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Abstract

Cytochrome P4501A (CYP1A) enzymes play important roles in xenobiotic and endobiotic
metabolism. Due to uncoupling reactions during the enzymatic cycle, CYP1A enzymes can release
reactive oxidative species (ROS) in the form of superoxide radical, hydrogen peroxide, hydroxyl
radical etc. An imbalance between production of free radicals and the ability of antioxidants to
detoxify the free radicals can lead to accumulation of ROS, which in turn can lead to oxidative
stress. Oxidative stress can lead to inflammation and toxicity, which in turn can cause human
diseases such as bronchopulmonary disease (BPD), ARDS, renal hypertension, etc. CYP1A
enzymes, depending on the organ system, they either contribute or protect against oxidative injury.
Thus, they have dual roles in regard to oxidative stress. This review presents an overview of the
mechanistic relationship between CYP1A enzymes and oxidative stress in relation to various
diseases in different organs (e.g., liver, lungs, heart, kidneys, and reproductive organs).
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INTRODUCTION

The cytochrome P450 (CYP) enzymes consist of numerous isoforms that are known to play
important roles in the metabolism of xenobiotic as well as endobiotic compounds [1]. The
CYP1A enzymes belong to a versatile subfamily of enzymes that consist of CYP1A1 and
CYP1A2 enzymes. CYP1AZ2 is liver-specific, while CYP1AL is extrahepatic but inducible in
the liver [2]. CYP1A enzymes are monooxygenases that metabolize drugs and xenobiotic
molecules and also play a role in physiological signaling and endogenous molecular
metabolism and synthesis [3]. CYP1A enzymes contribute to the metabolic activation of
pro-carcinogens such as polycyclic aromatic hydrocarbons (PAHSs) and heterocyclic
aromatic amines/amides (HAAS), to reactive metabolites which can bind to DNA abd
proteins, leading to cancer and toxicity [4, 5]. A significant number of studies have
examined the role that CYP1A enzymes play in contributing to or protecting against
oxidative stress in different areas of the body.

The impact of oxidative stress in physiology has been studied extensively. Oxidative stress
occurs when anti-oxidant systems are unable to overcome the action of oxidants, resulting in
an imbalance between the oxidative and antioxidant systems in the cell [6]. When an
imbalance occurs, reactive oxygen species (ROS) accumulate and cause detrimental effects
to biomolecular components and physiological pathways of the cell. Types of ROS include
superoxide anion, hydroxyl radial, hydrogen peroxide, etc. [7]. Oxidative stress causes
inflammation and toxicity, which can lead to pulmonary disease, reproductive toxicity,
cardiovascular disease, neurodegenerative diseases, aging, cancer, etc. [8-12].

HOW CYP1A ENZYMES INDUCE OXIDATIVE STRESS

The breakdown of PAHs and aromatic amines by CYP1A enzymes produce pro-
inflammatory ROS and reactive metabolites [13-15]. ROS react with endogenous molecules,
such as lipids, proteins, and nucleic acids, which can in turn cause damage to the cell that
interferes with normal cellular function and can even lead to cellular apoptosis [8, 15, and
16]. Despite these harmful effects, ROS also assist in normal physiological functioning
through cell signaling and immunity [17, 18]. Because CYP1A enzymes facilitate the
oxidation of molecules, blocking antioxidant enzymes or inducing CYP1A enzymes could
result in an accumulation of H,O, from reaction uncoupling and contribute to oxidative
stress in the cell [19]. However, studies have also shown that H,O, operates as a negative
feedback loop for CYP1A transcription, resulting in the downregulation of CYP1A enzymes

[1].

CYP1A enzymes have long been implicated in the metabolism of drug and xenobiotic
molecules. This process is a major source of ROS generation. Additionally, the alternative
role of these enzymes in the metabolism of endogenous molecules, such as arachidonic acid
and estrogens, is a growing area of study with significant physiological implications. For
example, CYP1A enzymes convert arachidonic acid (AA) to the epoxyeicosatrienoic acid
(EETS), which are anti-inflammatory, and w-terminal hydroxyeicosatetraenoic acid
(HETES), which are pro-inflammatory [20].
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3. CONTRIBUTION OF CYP1A ENZYMES TO OXIDATIVE STRESS

The unregulated release of ROS contributes to the inability of the cell to maintain the
oxidation-reduction balance, which ultimately leads to oxidative stress [21]. Upregulation of
CYP1A enzyme expression stems from exposure to harmful PAHSs, 2, 3, 7, 8-
tetrachlorodibenzo-p-dioxin (TCDD), etc. Numerous studies have shown the mechanisms by
which CYP1A enzymes contribute to oxidative stress. Figure 1 summarizes the contributory
effects of CYP1A enzymes to oxidative stress.

3.1 Contributive Effects of CYP1A Enzymes to Oxidative Stress in the Liver

Understanding the mechanism in which oxidative stress damages the liver is key in treating
several liver diseases, including alcoholic liver disease, nonalcoholic fatty liver disease,
hepatic encephalopathy, liver fibroproliferative diseases, and Hepatitis C virus [22]. Because
of the substantial expression of CYP1A enzymes in the liver, particularly CYP1A2,
significant research has been conducted to understand the role of these enzymes in oxidative
stress. One recent study examined how pyrene contributed to oxidative damage in human
liver Hep2G cells, and determined that pyrene upregulated CYP1AL, 1A2, and 1B1 enzymes
while downregulating phase 11 antioxidant enzymes, resulting in increased ROS production
and cytotoxicity [5].

The effect TCDD, an environmental toxin, on CYP1A enzyme regulation has also been
extensively studied. TCDD is a high affinity aryl hydrocarbon receptor (AHR) ligand, which
induces CYP1A enzyme production and disrupts the oxidation-reduction balance [23].
Labitzke et al. [24] have shown that TCDD induces CYP1A-enzyme in chick embryo liver
mitochondria [24]. EET and 20-HETE are derived from CYP1A-mediated metabolism of
AA, which could in turn lead to modulation of oxidative stress. Thus, TCDD-mediated
induction of CYP1A enzymes could lead to oxidative stress within the liver mitochondria
[24].

3.2 Contributive Effects of CYP1A Enzymes to Cardiovascular Diseases

Many studies underscore the impact of CYP1A enzymes on cardiovascular diseases.
Aboutabl ef a/ [25] examined AHR activation and its contribution to cardiac hypertrophy.
AHR ligands, 3-methylcholanthrene (MC )- and benzo[a]pyrene [BP], induce CYP1A1
enzymes and cause increase in the 20-HETE: total EETs ratio, which may in turn contribute
to cardiac hypertrophy [25]. Another component to consider when examining CYP1A
enzymes with regards to disease pathways is its polymorphic nature. A study of coronary
artery disease (CAD) in the Uygur and Han of China found that certain single nucleotide
polymorphisms (SNPs) of CYP1A have significant associations with smokers who develop
CAD [26]. In-depth studies are needed to understand the mechanism by which these SNPs
influence the risk of CAD.

One significant consequence of CYP1A-mediated-ROS is the resulting lipid peroxidation.
Aliwarga et. al. showed that ROS-induced lipid peroxidation of AA can result in the
formation of both cis- and trans-EETs in red blood cells (RBC) of humans and mice, while
AA oxidation via the CYP1A catalysis pathway results in only cis-EETSs [27]. Therefore, the
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ROS generated from CYP1A enzymatic uncoupling can trigger free radical oxidation of AA
and alter the ratio of cis- to trans-EETs. The distribution of cis- to trans-EETs within RBCs
may affect the protective role EETs play against cardiovascular diseases. The regio- and
geometric- isomers of EETs produced by ROS present another interesting dynamic to
consider when evaluating the contribution of these molecules to cardiovascular disease
pathways and warrant further research [28].

3.3 Contributive Effects of CYP1A Enzymes to Renal Hypertension

The multi-variable pathway of CYP1A enzymes is best exemplified in its effects on renal
hypertension. Studies have shown that the inhibition of soluble epoxide hydrolase (SEH),
which converts the CYP1A enzymatic product, EETs, to DHETEsS, protects against renal
hypertension [29, 30]. Xenobiotic-induced increase of EETs was initially thought to solely
cause the antihypertensive effects arising from chronic sEH inhibition. Instead, a study
examining the effects of SEH inhibition and NO synthase inhibition on transgenic mice with
inducible hypertension found that the bioavailability of nitric oxide (NO) also contributes to
the protection against hypertension [31, 32]. Although CYP1A enzymes appeat not to
directly cause renal hypertension, these enzymes produce EETs and could offer alternative
treatment options for this disease. For example, controlled induction of CYP1A enzymes in
conjunction with NO bioavailability may stimulate EET production and, therefore, SEH
inhibition, may result in protection against renal hypertension. This disease pathway
reiterates the complex interplay of endogenous and xenobiotic molecules that affects the role
of CYP enzymes.

3.4 Contributive Effects of CYP1A Enzymes to Reproductive Toxicity

Because of its role in xenobiotic and drug metabolism, CYP1A enzymes also play a
significant role in pregnancy loss. Due to smoking or alcohol consumption, CYP1A1
enzymes are upregulated in the placenta in the phase | detoxification process. Generation of
ROS due to this upregulation contributes to oxidative stress in the placenta and can lead to
pregnancy loss, most commonly at the end of the first trimester due to a low presence of
antioxidant enzymes [33]. Some SNPs of CYP1A enzymes have been positively correlated
with an increased risk of recurrent pregnancy loss [33, 34]. Furthermore, a new study found
an association between PAH exposure and preterm birth rates, further insinuating a
connection between CYP1A enzyme metabolism and reproductive toxicity [35].

CYP1A enzyme also play a role in reproductive toxicity in males. Several factors may
influence the way in which CYP1A enzymes contribute to male infertility via oxidative
stress. One such factor is cigarette smoke. One study found that cigarette smoke condensate
contains PAH, which activates AHR and upregulates the expression of CYP1A enzymes in
mouse spermatocytes [36]. During CYP1A-enzyme metabolism of PAH, ROS are generated
and may contribute to apoptosis of the spermatocytes [36]. Another factor that may
influence susceptibility to male infertility is single nucleotide polymorphism (SNP) of
CYP1A enzymes. Several studies have found associations between CYP1A SNPs and male
infertility in certain ethnic groups [37, 38]. Further research is needed to investigate the
mechanism by which these SNPs contribute to male infertility.
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While CYP1A enzymes contribute to oxidative stress, as mentioned above, there are also a
number of instances wherein these enzymes protect against oxidative stress, in relation to
human diseases.

4. PROTECTION OF CYP1A ENZYMES AGAINST OXIDATIVE STRESS

One of the more fascinating areas of research is how CYP1A enzymes actually protect
against oxidative stress. This protective effect of CYP1A enzymes is best exhibited in the
case of hyperoxic lung injury (HLI). A representation of the protecting pathway of CYP1A
enzymes on oxidative stress is shown in Figure 2.

4.1 Protective Effects of CYP1Al1 Enzymes in the Lungs against Hyperoxic Lung Injury

(HLT)

The high expression of CYP1A1 enzyme in the lungs makes this enzyme a highly
researched protein in pulmonary diseases, specifically HLI. Supplemental oxygen is often
given to adults suffering from acute respiratory distress syndrome (ARDS) and premature
infants who have pulmonary insufficiency, leading to bronchopulmonary dysplasia (BPD)
[39-42]. ROS is known to contribute to these diseases [40-42]. Although it has been thought
that increased CYP1A expression would lead to increased levels of H,O5 and, thereby,
increased oxidative stress in the lungs, studies from our laboratory as well as others have
shown that CYP1AL1 enzymes protect against HLI [39, 43-49]. Because HLI affects infants
and adults, studies have examined both newborn and adult mice and have found that in both
cases, Cyplal™" mice had higher incidence of HLI than that of wild type (WT) mice [49,
50].

A possible mechanism underlying increased CYP1AL expression is the AHR pathway.
Studies found that AHR induction via omeprazole (a proton pump inhibitor), increased
levels of CYP1AL1 expression and reduced HLI [51-53]. Furthermore, hyperoxia induced
higher levels of CYP1AL enzyme expression in AHR (+/+) mice but not in AHR (=/-) mice,
further signifying that induction of CYP1A1 enzyme by hyperoxia is dependent upon the
AHR pathway [49, 54].

Gender may be another factor that affects the role of CYP1A1 enzyme on HLI. A few
studies have found that male mice had lower levels of CYP1AL enzymes as well as higher
levels of inflammatory and oxidative markers than female mice when exposed to hyperoxia
[55]. Interestingly, Cyplal™~ female mice were more susceptible to HLI than male mice
were, which may indicate that a female-specific mechanism exists that regulates CYP1A1
enzyme expression [56]. A possible explanation of this mechanism may be the 2-
methoxyestradiol generation from 17-f estradiol via CYP1A enzymes, resulting in reduced
inflammation [56].

Understanding the mechanism behind CYP1A-modulated HLI is important in developing
better treatment options in the future. Upon analysis of the differences between WT and
Cyplal™" pulmonary transcriptome and proteome, Cyplal™~ mice had higher levels of
lipid hydroperoxides, such as Fo-isoprostanes/isofurans, than WT mice did, indicating
increased oxidative stress in the mice lacking CYP1A1 enzymes [57, 58]. Therefore,
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CYP1A enzymes may protect against hypoxic lung injury by metabolizing lipid
hydroperoxides and diminishing the oxidative damage caused by these molecules.
CYPIal™" mice also showed a larger increase in DNA adducts than their WT counterparts
did when exposed to hypoxia, which suggests that CYP1A enzymes contributes to the
detoxification of DNA-reactive species, resulting in the attenuation of oxidative DNA
adducts [57]. Further analysis of these mechanisms will potentially allow for the
development of treatment that alters or controls these reaction pathways to prevent or treat
HLI.

4.2 Protective Effects of CYP1A2 Enzymes in the Liver against Hyperoxic Lung Injury

One intriguing discovery was that hepatic CYP1A2 enzyme is protective against hyperoxic
lung injury. We have shown that CypZaZ2~~ mice are more susceptible to HLI than wild type
(WT) mice, suggesting that CYP1A2 enzyme protects against oxidative damage in the lungs
[59]. The involvement of enzymes from extra-pulmonary organs in HLI has significant
implications in this field of research and opens the possibility that oxidative stress from one
organ can affect disease pathology in another organ.

Unlike CYP1AL enzymes, CYP1A2 expression can be induced independently of the AHR
pathway because studies showed that hyperoxia increased hepatic CYP1A2 expression in
both WT and AHR(-/-) mice [49]. However, like CYP1A1, CYP1A2 enzyme displays sex-
specific effects. Hyperoxia induces higher levels of CYP1A2 expression in WT females than
in WT males [56]. Furthermore, Cypla2~~ female mice show higher incidence of HLI than
their male counterparts [56]. In comparison to CypZal™" mice, CyplaZ™~ mice showed
more pronounced sex-specific differences in HLI, which signify the importance of CYP1A2
in protecting against oxidative stress [56].

The mechanism by which CYP1A2 enzymes protect against HLI is interesting because of
their location in the liver. Because of the role of CYP1A2 enzymes in lipid hydroperoxide
metabolism, accumulation of Fo-isoprostanes in the liver of CypZa2”~ mice would result in
systemic circulation of the lipid peroxides to the lungs and contribution to pulmonary
oxidative stress [57, 59]. Similar to CypIal™  mice, CyplaZ™~ mice showed decreased
gene expression of DNA repair molecules, indicating that CYP1A2 enzymes may contribute
to the detoxification of DNA adduct precursors [57]. Differences in protein expression of
mechanistic Target of Rapamycin (mTOR), vascular endothelial growth factor receptor 2
(VEGFR?2), phosphorylated Acetyl-CoA carboxylase, and phosphorylated 5’-prime-AMP-
activated protein kinase amongst WT, Cyplal™~, and CypIlaZ~~ mice are also seen [57].
Each of these proteins has a complex pathway that may affect how CYP1A enzymes
contribute to the protection against HLI. Moreover, proteome and transcriptome variations in
DNA repair, apoptosis, and estrogen response pathways provide insight into the mechanistic
roles that these two enzymes play in HLI. However, more in-depth research is needed to
isolate and study these complex mechanisms.

5. CONCLUSION

The relationship between CYP1A enzymes and oxidative stress is complicated and is organ-
and injury-dependent. In some cases, CYP1A enzymes can contribute to the accumulation of
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ROS when antioxidant enzymes are inhibited [11]. The pro-oxidant effects of CYP1A
enzymes are seen in the liver, lungs, heart, kidneys, and reproductive organs, but the
mechanisms and implications of these effects are still being studied. The physiological
pathways and endogenous molecules present in these organs seem to have an impact on the
relationship between CYP1A enzymes and oxidative stress. The tissue-specific effects of
CYP1A1 enzymes, their unique physiological roles, and their polymorphic nature,
contribute to or protect against oxidative stress, in relation to various human diseases.
Evidence that CYP1A enzymes can affect disease pathways in distant organs via systemic
circulation of metabolites broadens the field of research even further [59]. Future research
should lead to unravelling the intricate details of the mechanisms by which CYP1A enzymes
play roles in oxidative stress. The fact that CYP1A enzymes can be modulated by
xenobiotics and drugs renders them to be promising targets for prevention and treatment of a
myriad of human diseases.
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Figure 1: Possible Mechanism of Contribution of CYP1A Enzymes to Oxidative Stress.
Polycyclic aromatic hydrocarbons (PAH) or 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)

can induce CYP1A expression, which triggers metabolism of arachidonic acid (AA) to
epoxyeicosatrienoic acid (EETSs) and hydroxyeicosatetraenoic acid (20-HETES) [24, 25].
Increased levels of 20-HETES results in vasoconstriction and can contribute to renal and
cardiovascular hypertension [25]. Production of EETs typically has beneficial cardiovascular
properties; however, conversion of EETSs to dihydroxyeicosatetraenoic acids (DHETES) via
soluble epoxide hydrolase (SEH) can result in hypertension [33]. CYPL1A enzymes also
produce reactive oxygen species (ROS) and reactive metabolites from reaction uncoupling
[13, 14]. This contributes to oxidative stress, resulting in inflammation and cytotoxicity [21].
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Figure 2: Possible Mechanism of Protection of CYP1A Enzymes from Oxidative Stress.
Hyperoxia results in an increase of ROS, which can cause increased levels of lipid

hydroperoxide products, such as F,-isoprostanes and isofurans, and DNA adducts [57, 53].
These harmful effects are signs of oxidative stress and result in pulmonary injury [53].
Hyperoxia also upregulates CYP1A enzyme expression via AHR activation [52]. CYP1A
enzymes metabolize lipid hydroperoxides and DNA-reactive metabolites, which protects
against hyperoxic lung injury [56].

Curr Opin Toxicol. Author manuscript; available in PMC 2021 April 01.



	Abstract
	INTRODUCTION
	HOW CYP1A ENZYMES INDUCE OXIDATIVE STRESS
	CONTRIBUTION OF CYP1A ENZYMES TO OXIDATIVE STRESS
	Contributive Effects of CYP1A Enzymes to Oxidative Stress in the Liver
	Contributive Effects of CYP1A Enzymes to Cardiovascular Diseases
	Contributive Effects of CYP1A Enzymes to Renal Hypertension
	Contributive Effects of CYP1A Enzymes to Reproductive Toxicity

	PROTECTION OF CYP1A ENZYMES AGAINST OXIDATIVE STRESS
	Protective Effects of CYP1A1 Enzymes in the Lungs against Hyperoxic Lung Injury (HLI)
	Protective Effects of CYP1A2 Enzymes in the Liver against Hyperoxic Lung Injury

	CONCLUSION
	References
	Figure 1:
	Figure 2:

