capacity, and our immunostaining of 

the liver sections provides the evidence for the profound reduction of tissue LA in the Lias 

heterozygous mice. This further contributes to the exacerbation of tissue damage. 

In summary, the present study shows that the Lias heterozygous mice are abnormally 

sensitive to LPS induced inflammatory tissue damage and suggests that endogenous LA as an 

antioxidant reduces pathological changes of inflammation in liver and lung possibly through 

quenching ROS. These results provide additional evidence that oxidative stress is an 

important factor in septic shock and basis that antioxidant therapy can be an alternative 

treatment for endotoxin infection. 

 



CHAPTER 3 
 

ASSESSMENT OF ISOPROTERENOL AND PHENYLEPHRINE INDUCED 
PATHOPHYSIOLOGY IN LIPOIC ACID SYNTHASE DEFICIENT MICE 

 

3.1 INTRODUCTION 

Cardiac hypertrophy is associated with other forms of cardiovascular diseases such 

as hypertension, cardiomyopathy, and heart failure, and chronic pressure and/or volume-

overload to the heart followed by prolonged adaptation period often results in cardiac 

hypertrophy (Grossman et al., 1975; Bohm et al., 1997; Frey, 2004). Although chronic 

pressure and volume overload can lead to cardiac hypertrophy, its dynamic and diverse 

etiology remains elusive. Despite its diverse mechanisms and stimuli, altered metabolism in 

which metabolic shift from fatty acid oxidation to glucose oxidation in the cardiomyocytes is 

one distinctive characteristics of this disease (Barger and Kelly, 1999; Leong et al., 2002;

Bilsen et al., 2003).  

Several investigations observed enhanced activity of sympathetic nervous system 

targets many downstream signaling pathways and regulates transcriptional activities lead to 

the progression of hypertrophy in animal models (Saadane et al., 1999, 2000; Iaccarino et al.,

1999). Adrenergic receptor (adrenoceptor) activation mediates the effects of epinephrine by 

various agonistic and antagonistic pathways and can be classified into two types, alpha and 

beta which the former produces excitatory responses of smooth muscle whereas the latter 

induce inhibitory responses of smooth muscle (Heinsimer et al., 1982; Lefkowits et al.,
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1984). Isoproterenol (ISO) is one of beta-1 adrenocepters known to produce inhibitory effect 

as beta-1 agonists on smooth muscle, but it produces excitatory effect on the cardiac muscle 

(Heinsimer et al., 1982; Lefkowits et al., 1984). Phenylephrine (PE) is one of alpha-1 

adrenocepter agonist which induce vasoconstriction and inhibition of cAMP production in 

cells. Both adrenergic receptor agonists have been used widely as stimuli to induce 

hypertrophy and other cardiovascular complications (Saadane et al., 1999, 2000; Iaccarino et 

al., 1999; Shannon et al., 2006; Shizukuda et al., 1998). 

Lipoic acid is a crucial component of pyruvate dehydrogenase (PDH) and alpha-

ketogluterate dehydrogenase (KDH) enzyme complexes in glucose oxidation pathway and 

production of ATP. Several investigations with animal models of cardiovascular diseases 

including hypertrophy and cardiac failure have suggested that the dearth of conserved energy 

due to aberrant metabolism is associated with abnormal cardiac output resulting in cardiac 

complications (Huss and Kelly, 2005; Bilsen et al., 2003; Ventura-Clapier et al., 2003;

Leong et al., 2003). Reduced enzymatic activities due to reduced lipoic acid synthase gene 

activity may results in altered metabolism in the heart and reduced cardiac energy output.  

In this study, I tested hypothesis that reduced lipoic acid synthase gene activity 

increases susceptibility to cardiovascular diseases such as hypertrophy and cardiac failure 

upon cardiac specific adrenergic agonist stimulation. Heterozygous Lias deficient mice and 

wild type littermates were stimulated with isoproterenol and phenylephrine, cardiac specific 

adrenergic agonists for two weeks, to increase heart rate and to induce hypertrophy. Our data 

demonstrate that both genotypes equally developed cardiac hypertrophy with increased 

HW/BW ratio, and enhanced fibrosis. However, reduced lipoic acid synthase activity appears 
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to be adaptive and protective against mortality associated with isoproterenol and 

phenylephrine induced cardiac hypertrophy.  
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3.2 MATERIALS AND METHODS 

 

3.2.1 Mice and Adrenergic Agonist Administration 

Experiments were conducted in the 5-6 months old F1 (C57/Bl6 and 129 SvEv) Lias 

heterozygous and wild type littermates. Both females and males were used. Isoproterenol 

bitartrate salt dehydrate and phenylephrine hydrochloride (Sigma-Aldrich, St Louis, MO) 

were dissolved in PBS and delivered by the ALZET mini-osmotic pump (30mg/kg/bw each, 

model #2002, DURECT Corporation, Cupertino, CA). Pump was surgically implanted 

dorsally through a small incision under the skin of anesthetized (1-4% oxygenated 

isoflourene) mice and continuously infused for 14 consecutive days (0.5µl per hour). Control 

groups received PBS. 

 

3.2.2 ECHO Cardiogram 

ECHO cardiogram (Visualsonics, Vevo Model #660, Toronto, Ontario) was 

performed on conscious mice at two time points, before and after implantation. Parameters 

such as PWSP (left ventricular posterior wall thickness septal line), IVS (intra ventricular 

septum thickness), LVID (left ventricular internal dimension), LV Vol (left ventricular 

volume) at systolic and diastolic were measured and LV % FS (left ventricular percent 

fractional shortening) and LV % EF (left ventricular percent ejection fraction) were 

calculated. All measurements were performed on conscious and strained mice. 

 

3.2.3 Body Weight and Heart Weight Measurement 
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Body weight was measured before and after pump implantation. For the heart 

weight, mice were fasted approximately 3 to 4 hours and anaesthetized with an overdose of 

avertin (2.5%, I.P.). Heart was surgically removed, rinsed in PBS and blotted gently on paper 

and weighed. The heart to body weight ratio was calculated and determined accordingly. 

 

3.2.4 RNA Isolation and Gene Expression Analysis 

Heart tissue was transferred immediately after surgical removal and stored in RNA 

later solution (Ambion, Austin, TX) overnight. RNA isolation was done by the ABI 6700 

RNA automated robot, approximately 30 to 100mg of tissue was weighed and was put into 

1ml of lysis buffer (ABI, diluted with 1X PBS). Samples were then homogenized thoroughly 

for 30 seconds for two times. Cooled down for five minutes and stored overnight at 4°C. 

Roughly, 10 to 20µl of proteinase K (10ug/µl) was added into lysate, incubated at room 

temperature for an hour and then cooled down at ice for five minutes. Approximately, 200µl

out of 1ml of lysate was applied to ABI 6700 RNA extraction robot. Remaining steps were 

followed by the manufactures’ protocol. Isolated RNA was analyzed for marker genes that 

are for hypertrophy. The relative levels and patterns of genes-MCAD, β-MHC, ANP, 

Collagen I, Collagen III and Lias were determined by real-time quantitative reverse 

transcription PCR (RT-PCR) with b-actin as the reference gene in each reaction (Kim et al.,

2002) and sequence of their primers and probe are summarized in the Table 2.1. 

 

3.2.5 Blood Sample Collection and Metabolite Measurements 

Mice were fasted for approximately 4-5 hours before collection. Retro-orbital 

bleeding was performed with heparinized capillaries to obtain blood from each animal. 
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Collection tubes were anti-coagulated with 3µl of 0.5M of EDTA and whole blood was then 

centrifuged at 1,600g for 10 minutes at 4°C to separate the plasma. Plasma levels of glucose 

(WAKO, Richmond, VA), triglyceride (Stanbio, Boernl, TX), cholesterol (WAKO, 

Richmond, VA) and free fatty acid (WAKO, Richmond, VA) were determined by enzymatic 

reaction of 2µl of plasma in 200µl of commercially available solution followed by 

spectrophotometer quantitation. A portion of frozen heart tissue was homogenized in 1ml of 

ice-cold 50mM potassium phosphate buffer (pH 7.4) and then centrifuged at 4°C of 10,000g 

for 30 minutes. The level of oxidative stress was assessed by measuring the level of lipid 

peroxidation, TBARS (Thiobarbituric Reactive Substances) in plasma and heart tissue 

homogenates (Lapenna et al., 2001) and the level of lactate in heart tissue was measured as 

described (Gutmann et al., 1974). Protein concentrations of tissue homogenates were 

determined based on the Bradford method (Bio-Rad Laboratories, Hercules, CA) and known 

concentrations of BSA (bovine serum albumin) was used as a standard. 

 

3.2.6 Histological Analysis 

Heart was surgically excised, briefly rinsed in PBS and blotted on the paper. Heart 

was then cut in half horizontally and mid-top portion of the heart was immediately kept in 

4% buffered PFA (pH 7.4) solution, and then fixed overnight. Samples were trimmed next 

day for proper size and orientation and sent to the Histological Core Facility at University of 

North Carolina at Chapel Hill for further process. Three to five micron sectioned heart slides 

were stained with H&E (hematoxylin and eosin) and Masson’s trichrome staining. 

 

3.2.7 Statistical Analysis 
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Statistical analyses were carried out with JMP software (SAS, Cary, NC). Values 

reported here is mean ± SEM. Effect of genotype and drug treatment was analyzed by two-

factorial ANOVA followed by Tukey-Kramer test. Student’s t test was used for comparison 

between heterozygous and wild type mice group. P<0.05 was considered as a statistical 

significance. 
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3.3 Results 

 

3.3.1 Survival of the Lipoic Acid Synthase Deficient Mice after ISO+PE Stimuli 

During the 14 days infusion period, survival rate of mice in four groups (wild type 

group, treated and sham; Lias heterozygous group, treated and sham) were recorded. As seen 

in Figure, 3.1., the survival curves (percentile scale) of four groups were relatively remained 

similar by the day 7 (Lias+/- treated=92%, control=91%; Lias+/+ treated=80%, 

control=88%). Surprisingly, the survival rate of the wild type group with treatment 

dramatically decreased during day 7 to 14 whereas Lias heterozygous mice with treatment 

remained relatively higher (Lias+/- treated=70%, control=91%; Lias+/+ treated=20%, 

control=88%) which indicates that Lias heterozygous deficiency appears to be protective 

against isoproterenol and phenylephrine adrenocepter agonists stimulus compared to the wild 

type mice. The other two control groups of the both genotypes (Lias+/- control=91%; 

Lias+/+ control=88%) showed minimal loss during the experiment, and no significant 

reduction of viability was observed until the end of experiment. 
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Figure 3.1. Survival curves of four experimental groups after isoproterenol and 
phenylephrine administration. Percentile survival rate was determined before and during 
the experiment. The number of alive mice was divided by the total number of mice in each 
group (death of post surgery was also counted in calculation). Number of mice, n=15 (wild 
type treated), n=8 (wild type sham), n=13 (heterozygous treated), n=11 (heterozygous sham). 
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3.3.2 Body Weight, Heart Weight and HW/BW Ratio after ISO+PE Stimuli 

I measured the body weight of all mice before and after the treatment and heart 

weight after treatment. As seen in Table 3.1., the body weight was decreased (changes 

represented as delta) after the treatment in both genotypes (Lias +/- treated =-2.4±0.98g, 

control=0.38±0.7g; Lias +/+ treated=-2.3±1.2g, control=0.65±0.6g; genotypic effect, no 

significance; treatment effect, P<0.01) and their HW/BW ratio markedly increased after the 

treatment (Lias +/- treated=0.80±0.04, control=0.52±0.02; Lias +/+ treated=0.91±0.06, 

control=0.52±0.01; genotypic effect, no significance; treatment effect, P<0.0001). Thus, the 

14 days of stimulation of alpha-1 and beta-1 adrenocepter with isoproterenol and 

phenylephrine resulted in decreased body weight and increased HW/BW ratio of all treated 

mice. However, a genotypic effect of Lias deficiency after isoproterenol and phenylephrine 

treatment was not observed. 
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Table 3.1. 

Heart weight, body weight and their ratio 

Parameters WT(Sham) WT(Treat)  Lias+/-(Sham) Lias+/-(Treat) 

BW (g)-before 33.1±2.1 31.8±1.5  28.7±2.0 29.3±1.1 

BW (g)-after 33.5±2.5 29.9±1.3  29.6±2.4 26.9±2.6 

∆BW (g) 0.65±0.6† -2.3±1.2† 0.38±0.7†† -2.4±0.98†† 

HW (g)-after 0.17±0.01‡ 0.27±0.02‡ 0.15±0.02‡‡ 0.22±0.02‡‡

HW/BW ratio 0.52±0.01* 0.91±0.06*  0.52±0.02** 0.80±0.04**  

 
†, P<0.01, Treatment effect on wild type; ††, P<0.01, Treatment effect on Lias heterozygous; 
‡, P<0.01, Treatment effect on wild type; ‡‡, P<0.05, Treatment effect on Lias heterozygous; 
*, P<0.0001, Treatment effect on wild type; **, P<0.0001, Treatment effect on Lias 
heterozygous. 
 
Table 3.1. Body weight, heart weight and their ratio before and after isoproterenol and 
phenylephrin administration. Body weight of all groups was measured before and after 
ISO+PE administration. The body weight (changes represented as delta) decreased on both 
genotypes (no genotypic effect). The heart weight increased after treatment on both 
genotypes (no genotypic effect), and relative heart and body weight ratio of both groups 
significantly increased after treatment (no genotypic effect); Wild type (sham, n=7; treat, 
n=12), Lias heterozygous (sham, n=10; treat, n=13). 
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3.3.3 ECHO Cardiogram 

I also examined the functionality of the heart by applying ECHO cardiogram before 

and after the treatment of all groups. As seen in Figure, 3.2 and 3.3, I observed increased 

thickness of the IVS (intraventricular septum) at diastolic in the treated Lias heterozygous 

group compared to Lias heterozygous control group (Lias +/- treated=0.6±0.13mm; Lias +/- 

control=-0.04±0.24mm, treatment effect, P<0.05) whereas wild type did not change upon 

treatment (Lias +/+ treated=0.45±0.22mm; Lias +/+ control=0.17±0.18mm, treatment effect, 

not significant). Also, IVS at systolic in the both groups markedly increased on both 

genotypes (Lias +/- treated=0.27±0.14mm, Lias +/- control=-0.19±0.2mm; Lias +/+ 

treated=0.44±0.12mm, Lias +/+ control=-0.01±0.16mm; treatment effect, P<0.01; genotype 

effect, not significant) upon the stimulus, but did not detect genotypic difference. I did not 

observe genotypic nor treatment effect on other parameters such as PWSP (left ventricular 

posterior wall thickness at diastolic and systolic), LVID (left ventricular internal dimension 

at diastolic and systolic), LV Vol (left ventricular volume at diastolic and systolic), LV % FS 

(left ventricular percent fractional shortening) and LV % EF (left ventricular percent ejection 

fraction) but observed trends of decreased LVID at diastolic and systolic and LV Vol at 

diastolic and systolic after stimulation for the both genotypes. The heart rate of four mice 

groups at before, after the ISO+PE stimulation and the difference (delta) are also assessed as 

seen in Table 3.2. The heart rate of all mice groups before and after agonist stimulation does 

not differ from each other. Moreover, the difference (represented as delta) of all mice groups 

was not statistically significant. 
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Figure 3.2. ECHO Cardiogram before and after isoproterenol and phenylephrine 
administration. ECHO cardiogram measurements before and after ISO and PE 
administration. Changes represented as delta values. PWSP (left ventricular posterior wall 
thickness septal line at diastolic and systolic), IVS (intra ventricular septum thickness at 
diastolic and systolic), LVID (left ventricular internal dimension at diastolic and systolic) 
were measured. After 14 days infusion, thickness of IVS at systolic and diastolic has 
increased in Lias heterozygous and wild type due to treatment, however, genotypic effect 
was not observed. Wild type (Sham, n=5; treat, n=7), Lias heterozygous (Sham, n=4; Treat, 
n=9), a unit is represented as millimeter. 
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Figure 3.3. ECHO Cardiogram before and after isoproterenol and phenylephrine 
administration. ECHO cardiogram measurements before and after ISO and PE 
administration. Changes represented as delta values. LV Vol (left ventricular volume at 
diastolic and systolic), LV % FS (left ventricular % fractional shortening), LV % EF (left 
ventricular % ejection fraction) were measured. After 14 days infusion, both genotypes show 
trends of decreased left ventricular volume with increased % fractional shortening and 
ejection fraction, however, did not reach statistical significance. Wild type (Sham, n=5; treat, 
n=7), Lias heterozygous (Sham, n=4; Treat, n=9), a unit is represented as ml in volume. 
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Table 3.2. 
Heart rate measurement before and after stimulation 

Parameters WT(Sham) WT(Treat)  Lias+/-(Sham)  Lias+/-(Treat) 

HR-before 602±31 570±33  647±18    609±30 

HR-after 723±16 658±58  666±78    730±14 

∆HR  122±35 120±72  -13.8±76    128±44  

 

Table 3.2. ECHO Cardiogram – Heart rate changes before and after isoproterenol and 
phenylephrine administration. Heart rate was measured before and after ISO and PE 
administration. Unexpectedly, heart rate of all groups was increased; however, the changes 
(represented as delta) were not different from sham and treated groups except heterozygous 
sham group. 
Wild type (Sham, n=6; Treat, n=15), Lias heterozygous (Sham, n=9; Treat, n=13) for the 
heart rate measurement before treatment; wild type (Sham, n=6; Treat, n=6), Lias 
heterozygous (Sham, n=4; Treat, n=9) for the heart rate measurement after treatment 
Unit is represented as beat per minute (BPM). 
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3.3.4 Plasma Metabolites, TBARS and Lactate Levels after ISO+PE Stimuli 

Next, I determined the plasma levels of the glucose, triglyceride and cholesterol at 

the baseline and after stimulation to monitor their metabolic changes in the whole body over 

the experimental period. Table 3.3. represents overall changes (delta) in plasma glucose, 

triglyceride, cholesterol and FFA (free fatty acid) during the experiment, and I observed 

decreased levels of blood glucose in the wild type group compared to Lias heterozygous mice 

after treatment (Lias +/- treated=-13.0±15.0mg/dl, control=14.5±13.6mg/dl, no treatment 

effect; Lias +/+ treated=-33.8±3.4mg/dl, control=61.9±16.2mg/dl, treatment effect, P<0.01). 

The plasma triglyceride levels did not differ from genotypes after stimulation (Lias +/- 

treated=-18.3±10.8mg/dl, control=-22.5±7.5mg/dl, Lias +/+ treated=-3.8±1.5mg/dl, control=-

20.8±9.6mg/dl, no treatment effect, no genotype effect), and the cholesterol levels did not 

differ from genotypes before and after the treatment (Lias +/- treated=8.6±6.2mg/dl, 

control=17.8±3.3mg/dl, Lias +/+ treated=13.0±11.0mg/dl, control=27.1±4.2mg/dl, no 

treatment effect, no genotype effect). I also measured FFA (free fatty acid) after the 

adrenergic agonist stimulation whether the chronic infusion over two weeks influence FFA 

levels in the plasma, but did not detect any genotypic nor treatment effect on all experimental 

groups (Lias +/- treated=1.22±0.05mEQ/L, control=1.28±0.06mEQ/L, Lias +/+ 

treated=1.17±0.02mEQ/L, control=1.25±0.06mEQ/L, no treatment effect, no genotype 

effect). 

Isoproterenol and phenylephrine are adrenocepter agonists that stimulate and excite 

the cardiac functions. Chronic stimulation act as chemical stress, and often results in cardiac 

toxicity (Ishizawa et al., 2006; Rajadurai et al., 2006; Diaz-Munoz et al., 2006), so we 

assessed the plasma and tissue levels of oxidative stress by measuring the lipid peroxidation 
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(TBARS) in all four experimental groups. As seen in Table, 3.3., plasma levels of TBARS 

were not detected due to low serum levels of oxidative stress in all experimental groups. 

However, I observed significantly decreased tissue levels of TBARS in the Lias 

heterozygous mice group after stimulation (Lias +/- treated=0.06±0.02nmol/mg protein, 

control=0.09±0.01nmol/mg protein, treatment effect, P<0.05; Lias +/+ 

treated=0.05±0.01nm/mg protein, control=0.06±0.01nmol/mg protein, no treatment effect). 

As expected, levels of TBARS in the Lias heterozygous control group increased compared to 

wild type control group (Lias +/- control=0.09±0.01nmol/mg protein, Lias +/+ 

control=0.06±0.01nmol/mg protein, genotype effect, P<0.05, no treatment effect). 

Lias gene is essential for energy metabolism in the mitochondria. A previous study 

showed Lias heterozygous mice have altered metabolism with increased levels of lactate in 

liver tissue may be due to the enhanced glycolytic activity (Yi et al., 2005). Several animal 

studies have indicated that altered metabolism from the fatty acid oxidation to carbohydrate 

and glucose oxidation is associated with the hypertrophy although whether this metabolic 

switch is adaptive or maladaptive is under debates (Huss and Kelly, 2005; Ventura-Clapier et 

al., 2003; Bilsen et al., 2003). In order to determine whether the enhanced glycolytic activity 

of the Lias heterozygous mice shows altered metabolism in the heart upon the ISO and PE 

stimulation, I measured the lactate levels in the heart tissue. As seen in Table 3.3., both 

genotypes show significantly decreased level of lactate in the heart tissue after the 

stimulation, however, genotypic difference was not observed (Lias +/- 

treated=0.43±0.12mmol/mg protein, control=0.68±0.02mmol/mg protein, treatment effect, 

P<0.01; Lias +/+ treated=0.31±0.07mmol/mg protein, control=0.61±0.04mmol/mg protein, 

treatment effect, P<0.05). 
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Table 3.3. 

Measurements of biomarkers after treatment in plasma and heart tissue 

Parameters  WT(Sham) WT(Treat) Lias+/-(Sham) Lias+/-(Treat) 

∆Glucose(P)  61.9±19.2** -38.8±3.4** 14.5±13.6  -13.0±15.0 

∆TG(P)  -20.8±9.6 -3.8±1.5 -22.5±7.5  -18.3±10.8 

∆Cholesterol(P)   27.1±4.2 13.0±11.0  17.8±3.3     8.6±6.2 

FFA(P)  1.25±0.06 1.17±0.02 1.28±0.06  1.22±0.05 

TBARS(P)   ND  ND   ND        ND 

TBARS(H)  0.06±0.01‡ 0.05±0.01 0.09±0.01†‡ 0.06±0.01†

Lactate(H)  0.61±0.06* 0.31±0.08* 0.68±0.07† 0.43±0.07†

Table 3.3. Measurement of metabolites in plasma and heart tissue before and after 
isoproterenol and phenylephrine administration. Plasma levels of glucose, triglyceride, 
cholesterol, free fatty acid and TBARS and tissue levels of lactate and TBARS were 
measured before and after ISO and PE administration. Significant reduction of glucose level 
in treated wild type was detected compared to Lias heterozygous mice. Level of TBARS and 
lactate in heart tissue of both genotypes lowered after ISO and PE administration. Glucose, 
triglyceride, cholesterol and FFA levels: wild type (Sham, n=8; treat, n=3), Lias 
heterozygous (Sham, n=10; Treat, n=9), unit in glucose, triglyceride and cholesterol is 
represented as mg/dl, unit in free fatty acid is represented as mEq/L. TBARS and lactate 
levels: wild type (Sham, n=6; treat, n=3), Lias heterozygous (Sham, n=4; Treat, n=4), unit in 
TBARS is represented as nmol/mg protein in tissue, and nmol/ml in plasma, unit in lactate is 
represented as mmol/mg protein; (P), plasma levels of metabolites; (H), tissue (heart) levels 
of metabolites. 
* *, P<0.01, treatment effect on wild type (Sham vs Treat); *, P<0.05, treatment effect on wild 
type (Sham vs Treat); †, P<0.05, treatment effect on Lias heterozygous (Sham vs Treat); ‡,
P<0.05 genotype effect (wild type vs Lias heterozygous); ND, not determined. 
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3.3.5 Enhanced Expression of Hypertrophic Marker Genes and Increased Fibrosis after 

ISO+PE Stimuli 

Many animal studies have shown the effects of the ISO and PE administration on 

promoting hypertrophy and congestive heart failure by stimulating various downstream 

sympathetic pathways and target genes (Saadane et al., 1999, 2000). Expression of several 

genes including MCAD, β-MHC and ANP (ANF) are known to be altered during the process 

and used as indicators of the hypertrophy (Barger and Kelly, 1999). The relative mRNA 

expression of MCAD was decreased after agonist stimulation on both genotypes (Lias +/- 

treated=55.0±10.0, control=100±10.3, Lias +/+ treated=53.0±9.5, control=100±12.4, 

treatment effect, P<0.0001, no genotypic effect) (Fig 3.4.). The expression level of β-MHC in 

the treated heterozygous group increased compared to the treated wild type mice group (Lias 

+/- treated=233±41, control=71.4±43, Lias +/+ treated=76.2±38, control=100±53, 

treatment/genotype effect was observed, P=0.05). ANP expression level of both genotypes 

tended to increase upon the isoproterenol and phenylephrine stimulation (Lias +/- 

treated=119±19.4, control=95.2±20.4, Lias +/+ treated=120.2±16.7, control=100±24.3, no 

significant treatment/genotype effect was observed), but both genotypes did not reach 

statistical significance after infusion. Relative mRNA levels of Collagen I (Lias +/- 

treated=421±155, control=116±163, Lias +/+ treated=709±139, control=100±194, no 

genotypic effect; treatment effect, P<0.01) and Collagen III (Lias +/-, treated=212±53.8, 

control=105±56.4, Lias +/+, treated=344±51.5, control=100±67.3, no genotypic effect; 

treatment effect, P<0.01), markers for fibrosis in the heart increased significantly upon the 

treatment. These data from both groups of mice implicates that ISO and PE stimulus up-

regulated Collagen I and Collagen III mRNA expression which generally results in enhanced 



73

fibrosis formation. The levels of Lias expression was not changed after ISO and PE induced 

cardiac stress on both genotypes (Lias +/-, treated=51.5±18, control=49.4±9.9, Lias +/+, 

treated=86.3±8.9, control=100±11.8, genotypic effect as expected; no treatment effect). 

Next, I assessed fibrosis formation in the heart by evaluating Masson’s trichrome 

stained heart sections (arbitrary scores were measured with degree of severity scales from 0 

to 3). As seen in Figure 3.5. and 3.6., both Lias heterozygous and wild type mice groups 

showed increased fibrosis in their heart after isoproterenol and phenylephrine stimulation 

(Lias +/- treated=2.12±0.23, control=0.65±0.48, Lias +/+ treated=2.08±0.27, 

control=0.83±0.11, no significant genotype effect was observed; treatment effect, P<0.001). 

These data indicates that both genotypes responded upon isoproterenol and phenylephrine 

cardiac stimulation regardless of their sex, and 14 days of consecutive infusion induced 

cardiac hypertrophy and cardiac fibrosis in treated mice.. 
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Figure 3.4. Relative gene expression in heart after isoproterenol and phenylephrine 
administration. After 14 days of consecutive infusion of ISO and PE, both treated groups 
showed significant decrease in MCAD, increase in Collagen I and III expression (no 
genotype effect was observed; treatment effect, P<0.01). The expression levels of ANF 
tended to increase after treatment; however, it did not reach statistical significance. Treated 
Lias heterozygous group showed increased level of β-MHC expression in the heart 
(genotype/treatment effect was observed, P=0.03). As expected, Lias gene expression is 
reduced in Lias heterozygous mice compared to wild type mice, but the relative levels of 
both genotypes did not change after treatment. 
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Lias +/+ (Sham)

Lias +/- (Sham)

Lias +/+ (Treated)

Lias +/- (Treated) X 40

Lias +/+ (Sham)

Lias +/- (Sham)
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Lias +/- (Treated) X 40  

Figure 3.5. Histological analysis of heart after ISO+PE administration. The heart 
sections stained with Masson’s trichrome, an indicator of fibrosis. After 14 days of 
consecutive ISO+PE administration, both treated groups developed mild to severe fibrosis in 
their hearts, whereas sham groups developed no fibrosis. However, no genotypic effect was 
observed. 
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Figure 3.6. Arbitrary scores of heart fibrosis after ISO+PE administration. Arbitrary 
scores of heart fibrosis from the fig. 3.5. Each slide was individually analyzed and arbitrary 
score of severity was given (severity scales are from 0, none, to 3, severe). Then, average 
was calculated for all groups. After 14 days of consecutive isoproterenol and phenylephrine 
administration, both treated groups developed mild to severe fibrosis in their hearts, whereas 
sham groups did not develop fibrosis. However, no genotypic difference was observed. 
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3.4 DISCUSSION 

In this study, I have observed reduced viability of wild type mice with isoproterenol 

and phenylephrine infusion over the 14 days experiment. Surprisingly, I observed a 

protective effect of Lias heterozygosity compared to wild type littermates upon stimulation. 

Unlike other isoproterenol and pheylephrine related animal experiments, I observed 

significantly enhanced mortality in the wild type (20% survival rate) and a protective effect 

of Lias heterozygous deficiency (70% survival rate) against adrenergic stress, although the 

concentration of these two drugs was smaller than the known LD50 (Green et al., 1980).

Isoproterenol and phenylephrine are adrenergic agonists. Isoproterenol is beta-

adrenergic receptor agonist which has known to produce systemic vasodialation, 

bronchodilation, and hypotension effects (Heinsimer et al., 1982; Lefkowitz et al., 1984). 

Pheylephrine is alpha-adrenergic receptor agonist which has known to induce 

vasoconstriction, bronchodilation, and hypertension effects (Heinsimer et al., 1982;

Lefkowitz et al., 1984). Several investigations have observed synergistic effects of increased 

cardiac outputs when both drugs are used together (Shannon and Chaudhry, 2006; Saadane et 

al., 1999; Priori et al., 1993), and continuous infusion by a mini-osmotic pump resulted in 

dramatic cardiac phenotypes such as hypertrophy and congestive heart failure in animals 

(Yutzey and Robbins, 2007; Shannon and Chaudhry, 2006; Leenen, 1999; Singal, 1982; 

Mann and Bristow, 2005).  

Observations from my osmotic mini pump experiments indicate that both wild type 

and Lias heterozygous mice responded to and developed hypertrophy upon isoproterenol and 

pheylephrine stimulation. Both treated groups lost total body weight and their heart weight 

dramatically increased compared to their respective control groups. Although I did not detect 
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any significant genotypic effect after stimulus in several parameters of the ECHO 

cardiogram, I observed trends of hypertrophy in all treated groups compared to control 

groups (increased ventricular wall thickness, decreased left ventricular internal dimension 

and left ventricular volume). However, overall changes (delta) of parameters such as heart 

rate, left ventricular percent ejection fraction, and percent fraction shortening were relatively 

the same regardless of the genotypes and treatment. This discordant result of the ECHO 

cardiogram may be due to difficulties encountered during the measurements of conscious, 

strained mice and a limited number of surviving mice which prevent us from reaching 

statistical significance. 

The data from the mRNA analysis of MCAD also revealed that both genotypes 

responded and developed cardiac hypertrophy. MCAD levels of treated groups were 

significantly reduced, indicating that their fatty acid oxidation metabolism was relatively 

equally interrupted upon cardiac stimulation, although I did not detect significantly increased 

expression levels of ANP (ANF) after treatment. Interestingly, I detected significant up-

regulation of the β-MHC mRNA level in Lias heterozygous treated mice (both treatment and 

genotype effect, P<0.05). Cardimyocytes contain two isoforms of myosin heavy chain, 

alpha- and beta. β-MHC is an isoform which is predominantly present in adult hearts whereas 

α-MHC is present only in developing fetal hearts (Krenz et al., 2003, 2004). Transcriptional 

activities of both isoforms are often considered as sensitive markers for hypertrophy and 

heart failure (Barger and Kelly, 1999). A previous study from Krenz et al. reported that β-

MHC transgenic mice were perfectly normal with significant reduction in contractile 

functions in their heart. However, a shift from α-MHC to β-MHC under the chronic 

isoproterenol stimulation was disadvantageous although the higher expression of β-MHC is 
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theoretically beneficial and adaptive in a way of preserving energy costs in the heart (Sugiura 

et al., 1998; Holubarsch et al., 1985). Since lipoic acid is an essential cofactor for enzyme 

complexes responsible for oxidative metabolism and ATP synthesis in the mitochondria, I 

hypothesized that 50% reduction of its gene activity could be detrimental to the initiation and 

progression of cardiac disease upon chronic adrenergic agonist stimulation. Instead, I 

observed a protective effect of Lias heterozygous deficiency in this experiment. Perhaps, the 

up-regulation of the β-MHC mRNA levels in the Lias heterozygous mice upon adrenergic 

stimulation implies that altered metabolism and/or reduced ATP synthesis due to the Lias 

heterozygous deficiency could be adaptive and or advantageous regarding cardiac energy 

production and consumption. In other words, a reduction of energy metabolism due to Lias 

deficiency accompanied with enhanced β-MHC expression levels due to adrenergic agonists 

stimulation by isoproterenol and phenylephrine in the heart can be adaptive and 

advantageous in this experiment. Currently, the questions remain elusive as to whether the 

altered metabolism is adaptive or maladaptive in the progression of cardiac dysfunction, and 

further assessment in regards to Lias deficiency upon variety of cardiac stimulation is 

required. 

Our analyses of metabolites in the plasma and heart tissue also indicate that treated 

wild type mice had significantly reduced plasma glucose levels when compared to treated 

heterozygous mice, although the number of analyzed wild type mice was small. Interestingly, 

I observed that the death of treated wild type mice occurred during the fasting state in the 

middle and near the end of experiments, whereas treated heterozygous mice group were 

nearly healthy under the same environmental conditions. Several studies reported that acute 

stimulation of alpha- and beta- adrenergic receptors by administering isoproterenol and 
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phenylephrine induced hyperglycemic effect resulted from glycogenolysis from the liver 

(Shannon and Chaudhry, 2006; Vardanega-Peicher et al., 2000). However, 

pathophysiological influence and effect of prolonged stimulation by isoproterenol and 

pheylephrine on the metabolism remains unknown to date because glycogenolysis upon the 

adrenergic stimulation varies with several factors such as dosage, animal models, fasting 

period and state, ages and sex (Vardanega-Peicher et al., 2000; Garcia-Sainz et al., 1992; El-

Refai et al., 1982; Bazotte et al., 1989; Studer and Borle, 1982; Katz et al., 1987). Although I 

did not investigate the levels of glycogenolysis in the liver tissue of all experimental groups, 

it is worthwhile to assess whether there is difference in regulating metabolism and/or other 

hormonal mechanisms (such as insulin and glucagons secretion) upon chronic stimulation of 

adrenergic receptors.  

I also measured the levels of lactate in the heart tissue to test the hypothesis of 

whether the altered metabolism due to the Lias heterozygous deficiency is adaptive or 

maladaptive upon the cardiac stress since previous study showed increased levels of lactate 

in the Lias heterozygous mice because of the enhanced glycolytic activity (Yi et al., 2005). 

After stimulation, lactate levels in the heart tissue of both treated groups significantly 

decreased implicating that a shift from fatty oxidation to glycolytic pathways occurred, 

although a genotypic difference was not observed. Several metabolic enzymes in 

cardiomyocytes are upregulated and down-regulated upon prolonged cardiac stress. For 

example, pyruvate dehydorgenase complex is a multi enzyme responsible for oxidative 

metabolism and it is regulated by several kinase and phosphatase isoforms. A recent study 

from Leong et al. investigated activities of PDC and its kinase/phosphates isoforms in 

hypertrophied and non-hypertrophied hearts, and whether the altered metabolism accounts 
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for the progression of heart diseases. They speculated that other possible molecular 

mechanisms of cardiac hypertrophy due to abnormal metabolism (pyruvate transport, NADH 

shuttles, lactate dehydrogenase and amino acid metabolism) leads to cardiac hypertrophy. 

I was unable to detect the plasma levels of lipid peroxidation (TBARS) before and 

after isoproterenol and phenylephrine stimulation, probably due to the insensitivity of the 

assay. However, I detected markedly lower levels of lipid peroxidation (TBARS) upon 

stimulation in the heart tissue after treatment. In the heart tissue, the level of TBARS of the 

Lias heterozygous control group was higher than the wild type control group as expected. 

Interestingly, the TBARS levels of both groups reduced after adrenergic stimulation and our 

data differ from current concepts and experimental results from other investigations 

(Ishizawa et al., 2006; Diaz-Munoz et al., 2006; Rajadurai et al., 2006). Several studies 

implicated that excessive alpha- and beta- adrenergic administration or stimulation produce 

cardiac toxicity and results in reactive oxygen production which will lead to aberrant cardiac 

energetic (Ishizawa et al., 2006; Diaz-Munoz et al., 2006; Rajadurai et al., 2006). However, 

it is also proposed that there are powerful counter regulatory and protective mechanisms of 

cardiomyocytes to reduce toxic effects of agonist stimulation (Shannon and Chaudhry, 2006). 

Therefore, it is worthwhile to investigate whether the acute or chronic toxicity triggered 

protective mechanisms of cardiomyocytes upon cardiac stimulation in this study. 

In this experiment, I observed the adaptive and advantageous effect of Lias 

heterozygous deficiency against cardiac specific adrenocepter stimulation. During the fasting 

state, mortality appeared to be enhanced in the treated wild type mice followed by 

hypoglycemia, whereas treated Lias heterozygous mice appeared to be normal and healthy. 

Consequently, adrenergic agonist stimulation induced cardiac hypertrophy on both genotypes 
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with increased HW/BW ratio, decreased activity of MCAD, and increased activity of 

Collagen I and III genes accompanied with enhanced fibrosis formation in their hearts. 

The question regarding to the death of wild type during this experiment remains 

unanswered at this point. Perhaps, increased mortality of the wild type groups and protective 

effect of Lias heterozygous deficiency upon isoproterenol and phenylephrine administration 

may be an independent phenotype despite overall cardiac changes in this study. For further 

assessment of effects of the Lias deficiency upon cardiac specific stimulation, several 

approaches such as a generation of animal models of cardiac specific Lias deficiency, 

pressure overload TAC aortic banding experiment, and in vitro assays of Lias deficiency with 

isoproterenol and phenylephrine stimulation experiments can be followed, and these methods 

will help us to elucidate possible molecular mechanisms and genetic effects of Lias 

deficiency on the initiation and progression of cardiac abnormalities. 

 



CHAPTER 4 
 

SUMMARY 

In this study, I examined the effects of the lipoic acid synthase heterozygous 

deficiency in regards to initiation and progression of complex human diseases upon 

exogenous oxidative stress such as lipopolysaccharide, isoproterenol and phenylephrine.  

I observed increased sensitivity of the Lias heterozygous deficiency upon LPS 

induced inflammatory response. In contrast, I observed protective and advantageous effect of 

Lias heterozygous deficiency upon isoproterenol and phenylephrine although both 

heterozygous and wild type littermates developed hypertrophy after stimulation. The 

protective effect of heterozygous deficiency upon isoproterenol and phenylephrine 

stimulation may not be associated with cardiac specific phenotype, and further investigations 

should be followed. 

Lias is an essential gene responsible for important steps in oxidative metabolism in 

mitochondria and it is also a candidate gene for metabolic and cardiovascular diseases. For 

better understanding of the initiation and progression of complex human diseases 

accompanied by variety of exogenous/endogenous insults, it is worthwhile to further explore 

the genetic and pathological impacts of Lias deficiency in mouse model. 

 



84

REFERENCES 

Ametov, AS., Barinov, A., Dyck, PJ., Hermann, R., Kozolova, N., Litchy, WJ., Low, PA., 
Nerdich, D., Novosadova, M., O;Brien, PC., Reljanovic, M., Samigullin, R., Schuette, K., 
Strokovov, I., Tritschler, HJ., Wessel, K., Yakhno, N., Ziegler, D. The sensory symptoms of 
diabetic polyneuropathy are improved with alpha-lipoic acid. Diabetes Care 2003; 26: 770-
776 
 

Andonegui, G., Kerfoot, SM., McNagny, K., Ebbert, KV., Patel, KD., Kubes, P. Platelets 
express functional Toll-like receptor-4. Blood 2005; 106: 2417-2423 
 

Barger, PM. And Kelly, DP. Fatty Acid utilization in the hypertrophied and failing heart: 
Molecular regulatory mechanisms. Southern Society for Clinical Investigation 1999; 318(1): 
36 
 

Bartsch, H., Nair, J. Chronic inflammation and oxidative stress in the genesis and 
perpetuation of cancer: role of lipid peroxidation, DNA damage, and repair. Langenbecks 
Arch Surg 2006; 391(5):499-510 
 

Bazotte, RB., Constantin, J., Curi, R., Kemmelmeier, FS., Hell, NS., and Bracht, A. The 
sensitivity of glycogenolysis to glucagons, epinephrine and cyanide in livers from rats in 
different metabolic conditions. Research Communications in Chemical Pathology and 
Pharmacology 1989; 64: 193-205 
 

Bielarczyk, H., Gul, S., Ronowska, A., Bizon-Zygmanska, D., Pawelczyk, T. and Szutowicz, 
A. RS-alpha-lipoic acid protects cholinergic cells against sodium nitroprusside and amyloid-
beta neurotoxicity through restoration of acetyl-CoA level. Journal of Neurochemistry 2006; 
10.1111/j.1471-4159.2006.03966.x 
 

Bierhaus, A., Chevion, S., Chevion, M. Advanced glycation end product-induced activation 
of NF-kappa B is suppressed by alpha-lipoic acid in cultured endothelial cells. Diabetes 
1997; 46: 1481-1490 
 

Bilsen, MV., Smeets, PJH., Gilde AJ., Vusse GJVD. Metabolic remodeling of the failing 
heart: The cardiac burn-out syndrome? Cardiovascular Research 2004; 61: 218-226 
 

Bilska, A., Wlodek L. Lipoic acid-the drug of the future? Pharmological Reports 2005; 57: 
570-577 



85

Bohm, M., Flesch, M., Schnabel, P. Beta-adrenergic signal transduction in the failing and 
hypertrophied myocardium. J Mol Med 1997; 75: 842-848 
 

Cecarini, V., Gee, J., Fioretti, E., Amici, M., Angeletti, M., Eleuteri, AM., Keller, JN. Protein 
oxidation and cellular homeostasis: Emphasis on metabolism. Biochim Biophys Acta 2007; 
1773 (2):93-104 
 

Chaudhary, P., Marracci, GH., Bourdette, DN. Lipoic acid inhibits expression of ICAM-1 
and VCAM-1 by CNS endothelial cells and T cell migration into the spinal cord in 
experimental autoimmune encephalomyelitis. J Neuroimmunol 2006; 175: 87-96 
 

Collins, T., Read, MA., Neish, AS., Whitley, MZ., Thanos, D., Maniatis, T. Transcriptional 
regulation of endothelial cell adhesion molecules: NF-kappa B and cytokine-inducible 
enhancers. Faseb J 1995; 9: 899-909 
 

Diaz-Munoz, M., Alvarez-Perez, MA., Yanez, L., Vidrio, S., Martinez, L., Rosas, G., Yanez, 
M., Ramirez, S., and Sanchez, VC. Correlation between oxidative stress and alteration of 
intracellular calcium handling in isoproterenol-induced myocardial infarction. Mol Cel 
Biochem 2006; 289: 125-136 
 

El-Refai, MF., and Chan, TM. Effects of fasting on hepatic catecholamine receptors. FEBS 
Letters 1982; 146: 397-402 
 

Frey, N., Katus, HA., Olson, EN., and Hill, JA. Hypertrophy of the heart: a new therapeutic 
target? Circulation 2004; 109: 1580-1589 
 

Galley, HF., Howdle, PD., Walker, BE., Webster, NR. The effects of intravenous 
antioxidants in patients with septic shock Free Radic Biol Med 1997; 23: 768-774 
 

Garcia-Sainz, JA., Romero-Avila, MT., Hernandes, RA., Macias-Silva, M., Olivares-Reyes, 
A., and Gonzales-Espinosa, A. Species heterogeneity of hepatic adreoceptors:alpha-1a, 
alpha-1b and alpha-1c subtypes. Biochemical and Biophysical Research Comuications 1992; 
186: 760-767 
 
Goode, HF., Cowley, HC., Walker, BE., Howdle, PD., Webster, NR. Decreased antioxidant 
status and increased lipid peroxidation in patients with septic shock and secondary organ 
dysfunction. Crit Care Med 1996; 23(4): 646-651 
 



86

Gotto, A. Antioxidants, statins, and atherosclerosis. J. Am Coll Cardiol 2003; 41:1205-1210 
 

Gotz, ME., Dirr, A., Burger, R., Janetzky, B., Weinmuller, M., Chan, WW., Chen, SC., 
Reichmann, H., Rausch, WD., and Riederer, P. Effect of lipoic acid on redox state of 
coenzyme Q in mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and 
diethyldithiocarbamate. Eur. J. Pharmacol 1994; 266: 291-300 
 

Green, M., Guideri, G., and Lehr, D. Role of alpha- and beta- adrenergic activation in 
ventricular fibrillation death of corticoid-pretreated rats. J of Pharmaceutical Sciences 1980; 
69: 441-444 
 

Grossman, W., Jones, D., and McLaurin, LP. Wall stress and patterns of hypertrophy in the 
human left ventricle. The Journal of Clinical Investigation 1975; 56: 56-64 
 

Halliwell, B. and Gutteridge, JMC. Free radicals in biology and medicine. 1989; 2nd edition. 
Clarendon Press, Oxford, UK 
 

Han, D., Handelman, G., Marcocci, L., Sen, CK., Roy, S., Kobuchi, H., Tritschler, HJ., 
Flohe, L. and Packer, L. Lipoic acid increases de novo synthesis of cellular glutathione by 
improving cystine utilization. Biofactors 1997; 6: 321-338 
 

Heinsimer, JA., Lefkowitz, RJ. Adrenergic receptors: Biochemistry, regulation, molecular 
mechanism, and clinical implications. J Lab Clin Med. 1982; 100(5): 641-658 
 

Henderson, B., Poole, S., and Wilson, M. Bacterial modulins: A novel class of virulence 
factors which cause host tissue pathology by inducing cytokine synthesis. Microbial Rev 
1996; 60: 316-341 
 

Hewett, JA., Jean, PA., Kunkel, SL., Roth, RA. Relationship between necrosis factor alpha 
and neutrophils in endotoxin-induced liver injury. Am J Physiol 1993; 265: G1011-1015 
 

Holubarsch, C., Litten, RZ., Mulieri, LA., Alpert, NR. Energetic changes of myocardium as 
an adaptation to chronic hemodynamic overload and thyroid gland activity. Basic Res 
Cardiol 1985; 80(6): 582-593 
 



87

Huss, JM., and Kelly, DP. Mitochondrial energy metabolism in heart failure: a question of 
balance. J Clin Invest 2005; 115(3): 547-555 
 

Iaccariono, G., Dolber, PC., Lefkowitz, RJ., Koch, WJ. Beta-adrenergic receptor kinase-1 
levels in catecholamine-induced myocardial hypertrophy. Hypertension 1999; 33 (PartII): 
396-401 
 

Imlay, JA., Linn, S. DNA damage and oxygen radical toxicity. Science 1988; 240 (4857): 
1302-1309 
 

Itoh, H., Cicala, C., Douglas, GJ., Page, CP. Platelet accumulation induced be bacterial 
endotoxin in rats. Thromb Res 1996; 83: 405-419 
 

Jordan, S., Cronan, JE. Jr. A new metabolic link. The acyl carrier protein of lipid synthesis 
donates lipoic acid to the pyruvate dehydrogenase complex in E. coli and mitochondria. J 
Biol Chem 1997; 272: 17903-17906 
 

Kats, MS., McNair, CL., Hymer, TK., and Boland, SR. Emergence of beta-adrenergic-
responsive hepatic glycogenolysis in male rats during post-maturational aging. Biochemical 
and Biophysical Research Communication 1987; 147: 724-730 
 

Kim, HS., Lee, G., John, SW., Maeda, N., Smithies, O. Molecular phenotyping for analyzing 
subtle genetics effects in mice: application to an angiotensinogen gene titration. Proc Natl 
Acad Sci USA. 2002; 99: 4602-4607 
 

Kim, JW., Tchernyshyov, I., Semenza, GL., and Dang, CV. HIF-1-mediated expression of 
pyruvate dehydrogenase kinase: A metabolic switch required for cellular adaptation to 
hypoxia. Cell Metabolism 2006; 3: 177-185 
 

Kim, M-S., Park, J-Y., NamKoong, C. Anti-obesity effect of alpha-lipoic acid mediated by 
suppression of hypothalamic AMP-activated protein. Nat Med 2004; 10: 727-733 
 

Konrad, D. Utilization of the insulin-signaling network in the metabolic actions of alpha-
lipoic acid – reduction of oxidation? Antioxidants & Redox Signaling 2005; 7: 1032-1039 
 



88

Kozak, W., Conn, CA., Kluger, MJ. Lipopolysaccharide induces fever and depresses 
locomotor activity in unrestrained mice. Am J Physiol 1994; 266: R125-135 
 

Kozlov, AV. Gille, L. Staniek, K., Nohl, H. Dihydrolipoic acid maintains ubiquinone in the 
antioxidant active form by two-electron reduction of ubiquinone and one-electron reduction 
of ubisemiquinone. Arch Biochem Biophys 1999; 363: 148 
 

Krenz, M., Robbins, J. Impact of beta-myosin heavy chain expression on cardiac function 
during stress. Journal of the American College of Cardiology 2004; 44: 2390-2397 
 

Krenz, M., Sanbe, A., Bouyer-Dalloz, F., Gulick, J., Klevitsky, R., Hewett, TE., Osinska, 
HE., Lorenz, JN., Brosseau, C., Federico, A., Alpert, NR., Warshaw, DM., Perryman, MB., 
Helmke, SM., and Robbins, J. Analysis of myosin heavy chain functionality in the heart. The 
Journal of Biological Chemistry 2003; 278: 17466-17474 
 

Lapenna, D., Ciofani, G., Pierdomenico, SD., Giamberardino, MA., Cuccurullo, F. Reaction 
conditions affecting the relationship between thiobarbituric acid reactivity and lipid 
peroxides in human plasma. Free Radic Biol Med 2001; 31: 331-335 
 

Leenen, FH. Cardiovascular consequences of sympathetic hyperactivity. Can J Cardiol 1999; 
15 Suppl A: 2A-7A 
 

Lefkowits, RJ., Caron, MG., Stiles, GL. Mechanisms of membrane-receptor regulation. 
Biochemical, physiological and clinical insights derived from studies of the adrenergic 
receptors. N Engl J Med 1984: 310(24): 1570-1579 
 

Leong, HS., Brownsey, RW., Kulpa, JE., Allard, MF. Glycolysis and pyruvate oxidation in 
cardiac hypertrophy- Why so unbalanced? Comparative Biochemistry and Physiology part A 
2003; 135: 499-513 
 

Li, J., Billiar, TR. Nitric Oxide. IV. Determinants of nitric oxide protection and toxicity in 
liver. Am J Physiol 1999; 276: G1069-1073 
 

Loft, S., Deng, XS., Tno, J., Wellejus, A., Sorensen, M., poulsen, HE. Experimental study of 
oxidative DNA damage. Free Radic Res. 1998; 29(6): 525-539 
 



89

Lukaszewicz, GC., Souba, WW., Abcouwer, SF. Induction of cytokine-induced neutrophil 
chemoattractant (CINC) mRNA in the lungs of septic rats. J Trauma 1996; 41(2): 222-228 
 

Lynn, WA. Anti-endotoxin therapeutic options for the treatment of sepsis. Journal of 
Antimicrobial Chemotherapy 1998; 41, Suppl. A: 71-80 
 

Macdonald, J., Galley, HF., Webster, NR. Oxidative stress and gene expression in sepsis. Br 
J Anaesth 2003; 90: 221-232 
 

Madamanchi, NR., Vendrou, A., Runge, MS. Oxidative stress and vascular diseases. 
Arterioscler Thromb Vasc Biol 2005; 25(1): 29-38 
 

Maitra, SR., Gestring, ML., El-Maghrabi, MR., Lang, CH., Henry, MC. Endotoxin-induced 
alterations in hepatic glucose-6-phosphatase activity and gene expression. Mol Cell Biochem. 
1999; 196(1-2): 79-83 
 

Mann, DL., and Bristow, MR. Mechanisms and models in heart failure: The biomechanical 
model and beyond. Circulation 2005; 111: 2837-2849 
 

Maritim, AC., Sanders, RA., Watkins, JB 3rd. Diabetes, oxidative stress, and antioxidants: a 
review. J Biovhem Mol Toxicol 2003; 17:24-38 
 

Miller, JR., Bubsy, RW., Jordan, SW., Cheek, J., Henshaw, TF., Ashley, GW., Broderick, 
JB., Cronan, JE. Jr., and Marletta, MA. E. Coli LipA is a lipoyl synthase: in vitro 
biosynthesis of lipoylated pyruvate dehydrogenase complex from octanoyl-acyl carrier 
protein. Biochemistry 2000; 39: 15166-15178 
 

Moini, H., Packer, L. and Saris, NEL. Antioxidant and prooxidant activities of alpha-lipoic 
acid and dihydrolipoic acid. Toxicology and Applied Pharmacology 2002; 182: 84-90 
 

Morikawa, T., Yasuno, R., Wada, H., Do mammalian cells synthesize lipoic acid? FEBS 
letters 2001; 498: 16-21 
 

Opara, EC. Oxidative stress, micronutrients, diabetes mellitus and its complications. J.R. Soc 
Health 2002; 122:28-34 
 



90

Osiecki, H. The role of chronic inflammation in cardiovascular diseases and its regulation by 
nutrients. Alternative Medicine Review vol 9, 2005; 1: 32-53 
 

Packer, L. Witt, EH., and Tritschler, HJ. Alpha-lipoic acid as a biological antioxidant. Free 
Radical Biol. Med. 1995; 19: 227-250 
 

Packer, L., Kraemer, K., Rimbach, G. Molecular aspects of lipoic acid in the prevention of 
diabetes complications. Nutrition. 2001; 17: 888-895 
 

Priori, SG., Napolitano, C., Schwartz, PJ. Cardiac receptor activation and arryhythmogenesis. 
Eur Heart J 1993; 14 Suppl E: 20-26 
 

Rajadurai, M., Prince, PSM. Preventive effect of naringin on lipid peroxides and antioxidants 
in isoproterenol-induced cardiotoxicity in Wistar rats: Biochemical and histopathological 
evidences. Toxicology 2006; 228: 259-268 
 

Reed, L., Debusk, BG., Gunsalus, IC., hornberger, CD. Cristalline alpha-lipoic acid: a 
catalytic agent associated with pyruvate dehydrogenase. Science 1951: 114: 93 
 

Roy, S., Sen, CK., Kobuchi, H., Packer, L. Antioxidant regulation of phorbol ester-induced 
adhesion of human Jurkat T-cells to endothelial cells. Free Radic Bio Med. 1998; 25: 229-
241 
 

Saadane, N., Alpert, L., and Chalifour LE., Altered molecular response to adrenocepter-
induced cardiac hypertrophy in Egr-1 deficient mice: Am J Physiol Heart Circ Physiol 2000; 
278: H796-H805 
 

Saadane, N., Alpert, L., and Chalifour, LE. Expression of immediate early genes, GATA-4 
and Nkx-2.5 in adrenergic-induced cardiac hypertrophy and during regression in adult mice. 
British Journal of Pharmacology 1999; 127: 1165-1176 
 

Sachidanandam, K., Fagan, SC., Ergul, A. Oxidative stress and cardiovascular diseases: 
antioxidants and unresolved issues. Drug Review 2005; 23(2): 115-132 
 



91

Sakaguchi, S., Furosawa, S. Oxidative stress and septic shock: metabolic aspects of oxygen 
derived free radicals generated in the liver during endotoxemia. FEMS Immunol Med 
Microbiol 2006; 47: 167-177 
 

Scholich, H., Murphey, M.E., and Sies, H. Antioxidant activity of dihydrolipoate against 
microsmal lipid peroxidation and its dependence on alpha-tocopherol. Biochem Biophys 
Acta 1989; 1001: 256-261 
 

Scott, JA. And King, GL. Oxidative stress and antioxidant treatment in diabetes. Ann N.Y. 
Acad. Sci. 2004; 1031: 204-213 
 

Shannon, R., and Chaudhry, M. Effect of alpha1-adrenergic receptors in cardiac 
pathphysiology Am Heart J 2006; 152: 842-850 
 

Shenkar, R., Abraham, E. Mechanisms of lung neutrophil activation after hemorrhage or 
endotoxemia: roles of reactive oxygen intermediates, NF-kappa B, and cyclic AMP response 
element binding protein. J Immunol 1999; 163: 954-962 
 

Sheu, JR., Hung, WC., Wu, CH. Reduction in lipopolysaccharide-induced thrombocytopenia 
by triflavin in a rat model of septicemia. Circulation 1999; 99: 3056-3062 
 

Shizukuda, Y., Buttrick, PM., Geenen, DL., Borczuk, AC., Kitsis, RN., and Sonnenblick, 
EH. Beta-adrenergic stimulation causes cardiocyte apoptosis: influence of tachycardia and 
hypertrophy. Am J Physiol 1998; 275: H961-H968 
 

Sies, H. Oxidative stress: oxidants and antioxidants. Experimental Physiology 1997; 82: 291-
295 
 

Smith, Sidney C. Jr. Multiple risk factors for cardiovascular disease and diabetes mellitus. 
The American Journal of Medicine 2007; 120 (3A): S3-S11 
 

Springer, TA. The sensation and regulation of interactions with the extracellular 
environment: the cell biology of lymphocyte adhesion receptors. Annu Rev Cell Biol. 1990; 
6: 359-402 
 



92

Stephan, F., Montblanc, J., Cheffi, A., Bonnet, F. Thrombocytopenia in critically ill surgical 
patient: a case-control study evaluating attributable mortality and transfusion requirements. 
Crit Care (Lond) 1999; 3: 151-158 
 

Strange, C., Gottehrer, A., Birmingham, K., Heffner, JE. Platelets attenuate oxidant-induced 
permeability in endothelial monolayers: glutathione-dependent mechanism. J Appl Physiol 
1996; 81: 1701-1706 
 

Studer, RK., and Borle, AB. Differences between male and female rats in the regulation of 
hepatic glycogenolysis. Journal of Biological Chemistry 1982; 257: 7987-7993 
 

Sugiura, S., Kobayakawa, N., Fujita, H., Momomura, S., Chaen, S., Sugi, H. Distinct kinetic 
properties of cardiac myosin isoforms revealed by in vitro studies. Adv Exp Med Biol 1998; 
453: 125-130 
 

Suntres, ZE. Prophylaxis against lipopolysaccharide-induced liver injuries by lipoic acid in 
rats. Pharmacol Res 2003; 48: 585-591 
 

Suzuki, S., Toledo-Pereyra, LH., Rodriguez. F., Lopez, F. Role of Kuffer cells in neutrophil 
activation and infilteration following total hepatic ischemia and reperfusion. Circ Shock; 
1994 42: 204-209 
 

Takeda, K., Shimada, Y., Okada, T., Amano, M., Sakai, T., Yoshiya, I. Lipid peroxidation in 
experimental septic rats. Crit Care Med 1986; 14: 719-723 
 

Vandanega-Peicher, M., Lopes, G., Lima, FB., Curi, R., Nakano, LC., and Bazotte, RB. Time 
sequence of changes in the responsiveness of glycogen breakdown to adrenergic agonists in 
perfused liver of rats with insulin-induced hypoglycemia. Brazilian Journal of Medical and 
Biological Research 2000; 33: 805-813 
 

Ventura-Clapier, R., Garnier, A., and Veksler, V. Energy metabolism in heart failure. J 
Physiol 2003; 555.1: 1-13 
 

Vincent, JL., Yagushi, A., Pradier, O. Platelet function in sepsis. Crit Care Med 2002; 30: 
S313-317 
 



93

Wollin, SD and Jones, PJH. Alpha lipoic acid and cardiovascular diseases. J. Nutr 2003; 
133:3327-3330 
 

Yi, X., Maeda, N., Endogenous production of lipoic acid is essential for mouse development. 
Mol Cel Biol 2005; 25: 8387-8392 
 

Yutzey, KE., and Robbins, J. Principles of genetic murine models for cardiac diseases. 
Circulation 2007; 115: 792-799 
 

Zhang, WJ., Frei, B. Alpha-lipoic acid inhibits TNF-alpha-induced NF-kappa B activation 
and adhesion molecule expression in human aortic endothelial cells. Faseb J 2001; 15: 2423-
2432 
 

Ziegler, D., Hanefeld, M., Ruhnau, KJ., Hasche, H., Lobisch, M., Schutte, K., Kerum, G., 
Malessa, R., The ALADIN III study group. Treatment of symptomatic diabetic 
polyneuropathy with the antioxidant alpha-lipoic acid. Diabetes Care 1999; 22: 1296-1301 
 

Ziegler, D., Nowak, H., Kempler, P., Vargha, P., Low, PA. Treatment of symptomatic 
diabetic polyneuropathy with the antioxidant alpha-lipoic acid acid: a meta analysis. Diabet 
Med 2004; 21(2); 114-121 
 


