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ABSTRACT 

Hemorrhagic shock is a clinical syndrome involving 

widespread cellular dysfunction and resulting in injury to 

many organs. Resuscitation from hemorrhagic shock is 

similar to reperfusion after ischemia, but differs in that 

some blood flow persists during shock. Ischemia-reperfusion 

produces oxygen radicals in many organs, including the liver 

of the rat and the human. The hypothesis of this project 

was that oxygen radicals are produced and cause hepatic 

injury during resuscitation from hemorrhagic shock. 

The production of oxygen radicals within the liver should 

cause lipid peroxidation and tissue injury. Manipulation of 

defenses against oxygen radicals should decrease the hepatic 

injury caused by hemorrhagic shock and resuscitation. 

The blood pressure of Sprague-Dawley rats was reduced 

to 35-40 rom Hg by blood withdrawal for two hours, followed 

by reinfusion of withdrawn blood. Plasma alanine 

aminotransferase (ALT) levels rose and injury to hepatocytes 

and non-parenchymal cells was found on transmission electron 

microscopy. The presence of lipid peroxidation was 

determined by quantitation of ethane exhalation and hepatic 

content of thiobarbituric acid reactive substances (TBARS). 

Ethane exhalation was elevated during the hypotensive phase 

... - .. _ .. _._---- ---- --~--
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and after resuscitation. Hepatic TBARS levels were elevated 

after resuscitation only. 

The same hemorrhagic shock protocol was used to 

determine the effect of antioxidant manipulation on hepatic 

injury. The antioxidants superoxide dismutase, catalase, or 

deferoxamine produced no reduction in hepatic injury. The 

administration of phorone reduced hepatic non-protein 

sulfhydryl content and increased plasma ALT levels nine fold 

at 24 hours after resuscitation. 

The development of lipid peroxidation and the 

exacerbation of liver injury by the administration of 

phorone suggest that oxygen radicals are produced in the 

liver during hemorrhagic shock and resuscitation. However, 

the administration of antioxidants provided no protection. 

Therefore, it seems unlikely the oxygen radicals are 

involved in the pathogenesis of liver injury in this model. 

It is possible that the lipid peroxidation occurs after the 

cell is irreversible injured. 
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CHAPTER 1 

INTRODUCTION 

THE CLINICAL PROBLEM OF HEMORRHAGIC SHOCK 

The patient in shock first exhibits subtle signs of 

compromise. The blood pressure is lower than normal, but 

not alarmingly so. The patient appears pale and weak, is 

slow to answer, and does not seem to comprehend the 

surrounding events. Mentation is further compromised as the 

blood pressure falls. The skin becomes pale and clammy with 

a tinge of cyanosis around the nose and lips: the patient 

appears on the verge of death. Indeed, death may be near as 

optimal resuscitation at this stage often produces only 

transient improvement, followed by the failure of critical 

organs, which ends in death. This fatal process is called 

irreversible shock. Often the cause of shock is unclear due 

to unrecognized blood loss. In the past, the obscure 

etiology of shock and the inability to resuscitate patients 

led to the description of shock as " •• a momentary pause 

in the act of death," a quote aptly communicating the 

anxiety involved in treating such a serious, but poorly 

understood, process (Hardaway, 1991). 

Shock remains a mysterious phenomenon. Despite 

advances in knowledge, irreversible shock is not uncommon, 

--'-- -- ... 
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which raises the question: What process has been initiated 

that kills the patient despite an apparently successful 

resuscitation? Suspected causes include a variety of 

mediators such as myocardial depressant factor, oxygen 

derived free radicals, prostaglandins and other compounds 

(Lefer, 1987; Farnebo et ai., 1977; McKenzie et ai., 1985). 

Advances in the medical management of shock have been 

limited by an incomplete understanding of the complex 

pathophysiology of shock. 

Any definition of shock must focus on the cell and its 

interactions with other cells. It is the dysfunction of the 

cell that produces organ failure and, ultimately, death. A 

useful definition is simply: widespread cellular dysfunction 

produced by the delivery of oxygen inadequate to meet tissue 

demands (Hardaway, 1991; Chaudry and Baue, 1982). It is 

known that the process involves some type of mediator(s), 

but their nature and roles are not clear. The "evil humour" 

of olden times is yet to be revealed. 

THE ORGANISM IN SHOCK 

Mammalian species respond similarly to the stress of 

hemorrhagic shock although some differences are apparent. 

The dog has a contractile spleen which can compensate for 

lost blood by autotransfusion. The gastrointestinal 

responses of animals may vary due to the anatomical 

differences of the gut among mammalian species. It is true, 

-------- ---- -_. 
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however, that the chief organs affected by hypotension, 

those with high oxygen consumption, are remarkably similar 

among mammals. When insufficient oxygen is delivered, 

individual cells die first, followed by the entire organ 

when the insult is sufficiently severe. The similarity 

among mammalian species in their overall response to shock, 

therefore, belies the similarity of physiological response 

of the major organs involved in shock: the brain, heart, 

liver and kidney. 

The basis for the similar responses among mammals is 

the vascular response of the organisms to hypotension. The 

vascular system is an integrated network capable of a 

coordinated response to hypotension. These responses, while 

necessary for the temporary survival of the organism, may 

have detrimental effects on various organs. The clinical 

manifestations of these responses are known as hemorrhagic 

shock. 

The vascular response to hypotension involves a 

progression through four stages of injury (Hardaway, 1991). 

Hemorrhagic shock begins when blood loss produces decreased 

blood and oxygen delivery to cells. stage 1 of shock 

constitutes the initial response of the organism and is 

dominated by vasoconstriction in response to a sudden 

outpouring of catecho1amines induced by blood loss. The 

result is increased blood return to the heart, increased 

peripheral vascular resistance, and an increase in blood 

..... _ ... -_ .. _---------_._.- ~ - -
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pressure. The result is called compensated shock and causes 

virtually no mortality. 

stage 2 is characterized by paradoxical capillary and 

venule opening. The responses in stage 1 maintain blood 

pressure but, if the blood loss is not corrected, these 

responses produce insufficient capillary flow and oxygen 

delivery. In some organs mast cells release histamine in 

the hypoxic area producing a local response of capillary 

dilation. Although intended to increase flow, this response 

decreases vascular resistance, resulting in stagnation and 

congestion. The liver is an excellent example of an organ 

exhibiting congestion in response to shock. (ref) The 

response of the cell to inadequate oxygen delivery is to 

utilize anaerobic glycolysis which results in lactic 

acidosis. Despite these progressive changes, the clinical 

effects of hemorrhagic shock are usually still reversible at 

this stage if blood losses are replaced. 

stage 3 is heralded by the development of disseminated 

intravascular coagulation (DIC). DIC consumes clotting 

factors and may render the blood incoagulable. In addition, 

DIC produces platelet and phagocytic cell clumping which 

obstructs the microcirculation. Red blood cells become more 

rigid and spherical which also obstructs capillaries. The 

result is micro infarcts of many organs, particularly the 

liver. Meanwhile, anaerobic metabolism continues. 

--------.---
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stage 4 initiates the expression of cell death. 

Recovery of cell function is impossible at this point. The 

organ, however, may survive if enough cells survive. 

Cellular disintegration becomes evident in the rising levels 

of enzymes from the heart, liver, kidney and other organs 

(Hardaway, 1991; Cowley et al., 1982). 

Several characteristic changes in serum electrolytes 

develop during shock in rats and humans. Hypoglycemia and 

hyperkalemia are the most notable and the most life 

threatening (van der Meer et al., 1987). Both the rat and 

the human respond quickly to hypotension with marked 

hyperglycemia. This increases the serum osmolarity, 

osmotically drawing fluid out of cells to replace the lost 

blood (Ware et al., 1982). However, hypoglycemia develops 

within one or two hours due to exhaustion of hepatic 

glycogen. The hyperkalemia is probably due to loss of 

cellular ionic gradients caused by a decrease in Na+K+ 

ATPase activity (Chaudry and Baue, 1982). This allows 

potassium to leave the cell. In addition, the lack of ATP 

forces the use of anaerobic glycolysis and development of a 

lactic acidosis. Acidosis results in further potassium loss 

from the cell in an attempt to maintain electrical 

neutrality from H+ influx (Laiken and Fanestil, 1985). The 

liver is a source of the serum potassium during shock since 

• .-_.< •.. _._---------- <_ •• - -.. - .< 



hepatic potassium declines during shock and returns to 

normal during resuscitation (van der Meer et al., 1987). 

EFFECT OF HEMORRHAGIC SHOCK ON INDIVIDUAL ORGANS 

16 

The general effect of shock on organs is diffuse 

failure of processes requiring energy. Initially these 

changes are reversible if oxygen is resupplied. As hypoxia 

is prolonged, irreversible changes occur that lead to the 

death of the organ (Chaudry and Baue, 1982). 

Hypotension and resuscitation produces a global 

ischemia-reperfusion injury to the brain. Only a few 

minutes of transient global ischemia are required to produce 

widespread injury. The hippocampus, cerebellum and cortex 

are the most sensitive regions. Cell injury in these areas 

is related to hypoxia during the ischemic phase and 

reperfusion injury upon reoxygenation (Hall and Braughler, 

1989). Prolonged ischemia and reperfusion progressively 

injures more resistant cells until a critical number are 

irreversibly injured and the organism dies. 

The response of the heart to shock plays a large role 

in survival. During prolonged hypotension in the dog, the 

heart demonstrates a marked decrease in contractility (Allan 

et al., 1986; Rubanyi et al., 1980). Although tachycardia 

is the initial response, hypotension causes bradycardia 

(McKenzie et al., 1985; Whigham and Weil, 1966). Loss of 

the ability to regulate cell volume and the development of 

--------------- ----- . -_. 
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hypercontraction lesions were found after hemorrhagic shock 

(Horton and Borman, 1987). The myocardial function of 

wistar rats was severely compromised after hemorrhagic 

shock; myocardial contractility and oxygen consumption were 

decreased to 50% of baseline after resuscitation (Rubanyi et 

al., 1980). 

The lung has a characteristic response to trauma called 

shock lung (Demling and Flynn, 1982). However, hemorrhagic 

shock alone does not produce clinically evident lung injury 

in humans or in animals, except for the dog (Demling and 

Flynn, 1982). 

The kidney responds to hypotension with intense 

vasoconstriction. Renal blood flow is redirected from the 

renal cortex to the medulla, reducing glomerular filtration 

and producing oliguria. Prolonged hypotension renders the 

cortex anoxic, leading to proximal tubular necrosis (sato et 

al., 1985; Ayala et al., 1990). 

Total blood flow to the liver decreases during shock. 

In the rat, the amount of blood in the liver decreases by 

more than 50% during shock, which constitutes about a third 

of the total amount of blood lost by the organism (Baker et 

al., 1969). The blood loss results in decreased sinusoidal 

diameter and reduced blood flow. The number of sinusoids 

with flow decreases to 18 - 24% of control values (Koo and 

Liang, 1977). Upon reinfusion of blood liver blood flow 

returns to normal, but some sinusoids remain congested and 

----------- --~ - -
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stagnant after reinfusion (Koo and Liang, 1977; Shoemaker et 

al., 1965; Baker et al., 1969). 

The physiological changes of hemorrhagic shock are 

accompanied by structural changes in the liver. In both the 

primate and the rat, early shock produces sinusoidal 

dilation and centrilobular congestion (Vanecko et al., 1969; 

Sato et al., 1985). Very few areas of necrosis or 

inflammatory cell infiltration are found until the 

preterminal state in the primate (Vanecko et al., 1969). At 

the light microscopic level, centrilobular necrosis has been 

reported after severe shock or in long periods of shock of 

varying intensity in rats, dogs and humans (Sato et al., 

1985; van der Meer et al., 1987). Other investigators have 

reported no histological changes in rat and primate models 

(Vanecko et al., 1969; Linhardt et al., 1980). 

In rat liver perfusions where flow was decreased to 25% 

of normal, scanning electron microscopy demonstrated hypoxic 

blebbing, distention of bile canaliculi and necrosis of 

endothelial cells in centrilobular regions, but not 

periportal regions (LeMasters et al., 1981). Hepatocyte 

suspensions harvested from rats undergoing severe shock 

showed similar blebbing (Donohoe et al., 1986). 

Transmission electron microscopy also shows distinct changes 

in the liver. During resuscitation from only 30 minutes of 

shock, livers from nonfasted Sprague-Dawley rats exhibited 

mitochondrial swelling, dilation of endoplasmic reticulum, 
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and autophagocytosis. Lysosomes remai~ed intact (Linhardt 

et al., 1980). More prolonged shock produces similar, more 

dramatic changes - swollen, pale mitochondria with shortened 

cristae, increase in peroxisomes, prominent vacuolization, 

and decreased rough endoplasmic reticulum (Linhardt et al., 

1980; Donohoe et al., 1986). 

Due to its many functions and interactions with other 

organs, liver dysfunction is a dangerous condition. Liver 

failure causes decreased efficiency of protein and 

carbohydrate metabolism and the liver is a major component 

of the coagulation system. It also contributes to the 

immune system and helps clear the blood of foreign 

molecules. When liver failure occurs after shock of any 

cause, the patient's prognosis is poor (Cowley et al., 

1982)}. 

In addition to the solid organ injury, an organism's 

ability to mount an inflammatory response is also impaired 

by severe hemorrhagic shock. Adherence and extravasation of 

leukocytes in hemorrhagic shock of the cat was reduced more 

than 50% (Granger et al., 1989). Clearance of colloid by 

the rat liver was decreased 50%, but the spleen retained 

normal function after resuscitation from shock (Loegering, 

1977). Antigen presentation to lymphocytes is abnormal 

after hemorrhagic shock (Ayala et al., 1990). Hemorrhagic 

shock in the Sprague-Dawley rat for 90 minutes produced 

inhibition of both neutrophil and macrophage migration into 

------ --. _. 



20 

the peritoneum as well as blood clearance of infused 

bacteria (Fink et al., 1985). Neutrophils accumulated in 

canine brain, but not in liver or in muscle during 

resuscitation from hemorrhagic shock (Schlag and Redl, 

1985). Neutrophil adhesion and migratory activity were also 

decreased in a primate model (Davis et al., 1983). 

EFFECT OF HEMORRHAGIC SHOCK ON THE HEPATOCYTE 

At the cellular level, shock is similar among mammalian 

species (Shoemaker et al., 1965; Donohoe et al., 1986). 

This discussion will focus on the rat hepatocyte and note 

differences with other species and cell types where 

pertinent. A rapid drop of the oxygen and ATP available to 

the cell in shock has consistently been noted. Cellular 

oxygen concentration drops about 50% in pig liver and 

returns to normal upon resuscitation (Makisalo et al., 

1989). In the rat, liver perfusion at 25% of normal flow 

causes only centrilobular hypoxia. When the perfusion flow 

is reversed, periportal regions become hypoxic (LeMasters et 

al., 1981). The energy charge of the rat hepatocyte begins 

to fall within minutes of hypotension induction reflecting 

an acute decrease in ATP content (Chaudry et al., 1974; 

Donohoe et al., 1986; Baue et al., 1971). Simultaneously, 

Na+-K+ ATPase activity is reduced; hepatocyte potassium 

content decreases and sodium content increases. These 

.. - - ._-----_._--- . __ ._ .. '-_ . 
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changes lead to an increase in intracellular water content 

(Donohoe et al., 1986; Baue et al., 1971; Sayeed and Baue, 

1973; Holliday et al., 1981). Na+-K+ transport does not 

return completely to normal upon reinfusion. Sodium may 

continue to accumulate in incubated liver slices taken from 

rats in hemorrhagic shock (Sayeed and Baue, 1973). The 

electrolyte levels return to normal in a manner related to 

the severity of shock. Livers subjected to the most severe 

shock take the longest time to regain electrolyte 

homeostasis (Donohoe et al., 1986; Baue et al., 1971; van 

der Meer et al., 1987). 

Hyperglycemia develops soon after hypotension is 

induced and is followed within two hours by severe 

hypoglycemia. There is no increase in alternate energy 

sources such as free fatty acids or glycerol (Farnebo et 

al., 1977). Blood lactate and pyruvate increase and cAMP 

increases due to ATP degradation (Shelburne et al., 1973). 

The serum activities of hepatic enzymes are elevated 

following hemorrhagic shock. Severe shock causes an earlier 

rise than mild shock (Linhardt et al., 1980). 

These hepatic responses are similar to the responses of 

heart and brain, but are distinctly different from other 

organs. Muscle shows no change in electrolytes, energy 

charge or protein content during periods of shock which 

.... ------------.-- --." 
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injure the liver (Schlag and Redl, 1985; Mori et al., 1987). 

OXYGEN RADICALS IN ISCHEMIA-REPERFUSION INJURY 

The term ischemia-reperfusion refers to the complete 

cessation of blood flow to an organ followed by the return 

of blood flow and oxygen delivery. Myocardial infarction is 

a well known example of ischemia-reperfusion. Infarction of 

myocardium is caused by thrombotic, embolic or spasmodic 

occlusion of a coronary artery. If the obstruction is 

relieved, as in clot lysis with tissue plasminogen 

activator, previously ischemic tissue is suddenly 

reperfused. If reperfusion does not occur, the affected 

tissue dies. 

certain organs develop more severe structural injury 

after ischemia with reperfusion than with ischemia alone. 

For example, subjecting the small bowel to four hours of 

ischemia produces less injury to the intestinal mucosa than 

does three hours of ischemia followed by one hour of 

reperfusion (Parks and Granger, 1986). The phrase 

reperfusion injury refers to the component of tissue injury 

caused by the reperfusion. 

The pathogenesis of reperfusion injury has been an 

research topic of intense interest in recent years (Jaeschke 

and Mitchell, 1989; Nauta et al., 1990; Adkison et al., 

1986; Granger et al., 1989; LeMasters et al., 1981; Granger 

et al., 1980; McCord, 1985; Sussman and Bulkley, 1990). The 
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research groups of Granger, McCord and their colleagues at 

the University of South Alabama have led this area with 

their work on the involvement of oxygen radicals in 

reperfusion injury of the many organs, particularly the 

intestine and liver (Parks and Granger, 1986; Granger et 

al., 1980; Granger et al., 1989; Adkison et al., 1986). 

Oxygen radical mediated tissue injury has been a rapidly 

developing, complex and controversial topic. Therefore, the 

establishment of common knowledge is essential to further 

discussion. 

SOURCES OF OXYGEN DERIVED FREE RADICALS 

Oxygen is a ubiquitous substance necessary to sustain 

life. In order to derive the benefits of oxygen, as in 

production of ATP or the addition of hydrophilic groups to 

biomolecules, oxygen must undergo reduction by the addition 

of electrons. For example, several radical intermediates 

are formed as electrons are added to oxygen in the electron 

transport chain (Green and Hill, 1984). Under normal 

conditions a few of these electrons escape and are 

neutralized by endogenous antioxidants. However, under 

certain conditions, the metabolism of oxygen can become 

uncontrolled and injure, instead of benefit, the cell 

(Halliwell and Gutteridge, 1986; Weiss, 1986). 

The pathogenesis of oxygen radical mediated tissue 

injury can be divided into three phases: oxidant production, 

~~----~------ - - - -
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tissue injury, and repair of the injury. The primary oxygen 

radicals (i.e. the initial radicals) may injure the cell or 

be converted to more reactive secondary radicals. Oxygen 

radicals react with cellular components such as lipids, 

proteins and nucleic acids (Tappel, 1973; Sevanian and 

Hochstein, 1985; Halliwell and Gutteridge, 1990). After the 

oxygen radical production has subsided, and if the repair 

mechanisms are intact, the oxidized molecules are repaired 

or degraded. 

Since oxygen radicals are continually produced by the 

body, defenses have developed to control them. Endogenous 

sources of oxygen radicals are listed in Table 1. Endogenous 

defenses against oxygen radicals are provided in Table 2. 

Altogether, an integrated system of production and 

detoxication has evolved that adequately protects the cell 

against reactive oxygen under normal conditions. When 

production exceeds the defenses, however, cellular injury 

can result. The following discussion focuses on the 

sources and defenses pertinent to the liver. 

Potentially lethal amounts of oxygen radicals are 

produced by normal body systems gone awry. Normally, oxygen 

radical production involves reduction of oxygen by adding 

four electrons and ends in the production of water: 



25 

Table 1. Sources of oxygen radicals in biological systems. 

I SOURCE I SPECIES I COMMENT I 
Intracellular 

Xanthine oxidase HPX + 02 ---> Hypoxia-
Urate + 0i reperfusion 

Mitochondrial 02 -e--> 0i -e--> Mitochondrial 
electron disruption 
transport chain H20 2 -e--e--> H2O 

PUFA derivatives RO', ROO' Metal catalyzed 
ROOH 
decomposition 

Extracellular 

Neutrophil Inflammation 

NADPH oxidase °i 
myeloperoxidase HOCl 

N-Chlor-
amines 

---------.- -- ~ . -
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Table 2. Endogenous Antioxidant Defenses 

I DEFENSE I REACTION I COMMENT I 
Intracellular 

Cytoplasm 

SOD 0i --> H202 

GSH peroxidase H202 --> H2O 

Catalase H202 --> H2O 

Ascorbate vit E· --> vit E 
Neutralizes: °i, 
·OH, HOCl, others 

GSSG reductase GSSG --> 2GSH 

Bilirubin ROO· + Bilirubin 
--> ROOH + Bili· 

urate ROO· + urate --> 
ROOH + urate· 

Proteins Bind metals 
(non-specific) 

Membrane 

a-Tocopherol vit E + R· --> 
vit E· + RH 

(3-carotene 

Glutathione-S- ROOH --> ROH 
transferases/ 
peroxidases 

CONTINUED 

. - .---. --.------------- -- - - -



Extracellular 

SOD 

CAT 

GPX 

Ascorbate 

Bilirubin 

Vitamin E 

Ceruloplasmin 

Transferrin 

Haptoglobin 

Glucose 

urate 

Not present 

vit E· --> vit E 
Neutralizes: Oi, 
·OH, HOCl, others 

Binds metals, 
scavenges ·OH, 
HOCl, others 

Vit E + R· --> 
vit E· + RH 

Binds metals 

Binds iron 

Binds hemoglobin 
(iron) 

Scavenges ·OH 

Binds metals, 
neutralizes ·OH, 

HOCl, others 

- ------ -------------

Associated with 
membranes 

Bound to albumin 

In blood 
lipoproteins 

Acute phase 
reactant 

May release iron 
at low pH 

Acute phase 
reactant 

Hyperglycemia in 
early shock 

27 
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The electrons are provided by NADPH or other sources of 

reducing equivalents. This process is contained and well 

controlled under normal conditions within the mitochondrial 

electron transport chain, and other electron transport 

enzyme systems utilizing oxygen (Green and Hill, 1984). 

After injury, alteration of cellular processes may 

allow the escape of active oxygen species. This produces 

intracellular sources of oxygen radicals. For example, 

injured mitochondria will swell, and demonstrate altered 

substrate affinity as well as increased membrane 

permeability. This process allows reduced oxygen species to 

escape. The effect of the loss of elections is the 

uncoupling of electron transport and ATP production, and the 

leakage of the active oxygen species. These species may now 

react with cellular components. 

Another intracellular source of oxygen radicals is the 

enzyme xanthine oxidase. In 1968, the ability of xanthine 

oxidase to produce superoxide radical (02-) was reported 

(McCord and Fridovich, 1968). In 1980, the role of xanthine 

oxidase in producing superoxide radical upon reperfusion of 

the cat intestine was demonstrated (Granger et al., 1980). 

Since then, the involvement of superoxide has been 

implicated in reperfusion injury of many organs, including 

the liver (Adkison et al., 1986; McCord, 1985). 
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Xanthine dehydrogenase (XDH) and xanthine oxidase (XO) 

are distributed throughout the body and are found in 

particularly high concentrations in the intestine, lung, and 

liver (Auscher et al., 1977; stirpe and Della Corte, 1969; 

Batelli, 1980; Parks and Granger, 1990; Jarasch et al., 

1986; Kooij et al., 1990). The enzyme is initially 

synthesized as XDH. Under hypoxic conditions XDH is 

converted proteolytically to XO. Both catalyze conversion 

of the purine degradative product hypoxanthine to uric acid. 

The difference is that XDH uses NAD+ as its electron 

acceptor, producing NADH, but Xo uses 02 as its acceptor and 

produces 02-: 

Hypoxanthine + 202 + H20 --XO--> Xanthine + 0i + H20 2 (1) 

Xanthine + 202 + H20 --Xo--> Uric Acid + 0i + H20 2 (2) 

XDH is the rate controlling enzyme for the metabolism of 

hypoxanthine and xanthine. 

Three events occur during ischemia-reperfusion that 

make XDH capable of producing 0i. First, degradation of 

high energy purine nucleotides during ischemia produces an 

accumulation of hypoxanthine. Second, the hypoxia caused by 

ischemia promotes the conversion of XDH to Xo (stirpe and 

Della Corte, 1969; Batelli, 1980). Third, upon reperfusion 

a rapid influx of the electron acceptor (02) for XO occurs. 

Thus, ischemia followed by reperfusion produces a increased 

-- ~-- -- ... - _. 



amount of substrate, an enzyme that produces 0i, and a 

increased amount of the necessary electron acceptor (°2). 

The result is the sudden production upon reperfusion of 

large amounts of 0i that can overwhelm cellular defenses. 
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The primary extracellular source of oxygen free 

radicals is the immune system. Neutrophils, macrophages, 

monocytes and eosinophils can activate NADPH oxidase, a 

plasma membrane protein that produces 0i, following exposure 

to immune stimuli, chemotactic factors or phagocytosable 

particles (Weiss, 1986). Neutrophils commonly activate this 

system to produce microbial killing (Weiss, 1986). 

Ischemia-reperfusion has been shown to release chemotactic 

factors, including °2-, that attract and activate the immune 

system (Granger et al., 1989; Petrone et al., 1980). 

The 0i produced by the neutrophil may be more injurious 

than 0i produced by other sources due to the creation of an 

acidic pseudovacuole where the neutrophil adheres to tissue 

(van Zweiten et al., 1981; Borregaard et al., 1984). 

Neutrophils also produce hypochlorous acid using the enzyme 

myeloperoxidase. Hypochlorous acid can oxidize unsaturated 

carbon groups and other structures (Table 1) (Weiss, 1986). 

,------ - ~ - -
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MECHANISM OF OXYGEN RADICAL INDUCED CELL INJURY 

Although the production of super oxide radical has been 

emphasized, 0i itself is a surprisingly innocuous molecule. 

In neutral aqueous solutions, 0i rapidly and spontaneously 

dismutates to HzOz (K == 2x10s M"lsec-1) (Weiss, 1986). This 

seems incongruous in light of the fact that neutrophils use 

0i as a cell killing molecule. 

There are four explanations for this paradox. First, 

0i may become protonated at the low pH surrounding membranes 

(Weiss, 1986). This produces HOz which is a more stable, 

electrophilic radical in aqueous solutions. Second, 0z- may 

act as a base in non-protic solvents and their biologic 

equivalents such as lipid micelles and the interior of 

proteins (Freeman and Crapo, 1982; Fridovich, 1983). Third, 

0i may act in a specialized environment such as the 

neutrophil's pseudovacuole. Finally, 0i produces HzOz and 

secondary radicals by initiating a reaction known as the 

iron catalyzed Haber-Weiss reaction: 

Fe3+ + 0i ---------> Fe2+ + 0z-

Fe2+ + HzQ2 ---------> Fe3+ + ·OH + OH

Net: 0i + H20 2 ---Fe----> ·OH + OH- + 02 

Other metals in biological systems such as copper can 

sUbstitute in this reaction (Halliwell and Gutteridge, 

--'-~"'-" .. 

(3) 

(4) 

(5) 



1986). The important aspect of this reaction is the 

production of 'OH. The reaction rate of 'OH is 10-7-10-10 

seconds and can react with virtually any biological 
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molecule, including sugars, organic acids, proteins, DNA and 

lipids (Lazarus and Hopfenbeck, 1979; Winterbourn, 1981). 

Lipid modification an important effect of 'OH in biological 

systems. The methylene hydrogen of polyunsaturated fatty 

acids (PUFA) is attacked by the free electron because of the 

lower bond dissociation energy: 

C-C-C=C-C-C=C-C-C=C-C + 'OH --> C-C-C=C-C'-C=C-C-C=C-C + H20 ( 6) 
(PUFA') 

molecular 
c-c-c=c-c'-c=c-c-c=c-c -----------> C-C'-C=C-C=C-C-C=C-C (7 ) 

rearrangement (PUFA') 

C-C'-C=C-C=C-C-C=C-C + O2 ---> C-C-C=C-C=C-C-C=C-C-02' (8 ) 

C-C-C=C-C=C-C-C=C-C-02' 

PUFA-02' 

(PUFA-02') 

+ PUFA -----> 
C-C-C=C-C=C-C-C=C-C-02H + PUFA' (9 ) 

(Lipid hydroperoxide) 

Reaction (9) ends with PUFA' (which was also the product of 

the first step of the reaction) and the lipid hydroperoxide. 

Neither of these are innocuous. PUFA' can attack another 

PUFA whereas the hydroperoxide can decompose, in the 

presence of iron complexed in a variety of forms (heme, 

hemoglobin, myoglobin, catalase, peroxidase, cytochrome P-

---------- -.-- - -



450, among others), into additional secondary radicals 

(Tappel, 1955; Gutteridge et al., 1983): 
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Lipid-OOH + Fe3+complex -----> Lipid-OO' + Fe2+complex (10) 

Lipid-OOH + Fe2+complex -----> Lipid-O' + Fe3+complex (11)· 

Thus, both products of the initial lipid peroxidation can 

perpetuate a cycling reaction where various lipid radicals 

create more lipid radicals. These reactions can be 

terminated by the reaction of the radical with membrane 

antioxidants such as Vitamin E, or the unlikely event of two 

radicals reacting with each other. 

It is important to note that, if some tissue injury has 

already occurred, terminating a reaction sequence may be too 

little, too late. Cell breakdown will release lysosomal 

enzymes which can attack other cells and metalloenzymes 

which, when degraded, provide metals to produce more 

radicals. 

The overall effect of lipid peroxidation on the cell 

membrane is that more hydrophilic moieties are introduced 

into the fatty acids. T.his makes the membrane less fluid. 

It may also inactivate membrane proteins by direct oxidation 

or by changing their lipid environment. As peroxidation 

becomes more extensive, the fatty acid carbon chain breaks 

down following radical rearrangement reactions {Tappel, 
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1973). The disintegration of the fatty acid produces a 

myriad of degradation products. Many of these are reactive 

aldehydes such as malondialdehyde, which can also reduce 

membrane fluidity, among other effects (Pfafferott et al., 

1982). 

ANTAGONISM OF OXYGEN RADICAL INDOCED INJURY 

The effects of oxygen radicals can be antagonized by 

reduction of their creation, neutralization prior to injury, 

interruption of the lipid peroxidation cascade or simply by 

the repair of the detrimental effects before the cell dies. 

Table 2 describes the endogenous antioxidant defenses 

utilized by the body. It is notable that the natural 

defenses of the cell focus on eliminating sources of 

radicals prior to the amplification of the radical induced 

injury can occur. Lipid peroxidation or recruitment of the 

immune system can create secondary radicals that also tissue 

injury. Once initiated, radical cascades such as lipid 

peroxidation are difficult to quench. Repair depends on the 

appropriate mechanisms remaining intact after the insult. 

Therefore, the most effective strategy is to prevent the 

production of oxygen radicals or eliminate them immediately 

after production. Most research has emulated the approach 

of nature and interrupted radical production early in its 

course. 

--------- - - - -
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The hepatocyte is as rich in defenses as it is in 

sources of oxygen radicals. SOD is a cytoplasmic enzyme 

that catalyzes the reaction detoxifying superoxide radical: 

Hydrogen peroxide is then removed by catalase (CAT) or 

glutathione peroxidase (GPX): 

CAT ----> 2 H20 + 02 

GPX ----> 2 H20 + GSSG 

(12) 

(13) 

(14) 

In addition to providing reducing equivalents for 

hydroperoxide detoxication, GSH can directly react with 

oxygen radicals (Kosower and Kosower, 1979). Normal diurnal 

variation in the hepatic concentration of GSH affects 

baseline levels of hepatic lipid peroxidation. In the rat, 

diurnal variation of GSH is inversely related to hepatic 

lipid peroxidation. The hepatic content of lipid peroxides 

increases as GSH decreases throughout the day (Farooqui and 

Ahmed, 1984). 

In the membrane, a-tocopherol is the major membrane 

antioxidant in rat liver (Cheeseman et al., 1986): 

PUFA" + vitamin E -------> PUFA + vitamin E" (15) 

----- ---------
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While a-tocopherol detoxifies lipid derived radicals 

effectively, it does not reduce lipid hydroperoxides. The 

hydroperoxides can decompose, alter lipid membranes further 

and produce reactive aldehydes. The hydroperoxides are 

reduced by phospholipid hydroperoxide glutathione 

peroxidases (Chow, 1990; Maiorino et al., 1990). 

Extracellular defenses are limited since the activities 

of SOD, catalase and glutathione peroxidase are low in the 

interstitial space (Halliwell and Gutteridge, 1986). It has 

been suggested that the primary extracellular defenses 

against free radicals are plasma proteins as well as SOD in 

circulating red blood cells (Halliwell and Gutteridge, 

1986). 

OXYGEN RADICALS IN ISCHEMIA-REPERFUSION OF THE LIVER 

Unlike hepatic injury in hemorrhagic shock, the intense 

research on ischemia-reperfusion injury has included the 

liver and has produced a large body of work (Jaeschke and 

Mitchell, 1989; Nauta et al., 1990; Marubayashi et al., 

1986; LeMasters et al., 1981). Most investigators have 

utilized the hypothesis that reperfusion after ischemia 

simply represents a more severe form of resuscitation after 

hemorrhagic shock. Therefore, the evidence implicating 

oxygen radicals in pathogenesis of reperfusion will be 

considered first, followed by oxygen radicals in hemorrhagic 

shock. 

• __ ""~ -_0"" 0 " 
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The liver is endowed with resources conducive to both 

intra- and extrahepatocyte oxygen radical production. The 

liver actively metabolizes oxygen in several enzyme systems. 

For example, the hepatocyte is rich in mitochondria and 

endoplasmic reticulum, both of which contain enzymes which 

actively utilize oxygen. As noted in the above section on 

oxygen radical biochemistry, after ischemic injury a larger 

amount of reduced oxygen species escape from the 

mitochondrial enzymes and may cause injury to the 

mitochondria and other cell organelles (Jaeschke and 

Mitchell, 1989). 

Xanthine oxidase is also involved in hepatic ischemia

reperfusion. XDH is located in the cytoplasm of the 

hepatocyte (30 pmo1/mg protein) but is found in higher 

concentrations in hepatic endothelial cells (250-300 pmo1/mg 

protein) (Jarasch et a1., 1986). Ischemia converts XDH to 

XO within minutes under normothermic conditions, to produce 

O2- during the conversion of xanthine to uric acid (Stirpe 

and Della Corte, 1969). The addition of allopurinol in 

experiments of in vivo hepatic ischemia-reperfusion has 

demonstrated beneficial physiological effects and has 

reduced the amount of hepatic enzyme release (Nauta et al., 

1990; Adkison et al., 1986; Cho et al., 1990). 

The primary extracellular sources of oxygen radicals 

(relative to the hepatocyte) are neutrophi1s and 

- ------------.---------.- -- ~ - -
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mac~ophages. The liver is again endowed with conditions 

fostering phagocyte-dependent oxygen radical production: 

resident macrophages, a large blood flow and a large surface 

area for adhesion of activated neutrophils. 

METHODOLOGIC CONSIDERATIONS IN INVESTIGATING OXYGEN RADICALS 
AND HEMORRHAGIC SHOCK-RESUSCITATION 

Research strategies to prove that oxygen radicals are 

involved in the pathogenesis of reperfusion injury are 

limited. First, the oxygen radicals themselves could be 

detected. This is difficult in biological systems due to 

the short half-life of radical species and interference of 

other molecules. Second, the expected products of free 

radical production could be assayed (e.g. peroxidized lipids 

or oxidized proteins). If the anticipated products are 

found, it is concluded that oxygen radical production formed 

them. It is helpful if this approach includes indices of 

tissue injury which document the association of lipid 

peroxidation and tissue injury. An association does not 

necessarily imply causation, however (Halliwell and 

Gutteridge, 1986). A third approach utilizes specific 

antioxidant interventions. For example, reduced myocardial 

reperfusion arrhythmias after treatment with allopurinol 

implies, indirectly, that the process is mediated by O2-

(Bernier et al., 1989). Unfortunately, the antioxidant 

compounds often have multiple effects. It is possible that 

- ---- ---------- ------ ----
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their apparent beneficial effects come from non-antioxidant 

mechanisms. However, when appropriate controls are 

included, the action may well be due to the antioxidant. 

Investigators have responded to the difficulty in 

measuring oxyqen radicals and the inaccuracies of other 

techniques by combining approaches. When lipid peroxidation 

increases after reperfusion of the liver and antioxidant 

compounds inhibit tissue injury, one is more confident that 

the oxygen radicals are involved in the process. It is 

important to eliminate non-specific effects by including 

appropriate controls. It is also useful to utilize 

antioxidants with different mechanisms to help assure that 

it is not a non-specific effect that is causing the 

improvement. 

Selection of an appropriate animal model is an 

important consideration in any research project. The dog, 

rabbit and rat have all been used in hemorrhagic shock 

research. All display evident liver injury after 

hemorrhagic shock, unlike the mouse, guinea pig and cat 

(Sandritter and Lasch, 1967). Another consideration is the 

probable number of animals needed to demonstrate 

statistically significant differences. Previous 

investigators of hemorrhagic shock or xenobiotic induced 

free radical injury of the liver have noted that their data 

had large variances without a normal distribution. 

Extensive information is available about the physiology of 

---- -_.-.-



the rat during shock and resuscitation. Due to the 

similarity of rat and human physiology of the liver in 

hemorrhagic shock and the information already available 

concerning techniques used in the investigation of 

hemorrhagic shock, the rat was chosen for this series of 

investigations. 
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COMPARISON OF HEMORRHAGIC SHOCK-RESUSCITATION AND ISCHEMIA
REPERFUSION 

The involvement of oxygen radicals in ischemia-

reperfusion (I-R) injury is now tentatively accepted by most 

investigators (McCord, 1985). Due to the similarities of 

ischemia-reperfusion (I-R) and hemorrhagic shock and 

resuscitation (HS-R), the acceptance of oxygen radicals as a 

mechanism injury has been transferred to HS-R (Sanan and 

Sharma, 1986; Horton and Borman, 1987; Hedlund and Hallaway, 

1990; Lee et al., 1987; McCord, 1985). While it is true 

that I-R and HS-R share several common features of 

pathophysiology and histopathology, there are also 

significant differences between the two conditions. 

similarities of I-R and HS-R include the reduction of 

blood flow to an organ(s) (Koo and Liang, 1977; Horton and 

Borman, 1987). Reduced blood flow produces conditions in 

both processes that are insufficient to maintain aerobic 

metabolism and consequently high energy phosphate stores are 

depleted (Cunningham and Keaveny, 1978; Crowell et al., 

. .-_.------_._-----------
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1969; Chaudry et al., 1974; Okuda et al., 1987). The loss 

of energy prevents the maintenance of transmembrane ionic 

gradients; this results in cell swelling and, ultimately, 

cell death. Prolonged energy insufficiency can cause death 

from either I-R or HS-R. The histopathologic changes are 

similar in both, including endothelial cell swelling, 

mitochondrial swelling, stasis of blood flow in sinusoids 

and calcium influx. These events culminate in cell death 

(Koo and Liang, 1977; Linhardt et al., 1980; Shoemaker et 

al., 1965; Sato et al., 1985). 

Differences in the two syndromes include the systemic 

nature of HS-R, while I-R is localized to a single organ or 

even part of an organ. Since some blood flow persists in 

hemorrhagic shock, it is possible for organs to interact. 

The persistent blood flow may also permit the washing out of 

toxic metabolites or conversely, the diffusion in of toxic 

metabolites produced in other organs (Yokoyama et al., 

1990). In addition, the blood flow could allow the ingress 

of white blood cells with the consequence that inflammation 

could playa larger role in HS-R. Finally, organs in shock 

are not as hypoxic as ischemic organs since the delivery of 

a small amount of normally oxygenated hemoglobin continues. 

OXYGEN RADICALS AND HEMORRHAGIC SHOCK-RESUSCITATION 

Evidence implicating oxygen radicals in HS-R was 

produced over 20 years ago, before the oxygen radical 
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hypothesis was advanced. In dogs, increased survival after 

HS-R was found after the administration of allopurinol 

(Crowell et al., 1969). Dogs undergoing HS-R also recovered 

normal physiologic parameters such as ATP level, oxygen 

debt, and hemodynamic indices more quickly when receiving 

SOD or deferoxamine, an iron chelator, throughout the 

experiment (Cunningham and Keaveny, 1978; Crowell et al., 

1969; Allan et al., 1986; Sanan and Sharma, 1986; Hopkins et 

al., 1975). In the pig, administration of deferoxamine 

improved survival and reduced hepatic lipid peroxidation 

(Hedlund and Hallaway, 1990). In the rat, low flow in vitro 

perfusion of the liver has been used to simulate shock. 

Liver injury occurs when flow rate is decreased to 25% of 

normal. Enzyme release was decreased and histopathology 

improved when allopurinol was infused before flow was 

increased to 100% (Zhong et al., 1989). 

Some investigators have not found a link between oxygen 

radicals and tissue injury produced by hemorrhagic shock. 

Survival was not increased after HS-R in a rat model where 

resuscitation was performed with a SOD containing solution 

(Lee et al., 1987). Another study using a rat liver 

perfusion model found evidence for the production of oxygen 

radicals, but no correlation of radical production to 

hepatic enzyme release (Jaeschke et al., 1988a). 

- ------ ------------------- - ~ - -
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HYPOTHESIS 

Since HS-R is physiologically similar to I-R, it seems 

reasonable to form the following hypothesis: The production 

of oxygen free radicals upon resuscitation from hemorrhagic 

shock causes hepatic injury. 

The production of oxygen radicals in the liver should 

promote lipid peroxidation. Therefore, the first objective 

was to develop a model of hemorrhagic shock that produced 

hepatic injury and allowed determination of lipid 

peroxidation. The results of this project are reported in 

Chapter 2. 

As noted, previous research on the involvement of 

oxygen radicals in I-R of the liver have implicated the 

superoxide radical in tissue injury. Therefore the second 

objective of this research was to eliminate the production 

of superoxide radical using SOD and to prevent its 

participation in the metal catalyzed Haber-Weiss reaction by 

iron chelation with deferoxamine. The results of utilizing 

these antioxidants are reported in Chapter 3. 

_____ • _____ 0 



CHAPTER 2 

HEPATIC LIPID PEROXIDATION 
IN HEMORRHAGIC SHOCK AND RESUSCITATION 

INTRODUCTION 

Hemorrhagic shock is a clinical syndrome involving 

widespread cellular dysfunction resulting from the 

inadequate delivery and use of oxygen (Hardaway, 1991). 
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Cells that consume large amounts of oxygen, such as those in 

the brain, heart, kidney and liver, are particularly prone 

to injury (Rubanyi et al., 1980; Sato et al., 1985; Hall and 

Braughler, 1989; McCord, 1985). During shock, blood flow to 

the liver decreases to 25-50% of normal and returns to 

normal, or above normal flow after resuscitation (Baker et 

al., 1969; Horton and Borman, 1987). 

The pathophysiology and histopathology of hemorrhagic 

shock-resuscitation (HS-R) are similar to those of ischemia-

reperfusion (I-R). In the liver, both I-R and HS-R cause 

physiological and structural changes. Both processes involve 

the reduction of blood flow to an organ restricts aerobic 

metabolism (Cunningham and Keaveny, 1978; Crowell et al., 

1969; Chaudry et al., 1974). I-R causes complete cessation 

of flow and oxygen delivery. Physiological changes begin 
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with the loss of energy stores and transmembrane ionic 

gradients and progress to irreversible changes in lipids, 

proteins and DNA (Crowell et al., 1969; Chaudry et al., 

1974; Okuda et al., 1987). Early structural changes include 

sinusoidal dilation and stagnation of blood flow. 

Mitochondrial swelling, degradation of cell membranes, and 

ultimately, cell death, will occur if either process is 

prolonged (Cowley et al., 1982). 

Oxygen free radicals have been convincingly implicated 

in the pathogenesis of I-R injury of many organs (McCord, 

1985). Production of oxygen radicals has been demonstrated 

in tissues from many species subjected to I-R, including the 

liver of the rat and the human (Nauta et al., 1990; Jaeschke 

et al., 1988b; Adkison et al., 1986; Metzger and Lauterberg, 

1978; Kumar et al., 1990; Sa1aris et al., 1990). Several 

mechanisms of oxygen radical production have been 

demonstrated. The primary sources are the enzyme xanthine 

oxidase and the infiltration of inflammatory cells. 

Xanthine oxidase is present in hepatocytes and hepatic 

endothelial cells (Jarasch, 1981). During reperfusion, 

xanthine oxidase produces superoxide radical (Oi) (Parks and 

Granger, 1990). Activated inflammatory cells also produce 

O2- using the enzyme NADPH oxidase (van Zweiten et al., 1981; 

Weiss et al., 1983). The superoxide radical produced by 

both sources can be converted into 'OH in the metal 

------ --- - -



catalyzed Haber-Weiss reaction (Halliwell and Gutteridge, 

1990). 
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Normal defenses against oxygen radicals present in the 

cytoplasm include superoxide dismutase (SOD), glutathione 

(GSH), and binding of free iron by ferritin (Munday and 

Winterbourn, 1989; Izokun-Etiobhio et al., 1990; Halliwell 

and Gutteridge, 1990). In the membrane, a-tocopherol 

inhibits lipid peroxidation caused by oxygen radicals 

(Cheeseman, et aI, 1986). Under conditions of I-R, however, 

the production of oxygen radicals may overwhelm cellular 

defenses. One mechanism of injury following oxygen radical 

production is peroxidation of polyunsaturated fatty acids in 

cellular membranes. I-R induced lipid peroxidation has been 

demonstrated and appears to be associated with the 

development of tissue injury, although a true causal 

relationship has not been established (Gutteridge and 

Halliwell, 1990). 

The hypothesis of this study was that hepatic lipid 

peroxidation would increase during resuscitation from 

hemorrhagic shock. A model of hemorrhagic shock that 

produced hepatic injury was developed and two methods used 

to quantify lipid peroxidation. 

METHODS 

Animals. All protocols involving animals were approved 

by the Animal Care and Use Committee of the University of 

--------------- ._- -~- - -
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Arizona. Male Sprague-Dawley rats (Harlan Sprague-Dawley, 

Houston, TX) weighing 260-380 grams were fed a standard diet 

and tap water ad libitum. They were kept on a 12 hour 

daylight cycle; all experiments were started between 8 and 9 

a.m. to minimize diurnal glutathione variation. Animals 

were allowed only water for 18 hours prior to use. All 

animals were initially anesthetized with a fentanyl

droperidol mixture (Innovar-vet) 0.06 mL intramuscularly 

which wa·s repeated in 0.03 mL increments as needed to 

maintain anesthesia. Body temperature was maintained during 

shock and the first six hours of resuscitation with a heat 

lamp placed 0.5 meter above the animal. 

Shock-resuscitation protocol. After anesthesia, the 

animal was restrained supine on a surgical board. Arterial 

pressure monitoring and venous access were established 

through a unilateral cutdown of the femoral artery and vein; 

catheter patency was maintained with heparinized saline (100 

U/mL). Animals respired spontaneously throughout the 

experiment, except during collection of samples for ethane 

determination. 

After stabilization for 15 minutes, hemorrhagic shock 

was induced by phlebotomy to a mean arterial pressure of 35-

40 mm Hg using a heparinized syringe as the reservoir for 

the collected blood. The blood pressure was maintained at 

35-40 mm Hg by further withdrawal or reinfusion of blood 

from the reservoir for two hours. The animal was then 

-------- .-... --. 



48 

resuscitated. Resuscitation consisted of reinfusion of all 

blood over 15 minutes and replacement of blood lost during 

surgery with two times its volume of 0.9% saline. withdrawn 

blood had a final heparin concentration of 10 U/mL and was 

stored on ice. Mean arterial blood pressure was recorded 

every 15 minutes. Sham operated, instrumented and treated 

controls were performed for each group. A timeline 

illustrating the times of sampling for each experiment is 

shown in Figure 1. 

Analysis of expired ethane. After insertion of 

vascular lines, a tracheostomy was performed and the animal 

intubated. The animal was ventilated with a respirator 

supplying low hydrocarbon air (less than 0.3 ppm) at a rate 

of 80 cycles per minute. Samples of expired breath for 

ethane analysis were collected from each animal over 15 

minute intervals during baseline, shock and resuscitation 

periods. Levels of ethane from each animal were allowed to 

reach a nadir (approximately two hours after being placed on 

low hydrocarbon air) before shock was induced. Four 

collections were made during each two hour shock period and 

six during the first three hours after resuscitation. 

In addition to rats on the normal diet, ethane 

collections were made on three vitamin E deficient animals 

undergoing the HS-R protocol. six weanling rats were fed an 

established vitamin E deficient diet for six weeks (Hafeman 

and Hoekstra, 1977). Three were then subjected to the I-R 
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Figure 1. Timeline of samples for assessment of 
hepatic lipid peroxidation. Samples were taken at 
the times indicated by the first letter of each 
assay. Resuscitation was designated as time o. 
I = in vivo microscopy, L = light microscopy, 
T = transmission electron microscopy, A = ALT, 
E = ethane, T = TBARS. 
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protocol and three were sham opera~ed controls. 

Collections of exhaled breath for ethane analysis were 

made using Tygon tubing and teflon bags and fittings as 

shown in Figure 2 (Hafeman and Hoekstra, 1977). After each 

collection the exhaled breath was drawn over heat purified 

carbon (activated SK-4, 80/100 mesh, Applied Science Labs, 

Deerfield, IL) on ice at 30 mL/min to adsorb hydrocarbons. 

The charcoal was then transferred to a septated vial, heated 

to 240°C for five minutes to desorb hydrocarbons, and 5.0 mL 

of headspace withdrawn and injected into a gas chromatograph 

(Hewlett-Packard, Model 5910, Porapak N 80/100 mesh, Alltech 

Associates, Deerfield, IL) Gas flow rates were: air, 240 

mL/min; hydrogen, 60 mL/min; helium 30 mL/min. Since the 

ethane peaks were narrow, quantification was performed by 

peak height measurement. Standard curves were generated 

daily with a standard mixed hydrocarbon gas mixture (0.1% 

ethane, Scotty Specialty Gases, Plumsteadville, PA). 

Analysis of thiobarbituric acid reactive sUbstances 

(TBARS). Liver samples (one/animal) for determination of 

TBARS were taken at baseline, the end of the shock, 0-15 min 

after resuscitation, or 15-30 min after resuscitation. The 

samples were prepared by cannulating the infrarenal 

abdominal aorta, incising the inferior vena cava to allow 

outflow and perfusing the liver in the retrograde manner 

with 100 mL of an ice-cold solution containing 

~~-.--.------------- --~ - -
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Gas Chromatograph 

Figure 2. Apparatus for collection and analysis of breath 
samples during hemorrhagic shock and resuscitation. Expired 
breath was collected and the hydrocarbons adsorbed to 
activated carbon. Hydrocarbons were then desorbed by 
heating. Five mL of headspace gas was removed with a gas 
tight syringe and injected onto gas chromatograph. 
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EDTA (2.0%) - BHT (0.1%) - NaCI (0.9%) at 50 mL/minute. A 

300 mg biopsy was immediately taken from the median lobe of 

the liver, rinsed in saline and homogenized in 4.0 mL of the 

3°C EDTA-BHT-NaCI solution and the homogenate placed on ice. 

Aliquots of this homogenate were analyzed within one hour. 

A fluorometric method was used to determine TBARS 

modified as described by Ohkawa et al. (1979). The pH of 

the reaction mixture was between 2.0 and 3.0, and the 

mixture was heated to 95°C for 60 minutes. Excitation and 

absorption wavelengths of 515 nm and 553 nm, respectively, 

were used for fluorimetry. In addition, 0.01% BHT was added 

to the reaction mixture to reduce peroxidation of the sample 

lipids during heating (Draper and Hadley, 1990; Kosugi et 

al., 1989). 1,1,3,3-Tetraethoxypropane (Sigma Chemical, st. 

Louis) was used to generate standard curves daily. 

Microscopy. One group of animals underwent in vivo 

microscopy. Seven rats (four sham operated normals and 

three undergoing HS-R) were handled as above except that a 

midline laparotomy was performed and the supporting 

ligaments of the liver incised to allow rotation of liver 

through the laparotomy. The liver was then 

transilluminated for simultaneous in vivo microscopy and 

videotape recording during shock and for 30 minutes after 

resuscitation. Observations of an experienced in vivo 

microscopist were recorded. with a computerized measuring 

technique and standard morphometric procedures, the 

--.- ---
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videotape was studied to determine the number of sinusoids 

with flow per high power field and the sinusoidal widths in 

periportal and centrilobular areas. Sinusoidal widths were 

determined by randomly selecting five sinusoids per field 

for width measurements and calculating the mean (McCuskey, 

1986). To evaluate kupffer cell phagocytosis, five 

additional rats received intravenous infusion of 0.1 mL of a 

latex particle (1.0 micron diameter) (McCuskey, 1986). 

Eight rats (four sham operated and four HS-R) had liver 

samples taken for light microscopy at one hour or 24 hours 

after resuscitation. Samples were placed in 10% buffered 

formalin for fixation, imbedded in paraffin, and stained 

with hematoxylin/eosin or periodic acid schiff stain (PAS) 

(1968a; 1968b). 

Samples for transmission electron microscopy were 

prepared in two animals by performing a midline laparotomy, 

cannulating the portal vein, incising the thoracic vena cava 

to provide outflow, and perfusing the liver with 0.2 M 

sodium cacodylate buffer. This was followed by infusion of 

identically buffered 2.0% glutaraldehyde (McCuskey, 1986). 

Fi~ed livers were minced and processed using routine 

electron microscopy techniques (McCuskey et al., 1983). 

Plasma alanine aminotransferase (ALTl. In a separate 

group of animals, plasma samples for ALT determinations were 

taken at baseline, end of shock, and at 3, 6, and 24 hours 

after resuscitation. ALT determinations were made using a 
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commercial assay kit (Sigma Chemical, st. Louis, Procedure 

No. 505) Blood samples required 0.7 mL heparinized blood 

and were immediately centrifuged and the plasma stored at 

3°C. All samples were visually inspected, hemolyzed samples 

discarded, and the analysis completed within one week. 

statistical Analysis. All data are expressed as mean + 

SD. A log(10) transformation of the ALT values was 

performed from which the mean + SD were calculated (Gad and 

Weil, 1989). Student's t-test was used to compare 

sinusoidal width and flow, and number of kupffer cells. 

Ethane exhalation, TBARS results, and the transformed ALT 

values of sham and HS-R groups were compared by analysis of 

variance for repeated measures. 

RESULTS 

The response of the blood pressure to the HS-R protocol 

on the effect on plasma ALT levels are shown in Figure 3. 

The mean blood volume withdrawn was 9.4 ± 2.7 mL, (39.4% + 

10.3% of calculated total blood volume) (Baker et al., 

1969). Obvious bradycardia and bradypnea were observed 

during the hypotensive period in all animals. Mean arterial 

blood pressure returned to near normal values in all animals 

following resuscitation. ALT release increased slightly by 

the end of the shock period and continued to rise through 



the 24 hour time point. Plasma ALT increased slightly in 

sham operated animals. 
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In vivo microscopy during hypotension showed that blood 

flow was slowed in most sinusoids and became stagnant in 

some. Following resuscitation, blood flow returned in most 

sinusoids but remained stagnant in some sinusoids (Table 3). 

Mean sinusoidal diameter increased (p<O.05) and the number 

of sinusoids with flow decreased (p<O.05), consistent with 

previous reports (Koo and Liang, 1977). The number of 

kupffer cells that had phagocytosed latex particles per high 

power field did not change after resuscitation. 

Visual inspection of the liver after resuscitation 

showed marked congestion with occasional areas of 

intraparenchymal hemorrhage near the surface. Light 

microscopy showed infrequent scattered small areas of 

hemorrhage without a distinctive distribution. There was no 

evidence of inflammatory infiltrates at either one hour or 

24 hours after reinfusion. Light microscopy of samples 

taken one hour after resuscitation showed no injury, but 

glycogen stores were depleted. One of the four HS-R animals 

showed mild centrilobular necrosis at 24 hours. 

Transmission electron microscopy showed effects on the 

hepatocytes and the non-parenchymal cells. Abnormal 

findings were observed in multiple diffuse small foci 

surrounded by normal cells. Hepatocyte injury included 

glycogen depletion; swollen, pale mitochondria; hypoxic 

-_ .. _ .... _-. 
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Figure 3. Plasma ALT levels during hemorrhagic shock 
and resuscitation. Both the HS-R group and the sham 
operated group developed elevated ALT levels at the 24 
hour time point compared to their own baseline sample 
(ANOVA, p < 0.05 for each). Analysis of variance for 
repeated measures indicated that the HS-R and sham 
operated groups were different (p < 0.05). The 
apparent increase at the end of shock (time 0) in the 
HS-R group was not different than baseline. 
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Table 3. In vivo microscopy of kupffer cells and 
the hepatic sinusoids during hemorrhagic shock and 
resuscitation. 

SINUSOIDAL SINUSOIDS KUPFFER 
DIAMETER WITH FLOW CELLS/hpf 
microns 

CONTROL 6.1 + 0.4 5.2 + 0.3 4.9+1. 8 - - -

RESUSCITATED 7.1 + 0.4* 4.5 + 0.5** 4.8+1.7 - - -

--~-.. -. 
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vacuoles; an' increase in smooth endoplasmic reticulum 

associated with a decrease in rough endoplasmic reticulum, 

and occasional necrosis of individual hepatocytes (Figure 

4). widening of the sinusoids and the Space of Disse, 

cellular debris within the sinusoids, and many phagocytosed 

particles in kupffer cells were also noted (Figure 5). 

There was patchy loss of sinusoidal endothelium, with 

occasional large lysosomes in the remaining endothelial 

cells of the affected areas. 

The cumulative ethane exhaled from animals on the 

regular diet increased both during shock and after 

resuscitation (Figure 6). No apparent difference in the 

rate of ethane exhaled during shock or after resuscitation 

was found. Ethane exhalation of sham operated animals 

decreased slightly over the course of the experiment. In 

the vitamin E depleted animals, ethane exhalation was also 

increased during shock and after resuscitation. Both the 

sham operated and HS-R groups of vitamin E deficient animals 

were higher than their counterparts among the regular diet 

animals. The rate of baseline ethane exhalation in the 

vitamin E deficient group undergoing. shock was 157 + 183 

pmol/kg/hour compared to 27 ± 23 pmol/kg/hour in the regular 

diet group. 

Hepatic TBARS levels remained constant from baseline 

measurement to the end of the shock period. TBARS increased 

. __ .. _---------
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Figure 4. Electron micrograph of rat hepatocyte 15 minutes 
after reinfusion of blood. Note the pale, necrotic 
hepatocyte with swollen, poorly defined mitochondria 
(asterisk). The loss of hepatocyte microvilli (arrows) and 
a widened Space of Disse (0) are also present. x 2850 

._--------"----
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Figure 4. Electron micrograph of rat hepatocyte lS minutes 
after reinfusion of blood. Note the pale, necrotic 
hepatocyte with swollen, poorly defined mitochondria 
(asterisk). The loss of hepatocyte microvilli (arrows) and 
a widened Space of Disse (0) are also present. x 2850 

----- --- --
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Figure 6. cumulative exhaled ethane of normal and 
vitamin E deficient rats. Mean cumulative ethane 
exhalation was calculated for rats maintained on a 
regular diet or vitamin E deficient diet since weaning. 
There were five animals in each regular diet group and 
three in each vitamin E deficient group. The increase 
in expired ethane by the HS-R Regular Diet group was 
increased compared to the Sham Regular Diet group 
(repeated measures ANOVA, p < 0.001). vitamin E 
depletion increased ethane expiration in both the shock 
and sham groups compared to baseline at -2 hours, but 
the apparent increase in ethane expired by the HS-R 
vito .E Deficient group was not statistically different 
from it's sham group due to the high standard 
deviation. 

- ------ _ ... _------
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slightly during the 0-15 minute and 15-30 minute periods 

following resuscitation (Figure 7). Blood withdrawn to 

induce shock and stored for the two hour shock period showed 

no increase in TBARS content during the two hours of shock 

(data not shown). 

DISCUSSION 

Model of hepatic injury. 

The objective of this study was to develop of model of 

HS-R that produced hepatic injury and allowed determination 

of hepatic lipid peroxidation. The shock model used was 

very similar to that used by many investigators over the 

past 50 years. The amount of blood withdrawn, the decrease 

in pulse and respiratory rate, and the recovery of normal 

blood pressure after reinfusion of blood have been observed 

by other investigators using similar models (Monafo et al., 

1969; Shoemaker et al., 1965; steinman and Denstedt, 1969; 

Baue et al., 1971). Whigham (1966) demonstrated that the 

heart rate and the respiratory rate declined proportionally 

to blood pressure decline. The resultant ALT rise, and 

overall survival were also similar to previous reports 

(Whigham and Weil, 1966; Nauta et al., 1990). 

using in vivo microscopy, Koo and Liang (1977) found 

that during hypotension flowing hepatic sinusoids constrict 

while stagnant sinusoids dilate. Our measurements were 

... . ...•..... _ .. _-----"----
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Figure 7. Hepatic levels of TBARS. TBARS increased 
during the 0-15 and 15-30 minute time periods following 
resuscitation (ANOVA, p < 0.01 for 0-15 minutes vs. 
baseline and for 15-30 minutes vs. baseline). 
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performed after resuscitation from shock and the sampling 

procedure included all sinusoids; overall, there was a net 

increase in sinusoid diameter. A small decrease in 

sinusoids with flow was noted. Our absolute measurements of 

sinusoidal width are in good agreement with those of Koo and 

Liang (1977). 

Previous descriptions of hepatic changes by light 

microscopy have been variable. Most reports have revealed 

no apparent hepatic changes at the light microscopic level, 

although centrilobular necrosis has been described (van der 

Meer et al., 1987; Linhardt et al., 1980; Vanecko et al., 

1969; Sato et al., 1985). Several investigators have shown 

changes very similar to ours using scanning or transmission 

electron microscopy (Schlag and Redl, 1985; Donohoe et al., 

1986; Baue et al., 1971; Shelburne et al., 1973). Overall, 

our model falls between the least and most severe models 

described since animals showed obvious signs of distress, 

ALT levels increased moderately, one animal exhibited injury 

by light microscopy and the injury found with electron 

microscopy was patchy, but pronounced. 

Hepatic lipid peroxidation. 

The second objective of this study was to determine 

whether lipid peroxidation occurs during resuscitation from 

hemorrhagic shock. Peroxidation of membrane lipids by 

oxygen derived free radicals is an accepted mechanism of 
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xenobiotic hepatotoxicity and has been implicated in .hepatic 

I-R injury (Tappel, 1973; Benedetti et al., 1979; Comporti, 

1985; Sevanian and Hochstein, 1985). Oxygen radicals can 

produce lipid peroxidation by attacking the hydrogen on 

methylene carbons of polyunsaturated fatty acids (PUFA): 

RH + 'OH -----> R' + H2O (1) 

R' + O2 -----> ROO' (2) 

ROO' + PUFA -----> ROOH + R (3) 
(Lipid 

hydroperoxide) 

The first reaction leaves an unpaired electron at the site 

of hydrogen abstraction. Following rearrangement, the lipid 

radical can react with oxygen to form a lipid peroxyl 

radical (reaction 2). Finally, this radical can take a 

hydrogen from another lipid molecule (reaction 3). The net 

result is that the original lipid becomes a lipid 

hydroperoxide and, in the process, generates another lipid 

radical (sevanian and Hochstein, 1985). The lipid 

hydroperoxide decomposes intracellularly, resulting in 

decomposition products that form the basis of the two 

analytical methods used in this study: ethane and TBARS 

(Gutteridge and Halliwell, 1990). 

In our model, an increase in ethane exhalation was 

noted during both shock and resuscitation (Figure 4). 

,----- --~. -
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Baseline exhalation was 0.21 nmol/kg/hr, and increased about 

four fold in the vitamin E depleted rats. These results are 

approximately 10 - 50% of baseline exhalation found in 

previous reports from vitamin E depleted or normal diet rats 

(Frank et al., 1980; Burk and Lane, 1979; Hafeman and 

Hoekstra, 1977). The reasons for the lower apparent ethane 

exhalation in our model are two fold. First, ethane 

exhalation is in our method is expressed as the net 

cumulative ethane exhalation; baseline ethane exhalation was 

subtracted from all subsequent determinations. other 

investigators have reported only cumulative ethane detected 

without removing baseline exhalation. Second, our model 

only collects exhaled ethane. All previously reported 

models using rats have collected breath by enclosing the 

entire animal in the collection vessel. Since flatus 

contains ethane, the complete enclosure technique 

artifactually increases the apparent ethane. 

The basis of the ethane exhalation assay is the attack 

of oxygen free radicals on W-3 unsaturated fatty acids 

producing a hydroperoxide. The decomposition of this 

hydroperoxide produces ethane. Ethane production can occur 

during peroxidative injury in any cell. In HS-R, therefore, 

many organs may contribute to the ethane exhaled. The 

ethane exhalation is an indicator of total lipid 

peroxidation occurring within the body. The relative 

---------- -- ~ - -
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contribution of the liver is unknown when this test is used 

alone. 

Another commonly used index of lipid peroxidation is 

the TBARS assay (Gutteridge and Halliwell, 1990; Comporti, 

1985; Draper and Hadley, 1990). TBARS primarily detects 

reactive aldehydes generated by the decomposition of lipid 

hydroperoxides (Draper and Hadley, 1990). It is important 

to control conditions in this assay as it is possible for 

lipid peroxidation to occur after the sample is taken 

(during the heating phase of the assay). For this reason we 

included EDTA to chelate free iron and BHT to inhibit lipid 

autoxidation (Draper and Hadley, 1990). In addition, 

identical sham operated animals were subjected to surgery, 

liver sampling and the analytical determination 

simultaneously with each experimental animal. 

In our model, hepatic TBARS content remained stable 

during the shock phase and increased after resuscitation. 

The increase was mild compared to previous reports of 

chemical induced lipid peroxidation (Pompella et al., 1987; 

Mihara et al., 1980). An increase in TBARS only after 

resuscitation is consistent with the oxygen radical 

hypothesis. In the oxygen radical hypothesis, radicals 

should be produced during reoxygenation of tissue. These 

may then cause lipid peroxidation as previously described. 

Production of TBARS only during resuscitation has been 

previously reported using a low flow-ref low variation of the 

- ----- --------- ,----- -~--
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perfused rat liver. Livers from fasted female Sprague

Dawley rats were perfused at 1.0 mL/g/min, about 25% of 

normal rate. When perfusion was increased to 4.0 mL/g/min, 

an increase in TBARS and LDH was noted in the effluent 

(Zhong et al., 1989). 

The observations that ethane increased during both 

shock and resuscitation, but TBARS increased only during 

resuscitation appear contradictory. However, each is 

measuring a similar process, but perhaps in different 

tissues. Therefore, our results suggest that lipid 

peroxidation occurs during the shock phase as well as during 

resuscitation from hemorrhagic shock. 
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CHAPTER 3 

EFFECT OF ANTIOXIDANT MANIPULATION ON 
HEPATIC INJURY CAUSED BY HEMORRHAGIC SHOCK AND RESUSCITATION 

INTRODUCTION 

Hemorrhagic shock is a common clinical problem that may 

cause serious hepatic injury (Bynum et al., 1979; Caravati 

and Wootton, 1962; Rodgers et al., 1964; Hardaway, 1991). 

Resuscitation after hemorrhagic shock (HS-R) shares several 

characteristics with reperfusion after ischemia (I-R). Both 

involve hypoxia, loss of energy reserves and, when severe, 

may result in centrilobular necrosis of the liver (Linhardt 

et al., 1980; Sandritter and Lasch, 1967; Sato et al., 1985; 

van der Meer et al., 1987). There are also important 

differences between these processes. In HS-R some blood 

flow is maintained, which allows shock mediators or toxic 

metabolites to move in or out of tissues (Yokoyama et al., 

1990). Also, in HS-R the deficit in oxygen delivery is less 

severe, since some blood flow persists (Kovach and Sandor, 

1972; Slater et al., 1973; Shoemaker et al., 1965). 

Finally, the duration of HS-R must be much longer than that 

of I-R to produce comparable histopathologic injury. 

(Linhardt et al., 1980; Jaeschke and Mitchell, 1989; 

Jaeschke et al., 1988a). 

---_._- --
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oxygen radicals have been implicated in the 

pathogenesis of ischemia-reperfusion injury in experimental 

animals and in humans (Salaris et al., 1990; Davis et al., 

1983; Weiss et al., 1983; Granger et al., 1980; Nauta et 

al., 1990). After being subjected to I-R, hepatic 

production of oxygen radicals may come from several sources, 

including metabolism of hypoxanthine by xanthine oxidase, 

leakage from the mitochondrial electron transport chain, and 

infiltration of activated neutrophils, as well as other 

postulated sources (Parks and .Granger, 1990; van Zweiten et 

al., 1981; Weiss et al., 1983; McCord, 1987). 

The critical components of oxygen .radical production in 

biological systems include oxygen and transition metal ions, 

particularly iron. Superoxide anion (02-) is produced from 

oxygen by metabolism of hypoxanthine by xanthine oxidase 

(Parks et al., 1990). O2- is also produced by activated 

neutrophils (Babior, 1984). Iron and O2- interact in the 

metal-catalyzed Haber-Weiss reaction to produce the hydroxyl 

radical (·OH). ·OH is very reactive and attacks cellular 

components in the immediate vicinity (Pryor, 1986). O2- may 

also be capable of causing tissue injury in its protonated 

form (02H). Its equilibrium may shift toward 02H in 

pseudovacuoles formed during neutrophil secretion or near 

membranes (Weiss, 1986). 

,---------- -- ~ - -
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Normal cellular defenses of the hepatocyte against 

oxygen radicals include superoxide dismutase (SOD), catalase 

(CAT), glutathione (GSH), glutathione peroxidase (GPX), Q

tocopherol and binding of free iron (Munday and winterbourn, 

1989; Izokun-Etiobhio et al., 1990; Sjoquist and Marklund, 

1990; Jaeschke, 1990; Chow, 1990). Four of these, SOD, CAT, 

GPX and iron binding, function by eliminating 0i or reducing 

its participation in 'OH production. SOD dismutates 02- to 

H20 2 • CAT or GPX can then convert H20 2 to water. CAT does 

not require reducing equivalents for this function while GPX 

needs GSH to reduce hydroperoxides. The result is a system 

that rapidly and effectively eliminates 02- and its products 

from the cell. Iron binding by ferritin reduces the 

availability of iron to catalyze the Haber-Weiss reaction. 

One postulated mechanism of injury following oxygen 

radical production is peroxidation of polyunsaturated fatty 

acids in cellular membranes (Gutteridge and Halliwell, 

1990). Lipid peroxidation can affect cell membrane fluidity 

as well as membrane integrity and cell compartmentation, 

leading to leakage of intracellular compounds into the 

plasma (Tappel, 1973; Benedetti et al., 1979; sevanian and 

Hochstein, 1985). Lipid peroxidation in the liver following 

I-R has been demonstrated and appears to be associated with 

the development of tissue injury, although a true causal 

relationship has not been established (Walsh et al., 1990; 

- - ------ -------------------- ---- --
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and Gutteridge, 1990). 
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If oxygen radicals cause the liver injury associated 

with HS-R, alteration of antioxidant defenses in vivo would 

affect the degree of liver injury induced. Decreasing 

antioxidant defenses should increase liver injury while 

increasing defenses should decrease injury. We attempted to 

antagonize hepatic injury in a standard model of HS-R by 

neutralizing 02 with SOD, H202 with CAT, and chelating iron 

with deferoxamine (DFO). In addition, we attempted to 

assess the protective role of GSH by depleting GSH with 

phorone. 

METHODS 

Animals. All protocols involving animals were approved 

by the Animal Care and Use Committee of the University of 

Arizona. Male Sprague-Dawley rats (Harlan Sprague-Dawley, 

Houston, TX) weighing 260-380 grams were fed standard food 

and tap water ad libitum. They were kept on a 12 hour 

daylight cycle; all experiments were started between 8 and 9 

a.m. to minimize effects due to diurnal glutathione 

variation (Farooqui and Ahmed, 1984). Animals were allowed 

water, but not food, for 18 hours prior to use. All animals 

were initially anesthetized by intramuscular injection with 

0.06 mL of a fentanyl-droperidol mixture (Innovar-vet, 

.-------.- --



73 

Pitman-Bowes). Additional 0.03 mL injections were made 

throughout the experiment as needed to maintain anesthesia. 

Body temperature was maintained during shock and the first 

six hours of resuscitation with a heat lamp 0.5 meter above 

the animal. 

Shock-resuscitation protocol. After anesthesia, the 

animal was restrained supine on a surgical board. Arterial 

pressure monitoring and venous access were established 

through a unilateral cutdown of the femoral artery and vein 

and catheter patency was maintained with heparinized saline 

(100 U/mL). Animals respired spontaneously throughout the 

experiment. After stabilization for 15 minutes, hemorrhagic 

shock was induced over 15 minutes by phlebotomy to a mean 

arterial pressure of 35-40 mm Hg with a heparinized syringe 

as the reservoir for the shed blood. withdrawn blood had a 

final heparin concentration of 10 U/mL and was stored on 

ice. The blood pressure was maintained at this level for 

two hours and then the animal was resuscitated. 

Resuscitation consisted of reinfusing all withdrawn blood 

over 15 minutes and replacing blood lost during surgery with 

two times its volume of 0.9% saline. Mean arterial blood 

pressure was recorded every 15 minutes from before shock 

until six hours after shed blood was reinfused. Sham 

operated, instrumented and treated controls were included 

for each group . 

. _-- ------ . '-
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Drug and enzyme treatments. Treatment groups are shown 

in Table 4. Bovine CuZn SOD (Sigma Chemical, st. Louis) and 

bovine CAT (Sigma Chemical, st. Louis) were infused as 0.2 

mL boluses in 0.9% saline. DFO (Ciba-Geigy, Basle, 

Switzerland) was mixed in one mL and infused over 15 minutes 

to minimize the hypotensive effect of the drug. Phorone 

(sigma Chemical, st. Louis) was administered in a volume of 

two mL/kg corn oil. 

Analytical determinations. Samples for plasma alanine 

aminotransferase (ALT) determinations (Sigma, st. Louis, 

Procedure No. 505) were taken before shock, at the end of 

the shock period, immediately following resuscitation, and 

at 3, 6, and 24 hours following resuscitation. Samples 

required 0.7 mL heparinized blood and were immediately 

centrifuged and the supernatant stored at 3°C. All 

supernatants were examined, hemolyzed samples were 

discarded, and all samples were run within one week. 

Total nonprotein sulfhydryls (NPSH) were measured in 

liver at baseline, end of shock, and 5-8 minutes after 

resuscitation. Each sample was immediately homogenized in 

phosphate buffered saline containing 2% EDTA (w/v) and the 

NPSH content determined using the Ellman reagent (Sedlak and 

Lindsay, 1968). 

- --_.--- -_. __ ._---
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Table 4. Treatment groups for manipulation of antioxidant 
defenses. 

81 n I TREATMENT I DOSAGE SCHEDULE 

HS-R 10 HS-R alone 

HS - 6 HS-R + SOD 11 doses: start of 
SOD HIGH 15,000 U/kg shock, start of 

per dose, IV resuscitation, then 
every 15 min x 2 hrs 

HS - 6 HS-R + SOD 11 doses: start of 
SOD LOW 1,500 U/kg shock, start of 

per dose, IV resuscitation, then 
every 15 min x 2 hrs 

HS - 3 HS-R + SOD+CAT 11 doses: start of 
SOD+CAT SOD 15,000 U/kg shock, start of 

CAT 55,000 U/kg resuscitation, then 
per dose, IV every 15 min x 2 hrs 

HS - DFO 10 HS-R + DFO 2 doses: start of 
50 mg/kg shock, start of 
per dose, IV resuscitation 

HS - 10 HS-R + Phorone 1 dose: Start of shock 
PHORONE 250 mg/kg 

intraperitoneal 

----- _. 
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statistical analysis. All data are expressed mean + 

so. A log(10) transformation of the ALT values was 

performed from which the mean + so were calculated. (Gad and 

Weil, 1989) within group variation was analyzed by analysis 

of variance (ANOVA). variation between groups was analyzed 

by repeated measures ANOVA variance followed by the Newman

Keul post hoc test. Survival was compared by Chi-square 

test. 

RESULTS 

There were six treatment groups (Table 4). The first 

group, HS-R, was subjected to hemorrhagic shock and 

resuscitation, without other treatment. All other groups 

were subjected to shock and resuscitation, and received the 

treatment protocol indicated. There were no statistically 

significant differences between the control group (HS-R 

alone) and any experimental group in the amount of 

anesthesia required, the time required to reduce blood 

pressure to 35-40 mm Hg, the amount of blood removed to 

maintain hypotension, the MAP during the first six hours 

after resuscitation, or in overall survival (Table 5). 

Hemorrhagic shock and resuscitation alone caused a 

moderate increase in plasma ALT that began after the end of 

the shock period and was still rising at 24 hours (Figure 

3). The 3, 6 and 24 hour samples showed statistically 

significant increases from baseline. 

---------- -- ~ .. -
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Table 5. Response of control and treatment qroups to 
hemorrhaqic shock and resuscitation. 

GROUP n TIME TO TOTAL BLOOD HAP AFTER SURVIVAL 
INDUCE WITHDRAWN RESUS- 24 hours 
SHOCK % of total CITATION 
minutes blood rom Hg 

volume 

HS 10 17.6+8.3 40.3+8.9 94.6+14.4 8/10 - - - (80.0%) 

HS - 5/6 
SOD HIGH 6 22.0+5.1 39.6+4.3 97.6+12.5 (83.3%) - - -

HS - 3/6 
SOD LOW 6 19.8+3.7 37.4+3.5 94.8+6.5 (50.0%) - - -

HS - 3/6 
SOD+CAT 3 21. 4+3.0 33.7+4.8 88.0+12.8 (50%) - - -

HS - 6/10 
DFO 10 12.4+4.7 38.1+3.8 79.4+11. 2 (60.0%) - - -

HS - 7/10 
PHORONE 10 14.9+5.2 40.9+4.4 88.7+8.3 (70.0%) - - -
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None of the groups treated with antioxidants 

demonstrated reduced ALT release. In fact, both the SOD

HIGH group (Figure 8) and the SOD-LOW group (Figure 9) 

developed higher plasma ALT levels than the group undergoing 

the HS-R alone. The ALT values in the SOD-LOW group were 

statistically higher than the SOD-HIGH group (p < 0.05). 

The addition of CAT to SOD did not affect ALT levels (Figure 

10) • 

Sham operated animals in both SOD groups developed slightly 

elevated ALT values, but these were not higher that the HS-R 

sham operated animals. The plasma ALT levels noted in the 

DFO group were not statistically higher than the HS-R group. 

Sham operated animals receiving DFO did not have increased 

plasma ALT levels (Figure 11). 

The liver content of NPSH was reduced by shock or 

phorone independently. The administration of phorone alone 

reduced hepatic NPSH from 15.9 ± 1.3 mmol/gram wet weight to 

9.3 ± 0.4 mmol/gram wet weight at two hours after 

administration. without increasing plasma ALT levels. The 

combination of hemorrhagic shock and phorone reduced NPSH 

content to 8.4 + 0.6 mmol/gram wet weight and increased 

plasma ALT nine fold higher than shock-resuscitation alone 

(Figure 12). 

--------.--- --. 
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Figure 8. Plasma ALT levels of rats treated with 
superoxide dismutase (SOD-HIGH group). The SOD-HIGH 
group developed higher ALT levels than the HS-R group 
(repeated measures ANOVA, p < 0.05). The 
administration of the same dose of SOD did not increase 
the enzyme levels of sham operated animals . 
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Figure 9. Plasma ALT levels of rats treated with 
superoxide dismutase (SOD-LOW group). The SOD-LOW 
group developed higher ALT levels than the either 
the HS-R group or the SOD-HIGH group (repeated 
measures AN OVA , p < 0.05). 
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Figure 10. Plasma ALT of levels of rats treated 
with superoxide dismutase and catalase (SOD+CAT 
group). The addition of CAT to the high dose of 
SOD did not change the plasma ALT concentration. 
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Figure 11. Plasma ALT levels of rats treated with 
deferoxamine. DFO did not increase plasma ALT. 
The apparent increase at 24 hours was not 
statistically significant. The slight increase in 
the sham operated DFO group was not different than 
the sham operated HS-R group (not shown). 
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Figure 12. Plasma ALT levels of rats after 
depletion of glutathione with phorone. Phorone 
administration increased the plasma ALT response 
to shock and resuscitation. Only the 24 hour 
value is significantly different than the HS-R 
group (repeated measured ANOVA, Newman-Keuls post 
hoc test, p < 0.05). Sham operated animals 
receiving phorone showed no increase in ALT. 
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DISCUSSION 

The model of hemorrhagic shock and resuscitation used 

in this study has been extensively utilized over the past 40 

years (LePage, 1946; Shoemaker et al., 1965; Whigham and 

Weil, 1966; Baue et al., 1971). As reported by previous 

investigators, hypotension in the range of 35-40 rom Hg for 

one to two hours produced hepatic enzyme release and 

ultrastructural damage to the liver (Linhardt et al., 1980; 

Lazarus and Hopfenbeck, 1979; Holliday et al., 1981; Blum, 

1989; Baue et al., 1971). 

Hepatic injury from hemorrhagic shock-resuscitation. 

The objective of this study was to investigate the 

hypothesis that oxygen free radicals may be responsible for 

hepatic injury resulting from hemorrhagic shock and 

resuscitation. This theory was formulated from observations 

indicating that oxygen radicals are involved in the 

pathogenesis of a similar phenomenon, hepatic ischemia

reperfusion injury (Nauta et al., 1990; Adkison et al., 

1986; Marubayashi et al., 1986). 

In a previous experiment (chapter 2), we found that 

hepatic lipid peroxidation increased after resuscitation 

from hemorrhagic shock. Lipid peroxidation indicates that 

oxygen radicals were produced during resuscitation. The 

...... -_._---------------~ . -



onset of hepatic lipid peroxidation coincided with the 

development of hepatic injury. 
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In the present experiment we attempted to test the 

presence of oxygen radical induced liver injury by 

manipulating antioxidant defenses. Our approach was based 

on the role of the superoxide anion in I-R injury. 02- is 

produced during reperfusion of ischemic tissues (Fridovich, 

1983; McCord, 1987). However, it is unlikely that 02-

directly causes extensive cellular injury itself (Halliwell 

and Gutteridge, 1986). Instead, 02- is probably converted to 

the hydroxyl radical (OH-), a more reactive radical, in the 

iron catalyzed Haber-Weiss reaction (Halliwell and 

Gutteridge, 1990): 

Fe3+ + 02- ---------> Fe2+ + 02-

Fe2+ + H&2 ---------> Fe3+ + -OH + OH

Net: 02- + H202 ---Fe----> ·OH + OH- + 02 

(20) 

(21) 

(22) 

02- may also act as a chemotactic factor for phagocytes. This 

action promotes the migration of neutrophils into the 

affected tissue and stimulates the release of 02- by the 

neutrophil and other cells of the immune system (Granger et 

al., 1989; McCord, 1987). 

----- ---
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The primary defense of an organism against 0i is rapid 

dismutation to less dangerous products. The dismutation of 

02- produces H20 2 : 

H202 is then removed by catalase (CAT) or glutathione 

peroxidase (GPX): 

2 H20 2 ---CAT---> 2 H20 + 02 

H20 2 + 2 GSH ---GPX---> 2 H20 + GSSG 

(23) 

(24) 

(25) 

Therefore, H202 is an intermediate of both ·OH 

production and 02- dismutation. Promoting the dismutation of 

02- with SOD or binding of iron with DFO (eliminating the 

iron needed for the production of ·OH) should reduce hepatic 

injury in HS-R by removing O2-. It should be noted, however, 

that dismutation produces H20 2 , which reacts with Fe2+ in 

reaction (23) to produce ·OH. Depending on the relative 

rates of each reaction, the availability of substrate, and 

factors as yet unknown, dismutation of O2- could 

theoretically increase injury. 

Since GSH can neutralize some oxygen radicals and 

reactive aldehydes, GSH should be consumed during the 

production of H202 , ·OH, and lipid radicals. Ischemia-

---------- .-~ - -
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reperfusion as well as various chemicals have been 

demonstrated to cause depletion of hepatic GSH (Jaeschke and 

Mitchell, 1989; Marubayashi at al., 1986; Metzger and 

Lauterberg, 1978). The decrease in GSH is often associated 

with lipid peroxidation and can be inhibited by antioxidant 

compounds (Comporti, 1985). These results can be 

interpreted as evidence that oxygen radical production 

consumes GSH (among other antioxidant defenses) and, when 

cellular defenses are overwhelmed, the radicals attack fatty 

acids to induce lipid peroxidation. The anticipated 

depletion of NPSH was found in our model. The opposite 

approach, depletion of GSH before oxidant challenge has also 

been used. According to the oxygen radical hypothesis, GSH 

depletion before shock should worsen hepatic injury fromHS

R by decreasing defenses (Kosower and Kosower, 1979). As 

expected, depletion of GSH increased hepatic injury during 

resuscitation. 

As in I-R models, previous reports in HS-R models 

suggest that oxygen radicals consume antioxidant defenses 

and produce hepatic lipid peroxidation. Fasting potentiated 

and feeding reduced hepatic injury from HS-R in an in vitro 

model (Zhong at al., 1989). Previous results with our model 

indicated that lipid peroxidation did accompany liver injury 

from HS-R (Chapter 2). Therefore, the decreased hepatic 

NPSH levels and exacerbation by phorone of liver injury in 

this experiment are in agreement with the hypothesis that 
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oxygen radicals contribute to the hepatic injury caused by 

HS-R. GSH depletion can be accomplished with a wide variety 

of electrophilic species, however. Therefore, GSH depletion 

does not necessarily prove that radicals were formed. 

Investigators using similar rat models, in which 

antioxidant interventions such as superoxide dismutase (SOD) 

or deferoxamine (OFO) had a beneficial effect on hepatic 

injury caused by HS-R, concluded that oxygen radicals 

mediate HS-R injury to the liver (Cunningham and Keaveny, 

1978; Baker, 1972; Horton and Borman, 1987; Hedlund and 

Hallaway, 1990). In contrast to these reports, we found no 

reduction of hepatic injury following the administration of 

SOD, the combination of SOD and CAT, or OFO. The simplest 

explanation of this finding is that oxygen radicals do not 

directly cause the hepatic injury produced in this model. 

Comparison of HS-R with I-R offers some support for this 

conclusion. First, in vitro experiments simulating shock in 

the perfused rat liver have shown that an oxygen radical

dependent oxidative stress, as evidenced by production of 

oxidized glutathione (GSSG), was produced but did not seem 

related to hepatocyte enzyme release (Jaeschke and Mitchell, 

1989). Perfusion of rat liver with perfusate containing N2_ 

95% CO2_ 5% produced a sudden release of GSSG when the 

hypoxic buffer was replaced with oxygenated buffer. 

Hepatocyte enzyme release also rose dramatically with 
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reoxygenation, but returned to normal within minutes, while 

GSSG continued to be produced. Although this is not a 

complete biological system, this finding apparently 

dissociates the production of an oxygen stress from 

hepatocyte injury. 

Further, in an in vitro model of I-R, brief reperfusion 

of liver with anoxic perfusate just before reperfusion with 

oxygenated perfusate markedly reduced hepatic injury, 

presumably by washing out xanthine oxidase and its 

substrate, hypoxanthine. Since hepatic blood flow persists 

throughout the hypotensive phase, hypoxanthine, iron, Xo and 

other enzymatic sources could be removed as they are 

released from a cell (Slater et al., 1973). 

Other explanations for the failure of antioxidants to 

prevent injury are possible. Activation of leukocytes can 

produce oxygen stress (Werns and Lucchesi, 1990). 

Inflammatory infiltrates have been described in hepatic 

injury caused by I-R and in some HS-R experiments (Linhardt 

et al., 1980; Schlag and Redl, 1985). In our model, 

inflammatory infiltrates were not found in the liver 

(Chapter 2). 

A common flaw in studies utilizing SOD is failure to 

account for its half-life of only a few minutes. In the 

rat, bovine SOD is no longer detectable in the blood 30 

minutes after intravenous injection (Baret et al., 1984). 

However, a rapid decrease of SOD probably did not occur in 

- --.--.-.------~------ --~ --
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our model. SOD is normally excreted by filtration through 

kidneys (Baret et al., 1984). Hypotension markedly reduces 

renal filtration and urine output (Chaudry and Baue, 1982). 

The decreased renal flow associated with shock indicated 

that f,requent administration of SOD during shock was 

unnecessary. Upon resuscitation, we administered SOD every 

15 minutes to maintain adequate levels. 

still another explanation lack of antioxidant efficacy 

is that flow did return to the liver abruptly enough to 

produce conditions similar to I-R. This is supported by the 

decreased number of sinusoids with flow found after 

resuscitation in our model. A sudden increase in oxygen 

would not occur in these sinusoids and, therefore, an O2-

burst could not occur in these areas. 

Overall, three explanations for our results are 

reasonable: 1) a toxic effect of SOD obscured its beneficial 

effects, 2) oxygen radicals were produced in amounts 

insufficient to contribute in a detectable manner to the 

injury, or 3) oxygen radicals were produced but were not 

related to hepatocyte injury. If elimination of oxygen 

radical had a beneficial effect which was masked by the 

toxicity of SOD, DFO would be expected to have a beneficial 

effect. This conclusion is unlikely since no indication of 

improvement was found after DFO treatment. Insufficient 

production of oxygen radicals could be due to washing out of 

-_ .. _-----
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substrates for xanthine oxidase during shock, the lack of 

neutrophil infiltration, introduction of insufficient 

amounts of oxygen during resuscitation, or a combination of 

these three factors. 

survival and antioxidant interventions 

Several major organs which are involved in death from 

hemorrhagic shock include the brain, heart, lungs, kidney, 

liver and pancreas. Oxygen radicals have been implicated in 

the pathogenesis of I-R injury in all of these organs 

(McCord, 1985). Again, due to the similarities of HS-R and 

I-R, it has been hypothesized that antioxidant 

administration in either I-R or HS-R will result in 

increased survival. Previous investigators have reported 

mixed results. In a study using a more severe model of 

shock than ours, SOD administration at the time of 

resuscitation did not increase survival compared to rats 

resuscitated with isotonic fluid alone (Lee et al., 1987). 

In dogs, however, increased survival rates were found 

(Crowell et al., 1969; Allan et al., 1986; Sanan and Sharma, 

1986). The results in our model appear inconsistent with 

the free radical hypothesis. Survival was not increased or 

decreased by SOD, SOD with CAT, DFO or phorone. Similarly, 

antioxidant treatment did not improve hemodynamic parameters 

such as total blood withdrawn or post-resuscitation blood 

pressure that would suggest a beneficial effect. 

________ • __ 0·· __ • 
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Toxicity of SOD and CAT 

Administration of SOD failed to reduce hepatic injury 

as represented by plasma ALT. Instead, ALT values rose. A 

direct toxic action of SOD or a contaminant of the 

preparation are potential causes of the unexpected increase 

in plasma ALT values. The total dose in the SOD-HIGH group 

was approximately ten fold higher than amounts used by 

previous investigators (Nauta et al., 1990; Romani et al., 

1988; Bernier et al., 1989). A toxic effect of SOD has been 

described in canine myocardium where hematocrit and arterial 

p02 were lower in dogs receiving SOD, 15,000 microgram/kg, 

upon resuscitation from hemorrhagic shock (Horton and 

Borman, 1987). However, direct toxicity is unlikely in our 

model because the SOD-LOW dose was similar to that 

previously shown to produce no toxic effects (Nauta et al., 

1990; Romani et al., 1988; Bernier et al., 1989). In 

addition, sham operated controls receiving SOD demonstrated 

no increase in plasma ALT over that produced by the surgical 

procedures themselves (the HS-R sham animals). Finally, the 

enzyme elevations in the SOD-LOW group were higher than 

those of the SOD-HIGH group. To postulate a toxic component 

of the infusion would require an unlikely dose-response 

relationship. 

--------- -~ - -
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An alternate mechanism could potentially explain the 

effects of SOD and CAT. As noted in equation (23), H202 is 

produced by the dismutation of 0i. H202 is also capable of 

producing tissue injury, although biological systems are 

thought to contain sufficient CAT and GPX to detoxify normal 

amounts of H202 • Perhaps the presence of SOD under our 

conditions produced H202 rapidly enough to outstrip defenses 

and cause tissue injury. The fact that the SOD-LOW group 

developed even higher ALT levels than the SOD-HIGH group is 

not easily reconciled with this theory. The rate of H202 

production should be lower in the SOD-LOW group, allowing 

more time for recycling of reducing equivalents such as GSH. 

It seems possible, however, that maximum dismutation rates 

might be achieved at the lower dose. There would then be no 

sUbstantial increase in H202 production at very high doses. 

If, for some unknown reason, the higher dose also had a 

beneficial effect, the net result might be reduced injury 

with the SOD-HIGH dose. The addition of CAT to the SOD 

infusion did not reduce hepatic injury in our model, 

however. 

Overall, our results indicate that an electrophilic 

specie(s) capable of reacting with GSH is produced during 

HS-R. Oxygen radicals have been suggested as the 

electrophilic species causing GSH depletion. Since the 

administration of antioxidants did not reduce, but actually 

------... -
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increased, hepatic injury, oxygen free ~adicals may not play 

a causative role in the pathogenesis of hepatic injury in 

our model of HS-R. 

--.-- --. 
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CHAPTER 4 

PERSPECTIVE 

OXYGEN RADICALS IN HEMORRHAGIC SHOCK AND RESUSCITATION 

Our investigation of oxygen radicals in hemorrhagic 

shock and resuscitation was based on the oxygen free radical 

hypothesis: The production of oxygen free radicals upon 

resuscitation from hemorrhagic shock injures the cell and 

produces hepatic injury. There were two major findings of 

this research. First, hepatic lipid peroxidation increased 

during resuscitation from hemorrhagic shock. Second, SOD, 

CAT and DFO failed to reduce the modest liver injury caused 

by our model. The increase in lipid peroxidation found 

after resuscitation is consistent with a oxygen free radical 

mechanism, but the failure of the antioxidants to reduce the 

hepatic injury is inconsistent with a free radical 

mechanism. The detection of a possible toxic SOD effect was 

an unexpected, but important, finding. 

Our model produced moderate hepatic injury. In vivo 

microscopy demonstrated acute physiological changes within 

the liver during shock and resuscitation. Electron 

microscopy confirmed the changes noted during in vivo 

microscopy and demonstrated that shock and resuscitation 

caused patchy frank necrosis of hepatocytes and non

parenchymal cells. Both of these observations were similar 

----------- -- - - -
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to previous reports (Linhardt et al., 1980; Shoemaker et 

al., 1965; Baue et al., 1971; Sato et al., 1985). Plasma 

ALT was also used as an indicator of hepatocyte injury. The 

increase in ALT developed after resuscitation and was not 

large compared to known hepatic toxicants such as CCl4 and 

acetaminophen, which cause much higher ALT elevations. The 

ALT elevations noted in our model were of comparable 

magnitude, however, to those produced by other rat models of 

hemorrhagic shock (Linhardt et al., 1980). In addition, the 

levels were still rising at 24 hours after resuscitation. 

In a rat study of hepatic ischemia-reperfusion, ALT levels 

peaked at 72 hours. The peak ALT was about three times the 

level seen at 24 hours (Nauta et al., 1990). Overall, the 

increase in ALT seemed appropriate for the degree of liver 

injury noted on histopathology. 

Glutathione depletion exacerbated the hepatic injury, 

GSH was consumed, and hepatic lipid peroxidation increased 

after resuscitation from hemorrhagic shock. These findings 

indicate that resuscitation from hemorrhagic shock created 

oxygen radicals. Glutathione is an antioxidant itself and 

is utilized by GPX to reduce hydroperoxides. Depletion of 

GSH worsened the hepatic injury found after resuscitation. 

Lipid peroxidation is a well known indicator of oxygen 

radical injury. The difficulties involved in the 

performance and interpretation of lipid peroxidation assays 

- ---- -------,----'------ - -- - -
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are well known (Gutteridge and Halliwell, 1990; Halliwell 

and Gutteridge, 1986; Draper and Hadley, 1990; Burk and 

Ludden, 1989; Frank at al., 1980). Therefore, we 

incorporated identical sham operated controls as well as 

simultaneous timing and analysis of samples in our protocol. 

The magnitude of the lipid peroxidation was not great 

compared to chemically induced hepatic lipid peroxidation; 

hepatic TBARS increased only 25%. It should be noted that 

the TBARS assay measured malondialdehyde and other reactive 

aldehyde products of the decomposition of oxidized lipids. 

These products are further metabolized by the liver. 

Cells that survived the protocol with little or no injury 

may have reduced the TBA reactive substances in the assay. 

Therefore, hepatic TBARS may underestimate the relative 

increase in hepatic lipid peroxidation during resuscitation 

from shock. 

Although oxygen radicals were produced, we cannot 

conclude that they caused the hepatic injury due to the 

failure of antioxidants to reduce the injury. We attempted 

to optimize the conditions for each antioxidant by treating 

with doses reported as effective, administering each drug 

before shock, and repeating the treatment during and after 

resuscitation (if indicated by a short half life). However, 

the administration of SOD in two different doses, or SOD and 

CAT together, did not reduce the hepatic injury caused by 

.--... ------ -_.,--- --~. --



our model. In fact, the SOD-HIGH, SOD-LOW and SOD+CAT 

groups all had elevated, instead of reduced, ALT levels. 

Treatment with DFO also failed to reduce hepatic injury. 

Since a total of three different antioxidant drugs did not 

reduce injury, it is unlikely that a beneficial effect was 

present. 
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The conclusion that oxygen radicals are not involved in 

hepatic injury must be somewhat tentative, however. First, 

SOD caused high ALT levels that may have obscured a 

beneficial antioxidant effect. This is somewhat unlikely 

since DFO did not increase ALT and also failed to reduce 

injury. A second consideration is the availability of the 

drug at the site of oxygen radical production. Since SOD 

and CAT are proteins, they would not reach an intracellular 

site of oxygen radical production quickly. This would be 

less of a problem for DFO. In contrast to ischemia

reperfusion, however, the presence of hepatic blood flow 

during hemorrhagic shock actually provides a greater 

opportunity entry of drug into cells. Since SOD and DFO 

have been reported effective in reducing hepatic injury from 

ischemia-reperfusion, it is unlikely that inaccessibility is 

a likely explanation for our results. It is true, however, 

that some sinusoids did not regain flow after resuscitation. 

Perhaps these cells were injured by oxygen radicals, 

developed lipid peroxidation and then necrosed, slowly 

---------- -- ~ . -
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releasing their ALT as they are resorbed. In this scenario 

exogenously administered drugs, particularly large molecular 

weight drugs, would not be able to enter the area injured by 

the radical production. 

The conclusion that oxygen radicals were produced and 

resulted in hepatic lipid peroxidation (Chapter 2), but did 

not cause the hepatic injury observed (Chapter 3), implies 

that lipid peroxidation and cell death were not causally 

related. In examining chemically induced lipid 

peroxidation, Gutteridge and Halliwell (1990) challenged the 

conclusion that lipid peroxidation is necessarily a cause of 

cell death. Instead, lipid peroxidation could be a result 

of cell death: 

Disease or toxin ----> 
cell damage or death ----> 

lipid peroxidation 

Paraquat is a known cause of pulmonary injury by oxygen 

radicals (Autor, 1974). The inhibition of lipid 

peroxidation without the prevention of cell injury has been 

demonstrated in paraquat induced lung damage (Halliwell and 

Gutteridge, 1989). Thus, the increased lipid peroxidation 

seen in our model and in a wide range of diseases may simply 

be the result of tissue degeneration. 

---- ----- . - --
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The dissociation of oxygen radical induced lipid 

peroxidation and liver injury represents a plausible 

explanation for our observations on the release of ALT. 

However, our results do not prove the more general 

conclusion that oxygen radicals are not involved in 

hemorrhagic shock at all. Failure to reduce ALT release 

does not prove that an antioxidant treatment is without 

beneficial effects. For example, DNA injury is one result 

of hemorrhagic shock-resuscitation (Lazarus and Hopfenbeck, 

1979). Since damage to DNA would not be immediately 

apparent, it is possible that our protocol reduced DNA 

damage without affecting enzYme release. Similarly, the ALT 

release may not reflect injury that did not cause membrane 

disruption. Inactivation of intracellular enzymes could be 

an important, but nonlethal, effect of oxygen radical 

production. This interpretation would be consistent with 

the reported improvement of physiological parameters, but 

not survival, after antioxidant treatment of hemorrhagic 

shock and resuscitation (Lee et al., 1987; Crowell et al., 

1969; Horton and Borman, 1987). Finally, oxygen radicals 

could injure a specific cell population within the liver. 

Selective injury to nonparenchymal cells by oxygen radicals 

during hemorrhagic shock has been reported recently (Walsh 

et al., 1990). Since nonparencymal cells comprise only 

about 20% of the liver, beneficial effects from the 



antioxidant treatment may be missed in our model which 

focused on the hepatocyte. 
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Finally, the role of the immune system in hemorrhagic 

shock should be not be ignored. Neutrophils have been 

recognized as a major cause of reperfusion injury in the 

myocardium (Werns and Lucchesi, 1990), and have been 

strongly implicated as a cause of reperfusion injury of the 

intestine (Brown et al., 1990). Neutrophil infiltrates were 

not found in our model despite a specific search for them. 

Infiltrates have been reported in other models of hepatic 

injury from hemorrhagic shock, however (Linhardt et al., 

1980; Schlag and Redl, 1985). If hepatic injury associated 

with hemorrhagic shock is caused by inflammatory cells, 

another potential explanation for our results becomes 

evident. If cells of inflammation were not present in our 

model, the benefit from antioxidant therapy would be 

expected to be reduced. While some investigators have 

reported white cell infiltrates in hemorrhagic shock, the 

lack of infiltrates in our model is consistent with reports 

of impaired immune response after resuscitation from 

hemorrhagic shock (Loegering, 1977; Fink et al., 1985; Ayala 

et al., 1990; Stephan et al., 1989; Howard and Simmons, 

1974). It is possible that more prolonged evaluation is 

necessary to detect this effect, since in inflammatory cell 

----------- -- - - -



infiltrates may require 48 hours to develop in the human 

liver (Patrick and McGee, 1980). 
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'It is impossible to complete a research project without 

envisioning future directions. The apparent dissociation of 

lipid peroxidation and hepatic injury is the most 

interesting result we observed. The next step could be to 

close the circle of oxygen radical ---> lipid peroxidation -

--> cell injury by measuring lipid peroxidation in the 

presence of an antioxidants. If lipid peroxidation were 

reduced, but liver injury unaffected by these antioxidants, 

the dissociation is strongly supported. It would be 

important in such an experiment to include an antioxidant 

with another mechanism of action. A good initial choice 

would be a specific inhibitor of xanthine oxidase. 

The involvement of the immune system in hemorrhagic 

shock is also worth further investigation. The immune 

system is activated in many ischemic diseases, but seems to 

be inhibited after hemorrhagic shock. If immune cell 

activation is a major component of reperfusion injury, it 

would be unlikely that resuscitative injury would cause 

injury by the same mechanism. The time of an inflammatory 

reaction in hemorrhagic shock may be of particular interest, 

as immune reactions may develop later in hemorrhagic shock. 

Hemorrhagic shock is caused by an integrated response 

of an entire organism to hypotension. The integrated nature 
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makes it a fascinating, but challenging, topic for 

investigation. Under the conditions in our model, oxygen 

radicals do not appear to play a major role in the 

pathogenesis of liver injury caused by hemorrhagic shock and 

resuscitation. If further work verifies these results, we 

may need to reconsider the assumption that hemorrhagic 

shock-resuscitation is simply a milder form of ischemia

reperfusion. 

-_. __ .. ,-,,-----------
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APPENDIX A: THE EFFECT OF CC14 ON HEPATIC LIPID PEROXIDATION 

The production of oxygen radicals in amounts capable of 

causing tissue injury involves the peroxidation of 

polyunsaturated fatty acids within the cell. Due to this 

phenomenon, evidence of lipid peroxidation is often used as 

a measure of oxygen radical production (Gutteridge and 

Halliwell, 1990). This approach has been repeatedly 

confirmed in the case of chemically induced oxygen radical 

production, such as in CCl4 or paraquat poisoning (Autor, 

1974; Comporti, 1985). 

Since the measurement of lipid peroxidation was 

involved in testing our hypothesis (Chapter 2), we used CCl4 

to determine whether the ethane and TBARS assays, as 

modified for our purposes, would detect lipid peroxidation. 

The methods used for these experiments were identical 

to those described in chapter 2, except that the 

administration of CCI4 , instead of hemorrhagic shock and 

resuscitation, was used to induce lipid peroxidation. The 

dose of CCl4 was administered i.p. in mineral oil; total 

volume of mixture was two mL. In the ethane determination 

there were three animals in each group. In the TBARS 

experiments there were six animals in each group. 

The results indicate that both methods detected the 

development of hepatic lipid peroxidation after the 

- - --- ---.-----~---- - ~ - -
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administration of CC14 • After the administration of CC14 , 

0.25 ml/kg, the peak amount of ethane exhaled increased 

approximately four-fold (Figure 13). The administration of 

CC14, 0.75 ml kg, increased the peak amount of ethane 

exhaled approximately six-fold (Figure 14). The peak of 

ethane exhalation occurred at 1.5 - 2.0 hours. 

- CC14 administration had less striking effects on the 

hepatic level TBARS. There was a 39% increase in hepatic 

TBARS content at one hour after administration of CC14. 

This had returned to normal by three hours after 

administration. 

This experiment demonstrated the ability of our assay 

methods to detect hepatic lipid peroxidation. Due to the 

modifications we used, direct comparison to published 

results after CC14 is not possible. However, the detection 

by the ethane technique of 0.25 mL/kg of CC14 , is more 

sensitive than most reported techniques (Hafeman and 

Hoekstra, 1977; Burk and Lane, 1979). The detection 1.0 

mL/kg by the TBARS assay is similar to previously reported 

procedures (Mihara et aI, 1980). 

-----------
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Figure 13. The effect of CCl4 on ethane exhalation. 
The administration of CC14 in two different doses 
caused a dose dependent increase in ethane exhalation. 
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Figure 14. The effect of CCl4 on hepatic level of 
TBARS. The liver content of TBARS was increased at one 
hour, but not at three hours after administration of 
CCl4 , 1.0 ml/kg (Student's t-test, p < 0.05). 
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APPENDIX B: THE EFFECT OF HEMORRHAGIC SHOCK - RESUSCITATION 
ON FISCHER 344 RATS 

In our model, hemorrhagic shock - resuscitation caused 

a modest hepatic injury compared to chemically induced 

hepatic injury (Comporti, 1985). Differences between rat 

strains in their susceptibility to hepatic injury after 

chemically induced production of oxygen radicals has been 

reported (Smith et aI, 1985). Greater susceptibility of the 

Fischer rat to oxidant stress caused by hyperoxia has also 

been reported (He et aI, 1990). The reports of strain 

differences led us to hypothesize that the Fischer rat would 

be more susceptible to hemorrhagic shock and resuscitation. 

The same protocol of hemorrhagic shock and 

resuscitation was applied to Fischer-344 rats which were 

obtained from the same supplier as the sprague-Dawley rats 

used in previous experiments (Harlan Sprague-Dawley, 

Houston, TX). The same physiologic parameters were followed 

and plasma ALT levels determined as described in chapter 3. 

In addition, SOD was administered as in the SOD HIGH group 

described in chap~er 3, to determine whether SOD would 

affect the hepatic injury caused by shock and resuscitation. 

The Fischer-344 rat strain was more susceptible to 

hemorrhagic shock and resuscitation than the Sprague-Dawley 

rat. Table 6 demonstrates that the initiation of shock 

required the withdrawal of less blood in the Fischer or 
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Fischer SOD HIGH groups than the analogous Sprague-Dawley 

groups (ANOVA, p < 0.01, followed by Newman-Keul's Range 

test at p = 0.05 level). Survival was significantly lower 

in the untreated Fischer group than the untreated Sprague

Dawley group (Chi-square, p < 0.05). The administration of 

SOD did not improve survival in either strain of rat. 

Liver injury was greater in the Fischer rat as 

represented by the plasma ALT. Figure 15 shows the ALT 

elevations caused in analogous groups of Sprague-Dawley and 

Fischer-344 rats. Untreated Fischer rats developed markedly 

elevated plasma ALT levels compared to untreated Sprague

Dawley rats (Repeated measures ANOVA, p < 0.001). SOD 

treated Fischer rats also had elevated ALT levels compared 

to their Sprague-Dawley counterparts (repeated measures 

ANOVA, p < 0.05). Another dissimilar feature was the lack 

of apparent toxic effect by SOD in the Fischer rat. SOD 

increased ALT release in the Sprague-Dawley rat (chapter 3). 

These results suggest that the liver of the Fischer rat 

is more susceptible to injury from hemorrhagic shock and 

resuscitation than the liver of the Sprague-Dawley rat. It 

is not possible from these results to determine the cause of 

the increased susceptibility. The failure of SOD to reduce 

the injury suggests that the production of oxygen radicals 

........ __ ._-------_ .. - --_ ... 
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Table 6. Response of sprague-Dawley and Fischer-344 rat 
strains to hemorrhagic shock and resuscitation. 

GROUP n TIME TO TOTAL BLOOD MAP AFTER SURVIVAL 
INDOCE WITHDRAWN REINFOSION 24 hours 
SHOCK % of total OF BLOOD 
minutes blood rom Hg 

volume 

Sprague 10 17.6+8.3 40.3+8.9 94.6+14.4 8/10 - - -Dawley (80.0%) 

Sprague 5/6 
Dawley 6 22.0+5.1 39.6+4.3 97.6+12.5 (83.3%) - - -SOD 
HIGH 

8/19 
Fischer 19 17.7+8.5 29.9+9.4 92.6+17.6 (42.1%) - - -

Fischer 4/7 
SOD 7 19.8+6.9 28.4+9.0 100.2+16.4 (57.1%) - - -HIGH 

------- .. -- .. ---
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is not involved. However, the administration of a single 

antioxidant does not prove oxygen radicals are not involved. 

Since SOD increased plasma ALT levels in the Sprague-Dawley, 

but not the Fischer-344 rats, the comparison of these two 

strains may be useful in determining the cause of plasma ALT 

release in the Sprague-Dawley group. 

- ----- ---------
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APPENDIX C: GLOSSARY 

Alanine aminotransferase 

Analysis of variance 

Butylated hydroxy toluene 

Catalase 

Deferoxamine 

Disseminated intravascular coagulation 

Ethylenediaminetetraacetic acid 

Glutathione 

Glutathione peroxidase 

Hydrogen peroxide 

Hemorrhagic shock-resuscitation 

Ischemia-reperfusion 

Nonprotein sulfhydryls 

Superoxide anion 

Hydroxyl radical 

Polyunsaturated fatty acid 

Superoxide dismutase 

Thiobarbituric acid reactive substances 

Xanthine dehydrogenase 

Xanthine oxidase 
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