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Abstract
The purpose of this study was to determine the role of nitric oxide (NO) in the down-regulation of
human CYP enzymes and mRNAs by an inflammatory stimulus in cultured human hepatocytes. We
focused on CYP2B6, because previous studies showed that rat CYP2B proteins undergo an NO-
dependent degradation in response to inflammatory stimuli. To ensure high level expression of
CYP2B6, the inducer phenytoin was present at all times. Stimulation of cells with a mixture of
TNFα, IL-1β and IFNγ (ILmix) down-regulated CYP2B6 mRNA and protein to 9% and 19% of
control levels. The NO donor NOC-18 down-regulated CYP2B6 protein to 30% of control, with only
a small effect on CYP2B6 mRNA. NOS inhibitors attenuated the down-regulation of CYP2B6
protein, but not mRNA, by ILmix. These findings demonstrate that the post-transcriptional NO
dependent down-regulation of CYP2B enzymes, observed previously in rat hepatocytes, is conserved
in human CYP2B6. This mechanism is specific for CYP2B6 among the enzymes tested. No evidence
was found for regulation of CYP2E1 mRNA or protein by NO. NOC-18 treatment down-regulated
CYP3A4 mRNA to 50% of control. However, NOS inhibitors failed to block the effects of ILmix
on CYP3A4 expression.
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Introduction
Cytochromes P450 (CYPs) are heme-thiolate monooxygenases that serve diverse
physiological roles including the synthesis and catabolism of hormones, eicosanoids, bile acids
and retinoids [1]. The mammalian CYPs expressed in the liver, which are the focus of this
paper, have a primary role in the metabolism clearance of most therapeutic drugs, and
metabolism by CYPs is also necessary for the formation of toxic and carcinogenic metabolites
of environmental chemicals [1].

Infectious and inflammatory diseases in humans, or diseases with an inflammatory component,
are associated with decreased clearances of several CYP substrates [2–5], and increased
incidence of adverse effects of drugs with a low therapeutic index like theophylline [2] CYP-
selective effects have been inferred from the clearance of diagnostic substrates [6]. Moreover,
many of these effects can be recapitulated in human hepatocyte cultures exposed to
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inflammatory cytokines [7–9]. In both humans and animals, transcriptional suppression of
CYPs is an early event that is a major contributor to many of the subsequent effects observed
on CYP activities [10]. On the other hand, there is clear evidence that inflammatory stimuli
can regulate CYP proteins levels independently of transcriptional effects [11], and that enzyme
activities can also be inhibited in the absence of changes in CYP protein levels [12].

Systemic inflammation causes a dramatic increase in hepatic NO production due to induction
of inducible nitric oxide synthase (NOS2) in hepatocytes [13]. NO can bind to P450s and cause
inhibition by reversible or irreversible pathways [14,15], and therefore NO may be one cause
of the enzyme inhibition observed in inflammatory states [16,17]. Stimulation of NO synthesis
may also be involved in the down-regulation of hepatic CYP mRNAs or proteins by
inflammation, because these effects could be blocked or attenuated by NOS inhibitors in either
in vivo or cell culture models [18–20]. However, the role of NO in down-regulation of P450
expression is still not fully understood. We found no effects of NOS inhibition on the
suppression of hepatic P450 2C11, 3A2 and 2E1 mRNAs or proteins in rats injected with LPS
or IL-1 [21]. We also demonstrated that NO is not required for down-regulation of CYP3A
and 2E1 using wild type and NOS2-null mice [22]. On the other hand we recently found
evidence for a role of NO in the post-translational suppression of phenobarbital-induced
CYP2B1 in rat hepatocytes by bacterial endotoxin (lipopolysaccharide, LPS) [11,23,24].
Exposure of rat hepatocytes to LPS resulted in a rapid decrease in microsomal CYP2B1 protein,
which was blocked by NOS inhibitors and mimicked by NO donors [11]. We developed a
model in which CYP2B1 can be regulated by two independent mechanisms [23]: an NO-
independent pre-translational mechanism which occurs at low LPS concentrations; and a rapid
NO-dependent suppression of CYP2B protein.

Evidence for the participation of NO in inflammatory down-regulation of human CYP enzymes
is sparse. NO donors can down-regulate CYP mRNAs and proteins in colon carcinoma [25,
26] and hepatocarcinoma [27] cell lines, and it was reported that in HT-29 cells, NOS2
inhibitors or antisense oligonucleotides could block the down-regulation of CYP3A4 protein
by ceramide [28], a putative mediator of the effects of pro-inflammatory cytokines on CYP
expression [29]. We are aware of one published study on the regulation of CYP expression by
physiological or pharmacological NO in primary human hepatocytes, which is the optimal
system to study regulation of the human drug-metabolizing CYPs. In that work, limited
evidence was provided for the attenuation by an inhibitor of NOS of the down-regulation of
CYP1A2 and 3A4 mRNAs and protein by interferon-γ [30].

Due to the strong evidence that NO synthesized by NOS2 caused a posttranscriptional down-
regulation of CYP2B proteins in rat hepatocytes (see above), we set out to test the hypothesis
that NO would have a similar role in the regulation of human CYP2B6. CYP2B6 may
contribute to the metabolism of up to 25% of all pharmaceutical agents and is responsible for
3–5% of the total hepatic P450 [31,32] although there is large interindividual variation in
CYP2B6 expression [33,34]. Due to the paucity of information about human hepatic CYP
regulation by NO, we also studied two other important CYP enzymes. CYP3A4 is the
predominant P450 in the human liver, comprising about 25% of the total hepatic P450 protein,
and metabolizes 40% of all currently employed drugs [10]‥ CYP2E1 has broad substrate
specificity and has an important role in the activation of many small molecules to toxic or
carcinogenic metabolites [35]. In contrast to most CYPs, it is relatively refractory to
inflammatory regulation in animal models.

In this paper, we tested the abilities of the NO donor (Z)-1-[2-(2-Aminoethyl)-N-(2-
ammonioethyl)amino]diazen-1-ium-1,2-diolate (NOC-18) to down-regulate CYP 2B6, 2E1
and 3A4 mRNAs and proteins in human hepatocytes, and of NOS inhibitors to block the
inflammatory down-regulation of these gene products. Our findings document that the NO-
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dependent mechanism for down-regulation of CYP2B proteins observed in the rat is preserved
in human CYP2B6. CYP3A4 is down-regulated at the mRNA level by pharmacological but
not NOS-derived NO, whereas human CYP2E1 is refractory to cytokine down-regulation like
its rodent counterparts.

Materials and Methods
Reagents

All chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise stated.
Tumor necrosis factor α (TNF α) was from Invitrogen (Carlsbad, CA), interferon-γ (IFNγ) was
from BD Pharmagen (San Diego, CA) and NOC-18 was from Alexis Biochemicals (San Diego,
CA). Specific antibodies were purchased to CYP3A4 (Xenotech, Lenexa, KA), CYP2B6
(Gentest, BD biosciences, Discovery Labwear, MA) and CYP2E1 (Daiichi Pure Chemical Co.,
Japan). NOS inhibitors tested included 1400W, LY83583 and L-N6-(1-Iminoethyl) lysine (NIL)
from Calbiochem (EMD Biosciences, San Diego, CA).

Human hepatocyte cultures and treatments
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 obtained from Dr Steven Strom at the University of Pittsburgh via the NIH-
sponsored Liver Tissue Procurement and Distribution System program. They were prepared
from livers not suitable for transplantation within 24 h of procurement. Details on liver donors
are provided in Table 1. Hepatocytes were isolated as described in Strom et al [36] by a three-
step collagenase perfusion technique and cultured on collagen coated 12 well plates (10 ×
106 cells per plate, for RNA measurements) or T25 flasks (3 × 106 cells per flask, for protein
measurements). Cells were cultured for 48 h prior to delivery in hepatocyte maintenance
medium(HMM) (Cambrex Bioscience Walkersville Inc.). Upon receipt, cells were placed at
37°C in 5% CO2 and medium was changed 1–2 h later to Williams E cell culture media
supplemented with 10 nM insulin, 25 nM dexamethazone, 10mg/ml penicillin/streptomycin
and 100µM phenytoin [37]. Phenytoin was present throughout the experiments. Media were
changed daily.

After a 48 h induction period, cells were exposed to a mixture (ILmix) of IL-1 (5 ng/ml),
TNFα (10 ng/ml) and IFNγ (10 ng/ml) for 24 h to simulate an inflammatory event. Cells were
also treated for 24 h with a range of NOS inhibitors in the presence or absence of the cytokine
combination described above (ILmix). In each experiment some cells were treated for 24 h
with NOC-18, which was prepared as a stock in high pH water just prior to use and added to
the media at a final concentration of 500µM. All treatment groups were in triplicate or
quadruplicate for each human hepatocyte preparation. At the end of the 24 h incubation period,
media samples were removed and reserved for assay of the stable end products of NO
production, nitrate + nitrite (NOx) using the Griess reaction [38]. Cells were harvested for
preparation of microsomes or cell lysates, which were used to quantitate CYP protein
expression. When enough cells were available, RNA was also collected from a number of the
human cell batches.

Preparation of microsomes, cell lysates and RNA
All cells were washed twice in ice cold PBS. T25 flasks were scraped in ice cold PBS to remove
cells. Cells were then pelleted and the supernatant discarded. For cell lysates, cells were
resuspended in 200µl of cell lysis buffer (50 mM Tris pH 7.4, 0.1% SDS, 0.5% NP40, 1%
EDTA), and sonicated for 10–12 sec with a ultrasonic cell disruptor Microsan (Misonix Inc,
Farmingdale NY) on power setting 15. Protease inhibitor cocktail containing 4-(2-aminoethyl)
benzenesulfonyl fluoride, pepstatin A, E-64, bestatin, leupeptin, and aprotinin was added and
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lysates were stored at −80°C. Microsomes were prepared following the methods of Tippin et
al [39] with some adaptations. Cells were harvested as described above, then resuspended in
1 ml of homogenization buffer (50 mM Tris – HCl pH 7.0, 150 mM KCl, 2 mM EDTA. Cells
were then sonicated three times for 10 seconds at power setting 15, with icing in between. Cell
lysates were centrifuged at 9000g for 20 minutes at 4°C in a bench top centrifuge. The
supernatant was then centrifuged at 400,000g for 15mins at 4°C in a Beckman Optima TLX
ultracentrifuge (Beckman Coulter Inc, Fullerton, CA). The microsomal pellet was resuspended
in 200 µl of 0.25 M sucrose and stored at −80°C. Protein levels were measured using the BSA
assay from Pierce (Thermo Fisher Scientific, Waltham, MA). 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.

Reverse transcriptase-real time 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. When available, published primer pairs were utilized.
Primers for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were designed using the
Primer Select software program (DNASTAR, Inc., Madison, WI). Real time RT-PCR analysis
was carried out on an 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 25µl using Sybr green master mix reagent (Applied Biosystems), 2 µl
of cDNA for template with 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 housekeeping gene GAPDH were monitored in parallel in
order to normalize the total amount of cDNA in each sample. Livak and Schmittgen [40]
described the Ct method that was used to calculate the amount of target P450 in a treated sample
normalized to GAPDH and relative to the control P450 samples. Results are expressed as
relative levels of P450 mRNA with expression in control samples arbitrarily defined as one.

SDS-PAGE and Western blotting
SDS-PAGE and Western blotting were carried out as described by Cheng et al. [41] with
modifications. Equal amounts of sample (10–25 µg of protein) were loaded into each lane of
a 5–15% gradient polyacrylamide gel (Criterion Tris-HCl gel, BioRad, Hercules, CA) for
analysis. Blots were blocked by incubating in PBS containing 0.05% Tween-20 (PBS-Tween)
and milk for approximately 1 hour and then incubated overnight at 4 °C with the respective
primary antibodies. Antibodies for CYP2B6, 3A4 and 2E1 diluted according to manufacturers
specifications in PBS-Tween. The blots were washed 3 times for 10 min in PBS-Tween prior
to incubation with the horseradish peroxidase coupled secondary antibody (Jackson
Immunoresearch Laborites, West Grove, PA). The membrane was incubated for a further hour
at room temperature and washed again prior to development. The intensity of stained bands
was measured by densitometry using a Kodak EDAS 290 imaging station and Imaging
Software 4.0.1, (Eastman Kodak, California).

Statistical analysis
For data from a single human hepatocyte preparation, ANOVA and Tukey’s test were used for
statistical comparisons between groups. Nonparametric statistics were used to analyze data
combined from several human hepatocyte preparations, in order to account for interindividual
variability in the magnitudes of the responses. For these analyses, a Kruskal-Wallis test
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followed by Mann-Whitney U-tests with Holm-Bonferroni correction were employed.
Significance was set at p<0.05 for all tests.

Results
Optimization of experimental conditions

Preliminary experiments were conducted to optimize conditions for CYP2B6 expression. In
order to be able to consistently detect this enzyme in our hepatocyte preparations, it was
necessary to induce CYP2B6 expression in the cells. Phenytoin was selected as the CYP
inducer based on the work of LeCluyse et al [37] in which CYP2B6 displayed a 5-fold induction
and CYP3A4 and 8-fold induction in terms of enzyme activity. Early experiments (data not
shown) in which cells were stimulated with IL-1 only resulted in about a 2-fold induction in
NOx production and limited CYP2B6 protein down regulation. Therefore, based on work by
Nussler et al [42]we tested a mixture (ILmix) of IL-1 (5 ng/ml), TNFα (10 ng/ml) and IFNγ
(10 ng/ml) to simulate an inflammatory event. This combination resulted in a 10-fold induction
of NO production and robust down-regulation of CYP2B6 protein, and was therefore used for
all further experiments. NOx levels, NOS mRNA and CYP2B6 protein levels were monitored
in response to ILmix exposure in 2 individuals, HH1234 and HH1261, (data not shown).
Elevation of NO levels in media were detectable at 16–18 h, and by 24 h a 20–50 fold increase
over control was recorded. NOS mRNA levels rose as early as 6 h and were still elevated at
24 h. CYP2B6 protein was clearly down regulated by 16 h. Allowing for variability, all
subsequent human subject data was collected 24 h post-treatment when NOS and NO levels
were significantly increased and CYP2B6 levels were clearly down regulated in response to
the inflammatory stimulus.

Evaluation of NOS inhibitors
In order to study the role of NO in CYP protein regulation, it was necessary to identify NOS
inhibitors that did not by themselves affect CYP expression. Therefore, we evaluated a number
of NOS inhibitors for their effects on CYP2B6 expression (Fig. 1). Aminoguanidine (300µM),
an irreversible inhibitor of multiple NOS isoforms, and 1400W (8µM) an irreversible and
specific NOS 2 inhibitor both had clear effects on CYP2B6 RNA (Fig.1) and were not used in
further experiments for this reason. We also tested LY83583 (4µM), a guanylyl cyclase
inhibitor which has been shown to block induction of NOS2 in rat hepatocytes [11], but it did
not block NOx production in human hepatocytes (not shown) and was removed from analysis.

N-methyl-L-arginine (NMA) (300µM), a competitive inhibitor of NOS enzymes, did not affect
CYP2B6 mRNA expression in the presence or absence of ILmix (Fig. 1), and was therefore
selected for further study. We also examined the effects of NIL (300 µM), a more selective
inhibitor of NOS2. Both NMA and NIL effectively inhibited NO production, although the
extent of inhibition varied somewhat among individuals (Fig. 2). Neither NMA nor NIL
themselves affected CYP2B6 RNA or protein levels (Fig. 3, Fig. 4, Fig. 5).

Due to the limited supply of human hepatocytes, not all treatments or analyses could be
performed in every human hepatocyte preparation. CYP mRNA and protein expression were
assessed together in six hepatocyte preparations (HH 1274, 1280, 1281, 1286 and 1318). Only
mRNA expression was measured in HH1261, and only protein levels were measured in HH
1293 and 1307. In the ensuing Figures, data are presented for a single representative hepatocyte
preparation (HH1318) in which all of the treatments were performed (panels A and B), together
with the averaged data for all of the hepatocyte preparations tested for each condition or
parameter (panels C).
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Regulation of CYP expression by the NO donor NOC 18
Treatment with the NO donor caused a clear down-regulation of CYP2B6 protein to 43% of
control in HH1318 (Fig. 3A, B), and a similar decrease (31% of control) in the data for the
averaged preparations (Fig. 3C, n=6). However, NOC treatment did not affect CYP2B6 mRNA
in HH1318, and had only a small effect on the mRNA (71% of control) in the averaged data
(Fig. 3C, n=5).

In sharp contrast to CYP2B6, exposure of the cells to NOC-18 had no effect on CYP3A4
protein levels (n=7), but down-regulated CYP3A4 mRNA to 48% and 51% of control in
HH1318 and the combined data (n=5), respectively (Fig. 4). Similarly to CYP3A4, NOC-18
down-regulated CYP2E1 mRNA to 40% of control in HH1318 (Fig. 5B), and to 55% of control
in the panel of hepatocytes tested (Fig 5C, n=5). NOC-18 treatment had no significant effect
on CYP2E1 protein levels (Fig 5C, n=5).

Effect of NOS inhibition on NOx production and regulation of CYP mRNAs by cytokines
The cytokine mixture, ILmix, caused a profound down-regulation of the mRNAs for CYPs
2B6, 3A4 and 2E1 in both HH1318 and in the data from the combined experiments (Fig. 3,
Fig. 4 and Fig. 5; n = 6). This was accompanied by a robust functional induction of NOS2 as
indicated by elevated NOx levels in the media (Fig. 2). CYP3A4 mRNA expression was
essentially ablated, whereas CYP2B6 and 2E1 mRNAs were suppressed to 10% and 30% of
control, respectively. The NOS inhibitors NMA and NIL each inhibited NOx production in
response to ILmix stimulation, although NIL was slightly more effective than NMA (Fig. 2).
NMA (n=6) did not affect the mRNA expression of CYPs 2B6, 3A4 or 2E1 in the presence or
absence of ILmix stimulation (Fig. 3, Fig. 4, Fig. 5). However, NIL also had no significant
effect on CYP mRNA suppression in HH1318 (Fig. 3, Fig. 4, Fig. 5), but because CYP mRNAs
could only be measured in two of the preparations that were treated with NIL, no statistical
comparisons were made in the combined data concerning these groups.

Effect of NOS inhibition on regulation of CYP proteins by cytokines
Of the three CYPs tested, CYP2B6 protein was the most sensitive to down-regulation by ILmix,
being suppressed to 19% of control levels (Fig. 3C, n=7). CYP3A4 protein was significantly
down-regulated to 51% of control (Fig. 4C, n=7), whereas CYP2E1 protein levels were not
significantly affected (Fig 5C, n=5).

Neither NMA (n=5) or NIL (n=4) affected the expression of CYP2B6 protein in the absence
of ILmix (Fig. 3). NIL blocked the down-regulation of CYP2B6 protein by ILmix, because
CYP2B6 levels in hepatocytes treated with ILmix plus NIL were significantly higher than in
hepatocytes that received ILmix alone, and not significantly different from hepatocytes treated
with NIL alone (Fig. 3B,C, n=4). NMA tended to have the same effect (19% of control in cells
stimulated with ILmix, compared to 42% of control in cells treated with ILmix and NMA),
although this effect narrowly failed to achieve statistical significance (p=0.056, Fig. 3C, n=5).

In HH1318, NIL, but not NMA, attenuated the down-regulation of CYP3A4 protein by ILmix.
However, this observation was not reproduced in the combined data from multiple preparations
(Fig. 4C, n=4–5). CYP2E1 protein was unaffected by any of the treatments examined in the
combined data (Fig. 5, n=3–5), although a significant increase in CYP2E1 protein was noted
in HH1318 exposed to ILmix (Fig 5B).

To address the possibility that modification of CYP2B6 by NO blocks the reactivity of the
protein with the CYP2B6 antibody, we treated insect cell microsomes expressing CYP2B6 or
pooled human liver microsomes, (Gentest, Woburn, MA) with 500 µM NOC-18, 150 µM S-
nitrosoglutathione (a nitrosylating agent) or 300 µM peroxynitrite for 1 h, then analyzed the
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reactivity of the CYP2B6 with the antibody by Western blotting. None of the treatments
affected the CYP2B6 band intensity (data not shown), indicating that any CYP2B6
modification by these agents did not affect its reactivity with the antibody. This is consistent
with the fact that the immunogenic peptide for these antibodies, residues 247–266, contains
no Tyr or Cys residues that are the main amino acid targets of reactive nitrogen species.

Discussion
Two lines of evidence from this work argue for a significant role of NO in the down-regulation
of CYP2B6 protein by pro-inflammatory mediators. Firstly, blockade of NO production with
NOS inhibitors attenuated the down-regulation of CYP2B6 protein by an inflammatory
stimulus. Secondly, an NO donor mimicked the down-regulation of CYP2B6 protein by
inflammation. This NO-dependent down-regulation of CYP2B6 is achieved by a post-
transcriptional mechanism, because neither NOS inhibitors failed to block the decline in
CYP2B6 mRNA expression due to ILmix, and the NO donor affected CYP2B6 mRNA
expression to a much lesser degree. This regulatory mechanism is unique to CYP2B6 among
the three CYPs tested in this study, and is further illustrated by the fact that CYP2B6 protein
is much more sensitive to inflammatory stimulation than is CYP3A4 or CYP2E1, despite that
CYP3A4 mRNA is more profoundly affected than is CYP2B6 mRNA.

Thus, the NO-dependent regulation of CYP2B proteins previously identified in rat hepatocytes
[11] is preserved in human hepatocytes. Interestingly, this mechanism appears to be absent in
mouse liver [24] but the reason for this species difference remains to be determined. Regardless
of the reason, our results suggest that CYP2B6-dependent drug clearance or bioactivation may
be more susceptible to impairment during disease conditions that favor hepatic NO production
(e.g. bacterial sepsis). Therapeutic agents that release nitric oxide (e.g sodium nitroprusside,
nitroglycerin) are also likely to inhibit CYP2B6-dependent metabolism via stimulation of
enzyme degradation. The consequences of this mechanism will be longer lasting than transient
inhibition due to formation of nitrosoheme complexes. Caution should always be exercised
when extrapolating from hepatocytes to humans. Our experiments were done in the presence
of the inducer phenytoin, to obtain sufficient CYP2B6 expression for measurement. Since the
induction mechanism is transcriptional, we assume that uninduced CYP2B6 protein will be
similarly affected. However, this remains to be determined.

We speculated earlier that the NO-dependent down-regulation of CYP2B proteins in rat
hepatocytes involves the modification of CYP2B amino acids by one ore more reactive nitrogen
species, and that this modification targets the protein for ubiquitin-dependent proteasomal
degradation [23]. There is precedent for such a mechanism of regulation of another hepatic
protein, iron-regulatory protein-2. Nitrosylation of specific cysteine residues on this protein
causes it to be ubiquitinated and degraded by the proteasome [43]. Recent studies in our
laboratory have demonstrated that indeed rat CYP2B1 is ubiquitinated in an NO-dependent
manner, and that the rapid disappearance of the protein is blocked by proteasome inhibitors
[44]. Studies are under way to determine whether this mechanism also pertains to CYP2B6.

Interestingly, the NO-dependent down-regulation observed with CYP2B6 does not extend to
CYP2E1 or CYP3A4, despite the fact that each of these proteins has been shown to undergo
proteasomal degradation when modified by suicide substrates [45]. No evidence was obtained
in this study for any involvement of NO in the post-transcriptional regulation of human
CYP2E1. In contrast, the NO donor NOC-18 down-regulated CYP2E1 mRNA. Zamora et al
reported that overexpression of NOS2 via an adenoviral vector or treatment with the NO donor
S-nitroso-N-acetylpennicillamine caused an induction of CYP2E1 mRNA and protein in
mouse hepatocytes [46]. The differential effects of NO observed in these two studies may
reflect a species difference. Regardless of this, the failure of NMA or NIL to block the down-
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regulation of CYP2E1 mRNA by ILmix suggests that NO does not play a prominent role in
the physiological regulation of human CYP2E1.

CYP3A4 expression was suppressed at the RNA level in cells exposed to the NO donor, which
is consistent with previous work in Caco-2 cells, a human colon carcinoma cell line, in which
NO donors inhibited the induction of CYP3A4 mRNA by 1,25-dihydroxyvitamin D3 [25,
26]. The mechanism of the effect in Caco-2 cells apparently involves the induction of c-myc,
which represses CYP3A4 transcription [26]. It would be interesting to determine if this
mechanism is involved in the suppression of CYP3A4 by NO donors in hepatocytes. However,
NO formed in the hepatocytes does not play a critical role in the profound down-regulation of
CYP3A4 that occurs in response to an inflammatory stimulus, because we found that NOS
inhibition failed to even partially reverse this effect. This conclusion is in contrast to the
findings of Donato et al [30], who reported that down-regulation of CYP1A2 and 3A4 protein
and mRNAs caused by treatment of the cells with IFNγ were reversed by NO inhibition.
However, the data provided to support this conclusion were limited, and not supported by
statistical analyses. Furthermore, the induction of NO production by IFNγ was minimal in that
study.

In conclusion, this work provides clear evidence for the existence of a physiological or
pathophysiological regulation of CYP2B6 protein by nitric oxide formed during an
inflammatory response in human hepatocytes. This effect is independent of the transcriptional
regulation of CYP2B6 mRNA, and does not exist for the human CYP enzymes CYP3A4 and
2E1. Future studies will attempt to define the mechanism by which NO production causes the
selective degradation of CYP2B6.
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Fig. 1.
Effect of inflammation and NOS inhibitors on expression of CYP2B6 mRNA in human
hepatocytes. Cells from human hepatocyte preparation HH 1261 were treated for 24 h as shown,
and then harvested for analysis of CYP2B6 mRNA expression by RT-real time PCR as
described above. All treatments were carried out in triplicate. AG, aminoguanidine. Values
represent means ± S.E.M. a, significantly different from control, p < 0.05.
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Fig. 2.
NOx concentrations in human hepatocyte cultures. Cells from human hepatocyte preparations
were treated for 24 h with NIL or NMA (300 µM) inhibitors in the presence or absence of
ILmix as shown. Media were harvested for analysis of the concentration of nitrate = nitrite
(NOx) as a measure of NO production. Values represent means ± S.E.M. for each group. a,
significantly different from control, p < 0.05. Values for HH1318 are the means of three culture
flasks. n values for the combined data are given in the text.
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Fig. 3.
Regulation of CYP2B6 protein and mRNA expression by NO donors, ILmix and NOS
inhibitors. Cells from human hepatocyte preparations were treated for 24 h with NOC-18
(NOC), or with NOS inhibitors in the presence or absence of ILmix as shown. Cells were
harvested for analysis of CYP2B6 mRNA and/or protein expression. A, Western blot of
samples from HH1318. B, Quantitative analysis of CYP2B6 protein and RNA expression in
HH1318 (n=3). C. Combined analyses of results from multiple human hepatocyte preparations.
Not all experimental conditions were analyzed in each preparation, and the n value for each
group is stated in the text. Values represent means ± S.E.M. for each group. a, significantly
different from control; b, significantly different from ILmix group; c, significantly different
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from group treated with NOS inhibitor alone, p<0.05. In panel C, no statistical comparisons
were made between mRNA levels in groups treated with NIL because the n value in these
groups was only 2.
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Fig. 4.
Regulation of CYP3A4 protein and mRNA expression by NO donors, ILmix and NOS
inhibitors. Cells from human hepatocyte preparations were treated for 24 h with NOC-18
(NOC), or with NOS inhibitors in the presence or absence of ILmix as shown. Cells were
harvested for analysis of CYP2B6 mRNA and/or protein expression. A, Western blot of
samples from HH1318. B, Quantitative analysis of CYP3A4 protein and RNA expression in
HH1318 (n=3). C. Combined analyses of results from multiple human hepatocyte preparations.
Not all experimental conditions were analyzed in each preparation, and the n value for each
group is stated in the text. Values represent means ± S.E.M. for each group. a, significantly
different from control; b, significantly different from ILmix group; c, significantly different

Aitken et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2009 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from group treated with NOS inhibitor alone, p<0.05. In panel C, no statistical comparisons
were made between mRNA levels in groups treated with NIL because the n value in these
groups was only 2.
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Fig. 5.
Regulation of CYP2E1 protein and mRNA expression by NO donors, ILmix and NOS
inhibitors. Cells from human hepatocyte preparations were treated for 24 h with NOC-18
(NOC), or with NOS inhibitors in the presence or absence of ILmix as shown. Cells were
harvested for analysis of CYP2E1 mRNA and/or protein expression. A, Western blot of
samples from HH1318. B, Quantitative analysis of CYP2E1 protein and RNA expression in
HH1318 (n=3). C. Combined analyses of results from multiple human hepatocyte preparations.
Not all experimental conditions were analyzed in each preparation, and the n value for each
group is stated in the text. Values represent means ± S.E.M. for each group. a, significantly
different from control; b, significantly different from ILmix group; c, significantly different
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from group treated with NOS inhibitor alone, p<0.05. In panel C, no statistical comparisons
were made between mRNA levels in groups treated with NIL because the n value in these
groups was only 2.
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Table 1
Donor Information

Cells Sex Age Race Cause of Death
1234 M 56 Caucasian Anoxia/Cardiac Arrest
1261 M 21 months Caucasian Cerebrovascular Disease
1274 F 55 Black Anoxia/Cardiac Arrest
1280 F 36 Caucasian Anoxia/Cardiac Arrest
1281 M 16 Caucasian Head Trauma
1286 M 50 Caucasian Intracranial Hemorrhage
1293 M 50 Black Cerebrovascular Disease
1307 F 12 Caucasian Anoxia
1318 M 15 Months Caucasian Unknown
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Table 2
RT-PCR Primer List

CYP RT-PCR Primer Annealing Temp Product Size Reference

3A4 Fwd cct tac aca tac aca ccc ttt gga agt 58 382 [47]
Rvd agc tca atg cat gta cag aat ccc cgg tta

2B6 Fwd atg ggg cac tga aaa aga ctg a 58 283 [47]
Rvd aga ggc ggg gac act gaa tga c

2E1 Fwd gac tgt ggc cga cct gtt 58 297 [48]
Rvd act acg act gtg ccc ttg g

GAPDH Fwd gga cca cca gcc cca gca aga g 58 103
Rvd gag gag ggg aga ttc agt gtg gtg
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