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Abstract

Heme oxygenase-1 (HO-1) is induced in most cell types by many forms of environmental stress
and is believed to play a protective role in cells exposed to oxidative stress. Metabolism by
cytochromes P450 (P450) is highly inefficient as the oxidation of substrate is associated with the
production of varying proportions of hydrogen peroxide and/or superoxide. This study tests the
hypothesis that heme oxygenase-1 (HO-1) plays a protective role against oxidative stress by
competing with P450 for binding to the common redox partner, the NADPH P450 reductase
(CPR) and in the process, diminishing P450 metabolism and the associated production of reactive
oxygen species (ROS). Liver microsomes were isolated from uninduced rats and rats that were
treated with cadmium and/or B-napthoflavone (BNF) to induce HO-1 and/or CYP1A2. HO-1
induction was associated with slower rates of metabolism of the CYP1A2-specific substrate, 7-
ethoxyresorufin. Furthermore, HO-1 induction also was associated with slower rates of hydrogen
peroxide and hydroxyl radical production by microsomes from rats induced for CYP1A2. The
inhibition associated with HO-1 induction was not dependent on the addition of heme to the
microsomal incubations. The effects of HO-1 induction were less dramatic in the absence of
substrate for CYP1A2, suggesting that the enzyme was more effective in inhibiting the CYP1A2-
related activity than the CPR-related production of superoxide (that dismutates to form hydrogen
peroxide).
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INTRODUCTION

Heme Oxygenase isoforms 1 and 2 (HO-1 and HO-2, respectively) are membrane-bound
enzymes that catalyze the rate-limiting step of heme catabolism by using molecular oxygen
and electrons that are supplied by NADPH cytochrome P450 reductase (CPR) to convert
heme to biliverdin, CO, and ferrous iron [1]. HO-2 is found to be selectively expressed in
tissues such as brain, liver, spleen, and testes [2] and is believed to play a role in signaling
by providing CO which functions as a second messenger, in a manner similar to that of NO
[1]. In contrast, HO-1 is constitutively expressed in liver, spleen, and bone marrow [3;4] and
is highly inducible in virtually all tissues by a variety of stimuli associated with
environmental stress such as oxidative stress [5], heat shock [6], nutrient depletion [7],
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disruption of intracellular calcium homeostasis [8], exposure to cytotoxins [9], and pro-
inflammatory stimuli [10].

The correlation between HO-1 expression and environmental stress has led to the hypothesis
that the enzyme plays a role in cytoprotection. This putative role has been demonstrated
most convincingly by studying the antioxidant effects of the enzyme. In fact, it has been
argued that oxidative stress is associated with virtually all of the environmental stimuli that
induce HO-1 [11] and as a result, the main function of HO-1 may be as a general response to
cellular oxidative stress [12]. Support for this assertion is provided by evidence of elevated
HO-1 levels in a multitude of disease states which have been related to oxidative stress
(reviewed in [13]). However, the most compelling evidence for the antioxidant effects of
HO-1 activity have come from studies that show an increased susceptibility to oxidative
injury in people having a defective HO-1 gene [14;15] and from studies demonstrating that
the over-expression of HO-1 in rat lung [16;17] and liver [18] by targeted gene therapy
afforded increased resistance to HoO.-and heme-related toxicity in the lung and liver cells
derived from these animals.

In general, the antioxidant effects of HO-1 are attributed directly to its catalytic activity [19].
First, it has been demonstrated that heme is a potent, hydrophobic pro-oxidant [20]. Among
other effects, it has the capacity to intercalate in membranes and mediate the peroxidation of
membrane phospholipids [21]. Thus, the metabolism by HO-1 primarily serves as a
mechanism by which the cell scavenges free heme and prevents its build-up to toxic levels.
In addition, the pigments derived from HO-1-mediated metabolism of heme, biliverdin and
bilirubin (which is formed from biliverdin by biliverdin reductase) have been shown to have
antioxidant properties [22;23] Finally, CO, in its role as a secondary messenger, has been
shown to protect hepatic microcirculation under oxidative stress [11].

The cytochromes P450 (P450) represent a gene superfamily of enzymes that are involved in
the oxidative metabolism of a wide variety of xenobiotics. Similar to HO-1, the P450
enzymes use molecular oxygen and electrons provided by CPR to insert an oxygen atom
into a substrate molecule [24]. Typically, the substrates for these enzymes are highly
lipophilic, so metabolism by the P450s produce a more water-soluble product, facilitating
the disposition and clearance of ingested foreign compounds. However, in the process of
metabolizing some compounds, the P450 system can catalyze the formation of reactive
metabolites that can lead to toxicity and/or carcinogenesis [25;26]. In addition, reactive
oxygen species (ROS), such as hydrogen peroxide and superoxide, are formed as by-
products of normal substrate turnover by P450 [27].

In several studies, HO-1 expression and activity resulted in increased resistance to oxidative
injury associated with the P450-mediated metabolism of hepatotoxins. In three separate in
vivo studies, the treatment of rats with halothane [28], acetominophen [29], and carbon
tetrachloride [30] (hepatotoxins that are known to be activated to toxic intermediates by
P450 [26]) resulted in increased hepatic expression of HO-1. In those studies, it was
determined that heme released from damaged P450 was responsible for the induction of
HO-1. Furthermore, it was shown that inhibition of HO-1 activity resulted in potentiation of
P450-mediated hepatotoxicity, and in the halothane and acetaminophen studies, it was also
shown that pretreatment of animals with heme to induce HO-1 afforded protection from
subsequent treatment with the hepatotoxins. These studies corroborated the findings from a
study with liver-derived HEPG2 cells that showed oxidative injury associated with CYP2E1
metabolism was partially prevented by the induction of HO-1 [31].

These studies suggest that there is an intimate relationship between P450 activity and HO-1
expression. The basis for this relationship partly resides in the fact that HO-1 and P450 both
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share the same redox partner, CPR (Figure 1). Furthermore, in liver tissue, CPR is expressed
at much lower abundance than P450 (1/10™ to 1/20t the P450 concentration [32]). Thus,
there appears to be the potential for inhibition of each enzyme system through the
competition for binding to the limiting amount of CPR. We have recently published studies
examining the interaction of full-length HO-1 with CPR [33;34]. Those findings, in
comparison to others pertaining to the interaction of P450 with reductase [35], suggest that
the full-length HO-1 binds to CPR with greater affinity than P450 and demonstrates high
affinity interaction with CPR even in the absence of heme. Thus, HO-linduction may
diminish the interaction of CPR and P450 and, in turn have a cytoprotective effect by
limiting destructive P450-mediated metabolism during exposure to environmental stress.
Interestingly, it also has been shown that the interaction of HO-1 with various isoforms of
P450 may lead to degradation of the P450s [36;37]. Thus, in addition to preventing the
interaction of CPR and P450 by binding to the former, HO-1 also may modulate the P450
system by directly interacting with P450 to facilitate the catabolism of its heme prosthetic

group.

The goal of this study is to measure specific metabolism by CYP1A2 (cytochrome P450
1A2) and the NADPH-dependent production of hydrogen peroxide and hydroxyl radical
from rat liver microsomes with and without induction of CYP1A2 and/or HO-1. The study
will also compare the effects of HO-1 in the presence and absence of heme. It is predicted
that HO-1 expression will be associated with lower rates of CYP1A2-mediated metabolism
and NADPH-dependent ROS production even in the absence of added heme.

MATERIALS AND METHODS

Chemicals

All chemicals were from Sigma Chemical Co. (St. Louis, MO) unless specified otherwise.

Treatment of rats

For all of the treatment conditions, male Sprague Dawley rats (four animals/group) were
dosed i.p.; fasted overnight; and euthanized 24 hr later. Rats were divided into the following
experimental groups to assess the affect of HO-1 induction on CYP1A2-mediated
metabolism and NADPH-dependent ROS production: 1) HO-1-induced — dosed with 20
umol/kg cadmium chloride in saline solution; 2) CYP1A2-induced — dosed with 40 mg/kg
B-napthoflavone (BNF) as a 1 % suspension in corn oil; 3) — HO-1- and CYP1A2-induced —
dosed with both cadmium chloride and BNF; and 4) Control — dosed with vehicle only.

Preparation of liver microsomes and measurement of protein levels of P450, HO-1, and

CPR

Livers were excised immediately after rats were euthanized. Microsomes and rat liver
cytosol were prepared by differential centrifugation, and protein concentrations were
determined [38]. The microsomes from each rat were diluted to 20 mg/mL protein with 0.01
M potassium phosphate (pH 7.4) and stored at — 80°C. Total P450 levels were determined
by measuring the carbon-monoxy ferrous complex [39]. The levels of CPR, CYP1A2, and
HO-1 in the microsomes were determined by western blot densitometry using the following
primary antibodies: 1) mouse monoclonal antibody to the rat HO-1 (US Biologics,
Swampscott, MA); a rabbit, polyclonal to rat CPR (Stressgen, Victoria, BC, Canada); and a
mouse monoclonal to rat 1Al (NIH, Bethesda, MD). The CPR antibody was diluted 1:4000,
whereas, the other two were diluted 1:1000. The standards used were the purified rat CPR
[33], rat CYP1A2-expressing baculosomes purchased from BD Gentest (Franklin Lakes,
NJ), and human HO-1 [33] respectively, as standards. The secondary IgG antibodies were
linked to horse radish peroxidase and were the goat anti-mouse and mouse anti-rabbit
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antibodies the respective species (Sigma, St. Louis, MO) and were diluted 1:2000 for the
secondary incubation. The chemiluminescence was detected by incubation with SuperSignal
West Pico substrate (Thermo-Scientific, Rockford, IL).

Determination of the rate of 7-ethoxyresorufin metabolism by rat liver microsomes
induced for expression of CYP1A2

The effect of HO-1 expression on CYP1A2 activity in rat liver microsomes was determined
by measuring the metabolism of 7-ethoxyresorufin (7TERF) [38]. For these reactions, the
BNF- and BNF-/cadmium-induced microsomes were suspended at a CYP1A2 concentration
of 0.05 uM (as determined from the western blot densitometry) in 0.09 mL of buffer
containing 0.05 M Hepes (pH 7.5), 15 mM MgCl,, 5 uM 7ERF (added from a 2 mM stock
solution in methanol), and 0.1 mM EDTA. The reactions at 37°C were initiated with 10 pL
of 4 mM NADPH. The rates were determined in real time fluorescence by comparison to a
resorufin standard curve (Ex — 535 nm; Em — 585 nm) and are expressed as the average +
the standard error of 12 determinations.

Determination of the rate of heme metabolism by rat liver microsomes induced for
expression of HO-1

HO-1 activity was measured in rat liver microsomes by monitoring the formation of
bilirubin from heme as described previously [40]. Rat liver microsomes and cytosol were
suspended at final protein concentrations of 4 mg/ml and 5 mg/ml, respectively in 100 mM
potassium phosphate buffer (pH 7.4) that also contained 0.2 unit/uL catalase, 0.15 mg/ml
bovine serum albumin, and 15 uM heme. When indicated, the incubations also contained 5
wM 7ERF. The 0.09 ml samples were incubated at 37°C for 3 min before the reactions were
initiated with 10 uL of 4 mM NADPH. The rate of formation of bilirubin was monitored in
real time by absorbance at 468 nm.

Determination of the rate of NADPH-dependent hydrogen peroxide production by rat liver

microsomes

Rat liver microsomes were contaminated with catalase making the detection of hydrogen
peroxide problematic. Samples of liver microsomes from each rat were subjected to an
additional high speed centrifugation step in an attempt to remove residual catalase.
However, the microsomes obtained in this manner still catalyzed the degradation of
exogenous hydrogen peroxide. Thus, a modified method of Hildebrandt et al. [41], which
utilizes the peroxidase activity of catalase to convert hydrogen peroxide and methanol to
water and formaldehyde, was used to measure hydrogen peroxide production by rat liver
microsomes. Briefly, rat liver microsomes were suspended at a protein concentration of 2
mg/mL in 0.18 mL of buffer containing 0.05 M Hepes (pH 7.4), 15 mM MgCly,, 0.1 mM
EDTA, 400 units of bovine liver catalase, and 0.5 % methanol. All buffers and water used in
assays to measure ROS production were run over a 100 mL column of Chelex 100 (Bio Rad,
Hercules, CA) before use. Some reactions also included 15 uM heme, 200 pM phenacetin,
and/or 10 pM 7ERF, as indicated. Prior to using this procedure to measure the rates in
microsomes, control experiments were conducted with the purified enzymes to show that 0.5
% methanol had minimal effects on the metabolism of 7ERF and heme by CYP1A2 and
HO-1, respectively. After incubating for 5 min at 37°C, reactions were initiated with 20 pL
of 4 mM NADPH. After 7 min, the reactions were terminated by vortexing after the addition
of 20 pL of a saturated solution of BaSO4 and 22 pL of a solution containing both 25 %
ZnS0y4 (w/v) and 50 mM semicarbazide (pH 7.0). The samples, in 1.5 mL plastic microfuge
tubes, were then immediately placed in ice for 10 min before centrifugation at 16,000 x g for
10 min. The supernatants were then mixed in a clean microfuge tube with an equal volume
(0.1 mL each) of a solution containing 2 M ammonium acetate, 0.2 % (v/v) acetyl acetone;
and 0.3 % (v/v) acetic acid and heated at 37°C for 30 min. The amounts of formaldehyde
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formed in the reactions were determined by fluorescence [42] (excitation: 410 nm; emission:
510 nm) and comparison to a formaldehyde standard curve.

Determination of the rate of NADPH-dependent hydroxyl radical production by rat liver
microsomes

The method of Klein et al. [43] utilizing the ability of hydroxyl radical to oxidize dimethyl
sulfoxide to formaldehyde was adapted to measure the rate of hydroxyl radical formation by
rat liver microsomes. The reaction conditions were identical to those used to measure
hydrogen peroxide production except the incubations contained 0.5% dimethyl sulfoxide
and 0.5 mM sodium azide and did not contain methanol and bovine liver catalase. As
described above in the protocol to measure hydrogen peroxide, control studies were
conducted with the purified enzymes to show that 0.5% dimethyl sulfoxide and 0.5 mM
sodium azide did not affect HO-1 and CYP1A2 metabolism of heme and 7ERF,
respectively. Formaldehyde production was quantitated as described above.

RESULTS

Induction of CYP1A2 and/or HO-1 in rat liver microsomes

To test the hypothesis that HO-1 plays an anti-oxidant role, in part, by modulating the
activity of the P450 monooxygenase system, this study compared CYP1A2-mediated
metabolism and the NADPH-dependent generation of ROS by control and HO-1-induced rat
liver microsomes. Rats were treated with cadmium chloride and BNF to induce HO-1 and
CYP1A2, respectively. Thus, the effects of HO-1 on the specific metabolism by CYP1A2
could be determined.

Densitometry of western blots run with known amounts of the purified CYP1A2, HO-1, and
CPR was performed (Fig 2).

Table 1 shows the levels of total P450, CPR, CYP1A2, and HO-1 in the rat liver
microsomes after the different treatments. The table shows that HO-1 and CYP1A2 were
induced approximately 10- and 20-fold, respectively by the induction protocols; whereas,
CPR levels were not significantly changed by any of the treatments. There was an excess of
total P450 over CPR by all of the treatments (although the excess was not as large as
reported previously [32]). The level of HO-1 expression was one fourth that of CPR in
control animals; however, after induction of HO-1 with cadmium chloride HO-1, expression
was roughly four times that of CPR and comparable to the total P450.

Although CYP1A2 was induced dramatically by BNF treatment, the enzyme still constituted
a small percentage (<10 %) of the total P450. Because of the small proportion of CYP1A2 in
the microsomes from BNF-treated animals, CPR was in excess of both HO-1 and CYP1A2,
whereas in BNF/cadmium-treated microsomes, levels of HO-1 were 3-fold greater than the
sum of the levels of CPR and CYP1AZ2. Thus, the induction of HO-1 was ideal to test the
hypothesis that HO-1 could influence specific metabolism by CYP1A2 through a
mechanism involving either the competition with the P450 for the limiting CPR or by
directly binding to CYP1AZ2 to influence its interaction with CPR.

Metabolism of 7ERF by BNF microsomes

To measure the effect of HO-1 induction on the productive metabolism by CYP1A2, the
microsomes from the BNF-treated rats (+ cadmium) were assayed for 7-ethoxyresorufin
(TERF) O-dealkylation activity. This reaction has been shown to be specific for CYP1A2
[44]. Figure 3 shows that the specific activity of the microsomes from the BNF/cadmium-
treated rats was significantly lower than that from the BNF-treated rats (P < 0.0001). These
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data are consistent with our hypothesis that HO-1 inhibited the activity of CYP1AZ2 in liver
microsomes even in the absence of heme. The presence of heme in the microsomal 7ERF
reactions did not significantly affect the results. Such results are consistent with our previous
findings showing that HO-1 binds tightly to CPR even in the absence of heme [33;45].

Effect of cadmium chloride on CYP1A2-mediated metabolism of 7ERF

Cadmium has been shown to be a toxic heavy metal which binds avidly to thiol groups of
intracellular proteins [46]. It seemed possible that the lower CYP1A2-mediated activity
associated with cadmium treatment (Fig 3) was attributable to cadmium-related inhibition of
the P450. It has been shown that 10 uM cadmium chloride can induce HO-1 in hepatocytes
[47]. The intracellular Cd concentration in liver cytosol following dosing conditions very
similar to those used in this study (250 g rats dosed i.p. with 17umol/kg cadmium chloride)
was estimated to be approximately 65 uM [48]. Because most of the cadmium contained in
liver cells is bound to metallothionein in the cytosol [46], we tested the effects of 10 uM and
50 uM cadmium chloride on the CYP1A2-mediated metabolism of 7ERF in the BNF-treated
microsomes. Our results show that the inhibition resulting from both cadmium
concentrations was not statistically significant (Fig 4) in stark contrast to the relative levels
of CYP1AZ2 activities in the BNF- and BNF/cadmium-treated microsomes (Fig 3). Thus, it
seems likely that the inhibition in CYP1A2 activity associated with cadmium treatment is
attributable to the induction of HO-1 and not to a direct effect of the heavy metal on the
P450.

Metabolism of heme by cadmium microsomes in the presence and absence of 7TERF

The HO-mediated catabolism of heme by microsomes from cadmium-treated rats was also
measured (Fig 5). The total rates of heme metabolism by HO-1 are much slower than the
rates of CYP1A2-mediated 7ERF metabolism but are within a credible range for those
expected from studies with the full-length HO-1 at subsaturating CPR concentrations [45].
Interestingly, there was a slight, but significant (P < 0.05) increase in the activity of HO-1
upon induction of CYP1A2 by BNF treatment that cannot be attributed to differences in
either the levels of HO-1 induction or the CPR:HO-1 ratios. Inclusion of the CYP1A2-
specific substrate, 7ERF, had no significant effect on the rate of HO-1 metabolism by BNF
microsomes indicating that the putative competition of HO-1 and CYP1A2 for binding to
CPR was not influenced by P450 substrate.

NADPH-dependent production of hydrogen peroxide by microsomes

The rate of uncoupled metabolism by total P450 in the rat liver microsomes was determined
by measuring the rate of the NADPH-dependent production of hydrogen peroxide [41]. This
allows for the determination of the two main products of uncoupled metabolism by P450,

hydrogen peroxide and superoxide (that also forms hydrogen peroxide by dismutation [49]).

In the absence of substrate for CYP1A2 and HO-1, the means of the rates of hydrogen
peroxide production by the microsomes from the control and BNF-treated (CYP1A2-
induced) animals were higher than those by the respective cadmium-treated (HO-1-induced)
rats (Fig 6A). However, the differences were only statistically significant in the case of the
BNF- and BNF/cadmium-treated microsomes (P < 0.01). Interestingly, heme had a slight
inhibitory effect on hydrogen peroxide production by the control and CYP1A2-induced
(BNF-treated) microsomes but almost no effect on hydrogen peroxide generation by the
HO-1-induced microsomes. Because of these effects, the inhibition associated with HO-1
induction was not as dramatic in the presence of heme.

The effect of HO-1 on uncoupled metabolism associated with CYP1A2 substrate turnover
initially was assessed by the addition of 7ERF to the incubations with BNF- and BNF/
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cadmium-treated microsomes (Fig 6B). Hydrogen peroxide production by the CYP1A2-
induced microsomes was stimulated approximately 2-fold in the presence of 7ERF (compare
rates by BNF and cadmium/BNF microsomes in panels 3A and 3B). The rate by the BNF/
cadmium microsomes was significantly lower (P < 0.001) than that by BNF microsomes. As
observed in the absence of 7ERF, the addition of heme attenuated the production of
hydrogen peroxide by the BNF microsomes but not by the BNF/cadmium microsomes.

Although 7ERF has been shown to be a CYP1A2-specific substrate in rats (47), it is
problematic to use this substrate to study the ROS formed as a by-product of P450-mediated
metabolism because it is also involved in a CPR-catalyzed redox cycle [50]. In this cycle,
the CPR directly reduces 7ERF and the reduced compound is oxidized by molecular oxygen
or superoxide. Because superoxide dismutates to form hydrogen peroxide and oxygen, this
cycle can contribute significantly to the hydrogen peroxide formed by microsomes in the
presence of NADPH. To test the possible contribution of the 7ERF-CPR redox cycle to the
production of hydrogen peroxide by the P450, we prepared a reconstituted system
containing lipid, purified CPR, 7TERF, and NADPH. Under these conditions, it was found
that hydrogen peroxide was formed at a rate that exceeded 150 nmol/min/nmol CPR (data
not shown).

Because of the multiple possible sources of ROS production from the metabolism of 7ERF,
we also analyzed microsomal ROS generation in the presence of another CYP1A2-specific
substrate, phenacetin (Fig 6C). Unlike the results with 7ERF, we did not observe any ROS
production by a reconstituted system of purified CPR and lipid in the presence of phenacetin
(data not shown). In conjunction, the addition of phenacetin was not associated with an
increase in H,O, production by the control microsomes.

Similar to the results without substrate and with 7ERF, the induction of HO-1 was
associated with slightly lower hydrogen peroxide production in the presence of phenacetin.
However, the addition of heme to the phenacetin-containing incubations with BNF-treated
microsomes resulted in a significant increase (P < 0.05) and not a decrease, as observed
without substrate and with 7ERF, in the production of hydrogen peroxide. As a result, the
decrease in H,O, production associated with HO-1 induction was significant (P < 0.05) for
the BNF-treated but not for the control microsomes.

NADPH-dependent production of hydroxyl radical by microsomes

The presence of heme in microsomal incubations was associated with lower rates of
hydrogen peroxide generation under all of the conditions except one (with the CYP1A2
substrate, phenacetin). This was surprising given the evidence that heme has been shown to
be a potent pro-oxidant [20]. One possible explanation for the findings was that heme may
have contributed to the production of hydroxy! radicals in the presence of hydrogen peroxide
and/or superoxide [21;51;52]. To test this possibility, the rate of production of hydroxyl
radicals by the rat liver microsomes was measured from the hydroxyl radical-mediated
oxidation of dimethyl sulfoxide to formaldehyde [53].

Figure 7 shows the rates at which hydroxyl radicals were formed by rat liver microsomes in
the presence and absence of substrates for CYP1A2 and/or HO-1. Hydroxyl radical
formation was detected under all conditions in the absence of P450 substrate (Fig 7A).
Furthermore, the induction of HO-1 by cadmium-treatment was associated with significantly
lower rates of hydroxyl radical production (P < 0.05) by both control and BNF microsomes
in the absence of substrate. In contrast to its general effects on H,O, generation, heme
stimulated the rate of hydroxyl radical production greater than 2-fold by both sets of
microsomes. In the presence of heme, the induction of HO-1 was associated with
significantly lower rates of hydroxyl radical generation by BNF-microsomes (P < 0.05).
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The effect of the CYP1A2-specific substrate, phenacetin, on hydroxyl radical generation by
the BNF microsomes is shown in Figure 7B. In contrast to its effects on hydrogen peroxide
production by the BNF microsomes, phenacetin resulted in a 2-3-fold increase in hydroxyl
radical production by both sets of microsomes (+ cadmium) (P < 0.001) suggesting that the
formation of this radical was partly attributable to CYP1A2-mediated metabolism. In the
presence of phenacetin, the rates of hydroxyl radical production by the BNF/cadmium
microsomes were significantly less than those by the BNF microsomes. The addition of
heme to the incubations with phenacetin stimulated hydroxyl radical production by the
BNF- but not by the BNF/cadmium-microsomes. These relative effects were also observed
in the measurement of hydrogen peroxide production by the BNF and BNF/cadmium
microsomes. Thus, HO-1 induction appeared to inhibit the hydroxyl radical generation that
was mediated by CYP1A2 and potentiated by heme.

DISCUSSION

Cellular ROS can be produced from a number of sources [54]. Enzymes such as xanthine
oxidase, cyclooxygenase, and NAD(P)H oxidases produce hydrogen peroxide and/or
superoxide as part of their reaction cycles. It is generally thought that most cellular ROS is
produced by the loss of electrons from oxidative phosphorylation. However, in a healthy
cell, it is estimated that only 0.1-0.2 % of reducing equivalents are lost during this
mitochondrial electron transport [55]. Studies with purified P450s have determined that the
mixed-function oxidation of substrates is highly inefficient. In a process known as the
“uncoupling of P450 metabolism”, a proportion of the reducing equivalents derived from
NADPH (typically more than 50 % [56]) is used to produce ROS and not to catalyze the
mixed-function oxidation of the substrate [27]. Both the degree of uncoupling that occurs
and the proportions of different ROS formed during P450-mediated metabolism are
dependent on both the substrate and the P450 isoform being tested [57-59]. Furthermore, the
CPR alone has been shown to be capable of directly reducing molecular oxygen to
superoxide [60]. The proportion of total cellular ROS derived from metabolic processes in
the endoplasmic reticulum has not been clearly defined. However, given the highly
inefficient nature of P450-mediated metabolism and the fact that the liver endoplasmic
reticulum contains 60 % of the heme proteins (the majority of which are P450 enzymes) and
20-30 % of flavoproteins involved in total cellular electron transport [61], it is likely that the
contribution of ROS resulting from metabolism by P450 is significant. In support of this
assumption, HEPG2 cells expressing CYP2E1 have been shown to be more susceptible to
toxicity resulting from oxidative stress [62] and inducible levels of P450-mediated oxidative
stress have been detected in intact rodents [63].

The induction of HO-1 expression has been shown to afford protection from oxidative stress
[5;11;12]. In general, the antioxidant effects of the enzyme can be attributed directly to its
ability to scavenge heme and produce antioxidants (biliverdin and indirectly bilirubin).
However, given that both HO-1 and P450 must bind to the CPR in order to be catalytically
active, HO-1 also may limit the cellular exposure to ROS by modulating the activity of the
P450 monooxygenase system. Because uncoupled P450-mediated metabolism appears to
make a significant contribution to the total cellular production of ROS, the putative ability of
HO-1 to modulate P450 metabolism could serve an important biological role in a cell
undergoing oxidative stress. This study tested the ability of HO-1 to inhibit the productive
and uncoupled metabolism mediated by CYP1AZ2 in rat liver microsomes.

Productive metabolism by CYP1A2, measured by the rate of 7ERF O-dealkylation, was
significantly lower (approximately 2-fold) in BNF-treated microsomes when HO-1 was also
induced in the microsomes. This was observed whether or not heme was added to the
incubations, supporting our findings that the HO-1 physically interacts with CPR even in the

Drug Metab Lett. Author manuscript; available in PMC 2012 January 6.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reed et al.

Page 9

absence of heme [45] and suggesting that the interaction of CYP1A2 with CPR is impeded
when HO-1 is present. Furthermore, without exception, the means of the rates of hydrogen
peroxide and hydroxyl radical production by microsomes from cadmium-treated rats were
lower than the rates catalyzed by the corresponding microsomes in which HO-1 was not
induced. These data support the overall hypothesis that HO-1 does modulate the activity by
the P450 monooxygenase system.

Studies with the purified enzymes have shown that uncoupled metabolism by CYP1A2
produces hydrogen peroxide almost exclusively [57], whereas other P450 enzymes have
been shown to produce superoxide predominantly in the uncoupled reactions [56].
Uncoupled activity by the CPR causes the direct reduction of molecular oxygen to
superoxide [60]. In the absence of substrates, reconstituted systems containing the purified
CPR, P450, and lipid do catalyze a low, steady rate of NADPH oxidase activity which could
represent ROS formed either by electrons “leaking” from CPR or by interrupted P450
turnover events after electron transfer from the CPR to P450 [59;64]. Studies have
demonstrated that P450 substrates increase the binding affinity between the P450 and CPR
[59;64;65]. Thus, in the absence of P450 substrate, it may be assumed that the CPR-
mediated direct production of superoxide may constitute a greater proportion of the total
ROS formed by the P450 monooxygenase system. However, one peculiarity of CYP1A2 is
that it apparently binds more tightly to CPR in the presence of other isoforms of P450
[35;66]. Thus, when CYP1A2 was induced by BNF, there may have been significant
reduction of the P450 by CPR even in the absence of substrate resulting in the CYP1A2-
mediated production of hydrogen peroxide at the expense of CPR-generated superoxide.

Interestingly, the induction of CYP1A2 was associated with slightly higher HO-1 activity in
microsomes from cadmium-treated rats. These differences could not be attributed to
different levels of HO-1 induction or to different CPR:HO-1 ratios. However, these data
may be explained by the propensity of CYP1AZ2 to form mixed complexes with other P450
isoforms (discussed above) as studies have shown that the other P450s are less active in
complex with CYP1A2 [35;66]. Thus, the P450s bound to CYP1A2 may have been shielded
from interacting with CPR and thus, more CPR may have been available for facilitating
HO-1 metabolism. Alternatively, BNF induction may have repressed another P450 isoform
that has very high affinity for binding to the CPR. Whatever the cause of BNF microsomes
having higher HO-1 activity than cadmium microsomes, the effect was only slight and did
not challenge the hypothesis that HO-1 expression can regulate CYP1A2-mediated
metabolism.

The inhibition in the rates of ROS production associated with HO-1 induction was more
pronounced in the BNF microsomes, consistent with HO-1 being able to impede the induced
CYP1A2 from interacting with CPR. Hydrogen peroxide production by BNF microsomes
was greatly stimulated in the presence of 7ERF because the CPR-mediated production of
superoxide (and subsequent dismutation to hydrogen peroxide) was stimulated by the 7ERF
redox cycle [50] discussed in the Results section. HO-1 induction had only a slight
inhibitory effect on hydrogen peroxide production in the presence of 7ERF, indicating that
HO-1 had little effect on the 7ERF redox cycle (and possibly the ability of CPR to reduce
molecular oxygen and form superoxide).

Although heme is known to be a potent pro-oxidant [20;21], the rates of hydrogen peroxide
production were typically lower in its presence. It was suspected that the heme participated
in Fenton and Haber-Weiss reactions in the presence of both superoxide and hydrogen
peroxide to form hydroxyl radical [51;53]. Of the two CYP1AZ2 substrates, 7TERF
metabolism would be associated with the production of both superoxide (formed from the
TERF redox cycle) and hydrogen peroxide (formed from both superoxide dismutation and
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uncoupled CYP1A2 metabolism), whereas metabolism of phenacetin would be
predominantly associated with the production of hydrogen peroxide (resulting mainly from
uncoupled metabolism by CYP1A2). The availability of both reactants needed for Fenton
and Haber-Weiss reactions would suggest that heme would be able to generate greater
amounts of hydroxyl radical when 7ERF was used as a substrate. Consistent with this
hypothesis, heme was associated with a dramatic decrease in hydrogen peroxide production
in the presence of 7ERF. Because less superoxide would be formed during the CYP1A2-
mediated metabolism of phenacetin, less reduced heme would be available to initiate the
conversion of hydrogen peroxide to hydroxyl radical. In conjunction, heme did not diminish
the rate of hydrogen peroxide production by BNF in the presence of phenacetin.

Consistent with our hypothesis that heme participated in a Haber-Weiss reaction, hydroxyl
radical was stimulated dramatically (3- to 5-fold) by the presence of heme. HO-1 induction
was associated with lower averaged rates of hydroxyl radical production under all conditions
showing HO-1 is particularly effective in inhibiting the production of this destructive form
of ROS. As observed with hydrogen peroxide generation, the decreases associated with
HO-1 induction were more dramatic in the microsomes induced for CYP1A2 expression
suggesting HO-1 was more effective in inhibiting ROS derived from CYP1A2-mediated
metabolism than that originating from uncoupled CPR activity.

This study has shown that HO-1 expression was associated with lower CYP1A2 activity and
lower NADPH-dependent ROS production by rat liver microsomes. Thus, the data are
consistent with a hypothesis in which the HO-1 can modulate CYP1A2 activity to limit
cellular exposure to ROS and deleterious, electrophilic P450 metabolites.
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Figure 1. Schematic diagram of the potential protein interactions in the endoplasmic reticulum
that influence the activities of the P450 system and HO-1

The thick, double-sided arrows represent potential protein interactions that occur in the
endoplasmic reticulum. The activities of both HO-1 and P450 are dependent on the
interaction of the enzymes with the CPR. When electrons from CPR are received by P450,
the P450 uses O, to convert substrates to products. In some cases, these products are
reactive, electrophilic metabolites. Metabolism by P450 also results in the production of
hydrogen peroxide and superoxide as side-products. When electrons are transferred to HO-1
after binding to CPR, O is used to convert heme to ferrous iron, CO, and biliverdin.
However, previous data suggest that HO-1 and CPR bind with high affinity even when the
HO-1 is not bound to heme [45]. The P450 is in abundance relative to CPR in the
endoplasmic reticulum (10- to 20-fold excess). Thus, metabolism by P450 may be
significantly diminished by the induction of HO-1 and subsequent interaction of HO-1 and
CPR. In this capacity, HO-1 would provide protection from oxidative stress by attenuating
the production of ROS by P450. A putative interaction (?) between HO-1 and P450 as
suggested by other studies [36;37] also is shown in the figure. It has been suggested that
heme from the P450 may be scavenged by HO-1, leading to inactivation of the P450 [36].
Because heme is a pro-oxidant, HO-1 also would protect against oxidative stress through
this putative interaction by catalyzing the degradation of the heme and halting the
production of ROS by P450.
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Figure 2. Representative western blots of CYP1A2 (A), HO-1 (B), and CPR (C) standards and
rat liver microsomal samples

(Panel A) Western blot for CYP1A2 derived by running 2 uL of the microsomal samples
from rats treated with BNF in lanes 1-4 and four concentrations of purified CYP1A2
standard protein (1, 2, 5, and 10 pmol) in lanes 5-8, respectively. (Panel B) Western blot for
HO-1 derived by running 5 pL of microsomes from rats not treated with cadmium (lanes 1
and 3 used control microsomes; lanes 5 and 7 used microsomes from BNF-treated rats) and
2 uL of cadmium-induced microsomes (lane 2 used microsomes from rats treated only with
cadmium; lanes 4 and 6 used microsomes from rats treated with both cadmium and BNF).
Lanes 8, 9, and 10, contained 5.0, 2.5, and 1.0 pmol of HO-1 standard, respectively. The
concentration of the HO-1 stadard was adjusted by densitometry for the proportion of
degraded, shortened form of HO-1 present. (Panel C) Western blot for CPR derived by
running 1.5 pL of microsomal samples from uninduced (lanes 1 and 2), cadmium-treated
(lanes 3 and 4), BNF-treated (lane 5), and BNF-/cadmium-treated (lane 6). Lanes 7, 8, and 9
contained 2.0, 1.0, and 0.5 pmol, respectively of CPR standard. The western blots were
performed as described in materials and Methods.
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Figure 3. Rate of 7ERF metabolism by liver microsomes from rats treated with BNF and BNF/
cadmium

The rate of O-dealkylation of 7ERF by rat liver microsomes was determined as described in
Materials and Methods. The data represent the average + the standard error of 24
determinations (microsomes from 4 rats x 6 replicates).
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Figure 4. Effect of cadmium chloride on 7ERF metabolism by liver microsomes from rats
treated with BNF

The rate of O-dealkylation of 7ERF by rat liver microsomes was determined as described in
Materials and Methods except that the assay buffer was 100 mM potassium phosphate (pH
7.4). The CYP1AZ2 concentrations in the liver microsomes from the four rats treated with
BNF were determined by western blot densitometry (described in Materials and Methods).
The liver microsomes were then pooled so that equal CYP1A2 concentrations were added
from each batch of liver microsomes, and the reactions were performed using 0.05 pM
CYP1AZ2 in incubations with the indicated concentrations of cadmium chloride. The data
represent the average + the standard error of 3 determinations for each concentration of
cadmium chloride.
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Figure 5. Rates of heme metabolism by liver microsomes induced for HO-1 induction in the
presence and absence of 7TERF
The rates of HO-1-mediated heme metabolism by cadmium and BNF/cadmium microsomes

was measured as described in Materials and Methods. The data represent the averages + the
standard errors of at least 12 determinations for each bar. “N.D.” indicates that the rate of
heme metabolism by cadmium microsomes was not determined in the presence of 7ERF.
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Figure 6. Effects of HO-1 and/or CYP1A2 induction on the production of hydrogen peroxide by
rat liver microsomes in the presence and absence of P450 substrate

The rates of hydrogen peroxide production were determined as described in Materials and
Methods. Panel A shows the rates in the absence of P450 substrate. Panels B and C show the
rates in the presence of 10 uM 7ERF and 200 uM phenacetin, respectively. The data
represent the average + the standard error of 24 determinations (microsomes from 4 rats x 6

replicates).
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Figure 7. Effects of HO-1 and/or CYP1A2 induction on the production of hydroxyl radical by rat
liver microsomes in the presence and absence of substrate

The rates of hydroxyl radical production were determined as described in Materials and
Methods. Panel A shows the results in the absence of P450 substrate, and panel B shows the
results in the presence of 200 uM phenacetin. The data represent the average + the standard
error of 24 determinations (microsomes from 4 rats x 6 replicates).
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Table 1

Expresssion levels (uM = standard error) of HO-1, CPR, and CYP1A1/1A2 levels in rat liver microsomes?.

Treatment Group HO-1 CPR CYP1A1/1A2 | Total P450
Control 0.817+0.2 | 36+0.3 0.05+0.01 16.8 £ 0.95
Cadmium 9g+3™ | 32205 | 003£001 13615

BNF 09+03 [ 30206 | g73+015" | 17284052
BNF/Cadmium 80+10° | 18205 | 105+032* | 13.98£0.93

a . . I . . .
Rats were treated and liver microsomes were prepared as described in Materials and Methods. The concentrations of HO-1, CPR, and CYP1A2 in
rat liver microsomes were determined by western blot densitometry, whereas the concentration of total P450 was determined from the ferrous CO

complex.

* and **

indicate the expression levels are significantly different, as indicated by a Dunnett’s test, from control (P < 0.05 and P < 0.01,

respectively).
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