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ABSTRACT 

 

Cytochromes P450 (CYP) are down regulated in hepatocytes in response to inflammation and infection.  

This effect has been extensively studied in animal models but significantly less is known about 

responses in humans and even less about responses in the absence of inducing agents.  This paper 

focuses on the effects of bacterial lipopolysaccaride (LPS), interleukin-6 (IL-6), tumor necrosis factor α 

(TNF), interferon γ (IFN), transforming growth factor β (TGF) and interleukin-1 β (IL-1) on expression 

of CYP2B6 and the CYP2C mRNAs in human hepatocytes.  These effects were compared to responses 

of the better-studied and more abundant CYP3A4.  CYP3A4 and 2C8 were down regulated by all 

cytokine treatments. CYP2C18, which is expressed at very low levels in liver, was unaffected by 

cytokine treatments.  The other CYP2Cs and CYP2B6 showed cytokine-specific effects.  CYP2C9 and 

19 showed almost identical response patterns, being down regulated by IL-6 and TGF but not 

significantly affected by LPS, TNF, IFN, or IL-1. CYP2B6 mRNA responded only to IL-6 and IFN.  IL-

6 down-regulated the mRNAs of all CYPs studied.  Western blot analysis of CYP protein expression 

supported the mRNA data to a large extent, although some inconsistencies were observed.  Our results 

show that human CYP2C8, 2C9, 2C18, 2C19, 2B6 and 3A4 responses to inflammation are 

independently regulated, and indicate that this fine control may have a critical effect on human drug 

responses in disease states. 
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The liver responds to inflammation and infection by increasing levels of acute phase proteins and 

concurrently down-regulates liver specific proteins involved in drug metabolism (Morgan, 1997; 

Renton, 2004; Aitken et al., 2006).  Cytochromes P450 (CYPs) are the major drug metabolizing 

enzymes in the liver and are significantly down-regulated by infection and inflammatory stimuli 

(Morgan, 1997; Aitken et al., 2006).  The rapid down-regulation of CYP mRNAs (Morgan, 1997) has 

led to a focus on transcription as the primary mechanism of these effects, and this view is supported by 

the size and speed of transcriptional down-regulation as demonstrated in rats in vivo (Cheng et al., 

2003).   In humans, this down-regulation is associated with decreased drug clearance (Kraemer et al., 

1982; Rivory et al., 2002; Carcillo et al., 2003; Renton, 2004) and can result in increased incidence of 

drug toxicity (Kraemer et al., 1982).   

 

Three lines of evidence support a major role of inflammatory cytokines as the mediators of CYP 

regulation in the liver during inflammation.  Firstly, cytokines can down-regulate CYP expression in 

cultures of rodent and human hepatocytes (Abdel-Razzak et al., 1993; Morgan, 1997; Sunman et al., 

2004; Aitken et al., 2006).  Secondly, mice with null mutations in cytokine or cytokine receptor genes 

display diminished CYP down-regulation in response to some inflammatory stimuli (Siewert et al., 

2000; Ashino et al., 2004).   Thirdly, CYP-dependent drug clearance has been correlated inversely with 

plasma interleukin-6 (IL-6) in tumor patients (Rivory et al., 2002) and in congestive heart failure 

patients (Frye et al., 2002).  

 

Studies of CYP regulation in human hepatocytes have confirmed that inflammatory cytokines 

regulate human CYP gene expression, and that the effects of individual cytokines can be CYP gene-

specific (Abdel-Razzak et al., 1993; Abdel-Razzak et al., 1994; Abdel-Razzak et al., 1995; Muntane-
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Relat et al., 1995; Donato et al., 1997; Morgan, 1997; Donato et al., 1998; Guillen et al., 1998; Sunman 

et al., 2004; Aitken et al., 2006).  Many of these studies have focused on cytokine regulation of drug-

induced CYP expression (Abdel-Razzak et al., 1994; Abdel-Razzak et al., 1995; Muntane-Relat et al., 

1995; Guillen et al., 1998; Sunman et al., 2004).  However, as discussed in a recent review (Aitken et 

al., 2006), regulation of constitutive CYP expression by cytokines is likely to be independent of nuclear 

receptors such as CAR and PXR, which play such a critical role in inflammatory down-regulation of 

inducible CYP expression.  

 

There is very little information about the regulation of the constitutive expression of human 

hepatic CYPs in general, and of CYP2B6 and the CYP2C subfamily in particular, by cytokines.  Only 

one study focused on human CYP2C responses to inflammation in the absence of chemical inducers.  

However, the CYP2C subfamily members were not distinguished, and the effect was only seen after a 

72 h incubation.  (Abdel-Razzak et al., 1993). Two studies reported that CYP2B6-dependent catalytic 

activity was decreased after incubation of hepatocytes with interferon γ (IFN) or hepatocyte growth 

factor, but RNA or protein expression were not studied (Donato et al., 1997; Donato et al., 1998).  The 

CYP2Cs and CYP2B6 each have significant roles in drug metabolism (Goldstein and de Morais, 1994; 

Shimada et al., 1994; Totah and Rettie, 2005).  Therefore there is a need to understand how they are 

regulated by inflammatory cytokines, in order to recognize and predict the effects of different diseases, 

with different cytokine profiles and time courses, on drug clearance.  We hypothesized that constitutive 

expression of human CYP2C subfamily members and CYP2B6 would be differentially regulated by 

cytokines in primary human hepatocyte cultures, and that this regulation would be different from that of 

the well-studied CYP3A4, which is responsible for the metabolism of more than 50% of currently 

available drugs (Schuetz, 2004).  
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In this study, we characterized the regulation of  CYPs 2B6, 2C8, 2C9, 2C18, 2C19 and 3A4 by 

agents associated with inflammatory responses that were previously shown to regulate CYPs in primary 

rodent hepatocytes: interleukin-1β (IL-1), IL-6, tumor necrosis factor α (TNF), IFN, transforming 

growth factor-β (TGF) and bacterial lipopolysaccharide (LPS).  As discussed above, both rodent and 

human studies to date indicate that pretranslational mechanisms are the primary cause of decreased CYP 

enzyme expression and activity.  For this reason and because of the limited availability of human 

hepatocytes,  we focused on the regulation of CYP mRNAs.  Our results support our hypothesis that 

these important drug-metabolizing enzymes show differential responses to cytokines, indicating that the 

influence of inflammation on human drug metabolism is likely to be disease- and drug-specific.  
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METHODS 

 

Reagents.  All reagents were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise stated.  

IL-6 was from Calbiochem (EMD Biosciences, San Diego, CA), TNF and TGF were from Invitrogen 

(Carlsbad, CA), and IFN was from BD Pharmagen (San Diego, CA).  All cytokines were reconstituted 

and stored according to manufacturer specifications as high concentration stocks.   Antibodies were 

purchased to CYP3A4, CYP2C9  (Xenotech, Lenexa, KA) , CYP2B6 (Gentest, BD biosciences, 

Discovery Labwear, Bedford, MA) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (EnCor 

Biotech, Alachua, FL).  Supersomes (microsomes of insect cells expressing CYP enzymes) were from 

Gentest. 

 

Human Hepatocyte Cultures.  These studies were carried out in accordance with the Declaration of 

Helsinki, and were designated exempt from review by the Emory University Institutional Review Board.  

Human hepatocytes were received from Dr Steven Strom at the University of Pittsburgh via the NIH-

sponsored Liver Tissue Procurement and Distribution System program.  They were prepared within 24 h 

of procurement from livers not suitable for transplantation.  Details on liver donors are provided in 

Table 1.  Hepatocytes were isolated as described in Strom et al. (Strom et al., 1996) by a three-step 

collagenase perfusion technique and plated on collagen coated 12 well plates (10 x 106 cells per plate) or 

T25 flasks (3 x 106 cells per flask).  Cells were cultured for 48 h prior to delivery in hepatocyte 

maintenance media (HMM) (Cambrex Bioscience Walkersville Inc.).  Upon receipt, media were 

changed to Williams E cell culture media supplemented with 150 nM insulin, 3 nM dexamethasone and 

100 Units/ml penicillin/streptomycin.  Cells were incubated for a further 24-48 h.  Cells were 

maintained at 37 °C in 5% CO2 throughout the experiment with the exception of the shipping period.  
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All cells were cultured for a minimum of 72 h between isolation and treatment.  Media were changed 

every 24 h. 

 

Treatments.  Cytokines were diluted from stock solutions into media just prior to treatment. Final 

concentrations of IL-6, TNF, IFNγ and TGF were 10ng/mL and of IL-1 was 5 ng/mL.    A stock solution 

of 1 mg/mL LPS was prepared in phosphate buffered saline (PBS) and diluted to a final concentration of 

10 µg/mL.  PBS was added to equalize the final volume of diluent in all cultures.  Control cells were 

treated with media plus an appropriate volume of PBS.  Hepatocytes were harvested 24 h after initiation 

of treatment, unless otherwise indicated.  The cytokine concentrations used were based on maximal 

effects measured in our laboratory for CYP2C11 in rat hepatocytes. 

  

Preparation of Cell Lysates and RNA.  Media were removed from T25 flasks or 12 well plates and 

cells were washed twice in ice cold PBS.  For preparation of cell lysates, flasks were scraped to release 

cells into PBS and the cells were pelleted, resuspended in 200 µL of cell lysis buffer (50 mM Tris pH 

7.4, 0.1% SDS, 0.5% NP40, 1% EDTA), and sonicated for 10-12 seconds with a Microson ultrasonic 

cell disruptor on power setting 15.  A protease inhibitor cocktail containing 4-(2-aminoethyl) 

benzenesulfonyl fluoride, pepstatinA, E-64, bestatin, leupeptin, and aprotinin were added, and lysates 

were stored at -80°C. Protein levels were measured using the BSA assay from Pierce Biotechnology 

(Rockford, IL).  Total RNA was prepared from 12-well plates using Trizol (Invitrogen, Carlsbad, CA) 

according to the manufacturers directions.  RNA concentrations and quality were determined 

spectrophotometrically by measuring absorbance at 260nm and 260/280nm ratio.  
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Real Time Reverse Transcriptase- PCR (RT-PCR).  Purified total RNA was reverse transcribed using 

the Superscript first strand synthesis system for RT-PCR kit (Invitrogen) according to the 

manufacturer’s instructions.  Primers for the human CYPs studied are listed in Table 2.  Where possible, 

published primer pairs were utilized including those for CYP2B6, CYP3A4 and CYP2C19 from 

(Rodriguez-Antona et al., 2000); and CYP2C18 (Nishimura et al., 2002).  Primers for GAPDH, 

CYP2C8 and CYP2C9 were designed using the Primer Select software program (DNASTAR, Inc., 

Madison, WI).  All primers were subjected to BLASTn analysis to exclude any oligonucleotides with 

high similarity to other human P450 mRNA transcripts 

 

Real time RT-PCR analysis was carried out on ABI 7300 sequence detection system (Applied 

Biosystems, Foster City, CA) to quantify relative P450 mRNA expression in human hepatocytes. 

Reactions were carried out in a total volume of 25 µL using Sybr green master mix reagent (Applied 

Biosystems, Foster City, CA), 2 µl of template cDNA and 10 µM forward and reverse primers.  All 

reactions were carried out in duplicate.  Assay plates were incubated at 50 °C for 2 minutes, 95 °C for 

10 minutes followed by 40 cycles of 95°C for 15 seconds plus 1 minute at the relevant annealing 

temperature (see Table 2 for details).  Levels of the mRNA for the housekeeping gene GAPDH were 

monitored in parallel in order to normalize the total amount of cDNA in each sample. Results are 

expressed as relative levels of P450 mRNA and were normalized to control samples fixed at an arbitrary 

value of one.  Livak and Schmittgen (Livak and Schmittgen, 2001) described the Ct method, which was 

used to calculate the amount of target P450 in a treated sample normalized to GAPDH and relative to the 

control P450 samples.  A single PCR product of expected size was confirmed by agarose gel 

electrophoresis for each primer set, and the specificities of the CYP2C8, 2C9 and 2C19 primers were 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 18, 2007 as DOI: 10.1124/dmd.107.015511

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#15511 

 10

verified by sequencing the products.   Specificity was also confirmed on a routine basis by checking 

product dissociation curves in each reaction well. 

 

Western Blotting.  SDS-PAGE and Western blotting were used to measure P450 protein levels.  Equal 

amounts of cell lysate (10-25 µg) were loaded into each lane of a 5-15% gradient polyacrylamide gel 

(Criterion Tris-HCl gel, BioRad, Hercules, CA) for analysis and transferred onto a nitrocellulose 

membrane.  Blots were probed with antibodies to CYP3A4, CYP2C9  and CYP 2B6.  The CYP2C9 

antibodies cross-reacted to a limited extent with CYP2C19; however CYP2C9 and 2C19 could be 

distinguished by their different mobilities on the gels, and the antibody detected only CYP2C9 in cell 

lysates under the conditions used (see Fig 2A).   Blots were blocked according to the antibody 

manufacturers directions and incubated overnight at 4 °C with the respective primary antibodies diluted 

according to manufacturers specifications in PBS containing 0.05% Tween 20 (PBS-Tween). 

Nitrocellulose filters were then washed 3 times for 10mins in PBS-Tween at room temperature prior to 

the application of horseradish peroxidase coupled secondary antibody (Pierce, Rockford, IL) for 1 h at 

room temperature. The membranes were washed again 3 times for 10 min in PBS-Tween prior to 

visualization using an enhanced chemiluminescence detection system (Supersignal West Pico, Pierce 

Rockford, IL). The intensities of stained bands were measured by densitometry using Kodak Imaging 

Software 4.0.1, (Eastman Kodak, New Haven, CT). 

 

Statistical Analysis.   Control and treatment groups were compared by one-way analysis of variance 

and a Dunnett’s test utilizing SPSS (SPSS Inc., Chicago, IL). 
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RESULTS 

 

Effects of cytokine treatments on CYP2C mRNAs in human hepatocytes. Results are presented as the 

average of 9 human hepatocyte preparations (Table 1) ranging from 15 months to 84 years of age.  

CYP2C8 was significantly down-regulated by all treatments tested (Fig 1A).  LPS caused the greatest 

effect, resulting in a decrease in mRNA by about 80% compared with control.  All the individual 

cytokines decreased CYP2C8 to between 40-60 % of control.  The LPS effect was approximately twice 

the decrease seen with individual cytokines,  suggesting that at least 2 pathways of down-regulation 

exist for LPS.  In contrast, CYP2C9 mRNA was only significantly affected by IL-6  and TGF (Fig 1B).  

These cytokines decreased mRNA levels by 30-50%.   CYP2C19 (Fig 1D) was also down-regulated in a 

similar pattern to CYP2C9, with IL-6 and TGF displaying significant effects while IL-1 and TNF clearly 

had no effect.  CYP2C18 mRNA was also examined although current data suggest that the protein is not 

expressed in the human liver. Unlike the other CYP2Cs, none of the inflammatory cytokines showed 

any significant effects on the very low constitutive levels of CYP2C18 mRNA (Fig 1C). 

 

Effects of cytokine treatments on CYP3A4 and CYP2B6 mRNAs.  As with the CYP2C mRNA, all data 

were averaged from the same 9 individuals shown in table 1. CYP3A4 was significantly down-regulated 

to 20% or less of control in response to LPS and all the cytokines tested, with LPS, IL-6 and IL-1 

resulting in levels below 5% of control (Fig 1E).  These responses are qualitatively similar to those of 

CYP2C8, although generally larger in magnitude. CYP2B6 exhibited a very different cytokine response 

pattern with only IL-6 and IFNγ significantly decreasing mRNA levels by 80 % (Fig 1F).  TGF treated 

cells showed a trend towards a 2.5 fold induction of CYP2B6 mRNA levels, which just failed to reach 

statistical significance.  Data for CYP3A7 was also collected from the 2 infant samples used in this 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 18, 2007 as DOI: 10.1124/dmd.107.015511

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#15511 

 12

study.  In the samples tested, the CYP3A7 down-regulation pattern was similar to that of CYP3A4 (data 

not shown).  IL-6 was the only cytokine that showed any noticeable difference: CYP3A7 mRNA 

decreased to 25 % of control with IL6 treatment, whereas the decline in CYP3A4 mRNA was to about 

10% of control. 

 

Regulation of CYP protein expression by cytokines. To determine whether regulation of human CYP 

mRNAs is reflected in corresponding changes in protein expression, we analyzed protein expression of 

CYP2C9, CYP3A4 and CYP2B6 in hepatocytes from 2 individuals designated as 1315 and 1294.  

Protein samples were collected after treatment for 40 and 24 h respectively.     Western blotting results 

are shown in Figs 2 and 3.  Note that mRNA levels were measured after 24 h treatment in these samples 

and the results for these two preparations were representative of the compiled results shown in Fig 1.    

CYP2C9 protein was down-regulated by all agents tested after 24 h treatment in HH1294 (Fig 3).  After 

40 h of treatment, protein levels of CYP2C9 were still profoundly suppressed in LPS, IL-6 and TNF-

treated HH1315 hepatocytes,  but were not significantly different from control in cells treated with IFN, 

TGF or IL-1 (Fig 3).   

 

CYP3A4 protein levels at 24 and 40 h of treatment in the two preparations were very similar 

with each treatment, and significant effects of each cytokine, except TNF, were observed at one of the 

two time points (Fig 3).   Cells treated with TNF trended towards the same effects as most of the other 

treatments, but missed statistical significance.     The protein levels of TNF, IFNγ, TGF and IL-1-treated 

hepatocytes showed good agreement with mRNA levels.  However, LPS and IL-6 down-regulated 

mRNA levels by 90% at 24 h, whereas protein levels were only reduced to about 25-50% of control 24 

or 40 h post-treatment. 
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The effects of cytokines on CYP2B6 protein expression are shown in Fig 4.   Consistent with the 

mRNA results, IL6 at 24 h and IFN at 40 h both down-regulated CYP2B6 protein, whereas LPS had no 

effect.   However TNF, TGF and IL-1 at 24 h each caused down-regulation of  CYP2B6 protein to 13, 

54 and 42% of control respectively (Fig 4), whereas no effect on CYP2B6 mRNA was observed.  
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DISCUSSION 

 

In this paper, we present for the first time a detailed characterization of the effects of agents 

involved in the inflammatory response on the constitutive (inducer-free) expression of CYP2B6 and 

individual members  of the CYP2C subfamily.  The results confirm our hypothesis that some of these 

important drug-metabolizing CYPs show differential responses to cytokines, in contrast to others, which 

seem to be nonspecifically down-regulated by all stimuli tested. 

 

Much of the down-regulation of drug-inducible CYP expression by cytokines can be ascribed to 

effects on the nuclear receptors that mediate drug induction. The effects of interleukin-1β (IL-1β) on 

human CYP expression induced by drugs that act via the constitutive androstane receptor  (CAR) have 

been shown to involve the down-regulation of CAR expression (Assenat et al., 2004).  On the other 

hand,  cytokines can down-regulate pregnane X receptor (PXR) – or aryl hydrocarbon receptor – 

induced CYP expression via receptor down-regulation (Beigneux et al., 2002) and/or inhibition of 

receptor function (Tian et al., 1999; Zhou et al., 2006).   But down-regulation of constitutive CYP 

expression does not require PXR (Richardson and Morgan, 2005). Therefore results from studies on 

drug-induced expression can not be extrapolated to constitutive expression.  Indeed, the constitutive 

expression of CYP3A4 is down-regulated by Oncostatin M (Guillen et al., 1998), a member of the IL-6 

family, IL-1 and IL-6 (Sunman et al., 2004), interferon-γ (IFN) (Donato et al., 1997) and hepatocyte 

growth-factor (Donato et al., 1998). The effect of IL-6 appears to be partially mediated by the induction 

of a truncated form of CCAAT enhancer binding protein (C/EBP)β, lacking a transactivation domain,  

that antagonizes the positive regulation by other C/EBP isoforms and hepatic nuclear factor-3γ  (Jover et 

al., 2002)(Rodriguez-Antona et al., 2003; Martinez-Jimenez et al., 2005).    
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An inspection of the consolidated mRNA data identifies four distinct patterns of transcriptional 

response among the CYPs studied, and this is summarized in Table 3.  In group 1, CYPs 2C8 and 3A4 

were down-regulated by all of the agents tested.  Therefore we predict that most infections or diseases 

associated with inflammation will down-regulate these CYPs.  While CYP3A4 is responsible for the 

metabolism of many drugs (Schuetz, 2004), CYP2C8 catalyzes retinol and retinoic acid oxidation 

(Totah and Rettie, 2005).   In group 2, CYPs 2C9 and 2C19 were down-regulated by IL-6 and TGF only.   

In group 3, CYP2B6 was sensitive to LPS, IL6 and IFN only.  Therefore, we predict that regulation of 

group 2 and 3 CYPs may depend on the exact nature of the infection or inflammatory stimulus.  The 

CYP2Cs constitute 10-20% of the total P450 content in the human liver, with CYPs 2C9 and 2C19 

being the most abundant (Shimada et al., 1994).  CYPs 2C9 and 2C19 metabolize many commonly used 

drugs, including antibacterials, anticoagulants, antidiabetic and nonsteroidal anti-inflammatory agents 

(Goldstein and de Morais, 1994; Totah and Rettie, 2005).  CYP2B6 is responsible for only 3-5% of 

hepatic CYP but is involved in metabolism of about 25% of all drugs (Gervot et al., 1999; Lang et al., 

2001).  However, interindividual variation in CYP2B6 levels is extensive and its overall low expression 

makes this P450 difficult to study.  In group 4, the very low expression of CYP2C18 was unaffected by 

any treatment.   The significance of CYP2C18 in drug metabolism is unclear, because although the 

mRNA is expressed in liver, CYP2C18 protein has not been detected (Lapple et al., 2003).   

 

Notably, despite these differential patterns of regulation, all CYPs studied except 2C18 were 

down-regulated by IL-6, albeit to differing extents.  This, combined with the previously mentioned 

correlations of IL-6 plasma levels with CYP-dependent drug clearance and the attenuation of CYP 

down-regulation by some inflammatory stimuli in IL-6-null mice, is consistent with a prominent 
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physiological role of this cytokine in CYP regulation.  Obviously, it is possible that the regulation of 

CYP expression by cytokines will have different time- and concentration-dependencies that may affect 

the accuracy of the above predictions.  Because of the limited availability of material, we were 

compelled to use concentrations and times that have proven optimal in rat hepatocytes.   

 

The relatively rapid down-regulation of CYP mRNAs we observed can be contrasted with a 

previous report that IL-1, IL-6 and TNF treatments resulted in a 50% suppression of CYP2C and 

CYP3A mRNAs, but only after 72 h of treatment (Abdel-Razzak et al., 1993).   However, these results 

were inconsistent across cultures. We were able to study the human CYP2Cs individually along with 

CYP3A4 and 2B6 in a larger number of human samples and obtain a detailed profile of human CYP 

response to a wider range of cytokines.  We saw no effect of IL-1 on CYP2C9, 18 or 19 with only 

CYP2C8 mRNA showing much response after 24 h.  This suggests that the decline they reported may 

have reflected mainly CYP2C8.   

 

IFNγ is released mainly from T-cells in response to antigenic stimulation or LPS treatment.    Rat 

CYP2C11 was unaffected by IFNγ (Tapner et al., 1996), but here we found significant down-regulation 

of CYP2C8 mRNA and CYP2C9 protein in hepatocytes.    Donato et al (1997) previously reported that 

IFN down-regulated activities of CYP1A2, 2A6, 2B6 and 3A4 in human hepatocytes, as well as mRNA 

and protein expression of CYP1A2 and 3A4.  Interestingly, they concluded that these effects were nitric 

oxide (NO)-dependent, because they were inhibited by an NO synthase inhibitor (Donato et al., 1997).   

The effects of IFN in our cultures were not NO-dependent, because we measured NO production in all 

of our experiments and the only treatments that stimulated NO production were IL-1 and LPS (results 
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not shown). The possible role of NO in regulation of human CYP mRNAs and proteins by LPS and IL-1 

remains to be elucidated.   

 

TGF is an anti-inflammatory agent, which suppresses other cytokine production but down-

regulates rat CYP2C11 (Iber and Morgan, 1998) and drug inducible human CYP1A1 and 1A2 (Abdel-

Razzak et al., 1994).   We observed down-regulation of all 3 CYP2Cs and CYP3A4 at the mRNA level, 

but there was no significant effect on CYP2B6 mRNA  

 

In general, the response of CYP3A4 protein was in good agreement with the mRNA data.  For 

CYP3A4, LPS and IL-6 down-regulated the mRNA by 90% 24 h post treatment.  Since only IL6 and 

TGF down-regulated CYP2C9 and 2C19 mRNAs, the down-regulation of CYP2C9 protein at 24 h by all 

treatments suggests that LPS, IL-6, TNF, IFN and IL-1 may inhibit translation and/or stimulate 

degradation of CYP2C9 protein. It must be recognized that conclusions of this type, drawn from single 

time point analyses, are speculative.  Alternatively, these agents could have produced a transient decline 

in CYP2C9 mRNA that had recovered by 24 h.  In our hands, the low expression levels of CYP2B6 in 

uninduced hepatocytes made CYP2B6 protein analysis especially challenging.   IL-6 and IFN clearly 

down-regulated both protein and RNA of CYP2B6, while TNF, TGF and IL-1 had little effects on the 

mRNA but caused significant down-regulation of CYP2B6 protein.  Again, one could speculate that as 

seen with CYP2C9, posttranscriptional mechanisms may be involved. More detailed kinetic analyses are 

required to construct a better picture of any posttranscriptional regulation and the mechanisms involved.  

However, the limited availability, genetic variability, and culturing tolerances of human hepatocytes 

makes this work challenging. 
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Cytokines trigger very specifically controlled responses to infection and inflammation and these 

studies are critical in furthering our understanding of human drug metabolism and the responses of 

individuals to drugs after inflammation or infection. Although primary cultures of human hepatocytes 

represent the best model for studying human CYP responses to inflammation and infection, it is 

important to recognize the potential for variability in this system.  We addressed this by testing the 

effects of cytokines in a large number of individuals from a range of ethnic groups and ages.  

Remarkably, the effects of cytokines on CYP mRNA expression in hepatocytes from these individuals 

were quite consistent, reflected by the relatively low variability of the data.   Our results clearly show 

that the CYP2C responses to cytokines differ from each other and from CYP2B6 and 3A4. These data 

suggest strongly that, even with the overlapping effects of cytokines, human P450s are independently 

regulated in response to inflammation and infection. This variability in response to cytokines may be 

critical for patient care, since it predicts that CYPs are likely to be differentially regulated at different 

stages and by different mechanisms, in response to inflammatory attack or disease.  This prediction is 

borne out by the differential sensitivity of CYP-dependent clearance observed in infectious liver disease 

(Frye et al., 2006). 
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FIGURE LEGENDS 
 

 
Fig 1.  Effects of cytokines on CYP mRNA expression in human hepatocytes.  Cells were treated with 

phosphate-buffered saline (1µl/ml, Control),  lipopolysaccharide (LPS, 10µg/ml), interleukin-6 (IL-6, 

10ng/ml)), tumor necrosis factor-α (TNF, 10ng/ml)), interferon-γ (IFN, 10ng/ml)), transforming growth 

factor-β (TGF, 10ng/ml) or interleukin-1 (IL-1, 5ng/ml) for 24 h and mRNA levels of (A) CYP2C8,  (B) 

CYP2C9,  (C) CYP2C18,   (D) CYP2C19, (E) CYP3A4 and (F) CYP2B6 were determined as described 

in Methods.  All treatments were carried out in triplicate for each individual and the results are the 

means ± S.E.M. of 9 subjects in each group.   Significant differences compared with control are denoted 

by  *=p < 0.05 and **= p < 0.005. 

 

Fig 2. Regulation of human CYP 2C and 3A protein expression by cytokines.  Cells from patient 

HH1294 or HH1315 were cultured in T25 flasks, and treated with phosphate-buffered saline (1µl/ml, 

Control),  lipopolysaccharide (LPS, 10µg/ml), interleukin-6 (IL-6, 10ng/ml)), tumor necrosis factor-

α (TNF, 10ng/ml)), interferon-γ (IFN, 10ng/ml)), tumor growth factor-β (TGF, 10ng/ml) or interleukin-

1 (IL-1, 5ng/ml) for 24 or 40 hr, respectively.  Cell lysates were prepared and Western blot assays for 

(A) CYP2C9 and (B) CYP3A4 were performed as described in Methods.  Lanes marked 2C9 and 2C19 

were loaded with 1 µg of insect cell microsomes (Supersomes) expressing the respective CYPs.   In each 

section, the upper panels  show Western blots of HH1315 (40 h treatment) probed for CYP2C9 or 

CYP3A4.  Blots reprobed with antibody to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are 

displayed under the respective CYP blots.  In the lower panels,  relative levels of CYP proteins were 

quantified,  normalized to GAPDH to account for any loading or transfer discrepancies, and plotted as a 

percentage of the control group mean.   Data represent the means ± S.E.M. of three independent samples 
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for each group. Significant differences compared with control are denoted by  *=p < 0.05 and **= p < 

0.005. 

 

Fig 3. Regulation of human CYP 2B6 protein expression by cytokines.  Cells from patient HH1294 or 

HH1315 were cultured in T25 flasks, and treated with phosphate-buffered saline (1µl/ml, Control),  

lipopolysaccharide (LPS, 10µg/ml), interleukin-6 (IL-6, 10ng/ml)), tumor necrosis factor-α (TNF, 

10ng/ml)), interferon-γ (IFN, 10ng/ml)), tumor growth factor-β (TGF, 10ng/ml) or interleukin-1 (IL-1, 

5ng/ml) for 24 or 40 hr, respectively.  Cell lysates were prepared and Western blot assays for CYP2B6 

were performed as described in Methods. Upper panel,   Western blots of HH1315 (40 h treatment) 

probed for CYP2B6.  Blots reprobed with antibody to glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) are displayed under the CYP blots.  Lower panel,  relative levels of CYP2B6 proteins were 

quantified,  normalized to GAPDH to account for any loading or transfer discrepancies, and plotted as a 

percentage of the control group mean.   Data represent the means ± S.E.M. of three independent samples 

for each group. Significant differences compared with control are denoted by  *=p < 0.05. 
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Table 1 Donor Information 

 
Cell ID Sex Age Race Cause of Death 

1200 F 53 Caucasian Cerebrovascular accident 

1205 M 45 Hispanic Cerebrovascular accident 

1261 M 21 months Caucasian Cerebrovascular accident 

1274 F 55 Black Anoxia due to cardiac arrest  

1280 F 36 Caucasian Anoxia due to cardiac arrest 

1281 M 16 Caucasian Head Trauma 

1294 M 14 Caucasian Anoxia 

1315 F 84 Caucasian Unknown 

1318 M 15 months Caucasian Unknown 
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Table 2  RT-PCR Primer List 
 

CYP RT-PCR Primer Anneal-
ing 

Temp. 
(oC) 

Product 
Size 

(base pairs) 

Reference 

2C8 
 

Fwd tgt ggt cct ggt gct gtg 
Rvd ata ttg ggg aat tgc ctc tt 
 

53 296  

2C9 
 

Fwd aca gct aaa gct cag gaa gag att gaa cg 
Rvd gca ggc tgg tgg gga gaa ggt c 
 

58 142  

2C18 
 

Fwd agg ata ttg aca tca ccc cca 
Rvd tca gac agg aat gaa gca gag ct 
 

53 79 (Nishimura et al., 
2002) 

2C19 
 

Fwd aca gat agt gaa att tgg ac  
Rvd ttc atg cct ttc tca gca  gg 
 

58 277 (Rodriguez-
Antona et al., 
2000) 

3A4 
 

Fwd cct tac aca tac aca ccc ttt gga agt 
Rvd agc tca atg cat gta cag aat ccc cgg tta 
 

58 382 (Rodriguez-
Antona et al., 
2000) 

2B6 
 

Fwd atg ggg cac tga aaa aga ctg a 
Rvd aga ggc ggg gac act gaa tga c 
 

58 283 (Rodriguez-
Antona et al., 
2000) 

GAPDH 
 

Fwd gga cca cca gcc cca gca aga g 
Rvd gag gag ggg aga ttc agt gtg gtg 
 

53-58 103  
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Table 3 Summary of the effects of inflammatory agents on CYP mRNAs 
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