THE PATHWAYS INVOLVED IN CYTOCHROME P450
REGULATION DURING LPS-INDUCED CENTRAL NERVOUS

SYSTEM AND PERIPHERAL INFLAMMATION

by

Dalya Abdulla

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
at
Dalhousie University
Halifax, Nova Scotia

November 2005

© Copyright by Dalya Abdulla, 2005



Library and
Archives Canada

Bibliothéque et
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-16708-3
Our file  Notre référence
ISBN: 978-0-494-16708-3
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
guelques formulaires secondaires
ont été enlevés de cette these.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



DALHOUSIE UNIVERSITY

To comply with the Canadian Privacy Act the National Library of Canada has requested
that the following pages be removed from this copy of the thesis:

Preliminary Pages
Examiners Signature Page (pit)
Dalhousie Library Copyright Agreement (piii)

Appendices
Copyright Releases (if applicable)



This thesis is dedicated to my wonderful family and husband who
have constantly provided me with support

v



Table of Contents

LIST OF TABLES ...ccoteritiriinticstinciesinissnsssessessssssssssssssssssssss s e s s
LIST OF FIGURES .....cuvniiiiirniniiinsninensenesscnnssssssnsssessisssessesssessesss s
ABSTRACT ...ccoirirircieeisninsninensssiesinsssensmsssssessssissssssssssss s s sa
LIST OF ABBREVIATIONS AND SYMBOLS USED ....ccccevvieiivnieiniineinnnnn

ACKNOWLEDGEMENTS ....coniininnnnsnminssncsssssessesssessssssessssessssssses

CHAPTER 1

INTRODUCTION ....ucoirvinirersinsnisnesserssnessissossissessssssesassssessesesssssascssses
1.1 THE INFLAMMATORY RESPONSE ......ccuvirnrisnursncsennncens
1.1.1 Lipopolysaccharide (LPS) ... et e
1.1.2 Toll-like receptor signal transduCtion ............cocooeviiiiiii i
L.1.3 Nuclear factor-ikB .......ooioii e e e e

1.2 BLOOD BRAIN BARRIER ..........ccvvrrinirunrenseinesncsnssesssnssessnenes
1.2.1 Effects of inflammation on the CNS and BBB permeability

1.3 CYTOCHROME P450 ......oueeeuvrinieninsinsiicnessesesssssssnssssesanesssannens

1.3.1 P450 intracellular 10calization .........ooviiieiiniii e
1.3.2 PAS0 HOMENClatULe ..ottt e e ——_—————-
1.3.3 P450 catalytic activity CyCle ......oeiiiiiii i

1.4 EFFECTS OF INFLAMMATION ON CYTOCHROME P450 ..........c............

1.4.1 Transcriptional regulation of cytochrome P450 during inflammation ............

1.4.2 Post-transcriptional regulation of cytochrome P450 during inflammation .....

16

.......................... 16
...................... 21

....................... 24

.24

25

.28

30
32

33



CHAPTER 2

THE ROLE OF BETA-ADRENERGIC RECEPTOR SIGNALING IN THE
REGULATION OF CYP1A1 IN A CELL CULTURE MODEL OF CNS

2.1 ABSTRACT ..ccoiinirinriericnsnssiessisissssssssssssssssssesssssssesssssssssssesssstssssssssesssrasess s savossass 36
2.2 INTRODUCTION ...cccivisursnsncssnsssrsnissessscssssscsssssesssessissssssssessssssssssasssessessasassssssns s e 38
2.2.1 Signal transduction through the beta-adrenergic receptor .........ccccovvvvecvennn e 39
2.2.2 Anti-inflammatory role of the adrenergic agents ...........c..ccooeoviiiiiiin, 39

2.2.3 ODJECHIVE uuuvnnteee et eee et et e erreneeeseeesenenien e e ee e 40
2.3 MATERIALS AND METHODS .....coocnviiincinnnnnenscsensscssnncsssnessessseessasiesssessassass 41
231 MALCIIALS oottt ettt et e e e 41
2.3.2 Isolation and treatment of astroCytes ..........ooevvivriiiniiiniiinincricree e 41
2.3.3 7-ethoxyresorufin o-dealkylase (EROD) activity and protein determination... 42

2.3.4 Nuclear extract preparations ..............eecerveeienrsrereeeneeneeneneenennneneenn... 43

2.3.5 NF-kB p65 subunit immunoblotting ............c..coooeiiiiii i, 44
2.3.6 Electrophoretic mobility shift assay (EMSA) ... 44
2.3.7 RNA isolation and northern blotting ..o 45
0 Tt 31 T 46
2.3.9 Statistical analySiS ....oueeieiinii i 47
24 RESULTS ..coiiiinricisinccinitinnessisnessesiisininosssssssisssssssasssssssessssssssnssasssnsosssssssessssseses 48

2.4.1 Isoproterenol and clenbuterol prevent the LPS-induced downregulation of
EROD ACHVILY ..ottt et eee e ee et et eeeenenieeieee e enennnnenaeen 48

2.4.2 The isoproterenol and clenbuterol mediated protection of the LPS-induced
downregulation in EROD activity is a f-adrenoceptor mediated process ............. 48

2.4.3 The isoproterenol and clenbuterol mediated protection of EROD activity is
a CAMP dependent PrOCESS ......vvuiureiitiiiiiiii i 51

Vi



2.4.4 Isoproterenol and clenbuterol prevent the LPS-induced upregulation in

TINFOUEXPIESSION ..t ettt et ettt et e et ettt e e et e et e e e eaas 51
2.4.5 Isoproterenol and clenbuterol do not exert their protective effect on the
LPS-induced downregulation in EROD activity through direct changes in
NE-KB @ VItY. .ttt e 55
2.5 DISCUSSION ...uuiiiinniniinsnnsseissiissacosessamssessssssssssssssssssssssesssssssssssssssssssasssnsessosasssassss 60
CHAPTER 3
THE PATHWAYS INVOLVED IN CYTOCHROME P450 REGULATION
IN THE LIVER DURING LPS-INDUCED CNS INFLAMMATION ......cccocervraee 65
3.1 ABSTRACT .uucieiieiseinuicsnisnisstsssissesensesessssessessssssessssssessasssssssssssssasssssssssssessassasssses 66
32 INTRODUCTION ...uociirrinieiisserssissnssnessncssesssissssssssessssssassessessssssasssssassssssssssssssssssss 67
3.2.1 Effects of inflammation on cytochrome P450 ...............ccoiiiiinet. 67
3. 2.2 OBJECHIVE . vnvvit ettt et et et e et s e e e e ineees 08
3.3 MATERIALS AND METHODS ....ccccvirviiininninscrssnississnscsnssssmsssssssssassssessesssssns 69
3301 ReAZENLS .. e 69
3.3.2 Animals and treatment ............c.oviiiiiiiii e e ees 09
3.3.3 Tissue isolation, microsomal fraction preparation, and microsomal
MELADOLISII ASSAYS .. vttt ettt ettt e 70
3.3.4 RNA extraction and northern blot analysis ...........c.ooooviiiiiiiiiiiii 72
3.3.5 Real-time quantitative PCR ............o. 73
3.3.6 Cytokine MeasuremMents . .........ouueenientiitiiitaitae et eeeee e 73
3.3.7 Nitrite MEASUIEIMENES .. ...ttt ittt et et e e e e ae e enaenes 74
3.3.8 Determination of endotoxin levels .............covii i 74
3.3.9 Liver nuclear fraction 1S01ation ............ccoiiiiiiiiii i, 75
3.3.10 Electrophoretic mobility shift assays .........c.coviiiiiiiiiiiiiiii 76
3.3.11 Statistical @analysis ........ovuieiiriiii i 77

vil



A RESULTS wientititininiininsiinisessinissnesiisssssssissssssssisssssessssssssssssssssssssssassnsassosse 79

3.4.1 The intracerebroventricular injection of LPS initiates an inflammatory
response inthe brain and liver ... 79

3.4.2 The effects of CNS inflammation on mRNA expression of CYP isoforms .... 84

3.4.3 The involvement of hepatic transcription factors in the regulation of CYPs
during LPS-induced CNS inflammation ................coooiiiiiiiiiiiiniiiiineinnn, 84

3.4.4 The peripheral effects on hepatic CYP expression observed following i.c.v.
administration of LPS can not be completely accounted for by cytokines ............ 94

3.4.5 LPS levels are detected in the serum of animals given 25 pg of LPS by

1.CV. OF 1P IJECHIOM « e uiee ettt e e et e et e e e 94
3.5 DISCUSSION .uiiiiiiirtininsninissneisssssisiosisssissssssssssssssssssssssssossssssssssossssassssssssasassss 103
CHAPTER 4

THE REGULATION OF HEPATIC CYP2DS5 DURING LPS-INDUCED
PERIPHERAL AND CNS INFLAMMATION IN THE RAT ......ccceecvvnnnnnnn... 109

4.1 ABSTRACT .ocieeieiiricisesinssisciicsssisisssisssesississssessesssssssssssssssssssssssssnssssosssnsssssssas 110

4.2 INTRODUCTION ...uurereiisininncsssisamoissnsssscsnssasssssssssssssssssssssnsossssssssssssssasssssssesassntos 111
4.2.1 Regulation of CYP2D 1SOfOrms ......o.vvniiiiiiii e 111
4.2.2 GA binding proteins and CYP2D regulation .............cooiviiiiiiiiiiinenn 112
4.2.3 Regulation of CYP2D isoforms during inflammation ........................... 113
424 ODJEOIIVE - .ttt ettt e e e e e e 113

4.3 MATERIALS AND METHODS ....coiivinuininrnnnnsresisissnssessssssssssssssssessassassessssssens 114
4301 REAZEILS vttt ettt e e e e e 114
4.3.2 Animals and treatment ...........oooiiiiiiii 114
4.3.3 Plasmids and CONSLIUCES ......ouiniieiiii e 115
4.3.4 RNA and northern blot analysis ...........ooiviiiiiiiiiii i e 116
4.3.5 Real-time quantitative PCR ... 118

viil



4.3.6 Liver nuclear fraction isolation ...........c..cooiiiiiiii i
4.3.7 In VItro translation ..........ooeiieiiii i e
4.3.8 Electromobility shift assays .........c..coiiiiiiiiiiiiii
4.3.9 Transient transfection assays ...........ooeeiuiiuiirniiiiii i
4.3.10 Statistical analysis ........o.oieiniiniiiii e
4.4 RESULTS ..uciiinienininnniisnississeninimsmsaisssesessissssssssssssssssssstsssesssssassssesssasssessessssssnsansens

4.4.1 CYP2D5 mRNA is downregulated following the i.p. administration of
LPS

4.4.2 Loss of CYP2D5 promoter activity following mutation of the NF-«B site ...

4.4.3 GA binding protein increases the basal luciferase activity of CYP2D5
PIOMIOTET ...ttt e e

4.4.4 GABP binding is decreased during peripheral inflammation induced by
LPS

4.5 DISCUSSION ..uucrviiriirrnrisrisncssnisisnississsssssiesssssssssssissesssesssssssssessisssssssasesassnssasssssneses
CHAPTER 5
THE DIFFERENTIAL REGULATION OF HEPATIC CYP2E1 DURING
LPS-INDUCED PERIPHERAL AND CNS INFLAMMATION IN THE
5.1 ABSTRACT ...covririniieinenisnninesiesissiaininsisisisnsssisssnssssssssssessssssessassassssassnssssssss s
S.2 INTRODUCTION ....ciiniveirinsisnisnnsisnisnessisnessisnisnssmssssssessessassssssissasssssssssssassssnssns
5.2 CYP2EL oot e
522 CYP2ET regulation ...c..ouiniiiii i
5.2.2.1 Ethanol regulation of CYP2E1 ...
5.2.2.2 CYP2E1 regulation during conditions of inflammation ..................

5.2.2.3 Role of transcription factors in CYP2E1 regulation .......................

5.2, 3 OOtV vttt

X



5.3 MATERIALS AND METHODS ......ouoviiniinecrincrsnrssessecssssssesiessasnessesassrsnsonees ss 154

5.3 L REAGENS vttt 154
5.3.2 Animals and treatment ..........oovuiiiiiii e 154
5.3.3 Microsomal fraction preparation and CYP2E1 metabolism assay ............. 156
5.3.4 Western blot analysIs .....oouuiriiriiit et ee e e e e e 157
5.3.5 RNA extraction and northemn blot analysis ..................cocoiiiiiiin . 157
5.3.6 Liver nuclear fraction eXtraction ............ccveiiviiiieiiiiiiiiiiiaiiiieenins 158
5.3.7 Electromobility shift assays .........ccoviiiiiiiiiiiii i 159
5.3.8 Statistical analysis .......ooriiniitiitr e 160
5.4 RESULTS ocoviiiiiisinsinsenssnesssssissusssnssiessessssssssssnsssssssssssssssesstsssasssssssssessssesssssssssones 162

5.4.1 Hepatic CYP2E1 mRNA levels are upregulated in response to the i.c.v.
or 1.p. administration of LPS ... ... 162

5.4.2 CYP2EL1 catalytic activity and protein is downregulated in response to
the i.c.v. or i.p. administration of LPS ..ot 164

5.4.3 Cycloheximide and actinomycin-D have no effect on the LPS-induced

downregulation in catalytic CYP2E1 actiVity .........ovvvviiiiiiiniiiiiiiiiieieenenne 168
5.5 DISCUSSION .uccuiiiuirririsinesressesessesissisiessssisessessesissssssssssssssssesassssssssssssssssassesssssosse 174
CHAPTER 6
CONCLUSION L tiiiiiiiiiiiiitiiiiiiiitiititiiieatiitettsstatessntetsssammmeniinssses 178

6.2 SIGNIFICANCE ...coceiivicsunsicsnsrnsnisissiensscassensierssecasacinsscssssssscsssscsssssonsss 182
6.3 FUTURE WORK ...c.ouiiiiiiiiiiiiiiiiiiiiiiiiiieiiisieeiisseieisiesesssscncinsesnses 185

6.3.1 Examination of potential mechanisms and pathways to protect against the
LPS-induced downregulation in CYPIA activity ........cccoiiiiiiiniiiiiiiieenes 185

6.3.2 Determining the kinetics of LPS following its i.c.v. administration and
determining the mechanisms by which it causes changes in the regulation of



hepatic PASO ... 185
6.3.3 Understanding the role of GABP and whether it interacts with NF-xB in
the regulation of CYP2D1/S5 ... e 187
6.3.4 Further elucidation of hepatic CYP2E1 regulation during LPS-induced
INFlAMMALION ...t e 188
APPENDIX A
CO-AUTHORED PUBLICATION ....ciitiiiiiiiiiiniiiiiiniineiieicasintsnessnresresann 189
APPENDIX B
COPYRIGHT PERMISSION LETTERS ...ccuiiuiiiiiiiiiiiiiiiiiiiirieierinenaenn 227
REFERENCES ....uuiniiierininneiiinnictssstississessssissessssssssssssssssstsssssss s s s s ssssesas sssessese 233

x1



List of Tables
Table 1.1 The biological function of selected cytokines ...............coceeviiiiiiininnnnnnn. 3

Table 3.1 List of EMSA oligonucleotides ...........oeiiiiiiieiiiiiiiie e, 78

Table 3.2 The effects of 25 pg LPS administered i.v. on the activity and expression

of hepatic P450 isoforms and inflammatory mediators ...................coeiviininnnn. 102
Table 4.1 A description of the primers utilized for plasmid construction ................ 117
Table 4.2 A description of the primers utilized for northern blot probe synthesis

and for QPCR analyses .......oiueiiiitii it 119
Table 4.3 A list of primers used for EMSA studies ...........ccoooeviiiiiiiiiiiiiinn 124
Table 5.1 List of EMSA oligonucleotides ...........euvveiiiiiiiiniiiiiii e 161
Table 5.2 The effects of cycloheximide and actinomycin-D on the mRNA

expression levels of CYP2E1 following either the i.c.v. or i.p. administration of

LS o 172

Xii



List of Figures

Figure 1.1 A depiction of some of the events that occur during the inflammatory
response as part of the innate immune system .................o..oviieiinn..... 4

Figure 1.2 A depiction of some of the general mechanisms by which cytokines cause

thelr effects ..., 5
Figure 1.3 Outer layer structure of gram negative and positive bacteria ..................... 7
Figure 1.4 The structure of LPS ... i e 8
Figure 1.5 Mechanisms by which LPS causes sepsis and multiple organ failure in the

ROSt L ee 9
Figure 1.6 The different types of toll-like receptors ..............ovivviiiiiiniininininin... 10

Figure 1.7 Interaction between LPS and LBP and anchorage to TLR4 through CD14
INEETACKION . .o.et ittt e e et 12

Figure 1.8 Some of the pro-inflammatory and anti-inflammatory cytokines activated

by TLR Stimulation ...........ooeiiiiii v 13

Figure 1.9 Intracellular signal transduction through TLR .................ccoooiiiin 14
Figure 1.10 Signal transduction pathways elicited by stimulation of IL-6, IL~1,

TNFo, and TLR ... e, 15

Figure 1.11 The two pathways of NF-kB activation .....................cocoviiiiiiiinnn 17

Figure 1.12 A schematic outlining the differences between the BBB and the
blood-CSF barrier and the differences between neuronal and
non-neuronal capillaries ............oovvviiiiiiiii 18

Figure 1.13 Location of astrocytes on the endothelial cells in the BBB .................... 20

Figure 1.14 Hypothetical schematic outlining the characteristics of BBB endothelial

cells during conditions of CNS inflammation ......................ocooiiinin. 23
Figure 1.15 Induction of CYP1A, CYP2B, and CYP3A isoforms .........cccoveuvinnnnnn. 29
Figure 1.16 A typical P450 catalytic CYCle ........ovviniiiriiiiiiiiiee e 31

Figure 2.1 Isoproterenol and clenbuterol protect against the LPS-induced
downregulation in CYP1A1/2 activity in astrocytes ............c..oocoeeeeen... 49

Xiil



Figure 2.2 Isoproterenol and clenbuterol protect against the LPS-induced

downregulation in CYP1A1/2 activity in astrocytes ...........coceveveenvnnen.. 50
Figure 2.3 The protection in the LPS-induced downregulation in CYP1A1/2

activity by isoproterenol and clenbuterol in astrocytes is a beta-

adrenergic receptor mediated effect ... 52
Figure 2.4 The isoproterenol and clenbuterol mediated protection in CYP1A1/2

activity following LPS stimulation in astrocytes occurs through

Increases i CAMP ..o 53
Figure 2.5 Isoproterenol and clenbuterol abrogate the LPS-induced upregulation in

TINFO @XPIESSION ..ttt et et ettt et ettt et ettt 54
Figure 2.6 The protective effects of isoproterenol and clenbuterol on the LPS-

induced downregulation in CYP1A1/2 activity occurs independent of

changes in p65 translocation ...........oviiiieriiiiii i 56
Figure 2.7 Isoproterenol and clenbuterol have no effect on the LPS-induced

upregulation in NF-kB binding in astrocytes ..........ccovvviiiiiviiiiiinennnnn, 58
Figure 2.8. The effects of isoproterenol and clenbuterol on the LPS-induced

upregulation of IkBa expression in astroCytes ........evueeueiininieiinieininne 59
Figure 3.1. The upregulation of TNFa and IL-1p levels in the brain following the

administration of LPS into the lateral cerebral ....................c.oc 80
Figure 3.2 The induction of an inflammatory response in the liver in response to the

administration of LPS into the lateral cerebral ......................... 82
Figure 3.3 An increase in nitrite levels in plasma of rats occurs in response to the

administration of LPS into the lateral cerebral ventricle ........................ &3
Figure 3.4 Rapid changes in the expression of CYP2D1/5, CYP2B1/2, and CYP1A1

occur following the administration of LPS into the lateral cerebral

ventricle to induce CNS inflammation ............coooiiiiiiiiiiinin 86
Figure 3.5 The binding of specific transcription factors in the liver is increased in

response to the administration of LPS into the lateral cerebral ventricle ..... 89
Figure 3.6 NF-«B plays a vital role in the regulation of CYP isoforms .................... 91
Figure 3.7 The roles of C/EBP and NF-«kB in the regulation of CYP2B1 and

Y P L A i e e e 93

X1V



Figure 3.8 CREB does not play a role in the regulation of CYP1ATL ....................... 95

Figure 3.9 The non-involvement of several pathways in mediating the effects of LPS
1.c.v. on hepatic CYP 1s0forms ........ooovviiiiiiiiiiii e, 97

Figure 3.10 The non-involvement of several pathways in mediating the effects of
LPS i.c.v. on hepatic CYP 1soforms .........coooiiiiiiniiiiii i, 98

Figure 3.11 The levels of endotoxin detected in the serum of animals injected with
25 UG LPS 1. OF 1.0V ittt et e 100

Figure 3.12 A proposed mechanism by which LPS regulates hepatic cytochrome
P450 following its administration into the lateral cerebral ventricle ......... 104

Figure 4.1 Identification of IVT translated product for GABPo and GABPJ using
35-sulpher methionine .........ccooiiiiiiiiii i e 122

Figure 4.2 The effects of peripherally administered LPS on hepatic CYP2D1/5
mRNA expression and NF-kB binding ...........c..cooviiiiiiiiin. 129

Figure 4.3 The effects of TNFa treatment and p65 co-transfection on pCYP2D5—
NFxB-Luc in cos-7 cellsand Fao cells ...........cooiiiiiii 131

Figure 4.4 The effects of TNFa treatment and p65 co-transfection on pSxxB—Luc
incos-7 cellsand Fao cells ..........cooooiiiiiiiii 132

Figure 4.5 The reduction in pCYP2D5-mutNF«B-Luc compared to pCYP2D5—

NFxB-Luc activity in cos-7 cells and Fao cells ..............c..ocooi 133
Figure 4.6 The effects of GABPa and GABPf on pCYP2D5-NFxB-Luc and

pCYP2D5-mutNFxB-Luc in cos-7 and Fao cells ................coooinnen. 135
Figure 4.7 The effects of administering LPS i.p. and i.c.v. on Ets binding in rat

NS P 137
Figure 4.8 No GABPa supershifts are observed on the Ets consensus or CYP2D5

NF-KB PrOMOLET .. .uvteeit it e 139
Figure 4.9 Inability to determine whether GABPo and GABPJ proteins obtained

through IVT reactions can bind directly to the putative NF-kB region

onrat CYP2DS promoter .........oooiniiiiiiiiii 140
Figure 4.10 The effects of the i.c.v. administration of LPS on hepatic GABPa and

GABPP MRNA EXPIreSSION .. .euuettenintettettrteeenerienieaienenteaeaeeneenenn 141

XV



Figure 4.11 The effects of the i.p. administration of LPS on hepatic GABPa and

GABPB MRNA €XPIeSSION ...uuviuintiiiiiiiiiietieente et et aieneaienanns 142
Figure 5.1 Schematic indicating the dose schedules for the administration of

cycloheximide and actinomycin-D ... 155
Figure 5.2 CYP2E1 mRNA is upregulated in response to the i.c.v. and 1.p.

administration of LPS .. ..o 163
Figure 5.3 The effects of LPS on HNF-1a binding on CYP2E1 promoter ............... 165

Figure 5.4 The effects of LPS on AP-1 and MKKS binding on CYP2E1 promoter .... 166

Figure 5.5 CYP2EI catalytic activity is downregulated in response to the i.c.v. and
1.p. administration of LPS .. ... 167

Figure 5.6 CYP2EI1 protein level is downregulated in response to the i.c.v.

administration of LPS ... e 169
Figure 5.7. The administration of actinomycin-D has no effect on LPS-induced

effects on hepatic CYP2EL ... 170
Figure 5.8. The administration of cycloheximide has no effect on LPS-induced

effects on hepatic CYP2EL ... ..o 171

XVl



Abstract

The cytochromes P450 represent a superfamily of heme-containing drug metabolizing
enzymes found in the liver and in other tissues. The regulation of these enzymes is altered
during conditions of infection and inflammation however the mechanisms leading to such
changes remain largely unknown, with cytokines believed to play a role in this

regulation. The objectives of this thesis were to examine potential mechanisms that
protect against the downregulation of cytochrome P450 (P450) and to determine the
mechanisms of P450 regulation during conditions of lipopolysaccharide (LPS)-induced
inflammation. Based on the fact that norepinephrine has many anti-inflammatory
properties, we chose to examine the potential effects of beta-adrenergic stimulation on
CYP1A levels using an in vitro model of central nervous system (CNS) inflammation
induced by incubating primary astrocytes with LPS. Our results demonstrate that the co-
administration of beta-adrenergic receptor agonists with LPS to cultured astrocytes
prevents the LPS-mediated reduction in CYP1A activity in part due to a reduction in
TNFo. To outline the mechanisms by which LPS regulates P450 in vivo, we administered
LPS either intracerebroventricularly or intraperitoneally and examined the mRNA
expression of CYP1A1/2, CYP2B1/2, CYP2D5, and CYP2E1. We show that during CNS
inflammation, LPS is detected in the serum as early as 15 minutes following its i.c.v.
administration. The results indicate that various transcription factors such Nuclear Factor
kappa B (NF-kB) play an important role in the regulation of P450 during LPS-induced
inflammatory models. In addition, we show that the regulation of CYP2E1 during

conditions of LPS-induced inflammation occur predominantly at a post-transcriptional

level.
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CHAPTER 1

INTRODUCTION



1.1 The inflammatory response

Immunity defines the ability of the host to respond to tissue injury or infectious diseases
[1]. Immunity comprises both a non-specific (innate immunity) and a specific component
(adaptive immunity). Innate immunity refers to the acute response that allows pathogen
elimination and tissue repair. The inflammatory response is considered as one part of the
innate immune response (illustrated in Figure 1.1), and the events it comprises include
vasodilation, an increase in capillary permeability to cause tissue swelling, and the influx
of phagocytes from the capillaries into the affected tissues [2]. Adaptive immunity refers
to the antigen specific response to foreign antigen [1].

An effective inflammatory response depends on the complex interaction between
various cell types such as lymphoid cells, inflammatory cells, and hematopoietic cells,
which interact among each other with the aid of a group of proteins known as cytokines
[2]. Cytokines are low-molecular weight proteins or glycoproteins secreted by white
blood cells in response to various stimuli and mediate cell-to-cell interaction of the
immune system [2]. Table 1.1 (adapted from [2]) shows some of the important cytokines
that will be discussed throughout this thesis and Figure 1.2 shows some of the ways by
which cytokines act to cause their effects [2]. Some of the signal transduction
mechanisms by which cytokines cause their intracellular effects will be discussed later in
this section.

1.1.1 Lipopolysaccharide (LPS)
LPS is a large complex molecule found in the outer layer of gram-negative bacteria. The

outer layer of the gram-negative bacteria is more complex than that of the gram-positive



Table 1.1 - The biological function of selected cytokines (adapted from [2]).

Cytokine

Major Functions

Interleukin-1 (IL-1o and 1- Enhances the activity of natural killer cells
IL-1B) 2- Chemotactically attracts macrophages and
neutrophils
3- Induces the synthesis of acute phase proteins
from hepatocytes
4- Induces fever
Interleukin-6 (IL-6) 1. Induces the synthesis of acute phase proteins
from hepatocytes
2. Stimulates antibody release from plasma cells
Interleukin-10 (IL-10) 1. Suppresses cytokine production from
macrophages
2. Anti-inflammatory cytokine
Interferon alpha (IFNa) 1. Inhibits viral replication in uninfected cells
Interferon beta (IFNfB) 1. Inhibits viral replication in uninfected cells
Interferon gamma (IFNy) | 1. Enhances the activity of macrophages
2. Inhibits viral replication in uninfected cells
Leukemia-inhibitory 1. Induces the synthesis of acute-phase proteins
factor (LIF) from hepatocytes
Tumor necrosis factor 1. Has a cytotoxic effect on tumor cells
alpha (TNFa) 2. Induces cytokine secretion from inflammatory
cells
3. Responsible for extensive weight loss
(cachexia) resulting from chronic inflammation
Tumor necrosis factor 1. Has similar activities to TNFo
beta (TNFB) 2. Has a cytotoxic effect on tumor cells
3. Enhances the phagocytic activity of

macrophages and neutrophils
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Figure 1.1 — A depiction of some of the events that occur during the inflammatory
response as part of the innate immune system. These events include vasodilation, an
increase in capillary permeability to cause tissue swelling, and the influx of phagocytes
from the capillaries into the affected tissues. Figure taken from [2].



Trduding
stiiug

| Cywekinepeaduning vell

LAtoking

PN teuge e
y

Fedocsine aution frrsaant ooll

Figure 1.2 — A depiction of some of the general mechanisms by which cytokines
cause their effects. Cytokines can either act on the same cell that released them
(autocrine fashion), or on neighbouring cells (paracrine fashion). Cytokines may also be
relased into the systemic circulation and travel to act on distant cells (endocrine fashion).
Figure taken from [2]



bacteria; the latter consists only of a single layer of peptidoglycan adjacent to the plasma
membrane [3, 4]. In a gram-negative bacteria, there are two outer layers adjacent to the
plasma membrane, with the inner part composed of a thin layer of peptidoglycan and the
outer segment consisting of LPS (outlined in Figure 1.3 A and B) [3]. LPS contains both
lipid and carbohydrate components and consists of three parts (outlined in Figure 1.4):
lipid A, core polysaccharide, and the O side chain [4]. Due to its toxic properties, the
presence of the lipid A component causes LPS to be considered as an endotoxin [4].
Lipid A is also the only portion of LPS recognized by the innate immune system [3, 5].
Infection by E. coli (a gram negative bacteria) in humans leads to a condition
known as gram-negative sepsis, a term that describes the often fatal response of the
immune system against microbial pathogens and which leads to an annual 200,000 deaths
in the United States alone [3, 5, 6]. The presence of bacterial pathogens in the CNS can
cause bacterial meningitis, which is also associated with a high morbidity and mortality
rate despite effective anti-microbial treatments [7, 8]. Some of the general mechanisms
by which LPS can cause sepsis and multiple organ failure are shown in Figure 1.5.
1.1.2 Toll-like receptor signal transduction
Most of the intracellular cytoplasmic signals observed following LPS are caused by
activation of a receptor known as Toll-Like receptor 4 (TLR4) [5]. These receptors were
first identified in Drosophila where they were found to be involved in dorsal-ventral
patterning in embryos and in the induction of an antifungal response [5]. Different Toll-
like receptors can identify different pathogen-associated molecular patterns (PAMPs)
(outlined in Figure 1.6) [9]. TLR2 recognizes lipoteichoic acid and peptidoglycans, TLR9

is activated by bacterial DNA motifs, and both TLR3 and TLR7 are involved in the
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Figure 1.3 — Outer layer structure of gram negative and positive bacteria. Panel A
depicts the difference in structure between the outer layers of gram-positive and negative
bacteria. Panel B shows the components of a gram-negative bacterial outer layer, with a
perspective on the location of LPS. Both panels taken from [4]
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Figure 1.4 — The structure of LPS. LPS consists of a core polysaccharide with a lipid A
and an O side chain. It is the Lipid A component that is recognized by the innate immune
system and causes the stimulation of an inflammatory response. Figure taken from [4].
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Figure 1.5 — Mechanisms by which LPS causes sepsis and multiple organ failure in
the host. It is thought that LPS or other bacterial products activate various cells types to
lead to the production of cytokines and other mediators, eventually leading to sepsis and
multiple organ failure. TF refers to transcription factor and PAI-1 refers to plasminogen-
activator inhibitor type-1. Figure taken from [10].
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Figure 1.6 — The different types of toll-like receptors. This figure shows the anchorage
of several types of TLR and the ligands they respond to. TLR1, TLR2, TLR4, and TLRS
are considered as cell surface receptors, whereas TLR3, TLR7, TLRY, and TLRS are
present in intracellular compartments such as the endosome. Some TLR act separately
(such as TLR4) whilst others act in heterodimeric form (such as TLR2/TLR6 and
TLR2/TLR1). Figure taken from [11]
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Immune response against viral infections [12]. More than 10 TLR are thought to exist in
rodents and humans [13].

It is believed that when LPS is present in the serum, it binds to a protein known as
LPS-binding protein (LBP) [14]. The LPS-LBP complex then engages to the GPI-linked
glycoprotein CD14 (Figure 1.7) [13, 14]. CD14 exists in two forms: soluble CD14
(sCD14) found on endothelial cells and membrane-bound CD14 (mCD14) present on the
surface of myeloid cells [14]. Since CD14 is not a transmembrane receptor, it cannot
transduce the cytoplasmic signals elicited by LPS [5]. The LPS-LBP complex is then
brought into direct contact with TLR4 and another glycoprotein known as MD-2 (Figure
1.7) [13]. All of the Toll-like receptors have a Toll/IL-1 receptor (TIR) domain
responsible for signal transduction [9]. Signal transduction through TLR4 involves the
sequential recruitment of myeloid differentiation factor 88 (MyD88) and IL-1 receptor
associated kinase (IRAK) [15, 16]. One of the main intracellular signaling pathways
activated by LPS through TLR4 stimulation is Nuclear Factor kappa B (NFxB)
activation, which leads to the synthesis of both anti-inflammatory (IL-10) and pro-
inflammatory cytokines (TNFa, IL-1, and IL-6) (Figure 1.8) [5]. Using MyD88 knockout
mice, it has been shown that LPS is able to stimulate NF-kB activation, albeit with
slower kinetics and the expression of only a target subset of genes [16]. The pathway for
TLR signal transduction (including LPS signaling through TLR4) is outlined in Figure
1.9. For comparision, signal transduction through the cytokine receptors IL-6, IL-1, and

TNFa is shown in Figure 1.10 A and B.
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Figure 1.7 — Interaction between LPS and LBP and anchorage to TLR4 through
CD14 interaction. Schematic depicts the proposed mechanism by which LPS is
anchored to TLR4 to cause its effects. See text for details. Figure taken from [17]
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Figure 1.8 — Some of the pro-inflammatory and anti-inflammatory cytokines
activated by TLR stimulation. Figure shows that NF-kB can be considered as an almost
universal signal transduction mechanism for TLR activation, however some pathways
occur independent of this transcription factor (not shown in Figure). Both pro-
inflammatory and anti-inflammatory cytokines are released from TLR stimulation. Figure
taken from [18]
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Figure 1.9 — Intracellular signal transduction through TLR. This figures illustrates
some of the intracellular mechanisms by which TLR signal intracellularly. NF-«B is
depicted as the key transcription factor activated by these signal transduction
mechanisms. See text for details for an explanation of the other molecules involved in
these signal transduction processes. Figure taken from [11]
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Figure 1.10 — Signal transduction pathways elicited by stimulation of 1L-6, IL-1,
TNFa, and TLR. Schematics showing the differences and similarities in signal
transduction between three of the major pro-inflammatory cytokines and TLR
stimulation. Both panels taken from [19].
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1.1.3 Nuclear factor-«B

Stimulation of many cells types by LPS and TNFa causes the activation of NF-kB, which
is considered as a common pathway for many inflammatory signaling pathways. The NF-
kB family of proteins consists of five members: p65 (RelA), RelB, c-Rel, p50/p105 (NF-
kB1), and p52/p100 (NF-kB2) [16]. In un-activated states, NF-kB proteins exist in a
homodimeric or heterodimeric form in the cytoplasm [20]. Following stimulation by an
extracellular signal, the inhibitor protein of IkB kinase (IKK) is activated and causes the
phosphorylation of two specific serine residues on IxkB proteins (IkBa and IxBf) [20].
Phosphorylation of the IxkB proteins signals them for ubiquitination, which allows the
free NF-kB to be available for translocation into the nucleus [20]. After nuclear
translocation, NF-kB can bind to the promoters of target genes and activate the
production of more cytokines and inflammatory mediators [20]. One of the main genes
upregulated by NF-kB is IkBa, which serves as a negative feedback loop to control the
activity of NF-xB [16]. NF-kB activation may occur through either the classical or
alternative pathway, where the main differences between the two pathways is the IKK
subtype required to activate translocation of NF-xB into the nucleus and the stimulus for
NF-xB activation (both pathways outlined in Figure 1.11) [16]. Upon nuclear
translocation, NF-xB binds to promoter regions containing the following consensus
sequence: GGGRNNYYCC (N = any base, R = purine, and Y = pyrimidine) [16].

1.2 Blood-brain barrier

The blood-brain barrier (BBB) and the blood-cerebrospinal fluid (CSF) barrier are
considered as the primary interfaces between the central nervous system (CNS) and the

peripheral circulation (illustrated in Figure 1.12 A) [21]. The existence of the BBB has
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Figure 1.11 — The two pathways of NF-kB activation. NF-xB activation may occur
through either the classical (panel A) or alternative pathway (panel B), where the main
differences between the two pathways is the subtype of IKK required to activate NF-xB

translocation into the nucleus and the stimulus for NF-kB activation Figure taken from
[22].
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Figure 1.12 — A schematic outlining the differences between the BBB and the blood-
CSF barrier and the differences between neuronal and non-neuronal capillaries.
Panel A depicts the BBB and the blood-CSF barrier, where the BBB is located at the
cerebral capillary endothelium and the blood-CSF barried is located at the choroid plexus
epithelium and arachnoid membranes. The block arrows indicate the location of the tight
junctions, which are tight in the BBB but slightly leaky at the blood-CSF barrier. Panel B
highlights some of the differences between neuronal and non-neuronal capillaries. The
main differences include the presence of tight junctions in neuronal capillaries, the
absence of fenestra, and the presence of a higher amount of mitochondria. Panel A taken
from from [23] and panel B taken from [24].
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been known for over 100 years, and was first demonstrated by the German microbiologist
Ehrlich [25]. The barrier between the blood and the brain extracellular fluid is located at
the cerebral capillary endothelium, whereas the barrier between the blood and CSF is
located at the choroid plexus epithelium and arachnoid membrane [26]. The presence of
both barriers is essential in allowing the CNS to function in an environment where the
accumulation and maintenance of substrates is highly controlled, thereby limiting the
uptake and penetration of many circulating macromolecules into the brain and CSF [21,
26]. Due to the fact that the BBB has a much larger surface area than the blood-CSF
barrier, it is considered as essential in maintaining the stability of the CNS environment
[21]. The only areas in the CNS that completely lack a barrier are the circumventricular
organs [27].

The BBB is made up of cerebral endothelial cells that are thought to possess
various metabolic enzymes (such as cytochrome P450 enzymes and glutathione
transferases) and energy-dependent efflux transporters (such as p-glycoprotein and
multidrug-resistance proteins) [21]. Cerebral endothelial cells have few plasmalemmal
vesicles and do not generally demonstrate pinocytosis [27]. In addition, theses cells lack
fenestrations and possess tight-junctions with high electrical resistance [21, 27]. All these
characteristics of cerebral endothelial cells allow the BBB to prevent the accumulation of
substrates in the CNS [21, 27]. A comparison between endothelial capillaries of the BBB
and non-neuronal capillaries is outlined in Figure 1.12 B. Another cell type part of the
architecture of the BBB are astrocytes, which are in close contact with the BBB and play
an essential role in the phenotype of the BBB by providing it with protection against

hypoxia and aglycemia (Figure 1.13) [28, 29].
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Figure 1.13 — Location of astrocytes on the endothelial cells in the BBB. Astrocytes
are also considered as being part of the architecture of the BBB. Astrocytic end-feet
structures are found on the endothelial cell surface. Figure taken from [30].
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Only small and lipophilic molecules can easily cross the BBB from the blood to
CNS [25]. The large polypeptide insulin plays an important role in the regulation of brain
glycogen and neuronal maturation and coupling, thereby making it essential for the CNS
to be able to transport it across the BBB [31]. This necessitates the presence of specific
membrane transporters at the BBB to allow essential nutrients such as glucose and certain
amino acids passage into the CNS. Since BBB permeability is usually difficult to study in
the whole animal, many in vitro cell culture models have been developed to aid in the
understanding mechanisms of transport across the BBB [32].
1.2.1 Effects of inflammation on the CNS and BBB permeability
The BBB was once thought to act as a selective barrier to the entry of cytokines into the
CNS, thereby causing the brain to be considered as an immunologically privileged organ
[28, 33]. It is now widely acknowledged that the BBB is a dynamic structure that is
capable of rapid modulation [29]. It is now known that many pathophysiological
conditions such as peripherally induced inflammation, stroke, multiple sclerosis, and
Alzheimer’s disease can regulate the permeability of the BBB [25, 29]. During
Alzheimer’s disease, -amyloid causes an increase in cytokine release and monocyte
migration across the BBB [29]. Similarly, it is generally accepted that disruption of the
BBB occurs following cerebral ischemia, however the timing and causes of this
disruption have still not been determined [25].

TNFa can be transported across the BBB via the the two TNFa receptors, TNFR1
and TNFR2 [33, 34]. The intravenous administration of various cytokines and cytokine
inducers causes an increase in prostaglandin E; accumulation in the CSF with a peak at

90 minutes following administration [35]. Similarly, using cultured bovine brain
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microvessel endothelial cells, it was shown that the administration of TNFa caused
permeability changes in these cells in part due to an induction in cyclooxygenase-2
(COX2) [36]. It it thought that BBB breakdown occurs 3 — 7 days following the injection
of LPS into either the ventricles or the parenchyma [37].

The inflammatory response has the potential to cause major damage to the CNS
[38]. Microglia are the resident macrophages of the CNS and are located within the brain
parenchyma behind the BBB [39]. Under normal conditions they function as glial cells,
however they take on an activated phenotype in response to inflammatory stimuli
manifested by an increase in their branches and an upregulation in the expression of their
cell surface antigen molecules [39, 40]. Astrocytes are also considered as CNS immune
effector cells and can participate in the inflammatory response in the CNS [28].
Peripherally generated immune cell mediators such as lymphocytes and macrophages
have also been shown to be able to cross the BBB in pathological conditions [7, 25].
Some of the effects of these cells are shown in Figure 1.14.

The injection of LPS and other inflammatory mediators directly into the
ventricular system of the CNS has been used as a model to understand the
pathophysiology of bacterial meningitis [8]. Various areas of the CNS express the TLR4
and CD14 mRNA required for a response to LPS [14]. Most of the in vivo studies
conducted to date have demonstrated the presence of TLR exclusively in glial cells in the
CNS [12, 41], however in vitro studies using cultured primary astrocytes have shown the

expression of TLR2, TLR4, TLRS, and TLRO [42].
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Figure 1.14 — Hypothetical schematic outlining the characteristics of BBB
endothelial cells during conditions of CNS inflammation. BBB endothelial cells, in
addition to microglial and astrocytes, can release cytokines during conditions of CNS
inflammation. In addition, it is thought that the expression of adhesion molecules during
neurological diseases such as multiple sclerosis leads to the entry of leukocytes into the
CNS. Figure taken from [24]
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1.3 Cytochrome P450

The cytochrome P450 (P450) family represents a large group of heme-containing
enzymes thought to have existed for more than 3.5 billion years and present in plants,
mammals, and bacteria [43, 44]. The enzymes were first discovered through the
demonstration of mixed-function oxidation activity for the metabolism of drugs and
carcinogens and currently encompasses over 2000 members [43, 45]. These enzymes are
named cytochrome P450 because they have a spectrophotometric absorption peak at or
near 450 nm when bound to carbon monoxide and the iron is reduced [44].

The chemical reactions catalyzed by the P450 enzymes vary substantially, and
their substrates range from physiologically important endogenous substances to
xenobiotics [46]. Some P450 substrates include steroids, eicosanoids, fatty acids, lipid
hydroperoxides, retinoids, drugs, alcohols, procarcinogens, antioxidants, organic
solvents, anesthetics, dyes, pesticides, odorants, and flavorants [46]. P450 enzymes are
responsible for the metabolism and elimination of xenobiotics through biotransformation
of the parent drug into a more polar metabolite which is then excreted by the kidneys
[47]. Physiologically, P450 enzymes are involved in the biosynthesis and/or degradation
of steroid hormones, cholesterol, and fatty acids [44]. P450 also play a role in the
synthesis of bile acids from cholesterol and in the metabolism of arachidonic acids [44].
1.3.1 P450 intracellular localization
P450 enzymes are hydrophobic membrane proteins that are tightly associated with
intracellular membranes [48]. The mammalian P450 enzymes can be divided into two
major classes based on their intracellular localization, where a minority of the enzymes

are located in the mitochondria and the majority in the endoplasmic reticulum membrane
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[48]. The mitochondrial enzymes are found in the mitochondria of steroid producing cells
(the adrenal cortex, ovary, testes) and are involved in steroid biosynthesis [48]. The
types, amounts, and activity of P450 isoforms within a given tissue are regulated by
numerous factors such as age, gender, dexposure to certain chemical inducers, smoking,
alcohol consumption, disease states and nutrition [47, 49].

1.3.2 P450 nomenclature

With the identification of a multitude of P450 enzymes, a need arose to determine a
specific nomenclature for the different isoforms. Original nomenclature of the P450
enzymes was based on sources used for identification, spectral properties, electrophoretic
mobility, substrates, or inducers [46]. In some cases, the number was assigned arbitrarily
in series [46]. P450 proteins are named based on alignments in their amino acid
sequences, not nucleotide sequences [50]. Currently, P450 protein members sharing 40%
or more sequence homology are included in the same family designated by an Arabic
number, and those with 55% or more sequence homology are included in the same
subfamily designated by a capital letter [44, 46]. Individual gene products are then
assigned arbitrary numbers [44, 46]. The schematic below illustrates P450 nomenclature,
which will be used throughout this thesis:

Subfamily
Family =~ number

number

cene

CYP2D6«
et

Cytochrome
P450
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The next sections will describe some selected P450 isoforms that will be studied in this
thesis, followed by a general description of a typical P450 catalytic cycle reaction.
CYPI1A: CYP1A1 and CYP1A2 are known to play a role in the metabolism of many
procarcinogenic substrates [51, 52]. Some of the substrates for CYP1A2 include caffeine,
clozapine, haloperidol, and theophylline [47]. The expression of the cypla genes is
highly regulated by many factors such as development, tissue-specific factors, hormonal
influences, xenobiotics, and pathophysiological mechanisms [51]. CYP1A1 is present
both in the liver and extrahepatically [53].

The aryl hydrocarbon receptor (AhR) plays an essential role in the regulation of
CYP1A (Figure 1.15 A) [52]. Some of the ligands for the transcription factor AhR
include polycyclic aromatic hydrocarbons (such as 3-methylcholanthrene,
benzo(a)pyrene), polyhalogenated aromatic hydrocarbons (such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin), and certain polyhalogenated biphenyls [51]. AhR normally
resides in the cytoplasm associated with heat shock protein 90 (hsp90), but translocates to
the nucleus upon ligand binding and binds to another protein known as the AhR nuclear
translocator (ARNT) [51, 52]. The heterodimeric protein complex then binds to
xenobiotic response elements (XRE) present on the promoter regions of the genes being
regulated [51]. Tt is also thought that the glucocorticoid receptor, the estrogen receptor,
and retinoid receptors may also play a role in the regulation of CYP1A genes with a

possible role for cross talk between these receptors and AhR [52].

CYP2B. CYP2E1, and CYP2D: The CYP2 family is fairly large and encompasses 2A,

2B, 2C, 2D and 2E subfamilies [44]. Members of this family are highly inducible by
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many xenobiotics [54]. Of importance to this work are CYP2B, CYP2E1, and CYP2D
isoforms, which will be discussed throughout this thesis.

There are many members in the CYP2B subfamily and they play a role in the
metabolism of various xenobiotics and steroids [52]. What distinguishes the members of
the CYP2B subfamily is the ability of a wide variety of chemicals to induce them through
the action of nuclear receptors [52]. Phenobarbital, a known inducer of CYP2B subfamily
members, is thought to cause its effects through the nuclear constitutive androstane
receptor (CAR) (Figure 1.15 B) [52]. Human CYP2B6 (CYP2BI is the rat equivalent)
plays a limited role in human liver drug metabolism [44, 55]. CYP2EI is the only
existing gene in the CYP2E subfamily, and has an important toxicological role [44].
Chronic ethanol consumption and starvation cause an induction in the enzyme [44, 56].
The predominant mechanism of regulation of this isoform is thought to occur at the
protein level [57].

The human CYP2D6 gene is a highly polymorphic gene responsible for the
metabolism of over 100 drugs to which humans are exposed [58]. Some of the agents
metabolized by CYP2D6 include -adrenergic blocking agents, antiarrhythmics,
antidepressants, and analgesics [58]. The selective serotonin reuptake inhibitors bind
tightly to the enzyme and inhibit its activity [44]. Only one isoform (CYP2D6) is present
in this family in humans, however several polymorphic variants of this isoform exist in
humans [59]. CYP2DG6 is localized in the liver, kidney, brain, breast, and lung [60]. In
contrast, at least 6 isoforms (CYP2D1, CYP2D2, CYP2D3, CYP2D4, CYP2DS5, and

CYP2D18) have been identified in rats, with each isoform having a specific tissue
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distribution [60]. There is a marked species difference in CYP2D substrates making it
difficult to use animal models to study the activity of CYP2D6 [58].

CYP3A: The CYP3A enzymes are very active in the metabolism of steroids, bile acids,
and a multitude of xenobiotics [52]. They are expressed in the liver and gut and are
considered as critical drug metabolizing enzymes for a number of important therapeutic
agents [52, 53]. Human CYP3A4 (CYP3A11 in mouse and CYP3A1/2 in rat) plays a role
in the metabolism of a large number of structurally diverse drugs in clinical use [61].
Some of the substrates for CYP3A isoforms include carbamazepine and quinidine [47].
Compounds such as ketoconazole, erythromycin, and grapefruit juice inhibit members of
the CYP3A subfamily [44], making it an important aspect to consider in the
determination of drug-drug interactions. The transcriptional activation of CYP3A4 is
under the control of several nuclear receptors, with the pregnane X receptor (PXR) and
CAR playing prominent roles (Figure 1.15 C) [53, 61].

1.3.3 P450 catalytic activity cycle

The iron atom present in the heme group of P450 enzymes is essential for the enzyme’s
drug transformation ability. The iron atom takes electrons and uses them to charge
oxygen atoms, thereby making the oxygen atom reactive and able to cause changes to
various toxic molecules [62]. Mitochondrial P450 enzymes receive their electron source
from the iron sulfur protein adrenodoxin via the NADPH-adrenodoxin oxidoreductase
while the microsomal P450 enzymes receive their electrons through the flavoprotein
NADPH-P450 oxidoreductase [48]. The substrate binding region of P450 enzymes is

specific to each isoform, however some aspects that are common to all P450 enzymes
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Figure 1.15 — Induction of CYP1A, CYP2B, and CYP3A isoforms. Panel A is a
schematic of the mechanism by which AhR-mediated induction of CYP1A1 occurs.
Panel B depicts how phenobarbitone acts through the nuclear receptor CAR to cause the
induction of human CYP2B6. Finally, panel C indicates some of the nuclear receptors

involved in the induction of CYP3A4 by various xenobiotics. All panels were taken from
[59].
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include a membrane-binding domain that anchors the P450 to the endoplasmic reticulum
and the use of NADPH cytochrome P450 reductase and cytochrome bs to catalyze their
reactions [49].

A typical P450 catalytic cycle is outlined in Figure 1.16 [59]. The cycle is
initiated by the binding of the substrate (RH). The following step is the reduction of the
heme iron by the addition of an electron from the electron source NADPH (nicotinamide
adenine dinucleotide phosphate) and the binding of molecular oxygen [63]. It is believed
that a metabolite is then formed whereby a second electron is added to reduce the bound
oxygen to the level of a peroxide [63]. Breakage of the peroxide bond gives rise to
another peroxide compound that has the ability to eventually hydroxylate the original
substrate [63]. A typical reaction catalyzed by P450 can be summarized as follows [44]:

NADPH +H" + O, + RH - NADP" + H,0 + ROH
1.4 Effects of inflammation on cytochrome P450
Infectious and inflammatory conditions are known to change P450 regulation in the liver,
intestines, brain, and kidney [64-66]. The suppression of cytochrome P450 enzymes
during infectious and inflammatory conditions may result in many untoward clinical
consequences such as toxicities from drugs with narrow therapeutic windows or a
reduced therapeutic effect from drugs that need to be converted into their active
metabolites via cytochrome P450 in both animals and humans [64]. The administration of
LPS is a commonly utilized model to examine the effects of inflammation on cytochrome
P450 [65]. Using both primary and established hepatocyte cultures, it has been shown in

vitro that LPS can downregulate a wide variety of P450 isoforms [65]. LPS
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Figure 1.16 — A typical P450 catalytic cycle. A typical cycle by which P450 catalyzes
the formation of a polar metabolite (denoted by ROH) from a non-polar drug (RH). See
text for reaction details. Figure taken from [59].
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administration also causes a downregulation in human and rodent P450 enzyme drug
metabolism [65, 67, 68]. Cytochrome P450 can be downregulated by both transcriptional
(changes at the level of the gene or mRNA) and post-transcriptional mechanisms
(changes at the level of the protein) in response to inflammatory stimuli (see sections
1.4.1 and 1.4.2 in this thesis) [69].

The administration of LPS intracerebroventricularly (i.c.v.) is known to cause an
inflammatory model in the brain characterized by microglial activation and production of
pro-inflammatory cytokines both in the CNS and the periphery [37, 66, 70-74]. The i.c.v.
administration of LPS causes a reduction in P450 both in the brain and in liver [71-73,
75]. We have shown a reduction in CYP1A1/2 expression and activity in the brain in both
in vitro and in vivo models of LPS-induced inflammation [66, 76-78]. A reduction in
hepatic CYP1A, CYP2B, CYP2C, CYP2E, CYP2D, and CYP3A isoforms is also
observed following the i.c.v. administration of LPS [71-73, 75, 79].

The mechanism(s) underlying the downregulation in P450 following infectious
and inflammatory conditions remains largely unknown [64]. The mechanisms underlying
the regulation of P450 during CNS inflammation will be discussed in the individual
chapters of this thesis. Since different cytochrome P450s are regulated by different
mechanisms and inflammatory stimuli, it is likely that changes to P450 regulation during
inflammation is not a non-specific event [64]. It is also possible that P450
downregulation during infectious and inflammatory conditions is occurring as an
adaptive or homeostatic response and as a need for the liver to devote its transcriptional
machinery to the formation of acute-phase proteins essential during such conditions [64].

1.4.1 Transcriptional regulation of cytochrome P450 during inflammation
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LPS is known to enhance the hepatic expression of many inflammatory and acute-phase
proteins [80]. It has been shown that the administration of LPS intraperitoneally causes
the suppression of the nuclear receptors retinoic X receptor (RXR), PXR, farnesoid X
receptor (FXR), and CAR [80]. These transcription factors along with the hepatocyte
nuclear factor (HNF)1a, HNF4o, and CCAAT/enhancer-binding protein (C/EBP) are
known to play a role in the regulation of hepatic P450 [81].

It is believed that the regulation of most P450 isoforms in response to cytokines
occurs at the level of the gene [66]. The effects of cytokines on cytochrome P450
enzymes in vitro has been examined extensively using cultured hepatocytes [64]. Many
liver-enriched transcription factors are upregulated in the liver during an acute phase
response in response to blood-borne pro-inflammatory cytokines [82]. CYP1A1 has been
shown to be downregulated by cytokines and LPS in vitro through an NFxB pathway
[51]. Similarly, it has been observed that IL-1 regulated CYP2C11 by NF«kB both in vitro
and in vivo [83]. IL-6 has also been shown to downregulate CYP3A4 through the
JAK/STAT (Janus kinase/signal transducer and activators of transcription) transcription
factors [84].

1.4.2 Post-transcriptional regulation of cytochrome P450 during inflammation
Post-transcriptonal regulation of P450 during inflammatory and infectious conditions is
thought to only account for a small proportion of the changes of regulation of these
enzymes [65]. LPS administration can cause the induction of reactive oxygen and
nitrogen species that lead to the downregulation in cytochrome P450 through protein
oxidation and nitration reactions [64]. It has been shown that the administration of high

concentrations of LPS to rat hepatocytes causes a rapid degradation in phenobarbital
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induced CYP2B1 protein [69]. The regulation of CYP2E] is also thought to occur mainly
at the protein level, where substrates are known to bind to the heme group of the enzyme

and prevent its proteosomal degradation [57].
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CHAPTER 2

THE ROLE OF BETA-ADRENERGIC RECEPTOR SIGNALING IN THE
REGULATION OF CYP1A1l IN A CELL CULTURE MODEL OF CNS

INFLAMMATION

Portions of this chapter appeared in the following publication:
Abduila D and Renton KW. (2005) Beta-adrenergic receptor modulation of the LPS-

mediated depression in CYPI1A activity in astrocytes. Biochemical Pharmacology. 69(5):

741-50.
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2.1 Abstract

CYP1Al and 1A2, two important P450 isoforms in the brain that metabolize many
endogenous and exogenous substrates, are downregulated during central nervous system
(CNS) inflammation. The stimulation of beta-adrenergic receptors has been demonstrated
to be anti-inflammatory in many cell types, leading us to hypothesize that stimulation of
beta-adrenergic receptors could prevent the downregulation in CYP1A1 and 1A2 activity
in an in vitro model of CNS inflammation. Isoproterenol, a general 31/B, receptor agonist,
and clenbuterol, a specific [, receptor agonist, were both able to prevent the LPS-induced
downregulation in CYP1A1/2 activity in astrocytes. The involvement of B-adrenergic
receptors was confirmed using the general 31/B, receptor antagonist propranolol, which
was able to abrogate the protection conferred by isoproterenol and clenbuterol in
astrocytes treated with LPS. The isoproterenol and clenbuterol mediated protective effect
on the LPS-induced downregulation in CYP1A activity was a cyclic AMP (cAMP)
dependent process, since forskolin was able to mimic the protective effect. Isoproterenol
and clenbuterol may also prevent the LPS-induced downregulation in CYP1A activity
through changes in TNFo expression. Despite a slight reduction in the LPS-induced
nuclear translocation of the p65 subunit of NF-kB, isoproterenol and clenbuterol had no
effect on the DNA binding ability of this transcription factor, indicating that the §3-
adrenergic protective effects on CYP1A activity occurred independent of changes in NF-
kB activity. The results presented in this paper reveal that beta-adrenergic receptor
stimulation can modulate cytochrome P450 activity in an in vitro model of CNS

inflammation by a cAMP mediated pathway.
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2.2 Introduction

Cytochrome P450 (cyt P450) constitutes a superfamily of heme containing enzymes
responsible for the metabolism and elimination of exogenous and endogenous substances
[44, 66]. The majority of the cyt P450 isoforms are located in the liver, however other
extra-hepatic sites of cyt P450 localization include the central nervous system (CNS),
gastrointestinal tract, kidney, lungs, and adrenal glands [85]. In the CNS, cyt P450
1soforms are thought to play a role in neurosteroid synthesis and drug metabolism [86]. In
particular, members of the CYP1A family, whose roles in carcinogen detoxification and
activation are well established, are thought to play a role in metabolism of eicosanoids
and estrogen in the brain [87, 88]. Additional substrates for the CYP1A family of cyt
P450s include a diverse group of endogenous and exogenous compounds such as
polyaromatic hydrocarbons, arylamines, nitrosamines, and heterocyclic amines [88, §9].
Various immunostimulants cause an inflammatory response in the brain that is
highly regulated and characterized by the production of cytokines, immune cell
infiltration, and tissue damage [66, 76, 77, 90, 91]. Many inflammatory mediators, such
as cytokines, can cause differential regulation of cyt P450 expression and activity in the
brain [56, 64, 66, 69, 75-77, 92]. Activity of CYP1A1 and CYP1A2 isoforms has been
shown to be downregulated in response to LPS administered directly into the lateral
cerebral ventricle in rat brain [66, 75-77, 86]. Similarly, in dibenz[a,h]anthracene (DBA)
treated astrocytes, LPS causes the downregulation of CYP1A1 and CYP1A2 activity in a
dose-dependent manner [76]. Previously, our lab has shown that inflammatory conditions

of the CNS lead to changes in the ability of the brain to metabolize endogenous and
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exogenous substrates and may exacerbate susceptibility to neurotoxic environmental
agents, such as 1-methyl-4-phenylpyridinium (MPP+) induced neurotoxicity [93].

2.2.1 Signal transduction through the beta-adrenergic receptor

G-protein coupled receptors refer to a group of seven-transmembrane-spanning receptors
that signal through activation of heterotrimeric (a-, B-, and y-subunit) guanine nucleotide-
binding proteins [94]. They represent the largest family of cell-surface receptors [95]. G
proteins can belong to one of several groups, with the Gs (stimulatory) causing the
activation of adenylyl cyclase (AC) resulting in an increase in cyclic AMP (cAMP) and
Gi (inhibitory) causing a decrease in cAMP through the inhibition of AC [95]. On the
other hand, Gq proteins cause changes in intracellular calcium [95]. The adrenergic
receptors, which are G protein coupled receptors, can be divided into two categories: the
alpha-adrenergic and the beta-adrenergic receptors [96]. The beta-adrenergic receptor is
coupled to the Ga stimulatory (Gas) protein and activates AC [96]. The activation of AC
through Gos causes an increase in the intracellular second messenger cAMP, ultimately
stimulating protein kinase A (PKA) [96].

2.2.2 Anti-inflammatory role of the adrenergic agents

The idea that norepinephrine (NE), one of the major catecholaminergic neurotransmitters,
1s neuroprotective and anti-inflammatory is not an old one. CNS diseases with an
inflammatory component, such as Alzheimer’s disease (AD) and multiple sclerosis (MS),
involve NE depletion and/or perturbations in the NE signaling system [90]. Many studies
support the notion that the increase in plasma levels of catecholamines seen during LPS-
induced inflammation is an event that can be beneficial to the host response during

endotoxemia [97]. Beta-adrenergic receptor (BAR) ligands have been shown to modulate
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the release of pro-inflammatory mediators such as cytokines and cyclooxygenase-2
(COX2) from various immune cells when given concurrently with LPS in both ir vivo
and in vitro models of inflammation [90, 98-103]. Szabd and coworkers have
demonstrated that isoproterenol can protect endotoxemic mice from hypotension and
causes a reduction in the amount of plasma tumor necrosis factor (TNFa) in these mice
[100, 103]. Clenbuterol was observed to be a potent inhibitor of the release of several
LPS induced cytokines both in vivo and in vitro [104]. Norepinephrine and isoproterenol
were both shown to increase the protein and mRNA levels of IxBa, a protein that binds
to the transcription factor nuclear factor kB (NF-xB) and prevents its translocation into
the nucleus [90].

2.2.3 Objective

Given the anti-inflammatory role of norepinephrine in astrocytes, we chose to examine
the effects of beta-adrenergic receptor stimulation on CYP1A activity in an in vitro
model of CNS inflammation. We hypothesize that beta-adrenergic receptor stimulation
would prevent the downregulation in CYP1A1/2 activity in astrocytes treated with LPS.
Preventing the loss of P450 activity in the brain during conditions of CNS inflammation

would protect the capacity of the brain to metabolize endogenous and exogenous agents.
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2.3 Materials and methods

2.3.1 Materials.

All reagents were purchased from Sigma-Aldrich Chemical Co. with the exception of
fetal bovine serum (FBS), which was obtained from CanSera. Other exceptions are noted
below. E. coli lipopolysaccharide (LPS) of sereotype 0127:B8 was utilized in
experiments as outlined below. Several sereotypes of LPS exist, with each sereotype
possessing a certain potency. The dose of LPS was chosen based on previously observed
reductions in CYP1A1/2 activity seen in our laboratory [77].

2.3.2 Isolation and treatment of astrocytes.

Astrocyte cultures were obtained using one-day old Sprague-Dawley rats (Charles River
Labs) as previously described [77]. Briefly, one-day old rat pups were stunned in ice and
decapitated and the brain was washed in ice-cold PBS once and placed in ice-cold 10%
FBS Dulbecco’s Modified Essential Medium (DMEM). The brains were broken up
mechanically using a 10 mL serological pipette and the homogenate was sequentially
filtered through a 75 um and a 25 um mesh bag. The cellular filtrate was then vortexed
and centrifuged for 5 minutes at 3000 rpm. The cellular pellet was then re-suspended in
DMEM supplemented with 10 % FBS and 1% antibiotic/antimycotic (100 units
penicillin, 0.1 mg streptomycin, and 0.25 pg amphotericin B) and seeded on either 6- or
12-well plates. Cell cultures were grown for 10 — 14 days in DMEM containing 10%
FBS and 1% antibiotic/antimycotic until cells reached a 90-95% confluency. We have
previously shown that 14 days following the cell isolation, cell cultures consisted

predominantly of astrocytes (> 97% of the cells stained positive for the astrocyte marker
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glial fibrillary acid protein), with a minor contribution of oligodendrocytes and microglia
[76, 77].

On the day of drug treatment, fresh 10% FBS DMEM containing 1% antibiotic
and antimycotic was added to the cells. Cell monolayers were treated with 50 nM DBA
and either 10 or 50 pl drug of interest (10 pg mL™ LPS, 50 pg mL™" LPS, 10 nM
isoproterenol, 10 nM clenbuterol, 10 nM propranolol, 1 uM forskolin, or 10 uM
forskolin) administered concurrently. We have previously shown that EROD activity is
not detectable in astrocytes that have not been induced with DBA [77]. Following the
addition of drugs, cells were incubated for 24 hours prior to measuring enzymatic
activity.

2.3.3 7-Ethoxyresorufin O-dealkylase (EROD) activity and protein determination.
CYP1A1/2 activity in astrocyte cultures was determined by measuring the rate of
formation of resorufin from the CYP1A1/2 substrate ethoxyresorufin using a
modification of a previously described procedure [77]. Briefly, cells were incubated with
the specified drugs as usual in either 12 well or 6 well plates, after which the media was
removed and 3 mL of new media containing 0.6 uM of the substrate ethoxyresorufin was
added to the cells and allowed to incubate for 2 hours at 37°C. Following this, the amount
of resorufin in 2 mL of media was detected using a fluorescence spectrophotometer
(Varian, Cary Eclipse) with the excitation wavelength set at 510 nm and the emission
wavelength set at 586 nm. The values obtained were subtracted from blank wells
determined by measuring the amount of fluorescence in wells containing ethoxyresorufin
without the cells. CYP1A activity is expressed as the amount (pmoles) of resorufin

formed per mg protein per minute.
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Following determination of EROD activity in astrocytes, the remaining cell
medium was aspirated and 1 mL of fresh phosphate buffered saline (PBS) was added to
each well. The astrocytes were scraped into the PBS then sonicated to lyse the cells.
Protein concentrations in cell lysates were determined using a modification of the method
described by Lowry et al. [105]. Briefly, the media was removed and 1 mL of ice-cold
PBS was added to the cells. The cells were scraped into the PBS and lysed by sonication
for a period of 3 minutes. The homogenates were then spun at 13,000 rpm to pellet the
debris and the amount of protein was then determined using 1:3 dilution of the lysate.
The diluted lysate was incubated with a 5x volume of Mix A (0.97% NaCOj; containing
0.1M NaOH, 0.02% sodium potassium tartarate, and 0.01% CuSQ,) for 10 minutes at
room temperature. Following this incubation, a 0.5x volume of phenol mixture (1:1
dilution with water) was added to the samples, which were then allowed to incubate for a
further 30 minutes. The sample absorbances were determined in a 96-well plate format at
700 nm using a plate reader (BioTek Instruments) and protein amounts were determined
based on a protein bovine serum albumin (BSA) standard curve. For all experiments,
EROD activity was normalized to the amount of protein present in the sample.

2.3.4 Nuclear extract preparations

Nuclear extracts from treated astrocytes were prepared according to a modified Digham
protocol [106]. Briefly, cell monolayers were scraped in a total of 1mL of phosphate
buffered saline, and spun at 13000 rpm for 10 minutes to collect the cellular pellet. The
pellet was then lysed using Lysis Buffer (10 mM Hepes buffer pH 7.9, 10 mM KCl, 2
mM MgCl,, 0.5 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride

(PMSF), 5 ug mL" aprotonin, 5 pug mL™" pepstatin A, and 5 pg mL™" leupeptin)
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containing 0.1% Nonidet P-40 and incubated for a period of 15 minutes on ice to ensure
complete lysis. Following 10 homogenization strokes with a Dounce homogenizer, the
suspension was spun at 7500 rpm for 10 minutes to pellet the nuclei. The supernatants
were stored at —80°C until usage. The nuclear pellet was suspended in Nuclear Lysis
Buffer (20 mM Hepes buffer pH 7.9, 0.25% glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2
mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 5 ug mL" aprotonin, 5 ug mL" pepstatin A,
and 5 pgmL" leupeptin) and incubated on ice for a period of 60 minutes to ensure lysis
of the pellet. Nuclear proteins were collected following a spin at 10000 rpm and stored at
—80°C until usage.

2.3.5 NF-xB p65 subunit immunoblotting

4ug of nuclear protein was separated by electrophoresis on 7.5% gels and transferred
onto an Immobilon-P membrane (Millipore Corporation) using a wet transfer apparatus
(Bio-Rad, Ontario, Canada) running over night at 22 V. The p65 subunit of NF-xB was
detected using a polyclonal antibody that detects non-phosphorylated murine p65 subunit
(Santa Cruz) coupled with an anti-rabbit secondary antibody conjugated to peroxidase
(1/4000 dilution). Band visualization was performed using enhanced
chemiluminescence+ (ECL") substrate (Amersham Biosciences). Band densities were
detected using a phosphor imager (Amersham) and quantified using ImageQuant™ 5.2
software.

2.3.6 Electrophoretic mobility shift assay (EMSA)

A double stranded oligonucleotide with high affinity for NF-xB binding (Santa Cruz,

USA) with a kB site (5'-GGG GAC TTT CCC-3') was utilized. A total of 2 pg of the NF-

«B oligonucleotide was end labelled using y-[**P]-ATP (Perkin and Elmer) using PNK

44



kinase (Fermentas). Binding reactions were performed in a 20 pL volume and were pre-
incubated for a period of 15 — 20 minutes with the non-specific DNA competitor poly(dI-
dC) prior to the addition of the specified oligonucleotides. Binding reactions contained 10
ng of nuclear extracts, 4 pl. of 5x Binding Buffer (50 mM Tris, pH 7.6, containing 5 mM
MgCl, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl, and 20% glycerol), 2 pg of
poly(dI-dC), and 50000 cpm of the [*2P] labelled NF-kB oligonucleotide. Following a 30
minute incubation at room temperature, 2 uL. of a 10x Loading Dye (250 mM Tris, pH
7.6, containing 0.2% bromophenol blue and 40% glycerol) was added to each reaction
and the samples were then loaded onto a 5% — 0.4x TBE non-denaturing polyacrylamide
gel (pre-run at 100V for an hour) in 0.4x TBE, pH 8.0, for ~ 2 hours. In cases of
competition, a 20x in excess non-radioactive oligonucleotide was utilized (NF-kB for the
specific competitions and AP-1 for the non-specific competitions) and was included in
the reaction mixture. Gels were dried using a Bio-Rad gel dryer (Bio-Rad) and exposed
to a phosphor storage screen for a period of 16 — 24 hours. Band densities were detected
using a phosphor imager (Amersham) and quantified using ImageQuant™ 5.2 software.
2.3.7 RNA isolation and Northern blotting

Total RNA from confluent astrocyte cultures for the indicated treatments was isolated
using the TriZol® method, and quality was determined using 260/280 nm ratios. 2.5 pug of
total RNA was separated by electrophoresis on a 1.1% formaldehyde gel and transferred
onto an immobolin—NY-+ membrane (Millipore Corporation) overnight and fixed to the
membrane by UV cross linking and heating for 1 hour at 65°C. Blots were prehybridized
for 1 hour in 10mL of Sigma Perfecthyb™ Plus (Sigma-Aldrich Chemical Co.) after

which the a-[**P]-CTP (Perkin and Elmer) labelled probes (RmT Random Primer
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Labelling kit, Stratagene) were added to a specific activity of 1 x 107 cpm. Blots were
exposed to a storage phosphor screen (Amersham Biosciences) for 16 hours and scanned
using a phospher imager (Amersham Biosciences). Bands were quantified using
ImageQuant 5.2™ software (Amersham Biosciences). Probes specific for rat IkBa and
TNFa were made using a TOPO TA Cloning® kit (Invitrogen) according to
manufacturer’s instructions and based on the following primers: IkBoo FWD 5" CAT
GAA GAG AAG ACA CTG ACC ATG GAA 3", IxkBa REV 5" TGG ATA GAG GCT
AAG TGT AGA CAC G 37 [90], TNFa FWD 5" TAC TGA ACT TCG GGG TGA TTG
GTC C3’,and TNF a REV 5" CAG CCT TGT CCC TTG AAG AGA ACC3'[107]. A
human GAPDH probe (obtained from Dr. C.J. Sinal, Dalhousie University) that cross-
reacts with rat GAPDH was utilized to determine equal loading.

2.3.8 MTT assay

Mitochondrial respiration, an indicator of cell viability, was assessed in astrocytes using
an MTT assay. The basis of this assay is to determine the mitochondrial dependent
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) into formazan, which can then be quantified colorimetrically [108]. Astrocytes
were grown in 96-well plates for one week in 10% FBS supplemented DMEM containing
1% antibiotic and antimycotic. On the day of the experiment, cells were incubated with
0.83 pg mL™" of MTT for 2 hours at 37°C and 5% CO,. Following the incubation period,
the culture medium was removed by blotting the 96-well plate on blotting paper and the
cells were solubilized with 100 puL of dimethylsulfoxide (DMSO). The amount of

formazan formed from MTT was quantified colorimetrically at a wavelength of 492 nm.
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2.3.9 Statistical analysis
All data are reported as the mean + the standard error of the mean. Multiple comparisons
were made using the one-way or two-way analysis of variance (ANOVA) with statistical

significance set at p<0.05 and assessed by the Bonferroni post-hoc analysis test.
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2.4 Results

2.4.1 Isoproterenol and Clenbuterol prevent the LPS-induced downregulation of
EROD activity

The incubation of astrocytes with LPS for a period of 24 hours caused a decrease in
EROD activity (Figure 2.1). To examine the effects of beta adrenoceptor activation on
EROD activity, astrocytes were incubated with 50 pg mL™ LPS and either isoproterenol
(a B1/B; agonist) or clenbuterol (a specific 3, agonist) (Figure 2.1). A 70% decrease in
EROD activity was observed in cells treated with LPS compared to those treated with
media. When either isoproterenol or clenbuterol were co-incubated with 50 pg mL™ LPS,
the loss in EROD activity in response to LPS was prevented. Incubation of astrocytes
with isoproterenol alone caused a 20% increase in EROD activity while incubation with
clenbuterol alone had no effect on EROD activity. The protective effects of isoproterenol
and clenbuterol occurred independent of cell viability, since astrocytes treated with 50 pug
mL™" of LPS experienced a 21.9% (£ 3.0%) decrease in cell viability and the addition of
isoproterenol or clenbuterol (10 nM) caused no further change in cell viability (18 + 4.4%
and 16 * 8.0%, respectively). Both isoproterenol and clenbuterol alone had no effects on
cell viability (4% increase (+ 10.8%) and 5% decrease (+ 10.6%), respectively). Similar
effects were obtained with cells that were incubated with 10 pg mL™ of LPS (Figure 2.2).
2.4.2 The isoproterenol and clenbuterol mediated protection of the LPS-induced
downregulation in EROD activity is a f-adrenoceptor mediated process

The effect of 10nM propranolol on the isoproterenol and clenbuterol mediated protection
in EROD activity in the presence of either 10 pg mL™" or 50 pg mL™" of LPS is shown in

Figure 2.3. LPS (10 pg mL™" or 50 pg mL™") reduced EROD activity by 50% and 70%,
g Hg
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Figure 2.1. Isoproterenol and clenbuterol protect against the LPS-induced
downregulation in CYP1A1/2 activity in astrocytes. Astrocytes were incubated with
50 pg mL" of LPS with or without 10 nM isoproterenol (Iso) (A) or 10 nM clenbuterol
(Clen) (B). Following incubation, the media was removed and the cells were incubated
with 0.6 uM ethoxyresorufin and activity was measured 2 hours later. Results are
presented as % control of media only (med) treated samples and represent the averages of
six separate experiments. Average EROD activity for media treated cells was 2.84
pmoles of resorufin per mg protein per minute, which was normalized to 100%. “a”
statistically different compared to media treated cells (p < 0.05). “b” statistically different
compared to LPS treated cells (p < 0.05).
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Figure 2.2. The isoproterenol and clenbuterol mediated protection against the LPS-
induced downregulation in CYP1A1/2 activity in astrocytes occurs independent of
cell viability. Astrocytes were incubated with 10 pg mL™ of LPS with or without 10 nM
isoproterenol (Iso) (A) or 10 nM clenbuterol (Clen) (B). Following incubation, the media
was removed an MTT was performed as indicated in the methods section. Results are
presented as % control of media only (med) treated samples and represent the averages of

six separate experiments. “*” statistically different compared to media treated cells (p <
0.05).
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respectively, compared to media treated cells. Both isoproterenol and clenbuterol
abrogated the loss in EROD activity in astrocytes treated with 10 pg mL™ or 50 pg mL™
of LPS. Propranolol, a general beta adrenoceptor antagonist, was able to restore the
ability of 10 pg mL™" and 50 ug mL" of LPS to depress CYP1A activity in isoproterenol
and clenbuterol treated cells. Propranolol alone had no effect on EROD activity.

2.4.3 The isoproterenol and clenbuterol mediated protection of EROD activity is a
cAMP dependent process

To examine the effects of cAMP elevation on EROD activity, cells were treated with 50
pg mL™ LPS concurrently with either 1 uM or 10 uM of forskolin. These doses of
forskolin were previously shown to cause an elevation in cAMP levels in astrocytes
[109]. EROD activity was reduced by 80% with the 50 pg mL"' dose of LPS when
compared to media treated cells (Figure 2.4). At a dose of 10 uM, forskolin caused a
significant increase in EROD activity, however the 1 pM dose had no effect on EROD
activity. In cells treated with either dose of forskolin, LPS was unable to depress EROD
activity. Similar results were obtained when astrocytes were treated with 10 ug mL™ of
LPS and 10 uM of forskolin (Figure 2.4).

2.4.4 Isoproterenol and clenbuterol prevent the LPS-induced upregulation in TNFa
expression

The expression levels of TNFa were significantly increased in astrocytes 3 hours
following the treatment with 50 pg mL™ of LPS (Figure 2.5). When astrocytes were
administered either isoproterenol or clenbuterol alone, TNFa expression levels were
unchanged compared to media treated cells. The expression levels of TNFa in astrocytes

treated with isoproterenol and LPS were significantly lower compared to LPS only
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Figure 2.3. The protection in the LPS-induced downregulation in CYP1A1/2 activity
by isoproterenol and clenbuterol in astrocytes is a beta-adrenergic receptor
mediated effect. Astrocytes were incubated with 10nM of propranolol (Prop) and treated
with (A) 10 nM isoproterenol (Iso) and 10 pg mL™" LPS, (B) 10 nM isoproterenol and 50
ug mL™" LPS, (C) 10 nM clenbuterol (Clen) and 10 pg mL"' LPS, and (D) 10 nM
clenbuterol and 50 pg mL™ LPS. CYP1A1/2 activity was measured 24 hours later as
described in materials and methods and results are presented as % control of media only
(med) treated cells (average EROD activity was 6.109 pmoles of resorufin per mg protein
per minute). “a” is statistically different compared to media treated cells (p < 0.05). “b” is
statistically different compared to LPS treated cells (p < 0.05). “c” is statistically different

compared to isoproterenol and LPS treated cells (p < 0.05). “d” is statistically different
when compared to clenbuterol and LPS treated cells (p < 0.05).
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Figure 2.4. The isoproterenol and clenbuterol mediated protection in CYP1A1/2
activity following L.PS stimulation in astrocytes occurs through increases in cAMP.
Astrocytes were incubated with 50 pg mL" of LPS and either 1 uM (A) or 10 uM (B)
forskolin (For) for a period of 24 hours. For panel (C), astrocytes were incubated with 10
ng mL™! of LPS and 10 uM forskolin (For). EROD activity was then measured as
described in the materials and methods section. The mean values from three separate
experiments are shown for each treatment and are presented as % control of media (med)
treated cells only. The average EROD activity for media treated cells was 8.38 pmoles of
resorufin per mg protein per minute. “a” is statistically different compared to media

treated cells (p < 0.05). “b” is statistically different compared to LPS treated cells (p <
0.05).
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Figure 2.5. Isoproterenol and clenbuterol abrogate the LPS-induced upregulation in
TNFa. expression. Astrocytes were incubated with 50pg mL™ of LPS and either 10 nM
isoproterenol (Iso) or clenbuterol (Clen) for 3 hours. Total RNA was isolated using
TriZol Reagent as described in the materials and methods section and 2.5 pg of RNA was
electrophoresed and probed using both a TNFa and GAPDH probe. Blot quantification
was performed as described in the Methods section, and the results represent the pooled
data of 3 separate experiments performed 3 hours following drug addition. “a” is
statistically different compared to media treated cells (p < 0.05). “b” is statistically
different compared to LPS treated cells (p < 0.05).

54



treated cells (Figure 2.5). Similarly, the expression levels of TNFa in astrocytes treated

with clenbuterol and LPS were significantly lower compared to LPS only treated cells
(Figure 2.5).

2.4.5 Isoproterenol and clenbuterol do not exert their protective effect on the LPS-
induced downregulation in EROD activity through direct changes in NF-kB activity
The effects of LPS on the translocation of the p65 NF-xB subunit was examined using a
specific p65 NF-kB subunit antibody. The levels of nuclear p65 appeared to be increased
by 74% and 51% at 1 hour and 2 hours, respectively, following the addition of LPS to
media (Figure 2.6). Incubating cells with isoproterenol or clenbuterol appeared to reduce
the LPS-mediated nuclear translocation of the p65 NF-kB subunit at 1 and 2 hours.

Isoproterenol (10 nM) and clenbuterol (10 nM) alone had a modest or no effect on

nuclear p65 translocation.

The effect of LPS on the DNA binding ability of NF-kB was assessed using
electromobility shift assays and changes in IkBa mRNA. Up to a 6-fold increase in NF-
B binding was observed in astrocytes incubated with 50 pg mL™" LPS for a period of 1
hour compared to media treated cells. Isoproterenol and clenbuterol alone had no effects
on NF-kB binding. When given in combination with LPS, neither isoproterenol nor
clenbuterol were able to abrogate the LPS-induced upregulation in NF-xB binding
(Figure 2.7). IxkBa mRNA levels were significantly increased (over 5 fold) 1 hour
following the addition of 50 pg mL™ LPS to astrocytes (Figure 2.8A and C), but were not
affected by treatment with either isoproterenol or clenbuterol. The levels of IkBao mRNA
expression remained elevated 24 hours following the administration of 50 pg mL™ LPS,

and were not affected by isoproterenol or clenbuterol (Figure 2.8B and D).
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Figure 2.6. The protective effects of isoproterenol and clenbuterol on the LPS-
induced downregulation in CYP1A1/2 activity occurs independent of changes in p65
translocation. Astrocytes were incubated with 50pg mL! of LPS and either 10 nM
isoproterenol (Iso) or 10 nM clenbuterol (Clen) for either 1 or 2 hours. Nuclear and
cytoplasmic fractions were prepared as described in the materials and methods section,
electrophoresed and the p65 subunit determined using a specific antibody. The
cytoplasmic fraction containing NF-xB was used as a positive control (+ve Ctrl).
Representative blots for 1 hour samples (A) and 2 hour samples (B) are shown. The mean
values from three separate experiments are shown for each treatment. Amido black
staining was performed to ascertain equal protein loading. No treatments were
statistically significant.
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Figure 2.7. Isoproterenol and clenbuterol have no effect on the LPS-induced
upregulation in NF-xB binding in astrocytes. Astrocytes were incubated with 50ug
mL™" of LPS and either (B) 10 nM isoproterenol (Iso) or (C) clenbuterol (Clen) for a
period of 1 hour, following which nuclear fractions were prepared and binding reactions
were performed as described in the materials and methods section. A representative blot
is shown in (A), where solid line indicates specific binding and the dashed line indicates a
non-specific binding. Specific comp and non-specific comp indicate competitions
performed with excess non-radioactive NF-kB oligonucleotide and non-radioactive AP-1
oligonucleotide, respectively, as described in the materials and methods section. Lane 1
indicates probe only, lanes 2 and 3 refer to nuclear fractions obtained from media and
LPS treated cells, respectively. Lanes 4 and 5 refer to nuclear samples obtained from
isoproterenol and clenbuterol treated cells, respectively. Lanes 6 and 7 refer to nuclear
fractions obtained from isoproterenol/LPS and clenbuterol/LPS treated samples. Finally,
lane 8 refers to specific competition while lane 9 refers to the nonspecific competition.
The plotted results in (B) and (C) represent the pooled data from 3 separate experiments.
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Figure 2.8. The effects of isoproterenol and clenbuterol on the LPS-induced
upregulation of IxBa expression in astrocytes. Astrocytes were incubated with 50pg
mL" of LPS and either 10 nM isoproterenol (Iso) or clenbuterol (Clen) for either 1 or 24
hours. Total RNA was isolated using TriZol Reagent as described in the materials and
methods section and 2.5 pg of RNA was electrophoresed and probed using both an IxkBo
and GAPDH probe. Representative blots for the 1 hour samples (C) and the 24 hour
samples (D) are shown. Blot quantification was performed as described in the Methods
section, where (A) and (B) represent the pooled data of 3 separate experiments performed
at 1 and 24 hours, respectively, following drug addition. “a” is statistically different
compared to media treated cells (p < 0.05). “b” is statistically different compared to LPS
treated cells (p < 0.05).
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2.5 Discussion

During CNS inflammation, a wide variety of inflammatory mediators such as cytokines,
prostaglandins, nitric oxide, and reactive oxygen species are released from activated
microglia, the resident macrophages of the CNS [91]. Astrocytes are the major glial cells
in the CNS and have an important physiological role in integrating neuronal inputs,
neurotransmitter release, and the protection and repair of nervous tissue after damage
[110]. We have previously shown that stimulation of astrocytes with lipopolysaccharide
(LPS) causes a loss in cyt P450 activity that is accompanied by the production of an
inflammatory response characterized by increased levels of cytokines and NO production
[76, 77]. Pro-inflammatory cytokines such as TNFa, interleukin-1f (IL-1p), and
interleukin-6 (IL-6), participate in the downregulation of several cyt P450 isoforms at the
activity, protein, and mRNA levels in both peripheral and CNS models of inflammation
[51, 64, 76, 87]. Previous work in our laboratory has provided evidence that TNFa, IL-
1B, and interferon-y (IFNy) are capable of downregulating CYP1A activity in astrocytes
[76].

In the present study, we show that the administration of the beta-adrenergic
agonists isoproterenol and clenbuterol prevents the LPS-induced downregulation of
CYP1A1/2 activity in astrocytes. Since the protective effect of these beta-adrenergic
agonists was blocked by propranolol (a general /B, antagonist), we conclude that beta-
adrenergic receptor stimulation protects against the loss of CYP1A1/2 activity. To our
knowledge, this is the first time an observation has been made linking CYP activity
regulation through beta-adrenergic receptor stimulation during inflammatory conditions.

Norepinephrine has been reported to be neuroprotective in astrocytes (which express both
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B and B, receptors) in various models of inflammation and neurotoxicity [102, 111]. The
protection provided by beta-adrenergic receptor stimulation during the LPS-induced
downregulation of CYP1A activity did not occur by the prevention of cell death, since
MTT assays revealed a slight decrease in cell viability with 50 pg mL™" LPS that was not
altered by either isoproterenol or clenbuterol.

The beta-adrenergic receptor is a seven-transmembrane protein coupled to a
stimulatory G protein. Upon ligand binding, the Ga subunit dissociates and activates
adenylyl cyclase (AC), eventually leading to increases in intracellular cyclic AMP
(cAMP) concentrations. The second messenger cAMP activates protein kinase A (PKA),
leading to a multitude of effects such as the release of intracellular Ca** stores and
phosphorylation of cAMP response element binding (CREB) protein [112]. To examine
the effects of cAMP elevation on the LPS-induced downregulation in CYP1A activity,
we co-incubated astrocytes with forskolin and LPS. Forskolin was able to completely
prevent the LPS-induced downregulation in CYP1A activity. It has been shown that the
phosphodiesterase (an enzyme involved in cAMP degradation) inhibitor, pentoxifylline,
can protect against the LPS-induced downregulation in ¢yt P450 during models of
systemic inflammation [113]. These observations, coupled with the fact that forskolin
was able to abrogate the LPS-induced downregulation in CYP1A activity, indicate that
the isoproterenol and clenbuterol mediated protection in CYP1A activity observed in this
study is likely occurring through increases in intracellular cAMP.

The administration of LPS to astrocytes causes an increase in the release of pro-

inflammatory cytokines such as TNFo and IL-1f [114] . We have previously shown that

TNFa and IL-1B cause a downregulation in EROD activity in astrocytes [114]. Beta-
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receptor agonists have been shown to modulate the LPS-induced release of these
cytokines from various immune cells [103], and therefore to examine whether the
isoproterenol and clenbuterol mediated effects observed in this study were mediated
through changes in TNFo, we examined the effects of these agents on the LPS induced
upregulation in the expression of this cytokine. Our results reveal that both isoproterenol
and clenbuterol were able to abrogate the LPS-induced increases in TNFa expression,
indicating a possible mechanism for the protective role of these two agents on CYP1A
activity in astrocytes. Norepinephrine has been shown to upregulate the expression of
PPARY (peroxisome proliferator-activated receptor gamma), a nuclear hormone receptor
present in the CNS and adipose tissue [115]. Several PPARy agonists have demonstrated
anti-inflammatory effects in immune cells and diseases [116, 117], and therefore it is
possible that the beta-adrenergic agonist mediated abrogation of the LPS-induced
upregulation in TNFo. expression in astrocytes is occurring through an upregulation in
PPARYy.

We sought to examine the role of NF-kB in the beta-adrenergic mediated
protection observed in this study, since the anti-inflammatory effects of isoproterenol and
clenbuterol have been attributed to changes in NF-kB signalling [90]. NF-xB is a major
transcription factor responsible for the induction of pro-inflammatory genes and is
present in the cytoplasm as a dimer of different components of the Rel family of proteins
bound to and inhibited by IkBa. [118]. There is a continuous shuttling of NF-xB bound to
IkBa between the cytoplasm and nucleus, however upon stimulation by LPS and TNFa,
proteosome-mediated degradation of IkBa occurs which allows the translocation of

NF«B into the nucleus to induce the transcription of numerous pro-inflammatory genes
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[119]. LPS was only able to cause a slight upregulation in p65 translocation compared to
media treated cells, since the antibody utilized in these experiments identifies non-active
and non-phosphorylated p65. The incubation of astrocytes with isoproterenol or
clenbuterol was not able to completely prevent this slight upregulation in p65
translocation that occurs one hour following the treatment of astrocytes with LPS. In
order to ascertain the role of NF-xB on the B-adrenergic mediated protection in CYP1A
activity, we performed electromobility shift assays (EMSAs) and northern blot analyses
to examine the DNA binding capacity of NF-xB and changes in IkBo mRNA,
respectively. The EMSAs indicated that the LPS-mediated increase in NF-kB binding
was not altered by isoproterenol or clenbuterol. We observed an increase in [kBo mRNA,
and since it is known that the IkBo promoter contains several kB response elements
[120], this result strengthens our observations of increased nuclear NF-kB translocation
following LPS stimulation. Both p-adrenergic receptor agonists were not able to abrogate
the LPS-induced increase in IkBoo mRNA levels, however both agents had a tendancy to
reduce the LPS-induced upregulation in IkBo mRNA 1 hour following treatment. The
LPS-induced upregulation in TNFa expression at 3 hours observed in this study could
still lead to an upregulation in NF-xB. Therefore the ability of isoproterenol and
clenbuterol to abrogate the LPS-induced upregulation in TNFa expression could indicate
that the beta-adrenergic receptor mediated protection in CYP1A activity observed in this
study could still be occurring through changes in NF-«xB activity at later time points.

In conclusion, we have shown that the loss of CYP1A1/2 activity in astrocytes
can be minimized by beta-adrenergic receptor stimulation in an in vitro model of CNS

inflammation. We also provide evidence that increases in intracellular levels of cAMP
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and changes in TNFo expression likely play a role in mediating this beta-adrenergic
effect. In addition, we provide evidence that this B-adrenergic effect occurs independent
of direct changes in NF-«kB activity induced by LPS. The results of this study support the

idea that beta-adrenoceptor stimulation during conditions of CNS inflammation may be

protective against a reduction in the drug-metabolizing capacity of the brain.
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CHAPTER 3

THE PATHWAYS INVOLVED IN CYTOCHROME P450 REGULATION IN

THE LIVER DURING LPS-INDUCED CNS INFLAMMATION

Sections not done by PhD candidate:
Figure 3.9 panels B and D and Figure 3.10 panels B and D were taken from experimental
results performed by Elena Garcia Del Busto, who was a research assistant in Kenneth

W. Renton’s laboratory for the period 2000 — 2002.

Portions of this chapter appeared in the following publication:
Abdulla D, Goralski KB, Garcia Del Busto Cano E, Renton KW. (2005) The signal
transduction pathways involved in hepatic cytochrome P450 regulation in the rat during

an LPS-induced model of CNS inflammation. Drug Metabolism and Disposition. 33 (10):

1521-31. Epub 2005 Jul &.
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3.1 Abstract

It is well known that inflammatory and infectious conditions of the central nervous
system (CNS) differentially regulate hepatic drug metabolism through changes in
cytochrome P450 (CYP), however the pathways leading to this regulation remain
unknown. We provide evidence delineating a signal transduction pathway for hepatic
CYP gene expression downregulation in an established rat model of CNS inflammation
using lipopolysaccharide (LPS) injected directly into the lateral cerebral ventricle (i.c.v.).
Brain cytokine levels were elevated and the expression of TNFa and IkBa were
increased in the liver following the i.c.v. administration of LPS, indicating the presence
of an inflammatory response in the brain and liver. The expression of CYP2D1/5,
CYP2B1/2, and CYP1A1 was downregulated following CNS inflammation. The binding
of several transcription factors (NF-kB, AP-1, CREB, C/EBP) to responsive elements on
CYP promoter regions was examined using electromobility shift assays. Binding of both
NF-xB and C/EBP to the promoter regions of CYP2DS5 and CYP2B1, respectively, was
increased, indicating that they play an important role in the regulation of these two
isoforms during inflammatory responses. Evidence is also provided suggesting that the
rapid transfer of LPS from the CNS into the periphery likely accounts for the

downregulation of CYPs in the liver.
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3.2 Introduction

Cytochrome P450 constitutes a superfamily of heme containing enzymes that are well
known for their role in the metabolism and elimination of various exogenous and
endogenous substances [44, 66]. In addition to metabolism, CYP isoforms play a major
role in many biochemical and physiological pathways such as the biosynthesis and/or
degradation of steroid hormones and fatty acids [44]. Changes in the levels of CYP
isoforms may contribute to the development of cancer, Parkinson’s disease, and adrenal
hyperplasia [44]. The majority of the CYP isoforms are found in the liver, however other
extra-hepatic sites of CYP localization include the CNS, gastrointestinal tract, kidney,
lungs, and adrenal glands [85].

3.2.1 Effects of inflammation on cytochrome P450

The effects of host defence and immune stimulation on CYP isoforms have been well
documented [66, 69]. Both viral and bacterial inflammatory conditions can lead to
differential regulation of hepatic CYP isoforms [75, 114]. Cytokines are known to play a
dominant role in this regulation; IFNy, IL-1p, IL-6, and TNFa have been shown to
downregulate hepatic CYP1A1, CYP1A2, CYP2B1/2, and CYP3A1/2 in rat models of
systemic inflammation when given alone or in combination [64, 66, 69, 76, 87, 121, 122].
The injection of immunostimulants directly into the CNS produces a highly regulated
inflammatory response characterized by the production of cytokines, immune cell
infiltration, and tissue damage [66, 76, 77, 90, 91]. We have previously demonstrated that
the catalytic activity of both hepatic and CNS CYP isoforms are downregulated in rat
models of CNS inflammation/infection [75, 114, 123]. A reduction in brain CYP

metabolism may exacerbate susceptibility to neurotoxic agents such as 1-methyl-4-
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phenylpyridinium [93]. A loss or reduction in hepatic CYP levels has direct
consequences for reduced metabolism of therapeutic agents [44, 66]. The pathways
directly causing the downregulation of CYP isoforms following conditions of CNS
inflammation are not completely understood, however multiple mechanisms are
implicated.

3.2.2 Objective

Our objective was to determine the signal transduction mechanisms that contribute to
hepatic CYP regulation in a rat model of LPS-induced CNS inflammation. To perform
that, we examined the regulation of hepatic CYP gene expression following the
intracerebroventricular (i.c.v.) administration of LPS, a well known and utilized model of
CNS inflammation/infection [72, 75, 124]. Our major findings are that several hepatic
transcription factors play a vital role in CYP gene regulation during conditions of CNS
inflammation and that LPS is rapidly transferred from the CNS into the periphery where

it likely contributes to the effects observed in this rodent model of CNS inflammation.
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3.3 Methods

3.3.1 Reagents

All laboratory reagents were purchased from Sigma (St. Louis, MO) with the exceptions
noted in the text. Gel purified Escherichia coli lipopolysaccharide (LPS) of sereotype
0127:B8 (Sigma, St Lois, USA) was utilized in the experiments as outlined below.

3.3.2 Animals and treatments

Male Sprague-Dawley rats (125 — 150 grams) were obtained from Charles River
Laboratories (Quebec, Canada) and were housed on corncob bedding for a period of 5
days on a 12-hour light/dark cycle. All animal procedures were performed according to
the Dalhousie University Committee on Laboratory Animals following the guidelines
established by the Canadian Council on Animal Care. Rats were allowed ad-libitum
access to food and water prior to and following the experimental procedure. On the day
of the experiment, rats were anaesthetized using enflurane and maintained on a 4% level
of the anaesthetic during the surgery. Intracerebroventricular (i.c.v.) injections into the
lateral ventricle were performed using a KOPF sterotaxic instrument. The coordinates
utilized relative to bregma were 1.7 mm lateral and 4.7 mm below the skull surface. A
dose of 25 ug LPS was dissolved in pyrogen-free saline and injected in a volume of 5 uL.
In a separate set of experiments, rats were injected intravenously (i.v.) through the tail
vein with 25 pg LPS dissolved in 100 pL of saline and tissue samples obtained at either
3, 6, or 24 hours following injection. Some experiments required intraperitoneal injection
of rats with 25 pg LPS dissolved in 100 pL of saline. All experiments utilized 4 — 6 male
rats per treatment. For the cytokine experiments, animals received a cytokine cocktail

containing 100 ng TNFa, 50 ng IL-1f, 45 ng IL-1a, 50 ng IL-6, and 50 ng IFNy (all
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cytokines obtained from CedarLane Laboratories Ltd, Ontario, Canada) made in 0.1 %
sterile filtered BSA. For the cytokine inhibitor experiments, rats received 25 pg of LPS
1.c.v. in combination with one of the following treatments: the TNFa soluble antibody
etanercept (Enbrel™, Immunex, Wyeth-Ayerst, Canada) administered either i.p. (25 mg
kg") ori.c.v. (40 pg) or the IL-1 inhibitor YVAD (Alexis Biochemicals, California,
USA) administered i.c.v. (0.63 pg). Doses for the cytokine cocktail and the cytokine
inhibitor experiments were selected based on results from previous dose response curves
(data not shown).

3.3.3 Tissue isolation, microsomal fraction preparation, and microsomal metabolism
assays

At 2,4, 6, and 9 hours following the i.c.v. injection of either saline or LPS, rats were
anaesthetized with enflurane, decapitated, and liver (~100 mg) for RNA isolation was
obtained, serum collected, and whole brain homogenates for cytokine measurement was
obtained. For the i.v. experiments, total liver RNA was isolated at 3 and 6 hours
following treatment. Liver microsomal fractions were obtained at 24 hours following
either the i.v. or i.c.v. injection of LPS as described previously [75]. Briefly, whole rat
livers were rinsed in ice-cold 1.15% KCI and homogenized using a motor driven polytron
homogenizer in 20 mL of ice-cold 1.15% KC1. The homogenate was then centrifuged at a
speed of 9000 rpm for 10 min at 4°C, and the supernatant was centrifuged at a speed of
40,000 rpm also at 4°C to obtain the microsomal fraction. Liver microsomes were
suspended in a glycerol-phosphate buffer (50 mM KH,PO, buffer, pH 7.4, containing
20% glycerol and 0.4% KCI) and were aliquoted and stored at —80°C until usage. Total

protein concentrations were determined according to a modified Lowry protocol [105].
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Microsomal samples were diluted 1:100 and a 5x volume of Mix A (0.97% NaCQ; in 0.1
M NaOH, 0.02% sodium potassium tartarate, and 0.01% CuSQ,) was added to the
samples, which were then incubated at room temperature for 10 minutes. Following this
incubation, a 0.5x volume of phenol mixture (1:1 dilution with water) was added to the
samples and the incubation was carried on for a further 30 minutes. Sample absorbances
were then determined at 700 nm using a plate reader (BioTek Instruments) and protein
amounts were determined based on a protein bovine serum albumin (BSA) standard
curve. The activity of CYP1A1/2 and CYP2B1/2 were determined using the 7-
Ethoxyresorufin O-dealkylase (EROD) assay and the Pentoxyresorufin O-dealkylase
(PROD) assay, respectively, as described by Burke et al [125]. A total of 1 mg of
microsomal protein was incubated in 0.1 M KH,PO, (pH 7.4) with 0.5 uM of either
ethoxyresorufin or pentoxyresorufin at 37°C for 2 minutes for CYP1A and CYP2B
assays, respectively. In both incubations, the reaction was initiated by the addition of 10
uL of 25 uM NADPH and the amount of fluorescent resorufin forming was monitored
every 30 seconds over a 3-minute time period. The excitation and emission wavelengths
for the CYP1A assay were 510 and 586 nm, respectively. For the CYP2B assay, the
excitation and emission wavelengths were 530 and 586 nm, respectively. Total P450
values were determined according to the method of Omura and Sato [126]. Liver
microsomes were diluted to a final concentration of 1 mg mL™" using 1.15 % KCl and 1
mL of 1 M KH,PO, buffer and reduced using sodium dithionite. The absorbance
spectrum was measured before and after the bubbling of the samples with CO (for ~25
seconds) and the absorbance difference spectrum (450/490 nm) was quantified using a

Beckman DU-70 spectrometer. P450 content is reported as nmoles/mg protein.
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3.3.4 RNA extraction and northern blot analysis

Total liver RNA was extracted using the TriZol® method according to manufacturer’s
instructions and quality was determined using 260/280 nm ratios. 10 pg of total RNA was
electrophoresed on a 1.1% formaldehyde gel and transferred onto an immobolin—NY+
membrane (Millipore Corporation, MA, USA) overnight and fixed to the membrane by
UV cross linking and heating for 1 hour at 65°C. Blots were prehybridized for 1 hour in
10 mL of Sigma Perfecthyb™ Plus (Sigma, St Lois, MS) after which the [**P]dCTP
(Perkin and Elmer, Canada) labelled probes (RmT Random Primer Labelling kit,
Stratagene, USA) were added to a specific activity of 1 x 10" cpm. Blots were exposed to
a storage phosphor screen (Amersham Biosciences, NJ, USA) for 16 — 24 hours and
scanned using a phospher imager (Amersham Biosciences, NJ, USA). Bands were
quantified using ImageQuant 5.2™ software (Amersham Biosciences, NJ, USA).
CYP2D1/5 [127], TNFa [107], and IxkBa [90] probes were constructed from forward and
reverse primers (CYP2D1/5 FWD 5" ATC GCT GGA CTT CTC GCT AC 3', CYP2D1/5
REV 5 GTC TTC TGA CCT TGG AAG AC 3', TNFa FWD 5' TAC TGA ACT TCG
GGG TGA TTG GTC C 3', TNFa REV 5" CAG CCT TGT CCC TTG AAG AGA ACC
3, IkBa. FWD 5" CAT GAA GAG AAG ACA CTG ACC ATG GAA 3/, IkBa REV 5’
TGG ATA GAG GCT AAG TGT AGA CAC G 3') using a TOPO TA Cloning® kit
(Invitrogen, Ontario, Canada) according to manufacturer’s instructions. CYP2B1/2,

MAPKK, and GAPDH probes were a generous gift from Dr. C. J. Sinal (Dalhousie

University, Canada).
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3.3.5 Real-time quantitative PCR

A total of 5 pg of liver RN A was reverse transcribed in a 25 pL reaction containing 62.5
nM random primers, 20 Units of RNaseOUT (Invitrogen, Ontario, Canada), 1x
StrataScript® RT-buffer and 12.5 Units of StrataScript® Reverse Transcriptase (both
Stratagene, California, USA) according to the instructions provided with the Reverse
Transcriptase enzyme. Real-time quantitative PCR was performed using an MX3000P™
instrument (Stratagene, California, USA) in a total volume of 20 pL. Reactions contained
10 pL of 2% Brilliant® SYBR® Green QPCR mix (Stratagene, California, USA), 62.5 ng
of both forward and reverse primers, and 25 nM of reference dye. Cycle parameters
consisted of an initial 10 minute denaturation step at 95°C followed by either 35 cycles
for GAPDH or 45 cycles for CYP1AL1 as follows: 30 second denaturation at 95°C, 18
seconds annealing at 60°C, and 30 seconds extension at 72°C. Dissociation curves were
also performed to verify the amplicon being amplified. Primers specific for CYP1A1 and
GAPDH were specifically designed using the published sequence for rat CYP1A1
(Accession number X00469) and rat GAPDH (Accession number X02231) as follows:
CYP1A1 FWD 5 GGA GCT GGG TTT GAC ACA AT 3, CYP1A1 REV 5 GAT AGG
GCA GCT GAG GTC TG 3' (amplicon size 157 bp), GAPDH FWD 5" AGA CAG CCG
CAT CTT CTT GT 3', GAPDH REV 5" CTT GCC GTG GGT AGA GTC AT 3’
(amplicon size 207 bp). Data was analysed using the 27*““1 method [128], where the
cycle threshold (Cr) values for CYP1A1 and GAPDH were ~ 32 and ~19, respectively.
3.3.6 Cytokine measurements

Whole brain was obtained following the i.c.v. injection of LPS at 2, 4, 6, and 9 hours and

homogenized in 2 mL of phosphate buffer saline, pH 7.4. The homogenates were spun at
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13,000 rpm for 10 minutes at 4°C and the supernatant was stored at —80°C until used for
cytokine measurements. Protein levels in the brain homogenates were determined using a
modified Lowry method [105]. Levels of TNFa and IL-1p in the brain were measured
using a sandwich ELISA (R&D systems, Minneapolis, USA) and results are reported as
pg of cytokine per mg of protein present in the brain homogenate. The limits of detection
for both TNFa. and IL-1p cytokine ELISA assays was 5 pgmL™.

3.3.7 Nitrite measurement

The total amount of NO in plasma was indirectly determined by measuring total nitrites
and nitrates (end products of NO oxidation) using a NO assay kit (Cayman Chemical,
Ann Arbour, Michigan, USA) according to manufacturer’s instructions. The kit involved
converting nitrates into nitrites and then measuring the converted products using Griess
Reagent. Nitrite accumulation was determined in a 96-well plate format with the
absorbances determined at 540nm. The limit of detection for this assay was 2.5 uM.
3.3.8 Determination of endotoxin levels

LPS concentrations were determined in serum at 15 minutes, 30 minutes, 2 hours, 4
hours, 6 hours, 15 hours, and 24 hours following the administration of LPS by either the
i.c.v. or i.p. route. Rats were injected with 25 pug of LPS either i.c.v (in 5 pL of pyrogen-
free saline) or i.p. (in 100 uL of pyrogen-free saline). Following decapitation, trunk blood
was collected and allowed to clot for 1 hour at room temperature and 1 hour on ice, and
serum was obtained following a 10-minute spin at 3000 rpm, and stored at —-80°C until
usage. All groups were compared to non-injected rats. LPS levels were determined per
manufacturer’s instructions from a commercially available kinetic assay kit based on

ChromoLLAL as a substrate (Associates of Cape Cod, MA, USA). The assay was linear
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from 0.0395 pg mL™" to 100 ng mL™ of LPS. The levels of endotoxin in the saline used to
resuspend LPS were below the limit of detection of the assay, indicating that samples
preparation was sufficiently aseptic for endotoxin detection.

3.3.9 Liver nuclear fraction isolation

Liver nuclear fractions were isolated from rats 1 and 3 hours following the i.c.v. injection
of LPS according to a previously described method [129]. Briefly, animals were
decapitated and livers were homogenized in 20 mL of Homogenization Buffer (100 mM
HEPES, pH 7.4, containing 25 mM KCl, 0.15 mM spermine, 0.5 mM spermidine, 1 mM
EDTA, 2 M sucrose, 10% glycerol, 5 pg mL™ pepstatin A, and 5 pg mL™ leupeptin) and
centrifuged at 17,000 rpm for a period of 20 minutes at 4°C. The nuclear pellet was
resuspended in 10 mL of Nuclear Lysis Buffer (100 mM HEPES, pH 7.4, containing 100
mM KCl, 3 mM MgCl,, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 10% glycerol, 5 pg
mL" pepstatin A, and 5 pg mL™ leupeptin) and homogenized using a Dounce
homogenizer. The extraction was initialized by the addition of (NH4),SOj4 to the nuclear
lysate in drop-wise fashion to a final concentration of 0.4 M. The viscous lysates were
incubated for period of 30 minutes on ice with constant shaking, after which they were
ultra-centrifuged at 35,000 rpm for a period of 60 minutes at 4°C. Solid (NH,),SO4 was
added to the supernatants at a concentration of 0.3 g mL™". The solutions were inverted
several times and incubated on ice for a period of 20 minutes until all the (NH4),SO4 had
dissolved. The solutions were then further centrifuged at 35,000 rpm for a period of 25
minutes at 4°C and the pellets were re-suspended in Suspension Buffer (25 mM HEPES,

pH 7.6, containing 40 mM KC1, 0.1 mM EDTA, 1 mM DTT, 10% glycerol, 5 pg mL"
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pepstatin A, and 5 pg mL™' leupeptin) and stored at —80°C until usage. Total protein
concentrations were determined according to a modified Lowry protocol [105].

3.3.10 Electromobility shift assays

Reactions were carried out in a total volume of 20 pL and contained 5 pg of protein,
50000 cpm of [**P]-labeled probes, Binding Buffer (50 mM Tris-HcL, pH 7.9 containing
5 mM MgCl2, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl, and 20% glycerol), and 2
ug of polydIdC. Reactions were pre-incubated with the polydIdC for a period of 15
minutes after which the radiolabeled probe was added to initiate the reaction. In cases of
specific competitions, a 20x excess amount of non-radioactive self oligonucleotide was
utilized and was included in the reaction mixture. Reactions were incubated at room
temperature for a period of 30 minutes and run on a 5% TBE-acrylamide gel at a voltage
of 170 V. In the case of non-specific competitions, a 20x excess amount of non-
radioactive non-self oligonucleotide was utilized in the reaction mixture. For supershift
reactions, the reaction mixture was incubated with either a p65 antibody (Santa Cruz,
California, USA) or a C/EBPa antibody (generous gift from Dr. M. W. Nachtigal) for a
30-minute period following the addition of the radioactive specific probe. The gels were
then dried using a Bio-Rad gel dryer (Bio-Rad, Ontario, Canada) operating under vacuum
and set at 80°C for 105 minutes. Gels were then exposed to a phospher-storage screen for
a period of 16 — 24 hours and scanned using a phospher imager (Amersham Biosciences,
NJ, USA). Bands were quantified using ImageQuant 5.2™ software (Amersham
Biosciences, NJ, USA). The probes (described in Table 1) were either obtained
commercially from Santa Cruz or as single-stranded oligonucleotides from Sigma

Genosys (Sigma-Aldrich, Ontario, Canada) and annealed according to a standard
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protocol. Briefly, 300 pmoles of each oligonucleotide were incubated in Annealing
Buffer (100 mM Tris, pH 7.9 and 50 mM MgCl,) for 10 minutes at 95°C and allowed to
gradually cool down to 25°C.

3.3.11 Statistical analysis

All data are reported as the mean = the standard error of the mean. Each time point
constituted a separate experiment in which LPS treatment was compared to saline and
was carried out on a different day, and therefore an unpaired t-test was utilized to
compare saline versus LPS groups, where p < 0.05 determined statistical significance.

Data is presented in one graph for all time points for convenience in illustrating the data.
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Table 3.1 — List of EMSA oligonucleotides utilised
The underlined portion of each oligonucleotide in the last four rows refers to the response

element for the transcription factor being observed.

Description Oligonucleotide Source
NF-xB | 5 AGT TGA GGG GAC TTT CCC | Santa Cruz
AGG 3’
AP-1|5 CGC TTG ATG ACT CAG CCG | Santa Cruz
GAA 3

CREB | 5" AGA GAT TGC CTG ACG TCA | Santa Cruz
GAG AGC TAG &
CYP2D5 | —-654 5" CCA ACG TAG GGA CTT | Single Stranded
NF-xB | CCC AAG ATC CT 3' —680 oligonucleotides
annealed according to
standard procedure
CYP1A1 | —746 5°GCG AGA GGA ATC TCC | Single Stranded
NF-kB | CAG GC 3' -726 oligonucleotides
N annealed according to
standard procedure
CYP2B1 | -888 5'CCA GGG GTG GAATTT | Single Stranded
NF-xB | CCC ACA GT 3" -879 oligonucleotides
annealed according to
standard procedure
CYP2B1 | -67 5 ACA TGT GAA GTT GCA Single Stranded
C/EBP | TAA CTG AGT 3' 45 oligonucleotides
- annealed according to
standard procedure
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3.4 Results

3.4.1 The intracerebroventricular injection of LPS initiates an inflammatory
response in the brain and liver

Levels of TNFa and IL-1f proteins were increased in the brains of animals at 2, 4, and 6
hours following the i.c.v. administration of LPS as compared to saline control rats (Figure
3.1A and B). These data indicate that a CNS inflammatory response occurs in response to
the i.c.v administration of LPS.

The liver is considered as the major target organ of the acute phase response [81]
and therefore we measured the expression of various important acute phase proteins in
that organ. IxBa expression levels in the liver were increased at 2, 4, 6, and 9 hours
following the induction of CNS inflammation (Figure 3.2A). MAPKK expression levels
in livers of rats treated with LPS i.c.v. were significantly increased by 3.4 fold and 3.7
fold at 4 and 6 hours, respectively, following the i.c.v. administration of LPS (Figure
3.2B). The expression of TNFa in the liver was significantly increased following LPS
i.c.v. at 2, and 6 hours compared to saline i.c.v. administration (Figure 3.2C). These
results indicate the activation of hepatic acute phase signalling proteins in this rat model
of LPS-induced CNS inflammation.

We have previously reported increased amounts of cytokines in the serum of rats
treated with LPS i.c.v. compared to saline-injected controls [114]. Since the elevation of
nitrites/nitrates is also associated with inflammation, we examined nitric oxide levels in
the plasma of animals treated with LPS i.c.v. compared to saline. The levels of total
nitrates and nitrites increased at 4, 6, and 9 hours and were 19 fold higher than saline

treated rats 15 hours following LPS administration (Figure 3.3).
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Figure 3.1. The upregulation of TNFo and IL-1p levels in the brain following the
administration of LPS into the lateral cerebral. Rats were injected i.c.v. with either 25
pg LPS or saline and brain homogenates were obtained 1 — 6 hours later. Levels of TNFa.
(A) and IL-1B (B) are shown as pg of cytokine per mg of protein present in the brain
homogenates. The levels of these two cytokines in naive rats that have not received any
i.c.v. treatment are shown in each panel. Each bar represents the mean + S.E.M. from 4
rats. * Cytokine level is higher compared to the respective saline treatment using an un-
paired t-test (p < 0.05).
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Figure 3.2. The induction of an inflammatory response in the liver in response to the
administration of LPS into the lateral cerebral. Rats were injected i.c.v. with either 25
pg LPS or saline, and liver RNA was isolated to be used for northern blot analysis at
various time points following treatment. The ratio of the intensity of each band to its
respective GAPDH was obtained by densitometry, and the results are plotted as % control
of each respective saline group for IkBa (A) and MAPKK (B). The average absolute
value for IkBa expression (with respect to GAPDH) was 0.29 for the 2 hour saline
samples, 0.67 for the 4 hour saline samples, 0.64 for the 6 hour saline samples, and 0.50
for the 9 hour saline samples. The average absolute value for MAPKK expression (with
respect to GAPDH) was 0.66 for the 2 hour saline samples, 0.55 for the 4 hour saline
samples, 0.79 for the 6 hour saline samples, and 0.71 for the 9 hour saline samples. Each
bar represents the mean + S.E.M. mRNA expression from 4 rats. Representative blots for
TNFa (C) relative to GAPDH are shown for the 2, 4, 6, and 9 hour time points following
the induction of CNS inflammation. ¥ mRNA expression is higher compared to
corresponding saline treated rats using an un-paired t-test (p < 0.05).
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Figure 3.3. An increase in nitrite levels in plasma of rats occurs in response to the
administration of LPS into the lateral cerebral ventricle. Rats were injected with 25
pg LPS i.c.v. and 2 — 15 hours later rats were sacrificed and plasma was obtained. Nitrite
levels in the plasma were detected using a commercially available kit that converts total
nitrates into nitrites (both end products of nitric oxide). Each bar represents the mean +
S.E.M.total nitrite level from 4 rats. * Nitrite level is higher compared to corresponding
saline treated animals using an un-paired t-test (p < 0.05).
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3.4.2 The effects of CNS inflammation on mRNA expression of CYP isoforms
Based on the observed changes in TNFa, IkBa, and MAPKK in the liver following the
1.c.v. administration of LPS, we examined the expression of CYPs in the liver at these
time points. The expression level of CYP2D1/5 was unchanged at 2 and 4 hours but was
significantly reduced by 45% and 58% at 6 and 9 hours, respectively, following the i.c.v.
administration of LPS (Figure 3.4A). The expression levels of CYP2B1/2 were
significantly downregulated (by 45%) only at 6 hours following the induction of CNS
inflammation, and were unchanged at 2, 4, and 9 hours following LPS administration
(Figure 3.4B). The levels of hepatic CYP1A1 expression began to decline between 2 and
4 hours following CNS inflammation and were significantly reduced by 90 % at 6 hours
following the i.c.v. administration of LPS (Figure 3.4C). At 9 hours following the i.c.v.
administration of LPS, CYP1A1 expression levels in the liver had returned to normal in
the LPS treated rats compared to saline. These results indicate that the changes in the
expression of these CYP isoforms correlates with the increased expression of hepatic
acute phase signalling molecules.

3.4.3 The involvement of hepatic transcription factors in the regulation of CYPs
during LPS-induced CNS inflammation

The importance of several transcription factors in the regulation of CYP expression
during CNS inflammation was observed using EMSA assays. NF-xB, activator protein-1
(AP-1), CCAAT-enhancer binding protein (C/EBP), and cAMP response element binding
protein (CREB) are important down-stream transcription factors that are activated by the
acute phase response and are responsible for gene regulation in the liver during

conditions of inflammation [81, 130]. At 3 hours following the administration of LPS
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Figure 3.4. Rapid changes in the expression of CYP2D1/5, CYP2B1/2, and CYP1A1l
occur following the administration of LPS into the lateral cerebral ventricle to
induce CNS inflammation. Animals were administered either 25 ng of LPS or 5 puL of
saline, and liver RNA was isolated. Specific probes for CYP2D1/5 and CYP2B1/2 were
utilized for northern blot analyses (A and B). Specific primers for CYP1A1 were utilized
for the quantitative PCR in (C). LPS treated animals were compared to the respective
group of saline treated animals at each time point, with each bar showing the mean results
from 4 rats. For CYP2D1/5 (A) and CYP2B1/2 (B), the ratio of the intensity of each band
to its respective GAPDH was obtained, and the results are plotted as % control of the
respective saline groups. The 274%, method was used to obtain the fold decrease of
CYP1A1 (C) at each time point compared to its respective saline treated group. The
average absolute value for CYP2D1/5 expression (with respect to GAPDH) was 1.53 for
the 2 hour saline samples, 0.78 for the 4 hour saline samples, 2.23 for the 6 hour saline
samples, and 1.83 for the 9 hour saline samples. The average absolute value for
CYP2B1/2 expression (with respect to GAPDH) was 0.48 for the 2 hour saline samples,
0.23 for the 4 hour saline samples, 0.57 for the 6 hour saline samples, and 0.36 for the 9
hour saline samples.* CYP expression is lower compared to respective saline treated
animals using an un-paired t-test (p < 0.05).
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86



i.c.v., a significant upregulation in the binding of P**-labeled NF-xB, AP-1, and CREB
oligonucleotides to response elements in liver nuclear fractions isolated from LPS treated
animals compared to saline treated animals was observed (Figure 3.5A, B, and C). One
hour following the induction of CNS inflammation, the binding of AP-1 in liver nuclear

fractions obtained from LPS treated animals was also significantly upregulated (data not
shown). These data indicate that NF-kB, AP-1, and CREB proteins are elevated in
hepatic nuclear fractions prior to the loss of CYP mRNA expression.

The binding of transcription factors to the promoter regions of specific CYP
1soforms is illustrated in Figures 3.6 and 3.7. An upregulation in the binding of an NF-xB
response element (identified using MacVector®) on the CYP2D5 promoter occurred in
liver nuclear fractions isolated 3 hours following the treatment of rats with LPS i.c.v.
(Figure 3.6A). The binding of NF-xB to this response element on CYP2DS5 was
confirmed using specific and non-specific competitions and was supershifted using a p65
antibody. NF-xB and C/EBP response elements have been identified on the CYP2B1
promoter [131, 132]. An increased binding of NF-xB and C/EBP response elements
occurred in hepatic nuclear fractions 3 hours following the administration of LPS i.c.v.
(Figure 3.6B and Figure 3.7A). The binding of both proteins was confirmed using
specific and non-specific competitions and was supershifted using a p65 and a C/EBPa
antibody. Finally, an upregulation in the binding of an NF-«xB response element
(identified using MacVector®) on the CYP1A1 promoter was observed in liver nuclear
fractions isolated 3 hours following the treatment of rats with LPS i.c.v. (Figure 3.7B).

The binding was confirmed using specific and non-specific competitions. No binding was
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Figure 3.5. The binding of specific transcription factors in the liver is increased in
response to the administration of LPS into the lateral cerebral ventricle. Rats were
injected with either 25 pug of LPS or 5 pul of saline i.c.v., and liver nuclear fractions were
isolated 3 hours later and were used in electromobility shift assays using commercially
obtained oligonucleotides (Table 3.1). Representative blots for NF-kB (A), CREB (B),
and AP-1 (C) are shown, where the solid arrow indicates specific binding. Specific
competitions (Spec comp) and non-specific competitions (Non-spec comp) indicate
competitions performed with excess non-radioactive specific oligonucleotide and non-
radioactive non-specific oligonucleotide, respectively. Each blot shows the results from 4
saline and 4 LPS treated rats. Lane 1 refers to probe only, while lanes 2 — 5 and 6 — 9
represent nuclear fractions obtained from saline and LPS treated animals, respectively.
Lanes 10 and 11 represent specific and non-specific competition, respectively.
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Figure 3.6. NF-xB plays a vital role in the regulation of CYP isoforms. Rats were
injected with either 25 pg LPS or 5 pl saline i.c.v., and liver nuclear fractions were
isolated 3 hours later and were used in electromobility shift assays using commercially
obtained oligonucleotides (Table 3.1). EMSA binding reactions were performed using
single stranded oligonucleotides (Table 3.1) that were annealed according to a standard
annealing procedure as outlined in the Methods section. An upregulation in NF-xB
binding to an NF-xB responsive region on the promoter of CYP2D5 (A) and CYP2B1
(B) is shown, where the solid arrow indicates specific binding, and the dashed arrow
indicates non-specific binding. Specific competitions (Spec comp) and non-specific
competitions (Non-spec comp) indicate competitions performed with excess non-
radioactive specific oligonucleotide and non-radioactive non-specific oligonucleotide,
respectively. The binding of NF-kB was confirmed using supershift assays, where (C)
and (D) show a super shift (indicated by the diamond head arrow) in binding to the
CYP2D5 NF-«B region and the CYP2B1 NF-kB region, respectively, observed
following incubation with a p65 antibody. Each blot shows the results from 4 saline and 4
LPS treated rats. Lane 1 refers to probe only, while lanes 2 — 5 and 6 — 9 represent
nuclear fractions obtained from saline and LPS treated animals, respectively. Lanes 10
and 11 represent specific and non-specific competition, respectively. Lanes 12 and 13
refers to an LPS sample and a super-shifted sample, respectively.
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Figure 3.7. The roles of C/EBP and NF-«xB in the regulation of CYP2B1 and
CYP1ALl. Rats were injected with either 25 pg of LPS or 5 pl of saline i.c.v., and liver
nuclear fractions were isolated 3 hours later. EMSA binding reactions were performed
using single stranded oligonucleotides (Table 3.1) that were annealed according to a
standard annealing procedure. The binding of C/EBP to a C/EBP responsive region on
the promoter of CYP2B1 (A) and NF-xB to an NF-«B response element on the promoter
region of CYP1A1 (B) is shown, where the solid line indicates specific binding. Specific
competitions (Spec comp) and non-specific competitions (Non-spec comp) indicate
competitions performed with excess non-radioactive specific oligonucleotide and non-
radioactive non-specific oligonucleotide, respectively, as described in the Methods
section. The binding of C/EBPa. to the CYP2B1 C/EBP region was confirmed using a
supershift assay as shown in (C), where the diamond head arrow indicates the shift
following incubation with a C/EBPa antibody. Each blot shows the results from 4 saline
and 4 LPS treated rats. Lane 1 refers to probe only, while lanes 2 — 5 and 6 — 9 represent
nuclear fractions obtained from saline and LPS treated animals, respectively. Lanes 10
and 11 represent specific and non-specific competition, respectively. Lanes 12 and 13
refers to an LPS sample and a super-shifted sample, respectively.
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observed to the CREB response element on the promoter region of CYP1A1 (identified
using MacVector®) (Figure 3.8).

3.4.4 The peripheral effects on hepatic CYP expression observed following the i.c.v.
administration of LPS can not be completely accounted for by cytokines

The above results indicate that several important intra-hepatic biochemical changes are
occurring during this rodent model of LPS-induced CNS inflammation. We examined
several pathways to explain the mechanisms by which the i.c.v. administration of LPS is
causing the peripheral effects on hepatic CYPs and inflammatory mediator expression. It
1s known that total cytochrome P450 levels are downregulated in response to the i.c.v.
administration of LPS [75]. Thus we chose to examine the effects of cytokines
administered centrally and cytokine inhibitors on total cytochrome P450 levels 24 hours
following the i.c.v. administration of LPS. When rats were administered a cytokine
cocktail 1.c.v., we observed no change in total cytochrome P450 levels (Figure 3.9A). Co-
administration of Enbrel™ (TNFa soluble antibody) either i.c.v. or i.p. with LPS i.c.v.
could not prevent the LPS-induced downregulation in total cytochrome P450 levels
(Figure 3.9B and C). YVAD, the IL-1 inhibitor, was also not able to prevent the LPS-
induced downregulation in total cytochrome P450 levels when both agents were
administered i.c.v. (Figure 3.9D). Similar results were obtained when EROD activity
was examined (Figre 3.10).

3.4.5 LPS levels are detected in the serum of animals given 25 pg of LPS by i.c.v. or
i.p. injection

Since the distribution of LPS following its administration i.c.v. to rats has not been

previously characterized, we determined whether LPS transfer to the periphery might
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Figure 3.8. CREB does not play a role in the regulation of CYP1A1. Rats were
injected with either 25 pg of LPS or 5 pl of saline i.c.v., and liver nuclear fractions were
isolated 3 hours later. EMSA binding reactions were performed using single stranded
oligonucleotides (Table 1) that were annealed according to a standard annealing
procedure. The binding of CREB to a CREB responsive region on the promoter of
CYP1A1 is shown. Specific competitions (Spec comp) and non-specific competitions
(Non-spec comp) indicate competitions performed with excess non-radioactive specific
oligonucleotide and non-radioactive non-specific oligonucleotide, respectively, as
described in the Methods section. Each blot shows the results from 4 saline and 4 LPS
treated rats. Lane 1 refers to probe only, while lanes 2 — 5 and 6 — 9 represent nuclear
fractions obtained from saline and LPS treated animals, respectively. Lanes 10 and 11
represent specific and non-specific competition, respectively. Lanes 12 and 13 refers to
an LPS sample and a super-shifted sample, respectively.
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Figure 3.9. The non-involvement of several pathways in mediating the effects of LPS
i.c.v. on hepatic CYP isoforms. Rats were administered a cytokine cocktail consisting of
TNFa, IL-1B, IL-1a, IL-6, and IFNy, and total cytochrome P450 levels were measured

24 hours later (A). In a separate set of experiments, rats were injected with 25 pg of LPS
i.c.v. in addition to etanercept (Enbrel™) given either as a dose of 40 pg i.c.v. (B) or 2.5
mg/kg 1.p. (C) or the IL-1 inhibitor YVAD administered as a dose of 0.63 pgi.c.v. (D),
and total P450 levels were measured 24 hours later as described in the Methods section.
“* is statistically different compared to respective saline treated animals (p < 0.05, 2-
WAY ANOVA performed for panels B, C, and D, t-test performed for panel A).
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Figure 3.10. The non-involvement of several pathways in mediating the effects of
LPS i.c.v. on hepatic CYP isoforms. Rats were administered a cytokine cocktail
consisting of TNFa, IL-18, IL-1a, IL-6, and IFNy, and EROD activity was measured 24
hours later (A). In a separate set of experiments, rats were injected with 25 pg of LPS
i.c.v. in addition to etanercept (Enbrel™) given either as a dose of 40 pgi.c.v. (B) or 2.5
mg/kg i.p. (C) or the IL-1 inhibitor YVAD administered as a dose of 0.63 ugi.c.v. (D),
and EROD activity was measured 24 hours later as described in the Methods section.
Finally, the effect of LPS administration on EROD activity in hypophesectimized rats is
shown in (E). “*” is statistically different compared to respective saline treated animals (p

<0.05,2-WAY ANOVA performed for panels B, C, and D, t-test performed for panel
A).
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contribute to the observed changes in hepatic CYPs. We measured the amounts of LPS
(in pg/mL) in the serum of animals administered 25 pg of LPS either
intracerebroventricularly or intraperitoneally. Following the i.c.v. administration of LPS,
the serum endotoxin levels were a 100 fold greater than the amounts detected in the
serum following the i.p. administration of the same dose of LPS (Figure 3.11). We have
previously shown that the administration of 25 pg LPS i.p. does not affect liver CYP
activity [75]. Minimal LPS was detected in control rats that did not receive LPS.

We then examined the effects on hepatic CYP levels if the entire amount of 25 pg of LPS
we normally inject i.c.v. was present in the bloodstream. We chose to examine the
expression of CYP2D1/5, CYP2B1/2, CYP1A1, TNFa, and IkBa at 3 and 6 hours
following the intravenous (i.v.) administration of LPS since these genes were
differentially regulated at these time points following the i.c.v. administration of LPS. We
observed a significant reduction in CYP2D1/5, CYP2B1/2, and CYP1A1 expression at 6
hours following the i.v. administration of LPS (22 %, 54 %, and 93 % less than the
respective saline groups, respectively) (Table 3.2). In addition, we observed a significant
increase in TNFa expression at 3 hours following the i.v. administration of LPS (328 %
increase compared to respective saline group) and a significant increase in IkBo
expression at 3 and 6 hours following the i.v. administration of LPS (10 fold and 3.3 fold
increase compared to respective saline group, respectively) (Table 3.2). These results
indicate that the effects of administering LPS i.v. on the expression of CYPs and
inflammatory mediators is similar to the effects observed following the i.c.v.
administration of LPS. We have previously shown that at 24 hours following the

administration of 25 pg of LPS i.c.v., a downregulation in total cytochrome P450 levels,
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Figure 3.11. The levels of endotoxin detected in the serum of animals injected with
25 ug LPS i.p. or i.c.v. Animals were injected with 25 pg of LPS either i.p. or i.c.v. and
serum was obtained at 15 minutes (15m), 30 minutes (30m), 2 hours (2h), 4 hours (4h), 6
hours (6h), 15 hours (15h), and 24 hours (24h) following injection. Endotoxin levels were
measured according to a commercially available kinetic assay kit. The graph shown
represents the results from 3 animals. In the 30 minute i.p. and the 2 hour i.p. groups, the
presence of endotoxin was detected in only 2 out of the three animals. Non-injected rats
served as control (ctrl) animals for the experiment.
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CYP1A catalyzed EROD activity, and CYP2B catalyzed PROD activity occurs [75].
Examination of these endpoints revealed that the administration of 25 pg LPS i.v. was
able to cause a significant decrease in total cytochrome P450 levels (30% less than saline
treated rats), CYP1A catalyzed EROD activity (42% less than saline treated rats), and
CYP2B catalyzed PROD activity (48 % less compared to saline treated rats) following

the i.v. administration of LPS (Table 3.2).
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Table 3.2 — The effects of 25 pg LPS administered i.v. on the activity and expression
of hepatic P450 isoforms and inflammatory mediators

Assays were performed either 3, 6, or 24 hours following the i.v. injection of LPS. The
values are presented as the pooled results from 4 different animals, and * is statistically

different compared to corresponding saline treated animals (p < 0.05).

Assay description Saline 25 pg LPS i.v.
CYP1ALl expression in liver relative to 1.00 + 0.39 0.069 + 0.03*
GAPDH (6 hour time point)
CYP2B1/2 expression in liver relativeto | 2.54 + 0.63 1.18 £+ 0.17*
GAPDH (6 hour time point)
TNFa expression in liver relative to 0.38 £ 0.05 1.25+£0.37*
GAPDH (3 hour time point)
CYP2D1/5 expression in liver relative to | 87.80 + 8.58 68.67 £ 2.07*
GAPDH (6 hour time point)
IxBa expression in liver relative to 0.35+£0.13 3.50 £ 0.88*
GAPDH (3 hour time point)
IxBo expression in liver relative to 0.72 £ 0.28 2.36 £ 0.26*
GAPDH (6 hour time point)
Total cytochrome P450 in nmol/mg 0.578 £0.043 0.400 + 0.083*
protein (24 hour time point)
CYP1A1/2 activity in pmol/mg 123.84 +40.22 | 71.58 +12.52*
protein/minute as measured by EROD
assay (24 hour time point)
CYP2B1/2 activity in pmol/mg 8.62 +3.61 4.51 £ 0.50*
protein/minute as measured by PROD
assay (24 hour time point)
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3.5 Discussion

Inflammatory mediators such as cytokines, prostaglandins, and reactive oxygen species
are known to be released from activated microglia, the resident macrophages of the brain,
during conditions of CNS inflammation [91]. Our current results indicate that an
inflammatory response occurs in the brain and in the peripheral tissues following the
administration of LPS i.c.v. manifested by increases in the levels of pro-inflammatory
cytokines in rat brain and blood [75] and increases in the mRNA expression of the acute-
phase response genes TNFa, [kBoa, and MAPKK in rat liver, as outlined in Figure 3.12.
Changes in CYP gene regulation are well documented during inflammation responses
occuring in vitro [51, 133]. It is likely that the regulation of hepatic CYPs observed in
vivo [75, 114] also occurs as a result of changes in gene expression. We tested this idea
by examining the regulation of hepatic CYP2D1/5, CYP2B1/2, and CYP1A1 using a well
utilized model of CNS inflammation induced by the i.c.v. injection of LPS. These
particular isoforms were selected since they are known to play a significant role in the
metabolism of many clinically relevant drugs [85]. Our results indicate a significant
reduction in the mRNA expression of CYP2D1/5, CYP2B1/2, and CYP1A1 in the liver
following the i.c.v. administration of LPS, which is in agreement with the loss in
enzymatic activity and/or protein levels previously reported for these isoforms [75].
NF-xB, AP-1, and CREB are important transcription factors that regulate a
number of genes in the liver during the acute phase response [81, 82, 130]. Our current
results indicate an increase in the binding of NF-xB, AP-1, and CREB in hepatic nuclear
fractions obtained 3 hours following the i.c.v. administration of LPS, indicating a

potential role for these acute phase proteins in the downregulation of hepatic CYPs
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Figure 3.12. A proposed mechanism by which LPS regulates hepatic cytochrome
P450 following its administration into the lateral cerebral ventricle. (1) The i.c.v.
injection of LPS into the lateral cerebral ventricles of rats is thought to activate Toll-like
receptor 4 (TLR4). (2) Activation of TLR4, normally present on microglia and astrocytes
in the brain, would lead to the upregulation of cytokine and transcription factors in the
brain. (3) The rapid “leakage” of LPS from the CNS into the periphery plays a role in
downregulation of hepatic CYPs. Although cytokines are elevated in the CNS during this
model of LPS-induced CNS inflammation, it appears from our results that centrally
produced cytokines are not important for the regulation of hepatic CYPs. (4) The
presence of LPS in the periphery induces a peripheral inflammatory response
characterized by the production of cytokines (from immune cells such as macrophages)
and the induction of an acute-phase response in the liver. (5) Cytokines from peripheral
sources, in addition to LPS present in the serum, act on the hepatocyte to differentially
regulate CYPs. (6) Some of the intra-hepatic mechanisms by which CYP regulation
occurs involve upregulation of various transcription factors such as NF-xB, AP-1, and
C/EBP. These transcription factors can then bind to the promoter regions on specific CYP
1soforms, leading to changes in the transcription of these CYPs.
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during LPS-induced CNS inflammation. In support of this, we have observed an
increased production of both TNFa and IxBa in the liver, known target genes
upregulated through the NF-xB pathway. The acute phase response in the liver
characterized by cytokine production and transcription factor upregulation could be an
intrahepatic mechanism responsible for the repression in CYP2D1/5, CYP2B1/2, and
CYP1AL1 expression in the liver following the i.c.v. administration of LPS. To test the
hypothesis, we examined the effects of the i.c.v. administration of LPS to the binding of
NF-«B to the promoter regions of specific CYP isoforms. Our results indicate that
hepatic NF-xB is likely to play an important role in the regulation of CYP2B1, CYP1Al,
and CYP2D5 during CNS inflammation through binding to NF-«xB response elements on
the promoters of these genes. In support of this finding, Ke et a/ has also demonstrated a
role for this transcription factor in the regulation of CYP1A1 in an in vitro model of CNS
inflammation. Furthermore, Morgan and co-workers have shown that NF-«B is
responsible for the LPS-mediated downregulation in CYP2C11 [69, 83]. Figure 3.12
outlines the role of these acute phase proteins in the regulation of hepatic CYPs following
the i.c.v. administration of LPS. We also observed using rat liver nuclear fractions that
the 1.c.v. administration of LPS caused an upregulation in the binding to a C/EBP region
on the CYP2B1 promoter [131]. Although the importance of this C/EBP region in the
regulation of CYP2BI in the liver is not completely understood [81], these results are
consistent with it playing some role in the regulation of CYP2B1 during inflammatory
conditions. It has been shown CYP2B1/2 isoforms can be regulated at the post-
translational level [134], and therefore it is possible that in our model of LPS-induced

CNS inflammation, the downregulation in CYP2B1/2 activity observed at 24 hours
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following the induction of CNS inflammation [75] may be occurring post-translationally
or through enhanced proteolytic degradation of CYP2B proteins [135, 136].

Previous studies have suggested that a signalling pathway must exist between the
brain and liver to account for the loss in hepatic CYPs during conditions of LPS-induced
CNS inflammation [71, 72, 74, 75]. TNFa, IL-1p, and IL-6 have all been shown to
regulate several CYP isoforms at the level of the enzyme and mRNA in both peripheral
and CNS models of inflammation [51, 64, 76, 87]. We observed no effects on total
cytochrome P450 levels following the i.c.v. administration of a cytokine cocktail (TNFa,
IL-1a, IL-1B, IFNy, and IL-6). In addition the central and peripheral blockade of the
TNFo pathway (using the TNFa. soluble antibody etanercept or Enbrel™) and the IL-1
signal transduction pathway (using the IL-1 inhibitor YVAD) could not prevent the
downregulation in total cytochrome P450 levels induced by the i.c.v. administration of
LPS. Similar results were observed when we examined the effects of the cytokine
cocktail and cytokine inhibitors on CYP1A EROD catalyzed activity. Shimamoto et al
demonstrated that adrenalectomy did not block the loss in hepatic CYPs in response to
the i.c.v. administration of LPS [71, 72]. In support of these results, we observed that
hypophesectimized rats maintained the response to the i.c.v. administration of LPS,
indicating the lack of involvement of the hypothalamic-pituitary axis in the
downregulation of hepatic CYPs during CNS inflammation. All these results support the
1dea that hepatic CYP regulation during the i.c.v. administration of LPS is occurring at an
intrahepatic level with various acute phase proteins such as NF-xB playing a dominant

role in this regulation.
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The injection of LPS i.c.v. is a commonly used model to produce CNS
inflammation, however it has not been determined whether endotoxin leakage into the
periphery plays a role in the effects on hepatic CYPs observed by us and others [71, 72,
74, 75]. To test whether endotoxin leakage from the CNS might account for the effects
observed on hepatic CYPs in LPS treated rats, we measured endotoxin levels in serum
obtained from animals administered LPS directly into the lateral cerebral ventricle. We
were able to detect significant amounts of LPS in the serum of rats as early as 15 minutes
and for up to 2 hours following the i.c.v. administration of LPS. An energy mediated
transport mechanism or bulk re-absorption of the cerebrospinal fluid likely accounts for
the extremely rapid transfer of LPS from the CNS into the periphery. When animals were
treated with the same dose of LPS (25 pug) given by the i.p. route, only small amounts of
LPS were detected in the serum following LPS administration. Based on these results, the
bioavailability of LPS from its i.p. administration is relatively small compared to the
bioavailability which occurs from i.c.v. administration. This difference in bioavailability
could explain previous results by our laboratory and Shimamoto et al where the
administration of LPS by the i.p. route did not cause the downregulation in hepatic CYPs
that is observed by administering the same dose directly into the lateral cerebral ventricle
[71, 72, 75]. It is likely that the rapid transfer of LPS from the CNS into the periphery in
significant amounts is what accounts for the observed effects of i.c.v. LPS on hepatic
CYPs (as shown in Figure 3.12). In support of this idea, we have observed that the
administration of 25 pg of LPS by the intravenous route also causes a significant
downregulation in CYP2B1/2, CYP2D1/5, and CYP1A1 expression and a significant

upregulation in the expression of TNFo and IxkBa at 3 — 6 hours.
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In summary, we propose a signal transduction mechanism to explain the
differential regulation of cytochrome P450 intrahepatically following a well-utilized
LPS-induced model of CNS inflammation and provide insight into some of the molecular
mechanisms by which rapid regulation of cytochrome P450 occurs in this model. Our
results indicate that CYP regulation following the i.c.v. administration of LPS occurs at
an intrahepatic level, with proteins such as NF-kB and C/EBP playing a dominant role in
this regulation. We also show that the regulation of hepatic CYPs during LPS-mediated
CNS inflammation results by a novel mechanism through which rapid transfer of LPS

from the CNS into the periphery occurs following its i.c.v. administration.
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CHAPTER 4

THE REGULATION OF HEPATIC CYP2D5 DURING LPS-INDUCED

PERIPHERAL AND CNS INFLAMMATION IN THE RAT
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4.1 Abstract

Rat CYP2D1/5 is thought to share some enzymatic similarity to human CYP2D6 and is
expressed in the liver and extra-hepatic tissues. Understanding the mechanisms regulating
CYP2D1/5 during LPS induced inflammation is essential due to the important role of this
isoform in the metabolism of some key xenobiotics. We have previously shown that
CYP2D1/5 expression is downregulated during LPS-induced CNS inflammation, with the
transcription factor NF-xB likely playing a role in this downregulation [79]. We now
show that CYP2D1/5 mRNA expression is also downregulated during LPS-induced
peripheral inflammation, and that this downregulation is associated with reduced binding
at the NF-«B site on the promoter region of CYP2DS5. Examination of the activity of a
luciferase reporter plasmid spanning the NF-xB site on the CYP2D5 promoter revealed
no changes in promoter activity in response to either TNFa treatment or transfection with
the p65 subunit of NF-kB. When two base pair mutations were introduced in the putative
NF-kB site on the CYP2DS5 promoter, we observed a 70% reduction in luciferase reporter
activity. Comparison of the mutated NF-kB site with the wildtype site revealed the
presence of a GA binding protein (GABP) binding site overlapping the putative NF-xB
site on the CYP2DS5 promoter. The results obtained from the use of GABP proteins in

transfection assays outline a possible role for this transcription factor in the regulation of

the rat CYP2DS5 gene.
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4.2 Introduction

Cytochrome P450 2D (CYP2D) isoforms are present in several mammalian species and
are involved in the hepatic metabolism of a wide variety of chemicals such as
antidepressants, B-blockers, antiarrhythmics, antihypertensives, analgesics, and
neuroleptics, as well as neurotoxins such as MPTP [60, 137, 138]. CYP2D isoforms are
also thought to play a role in the metabolism of endogenous neurochemicals such as
tyramine and tryptamine [138]. The only CYP2D isoform identified in humans is
CYP2D6, which is expressed in a wide variety of tissues such as the liver, CNS, kidney,
lung, and breast [60]. In contrast, six CYP2D isoforms have been identified in rat:
CYP2D1, CYP2D2, CYP2D3, CYP2D4, CYP2DS, and CYP2D18 [60, 137]. The mRNA
and proteins of the rat CYP2D isoforms are expressed in a wide variety of tissues similar
to human CYP2D6, however each isoform is thought to show a specific tissue
distribution [60, 139]. The rat CYP2D isoforms also share a high sequence homology
among each other [60]. Although it is not known which rat isoform functionally
corresponds to the human CYP2D6 isoform, CYP2D1, which shares over 95% homology
in amino acid sequence to CYP2DS5, exhibits the closest enzymatic relationship with
human CYP2D6 [137, 139].

4.2.1 Regulation of CYP2D isoforms

The regulation of rat CYP2D isoforms has not been extensively examined, since it is not
known which isoform is functionally similar to human CYP2D6. Using in vitro cell
cultures, it has been shown that various transcription factors are important for the
regulation of human CYP2D6. The use of “humanized” CYP2D6 mice with a conditional

knockout of HNF4 showed a 50% reduction in the catalytic activity of debrisoquine (a
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substrate for CYP2D6), indicating a possible role for this transcription factor in
regulating CYP2D6 [58]. The re-expression of C/EBPa in HepG2 human hepatoma cells
(which normally express low levels of C/EBPa) caused an upregulation in the mRNA
expression of CYP2D6, indicating a role for C/EBPa in the constitutive regulation of
CYP2D6 [140]. A role for steroid hormones in rat CYP2D regulation in the brain has
been proposed: the administration of testosterone to female rats was shown increase
CYP2D expression, whereas the administration of progesterone caused a decrease in
CYP2D expression [141].

4.2.2 GA binding proteins and CYP2D regulation

GABP belongs to the Ets family of transcription factors that regulate a wide variety of
viral and cellular genes in cooperation with other transcription factors and co-factors
through binding to an evolutionary-conserved purine-rich GGAA/T core DNA sequence
[142]. It is unique among the Ets family in that it can not function unless it is in a
tetrameric form, where the two proteins GABPa and GABP form an o3> complex
[143]. Within this complex, GABPa contains the DNA binding domain that binds to the
target gene whereas GABPJ contains the transcriptional activation domain [143]. Using
human hepG?2 cells, Yokomori ef al showed that GABP proteins transcriptionally
regulate the male-specific mouse cyp2d9 gene [144, 145].

The Ets family of transcription factors regulate a variety of biological responses
ranging from cell proliferation, development, and apoptosis [146]. Many genes are
regulated by the Ets family of transcription factors, including the prolactin and the
oxytocin receptor gene [146, 147]. GABP is thought to interact with other proteins to

regulate the interleukin-2, interleukin-7, B, leukocyte integrin, and TNFo genes [148-
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151]. GABP has also been shown to play a role in the regulation of cytochrome oxidase,
an essential enzyme in regulating cellular energy production [152]. Among the drug
metabolizing enzymes, both human sulfotransferase 1A1 (SULT1A1) and mouse cyp2d9
are under the control of GABP [153].

4.2.3 Regulation of CYP2D isoforms during inflammation

It is well documented that inflammation and infectious conditions affect the catalytic
activity and expression of P450 [64, 66, 79], however information regarding the
regulation of CYP2D during conditions of inflammation is limited. We have previously
shown that the mRNA expression of CYP2D1/5 is downregulated following the i.c.v.
administration of LPS in a model of CNS inflammation, and that the protein levels of
CYP2D are downregulated 48 hours following the i.c.v. administration of LPS [75, 79].
The administration of nitric oxide to HepG2 cells causes downregulation of the
expression of CYP2D6 through effects on the HNF4 site on the promoter region of the
gene [154].

4.2.4 Objective

Since CYP2D isoforms play an important role in the metabolism of various endogenous
substrates and xenobiotics, and their regulation during inflammation remains largely
unknown, the objective of this work was to examine the potential role of NF-xB in the

regulation of rat CYP2D1/5 during LPS-induced inflammation.
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4.3 Materials and methods

4.3.1 Reagents

All laboratory reagents were purchased from Sigma (St. Louis, MO) with the exceptions
noted in the text. Gel purified Escherichia coli lipopolysaccharide (LPS) of sereotype
0127:B8 was utilized in experiments as outlined below.

4.3.2 Animals and treatment

Male Sprague-Dawley rats (125 — 150 grams) were obtained from Charles River
Laboratories (Quebec, Canada) and were housed on corncob bedding for a period of 5
days on a 12-hour light/dark cycle. All animal procedures were performed according to
the Dalhousie University Committee on Laboratory Animals following the guidelines
established by the Canadian Council on Animal Care. Rats were allowed ad-libitum
access to food and water prior to and following the experimental procedure.
Intracerebroventricular (i.c.v.) injections into the lateral ventricle were performed using a
KOPF sterotaxic instrument. The coordinates utilized relative to bregma were 1.7 mm
lateral and 4.7 mm below the skull surface. On the day of the experiment, rats were
anaesthetized using enflurane and maintained on a 4% level of the anaesthetic during the
surgery. A dose of 25 ug LPS was dissolved in pyrogen-free saline and injected in a
volume of 5 pL. In a separate set of experiments, animals were injected intraperitoneally
with a dose of LPS of 5 mg kg™ (in 100 uL saline). This dose has been previously shown
to cause a downregulation in P450 levels [155]. Liver samples (~100 mg) were obtained
for RNA isolation at 2, 4, 6, 9, and 24 hours following the i.c.v. injection of LPS and at 2

and 24 hours following the i.p. injection of LPS. All experiments utilized 4 — 6 male rats

per treatment.
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4.3.3 Plasmids and constructs

The 851 base pair fragment from —796 until +55 of the rat CYP2DS5 promoter was
amplified from genomic rat liver DNA using Platinum® Pfu DNA polymerase
(InVitrogen, Ontario, Canada) according to manufacturer’s instructions. This fragment
contained the putative NF-xB binding site (-673 5 AGG GAC TTC CCA 3’ -659). The
primers used are outlined in Table 4.1. The cycle parameters were as follows:
denaturation step at 94°C for 2 minutes followed by two loops as follows: the initial loop
consisted of 10 cycles with 10 seconds at 94°C, 30 seconds at 63°C, and 60 seconds at
68°C and the second loop consisted of 25 cycles with 10 seconds at 94°C, 30 seconds at
63°C, and a ramp from 60 seconds to 150 seconds at 68°C. The final extension was at
68°C for 7 minutes. The fragment was then directionally ligated into pGL3-basic vector
(using Mlul and Nhel restriction enzyme sites) using T4 DNA Ligase (New England
BioLabs, Ontario, Canada) according to manufacturer’s instructions. The plasmid will be
referred to as pCYP2D5-NF«kB-Luc (clonel) throughout this thesis. To create the
plasmid pCYP2D5-mutNFkB-Luc (mut7), two point mutations were inserted in the
putative NF-kB site on the CYP2DS5 promoter using site the QuikChange 11 site-directed
mutagenesis kit (Stratagene, generous gift from Dr. Sinal) following manufacturer’s
instructions. The sequence of the mutated NF-xB region (-673 5’ AGG TAC CTC CCA
3" —659; point mutations are underlined) was designed to contain a novel Kpn/ restriction
enzyme site. To construct the plasmid pSxxB—Luc, five repeats of the oligonucleotide
TGG GGA CTT TCC GC were constructed to contain directional Mlul and Nhel sticky
fragments and ligated into pGL3-promoter vector using T4 DNA Ligase (New England

BioLabs, Ontario, Canada) according to manufacturer’s instructions. The 1670 base pair
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fragment encoding mouse p65 was amplified using mouse liver cDNA using Takara Ex
Tag™ Polymerase (Takara, WI, USA; generous gift of Dr. Pasmurathi) according to
manufacturer’s instructions. The primers used are outlined in Table 4.1. The cycle
parameters were as follows: denaturation step at 94°C for 2 minutes followed by two
initial loops as follows: the initial loop consisted of 10 cycles with 20 seconds at 94°C, 30
seconds at 60°C, and 60 seconds at 72°C and the second loop consisted of 25 cycles with
20 seconds at 94°C, 30 seconds at 60°C, and a ramp from 2 minutes to 5 minutes at 72°C.
The final extension was at 68°C for 5 minutes. The amplified product was ligated into
pSGS plasmid using EcoR1 insertion sites and T4 DNA Ligase (New England BioLabs,
Ontario, Canada) according to manufacturer’s instructions. The plasmids encoding the
alpha and beta subunits of mouse GA binding protein were obtained from Dr. Masahiko
Negishi (National Institute of Environmental Health Sciences, NIH, North Carolina,
USA).

4.3.4 RNA extraction and northern blot analysis

Total liver RNA was extracted using the TriZol® method according to manufacturer’s
instructions and quality was determined using 260/280 nm ratios. 10 pg of total RNA was
electrophoresed on a 1.1% formaldehyde gel and transferred onto an immobolin—-NY+
membrane (Millipore Corporation, MA, USA) overnight and fixed to the membrane by
UV cross linking and heating for 1 hour at 65°C. Blots were prehybridized for 1 hour in
10mL of Sigma Perfecthyb™ Plus (Sigma, St Lois, MS) after which the [**P]dCTP

(Perkin and Elmer, Canada) labelled probes (RmT Random Primer Labelling kit,
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Table 4.1 — A description of the primers utilized for plasmid construction.

The location of the oligonucleotide on the gene is indicating for each primer. Underlined

portions of the oligonucleotide indicate sites where site-directed mutagenesis was

perfromed.

Description

Oligonucleotide

Rat CYP2DS forward primer for
construction of pCYP2D5-NF«xB-Luc

-952 5" AAG GAC AAG GCC TGC
ACT GTC AC 3" -929

Rat CYP2DS5 reverse primer for
construction of pCYP2D5-NF«xB-Luc

+33 5" GGT CAT TGG TCT TTG
GGA GCC TG 3" +55

Mouse p65 forward primer for construction
of p65-SGS5 (p65)

+210 5' TAT AAA TGC GAG GGG
CGCTCA GC3' +234

Mouse p65 reverse primer for construction
of p65-SGS5 (p65)

+1745 5" ATC AGC TCC TAA GGT
GCT GAC AGC 3' +1768

Rat mutant CYP2DS5 forward primer used
for site-directed mutagenesis

-685 5" CGG GGC CAA CTG AGG

TACCTC CCA AGATCCTCAG?3
—648

Rat mutant CYP2DS5 reverse primer used
for site-directed mutagenesis

—648 5' CTG AGG ATC TTG GGA
GGT ACCTAC GTT GGC CCC G ¥
—685
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Stratagene, USA) were added to a specific activity of 1 x 107 cpm. Blots were exposed to
a storage phosphor screen (Amersham Biosciences, NJ, USA) for 16 — 24 hours and
scanned using a phospher imager (Amersham Biosciences, NJ, USA). Bands were
quantified using ImageQuant 5.2™ software (Amersham Biosciences, NJ, USA). A
CYP2D1/5 [127] probe was constructed from forward and reverse primers (sequences in
Table 4.2) using a TOPO TA Cloning® kit (Invitrogen, Ontario, Canada) according to
manufacturer’s instructions. The human GAPDH probe was a generous gift from Dr. C.
J. Sinal (Dalhousie University, Canada).

4.3.5 Real-time quantitative PCR

A total of 5 ng of liver RNA was reverse transcribed in a 25 pL reaction containing 62.5
nM random primers, 20 Units of RNaseOUT (Invitrogen, Ontario, Canada), 1x
StrataScript® RT-buffer and 12.5 Units of StrataScript® Reverse Transcriptase (both
Stratagene, California, USA) according to the instructions provided with the Reverse
Transcriptase enzyme. Real-time quantitative PCR was performed using an MX3000P™
instrument (Stratagene, California, USA) in a total volume of 20 puL. Reactions contained
10 pL of 2x Brilliant® SYBR® Green QPCR mix (Stratagene, California, USA), 62.5 ng
of both forward and reverse primers, and 25 nM of reference dye. Cycle parameters
consisted of an initial 10 minute denaturation step at 95°C followed by 42 cycles for both
GABPa and GABPP as follows: 15 second denaturation at 94°C, 30 seconds annealing at
60°C, and 30 seconds extension at 72°C. Dissociation curves were also performed to
verify the amplicon being amplified. Primers specific for GABPo, GABPf, and GAPDH
were specifically designed using the published sequences for rat GABPao (Accession

number XP_344003.1), rat GABP (Accession number XP_227439.2), and rat GAPDH
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Table 4.2 — A description of the primers utilized for northern blot probe synthesis

and for QPCR analyses

Description

Oligonucleotide

Rat CYP2D1/5 forward primer for northern
blot probe

5" CTG ATT GGC TGC GCA CCC
TGC 3’

Rat CYP2D1/5 reverse primer for northern
blot probe

5" GAA CAG GTC GGC CAC AGT
CAC3

Rat GABPa forward primer for
quantitative PCR

5" CCT TCT GCT ACG CCG ACT
AC3

Rat GABPa reverse primer for quantitative
PCR

5" GCT TGA ATT CCC CTT CAT
CAY

Rat GABPf forward primer for
quantitative PCR

5" CGC CAA AGA CAT GCT ACA
GA 3

Rat GABPJ reverse primer for quantitative
PCR

5" TCT CGG GGT TAG TGT TCA
CC3%

Rat GAPDH forward primer for
quantitative PCR

5" AGA CAG CCG CATCTT CTT
GT 3’

Rat GAPDH reverse primer for quantitative
PCR

5" CTT GCC GTG GGT AGA GTC
AT3
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(Accession number X02231) and are described in Table 4.2. The sizes of the amplified
fragments (amplicons) were as follows: 215 base pairs for GABPa, 220 base pairs for
GABPB, and 207 base pairs for GAPDH. Data was analysed using the 27} method
[128], where the cycle threshold (Ct) values for GABPa, GABPB, and GAPDH were ~
32, ~27, and ~19, respectively.

4.3.6 Liver nuclear fraction isolation

Liver nuclear fractions were isolated from rats 1 and 3 hours following the i.c.v.
administration of 25 pg LPS or the i.p. administration of 5 mg kg™ of LPS according to a
previously described method [129]. Briefly, animals were decapitated and livers were
homogenized in 20 mL of Homogenization Buffer (100 mM HEPES, pH 7.4, containing
25 mM KCI, 0.15 mM spermine, 0.5 mM spermidine, 1 mM EDTA, 2 M sucrose, 10%
glycerol, 5 g mL™ pepstatin A, and 5 ug mL™" leupeptin) and centrifuged at 17,000 rpm
for a period of 20 minutes at 4°C. The nuclear pellet was resuspended in 10 mL of
Nuclear Lysis Buffer (100 mM HEPES, pH 7.4, containing 100 mM KCl, 3 mM MgCl,,
0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 10% glycerol, 5 pg mL™' pepstatin A, and 5
ng mL™' leupeptin) and homogenized using a Dounce homogenizer. The extraction was
initialized by the addition of (NH4),SO4 to the nuclear lysate in drop-wise fashion to a
final concentration of 0.4 M. The viscous lysates were incubated for period of 30 minutes
on ice with constant shaking, after which they were ultra-centrifuged at 35,000 rpm for a
period of 60 minutes at 4°C. Solid (NH4),SO4 was added to the supernatants at a
concentration of 0.3 g mL™". The solutions were inverted several times and incubated on
ice for a period of 20 minutes until all the (NH4),SO4 had dissolved. The solutions were

then further centrifuged at 35,000 rpm for a period of 25 minutes at 4°C and the pellets
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were re-suspended in Suspension Buffer (25 mM HEPES, pH 7.6, containing 40 mM
KCI, 0.1 mM EDTA, 1 mM DTT, 10% glycerol, 5 pg mL™ pepstatin A, and 5 pg mL™
leupeptin) and stored at —80°C until usage. Total protein concentrations were determined
according to a modified Lowry protocol [105].

4.3.7 In vitro translation

All in vitro translation (IVT) reactions were carried out initially in the presence of *>S-
methionine (Perkin and Elmer, Canada, generously obtained from Dr. Chris MacMaster
and Dr. Paola Marignini, Dalhousie University, Halifax, N.S.) to verify efficient

translation of the GABPa and GABP[ plasmids into protein. The labeling reactions were

carried out in a volume of 25 pL using a TNT® Quick coupled transcription/translation
system (Promega, Madison, WI, USA) according to the manufacturer’s instructions.
Proteins labelled with *>S-methionine were run on a 7.5 % ready-made BioRad gel
(BioRad, Ontario, Canada), after which the gels were dried using a Bio-Rad gel dryer
(Bio-Rad, Ontario, Canada) operating under vacuum and set at 80°C for 105 minutes. The
gels were then exposed to a low-energy storage screen and scanned following an
overnight incubation (Figure 4.1A). Since multiple bands of equal intensity were
observed for the GABPa IVT product, the IVT reactions were separated on a 7.5 %
ready-made BioRad gel and transferred onto an Immobilon-P membrane (Millipore
Corporation) using a wet transfer apparatus (Bio-Rad, Ontario, Canada) running over
night at 22 V. GABPa was detected using a specific super-shift antibody (Santa Cruz)
coupled with an anti-rabbit secondary antibody conjugated to peroxidase (30 pg of
GABPa primary antibody and 1/25,000 dilution for secondary antibody). Bands were

visualized using enhanced chemiluminescence+ (ECL") substrate (Amersham
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Figure 4.1. Identification of IVT translated product for GABPa and GABPJ using
35-sulpher methionine. The IVT reactions were performed as described in the methods
section. A Kaleidoscope protein ladder (Bio-Rad) was run with the samples to determine
approximate size. The expected molecular weights for GABPa and GABP are 62 and
50 KDa. The diamond-head arrows indicate bands consistent with mouse GABPa and
GABPp. Panel A consists of a scan of the gel with the radioactive IVT reactions and
panel B represents the results of a western blot performed using the radioactive GABPa
IVT reactions coupled with a GABPa antibody for detection of GABPa (see methods

section for more details). In both panels, lane 1 refers to mouse GABPa IVT and lane 2
refers to mouse GABPB IVT.

122



Biosciences). Band densities were detected using a phosphor imager (Amersham).
Following verification of the translated product, non-radioactive IVT reactions were
performed using non-radiolabeled methionine and the newly translated proteins were then
used in electromobility shift assays as described below.

4.3.8 Electromobility shift assays

Reactions were carried out in a total volume of 20 pL and contained 5 pg of protein,
50000 cpm of [**P]-labeled probes, Binding Buffer (50 mM Tris-HcL, pH 7.9 containing
5 mM MgCl2, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl, and 20% glycerol), and 2
g of polydIdC. Reactions were pre-incubated with the polydIdC for a period of 15 — 20
minutes after which the radiolabeled probe was added to initiate the reaction. In cases of
competition, a 20x in excess non-radioactive oligonucleotide (either specific or non-
specific) was utilized and was included in the reaction mixture. Reactions were incubated
at room temperature for a period of 30 minutes and separated on a 5% TBE-acrylamide
gel at a voltage of 170 V. The gels were then dried using a Bio-Rad gel dryer (Bio-Rad,
Ontario, Canada) operating under vacuum and set at 80°C for 105 minutes. Gels were
then exposed to a phospher-storage screen for a period of 16 — 24 hours and scanned
using a phospher imager (Amersham Biosciences, NJ, USA). Bands were quantified
using ImageQuant 5.2™ software (Amersham Biosciences, NJ, USA). The probes
(described in Table 4.3) were either obtained commercially from Santa Cruz or as single-
stranded oligonucleotides from Sigma Genosys (Sigma-Aldrich, Ontario, Canada) and
annealed according to a standard protocol. Briefly, 300 pmoles of each oligonucleotide
were incubated in Annealing Buffer (100 mM Tris, pH 7.9 and 50 mM MgCl,) for 10

minutes at 95°C and allowed to gradually cool down to 25°C. For electromobility shift
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Table 4.3 — A list of the primers used for EMSA studies.
The underlined portion in the last two oligonucleotides refers to the putative NF-xB or

mutant NF-xB binding site.

Description Oligonucleotide Source
NF-xB | 5" AGT TGA GGG GAC Santa Cruz
TTT CCC AGG 3’
Ets | 5 GGG CTG CTT GAG Santa Cruz
consensus | GAA GTA TAA GAAT3

CYP2DS5 | —654 5" CCA ACG TAG Single Stranded oligonucleotides

NF-«B | GGA CTT CCC AAG annealed according to standard
ATC CT 3' -680 procedure
Mutant | -654 5" CCA ACG TAG Single Stranded oligonucleotides
CYP2DS | GTA CCT CCC AAG annealed according to standard
NF-xB | ATC CT 3’ —680 procedure
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assays that required the use of IVT products, 1.5 uL. of both GABPo and GABPJ or 3
uL of a luciferase positive control IVT product was incubated with the polydIdC for 20
minutes instead of nuclear fraction proteins. The binding buffer for the EMSA assays
requiring IVT products consisted of the following: 10% glycerol, 25 mM Tris-HCI (pH
7.4), 0.5 mM MgCl,, 40 mM KCl, 0.1 mM EDTA, and 5 mM DTT. Everything else was
carried out as described in this section.

4.3.9 Transient transfection assays

The Fao rat hepatoma (generous gift from Dr. Mark Nachtigal, Dalhousie University,
Halifax, N.S.) and the cos7 cells (generous gift from Dr. Chris Sinal, Dalhousie
University, Halifax, N.S.) were maintained on 5% fetal bovine serum DMEM media
supplemented with 1% antibiotic/antimycotic. Transient transfections were achieved
using LipofectamineZOOOTM (InVitrogen, Ontario, Canada) in a total of 500 - 750 ng of
DNA in 24-well plate format according to manufacturer’s instructions. All transfections

were terminated either 18 hours or 22 hours following the addition of the plasmids. The
22 hour transfections included a 4 hour treatment with TNFa at a dose of 20 ng mL™.
Tranfections were terminated by aspiration of the media and the addition of 150 pL of 1x
Reporter Lysis Buffer (Promega). The plates containing the lysed cells was left on a
shaker for 15 minutes at room temperature, and then stored in the —80°C for 15 minutes
to allow cellular lysis. Following this, the plates were spun at a speed of 4000 rpm for 10
minutes, and 50 pL and 20 pL of the lysate was assayed for 3-galactosidase or luciferase
activity, respectively. For the B-galactosidase assay, 50 pL. of a 2x - galactosidase assay
(200 mM sodium phosphate buffer, pH 7.3, 2 mM MgCl,, 100 mM pB-mercaptoethanol,

1.33 mg mL"' ONPG) was added and color was detected at 420 nm. Luciferase activities
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were obtained using the luciferase assay system (Promega, Madison, W1, USA) and read
using a luminomenter (Luminoskan Ascent, Thermo Labsystems). Light unit values were
then standardized relative to f-galactosidase readings and are presented in both relative
light units (RLU) and fold induction.

4.3.10 Statistical analysis

All data are reported as the mean = the standard error of the mean. For the in vivo work
and applicable EMSA gels, an unpaired Students t-test was utilized to compare saline
versus LPS groups, where p < 0.05 determined statistical significance. For the

transfection data, a one-way analysis of variance (1-WAY ANOVA) was used.
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4.4 Results

4.4.1 CYP2D5 mRNA is downregulated following the i.p. administration of LPS

In the previous chapter CYP2D1/5 mRNA expression was shown to be downregulated at
6 and 9 hours following the i.c.v. administration of LPS [79]. The mRNA expression of
CYP2D1/5 was significantly decreased by 40% and 60% at 3 and 24 hours, respectively,
following i.p. administration of LPS (Figure 4.2 A). These results indicate that both i.c.v.
and i.p. administration of LPS causes a significant decrease in the mRNA expression of
CYP2D1/5. Examination of the binding activity of NF-kB on the CYP2D5 promoter
using electromobility shift assays revealed an increase in binding of this transcription
factor 3 hours following the i.p. administration of LPS (Figure 4.2 B). The binding of
NF-kB was confirmed using specific and non-specific competitions and was supershifted
using a p65 antibody (Figure 4.2 B).

4.4.2 Loss of CYP2DS promoter activity following mutation of the NF-«B site

Two cell types (the Fao rat liver hepatoma cells and the African green monkey cos-7
kidney cells) were utilized to examine the effects of TNFo treatment and co-transfection
of p65 subunit on the luciferase driven activity of the pCYP2D5-NF«kB-Luc plasmid.
This was carried out to examine whether the NF-xB fragment identified on the rat
CYP2DS5 promoter is active in the control of CYP2DS5 gene expression. We observed
higher levels of pCYP2D5-NFkB-Luc activity relative to pGL.3-basic plasmid in both
cell types examined. When cos-7 cells were transfected with the plasmid pCYP2D5-
NFxB—-Luc (clonel), a slight but not significant reduction in the promoter activity was

observed in response to treatment with 20 ng mL™' mouse TNFo compared to vehicle
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Figure 4.2 — The effects of peripherally administered LPS on hepatic CYP2D1/5
mRNA expression and NF-xB binding. (A) For this panel, rat liver mRNA was isolated
following the i.p. administration of either 5 mg kg™ of LPS or saline and northern blot
analyses using a rat CYP2D1/5 and a human GAPDH probe were performed as described
in the methods section. LPS treated animals were compared to the respective group of
saline treated animals at each time point, with each bar showing the mean results from 4
rats. The ratio of intensity of CYP2D1/5 to GAPDH was obtained for each band and the
results are plotted as % control of the respective saline groups. The average absolute
values for CYP2D1/5 expression (relative to GAPDH) was 8.2 arbitrary units for the 3
hour saline group and 10.9 arbitrary units for the 24 hour saline group. * CYP expression
is lower compared to respective saline treated animals using an un-paired t-test (p <
0.05). (B) For this panel, rats were injected with either 5 mg kg™ of LPS or saline i.p. and
liver nuclear fractions were isolated 3 hours later and used in electromobility shift assays
using a *2-P labelled oligonucleotide containing the NF-xB region on the rat CYP2D5
promoter (see Table 4.3 for sequence). An upregulation in NF-kB binding to this region
is shown, where the solid arrow indicates specific binding and the dashed arrow indicates
non-specific binding. Specific and non-specific competitions indicate competitions
performed with excess non-radioactive specific oligonucleotide and non-radioactive non-
specific oligonucleotide, respectively. The binding of NF-kB was confirmed using
supershift assays, where the diamond-head arrow indicates a supershift observed
following incubation with a p65 antibody. The blot shows the results from 4 saline and 4
LPS treated rats. Lane 1 refers to probe only, while lanes 2 — 5 and 6 — 9 represent
nuclear fractions obtained from saline and LPS treated animals, respectively. Lanes 10
and 11 represent specific and non-specific competitions, respectively. Lanes 12 and 13
refers to an LPS sample and a super-shifted sample, respectively.
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treated cells in the pSGS group only (Figure 4.3 A and B). No effect of TNFa treatment
or p65 transfection was observed in Fao cells (Figure 4.3 C and D). Upon co-transfection
of cells with pCYP2D5-NF«B-Luc and p65, no change was observed in the promoter
activity in both the Fao cells and the cos-7 cells under both vehicle and TNFa treatment
(Figure 4.3 A — D). To determine the constitutive activity of NF-kB in both cell types, we
used the plasmid pSxkB—Luc as a positive control to determined the effects of p65 co-
transfection and TNFa treatment on luciferase activity. Using cos-7 cells, we observed
that TNFo increased the luciferase driven activity of pSxxB-Luc (p5X) in the pSGS5
group, and that the co-transfection with p65 caused an augmentation in the activity of
pSxxkB—-Luc in both vehicle and TNFo treatments (Figure 4.4 A and B). On the other
hand, the Fao cells exhibited a high constitutive activity of NF-xB activation indicated by
the activation of pSxkB-Luc in the absence of TNFa treatment in the pSG5 group
(Figure 4.4 C and D). The co-transfection with p65 had no effect on p5xxB-Luc activity
in these cells (Figure 4.4 C and D). When the pCYP2D5—mutNFxB-Luc (mut7) was
transfected in both the cos-7 cells (Figure 4.5 A) and Fao cells (Figure 4.5 B), a 70 %
reduction in pCYP2D5-mutNFxB-Luc promoter activity compared to pCYP2D5—
NF«B—-Luc promoter activity was observed.

4.4.3 GA binding protein increases the basal luciferase activity of CYP2D5

promoter
Based on the observed loss in pCYP2D5-mutNFxB-Luc promoter activity, we used the

MacVector program to compare the effects of the two base pair mutations on the NF-xB
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Figure 4.3 — The effects of TNFa treatment and p6S co-transfection on pCYP2D5-
NF«xB-Luc in cos-7 cells and Fao cells. Cells were transiently transfected with either
pGL3-basic (bas) or clonel (pCYP2D5-NFkB-Luc) in the presence of either pSG5 or
p65 using Lipofectamine2000™ reagent as described in the methods section. The white
bars represents results obtained from vehicle (0.1 % BSA in PBS) treated cells and the
black bars represent results obtained from cells treated with 20 ng mL™" of TNFa for 4
hours following an 18 hour initial transfection (see methods section for details). The
results are presented as the average of 3 experiments performed in duplicate in either
relative light units (RLU) or fold induction over each representative vehicle treatment.
Panels A and B represent the results obtained from cos-7 cells and panels C and D

represent results obtained from Fao cells.
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Figure 4.4 — The effects of TNFa treatment and p65 co-transfection on pSxxkB-Luc
in cos-7 cells and Fao cells. Cells were transfected with either pGL3-promoter (prom) or
p5x (p5xxB-Luc) in the presence of either pSG5 or p65 using Lipofectamine2000™
reagent as described in the methods section. The white bars represents results obtained
from vehicle (0.1 % BSA in PBS) treated cells and the black bars represent results
obtained from cells treated with 20 ng mL™" of TNFa for 4 hours following an 18 hour
initial transfection (see methods section for details). The results are presented as the
average of 3 experiments performed in duplicate in either relative light units (RLU) or
fold induction over each representative vehicle treatment. Panels A and B represent the
results obtained from cos-7 cells and panels C and D represent results obtained from Fao
cells. Statistical analysis was performed using a one-way ANOVA coupled with
Bonferroni post-hoc analysis, where * refers to statistical significance (p < 0.05)
compared to vehicle treatment in the pSG5/p5X group.
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Figure 4.5 — The reduction in pCYP2D5-mutNFxB-Luc compared to pCYP2D5-
NFxB-Luc activity in cos-7 cells and Fao cells. Cells were transfected with either
pGL3-basic (bas), clonel (pCYP2D5-NFxB-Luc), or mut7 (pCYP2D5—mutNFxB-Luc)
using Lipofectamine2000™ reagent as described in the methods section. No TNFa.
treatments were utilized for these experiments. Luciferase and (3-galactosidase activity
was assayed 18 hours following transfection. The results are presented as the average of 3
experiments performed in duplicate in either relative light units (RLU) or fold induction
over each representative vehicle treatment. Panels A and B represent the results obtained
from cos-7 cells and panels C and D represent results obtained from Fao cells. Statistical
analysis was performed using a one-way ANOVA coupled with Bonferroni post-hoc
analysis, where * refers to statistical significance (p < 0.05) compared to basic only
transfected cells, and # refers to statistical significance (p < 0.05) compared to clonel
only transfected cells.
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putative site on the rat CYP2DS5 promoter. It was determined that these two base pair
point mutations leads to the loss of a binding site for GA binding protein (GABP) in
addition to a disruption in the NF-kB binding site, and therefore we wanted to examine
whether GABP has any control on the promoter activity of CYP2DS. Both cos-7 cells
and Fao cells were transfected with increasing amounts of GABPa and GABPJ and the
effects on pCYP2D5-NFkB-Luc and pCYP2D5-mutNFkB-Luc were monitored. In the
cos-7 cells, the presence of GABPa and GABPJ caused a slight upregulation in the
promoter activity of pCYP2D5-NF«xB-Luc with increasing amounts, however this
upregulatory effect was also observed on the basic plasmid, thereby making the overall
effect of the GABP proteins minimal (Figure 4.6 A and B). GABPo and GABPJ had no
effect on the basic plasmid when examined in the Fao cells, and an increase in promoter
activity of pCYP2D5—NF«B-Luc with increasing doses of GABP proteins was observed
(Figure 4.6 C and D). This effect was specific to the pCYP2D5-NF«xB-Luc plasmid,
since GABPa and GABP[ had no effect on the pCYP2D5-mutNFxB—-Luc plasmid
(Figure 4.6 C and D).

4.4.4 GA BP binding is decreased during peripheral inflammation induced by LPS
To observe whether GABP protein binding is affected in the liver during conditions of
LPS-induced inflammation, we examined binding to a commercially available Ets
oligonucleotide site following both the i.c.v. and i.p. administration of LPS. Our results
indicated a decrease in binding to the Ets site when nuclear fractions obtained at 3 hours
following the i.p. administration of LPS were used (Figure 4.7 A). Minimal Ets binding
was observed in liver nuclear fractions obtained 3 hours following the i.c.v.

administration of LPS (Figure 4.7 B). We then examined whether the use of a GABP
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Figure 4.6 — The effects of GABPa and GABP on pCYP2D5-NFxB-Luc and
pCYP2D5-mutNFxB-Luc in cos-7 and Fao cells. Cells were transfected with either
pGL3-basic (bas), clonel (pCYP2D5-NFkB-Luc), or mut7 (pCYP2D5-mutNFkB-Luc)
using Lipofectamine2000"™ reagent as described in the methods section. The white bars
represent results obtained cells transfected with basic, the black bars represent results
obtained from cells transfected with clonel, and the dotted bars represent results obtained
from cells transfected with mut7. The results are presented as the average of 3
experiments performed in duplicate in either relative light units (RLU) or fold induction
over each representative basic transfection. Panels A and B represent the results obtained
from cos-7 cells and panels C and D represent results obtained from Fao cells
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Figure 4.7 — The effects of administering LPS i.p. and i.c.v. on Ets binding in rat
liver. Rats were injected with either 25 pg of LPS i.c.v. or 5 mg kg™ of LPS i.p. (for
details see methods section) and liver nuclear fractions were isolated 3 hours later and
used in electromobility shift assays along with a 32_P labelled Ets consensus
oligonucleotide (see Table 4.3 for sequence). The effects on Ets binding following the i.p.
administration of LPS (A) and the i.c.v. administration of LPS (B) are shown. The solid
arrow indicates specific binding. Specific and non-specific competitions indicate
competitions performed with excess non-radioactive specific oligonucleotide and non-
radioactive non-specific oligonucleotide, respectively. The blot shows the results from 3
— 4 saline and 3 — 4 LPS treated rats. Lane 1 refers to probe only, while lanes 2 — 5 and 6
- 9 represent nuclear fractions obtained from saline and LPS treated animals,

respectively. Lanes 10 and 11 represent specific and non-specific competitions,
respectively.
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supershift antibody would aid in determining whether GABP binds to the putative NF-xB
site identified on the CYP2DS5 promoter. Using a GABPa specific supershift antibody
(Santa Cruz) at various incubation schedules (indicated in the legend of Figure 4.8) site
identified on the CYP2DS5 promoter. Using a GABPa specific supershift antibody (Santa
Cruz) at various incubation schedules (indicated in the legend of Figure 4.8) revealed no
supershift complexes (Figure 4.8). In vitro translation was used (TnT® Quick Coupled
transcription/translation systems, Promega, Madison, USA) to translate the GABPo and
GABPp proteins and perform electromobility shift assays to determine whether these
proteins bind directly to the putative NF-kB region on the CYP2DS5 promoter. IVT was
used because it provides a controlled situation whereby each reaction is known to contain
GABPa and GABPJ protein. We observed a high level of non-specific binding
evidenced by the presence of binding complexes in the experimental positive control
where luciferase protein (made through the IVT kit) was incubated with the 32.p Jabeled
probes (Figure 4.9). Therefore we were unable to verify GABP binding to the CYP2D5
putative NF-kB region using the current techniques.

Finally, we were interested in examining if the i.c.v. and i.p. administration of
LPS had any effect on GABPa and GABPP mRNA expression. Using quantitative PCR,
we observed an upregulation in GABPo mRNA expression at 2 and 24 hours following
the i.c.v. administration of LPS (Figure 4.10 A). GABPPB mRNA appeared to be increased
at 6 hours and was significantly upregulated at 24 hours following the i.c.v.
administration of LPS (Figure 4.10 B). An increase in GABPa mRNA was observed at 3

hours following the i.p. administration of LPS (Figure 4.11 A). GABPB mRNA
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Figure 4.8. No GABPa supershifts are observed on the Ets consensus or CYP2D5
NF-kB promoter. Rats were injected with either 5 mg kg™ of LPS or saline i.p. and liver
nuclear fractions were isolated 3 hours later and used in electromobility shift assays using
a 2P labelled oligonucleotide for either the NF-xB region on the rat CYP2D5 promoter
or the Ets consensus region (see Table 4.3 for sequence). The table underneath the gel
indicates the presence (+) or absence (-) of the listed components. For Lanes 4, 11, and
12, the incubation with 5 pg of the GABPa supershift antibody occurred 1 hour prior to
the addition of the *2-P labelled probe at room temperature. For Lanes 7 — 10 the
incubation with 5 pg of the GABPa supershift antibody occurred 1 hour prior to the
addition of the *>-P labelled probe at 4%C. For lanes 5, 13, and 14, the incubation with 5
élg of the GABPa supershift antibody occurred 30 — 45 minutes after the addition of the
2.P labelled probe at room temperature. The regular head arrow indicates binding of
GABP to the Ets consensus sequence and the diamond-head arrow indicates binding of
NF-«xB to the CYP2DS5 promoter. No GABPa supershifts were observed.
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Figure 4.9 — Inability to determine whether GABPa and GABPp proteins obtained

through IVT reactions can bind directly to the putative NF-xB region on rat

CYP2D5 promoter. IVT reactions for GABPa and GABP were performed and used
for EMSA assays as described in the methods section. The oligonucleotides used are

described in Table 4.3. The table underneath the gel indicates the presence (+) or absence

(-) of the listed components. No results could be deduced from the gel due to the high

level of non-specific binding observed in lanes 5 — 8.
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Figure 4.10. The effects of the i.c.v. administration of LPS on hepatic GABPa and
GABPS mRNA expression. Animals were administered either 25 pg of LPS or 5 pL of
saline i.c.v., and liver RN A was isolated at the indicated time points. Specific primers for
rat GABPa (A) and rat GABPP (B) were utilized for quantitative PCR. LPS treated
animals were compared to the respective group of saline treated animals at each time
point, with each bar showing the mean results from 4 rats. The 2‘AACT method was used to
obtain the fold change in GABPa and GABPJ at each time point compared to its

respective saline treated group. .* GABP expression is lower compared to respective
saline treated animals using an un-paired t-test (p < 0.05).
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Figure 4.11. The effects of the i.p. administration of LPS on hepatic GABPa and
GABPP mRNA expression. Animals were administered either 5 mg kg™ LPS or saline
1.p., and liver RNA was isolated at the indicated time points. Specific primers for rat
GABPa (A) and rat GABPp (B) were utilized for quantitative PCR. LPS treated animals
were compared to the respective group of saline treated animals at each time point, with
each bar showing the mean results from 4 rats. The 27 method was used to obtain the
fold change in GABPa and GABPJ at each time point compared to its respective saline

treated group. .* GABP expression is lower compared to respective saline treated animals
using an un-paired t-test (p < 0.05).
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expression levels were unchanged at 3 and 24 hours following the i.p. administration of

LPS (Figure 4.11 B).

4.5 Discussion

In the previous chapter, we examined the potential mechanisms involved in cytochrome
P450 regulation in the liver following the i.c.v. administration of LPS. We showed that
LPS transfers into the serum following its administration into the lateral cerebral ventricle
thereby contributing to the regulation of liver P450 through various intra-hepatic
mechanisms [79]. Prominent among the intra-hepatic transcription factors, NF-kB was
observed to play an important role in the regulation of various cytochrome P450 isoforms
in the liver. Many studies have revealed a role for this transcription factor in the
regulation of cytochrome P450; it is known to regulate the activity of CYP1A1 and
CYP2C11 during inflammation [51, 83]. We have also shown that binding to a putative
NF-xB site on the rat CYP2D5 promoter is increased following the i.c.v. administration
of LPS [79]. The objective of the current study was to outline and provide further
clarification to the role of NF-kB in the transcriptional control of rat CYP2D1/5.

CYP2D isoforms are known to play an essential role in the metabolism of a wide
myriad of endogenous substrates and xenobiotics [139], and therefore understanding their
regulation would be of valuable clinical importance. Rat CYP2D1, which is known to
share a 95% amino acid homology with CYP2DS5, is thought to exhibit the closest
enzymatic similarity to human CYP2D6 [137, 139]. Our current results show that
CYP2D1/5 mRNA expression is significantly downregulated at 3 and 24 hours following

the i.p. administration of LPS. In addition, we observed an increase in protein binding to
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the putative NF-xB region identified on the rat CYP2DS5 promoter ([79]) using liver
nuclear fractions obtained 3 hours following the administration of 5 mg kg™ LPS to rats.
Based on the effects of LPS on CYP2D1/5 mRNA expression and binding to the
NF-kB site on CYP2DS5 promoter, we constructed a plasmid containing 851 base pairs of
the CYP2DS promoter region driving luciferase activity (pCYP2D5-NF«xB—-Luc) to test
if the putative NF-kB region controls the transcriptional activity of CYP2DS5. Initially, we
utilized the stimulation of TNFa as a mechanism to induce NF-«xB activiation in both
cos-7 and Fao cells but only observed a minor effect on pCYP2D5-NF«B-Luc in cos-7
cells and no effect in the Fao cells. The use of the NF-kB p65 subunit in this in vitro
system also did not allow us to observe any effects on pCYP2D5-NFxB-Luc activity in
both cell types. NF-kB normally resides in an inactive state in the cytoplasm, and
translocates into the nucleus upon stimulation by an appropriate stimulus [16]. It is
known to play a role in normal and physiological conditions [16], which could be one
reason explaining the difficulty in ascertaining its role in the activity of pCYP2D5-
NFxB-Luc observed in our in vitro system. If the level of NF-xB activation were
saturated in either the cos-7 or Fao cells, then it would be difficult to examine if
additional stimulation by TNFa has an effect on luciferase driven activity of pCYP2D5-
NFxB-Luc. In line with this, we observed a high level of constitutive NF-kB activation
in the Fao cells even under non-stimulated conditions, indicating a possibility that there is
already existing inhibition of pCYP2D5-NF«xB-Luc activity even in the absence of
stimulation. Ke et al were able to show that NF-xB can downregulate CYP1A1 activity
using hepalclc7 cells, a mouse hepatoma cell line [51]. However, the system used by

their investigations involved looking at interactions between that transcription factor and
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AhR mediated induction of the cyplal gene, allowing them to have a high enough basal
level of cyplal promoter activity to consider the effects of LPS. Iber ef a/ examined the
effects of NF-kB on the cyp2cl1 using primary cultured rat hepatocytes [83]. It is known
that hepatoma cells lines such as the hepalclc7 and the Fao cells are functionally
different compared to primary cultured hepatocytes [156], and therefore this is could
account for our inability to observe any effects of NF-kB on pCYP2D5-NFxB-Luc
activity. Finally, it is possible that NF-xB plays little role in the control of the CYP2D5
gene, or that its control is on CYP2D1.

Upon examination of the effects of introducing mutations in pCYP2D5-NFxB-
Luc, we were surprised to observe a 70% reduction in the activity of pCYP2D5—
mutNFxkB-Luc plasmid in both the cos-7 and the Fao cells. The two base pairs chosen for
the mutation in the putative NF-kB site were selected based on known site required for
NF-xB activity [157, 158]. Utilizing the program MacVector, we were able to determine
that the point mutations used to create pCYP2D5—mutNFxB—-Luc abolished a binding site
for GA-binding protein (GABP), a protein belonging to the Ets family of transcription
factors found in diverse species and playing a role in various critical cellular functions
[143]. The idea that GABP may control a drug-metabolizing enzyme is not unique; these
transcription factors have been shown to be critical in the regulation of mouse male
specific cyp2d9 and human sulfonyltransferase SULT1A1 gene [144, 153]. By using
increasing amounts of GABPa and GABPJ, we were able to observe a modest increase
in activity of pCYP2D5-NF«B-Luc but not pCYP2D5—mutNFkB-Luc in the Fao cells
only. GABPa and GABPJ had non-specific effects on the basic plasmid in cos-7 cells,

thereby obliterating the overall effect on pCYP2D5-NFxB—-Luc. The non-specific effects
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of the GABP proteins we observed on pGL3-basic plasmid in cos-7 cells were also made
by others [144]. Therefore it is possible that GABP proteins exhibit some level of control
on the transcriptional activity of CYP2DS5. On the other hand, it is also possible that NF-
kB is important in maintaining basal activity of the promoter based on our results of
mutating the binding site for this transcription factor.

Finally, we were interested in examining the effects of inflammation on GABP
binding and whether NF-kB interacts with either GABPo or GABPJ to control CYP2D5
transcription. Our results indicate that LPS-induced peripheral and systemic inflammation
causes an upregulation in the mRNA expression of GABPa and GABPS. It could be
possible that the downregulation in CYP2D1/5 initiates a positive feedback loop that
causes the upregulation of GABPa and/or GABPJ, which have been shown to be
positive regulaters of CYP2D1/5 expression in this work. In terms of changes in binding,
we were able to observe a downregulation in the binding to a consensus Ets sequence
(known to bind to both GABP isoforms, Santa Cruz) only in liver nuclear fractions
obtained 3 hours following the i.p. administration of LPS. The fact that this binding was
not observed in liver nuclear fractions obtained from administering rats LPS i.c.v. is
intriguing, especially since we have previously shown that upon i.c.v. administration,
LPS is rapidly detected in the serum [79]. It is possible that the amount of LPS that is
bioavailable to cause an effect on GABP binding is higher during the i.p. route of
administration in comparison to the i.c.v. route. Our attempts to supershift GABP from
binding to either the Ets consensus site or the rat CYP2D5 putative NF-«xB site were
unsuccessful. In addition, the utilization of IVT reactions containing GABP proteins did

not provide us with any useful results due to the high degree of non-specific binding we
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obtained from these experiments. Therefore, it yet remains to be examined whether NF-
kB interacts with GABP to control the transcriptional activity of rat CYP2D5. GABP
proteins are known to interact with a wide variety of proteins such as Sp-1, AP-1, and
CREB [147, 153, 159], however, whether NF-kB can be added to the list of proteins that
can possibly interact with GABP is yet to be determined.

In summary, we were not able to show a role for NF-«xB in the transcriptional
control of CYP2D35, however we show that GABPo and GABPp increases the
transcriptional activity of CYP2D3 both through transfection assays with GABP isoforms
and through site-directed mutagensis of the NF-xB site on the CYP2D35 promoter. We

have not been able to show that NF-xB interacts with either GABP isoform.
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CHAPTER §

THE DIFFERENTIAL REGULATION OF HEPATIC CYP2E1 DURING LPS-

INDUCED PERIPHERAL AND CNS INFLAMMATION IN THE RAT

Portions of this chapter will appear in the following publication:
Abdulla D and Renton KW. (In preparation for submission) The regulation of

cytochrome P450 2E] during LPS-induced inflammation in the rat.
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5.1 Abstract

It is well known that inflammatory and infectious conditions differentially regulate
cytochrome P450 (P450) mediated drug metabolism in the liver. We have previously
outlined a potential pathway by which the intracerebroventricular (i.c.v.) administration
of lipopolysaccharide (LPS) causes a downregulation in hepatic cytochrome P450 [79].
The purpose of this study was to outline the effects of LPS-induced peripheral and central
nervous system inflammation on hepatic cytochrome P450 2E1 (CYP2E1), an enzyme
that plays an important role in various physiological and pathological states. We report an
increase in hepatic mRNA expression of CYP2E1 occurring as early as 2 — 3 hours
following either the intraperitoneal (i.p.) injection of 5 mg/kg LPS or i.c.v. administration
of 25 pg of LPS. This increase in CYP2E1 mRNA expression was sustained until 24
hours following LPS administration by either route. In sharp contrast to the increase in
hepatic CYP2E1 mRNA, we observed a reduction in the catalytic activity of this enzyme
24 hours following either the i.c.v. or i.p. administration of LPS. The administration of
LPS along with either cycloheximide or antinomycin-D did not change the LPS-mediated
downregulation in hepatic CYP2E1 catalytic activity. These results support the idea that
LPS acts at two different levels to regulate hepatic CYP2E1: a transcriptional level to

increase CYP2E1 mRNA expression and a post-transcriptional level to regulate CYP2E1

protein and activity.
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5.2 Introduction

5.2.1 CYP2E1

CYP2EL is constitutively expressed in the liver, but can also be found extra-hepatically in
organs such as the kidneys and the central nervous system (CNS) [133, 160]. Under
constitutive and inducible conditions, hepatic CYP2EI1 is found in the centrilobular
region [161]. This hepatic localization is important becéuse substrates of CYP2E1 such
as carbon tetrachloride and acetaminophen primarily cause damage to cells in that region
of the liver [161]. Most of the substrates of CYP2E1 are small and hydrophobic and
include substances such as organic solvents, acetaminophen, volatile anesthetics,
dimethylnitrosamine, ethanol, and acetaldehydes [162]. Some of the substrates of
CYP2E1 are potent pro-carcinogenic and pro-mutagenic substances [163, 164].

CYP2E1 was initially purified from rabbits, and was subsequently identified and
isolated from rats [165]. Hepatic CYP2E1 can not be detected immediately after birth,
but a dramatic increase in the enzyme occurs within one week following birth due to
activation of the gene [165]. CYP2E1 mRNA remains relatively constant in the livers of
rats from a few days old until adult [166]. Determining the amino-acid sequence of this
protein allowed its allocation to the P450 2 gene subfamily [165, 167]. The mouse
CYP2E1 gene is located on chromosome 7 and contains 9 exons [165].

CYP2E! plays an important toxicological role in various physiological disease-
induced states such as alcohol induced liver injury, diabetes, and non-alcoholic
steatohepatitis [89, 168, 169]. CYP2E! induction can increase the risk of developing
cancer due to its role in the production of reactive oxygen species [169]. CYP2E] also

acts as an acetone/acetal hydroxylase since the levels of acetone are 10 fold higher in
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fasting CYP2E1 knockout mice compared to wildtype [57]. In addition, low levels of
CYP2E1 over-expression have been shown to cause lipid-peroxidation mediated
apoptosis [57]. CYP2E1 has pronounced oxidase activity that is usually balanced through
cellular anti-oxidants mechanisms [57]. This generation of reactive oxygen species and
other radical intermediates by CYP2EL1 is thought to be a cause of apoptotic injury to
glial cells and hepatocytes, both of which contain the enzyme [57, 161]. There is a
possibility that CYP2E1 mediated toxicities are not restricted to liver cells only [57].
5.2.2 CYP2E1 Regulation |

CYP2EI regulation is thought to occur at many cellular levels. At birth and during
conditions of starvation, a rapid induction in the expression and protein levels of the
enzyme occurs [162]. CYP2EI can also be regulated at the level of the protein, where
substrates are known to bind to the heme group of the enzyme and prevent its
proteosomal degradation [57].

5.2.2.1 Ethanol regulation of CYP2E1

It is well known that the chronic administration of ethanol causes a sharp induction in
CYP2E1 protein [163, 170]. It has been shown now that this induction occurs at the post-
translational level, since chronic ethanol administration for 21 days in rats causes an
increase in CYP2E1 protein levels without affecting the mRNA of this isoform [163].
Roberts et al propose that the induction of CYP2E1 by ethanol can occur through a
decrease in ubiquitin conjugation which normally targets proteins for rapid proteolysis
and destruction upon binding [170]. They propose that the decrease in ubiquitin binding
can occur either by substrate binding to prevent ubiquitin targeting or through allosteric

modification of the enzyme through ethanol binding [170].
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5.2.2.2 CYP2E1 during conditions of inflammation

It is well known that the cytochrome P450 family of enzymes are differentially regulated
during conditions of inflammation and infection [66, 69]. The administration of
lipopolysaccharide (LPS) in the rat induces a potent acute phase response (APR)
characterized by an increased production in pro-inflammatory cytokines such as TNFa,
IL-1B, and IL-6 [75, 160]. The effects of inflammatory and infectious states on CYP2E]
have been examined, however little is known regarding the mechanisms of regulation of
this isoform during such conditions. It has been shown that the expression and catalytic
activity of CYP2E1 is downregulated in a rat hepatoma cell line following the
administration of the pro-inflammatory cytokines IL-13, TNFo and IL-6 [156]. When
cytokines and/or LPS are administered to rats i.p., a downregulation in the activity and
protein levels of CYP2EL is observed [75]. IL-4 has been shown to cause an upregulation
in the protein and mRNA levels of the enzyme in a human hepatoma cell line [164]. This
indicates that cytokines differentially regulate CYP2E1 during conditions of
inflammation. In the CNS, it has been shown that CYP2E1 is upregulated both in vitro
and in vivo in the brain following LPS administration [56]. The upregulation of CYP2E1
in the CNS has been shown to occur through an increase in mRNA, which is an unusual
method of induction for this isoform [133].

5.2.2.3 Role of transcription factors in CYP2E]1 regulation

It is thought that the majority of CYP2E1 regulation occurs at the level of the protein
[161], however regulation at the transcriptional level does occur [156]. Starvation and IL-
4 administration are both documented examples of transcriptional mediated induction of

CYP2E1, however the exact mechanism by which an increase in CYP2E1 occurs is still
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unclear [156]. It has been postulated that an AP-1 site found on the CYP2E1 promoter
may be responsible for the upregulation in mRNA observed in response to IL-4 treatment
[160, 171]. One of the main liver enriched transcription factors known to play a role in
the transcriptional control of constitutive CYP2E1 expression in the liver is hepatocyte
nuclear factor-1 (HNF-1) [156, 166]. HNF-1 is also thought to play a role in the
regulation of CYP2E1 during endotoxin treatment [160]. Tindberg et al recently
identified a repressor jun-binding site on intron 2 segment of CYP2E]1 responsible for the
downregulation of the enzyme during LPS administration using primary cortical glial
cells [57]. Pan ef al used STAT1 (signal transducers and activators of transcription
proteins) knockout mice to show that this transcription factor may play a role in the post-
transcriptional regulation of CYP2E1.

5.2.3 Objective

The objective of this section was to examine the mechanisms that regulate CYP2E1
during LPS-mediated peripheral and CNS inflammatory models. We observed an
increase in mRNA expression of CYP2E1 and a decrease in enzyme activity following
either the i.c.v. or i.p. administration of LPS. Using inhibitors of transcription and
translation to examine the LPS-mediated effects on hepatic CYP2E1, we present
evidence that hepatic CYP2EI regulation during conditions of LPS-induced

inflammation in the rat occurs mainly at the post-transcriptional level.
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5.3 Materials and methods

5.3.1 Reagents

All laboratory reagents were purchased from Sigma (St. Louis, MO) with the exceptions
noted in the text. Gel purified Escherichia coli lipopolysaccharide (LPS) of sereotype
0127:B8 (Sigma, St Louis, USA) was utilized in the experiments as outlined below.
5.3.2 Animals and treatment

Male Sprague-Dawley rats (125 — 150 grams) were obtained from Charles River
Laboratories (Quebec, Canada) and were housed on corncob bedding for a period of 5
days on a 12-hour light/dark cycle. All animal procedures were performed according to
the Dalhousie University Committee on Laboratory Animals following the guidelines
established by the Canadian Council on Animal Care. Rats were allowed ad-libitum
access to food and water prior to and following the experimental procedure.
Intracerebroventricular (i.c.v.) injections into the lateral ventricle were performed using a
KOPF® sterotaxic instrument. The coordinates utilized relative to bregma were 1.7 mm
lateral and 4.7 mm below the skull surface. On the day of the experiment, rats were
anaesthetized using enflurane and maintained on a 4% level of the anaesthetic during the
surgery. A dose of 25 pg LPS was dissolved in pyrogen-free saline and injected in a

volume of 5 puL. To induce systemic inflammation, animals were injected

intraperitoneally with a dose of 5 mg kg™ LPS (in 100 nL saline). This dose has been
previously shown to cause a downregulation in P450 levels [155]. Figure 5.1 illustrates
the dosing schedule for the experiments utilizing cycloheximide (CHX) or actinomycin-D
(AD) at the doses of 10 mg kg™ for CHX and 7 mg kg for AD. These doses were chosen

based upon previous reports outlining that the use of these antibiotics at the specified
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Time in hours 0 20 24

Event Inject rats with Inject rats with Sacrifice
either saline either AD rats
or LPS or CHX

Figure 5.1. Schematic indicating the dose schedules for the administration of
cycloheximide and actinomycin-D. The time of the three events indicated (rats were
injected with saline or LPS by either the i.c.v. or 1.p. route, rats injected with either CHX
or AD i.p., animal sacrifice) is given in hours beginning from time 0. The doses for CHX
and AD were 10 mg kg™ and 7 mg kg, respectively.
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doses for 6 hours was sufficient to cause an inhibition in the P450 isoform CYP3A [172].
The results for the CHX and AD experiments were obtained 24 hours following LPS
administration by either route because both the upregulation in CYP2E1 mRNA and the
downregulation in CYP2ET activity can be observed at this time point. All experiments
utilized 4 — 6 rats per treatment.
5.3.3 Microsomal fraction preparation and CYP2E1 metabolism assay
Liver microsomes were isolated at 2 and 24 hours following i.c.v. and 1.p. injections as
described previously [75] and suspended in a glycerol-phosphate buffer (50 mM KH,PO4
buffer, pH 7.4, containing 20% glycerol and 0.4% KCI). Liver microsomal fractions were
stored at ~80°C until usage. Protein concentrations were determined according to a
modified Lowry protocol [105].

The formation of 6-hydroxychlorzoxazone (6-OH CZX) from chlorzoxazone
(CZX) was used as a specific marker for rat CYP2ET! activity [173]. Incubation mixtures
containing 1 mg of total microsomal protein were incubated with 100 uM of CZX in 50
mM of KH,POj, buffer, pH 7.4. The reaction mixtures were pre-incubated in a 37°C water
bath with a shaker set at 100 oscillations/minute for a period of 2 minutes. Reactions
were initiated by the addition of the cofactor NADPH (1 mM) and incubated at 37°C for a
period of 10 minutes. Reactions were terminated by the addition of 5 mL of
dichloromethane at which point 2000 ng of the internal standard pentoxifylline was added
to each sample. The samples were centrifuged at 2700 rpm for a period of 10 minutes,
and the lower organic phase containing the metabolites and internal standard was
transferred into a clean glass tube and evaporated to dryness using a nitrogen evaporator.

The metabolite and internal standard residues were then reconstituted in 125 pl of HPLC
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mobile phase (22% acetonitrile in 0.5% H3POu, v/v), and 50 pl was separated on a
reverse phase C-18 (25 cm x 4.5 mm LD.) analytical column (Beckman Coulter,
Fullerton, CA, USA) attached to a Waters 2690 Separations Module. The mobile phase
flow rate for separation was set at 1.0 ml min™, with detection by UV absorption at 287
nm (Waters 2487 Dual ) absorption unit). The approximate retention times were 6.7
minutes for 6-OH CZX, 7.8 minutes for pentoxifylline, and 21.5 minutes for CZX.

5.3.4 Western blot analysis

A total of 25 pg of microsomal protein was separated by electrophoresis on a 7.5 %
ready-made gel (Bio-Rad, Canada) and transferred on to an Immobilon P membrane
using a Bio-RAD wet transfer apparatus running overnight at 90 mA (Bio-Rad, Canada).
CYP2E1 was detected using a polyclonal anti-rat CYP2E1 antibody (1/1000 dilution)
(Gentest) and an anti-goat secondary IgG antibody conjugated to peroxidase (1/100,000).
Proteins bands were visualized using a Storm scanner (Amersham Biosciences, NJ, USA)
and enhanced chemiluminescence plus (ECL"; Amersham Biosciences, NJ, USA). Bands
were quantified using ImageQuant 5.2™ software (Amersham Biosciences, NJ, USA).
Amido black staining was utilised to ascertain equal protein loading.

5.3.5 RNA extraction and northern blot analysis

Liver samples (~100 mg) were obtained for RNA isolation at 2, 4, 6, 9, and 24 hours
following the i.c.v. injection of 25 pg of LPS and at 3 and 24 hours following the i.p.
injection of 5 mg kg™ LPS. Total liver RNA was extracted using the TriZol® method
according to manufacturer’s instructions and quality was determined using 260/280 nm
ratios. 10 pg of total RNA was electrophoresed on a 1.1% formaldehyde gel and

transferred onto an immobolin—NY+ membrane (Millipore Corporation, MA, USA)
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overnight and fixed to the membrane by UV cross linking and heating for 1 hour at 65°C.
Blots were prehybridized for 1 hour in 10mL of Sigma Perfecthyb™ Plus (Sigma, St
Lois, MS) after which the [?P]dCTP (Perkin and Elmer, Canada) labelled probes (RmT
Random Primer Labelling kit, Stratagene, USA) were added to a specific activity of 1 x
107 cpm. Blots were exposed to a storage phosphor screen (Amersham Biosciences, NJ,
USA) for 16 — 24 hours and scanned using a phospher imager (Amersham Biosciences,
NJ, USA). Bands were quantified using ImageQuant 5.2™ software (Amersham
Biosciences, NJ, USA). A CYP2E!1 [174] probe was constructed from forward and
reverse primers (CYP2E1 FWD 5" CTG ATT GGC TGC GCA CCC TGC 3, CYP2E1
REV 5" GAA CAG GTC GGC CAC AGT CAC 3', primer sequences verified using an
NCBI BLAST search) using a TOPO TA Cloning® kit (Invitrogen, Ontario, Canada)
according to manufacturer’s instructions. The human GAPDH probe was a generous gift
from Dr. C. J. Sinal (Dalhousie University, Canada).

5.3.6 Liver nuclear fraction isolation

Liver nuclear fractions were isolated from rats 3 hours following either the i.c.v.
administration of 25 ug LPS or the i.p. administration of 5 mg kg™ of LPS according to a
previously described method [129]. Briefly, animals were decapitated and livers were
homogenized in 20 mL of Homogenization Buffer (100 mM HEPES, pH 7.4, containing
25 mM KCl, 0.15 mM spermine, 0.5 mM spermidine, | mM EDTA, 2 M sucrose, 10%
glycerol, 5 ug mL™" pepstatin A, and 5 pg mL™ leupeptin) and centrifuged at 17,000 rpm
for a period of 20 minutes at 4°C. The nuclear pellet was resuspended in 10 mL of
Nuclear Lysis Buffer (100 mM HEPES, pH 7.4, containing 100 mM KCI, 3 mM MgCl,,

0. mM EDTA, 1 mM DTT, 0.1 mM PMSEF, 10% glycerol, 5 ng mL! pepstatin A, and 5
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pg mL™! leupeptin) and homogenized using a Dounce homogenizer. The extraction was
initialized by the addition of (NH4);SOy4 to the nuclear lysate in drop-wise fashion to a
final concentration of 0.4 M. The viscous lysates were incubated for period of 30 minutes
on ice with constant shaking, after which they were ultra-centrifuged at 35,000 rpm for a
period of 60 minutes at 4°C. Solid (NH;),SO4 was added to the supernatants at a
concentration of 0.3 g mL™". The solutions were inverted several times and incubated on
ice for a period of 20 minutes until all the (NH4),SO4 had dissolved. The solutions were
then further centrifuged at 35,000 rpm for a period of 25 minutes at 4°C and the pellets
were re-suspended in Suspension Buffer (25 mM HEPES, pH 7.6, containing 40 mM
KCI, 0.1 mM EDTA, 1 mM DTT, 10% glycerol, 5 ug mL™" pepstatin A, and 5 pg mL™'
leupeptin) and stored at —80°C until usage. Protein concentrations were determined
according to a modified Lowry protocol [105].

5.3.7 Electromobility shift assays

Reactions were carried out in a total volume of 20 pul. and contained 5 pg of protein,
50000 cpm of [**P]-labeled probes, 1x Binding Buffer (50 mM Tris-HcL, pH 7.9
containing 5 mM MgCl,, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NacCl, and 20%
glycerol), and 2 pg of polydldC. Reactions were pre-incubated with the polydIdC for a
period of 15 minutes after which the radiolabeled probe was added to initiate the reaction.
In the case of non-specific competitions, a 20x excess amount of non-radioactive non-self
oligonucleotide was utilized in the reaction mixture. In cases of specific competitions, a
20x excess amount of non-radioactive self-oligonucleotide was utilized and was included
in the reaction mixture. Reactions were incubated at room temperature for a period of 30

minutes and run on a 5% TBE-acrylamide gel at a voltage of 170 V. The gels were then
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dried using a Bio-Rad gel dryer (Bio-Rad, Ontario, Canada) operating under vacuum and
set at 80°C for 105 minutes. Gels were then exposed to a phospher-storage screen for a
period of 16 — 24 hours and scanned using a phospher imager (Amersham Biosciences,
NJ, USA). Bands were quantified using ImageQuant 5.2™ software (Amersham
Biosciences, NJ, USA). The probes (described in Table 5.1) were obtained as single-
stranded oligonucleotides from Sigma Genosys (Sigma-Aldrich, Ontario, Canada) and
annealed according to a standard protocol. Briefly, 300 pmoles of each oligonucleotide
were incubated in Annealing Buffer (100 mM Tris, pH 7.9 and 50 mM MgCl,) for 10
minutes at 95°C and allowed to gradually cool down to 25°C.

5.3.8 Statistical analysis

All data are reported as the mean =+ the standard error of the mean. An unpaired t-test was
utilized to compare saline versus LPS groups in the time response experiments, where p <
0.05 determined statistical significance. Unpaired t-tests were performed in the time
response experiments because they utilized animals injected on separate days, and were
performed because the main interest of this work was to outline differences at each time
point being studied. Data is presented in one graph for all time points for convenience. A

two-way analysis of variance was used to analyze the CHX and AD experiments coupled

with Bonferroni post-hoc tests.
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Table 5.1 — List of the EMSA oligonucleotides.

Description

Oligonucleotide

Source

CYP2E1 AP-1

5"CTG ACC GTG ATT CAC

CAG AAT ¥

Single stranded oligonucleotides
annealed according to standard

procedure

CYP2E1 MKK3

5"TTCTGC TCT CAT TTT CCA

AACAGGC3

Single stranded oligonucleotides
annealed according to standard

procedure

CYP2E]1 HNFla

5" TGA AAT GAT AGC CAA

CTG CAG CTA ATA ATA AAC

CAGTACY¥

Single stranded oligonucleotides
annealed according to standard

procedure
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5.4 Results

5.4.1 Hepatic CYP2E1 mRNA levels are upregulated in response to the i.c.v. or i.p.
administration of LPS
It has previously been shown that the central or peripheral injection of LPS causes a
downregulation in hepatic cytochrome P450 expression and catalytic activity [75, 155].
To examine the effects of the i.c.v. or i.p. administration of LPS on hepatic CYP2E1, the
mRNA expression of this isoform was examined in the liver using northern blotting at
various time points following LPS administration by either route. We observed a
significant increase in the mRNA levels of hepatic CYP2E1 occurring as early as 2 hours
and this persisted up to 24 hours following the i.c.v. administration of 25 pg of LPS
compared to saline treatment (Figure 5.2 A and B). Similarly, a significant upregulation
in the expression of hepatic CYP2E1 mRNA was observed at 3 and 24 hours following
the i.p. administration of 5 mg kg LPS compared to saline treated animals (Figure 5.2
O).

We then examined the role of several transcription factors as potential mediators
of the upregulation in hepatic CYP2E1 expression following the i.c.v. or i.p.
administration of LPS. We utilized an HNF-1a sequence previously identified by Ueno et
al for the constitutive activation of CYP2E1 ([166]) to determine whether this
transcription factor plays a role in the changes in CYP2E1 mRNA observed in this study.
Our results indicate that the binding to HNF-1a is slightly increased following the i.c.v.
administration of LPS, whereas the effects of the i.p. administration of LPS is to decrease
HNF-1a binding (Figure 5.3). The binding of HNF-1o was not affected by the presence

of 20x excess nonself non-radioactive oligonucleotide, and was completely abolished in
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Figure 5.2. CYP2E1 mRNA is upregulated in response to the i.c.v. and i.p.
administration of LPS. Total liver mRNA was extracted and northern blotting was
performed as outlined in the Methods section. The effects of the i.c.v. administration of
25 pg of LPS on CYP2E1 mRNA relative to GAPDH is shown in panel (A), with
representative blots shown in panel (B). The effects of the i.p. administration of 5 mg kg™
LPS on CYP2E1 mRNA relative to GAPDH is shown in panel (C). Each bar represents
the average results from 4 animals + S.E.M. The average absolute values for CYP2E1
expression (with respect to GAPDH) following the i.c.v. administration of LPS was 0.051
for the 2 hour saline samples, 0.049 for the 4 hour saline samples, 0.108 for the 6 hour
saline samples, 0.079 for the 9 hour saline samples, and 0.091 for the 24 hour saline
samples. The average absolute values for CYP2E1 expression (with respect to GAPDH)
following the i.p. administration of LPS was 0.12 for the 3 hour saline samples and 0.22
for the 24 hour saline samples. * CYP2E1 expression higher compared to respective
saline treated animals using a non-paired t-test (p < 0.05).
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the presence of 20x excess self non-radioactive oligonucleotide (Figure 5.3). Using the
published sequence for CYP2E1 [166], we identified a putative activator protein-1 (AP-
1) binding region using MacVector on intron segment 1 of the CYP2E1 gene. Examining
the binding activity of this AP-1 region using EMSA assays revealed an increase in
binding to nuclear fractions isolated 3 hours following either the i.c.v. administration of
25 pg LPS (Figure 5.4 A) or the i.p. administration of 5 mg kg™ LPS (Figure 5.4 B). The
binding of AP-1 was not affected by the presence of 20x excess non-self non-radioactive
oligonucleotide, and was completely abolished in the presence of 20x excess self non-
radioactive oligonucleotide. Examination of a map kinase kinase-3 (MKK3)/CAAT-
enhancer binding protein (C/EBP) region [133] using hepatic nuclear fractions obtained 3
hours following the administration of 5 mg kg™ LPS i.p. indicated that no binding
occurred for this transcription factor on the CYP2E1 promoter (Figure 5.4 C).

5.4.2 CYP2EI1 catalytic activity and protein is downregulated in response to the i.c.v.
or i.p. administration of LPS

The effects of administering 25 ug of LPS i.c.v. or 5 mg kg LPS i.p. on hepatic
CYP2EL1 catalytic activity and protein levels are shown in Figures 5.5 and 5.6. A
significant decrease in the catalytic activity of hepatic CYP2E1 occurred 24 hours
following either the i.c.v. or i.p. administration of LPS (Figure 5.5 A and B). CYP2E1
activity in the liver was not affected at 2 hours following i.c.v. or i.p. administration of
LPS (Figure 5.5A and B). To examine whether changes in protein levels contribute to the
downregulation in hepatic CYP2E] catalytic activity, we examined the effects of the

1.c.v. or i.p. administration of LPS on CYP2E!1 protein levels in the liver using western
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Figure 5.3 — The effects of LPS on HNF-1a binding on CYP2E1 promoter. The
binding of HNF-1a to a region on CYP2E1 promoter known to bind to this transcription
factor (see [166]) was examined. Liver nuclear fractions were isolated at 3 hours
following either the i.c.v. or i.p. administration of LPS and EMSA assays were performed
as described in the methods section. Lanes are as indicated on the gel. Specific
competitions (spec comp) and non-specific competitions (non-spec comp) indicate
competitions performed with excess non-radioactive specific oligonucleotide and non-

radioactive non-specific oligonucleotide, respectively, as described in the Methods
section.
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Figure 5.4 — The effects of LPS on AP-1 and MKK3 binding on CYP2E1 promoter.
The binding of AP-1 to liver nuclear fractions obtained 3 hours following the i.p. (A) and
1.c.v. (B) administration of LPS to rats is shown. The effects of the administration of 25
pg of LPS i.c.v. to rats on MKK3 binding is is shown in (C). Specific competitions (spec
comp) and non-specific competitions (non-spec comp) indicate competitions performed
with excess non-radioactive specific oligonucleotide and non-radioactive non-specific
oligonucleotide, respectively, as described in the Methods section.
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Figure 5.5. CYP2EI1 catalytic activity is downregulated in response to the i.c.v. and
i.p. administration of LPS. Rat liver microsomes were prepared at 2 and 24 hours using
animals injected with either 25 pg of LPS i.c.v. or 5 mg kg™ LPS i.p. and CYP2E!I
catalytic activity was determined using the hydroxylation of the substrate CZX. The
results from the i.c.v. administration of LPS are shown in (A) and the results from the i.p.
administration of LPS are shown in (B). The results are plotted as % control of the
respective saline groups, with each bar representing the average results from 4 animals +
S.E.M. * CYP2E1 expression lower compared to respective saline treated animals using a
non-paired t-test (p < 0.05). The absolute value for the saline 2 hour time point (LPS
given 1.c.v.) is 85.7 ng 60H CZX/mg protein/min and for the saline 24 hour time point
(LPS giveni.c.v.)is 118.3 ng 60H CZX/mg protein/min. The absolute value for the
saline 2 hour time point (LPS given i.p.) is 131.6 ng 60H CZX/mg protein/min and for
the saline 24 hour time point (LPS given i.p.) is 98.1 ng 60H CZX/mg protein/min.
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blotting. We observed a significant downregulation in hepatic CYP2E1 protein at 24
hours following the administration of 25 pg LPS i.c.v., and no change in the protein
levels at all other time points examined (Figure 5.6 A and B).

5.4.3 Cycloheximide and actinomycin-D have no effect on the LPS-induced
downregulation in catalytic CYP2EI1 activity

Since we observed a reduction in the catalytic activity of hepatic CYP2E1 combined with
an increase in mRNA expression following the i.c.v. or i.p. administration of LPS, we
examined the effects of actinomycin-D (AD, an inhibitor of transcription) and
cycloheximide (CHX, an inhibitor of translation) on the LPS-induced effects on hepatic
CYP2EI. As expected, the administration of LPS by both routes was still able to cause a
2-fold increase in CYP2E1 mRNA in animal groups treated with vehicle only. AD was
able to prevent the LPS-induced upregulation in CYP2E1 mRNA following both routes
of LPS administration (Figure 5.7 A and B and Table 5.2). In contrast, CHX injection
caused a significant augmentation in the LPS-induced upregulation of CYP2E1 mRNA
(Figure 5.8 A and B and Table 5.2). On examination of CYP2E]1 activity, we observed a
significant downregulation in catalytic activity caused by LPS in both vehicle groups
(Figures 5.7 C, 5.7 D, 5.8 C, and 5.8 D). Actinomycin-D treatment did not prevent the
LPS-induced downregulation in CYP2E1 activity (Figure 5.7 C and D). LPS was able to
significantly downregulate CYP2E] catalytic activity in the presence of CHX only in the

1.p. group (Figure 5.8 C and D).
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Figure 5.6. CYP2EI1 protein level is downregulated in response to the i.c.v.
administration of LPS. Rat liver microsomes obtained from animals injected either with
25 ug LPS i.c.v. or 5 mg kg™ LPS i.p. were subjected to electrophoresis and CYP2E1
protein was detected using a polyclonal antibody directed towards this isoform. The
effects of the i.c.v. administration of LPS is shown in (A) and the effects of the i.p.
administration of LPS is shown in (B). The results are plotted as % control of the
respective saline groups, with each bar representing the average results from 4 animals +
S.EM. * CYP2EL1 expression lower compared to respective saline treated animals using a
non-paired t-test (p < 0.05). The absolute value for the saline 2 hour time point (LPS
giveni.c.v.) is 3.64 x 10 arbitrary units and for the saline 24 hour time point (LPS given
i.c.v.)is 5.01 x 10° arbitrary units. The absolute value for the saline 2 hour time point
(LPS given i.p.) is 1.34 x 10° arbitrary units and for the saline 24 hour time point (LPS
given i.p.) is 3.79 x 10 arbitrary units.
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Figure 5.7. The administration of actinomycin-D has no effect on LPS-induced
effects on hepatic CYP2E1. AD was administered i.p. at a dose of 7 mg kg™ to rats 4
hours prior to sacrifice in the presence of either saline or LPS. Representative blots for
the effects of AD on CYP2E1 mRNA is shown in the case of administering 25 pg of LPS
i.c.v. (A) and in the case of administering 5 mg kg’ LPS i.p. (B). The effects of
administering AD on CYP2E] activity is shown for the i.c.v. (C) and i.p. (D)
administration of LPS. The results for panels C and D are plotted as % control of the
respective saline groups, with each bar representing the average average results from 4
animals = S.E.M. * represents statistical significance compared to saline treated animals
in the vehicle group using a 2-WAY ANOVA coupled with Bonferroni post-hoc tests (p
< 0.035). # represents statistical significance compared to saline treated animals in the AD
group using a 2-WAY ANOVA coupled with Bonferroni post-hoc tests (p < 0.05). The
absolute value for the saline-ethanol group (LPS giveni.c.v.)is 71.3 ng 60H CZX/mg
protein/min and for the saline-AD group (LPS given i.c.v.) is 71.8 ng 60H CZX/mg
protein/min. The absolute value for the saline-ethanol group (LPS given i.p.) is 78.9 ng
60H CZX/mg protein/min and for the saline-AD group (LPS given i.p.) is 83.5 ng 60H
CZX/mg protein/min.
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Figure 5.8. The administration of cycloheximide has no effect on LPS-induced
effects on hepatic CYP2E1. CHX was administered i.p. at a dose of 10 mg kg™ to rats 4
hours prior to sacrifice in the presence of either saline or LPS. Representative blots for
the effects of CHX on CYP2E1 mRNA is shown in the case of administering 25 pg of
LPS i.c.v. (A) and in the case of administering 5 mg kg LPS i.p. (B). The effects of
administering CHX on CYP2EI activity is shown for the i.c.v. (C) and i.p. (D)
administration of LPS. The results for panels C and D are plotted as % control of the
respective saline groups, with each bar representing the average results from 4 animals +
S.E.M. * represents statistical significance compared to saline treated animals in the
vehicle group using a 2-WAY ANOVA coupled with Bonferroni post-hoc tests (p <
0.05). # represents statistical significance compared to saline treated animals in the AD
group using a 2-WAY ANOVA coupled with Bonferroni post-hoc tests (p < 0.05). The
absolute value for the saline-DMSO group (LPS giveni.c.v.)is 121.6 ng 60H CZX/mg
protein/min and for the saline-CHX group (LPS given i.c.v.) is 82.2 ng 60H CZX/mg
protein/min. The absolute value for the saline-DMSO group (LPS given i.p.) is 89.8 ng
60H CZX/mg protein/min and for the saline-CHX group (LPS given i.p.) is 104.9 ng
60H CZX/mg protein/min.
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Table 5.2 — The effects of cycloheximide and actinomycin-D on the mRNA
expression levels of CYP2E] following either the i.c.v. or i.p. administration of LPS.
The dosing schedule for CHX and AD administration is shown in Figure 1. The doses for
CHX and AD were 10 mg kg™ and 7 mg kg™, respectively. Statistical significance is
indicated underneath each respective group and was performed using a 2-WAY ANOVA

coupled with a Bonferroni post-hoc analysis test.

Route of administration | Treatment Value
i.c.v. | Saline - DMSO 0.049 £ 0.009
i.c.v. | LPS —DMSO 0.090+0.01 @
i.c.v. | Saline — cycloheximide 0.858+0.53 @
i.c.v. | LPS — cycloheximide 2.339+0.57

* represents statistical significance with respect to the saline — ethanol group

@ represents statistical significance with respect to LPS — cycloheximide group

i.p. | Saline - DMSO 0.062 £ 0.025
i.p. | LPS - DMSO 0.090 £ 0.038
i.p. | Saline — cycloheximide 1.405+0.29 @
i.p. | LPS — cycloheximide 2.941+1.77°

* represents statistical significance with respect to the saline — ethanol group

@ represents statistical significance with respect to LPS — cycloheximide group

i.c.v. | Saline — ethanol 0.035+0.013
1.c.v. | LPS — ethanol 0.056 +0.019 *
i.c.v. | Saline — actinomycin-D 0.032+£0.017

172



i.c.v.

LPS — actinomycin-D

0.016 + 0.004

# represents statistical significance with respect saline - DMSO group

1.p. | Saline — ethanol 0.026 + 0.007
i.p. | LPS — ethanol 0.045 + 0.008 *
i.p. | Saline — actinomycin-D 0.038 £0.027
i.p. | LPS — actinomycin-D 0.018 £ 0.01

# represents statistical significance with respect to saline - DMSO group
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5.5 Discussion

LPS and various pro-inflammatory cytokines have been shown to modulate the
expression, protein levels, and activity of various CYP isoforms both in vivo and in vitro
[64,77,79, 114, 121, 156, 175]. CYP2E1 is known to play an important role in various
physiological and pathological situations, thereby making it essential to understand its
regulation during conditions of inflammation [57, 169]. We therefore chose to examine
the in vivo regulation of hepatic CYP2E1 during conditions of LPS-mediated
inflammation. We have previously shown that the injection of 25 g LPSi.c.v. is
associated with a leakage of endotoxin from the cerebral fluid into the serum as early as
15 minutes following its administration [79]. Therefore, we would expect that the
regulation of CYP2E]1 following the administration of 25 pg LPS i.c.v. would be
consistent with its regulation following the i.p. administration of 5 mg kg™ LPS. Our
results indicate that the mRNA expression of CYP2E] is upregulated at various time
points following either the i.c.v. or i.p. administration of LPS, which is in sharp contrast
to the observed downregulation in the protein and activity levels of this isoform at 24
hours.

The sharp increase in hepatic CYP2E1 mRNA occurred as early as 2 hours
following the administration of LPS either i.c.v. or i.p., and the magnitude of this increase
in mRNA gradually decreased with time. To our knowledge, this is the first time an
upregulation in hepatic CYP2E1 mRNA expression has been observed in vivo following
LPS administration. In an attempt to explain the mechanism by which LPS upregulates
hepatic CYP2E1 mRNA, we examined the effects of both the i.c.v. and i.p.

administration of LPS on the binding of several transcription factors to the promoter
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region of CYP2E1. We observed a differential effect of i.c.v. and i.p. administered LPS
on HNF-1a binding, with the binding slightly increased following the i.c.v.
administration of LPS and decreased following the i.p. administration of LPS. Our results
are in agreement with a previous report which showed that the i.p. administration of LPS
to rats causes a decrease in binding to a consensus HNF-1a sequence [160]. However,
since LPS causes a similar upregulation in mRNA expression regardless of its effects on
HNF-10., one can speculate that the increase in mRNA expression occurs independent of
changes in the binding to HNF-1a.. We observed an increase in binding to an AP-1
(activator protein-1) region located in intron 1 of the CYP2E1 gene, which may play a
role in the upregulation of this isoform in the liver following the i.c.v. or i.p.
administration of LPS. AP-1 has been identified as possibly playing a role in the
regulation of CYP2E1 [160], and therefore may likely play a role in the regulation of
hepatic CYP2E1 in LPS-mediated models of CNS and peripheral inflammation. In a
study to examine the effects of STAT1 (signal transducer and activator of transcription-1)
protein deficiency on hepatic cytochrome P450 expression in the mouse following the
peripheral administration of LPS, Pan et al showed that CYP2E1 mRNA is slightly but
not significantly upregulated 24 hours following the administration of LPS in wildtype
mice [176]. In addition, their results revealed that STAT1 may possibly play a role in the
post-transcriptional modulation of CYP2E1 following the i.p. administration of LPS
[176]. Other reports have indicated increases in the mRNA of CYP2E1 in the brain
following administration of LPS, but this induction of expression was associated with an

increased activity of the enzyme [56, 133].
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In the present study, we show a downregulation in hepatic CYP2E1 activity and
protein levels 24 hours following either the i.c.v. administration of 25 pug of LPS or the
1.p. administration of 5 mg kg'1 LPS, which is a similar finding to that reported previously
[75]. The loss in CYP2EI protein and activity is surprising in light of the observation that
the mRNA expression of this isoform is upregulated in the liver 2 — 9 hours following
either the i.c.v. or i.p. administration of LPS. The mechanisms delineating the
downregulation in hepatic CYP2E] in vivo following LPS administration have not been
explored.

When AD was utilised to inhibit transcription, no induction in hepatic CYP2E1
mRNA was observed in response to LPS, indicating that the increase in mRNA observed
in this study results from an increase in transcription. AD treatment had no effect on the
LPS-mediated loss in catalytic activity of CYP2E]1, indicating that changes in the mRNA
expression of CYP2E1 have no effect on the downregulation in catalytic activity of this
isoform during LPS-induced conditions of central and peripheral inflammation. CHX
caused a significant induction in CYP2E1 mRNA on its own, and this induction was
further enhanced in the presence of LPS. Since CHX is an inhibitor of translation, it is
possible that the lack of newly synthesized CYP2E1 protein in the hepatocyte causes a
positive feedback mechanism that activates further CYP2E1 mRNA production. The
LPS-mediated downregulation in hepatic CYP2E1 catalytic activity was not affected in
the presence of CHX in rats administered 5 mg kg™ LPS i.p., indicating that changes in
the transcription and translation of the CYP2E1 gene have no effect on the regulation of
this isoform during conditions of inflammation. Collectively, the AD and CHX results

indicate that LPS mediates a downregulation in CYP2E] catalytic activity irrespective of
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changes in the mRNA of this isoform, and acts mainly at a post-transcriptional level. It is
likely that CYP2E1 downregulation observed in vivo following the administration of 25
png of LPS i.c.v. or 5 mg kg LPS 1.p. is caused by changes to the stability of CYP2E1
protein already present in the hepatocyte, which has been observed previously by others
[170]. Ubiquitin conjugation and subsequent proteolysis of hepatic CYP2E1 may play a
role during LPS-induced conditions of inflammation, similar to the effect of ethanol
withdrawal on CYP2E1 [170]. In contrast to our current results, Hakkola et a/ showed
that pro-inflammatory cytokines inhibit CYP2ET1 activity in vitro at the level of the gene
through control of hepatocyte nuclear factor-1 alpha (HNF-1a) function and other
transcription factors on the CYP2E1 promoter [156]. The predominant post-
transcriptional regulation of hepatic CYP2ET1 in vivo we observed in this study is in
contrast to the regulation of other hepatic CYP isoforms such as CYP1A, CYP2D, and
CYP3A during conditions of inflammation, where we and others have shown that the
regulation occurs mainly at the level of the gene [51, 79, 83, 89, 177, 178].

In summary, we have shown an upregulation in CYP2E1 mRNA occurring as
early as 2 hours following either the i.c.v. administration of 25 pg of LPS or the i.p.
administration of 5 mg kg LPS, indicating that LPS is acting at a transcriptional level to
causes changes in the mRNA expression of CYP2EL. In sharp contrast, CYP2EI1 catalytic
activity was downregulated following the i.c.v. or i.p. injection of LPS. Using AD and
CHX to shed some light on the mechanism of CYP2EI regulation, we were able to show
that the regulation of hepatic CYP2E1 activity during conditions of LPS-mediated

inflammation occurs predominantly at the post-transcriptional level.
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CHAPTER 6

CONCLUSION
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6.1 Summary

It is evident from the results of this thesis that there are numerous mechanisms by which
inflammatory and infectious conditions can affect the regulation of hepatic and extra-
hepatic P450. It is important to be aware of the complexities involved in the various
levels of regulation, since the P450 family of enzymes have many diverse functions
ranging from the metabolism and synthesis of endogeneous substances to the
biotransformation and elimination of foreign chemicals and xenobiotics [44, 64, 65]. The
utilization of a simplified in vitro model of CNS inflammation allowed us to examine
potential protective agents against the downregulation in CYP1A observed in cultured
astrocytes following LPS administration. In addition, by using available molecular
biology techniques, we have been able to delineate some of the potential mechanisms of
P450 regulation during conditions of LPS-induced CNS and peripheral inflammation.
We have previously observed a downregulation in the enzymatic activity of
CYPIA in astrocytes in response to the administration of LPS and cytokines [76, 77].
The treatment of cultured astrocytes with LPS represents a simplified model of CNS
inflammation, allowing us to examine the effects on drug metabolizing enzymes present
in astrocytes in the absence of the complications of organ or whole body inflammatory
responses [76, 77]. The results presented in chapter 2 of this thesis show that
isoproterenol, a general 3-adrenergic agonist, and clenbuterol, a specific B,-adrenergic
agonist, can both protect against the LPS-induced downregulation in CYPIA activity in
astrocytes. We were able to show that this protection is mediated through cAMP and

TNFa expression. The pB-adrenergic modulation of the LPS-induced downregulation in

CYPIA activity was not dependent on changes in NF-kB levels. The clinical importance
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of this observation would be that the stimulation of f-adrenergic receptors in patients
with a CNS inflammatory disease could potentially prevent the downregulation in
CYP1A activity.

The i.c.v. administration of LPS to induce CNS inflammation is a widely used and
accepted model, and is associated with a downregulation in hepatic and brain cytochrome
P450 [65, 66]. In chapters 3 -5, we were interested in examining the potential pathways
by which hepatic P450 isoforms are regulated during conditions of LPS-induced CNS
inflammation. Our results indicate that the transfer of LPS across the BBB into the
peripheral circulation occurs in the rat as early as 15 minutes following the administration
of LPS [79]. Similary, when mice are given 2.5 pug of LPS i.c.v., endotoxin is detected in
the serum of the animals at 15 minutes — 2 hours following endotoxin administration
[178]. These results go against the central idea or dogma that a pathway must exist
between the CNS and the periphery to mediate the peripheral inflammatory response and
subsequent downregulation in hepatic P450 following the i.c.v. administration of LPS
[71, 72, 74, 75]. Our results clearly indicate that the leakage of LPS from the ventricles
into the serum is likely wholly responsible for the inflammatory reponse and change
P450 regulation observed following the i.c.v. administration of endotoxin [79, 178]. Of
interest is the fact that the bioavailablity of LPS following its i.c.v. administration is
different in the mouse and rat [79, 178]. The administration of 25 pg of LPS i.p. in rats
was associated with minimum endotoxin detection in the serum, whereas the
administration of 2.5 pg of LPS i.c.v or i.p. to mice was associated with the detection of

about equal amounts of LPS in the serum of mice. These results are of importance since it
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indicates an important difference between the mouse and rat in terms of the effects of
LPS on BBB permeability.
Our results indicate that regulation of P450 following LPS-induced peripheral or

CNS inflammation occurs intrahepatically, with transcription factors such as NF-xB

playing an important role. We show that NF-kB plays a role in the regulation of CYP1A,
CYP2B, and CYP2D following the i.c.v. administration of LPS. We also show that
various other inflammatory mediators are upregulated in the liver following the i.c.v.
administration of LPS, likely contributing to the downregulation in P450. By using the
mouse as a model to examine the effects of LPS-induced CNS inflammation on P450,
various knockout mouse strains can be used to determine the specific involvement of
proteins/receptors in the downregulation of P450. The administration of LPS i.c.v. to
TLR-4 deficient mice indicated that LPS signals the downregulation in CYP3A11 in the
mouse by signaling through TLR-4 [178].

We were also interested in further examining and outlining the intra-hepatic
mechanisms governing the regulation of CYP2D1/5 and CYP2E!1 during LPS-induced
peripheral and CNS inflammation, since both isoforms are known to play an important
role in toxicology and drug metabolism. The results of this thesis indicate that “un-
conventional” proteins such as GABP are involved in the transcriptional control of
CYP2D35, which indicates the complexity of cytochrome P450 regulation during basal
and inflammatory conditions. The changes in CYP2E1 regulation during LPS-induced
conditions of inflammation also indicate the role of multiple mechanisms in cytochrome
P450 regulation, since in contrast to the other isoforms, changes in CYP2EI regulation

occur predominantly at the post-transcriptional level.
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6.2 Significance

Understanding the mechanisms that cause changes in the regulation of cytochrome P450
during conditions of inflammation and infection are essential, since they would allow for
the development of specific strategies to prevent undesired adverse drug reactions in
therapeutics. In addition, many xenobiotics are administered as prodrugs and require
bioactivation by P450 to deliver therapeutic benefits to the patients, therefore changes in
the P450 enzymes during inflammation and infectious conditions may cause less active
drug to be available. This establishes an immense clinical demand to explain how LPS
and other pro-inflamamtory cytokines affect P450 in the liver and other extra-hepatic
tissues.

Outlining the various transcription factors involved in causing changes to basal
P450 expression during conditions of inflammation allows us to appreciate the
complexities associated with the regulation of this family of drug metabolizing enzymes.
The results of this thesis reveal that many evolutionary conserved proteins such as NF-
kB, GABPa, and GABPP are involved in either the basal transcriptional expression of
P450 or changes in the regulation of P450 during inflammation, indicating that this is a
process that has probably been occurring for millions of years. One of the strengths of
this thesis is the examination of such levels of regulation in whole animal models rather
than confining the studies to cell culture systems, allowing them a certain degree of
relevance to human therapeutics. By detailing the molecular aspects of P450 regulation,
one might be able to predict newer and more specific theraupeutic agents that could be

used as targets to prevent the differential regulation of P450 during inflammation.
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Many systems interact with each other during inflammatory conditions to change
P450 regulation [66, 69]. One of the main aspects highlighted in this current work is the
fact that the stimulation of the adrenergic system is not only anti-inflammatory, but can
also protect against the LPS-induced downregulation of CYP1A activity in primary
cultured astrocytes. This indicates an important interaction between the immune and the
nervous systems. Much study over the previous two decades has indicated a role for the
CNS in the regulation of immune cell function, with the sympathetic nervous system
playing a vital role in this regulatory pathway [99]. In addition, the endocrine system can
also interact with the CNS to regulate immune function [179]. Cytokines released by LPS
stimulation can signal the nervous system to release hormones such as
adrenocorticotropic hormone, eventually leading to glucocorticoid release and anti-
inflammatory effects [179]. Many immune cells have been shown to express adrenergic
and purinergic (stimulated by adenosine) receptors whose stimulation by the appropriate
ligands regulates the release of important pro-inflammatory molecules [99]. The fact that
CYPIA activity can be regulated through B-adrenergic receptor stimulation is therefore
not surprising [78], and adds the drug metabolizing system in the circuit of CNS and
immune system interactions.

The use of the mouse to stimulate and study inflammation allows us to examine
the role of various receptors and proteins and their roles in changes to the regulation of
P450 during infection and inflammation. It has been shown that changes in the regulation
of specific P450 isoforms such as CYP2D9 and CYP2E1 in response to LPS treatment is

differentially regulated by TNFo binding to its receptor with the use of mice lacking

specific components of the TNFa receptor [180]. In addition, it has been determined
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using STAT1 knockout mice that the regulation of CYP2E1 during LPS-induced
inflammation may be dependent on STATT protein [176]. We show that changes in the
regulation of liver P450 in response to the i.c.v. administration of LPS depends on the
presence of TLR4 by utilizing mice known to contain a mutation in the t/r-4 gene,
rendering it inactive [178]. Endotoxin resistant mice have been previously characterized,
however it has only been a recent observation that a deficiency in TLR-4 is the cause of
the phenotype of these mice [181].

Finally, a major observation made in this work relates to changes in the
permeability of the BBB following the i.c.v. administration of LPS. We observe an
extremely rapid “transfer” of LPS from the lateral cerebral ventricle into the blood stream
as early as 15 minutes following the i.c.v. administration in both rats and mice [79, 178].
The implications of this observation are immense, since it indicates that changes to the
BBB permeability during conditions of LPS-induced inflammation occur rapidly, which
is in contrast to the belief that these changes require 18 — 24 hours to be manifested [26].
Since endotoxin is being detected at an early time point following its i.c.v.
administration, it is possible that changes in the bulk-flow of the cerebral spinal fluid may
contribute to transfer of LPS into the blood. This has been shown to be the case for leptin
(a protein important in the regulation of body weight and metabolism) following its i.c.v.
administration into the CNS [182, 183]. The fact that LPS is transferred into the
periphery following its i.c.v. administration sheds light on the many studies that
administer various drugs and compounds into the cerebral ventricle and examine
peripheral effects without examining the possibilty that the observed effects could be due

to direct transfer of the compound to the periphery. It is therefore plausible that in
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bacterial infections of the CNS in humans, a similar transfer of bacterial-derived protein

causes the usually observed reduction in P450 in peripheral systems.

6.3 Future work

6.3.1 Examination of potential mechanisms and pathways to protect against the
LPS-induced downregulation in CYP1A activity

We have attempted to delineate some of the pathways by which B-adrenergic receptor
stimulation can prevent against the LPS-induced downregulation in CYP1A activity in
vitro [78]. We show that the protection is dependent on -adrenergic receptor stimulation,
and that cyclic AMP likely plays a role while NF-xB plays a minimal role [78]. It would
be interesting to examine other intracellular pathways involved in normal signaling
during B-adrenergic receptor stimulation to determine if they are involved in the
protection against the LPS-induced downregulation in CYP1A activity in primary
cultured astrocytes. This would include examination of whether changes in protein kinase
A (PKA) activation and intracellular calcium stores plays a role in the protective effect
[184]. In addition, it would be interesting to examine whether 3-adrenergic receptor
stimulation is protective against the LPS-induced downregulation in CYP1A activity in
vivo. It has been shown that stimulation of the vagus nerve can attenuate the effects of
LPS on pro-inflammatory cytokine production in vivo [185], and therefore the stimulation

of this pathway might protect against the LPS-induced downregulation in CYP1A

activity both in vitro and in vivo.
6.3.2 Determining the kinetics of LPS following its i.c.v. administration and

determining the mechanisms by which it causes changes in the regulation of hepatic

P450
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The fact that LPS is detected in the serum as early as 15 minutes following its i.c.v.
administration opens up the avenue to explore the kinetics of LPS following its
administration by various routes (i.p., i.v., and i.c.v.). This would include examination of
the bioavailability of LPS following the administration of 25 pg both i.c.v. and i.p., since
we have previously shown that administration of the same dose i.p. has no effect on
hepatic P450 [75]. This would then be compared to the bioavailability of LPS following
the administration of 5 mg kg™’ i.p., a dose known to cause an effect on hepatic P450
[155]. The mechanisms involved in LPS transfer from the lateral cerebral ventricle into
the serum woud be a potential area of research. This could involve performing studies
looking at BBB permeability at various time points following the i.c.v. adminstration of
LPS and examining the possibility that LPS leakage could be occurring through bulk-
flow of the cerebrospinal fluid.

We have shown that the hepatic downregulation in CYP3A11 in the mouse
following the administration of LPS is dependent on the presence of TLR4 [178]. Other
pathways involved in LPS signaling that could be responsible for hepatic P450
regulation. One example would be the use of MyD-88 knockout mice (described in [15])
to determine whether this protein is required intracellularly to mediate the effects of LPS
on hepatic P450. Similarly, knockout mice for other intracellular proteins known to play
arole in TLR4 signal transduction would aid in determining the role of these proteins in
the changes to P450 regulation in the liver following LPS administration. If a conditional
knockout mouse existed such that TLR4 or any of its intracellular signaling proteins were

missing in the hepatocyte, this would aid in determining whether regulation of hepatic
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P450 occurs directly at the level of the hepatocyte or through other immune mediated
cells.
6.3.3 Understanding the role of GABP and whether it interacts with NF-xB in the
regulation of CYP2D1/5

It is essential to establish whether the putative NF-«B site identified on CYP2D5
promoter plays a role in the transcriptional regulation of CYP2D5. We have not been able
to obtain a definitive result demonstrating downregulation of CYP2DS5 transcription by
NF-kB and GABP mediated pathways in our transfection assays. This may have been due
to the high constitutive activity for this transcription factor present even in un-stimulated
cases. The search for other appropriate cell types could aid in determining whether
CYP2DS5 promoter is under the transcriptional control of NF-«xB. In addition, it could be
possible that the rat CYP2D isoform responsible for the downregulation in CYP2D
mRNA expression observed in our studies is CYP2D1 (and not CYP2DS5), and therefore
it would be essential to search the rat CYP2D1 promoter for potential NF-«xB sites and
determine whether NF-kB can regulate the transcription of this isoform.

We also describe a potential importance for GABP in the control of CYP2D5
transcription. This transcription factor belongs to the Ets family of transcription factor
proteins and was originally discovered in studies of viral gene transcription [143]. Recent
observations however have indicated a role for this transcription factor in the regulation
of many eukaryotic cellular functions [143]. Since it is has been shown that GABP can
interact with diverse transcription factors and proteins, it would be interesting to examine
whether GABP interacts with some of the NF-kB subunits. We have not been able to

show such an interaction in the work presented in this thesis, which is likely due to the
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lack of an appropriate GABPo or GABPP supershift antibody in the setup of the EMSA
assays described in this work. Other assays such as a yeast-two hybrid system would
allow for the establishment of such an interaction.

6.3.4 Further elucidation of hepatic CYP2E1 regulation during LPS-induced
inflammation

The upregulation in CYP2E1 mRNA expression following either the i.c.v. or i.p.
administration of LPS is a novel finding of this thesis. In chapter 5, we have attempted to
describe whether it is transcriptional or post-transcriptional mechanisms that are
important in the regulation of CYP2E1 during LPS-induced inflammation. The
importance of CYP2E1 mRNA regulation following LPS administration and the
mechanisms by which it occurs still remain to be determined. The utilization of an assay
to detect the formation of hnRNA (heterogeneous nuclear RNA) would aid in
determining whether the increase in CYP2E1 mRNA we observe is due to newly
synthesized mRNA (mRNA half-life study). If this is not the case, then LPS signal
transduction pathways may cause an intracellular mechanism to stabilize already existing
CYP2E1 mRNA in the hepatocyte, thereby allowing us to observe upregulation in
mRNA expression. It would also be valuable to perform a DNA footprinting assay to
determine the changes induced by LPS on protein binding sites on the CYP2E1 promoter
in vivo. The in vivo aspect of these experiments would be critical, since most of the work
explaining the changes in the regulation of CYP2E1 during inflammation has been
performed using in vitro inflammatory models in various hepatoma cell lines that may or

may not resemble what is happening in vivo in the actual hepatocyte.
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Appendix A

This appendix consists of the following manuscript:

Goralski KB, Abdulla D, Sinal CJ, Arsenault A, Renton KW. (2005). Toll-like receptor-
4 regulation of hepatic Cyp3all metabolism in a mouse model of LPS-induced CNS
inflammation. American Journal of Physiology: Gastrointestinal and Liver Physiology.
289(3):G434-43. Epub 2005 May 5

PhD candidate contributed to half of the work performed in this manuscript, however due
to the fact that it is a co-authored manuscript, the advisory committee felt it more
appropriate to include as an appendix, since it has been referenced and used as a
discussion point throughout the thesis.
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ABSTRACT

Central nervous system infection/inflammation severely reduces the capacity of
cytochrome P450 metabolism in the liver. We have developed a mouse model to
examine the effect of CNS inflammation on hepatic cytochrome P450 metabolism. FVB,
C57/Bl/6 or C3H/HeouJ mice were given E.coli LPS (2.5 pg) by intracranial ventricular
injection (i.c.v.). The CNS inflammatory response was confirmed by the elevation of
TNFa and/or IL-1B proteins in the brain. In all mouse strains, LPS produced a 60-70%
loss in hepatic Cyp3all expression and activity compared to saline-injected controls.
Adrenalectomy did not prevent the loss in Cyp3all expression/activity, thereby
precluding the involvement of the HPA axis. Endotoxin was detectable (1-10 ng mi™) in

serum between 15 and 120 min after i.c.v. dosing of 2.5 ng of LPS. Peripheral

administration of 2.5 pg of LPS by 1.p. injection produced similar serum endotoxin levels
and a similar loss (60%) in Cyp3all expression and activity in the liver. The loss of
Cyp3all in response to centrally or peripherally administered LPS could not be evoked
in TLR4 mutant (C3H/HelJ) mice indicating that TLR4 receptor-signaling pathways are
directly involved in the enzyme loss. In summary, it is concluded that LPS is transferred
from the brain to the circulation in significant quantities in a model of CNS
infection/inflammation. Subsequently, LPS that has reached the circulation stimulates a
TLR4 receptor-dependent mechanism in the periphery that evokes a reduction in
Cyp3all expression and metabolism in the liver.

Key Words: Lipopolysaccharide, cytochrome P450, drug metabolism
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Introduction

The cytochromes P450 (P450) are a gene superfamily of heme containing enzymes that
contribute to the metabolism and elimination of exogenous and endogenous substances
[44, 85]. The highest amounts of drug metabolizing P450s are found in the liver and
intestine with lower amounts in other organs including the kidney, lung and brain. In
rodents and humans, enzymes of the CYP3A subfamily comprise the majority of
cytochrome P450 in the liver (30-50%) and metabolize 50-60% of clinically used drugs
[85].

It is well known that cytochrome P450s are modulated during inflammatory
responses and/or infectious diseases [64, 114]. In general, acute systemic inflammatory
responses trigger reductions in hepatic cytochrome P450 enzyme expression and activity
with the consequence of reduced drug metabolism during episodes of inflammation.
Bacterial LPS is the major stimulus for inflammatory responses in the CNS caused by
gram-negative meningeal pathogens [186]. Inflammatory responses in the brain caused
by the administration of E. coli lipopolysaccharide (LPS) into the lateral ventricle of rats
reduce hepatic CYP1A1/2, CYP2B1/2, CYP2D1, CYP2E! and CYP3A1/2 enzyme
activity and/or protein level [72, 75, 92, 114, 187, 188]. The signaling mechanisms that
produce peripheral responses during CNS infection have been proposed to include
peripheral inflammatory cytokines, the hypothalamic-adrenal pituitary axis, the
sympathetic nervous system and reactive oxygen species [70, 74, 189]. Due to the
complex nature of these signaling mechanisms it has been difficult to determine which
pathways are most important for the loss in hepatic drug metabolism in vivo. Mice with

disruptions of genes contributing to inflammatory signaling pathways (TNFa receptor, 11-
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6, STAT1 and nitric oxide synthase-2 null mice) have been used as a tool to delineate the
factors that are important for decreasing hepatic drug metabolism during peripheral
inflammatory responses [176, 180, 190, 191]. The availability of mice with genetic
alterations in immune signaling pathways will allow a more precise mechanistic
examination of the biochemical links between CNS infection/inflammation and drug
metabolism and disposition in vivo.

TLR4 has been identified as the transmembrane receptor that specifically
recognizes LPS and initiates intracellular signal transduction and an immune response to
that bacterial cell wall component [5, 192]. LPS signaling during conditions of systemic
inflammation involves the binding of LPS to the serum protein LPS-binding protein
(LBP), followed by association with CD14, a receptor found in either the membrane or in
soluble form. The complex is then thought to translocate to TLR4 to initiate intracellular
signal transduction pathways that include NF-xB activation and inflammatory cytokine
production [5, 13]. A similar process occurs in the regions of the brain (choroid plexus,
leptomeninges and circumventricular organs) that co-express the CD14 and TLR4
components of LPS signal transduction pathway [14, 124]. Despite the importance of the
TLR4 receptor in LPS signaling, it has received minimal attention with regard to
regulation of drug metabolism by inflammatory processes. C3H/Hel mice contain a
single point mutation at amino acid 712 that renders the TLR4 receptor ineffective and
the mice unresponsive to stimulation by LPS [181, 192]. Thus, the C3H/HeJ mouse
strain represents a useful model to examine whether changes in hepatic cytochrome P450
expression during LPS exposure can be specifically attributed to activation of TLR4

receptor signaling pathways.
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The aim of this study was to examine the signaling mechanisms responsible for
the loss in hepatic cytochrome P450 3A in a model of gram-negative bacterial
infection/inflammation of the mouse brain. Our novel findings indicated that in this
experimental model, the flux of LPS from brain to blood and the activation of a

peripheral TLR4 receptor mediated immune response leads to a reduction Cyp3all drug

metabolism in the liver.
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Materials and Methods

Mice and production of CNS inflammation. FVB and C57/Bl/6 mouse strains were used
initially in the study to develop methodology and to characterize the effects of CNS
infection/inflammation on mouse cytochrome P450 metabolism. Subsequently, the
C3H/Hel and closely related C3H/Heoul strains were used to specifically address the role
of TLR4 receptor in mediating changes in hepatic P450 expression and activity. Adult
male mice (FVB strain) and adrenalectomized FVB mice were obtained from Taconic
Laboratories (Germantown, NY). Male mice (6-8 weeks old) containing either a
spontaneous mutation in TLR 4 gene (C3H/HeJ) and age-matched LPS-responsive
(C3H/HeoulJ) mice were obtained from Jackson laboratories (Bar Harbor, Maine, USA).
C57/Bl/6 mice were obtained from our in house breeding colony. The mice were housed
in cages lined with corncob bedding and had free access to water and Purina mouse
chow. Drinking water for adrenalectomized mice was supplemented with 5% glucose.
Mice were kept on a 12-hour day/night cycle and were allowed to acclimatize in the
animal holding facilities for a period of 1 week prior to experimentation. On the day of
the experiments, mice were anaesthetized with enflurane (3.0% — 4.0%) and were given
an infusion of either endotoxin free saline (2.5 pl) or gel-purified E.coli LPS (serotype
0127:B8; 2.5 pg in 2.5 pl) into the lateral cerebral ventricle (i.c.v.) using a Harvard
Apparatus syringe pump. The solutions were injected at a rate of 2.5 pl min”'. The
coordinates for the sterotaxic injections in mm were —2.5 dorsal/ventral, —1.5 lateral, and

~0.2 anterior/posterior from bregma [193]. For the i.p. experiments, mice were injected
intraperitoneally (i.p.) either a low (2.5 pg) or high (125 pg) dose of purified E.coli LPS

suspended in 100 pl 0.9% endotoxin free saline. Control mice were injected with 100 pl
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of the saline vehicle. Phenol extracted LPS, but not the gel purified LPS contain uM
levels of biologically active contaminants including glutamate and adenosine [194],
which could precipitate non-specific responses in our model. For those reasons
chromatographically purified LPS is the preferred preparation for in vivo studies of this
nature. To assess blood-brain barrier permeability changes, a tracer amount (4 nmol) of
D-[1-'*C]-mannitol was administered peripherally to control mice and 0, 1, 4 and 24 hr
after 2.5 pg of LPS was administered into the lateral ventricle. Brain levels of total
radioactivity (DPM) were measured by scintillation counting 1 hr after the '*C-mannitol
injection. For the TNFo experiment 50 ng of recombinant mouse TNFa (R&D systems)
or vehicle containing sterile filtered PBS and 0.1% BSA was administered into the lateral
ventricle in a total volume of 2.5 pl.

Tissue and microsome preparation. Mice were killed 4 or 24 hours after the i.c.v.
administration of either LPS or saline, at which point liver and brain samples were
obtained. Whole brain was homogenized in 1.5 mL of phosphate buffer saline (PBS; pH
7.4) and spun at 13,000 rpm for 10 minutes. Brain supernatants were stored at — 80°C
until utilized for cytokine measurements. One hundred mg samples were obtained from
the liver and frozen in liquid nitrogen for total RNA isolations. The remaining liver was
removed and used to prepare microsomes according to previously published methods
[195]. The liver tissue was homogenized in ice-cold 1.15% KCI for 15-20 sec using a
polytron homogenizer. The homogenates were centrifuged at 10,000xg for 10 minutes at
4°C and the supernatants were re-centrifuged at 110,000xg for 40 minutes. The resulting
microsomal pellets were resuspended in 0.8 ml of glycerol buffer (pH 7.5) that contained

50 mM KH,POy, 20% glycerol, 0.40 % KCI. Samples were stored at -80°C until

196



enzymatic assays were performed. Microsomal protein content was determined by the
method of Lowry ef al using bovine serum albumin as a standard [105].

Cyp3all enzyme assays. The formation of a-hydroxytriazolam from triazolam was used
as a specific indicator for mouse Cyp3all activity [196]. Incubation mixtures
(performed in duplicate) contained 500 pg of total microsomal protein, 20 uM triazolam,
in and 1 mM NADPH in 100 mM phosphate buffer (pH 7.4). The reaction mixtures (1
ml final volume) were incubated in a 37°C water bath with a shaker set at 100
oscillations/minute. After 15 minutes, the reactions were stopped by the addition of 5 mL
of dichloromethane and 2000 ng of phenacetin was added to each sample as an internal
standard. The samples were then centrifuged at 2700 rpm for a period of 10 minutes, and
the lower organic phase containing the metabolites and internal standard was transferred
into a clean glass tube and evaporated to dryness using a nitrogen evaporator followed by
reconstitution in 200 pl of HPLC mobile phase. The HPLC mobile phase consisted of
acetonitrile (20% v/v) and methanol (35% v/v) in 0.01 M potassium phosphate buffer
(45% v/v) buffered to pH 7.4 with NaOH. Reconstituted samples (50 ul) were separated
on a reverse phase C-8 column (25 cm x 4.5 mm [.D) analytical column (Beckman
Coulter, Fullerton, CA, USA) attached to a Waters 2690 Separations Module. The
mobile phase flow rate for separations was set at 1.0 ml min™. The approximate retention
times were 5.0 minutes for a-hydroxytriazolam, 8.0 minutes for phenacetin, and 12.0 for
triazolam and were detected by UV absorption at 220 nm (Waters 2487 Dual A
absorption unit).

RNA isolation and northern analyses. Total liver RNA was isolated using TriZol™

reagent (Invitrogen. Carlsbad, CA) according to the manufacturer’s instructions. Quality
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of the RNA was determined spectrally by measuring the 260/280 absorbance ratio and
was typically between 1.8-2.0. For northern analyses, 10 pg of total RNA was resolved
ona 1.1% agarose formaldehyde denaturing gel. RNA was transferred overnight to a
nylon membrane (Immobilon NY™; Millipore Corporation, Bedford, MA, USA) and was
fixed to the membrane by UV cross-linking and heating for 1 hr at 65°C. **P-CTP
probes for mouse Cyp3all and Gapdh mRNA were generated from the corresponding
cDNAs using the RmT Random Primer Labeling Kit according to manufacturers
instructions (Stratagene). Blots were prehybridized for 1 hr at 65°C in 10 ml of Sigma
Perfecthyb™ Plus (Sigma, St. Louis, MS) followed by overnight hybridization with *2P-
CTP labeled probes. Blots were exposed to storage phosphor screen (Amersham
Biosciences, Piscataway, NJ, USA) for 16-24 hours and scanned using a phosphor imager
(Amersham Biosciences, Piscataway, NJ, USA). Quantification was performed using
ImageQuant 5.2™ software (Amersham Biosciences, Piscataway, NJ, USA).
Quantitative real-time PCR Real-Time PCR. Total RNA (5 ng) was reverse transcribed
using Stratacript™ Reverse Transcriptase (Stratagene, Cedar Creek, TX) with 12.5 ng/ul
random hexamers pd(N)s and 1.0 mM dNTPs according to the supplier’s instructions. 1
ul of the cDNA product was amplified by quantitative-PCR using 125 nM of gene
specific primers in a total volume of 20 pl with Brillant SYBR Green QPCR Master Mix
using the Stratagene MX3000p thermocycler. For TNFa a 61 base pair product was
generated with the forward 5’ ccc tea cac tca gat cat ctt ct 3’ and reverse 5' get acg acg tgg
gct aca g 3’ primers (Genbank Accession# NM_013693). For Gapdh a 245 base pair

amplicon was generated with the forward 5’ aag gtc ggt gtg aac gga ttt gg 3’ and reverse

5' ttg atg tta gtg ggg tct cge tee 3’ primers (Genbank Accession# NM_008084). The
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amplification protocol consisted of a 10 min hot start at 94°C, followed by 40 cycles of
denaturation at 94°C for 15 s, annealing at 60°C for 18 s, and elongation at 72°C for 30 s.
Melting curves followed by separation of PCR products on a 2.5% agarose gel were used
to ensure the formation of a single product at the appropriate size. The threshold cycle
(Cr) values for TNFa and control gene GAPDH were obtained with a threshold of 3
standard deviations above background. Relative TNFa expression normalized to Gapdh

was calculated using the AACt method [128].

Cytokine measurements. The levels of TNFo and IL-1p were measured in brain
homogenates and serum 2 or 4 hours after LPS administration i.c.v. using a murine
sandwich ELISA prepared as previously described {197]. The results are expressed as ng
of cytokine per g of brain wet weight or ng of cytokine per ml of serum.

Serum LPS measurements. LPS (2.5 ng) was administered by the i.c.v. or i.p. route to
endotoxin responsive C3H/Heoul mice. Mice were killed 15 min, 30 min, 2 hr or 24 hr
later and trunk blood was collected. All groups were compared to non-injected control
mice. Serum LPS levels were measured using the kinetic chromogenic Limulus
Ameboctye Lysate assay as per manufacturer’s instructions (Associates of Cape Cod,
MA, USA). The assay was linear from 0.395 pg mL" to 100 ng mL™? of LPS. Area
under the curve (AUC (75 -2nr) Was calculated from the mean serum LPS concentrations
using the trapezoidal method.

Data Analysis. Data are expressed as mean + s.e. mean of 3-4 separate animals. An
unpaired t-test was used to compare means between two groups. Analysis of variance

(ANOVA) was used for multiple comparison procedures. A Tukey’s test was used for
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post-hoc analysis of the significant ANOVA. A difference in mean values with a value
of p £0.05 was considered to be significant.

Chemicals. Purified E.coli LPS (serotype 0127:B8), phenacetin and a-hydroxytriazolam,
ethoxyresorufin, resorufin, NADPH and dichloromethane were obtained from Sigma (St
Louis, MI). **P-dCTP was obtained from Perkin Elmer (Boston, MA). Triazolam was
obtained from Roche Pharmaceuticals. All other reagents were of the finest grade

available and were purchased from commercial suppliers.
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Results

Administration of LPS into the lateral ventricle reduces hepatic Cyp3all expression
and activity. The initial experiments carried out in the two mouse strains (FVB and
C57/B1/6) were required to develop a mouse model of CNS infection/inflammation and to
determine if this model exhibited reductions in Cyp3all expression and activity. The
dose of LPS was based on our previous studies that demonstrated 0.1 pg kg! of LPS
administered i.c.v. was required for significant down-regulation of hepatic cytochrome
P450 enzymes in rat [75, 114, 187]. The expression of Cyp3all and Gapdh mRNA was
measured in the liver by northern blot analyses 4 and 24 hours following the
administration of E.coli LPS into the left lateral cerebral ventricle (Fig. 1A). Cyp3all
mRNA was unchanged at 4 hr and was decreased by 60% 24 hr after LPS treatment
compared to the respective saline controls (Fig. 1B,D). Liver Gapdh expression was not
altered by LPS treatment. Consistent with mRNA expression, the rate of a.-
hydroxylation of triazolam (Cyp3all activity) was unchanged at 4 hr but was decreased
by 60% at 24 hr by LPS treatment as compared to the respective saline control (Fig. 1C,
E). LPS (2.5 pg) administered i.c.v. to C57/Bl/6 mice produced a similar reduction in
Cyp3all mRNA (80%) and a-hydroxylation of triazolam (60%) and indicated that the
effect of LPS was not restricted to the FVB strain of mice (Fig. 2).

Administration of LPS into the lateral cerebral ventricle produces CNS
inflammation. Two hours after LPS was administered into the lateral ventricle of FVB
mice, TNFa and 11-1pB levels were significantly increased (2-fold) compared to the saline
controls (Fig. 3A, B). The increased level of TNF-o and 11-1B are consistent with the

production of CNS inflammation in response to LPS. A parallel increase (2-fold) in

201



A)
Saline LPS Saline LPS

Cyp3att 4hr

Gapdh 4hr

Cyp3alt 24hr

Gapdh 24hr

B) C)

25
4h
15
1.0
0.5
0.0

0.5+

Cyp3a11/Gapdh

a-OH-triazolam formation
nmol mo_:)1 protein min 1

0.0

Saline LPS Sal|ine LPS

Treatment

D) E)

Treatment

1.2W

24 h

0.44

Cyp3a11/Gapdh

nmol mg™ protein min

o
o-OH-triazolam formation

Saline - LPS Salline LPS

Treatment Treatment

Fig 1. Hepatic Cyp3all mRNA and activity were down-regulated 24 hr following i.c.v.
administration of LPS (2.5 pg) to male FVB mice. (A) Representative northern blots of
Cyp3all and Gapdh at 4 and 24 hr following the i.c.v. administration of LPS or saline.
Band intensities were determined by densitometry and hepatic Cyp3all (B, D) mRNA
was normalized to Gapdh mRNA. Cyp3all activity was measured 4 hr (C) and 24 hr
(E) after LPS or saline administration by monitoring the formation of o-
hydroxytriazolam from triazolam in liver microsomal fractions. Each bar represents the
mean t s.e. mean of 4 mice. * Cyp3all mRNA and activity was lower compared to the
respective saline treated mice, p < 0.05, unpaired t-test.
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Fig 2. Hepatic Cyp3all mRNA and activity were down-regulated 24 hr following i.c.v.
administration of LPS (2.5 ug) to male C57/Bl/6 mice. (A) Hepatic Cyp3all mRNA
expression normalized to Gapdh expression as determined by northern analysis. Band
intensities were determined by densitometry. Cyp3all activity was measured by
monitoring the formation of a-hydroxytriazolam from triazolam in liver microsomal

fractions. Each bar represents the mean * s.e. mean of 4 mice. * p <0.05, compared to
the respective saline treated mice, unpaired t-test.
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Fig 3. Brain and serum inflammatory cytokines were elevated after i.c.v. administration
of LPS. Male FVB mice were injected with 2.5 pg of LPS or 2.5 pl of saline into the
lateral cerebral ventricle. The levels of TNFa and IL-1( proteins in brain (A, B) and
serum (C, D) were measured 2 hours following the i.c.v. administration of LPS or saline.
Each bar represents the mean + s.e. mean of 4 mice. * Mean cytokine levels were higher
compared to the respective saline treated control, p < 0.05, unpaired t-test.

204



TNFo and IL-1p in serum indicated a systemic response to i.c.v. administered LPS (Fig.
3C,D).

The HPA axis does not mediate hepatic Cyp3all down-regulation following the
i.c.v. administration of LPS. The release of inflammatory cytokines after LPS injection
into the brain is known to activate the HPA axis and increase circulating corticosteroids,
which can affect the acute phase response and gene transcription in the liver [74, 198,
199]. Thus, it was important to determine the relevance of the HPA axis in contributing
to the down-regulation of Cyp3all mRNA and enzyme activity in our model (Fig. 4).
Adrenalectomized and control FVB mice were left untreated or were injected with 2.5 ug
of LPS or saline i.c.v. LPS reduced Cyp3all expression and activity to the same degree
(70%) in both control and adrenalectomized mice (Fig. 4A, B, C). In control mice and
adrenalectomized mice, saline administration had no effect on hepatic Cyp3all mRNA
or triazolam metabolism compared to the respective untreated animals. Similarily, basal
Cyp3all expression and triazolam hydroxylation in adrenalectomized mice was not
significantly different from controls. LPS injection i.c.v. in control mice, significantly
increased serum corticosterone compared to saline-treated or untreated control mice
indicating activation of the HPA axis (Fig. 4D). Adrenalectomy completely prevented
the elevation in serum corticosterone after i.c.v. administration of LPS.

TLR4 receptor signaling regulates hepatic Cyp3all expression. TLR4-expressing
(C3H/Heoul) and TL.R4 mutant (C3H/HeJ) mice were utilized to determine if the down-
regulation of hepatic Cyp3all by LPS was mediated through stimulation of the TLR4
receptor. Twenty-four hours after LPS (2.5 pg) administration to C3H/HeouJ mice,

Cyp3all mRNA was decreased by 70% compared to the saline control (Fig. 5A, B). In
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Fig 4. The HPA axis does not contribute to hepatic Cyp3all down-regulation after i.c.v.
administration of LPS. The experiment was performed two weeks after adrenalectomy.
Control mice and adrenalectomized mice were injected with 2.5 pug of LPS or 2.5 pl of
saline into the lateral cerebral ventricle. Analyses were performed 24 hr after the i.c.v.
injections. (A) Representative northern blots for hepatic Cyp3all and Gapdh, (B)
hepatic Cyp3all/Gapdh expression as determined by densitometry, (C) hepatic Cyp3all
activity (a-OH-triazolam formation) and (D) serum corticosterone level. For the
corticosterone measurement, the LPS-ADX (adrenalectomy) bar represents the average of
2 mice. All other bars represent the mean + s.e. mean of 3-4 mice. Different compared
to the respective saline-treated control or the untreated control,* p < 0.05, ANOVA
followed by Tukey’s post hoc test. Statistical comparison of serum corticosterone in the
ADX mice was not performed because of insufficient sample size (n=2) in the LPS-ADX

group.
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Fig S. TLR4 mutant (C3H/HeJ) mice are resistant to down-regulation of Cyp3all
mRNA and activity following i.c.v. administration of LPS. TLR4 mutant (C3H/HeJ) and
wild-type (C3H/Heoul) were injected with 2.5 pg of LPS or 2.5 ul of saline into the
lateral cerebral ventricle. (A) Representative northern blots of Cyp3all, and Gapdh, (B)
hepatic Cyp3all/ Gapdh mRNA expression as determined by densitometry, and (C)
Cyp3all enzyme activity (a-OH-triazolam formation) 24 hr following treatment. (D)
TNFa protein was measured by ELISA in brain homogenates 4 hr after the i.c.v.
injection of LPS as a marker of the CNS inflammatory response (E) TNFa mRNA was
measured in liver 4 hr after the i.c.v. injection of LPS as a marker of an inflammatory
response in that organ. (F) The effect of i.c.v. administration of 50 ng of TNFa on
hepatic Cyp3all expression. Each bar represents the mean * s.e. mean of 4 mice. *
Different in LPS-treated compared to the respective saline-treated mice, p < 0.05; |
Cyp3all mRNA and activity was lower in saline-treated C3H/HeJ mice compared to the
saline-treated C3H/HeouJ mice and * TNFa was lower compared to LPS-treated
C3H/Heoul mice, p <0.05, ANOVA followed by Tukey’s post hoc test.
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sharp contrast, no loss in Cyp3all mRNA was evoked 24 hr after LPS was administered
directly into the lateral cerebral ventricle the TLR4 mutant (C3H/HeJ) mice. Liver
Gapdh expression was similar in both mouse strains and was not altered by LPS
treatment. Correspondingly, triazolam metabolism to a-hydroxytriazolam was reduced
by 60% in the C3H/HeoulJ (wild-type) mice but was unchanged in the C3H/HeJ (TLR4
mutant) mice compared to the respective saline controls (Fig. SC). Basal Cyp3all
mRNA and triazolam hydroxylation were 40% lower in saline-treated C3H/HeJ versus
C3H/Heoul mice. After 4 hr, LPS increased brain TNFa protein in the C3H/HeouJ mice
but not in the C3H/HeJ mice compared to the respective saline controls (Fig. SD). Liver
TNFo mRNA expression was increased 60-fold in the C3H/HeouJ mice but only 5-fold
in the C3H/HeJ mice 4 hr after LPS treatment compare to the respective saline controls
(Fig. 5E). These results demonstrate an inhibition of the brain and liver inflammatory
responses to LPS in the TLR4 mutant C3H/HeJ mice and indicate that the reduction in
hepatic Cyp3all expression and activity are linked to stimulation of the TLR4 receptor
by LPS. Recombinant TNFa (50 ng) administered i.c.v. to the C3H/HeouJ and C3H/HeJ
mice did not produce a loss in cyp3all expression in either mouse strain 24 hr after
dosing (Fig. 5F). The dose of TNFa was chosen to approximate the TNFa level detected
in the brain 2-4 hours after LPS dosing.

LPS is rapidly transferred from the CNS to the periphery after administration into
the lateral cerebral ventricle. During a CNS infection the leakage of endotoxin into the
periphery could play a role in reducing hepatic cytochrome P450 metabolism; however,
the systemic distribution of LPS after its administration i.c.v. has not been previously

characterized. LPS (2.5 ng) administered by the i.c.v. route was detected in the serum
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(1000-10000 pg ml™" range) between 15 min and 2 hr after dosing. LPS was not
detectable in the serum 24 hr after i.c.v. administration or in untreated control mice (Fig
6A). When 2.5ug of LPS was administered via the intraperitoneal (i.p.) route, the levels
of endotoxin detected were very similar to those obtained following administration of
LPS by the i.c.v. route (Fig 6B). The i.p. administration of 2.5 pg of LPS also produced
a 60 % reduction in hepatic Cyp3all mRNA and triazolam metabolism (Fig. 6C, D, E).
The AUC 5.5 1 calculated for the serum LPS data was 11817 pg ml™! hr' and 8847 pg
ml™ hr' after i.c.v. and i.p. injection of LPS, respectively. This result directly supports
the idea that a peripheral inflammatory response produced by LPS reaching the
circulation after i.c.v. injection is sufficient to produce reductions in hepatic P450
metabolism. The uptake of peripherally administered '*C-mannitol was used as a marker
of changes in blood brain permeability induced by LPS administration i.c.v. (Fig. 6F).
Increased blood-brain permeability was suggested by the significant increase in total
brain '*C-mannitol 5 hr and 24 hr after LPS administration as compared to control mice.
The systemic administration of LPS mediates a reduction in hepatic Cyp3all
expression and activity through TLR4 receptor signaling. The importance of TLR4
receptor in mediating hepatic Cyp3all down-regulation following the administration of
LPS by the i.p. route was examined using the TLR4-expressing and TLR4 mutant mice.
In the C3H/HeouJ mice, a high dose (5 mg kg™') of LPS produced a 90% reduction in
Cyp3all mRNA and corresponding 60% loss of a-OH-triazolam formation (Fig. 7). In
contrast, the TLR4 mutant (C3H/HelJ) mice were completely resistant to the loss in
Cyp3all mRNA and activity produced by the high dose of LPS administered by the i.p.

route. These data identify that peripheral TLR4 receptor stimulation is a requirement for
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Fig 6. After i.c.v. administration, LPS is transferred from the brain to the periphery.
Serum endotoxin levels were measured by the kinetic chromogenic Limulus Ameboctye
Lysate assay in non-injected mice or at various times after 2.5 pg of LPS were
administered i.c.v. (A) or i.p. (B) to C3H/HeouJ mice. (C) Northern blots for hepatic
Cyp3all and Gapdh mRNA, (D) hepatic Cyp3al l/Gapdh mRNA expression determined
by densitometry and (E) hepatic microsomal Cyp3all activity (a-OH-triazolam
formation) 24 hr after 2.5 pug of LPS or saline was administered i.p. to C3H/HeouJ mice.
(F) The brain accumulation of peripherally administered '*C-mannitol (4 nmol) was used
as marker of blood-brain solute permeability changes at various times after 2.5 ug of LPS
was administered by i.c.v. injection. Each bar represents the mean * s.e. mean of 3-4
mice. Panel C-D, * Cyp3all mRNA or enzyme activity was lower compared to the

saline treated control, p < 0.05, unpaired t-test . Panel E, * P <0.05 compared to control,
ANOVA followed by Tukey’s HSD test.
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Fig 7. Regulation of hepatic Cyp3all metabolism by systemic LPS is mediated via
TLR4 receptor signaling pathways. TLR4 mutant (C3H/HeJ) and wild-type
(C3H/HeoulJ) were injected with 125 pg (5 mg kg™") of LPS or saline into the peritoneal
cavity. (A) Hepatic Cyp3all/ Gapdh mRNA expression as measured by densitometry
and (B) Cyp3all enzyme activity 24 hr after the injection of LPS i.p.. Each bar
represents the mean * s.e. mean of 4 mice. * Cyp3all expression or activity was lower
compared to the saline-treated C3H/HeouJ mice, p < 0.05 and f Cyp3all expression in
the C3H/HelJ mice was different compared to the respective saline-treated or LPS-treated
C3H/Heoul mice, p < 0.05, ANOVA followed by Tukey’s post hoc test.
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the down-regulation of the major drug-metabolizing hepatic cytochrome P450 enzyme by

systemic E.coli LPS.
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Discussion

In experimental models of CNS infection/inflammation, the central administration of LPS
produces an inflammatory response in the brain characterized by the activation of
microglia, astrocytes and proinflammatory cytokine pathways, the release of
inflammatory cytokines (TNFa, IL-1f and IL.-6), and leukocyte infiltration [40, 124].
The CNS inflammatory response in our mouse model was confirmed by the presence of
elevated inflammatory cytokines (TNFa and I[L-1§) in the brains of LPS-treated FVB or
C3H/HeouJ mice. We have observed a significant down-regulation of expression and
metabolic activity of hepatic Cyp3all in FVB, C57/Bl/6 and C3H/HeouJ but not
C3H/Hel mice. A large reduction in hepatic CYP3A metabolism produced by an
inflammatory response would have implications for drug toxicity as that P450 subfamily
metabolizes a large percentage of clinically used drugs in humans [85]. The present
results were not restricted to Cyp3all expression as similar losses in hepatic Cyplal
expression were generated by the imposed experimental conditions (Fig. 8). The extent
(50%-70%) of hepatic cytochrome P450 down-regulation in the mouse was similar to the
loss in hepatic cytochrome P450s that occurred in our previously established rat model of
CNS infection/inflammation [75, 114, 187].

The existence of a pathway to activate a peripheral acute phase response during
infections of the CNS was supported by the previous observations that inflammatory
cytokine levels in the periphery were elevated and the hepatic acute phase response was
stimulated [70, 74, 189, 200]. This undetermined signaling pathway has been proposed
to regulate drug metabolism in the liver during CNS infections or inflammation [72, 73,

75]. The HPA axis is activated by cytokines during the acute phase response and may
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Fig 8. Regulation of hepatic Cyplal mRNA expression by E. coli LPS. In panels A-C
mice received an i.c.v. injection of LPS (2.5 pg) or 2.5 pl of saline. Hepatic Cyplal
levels were measured 24 hr following treatment. A) L.c.v. treatment with LPS decreased
hepatic Cyplal mRNA: (A) in male FVB mice, (B) in TLR4-expressing (C3H/Heoul)
but not TLR4 mutant (C3H/HeJ) mice and (C) in control and adrenalectomized FVB
mice as compared to the relative saline controls and/or naive mice. D) Hepatic Cyplal
mRNA was decreased (45 %) 24 hr following the i.p. administration of LPS (2.5 ug) to
C3H/HeoulJ mice as compared to the saline injected control. E) Hepatic Cyplal mRNA
was decreased (85%) 24 hr following the i.p. administration of 125 pg of LPS to TLR4-
expressing (C3H/HeoulJ) but not TLR4 mutant (C3H/Hel) mice as compared to the
respective saline controls. Each bar represents the mean =+ s.e. mean of 3 to 4 samples.
An unpaired t-test was used for statistical comparison in panel A and D. An ANOVA
was used for statistical comparison in panels B, C and E. * p < 0.05, compared to the
respective saline treated mice. f p <0.05 compared to the respective naive mice (C). ! p<
0.05 compared to the LPS treated C3H/HeouJ mice (B and E). The mean Cyp/al mRNA
level in LPS-treated adrenalectomized mice approached statistical significance as
compared to the saline control p = 0.06.

218



have a suppressive role against the reduction of ethoxyresorufin O-deethylase (Cypla),
pentoxyresorufin O-depentylase (Cyp2b), imipramine N-demethylase (Cyp2d) and
erythromycin N-demethylase (Cyp3a) metabolism after i.c.v. injection of LPS to rats [73,
74, 199]. In the present study, adrenalectomy prevented the elevation of plasma
corticosterone but did not protect or enhance the LPS-evoked depression in hepatic
Cyp3all expression and activity after LPS administration. This confirms that the HPA
axis plays no role in hepatic cyp3all down-regulation in the mouse model of CNS
infection/inflammation. Others have examined the stimulation of the sympathetic
nervous system or transduction of TNFa, I1-1p and IFNy from the brain to the periphery
but neither of these pathways could explain the link between CNS infection/inflammation
and the loss in hepatic cytochrome P450 enzyme activity in rats [72, 114]. Consistent
with the findings of Nicholson et al. [114] in the present study, centrally administered
TNFa did not reduce cyp3all expression in C3H/HeouJ or C3H/HeJ mice suggested that
CNS derived TNFa is not the major factor involved in down-regulating hepatic cyp3all
after the i.c.v. injection of LPS. IL-6 could also contribute to cyp3all down-regulation.
However, LPS decreased hepatic cyp3all expression by 80% in both IL-6- expressing
and IL-6-null mice and suggested against a major role for that cytokine for the down-
regulation of cyp3all expression by LPS [191].

LPS has been identified as a specific ligand of the TLR4 receptor [5, 192].
Signaling through the LPS receptor (TLR4) is an additional pathway that could initiate
the reduction in hepatic drug metabolism in the model of CNS inflammation. We
observed that the TLR 4 mutants (C3H/HeJ mice) were totally resistant to the LPS-

mediated loss in hepatic Cyp3all expression and activity that was observed mice that
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express functional TLR4. Basal levels of Cyp3all mRNA expression and triazolam
hydroxylation were reduced in the C3H/HeJ mice. Based on that data, C3H/HeJ mice
behaved phenotypically as slow metabolizers of triazolam whereas the C3H/HeouJ mice
were fast metabolizers of the drug. The LPS effect in the C3H/Heoul mice was
functionally significant as it was able to change the metabolic phenotype of the
C3H/HeouJ mice from that of a fast metabolizer to that of a slow metabolizer of
triazolam. Several of our findings also support that C3H/HelJ mice are resistant to LPS-
mediated reductions in Cyp3all expression and activity because of inhibition of signal
transduction through the TLR4 receptor and not because of reduced basal expression of
that cytochrome P450 gene. First, it was clear from the peripheral inflammation study
that LPS could reduce cyp3all mRNA and triazolam hydroxylation in C3H/HeoulJ mice
below basal levels in the C3H/HeJ mice. Second, basal Cyplal expression was similar in
C3H/Heoul and C3H/HeJ (Fig. 8) mice but was only depressed by LPS in the
C3H/Heoul mice. Finally, hypo-responsiveness to LPS in the TLR4 mutant mice was
confirmed by the lack of a TNFa response in the brain and liver.

The lack of the TNFa response in C3H/Hel mice after the i.c.v. administration of
LPS indicated the absence of a CNS inflammatory response. However, we could not
conclude that blockade of the CNS inflammatory response was the only factor that
protected the TLR4 mutant mice from the loss in hepatic Cyp3all because TLR4

receptors are also present on peripheral macrophages and hepatocytes and could still

elicit an immune response to £.coli LPS [13,201]. This idea of a peripheral
inflammatory response is supported by the observation that liver 7ZNFa mRNA and

serum levels of TNFa and IL-1P were elevated by i.c.v. administered LPS. If LPS was
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secreted into the blood from the cerebral spinal fluid then a resulting peripheral
inflammatory response could explain the decrease in hepatic Cyp3all metabolism.

Several studies have suggested that LPS was restricted to the CNS when it was
injected into the lateral ventricle of the brain [72, 75]. In contrast, the present
observations provide convincing evidence that LPS is not restricted to the CNS after
central administration and is transferred to the blood in significant quantities. Similar
quantities of LPS were detected in serum and a similar loss in hepatic Cyp3all
expression and activity was observed following the administration of LPS (2.5 pg) via
the i.p. route. The systemic bioavalability, as approximated by AUC, was similar after
both routes of administration. These results indicated that after i.c.v. administration, the
amount of LPS reaching the systemic circulation is large enough to alter hepatic
cytochrome P450 solely by actions in peripheral tissues. Thus, a transfer of LPS from the
CNS may have lead to the previous observation of reduced hepatic cytochrome P450
after i.c.v. administration of LPS to rats [72, 75].

E. coli LPS (0127:B8, 200 pg) injected i.c.v. to rats increased blood-brain barrier
permeability between 4-16 hr after the injection [202]. Changes in blood-brain barrier
permeability could result in LPS leakage into the peripheral circulation. However, our
experimental results suggested that peak LPS transfer (between 1-2 hr) from the
ventricles occured on a time scale that preceded the opening of the blood-brain barrier.
The majority of cerebral spinal fluid is resorbed by bulk flow into the systemic
circulation via transfer from the subarchnoid villi into the superior sagital venous sinus
[182]. The bulk flow mechanism begins to return other blood-brain barrier impermeable

substances (albumin and leptin) to the systemic circulation within minutes of their
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injection by the i.c.v. route [182, 183]. Thus, the bulk flow reabsorption of cerebral spinal
fluid is likely the more important mechanism for LPS transfer to the peripheral
circulation as opposed to passage across the blood-brain barrier.

The decrease in hepatic Cyp3all expression and activity in response to
circulating levels of LPS also appears to involve TLR4 receptors as the administration of
LPS by i.p. injection had no effect in TLR4 mutant mice. Others have shown that
C3H/HeJ mice were resistant to LPS down-regulation of hepatic ethoxycoumarin
dealkylase (Cyp2a) and ethoxyresorufin dealkylase (Cypla/2) enzyme activities 24 hr
after LPS was administered i.p. but this work was prior to the identification of TLR4 as a
critical component of the LPS signal transduction pathway, [203, 204]. Also, in a model
of indomethacin induced intestinal injury, TLR4 receptor activation by LPS released
from intestinal flora may contribute to down-regulation of hepatic Cyp3all, Cyplal/2
and Cyp2d9 enzyme activities [205]. Taken together, these results directly support the
idea that peripheral TLR4 receptors are involved in the regulation of hepatic cytochrome
P450 enzymes by peripheral administered LPS. TLR4-mediated signaling occurs
through two intracellular pathways [206]. The MyD88-dependent pathway results in the
direct induction of inflammatory cytokines (e.g. TNF, IL-1pB and IL-6). The MyD88-
independent pathway activates NF-kB with delayed kinetics as well as the interferon
response factor-3 (IRF-3), which up-regulates the expression of interferon-inducible
genes. Although not determined in the present study, experiments in MyD88-deficient
and IRF-3 deficient mice should reveal which of these two pathways is most important

for ecyp3all down-regulation by LPS.
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Our findings have led to a putative model of how CNS infection could lead to the
loss of cytochrome P450 expression and activity in the liver as shown in Fig. 9. LPS
injected within the lateral ventricle produces TLR4-dependent CNS inflammation. The
localized inflammation is likely important for the loss in P450 that occurs in the brain
[75] but is not the major factor that depresses cytochrome P450 metabolism in the liver.
We propose that centrally administered LPS is rapidly transferred from the cerebral
spinal fluid to the blood. Through a TLR4 dependent mechanism, circulating LPS then
reduces hepatic Cyp3all mRNA expression and enzyme activity. The loss of hepatic
P450 produced by systemic LPS could occur indirectly through the action of circulating
cytokines such as TNFa, IL-1p and IL-6 that are released from a peripheral source (e.g.
macrophages or kupffer cells)[64, 114, 203, 204]. Those cytokines activate nuclear
transcription factors within the hepatocyte which regulate P450 expression in the liver
[69, 83, 84, 198, 207-209]. Despite the direct link between cytokines and cytochrome
P450 expression, large doses of LPS (1-5 mg kg™') were able to mediate hepatic Cyp3all
down regulation in vivo in mice with targeted disruptions in IL-6 and the TNFa receptor
[180, 191]. This could be explained by the observations that LPS stimulates NF-xB
signalling in isolated hepatocytes through TLR4 receptors that are present on those cells
[201, 210]. Thus, the direct action of LPS on the hepatocyte represents a potential
mechanism for cyp3all down-regulation in the liver.

In summary, in the presence of a CNS infection the transfer of endotoxin from the
brain to the periphery could stimulate a peripheral immune response that produces a loss
in P450 mediated drug metabolism in the liver. We have also identified that stimulation

of the TLR4 receptor is responsible for linking the immune response to E.coli endotoxin
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Fig 9. Down regulating hepatic cytochrome P450 metabolism in a model of gram-
negative bacterial infection of the CNS. LPS injected within the lateral ventricle
produces TLR4-dependent CNS inflammation, which may be important for decreased
P450 activity in the brain but is not likely the major factor that reduces hepatic P450
metabolism. We demonstrate an alternative mechanism where centrally administered
LPS is rapidly transferred from the cerebral spinal fluid to the blood. Peripheral LPS
activates TLR4 dependent inflammatory pathways in peripheral immune cells (e.g.
macrophages), which lead to an elevation in circulating inflammatory cytokines

(e.g. TNFa, IL-1p and IL-6). It is well known that those inflammatory cytokines activate
signal transduction pathways within the hepatocyte and the expression/activation hepatic
transcription factors (e.g. NF-«B), which inhibit expression of cytochrome P450
expression. Additionally, direct LPS stimulation of TLR4 receptor signaling pathways in
the hepatocyte represents a potential pathway that could trigger the intracellular events
that lead to Cyp3all down-regulation. TF, transcription factor; CytR, cytokine receptor;
The (+) signs indicate activation and (-) signs inhibition or down regulation.
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with a major drug metabolizing P450 in the mouse liver. The reduction in P450 enzymes
during inflammatory responses or infections of the CNS may reduce the metabolism and

elimination of several clinically used drugs and increases the potential for adverse drug

interactions.
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