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ABSTRACT 

The mechanism by which vitamin A (VA, retinol) 

potentiates the hepatotoxicity of carbon tetrachloride (CCI4) 

in male Sprague-Dawley rats was investigated. The toxicity of 

single and repeated doses of CCl4 was potentiated in rats 

following VA treatment. CCl4-induced hepatotoxicity was 

completely eliminated in control and VA-treated rats by 1-

aminobenzotriazole, a cytochrome P-450 inhibitor, indicating 

that CCl4 metabolism was necessary to achieve potentiation. 

To determine if VA-potentiated CCl4 hepatotoxicity 

involves retinol activation of Kupffer cells (KC) , various 

parameters were measured as indicators of KC function. In 

vitro assays using populations of KC demonstrated that 

phagocytosis and free radical release were increased in KC 

isolated from VA-treated rats. A novel electrooptical 

technique for measuring release of superoxide anion (8°2 -) 

from individual KC was developed. It was demonstrated that KC 

are a heterogenous population, each responding separately to 

a common stimulus. 

To examine if the mechanism by which VA potentiates CCl4 

hepatotoxici ty is common to model systems in addition to 

Sprague-Dawley rats, four separate mice strains were also 

tested. VA pretreatment dramatically protected against CCl4 

toxicity in each mouse strain tested. 

These data support the hypothesis that in rats, release 
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of reactive oxygen intermediates from KC is intimately 

involved in the mechanism by which VA potentiates CCl4 

hepatotoxicity. 
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CHAPTER 1 

INTRODUCTION: VITAMIN A, CC14 , AND THE LIVER 
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The term vitamin A (VA) refers to a group of compounds, 

other than carotenoids, that possess the biological activity 

of all-trans retinol. These compounds are an integral part of 

basic human health, and are vital to many biological 

processes. 

VA and its derivatives are present in many common foods. 

B-carotene is the "pro-" form of VA and is found primarily in 

green leafy plants. Retinyl esters, a common storage form of 

VA are found exclusively in animal products such as meat and 

milk. The National Research Council (1989) has set the adult 

US Recommended Dietary Allowance of VA at 800-1,000 retinol 

equivalents (RE) a day. One RE is defined as the biological 

activity equivalent to 1 ~g retinol. 

The absorbance of VA from the small intestine occurs by 

either of two mechanisms depending upon the form of VA (B

carotene, retinyl ester, or free retinol) that is present in 

the intestinal lumen. Under normal conditions, B-carotene is 

emulsified by bile salts and combined with fat to form 

micelles. Micelles are freely absorbed across the intestinal 

wall into the intestinal cells (enterocytes). Within the 

enterocytes, B-carotene is cleaved at the central double bond 

by B-carotene-15-15 I -dioxygenase to form two molecules of 

retinaldehyde that are further reduced to retinol by 

retinaldehyde reductase (Goodman et al., 1966). Unlike B-
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carotene, the long-chain retinyl este.rs cannot be directly 

absorbed across the intestinal mucosa. The esters must first 

be hydrolyzed to retinol by a pancreatic lipase in the 

intestinal lumen (Hollander, 1981). Within the lumen, retinol 

combines with fat and bile acids to form easily absorbed 

micelles. 

Intestinal absorption of physiological concentrations of 

retinol is facilitated by carrier-mediated passive transport 

(Hollander and Muralidhara, 1977). An intestinal retinol

binding protein (RBP) that is similar to previously identified 

intracellular RBP is thought to be the carrier molecule for 

this process (Hollander et al., 1978). However, under 

pharmacological concentrations, the carrier-mediated process 

can become saturated and retinol may enter the enterocytes by 

passive diffusion (Hollander and Muralidhara, 1977). 

within the enterocytes, retinol reacts primarily with 

palmi tic acid to form retinyl esters. Retinyl esters are 

incorporated into the lipid phase of chylomicrons and 

exocytosed into the intestinal lymph where they enter the 

systemic circulation and are processed into chylomicron 

remnants (Green and Glickman, 1981). The esterification of 

retinol is catalyzed by either the cytosolic acyl coenzyme 

A:retinol acyltransferase (Helgerud et al., 1983) or 

lecithin:retinol acyltransferase (MacDonald and Ong, 1988). 

The enzyme with the most influence on the esterification 
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reaction depends upon 1) the concentration of retinol being 

absorbed (Blomhoff et al., 1990) and 2) if the retinol is 

complexed with cellular retinol-binding protein, type II 

(CRBP(II» (Yost et al., 1988). 

The fate of retinyl ester-containing chylomicrons within 

the systemic circulation has recently been reviewed by 

Blomhoff et al. (1990) and Goodman (1988). Briefly, once 

within the circulation, chylomicrons acquire apoproteins that 

serve as identification markers that facilitate processing to 

chylomicron remnants. 

primarily by the 

The chylomicron remnants are processed 

liver, and the retinyl esters are 

incorporated into the liver parenchymal cells. Retinyl esters 

inside the hepatocytes are rapidly hydrolyzed to retinol and 

transferred to the endoplasmic reticulum and bound to a plasma 

RBP. It is hypothesized that the retinol-RBP complex 

trans locates to the Golgi complex and is secreted from the 

hepatocyte (Blomhoff et al.; 1990). If sufficient VA is 

available to peripheral tissues, the complex undergoes a 

paracrine transfer to the hepatic fat storing cells (FSC). If 

VA storage is depleted, the newly absorbed retinyl esters can 

be immediately hydrolyzed, bound to RBP, and released into the 

blood for transport to the peripheral tissues (Biesalski, 

1989) • In humans, approximately 80% of VA is stored as 

retinyl esters in cytoplasmic lipid droplets within FSC 

(Wanless, 1983). Human FSC are highly enriched in enzymes and 
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binding proteins that allow efficient storage, metabolism, and 

mobilization of retinol (Goodman, 1988). This system 

maintains a constant plasma levels of about 2 ~M (Wolf, 1984) 

to protect against hypervitaminosis A (McLaren, 1981). When 

plasma retinol concentrations become insuff icient to 

adequately supply the peripheral tissues, retinol is mobilized 

from the liver FSC by hydrolyzing retinyl esters. The free 

retinol binds to a plasma RBP to form a RBP-retinol diamer 

that moves from the FSC into the plasma and is complexed with 

transthyretin (TTR). This complex (holo-RBP) prevents 

degradation of retinol prior to its transport to peripheral 

tissues, and prevents the accumulation of excessi ve 

concentrations of free retinol in the plasma. 

The RBP is a single polypeptide with an approximate 

molecular weight of 21 kD. At anyone time, RBP can bind only 

one retinol molecule (Goodman, 1984). Most of the holo-RBP 

present in plasma is reversibly bound in a 1:1 ratio to TTR, 

a second carrier protein originally termed plasma prealbumin. 

The entire holo-RBP-TTR complex (approximately 76 Kd) helps 

conserve the retinol by preventing glomerular filtration 

(Goodman and Blaner, 1984). 

The mechanism by which retinol is taken up by cells of 

peripheral tissues is not fully understood. While there is 

some evidence tha·t retinol directly enters the peripheral 

cells without the use of a surface receptor (Fex and 
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Johannesson, 1988), it is widely believed that cellular uptake 

of retinol involves cell surface receptors that recognize and 

bind the RBP portion of the holo-RBP-TTR complex (reviewed by 

Goodman, 1984) to release retinol into the cell. The RBP-TTR 

complex minus retinol disassociates and the RBP is removed 

from the circulation by glomerul~r filtration (Goodman, 1988). 

VITAMIN A 

Despite the known benefits of VA, and its well-defined 

role in initiation of various biological processes, there is 

a distinct health risk associated with exposure to large 

quantities of VA and its derivatives. 

Toxicity of vitamin A 

VA toxici ty can occur from ei ther acute or chronic 

exposure. The effects of acute VA toxicity occur wi thin hours 

to days following a very large VA intake, whereas the effects 

of chronic toxicity occur within weeks to years after 

consuming small quantities of VA that are not acutely toxic. 

A wide variety of adverse effects accompany VA toxicity. 

Biesalski (1989) has classified the typical symptoms of both 

acute and chronic hypervitaminosis A into four general 

categories: 1) changes in the central nervous system including 

increased cerebral pressure, headaches, dizziness, and loss of 

appetite; 2 ) liver disorders including hepatomegaly, 

cirrhosis, and increased collagen formation; 3) changes in 
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bones such as pain, swelling, aching, and hypercalcemia; and 

4) effects on skin and mucous membranes including dryness, 

peeling, brittle finger nails, and alopecia. There are 

numerous reported cases of VA overdose causing toxicity, but 

only two documented cases whereby hypervitaminosis A resulted 

in death (Bush and Dahmes, 1984; Leitner et al., 1975). 

A standard minimally toxic threshold dose for development 

of either acute or chronic VA toxicity has not been defined. 

Omaye (1984) has suggested that a single VA dose of 2 million 

IU for adults or 100,000 IU for children is acutely toxic. 

Hathcock et al. (1990) has reported that <20,000 IUjd of VA 

for 18 months given to adults caused intracranial 

hypertension, a common symptom of VA toxicity. The lowest 

reported dose of VA that caused chronic toxicity in a child 

was <1700 IUjKgjd of VA for two years seen in a 4 year old 

girl with foot and ankle pain in conjunction \oTith dermal 

abnormalities (Smith and Goodman, 1976). 

VA is a known teratogen to numerous species of laboratory 

animals. Decreased birth weight and litter size along with a 

variety of congenital malformations have been associated with 

excessive VA intake (Shenefelt, 1972). In humans, the 

evidence of VA-induced teratogenicity is not as clear due to 

a lack of def ini ti ve data. However, existing human data 

suggests that consumption of large amounts of VA during 

pregnancy can cause teratogenic effects. One case reports eye 
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malformations in a baby whose mother suffered acute toxicity 

from a single dose of 500,000 IU VA during the first trimester 

(Mounoud et al., 1975). A variety of congenital defects have 

also been associated with chronic low-dose exposure (18,000 -

100,000 IU) before and throughout pregnancy. 

CARBON TETRACHLORIDE 

Physical Properties of CCl4 

Carbon tetrachloride (CCI4 ) is a chemically stable, non

flammable liquid with a characteristic sweet aroma. It has a 

molecular weight of 153.8, a boiling point of 76.5 °C at 1 

atmosphere, a specific gravity of 1.59, and a solubility of 

785 mg/L in water at 20°C. 

Production and Use of CCl4 

CCl4 is produced by the chlorination of low molecular 

weight hydrocarbons or as a byproduct of thermal chlorination 

during production of tetrachloroethylene. Recent production 

of CCl4 is estimated at 300 x 106 Kg/yr (CEH, 1985; USITC, 

1986). 

Historically, CCl4 has realized many uses. In the 

nineteenth century, CCl4 was used medically as both an 

analgesic and anesthetic (Harden, 1954). It was also used 

extensively as an antihelmintic until later replaced by 

tetrachloroethylene (Hall, 1925). Other functions include its 

use in cleaning fluids, carpet cleaners, dry cleaning stain 
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removers, freon refrigerant production (CEH, 1985), and as 

recently as 1986, an insecticide (ATSDR, 1989). Concerns over 

the toxicity of CCl4 on humans and the environment have 

initiated current efforts to find safer alternatives to CCI4 • 

General Toxicity of CCl4 

The severity and manifestation of CCl4 poisoning depend 

upon a variety of factors including route and duration of 

exposure. Neurological and gastroenterological effects often 

precede the prominent hepatic and/or renal CCl4-induced 

toxicity. Common gastroenterological effects often include 

nausea , vomiting, burning of the oral and esophageal cavities, 

abdominal pain, and diarrhea. Accompanying neurological 

symptoms may include dizziness, headache, shortness of breath, 

and blurred, double, or otherwise compromised vision. 

Hepatotoxicity 

The most significant and common effect of CCl4 exposure 

is hepatotoxicity. The first clinical symptoms of 

hepatotoxicity are often noted within 24-48 hours following 

CCl4 exposure. The classic pathological lesion of 

hepatotoxicity is centrilobular necrosis and is often 

accompanied by steatosis, increased plasma concentrations of 

hepatic enzymes, liver tenderness, and hepatomegaly (Olson, 

1983). In animals, cirrhosis and hepatocarcinoma have 

developed following long term exposure to CCI4 , suggesting 

that CCl4 exposure may cause similar effects in humans 
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(Biesalski, 1989). As early as 1922, when CCl4 was commonly 

being used for medical purposes, it was understood that CCl4 

was toxic to the liver (Docherty and Burgess, 1922). Reports 

have shown that in humans, both acute (~ 14 days) and 

intermediate (15-364 days) CCl4 exposure, by inhalation or 

dermal routes have caused hepatotoxicity. Norwood et al. 

(1950) described a case in which an alcoholic patient who 

inhaled only 250 ppm of CCl4 for 15 min suffered various 

systemic injuries including hepatic necrosis. 

Chronic exposure to CCl4 has provided a working model for 

human liver cirrhosis since Proctor and Chatamra (1982) first 

demonstrated the production of micronodular cirrhosis in rats 

given CCl4 for 12 weeks in the presence of phenobarbital. 

Recently, this model has demonstrated irreversible cirrhotic 

histological changes and decreases in various liver functions 

(Fischer-Nielson et al., 1991) including urea nitrogen 

synthesis, galactose elimination, and antipyrine clearance. 

In addition, non-hepatic effects of CCl4 are known to occur. 

These include splenic congestion, pancreatic focal 

degeneration, and glomerular sclerosis (Doi et al., 1991). 

Renal Toxicity 

In addition to its actions as a hepatotoxicant, CCl4 is 

also a potent renal toxicant that causes oliguria or anuria 

following accidental exposure. These symptoms, with 

accompanying edema, begin three or four days after CCl4 
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exposure following the classic signs of hepatotoxicity (Klewe, 

1981) . 

A few recent reports on acute rodent studies have 

examined CCl4-mediated renal toxicity. Oral CCl4 doses of 160 

mg/Kg/d for 11 days in rats, and 625 mg/Kg/d for 14 days in 

mice caused no observable adverse effects (Bruckner et al., 

1986; Hayes et al., 1986). However, a single oral dose of 2.5 

ml/Kg CCl4 (~4000 mg/Kg/d) to rats caused renal proximal 

tubule damage within 48 hours (striker et al., 1968). 

In humans, Guild et al. (1958) have reported serious 

renal damage following inhalation or ingestion of CCI4 • One 

patient who was exposed to fumes of CCl4 being used as a 

cleaning solvent had renal symptoms including increased blood 

urea nitrogen, proteinuria, and anuria. 

carcinogenicity and CCl4 

CCl4 is a suspected human carcinogen. Although data are 

incomplete, the USEPA (1984) concluded that there was 

sufficient animal data to classify CCl4 as a potential human 

carcinogen. 

The exact mechanism by which CCl4 contributes to (if not 

causes) hepatic cancer is not fully understood. For example, 

Castro et ale (1989) have demonstrated that CCl4 metabolites 

covalently bind extensively to nuclear protein, but not 

nuclear DNA. This study reiterates that CCl4 is an example of 

one of the carcinogenic chemicals that do not bind to DNA as 
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part of their mechanism of toxicity. 

Although CCl4 toxicity is no longer a preeminent clinical 

problem, the potential for both acute and chronic high dose 

human exposure occurs daily during remediation of hazardous 

waste sites. Accordingly, an increased understanding of the 

mechanism of CCl4-induced hepatic injury is of great interest. 

For this dissertation CCl4 is used as a model compound to 

study the basic mechanism of hepatotoxic chemicals. 

LIVER AS A TARGET ORGAN 

The liver is one of the primary target organs for 

chemically-induce injury to humans. Although it is understood 

that the liver is a target organ of toxicity for many 

chemicals, an understanding of why the liver is a target organ 

is less obvious. This section introduces the reader to many 

of the factors that predispose the liver to being a target 

organ of toxicity. 

Liver Cell Types 

The liver is composed of various cell types, each adapted 

to performing specific functions. Parenchymal cells 

(hepatocytes) are the most numerous of all liver cells and 

comprise approximately 80% of the total adult liver cell 

volume (Rohr et al., 1976). As the primary functional cells 

of the liver, hepatocytes have numerous duties including 

extraction of blood-borne nutrients, secretion of metabolic 
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waste (into bile), synthesis of various proteins, storage of 

energy-rich products such as fat and glycogen, and 

biotransformation of both endogenous and exogenous chemicals. 

Additional non-parenchymal cells line the liver sinusoid 

to protect and support the functions of the hepatocytes. 

These cells account for the remaining 20% of liver cell 

volume. Of these sinusoidal cells, there are endothelial 

cells (42%), fat storing cells (20%), Kupffer cells (33%), and 

pit cells « 1%) (Arias et al., 1982; Blouin, 1977). 

The endothelial cells form the wall of the sinusoidal 

vessel and create a leaky barrier between parenchymal cells 

and blood within the sinusoid. Fenestrations within 

endothelial cells promote hepatic extraction of plasma 

components, while larger, potentially hepatotoxic substances 

are prohibited from reaching the vulnerable hepatocytes. In 

addition to their role as a barrier between the potentially 

hepatotoxic sUbstances present in the blood plasma and the 

liver parenchyma, endothelial cells are also capable of 

endocytosis. Praaning-van Dalen et al. (1981) have shown that 

exogenous particulates such as colloidal carbon and latex 

beads are found in endothelial cells following intravenous 

injection. More importantly, the receptor mediated uptake of 

various immune complexes by endothelial cells (Van der Laan

Klamer et al., 1986; Gudmundsen et al., 1986) suggests that 

these cells are important components in selective removal and 
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processing of specific biological molecules. 

The fat storing (Ito) cells are located in the Space of 

Disse, an open area between the endothelial cells and liver 

parenchyma. Their primary function is the storage of VA. Fat 

storing cells contain cellular retinol binding proteins, VA 

metabolites, and various hydrolytic enzymes necessary for the 

proper storage, transport, and metabolism of VA (Brouwer et 

al., 1986; Blaner et al., 1985; Blomhoff et al., 1985). 

Kupffer cells are the resident macrophages of the liver 

and represent the largest population of fixed phagocytes in 

the body. They are anchored to the endothelial cells and 

reside within the sinusoidal vessel. Their cytoplasmic 

extensions function to capture and extract blood-borne toxins 

and exogenous substances that pass through the liver. 

until recently, the function of the pit cell was unclear. 

Recent efforts have demonstrated that pit cells are actually 

a heterogenous population of large granular lymphocytes which 

possess immunologically important natural killer cell activity 

(Bouwens et al., 1987; Vanderkerken et al., 1990). pit cells 

have demonstrated cytotoxic activity against a variety of 

tumor cells (Bouwens and Wisse, 1989), thereby substantiating 

their role as a vital "protector" of the hepatic sinusoid. 

The importance of the cells of the hepatic sinusoids in 

chemically induced liver injury has only been appreciated 

within the last few years. The advent of cellular biology and 
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the ability to measure non-parenchymal cells activities has 

demonstrated that the cells of the hepatic sinusoid are an 

important part of total liver function. The implications of 

this "holo-hepatic" approach to liver toxicity is just now 

being defined. 

Liver Anatomy and Function 

The anatomical and functional unit of the liver has been 

def ined in three ways: acinus, hepatic lobule, and portal 

lobule. The portal lobule, emphasizes the exocrine 

capabilities of the liver as a bile secreting organ and will 

not be further discussed. 

The classic concept of the hepatic lobule was defined in 

the 1600's and is still the most useful unit to explain the 

histological damage of chemically-induced hepatotoxicity. The 

hepatic lobule has a terminal hepatic vein (THV) at its center 

and is bound peripherally by six portal triads, each with a 

bile duct, hepatic artery, and portal vein. Blood, and blood

borne toxicants enter the lobule through branches of the 

portal vein and continuously flow inward toward the THV. The 

concentration of blood-borne materials that arrive at the THV 

gradually decreases during perfusion of the sinusoid as 

solutes are exchanged for metabolic waste within the 

parenchymal cells. Accordingly, the hepatic lobule concept is 

very effective at demonstrating the histological damage caused 

by centrilobular toxicants. 
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The liver acinus, as originally defined by Rappaport 

(1958), represents the theoretical liver unit that is most 

widely accepted for describing hepatic function. Unlike the 

hepatic lobule concept, in the liver acinus the portal vein 

and hepatic artery are featured. The acinar concept is best 

used for understanding the mechanism by which nutrients and 

oxygen are delivered to the parenchymal cells. 

The acinus is divided into three separate zones. Each 

zone is defined by its proximity to the afferent blood supply 

(ie, hepatic artery). There are approximately twenty 

hepatocytes between the core of the acinus at the portal 

triad, and the periphery of the acinus at the THV (Gumucio and 

Chianale, 1988). Zone 1 encompasses those parenchymal cells 

closest to the hepatic artery and portal vein that receive 

blood rich in oxygen and nutrients. The concentration of any 

blood-borne toxicant delivered to the liver is also highest in 

zone 1. Zone 3 is farthest from the afferent blood supply and 

closest to the THV. Parenchymal cells of zone 3 are perfused 

by blood low in oxygen and nutrients. Hepatocytes in zone 2 

receive solutes in intermediate concentrations. 

The difference in oxygen and nutrients within each zone 

of the acinus may contribute to the regiospecific 

hepatotoxicity that occurs following exposure to certain 

chemicals. For example, the high oxygen content in the 

periportal area may contribute to allyl alcohol selectively 
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damaging hepatocytes near the THV. Likewise, the selective 

centrilobular toxicity of CCl4 may be dependent upon the low 

oxygen concentration and high cytochrome P-450 content near 

the THV (Badr, 1991). 

Liver Blood Supply 

The liver has a unique system by which it receives blood; 

it receives afferent blood from both venous and arterial 

sources. In humans, approximately 75% of the afferent blood 

that perfuses the liver arrives via branches of the portal 

vein coming from the spleen, intestines, gall bladder, and 

pancreas. The remaining 25% of the afferent hepatic blood 

supply is arterial and enters the liver through the hepatic 

artery, a branch of the celiac trunk. Arterioles from the 

hepatic artery, in conjunction with portal venules, empty into 

liver sinusoids and comprise the total afferent blood supply 

to the liver. Once within the sinusoid, the blood perfuses 

the parenchymal cells and empties into a central vein that 

collects venous blood from up to six separate liver acini. 

Venous branches of increasing diameter ultimately converge to 

form the inferior vena cava which returns blood to the heart. 

Because the liver's portal blood supply has first passed 

through the alimentary organs it is low in oxygen content but 

highly enriched in nutrients and other solutes. Endotoxin 

(lipopolysaccharide) from resident gram negative gut bacteria, 

metabolic waste, absorbed chemicals, and other cell debris can 
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all enter the liver via the portal circulation. In addition 

to the beneficial characteristics, the physiological and 

anatomical arrangement between the liver and alimentary tract 

also allows for the potential delivery of a concentrated 

supply of highly toxic material from the gut to the liver. 

This makes the liver a primary target organ of toxicity. 

In contrast to the venous blood supply, the hepatic 

artery serves the liver with highly oxygenated but minimally 

nutritious blood. It can deliver inhaled chemicals directly 

to the liver. 

Knowledge of hepatocyte anatomy and morphology is 

essential to fully understand the factors that make the liver 

a target organ of toxicity. Parenchymal cells are polyhedral 

uni ts commonly having six membrane "faces" and an average 

diameter of 25 ~m. This morphology provides each hepatocyte 

with a very large surface area. Each hepatocyte membrane is 

one of three types: 1) a lateral membrane contacts other 

hepatocytes, 2) a sinusoidal membrane that is exposed to the 

space of Disse, or 3) the bile canalicular membrane forming a 

portion of the bile ductule. Each of these membranes have 

unique characteristics that contribute to the liver being a 

target organ of toxicity. 

The sinusoidal membrane is lined with numerous microvilli 

that are in direct contact with blood plasma. Ideally, the 

sinusoidal membrane selectively recognizes and extracts 
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materials from the plasma that are beneficial to overall 

physiological function. However, the large surface area of 

the microvilli are also able to extract toxicants from the 

plasma that can cause liver damage. This increased hepatocyte 

exposure to toxicants is a major factor in the liver being a 

target organ of toxicity. 

The bile canalicular membrane is separated from the 

plasma space by a complex of desmosomes, gap junctions, and 

tight junctions which exclude bile from the sinusoidal area 

(Phillips et al., 1987). Microvilli also line the bile 

canaliculus and help regulate aqueous and electrolyte balance 

in the biliary system (Boldbatt and Gunning, 1984; Ruetz et 

al., 1987). Unlike the sinusoidal membrane which is equipped 

with multiple uptake mechanisms for incorporation of solutes 

into the hepatocyte, the biliary membrane acts primarily in an 

exocrine capacity by removing bile and metabolic byproducts 

from the hepatocyte. Accordingly, exposure of the bile 

canalicular membrane to toxicants or toxic metabolites occurs 

only after they have first passed through the hepatocyte. 

The flat lateral membranes of hepatocytes have no 

microvilli, and are separated from each other by a small 

cleft. However, there are various contacts between adjacent 

lateral membranes that may serve as structural anchor points, 

intercellular communication points, and physiological barriers 

between hepatocytes (Dermietzel, 1984; Lowenstein et al., 
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1978). Therefore, as with the bile canalicular membrane, a 

toxicant must first pass through the hepatocyte before it 

contacts the lateral membrane. 

In addition to the structural characteristics of 

hepatocytes, other anatomical considerations predispose the 

liver to being a target organ of toxici ty. The leaky 

endothelial cell membrane is the only barrier between the 

potentially hepatotoxic contents of the sinusoid and the 

hepatocytes. Any solutes present in plasma, including 

hepatotoxic agents that pass through the endothelial cell 

pores, have direct access to the hepatocyte sinusoidal 

membrane. Therefore, the physical barrier of endothelial 

cells offers incomplete protection to hepatocytes and liver 

integrity. 

After a toxicant passes from the sinusoid into the space 

of Disse, access to the hepatocyte sinusoidal membrane is 

unimpeded. It is estimated that 40% of the hepatocyte cell 

surface is exposed to the vascular sinusoids (Phillips et al., 

1987). The physical proximity of these hepatocyte membranes 

to the sinusoid, in combination with the leaky characteristics 

of the endothelial membrane, contribute to making the liver a 

target for toxicity. 

Metabolic contributions 

The intra-hepatocellular environment can significantly 

contribute to toxic liver injury. Specifically, in addition 
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to detoxifying many potential hepatotoxicants , multiple enzyme 

systems have the potential to increase liver injury by 

metabolizing otherwise non-toxic compounds into toxic 

metabolites. 

There are two very important classes of enzymatic 

biotransformation reactions that occur within a hepatocyte. 

Phase I reactions are catalyzed by cytochrome P-450 

monooxygenase enzyme systems that are bound to the membrane of 

the endoplasmic reticulum (ER). This lipid-rich location 

facilitates easy access of xenobiotics to the P-450 system 

once inside the hepatocyte. The cytochrome P-450 system is 

actually a complex of two closely associated enzymes: 

cytochrome P-450 and NADPH-cytochrome P-450 reductase. 

Ideally, hepatotoxic lipid soluble xenobiotics that enter the 

liver interact with the P-450 system and are metabolized into 

water soluble compounds that are not toxic to the liver. 

Subsequent interactions of these metabolites with Phase II 

conjugating enzymes promote their urinary and biliary 

excretion. 

Bioactivation 

Several enzymes, including cytochrome P-450, can convert 

parent molecules into toxic metabolites. This process of 

enzymatic formation of a toxic metabolite from a non-toxic 

parent compound is termed "bioactivation". Bioactivation 

occurs for a number of hepatotoxic chemicals (Sipes and 
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Gandolfi, 1991). Reductive biotransformation of CCl4 by the 

P-450 system is a classic example. 

Role of CCl4 Bioactivation in Liver Injury 

Although CCl4-induced hepatotoxicity is one of the most 

extensively studied events in mammalian toxicology, there 

remains several aspects of this mechanism that are not 

completely understood. It is readily accepted that the key 

step in carbon tetrachloride toxicity is the metabolism of 

CCl4 to the eCCl3 radical (Nastainczyk et al., 1982) by the 

cytochrome P-450 enzyme system. This occurs by a one electron 

reductive dechlorination step (Noguchi et al., 1982) resulting 

in homolytic cleavage of the carbon-chloride bond of CCl4 and 

formation of the eCCl3 radical (Mansuy et al., 1980; Pohl et 

al., 1986). 

The eCCl3 radical is a short-lived species that has been 

reported to interact directly with membranes to initiate lipid 

peroxidation (Recknagel and Glende, 1973). Alternatively, 

Slater (1982) has suggested that eCCl3 does not possess 

sufficient reactivity to readily interact directly with 

membrane lipids. He suggests that immediately after eCCl3 is 

produced, it reacts with molecular oxygen to form the 

trichloromethyl peroxy radical (eOOCCl3 ), which is 

sufficiently reactive to interact directly with membranes and 

initiate lipid peroxidation. 

Regardless of which of these two eCCl3 reaction pathways 
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predominate, the net result is the peroxidation of lipid rich 

unsaturated membranes, and the initiation of a series of 

secondary toxic events. It is these subsequent secondary 

reactions following eCCl3 formation that are thought to 

ultimately cause hepatocyte death, but are not completely 

understood. 

A variety of secondary mechanisms have been proposed that 

would contribute to CCl4 hepatotoxicity. The mechanisms must 

account for the inherently high reactivity of free radicals 

such as eCCl3 and oOOCCl3 which restricts their range of 

action to locations near their site of generation. 

Accordingly, if only the direct interaction of these radicals 

with neighboring membranes were the sole cause of CCl4-induced 

liver damage, then it would be expected that hepatotoxicity 

would be limited to cytoplasmic areas surrounding the ER. 

That hepatotoxicity is not restricted to these neighboring 

areas, and in particular that CCl4 causes damage to the 

hepatocyte plasma membrane, is highly suggestive that free 

radical production during CCl4 metabolism is an early event in 

CCl4-induced hepatotoxicity that serves to initiate a set of 

secondary mechanisms (Ungemach, 1987) that are the ultimate 

cause of cell death. 

Recknagel et ale (1989) has thoroughly reviewed two of these 

mechanisms that have received the most attention. 

One theory is that the long-lived toxic products of lipid 
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peroxidation can diffuse away from their site of production to 

cause damage at a remote location within the hepatocyte. In 

this scenario, .CC13 and .OOCC13 interact with ER membranes to 

form conjugated dienes which are stable radicals produced 

during lipid peroxidation (Recknagel and Glende, 1984). 

Accordingly, for every extraction of a hydrogen atom from an 

ER membrane by .CC13 and .OOCC13, a new , more stable radical 

is formed that is capable of traveling within the cell and 

propagating the peroxidation reaction to cause cellular damage 

at a distant site. 

The lipid peroxidation reactions can be terminated in 

various ways. Two free radicals nay combine to form a stable 

non-reactive molecule (Link et al., 1984) that is incapable of 

reacting with additional lipids. However, this method of 

termination in not particularly effective because it depends 

upon the random interaction of two free radicals. 

Alternatively, free radicals can interact with endogenous 

cytoprotective agents such as vitamin E (Pesh-Imam and 

Recknagel, 1977) or glutathione (Harisch and Meyer, 1985) 

which donate hydrogen atoms to the radical and terminate 

peroxidation. 

In a separate but not mutually exclusi ve model, an 

increase in cytoplasmic [ca2+] has been proposed as the key 

secondary event that links CC14 metabolism to the degenerative 

effects that occur in other parts of the hepatocyte. Under 
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normal conditions, hepatocytes maintain a cytosolic free 

[Ca2+] of -120 nM (Dolak et al., 1988). However, following 

the metabolism of CCI4 , Ca2+ is quickly mobilized from 

cellular organelles into the cytoplasm. Because the initial 

rate of ca2+ release from the intracellular organelles is 

greater than the rate of escape from the plasma membrane, 

cytoplasmic [ca2+] quickly begins to increase. In an 

experiment using isolated hepatocytes, Dolak et ale (1988) 

found that following exposure to 1 roM CCI4, cytoplasmic [ca2+] 

had increased -50% within 5 min as a result of redistribution 

of intracellular ca2+, and more that 100% after 30 min when 

the cell was sufficiently damaged and no longer was able to 

actively maintain a Ca2+ gradient across the plasma membrane. 

It is the early redistribution of intracellular Ca2+ that is 

thought to induce cellular events that lead to intermediate 

processes that are ultimately toxic and eventually kill the 

hepatocyte (Recknagel et al., 1989). 

Two of these intermediate processes that may be critical 

in pathologic aspects of the CCl4-induced liver injury are the 

uncoupling of oxidative phosphorylation (Carafoli and Tiozzo, 

1968) and the activation of intracellular phospholipases. 

Calcium is an activator of phospholipase A2 (van den Bosch, 

1980) which is a stable cellular mediator that can interact 

freely with phospholipids and damage membranes. 

After Ca2+ initially activates phospholipase A2 , the 
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chain of events continues. Phospholipases continue to degrade 

hepatocyte plasma membranes whereby external Ca2+ enters the 

cell and concentrates within the still functional mitochondria 

(Thiers et al., 1960). This increased ca2+ accumulation 

within the mitochondria is thought to uncouple oxidative 

phosphorylation and virtually eliminate any energy dependent 

functions of the cell (Carafoli, 1986). Accordingly, as the 

irreversible degradation of the plasma membrane continues, the 

cell approaches death. Therefore, as demonstrated by the 

hepatotoxic outcome of this series of secondary events, it is 

unlikely that the cause of CCl4-induced liver injury is 

restricted to the direct action of the initial metabolite on 

plasma membranes. 

Various non-metabolic contributions have also been 

reported to influence liver injury. Of particular interest to 

this dissertation project is the role of non-parenchymal liver 

cells, specifically Kupffer cells (KC), in chemically induced 

liver injury. 

Laskin and Pilaro (1986) have shown that following 

acetaminophen treatment to rats, KC and other macrophages 

become activated to release cell mediators into the liver. 

That the cell mediators released from KC contribute to the 

hepatotoxici ty of acetaminophen is proposed in a model by 

Laskin et al. (1986). In this model, acetaminophen causes 

initial injury to hepatocytes. This stimulates a release of 
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factors from the hepatocyte that attracts KC and other 

macrophages to the centrilobular region. Once localized in 

the centrilobular region, the macrophages become activated by 

hepatocyte-derived agents to release cytotoxic factors. These 

factors then interact with the previously compromised 

hepatocytes to potentiate the initial acetaminophen-induced 

liver injury. 

A similar role for KC has been described by EI sisi et 

al. (1993a) during vitamin A (VA) potentiation of CCl4-induced 

liver injury in rats. In this model, a minimally toxic dose 

of CCl4 that produces limited centrilobular necrosis becomes 

severely hepatotoxic if preceded by VA pretreatment (EI sisi 

et al., 1993b). That this event occurs without alteration of 

CCl4 metabolism, but is accompanied by an increase in lipid 

peroxidation, suggests that a non-metabolic event is 

responsible for the potentiated toxicity. 

In a sequence of events not unlike that proposed by 

Laskin et al. (1986), EI sisi et al. (1993a) have proposed a 

model to explain the mechanism of VA-potentiated 

hepatotoxicity. An initial VA pretreatment "primes" KC into 

a functionally active state. Upon CCl4-induced injury to the 

hepatocytes, the activated KC are stimulated to release 

excessive amounts of reactive oxygen species including 

superoxide anions and hydrogen peroxide. It is these reactive 

oxygen molecules that are thought to promote oxidative damage 
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and increase lipid peroxidation in the compromised hepatocytes 

without altering CCl4 metabolism. 

The work of this dissertation was designed to further 

explore the model of EI Sisi and obtain a better understanding 

of the mechanism by which KC are involved in VA-mediated CCl4 

liver injury in both rats and mice. 

KUPFFER CELLS 

The liver is a target organ of toxicity for numerous 

reasons in addition to the physiology and pharmacology of 

parenchymal cells. Recent advances in the understanding of 

hepatic function indicate that non-parenchymal cells are also 

important in mediating some aspects of liver toxicity. 

Accordingly, the role of Kupffer cells in hepatotoxicity is 

just beginning to be understood. 

As previously discussed, Kupffer cells are the resident 

macrophages of the liver and function to remove debris from 

the hepatic circulation. The architecture of the hepatic 

sinusoid permits the cytoplasmic extensions from Kupffer cells 

to extend outside the leaky endothelial cell membrane and 

nearly touch the adjacent hepatocytes (Horn et al., 1986; 

McCuskey and McCuskey, 1990). The close proximity of these 

two cell types permits any product released from the Kupffer 

cell to interact directly with the hepatocyte. Although the 

Kupffer cell usually protects the liver, various KC functions 
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may also contribute to hepatotoxicity. For example, Kupffer 

cells are the primary defense fighting the endotoxemia that 

often occurs following liver surgery. However, Fujiwara et 

ale (1990) have shown that following liver resection, reactive 

oxygen intermediates released from activated Kupffer cells 

actually contribute to liver injury and cause hepatic 

necrosis. 

Nitric oxide is another Kupffer cell product that has 

been implicated in contributing to hepatotoxicity. Nitric 

oxide is a metabolite of L-arginine that was originally 

identified as a tumorlytic agent released from murine 

peritoneal macrophages (Hibbs et al., 1987; 1988). However, 

if Kupffer cells and hepatocytes are co-cultured in L-Iysine 

enriched growth media, the Kupffer cells can produce and 

release nitric oxide that will damage the hepatocyte. 

Other compounds that are known to be released from 

Kupffer cells that may also damage hepatocytes include tumor 

necrosis factor, lysosomal enzymes, y-interferon, and 

arachidonic acid metabolites such as leukotrienes and 

thromboxanes. Al though many of these sUbstances are not 

directly cytotoxic to the liver parenchyma, they can cause 

recruitment of inflammatory cells and constriction of hepatic 

sinusoids that can contribute to hepatic damage (Decker, 1990; 

Birmelin and Decker, 1984; Sakagami et al., 1989). Therefore, 

the function of Kupffer cells as a protective mechanism, in 
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addition to its hepatotoxic potential, give Kupffer cells an 

important role in modulating hepatotoxicity and making the 

liver a target organ of toxicity. 

STATEMENT OF PROBLEM 

The basis by which VA activates KC to potentiate CCl4 

hepatotoxicity is not well defined. Understanding how 

combinations of chemicals interact to modulate liver damage is 

important, especially for assessing health effects of cornmon 

drugs and environmental contaminants such as vitamin A and 

carbon tetrachloride. From a mechanistic viewpoint, 

additional information is needed to determine how vitamin A 

affects Kupffer cell activity. Accordingly, the ability to 

understand how vitamin A affects Kupffer cell acti vi ty in 

model systems may be useful in future diagnosis and management 

of humans with liver dysfunction. 
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CHAPTER 2 

VITAMIN A POTENTIATION OF CC14-INDUCED LIVER INJURY IN RATS. 
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ABSTRACT 

Pretreatment of rats with large doses of vitamin A (VA, 

retinol) significantly increased the hepatotoxicity of carbon 

tetrachloride (CCl4 ). Experiments were performed to elucidate 

the mechanism of this potentiation. vitamin A or its vehicle 

were administered by oral gavage for 9 or 42 consecutive days. 

CCl4 was dosed (ip) at 150 ~l/Kg. 

Twenty-four hours following a single dose of CCl4 , plasma 

ALT activity was 12-fold higher in rats that had been given VA 

for the previous 9 days. When a cytochrome P-450 inhibitor 

(l-aminobenzotriazole) was given 2 hr prior to CCl4 

administration, hepatotoxicity (plasma ALT activity) was 

attenuated to control levels in rats pretreated with either VA 

or the vehicle of VA. These results demonstrate that 

biotransformation of CCl4 is required to elicit the initial 

hepatic injury, even in VA pretreated rats. Histopathological 

evaluation of liver tissues confirmed the hepatic injury 

assessed by plasma ALT activity. 

In rats given VA for 9 days, there was a significant (p 

< 0.001) increase in plasma (149-fold) and liver (12-fold) 

retinyl palmitate concentrations. In addition, VA 

administration caused a significant increase in liver retinol 

levels (p < 0.001), but a significant decrease in plasma 

retinol levels (p < 0.05). 

Additional studies demonstrated that the hepatotoxicity 
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of four separate, but repeated, doses of CCl4 was potentiated 

in rats that received daily doses of VA for 42 consecutive 

days. If however, VA was stopped after only the initial 9 

days, the toxicity of the four successive CCl4 challenges was 

significantly decreased (p < 0.05). These results reveal that 

VA pretreatment can potentiate CCl4-induced hepatic injury, 

but the mechanism of potentiation depends upon continued VA 

supplementation. 
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INTRODUCTION 

Excessi ve consumption of vitamin A is known to cause 

various types of liver injury in both humans and experimental 

animals. In those persons who have developed VA 

hepatotoxici ty , a wide range of hepatic changes have been 

reported. These changes include increased liver fat content 

(Ishak, 1987), hepatomegaly (Olson, 1983), and 

cirrhosis/fibrosis (Biesalski, 1989; Russell, et al., 1974). 

Although excessive VA has been associated with these forms of 

liver damage, when VA intake is stopped prior to the 

development of cirrhosis, the hepatic damage is often 

reversible. 

vitamin A has also been shown to potentiate the toxicity 

of certain known hepatotoxic chemicals. For example, rats 

given a combined exposure to VA and ethanol experienced liver 

damage with accompanying mitochondrial dysfunction (Leo, et 

al., 1982). In addition, previous work from our laboratory 

has demonstrated that administration of excessive VA to rats 

potentiated the hepatotoxicity of a single dose of CCl4 

(Sipes, et al., 1989). 

The mechanism by which VA potentiates CCl4 hepatotoxicity 

is not well defined. Evidence exists that VA neither alters 

the biotransformation of CCI4 , nor affects the covalent 

binding of CCl4 metabolites to hepatic proteins (Sipes, et 

al., 1991). These results suggest that an additional, non-
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metabolic mechanism is responsible for VA potentiation of 

CC14 . However, studies have not been conducted to determine 

if inhibition of CC14 metabolism in VA-treated rats also 

inhibits hepatotoxicity. This is important because if CC14 

causes toxicity when P-450 is inhibited, it would suggest that 

VA is either utilizing an alternative enzyme system to 

bioactivate CC14 , or altering the liver's response to the 

parent molecule. Nei ther of these two mechanisms have 

previously been examined for VA/CC14 interactions. 

Although potentiated hepatotoxicity is observed in rats 

when VA is given prior to a single CCl4 exposure, no data 

exist on the effect of VA pretreatment prior to multiple CCl4 

exposures. Because current uses of CCl4 are used primarily 

within industrial settings, human contact with large 

quantities of CCl4 is often the result of low-level 

occupational exposure. Additional CCl4 exposure may occur in 

non-industrial settings from using contaminated drinking water 

or bath water. 

Persons in contact with CCl4 as either an industrial or 

environmental contaminant have the potential to receive 

repeated exposures to CCl4 . Therefore, it is important to 

understand the interactions between VA and multiple CCl 4 

exposures. Animal models provide an appropriate method to 

evaluate these interactions. 

By using a well-studied classical hepatotoxic compound, 
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these studies were designed to increase the understanding of 

interactive toxicity, and in particular, how VA modifies the 

toxicity of CCl4 • 

MATERIALS AND METHODS 

Animals 

Male Sprague-Dawley rats (200-250 g) were purchased from 

Harlan Sprague-Dawley (Indianapolis, IN). Animals were housed 

in the University of Arizona Health Sciences Animal Care 

Facility for the duration of the experiment. Upon arrival, 

animals were allowed at least a one week acclimation period. 

Rats were housed in cages with sawdust bedding, and they had 

free access to food (Teklad®, Harlan Sprague-Dawley Inc., 

Madison, WI) and water. Animals were maintained in climate 

controlled rooms (70-75 °C) on a 12 hr light/dark cycle. 

Vitamin A Potentiation Model and Protection with ABT 

For VA pretreatment, rats received retinol (Aquasol A®, 

Armour Pharmaceutical) by oral gavage at a dose of 250,000 IU 

(75 mg or 262 ~mol)/Kg/d for seven consecutive days. Twenty

four hours following the last dose of VA, 150 ~l/Kg CCl4 was 

administered by i.p. injection in 2 ml/Kg of corn oil. 

Control groups received the vehicle (7% Tween-20, 10% 

propylene glycol in distilled water) for VA (5 ml/Kg dosing 

volume) and/or corn oil (2 ml/Kg dosing volume). 

To examine the effect of a P-450 inhibitor on VA 
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potentiation of CCl4 hepatotoxicity, some rats received 50 

mg/Kg of 1-aminobenzotriazole (ABT; a gift from the Smith, 

Kline, and French Co.). ABT was administered by i.p. 

injection (in 2 ml/Kg of 0.9% saline) 2 hr prior to CCl4 

administration. Twenty-four hours following CCl4 injection, 

rats were euthanized with CO2 , and blood (from the inferior 

vena cava) and liver samples were collected for analysis. 

Plasma was separated from blood cells and analyzed for alanine 

aminotransferase (ALT) activity (Sigma Diagnostic Kit #59-UV) 

as an index of hepatotoxicity. Liver samples were fixed in 

10% buffered formalin, imbedded in paraffin, cut to 5 J1.m 

sections, and stained with hematoxylin and eosin (H and E). 

Histological evaluation was performed using light microscopy. 

Plasma and Liver Retinoid content 

Plasma and liver concentrations of retinol and retinyl 

palmi tate were determined following seven days of retinol 

dosing. To protect against photodegradation of VA, 

immediately following collections, plasma and liver samples 

were stored, protected from light, at -70°C. Tissue 

concentrations of retinol and retinyl palmitate were 

quantified using HPLC by Dr. Min-Jian Xu in the laboratory of 

Dr. Yei-Mei Peng at the University of Arizona Cancer Center. 

The expertise of this laboratory in measuring retinoids in 

biological tissue, in addition to the procedure of extraction 

and HPLC analysis, has been previously demonstrated (Peng et 
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aI, 1986). To extract retinoids, liver samples were 

homogenized at 1:10 (w/v) in an ice cold solution containing 

EDTA and ascorbic acid (0.5 mg/ml each). For plasma, 50 ~l of 

a 5% perchloric acid solution was added to 55 ~l of plasma in 

a microcentrifuge tube and vortexed for 30 seconds to 

precipitate proteins. After a 500 ~l addition of ethyl 

acetate to the resulting supernatant, each sample was vortexed 

and centrifuged at 13,000 x g for one minute. A 50 ~l sample 

of the resulting organic layer was analyzed for retinoids by 

HPLC. 

HPLC Analysis 

HPLC analysis was performed using two M45 solvent 

delivery systems in conjunction with a Model 440 dual

wavelength UV detector (Waters Associates, Milford, MA). 

For retinol analysis, increased selecti vi ty and 

resolution was achieved by placing two reverse phase columns 

in series: one 5 ~m ultrasphere ODS (25 cm x 4.6 mm I.D., 

Altex) and one 10 ~m micro Bondapak CIS (30 cm x 3.9 mm I.D., 

Waters) • A flow rate of 2.5 ml/min was used for a 95: 5 

acetonitrile: 1% ammonium acetate solution. Accuracy and 

specificity of detection was enhanced by measuring retinol at 

the dual wavelengths of 340 and 365 nm. 

Retinyl palmitate was analyzed using an ultrashpere ODS 

5 ~m reversed phase column (25 cm x 4.6 mm I.D., Altex) and a 

mobile phase of 85:15 acetonitrile: tetrahydrofuran at a 2.5 
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ml/Kg flow rate. A dual wavelength of 340 and 365 nm was also 

used for detection and measurement of retinyl palmitate. 

Multiple Exposure Paradigm 

Previous work with the VA potentiation model examined the 

toxici ty of only a single CC14 exposure. This study was 

designed to examine how VA affects the hepatotoxicity 

resulting from multiple exposures to CC14 . 

Rats were divided into three treatment groups: Those 

that received only the vehicle of VA, those that received VA 

for only the first 9 days of the experiment after which time 

VA was stopped, and those that received VA for the duration of 

the experiment (44 days). 

Both VA (250,000 IU/Kg/d) and its vehicle were 

administered by oral gavage. Rats were given 0.15 ml/Kg CC14 

by i.p. injections on four separate occasions (days 10, 19, 

37, 43) over the 44 d duration of the experiment. During the 

course of the experiment, blood was collected from the tail 

vein at selected time points. At the end of the experiment, 

blood was again obtained and livers collected for histology. 

The dosing and sample collection schedule is represented on 

Fig. 1. Hepatotoxicity was measured by two separate 

parameters: ALT was measured at various times throughout the 

experiment including immediately prior to, and 24 hr 

following, CC14 challenge; morphological alterations were also 

examined in fixed liver tissue of euthanized rats (44 d) 
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Analysis of variance was used for statistical evaluation. 

Data were considered significantly different at p < 0.05. 

RESULTS 

CCl4 Single Exposure studies 

The ability of VA to potentiate the hepatotoxicity of 

CCl4 is shown in Fig. 2. Rats that were given only VA prior 

to CCl4 (VA,veh,CCl4), experienced a 12-fold increase in ALT 

activity (mean ± SEM = 977 ± 181 IU/L) compared to rats that 

received the vehicle of VA before CCl4 dosing (veh, veh, CCl4 ; 

83 ± 29). 

The toxicity of CCl4 depends upon the metabolism of the 

parent compound to form a reactive toxic intermediate. 

Therefore, the effect of inhibi ting the formation of the 

reactive intermediate by administering a cytochrome P-450 

inhibitor (ABT) was examined on retinol-potentiated toxicity. 

Fig. 2 shows that ABT significantly protected (p < 0.001) 

against CCl4 toxicity in rats that were pretreated with either 

VA (VA, ABT, CCl4 ; 25 ± 2 IU/Kg) or the vehicle of VA (veh, 

ABT, CCl4 ; 28 ± 3 IU/Kg). ALT values are consistent with 

background levels observed in untreated control rats. Neither 

VA alone (VA, veh, veh; 40 ± 3 IU/Kg) nor ABT alone (veh, ABT, 

veh; 29 ± 3 IU/Kg) caused an increase in ALT activity. 
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Plasma Retinoid Concentration 

Plasma concentration of retinol and retinyl palmitate 

following seven day retinol treatment is shown in Fig. 3. The 

seven day VA treatment resulted in a significant (p < 0.005) 

increase in plasma retinyl palmitate concentrations (mean ± 

SEM = 1.49 ± 0.14 ~g/ml) compared to rats that received only 

the vehicle of VA (0.01 ± 0.00 ~g/ml) in which only one of 

four samples contained detectable concentrations of retinyl 

palmitate. 

vitamin A administration resulted in a small but 

statistically significant decrease (p < 0.05) in plasma 

retinol levels (0.25 ± 0.05 ~g/ml) compared to plasma from 

rats that received only the vehicle of VA (0.39 ± 0.01 ~g/ml). 

Liver Retinoid Concentrations 

Following seven days of VA treatment, liver retinol and 

retinyl palmitate concentrations were both significantly 

increased (p < 0.005; Fig. 4). Livers from VA-treated animals 

contained greater than a three-fold increase in retinol 

concentration (mean ± SEM = 99.80 ± 6.59 ~g/g) compared to the 

controls that received the vehicle of VA (32.40 ± 2.23 ~g/g). 

Following VA administration, the greatest difference in 

the measured liver retinoid concentration occurred in retinyl 

palmitate content. An approximate 12-fold increase was 

measured in the livers of VA-treated rats (3501 ± 96 ~g/g) 

compared to their vehicle controls (294 ± 26). 
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Multiple CC14 Exposure 

The effect of repeated CC14 exposure to both VA-treated 

and control rats is shown in Fig. 5. As previously observed, 

administration of a single dose of CC14 to VA-treated rats 

(day 10) resulted in a large increase in plasma ALT activity 

(mean ± SEM = 1927 ± 948 lUlL). This is compared to ALT 

values in rats that received only the vehicle of VA prior to 

CC14 injection (mean ± SEM = 185 ± 50), and the VA controls 

(mean = 50 lUlL). For each treatment group, ALT activity 

returned to control levels within six days following the 

initial CC14 exposure. 

Importantly, the data in Fig. 5 also show that in rats 

that received VA throughout the experiment (sustained 

VA/CC14), the plasma ALT activity continued to be potentiated 

following each dose of CC14. However, when VA was stopped 

following the initial nine day treatment (9d VA/CC14 ), each 

subsequent CC14 dose became progressively less toxic. In 

other words, the potentiation of hepatic injury by VA was not 

permanent. 

Pericentral necrosis was present in all rats that 

received CC14 • However, the most severe necrosis was present 

in rats that received sustained VA treatment and repeated 

doses of CC14 (Fig. 6). Although the lesions in these rats 

(sustained VA, CC14 ) appeared to emanate from the pericentral 

region, the severity of damage was such that numerous 
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periportal areas throughout the liver were also involved. 

Figure 6b is a photomicrograph of a liver taken from a 

rat that received VA for only nine days, followed by four 

doses of CCl4 over the next 34 days. As shown, the necrosis 

is less severe compared to livers taken from rats that 

received sustained VA and CCl4 (Fig. 6c), and the necrosis is 

generally confined to the pericentral area. In rats that 

received only CCl4 and no VA (Fig. 6a), necrosis was minimal 

and the damage was confined entirely to the pericentral 

region. 
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Figure 1. Schedule for dosing and sample collection for the 
44 day duration of repeated CC14 exposure study. 
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Figure 2. VA potentiation of CCl4 hepatotoxicity and the 
protective effect of 1-amino-benzotrJ.azole (ABT). VA (250,000 
IU/Kg/d) was administered by oral gavage to male Sprague
Dawley rats for 7 consecutive days. On the eighth day, 2 hr 
prior to administration of CCl4 (150 ~l/Kg), a single i.p. 
injection of ABT (50 mg/Kg) was given. Blood was collected 24 
hr following CCl4 administration and plasma alanine 
aminotransferase (ALT) activity measured as an indicator of 
hepa1:otoxici ty • ALT acti vi ty in the VA/veh/ CCl4 group is 
significantly decreased (p < 0.001) compared to all other 
groups. ALT acti vi ty is expressed as mean ± SEM. n=6 per 
treatment group. 
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Figure 3. Plasma retinoid concentration in control or VA
treated rats. Male Sprague-Dawley rats were given VA (250,000 
IU/Kg/d) for 7 consecutive days. On the eighth day, animals 
were killed and plasma collected for retinoid determination as 
described in the Methods. 
* = significantly different than control. n = 4 per treatment 
group. 
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Figure 4. Liver retinoid concentration in control or VA
treated rats. Male Sprague-Dawley rats were given VA (250, 000 
IU/Kg/d) for 7 consecutive days. On the eighth day, animals 
were killed and liver samples collected for retinoid 
determination as described in the Methods. 
* = significantly different than control. n = 4 per treatment 
group. 
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Figure 5. Plasma ALT activity from rats given repeated CCl4 
exposure. Male Sprague-Dawley rats were treated with VA 
(250,000 IU/Kg/d) or its vehicle for 9 or 42 consecutive days. 
Rats were given CCl4 (150 ~l/Kg, i.p.) on days 10, 19, 37, and 
43. Plasma ALT activity was determined 24 hr following each 
dose of CCl4 and at various times throughout the experiment. 
ALT values are given as mean ± SEM. 
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Figure 6. Photomicrographs of liver showing histological 
damage to Sprague-Dawley rats following repeated CC14 
exposure. Male rats were treated with the vehicle of VA (6a) 
or VA (250,000 IU/Kg/d) for 9 (6b) or 42 (6c) consecutive 
days. Rats were given CC14 (150 ~l/Kg, i.p.) at 4 separate 
times. Livers were collected 24 hr following the final dose 
of CC14 and stained with Hand E for histological analysis. 
Photom1crographs show that the most necrosis occurred in rats 
given CC14 during sustained VA exposure (6c) when compared to 
rats receiving CC14 after 9 day VA exposure (6b) or the 
vehicle of VA (6a). Magnification = 75X. 
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DISCUSSION 

There are numerous difficulties associated with trying to 

understand the toxicity resulting from the combined exposure 

to multiple chemicals. Not only must the toxicity of each 

indi vidual chemical be considered, but the potential for 

synergistic or antagonistic reactions must also be taken into 

account. The literature contains many examples demonstrating 

how chemicals interact to result in a combined toxicity that 

is very different than the individual toxicity of either 

chemical when given alone. Mehendale (1989) has described 

the toxicity resulting from the interactions between 

chlordecane and CCI4 • Leo et al. (1982) has documented the 

effect of VA on the hepatotoxicity of ethanol. An additional 

interaction that has been only minimally studied is the 

interaction between VA and CCI4 • 

In this research, an attempt was made to clarify the 

effect of VA on chemically-induced hepatotoxicity. 

Experiments were designed to examine the contribution of 

supplemental VA on the hepatotoxicity of both single and 

repeated exposures to small doses of CCI4 • 

Previous work from our laboratory has shown that VA can 

potentiate the hepatotoxicity of a single dose of CCl4 (EI 

sisi et al., 1993a, 1993bi Sipes et al., 1989). Results from 

this study confirm this finding (Fig. 2). The ability of VA 

pretreatment to cause a 12-fold increase in the plasma ALT 
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activity demonstrated that VA is very effective in 

potentiating the hepatotoxicity of a single dose of CC14 • 

These data initially appear to contradict the work of 

Senoo and Wake (1985) who have suggested that VA may actually 

protect against hepatic fibrosis induced by CC14 • Because the 

major emphasis of this research was on the development of 

necrosis, the experiments focused primarily in this area. 

However, data on the development of fibrosis was obtained and 

are presented primarily in the Appendix, although some mention 

of these data are made later in this discussion. 

While the animals were maintained on VA, liver injury was 

potentiated following four repeated doses of CC14 • This is 

consistent with the previous experiments that demonstrated the 

VA-potentiated toxicity of a single dose of CC14 • 

Interestingly, in the repeated exposure study, each of four 

separate but sequential doses of CC14 resulted in virtually 

the same amount of plasma ALT being released from the liver 

each time. In other words, the total release of ALT from the 

liver did not progressively increase with each successive CC14 

dose. In addition, in animals that received sustained VA 

treatment, plasma ALT release also did not progressively 

increase following sequential CC14 exposures. This suggests 

that under conditions of similar VA treatment, the same volume 

of hepatocytes are damaged following each CC14 exposure. 

However in this model, the identity and location of the 
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hepatocytes that were damaged following repeated CCl4 exposure 

was previously unknown. It was possible that a cycle of 

damage and repair to the same hepatocytes occurred following 

each CCl4 exposure. Alternatively, each subsequent CCl4 dose 

could damage hepatocytes different from those injured during 

the previous CCl4 exposures. To examine which of these 

sequences occurred following repeated CCl4 exposure, a 

histological evaluation was made on livers taken from rats 

receiving repeated CCl4 exposure during sustained VA 

treatment. Results indicated that the repeated CCl4 exposure 

caused an accumulation of liver damage involving hepatocytes 

located progressively farther from the central vein. In other 

words, repeated CCl4 exposure in these animals did not cause 

a cycle of repeated damage and repair to the same hepatocytes 

each time, but additional damage to more hepatocytes occurred 

following each successive CCl4 exposure. 

A seven day pretreatment with VA caused significant 

increases in liver levels of both retinol and retinyl 

palmitate. Because retinyl palmitate is the primary storage 

form of VA in the liver, the dramatic increase (12-fold) in 

the liver content of this ester reflects its ability to be 

stored under conditions of excessive VA intake. Al though 

there is a remarkable association between the extent of 

potentiation of CCl4 hepatotoxicity in VA-pretreated rats 

(12-fold), and the increase in liver retinyl palmitate 
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concentrations (12-fold), there is certainly not sufficient 

evidence to suggest a cause and effect relationship. 

The large increase in plasma retinyl palmitate following 

the seven day retinol pretreatment is most likely a "spill

over" effect from excess storage of retinyl palmitate in the 

liver. Under control conditions, if retinyl palmitate appears 

in the blood, it is found only in trace amounts (Peng et al., 

1986). The slight (36%), but significant, decrease in plasma 

retinol concentration following the seven day VA pretreatment 

was somewhat unexpected. Because plasma retinol levels are 

regulated so tightly (Ong et al., 1988), it is likely that the 

decrease in plasma retinyl is a control mechanism used to 

compensate for the large increase in the total body load of 

retinoids. 

The increased accumulation of collagen in the liver is 

termed "hepatic fibrosis." The hepatotoxic potential of a 

chemical can often be defined by its ability to induce hepatic 

fibrosis. For example, variations on a rat model (Zimmerman, 

1978) that uses repeated low/moderate doses of CCl4 is often 

used to mimic liver damage that can cause collagen deposition 

and ultimately hepatic fibrosis. In this study, as with the 

Zimmerman model, rats that received CCl4 exposure experienced 

increased hepatocyte damage and decreased hepatic function. 

These studies were designed to examine the effects of VA 

treatment on CCl4-induced hepatic collagen deposition. 
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Resul ts from this study showed that four successive CCl4 

exposures caused the most collagen deposition in the livers of 

rats that received only the vehicle of VA (Appendix IV). 

Conversely, collagen deposition was the least in the livers of 

rats that received sustained VA treatment. These results are 

in agreement with those of Senoo and Wake (1985) who showed 

that retinyl palmitate, a retinol analog, also suppressed 

fibrosis. 

In this study, the mechanism by which retinol 

CCl4-induced liver supplementation caused potentiated 

necrosis, but decreased the presence of collagen, is not 

known. Vitamin A may act to prevent either collagen synthesis 

or collagen deposition. VA could also promote the release of 

collagenase from Kupffer cells or other cell types in the 

liver. This enzyme could degrade collagen and thus reduce its 

hepatic concentration. 

Another possibility is based upon the ability of VA to 

maintain the morphology of fat storing cells and modulate 

their conversion to myofibroblasts (Davis et al., 1987). 

Under normal 

transformation 

myofibroblasts. 

(Geerts et al., 

engorged with 

conditions, CCl4 injury promotes the 

of the liver fat storing cells to 

Myofibroblasts are known to secrete collagen 

1989) . Because fat storing cells become 

retinyl palmitate following excessive VA 

administration, it is possible that under these conditions, 
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to 

myofibroblast-like cells. This lack of conversion would 

effectively inhibit collagen secretion and account for the 

observed lack of fibrosis in the VA-treated animals. The 

measurement of the "cellular conversion" of fat storing cells 

to myofibroblasts remains as an opportunity for future 

researchers in this project. 

During the single exposure study, the finding that ABT 

eliminated the hepatotoxicity from one dose of CCl4 is 

consistent with the documented P-450 inhibitory 

characteristics of ABT (Mico et al., 1988). The ability of 

ABT to block the CCl4 hepatotoxicity following a seven day 

treatment with either VA or the vehicle of VA reiterates the 

necessity for the metabolism of CCl4 by the cytochrome P-450 

system to produce hepatotoxicity. 

The study showing that ABT was able to block 

hepatotoxicity in rats that received CCl4 following seven day 

treatment with VA (and also the vehicle of VA) is important in 

understanding the mechanism by which VA can potentiate CCl4 

hepatotoxicity. Previous work using 14C-Iabeled CCl4 showed 

that CCl4 metabolism was not altered by VA pretreatment. This 

was important because it showed that VA did not potentiate 

CCl4 hepatotoxicity by increasing its metabolism (Sipes et 

al., 1989). However, those studies did not examine if VA 

could potentiate CCl4 toxicity in the absence of P-450 
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mediated metabolism. If VA potentiates CCl4 hepatotoxicity by 

a mechanism that does not depend entirely upon P-450, then in 

rats that are given a P-450 inhibitor, such as ABT, any 

toxicity that does not depend upon cytochrome P-450 should be 

evident by increases in plasma ALT activity and hepatic 

necrosis. 

The finding that ABT completely inhibited toxicity (Fig. 

2), demonstrated that CCl4 metabolism by cytochrome P-450 is 

necessary to produce liver damage even in retinol-pretreated 

rats. Therefore, if retinol pretreatment activates some other 

process that contributes to vA-potentiated CCl4 toxicity, 

these data suggest that CCl4 must still undergo activation by 

cytochrome P-450 to initiate the events that ultimately result 

in hepatotoxicity. 
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ABSTRACT 

Data presented in the previous chapter demonstrated that 

VA pretreatment potentiates the hepatotoxicity of CC14 in male 

Sprague-Dawley rats. Because previous studies have suggested 

a role for KC in this potentiation, the studies presented here 

focus on the activity of KC isolated from VA-treated rats. 

Phagocytic ability was used as an indicator of the 

activation state of heterogenous populations of KC. Kupffer 

cells isolated from VA-treated rats were able to phagocytize 

more than twice the amount of sRBC than KC isolated from 

control rats. The release of free radicals from isolated KC 

following zymosan stimulation was also measured as an 

indication of KC activation. KC isolated from VA-treated rats 

also released significantly more (p < 0.05) free radicals, as 

assessed by chemiluminescence, than did KC isolated from 

control rats. In addition, KC from VA-treated rats responded 

earlier to the zymosan stimulation and had a sustained release 

of free radicals. 

The release of .02- (superoxide anion) from single KC was 

measured by a unique electrooptical system capable of 

monitoring individual cell events. Stimulation of individual 

KC with opsonized zymosan resulted in a significant release of 

.02-, but only in KC isolated from rats treated with VA. 

Given a seven day recovery period during which time no VA was 
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given following the initial nine day VA treatment, KC did not 

maintain their VA-induced activation state as assessed by 

background .02- release. These KC also did not have a 

potentiated release of .02- following zymosan stimulation. A 

large variation in the quantity of 0°2- production was 

detected in individual KC subjected to identical experimental 

conditions. 

These data provide supporting evidence that 

administration of large doses of VA to rats causes KC 

activation resulting in increased phagocytosis and 0°2-

release. Events associated with increased KC activation may 

contribute to the potentiated hepatotoxici ty observed 

following CCl4 treatment in VA-pretreated rats. 
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INTRODUCTION 

As a component of the reticuloendothelial system, KC 

function primarily as phagocytic cells to remove potentially 

harmful bacteria and cell fragments from the hepatic 

circulation. Under normal conditions, KC operate successfully 

by maintaining a minimal state of "activation" caused by their 

constant interaction and stimulation by blood-borne cellular 

debris (Wake et al., 1989). 

Activated macrophages, including KC, can be characterized 

by altered morphology, increased functional capacity, and the 

potential to release highly reactive cell mediators (Adams and 

Hamilton, 1984). Examples of mediators that can be released 

from KC include hydrogen peroxide (Laskin et al., 1988), 

superoxide anion (Matuso et al., 1985), cytolytic proteases 

(Tanner et al., 1989), eicosinoids and various peptides 

(Decker, 1990). 

When released from KC, mediators such as .02- may be 

important in the mechanism by which some chemicals cause liver 

injury. However, it is difficult to identify the liver cell 

type and precise mechanism responsible for the release of 

reactive oxygen intermediates since a variety of hepatic cell 

types can produce potentially injurious reactive oxygen 

species. The most common of these cells are neutrophils which 

have been shown to infiltrate the liver and contribute to 

chemically-induced hepatotoxicity (Laskin and Pilaro, 1986). 
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Neutrophils are pr.olific producers of e02 - (Weiss et al., 

1985) and have been reported to undergo increased 0°2 - release 

when exposed to certain retinoids (Badwey, et al., 1986). 

However, current in vivo techniques are unable to clearly 

differentiate between the contributions of KC and other cell 

types during the progression of liver injury. Therefore, in 

the studies reported here, in vitro experiments using pure KC 

cultures were performed to assess KC activity and the 

contribution of KC to chemically mediated liver injury. By 

using pure KC populations, the contribution of other cell 

types are eliminated. 

Chemical chemiluminescence and phagocytosis were used to 

assess the activity of KC populations. Production of 0°2-

from individual KC was used to measure the number of activated 

cells within a population. By using KC isolated from VA

pretreated rats, it is possible to gain a better understanding 

on how various chemicals can increase the release of cellular 

mediators from KC. In particular, the ability to measure an 

increase in 0°2 - from KC would support the hypothesis that KC 

are necessary participants in the potentiated CC14 

hepatotoxicity that is observed in VA-treated male Sprague

Dawley rats. 

MATERIAL AND METHODS 

The animal and VA pretreatment procedures were presented 
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in Chapter 2. 

Rats were treated with VA by oral gavage (250,000 IU/Kg/d 

for seven consecutive days. Control rats received the vehicle 

of VA for seven days. 

Kupffer Cell Isolation 

To determine if the seven day VA treatment had activated 

the KC, 24 hr following administration of the final dose of 

retinol, KC were isolated under sterile conditions, by a 

modification of the procedure first described by Knook and 

Sleyster (1976). The KC were isolated by recirculation 

perfusion of a collagenase/pronase enzyme solution and 

purified by centrifugal elutriation using a modified method of 

Knook and Sleyster (1976, Appendix I). Briefly, the portal 

vein was cannulated and perfused in situ first with Gey's 

Balanced Salt Solution (Appendix II) to remove red blood 

cells. The liver was then removed from the body cavity with 

the cannula in place while being perfused with 0.2% Pronase E, 

which selectively kills hepatocytes but does not permanently 

damage non-parenchymal cells (Knook et al., 1975). Following 

perfusion, the liver was minced and then slowly stirred at 

37°C for 30 min in a solution of 0.05% collagenase and 0.05% 

Pronase E to dissociate the liver cells from their matrix. 

The resulting liver suspension was filtered through gauze to 

separate pieces of undissociated liver from cells and then 

centrifuged at 750 x g for 10 min to yield a sinusoidal cell-
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Removal of the remaining non-sinusoidal 

cells from the pellet was achieved by centrifugation on a one

step discontinuous metrizamide (Sigma Chemical Co., st. Louis, 

MO) density gradient. KC were ultimately separated from other 

sinusoidal cells by centrifugal elutriation. The purity of 

the KC preparations were established by peroxidase staining 

and determined to be 85-95% pure. A detailed procedure of the 

KC isolation procedure appears in Appendix II. 

Phagocytosis Assay 

To assess the phagocytic activity of KC following VA 

treatment, isolated KC were tested for their capacity to 

phagocytize sheep red blood cells (sRBC). Freshly isolated KC 

(0.5 - 1.0 ml; 1 x 106 KC/ml) from VA-treated or control rats 

were placed in 24-well plastic culture plates (Falcon Corp., 

Lincoln Park, NJ) and allowed to attach for 24 or 48 hr at 

37°C under 95% 02 : 5% CO2 . KC were then tested for their 

phagocytic ability as detailed in Appendix III. Briefly, sRBC 

(Becton Dickinson Microbiology Systems, Lincoln Park, NJ) were 

opsonized with an IgG antibody (rabbit a-SRBC) obtained from 

Organon, Teknika-cappel (West Chester, PA) for 1 hr at 37°C. 

Washed opsonized sRBC were incubated at 37°C for 1 hr with 

51Cr (New England Nuclear, 1 mCi/ml; Wilmington, DE) to label 

the sRBC. Following an additional wash and incubation to 

release and remove unbound 51cr from sRBC, the KC incubation 

media was removed and the labeled sRBC added. Following 1 hr 
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incubation at 37°C, sRBC were removed from KC, and all 

unphagocytized sRBC washed free of the plate. KC were then 

lysed by addition of a 1% solution of NP-40 detergent (Sigma 

Chemical Co., st. Louis, MO) to each well. Lysate from 

individual wells was absorbed onto two cotton applicators and 

both applicators placed into corked plastic test tubes. 

Radioactivity of each sample was recorded on a gamma counter 

(Packard Instruments, Inc.; Meriden, CT) set to read 51Cr . 

Each sample was counted for two minutes. 

Free Radical Release 

Release of reactive oxygen species from KC (as measured 

by free radical release) was assessed by chemiluminescence 

using a modified technique of Lee et al. (1987). Briefly, 2 

x 106 KC (0.5 X 106 KC/ml) isolated from retinol-treated or 

control rats were placed in 20 ml sterilized plastic 

scintillation vials. Cells were allowed to attach to vials 

(loosely capped) for 24 hr at 37°C under 95% 02 : 5% CO2 • 

Because of the background chemiluminescence of the plastic 

vials, all assay procedures following the addition of cells to 

scintillation vials were performed in the dark. Following the 

24 hr attachment period, media was decanted from vials 

containing attached KC. The attached cells were then 

incubated in a water bath for 15 min at 37°C in 4 ml of Hank's 

Balanced Salt Solution containing 15 roM luminol (5-amino-2,3-

dihydro-1,4-phthalazinedione) added to enhance the detection 
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Background chemiluminescence was 

measured for each vial. Kupffer cells were stimulated to 

release .02- by the addition of 20 ~l of a zymosan (zymosan A; 

Sigma Chemical Co.) suspension (0-10 mg/ml for a 0-476 ~g/ml 

final concentration in the vial) 

opsonized with 20% rat serum 

that had previously been 

for 6 hr at 37°C. 

Chemiluminescence of each vial was recorded every 5 or 10 min 

for 60 min following addition of zymosan. Chemiluminescence 

was measured as CPM using a Beckman LS-100C liquid 

scintillation counter (Palo Alto, CA) that was switched to 

out-of-coincidence mode to increase detection sensitivity. 

Determination of .02- Production From Single KC 

Following isolation, KC were allowed to adhere to 35 mm 

plastic petri dishes (250,000-500,000 cells/dish) for 16-24 hr 

at 37°C under an atmosphere of 95% °2:5% CO2 , 

To measure .02- production by individual KC, a modified 

procedure of DiGregorio et al. (1987) was used. Briefly, 

nitroblue tetrazolium was added to KC at a final concentration 

of 2 mg/ml. Nitroblue tetrazolium is soluble in aqueous 

solutions, but in the presence of a strong reducing agent such 

as .°2-, it is reduced to an insoluble diformazan which 

precipitates out around the cells. Dishes containing KC were 

placed on a Nikon inverted microscope and maintained at 37°C 

by use of a heated microscope stage. A random field of 7-10 

cells was selected and illuminated at 550 nm, the peak 
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absorbance wavelength of insoluble diformazan. Following a 25 

min incubation to establish background .02- production, 30 ~l 

(1 ~g/~l) of opsonized zymosan (10 ~g/ml final concentration) 

was added to the KC cultures. Only those KC that were 

observed to remain in contact with at least one zymosan 

particle for the duration of the experiment were included in 

the final analysis for measuring superoxide anion release. 

Cells were videotaped using a Oage low light level camera. 

The recorded images of each 60 min experiment were then sent 

through a digital image analysis system (Bioquant) set up as 

a microspectrophotometer capable of quantifying diformazan 

production by individual cells. A progressive increase in 

absorbance (production of diformazan) was used as an indicator 

of 0°2- production. Optical density for individual cells at 

each time point was automatically calculated after correcting 

for changes in background light intensity. Optical densities 

were converted to mass of diformazan using the Beer-Lambert 

equation. The system was verified as linear over the optical 

density ranges observed in these experiments. 

For "recovery" experiments, rats were subjected to the 

same 7 day VA treatment as previously described, but KC were 

not isolated until the eighth day following the completion of 

the VA treatment. Rats were given food and water ad libitum 

during the interim recovery period. 

statistical Analysis 
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Analysis of variance was used for statistical evaluation 

for the phagocytosis and chemiluminescence assays. Data were 

considered significantly different at p < 0.05. For the 

single cell .02- assay, statistical analysis was performed 

using the Kruskal Wallis test, a nonparametric procedure 

capable of comparing data not having a normal distribution. 

Three factors (VA, zymosan binding, and recovery period) were 

compared with a 95% confidence level considered significantly 

different. 

RESULTS 

sRBC Phagocytosis 

Under optimum conditions (1 x 106 KC/welli 24 hr 

attachment), KC isolated from rats pretreated with VA for 

seven days had enhanced phagocytic activity toward opsonized 

sRBC (Fig. 7). The greater than 2-fold increase in phagocytic 

activity was significantly higher (p < 0.01) than KC isolated 

from control rats. To examine if phagocytic capacity of 

control KC was altered with increased attachment time, some 

cells were allowed to remain in culture 48 hr prior to 

addition of sRBC. Fig. 7 shows that there was no significant 

difference in phagocytic ability when comparing control cells 

incubated for 24 or 48 hr. At both times, the phagocytic 

activity of KC isolated from VA treated rats was approximately 

2-fold greater than those of control KC. 
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When only one-half of the KC were incubated in each well 

(0.5 X 106 vs. 1.0 X 106 KC/well), the total phagocytosis of 

51Cr-labeled sRBC was also reduced by one-half. Importantly, 

this demonstrated that the sRBC were being phagocytized by the 

KC and not indiscriminately bound to the culture plate. 

Chemiluminescence 

Kupffer cells isolated from rats pretreated with VA for 

seven consecutive days released free radicals following 

zymosan stimulation. To determine the concentration of 

zymosan necessary to elicit the greatest measured free radical 

release, a zymosan dose-response relationship was established. 

As shown in Fig 8, the maximum measured production of free 

radicals occurred when KC were stimulated with 238 ~g/ml of 

zymosan. An immediate increase in chemiluminescence was 

observed following stimulation with either 238 or 476 ~g/ml 

zymosan, with the greatest measured chemiluminescence 

occurring 25 min following stimulation. Interestingly, the 

476 ~g/ml dose produced only about one-half the 

chemiluminescence as the 238 ~g/ml dose at the time of 

greatest measured free radical release. The duration of 

chemiluminescence between the two highest doses was also very 

different. Chemiluminescence in cells receiving 238 ~g/ml 

zymosan decreased only 20% between the time of maximum 

chemiluminescence and the end of the experiment. Conversely, 

chemiluminescence from cells receiving the 476 ~g/ml dose of 
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zymosan had returned to background levels by the end of the 

experiment. 

Kupffer cells that received 59.5 ~g/ml zymosan showed a 

slight increase in free radical release with maximum measured 

production occurring at 60 min. Chemiluminescence in cells 

stimulated with 50 ~g/ml zymosan was only slightly above 

background (no zymosan added). Based on these results, it was 

decided to use 238 ~g/ml of zymosan to compare 

chemiluminescence between KC from VA-treated and control rats. 

As shown by the data presented in Fig 9., KC from both 

control and VA-pretreated rats responded to the zymosan 

stimulation by releasing free radicals. However, at the time 

of the measured maximum release, KC from VA-pretreated rats 

produced significantly (p < 0.001) more chemiluminescence 

(1.57 x 106 CPM at 25 min) than did cells from control rats 

(0.47 x 106 CPM at 15 min). In addition, the initial response 

time between the two KC populations was different. 

Chemiluminescence in VA-treated rats increased immediately 

following addition of zymosan. For control KC, there was a 10 

min "lag phase" between the addition of zymosan and increased 

chemiluminescence. 

Single Cell 0°2- Production 

Diformazan production by individual KC was measured as an 

indication of 0°2- release. By comparing diformazan 

production from cells of the same treatment group it was 
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demonstrated that single KC subjected to identical 

experimental conditions produced largely variable amounts of 

0°2-. 

A total of 142 separate cells, from nine different rats, 

were analyzed for these experiments. The data in Fig. 10 

represent only two of these cells. Both of these KC were 

present on the same culture plate, isolated from the same VA

treated rat, and simultaneously subjected to zymosan treatment 

after establishing a baseline .02- release. Only "cell 2" 

responded to the zymosan stimulation with an increased 

diforrnazan production. Following addition of zymosan at 25 

min, "cell 1" continued to convert diformazan product, but 

only at a background rate similar to that observed prior to 

the addition of zymosan. 

Not all KC that were tested responded in this extreme 

manner. Many KC released intermediate or undetectable amounts 

of .02- compared to either KC shown in Fig. 10. This 

variation in KC response is demonstrated in Fig. 11 which 

shows that for five KC isolated from the same rat and present 

on the same culture plate, there was a wide variability in the 

pattern and extent of 0°2- production. 

A wide range of .02- production within treatment groups 

resulted from the large variation in response from individual 

KC. Table I shows the range of diformazan production measured 

in each group. The variation was particularly prevalent with 
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KC in the "VA/Zymosan" group where a range of 0.11 - 53 fmol 

of diformazan was produced. Interestingly, in the control 

group there was at least one cell that did not produce 

detectable amounts of diformazan even when stimulated with 

zymosan. 

As shown in Figure 12, addition of zymosan significantly 

increased diformazan production by cultured KC within all 

treatment groups. KC isolated from VA treated rats and 

incubated with zymosan (vitamin A, zymosan) released 173% more 

superoxide (p < 0.005) than KC isolated from VA-treated rats 

that were not stimulated with zymosan (vitamin A, 

unstimulated). In control cells, zymosan stimulation 

increased diformazan production 79% above baseline (p < 0.05). 

For KC isolated from rats allowed to recover for seven days 

following the final VA dose, zymosan increased -02- production 

by 104% compared to unstimulated cells (p < 0.05). 

The production of diformazan following zymosan 

stimulation was compared across all treatment groups. KC from 

VA-treated cells produced 166% more diformazan than "control" 

cells (p < 0.05) and 283% more diformazan (p > 0.01) than 

"recovery" cells. Diformazan production was not significantly 

different in the "recovery" and "control" KC following zymosan 

stimulation. 

Baseline release of .02- was measured for each group to 

analyze KC production of reactive oxygen radicals without 



84 

zymosan stimulation. Figure 12 shows that baseline diformazan 

production was not significantly different between "control" 

and "vitamin A" cells. However, baseline diformazan 

production from the "recovery" cells (recovery, unstimulated) 

was significantly decreased (p < 0.05) compared to 

unstimulated cells from the VA group. 
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Figure 7. Phagocytosis of slCr-Ia beled sheep red blood cells 
(sRBC) by KC isolated from control or VA-treated rats. Rats 
were treated with VA or its vehicle for seven consecutive 
days. KC were allowed to attach to culture plates for 24 or 
48 hr and then incubated for 60 min at 37°C with opsonized 
SRBC. KC were washed three times with phosphate buffered 
saline to remove non-phagocytosed sRBC and then lysed with a 
1% solution of NP-40 detergent and the radioactivity of the 
lysate determined. KC from VA-treated rats showed 
significantly increased (p < 0.05) phagocytosis of sRBC 
compared to controls. 
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Figure 8. Zymosan dose-response in KC isolated from rats 
treated with VA for seven consecutive days. KC were allowed 
to attach to plastic scintillation vials for 24 hr at 37°C. 
Chemiluminescence was measured as an indicator of free radical 
release following stimulation with 0-476 ~g/ml zymosan (final 
concentration) added at time zero. Maximum chemiluminescence 
was observed from KC stimulated with 238 ~g/ml zymosan. n = 
4-6 rats/group. 
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Figure 9. KC were isolated from control or VA-treated rats. 
Cells were allowed to attach to plastic scintillation vials 
for 24 hr at 37°C. Free radical release was measured as CPM 
by luminol-enhanced chemiluminescence following addition of 
zymosan (238 ~g/ml) to cell cultures. Zymosan was added at 
time zero. 
n = 8 rats for KC from VA-treated rats; n = 6 rats for KC from 
control rats. 
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Figure 10. Example of the range of response of individual KC 
following contact with opsonized zymosan. Individual KC, 
isolated from a single rat treated for seven days with VA, 
were analyzed for their ability to produce .02- as outlined in 
the Methods. Background .02- production was measured for 25 
min prior to addition of zymosan. The graph shows two KC from 
the same culture plate. Both cells appeared to bind zymosan 
but only "cell 2" responded with an increased production of 
·°2-' 
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Figure 11. Response of five individual KC following addition 
of zymosan to culture medium. Individual KC, isolated from a 
single rat treated with VA, were analyzed for their ability to 
produce .02- as outlined in the Methods. Background .02-
production was measured for 25 min prior to addition of 
zymosan. The graph shows that cells released variable amounts 
of diformazan in response to a common zymosan stimulus. "Cell 
1" produced minimal diformazan for the duration of the 
experiment and did not respond to zymosan. 



Table 1. 

Superoxide Anion Release from Single Kupffer Cells as 

Measured by Diformazan Productiona in the NBT Assay 

GROUP Diformazan Produced n 

CONTROL mean + S.E.M. range of values 

backgroundb 2.60 ± 0.50 n.d. - 9.63 29 

zymosanC 4.66 ± 1. 03 n.d. - 24.71 25 

VITAMIN A 

background 4.55 ± 1.01 n.d. - 17.43 29 

zymosan 12.41 ± 3.43 0.11 - 52.59 19 

RECOVERY 

background 1.59 ± 0.33 n.d. - 4.65 20 

zymosan 3.24 ± 0.65 0.25 - 9.03 20 

90 

aDiformazan production expressed as total femptomoles (fmol, 
1 x 10-15 ) found during the 60 min assay. Initial 
measurements in optical density units were converted to fmol 
as 100 integrated optical density units = 3.5 fmol diformazan 
t>roduced. 
Background diformazan production was measured in those KC 

that were not administered zymosan. 
CZymosan was added to KC at a concentration of 10 tLg/ml 
following an initial 25 min preincubation during which time a 
baseline diformazan production was defined. 
n.d. = not detected 
n = total number of KC taken from 3 - 6 rats. 
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Figure 12. Diformazan production by KC in response to zymosan 
(10 ~g/ml). Zymosan was added to KC isolated from control or 
VA-treated rats. KC in the recovery group were isolated 1 
week following the final dose of VA during which time no 
treatment was administered. Bars identified by the same 
letter are not statistically different. Data expressed as 
means ± SEM. 
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DISCUSSION 

As the resident macrophages of the liver, KC function 

primarily as a scavenging system to remove blood-borne debris 

and antigens that constantly pass through the liver sinusoid. 

Kupffer cells function to remove these materials from the 

blood by phagocytosis. Under normal conditions, this 

phagocytic process effectively prevents endotoxin, bacteria, 

and other foreign sUbstances that are present in portal blood 

leaving the gut from reaching the systemic circulation. 

However, during sepsis or other compromising conditions that 

support a high concentration of antigen present in the blood, 

KC undergo morphological, biochemical, and functional changes 

that increase their ability to remove the foreign sUbstance 

(Busam et al., 1990). KC that undergo these changes are often 

referred to as "primed" or "activated" KC. Increased 

phagocytic ability, ruffled plasma membranes, greater 

mobility, and increased release of cellular mediators are 

properties common to activated KC. 

Activated KC have increased potential to eliminate blood

borne antigens. However, under certain circumstances, KC 

activation may cause liver damage by releasing increased 

amounts of cell mediators (Nolan, 1981). A series of 

experiments was designed to measure how VA affects the 

activation state of rat KC and their release of cell 
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mediators. 

An in vitro sRBC phagocytosis assay was used to assess 

the activation state of KC populations isolated from control 

or VA-treated rats. The phagocytic capacity toward sRBC by KC 

isolated from VA-treated rats was increased two-fold compared 

to KC from control rats. This suggests that VA may also 

increase the phagocytic capacity of KC in the liver under 

physiological conditions whereby bacteria and other blood

borne antigens activate KC. The increased phagocytic ability 

of KC isolated from VA-treated rats agree with previous work 

from our laboratory showing that intravenously injected carbon 

particles are cleared significantly faster from the blood of 

VA-treated rats compared to control rats (Sipes et al., 1989). 

These results also support the hypothesis that activated KC 

are responsible for the increased rate of carbon clearance in 

VA-treated rats. 

Increased phagocytosis by KC isolated from VA-pretreated 

rats is likely not directly responsible for the potentiated 

CCl4 hepatotoxicity observed in VA-pretreated rats (Sipes et 

al., 1989). When a material is phagocytized by KC, it is 

quickly transported to lysosomes and degraded by lysosomal 

enzymes. This process causes a release of lysosomal proteases 

and also stimulates an oxygen burst that is common to KC and 

other macrophages (Klebanof, 1980). It is the interaction of 

these damaging lysosomal proteases and reactive oxygen species 
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with the hepatic membrane that is likely responsible for the 

increased toxicity that occurs when CCl4 is given to VA

treated rats. 

In KC, the oxidative burst involves the release of 0°2-. 

The 0°2- is formed by the reduction of molecular oxygen when 

catalyzed by membrane-bound NADPH oxidase (Bhatnagar et al., 

1981). Although 0°2- is not thought to be reactive enough to 

cause the massive hepatotoxicity observed with VA-potentiated 

CCl4 damage, 0°2 - is easily converted to H20 2 • In the presence 

of iron, 0°2 - and H20 2 interact to produce the highly reactive 

hydroxyl radical (oOH-). Hydroxyl radicals are notorious as 

initiators of lipid peroxidation (Matuso et al., 1985) and can 

cause extensive cellular membrane damage. For KC, this 

combination of increased phagocytosis and 0°2 - release may be 

an important component in the in vivo mechanism responsible 

for VA-potentiated CCl4 hepatotoxicity. 

superoxide anion production was measured to examine if 

the increased phagocytosis of sRBC by KC isolated from VA

treated rats was accompanied by an oxidative burst and 

production of free radicals. The chemiluminescence assay was 

used to assess 0°2- production. 

The increase in chemiluminescence observed in the zymosan 

challenged KC isolated from VA-treated rats is evidence that 

0°2 - accompanies VA activation of KC. Fujiwara et ale (1989) 

have also shown increased chemiluminescence from KC as 
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evidence for an enhanced release of reactive oxygen species. 

Our findings support the hypothesis that VA administration to 

rats alters physiological and biochemical parameters of their 

KC. The increase in chemiluminescence of control KC indicates 

that they also respond to the zymosan stimulus, but not to the 

extent of VA cells. Therefore, these data support the concept 

that VA priming of KC plays a major role in the VA 

potentiation of CC14-induced liver injury. 

Numerous other cells have the ability to phagocytize 

particles present in the blood and degrade them by releasing 

free radicals. Within the hepatic sinusoid, the endothelial 

cells have the capacity to remove and degrade cellular debris 

(De Leeuw et al., 1989; Praaning-van Dalen et al., 1981). In 

addition, neutrophils recruited to the site of hepatic injury 

can also contribute to -°2 - release in vivo. However, in 

experiments using purified populations of isolated Ke, any 

observed increase in phagocytosis or chemiluminescence can be 

attributed to the KC, thereby eliminating the contribution of 

other phagocytic cells. 

The increased phagocytic activity as well as the enhanced 

chemiluminescence of KC obtained from VA-treated rats clearly 

demonstrate that VA activates or primes these cells. However, 

because these measurements were made on large populations of 

KC, it is unknown if all KC become activated and produce equal 

amounts of .02-' or if only specific, individual KC are 
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responsible for the majority of .02- production. If 

activation occurs in only individual cells, this would suggest 

for the first time that separate KC subpopulations exist based 

upon their functional heterogeneity. Investigations into the 

direct measurement of .02- release by KC was performed using 

novel electrooptical instrumentation and cultured rat KC. A 

previous experiment using this electrooptical system with 

cultured pulmonary macrophages showed that release of .02- was 

not homogeneous, even from unstimulated cells on a culture 

plate (DiGregorio et aI, 1987). The results reported here 

show that individual KC behaved similarly to pulmonary 

macrophages and released widely varying amounts of superoxide. 

In this experiment zymosan caused a significant increase 

in .02- release from KC isolated from VA-treated rats, 

compared to KC isolated from control rats or rats given a 

seven day recovery period following VA treatment. This 

finding compliments previous data in this chapter which also 

demonstrate that VA exposure enhances KC function. More 

importantly, the marked variation of e02 - release from 

individual KC showed that even under identical experimental 

condi tions, KC did not respond to a zymosan stimulus with 

equal intensity. The data demonstrate that only certain KC 

isolated from VA-treated rats are highly primed to release 

large quantities of .02- after binding zymosan. 

The finding that zymosan-stimulated .02- release was not 
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different between the VA recovery group and controls cells 

suggests that KC are no longer stimulated seven days after VA 

is stopped. These results clearly show that although zymosan 

stimulates 0°2- release by KC, it is the continued exposure to 

VA that "primes" KC to release the greatest amount of 0°2 - in 

zymosan-treated KC. Therefore, the VA activation of KC is a 

reversible event, at least under the condi tions of this 

experimental design. 

The KC activation data supplement the results presented 

in Chapter 2 which demonstrate that the toxicity from a single 

dose of CCl4 was not potentiated in rats that had not received 

VA for seven days. This also helps provide strong evidence 

that VA-potentiated CCl4 hepatotoxicity depends upon KC 

activation. Likewise the finding that baseline diformazan 

production by both the VA and recovery groups was not 

significantly different than the control group supports our 

hypothesis that VA treatment alone activates KC but does not 

cause the release of 0°2-. 

The finding that zymosan can stimulate increased 0°2 -

release in VA-treated KC may have clinical relevance to 

patients that receive large doses of retinoids during 

immunodeficiency or cancer therapy. If VA has activated the 

KC of these patients, the presence of excessive amounts of 

bacteria or other antigens in the portal circulation may 

trigger a large 0°2 - release from the KC to cause hepatic 
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damage. 

Our data demonstrate that the unique electrooptical 

system can detect variability of .02- production from 

individual KC. This marks the first time that .02- release 

from individual KC has been reported. This variability cannot 

be detected by traditional assay methods that measure .02-

production in KC populations. Using this technique with other 

liver cell types (i.e., hepatocytes, fat storing cells, etc.) 

remains an opportunity for future researchers to identify the 

contribution of different liver cell types in VA-potentiated 

CCl4 hepatotoxicity. 

The variability in .02- production from individual KC 

isolated from the same liver may depend upon their in situ 

location. Prior to isolation, responsive KC may reside in a 

different area of the liver lobule (i.e., periportal) than do 

non-responsive cells (Le., pericentral). By using an in vivo 

technique that measures the uptake of colloid carbon into 

either the periportal or pericentral area of the liver lobule, 

Te Koppele and Thurman (1990) have shown that phagocytosis was 

most prominent in KC located in periportal regions. Data in 

this chapter showed that VA pretreatment caused increased 

phagocytosis in vitro. Therefore, a hypothesis can be 

supported that the KC that produced the most diformazan (i.e., 

.02- release) production were KC of the periportal region, and 

that the pericentral KC produced the least .02-. Variations 
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in KC activity may be an explanation for the large variations 

in hepatotoxicity often observed in animals following chemical 

exposure. KC activation can be viewed as another variable in 

toxicity, just like the induction of cytochrome P-450 

dramatically affects the toxicity of many chemicals. 

The results presented in this chapter demonstrate that 

there is an increase in the activation state of KC isolated 

from VA-treated rats compared to KC isolated from control 

rats. The mechanism by which VA interacts with KC to cause 

increased 8°2- release is not yet elucidated. By examining 

responses of both populations and single KC, these experiments 

was designed to help increase the understanding of the complex 

relationship between KC and VA. From these experiments, it 

was shown that the potentiated CCl4 hepatotoxicity observed in 

rats administered a seven day VA pretreatment (Chapter 2) may 

depend, at least in part, on the ability of VA to activate KC. 



CHAPTER 4 

EFFECT OF ORAL VITAMIN A ADMINISTRATION ON CC14 

HEPATOTOXICITY IN VARIOUS STRAINS OF MICE AND RATS. 
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ABSTRACT 

Previous studies from our laboratory, supported by data 

reported in this dissertation, have shown that VA potentiates 

the hepatotoxicity of CCl4 in male Sprague-Dawley rats. The 

mechanism by which this potentiation occurs is not completely 

defined, but it is known to involve activation of KC by VA. 

To determine if VA-potentiated CCl4 liver injury also occurred 

in a second strain of rats and in a separate species, 

hepatotoxicity was also assessed in male Fischer-344 rats and 

in male mice. 

VA potentiated the hepatotoxicity of CCl4 in male 

Fischer-344 rats. However, VA protected against CCl4 

hepatotoxicity in all mice strains (male sex) tested. In 

Swiss-Webster mice, a seven day VA pretreatment (250,000 

IU/Kg/d) provided the most protection. It was hypothesized 

that in mice, VA may inactivate KC to provide the protective 

effect against CCl4 • To test this hypothesis, KC phagocytic 

activity was measured by the clearance rate of intravenously 

administered colloidal carbon. KC activation was not altered 

in VA-pretreated Swiss-Webster mice (t 1/2 = 16.8 ± 3.2 min) 

when compared to the control mice treated with the vehicle of 

VA (t 1/2 = 18.2 ± 1.1 min). 

From these data it appears that VA protection from CCI4-

induced hepatotoxicity in mice does not depend upon the 

phagocytic activity of KC. 
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INTRODUCTION 

Data presented in previous chapters have demonstrated 

that VA pretreatment potentiates CCl4 hepatotoxicity in male 

Sprague-Dawley rats, and that this pretreatment also activates 

increased release of .02- from KC. That this enhanced release 

of 8°2- from activated KC may be responsible for the increased 

CCl4 hepatotoxicity observed in VA rats was provided by the 

studies of EI Sisi et ale (1993a). They demonstrated that 

methylpalmitate, an inhibitor of KC activity, could eliminate 

VA-potentiated CCl4 hepatotoxicity when administered to rats 

24 hr prior to CCl4 administration. In addition, they 

observed that superoxide dismutase and catalase, both of which 

are effective scavengers of reactive oxygen species released 

from KC, could significantly decrease VA-potentiated CCl4 

hepatotoxicity when given to rats. Because of its rather 

unique mechanism, it is important to determine if this 

chemically induced injury occurs in other species as well as 

other strains of rats. 

Because VA is readily available as a dietary supplement, 

there is a potential risk to humans that exposure to an 

otherwise non-toxic dose of a drug or chemical may have a 

potentiated toxicity to people who take excessive amounts of 

VA. For example, pharmacological doses of VA and other 

carotenoids have been tested for therapeutic benefit as 

adjuvants in cancer chemotherapy (Bollag, 1983). If the 
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mechanism of VA potentiation occurs in these patients in a way 

that is similar to the rat model, the possibility exists that 

the potency of an otherwise therapeutic drug dose may be 

potentiated to a toxic dose that could injure or kill non

cancerous cells. 

These studies were designed to examine the consistency of 

VA potentiation of CCl4 hepatotoxicity by using four strains 

of mice and one additional rat strain. understanding the 

mechanism by which VA affects CCl4 hepatotoxicity in mice and 

rats may be helpful in understanding the effects of other 

drugs and chemicals in more complex biological systems such as 

human cancer chemotherapy. 

MATERIALS AND METHODS 

Animals 

Adult male mice (20-30 g) and male rats (200-300 g) were 

purchased from Harlan Sprague-Dawley (Indianapolis, IN) and 

maintained under conditions previously described in Chapter 2. 

The mice strains tested were swiss-Webster ND4 (outbred), 

Balb/c (inbred), B6C3Fl (hybrid), and C3H/HeJ (endotoxin 

insensitive). Sprague-Dawley (outbred) and Fischer-344 

(inbred) rats were also tested. 

Dosing and Blood Collecting 

CCl4 (99.9% pure, Aldrich Chemical Co., Milwaukee, WI) 

was administered (i.p.) at various doses in a corn oil 
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vehicle. Twenty-four hours following CCl4 administration, 

animals were euthanized by CO2 inhalation and blood was 

collected by venipuncture (inferior vena cava) into a 

heparinized syringe. Plasma was separated from cells by 

centrifugation and analyzed within 24 hours for ALT (alanine 

aminotransferase) activity by UV spectrophotometry (Sigma 

Chemical, #59-20, st. Louis, MO). 

swiss-Webster Dose-Response 

An ini tial study was designed to examine the 

hepatotoxicity caused by a single dose of CCl4 when given to 

VA-treated mice. swiss-Webster ND4 mice (outbred) were chosen 

to maintain consistency with previous experiments that used 

Sprague-Dawley rats (outbred). To determine a dose of CCl4 

that was equally hepatotoxic to Swiss-Webster mice and 

Sprague-Dawley rats, mice were administered CCl4 at either 10, 

25, 50, or 100 J.l.I/Kg (8 ml/Kg total dosing volume). The 

resultant equipotent dose defined in this study was to be used 

for subsequent VA potentiation studies in mice. 

vitamin A Dose-Response in Mice 

A dose-response relationship was established to identify 

the dose of VA that was needed to cause maximum modulation of 

a single equipotent dose of CCl4 in swiss-Webster mice. A VA 

(retinol as Aquasol A®, Armour Pharmaceutical) dose of either 

62,500, 125,000, or 250,000 IU/Kg/d was administered by oral 

gavage (5 ml/Kg/d total dosing volume) daily for seven 
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consecutive days. Controls received an equal volume of the 

vehicle of VA (10% propylene glycol and 7% Tween-20 in 

distilled water). 

A single 20 J.Ll/Kg dose of CCl4 (8 ml/Kg total dosing 

volume) that was expected to cause equipotent hepatotoxicity 

to male Swiss-Webster mice and male Sprague-Dawley rats was 

administered (i.p.) 24 hr following the final dose of VA. 

Plasma was analyzed for ALT activity as previously detailed to 

determine the dose of VA that caused maximum potentiation of 

CCl4 • 

Vitamin A Temporal Response in Mice 

Male swiss-Webster ND4 mice were given VA by oral gavage 

for one, four, or seven consecutive days. A single 20 J.Ll/Kg 

dose of CCl4 was administered (i.p.) 24 hr following the final 

dose of VA. Blood was collected 24 hr following CCl4 

administration and plasma ALT activity was analyzed to 

determine the duration of VA pretreatment that caused maximum 

CCl4 potentiation. 

VA and CCl4 Interaction In Various Mice and Rat strains 

The effect of VA pretreatment on CCl4 hepatotoxicity was 

examined in four mouse strains and two rat strains. VA was 

administered by oral gavage for seven consecutive days. 

Twenty-four hours following the final dose of VA, a single 

i.p. dose of CCl4 that was expected to be equitoxic (-200 IU/L 

of ALT activity) of CCl4 was administered. Blood was 
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collected 24 hr later and plasma analyzed for ALT activity. 

Liver samples were collected from each animal and stored in 

10% neutral buffered formalin until sections were cut for H 

and E stain. 

Kupffer Cell Activity in swiss-Webster Mice 

The effect of VA administration on KC activity in Swiss

Webster ND4 mice was measured in vivo by a carbon clearance 

assay. Mice were administered VA (250,000 IU/Kg/d) for seven 

consecutive days by oral gavage. Twenty-four hours following 

the final dose of VA, 100 mg/Kg of colloidal carbon was 

injected into the tail vein and monitored for its rate of 

removal from the blood. The carbon -solution was prepared as 

previously described by Triarhou and del Cerro (1985). 

Briefly, India ink (Pelican) was dialyzed (13,000 m.w.) 

against distilled water for 48 hr to remove organic solvents. 

One ml of the dialyzed colloidal carbon solution was 

evaporated to dryness, weighed, and resuspended in distilled 

water to 50 mg carbon/mI. Blood (10 ~l) was collected from 

the tail vein every 3 min for the initial 15 min following 

carbon administration, and every 5 min thereafter to 30 min. 

The rate of carbon clearance was determined by the procedure 

in Appendix V as an indirect measure of KC activation. 

RESULTS 

The hepatotoxicity of various doses of CCl4 was 
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determined in male swiss-Webster mice. The data in Figure 13 

show the dose-response relationship for CC14 administered at 

10-100 ~l/Kg. CC14 doses of 25, 50 and 100 ~l/Kg produced ALT 

values of 2400, 6690 and 10,500 IU/L respectively. The 10 

~l/Kg dose did not increase ALT activity compared to controls. 

From these results a CC14 dose of 20 ~l/Kg was selected for 

use in subsequent VA potentiation studies using swiss-Webster 

mice. In swiss-Webster mice, this dose was expected to be 

equitoxic (-200 IU/L ALT activity) to a 150 ~l/Kg dose of CC14 

in male Sprague-Dawley rats. However, in subsequent 

experiments using male swiss-Webster mice, the 20 ~l/Kg dose 

was not equitoxic and produced ALT values of -2400 IU/L. 

However, obtaining a dose of CC14 that produced minimal injury 

(in order to demonstrate VA potentiation) became unimportant 

when it was later shown that VA pretreatment actually 

protected mice from CC14-induced liver injury. 

Various doses of VA were administered to swiss-Webster 

mice to determine the effect of VA on CC14 toxicity. Unlike 

the potentiated CC14-induced hepatotoxicity previously 

observed in Sprague-Dawley rats, VA caused dose dependent 

inhibition of CC14 hepatotoxicity (ALT activity) in swiss

Webster mice (Figure 14). The 62,000 and 125,000 IU/Kg/d 

doses of VA reduced CC14-induced increases in ALT activity 

over two-fold (p < 0.05). The highest dose of VA (250,000 

IU/Kg/d) caused the most (over 21-fold) inhibition of ALT 
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release (114 rU/L) compared to the mice that were pretreated 

with the vehicle of VA for 7 days prior to CCl4 

administration. This dose of VA was used for all subsequent 

mice studies. 

VA showed the most protection against CCl4 hepatotoxicity 

when given for seven consecutive days (Fig. 15). The plasma 

ALT activity in mice that were given VA for seven days prior 

to CCl4 displayed an 87% reduction in plasma ALT activity (13% 

X positive control) compared to controls that received the 

vehicle of VA prior to CCI 4 • Therefore, a seven day VA 

pretreatment was selected for all subsequent studies using the 

other strains of mice. 

As shown in Fig. 16, this dose of VA offered significant 

protection (p < 0.05) against CCl4 hepatotoxicity (70-90% 

reductions in plasma ALT activity compared to controls) in the 

swiss-Webster, B6C3F1, Balb/c, and C3H/HeJ strains of mice. 

That these reductions in plasma ALT activity were reflections 

of reduced liver injury was confirmed by microscopic 

examination of liver sections. Fig. 17a shows centrilobular 

necrosis in a liver section of a control mouse given CCI4 . 

Extensive damage is apparent. The severity of injury was 

greatly attenuated by administration of VA (Fig 17b). Only a 

few foci of hepatic necrosis were apparent in the 

centrilobular area of the livers of these mice. No necrosis 

was observed in the livers of the VA-treated mice that were 
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not administered CCl4 (17c). 

VA significantly potentiated (p < 0.01) 

hepatotoxicity in Sprague-Dawley and Fischer-344 rats. 

greater than 10-fold (i.e. 1000%) increase in ALT activity was 

present in both rat strains compared to controls. Microscopic 

examination of rat liver sections revealed that the 

centrilobular damage was greatly increased in both Sprague

Dawley and Fischer-334 rats that were given VA prior to CCl4 • 

Fig. 18 compares the differences in regional liver toxicity 

observed in Fischer-344 rats. Necrosis is present in both the 

periportal and pericentral areas of VA-treated rats (Fig. 

18a). However, necrosis is present only in the pericentral 

area (Fig. 18b) in rats given the vehicle of VA prior to CCl4 . 

The effect of VA administration on the phagocytic 

activity of mouse KC was determined by measuring carbon 

clearance in swiss-Webster mice. Table II shows that there 

was no significant difference in the rate of carbon clearance 

comparing control mice to mice that were given a seven day 

pretreatment with VA. The carbon clearance t 1/2 was 16.8 min 

in VA-treated mice and 18.2 for mice given only the vehicle of 

VA. 
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Figure 14. Plasma alanine aminotransferase (ALT) activity in 
swiss-Webster mice following VA pretreatment and a single dose 
of CCl4. Male swiss-Webster ND4 mice were given various doses 
of VA for seven consecutive days. On day 8, a single dose of 
CCl4 (20 ~l/Kg, i.p.) was administered. Twenty-four hours 
following CCl4 injection, mice were killed and plasma was 
analyzed for ALT activity. n= 5 for each VA group; n = 14 for 
vehicle control group. 
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Figure 15 • Protective effect of VA on CCl4 hepatotoxicity in 
swiss-Webster mice. VA was administered for 1, 4, or 7 
consecutive days (250,000 IU/Kg/di oral gavage). 24 hr 
following the final dose of VA, a single dose of CCl4 was 
administered (20 ~l/Kgi i.p.). Plasma was collected 24 hours 
following CCl4 dosing and analyzed for alanine 
aminotransferase (ALT) activity. ALT activity is given as the 
mean ± SEM and is expressed as a percent of plasma ALT 
activity of corresponding control mice that had been given the 
vehicle of VA prior to challenge with CCl4 . A significant 
decrease (p < 0.05) in % ALT activity was observed in mice 
given VA for 7 days compared to mice given VA for 1 or 4 days. 
n = 6-8 per group. 
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Figure 16. VA effect on CCl4 hepatotoxicity in male rats and 
mice of various strains. VA was administered for seven 
consecutive days (250,000 IU/Kg/d; oral gavage). On the 
eighth day, animals received a single 150 ~l/Kg (rats) or 20 
~l/Kg (mice) dose of CCl4 . Plasma was collected 24 hours 
following CCl4 dosing and analyzed for alanine 
aminotransferase (ALT) activity. ALT activity, represented as 
mean ± SEM, is expressed as a percent of plasma activity of 
corresponding control animals that were given the vehicle of 
VA prior to CCl4 exposure. SD = Sprague-Dawley rat; F-344 = 
Fischer 344 rat; Balb = Balb/c mouse; B6 = B6C3F1 mouse; SW = 
swiss-Webster ND4 mouse; C3H = C3H/HeJ mouse. 
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Figure 17. Photomicrographs showing protective effect of VA 
against CC14 hepatotoxicity in swiss-Webster mice. Mice were 
administered a single dose of CC14 (20 ~l/Kg; i.p.) following 
seven consecutive days of oral dosing with (a) vehicle of VA, 
or (b) 250,000 IU/Kg/d VA. Livers were collected 24 hr 
following CC14 administration and stained by Hand E. Fig. 
17a shows that CC14 caused severe centrilobular necrosis 
typical of classical CC14 injury. There are numerous 
hepatocytes that are damaged and have lost normal structure. 
Fig. 17b shows minimal damage to hepatocytes in an animal that 
received VA prior to CC14 . Some hepatocytes have undergone 
hydropic change but damage is limited. The changes in liver 
integrity in 17a and 17b can be compared to the liver of an 
untreated control mouse (17c). Magnification 75 x. 
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Figure 18. Photomicrographs showing hepatic damage resulting 
from potentiation of CCl4 by VA in male Fischer-344 rats. 
Rats were administered a single dose (75 ~l/Kg; i.p) of CCl4 
following seven consecutive days of oral dosing with VA 
(250,000 IU/Kg/d) or the vehicle of VA. Livers were collected 
24 hr following CCl4 administration and stained with Hand E 
for histological analysis. Photomicrographs show that the 
most necrosis occurred in rats given CCl4 following VA 
administration (18a). Liver sections from rats given only the 
vehicle of VA prior to CCl4 (18b) showed minimal necrosis, all 
which was confined to the pericentral regions. Fig 18c is 
from a control rat. Magnification = 85 x. 
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TABLE 2. 

The Effect of Vitamin A (Retinol) Treatmenta on the Rate of 

Carbon Clearanceb for Male swiss-Webster Mice. 

Treatment Group tl/2 (min) n 

Vitamin A 16.8 ± 3.2 5 

Vehicle of Vitamin A 18.2 ± 1.1 6 

aRetinol was administered to mice at a dose of 250,000 
IU/Kg/d by oral gavage for seven consecutive days. 
b A solution of colloidal carbon (50 mg carbon/ml) was 
administered at a dose of 100 mg/Kg by tail vein injection 
one day following the final VA dose. 
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DISCUSSION 

There are numerous reports in the literature on 

sensitivity differences of various animal species and 

strains (including humans) to chemical toxicity. For 

example, adult male Fischer-344 rats are much more 

susceptible to hepatotoxicity and nephrotoxicity from 

acetaminophen than male Sprague-Dawley rats (Davis et al., 

1974; Newton et al., 1983a; Tarloff et al., 1989). The 

reduced ability of Sprague-Dawley rats to bioactivate 

acetaminophen to toxic intermediates accounts for this 

difference in susceptibility between these strains (Newton, 

et al., 1983b). Metabolic differences also explain why 

vinylcyclohexene is an ovarian "toxicant in female mice, but 

not in female rats (Smith et al., 1990). Therefore, in this 

study, experiments were performed to determine if VA 

pretreatment causes consistent potentiation of CCl4 

hepatotoxicity in various strains of mice and rats. 

The working model for the mechanism by which VA 

potentiates CCl4 hepatotoxicity in rats has been presented 

by EI Sisi et ale (1993b). Key to this model is the 

activation of KC by VA. Briefly, an initial chemical insult 

(e.g., CCI4 ) causes dose dependent hepatotoxicity. Damaged 

hepatocytes then secrete an unknown factor that activates KC 

to release various cellular mediators, including .02-. 



118 

Release of .02- promotes lipid peroxidation which in turn 

contributes to increased hepatocyte damage or hepatocyte 

death. Thus, VA appears to promote the progression of 

injury that follows the initial hepatocellular injury caused 

by CCI4 . 

Initially it was expected that VA would potentiate CCl4 

hepatotoxicity in mice just as it did in rats. However, in 

mice, VA pretreatment did not potentiate injury, but 

actually protected against hepatotoxicity. This protection 

was apparent in all four mouse strains tested. 

The protective effect of VA treatment against CCl4 

hepatotoxicity in mice cannot be easily explained. The 

initial hypothesis was that VA inhibited KC function in 

mice, whereas it had been shown to activate the KC of 

Sprague-Dawley rats. However, data showing no difference in 

the rate of colloidal carbon clearance between VA-treated 

and vehicle-treated mice did not support this hypothesis. 

Thus, at least for mice, the protective effect of VA is not 

simply a function of a VA effect on the KC. 

Recent work by Decker (1990) has suggested that the 

activation of macrophages is different in mice and rats. A 

two-step process has been proposed for mice. Step one 

depends upon an initial cytokine "stimulus" (e.g., "1-

interferon) to the macrophage, followed thereafter by 

interaction of the stimulated macrophage with an "elicitor" 
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(e.g., lipopolysaccharide). However, while KC from mice 

require this two-step activation process to become 

cytotoxic, rat KC require only the elicitor, and not an 

initial stimulus. Therefore, if in the VA/CCI4 interaction 

model, mouse KC are not receiving the initial stimulus, this 

could account for their lack of activation (i.e., no 

difference in carbon clearance) and the inability of VA to 

cause potentiated CCl4 hepatotoxicity. However, this 

explanation does not account for the protective effect of VA 

in mice. It would only account for the lack of 

potentiation. 

various mechanisms may contribute to the protective 

effect of VA against CCl4 hepatotoxicity in mice. One 

hypothesis is that VA may inhibit the metabolic activation 

of CCl4 to highly reactive free radical intermediates. In 

turn, lipid peroxidation would not occur and hepatic 

necrosis would be virtually eliminated. Studies to document 

the CCl4 metabolism in VA-treated mice remain an excellent 

opportunity for future research to advance the groundwork of 

this project. 

Additional experiments would also be important to 

determine the protective mechanism of VA in mice. For 

example, the effect of VA treatment on the hepatotoxicity of 

chemicals other than CCl4 should also be tested. If VA 

protects against the hepatotoxicity of these additional 
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chemicals, it would suggest that the protective effect of VA 

against chemically-induced hepatotoxicity in mice occurs by 

a common mechanism that is independent of KC involvement. 

In addition, the use of chemicals with differing mechanisms 

of action would also help determine the ubiquity of the 

protective effect. In summary, determination of the effect 

of species and strain differences on the hepatotoxicity 

resulting from exposure to multiple chemicals remains open 

for future research. 
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SUMMARY 

The goal of this dissertation was to help elucidate the 

mechanism by which VA potentiates the hepatotoxicity of CCl4 

in rats and to help determine if this mechanism is common to 

other species (mice). The difficulties associated with 

trying to understand the toxicity resulting from exposure to 

two or more chemicals are numerous. Because of the vastness 

of the problem, a general approach was taken to understand 

mechanisms by which one chemical may influence the toxicity 

of another. 

The results presented in this dissertation demonstrate 

a novel biological interaction between a nutrient/drug (VA) 

and a model hepatotoxicant (CCI4 ). They demonstrate that 

one chemical may modulate the activity of a particular cell 

type (KC) within a tissue, while a second chemical (CCI4) 

may have a uniquely different effect (necrosis) on a 

separate cell type (hepatocyte). For the rat, we can now 

propose that VA activates KC such that a subsequent stimulus 

(damage to the hepatocyte by CCI4) causes the release of 

reactive oxygen intermediates from KC. These bioactive 

factors can further damage the hepatocyte, promote lipid 

peroxidation, and lead to the progression of the hepatic 

lesion. 

The increased phagocytosis of sRBC by KC isolated from 

VA-treated rats demonstrates that VA activates KC in rats. 
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In addition, the increase in chemiluminescence and 

diformazan production by KC from VA-treated rats is evidence 

that activated KC release reactive oxygen species when 

stimulated. It is hypothesized that the release of these 

reactive oxygen species promotes the progression of 

hepatocellular injury. 

These studies made an important contribution to the 

field of liver sinusoidal biology. The introduction of a 

previously non-described electrooptical method is now 

available for measuring production of .02- by individual KC 

in culture. By using this technique, it was found that KC 

are not a homogeneously responding population of cells, and 

they are quite variable in their response to a common 

stimulus. Specifically, VA treatment caused an increase in 

both the number of KC that become activated, and the degree 

of KC activation resulting in .02- release. 

The finding that VA protects against CC14-induced 

hepatotoxicity in mice indicates that the VAjCC14 

potentiation model established in Sprague-Dawley rats is not 

common to all species. The carbon clearance studies 

indicate that these differences may occur because VA does 

not activate KC in mice as it does in rats. 

Results from this research raise many interesting 

questions. The role of the hepatocyte in the VA 

potentiation of CC14 hepatotoxicity is unknown. It is 
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likely that parenchymal cells are either directly affected 

by the VA, or indirectly affected by cytokines released from 

activated KC. Furthermore, the form of VA that is 

responsible for the observed VA-induced changes in CCl4 

hepatotoxicity unknown. A new contribution to the study of 

mechanisms of synergistic toxicology was presented by 

showing species differences between mice and rats in their 

response to VA interaction with CCI4 • To develop a better 

understanding of how VA attenuates CCl4-induced 

hepatotoxicity in mice, classical toxicological studies 

examining the effects of VA on CCl4 metabolism and depletion 

of cytoprotective factors need to be performed. 

If mechanisms can be identified by which chemicals 

interact in model systems, it will then easier be to 

determine how related drug-chemical interactions can impact 

upon human health. For example, as a potent 

immunomodulators are developed, it will be important to know 

how they may influence the response to a second drug or to a 

chemical exposure. Because of the observed differences 

between rats and mice with respect to the effects of VA on 

CCl4 injury, the complexity of the problem is certainly 

apparent. Will either of these animal models predict what 

may occur in humans? 



APPENDIX I 

Gey's Balanced Salt Solution (GBSS) 

Procedure 
Prepare GBSS in large beakers or volumetric flasks 

using double distilled water. Following addition of all 
reagents, pH should be adjusted to 7.4 using 1M NaOH. 

1 liter (g) 4 liter (g) 

NaCI 8.000 32.000 

KCI 0.370 1.480 

MgS04 0.070 0.280 

NaH2P04 ·2H2O 0.150 0.600 
(NaH2P04 ·H2O) (0.133) (0.532) 

CaCI2 ·2H2O 0.220 0.880 

NaHC03 0.227 0.908 

KH2P04 0.030 0.120 

MgCI2 ·6H2O 0.210 0.840 

Glucose 1.000 4.000 
(Dextrose) 
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APPENDIX II 

Isolation Of Kupffer Cells* 

*Modified from: 
DeLeeuw et al., 1982. Cell Tiss. Res. 223, 201-
215. 
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Knook and Sleyster, 1976. Exp. Cell Res. 99, 444-
449. 

Reagents 
Gey's Balanced Salt Solution (GBSS) (Appendix II) 
Soln. I 0.2% (160 mg) Pronase E (sigma, st. Louis) 

in 60 ml GBSS. 
Soln. II : 0.05% (33 mg) collagenase C (Boehringer

Mannheim, Indianapolis, IN) + 0.05% (40 mg) 
Pronase E in (60 ml) GBSS. 

Soln. III: 0.05% (55 mg) collagenase C + 0.02% (30 mg) 
Pronase E in (100 ml) GBSS. 

Metrizamide solution: 30% (w/v) (Sigma, st. Louis, MO) 
in distilled deionized water. 

Procedure 
Note: 
a) Keep all media at 37°C in a water bath and 

perfuse the liver at a constant flow rate of 10 
ml/min. 

b) All procedures must be performed under aseptic 
conditions using sterile surgical instruments and 
perfusion apparatus. 

1. Open the abdomen of anesthetized rat and expose portal 
vein. 

2. Using pointed-tip forceps, tie two ligatures loosely 
around the portal vein. 

3. Insert 18 gauge Quik-Cath®(Baxter) (Deerfield, IL) over
the-needle teflon catheter into the portal vein and 
secure in place with ligatures and a "bulldog" clamp. 

4. Perfuse liver in situ with GBSS for 4 min to remove RBC 
during which time the renal artery should be cut to 

allow for GBSS outflmv. 

5. Perfuse liver with the entire 60 ml volume of Soln. I (6 
min) which has been placed in a 50 ml plastic culture 
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flask and taped to the side of the water bath to keep it 
warm. During this time remove the liver and place it on 
a nylon sieve. 

6. switch perfusion to Soln. II. When approximately 30 ml 
of solution has been used, recirculate the remaining 
solution through the liver for 30 min. 

7. Place liver in a petri dish and mince into a paste with 
a razor blade. 

8. Pour liver paste into a 300 ml flask along with So In 
III. stir slowly in the water bath for 30 min 
maintaining pH 7.4 with single drops of 1N NaOH. 

9. Filter the cell suspension through four layers of gauze 
or a small filter into two 50 ml plastic centrifuge 
tubes using a small funnel. 

10. Centrifuge at 750 x g (1800-2000 rpm on Beckman TJ-6 
tabletop centrifuge) for 10 min at 12°C (#16 temperature 
setting). 

11. Decant supernatant and combine soft pellets using a 10 
ml volumetric pipet. Bring final volume to 10 ml with 
GBSS. 

12. Add 5 ml of cell suspension to each of two tubes 
containing 7 ml of metrizamide solution. Mix thoroughly 
by gentle inversion. 

13. Carefully layer 1-2 ml (2 is preferred) GBSS on top of 
each tube. 

14. Centrifuge for 20 min at 1900 x g (2700 rpm; between #8-
#9 setting) at 12°C with no brakes. 

15. Collect purified sinusoidal cells by aspirating the cell 
layer between the GBSS and metrizamide into a 6 ml 
syringe with an 18 gauge needle from which the bevel has 
been cut off. 

16. Place cells in a 50 ml plastic centrifuge tube and bring 
cells to a 4 ml volume with GBSS in a 5 ml volumetric 
pipet. Gently extrude cells from the pipet 3-4 times to 
dissociate clumped cells. 

17. To purify Kupffer cells from other sinusoidal cells, 
adjust the elutriator speed to 3250 rpm and 12°C. 



18. start the initial GBSS flow (18 ml/min) through the 
elutriator using the Sanderson chamber. 
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19. Introduce cells from syringe into the elutriator through 
the injection port. 

20. Collect 200 ml of each fraction at the following GBSS 
flow rates into 50 ml screw top centrifuge tubes: 

lymphocytes •.•.••.••••.•••••. 18 ml/min 
endothelial cells .•.••••••••• 33 ml/min 
Kupffer cells ••••.••.••••.•.• 48 ml/min 

Note: if a large yield of Kupffer cells are 
needed, two additional Kupffer cell 
fractions can be collected at 55-65 
ml/min. 

21. centrifuge at 830 x g (2000 rpm) for 10-15 min to pellet 
each cell fraction. 

22. Suspend Kupffer cells in approximately 10 ml of culture 
media and calculate yield and viability using a 
hemocytometer. 



APPENDIX III 

Fc Mediated Phagocytosis of Sheep Red Blood Cells. 

Reagents: 

Sheep Red Blood Cells (sRBC) 10% Suspension 
(Becton Dickinson Microbiology Systems 

IgG Fraction Rabbit anti-sheep red blood cells (sRBC) 
(Organon Teknika Corp) 

Phosphate Buffered Saline (PBS) lx (Gibco) 

1% NP-40 nonionic detergent (Sigma Chemical Co.) 

Polystyrene round bottom tubes (Falcon #2052) 

Cotton Tipped Applicators (stores) 

Corks, size 2 (Stores) 

Procedure: 

Note: Kupffer cells are cultured for 24 hr prior to use. 
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1. Wash 3 ml of sRBC twice with 35 ml PBS. Centrifuge at 
602 x g, 10 min. 

2. Add 15 ml of PBS to washed sRBC. 

3. Dilute antibody: To 15~1 of stock antibody (Ab) add 
14.9 ml of PBS. 

4. Add diluted Ab to washed sRBCs and incubate for 1 hr at 
37°C mixing every 15 min with gentle vortex. 

5. Wash sRBC Ab mixture two times with PBS. centrifuge at 
602 x g for 10 min discarding supernatant. Allow 
approximately 0.5 ml of PBS to remain in the tube. 

6. Add 100 ~l of fresh 51cr to sRBC pellet, incubate at 
37°C for 1 hr mixing every 15 min with gentle vortex. 

7. Wash labeled sRBC one time with 35 ml PBS. 

8. Add 30 ml of PBS to cell pellet and incubate for 1 hr 



129 

with gentle vortex ever¥ 15 min to allow spontaneous 
release of any unbound lCr. centrifuge sRBCs at 602 x 
g for 10 min discarding supernatant. 

9. Resuspend sRBC in 12 ml PBS by vortexing. 
(Note: sRBCs are ready to be added to cultured Kupffer 
cells. 

10. Remove Kupffer cell culture media and add 0.5 ml/well of 
labeled sRBCs and incubate for 1 hr at 37°C. 

11. Using a volumetric pipet, remove and discard sRBC and 
wash wells PBS to remove non-phagocytized sRBC. This 
may require numerous washings. 

12. Add 150 ~l/well of 1% NP-40 and lyse for 10 min at room 
temperature. 

13. Swab lysate with cotton applicator and place in corked 
tubes. 

14. Count saturated swabs in gamma counter to determine the 
amount of phagocytosis of sRBC. 



APPENDIX IV. 

Collagen Deposition In Livers Taken From 
Rats Given Repeated CCl4 Exposure 
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Volume density of collagen in localized areas of the liver 
following repeated CCl4 exposure. Male Sprague-Dawley rats 
were treated with VA (vit. Ai 250,000 IU/Kg/d) or the 
vehicle of VA (veh) for 9 or 42 consecutive days during 
which time 4 separate doses of CCl4 (150 ~l/Kg) were given. 
24 hr following the final dose of CCl4 , rats were killed and 
livers stained with sirus red to identify collagen content. 
Volume density of collagen was measured by computer-based 
tomography. Data show the most collagen in livers of rats 
that received the vehicle of VA and CCl4 • 
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