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Abbreviations: LPS, lipopolysaccharide; CNS, central nervous system; CYP,  

cytochrome P450; NO, nitric oxide; TNFα, tumor necrosis factor alpha; IL-1β, interleukin-1β; 

IFNγ; interferon gamma; NF-κB, nuclear factor-kappa B; AP-1, activator-protein-1; CREB, 

cAMP response element binding protein; C/EBP, CAAT enhancer binding protein; EROD, 7-

ethoxyresorufin O-dealkylase; PROD, pentoxyresorufin O-dealkylase; ICE-1, IL-1 converting 

enzyme; TLR, Toll-Like receptor. 
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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 

TNFα and IκBα 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-κB, AP-1, CREB, C/EBP) to responsive elements on CYP 

promoter regions was examined using electromobility shift assays. Binding of both NF-κB and 

C/EBP to the promoter regions of CYP2D5 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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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 

(Chang and Kam, 1999; Renton, 2001). 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 (Chang and Kam, 1999). Changes in the levels 

of CYP isoforms may contribute to the development of cancer, Parkinson’s disease, and adrenal 

hyperplasia (Chang and Kam, 1999). 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 (Anzenbacher and Anzenbacherova, 2001).  

The effects of host defence and immune stimulation on CYP isoforms have been well 

documented (Renton, 2001; Morgan et al., 2002). Both viral and bacterial inflammatory 

conditions can lead to differential regulation of hepatic CYP isoforms (Renton and Nicholson, 

2000; Nicholson and Renton, 2001). Cytokines are known to play a dominant role in this 

regulation; IFNγ, IL-1β, IL-6, and TNFα 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 (Barker et al., 1992; Barker et al., 1994; Pan et al., 2000; Morgan, 2001; 

Renton, 2001; Morgan et al., 2002; Nicholson and Renton, 2002). 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 

(Nicholson and Renton, 1999; Renton, 2001; Gavrilyuk et al., 2002; Nicholson and Renton, 

2002; Rivest, 2003). We have previously demonstrated that the catalytic activity of both hepatic 

and CNS CYP isoforms are downregulated in rat models of CNS inflammation/infection (Renton 
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and Nicholson, 2000; Nicholson and Renton, 2001; Garcia Del Busto Cano and Renton, 2003). A 

reduction in brain CYP metabolism may exacerbate susceptibility to neurotoxic agents such as 1-

methyl-4-phenylpyridinium (Goralski and Renton, 2004).  A loss or reduction in hepatic CYP 

levels has direct consequences for reduced metabolism of therapeutic agents (Chang and Kam, 

1999; Renton, 2001). The pathways directly causing the downregulation of CYP isoforms 

following conditions of CNS inflammation are not completely understood, however multiple 

mechanisms are implicated. 

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 

(Shimamoto et al., 1999; Renton and Nicholson, 2000; Nadeau and Rivest, 2002). 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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Methods 

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.  

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 µg LPS was dissolved in pyrogen-free saline and 

injected in a volume of 5 µL. In a separate set of experiments, rats were injected intravenously 

(i.v.) through the tail vein with 25 µg LPS dissolved in 100 µL of saline and tissue samples 

obtained at either 3, 6, or 24 hours following injection. Some experiments required 

intraperitoneal injection of rats with 25 µg LPS dissolved in 100 µL of saline. All experiments 

utilized 4 – 6 male rats per treatment. For the cytokine experiments, animals received a cytokine 

cocktail containing 100 ng TNFα, 50 ng IL-1β, 45 ng IL-1α, 50 ng IL-6, and 50 ng IFNγ (all 

cytokines obtained from CedarLane Laboratories Ltd, Ontario, Canada) made in 0.1 % sterile 
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filtered BSA. For the cytokine inhibitor experiments, rats received 25 µg of LPS i.c.v. in 

combination with one of the following treatments: the TNFα soluble antibody etanercept 

(Enbrel, Immunex, Wyeth-Ayerst, Canada) administered either i.p. (25 mg kg-1) or i.c.v. (40 

µg) or the IL-1 inhibitor YVAD (Alexis Biochemicals, California, USA) administered i.c.v. 

(0.63 µg). Doses for the cytokine cocktail and the cytokine inhibitor experiments were selected 

based on results from dose response curves (data not shown). 

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, 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 (Renton and Nicholson, 2000) and were suspended in a glycerol-phosphate buffer (50 

mM KH2PO4 buffer, pH 7.4, containing 20% glycerol and 0.4% KCl). Liver microsomal 

fractions were stored at –80oC until usage. Total protein concentrations were determined 

according to a modified Lowry protocol (Lowry et al., 1951). 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 (Burke 

et al., 1985). Total P450 values were determined according to the method of Omura and Sato 

(Omura and Sato, 1964). 

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 µg of total RNA was 
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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 65oC. Blots were prehybridized for 1 hour in 10 mL of Sigma 

Perfecthyb™ Plus (Sigma, St Lois, MS) after which the [32P]dCTP (Perkin and Elmer, Canada) 

labelled probes (RmT Random Primer Labelling kit, Stratagene, USA) were added to a specific 

activity of 1 × 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). CYP2D1/5 (Chow et al., 1999), TNFα (Cearley et al., 2003), and IκBα 

(Gavrilyuk et al., 2002) 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′, TNFα FWD 5′ TAC TGA ACT TCG GGG TGA TTG GTC C 3′, TNFα REV 5′ 

CAG CCT TGT CCC TTG AAG AGA ACC 3′, IκBα FWD 5′ CAT GAA GAG AAG ACA 

CTG ACC ATG GAA 3′, IκBα 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).  

Real-time quantitative PCR 

A total of 5 µg of liver RNA was reverse transcribed in a 25 µL reaction containing 62.5 nM 

random primers, 20 Units of RNaseOUT (Invitrogen, Ontario, Canada), 1× 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 MX3000PTM instrument (Stratagene, California, USA) 
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in a total volume of 20 µL. Reactions contained 10 µL 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 95oC 

followed by either 35 cycles for GAPDH or 45 cycles for CYP1A1 as follows: 30 second 

denaturation at 95oC, 18 seconds annealing at 60oC, and 30 seconds extension at 72oC. 

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 2–∆∆C
T method (Livak and Schmittgen, 2001), where the cycle 

threshold (CT) values for CYP1A1 and GAPDH were ~ 32 and ~19, respectively.    

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 13,000 

rpm for 10 minutes at 4oC and the supernatant was stored at –80oC until used for cytokine 

measurements. Protein levels in the brain homogenates were determined using a modified Lowry 

method (Lowry et al., 1951). Levels of TNFα and IL-1β 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 TNFα and 

IL-1β cytokine ELISA assays was 5 pg mL-1. 
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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 read at 540nm. The 

limit of detection for this assay was 2.5 µM.  

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 µg of LPS either i.c.v (in 5 µL of pyrogen-free saline) or i.p. 

(in 100 µL 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 –80oC 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 ChromoLAL as a substrate (Associates of 

Cape Cod, MA, USA).  The assay was linear from 0.0395 pg mL-1 to 100 ng mL-1 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.   

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 (Gorski et al., 1986). Briefly, animals were 

decapitated and livers were homogenized in 20 mL of Homogenization Buffer (100 mM HEPES, 
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pH 7.4, containing 25 mM KCl, 0.15 mM spermine, 0.5 mM spermidine, 1 mM EDTA, 2 M 

sucrose, 10% glycerol, 5 µg mL-1 pepstatin A, and 5 µg mL-1 leupeptin) and centrifuged at 

17,000 rpm for a period of 20 minutes at 4oC. The nuclear pellet was resuspended in 10 mL of 

Nuclear Lysis Buffer (100 mM HEPES, pH 7.4, containing 100 mM KCl, 3 mM MgCl2, 0.1 mM 

EDTA, 1 mM DTT, 0.1 mM PMSF, 10% glycerol, 5 µg mL-1 pepstatin A, and 5 µg mL-1 

leupeptin) and homogenized using a Dounce homogenizer. The extraction was initialized by the 

addition of (NH4)2SO4 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 4oC. Solid 

(NH4)2SO4 was added to the supernatants at a concentration of 0.3 g mL-1. The solutions were 

inverted several times and incubated on ice for a period of 20 minutes until all the (NH4)2SO4 

had dissolved. The solutions were then further centrifuged at 35,000 rpm for a period of 25 

minutes at 4oC and the pellets were re-suspended in Suspension Buffer (25 mM HEPES, pH 7.6, 

containing 40 mM KCl, 0.1 mM EDTA, 1 mM DTT, 10% glycerol, 5 µg mL-1 pepstatin A, and 5 

µg mL-1 leupeptin) and stored at –80oC until usage. Total protein concentrations were 

determined according to a modified Lowry protocol (Lowry et al., 1951). 

Electromobility shift assays 

Reactions were carried out in a total volume of 20 µL and contained 5 µg of protein, 50000 cpm 

of [32P]-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 µg 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 20× excess amount 

of non-radioactive self oligonucleotide was utilized and was included in the reaction mixture. 
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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 20× 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/EBPα 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 80oC 

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 protocol. Briefly, 300 pmoles of each oligonucleotide were incubated in Annealing 

Buffer (100 mM Tris, pH 7.9 and 50 mM MgCl2) for 10 minutes at 95oC and allowed to 

gradually cool down to 25oC. 

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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Results  

The intracerebroventricular injection of LPS initiates an inflammatory response in the 

brain and liver 

Levels of TNFα and IL-1β 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 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 (Akiyama 

and Gonzalez, 2003) and therefore we measured the expression of various important acute phase 

proteins in that organ. IκBα expression levels in the liver were increased at 2, 4, 6, and 9 hours 

following the induction of CNS inflammation (Figure 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 2B). The expression of 

TNFα in the liver was significantly increased following LPS i.c.v. at 2, 4, and 6 hours compared 

to saline i.c.v. administration (Figure 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 (Nicholson and Renton, 2001). 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).   
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The effects of CNS inflammation on mRNA expression of CYP isoforms  

Based on the observed changes in TNFα, IκBα, and MAPKK in the liver following the i.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 

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 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 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.  

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-κB, 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 (Della Fazia et 

al., 1997; Akiyama and Gonzalez, 2003). At 3 hours following the administration of LPS i.c.v., a 

significant upregulation in the binding of P32-labeled NF-κB, AP-1, and CREB oligonucleotides 
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to response elements in liver nuclear fractions isolated from LPS treated animals compared to 

saline treated animals was observed (Figure 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-κB, 

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 isoforms is 

illustrated in Figures 6 and 7. An upregulation in the binding of an NF-κB 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 6A). The binding of NF-

κB to this response element on CYP2D5 was confirmed using specific and non-specific 

competitions and was supershifted using a p65 antibody. NF-κB and C/EBP response elements 

have been identified on the CYP2B1 promoter (Park and Kemper, 1996; Shaw et al., 1996). An 

increased binding of NF-κB and C/EBP response elements occurred in hepatic nuclear fractions 

3 hours following the administration of LPS i.c.v. (Figure 6B and Figure 7A). The binding of 

both proteins was confirmed using specific and non-specific competitions and was supershifted 

using a p65 and a C/EBPα antibody. No binding was observed to the CREB response element on 

the promoter region of CYP1A1 (identified using MacVector) (data not shown). Finally, an 

upregulation in the binding of an NF-κB 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 7B). The binding was confirmed using specific and non-

specific competitions.  
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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 is known that total 

cytochrome P450 levels are downregulated in response to the i.c.v. administration of LPS 

(Renton and Nicholson, 2000). 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 i.c.v., we observed no 

change in total cytochrome P450 levels (Figure 8A). Co-administration of Enbrel (TNFα 

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 8B 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 8D).   

LPS levels are detected in the serum of animals given 25 µg 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 contribute to the 

observed changes in hepatic CYPs. We measured the amounts of LPS (in pg/mL) in the serum of 

animals administered 25 µg 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 9). We have previously shown that the administration of 25 µg LPS i.p. does not affect 
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liver CYP activity (Renton and Nicholson, 2000). 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 µg 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, TNFα, and IκBα 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 2). In addition, we 

observed a significant increase in TNFα expression at 3 hours following the i.v. administration 

of LPS (328 % increase compared to respective saline group) and a significant increase in IκBα 

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 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 µg of LPS i.c.v., a downregulation in 

total cytochrome P450 levels, CYP1A catalyzed EROD activity, and CYP2B catalyzed PROD 

activity occurs (Renton and Nicholson, 2000). Examination of these endpoints revealed that the 

administration of 25 µg 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 2).  
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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 (Rivest, 2003). 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 (Renton and Nicholson, 2000) and increases in the mRNA expression of 

the acute-phase response genes TNFα, IκBα, and MAPKK in rat liver, as outlined in Figure 10. 

Changes in CYP gene regulation are well documented during inflammation responses occuring 

in vitro (Ke et al., 2001; Kelicen and Tindberg, 2004). It is likely that the regulation of hepatic 

CYPs observed in vivo (Renton and Nicholson, 2000; Nicholson and Renton, 2001) 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 

(Anzenbacher and Anzenbacherova, 2001). 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 (Renton and Nicholson, 2000).  

NF-κB, AP-1, and CREB are important transcription factors that regulate a number of 

genes in the liver during the acute phase response (Della Fazia et al., 1997; Ruminy et al., 2001; 

Akiyama and Gonzalez, 2003). Our current results indicate an increase in the binding of NF-κB, 

AP-1, and CREB in hepatic nuclear fractions obtained 3 hours following the i.c.v. administration 
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of LPS, indicating a potential role for these acute phase proteins in the downregulation of hepatic 

CYPs during LPS-induced CNS inflammation. In support of this, we have observed an increased 

production of both TNFα and IκBα in the liver, known target genes upregulated through the NF-

κB 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 CYP1A1 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-κB to the promoter regions of specific CYP 

isoforms. Our results indicate that hepatic NF-κB is likely to play an important role in the 

regulation of CYP2B1, CYP1A1, and CYP2D5 during CNS inflammation through binding to 

NF-κB response elements on the promoters of these genes. In support of this finding, Ke et al 

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-κB 

is responsible for the LPS-mediated downregulation in CYP2C11 (Iber et al., 2000; Morgan et 

al., 2002). Figure 10 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 i.c.v. administration of LPS caused an upregulation in the binding to a C/EBP 

region on the CYP2B1 promoter (Park and Kemper, 1996). Although the importance of this 

C/EBP region in the regulation of CYP2B1 in the liver is not completely understood (Akiyama 

and Gonzalez, 2003), 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 (Agrawal and Shapiro, 1996), and therefore it is possible 

that in our model of LPS-induced CNS inflammation, the downregulation in CYP2B1/2 activity 
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observed at 24 hours following the induction of CNS inflammation (Renton and Nicholson, 

2000) may be occurring post-translationally or through enhanced proteolytic degradation of 

CYP2B proteins (Han et al., 2005; Lee and Lee, 2005).  

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 (Terrazzino et al., 1997; Shimamoto et al., 1998; Shimamoto et al., 1999; Renton 

and Nicholson, 2000). TNFα, IL-1β, 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 (Barker et al., 1992; Ke et al., 2001; Morgan, 2001; Nicholson and Renton, 2002). 

We observed no effects on total cytochrome P450 levels following the i.c.v. administration of a 

cytokine cocktail (TNFα, IL-1α, IL-1β, IFNγ, and IL-6). In addition the central and peripheral 

blockade of the TNFα pathway (using the TNFα soluble antibody etanercept or EnbrelTM) 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 (data not shown). Shimamoto et al 

demonstrated that adrenalectomy did not block the loss in hepatic CYPs in response to the i.c.v. 

administration of LPS (Shimamoto et al., 1998; Shimamoto et al., 1999). In support of these 

results, we observed that hypophesectimized rats maintained the response to the i.c.v. 

administration of LPS (data not shown), indicating the lack of involvement of the hypothalamic-

pituitary axis in the downregulation of hepatic CYPs during CNS inflammation. All these results 

support the idea that hepatic CYP regulation during the i.c.v. administration of LPS is occurring 
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at an intrahepatic level with various acute phase proteins such as NF-κB playing a dominant role 

in this regulation. 

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 (Terrazzino et al., 1997; Shimamoto et al., 

1998; Shimamoto et al., 1999; Renton and Nicholson, 2000). 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 µg) 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 (Shimamoto et al., 1998; 

Shimamoto et al., 1999; Renton and Nicholson, 2000). 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 10).  In support of this idea, we have observed 

that the administration of 25 µg of LPS by the intravenous route also causes a significant 
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downregulation in CYP2B1/2, CYP2D1/5, and CYP1A1 expression and a significant 

upregulation in the expression of TNFα and IκBα at 3 – 6 hours.   

In summary, we suggest 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-κB 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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Figure Legends  

Figure 1. The upregulation of TNFα and IL-1β levels in the brain following the 

administration of LPS into the lateral cerebral. Rats were injected i.c.v. with either 25 µg 

LPS or saline and brain homogenates were obtained 1 – 6 hours later. Levels of TNFα (A) and 

IL-1β (B) are shown as pg of cytokine per mg of protein present in the brain homogenates. The 

levels of these two cytokines in naïve 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).  

Figure 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 µg 

LPS or saline, and liver RNA was isolated 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 IκBα (A) and MAPKK (B). 

The average absolute value for IκBα 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 TNFα (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. 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 µg 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). 

Figure 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. Animals were administered either 25 µg of LPS or 5 µL 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 2–∆∆C
T 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 
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expression is lower compared to respective saline treated animals using an un-paired t-test (p < 

0.05).  

Figure 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 µg of LPS or 5 µl 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 

1). Representative blots for NF-κB (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.  

Figure 6. NF-κB plays a vital role in the regulation of CYP isoforms. Rats were injected with 

either 25 µg LPS or 5 µl 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 

1). EMSA binding reactions were performed using single stranded oligonucleotides (Table 1) 

that were annealed according to a standard annealing procedure as outlined in the Methods 

section. An upregulation in NF-κB binding to an NF-κB 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-κB 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-κB 
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region and the CYP2B1 NF-κB region, respectively, observed following incubation with a p65 

antibody. Each blot shows the results from 4 saline and 4 LPS treated rats. 

Figure 7. The roles of C/EBP and CREB in the regulation of CYP2B1 and CYP1A1. Rats 

were injected with either 25 µg of LPS or 5 µl 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 C/EBP to a C/EBP responsive region on the promoter of CYP2B1 (A) and NF-κB to 

an NF-κB 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/EBPα 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/EBPα antibody. Each blot shows the results from 4 saline and 4 LPS treated 

rats. 

Figure 8. 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  TNFα, IL-1β, IL-1α, IL-6, and IFNγ, 

and total cytochrome P450 levels were measured 24 hours later (A). In a separate set of 

experiments, rats were injected with 25 µg of LPS i.c.v. in addition to etanercept (EnbrelTM) 

given either as a dose of 40 µg i.c.v. (B) or 2.5 mg/kg i.p. (C) or the IL-1 inhibitor YVAD 

administered as a dose of 0.63 µg i.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 
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treated animals (p < 0.05, 2-WAY ANOVA performed for panels B, C, and D, t-test performed 

for panel A). 

Figure 9. The levels of endotoxin detected in the serum of animals injected with 25 µg LPS 

i.p. or i.c.v. Animals were injected with 25 µg 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.  

Figure 10. 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-κB, AP-1, and C/EBP. These transcription factors can 
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then bind to the promoter regions on specific CYP isoforms, leading to changes in the 

transcription of these CYPs.  
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Table 1 – List of the EMSA oligonucleotides utilised in this study  

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-κB 5′ AGT TGA GGG GAC TTT CCC 

AGG 3′ 

Santa Cruz 

 

AP-1 

 

5′ CGC TTG ATG ACT CAG CCG 

GAA 3′ 

Santa Cruz 

 

CREB 

 

5′ AGA GAT TGC CTG ACG TCA 

GAG AGC TAG 3′ 

Santa Cruz 

 

CYP2D5 

NF-κB 

 

–654 5′ CCA ACG TAG GGA CTT 

CCC AAG ATC CT 3′ –680 

Single Stranded oligonucleotides 

annealed according to standard 

procedure 

CYP1A1 

NF-κB 

 

–746 5′GCG AGA GGA ATC TCC 

CAG GC 3′ –726 

 

Single Stranded oligonucleotides 

annealed according to standard 

procedure 

CYP2B1 

NF-κB 

 

–888 5′CCA GGG GTG GAA TTT 

CCC ACA GT 3′ –879 

 

Single Stranded oligonucleotides 

annealed according to standard 

procedure 

CYP2B1 

C/EBP 

 

–67 5′ ACA TGT GAA GTT GCA 

TAA CTG AGT 3′ –45 

 

Single Stranded oligonucleotides 

annealed according to standard 

procedure 
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Table 2 – The effects of 25 µg 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 µg LPS i.v. 

CYP1A1 expression in liver relative to GAPDH (6 hour 

time point) 

1.00 ± 0.39 

 

0.069 ± 0.03* 

 

CYP2B1/2 expression in liver relative to GAPDH (6 

hour time point) 

2.54 ± 0.63 

 

1.18 ± 0.17* 

 

TNFα expression in liver relative to GAPDH (3 hour 

time point) 

0.38 ± 0.05 1.25 ± 0.37* 

CYP2D1/5 expression in liver relative to GAPDH (6 

hour time point) 

87.80 ± 8.58 

 

68.67 ± 2.07* 

 

IκBα expression in liver relative to GAPDH (3 hour time 

point) 

0.35 ± 0.13 3.50 ± 0.88* 

IκBα expression in liver relative to GAPDH (6 hour time 

point) 

0.72 ± 0.28 2.36 ± 0.26* 

Total cytochrome P450 in nmol/mg protein (24 hour time 

point) 

0.578 ± 0.043 

 

0.400 ± 0.083* 

 

CYP1A1/2 activity in pmol/mg protein/minute as 

measured by EROD assay (24 hour time point) 

123.84 ± 40.22 71.58 ± 12.52* 
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CYP2B1/2 activity in pmol/mg protein/minute as 

measured by PROD assay (24 hour time point) 

8.62 ± 3.61 

 

4.51 ± 0.50* 
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