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Mediators of the Depression in CYPlA Activity Produced by Cytokines 

Infections and other situations wbich r d t  in the activation of host defibue 

mec- are b w n  to r d  in a depression in cytochrome P450 medi8fed 

me&bolism in the hm. Iniriany, ï t  was abserveci tbat irderfmn and IFN inducas 

depress various fonns of qtochrorne P-450 by daxssing the production of mRNA fbr 

the 8~0~ytOChfOrne. It was iater demonstrated that otha qtokines, includiiig i n t e r l d  1 

e l )  and tumor necrosis -or m, are cepable of producing the depression 

independent of IFN. The decrease in cyîochrome P4SO produced by in v iw  
. . 

-on of EN can be prevented by the addition of a protein synthesis inhibitor, 

suggesting the involvement of an intamediate protein, produceci in response to the 

cytokine* The ideniity of the intemediate protein has not been detefmiaed (Renton, 

1994). This research furthez characterizes b protein in a primary hepatocyte modeII A 

t h e  course study suggests tbat the intermediate protein may be present as eariy as 6 heurs 

after TNF stimulation. Protein synthesis inhliitors added to primary hepatocyte cultures 

prevented the depression in CYPlA activty in response to TNF. Nitrie oxide has been 

proposed as a possible mediator of the depression of cytochrome P450 in response to 

cytokines. The addition of nitric oxide generating compounds depresseci CYPlA acbMty 

in this system, and a NOS2-selective inhibitor prevented the depression of CYPlA acbivity 

in response to cytokines. The possible involvernent of NF-LB in cytochrome P-450 

regdation was also investigated, with the use of selective inhibitors of NF-B. In other 

ce11 types TNF has been shown to be a potent advator of NF-kB. NF-kB is expressed 

in hepatocytes, where it can be activated in response to endotoh stimulation (Essani, 

1996). Experiments ushg the NF-id3 Uihibitors suggest that this transcription -or may 

have a role in cytochrome P-450 regdation 
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1.1 THE LIVER 

The primary function of the liva is to both regulate and process wuious substances 

found within the circulation.. The liver receives blood f?om the splanchnic ciradation, 

f?om which it takes up solutes that have been excreted by the pancreas, spleen, and 

intestine. It is also perfhed by the systemic circulation. The fùnctiod unit of the ber is 

the acinus, which is a mass of ce& which are iinjlateraliy perfiised with Mood fkom these 

two circulatory systems. The hepatocytes, or parenchymal celis, form a single layer tube 

which are approximately 20-25 hepatocytes long. These cells are polasized, and possess a 

sinusoidal, or basolaterai domain facing the sinusoiciai space. Adjacent hepatocytes are 

connectesi through gap junctions, to establish communication between neighboring cells. 

The polarity of the hepatocyte is important for its overail fhction, and the disruption of 

this structure which occurs during pr- ceii culture couid possibly contribute to the 

differences in hction observed in isolated hepatocytes compareci to the intact liver. 

Within the space formed by the hepatocytes, are various other ceU types of the 

liver (fig. 1). Fat storing cells (lto cens), and fibroblasts lie next to the hepatocyte, in the 

perisinusoidal space, or space of Disse. Beyond this are the endothelid ceh, which fonn 

the simisoida1 wd. These cells may be separateci by spaces calIed fenesb'ations, through 

which particles and solutes cm pass. Kupffer tek, which are monocytes, lie within the 

sinusoidal space fixed to the endotheiial cds. They are the largest group of nxed 



Structure of the hepatic acinus 
This is a representation of the hepatic sinusoid, which portrays the relative positionhg of 
the ceiis of the liver (adapted fiom Gumucio, 1992). 
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macrophages found within the body. Besides these ceiis, an important component of the 

liver is the extfaceiiuiar coiiagen matrix on which it is structured. 

Blood moves eom the taminal portal v d e  and hepatic arteriole towards the 

hepatic venuie. This resuits in the distribution of substances such that the hepatocytes 

closest to the portal v d e  receive a greater c o n d o n  than those located fùrther 

towards the hepatic vende. The hepatocytes that form the acinus are not all d o q  thqr 

Mer in their expression of gens and in their fùnction âom one end to the other. Most of 

the cytochrome P-450 enzymes (the topic of this thesis) are loaited in the disial two thkds 

of the hepatic acinus. The hepatocytes within the fïrst three to four rows of hepatocytes 

of the proxïmai to the portal venule are able to undergo dosis, and are responsible for 

cell renewai, but the hepatocytes beyond the f3-b position lose this capacity. The Iast two 

rows of hepatocytes express glutamine synthetase and carbonic anhydrase II and III. The 

explmation for the differences in the hepatocytes within the acinus is not hown, but it 

may be due to ciifferences in the substances presented by the blood, or it may be due to 

different cellular connections. This structure is lost during primary hepatocyte culture, 

and may account for some merences in resuits between in vivo and ni vitro work. 

(Gumucio et al, 1992) 



Cytochrome P-450 d é r s  to a supafamily of eazymes. hown as the mono- 

oxygemase system, which are responsible for the m e t a b o h  of a wide h e t y  of 

endogenous and exogaious compounds. Cytochmes P-450 are heme containing 

enzymes, located on the rough endoplasmic reticuhm, which contain one prosthetic heme 

Ciron-porphyrin) moiety b o d  to an apoprotein (Halpert et al, 1994). They are oamed for 

the spectd absorption maximum at 450 mn that ocans when the cytochrome is reduced 

and bond to carbon monoxide (Omura et al, 1962). This enzyme system catalyzes 

oxidation reactioas, where lipophilic substrates are converted into more polar products 

which can be easily excreted. The overail effect of the catalytic cycle is to add one oxygen 

atom to the substrate (fig. 2). F i  the substrate binds to the cytochrome P-450 enzyme, 

and then the iron of cytochrome Pd50 is reduced by an electron supplied by the oxidation 

of the cofactor NADPH by cytochrome P-450 reductase. This reduced fom of the 

cytochrome P-450-substnite complex binds a rnolecuie of oxygen, and a second electron 

is then added by cytochrome P-450 reductase. In some cases this second electron may be 

supplied by the oxidation of the wfactor NADH by cytochrome b, reductase. This second 

electron activates the oxygen, so that it can interact with the substrate. F i y ,  one atom 

of oxygen is reduced to water, while the other oxygen atom is tnmdemed to the substrate 

which is then released, as the oxidized product (deBethizy et ai, 1994). 
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FIGURE 2 

Catalytic cycle of the Cytochrome P-450 - dependent monooxygenase system. 
(adapted fiom deBethizy, 1 994) 
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The system is able to handle a wide range of cornpouadS. utilizhg many relatively 

non-specific isoymes of cytochrome P450. These are characteshed and classified into at 

leest 36 gaie )'nmilies based on structure, with members ofthe same h d y  &'b'&ing at 

leest W ?  &O acid seqllence homology. Many of the f idies are then f.urther 

sufMivided into sub familes, when members share et least 55% secpence homology. 

Cytochromes P-450 are named by ushg the root "CYP", followed by a nwnber to indicate 

the fàmdy, a letter to indicate the subfamüy, and a number to indicate the speçific fom 

(Godez, 1992). For example in CYP2D6.2 indiates the M y ,  D indicates the sub- 

îàmily. and 6 indiates the specific form 

Another factor which conm'butes to the div&ty of this system is that ahhough the 

bver contains the highest cytochrome P-450 aCtMty, cytochromes P450 are a h  found 

throughout the body including central nervous system, intestine, lung, heart, and kidney. 

In the liver CYPI, CYP2, and CYP3 play a major role in the metaboIisrn of xenobioticq 

although other forms can metabolire specific dmgs or chexnicals (Halpert et al, 1994). 

The halflife of dmgs and toxins which are dependent upon cytochrome P-450 metabolism 

for eliminaton, are greatly e f f d  by the rate at which this conversion to the polar, 

excretable form occurs. Therefore. the amount of the pdcular  isozyme responsible for 

the reaction, therefore, Iargely detennines the rate of metabolism. As the Ieveis of an 

enzyme change in response to changes within the cellular environment, the rate at which 

the body cm metaboiize that enzyme's substrate(s) aiso changes, and this in tum resdts in 

a change in the haKlife of rnany dmgs and chernicalS. 

As cytochrome P-450 enzymes are responsible for such a broad range of metabolic 



proceses, and because their l d  d o r  actMty may chaoge in nsponse to their 

endogewus and exogaious sthmdî, a mimba of both positive and negative interactions 

have been reported. Many drug interactions are due to changes in the rate of metaboiism 

of one dmg afta exposure to a second dmg. Ifa dmg induces an increase in expression 

of a part idu  isoqrne, other h g s  metabolized by that form will be eliminrrted more 

quickly than might have been predicted. This can redt  in hadequate dmg levelq which 

can lead to serious problerns ifthe condition being treated is not controlied. On the other 

han& equaUy serious consequences cm ocair ifthe levels of an isozyme are decreased, as 

the rate of metabolism of a drug metabolized by that forni rnight now be diminished to a 

point that produces toxic levels of a dmg. The 105s of dmg metabolism can be particularly 

dangerous ifa dmg with a narrow thenipeutic index is involved, due to the fact thaî toxic 

levels can be achieved rapidly. The risk of such a problem occmïng is elevated in 

individuais who are t a h g  many drugs at the same tirne, as the dmgs can alter each 

other's metabolism. 

13 THE IMlMUNE SYSTEM AND CYTOCHROME P-450 

One such situation in which cytochrome P 4 0  dependent metabolism is impaired 

occurs foliowing the activation of host defense mechanisms (Raton et ai, 1994). This 

decrease can have serious consequences, particdarly if one is deaihg with a dnig with a 

narrow therapeutic index and serious toxic effects. A better understanding of the 

processes involved in this decrease in cytochrome Pa50 dependent metaboliSm could 



potestially lead to the prediction, or even prevedon of tbis decrease h metaboliSm, A 

M e r  potentiai ben& to understanding the processes involved is the possiiiiity of 

intentionaiiy alteaing seiected P-450 fom. Tbis might be useful in cases of dnigs which 

are very expaisive, rsn. or so rapidiy metabolized thei they require Went 

. . 
uhmtmt ioa  If one couid selectively decrease the metaboliSm of such a drug, it could 

be given in lower doses, and the fiequency of the dose couid be reduced. The cause of the 

alteration in cytochrome P-450 foiiowing exposure to infection, or activation of the 

immune system is not completely understood, but t is ijkely that the release of cytokines 

and other mediators is involved During this process, monocytes, or macrophages, as 

they are d e d  when they are activateci and have migrateci into the exîravascular space, 

exert a protective hction. Wrthin the liver, the monocytes are fked to the endothelid 

celis and are d e d  Kupner celIs. They hction to phagocytose, to present antigens, and 

to produce and release cytokines (Bouewns et ai, 1992). Cytokines are low molecular 

weight (430 ma) peptides that are produced by many different ceIl types in response to a 

challenge. They act over a short spatial range, act at specific receptors, and act to control 

ce11 proMeration and Merentiation processes. Some growth factors also fit these criteria, 

and are classineci based on how they were first d e s c r i i  (Whicher et al, 1990). Cytokines 

usually act locally to stimulate protective effects such as to increase vascular permeability, 

coagulation, bacterial küling and cd proliferation. They include the interleukias (IL-1 

through I L l O ) ,  interferons (IFN alpha, beta, and gamma), tumor necrosis factors (TNF 

alpha and beta), platelet derived growth factor (PDGF), and transforming growth factor 

(TGF). 



In 1978, it was first reported that uKn is an impainnent of dnig dmiination 

durhg infectious disease in humam. Chang et al (1978) examineci children who were 

t a h g  theophyame, and w b  developed influenza 4 idiueiua B, or adenovinis. It was 

observed tbat tbeophyuiae eliminntion is prolongeci by about 68% in patients d e r i n g  

fkom idueaza compared with the rate of aimination one month &a the infection (Cbang 

et al, 1978). This decrease in elimination r d t s  in an increased ri& of elevated leveis of 

the h g .  Tilorone, a smaU moleailar weight intedixon inducer, (Renton et ai, 1976a and 

Leeson et al, 1976) causes a decrease in the levels of c y t o c h e  P-450 and related 

metabolism. These observations are consistent with observations that substances which 

induce the formation of uiterfèron in rats, including Mengo virus, tiiorone, statalone, poly 

rI poly rC, U S ,  liver RN4 and B. Pertusss vaccine, aiso Iower cytochrome P-450 levels, 

and ethylmorphine N-demethylation (Renton et ai, 1976b). Reports on the extent of the 

decrease in P-450 activity and content in response to interferon, or interferon inducers 

varies, and ranges f?om no reduction reported by some groups, to greater than 80% 

reduction by others (Williams, 1987; Kreamer et ai, 1982). Renton proposed that 

influenza Wus could induce interferon in humans, and lead to the decrease in P-450 lwels, 

thus accounting for the altered eIimination halflife of theophyhe that was reported in the 

influenza patients (Renton et ai, 1978a). Such obsexvations have not been restricted oniy 

ta influenza and theophyhe. It has now been reported by many groups that cytochrome 

P-450 dependent dmg metabohm c m  be decreased foiiowing exposure to many 

infdous diseases, and situations in which the host defense system is activated. 

Inteteron was initidiy believed to be the mediator of the decrease in cytochrome 



P450 observed after -on of substances which would activate host defetlse 

mechanisms. riiterfions play a role in protecting against viral infecfions. Substances 

known to  indue intaferon, most notabiy poly rI-rC, are able to depress cytochrome P- 

450 @enton et al, 1976b). The pronle ofcytochome P450 depression correlates with 

elevsted leveis of serum interfieron foilowhg the adniiriistration of encephdomyocarditis 

virus (Renton, 1981). in 1981, Siagh et al arposed C$VHeJ mice to Newcade Disease 

Wus. This vkus, which produces high levek of i n t e r f i i  ais0 depresses cytochrome P- 

450, but in C57BU6J mice, which do not produce interferon in response to the virus, 

cytochrome P-450 was not effêcted (Singh et al, 1981). This data was viewed as strong 

evidence that IFN is the mediating factor in the depression of hepatic cytochrorne P-450. 

This idea was confkmed foliowing the direct administration of recombinant EN, which 

was able to depress cytochrome P-450 (Suigh et ai, 1982). In this study it was also 

observed that purified recombinant IFN forms which lacked antiviral effêcts also were 

ineffective at depressing cytochrome P-450, suggesting that the cytochrome P-450 

depressant, and antiviral eEects of IFN were inseparable. IFN is beiieved to produce its 

antiviral effects through inhibition of Wal protein synthesis by interfe~g with the Wal 

protein translation (kinase activity), and by uicreasing the degradation of virai mRNA by 

activating an endonuclease (synthetase aaivity) (Baron et ai, 199 1). It may also affect 

host proteh synthesis, and may depress cytochrorne P-450 by inhiiiting the synthesis of 

the apoproteh. The depression of cytochrome P-450 without depression of total proteh 

within the hepatocyte may be explaineci by ciifferences in turnover rates. The inhibition of 

protein synthesis is most obvious for proteins which have a high rate of synthesis. The 



1 I 

cytochrome P450 forms that are most susœptiile to interfieron inducers are also those 

with rekbeiy high turnover rates (el Azhaiy et ai, 1979). 

Despite the strong evidence for the iwohtement of IFN in the depression of 

cytochrome P-450, it has also been obsecved that some stimuli which produœ the 

decrease in cytochrome P-450, do not induce IFN. Lipopolysaccharide (US), a 

constituent of the outer membrane of gram negative bacteria, is h w n  to cause the 

activation of host defease mechanisrns in a msnner slli3ar to septicemic shock. LPS is a 

potent depressant of cytochrome P40, but is not a strong E N  inducer (Renton et ai, 

1 976). Serum f?om animals treated with LPS, or cuiture medium f?om LPS treated 

pentoneal macrophage, when injecteci into naive animals, causes a deaease in P450 

levels, although there is no IFN detected in the culture medium ( W i  1985). 

Administration of latex beads to animais produces a decrease in cytochrome P-450 leveis 

which is mediated by Kupffer celis, which phagocytose the beads and become activated. 

This depression of cytochrome P-450 is not likely through interferon, as plasma fiom 

animals treated with latex bead do not have deteaable interferon levels (Peterson et al, 

1986). ûther factors released corn Kupffer ceils are more Likely to be involved, such as 

TNF, IL-1, and IL-6. 

TNF, ILI,  and I L 6  have d been demonstrated to both individually, and in 

combination, depress multiple forms of cytochrome P-450 activity and expression in 

primary pig hepatocyte cultures (Monshouwer et al, 1996). In primary cuitures of human 

hepatocytes, gene expression of CYP lA2, CYPZC, CYPZEI, and CYP3A was decreased 

d e r  treatment with the in fhmtory  cytokines L I ,  L-6, and TNFa (Abdel-Razak et 



al, 1993). WN, IL 1, E-6, and TNF are al r e l d  in response to bacterial infécton, 

and act as pyrogens. L I .  L-6, and TNF are wnsidered to be muhi fhctionai cytokines 

and are part of the aade phase response. They have some ove- in ikction, in addition 

to their dec t  on cytocbrome P-450. These cytokines are synthesized in respotlse to 

various stimuii, and are then able to induce the expression ofeach other. and t h d v e s ,  

with the exception of IG6. which does wt induce the expression of L I  or TNF, but 

does induce its own expression (h et al, 1990). L 2  has also been reported to 

depress cytodirorne P450 activity in high doses (Thal et al, 1994). This thesis is primarily 

interestesi in the &ectS of TNF as it depresses a broad range of cytochrome P 4 0  

isofoms, and is an importaat mediator in toxic shock and sepsis in addition to its role in 

bacterial infection, LPS aimuiation, and infiammation Recombinant TNF administered 

intravenously to mice was able to produce a decrease in P-450 leveis and in cytochrome P- 

450 dependent actïvity (Ghezzi et al, 1986). There are two identifid TNF receptors. 

TNF receptor activation results in changes in phosphoxylation of a number of proteins and 

can lead to cytotoxicity, antiviral activity, promeration, and activation of the transcription 

factors NF-KB and Activator Protein-l (AP-1) (fig. 3). The mechanism by which TNF 

and the other cytokines depress cytochrome P-450 remains unkown, 

1.4 PROTEIN SYNTHESXS 

When recombinant IFN was administered to mice in the presence of Actinomycin 

D or Puromycin, the decrease in cytochrome P-450 was prevented, indicating that an 

intermediate protein, produced in response to the interferon, is required for the subsequent 
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FIGURE 3 

Activation of TNP Recepton 
Activation of TRoO W o r  TR80 leads to the production of arachadonic acid, and the 
activation of protein kinases, including protein kinase A (PKA) and protein kinase C 
(PKC). The activation of these kinases leads to transcriptional changes, which are due in 
part to the activation of the tnuiscnption factor NF-ICB and AP-1 . PL: phospholipids, PL- 
AÎ: phosphoiipase Az DAG: diacylglycerol, PKA: protein kinase 4 PKC: protein kinase 
C, PC: phosphtidylcholine (adaptecl fiom Phnrnaier, 1992). 



depression ofcytochrome P450 (Raton a 4 1990). Atthough there were many 

possiiIities proposed for what could mediate this cesponse, incluâhg xanthine oxidase 

(ûhezzi et al, 1984 and Moochala et ai, 1991), other cytokines such as IG6 (Wüliams et 

al, 1991 Chen et ai, 1992), heme oxygemase (Falaida et al, 1994) and nitrïc oxide synthase 

(Khatsenkoet ai, 1993), the i d e  of this protein remamS unlaiown Of the above, heme 

oxygenase and nihic oxide synthase are the only ones which remain probable candidates 

(Cnbb et ai, 1993, Wright et ai 199 1) . IGtric oxide synthase has been proposed as a 

mediator for a variety of cytokines and cytochrome P-450 idomis, but as wiii be 

di& there is considerable disagreement on the importance of nitric oxide synthase in 

this process and the existence of an as yet unidentifid protein mediator is stîi i a real 

possibility. This thesis is directed at a) waluating primary hepatocytes as a mode1 in which 

to look for this protein, b) characterizhg the depression of the specinc isoform CYPlA in 

response to cytokines, c) attempting to inhiiit this depression with selected inhibitors. 

Aithough the synthesis of an intermediate protein is required to produce the 

depression in cytochrome P450, there is an overd depression in hepatic protein synthesis 

in response to cytokine stimulation. The rate of degradation of proteins, indiredy 

identified as being apocytochromes P450 based on their molecular weight, is actually 

decreased by 10% in hamsters treated for 24 hours with interferon, despite a 3 1% 

decrease in total cytochrome P-450 content. This is found to be due to a deaease in the 

rate of synthesis of these proteins (Moochhala et al, 1986). Using an oligonucleotide 

probe for CYP4A, it was found that the decrease in cytochrome P-450 protein foliowing 



IFN ?aimiilntion is due to a decrease in the amount of îhe mRNA codùig for the 

epocytochrome (Renton et ai, 1990). It bas has determinecl that this decrease in the 

amount of mRNA for the apocytapocytochrome is due in part to a decrease in their 

transcrjption, but dso in part, due to an increase in the degradation of the mRNA for these 

apocytochrornes (Delaporte et ai, 1997). 

1.5 N ï ï N C  OXIDE 

One of the main candidates for the identity of the intermediate protein is the 

inducible form of the enzyme nitnc oxïde synthase. It has received a great deal of 

attention recently, and y& controversy stiil exists concemhg the role that nitric oxide 

plays in the depression of cytochrome P-450 in respome to cytokines. Ntric oxide is a 

soluble gas produced by many celi types. It has a wide range ofeffects, both inter- and 

intra- ceMarly ( C m  et al, 1991). It is involved in the control of blood pressure, 

neurotransrnission, platelet aggregation, and the cytotoxic and cytostatic effects of 

macrophage (Ogden et ai, 1991). Ntric oxide is derived ftom L a r m e  and oxygen in a 

reaction cataiyzed by an enzyme of the nitnc oxide synthase group. Mtric oxide synthase 

exists in at least three forms; neuronal constitutive NOS (nNOS or NOS 1 ), and endothelia1 

constitutive NOS (eNOS or NOS3). which require calcium to bind calmodulin in order to 

becorne activated, produce small amounts of nitnc oxide. A third form, which was called 

inducible NOS (iNOS), now called NOS2, produces large quantities of nitnc oxide. In 

general, NOS2 must be symhesized in response to stimuli, but it has been found 



16 
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cahnodulin in the ab- of cafcium. Nihic oxi& can actRrate soluble guanylate c y c h  

can i n h i  proteia Linase Cs c m  adRrate tyrosine kinase, can inactRrate NF-KB, and can 

activate G-proteins (Kim et ai, 19%). 

In hepatocytes, no constitutive nitric oxide synthase has been identifie& however, 

the induciîle form has been identiûed, and can be induced by cytokines- Cocktails of 

cytokines (TNF, IL- 1 and EN) induce NOS2 (Geiler et 4 1994) however there are 

reports of individual cytokines capable of inducing NOS2 as wel. NOS2 is induced 

during the acute phase response, but it is regulated differently fkom anite phase p r o t b ,  

and therefore is not strictly considemi to be part of the acute phase response (GeUer et ai, 

1994). Geiier found that L I  and TNF are each able to induce NOS2 in nit hepatocytes. 

IL6 is not able to induce NOS2 on its own, but the addition of IL6 to the other cytokines 

increases the amount of nitric oxide produced (GeUer et ai, 1994). 

Nitric oxide, like carbon monoxide, can bind to the heme iron of hemoproteins 

such as cytochrome P-450. Khatsenko and Wink (Khatseako et ai, 1993, and Wuik et ai, 

1993) have shown that the addition of M c  oxïde ain impair cytochrome Pd50 in 

microsornes. Khatsenko aiso demonstrateci that the CYP2Bl activity was inversely 

related to the amount of nitric oxide produced âom the nitnc oxide generator, SNI. 

More interesting than this was that LPS stimulation of animals r d t e d  in a) suppression 

of CYP2BlR activity, and b) elevation in plasma nitrate. Addition of the nitnc oxide 

synthase inbï'bitor L-NAM. suppressed both the e l d o n  of nitrate levels and the 
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depression in CYPZBln activity, indicaîing a link between the formaîion of NO, and the 

depression of cytochrome P-450 

Caison et ai (1996) reported that NO is important in the depression of cytochrom 

P-450 (CYPlA.2, C m ,  CYP2Cl1, and CYP3A2) by Li and by TNF, but not by IL- 

6. This saidy d e d  nitric oxide f o d o n ,  cytochrome P450 protein leveis, a nitnc 

oxide synthase inhibitor (LNMA), and a mtric oxide donor (DETEINONOate) (Carlson 

et ai, 1996). lL-1 and TNF increase NO production, aml produce a depression in 

cytochrome P-450. This depression is prwented by the addition of a nitric oxicie synthase 

inhiiitor. IL-6 produces a depression in cytochrome PA50 protein levek, but does not 

produce nitric oxide, and is not blocked by the addition of the nitric oxide synthase 

inhiiitor. The nitric oxide donor is able to depress the cytochrome P-450 protein levels. 

The proposed mechanisrn for this decrease in protein involves NO binding to the heme 

moiety of cytochrome Pa50 enzymes and destabiiizhg them, leading to an increase in 

degradation of the apocytochrome or the heme portion of the enqme. As for the effects 

on mRNA, Stadier has reported that the nitric oxïde synthase inhibitor L-NMq is able to 

prevent the suppression of the CYPl Al mRNA by cytokines (Stadler et al, 1994), 

suggesting that NO is important in the cytokine mediated decrease in CYPlA mRNA. 

On the other hand, there is evidence that nitric oxide may not be involved. In a 

study using pig hepatocytes, it was found that four mirent  cytokines ( L I ,  IL-6, TNF, 

and EN), as weii as a cocktail of TNF, IL4 and IFN are able to depress CYP3A enzyme 

activity by 12 hours, and the activity remained depressed at 24 hours. Neither IG 1 or 

produce detectable amounts of NO as determineci by nitrate and nitrite formation, 
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but the cocktaü of L1, TNF and IFN is able to produce NO. The addition of the nitnc 

oxide symbase mhibitor, L-NAME completefy inhtMs the production of NO, however, it 

is unable to prevent L I ,  TNF, or the cocldeil f b m  depressing the actMty of CYP3A 

These finditigs do not support a d e  for NO in the depression of this fonn of cytochrome 

P-450 (Monshowver et ai, 1996). Sewa et al (1997) reporteci that the depression of the 

constitutive CYPXC11 by I L I  and LPS is independent of nitric oxide. The nitric oxide 

synthase inhibitor GNMA was able to block nitric oxide production, but was unable to 

inhiiit the effkct of these stimuli on CYP2Cll mRNA or protek 

Additiody, the hdings of Moochhala et ai (1986) that the rate of degradation of 

cytochrome P-450 apoprotein is a d y  decreased foilowing exposure to iuterferon is not 

consistent with a theory that proposes nitric oxide binding destabilizes the apoprotein. 

Due to this conflicting informafion, there needs to be further investigation into the 

role of nitric oxide in cytokine mediated depression ofcytochrome P-450. There have 

been many reports that link nitnc oxide and the traascription Factor NF-rB, and the 

involvement of a trawxiption factor in the synthesis of an unknown intermediate protein 

is possible. The importance that this transcription factor may have in the depression of 

cytochrome P450 by cytokines has received iittle or no attention, however several iines of 

evidence point to a possiile involvement. 



It is proposed here that one of the fàetors whicb may be mediatmg the depression 

of cytochrome P-450 in fesponse to cytokines is the transcrjption -or, nuclear fâctor 

kappa B. or NF-KB. NF43 is achLally made up of ho- and hetero dimers or trimers of 

two or three sub units fiom the Rei famüy that b i i  togetha. There are numemus 

subunits that can combine in various ways to form an NF43 type transcription factor, but 

the combi ion  which is most commody referred to by the term NF-& is the one made 

up of two subunits d e d  p65 (Re1 A) and p50 (NF-dl). DSerent combinations of the 

various subunits may contniute to different reguiatory effects, and couid possibly be a 

means of providing specificity of response @ames et ai, 1997). NF43 was originaIly 

detezted in B-lymphocytes, but has since been identifieci in many dinerent ceil types, and 

as mentioned, in many forms. They participate in gene activation related to d e f i  

mechani- and to celi prolifhtion processes. h most ceus under n o r d  conditiom, 

NF-WB exists in an inactive form, located in the cytoplasm where it is bound to the 

inhibitor protein 1-KB (fig. 4). 1 4 3  a h  exkts in several forms, again dowing for 

diGerentai respoase, dependùig on the specific form present. NF-icB can be activateci by 

many stimuli including endotoxin (LM), cytokines (such as ma, L I ,  L2), UV Light, 

Wuses ( including Ulauexm), and oxidants (such as peroxide, superoxide, and ozone). 

The pathway by which NF-KB becornes activated involves the generation of rnitochondrial 

oxidants, foliowed by phosphorylation and ubiquiaation of the inhibitor protein 1-KB. This 



FIGURE 4 

Activation of the transcription Factor NF-KB 
Stimuli such as IGl, TNFy hydrogen peroxide, superoxide, and Innuema virus can 
activate NF--. This transcription factor then triggers the production of the inhibitory 
protein 1-KB, as well as idammatory proteins such as IL6, NOSZ, and ICAM- 1. 
(adapteâ fiom Bames, 1997) 



targets the inbibitory protein for degradabion by a proteosorne, leaving the active NF-& 

composeû of the two sub units p50 and p65. Tbe active NF43 migrates to the nucleus, 

where it binds to genes with wB promoter sequences, (GGGACTTTCC) (Barnes et ai, 

1997). This binding resuits in an iMeased traoscnption of the genes containing this 

sequence. Among the target genes are Surâice immu~~ogiobulio, adhesion molecules, 

cytokines, acute phase response genes, and others. The gene e n d g  the form of the 

inhibitory protein 1-kBa also contains the rB promota sequence, thedore NF-KB 

activation increases the transcription of this inhiibitor, and thus tums itseif off. The gene 

for the form 1-KBP does not contain the sequence, and thus ceils in which this form is 

dominant, NF-& activation is Wrely to be longer lasting (Barnes et ai, 1997). 

In the hepatocyte, three forms of the inhi'bitory protein are present, 1-KBa, 1-KBP, 

and EKB y. Stimulation of the human hepablastoma ceil line HepG2 with TNF results in a 

biphasic response. Wsthin 15 minutes, 1-&a and ElrBP disappear, and NF-icB 

translocates to the nucleus. Within 60 minutes, the 1-KB level is double the controi, and 

auclear binding of NF-KB is at control levels. By 120 minutes, the I - d a  level retums to 

control values, but 1-KBP is stili depressed, and the nuclcar binding of NF-- is 

increased again, and remains incrûwd for at Ieast 360 minutes (Han et ai, 1997). 

In many conditions in which cytochrome P-450 is depressed, NF-& is also 

activated. Specinc targets for NF-& within the hepatocyte include adhesion m o l d e  

genes such as intraceiiular adhesion moleculal (ICAM-l), vasarlar adhesion m o l d e  

(VCAM), or E selectin, acute phase protein genes such as human senun amy1oid 4 rat 



angiotensinogen, mouse wmplement facor B (Freedman et al. 1992). as weli as 

granulocyte- macrophage wlony stllmilatmg factor (GM-CSF) (Newton et ad, 19%) and 

the enzyme, indua%ie nihic oxide synthase (NUS2). 

The possiile mVohlemerif of NOS2 in the cytokine medisiteci depression of 

cytochrome P450 has already been disaissed. NOS2 is a target for NF-KB, as  well as for 

AP-1, and for the TNF respomive eiement (Diaz-Guema a al, 1996). The activation of 

NF-icB is thought to be an absolute requirement for the expression of NOS2 in response 

to endotoxh and to IFN (Nathan et ai, 1994 and Xie et ai, 1994). Therefore, ifthe 

involvement of nitric oxide is r w e d  for the depression of cytochrome P-450, this 

suggests that the involvement of the transcription fiictor NF-ICB may also be a 

requirement . 

W1thi.n the liver, NF-KB has been identifid in hepatocytes and Kupffer ce&. 

Freedman ef al prepared protein extracts of cytoplasmic and nuclear fiaaions of Kupffer 

tek and hepatocytes, and showed that Kupffer celis, like macrophages, contain 

constitutively active, nuclear bound NF-KB. In rats exposed for 24 hours to LPS. a 

stimulant of the acute phase response, there is no increase in the nuclear bhding activity of 

the transcription factor in the Kupffer ceiis. In hepatocytes, little active NF-& is found 

in the control celis, however, there is an increase in the nuclear binding of N F 4 3  in 

hepatocytes fkom rats exposed to LPS for 24 hours. The administration of LPS to rats 

results in a depression of cytochrome P-450. Hepatocytes placed in primary culture for 3 

hours express more active NF-& th isolated ceils prior to culture (Freedman et al, 

1992). Plating and culture of hepatocytes also r d t s  in a rapid decr- in the IeveIs of 



cy îochme P-450 (Renton et 4 1978). 

The addition of IL-6 to primary hepatocytes did not incnase the nuclear bmding 

aEtivity of NF-@ (Freedman et al, 1992). This couid perheps be because it was & d y  

M y  ZICfjVElfed, but it is not discounted that IG6 is smiply not a stimiilaat of NF-&. W, 

as mentioned is able to depress cytochrome P450, but it does not induce nitric oxide. 

This iaability to activate NF-& may be a clue to this differenœ between 1Ir6 and the 

other Uiaammatory cytokines. 

Oràdative stress is amther example of a situation in which there is both an increa~e 

in the activation of NF-kB, aad a depression of cytochrome P-450. The d a t i o n  of NF- 

KB is a respoose to oxidative stress, and has been demoflstrated to be BCfiVated in dtured 

hepatocytes &er treatment with hydrogen peroxide. ûxidative stress &CS many of the 

e f f i  of id-tion In a study using hydrogen peroxide as a source of oxidative 

stress, there is a reduction in the acaimuiaton of CYP 1 Al and CYP 1 A2 mRNA in 

primary rat hepatocytes (Barker, 1994). This observed depression in mRNA is consistent 

with the response of cytochmme P-450 to cytokines. 

NF-icB has been identified as a potentiai component of hepatic acute phase 

response. NF-& activation bas been shown to occur in hepatocytes, Kupffer ceils, and 

liver endothelid celts of animals treated with the endotoxin &Imonella enterifidis for 1 

and 5 burs (Essani et ai, 1996). IP injection of 5 pg of TW into rats causes a strong 

induction of NF& 30 minutes after injection The same effect of TNF on NF-& is ~ e e n  

in liver ce11 dture experiments. (Faust0 et al, 1995). IL-1 and TNF are reported to be 

the most potent cytokines at induchg NF-& (DiDonato et ai, 1997). Again, endotoxh, 



24 

TEIF, and I L I  are aii able to produce the depression of cytochrome P-450. An of these 

hdings suggest that NF43 may be important in the response of hepatocytes to 

inflrunrriritory stimuli Whether there may be a link between NF-- activation and the 

depression in cytochrome P-450 seen in response to cytokines is a topic ofthis thesis. 

1.7 o m r s  

The underlying hypothesis that directeci this thesis is that 'IN?, and possibly 0 t h  

cytokines, depress cytochrome P450 through a meciuuiism involving the activation of the 

transcription factor, NF-m. It is proposed that this transcription fàctor then signals the 

production of protein, among which are those involved in the depression of cytochrome P- 

450. Included in the proteins beiieved to be involved, is the enzyme NOSZ, although 

other, as yet undetermineci proteins are also proposed to be involveci (fig. 5). This thesis 

aims to examine this process of cytokine mediated depression of CYP 1 A activity, and to 

determine the abiiity of inhibiton at the levei of protein synthesis witbin the hepatocyte, at 

the level of the production of nitnc oxide, and at the level of the transcription fiictor, NF- 

K B .  



FIGURE 5 

Hypothesis 
TNF receptor activation l a d s  to the activation of the tmsaiption Emor NF- KB. This 
leads to an increase in the production of a variety of proteins includïng ICAM- 1, IL-6, 
NOS2, and other as yet undetermineci proteiris. These may effect CYPlA activity by 
increasing the degradation of the apocytochrome or heme groups, by hcti011811y 
blocking the enzyme, by increasing the degradation oc or decreasing the production of 
CYP mRNk 
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2.2 ANLMALS 

Male CFW mice, approximately 25 g in weighî, were held on a chy chip beddhg 

in the Carleton Animal Care facility. They were ailowed to a c c h a t h  to their 

enviromnent for at least 5 days, but not more that 8 days More use. 

2.3 CYPlA INDUCTION BY BNF 

When BNF was used as the induchg agent, CYPlA was induced in vivo pnor to 

isolation of the celis. Mice were administered 140 pgKg BNF suspended in olive oil, as a 

0.2 ml IP injection, once daily for the thra days prececbg cell isolation. 

2.4 CELL ISOLATION 

2.4.1 Perlusion Technique 

This procedure was p e r f o d  as describeci previousiy (Renton, 1978b). 

Calcium &ee b s e r  (4.8 g HEPES, 16.6 g NaCi, and 1 g Ki, in 2 L distüled waters pH = 

7.4 with NaOH) and a bu& containhg Type IV collagenase (as above with d c i e n t  

coiiagenase Type IV to give 70 units of digestive activity per ml b u f k  (approximately 

0.15 - 0.2 mg/rnl)) were placed in an ice bath. Sire 14 Tygon tubing led ftom the cold 

buffers to a two way valve. The tubing passed through a pump to a condenser mil. The 

condenser coi1 was attached to a water bath mahtahed at 37°C. This aiiowed the bufièr 

to be wanned before passing into a amda made of 15 gauge tubing (fig. 6). 

Animals were anestheîized with approximately 0.4 mg sodium pentobarbital per 



FIGURE 6 

Method for isoiating mouse hepatorgtes 
Buffer or collagenase buffer is warmed in a condenser coii before perfbsing the liver via 
the right atrium (adapted fkom Renton, 1987). 



31 

gram body weight. The abdominsl cavity was opened, and the contaits were shifted out 

of the body to the left, in order to locate the portal veie The chest cavity was opened, to 

expose the hart, and a smali incision was made in the right atrium. Using the 15 gauge 

tygon tubing, the iderior vena cava was Eanmitrited through this hcision. C a l h  f k e  

buffer, warmed to 37°C. was pumped through the c a d  at a flow rate of 0.5 d m i n .  

The portal vein was then cut, and the flow rate was increased to 10 mVmh for 2 minutes. 

Successfiil annulation resuited in a flushing of blood b m  the her  tuming it fkom deep 

red to Iight brown. A h ,  the flow ofbuffer couid be observeci in the abdominal cavity. 

Mer 2 minutes, the b a s  was switched to the b s e r  containhg type IV wUagenase. 

This buffer was also warmed to 37%. and the flow rate was held at 10 d m i n  for 10 

minutes to dow for the digestion of the coliagen in the iiver. During this tirne the liver 

becarne glossy in appearance, and leaky. The panisate was then switched back to calcium 

fiee b s e r  for a final 2 minutes, to rinse the collagenase fiom the liver. 

The liver was carefuîiy rernoved and placed into a 9 cm diameter petri dish, with 

3 5 ml senmi fiee RPML It was gently scraped with a blunt dissection tooi, to dissociate 

the cells. The suspension was passed through a iayer of gauze to remove large pieces of 

debris, and coiiected in a 50 mi steriie tube. This was placed on ice und the isolation 

procedure was completed for ali the mice being used in the given experiment. 



2.4.2 Cd Fractionrition 

Once ceiis were isolated nom all of the required mice, the tubes were iweated 

several times to resuspend the ce&. They wae piaced on ice for 20-40 minutes during 

wbich tirne, most of the hqatocytes sede to the bottom of the tube. nie supernatant 

containing the Kupffer cells, was placed in a sepamte tube, and also kept on ice. The 

loose hepatocyte pellet was resuspaided in 35 ml cold dcium fke buffer. To pur* the 

hepatocyte fiaction, it was cenûifùged at 50 x G for 1 mimite, the supernatant discarded 

and resuspended in cdd bufEer. This was repeated until the ceiis had been centrifùged 

three tunes. Mer the nnal cenûifbgation. the peuet was suspended in 10 mi warm RPMI 

with 10% fetal bovine senun and antiiiotic-antimycotic. The cells nom al1 mice were then 

pooled into one tube, or flask, (depending on the total volume), and the celis were 

counted. Viability of the hepatomes was detemiinai by Trypan Blue exclusioa This 

procedure generaiiy yielded a ce1 viability above 8034, and a viable ceil count of 

approximately 5 x 1 o6 cellshnl. The hepatocytes were then plated at a celi density of 

approxixnately 0.5-1 x IO6 celis/ml in a 5 ml plate in MEM-a with 5% Fetal Bovine S m  

(FBS) or RPMI 1640 with 10 % FBS, 5~1tr%ioti~-aatimycotic, and where indicated, DBA 

AU plates in a given experiment received an equal volume of the c d  suspension, so that 

within a &en experiment, the plates were homogenws. The separation of Kupffer ce& 

was achieved by an initial low speed (50 x G) centrifirge step for 1 min, where the 

resuiting hepatocyte pellet was discarded, foiiowed by a higher speed (500 x G) centrifiige 

step for 3 minutes, rd t ing  in a small pellet, which containeci the KupEer cells. This 

pellet was resuspended in 5 ml warm RPMI 1640 with 10% FBS, and antiiiotic. The ceils 



fkom ail required mice were pooled, and examinexi under a microscope to c o h  the 

presence of smail cek. They were then plated in a total volume of 5 ml RPMI 1640 with 

1W FBS, and anti%ioti~cantimycotic. Again, the plates r&ed an qua1 v o b e  of the 

ceil suspeasioq so tbat within a *en expriment, al i  plates were homogenous. Aîi ceiis 

were diowed to amch ovemight, and the next day, fie& RPMI-1640 with 1 PA FBS, and 

antibiotic-mtimycotic was added. 

2.4.3 Cell Identification 

For c d  counts at the time of plating, hepatocytes were identifid qualitatRrely 

based on their s iz ,  shape and overaii appearance. Kupffer ceiis were not counted prior to 

plating, as thqr could not be adequately identified. Ma piating, Kupffer ceUs were 

identined by their ability to phagocytose fluorescent latex beads. Fluorescent latex beads 

(2-3 x 10' beaddpl) were added to plates of Kupffer ceik and hepatocytes. CeUs which 

had incorporateci these beads after 3 hours at 37%. were identined as Kupffer ceiis. 

These were visualized, and photographeci under a fluorescent microscope. This was used 

to confïrm that Kupffa ce& were preSeLIt, and more importantly, was used to ensure that 

the hepatocyte preparations were relatively fiee fiom contaminating Kupffer ceus. Slides 

were prepared of both Kupffer ceii and hepatocyte fiactions exposeci to latex beads. 

2.4.4 Slide Pieparation 

For the slide preparation, d s  were plated on cover slips. Mer allowing sufncient 

incubation time to adhere, fie& medium was added (as describecl in &on 2.4). The 
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latex begds wae then added for the mdicated times and conditions. The cover slips were 

rUlsed in PBS (16 g NaCl, 0.4 g KCI, 2.88 g N@PO,, 0.48 g KHPO,, and water to 2 L 

pH = 7.4). k e d  with mahano1 at -20°C for 5 minutes, npsed again in PBS. A dide was 

prepared by placing a drop of momting solution (1 : 1 glyceroliPBS) on a giass slide and 

inverthg the cuva slips ont0 this drop. 

2.1 CYPlA Induction wiîh DBA 

Genedy, hepatocytes were induced to express increased levels of CYPlA with 

50 n .  Dibenzanthracene @BA), prepared in dimethyI sulfoxide (DMSO). DMSO on its 

own may alter CYPlA activity, but because it was added to buth treated and contd, this 

e s k t  would be 8ccounted for. T b  induction was achieved by adding DBA at the time 

of ceil isolation, so that the levels of P-450 were elevated at the time of stimulation, then 

stopped at the time of stimulation to assess effects of treatment on the rate at which P-450 

decreases. 

2Sm2 Prepamtion of Conditioned Medium 

Multiple plates of Kupffer dis were stimulateci for 24 hours with 50, or 100 

pg/ml of lipopolysaccharide (LPS), added as 50 pl of a wncentrated solution made up in 

sterile, distilled water. Control Kupffer cells r&ed 50 pI of water. The medium was 

collected and pooled, following the 24 h .  stimiilation period. This medium was refêrred to 



as Kupffer ceii wnditioned medium (KCM) with aad without LPS, @CM-LPS, and 

KCM-&O. respeaively). Thb was then used to stirmilate hepatocytes. 

Deoxynivaienol conditiod medium was prepued in a similar manner. Kupffér 

ceb were stimulateci with 75 pg/d  of deoxynhienol @ON) for 24 hours. The medium 

was collected and pooled. This medium QCM-DON) was used to stimulate hepatocyfes. 

2.5.3 Hepatocyte Treatment 

For the conditioned medium experiments, the medium was removed fkom the 

hepatocytes, and repiaced with 4 ml of Kupffer ce11 conditioned medium, and 1 ml fiiesh 

RPMI 1640 with 100/o FBS, in order to eosure sufncient nutrients were present. Fresh 

antibiotic-antimycotic was also added at this tirne. This mixture was then incubated with 

the hepatocytes for the time indicated. 

For the experiments where TNF was used, the medium on the indu& hepaîocytes 

was changed as described in section 2.5. The indicated cells also received 1 O nglml TNF, 

added as 50 pl ofa wncentrated solution prepared in medium. (The TNF was dissolveci 

inPBS, thendiluted withRPMI 1640 wntainllig0.1%BSA 50 plofO.l%BSAadded 

on its own did not effect the BCtivity of CYPlA, as measured by EROD (data not shown)). 

All other dmgs were added in similar manner 0.e. as 50 pl of a concentrateci solution, with 

controls receiving 50 pl of vehicle when the vehide was not medium). The finai 

concentrations and the length of stimuiation are indicated in the results section When 

inhibitors were added, they were added pnor to TNF, or KCM AU cells were incubated 

at 370C in 5% CO,. AU ceii treatment and handling was carrieci out ushg s t d e  



techniques, in a containment hood. 

2.6 ASSAYS ON PRIMARY CUL- HEPATOCYTES 

2.6.1 Ethoxy resomfm-O-deeth yiase (EROD) Assay for Cuitured Hepatocytes 

The activity of CYPl A was detennined using a modification of the method 

described by Burke (1977). This assay (Patoa, 19%) was chosen because of its ease, its 

reproducibiüty, and its compatcbility with plated hepatocytes, as opposed to microsomes, 

which many cytochrome P-450 assays nquire. CWlA converts ethoxyresonifin to the 

fluorescent product resoninn. The activity of the enzyme is srprased as the amount of 

resonifin, determined using a fluorimeter, produced in a given amount of time per 

miIligram of total protein. A stock solution of ethoxy resonifin was prepared in 1û% 

DMSO, 90% 0.1 M =O, to a final concentration of 100 p M  ethoxyresorufïn, and 30 

pl of this was added to each 5 ml plate. This was aiiowed to incubate at 37"C, at 5% CO2 

for 30 minutes. Foiiowing the incubation, 2.5 ml of the medium was rernoved and placed 

in a test tube. The plates were retumed to the incubator. The fluorescence was measured 

using a Perkin-Eher Fluorescence Spectrophotometer and with an excitation wavelength 

of 5 10 nm and an emission wavelength of 586 n m  The amount of fluorescence of a 

known concentration of resodh (50 nM) was measured, and ushg this as a standard, the 

amount of resorufïn in the tubes was determined. 



The activity of the enzyme CYPlA in the plated hepatocytes was expressed es 

picornoles ofresorufin produced by one miiiigram of total protein in one minute 

(prnollmdmin). 

2.6.2 Protein Determination 

Medium was removed fiom the d t u r e  plates and cdls were rinsed with PBS. 

Followiog this, 2 ml of PBS was added to the plates, and they were scraped with a rubber 

policeman. The suspension of tells was collecteci and sonicated for 3 minutes to disnipt 

the membranes. 

The determination of the protein content of each plate was conducted as dcscribod 

by Lowry (195 1). A solution (mix #1) was prepared conta.ining 98% of 2% sodium 

carbonate (N4COJ in 0.1 N sodium hydroxide (NaOH), 1% of 1% Copper Sulfate (Cu 

S0,-H20), and 1% of 2% Sodium Potassium Tartrate (NaKC,H,O, -H,O) in advance. 

The disrupted celis were thoroughly vortexed, then diluted with PBS 50- 100 pl of sample 

to 200 -1 50 pl of PBS to give a total volume o f  250 pl. For the standard, 1 mg/ml B S 4  

and for the blank, water were diluted 100 pl standard or water to 150 pl PBS. 1 .25 ml of 

mix #1 was added to each tube. The tubes were left for I O  mih Then 0.125 ml of 2 N 

Phenol Folin-Ciocalteau ragent, diiuted 1 : 1 with water, was added to each tube. Each 

tube was vortexed, and ailowed to incubate at room temperature for 30 min. The 

spectrophotorneter was caiiibrated using the blank solution. Protein was detected by a 

change in absorbance at 700 nm, using 0.061 mglml BSA as a protein standard. 



2.6.3 Western Immuioblot Anilysis 

Celis f?om a treatment group within an experhent were pooled together, and 

concentrated by centrifiigation. The protein was determinai as desaibed in section 2.5.2. 

Samples were diluted in PBS in order that 10 pl gives 40 pg of protein These were then 

fiuther diluted 1: 1 with Laemmli buf5i-s (489 mg Tris HCL, 5 mi giycerol, 5 mg 

Bromophenol blue, 5 ml of 1û% SDS and water to d e  25 ml). These were boiled for 3 

minutes dong with a low range m o l d a r  weight marker. 

An agarose gel was prepared by boiling 10 m g / d  agarose in water for 5 minutes. 

The gel apparatus was set in this to create a seal on the bottom. RuMing gel (4.5 ml 

stock acryiamide (29 g aaylamide, 1 g bisacrylamide, and 70 ml water), 4.5 ml 4 X 

running gel (1 6.95 g Tris base, 4 ml of 100/o SDS, and wata to make 100 ml. PH = 8.8). 

90 pl of 100 m g h l  ammonium persuifàte, 9 ml water, and 24 pl TEMED) was then 

layered ont0 the set agarose. Stacking gel (0.75 mi stock acrylamide, 3 mi water, 3.75 mi 

2 X stacking gel (3 g Tris base, 2 ml of 10% SDS, water to 100 m, pH = 6.8), 75 pl of 

100 m g / d  ammonium p e d t e ,  15 pl TEMED} was layered ont0 the runuhg gei, and a 

comb was placed into the apparatus to mate sample welis. Once se& the comb was 

removed, as was the agarose gel that had been used to create the seal. The apparatus was 

set into the tray, and the apparatus was filied with electrode baer (33 ml of 10 X 

electrode b d e r  (7.56 g of Tris base, 36 g of glycine, 25 ml SDS, water to 250 ml, pH = 

8.3) and water to 330 ml). 10 pI of sample or moleailar weight marker were placed per 

weU. The apparatus was set to nin at 75 volts for 20 minutes, to dow the samples to 
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sta& The voltage was then increased to 125 volts for &ut an hour to aiiow the gd to 

nui. The gel was mnoved, and the distana moved of the motecuiar weight markers and 

samples was rewrded 

A stack of blotting papa, gel, nitrocelluIose paper, and more blott9ig papa was 

set on the electrophoresis apparanis with the papers soaked in tramfier buffer (3.03 g Tris 

HCL, 11.25 g Glycine, 200 ml Methanol, 5 ml of 100/oSDS, water to 1 L pH = 8.3).The 

gel was dlowed to trmsfikr for 1.5 hours at 300 mA. The nitroceîiuiose was then soaked 

in BLOTTO b a e r  (10 g C d o n  low fht ming 4 g Bovine saum alb& 200 ml 

water) for 1 hour with rocking. The nitrocellulose paper was then lef€ ovemight at 4OC in 

primary anîfbody b u f k  (40 pl polyclonal anti-rat CYP 1 A in 10 ml dilution buffer (20 ml 

BLOTTO and 10 pl Tween 20)). The membrane was washed 3 tixnes for 10 minutes each 

wash in washing solution (300 ml PBS (16 g NaCi, 0.4 g KCI, 2.88 g N W O ,  0.48 g 

KHJ?O,, and water to 2 L pH = 7.4) and 150 pl Tween 20}. The membrane was then 

incubated for 1 hour with 20 pl of ad-goat IgG (alkahe phosphatase conjugate) in 50 ml 

of aatibody dilution buffer. The membrane was washed 3 times for 10 minutes per wash 

in the washing solution. 

To develop the bands, the membrane was equiliirated in aikaiine phosphatase 

b d e r  (7.9 g Tris HCL, 2.9 g NaCi, 5.0 g MgCl, and water to 500 mi, pH = 9.0) then 

exposed to aikaiine phosphatase mix (10 ml aikaiine phosphatase buffer, 132 1 o f  (50 mg 

NBT per ml of 70% dimethy~ormamide) and 66 ml of (25 mg BCIP per ml 

dimethylformamide)}. When the bands became dark in color, the membranes were 

immersed in stop b e e r  (1.5 8 g Tris HCL, 0.93 g EDTA, and water to 500 ml, pH = 8.0). 



The membranes were rinsed in m e r  and air dried. The membranes were then 

photographed and a d y d  Usmg molecular d y s t  @io Rad) daisitomehy program. 

2.7 ANIMAL TREATMENT FOR iv vivo STUDIFS 

2.7.1 Deoxynivaïenot @ON)Treatmmt 

DeoxyniV81enol was düuted to 1 mghi in PBS adjusteci to a pH of 9.44. Mice 

were administered 20 m f l g  DeoxynivaienoI by oral gavage, 24 hours prior to liver 

collection Control animals received vebide only. This dose and method was used as it 

was reqwrted to produce an inaease in mRNA for various cytokines. 

2.7.2 N-tosyi-i-phenylalanine chloromethyl ketone (TPCK) Treatment 

N-tosyI-1-phenylalanine chloromethyl ketone was diluted in 509? ethanol to give a 

nnal concentration of 6 mglml. Mice were given a 30 mgKg IP injection of TPCK 24 

hours prior to her collection Controi animais received vehicle oniy. This dose would 

give approhte!y 170 pM plasma c o n ~ o n ,  assuming a 25 g mouse has a volume of 

disûiiution of 12.5 ml. 

2.8 MICROSOMAL PREPARATION 

Animais were sacrificeci by cervical dislocation. The bers were removed and 

rinsed in cold 1.15% KC1, and weighed. The livers were then homogenizeà in 1.15% KCl 

with 10 strokes of the loose homogenizer, and 1 stroke with the tight hornogenizer- This 
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homogenate was d g e d  in the Becknwi J2-21 at 10 000 X G for 10 minutes at 4OC. 

The pellet of this spin wouid contain mclei, plesma membrane sheetg mxtochondria, 

iysosome, perortisome, Golgi membranes, and some mgh endoplasniic retidum 

(Graham, 19û4). The supernatant was coUcted and e e d  in the Bechnen G60 

Ultracentrifuge at 146 000 X G for 40 minutes at 4OC. The pellet of this spin contains 

microsornes of smooth and rough endoplasmic retidum, Golgi, and the plasma membrane 

(mauily fiom the sinusoicial SUTfàce) (Graham, 1984). This pekt  was then resuspended in 

1 mi glycerol buffer per milligram of her. The g i y d  buffer consisted of 25% of200 

mM potassium phosphate (KHpO,), 35% of 1.15 % Potessnim Chloride &Cl), 20% 

glycerol, and 2W H,O. This suspension was homogenized with 7 strokes in a tight 

homogenizer. 

2.9 ASSAYS ON MICROSOMES 

2.9.1 Etbory resorufm-O- deethylece (EROD) Assay for Microsornes 

CYPlA acfNity was determineci in the microsornes as desaiied by Burke 

(1 976). A solution of 2 ml of 0.1 M Potassium Phosphate (KH$OJ, 50 pl of undiluteci 

rnicrosomes, and 10 pi of 100 pM ethoxyresonrfiri was prepared in a cuvette made of 

special opticai glass designed for use in the 320-2500 nm range. This solution was 

incubated in a 37°C water bath for 2 minutes. To this was added 10 FI of  25 mM NADPH 

prepared in 0.1 M KH$O,, and a timer started imrnediately. The fluorescence was 

detected using a Perkin-EImer Fluorescence Spectrophotometer and with an excitation 
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mvelength of510 am and anemkion wavdeagthof 586 ML The Fiorescence readbgs 

were recorded every minute for four mimites. These fluorescence dues wem plotted 

against tirne, and the dope was detennined. A standard was prepared as above, with the 

omission of the ethoqmorufjn. Foflowiag the addition of NADPH, a badine 

fluorescence was obîained, and 10 pl of 10 pM ces0Nfin was added. The change in 

absorbance foiiowhg the addition of the r e s o d  was recorde- and tbis was used to 

calculate the amount of resorufin, in picornoles produced per minute in the microsome 

samples. 

2.9.2 Protein Determination 

Protein was detetlnined as descrii  in section 2.5.2, with the exception of the 

dilution of samples and standards. Microsomal samples were diluted 1/400 with water, 

and 250 pl of this dilute miaosome suspension was added to 1-25 ml of mDr #1. A 

standard curve was prepared using 50, 100 and 200 pglml BSA and the dope of this 

curve was used to calculate the concentrations of the samples. 

2.9.3 Totai Cytochrome P-450 

Total cytochrome P-450 Ievel was determineci by the method of Omura (1964). 

Microsornes were diluted in 1 M P O , ,  to give 4 mi of a final protein concentration of 

1 mghi. This solution was placed in a cuvette, and a d amount of sodium dithionte 

was added. A baseline absorbame scan fiom 500 MI - 400 mn was obtained using the 

Beckman DU-70. The sample mette was then bubbled with carbon monoxïde. The 
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difikence spectrm was obtained The Merence between the baseline (490 nm) and the 

peak (450 nm) represents the amount of total cytochrome P-450 present. Using the 

extinction d c i e n t  91 OD/mM cytochrome P-QSO/cm, the amount ofcytochrome P-450 

in the ssmple can be d e t d e d .  The total cytochrome P-450 content was expressed as 

nmol of cytochrome P-450 per mg of protein 

2.10 Statistical Anaiysis 

For the c o m p h n  of two groupq a -dents paired t-test was perfiormed. In the 

case where more than two groups were compared, an ANOVA was performed, with a 

Newman-Ked post hoc anaiysis. 

For c d  cultureci srperirnents in which one pool is presented, the ANOVA was 

performed on the raw data For pooled erperimeats, the mean of the control was 

determined within an experiment- Aii data within an srphent ,  including the control 

values, were then muitipIied by a constant, in order to normalire the data as a percent of 

the control. An ANOVA was then pufomed on the percent of control data, and a 

Newman-Ked post-hoc analysis was pafonned. 



3-1 CELL SEPARATION 

Hepatocytes were separateci h m  Kup& ceiis and other non-parenchymal ceîis by 

a series of -@on steps. Kupffer cdls wae then identined by th& abüity to 

phagocytose fluorescent beads, as illustrated in figures 7,8  and 9. The Kupfkr ceil 

M o n  (fig. 7 )  conCaiaed tells which were heady Iabeled with the fiuorescent beads 

foilowing incubation for 3 hours a .  room temperature (20 OC). Ifthese ce& were 

incubateci with latex beads for 3 hours at 4 OC (fig. 8), littIe uptake of these beads 

occurred. The hepatocyte M o n  (fig. 9) had only a féw, ifany (98.3 1.8 % fhe) celis 

wntaining the latex beads, indicating that there was M e  or no con mimion of the 

parenchymal ceii W o n  with Kupffer &. In d cases (fig. 7.8 and 9). there were 

residual beads which failed to rime off the plate with PBS, which are identXed by their 

Mure to correspond spatiaiiy with a ceîi. 

3.2 INDUCTION OF CYPlA ACTlVITY 

CYPlA is constitutively expressed in hepatocytes and can be measured in hepatic 

microsornes prepared nom untreated mice, but in simple primary hepatocyte cultures the 

activity is Iow, and this restncts the study of fiidors that cause a decrease in the enzyme 

activity or expression In order to compensate for this decreased activity in celi cuiture, 

chernid inducers of the enzyme were used. This m&od was chosen over other methods 



FIGURE 7 
Kupffer C e h  
Kupffer ce11 fiaction exposed to latex beads at room temperature 
(20 OC) for 3 hours. Upper panel is photographed under phase contrast, 
lower panel is under fluorescence. Photos were taken at 40 X 
magnification. 



FIGURE 8 
Kupffer CeUs 
Kupffer ce11 fiaction exposed to latex beads at 4 OC for 3 hours. Upper 
panel is photographed under phase contrast, lower panel is under 
fluorescence. Photos were taken at 40 X magnincation. 



FIGURE 9 
Hepatocytes 
Hepatocyte fiaction exposed to latex beads at room temperature 
(20 OC) for 3 hours. Upper panel is photographed under phase contrast, 
lower panel is under fluorescence. Photos were taken at 40 X 
magnification. 



of maintnining elevated enzyme levek, such as 3 dimensionai coiîagen matrices or rotating 

cdnire flasks, because of the simplicity, the cost effectiveness, and time efxiciency. 

3.1 In VnLo Induction of CYPiA 

The CYPlA actMty in the hepatocytes wuld be ina#ised by pretreatiag the mia 

with an enryme inducer. The treatment of the mice with BNF (140 pg/kg 1P once daily 

for three days) (Delaporte, 1995) was effective at inducing hepatocytes such that the 

activity remftined elevated after the cdls were isolateci as a primary culture (Fi& 10). 

The total t h e  in culture for experiments in which BNF was wd as the inducer rangeci 

fkom 24 to 40 hours. 

3.2.2 In Vitro Induction of CYPlA 

The CYPlA activity could be also induced by the addition of an inducer diredy to 

the culture plates foiiowing the isolation of the hepatocytes. The treatment of the d s  

with DBA (50 nM) (Paon, 1996) was &&e at dmting activity of CYPlA in piated 

hepatocytes. The M t y  was elevated as early as 15 hous, and remained eievated 

relative to control (DMSO only) &er 24 hours @g. 11). The total t h e  in culture for 

hep8tocytes in urperiments where ceus were induced in culture with DBA ranged £tom 40 

to 60 hours. 



control BNF 

FIGURE 10 

Induction of CYPlA in v h  with BNF 
CYP 1 A was induced prior to hepatocyte isolation with 140 ~ o V k g  BNF 
by ip injection once per day for three days. 
Hepatocytes were measured after 24 hows in dture. 
n = 4 for each bar, usiag 1 homogeneous pool obtained fiom 4 to 8 mice. 

sigdicant difference fiom control. p < 0.05. 



50 nM DBA 

Duration of exposure (hours) 

FIGURE 11 

Induction of CYPlA in vitro with DBA 
Ceils *ch had been aliowed time to attach (overnight) wae exposed to DBA 
(50 nM) for the indicated the.  
n = 3 for each bar, using 1 hornogeneous pool obtained fkom 4 to 8 mice . 
* signiîicant Merence f?om control values (adjacent open bar) p < 0.05. 



3.3 CYTOKXNES AND CYPlA 

To confirm the suitabiiity of this mode1 for the study of the decrease in P-450 

8CtiVity 8SSOCi8fed with activaton of host defense, hepatocytes were exposed to 

immUL108CtiVe hctors arpected to depress CYPlA activity. 11 had padousiy been 

estabiished that macrophages can be dmdated by lipopolysaddde to produce 

components which cause a deaease in induced andior co Ilstitutive CYPlA activity in 

isolated hepatocytes (Paton, 1995). In tbis st~~dy. primary culture of Kupffer ceiis, the 

resident monocytes of the liver, were exposed to US, and the conditioaed medium fiom 

this was added to hepatocytes. Kupffér ceiIs, Iüre macrophages, produce wmponents, 

including LI, L-6, TNF, and NO, aii of which are able to depress cytochrome P-450 

activity and /or levels. 

3.3.1 Kupffer Cell Conditioned Medium Produced by LPS 

The ability of LPS to produce a depression in CYPl A directiy, or via Kupffa ceil 

conditioned medium was assesseci, as illustrated in figures 12 to 16. Kupffer ceil 

conditioned medium ( K M )  was produced by removing the me& from cuitures of 

Kupffer cells, which had been exposed to water or LPS (100kglml) for 24 hours. This 

Kupffer ceil conditioned medium was rnipplemented with 20% fksh medium, as weii as 

fiesh antibiotic-antimycotic, and then added to the hepatocyte W o n .  Figures 12, 13, 

14, and 15 are single representative experiments. Figure 16 is the average o f  7 (bars 1,2, 

and 3) or 5 (bar 4) experiments. Medium from Kupffer ceiis which had been exposed to 

LPS caused a decrease in CYP 1 A activity der 10 hours (fig. 12) and 24 (fig. 13. fig. 



Direct KCM 

CYPlA aetmty in hepatocytes treated with LPS or KCM-LPS 
for 10 boum. 
n = 4 using 1 homogeneous pool obtaiaed fiom 4 to 8 mice. 
* significant ciifference nom control vahie (adjacent open bar). p < 0.05. 
# significant dinerence fiom the untreaîed control ceiis (bar 1). p < 0.05. 



Direct KCM 

FIGURE 13 

CYPlA activity in hepatocytes treated with LPS or KCM-LPS 
for 24 hours. 
n = 4 using 1 homogeneous pool obtained fiom 4 to 8 mice. 

significant difference fiom wntrol value (adjacent open bar). p < 0.05. 



Direct KCM 

FIGURE 14 

CYPlA a W t y  in hepatocytes treateâ with LPS or fdtered KCM-LPS 
for 10 hours 
n = 4 usiag 1 homogeneous pool obtained fiom 4 to 8 mice. 
* significant ciiffierence âom control vahie (adjacent open bar). p < 0.05. 



Direct KCM 

CYPlA activity in hepatocytes trested wîth LPS or fdtered KCM-LPS 
for 20 hours 
n = 4 ushg 1 homogeneous pool obtained eom 4 to 8 mice. 
* signifiant merence fkom control value (adjacent open bat). p < 0.05. 
# sisnifiant difference fiom untreated control ceiis par 1). p < 0.05. 
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FIGURE 16 

direct KCM 

CYPlA activity in hepatocytes treated with LPS or KCM-LPS for 24 
hours (pooled) 
CYPlA was induced by administering BNF to mice prior to hepatocyte isolation 
DIRECT: LPS was added directiy to hepatocytes (bar 2). with control ceiis recieved 

vehicle (&O) (bar 1)). 
KCM: Hepatocytes were treated with medium taken fkom Kupft'er cells, which had 

been treated with vehicle (bar 3) or with LPS (bar 4) (50 - 100 &mi) for 
24 hours. 

The mean and standard dwiation for controls was: 4.37 * 2.47 pmoi/mg/mia. 
n = 20 using 5 homogeneous pools, except bar 2 where n = 8 fiom 2 pools, 
each obtained fiom 4 to 8 rnice. 
* signincant différences fiom controi (adjacent open bar). p < 0.05. 
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16) hours of exposure to the hepatocytes. Medium nom Kupffa cells lreated with wata 

had no &ect on CYPlA activity. 

To reduce the chance of loosened Kupffer ceiis, or Ulfections fiom being 

transferred fiom the Kupffer cd medium to the hepatocytes, the expairnent was repeated, 

6 t h  the conditioned medium passed through a 0.2 pm filter M o r e  behg added to the 

hepatocytes. This did not prevent the medium fiom Kupffer ceiIs exposed to LPS (100 

&mi) fkom decreasing the CYPlA actMty compared to controI -or ceils treated with 

medium from Kupffer ceUs treated with water at 10 hours (fig 14) or 24 hours (fig. 15). 

LPS (100 pglml), when added diiectly to hepatocyte plates, produced no response at 10 

hours (fig. 12, and 14), or at 24 hours (fig. 13, fig. 15, and fig. 16). 

3.3.2 I n  Mvo Treatment with DeoxynivaJenoI 

The effea of the mycotoxin deoxynivalenoi, or vomitoxin, on CYPlA was 

investigated because it is reported to increase the mRNA coding for a variety of cytokines, 

iocluduig those implicated in the alterations of P-450. This change in the level of mRNA 

coding for these cytokines was reported to correspond to changes in cytokine leveis, 

although those levels were not determineci. In the present experiments, voaiitoxin had no 

effect on P4SOIA when administered ordy to mice (Fig 17 and 18). 

3.3.3 Kupffer Ceii Conditioned Medium Produced by Deosynivitenol 

No effect on CYPlA was obsemd when the mywtoxh was incubated directly 

with hepatocytes (Fig. 19). or when medium fiom Kupffér ceUs which had been exposed 

to the mycotoxin, was applied to the hepatocytes (Fig. 19). LPS treated Kupffer ceii 



control 20 mglkg DON 

FIGURE 17 

Effect of Deoqmivaienol @ON) on total microsornai cytochrome 
P-450 levei. 
Cytochrome P-450 level (nrnoVrng protein), as determined by auboa 
monoxide binding spectrum, was found in microsornes prepared fiom 
mice which had been adrninistered vehicle, or 20 mg/kg DON oraiiy. 
n = 6 for each group. 
Student t-test. p < 0.05. 



20 rnglkg DON 

Effect of Deoxynivaienol @ON) on microsomal CYPlA activity. 
CYP l A @mol/mg/min), as determineci by ethoxyreso~-o-demetbylase 
activity, was found in microsornes prepared fkom mice which had been 
administered vehicle, or 20 mg/kg DON orally. 
n = 6 for each group. 
Student t-test. p < 0.05. 



Direct KCM 

Effeet of Deoryoivaleaol @ON) on CYPlA activity in 
isoiated hepatocytes. 
CYPl A was induced in dture by the addition of DBA to the culture 
medium. 
DIRECT:Celis were treated with water (bar l), or 75 pg/ml DON (bar 2). 
K m  Ceiis were tregfed with 20 % fresh medium18W wnditioned medium. 

The conditioned medium was obtained fiom Kupffkr celis which had been 
treated for 24 hours with W8fer (bar 3), 75 pg/rnl W N  (bar 4), or 
50 pB/ml LPS (bar 5). 

n = 4, using 1 homogenous p i ,  obtained fiom 4 to 8 mice. 
* significant dinerence fiom control (adjacent open bar). 
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conditioned medium was included in this acpaiment, to serve as a positive controi for the 

responsiveness of the Kupffer cells. Tbïs medium h m  Kupffu cells treated with LPS 

redted in a decrease in P4501A relative to comol, 

3.3.4 Direct TNF-a Stimulation 

Many cytokines are known to cause a decrease in the Ieveis of P-450. LPS treated 

Kupffer cell conditioned medium is reported to contain a variety of ceiiuiar mediators, 

including cytokines, but the exact contents, and concentratons within the meâium 

obtained in these studies was not measured, and was iikely highiy variable between 

experiments due to variations in ceil densities. In order to investigate the e&cts of a 

single known cytokine, TNF (10 nglmL) was added to DBA induced hepatocytes. It was 

also an objective within this study to look at the time course of TNF mediated decrease in 

CYP 1 A actMty. In a representative study, TNF stimulation r d e d  in a rduction of 

CYPlA activity withùl6 hours of stimulation, and tbis remained depressed following 12 

hours and 24 hours of TNF stimulation mg. 20). Cornpihg the data fiom several 

experiments (6 for 4-6 hours, 16 for 24 hours), it was shown TNF did not redt in a 

decrease in CYPlA activity before the 6 hour time point (fig. 21). and produced a 

decrease in CYPlA activity at 24 hours of approximately 20% (fig 21). This dwease in 

activity did not appear to correspond to a decrease in CYPl Al protein as determined by 

Western immunobiot analysis (fig. 22). 



6 hour 12 hour 24 hour 
Duration of exposure 

Effcct of TNF on CYPlA activity in isoiated hepatocytes. 
CYPlA was induced in hepatocytes by the addition of DBA (50 nM) to the plated 
ceiis for 24 hours. RiIF (10 ng/mi) was added for the duration indicated. 
n = 4, using 1 homogenous pool obtauied fkom 4 to 8 mice. 
*signiGcant ciiffierence fiom control (adjacent open bar). p < 0.05. 



1 1  O nglrnl TNF 10 ngfrnl TNF 

4-6 hours 24 hours 

Effect of TNF on CYPlA activity in isoiated hepatocytes (pooled). 
CYPlA activity was induced by the addition of DBA (50 nM) to plated 
celis for 24 hours. TNF (10 nglml) was added for the duration indicated. 
* signifiant Merence tiom &trol( adjacent open bar).p < 0.05. 
The average and standard deviation for wntrol(24 hr) was: 6.13 * 3.27 pmoi/mg/min. 
4-6 hour group: n = 24, using 6 homogenous pools, 
each obtained fiom 4 to 8 mice. 
24 hour group: n = 64, ushg 16 homogenous pools, 
each obtained from 4 to 8 mice. 



FIGURE 22 

Efféct of TNF on CYPlA protein 
Westem immunoblot analysis of CYPl Al levels foliowing 4 hour 
and 
24 hour trament with TNF. CYPlA was induced with DBA 
Lanes: mw = m o l d a r  weight marker 

l= control4 hou, 2 = TNF 4 hour, 
3= control24 hour, 4 = TNF 24 hour. 

Bars represent percent of the wntrol deasity, as determinecl by 
densitometry. 4 hour t h e  point is ftom one pool, 24 hour time 
point an average of 2 pools. 



3.4 T ï E  ROLE OF PROTEIN SYNTaESIS IN CYTOKINE MEDIA- 

DECREASES IN CYPlA 

3.4.1 Protein Synthesis Inhibiton in w i t h  

A requhernent for protein synthesis to ocair to achieve the decrease in cytochrome 

P-450 has been suggested from experiments conducted 9i whole animais. To study this 

aspect, protein synthesis inhibitors ILCfinomycin D, an inhibitor of transcription and 

puromycb, an inhibitor of translation were chosen, as they have been shown to be 

effective at blocking the effect of IFN on cytochrome P-450 in vivo. III œk with 

CYP lA induced with DBA, both Actinomycin D and huomycin, caused a si@cant 

depression in CYPlA activity after 24 hours (fig. 23, fig. 25). There was no M e r  

decrease in the activity when TNF was aâded in the presence of either inhibitor (fig. 23, 

fig. 25). In the case of cells obtained h m  mice which had been pre-induced with BNF in 

order to elevate CYPIA levels, the addition of the protein synthesis inhibitors, 

Actinornycin D and Puromych, had no & i .  TNF in the presence of these iohibiton did 

not depress CYPlA actMty relative to the protein synthesis inhr'bitor aime, or relative to 

control cells (fig 24, fig. 26). 



FIGURE 23 

Effet of the protein synthesis inhibitor Actinornycin D (3-5 ughl)  on 
TNF mediated depression of DBA induced CYPlA activity. 
Mean and staadard deMation for controis was: 5.83 2.99 pmol/mg/min 
n = 8, using 2 homogenous pools, each obtained nom 4 to 8 mice. 
* sipificant difference from control (adjacent open bar). p < 0.05. 
# signincant dinerence âom unaeateci controI (bar 1). p < 0.05. 



3-5 uglml Acünomycin D 

Effect of the protein synthesis inhibitor Aetinomycin D (3-5 uglml) on 
TNF mediated depmsion of BNF induccd CYPlA activity. 
Mean and standard deviation for controis wu: 3.63 * 0.50 pmoi/rng/rnin. 
n = 16, using 4 homogrnous pools, each obtained from 4 to 8 mice. 
* signifiant difference fiom control (adjacent open bar). p < 0.05. 



30 ug/ml Puromycin 

E f f '  of the protein synthesis inhibitor Rinimyein (30 ug/ml) on 
TNF mediated depression of DBA indaced CYPlA aethrity. 
Mean for controls was: 9.729 pmollm~min, 
n = 4, using 1 pooi, obtained âom 4 to 8 mice. 
* sisnifiant diffmence &om contro1 (adjacent open bar). p < 0.05 
# signincmt ciifFerence nom untreated controis (bar 1). p < 0.05. 



1-1 O nglml TNF 

30 uglml Puromycin 

FIGURE 26 

Effet of the protein synthesis inhibitor Puromycin (30 uglml) on 
TNF mcdiatcd depression of BNF induced CYPlA activity. 
Mean and standard deviation for controis was: 3.52 0.54 pmoVmB/mh 
n = 12, using 3 homogenous pools, each obtained fkom 4 to 8 mice. 



3.5 TEE ROLE OF NITRIC OXlDE IN CYTOKINE MEDIATED 

DECREASES IN CYPlA 

3.5.1 Nitic Oside Generating Compound 

There is substantial evidence to suggest that nitnc oxide may be invoived in the 

pathway leading to the decrease in cytochrome P-450 activity foliowing activation of host 

defense, or administration of cytokines. Hepatocytes wae exposed to the M c  oxide 

generator, sodium nitropnuside et a range of concentdons and thes. Atthough 0.12 

mM SNP was not sufijcient to cause a decrease in CYPlA at any of the thne points 

exarnined, concentrations of 1.2mM, and 12 mM caused a decrease within 30 minutes, 

which is the eariiea tirne point that can be o b s e d  using this technique. Both 1.2 mM 

and 12 mM remained sigdicantly Mirent fiom wntrol at 1 hour and 24 hour. A 

concentration of 12 mM, but not 1.2 rnM was significantly merait at the 4 hour tirne 

point (Fig. 27). A combination of two separate arperiments, one which inciuded the 4 

and 24 hour time points, the otha included the 0.5 and 1 hour time points, is shown in 

figure 28. Western immunblot mdysis indicates that the decrease in CYPlA activity in 

response to SNP is not due to a decrease in CYPlAl protein levels even at the 24 hour 

t h e  point (fig. 29). 



Duraüon of exposure (houts) 

Effect of Sodium Nitro Prusside (SNP) on CYPlA actmty 
CYP 1 A activity was induced with DBA 
Sodium nitroprusside was added in three concentrations; 
O. 12 mM open bars, 1.2 m M  solid bars, and 12 mM hatched bars 
for four lengths of the; 0.5 hours, 1 hou, 4 hem, and 24 hours. 
n = 4 using 1 homogenous pool obtained fiom 4 to 8 rnice. 
* signifiant ciifference flom control (bar not shown). p < 0.05. 



SNP concentration (mM) 

FIGURE 28 

Effect of Sodium Nitropnuside on CYPlA aetivity @ooled). 
Mean of control was: 6.90 * 6.65 pmollmg/min. 
n = 12, using 3 homogenous pools, each obtained from 4 to 8 mice. 
+ signifiant ciifference f?om wntr01 (adjacent open bar). p < 0.05. 



FIGURE 29 

Enkt of SNP on CYPlA protein 
Western immunoblot analys& of one pool repeated 
twice. 
Lanes: mw = molecuiar weight marker 

1,2, and 3: 1 hour 
4, 5, and 6: 0.5 hour 
7,8 and 9: 24 hotu 
1,4 and 9 = 12 mM 
2, 5 and 8 = 1.2 mM 
3,6and7=0.12mM 

Each bar represents the average percent of the 
control density, as detemhed by densitometry. 



3.53 Inducible Nitric Oside Syntbase Inhibitor 

While t was well establishi that nitnc oxide donors are able to produce a 

decrease in activiîy, wwhat û not so clear is the involvement of nitnc oxide in cytokine 

rnediated depression of cytochrome P450 aaMtyaaMty The general meic oxide synthasc 

Uihùbitor, NNA, and two aitric oxide synthase inhriitors seiective for the induciile form of 

the enzyme (NOS2), NIO and NIL, were used to imrestigate the involvement of nitric 

oxïde synthase in the TNF mediateci decrease in P-450 1A activity (fig. 30,3 1, 32, and 

33). NIL at 100 pM was effective at blocking the depression of CYPlA by TNF (fig. 

32). In d cases, the presence of a nitiic oxide s y d m e  inhibitor elimirislted any siBmficant 

clifference reduction in CYP 1 A advity following the addition of TNF. 

3.6 TEE ROLE OF NF-- IN CYTOKINE MEDIATED DECREASES IN 

CYPlA 

3.6.1 NF-- Inhibition in viiio 

To detennine ifW-KB activation is requked for the effect of TNF on CYPIA, the 

NF-- inhibitors BTEE and TPCK were used to block the activation of NF-15%. In the 

presence of 1-2 m M  BTEE, the addition of 10 ng/d TNF did not produce a signifiant 

difference (fig. 34). This inhibitor appears to be effective at blocking the action of TNF 

on CYP14 however caution concerning the relevance of this finding should be taken, as 

there was an increase in the standard deviation in the presence of the dmg. Aithough 

there is no signiticant merence between TNF treated c d s  and their control in the 



I-r 

100 uM NNA 

FIGURE 30 

E f k t  of the nihic oEde synthase iuhibitor, N-NitmArginine (NNA) 
(100 uM) on TNF medhted depression CYPlA activity. 
CYPlA was induced with DBA 
Mean of control was: 5.16 * 2.94 pmoVrng/min_ 
n = 8, using 2 homogenous pools, each obtained fkom 4 to 8 mice. 
* signifiant dBhence from conirol (diacent open bar). p < 0.05. 
# signifiant ~IBbena fiom mtreated control (bar 1). p < 0.05. 



I O  uM NIL 

FIGURE 31 

Efkt of the nit& oxide synthase inhibitor, GNql-iminoethy1)iysine 
(NIL) (10 uM) on TNP mediated depnssion CYPlA activity. 
CYP 1A was indu& with DBA 
Mean of control was: 7.39 pmoi/mg/min. 
n = 4, using 1 homogenou pool obtained fiom 4 to 8 mice. 
* signifiant ciiffierence fiom control (adjacent open bar). p < 0.05. 
# significant difference h m  untreated control (bar 1). p < 0.05. 



100 uM NIL 

Effect of the nitrie oxide synthere inhibitor, LNql-Minoethy1)iysine 
(NE) (100 uM) onTNF mediateci depression CYPlA activity. 
CYP 1A was induced with DBA 
Mean of contrai was: 7.32 * 0.1 1 pmol/mg/min. 
n = 8, ushg 2 homogenow pools, each obtained fbm 4 to 8 mice. 
* si@cant difference fkom control (adjacent open bar). p < 0.05. 
# sisnificant ciiffierence h m  ~nf~eated contra1 (bar 1). p < 0.05. 



Effeet of the nitrie oside synthase inhibitor, Gimino ornithine 
(mo) (IOuM) on TNF mediated depression of CYPlA activitg. 
CYP l A activity was induced with DBA 
Mean of contrd was: 4.88 pmoVmg/rnin. 
n = 4, uhg  1 homogenous pool obtained fiom 4 to 8 mice. 
* sigdicant Merence fkom control (adjacent open bar). p < 0.05. 



FIGURE 34 

I l -  

1-2 mM BTEE 

Eff'ect of the NF-KB inhibitor, N-bemoyl-1-tyrosine ethyl ester @TEE) 
(1-2 mM) on the TNP mediated depression of CYPU activity. 
CYP 1 A activity was induced with DBA. 
Mean of control wasS.36 * 2.55 pmoYm~min. 
n = 16, ushg 4 homcgewus pools, each obtained âom 4 to 8 mice 

significant différence nom wntrol (adjacent open bar). p < 0.05. 



presence of the inhiiitor TPCK at 10 or 100 (fig. 35 and fig. 36). i n d i d g  that 

the inhibitor was eff&e at blocking the TIW mediateci deprdon of CYPlA actMty. 

the difference was small to begin with, and the action of the dnig appears to have more to 

do with the inaease in the standard d d o n  in the presence of the h g ,  rather than a 

change in the effect of TNF. When the concentration of the NF-- inhiibitor TPCK was 

increased to 300 pM, it was an effective inducer itselfof CYP14 even in the absence of 

any other cytochrome P-450 inducer (6g. 37). 

3.6.2 NF-KB Inhibitionin vivo 

IP administration of 30 mgkg TPCK in ethanoi to mice did not signifcantly 

increase total cytochrorne P-450 content (fig. 38) or CYPl A activity (fig. 39) &a 24 

hours. 



FIGURE 35 

10 uM TPCK 

E f f '  of the NF-KB inhibitor, N-tosyLl-phenybnine chforornethpl ketone 
(10uM) on CYPlA depression by TNF. 
CYP 1 A was induced with BNF. 
Mean of control was: 5.38 * 2.85 pmol/ms/min. 
n = 12, using 3 homogenous pools, each obtained fiom 4 to 8 mice. 
* signifiant Merence f?om control (adjacent opai bar). p < 0.05. 



100 uM TPCK 

FIGURE 36 

Effect of  the NF-KB inhibitor, N-tosyI-1-phenyhianine chloromethyl 
ketone (100 uM) on CYPLA d e p d o n  by TNF. 
CYP 1A was induced with BNF. 
Mean of control was: 3.22 * 0.20 pmoUmg/min. 
n = 8, using 2 homogenous pools, each obtained fkom 4 to 8 mice. 



FIGURE 37 

Effcrt of the NF-KB inhibitor, N-tosyHphenylnl.nine cbloromethyi 
ketone (TPCK) (300 uM) on CYPlA activity. 
CYPlA advity was not induced. 
Mean of control was: 7.23 prnoVmg/mh 
n = 4, using 1 homogenous pool obtained fiom 4 to 8 mice. 
* sigdïcant merence from c o d  (open bar). p < 0.05. 



30 mglKg TPCK 

FIGURE 38 

Effeet of the NF-& mhibitor, N-tosyH-phtnyWPnine ehloromethyl 
ketone (TPCK) (30 mgkg) on totaï cytochrome P-450 I e v d  In vivo. 
Cytochrome P-450 levd (mnoVmg protein), as detefmined by carbon 
monoxide binding qstmm,was found in microsornes prepared 
fiom mice which had ban Ilrimini,otered vehicle (open bar), or 30 m@g 
TPCK in etfiand (solid bar) IP. 
n = 4 for each group. 
S t ~ d a t  t-test. p < 0.05. 



30 mgfkg TPCK 

FIGURE 39 

Effixt of  the NF-KB inhibitor, N-tosyl-i-phenyialanine ebloromethyl 
ketone (TPCK) (30 mgkg) on CYPlA activity in vbw. 
CYP l A (pmoVmghin), as determineci by ethoxyresorufini)-dernethyIase 
activïty, was found in microsornes prepared f?om mice which had been 
administem! vehicle, or 30 mgikg TPCK in ethanol P. 
n = 4 for each group. 
Student t-test. p < 0.05. 



DISCUSSION 

objective of tbis project was to charaderize the process of cytokine medateci 

decreases in P-4501A activity in a modd of bst defense activaton in tams of a) time 

course, b) responsiveaess to NOS inhr'bitors, c) respoosiveness to protein syathesis 

inhiiitors, and d) responsiveness to NF43 inhi'biton. The main bypotbesis was thet TNF 

and possiily 0th- cytokines, act at the hepatocyte to adinite the tmmaiption factor NF- 

KB. This fktor then trans10~8tes to the nucleus, where it signais an i n m  in 

ümxription of a variety of genes, some of which code for protein mediôtors which may 

be key to the depression of cytochrome P40, including those for the induable form of 

nitric oxide synthase. This increase in NOS leads to a subsequent iacrease in nitric oxïde 

which may act diredy on cytochrome P-450, to destabilize either the heme group or the 

apocytochrome. AltedveIy the NO may act to prolong the NF-* activation, dowing 

for the prolonged production ofproteins, some of which may have actions on the 

transcription and stability of apocytochrome niRNA 

Adequate separation of Kupffer cells ftom the hepatocytes was essentid to this 

study, as factors released fiom these monocytes would affect the r d t s .  One of the 

major advantages in the use of mouse hepatocytes, is that the Kupffa cds can be 

separated fiom the hepatocytes with simple centrifigation, where as in rats, the similarities 

in size and densities of these two ceU types make them ciBicuit to separate by this 

procedure. Kupffer ceiis, being monocytes, are able to phagocytose d particles, and 

this feature was used to iden* the cdls in cuiture. Ushg fluorescent latex Wq it was 
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demon~tfated that the hepatocyte ailtures contaiwd féw cootamuiatmg 
. . Kupffaceiis. The 

concern with contamination is thet the cytokines or inhibitors added to hepaiocyte cuitures 

mi& be acting thfou* a pathway imrohhg Kupffer d i s .  This potentially codoiinding 

-or was not a prubiem h the airreat studies because of the homogeneity of tbe 

hepatocyte preparation, as detenniued with fhmre~cenf latn beads. In addition LPS, 

even in very high doses, did not depress CYPlA iictivity when added directiy to 

hepatocytes (fig. 16). Whai LPS was incubateci with Kupffa ce!is, there was a release of 

substances wtiich produced a depression in CYPlA actMty wtiea addeû to hepatocytes 

(fi. 16). If there had been contanhahg Kupffer ceiis in the hepatocyte dtures, it 

would be predicted that the direct addition of LPS would activate these KupEer ceUq and 

that this would cause a depression in CYPlA activity. From these r d &  it appears th& 

the amount of Kupffer c d  contamination was minimal, and was certainly not suffiCient to 

have an impact on the r d t s  presented in this thesis. 

In primasy hepatocyte cultures, cytochrome P-450 levels decrease by 

approximately 80% within 24 hours (Renton et ai, 1978). These cells do not experience a 

M e r  depression in cytochrome P450 in response to interferon. However, primary ceus 

whose cytochrome P-450 levels have been chemicaiiy induced, do respond to interferon. 

Similar reports for other cytokines, suggested that CYPlA lwels shodd be chemicaiiy 

hduced in order to then examine the &écts of cytokines in dtured hepatocytes. Two 

methods of inducing the hepatocytes were chosen for the work presented in this thesis. 

One method imrolved inducing CYPlA in vivo, pior to the isolation of the 

hepatocytes. The chernical inducer BNF was administered to the mice over the three day 
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paiod prior to the isolation of celis. The @or adwntage of tbis method W that in vivo 

induction nmmued 
9 .  O 

cuituretimes, wfiichwas desirable as dpAiffkrentm 
O O 

on occurs over 

tune in prhmy cultureci hepatocytes. ûther concans with longer dture  times inchide an 

hcreased risk of hfèdon, edl responses BSSOCiated with medaim changes, decreased 

viabiiity, and t h e  eiliciency. This in vivo method of CYPlA induction also o f f 4  the 

advaatage of reducing the number of chedcals added to the cuinired c&. The 

disadvantages of this method of induction is that the time in the a d  holding Wties  is 

increased, and the separate set of mia are repuVed to obtain the KupEer c d q  thus 

increasing the wst. Additionally, the magnitude of the induction was more variable with 

this method than the induction achieved using a chernical added direcdy to the cuitured 

ceils. F i i y ,  this method did not aiiow for the use of uninduced controi ceb. 

As previously descnied, the other method used to induce CYPlA was to add a 

chernical inducer @BA) directiy to the dtured ceh. This method produced more 

cosistent induction, and it aliowed for the same animais to be used for Kupfer ceii 

isolation as were used for the hepatocyte isolation, which was wnvenienî, cost effective, 

and consistent. The disadvantages are that the celis remain in d t u r e  for a longer period 

of time, and that they are exposed to additional comporuds, increasing the risk of 

con tamination, and adding to the complexity ofthe system. 

As shown in figure 16, the addition of LPS directly to hepatocyte ailtures did not 

affect CYPlA actMty, but the effect of addùig medium h m  LPS treated Kupffer ce& 

was to produce a strong depression of CYPlA activity. It is known that monocytes can 

be stimulateci by the immunostimulant dextran sulfate to release cytokines and 0 t h  



mediators, and tbat the medium consainiag these fistors dl cause a depression in 

cytochrome P-450 actiVities and l m l s  whai added to isoiated hepatacytes (Renton, 

1983). The purpose of  these arperiments was to establish a modd to look at p o t d  

inhiirtors of this eftéd. However, in our the response lacked reproducibiiity, 

possibly because of variations in the Kupnér ceii yidd between experiments. In addition, 

the identifidon of the active componeats of the medium would be difEcuit, costly and 

time coosuming. Direct stimulation with a single cytokine CTNF) was therefore chosen to 

conduct the inhi'bitor experiments in order to Smpiify the system. 

Treatment of the hepatocytes with medium fiom untreated KupEer ceus (figure 16, 

bar 3) produced a variable response in CYPlA actnnty. in ~ n y  cases, t had little effect, 

or a trend towards a slight, but not statistically signifïcant induction of CYPlq as shown 

in fig. 1 3, 1 4, 1 5, and 16. In other cases, as in fig. 12, the medium nom the untreated 

Kupffer cells caused a depression of CYPlA actMty. This depression in actinty could be 

explained by activation of the control Kupffer celis by some fàctor or factors other than 

LPS, sudi as physical stress, or contamination, or possibly by the transfer of some non- 

adhering Kupffer ce& into the hepatocyte plate. In many cases (data not shown), the 

depression of CYPlA activity was as great in the hepatocytes treated with medium fiom 

untreated Kupffer ceils as it was in the hepatocytes h m  U S  treated Kupffer cells. This 

conm'buted to the preference of using the individual cytokine, TNF, over the use of 

conditioned medium. Possible explanations for the slight induction seen in response to the 

medium fiom untreated Kupffer cens (fig. 13, 14.15, and 16) are les  obvious, and may 

represent experimental enor, or a change in the composition of the medium taken fkom 



Kupffer ceiis t h  1& to induction of CYPlA e. 
LPS is a cornpouad with a large mol& weight ranghg âom 1 4  million 

ddtons. Figure 14 and 15 are representative expxhents h m  using filtered conditioned 

medim. Fiering the medium did not change the effectivenesi of the medium h m  LPS 

treated Kupffer tells. This demonstrates tbat the action of the medium is due to some 

small particle, as oppased to an aiteration of the LPS moIecuie by the Kupffer ceIi into an 

active fom, or an action of LPS on Kupffer ceii adherence allowiog the LPS treated 

Kupffer c a s  to be transfemed into the hepatocyte fiaction. The response of hepatocytes 

to medium fkom LPS treated Kup£Fer ceiis are congstent with those found by other 

groups. 

The &ect of the mycotoxin, deoxynivaienol (DON) was examinai because of its 

reporteci stimulation of cytokine production (Aconza-Olivera et d, 1995, Dong et ai, 

1994). DON is found on wheat and c o q  and was suspected as a cause for recent h e s s  

seen in horses and the humans handling th& feed. It has been found that administration of 

DON produces elevated levels of the mRNA of several cytokines, including IFN, L1, IL- 

6, and TNF. Each of these cytokines are known to cause a depression of cytochrome P- 

450. This elevation in cytokine mRNA was interpreted as an increase in cytokine leweis, 

and therefore, DON might be expected to produce a decrease in cytochrome P450 

dependent metabolism. In this study, oral administration of DON did not depress 

cytochrome P-450 levels (fig. 17), or CYPl A actïvity (fig 18) in the liver. There was 

even a siight increase in CYPlA actMty after oral administration of DON. There was also 

no &ect of DON when incubated with hepatocytes, or when medium, obtained from 
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Kupffér cdls which had been treated with DON was incubated with hepatocytes Medium 

taken from Kupffi oells treated with W S  was aMe to depress CYPIA ach'nrity, Wcating 

that there were suf&ient responsive Kup& cdls to produce the amount ofcytokiaes 

needed to depress CYPlA a-. One explanaton for the la& of e d k t  of DON may 

be that it did not produce an e l d o n  in cytokine levds despite its reportai effècts on 

cytokine mRNA DON also possesses actions as a protein synthesis inhibitor (Dong et al, 

1994, Petska et 4 1987). The evidence for its abiiity to elevate cytokine levek has been 

based on its a b ' i  to eievate th& mRNk It is possible that the actions as a protein 

synthesis Uihi'bitor prevent the translation of this mRNA into increased protein Another 

possible qlanation for the fidure of the mycotoxin to depress CYPlA (LCfMty rnay be 

that it has its own effect inducing on cytochrome P-450 which cornpetes with the 

cytokines. Again, this may relate to its protein synthesis inhi'bition. Cytokine mediateci 

depression of cytochtome P-450 requïres the synthesis of an intermediate protein, and the 

mycotoxin may have produced the elevated levels of cytokines, but may have inhiibited the 

production of a criticai intermediate protein within the hepatocyte through its action as a 

protein synthesis inhibitor. This inhi'bition of protein synthesis may aiso be a part of the 

effect DON had on CYPl A activity in vivo, as protein synthesis inhibitors have been 

reported to supe~duce m RNA f?o CYPl Al (Nemoto et al, 199 1). 

This possibility could be exploreci by perfoming an ELISA on the senim of 

animals treated with DON, or on the medium f?om Kupffer ceIls treated with DON to 

determine if there in fact was an elevation of cytokine levels. Another approach to this 

problem wodd be to add medium fkom Kupffer cells treated with LPS, or to add a single 



cytokine known to depress cytochrome P-450 in addition to the DON. If these stmnili 

Wed to produce a depression in eytochrome P-450 in the presence of DON, it d d  be 

conchde that DON is able to block the action of cytokines on CYPlA activiry. However, 

ifthese srimuli were able to depress cytocbmme P-450 in the presence of DON, it would 

support the theory thet W N  does aot produce cslfficient quantites of cytokines to affect 

cyiochrome P450. 

Direct cytokine stimulation oEered the admutage of king more consistent 

between experiments. In addition, it was desirable to have a specüic stimulus, as opposed 

to an undefineci mDdure of wmponents. The time course for TNF's ability to produce 

depression of CYP l A in this study is consistent with that found in mice injected with TNF 

in a study by Ghezzi et al. In that study, there was a rapid response, signifiant by 8 hours 

&er administration, and continuhg until24 hours. By 48 hours, the levels had retumed 

to n o d .  This presait study found that there was a sigdicant depression of CYPlA 

actMty at 6 hours, conhuing untü 24 hours of treatment with TNF (fig. 16). GhQp et 

al produced a depression in ethoxycoumarin deethylase activity of approximately 300h at 

24 hours, with a dose of TNF (5 x 10' U/mouse i-v.) that produced the maximum possible 

response. In the present shidy, TNF was demonstrated to depress CYPlA activity by 

32% fiom control at 24 hours (fig. 16). The r d t s  obtained in this ceii ailture system 

are consistent with the data f?om in vivo assays (Gezzi et ai, 1986). The tirne course for 

the decrease in CYPlA activity is consistent with the theory that TNF signals the 

production of NOS2, which then releases nhic oxide that can act to fhctionally inhiiit 

cytochrome P-450. The results nom Western blot analysis are also consistent with a 
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ninctional inhibition, as 24 h m  stimulaton wah TNF pr&ced ody a siight depression in 

the ld of CYPlA protein. The fhdings fiom thiS Westem blot differ h m  the iiteniture 

in general, and the nproduciiiity of this result har not been established, thdore  it cannot 

be d e d  out tbat this represents expesimd aror, however the fiading is consistent with 

previous worL by Paton (1996), where 10 @mi TNF4 had no edf& on CYPl A protein 

level when incubateci with Hepal cells, despite a reduction in CYPl A activity. One 

possible exphmation for this is that the deaease in activity is due to a fûnctionai block of 

the enzyme by nitric oxide binding to the heme group. Another possiility is that the 

depression in CYPlA activity seen in response to TNF is due to a depression in the Ievei 

of CYPIAZ, which w d d  not be detected in the Western immunoblot. 

The existence of an intermediate protein mediating the effect of cytokines on 

cytochrome P-450 was established by the obsemtion that the depression of cytochrome 

Pa50 by in vivo admiaistrati . . 
'on of recombinant interféron was blocked in the presence of 

Actinomycin D or Puromycin, inhitors of protein synthesis (Renton et ai, 1990). 

Interferon added direaly to hepatocytes depresses cytochrome P-450, suggesting that the 

intemediate protein must be synthesized within the hepatocyte itseif(Monshower n ai, 

1995). There was a merence in the respoase to protein synthesis inbaitors of 

hepatocytes in which CYPlA was induced by adduig DBA to the plated hepatocytes 

compared with hepatocytes in which CYPlA had been induced prior to isolation by the 

1 .  administration of BNF to the mice. In the DBA indu& ceIls, the administration of the 

protein synthesis inhiiitors alone caused a signifïcant reduction in CYPlA activity reWe 

to the untreated cens (fig. 23 and fig. 25). In the celis £tom BNF treateà mice, this 
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reduction did not occuf, and Actinomycin D tended to produce a siight, but not signifiant 

incre85e in the CYPlA activity (iig. 24). TNFs fided to depress CYPIA in the preseace 

of the protein synthesis mhibiiors relatRe to the inhîbitors alone, hdicatmg that protein 

synthesis within the hepatocyte is required to produce this depression in CYPlA ac-. 

From these eirpernnentg it appears that induction of CYPlA prior to isolation of cells 

provides a mode1 that more ciody resembles the in vivo situation. ûne posriible 

explaination for the ciiflierences seen between the tells induced in v&o versus in vivo, is 

that in the DBA treated ceiis, the inducer may stili be present, and CYPlA synthd may 

be ongoing. The depressing effect of the protein synthesis inhibitors may have to do with 

an intemption of that process. In the dis fiom BNF treated mice, the induction is more 

likely to be complete, and thus the protein synthesis inhi'bitors alone have less of an &kt. 

Nitric oxide synthase is one possibile candidate for the intermediate protein. To 

investigate this, it was confirmed that the nitric oxide generating compound SNP was able 

to depress CYP 1 A activity in this culture systern. The depression in 8CtiVity was seen 

over the initial 30 minutes, which is the earfiest time point which can be measured using 

this technique. The speed with which SMP elicits this effect is not consistent with a 

mechanism involving a decrease in the production and stability of mRNq or a deaease in 

the synthesis of the apoproteh This response is more consistent with a fùnctional 

inhibition of the CYPlA due to NO binding to the heme podon of the enzyme. This is 

supporteci by Western blot anaîysis of the protein leveIs which did not show a decrease in 

the ~ ~ ~ ~ l o u n t  of CYPl A in response to SNP. even at the 24 hour time point, despite a 

depression in the CYPlA activity. 



Controversy exists ove the involvement of nitric oxide in the depression of 

cytochrome P-4Sû. Nit& o d e  symhase *tors have been reported to block the 

depression of cytocbrome P 4 0  by cytokines both m vivo, and in vibo, bwever, other 

studies suggest that the production of nitric oxide is not ropuired for the depression in 

enyme advity. ML and MO, selective inhiitors of NOS2, have not previoudy beea 

useâ in the study of  the &kt of cytokines on cytochrome P-450. As expected, NIL (100 

CiM) was able to prevent any depression in CYPlA 8CtiVity in response to TNF. NNA, a 

non-seiective NOS inhibitor, MO, and NIL (10 pM) reduced the extent of the depression 

in CYPIA afîer TNF shuiation to below a significant difference, but the &ect is more 

modest. The depression of CYPlA actMty in the presemce of 100 NNA and in the 

presence of 100 NIL was unexpected. The reason for this depression is unclear, and 

is difficult to rationaiize. Ifthere were a basal level of nitric oxide production, it would be 

expected to be exerhg an inhibitory tone on CYPlA activity, and the addition of an 

inhibitor wouid lead to a removai of this tone, and an increase in CYP l A activity. It was 

not obviously due to cytoton~ity as determined by visual observation, trypan blue, or 

protein content. Visuai observation and trypan blue exclusion accornpanied by visual 

observation may not be sufficiently sensitive. Celi death would likeiy be detected in a 

change in total protein, as dead celis wouid be less adherent, and therefore would be 

removed fkom the plate during the washùig step which preceded the scniping of the plates. 

As ail of the plates began with a p p r o d e l y  the same amount of protein, plates with 

conditions msing ceil death might show a decrease in protein This was also not the 

case, however, this rnay also not be sufficiently s d v e  to detect small changes in ce1 
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viabiiity. Another possibk cause of the & i  of the nitnc oxide synihese inhibitor Mes 

to the fact that nitrïc oxide deaeases total hepatic protein synthesis. If d amounts of 

mtnc oxide present under these control conditions were i n b i i i  the synthesis of a 

protein d o s e  m o n  is to inhibit CYPl A levds or actMty, thea the NOS2 inhCühr 

wouid remove that protein synthesis inhiiion, ailowuig the production of this inhiaitory 

protein, anci thereby lead to the decrease in CYPlA adMty. The existence of  such an 

inhibitory protein stpresseâ under wntrol conditions bas been proposed by others, as part 

of the expladon for the increase in cytochrome P-450 seen unda some conditions a f k  

exposure to protein m e s i s  inhi'bitors (Nemoto et al, 1991). The sensitivity of such a 

protein to smaii amounts of nitric oxide has not been demonstrated, nor has the presence 

of s m d  amounts of nïtric oxide under the present conditions. Highly sensitive techniques 

for the detection of nitric oxide might be able to determine ifany nitnc oxide is present 

under these m o l  conditi~ns~ NOS2 can be induced by factors other than cytokines, 

such as physical stress, so it is not impIausibIe that there rnay be some NO r e l d  during 

the isolation procedure. If the use of an antibody to completely inhiibit the nitric oxide 

synthase also led to such a depression in CYPlA activity, it would support a theory that 

low levels of nitric oxide present in the control conditions were involved with elevating 

CYPlA activity. In the presence of such an anti'body, very smaii arnouats of a niûic oxide 

donor could be added to see if a concentration exists where CYPl A activity is ekvated. 

The resuits found here are in agreement with an involvement of nitnc oxide in the 

cytokine mediated depression of CYPlA activiîy, as the potent and selective inhliitor was 

aiccessfiil at preveatiag a depression in CYPlA activity in response to TNF. 



The possible imroivement of the transaiption -or NF-KB in thh process was 

suggested by a number of liaes of aiidence, as dimmsed in section 1.6. Two mhiiors of 

NF-KB were used to determine if activation ofthis transcription -or is a requirement for 

the depression in CYPlA in response to TNF. The inhibitor BTEE was &ecfive at 

blocLing the depression in CYPlA actniity produced by TNF, however the large standard 

deviatons asmiated with the addition of the drug make it dEcuit to draw any 

con~lusions f?om these r d t s .  The inhibitor TPCK at 10 pM or 100 plkf had littie or no 

&éct on the depression of CYP 1 A 8CfjVity. SurprisiagIy, at 300 pM, TPCK had a very 

strong inducing ened on CYPïA actkity. This occutfed wen in the absence of any 

inducer. 

The results are not concIusive, but the results with BTEE suggest that there could 

be a role of NF-ICF~ in the depression of CYPlA activity. NF-@ activation has been 

identifid as a necessary step for the expression of the NOS2. As NO has been identifiai 

as a mediator of the depression of cytochrome P450, the activation of the tramaïption 

factor should dso be a 

part of the pathway leading to the depression of CYPlA If the NF-@ inhriitors had 

inhibited NF--, but had fkiieù to inhtiit the depression in CYPlA, it would be 

demonstrated that either NOS2 expression is not dependent on NF-KB, or that NO is not 

required for the Ulhiiition of CYPlA activity. It is difficult to c o h  the activation state 

of the transcription factor, as the a n t i i e s  availrible are developed in mice. Rat d s  

were isolated in an effort to cl* this problem, however, rat hepatocytes are more 

ciiflidt to separate f?om KupEer celis, and the influence of contaminating Kupffer ceils is 



a conceni for these cytokine errperiments. In addition, there was background 

fluorescence, a d  the acbivation in response to 'l'NF was d E d t  to distinguish b m  

conno1 dis. Mouse anti.bodies can be useû in the mouse dis, ifthey are pdabeded with 

a fluorescent compone~ belOre addition to the cells, howwer. the time required to 

devdop this technique would go b o n d  the completion of the projezt. Oiha NF43 

i n h i i o n  are avaiiable, and the effecî of these on CYPlA aannty, and the depression of 

that activity in response to cytokines may be worth pursuing. 

The direct CYPl A induchg &kt of TPCK at 300 p M  is interesthg if for no 

other reason than tbat this is such an &&ive inducer. The phenyl alaaine group ofthis 

drug could be argued as a potential site for it to be acting as a simple chemicai inducer, 

although this seems UnlikeIy, as phenyl alanine is an endogenously expressed compound. 

On the other hand the induction of CWlA may be an effect of inhibition of NF-KB. NF- 

rcB normally exists in an inactive fom in the hepatocyte (Freedman et al, 1992). hiMg 

the initial three hours of adherence to a plate, NF43 becornes active, and remains that 

way for a prolonged period of  the.  The leveis of cytochrome P-450 drop by 80% during 

the initial 24 hours afler plating (Freedmean et ai, 1992). The induction of cytochrome P- 

450 in response to TPCK may represent an inhibition of the denease in cytochrome P-450 

seen d e r  plating. This hypothesis is supporteci by the in vivo r d t s  where 30 mglkg 

TPCK fded to elevate cytochrome P-450 leveis, or CYPlA activity after 24 hours (fig. 

3 8, fig. 39). If the CYP l A induction in dnired hepatocytes in response to TPCK is 

related to its inhiiion of NF-* activation, it is not surpris'mg that it had no effect in 

vivo, where NF43 is present in an inactive state. This finding is consistent with a 
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hypothesis that NF-KB activation is invoived in the decrease in cytochrorne P450 seen 

&er p W g .  There are many questions remalliiag to be 8tlswefed related to this finding- 

This issue couid be examined in a d e t y  of wayg for example, exambing the &ect of the 

NF-ICB Uihibitor on constitutive €omis of cytochrome P-450 depressed during a h n e ,  but 

iasensitive to chernical inducers would 811swer the question of whether TPCK is acting as 

a chernical inducer. Inhiiitmg the tmmaiption fàctor with an antiidy aad looking at the 

&ect on cytochrome P-450 in culture, to see if it induced CYPl A a*, or adding NF- 

icB inhibitors to hepatocytes cultured in a manner that conserves its cytochrome P-450 

content, such as coiiagen gel matrices, or rotating culture flash, to see ifthere is an 

induction of cytochrome P-450 under these conditions. 



REFERENCES 

Abdel-Razzak ZP, Loyer AF, Gautier JC, Corcos L, Turtin B, Beaune PI& ad Guiiiouu) 
A (1993). Cytokines down- reguke expression of major cytochrome P-450 enymes in 
adult humaa hepatocytes in primary cuiture- Md. PhantaCacol 44: 707-71 5. 

A k h  S. Hirano T, Taga T, Kishimoto T (1990) Biology of r d t i b d o d  cytokines: IL 6 
and related molecules (IL 1 aud TNF). FASEB 4: 2860-2867. 

Azcona-ûlivera 3X, Ouyang Y, J i i  Mktbs, Chq FS, and Petska JJ. (1995). Induction of 
Cytokine mRNAs in Mice &er Oral Exposure to the Tricholthecene Vomitorrin 
(Deoxynivaienol): Reiaîionship to Toxh Distriiution and Protein Synthesis Inhriitioa 
Tw'wZ Appl Phannacoi. 133: 109-120. 

Barker CW, Fagan JB, and Pasco DS. (1994). Down-Reguiation of P4SOlAl and 
P4501A2 mRNA expression in Isofated Hepatocytes by Oxidative Stress. J.  Bid. C h  
269: 3985-3990. 

Bames PJ and M d  M. (1991). NF-tcB: A Pivitof Role in Asthma anci a New Target 
for Therapy. EPS. 18: 46-50. 

Baron S, Tyring SIC, Fleischmann RW, Copperhaver DH, Neisel DW, Klimpel GR 
Stanton J, and Hughes TK (199 1). The Interferons: Mechanisms of Action and Clinical 
Applications. JRMA. 266: 1375-1383. 

Bouwens L, De Bleser P, Vanderkerken Y Geerts B, and Wise E. (1992) Liver Ce4 
Heterogeneity: Functios of Non-Parenchymai Cek. Eiqyme. 46: 155- 168. 

Burke MD, Prough M, and Mayer RT. (1977). Chuacteristics of a Microsotmi 
Cytochrome P-488-Mediated Reaction: Ethoxytesonifin O-de-ethylation. h g  Meah 
A n d D i s p ~ ~  5: 1-8. 

Carlson TJ, and Billings RE. (1996). Role of ûxide in the Cytokine-Mediated 
Reguiation of Cytochrome P-450. Md PhanncrcoL 49: 796-801. 

Chang KC, Lauer BA, Beli TD, and Chai H. (1978) Altered TheophyUine 
Phanaacokinetics hiriag Acute Respiratory V i  Illness. k e t .  1: 1 132-1 133. 

Chen YI,, Florentin 1, Batt AM, Ferrari L, Giroud JP and Chauvelot-Moachon L. (1992). 
E f f i s  of Interleukin-6 on Cytochrome P4SO-Dependent Mixed Funcîion Orcidases in the 
Rat. Biochem. PhannacoL 44: 137-148. 

Cnib AE, Renton KW. (1993). Dissociation of Xaathine Orcidase Induction and 



Cytochrome P-450 Depression During I n t e r o n  Induction in the Rat. Biochem. 
Phamtacol. 46: 2114-2117. 

C m  RD, Ferrari Kispert PH, Stadlex J7 Stuebr DJ, Simmons RL, and Billar T. 
(1 991). Nieic Oxide and N ~ c  ûxide G e n d g  Compounds Inhibit Hepatocyte P r o t e  
SyntheSiS. FASEB. 5: 2085-2092. 

deBithizy 3D and Hayes JR. (1994). Metabolism: a detenninant of toxicity. Priciples md 
Methodî of ToxicoIogy, 3rd editioa Editted by Waiiace Hayes p p  59-1 00. Raven Press 
Ltd,, New York. 

Delaporte E. (1995). In PhD %sis " Mecfianisms of Interferon Mediated 
Downreguiation ofcytochrome P-450 Enzymesn. Dalhousie University7 HaW& NS. 

Delaporte E, and Renton KW. (1997). Cytochrome P-4501A1 and Cytochrome P- 
450 1 A2 are Downreguiated at Both Tmsxiptionai and Post-Transcriptional Levels by 
Conditions R d t h g  in Intederon-dp Induction. Life Sci. 60: 787-796. 

DiaAherra MIM, Velasco IM, Pvlartin-Sanz P, and Bosca L. (1996). Evidence for 
Common Mechanisms in the Transcriptional Control of TypeII Ntric Oxide Synthase in 
Isolateci Hepatocytes. J. Bioi. C'm. 271: 3011430120. 

DiDonato JA, Hayakawa M, Rothwarf DM, Zandi E, and Karin U (1997). A 
Cytokine-Respoosive 1-KB KUlase that Activates the Transcription Factor NF-KB. 
N i e .  388: 548-554. 

Dong W. Azcona-Olivera JI, Brooks KH, Linz JE and Petska JJ. (1994). Elevated Gene 
Expression and Production of Interleukllis 2,4,5 and 6 During Exposure to Vomitoh 
(Deoxynivalenol) and Cycloheximide in the EL4 Thyoma. Toxicol. Apppl PhannacoL 
127: 282-290. 

El Azhary R, Renton KW and Mannering GJ. (1979). Effect of Interferon Inducing 
Agents (Polyribcytidylic Acid and Tiorone) on the Herne Turnover of Hepatic 
Cytochrome P450. Mol. PhannacoL 17: 395-399. 

Essani NA, McGuire GM, Manning AM, and Jaeschke H. (1996). Endotoh-Induced 
Activation of the Nuclear Transcription Factor KB and expression of E-selectin Messenger 
RNA in Hepatocytes Kupfer Cells, and Endothelid Cells In Vivo. J.lmm2m. 156: 2956- 
2963. 

Fausto N7 Laird AD, and Webber EM. (1995). Role of growth factors and cytokines in 
hepatic regeneration. FASEB J 9: 1527-1 536. 



Freedmaa AR, Sharma RV, Nabel GJ, Emerson SG, and Grifnn GE. (1992). CeUular 
Distribution ofNuclear Factor KB B h h g  Activity in Rat Li. Biuchem* J.  287: 645- 
649. 

Fukuda Y, and Sassa S. (1994). Suppression of Cytochrome P4SOlAI by Interieoikin-6 
in Human HepG2 Hepaîoma CeIls. Bimhem, PharmocoL 47: 1 187-1 195. 

Geiler DA, FreeSwick PD, Nguyen D, Nusda Di Sihro M, Shapiro Rq Wang SC, 
Simmons RL, and Biliar TR (1994). DBerentiaI Induction of Nûic &de Synthase in 
Hepatocytes During Endotoxemia and the ACUfe-Phase Response. Arch Surg. 129: 
165-1 71. 

Ghezzi P. Saccardo B, and Bianchi M(1986). Recombinant Tumor Necrosis Factor 
Depresses Cytochrome P450 Dependent Microsornal h g  Metabolism in Mice. 
Biochem Biop!ys Res Commun. 136: 3 16-32 1. 

Ghezzi P, Bianchi M, Mantovani 4 Sprefico F, and Salmona M. (1984) Enhruiced 
Xanthine ûxidase Activity in Mice treated with Interferon and Interferin Inducers. 
Biochem Biophys Res Comnm. 119: 144- 149. 

Gonzalez F. (1992). Human Cytochromes P450: Problems and Prospects. I"PS. 13: 
346-3 52. 

Graham J. (1984). Isolation of Subcellular Organeiies and Membranes. In 
Cennifgation: A PracticuI Appruuch. Ed. Rickwood D. IRL Press Ltd. Oxford. pp 
161-182. 

ûumucio JJ, and Berkowitz CM (1992).Stn>ctural Organization of the Liver and Fmction 
of the Hepatic Acinus. In LNer d B i b y  Diseases. Ed Kaipowitz N. Wfiams and 
Wilkins, Baltimore. pp. 2-17. 

Halpert JR, Guengerich FP, Bend JR, C o d a  MA. (1994). Contemporary Issues in 
Toximlogy: Selective Inhitbitors of Cytochromes P450. Thcology rmd Appled 
PhannacoIoogy. 125: 163- 175. 

Han Y and Brasier A R  (1997). MechriniSm for Bipharic ReiA NLt-icB 1 Nuclear 
Translocation in Tumor Necrosis Factor a-Stimulated Hepatocytes. J.  Biol. Chem. 272: 
9825-9832. 

Hattori M, Togores A, Westwick JY Veloz L, Leffert HL, Karin M, and Brenner DA 
(1993). Activation of Activahg Protein 1 hiring Hepatic Acute Phase Response. Am. 
J.  Physol. 264: G95-G103. 



OG, Gross SS, R S d  AB, and Vane IR (1993). Nitnc ûxide is a Mediator 
of the Decrease in Cytochrome P-450-Dependent MetaboIism Caused by 
Imm~11ostimulauîs. Proc- Nd. A d  &i- 90: 1 1 147-1 1 15 1. 

Kim YM, de Vera ME, Watkins SC, and BiUar TR (1997). N ~ c  ûxide Protects 
Cultured Rat Hepatocytes h m  Tumor Necrosis Factor-a-Induced Apoptosis by Iuducing 
Heat Shock Protein 70 Expression. J.  Bioi. Chem 272: 1402-1 4 1 1. 

Kreamer MJ, FUCUk8wa CT, Koup JIS Shapiro GG, Piason WE, and Bierman CW. 
(1982). Altered Theophyllîne Clearance During an Influenza B Outbreak. Pedk~ics.69: 
476-480. 

Leeson G& Biedenbach S 4  Chan KY, Gibson JP, and Wright GJ. (1976) Decrease in 
the A w t y  of the hg-Metaboiking Enzymes of Rat Liver Foiiowing the Administration 
of Tilorone Hydrochloride. Met. &Di- 4: 232-238. 

Lowry OH, Rosebrough NJ, Farr AL, and Randal1 W. (195 1). Protein Measurement 
with the Folin P h i  Reagent. J.  Biot Chem. 193: 265-275. 

Monshouwer M, Witkamp RF, Nijmeijer SM, Amsterdam JGV, and Van Mert ASJPAM 
(1 996). Suppression of cytochrome P450- and glucuronosyi transferase-dependent 
enzyme dvities by proidammatory cytokines and possible role of nitric oxide in primary 
cultures of pig hepatocyte. Toxicol Appl Phmmacol137: 23 7-244. 

Moochala S and Renton W. (1991). A Role for Xanthine Oxidase in the Loss of 
Cytochrome PA50 Evoked Interferon. Cmr J. PtsannaC01. 69: 944-950. 

Moochhala SM. (1986). In PhD Ikis " & , W o n  of Mixed Funcion On'& by 
Interferon". Ddhousie University, Halifax, NS. 

Nathan C, and Xie Q. (1994) Regulation of Biosynthesis of Nitric O>cide. J. Biol. Chem. 
47: 13725-13728. 

Nemoto N, Sakurai J. (199 1). Increase of CYPl Al mRNA and AHH Activity by 
Mulbton of Either Protein or RNA Synthesis in Mouse Hepatocytes in PNnary Culaire. 
C'cinogenisis. 12: 2 1 15-212 1. 

Newton R, Adcock IM and Barnes PJ. (1996). Superinduction of NF-KB by 
Aainomycin D and Cycloheximidein Epithelial Cells. Biochem* Biophys- Res Corn* 
218: 5 18-523. 

Ogden JE, and Moore PK (1995 ). Inhibition of Nitnc &.ide Synthase-Potential for a 
Novel C h  of Therapeutic Agent? T r e d  in BiorechnoIbgy. 13: 70-78. 



Omura T, Sato R (1964). The Carbon Monoxide-bbding Pigment of Liva Microsomes. 
J ,  Biol Chem. 239: 2370-2378. 

Paton TE. (1996). In PhD Thess " Cytokine Mediateci Dowmegulation o f  CYPIAlU. 
Dalhousie University, Haüfàx, NS. 

Peterson TC, and Renton KW. (1986). Kupffi Cd Factor Mediated Depression of 
Hepatic Parenchymai Ceii Cytocbrome P450. Biochemid PhamzacoIogy. 35: 149 1- 
1497. 

Petska JJ, Tai JH, Witt MF, Dkon DE, and ForseII JH. (1987). Suppresson of immune 
response in the B6C3F1 mouse after dietary exposun to the F m ~ u m  Mycotoxhs 
Deoxynivaienol (Vomitoxh) and Zearalone. Food Chem Tmicol. 25: 297-3 04. 

Pfizenmaier y Himmler A, Schütz S, Scheurich P, and Kr6nke M. (1992). TNF 
Receptors and TNF Signal Transduction. T'or Necrosr's Factors: ï%e Molecules a d  
theri Emerging Role in Mealicine* Ed. Beutier, B. Raven Press, Ltd. New York 

Renton W. (1987). Cytochrome P-450-Dependent Monooxygemse Systems in Mouse 
Hepatocytes. In nie Imlared Hepalmyte: Use m Tmiwlogy and Xembiotic 
Bioliang50nn~orions. Ed. Raukman EJ, and Padilla GM. Academic Press Inc. Florida. 
pp. 69-92. 

Renton KW, Deloria LB, and Mannering GJ. (1 978) EEects of Polyribosinic 
AcidPolyribocytidylic Acid and a Mouse Interferon Preparation on Cytochrome P-450- 
Dependent Monoooxygenase Systems in Cultures of Primary Mouse Hepatocytes. Mol. 
Phmacol. 14,67248 1. 

Renton KW, and Knickle LC. (1990). Regdation of Cytochrome P-450 hiring 
Infectious D i m .  Cmr J.  Physiol. P m c o I .  68: 777-781. 

Renton KW and Armstrong SG. (1994). Immune-Mediateci Downregulation of 
Cytochrome P450 and Related Dmg Biotransfonnation. In Imm~otoxicology and 
Immunophannacology, second editm Ed. Dean, JH, Luster MI, Munson AE and 
Kimber 1. Raven Press Ltd. New York 

Renton KW, Mannering GJ. (1976b). Depression of Cytochrome P450-Dependent 
Monooxygenase Systems Wah Administered Interferon Inducing Ag-. Biochem. 
Biophys. Res. Commua 73: 343-348. 

Renton W. (1978). Theophyliine Pbarmacokinetics in Respiratory Virai IUness. Lamet. 
160-161. 



Renton KW. (1 98 1). Depression of Hepatic Cytochrome P-450-Dependent Mixed 
Function Oxidases hiring Infection With Encephalomyocsvditis V i s .  Biuchem. 
PhonnacoL 30: 2333.2336. 

Renton KW, and Mannering GJ. (1976%). Depression of the Hepatic Cytochrome P-450 
Mono-Oxygemse System by Admimstered Tiorone (2.7- bis[2- 
(diethy1amino)ethoxy]fluoren-9-0ne dihydrochloride) . DNg Met. and mi's. 4: 223- 
231. 

Sewer M, and Morgan ET. (1997). Nitric Mde-Independent Suppression of P4SO 
2C 1 1 Expression by InterIeukin- 1 p and Endotoxin in Primary Rat Hepatocytes. Biochem. 
Pharnnacd. 54: 729-737. 

Singh G, and Renton W. (198 1). Interfèron-Mediad Depression of Cytochrome P- 
450 Dependent Drug Biotnndormsition. Mol. PhantacoI. 20: 68 1-684. 

Shgh G, Renton KW, and Stebbing N. (1982). Homogaieous Interferon nom E Coli 
Depresses Hepatic Cytochrome P450 and Dmg Biotransfofmafion. Biochem. Biophys. 
Res. Corn. 106: 1256-1261. 

Stadler J, Trockfeld J, Schmalur W 4  BriU T, Siewert IR, Greim H, and Doehmer J. 
(1 994). Inhibition of Cytochromes P4501A by Nitri Oxide. Proc. Nd. A d  Sci. 91: 
355903563, 

Thal C, Kahwaji JE, Loeper J Tinel ibl, Dwsttadeh J, Labbe G, Leclaire J, Beaune P and 
Pessayre D. (1 994). Administration of High Doses of Human Recombinant Interleukin-2 
Decrease the Expression of Severai Cytochromes P-450 in the Rat. J. Phmmacol. Eap. 
mer. 268: 5 15-521. 

Whicher JT and Evans SW. (1990). Cytokines in Disease. Clin Chem. 36: 1269-128 1. 

Wfiams JF, Bernent WJ, Sinclair IF, and Sinclair PR (1 99 1) EEkt of Interleukin 6 on 
Penobarbitai Induction of Cytochrome P-450IIB in Culturd Rat Hepatocytes. Biochern. 
Biophy. Res. Commun. 178: 1049-1055. 

WiIliams JF. (1985). Induction of Tolerance in Mice and Rats to the Effèct of Endotoxin 
To Decrease the Hepatic Microsomai Mixed-Function &cidase System Evidence for s 
Possible Microphage-Derived Factor in the Endotoxin Enéct. Int. J.  Imrrm~)phmmac. 
7:  501-509. 

Wfiams SJ, Baird-Lambert J, and FarreU GC. (1987). Inhibition of Theophylline 
Metabolism by Inteneron. Lacet. 939-94 1. 



Wink DA, Osawa Y, Darbyshire JF, Jones CS Eshenaur SC, and N i  RW. (1993). 
Lnhiiition of Cytochrome Pd50 by N i c  &de and a N i c  Chcide-Re1easing Agent. 
Arch Biochem. Biophys 300: 1 15-123. 

Wright y and Morgan ET. (1991). Regdation of Cytochrome P450IIC12 Expression by 
Interieukin-l a, Interleukin-6, and Dexamethasone. Mol. PhaomacoL 39: 468474. 

X e  Q, Kashiwabara Y and Nathan C. (1994). Role of Transcription Factor NF-KB/Rei in 
Induction of Nitnc Olade Synthase. J.  Biol. Chem. 269: 4'7054708. 



l MAGE EVALUATION 

APPLIED 1 I M G E  . lnc 
S 1653 East Main Street - -- - a Rochester, NY 14609 USA -- = Phone: 71 W482-0300 -- == F~x:  71 6288-5989 




