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Abstract

The cytochrome P450 (CYP) enzymes are a diverse group of heme monooxygenases that, through
the course of their reaction cycle, contribute to cellular reactive oxygen species (ROS). CYP
enzymes play a crucial role in human physiology and are involved in drug and xencbiotic
metabolism as well as biosynthesis of endogenous molecules and are expressed throughout the
human body. However, during the course of the CYP catalytic cycle, ROS can be generated
through uncoupling of the enzymatic cycle. ROS is known to modify endogenous molecules,
included lipids, proteins, and nucleic acids, which can lead to cell damage and death and
contribute to disease development. ROS has been implicated in a wide range of diseases and
conditions, including cancer and ageing, but ROS also play a role in the normal physiological
functions in the cell. Here, we discuss specific examples whereby ROS generated by CYPs
contribute to or protect against various phenomena, such as hyperoxic lung injury, oxidative
hepatic toxicity, formation of DNA adducts from lipid peroxidation products. We have also
discussed the mechanistic roles of CYP enzymes belonging to various families, and their effect on
cellular ROS production, in relation to normal cellular function as well as disease
pathophysiology.
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1. Introduction

Cytochrome P450 (CYP) enzymes are a diverse group of heme monooxygenases that have

been actively studied in conjunction with their crucial roles in metabolism or
biotransformation of drugs and xenobiotics, but also in the biosynthesis of sterols, fatty
acids, eicosanoids, vitamins, etc. [1,2]. CYP enzymes play a prominent role in phase |
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metabolism of approximately three quarters of drug metabolism reactions in humans, with
only five isoforms accounting for the majority of these reactions [3]. While these enzymes
can conduct a wide range of reactions, the most common is the oxidation of a substrate (R)
and will be described in greater depth later, but the general reaction mechanism is [4]:

RH+2H"+054+2¢~ — ROH+H,0

CYP enzymes were originally identified and characterized in mammals with the initial
observation of a pigment which, upon binding carbon monoxide, would exhibit a
characteristic absorption band at 450 nm [5,6]. Omura and Sato found that the pigment was
a novel cytochrome, as it contained a heme group and that was unique from cytochrome b5
in liver microsomal preparations [7,8]. These findings were then followed by subsequent
work detailing a bacterial CYP enzyme [9]. We now know that, thanks to the increasing use
of genome sequencing, CYP enzymes are evolutionarily conserved and exist in all domains
of life, Bacteria, Archaea, and Eukarya, and potentially in viruses [10,11].

As the CYP field grew, there was a need to standardize the nomenclature of CYP enzymes to
ensure that no duplications of gene names and that newly discovered CYP were assigned to
the correct family and subfamily [12]. The P450 Nomenclature Committee determined that
CYP enzymes should be grouped into families, with members of that family have greater
than 40% amino acid similarity and are denoted by a number, i.e. CYP4 family. CYP
enzymes that share >55% homology in mammals would then be grouped into the same
subfamily denoted by a letter and number in the subfamily, e.g., CYP1Al and CYP1AZ The
completion of the human and mouse genomes identified 102 CYP sequences in mouse, with
88 pseudogenes, and 57 CYP sequences in human, with 58 pseudogenes, highlighting the
need for a set nomenclature [13]. For further information on CYP nomenclature and
sequence information on dozens of animal and plant species, Dr. David Nelson maintains a
cytochrome P450 database which may be of interest http://drnelson.uthsc.edu/
cytochromeP450.html (last accessed 10/02/17) [14].

In this review, we will describe the mechanism behind CYP-mediated generation of ROS
and its contribution to disease (Figure 1). In subsequent sections, we will briefly describe the
CYP reaction cycle and how ROS can directly be generated from unproductive reactions and
how ROS generated by CYP enzymes, as well as their modified substrates, impact human
disease.

2. Role of reactive oxygen species in biology and medicine

There are many enzymatic sources of reactive oxygen species (ROS), including CYP
enzymes, that contribute to cellular oxidation-reduction (redox) balance, which play critical
roles in normal cellular processes, including immune function and cell signaling [15,16].
Disruption of the normal redox balance results in oxidative stress and is involved in a
number of disease processes, including carcinogenesis and ageing [17]. There are many
types of ROS that are important to biology and medicine, including superoxide anion
(O27%), hydroxyl radial (OH*), hydrogen peroxide (H205), and even reactive carbonyls
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(RCO), as well as reactive nitrogen species (RNS), all of which can disrupt the redox
balance and contribute to oxidative stress (expertly reviewed here [17]).

ROS enacts biological function, and elicits cellular damage, through modifications of lipids,
nucleic acids, and proteins. Lipid peroxidation products such as F,-isoprostanes, which
result from non-enzymatic oxidation of arachidonic acid by oxygen radicals [18], are often
used as surrogate markers of oxidative stress and ROS levels, but also have their own
biological effects [19]. ROS also can modify DNA, which can create mutations and errors in
replication [20], and are known to play major roles in cancer, particularly pro-tumorigenic
signaling, pro-survival signaling, and drug resistance [21]. CYP enzymes, notably CYP2EL,
have been shown to generate ROS and lipid peroxidation and these lipid peroxidation
products may interact with DNA, creating oxidative DNA adducts [22]. Excessive ROS
levels and increases in oxidative stress can also modify proteins, in particular amino acid
cysteine, which can in turn damage proteins and/or lead to downstream signaling in toxic
pathways. In this review, we will focus on understanding how ROS generated by CYP
enzymes may contribute to disease pathologies, but it is important to highlight the growing
appreciation for ROS as a signaling molecule and the role ROS plays in normal physiology,
which is reviewed elsewhere [4,15,23-25].

3. Cytochrome P450 enzymatic cycle

As mentioned previously, CYP enzymes are versatile catalysts for a wide range of
biochemical reactions, but generally known for their role in substrate oxidation [26]. Due to
their oxidation capacity, CYP enzymes play a major role in phase | metabolism of drugs and
xenobiotics, increasing the substrate’s polarity and aiding in excretion. In this review, we
will briefly describe the general reaction mechanism, however other more thorough
biochemical and biophysical reviews on the reaction mechanism can be found here [27-29].
In addition, Mak and Denisov have recently published a detailed review of the various
spectroscopic methods used to study CYP enzymes and the CYP reaction cycle [30]. Recent
advances in CYP enzyme structure has greatly contributed to our understanding of the CYP
reaction cycle [31]. Knowledge of the reaction cycle plays a crucial role in the understanding
of how CYP enzymes can generate ROS and increase oxidative stress (Figure 1). The initial
step (1) in the reaction is the binding of the substrate (R-H) to the ferric iron (Fe3*) of the
home-thiolate group (Figure 2). The iron of the heme-thiolate group is then reduced (2),
from Fe3* to Fe2*, through the one electron reduction by NAPDH cytochrome P450
reductase (CPR). This facilitates the binding of oxygen (O,) to iron (3). CPR then reduces
the Fe2*-O, complex with the addition of a second election (4), activating the oxygen in the
complex (Fe2*-0,7). Addition of two protons (H*) cleaves the O-O bond and releases H,O
(5 & 6). The FeO3* complex then removes a proton from the substrate (R), leaving a reactive
intermediate, RFe3+.OH™ (7). The hydroxyl group is then transferred to the substrate radical
(8) and then the oxidized substrate is then released (9). While this is considered to be a
generalized CYP reaction mechanism, other reaction mechanisms have been described and
reviewed here [1]. However, one major research effort underway in CYP biology has been
unravelling the involvement of the various reactive intermediates that are formed during the
CYP reaction cycle and their effect on different types of CYP-mediated oxidation reactions
[32].
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3.1 Reaction uncoupling in the CYP reaction cycle

Early work in CYP biology revealed that CYP enzymes were directly capable of generating
superoxide and hydrogen peroxide [27]. It is now thought that two “shunts” exist within the
CYP catalytic cycle which can generate ROS without completion of the substrate oxidation
and is known as ‘reaction uncoupling’ [28]. The first possible release of ROS is superoxide
radical (Figure 1, step 3), due to the loss of reduced oxygen (O27), which then quickly
dismutates to H,O, formation [4,33]. The second possible release of ROS is after the
addition of a proton to the reduced oxygen complex leading directly to H,O5 formation and
not the release of H,O (Step 4) [4,33]. There are many factors which determine the coupling
efficiency of a given CYP reaction with the substrate and reaction environment (pH, O,
concentration) playing significant roles [33]. There is also evidence that the different CYP
isoforms have different rates of reaction uncoupling, and they can also be dependent on the
substrate [34]. Harskamp and colleagues found that CYP1B1 and CYP1D1 in Danio rerio
(zebrafish) had high rates of reaction uncoupling compared to other isoforms tested
(CYP1A1/1C1/1C2), indicating that CYP1B1/1D1 are more prone to generating ROS due to
reaction uncoupling. The differences in coupling efficiencies may be due, in part, to
structural differences in the substrate binding pocket of the various CYP isoforms [35]. The
ROS generated by CYPs through the course of their reactive cycle can then go on to modify
cellular components which in turn leads to disease.

4. Role of CYP enzymes in ROS metabolism and diseases

As seen in Figures 1 and 2, CYP enzymes can increase ROS and alter the redox balance,
creating oxidative stress, through their catalytic cycle and contribute to disease development.
However, some substrates, modified by CYP enzymes to create reactive intermediates or
products, can also contribute to disease development. We will now describe several
physiological or disease states in which CYP generated ROS or reactive products are known
to play a role.

4.1 CYP1 family in hyperoxic lung injury

Supplemental oxygen is often provided to premature infants suffering from pulmonary
insufficiency and in adults with acute respiratory distress syndrome [36,37]. Despite the
clinical utility of oxygen supplementation, excess oxygen can create a hyperoxic
environment which can induce or exacerbate existing pulmonary injury in animal models
and is thought to be due to increased ROS and oxidative stress levels [38—40]. Some groups
initially hypothesized that increases in H,O, could be due to increased CYP activity and
possible reaction uncoupling. One such study found that cimetidine, a CYP inhibitor, treated
lambs had reduced pulmonary injury, which they attributed to decreased CYP activity [41].
However, several subsequent studies, including ours, found that induction of CYP enzymes
by 3-methylcholanthrene (3-MC) and B-napthoflavone (BNF) do, in fact, protect against
hyperoxic lung injury and inhibition of CYP1 activity potentiates injury [42,43].

Our group has extensively investigated the role of the CYP1 family of enzymes in hyperoxic
lung injury (42,45-52). The CYP1 enzymes were initially implicated in hyperoxic lung
injury after Okamoto and colleagues found that CYP1A1/1A2 were selectively induced in
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the lungs and liver, respectively, of rats during hyperoxia exposure [44]. We have since
shown that induction of CYP1A by pB-napthoflavone (BNF) protect against hyperoxic lung
injury in newborn and adult mouse and in adult rat models [45-47]. We have also found that
3-MC induces CYP1A via the aryl hydrocarbon receptor (AHR), a key transcription factor
which regulates CYP1 gene expression [48]. Further, we found that adult Cyp1ai™-,
Cyplaz”-, and Ahr’~ mice all have increased pulmonary injury when exposed to hyperoxia
(>95% O5), suggesting that CYP1A enzymes protect against hyperoxia induced lung injury
[49-51]. This may be due to increased ROS, as we found increased levels of lipid
peroxidation and oxidative DNA damage in the lungs of CypIal™'~ and CypiaZ'~ mice
[50-52]. While the mechanism underlying CYP1A mediated protection against hyperoxic
lung injury is unclear, /n vitro experimental evidence suggests that CYP1A2 metabolizes the
Fo-isoprostane PGF;-a to a dinor metabolite, which may reduce pulmonary injury [51]. We
have also utilized —omics driven approaches and found that several biological pathways are
altered in Cyplal™~ and CyplaZ'~ mice during hyperoxia, including DNA repair and
protein secretion, and the effect of CYP1A on these pathways is the subject of ongoing
investigations [52]. The role of CYP1A in ROS generation and metabolism has been
reviewed in depth here [53].

We are also investigating the role of CYP1BL1 in hyperoxic lung injury. CYP1B1 is of
particular interest because it has been shown by other groups to be involved in modulating
oxidative stress, with some groups reporting that CYP1B1 may be involved in decreasing
ROS in other experimental conditions [54,55]. Our initial study found that CYP1B1 may in
fact contribute to hyperoxic toxicity. Cells overexpressing CYP1B1 showed increased
hyperoxic toxicity in an MTT assay and cells in which CYP1B1 was knocked down showed
decreased caspase 3/7 activity, a marker of apoptosis [56]. We have also found that
Cyplb1~'~ mice are less susceptible to hyperoxic lung injury, suggesting that CYP1B1,
unlike CYP1A, contributes to hyperoxic toxicity (Veith et al, unpublished data). These
findings suggest that, despite homology between CYP1A/1B, there can be different effects
on ROS production. Further, our data suggest that CYP1B1 increases ROS levels, while
other groups show CYP1B1 decreases ROS levels, highlighting the importance of cellular
environment, in addition to biochemical environment, on the effect of any given CYP in
ROS production.

4.2 CYP enzymes in ROS-mediated hepatotoxicity

One of the major functions of the CYP enzymes in human physiology is the metabolism and
detoxification of xenobiotics and drugs. However, CYP mediated metabolism of drugs can
also generate ROS, in addition to bioactivated intermediates, and increase oxidative stress,
particularly in the liver, and contribute to liver pathology [57]. While 57 human CYP genes
have been identified, five account for the majority of drug metabolism, CYP3A4, CYP2D6,
CYP2C9, CYP1A2, and CYP2C19, which primarily occurs in the liver and small intestine
where these enzymes are expressed [29]. While these CYP enzymes play a critical role in
phase | metabolism in detoxifying drugs, hepatic CYP enzymes also produce ROS which
contributes to a range of liver pathologies, including liver cancer and alcoholic liver disease.
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4.2.1 CYP2 family in metabolism of ethanol and acetaminophen—Acute and
chronic ethanol consumption is known to increase ROS levels which can contribute to liver
cirrhosis and hepatocyte cell death [58]. Ethanol is primarily metabolized by alcohol
dehydrogenase, but can also be metabolized by catalase and CYP enzymes, primarily
CYP2EL1 [58]. In addition to metabolizing ethanol, ethanol also induces CYP2EL1 [59].
Metabolism of ethanol by CYP2E1 generates ROS, through reaction uncoupling, and
increases hepatic oxidative stress, which in turn, can contribute to alcoholic liver disease
[58]. CYP2EL expression and ROS are associated with pro-carcinogenic etheno-DNA
adducts in individuals which chronic ethanol consumption [22]. As CYP2E1 metabolizes
ethanol, it generates a significant amount of ROS which results in lipid peroxidation. These
lipid peroxides interact with DNA bases and create etheno-DNA adducts, potent mutagens
that are linked to hepatocarcinogenesis [22]. In addition to CYP2EL’s role in cancer, ROS
generated by CYP2EL has also been implicated in non-alcoholic fatty liver disease
(NAFLD) [60]. CYP2EL1 has been shown to be a potent ROS source, as CYP2EL1 can
generate ROS in the absence of substrate due to reaction uncoupling, indicating that
CYP2E1 may play a role in multiple liver pathologies [61].

CYP2EL1 is also known to play a role in the metabolism of the common analgesic
acetaminophen [61]. Acetaminophen metabolism begins with the conversion of
acetaminophen to a reactive intermediate, A-acetyl-p-benzo-quinone-imine (NAPQI) via
CYP oxidation, which is readily conjugated with glutathione by glutathione S-transferase,
inactivating NAPQI [62]. Acetaminophen overdose and toxicity is caused by excessive
amounts NAPQI being generated by CYP2E1 without the detoxification by GST, due to
glutathione exhaustion, and can be rescued with administration of A-acetylcysteine [62].
CYP2EL1 is thought to play a major role in the activation of acetaminophen to NAPQI, as
Cyp2e1™'~ mice are resistant to acetaminophen toxicity [63]. While CYP2E1 is thought to
be the predominate CYP involved in NAPQI generation, other CYPs can also convert
acetaminophen to NAPQI, including CYP3A4, CYP1A2, and CYP2D6 [64].

4.2.2 CYP3 family in drug metabolism—CYP3A4 plays a prominent role in drug
metabolism and is estimated to metabolize approximately 50% of commercially available
drugs [65]. CYP3A4’s broad substrate spectrum may also explain why CYP3A4 generates
significant ROS during drug metabolism, as it has a flexible active site which may allow for
increased rates of reaction uncoupling [66,67]. Generation of ROS by CYP3A4 has been
implicated in altering protein secretion, particularly proteins involved in autocrine and
paracrine signaling, and may play a role in liver carcinogenesis [68]. While ROS is known to
contribute to carcinogenesis through increased proliferation and survival, excessive ROS can
still lead to cellular damage and cytotoxicity, even in tumor cells [69]. Interestingly, one
group harnessed CYP3A4’s propensity to generate ROS and utilized a drug which would be
metabolized by CYP3A4, methyl 3-(4-nitrophenyl) propiolate (NPP), in tumor cells,
increasing ROS levels to induce cytotoxicity [70].

4.3 CYP2 & 4 families in eicosanoid metabolism

CYP enzymes have also been shown to act as a third metabolic avenue for arachidonic acid,
in addition to cyclooxygenase (COX) and lipoxygenase (LOX) pathways [71]. These
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metabolites are collectively known as eicosanoids and play roles in inflammation as well as
respiratory and cardiovascular function and have been implicated in disease processes such
as cancer [71]. There are several groups of metabolites generated from arachidonic acid
(AA), prostaglandins (COX), leukotrienes (LOX), hydroxyeicosatetraenoic acids (HETES)
by LOX/CYP metabolic pathways, and epoxyeicosatrienoic acids (EETSs) by the CYP
metabolic pathway [71]. The CYP4A and CYP4F are known to play predominant roles in
metabolizing AA into HETEs while the CYP2C and CYP2J families metabolize AA into
EETs [71,72]. CYP metabolism of EETs and HETES are known to play roles in several
disease states, including cancer and cardiovascular disease. The role of EETs and HETES in
cardiovascular disease has been thoroughly reviewed [73]. Briefly, HETEs, specifically 20-
HETE, generated by CYP4A and CYP4F enzymes is associated with inflammation and
vasoconstriction which can lead to cardiac dysfunction while EETs generated by the CYP2C
and CYP2J families are associated with angiogenesis and vasodilation and maintain
cardiovascular health [73].

5. Conclusions and future directions

In summary, while CYPs have necessary and important biological roles in the human body,
CYPs are also involved in cellular ROS generation and metabolism and can contribute to
disease development. The biochemical properties of the heme group in CYP enzymes help
to facilitate ROS generation through reaction uncoupling. CYPs can also generate reactive
intermediates, NAPQI in CYP2E1 metabolism of acetaminophen for example, which can
contribute to toxicity and/or disease development. These reactive intermediates, similar to
ROS, can modify endogenous substrates, including lipids, proteins, and nucleic acids,
leading to oxidative stress. However, as our understanding of redox biology grows, so too
will our understanding of the normal biological and physiological roles of ROS, including
CYP generated ROS, in the cell. This is becoming more evident as we appreciate the
endogenous roles of CYPs which were previously thought to be only involved in metabolism
of exogenous substances, such as xenobiotics [2]. Due to the high conservation of CYP
enzymes throughout life, it is likely that they play important endogenous functions. Another
exciting avenue for CYP research is further our understanding of the other types of reactions
CYPs are involved in [32]. Unraveling the detailed catalytic mechanisms of action of various
CYP enzymes, in relation to ROS formation/degradation, should lead to a better
understanding of the role CYP enzymes in ROS metabolism, in relation to a myriad of
human diseases in which ROS and oxidative stress play a contributory role.

Abbreviations

CYP Cytochrome P450

ROS reactive oxygen species

NAPQI N-acetyl-p-benzo-quinone-imine
HETE hydroxyeicosatetraenoic acid

EET epoxyeicosatrienoic acid
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Figure 1. Mechanism by which CYPs contribute to ROS-mediated human diseases
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As CYP enzymes metabolize their substrates, they can produce ROS which can increase

cellular damage via increases in protein, nucleic acid, and lipid modifications. These

products, including lipid peroxidation produces and DNA damage, are known to contribute
to numerous human pathologies, including cancer.
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Figure 2. Generalized CYP Reaction Mechanism
During the course of the CYP reaction mechanism, there are various steps that can generate

ROS, shown in red. These ROS can then modify cellular components and contribute to
disease. Reaction cycle adapted from refs [29] and [4].
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