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Combustion processes generate particulate matter that affects human health. When incineration
fuels include components that are highly enriched in aromatic hydrocarbons (especially
halogenated varieties) and redox-active metals, ultrafine particulate matter containing air-stable,
environmentally persistent free radicals (EPFRs) are generated. The exposure to fine EPFRs (less
than 2.5 μm in diameter) has been shown to negatively influence pulmonary and cardiovascular
functions in living organisms. The goal of this study was to determine if these EPFRs have a direct
affect on cytochrome P450 function. This was accomplished by direct addition of the EPFRs to rat
liver microsomal preparations and measurement of several P450 activities using form-selective
substrates. The EPFRs used in this study were formed by heating vapors from an organic
compound (either monochlorophenol (MCP230) or 1,2- dichlorobenzene (DCB230)) and 5%
copper oxide supported on silica (approximately 0.2 μm in diameter) to 230°C under vacuum.
Both types of EPFRs (but not silica, physisorbed silica, or silica impregnated with copper oxide)
dramatically inhibited the activities of CYP1A, CYP2B, CYP2E1, CYP2D2 and CYP3A when
incubated at concentrations less than 0.1 mg/ml with microsomes and NADPH. Interestingly, at
the same concentrations, the EPFRs did not inhibit HO-1 activity or the reduction of cytochrome c
by NADPH-cytochrome P450 reductase. CYP2D2-selective metabolism by rat liver microsomes
was examined in more detail. The inhibition of CYP2D2-selective metabolism by both DCB230and MCP230-EPFRs appeared to be largely noncompetitive and was attenuated in the presence of
catalase suggesting that reactive oxygen species may be involved in the mechanism of inhibition.
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Fine (< 2.5 μm in diameter) and ultrafine (< 0.1 μM) particulate matter are environmentally
pervasive types of pollutants that arise predominantly from combustion processes (Cass et
al., 2000; Kennedy, 2007; Oberdorster et al., 2005). These types of particulate matter are
capable of deeply penetrating the lower airways and alveoli of lungs and can be taken up
into circulation from the lungs and distributed systemically (Kreyling et al., 2009; Nemmar
et al., 2001; Nemmar et al., 2002). Epidemiologic evidence suggests that exposure to fine
and ultrafine particulate matter is related to an increase in cardiac morbidity and mortality
(Brook et al., 2010; Dockery, 2001). Furthermore, exposure to these types of particulate
matter has been correlated with impaired lung development and function in children
(Gauderman et al., 2004) and exacerbation of pulmonary diseases such as chronic
obstructive pulmonary disease (Pope, III et al., 2002), asthma (Maestrelli et al., 2011), and
lower tract respiratory infections (Hwang et al., 2002).
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It is generally believed that the adverse health effects of fine and ultrafine particulate matter
are caused by an inflammatory response to particulate matter-related oxidative stress
(Cormier et al., 2006). The particulate matter derived from combustion contain a complex
mixture of particulate matter, organic compounds (including aromatics and halogenated
species), and metals. It has been demonstrated that combustion leads to chemisorption of the
organic compounds to metal oxide clusters existing on the surface of the nanoparticles
(Lomnicki et al., 2003; Lomnicki et al., 2008). In the process, an electron is transferred from
the organic to the metal oxide to create resonance-stabilized semiquinone and phenoxyl type
radicals on the surface of the nanoparticle (Lomnicki et al., 2008). Such particle-radical
systems, referred to as environmentally persistent free radicals (EPFRs), are relatively airstable (lasting for days or even weeks) and are capable of redox cycling in biological
systems. It has been shown that the EPFRs lead to the generation of superoxide, hydrogen
peroxide and the highly destructive hydroxyl radical when suspended in solution
(Khachatryan et al., 2011). Because of the stability of EPFRs, it has been postulated that
their deleterious effects are caused by prolonged oxidation/reduction activities in living
systems (Dellinger et al., 2001).
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The chemistry and reactivity of EPFR model systems composed of 5% (w/w) of CuO
supported on silica (< 0.2 μm in diameter), with chemisorbed aromatic halocarbon (either
1,2-dichlorobenzene (DCB230) or 2-monochlorophenol (MCP230)) have been studied
extensively (Balakrishna et al., 2009; Lomnicki et al., 2008). Because these EPFRs have a
defined composition, their effects on living systems can be more easily interpreted than
those of EPFRs that are derived from the complex mixture of components found in
particulate matter sampled from real-life combustion sites. The effects of these model
EPFRs in living systems has now been studied by several labs to characterize the
cardiovascular and pulmonary damage caused by EPFRs (Balakrishna et al., 2011; Lord et
al., 2011; Mahne et al., 2012).
The cytochromes P450 (P450 or CYP) constitute a gene superfamily of enzymes that are
variably expressed in tissues from virtually all plants and animals (Nelson, 2003). The
mammalian, drug-metabolizing varieties of these enzymes use molecular oxygen and
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electrons transferred from a separate redox partner, NADPH-cytochrome P450 reductase
(CPR) or both CPR and cytochrome b5, to catalyze the mixed function oxidation of both
endogenous and xenobiotic compounds (Loida et al., 1993; White et al., 1980). In addition
to making hydrophobic, exogenous compounds more hydrophilic and easier to eliminate
from the body, P450s have been shown to bioactivate many chemicals to electrophilic
products that cause cellular damage by binding to nucleic acid, membranes, and proteins
(Guengerich, 2001). Exposure to particulate matter from diesel exhaust has been shown to
modulate the expression and activities of P450 enzymes (Hatanaka et al., 2001; Rengasamy
et al., 2003). It is not clear what roles P450 activities play in modulating the adverse health
effects of particulate matter.
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In this study, we determined the effects of the model EPFRs (MCP230 and DCB230
(Lomnicki et al., 2008)) on P450 activities in rat liver microsomes. By using the tandem
approach of chemical induction to over-express specific forms of P450 and probe substrates
that have shown to be selectively metabolized by individual P450 enzymes in rat liver, we
have found that the EPFRs generally inhibited metabolism by six different forms of P450
(all of the P450 forms tested). In addition, the inhibition of one of the forms of P450,
CYP2D2-related activity was characterized in more detail. Surprisingly, EPFRs did not
inhibit the NADPH-dependent reduction of cytochrome c by CPR in rat liver microsomes or
heme degradation catalyzed by HO-1 in liver microsomes from cadmium-induced rats.
Finally, the role of reactive oxygen species generation was considered in the mechanism of
P450 inhibition by the EPFRs.

Methods
Chemicals
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The reagents used were of the highest commercial quality available. Pyrazole, βnaphthoflavone (BNF), α-naphthoflavone (ANF), cadmium chloride, methanol,
clotrimazole, orphenadrine, p-nitrophenol (PNP), chlorzoxazone, quinine, 7methoxyresorufin (MRF), 7-hydroxycoumarin, 7-benzyloxyquinoline (BQ), 7pentoxyresorufin (PRF), resorufin, phenobarbital, and sulfaphenazole were purchased from
Sigma-Aldrich (St. Louis, MO). The P450 substrates and inhibitors, 3-cyano-7ethoxycoumarin (CEC); 3-[2-(N,N-diethyl-N-methylammonium)ethyl]-7-methoxy-4methylcoumarin (AMMC), 7-hydroxyquinoline, 3-cyano-7-hydroxycoumarin (CHC), and 3[2-(diethylamino)ethyl]-7-hydroxy-4-methylcoumarin hydrochloride (AHMC) were
purchased from BD Gentest (Woburn, MA).
Treatment of rats
Male Sprague Dawley rats (five rats/group) were dosed by intraperitoneal injection. The
animals were euthanized 24 hr after the last dose. Treatment groups consisted of the
following: 1) 0.9% saline control; 2) 80 mg/kg phenobarbital (injected from an 80 mg/ml
saline solution for three successive days); 3) 200 mg/kg pyrazole (injected from a 200
mg/ml saline solution for three successive days); 4) corn oil control; 5) 40 mg/kg BNF as a
1% solution in corn oil (one day treatment); and 6) 4.57 mg/kg cadmium chloride (injected
from a 4.75 mg/ml saline solution for one day only). All animal protocols were prepared in
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accordance with the Guide for the Care and Use of Laboratory Animals and approved by the
LSUHSC Institutional Animal Care and Use Committee.
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Preparation of microsomes and western blotting
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Livers were excised immediately after the rats were euthanized. Microsomes and rat liver
cytosols were prepared by differential centrifugation and protein concentrations were
determined as described previously (Cawley et al., 2001). The microsomes from each rat
were diluted to 20 mg/ml protein in 10 mM potassium phosphate (pH 7.4) and stored at
−80°C. The microsomes from each treatment group were pooled by taking equal volumes of
microsomes from each animal before using as a source of enzymes for enzymatic assays and
western blot analysis. Electrophoresis was run with a 10% polyacrylamide gel by loading 40
μg of each pooled set of microsomes in separate lanes with the exception of the gel used to
blot for HO-1. This gel was loaded with 100 μg of microsomes from all of the treatment
groups except the cadmium chloride group, and the pooled microsomes from cadmium
chloride-treated animals were loaded at 40 μg. Electrophoresis was run at 200 V for 50 min,
and the protein was transferred to nitrocellulose membranes by running for 1 hour at 100 V.
Western blotting was performed by incubating with primary antibodies for 2 hr at room
temperature. All P450 antibodies were tested for specificity by screening their ability to
react with purified rabbit CYP1A2, CYP2B4, and CYP2E1 and with human CYP3A4. The
antibodies used only interacted with the intended form of P450 and did not cross-react with
the other P450 forms, based on our studies and those reported by the suppliers. The primary
antibodies used in this study are as follows: CYP1A2 (Abcam (Cambridge, MS) cat #:
ab4227 at 1:4000), CYP2B1 (Oxford Biomedical Research (Rochester Hills, MI) cat #:
PM25 at 1:1000), CYP2E1 (Oxford Biomedical Research cat #: PM32 at 1:1000); CYP3A1
(Oxford Biomedical Research cat #: PM40 at 1:1000), and HO-1 (US Biologics
(Swampscott, MS) cat #: H1847-69D at 1:200). After washing, the membranes were
incubated with secondary antibody conjugated to horseradish peroxidase, and the blots were
developed by chemiluminescence using SuperSignal West Pico substrate (Thermo
Scientific, Rockford, IL).
Preparation of model EPFRs
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Particles (~ 0.2 μm in diameter) containing 5% copper oxide (w/w) supported on CAB-OSIL EH-5 fumed silica (Cabot Corporation, Billerica, MA) with and without inclusion of
either 1,2-dichlorobenzene-born radical or 2-monochlorophenol-born radical were prepared
as described previously (Balakrishna et al., 2009; Lomnicki et al., 2008). Briefly, silica was
first impregnated with copper nitrate hemipentahydrate by incubation in a 0.1 M solution for
24 hours at room temperature. The impregnated silica was then dried at 120°C for 12 hours
and subsequently heated for 5 hours in air at 450°C to complete the calcination process. The
prepared particles were placed in vacuum (<10−2 torr) and heated to 230°C before being
dosed with vapors of the organic constituents at 10 torr in a custom-made vacuum exposure
chamber for 5 min. These conditions are representative to those that occur in the post-flame,
cool-down zone during the combustion process (Cormier et al., 2006). The samples were
cooled to room temperature and evacuated for 1 hr (10−2 torr). The radical contents of the
EPFRs were analyzed by electron paramagnetic resonance spectroscopy (EPR) as described
previously (Khachatryan et al., 2011), and the samples were then weighed in 15 mg portions
Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 June 01.
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and sealed in ampoules under vacuum. The concentration of radicals on particles was
expressed in spins/g, representing number of radicals per unit mass of the sample. Samples
were used for the experiments reported within two to three weeks after synthesis. Pure silica
substrate, the silica containing 5% copper oxide, and silica exposed to vapors of MCP and
DCB at 50°C (physisorbed MCP100 and DCB100, respectively) were used as controls (as
indicated in the results).
Suspension of particle
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To prepare the silica for the in vitro incubations with microsomal protein, it was
resuspended at a concentration of 2 mg/ml in a solution that contained 0.9% (w/v) sodium
chloride and 0.02% (v/v) Tween 80. The solution was adjusted to the pH range 7.0 to 7.5
with 1% sodium bicarbonate before adding to the particles. After addition of the saline/
Tween 80 solution, the samples were vortexed vigorously for 1 minute and then probesonicated, with a sonic dismembrator, model 100 (Fisher Scientific, Pittsburgh, PA) on ice
(at 10–14 watts) for four 30-second intervals with 30 seconds between each sonication
cycle. The particles (silica, silica with 5% copper oxide, physisorbed silica, or EPFRs) were
vigorously vortexed immediately before adding to the incubations with protein (final
concentrations indicated in the results). When conditions were compared, all of the
incubations contained the same volume of the saline/Tween 80 solution that was used to
suspend the particles.
Assays to measure activities that were selective for individual P450 enzymes
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With the exception of the assay to measure the CYP2E1-selective conversion of PNP to pnitrocatechol, the P450-selective assays were performed in 0.1 ml volumes in a 96-well plate
using a buffer that contained 0.05 M HEPES (pH 7.5) and 15 mM MgCl2. Each assay also
contained 0.5 mg/ml of microsomal protein from treated rats as indicated in the Results. The
PNP assay to measure CYP2E1 activity used pyrazole microsomes at 1 mg/ml and a buffer
containing 0.05 M potassium phosphate (pH 6.8) and 15 mM MgCl2. All reactions were
performed at 37°C and were started by adding NADPH at a final concentration of 0.4 mM.
All assays were performed by monitoring real-time fluorescence or absorbance changes (as
indicated) with a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA). Unless
indicated otherwise, all substrate and inhibitor stock solutions were prepared in methanol
and were diluted 100-fold when added to the assay mixtures. To increase the specificities of
the different P450 reactions, the substrates were either incubated at or below the Km
concentrations reported for the rat P450s or at concentrations which had been shown to be
selective for rat forms of P450. Similarly, selective inhibitors for the rat isoforms were
tested at concentrations reported to be effective in the literature (as indicated below). The
references cited in the following paragraphs in association with the probe substrates and
inhibitors are those that validate the specificity of these compounds for the rat forms of
P450.
The assay for rat CYP1A1 used 40 μM CEC (Stresser et al., 2002) which, because of
solubility limits, was diluted 1:50 from a 2 mM methanolic solution. The assay for CYP1A2
used 4 μM MRF (Liu et al., 2004; Nerurkar et al., 1993). In related experiments, we have
found that rabbit CYP2E1 also is able to metabolize this substrate (data not shown).
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Therefore, the CYP1A2 incubations of MRF dealkylation included 500 μM chlorzoxazone
to inhibit CYP2E1-dependent MRF metabolism. Higher concentrations of chlorzoxazone (1
mM) appeared to affect CYP1A activities as this concentration inhibited the rate of MRF
metabolism by BNF-induced microsomes by approximately 35% (data not shown). The
activities of CYP1A1 and CYP1A2 were measured in real time by monitoring fluorescence
to determine the rates of formation of CHC (Ex: 390 nm; Em: 460 nm) and resorufin (Ex:
535 nm; Em: 585 nm), respectively. The amounts of the products formed were determined
by comparison to standard curves of the compounds. Both CYP1A1 and CYP1A2 activities
were measured using microsomes from BNF-treated rats and were inhibited by using 10 μM
ANF as reported previously (Burke et al., 1977; Wiebel et al., 1971).
The assay for rat CYP2B-related activity was measured with microsomes from
phenobarbital-treated animals and used 5 μM PRF (Burke et al., 1994), and the rate of
product formation was determined by monitoring fluorescence (Ex. 535 nm; Em: 585) and
referring to a resorufin standard curve. The activity of CYP2B was inhibited using 40 μM
orphenadrine as reported previously (Reidy et al., 1989).
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The assay for rat CYP2E1 activity was measured with microsomes from pyrazole-treated
rats and used 100 μM PNP (Koop et al., 1989) and the kinetic assay of Allis and Robinson
(Allis et al., 1994). The rate of change in absorbance at 480 nm was used to determine the
rate of the reaction by using the extinction coefficient for p-nitrocatechol at this wavelength
(3.57 mM−1cm−1 (Allis et al., 1994)). One important modification of the published assay
was to omit the NADPH generating system from the reaction. Although the authors claimed
the rates were higher with the NADPH generating system, we found that the 480 nm
absorbance increased linearly with time in control reactions with the glucose-6-phosphate
regenerating system that were initiated with NADPH in the absence of microsomes or PNP.
Rat CYP2E1 activity was inhibited by 500 μM chlorzoxazone as reported previously
(Howard et al., 2001).
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AMMC has been demonstrated to be a specific probe substrate for metabolism by CYP2D2
(Makaji et al., 2010; Stresser et al., 2002). The assay for rat CYP2D2-related activity used
AMMC at 20 μM, and the rate of metabolism was determined by monitoring the rate of
change in fluorescence with time (Ex: 390 nm; EM: 460 nm) and referring to an AHMC
standard curve. The activity by rat CYP2D2 was inhibited by 1 μM quinine as reported
previously (Barham et al., 1994; Makaji et al., 2010). Because the AMMC assay is
relatively specific for CYP2D2-related activity, the kinetic constants for metabolism of this
substrate by rat liver microsomes from saline-treated rats were determined in the presence
and absence of EPFRs by measuring metabolism over the range of AMMC concentrations
indicated in the results. The Km and Vmax values were determined by fitting the data using a
nonlinear regression analysis with the Michaelis Menten equation (Prism 5.02, GraphPad,
La Jolla, CA). The inhibition by the two types of EPFRs (MCP230 & DCB230) was
characterized by analyzing double reciprocal plots of the data as indicated in the results.
The assay for rat CYP3A-related activity used 100 μM BQ (Makaji et al., 2010; Renwick et
al., 2001; Stresser et al., 2002), and the rate of metabolism was determined by monitoring
the change in fluorescence (Ex: 409; Em: 530) and referring to a 7-hydroxyquinoline
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standard curve. Because other P450 forms have been shown to metabolize this substrate in
rats (Stresser et al., 2002), the incubations also included 1 μM quinine, 40 μM orphenadrine,
and 10 μM ANF to inhibit metabolism from CYP2D, CYP2B, and CYP1A, respectively. Rat
CYP3A activity was inhibited by 0.1 μM clotrimazole as reported previously (Turan et al.,
2001).
Other assays
Rat HO-1 activity in liver microsomes from cadmium-induced rat was measured as
described previously (Reed et al., 2011) in 0.1 M HEPES buffer (pH 7.4) containing 0.5
units/μL catalase; 15 μM hemin (added from a 2.5 mM stock that was prepared by first,
using bath-sonication to dissolve hemin in a 0.1 M potassium hydroxide solution at a
concentration of 12.5 mM and then diluting to the final stock concentration with 0.1 M
HEPES (pH 7.4)); 1.0 mg/ml rat liver microsomes; and a 1:7 dilution of rat liver cytosol.
The 0.1 ml reactions were initiated with 0.01 ml of 4 mM NADPH, and the rate of heme
degradation at 37°C was determined by measuring the real-time rate of change in the
absorbance difference between 464 nm and 530 nm (ε= 0.04 mM−1 cm−1) caused by the
formation of bilirubin (Maines, 1996).
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The NADPH-dependent reduction of cytochrome c by liver microsomes from uninduced rats
was measured in a 0.1 M potassium phosphate buffer (pH 7.7) containing 0.65 mg/ml
cytochrome c and 0.25 mg/ml microsomes. The 0.1 ml reactions at 37°C were initiated with
0.01 ml of 4 mM NADPH, and the reduction of cytochrome c was monitored in real time by
measuring the absorbance at 548 nm. The rate of the reaction was determined from the
difference extinction coefficient for the reduced and oxidized forms of reduced cytochrome
c (0.021 mM−1cm−1) (Phillips et al., 1962).

Results
Characterization of P450-specific metabolism by rat liver microsomes
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Differential chemical induction of rats was used to amplify specific forms of P450s in liver
microsomes. This type of approach has been used successfully to improve the P450specificity of the metabolism of probe substrates (Burke et al., 1985){Renwick, 2001
2727/id; Wiebel, 1971 2735/id; Nerurkar, 1993 2717/id}. It has been shown that the
specificities of P450 probe substrates can be vastly improved if the P450 of interest is
induced in the microsomes (Burke et al., 1994). Figure 1 shows a comparison of five
western blots for each of the inducible enzymes in the pooled rat liver microsomes from the
treated animals that were used in this study. Figure 1 shows that the chemical treatments
dramatically increased expression of the desired enzymes. CYP2D2 is constitutively
expressed and is not known to be inducible. Thus, a western blot was not performed for this
enzyme and microsomes from saline-treated rats were used to measure metabolism of its
probe substrate, AMMC. Consistent with the specificity of AMMC for CYP2D2, 100% of
the metabolism of this substrate by liver microsomes from saline-treated rats was inhibited
by 1 μM of the CYP2D-specific inhibitor, quinine (Table 1).
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BNF was used to induce CYP1A P450 enzymes. Densitometric analysis of the western blots
indicated that CYP1A expression (Figure 1, row 1) was increased over 15-fold in rat liver,
relative to corn oil treated animals, following treatment with BNF (lane 4). As a result,
CYP1A activity was assessed by using the microsomes from BNF-treated animals, and
CYP1A1 activity was measured using CEC at a concentration of 40 μM. Metabolism under
these conditions was shown to be very selective for this form of P450 relative to that by
CYP1A2 and other forms of rat P450 (Stresser et al., 2002). Although CYP1A2 also is able
to metabolize CEC, the high rate of metabolism of this substrate by the microsomes from
BNF-induced rats (Table 2) is consistent with the high turnover rate of rat CYP1A1 for this
substrate (relative to that of CYP1A2) and supports the use of CEC as a probe substrate for
CYP1A1. Table 1 shows that 95% of the metabolism of CEC by BNF-treated microsomes
was inhibited by the CYP1A-specific inhibitor, ANF. Conversely, rat liver microsomal
metabolism of 5 μM MRF has been shown to be a specifically catalyzed by CYP1A2
relative to that by CYP1A1 (Nerurkar et al., 1993). Approximately 98% of this activity was
inhibited by the CYP1A-specific inhibitor, ANF, at a concentration of 10 μM (Table 1).
Thus, CEC and MRF metabolism by microsomes from BNF-treated animals were used as
specific probes for CYP1A1 and CYP1A2, respectively.
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CYP2B enzymes are expressed at very low levels in livers from control rats but are induced
dramatically by treatment of the animals with phenobarbital. Figure 1 shows the induction
caused by phenobarbital treatment (row 2, lane 2). The immunoreactive band corresponding
to CYP2B1 was not visible in the microsomes from rats that were not treated with
phenobarbital, and densitometric analysis of the western blot showed that the level of
protein was dramatically increased relative to the level in liver microsomes from salinetreated animals. PRF has been shown to be a very selective substrate for CYP2B enzymes in
rat (Burke et al., 1994; Nerurkar et al., 1993). Table 1 shows that 91% of the metabolism of
5 μM PRF by PB-microsomes was inhibited by the CYP2B-selective inhibitor, orphenadrine
at 40 μM.
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CYP2E1 was expressed in rat liver following all conditions of treatment. The enzyme is
induced upon treatment with many of the small molecular weight, organic compounds that
are also substrates for CYP2E1 (Koop et al., 1985; Koop et al., 1990). Treatment of rats
with pyrazole induced CYP2E1 expression approximately 5-fold relative to treatment with
saline solution (row 3, Figure 1). PNP has been used as a CYP2E1-specific substrate. In our
hands, metabolism of 100 μM PNP by liver microsomes from pyrazole-treated rats was
inhibited by 73% with 500 μM chlorzoxazone, a CYP2E1-sepcific inhibitor of rat CYP2E1.
This concentration of chlorzoxazone was roughly twice the Km of rat CYP2E1 for this
compound, when studied as a substrate (Howard et al., 2001). Thus, the level of inhibition is
approximately what would be expected if the activity was solely attributable to metabolism
by CYP2E1, and the data were supportive of using these conditions as a probe reaction to
monitor CYP2E1-mediated activity.
CYP3A enzymes are constitutively expressed in rat liver. However, induction by treatment
with phenobarbital resulted in a 5.5-fold increase in CYP3A expression relative to that in
microsomes from saline-treated rats (Figure 1, row 4). Metabolism of the substrate, BQ, at a
concentration above 25 μM, was a relatively specific assay for CYP3A activity when
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compared to its metabolism by other rat P450 forms (Renwick et al., 2001; Stresser et al.,
2002). However, it was suggested that metabolism by CYP1A, CYP2D, and CYP2B could
possibly contribute to the total BQ metabolism by rat liver microsomes (Stresser et al.,
2002). As a result, we examined the effects of specific inhibitors for these P450s on
metabolism of 40 μM BQ by liver microsomes from various treatment groups. To assess the
potential for metabolism of BQ by CYP2B enzymes, we measured the inhibition of BQ
metabolism by the CYP2B-specific inhibitor, orphenadrine. When tested at a concentration
that inhibited over 90% of the metabolism of the CYP2B-specific substrate, PRF (Table 1),
40 μM orphenadrine inhibited only 27% of total BQ metabolism by microsomes from
phenobarbital-treated rats. Similarly, 10 μM ANF inhibited less than 10% of BQ metabolism
by microsomes from BNF-treated rats. In addition, the CYP2D-specific inhibitor, quinine,
inhibited less than 15% of BQ metabolism by microsomes from saline-treated animals at a
concentration of 1 μM (a concentration which completely inhibited the metabolism of the
CYP2D2 probe, AMMC). Conversely, the CYP3A-specific inhibitor, clotrimazole, when
used at a concentration of 0.1 μM, inhibited over 85% of BQ metabolism by microsomes
from phenobarbital-treated animals and over 90% of metabolism by microsomes from
saline-treated rats. Furthermore, this concentration of clotrimazole had no significant effects
on the rates of metabolism of MRF and AMMC by rat liver microsomes and only inhibited
the microsomal-mediated rate of metabolism of PRF by 20% (data not shown). Thus, in
agreement with previous findings (Renwick et al., 2001), BQ is metabolized predominantly
by CYP3A in rat liver microsomes and was used as a substrate probe to measure activity by
CYP3A in liver microsomes from phenobarbital-treated animals. To increase the specificity
of the reaction by CYP3A in microsomes from phenobarbital-treated animals, the reactions
were performed in the presence of 10 μM ANF, 1 μM quinine, and 40 μM orphenadrine.
Effects of Particles on metabolism by rat liver P450s
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Metabolism of the selected probe substrates by rat liver microsomes was measured in the
presence and absence of 0.05 mg/ml particles. The rates of metabolism by all of the P450s
were markedly inhibited in the presence of 0.05 mg/ml EPFRs but not in the presence of
fumed silica (Table 2). Specific metabolism by CYP1A1, CYP1A2, CYP2B, and CYP2E1
were all inhibited by 85% or greater by the two types of EPFRs. Typically, slightly higher
amounts of inhibition were observed with MCP230 relative to DCB230. The one exception
to this trend was observed with the CYP2E1-mediated metabolism of PNP which was more
strongly inhibited by DCB230. The rates of the CYP2D2- and CYP3A-mediated reactions
were less inhibited by the EPFRs. DCB230 and MCP230 inhibited the CYP2D2-mediated
metabolism of AMMC by 68% and 80% and the CYP3A-mediated metabolism of BQ by
52% and 73%, respectively.
The effects of the EPFRs on P450-mediated activity were dose- and EPFR-dependent as
shown in Figure 2. This figure shows the rates of AMMC metabolism by liver microsomes
from saline-treated rats as a function of EPFR concentration. Because of slight batch to
batch variability in the potency of the EPFRs, the levels of inhibition are slightly less than
those reported in Table 2. With this in mind, it should be emphasized that the data for Table
2 and Figures 6 and 7 were collected using the same batch of EPFRs. Thus, we believe the
relative potencies of the EPFRs to inhibit different P450 activities are accurately depicted by
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the data. Figure 2 shows that the level of inhibition of metabolism of AMMC by rat liver
microsomes varied with the concentration of the EPFRs, and the activity by both EPFRs was
significantly inhibited at 0.025 mg/ml, and completely inhibited at about 0.1 mg/ml.
Inhibition of P450 activities by non-EPFR particles

NIH-PA Author Manuscript

Dose-dependent inhibition of AMMC metabolism by the copper oxide-containing silica,
which was used as a control, was not observed until the particle concentration exceeded 0.1
mg/ml, and the reaction was almost entirely inhibited when the particle concentration
reached 0.825 mg/ml (Figure 2). The effects of the other non-EPFR particles (silica, copper
oxide-containing silica, physisorbed DCB100, and physisorbed MCP100) on the P450mediated metabolism of all of the probe substrates were assessed at a particle concentration
of 0.2 mg/ml (Table 3), a concentration where we obtained complete inhibition by the
EPFRs. In general, the highest levels of inhibition were observed when the reactions were
incubated with the copper oxide-containing silica, and there were either no significant or
only moderate effects of all of the particles at this concentration. However, there were some
notable exceptions to these trends. The PRF reaction was actually activated by copper oxidecontaining silica, and there were clear differences in the effects of the two types of
physisorbed particles. The inhibition of this reaction by physisorbed MCP100 was
comparable to that of silica, whereas physisorbed DCB100 inhibited the reaction by
approximately 30%.
Another unusual effect associated with the silica and physisorbed nanoparticles, but not with
the copper oxide-containing silica, was the activation of the CYP2E1-mediated
hydroxylation of p-nitrophenol. We found that the activity by this enzyme was inhibited
approximately 39% when the saline/tween 80 was tested at 0.09% saline and 0.002% tween
(data not shown). Thus, the particles may actually be preventing the inhibition by the
detergent rather than stimulating the activity of the enzyme.
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With regard to the other reactions, both physisorbed DCB100 and MCP100 inhibited several
of the activities by significantly greater levels than those observed in the presence of silica,
indicating some specificity in the mechanism of inhibition by the physisorbed particles.
However, the inhibition by all of the non-EPFR nanoparticles at 0.2 mg/ml was small in
comparison to the levels of inhibition caused by EPFRs (compare Figure 2 with Table 3).
Furthermore, this mass concentration is four times higher than the concentration of EPFRs
that resulted in greater than 50% inhibition of all of the P450 activities. Thus, it seems
unlikely that the effects of the EPFRs can be attributed to the combined effects of copper
oxide and physisorbed, halo-aromatic compounds.
Relationship of the free radical concentration of EPFRs and inhibition of AMMC
metabolism
EFPRs, because of their stability in the environment, can cause the prolonged propagation of
destructive free radical reactions and have been shown to generate superoxide, hydrogen
peroxide, and hydroxyl radical when suspended in solution (Khachatryan et al., 2011). To
assess whether the inhibition of P450-mediated activities by EPFRs was attributable to the
presence of radical species in the particles, we examined the relationship between the level

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 June 01.

Reed et al.

Page 11

NIH-PA Author Manuscript

of P450 inhibition and the free radical concentration of the EPFRs. Figure 3 shows the dosedependent correlation between the number of radicals from different preparations of EPFRs
(MCP230 (panel A) and DCB230 (panel B)) and their abilities to inhibit the CYP2D2mediated metabolism of AMMC by rat liver microsomes. There was a good linear
correlation between the free radical content of the MCP230 and level of inhibition of P450
activity (r2 = 0.575). However, the relationship was not as compelling for DCB230 (r2 =
0.34). Another interesting finding was that the DCB230 had a greater tendency to activate
metabolism by CYP2D2 at low concentrations, relative to the effects observed with
MCP230. Nevertheless, these data indicate that radicals play an essential role in the
nanoparticle-related inhibition of P450 activity.
Effect of catalase on EPFR-related inhibition of P450-mediated activity

NIH-PA Author Manuscript

To investigate the role of reactive oxygen species in mediating the EPFR-related inhibition
of metabolism by CYP2D2, the rates of metabolism of AMMC by rat liver microsomes were
determined in the presence and absence of 2000 units/ml catalase (Figure 4). In addition,
exposure to copper oxide nanoparticles also has been associated with the generation of
reactive oxygen species both in vivo (in mussels (Gomes et al., 2011)) and in vitro (Fahmy
et al., 2009). Thus, the figure also shows the effects of catalase on the inhibition of AMMC
dealkylation by copper oxide-containing silica.
In the figure, the EPFR concentrations are listed as the concentration of radicals in exposed
media in spins/ml, and the copper oxide-containing silica was tested at 0.4 mg/ml.
Consistent with the hypothesis that MCP230 is a more potent inhibitor than DCB230, the
former caused greater inhibition of the rate of AMMC metabolism even when it was
incubated at a lower radical concentration. The figure shows that 2000 units/ml of catalase
attenuated the inhibition of P450-mediated activity by both of the EPFRs. The inhibition by
DCB230 and MCP230 were decreased from 60% and 68% in the absence of catalase to 30%
and 44% with catalase, respectively. Thus, the data are consistent with the view that EPFRmediated inhibition of AMMC metabolism is due to the free radical nature of the EPFRs.
The generation of reactive oxygen species also seems to relieve at least some of the
inhibition by the copper oxide-containing silica as the inhibition by these nanoparticles was
decreased from 30% to 20% upon addition of the catalase.
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Characterization of the EPFR-related inhibition of AMMC metabolism in rat liver
microsomes
Because the metabolism of AMMC by rat liver microsomes appears to be specifically
carried out by CYP2D2 and is characterized by Michaelis-Menten kinetics (Makaji et al.,
2010; Stresser et al., 2002), we examined this activity in more detail by measuring the
microsomal-mediated metabolism as a function of AMMC concentration. By performing a
nonlinear regression of the substrate dependence of the rate of AMMC metabolism, we
calculated a Km of CYP2D2 for AMMC of 9.1 μM and a Vmax of 2.37 nmol/min/mg (which
are very close to the kinetic estimates obtained previously (Stresser et al., 2002)). We also
measured the rate of AMMC metabolism by rat liver microsomes as a function of AMMC
concentration in the presence of various concentrations of EPFRs. The data plotted as
Lineweaver-Burk, double reciprocal plots (Figure 5) serve to characterize the mechanism by
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which the EPFRs inhibited AMMC metabolism. In the figure, the concentrations of EFPRs
are expressed relative to the free radical content (spins/ml) of the particles. Panel A shows
that the inhibition of AMMC metabolism by both MCP230 (panel A) and DCB230 (panel
B) appeared to be noncompetitive.
Effects of EPFRS on other activities catalyzed by rat liver microsomes
Metabolism mediated by cytochromes P450 requires a physical interaction between the
P450s and CPR. Because all of the P450 activities examined were similarly inhibited by the
EPFRs, it seemed possible that the mechanism of inhibition may be attributable to a specific
effect on the CPR. To test this possibility, we measured the ability of CPR in microsomes
from saline-treated rats to reduce cytochrome c (an activity which is specific for CPR when
the source of electrons is NADPH). Interestingly, Figure 6 shows that this activity was only
inhibited by about 20%, even when incubated at a concentration of 0.2 mg/ml with
microsomes which is four-fold higher than that which was found to inhibit more than 50%
of all P450 activities examined. Thus, the EPFRs did not markedly inhibit the ability of CPR
to transfer electrons to cytochrome c.
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The effect of EPFRs on the metabolism of hemin by HO-1 in microsomes from cadmium
chloride-induced rats was also determined. Similar to catalysis by P450, the activity of HO-1
is dependent on CPR to transfer electrons to the enzyme. In fact, the HO-1-mediated
reaction might be even more dependent on CPR given that its catalytic cycle requires seven
electrons, whereas the P450 cycle only needs two electrons to be completed. Figure 7 shows
that HO-1 activity was not inhibited by EPFRs at a concentration of 0.2 mg/ml.
Interestingly, the activity by HO-1 was actually activated at this concentration of DCB230.
It is important to point out, that the same preparations of EPFRs were used for all of the
comparative assays reported in the study (Table 2 and Figures 6 and 7). Thus, the EPFRs
clearly had a specific effect on P450-mediated metabolism, but did not potently inhibit
activities mediated by CPR and HO-1.

Discussion
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Other than a few exceptions discussed below, the effects of each type of particle were
relatively consistent with respect to the levels by which they inhibited the various P450
activities. More specifically, EPFRs inhibited the rate of metabolism by each of the P450s
by more than 50% at a concentration of 0.05 mg/ml – a concentration where none of the
control particles showed inhibition (Figure 2 & Table 3). In general, inhibition by the
control particles were only observed at significantly higher particle concentrations. Such
data strongly support the idea that some unique characteristic of the EPFRs is responsible
for the more potent inhibition of P450 activities, and not simply the presence of
nanoparticles in the incubation.
Previously, similar levels of inhibition of metabolism by different human P450s expressed in
Baculosomes© were also associated with coarse (≈ 10 nm in diameter) metallic
nanoparticles (Sereemaspun et al., 2008), where it was proposed that the particles inhibited
the P450-mediated metabolism by forming mixed micelles that altered the structure of the
membrane lipid bilayer and in turn, disrupted the ability of the enzymes to interact with CPR
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and function (Sereemaspun et al., 2008). Another study speculated that this particle-related
membrane disruption also could impair the interaction of hydrophobic substrates and P450s
(Frohlich et al., 2010).
Although membrane disruption may be a mechanism by which the non-EPFR particles
inhibit P450-mediated metabolism, other mechanisms are likely involved in the more potent
inhibition found in the presence of EPFRs. There are several reasons for this conclusion.
First, if membrane disruption was the mechanism common to all the particles, we would
expect similar degrees of inhibition both by EPFR and non-EPFRs. Second, a particlerelated alteration of membrane structure also would be expected to inhibit activity by HO-1;
however, the particles had no effect on this activity at concentrations of 0.2 mg/ml. Third,
inhibition of AMMC dealkylation by EPFRs was shown to be attenuated by the presence of
catalase, suggesting a role for reactive oxygen species in the mechanism of inhibition
(Figure 4). Thus, membrane disruption may partly explain the inhibition by non-EPFRs, but
probably not the more potent inhibition by EPFRs.
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Currently, the prevailing evidence suggests that most of the health effects of EFPRs are
attributed to their ability to generate reactive oxygen species (Dellinger et al., 2000;
Dellinger et al., 2001). It has been demonstrated that EPFRs in solution can react with
molecular oxygen to form superoxide and hydroxyl radicals in an acyclic process.
Superoxide can dismutate to form hydrogen peroxide. In a reaction analogous to the Fenton
reaction, radical cuprous ion can react with hydrogen peroxide to form hydroxide ion and
the highly destructive hydroxyl radical (Khachatryan et al., 2011). Catalase significantly
attenuated the level of inhibition by both types of EPFRs. Thus, it seems likely that the more
potent inhibition of P450-mediated metabolism by EPFRs is related to the generation of
reactive oxygen species.
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Catalase was only partially effective in eliminating the EPFR-related inhibiton of P450. It is
possible that higher concentrations of catalase may have resulted in more complete recovery
of the P450 activity. Alternatively, the data may be an indication that another reactive
oxygen species such as superoxide is involved in the mechanism of inhibition. It also seems
possible that the radicals contained by the EPFRs may interact directly with the P450s and
contribute to the total inhibition of activity. As shown previously (Fahmy et al., 2009;
Gomes et al., 2011), reactive oxygen species can also be formed in the presence of the
copper oxide-containing silica when the nanoparticle interacts with cellular enzymes. This
would explain both the more potent inhibition by copper oxide-containing silica (relative to
free silica and physisorbed nanoparticles) and the ability of catalase to attenuate the
inhibition by copper oxide-containing silica. Unlike EPFRs, the copper oxide-containing
silica would require some type of enzymatic reduction of the metal group by the microsomes
before reactive oxygen species could be formed. This would explain why the inhibition of
P450 by these particles was less potent than that by the EPFRs. Further evidence for an
increase in reactive oxygen species in the presence of the copper oxide-containing silica was
likely demonstrated in the effects of 0.2 mg/ml of the nanoparticle on CYP2B-mediated
metabolism of PRF (Table 3). This reaction is dependent on a redox cycle involving CPR,
PRF, and either molecular oxygen or superoxide (Dutton et al., 1989), and it was postulated
that low levels of superoxide could stimulate the rate of product formation. Thus, it seems
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possible that the stimulation of PRF metabolism in the presence of low concentrations of
copper oxide-containing silica was caused by a particle-related increase in superoxide.
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Our data indicate that the effects of the nanoparticles are complex and cannot be attributable
to one general mechanism of inhibition. Copper oxide-containing silica has effects that are
distinct from those associated with the EPFRs. Furthermore, the two types of physisorbed
nanoparticles had effects that were also distinct from those of silica. In fact, the two types of
EPFRs also were distinguished by their effects with MCP230 being more potent than
DCB230 (Table 2 and Figure 3). When metabolism by CYP2D2 was examined as a function
of AMMC concentration, inhibition by both MCP230 and DCB230 generally appeared to be
non-competitive.

NIH-PA Author Manuscript

Because reactive oxygen species are involved in the mechanism of inhibition of P450 by
EPFRs, it may be assumed that the reactive oxygen species are damaging the P450 and
causing irreversible inhibition of the enzyme activities. However, all of the enzymatic assays
in this study were conducted in real time and were linear for the entire length of the assay (>
5 min). Thus, it appears that the inhibition by EPFRs is reversible unless the EPFRs quickly
inactivated (before reactions were initiated with NADPH) only a fraction of P450 that was
proportional to the EPFR concentration. This latter possibility seems unlikely, so we believe
the inhibition by EPFRs is reversible.
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This study adds to the findings of previous research with respect to the effects of particles on
P450-mediated activities in vitro. Previously, it was shown that gold and silver nanoparticles
(≈ 10 nm in diameter) generally and consistently inhibited metabolism by human CYP1A2,
CYP2C9, CYP2C19, and CYP3A4 (Sereemaspun et al., 2008) (discussed above). In
addition, gold nanoparticles were found to inhibit more than silver nanoparticles.
Interestingly, another study using carboxyl polystyrene particles found their inhibitory
effects to be both P450-selective and size-dependent (Frohlich et al., 2010). Inhibition was
only observed with carboxyl polystyrene particles that were 60 nm in diameter or smaller.
Activities by human CYP2C9, CYP2D6, and CYP3A4 were inhibited between 20 and 45%
by this size range of particles at concentrations less than 100 μg/ml. At 200 μg/ml, more
pronounced inhibition of the activities (60–100%) was observed with the 20 nm (but not
with the 60 nm) carboxyl polystyrene particles. In contrast to our results with EPFRs,
CYP1A2-mediated metabolism was refractory to the effects of the carboxyl-polystyrene
particles at all concentrations tested (≤ 200 μg/ml). The lack of inhibition from the particle
used in the current study may be a consequence of their larger size (200 nm), where we
found little to no inhibitory effect on P450 activities.
Our study has enhanced the understanding of particle effects on P450 enzymes by
examining a variety of particle types. These findings indicate that the effects of
nanoparticles can be diverse and dependent on the particle type. Unlike previous reports, we
have assessed the role of reactive oxygen species in the inhibition of P450-mediated activity
by EFPRs. P450 inhibition by EPFRs seems to be predominantly a function of the
concentration and reactivity of the radicals bound to the particles and appears to be related to
the production of reactive oxygen species. Finally, by using rat liver microsomes as opposed
to recombinant P450 expressed in Baculosomes, we have been able to assess the effects of
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particles in a natural system that contains the proportions of P450 and CPR that are present
in vivo. Thus, we have demonstrated the effects of particles on P450 activities while
allowing for the potential influences of protein protein interactions and the limiting supply
of CPR that exist in the natural membranes (Reed et al., 2010; Reed et al., 2012a; Reed et
al., 2012b). By using this approach, we have also been able to assess the effects of particles
on another enzyme system that utilizes CPR, the HO-1. Unlike P450, activity by HO-1 was
not affected by particles even at a concentration that was 4-fold greater than that needed to
inhibit more than 50% of all P450-related activities.
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The inhalation of fine and ultrafine particles leads to their systemic distribution and
accumulation in various tissues (Kreyling et al., 2009; Nemmar et al., 2002; Oberdorster et
al., 2005). Particles as large as 240 nm have been shown to be translocated from the
interstitial lung epithelium into systemic circulation after inhalation (Kato et al., 2003).
Diesel exhaust particles, like EPFRs, are generated through a process of combustion in
which particulate matter is heated with reactive aromatic hydrocarbons. These particles have
been shown to both induce and repress expression of different types of P450s in lungs (Ma
et al., 2002){Rengasamy, 2003 1763/id; Hatanaka, 2001 1761/id}, livers (Hatanaka et al.,
2001), and kidneys (Hatanaka et al., 2001) in animals exposed to these particles by
inhalation or instillation. Because EPFRs were found to inhibit P450-mediated metabolism,
our study raises the possibility of additional the health risks associated with exposure to
nanoparticles as the individuals exposed to particles might be compromised in their ability to
metabolize drugs and other xenobiotics. Interestingly, the exposure to EPFRs could have
competing effects in cells, particularly in cases when EPFRs induce expression of P450
forms. If the EPFRs are present at sufficient concentrations when the enzymes are induced,
enzyme activities would be inhibited, and the effects of enzyme induction would not be
manifest. Thus, the end result of exposure to EPFRs, in terms of xenobiotic metabolism, will
depend on the timing of elimination of the EPFRs from the cells and the induction of P450
forms. Thus, enzyme induction alone may not have predictable consequences following
EPFR exposure, and future studies with nanoparticles should carefully investigate the
interplay of P450 expression and activities when assessing the effects of the particles.

Acknowledgments
NIH-PA Author Manuscript

Funding
This work was supported by US Public Health Service Research Grants from the National Institute of
Environmental Health Sciences [ES013648 to WLB, JRR and ES004344 to WLB].

Abbreviations
EPFRs

environmentally persistent free radicals

MCP230

EPFR generated by heating vapors of 2-monochlorophenol with copper
oxide-containing silica to 230°C under vacuum

MCP100

non-radical silica nanoparticles containing physisorbed 2monochlorophenol prepared by heating vapors of 2-monochlorophenol
with silica to 100°C under vacuum
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DCB230

EPFR generated by heating vapors of 1,2-dichlorobenzene with copper
oxide-containing silica to 230°C under vacuum

DCB100

non-radical silica nanoparticles containing physisorbed 1,2dichlorobenzene prepared by heating vapors of 1,2-dichlorobenzene with
silica to 100°C under vacuum

CYP or P450

cytochrome P450

CPR

cytochrome P450 reductase

HO-1

heme oxygenase 1

BNF

β-naphthoflavone

ANF

α-naphthoflavone

PNP

p-nitrophenol

MRF

7-methoxyresorufin

BQ

7-benzyloxyquinoline

PRF

7-pentoxyresorufin

CEC

3-cyano-7-ethoxycoumarin

AMMC

3-[2-(N,N-diethyl-N-methylammonium)ethyl]-7-methoxy-4methylcoumarin

CHC

3-cyano-7-hydroxycoumarin

AHMC

3-[2-(diethylamino)ethyl]-7-hydroxy-4-methylcoumarin hydrochloride
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•

Combustion of organic pollutants generates long-lived particulate radicals
(EPFRs).

•

EPFRs inhibit metabolism by all cytochromes P450 tested in rat liver
microsomes.

•

EPFR-mediated inhibition is related to spin content and is sensitive to catalase.

•

EPFR inhibition of CYP2D2 is noncompetitive with respect to substrate.

•

Exposure to EPFRs may impair the ability to eliminate xenobiotics.
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Figure 1.

Western blots showing levels of expression of HO-1 and different forms of P450 in liver
microsomes from rats treated with various inducing agents. Western blots were performed as
indicated in Materials and Methods. The image shows cross-sections of five western blots
for each of the inducible enzymes that were tested in this study and demonstrates that
chemical treatments successfully induced the desired enzymes. The primary antibodies
specific to the individual enzymes (described in Materials and Methods) were used as
indicated in the different rows of gel images. The samples shown in lanes one through six
were derived from rats treated with saline, phenobarbital, pyrazole, corn oil, βnaphthoflavone, and cadmium chloride, respectively. Lane 7 was blank. A molecular weight
ladder was run in lane 8, and the band in the lanes for P450 blots is the 50 kDa marker,
whereas that in the HO-1 blot is the 25 kDa marker. The molecular weight of the ladder for
each of the five western blots is indicated in lane 7.
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Rates of AMMC O-dealkylation as a function of particle concentration. Rates of AMMC Odealkylation by liver microsomes from saline-treated rats with or without the indicated
concentrations of MCP230, DCB230, and copper oxide-containing silica particles (CuO-Si)
were measured as indicated in Materials and Methods. The rates indicate the average ± the
standard error of three determinations. ** indicates that the rates were significantly different
from the corresponding groups in the absence of particles (P < 0.01). All assays contained
0.68% saline and 0.015% Tween-80. NM – not measured.
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Figure 3.

Rates of AMMC O-dealkylation as a function of the concentration of radicals (spins/ml
x10−15) associated with either MCP230 (panel A) or DCB230 (panel B). Rates of AMMC
O-dealkylation by liver microsomes from saline-treated rats were determined in the presence
or absence of EPFRs as described in Materials and Methods. The spin contents of the EPFRs
were determined by ESR as described in Materials and Methods. The data represent the
concentration-dependent effects of radicals from eight batches of MCP230 and eleven
batches of DCB230 prepared over an eight month interval. Linear regressions of the data
were performed using Prism 5.02 (GraphPad, La Jolla, CA).
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Figure 4.
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Effects of EPFRs, copper oxide-containing silica (CuO-Si), and catalase on the rates of
AMMC O-dealkylation by rat liver microsomes. Rates of AMMC O-dealkylation by liver
microsomes from saline-treated rats were determined in the presence or absence of EPFRs.
The amounts of MCP230 and DCB230 used were based on the number of spins as
determined by EPR (2.5 x 1017 and 6.2 x 1017 spins/ml, respectively). CuO-Si was used at a
concentration that could inhibit AMMC metabolism (0.4 mg/ml). Reactions also were
performed in the presence and absence of 2000 units/ml catalase as indicated. The rates
represent the averages ± the standard error of three separate determinations. **, ***, ****
indicate that the rates are significantly different from the corresponding control incubations
without catalase (p < 0.01, p < 0.001, and p < 0.0001, respectively).
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Figure 5.
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Double reciprocal plots of the rates of AMMC O-dealkylation as a function the
concentration of AMMC in the presence and absence of MCP230 (panel A) and DCB230
(panel B) at various spin concentrations. The rates of AMMC O-dealkylation by liver
microsomes from saline-treated rats were determined as a function of AMMC concentration
in the presence or absence of EPFRs (incubated at the indicated spin concentration) as
described in Materials and Methods. Each data point represents reciprocals of the average
rate of metabolism ± the standard error of three determinations. The lines were generated by
non-linear regressions of the untransformed data using the Michaelis-Menten equation and
plotted as double reciprocals.
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Figure 6.

Rates of cytochrome c reduction by liver microsomes from saline-treated rats in the presence
and absence of different types of particles. The rates of cytochrome c reduction by
microsomes from saline-treated rats were determined in the presence and absence of 0.2
mg/ml of MCP230 (12.7 x 1017 spins/ml), DCB230 (2.7 x 1017 spins/ml) and silica. All
incubations contained the same concentrations of saline and Tween 80. The rates represent
the averages ± the standard errors of three separate determinations. ** indicates results that
are significantly different from control reactions not containing particles (P < 0.01).
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Figure 7.
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Rates of heme degradation by liver microsomes from cadmium chloride-treated rats in the
presence and absence of different types of particles. The rates of heme degradation by
microsomes from cadmium chloride-treated rats were determined in the presence and
absence of 0.2 mg/ml of MCP230 (12.7 x 1017 spins/ml), DCB230 (2.7 x 1017 spins/ml) and
silica. All incubations contained the same concentrations of saline and Tween 80. The rates
represent the averages ± the standard errors of three determinations. ** indicates results that
are significantly different from control reactions not containing particles (P < 0.01).
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Microsomal-mediated metabolism of probe substrates and effects of specific chemical inhibitors of different
forms of P4501
P450 form

Substrate (μM)

Activity − Inhibitor (nmol/min/mg)

Inhibitor (μM)

Activity + Inhibitor (nmol/min/mg)

CYP1A1

CEC (40)2

18.30 ± 0.243

ANF (10)

0.87 ± 0.02

CYP1A2

MRF (5)

0.18 ± 0.004

ANF (10)

0.003 ± 0.001

CYP2B

PRF (5)

0.86 ± 0.01

Orphenadrine (40)

0.08 ± 0.001

CYP2E1

PNP (100)

2.20 ± 0.13

Chloroxazone (500)

0.61 ± 0.14

CYP2D2

AMMC (20)

0.70 ± 0.002

Quinine (1)

N.D.4

CYP3A

BQ (40)

6.63 ± 0.07

Clotrimazole (0.1)

0.98 ± 0.02

1

The conditions used to measure the rates of metabolism of probe substrates by different types of rat liver microsomes are specified in Materials
and Methods.
2

The numbers in parentheses indicate the concentrations at which the substrates and inhibitors were incubated in the enzymatic assays.

3

Rates represent the average ± the standard error of three separate determinations.

NIH-PA Author Manuscript

4

N.D. indicates not detected.
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CEC (40)

MRF (5)

PRF (5)

PNP (100)

AMMC (20)

BQ (40)

CYP1A1

CYP1A2

CYP2B

CYP2E1

CYP2D2

CYP3A

4.60 ± 0.04

0.411 ± 0.009

2.38 ± 0.19

1.91 ± 0.10

0.085 ± 0.002

9.39 ± 0.08

Control Rate3

2.21 ± 0.03** (48%)

0.13 ± 0.01** (32%)

0.11 ± 0.06** (5%)

0.29 ± 0.01** (15%)

0.009 ± 0.001** (11%)

1.94 ± 0.01** (20%)

DCB2304 (% of control)

1.25 ± 0.17** (27%)

0.08 ± 0.01** (20%)

0.35 ± 0.10** (15%)

0.11 ± 0.002** (6%)

0.007 ± 0.0002** (8%)

0.73 ± 0.02** (8%)

MCP230 (% of control)

4.46 ± 0.07

0.40 ± 0.012

2.05 ± 0.27

2.10 ± 0.01

0.087 ± 0.003

9.35 ± 0.24

Silica

The numbers in parentheses in column 2 indicate the concentrations at which the substrates were incubated in the enzymatic assays.

EPFRs (DCB230 and MCP230) and silica particles were incubated at 0.05 mg/ml in the enzymatic reactions with probe substrates.

4

Rates represent the average ± the standard error of three separate determinations and are expressed as nmol/min/mg of microsomal protein. ** indicates the results are significantly different from the
control (P < 0.01).

3

2

The conditions used to measure the effects of particles on the rates of metabolism of probe substrates by different types of rat liver microsomes are specified in Materials and Methods. The control
reactions did not contain any nanoparticles but did contain an equal volume of the saline-Tween 80 solution that was used to suspend the particles. The final concentrations of saline and Tween 80 in all
reactions were 0.023% and 0.0005%, respectively.

1

Substrate (μM)2

P450 form

Effects of EPFRs and silica on P450-specific metabolism of probe substrates in rat liver microsomes1.

NIH-PA Author Manuscript

Table 2
Reed et al.
Page 29

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 June 01.

NIH-PA Author Manuscript

NIH-PA Author Manuscript

CEC (40)

MRF (5)

PRF (5)

PNP (100)

AMMC (20)

BQ (40)

CYP1A1

CYP1A2

CYP2B

CYP2E1

CYP2D

CYP3A

78 ± 1***

70 ± 1**

84 ± 4

126 ± 1***

92 ± 3

90 ± 2*

CuO-Si2 % of control

104 ± 1

102 ± 2

136 ± 32

86 ± 0.2**

95 ± 1

93 ± 0.4

Silica % of control

95 ± 1

84 ± 3*,+

87 ± 2*,+
98 ± 1

158 ± 28

83 ± 1**

69 ± 0.4***,+++
328 ± 30**

89 ± 1**,+

97 ± 3

MCP100 Physisorbed % of control

91 ± 2*

98 ± 3

DCB100 Physisorbed % of control

0.05; +++ p < 0.001)

three separate determinations. N.D. indicates activity not detected. Significantly different from the control reactions (*, P < 0.05; **, P < 0.01; ***, P < 0.001); significantly different the silica group (+ p <

Rates are expressed as the average % rate (relative to the average rate of control incubations that contained no particles but had the same concentrations of saline and Tween 80) ± the standard error of

2

The conditions used to measure the effects of particles on the rates of metabolism of probe substrates by different types of rat liver microsomes are specified in Materials and Methods. The values shown
are the % relative rates of metabolism in the presence of 0.2 mg/ml of particles (silica with 5% copper oxide (CuO-Si), fumed silica, physisorbed MCP100, or physisorbed DCB100) and that of control
reactions that contained equivalent amounts of saline and Tween 80.

1

Substrate (μM)

P450 form

Relative rates of metabolism of probe substrates in the presence of 0.2 mg/ml of fumed silica, silica with 5% copper oxide or physisorbed MCP1001
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