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Abstract: The cytochrome P450 (CYP) family of enzymes is known to metabolize the majority of
xenobiotics. Hepatocytes, powerhouses of CYP enzymes, are where most drugs are metabolized into
non-toxic metabolites. Additional tissues/cells such as gut, kidneys, lungs, blood, and brain cells
express selective CYP enzymes. Extrahepatic CYP enzymes, especially in kidneys, also metabolize
drugs into excretable forms. However, extrahepatic cells express a much lower level of CYPs than
hepatocytes. It is possible that the liver secretes CYP enzymes, which circulate via plasma and
are eventually delivered to extrahepatic cells (e.g., brain cells). CYP circulation likely occurs via
extracellular vesicles (EVs), which carry important biomolecules for delivery to distant cells. Recent
studies have revealed an abundance of several CYPs in plasma EVs and other cell-derived EVs,
and have demonstrated the role of CYP-containing EVs in xenobiotic-induced toxicity via cell—cell
interactions. Thus, itis important to study the mechanism for packaging CYP into EVs, their circulation
via plasma, and their role in extrahepatic cells. Future studies could help to find novel EV biomarkers
and help to utilize EVs in novel interventions via CYP-containing EV drug delivery. This review
mainly covers the abundance of CYPs in plasma EVs and EVs derived from CYP-expressing cells,
as well as the potential role of EV CYPs in cell-cell communication and their application with respect
to novel biomarkers and therapeutic interventions.

Keywords: extracellular vesicles; exosomes; cytochrome P450; extrahepatic tissues; plasma;
circulatory CYPs

1. Introduction

The cytochrome P450 (CYP) superfamily is a group of Phase I mono-oxidase enzymes with broad
substrate specificity that is responsible for the majority of xenobiotic metabolism [1]. CYP enzymes
are also involved in vital endogenous pathways, including prostaglandin metabolism and steroid
hormone biosynthesis [2]. Gene names are determined according to a standardized nomenclature.
Using CYP3A4 as an example, “CYP” refers to the superfamily of cytochrome P450 genes, “3” refers
to the family designation (<40% amino acid identity with other CYPs), “A” refers to the subfamily
designation (40-55% amino acid identity with other CYPs in that family), and “4” refers to the specific
gene within the subfamily with >55% sequence identity [3]. This enzyme superfamily is ubiquitous in
nature—it is present in bacteria, fungi, plants, and animals—with varying expression patterns [4]. In
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fact, many drug metabolizing isoforms including CYP 1A, 2C, and 3A show significant interspecies
differences in enzymatic activity while CYP 2E1 does not [5].

Hepatocytes express an abundance of drug metabolizing CYP enzymes and demonstrate the
greatest capacity for Phase I xenobiotic biotransformation, followed by the small intestine and
kidneys [6-8]. Of the 57 known human CYP enzymes, five CYP isoenzymes from CYP 1-3 families
metabolize the majority of clinically used drugs—CYP3A4/5, CYP2D6, CYP2C9, CYP2C19, and
CYP1A2 [9]. Although CYP 1-3 families predominantly aid in xenobiotic detoxification, CYP
enzymes are also involved in the bioactivation of xenobiotics, resulting in the formation of toxic
intermediates. CYPs 1B1, 1A1, and 2A6 are involved in the bioactivation pathways of cigarette smoke
constituents [10,11], while CYP2E1 is involved in the metabolism of alcohol and acetaminophen [12].
These are associated with the generation of hepatotoxic or carcinogenic metabolites and promote
reactive oxygen species (ROS) production in vitro and in vivo [13-15], which eventually causes organ
damage and cancers.

CYP enzymes are generally upregulated by their own substrates/drugs, resulting in enhanced
metabolism and suboptimal plasma concentrations of concurrent drugs [16]. Conversely, CYP
inhibition by various drugs contributes to supratherapeutic drug levels and drug-induced toxicity,
thus preventing CYPs from performing their protective role in detoxification [16]. In the case of
prodrugs that require CYP-mediated conversion to their active form, the reverse is true. Prototypical
pharmacologic CYP enzyme inducers and inhibitors that are commonly implicated in drug—drug
interactions include rifampin (inducer) and azole antifungals (inhibitors), which may interact with
multiple CYP isoenzymes to varying degrees [9]. Further, pharmacogenetic variations in CYP activity
may result in reduced, absent or increased metabolic capacity. Drug metabolizing isoforms with
functionally relevant polymorphisms include CYPs 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, and 3A4/5 [17,18].
Certain isoforms are more highly polymorphic than others [17] and are associated with clinically
significant effects, such as toxicity or lack of therapeutic response [17]. Furthermore, while CYP enzymes
are most abundantly expressed in the liver, they are also found in extrahepatic tissues throughout
the body. Although the majority of extrahepatic CYPs are involved in endogenous pathways [2],
drug metabolism also occurs outside the liver. The small intestine and kidneys are the primary sites
of extrahepatic drug metabolizing CYP enzymes [6,7]; however, drug metabolizing CYPs are also
expressed in the lungs, blood (monocytes, lymphocytes), brain, and heart [19-22]. Extrahepatic CYP
enzymes contribute to cell-specific biotransformation, albeit to a lesser extent than hepatic CYPs. While
extrahepatic CYP expression and metabolic capacity are not able to mediate total body clearance of
xenobiotics, the enzymes may play a significant role in local tissue exposure and toxicity [19].

Recently, we provided the first evidence that functional CYP isoforms are packaged into
extracellular vesicles (EVs) derived from human plasma of healthy volunteers, as well as in EVs derived
from hepatic cell lines [23]. Extracellular vesicles (EVs) are nanosized, membrane-bound particles that
are secreted from most cell types into biological fluids, namely plasma, and are taken up by other
cells [24]. EV cargoincludes a heterogeneous array of biomolecules, e.g., lipids, carbohydrates, cytokines,
proteins, and nucleic acids—mRNAs, miRNAs, etc. [24-26]. Thus, EVs are thought to be critical
in cell-to-cell signaling, protein transfer, and nucleic acid shuttling [24,27,28]. These characteristics
suggest that EVs might be potential biomarkers, therapeutic targets, and drug-delivery systems [24].

It is important to note that exosomes are a subgroup of extracellular vesicles with a distinct
biogenesis pathway [29]. Although much of the literature prior to 2018 refers to “exosomes”,
distinguishing exosomes from other EVs has proved challenging due to overlaps in size, composition,
and marker proteins [30]. Therefore, in accordance with current ISEV guidelines [30], this review will
exclusively refer to “EVs” even when published reports refer to “exosomes”.

As drug metabolic capacity is limited in extrahepatic tissues, it is possible that CYP-containing
plasma EVs are secreted from the liver, circulate via plasma, and are delivered to distant sites (e.g.,
brain cells), where they may aid in extrahepatic drug metabolism, detoxification, and may also
influence toxicity at these sites (Figure 1). It is also possible that extrahepatic cells in the kidneys, lungs,
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blood, heart, and brain also secrete EVs that are pooled in the plasma and cerebral spinal fluid (CSE),
making an “EV-depot”. These EVs may then be delivered to other cells as needed and under specific
conditions, to perform biological functions. This review will provide an overview of the contribution
of CYPs to drug metabolism in extrahepatic tissues. Since our primary goal is to discuss relevant
drug-metabolizing CYP enzymes and their xenobiotic substrates, discussion pertaining to endogenous
pathways is largely outside the scope of this review. Importantly, we will summarize the most recent
literature pertaining to CYPs and EVs, the relative abundance of CYPs in human plasma-derived
EVs, and potential implications of CYP-containing EVs in xenobiotic biotransformation/bioactivation.
Further, we will discuss the potential role of EV CYP enzymes as biomarkers in various pathological
conditions and xenobiotic exposure/drug use, as well as suggest novel therapeutic interventions.
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Figure 1. Cytochrome P450 (CYP)-containing plasma extracellular vesicles (EVs)/exosomes are secreted
from the liver and other peripheral organs, circulate via plasma, and are delivered to distant sites
(e.g., brain cells), where they may aid in extrahepatic drug metabolism, detoxification, and may also
influence toxicity at these sites. Similarly, secretion of EVs from extrahepatic cells, including brain cells
are also likely to contain CYPs in addition to other biomolecules, which would also be circulated via
plasma and delivered to other distant cells.

2. Expression of CYP Enzymes in Extrahepatic Tissues

Although the metabolic capacity of extrahepatic CYPs is relatively low compared to the capacity of
hepatic CYPs, extrahepatic CYPs may still influence local tissue function and drug exposure, as well as
drug biotransformation and bioactivation at these sites. Further, extrahepatic CYP enzymes may alter
overall systemic exposure to xenobiotics, with corresponding elevations in toxicity [19,31]. Interestingly,
some CYPs are expressed preferentially in extrahepatic tissues, which may lead to unique extrahepatic
metabolites and tissue-specific consequences in cellular toxicity and organ pathology. The CYPs
expressed in extrahepatic tissues are shown in Table 1.
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Table 1.  Select xenobiotic metabolizing cytochrome P450 enzymes expressed in human
extrahepatic tissues.

Tissues/Organs CYPs Detected References
3A4/5+/++/+++, 1A1+/++, 1B1*, 2C9+/++/+++,

Small intestine 2C19++++++ 3Dg*, DET* [32-34]
Kidney 2BET/ T BAGT/ A [6,35-37]
1AL FH/F++ LA H++H/+++ 1B1H++ QAETHHH+++
Lungs 2B6*, 2CH/++, 2DpH T+, [38-44]
2E1+/++/+++3A4/5+/++/+++
1A1*, TA2¥/++ 1B1*, 2C8*/++, 2C9+++ 2J2+/++,
Heart 2B6/7+, 2D6*, 2E1+/++ 3A4*+ [3145-481
Blood LAY+ AB1/*, 2A6H/++/+++ 2B6*/*+, 2D6H/+, 13 46-52
(monocytes and lymphocytes) 2E1%/**+, and 3A4/5+/*++/+++ [13,49-52]
+/++ +/++ +/++ +/++/+++ ++
Brain 1A1 , 1A2 ,1B1 ,2A6 ,2B6™T, [13-15,53]

2C8*, 2D6+/++/+++, 2El+/++/+++, 3A4/5+/++

Key: + mRNA, ++ protein, +++ activity.

2.1. Small Intestine

CYP3A4 is the main CYP isoform in the small intestine, accounting for roughly 82% of CYP
enzymes expressed in gut tissue [8]. Many drugs, which are 3A4 substrates, have low oral bioavailability
due in part to CYP-mediated intestinal first pass metabolism [8]. Due to CYP3A4’s broad substrate
specificity and high expression in gut tissue, certain foods and dietary supplements can cause significant
drug interactions. Grapefruit juice, a potent inhibitor of intestinal 3A4, is known to increase the plasma
concentration of common 3A4 substrates, e.g., statins, calcium channel blockers, protease inhibitors,
and many others [54]. Inhibition by grapefruit juice does not affect hepatic 3A4 but may decrease
intestinal 3A4 function by 62% [32].

2.2. Kidneys

It has been estimated that the human kidney contains anywhere from 4-20% of hepatic CYP
protein content [8]. Only CYPs 2B6 and 3A5 have been confirmed in the human kidney, and evidence
for CYPs 3A4, 2C9, and 2C8 is equivocal [6]. Of these, CYP3AS5 is the most prevalent isoform [19].
Renal CYP3AS5 is highly polymorphic [19]. In fact, genetic variations in renal 3A5 expression may
influence nephrotoxicity associated with the immunosuppressive agent, tacrolimus [55], as well as with
the anticancer agent, ifosfamide [56]. Further, CYP3A forms are expressed consistently in renal cancer
cells and may be involved in renal cancer development and multidrug resistance [57]. Nevertheless,
renal CYP3A enzymes may also help suppress cancer via bioactivation of certain agents, forming
metabolites that are cytotoxic to tumor cells and benign in noncancer cells [57].

2.3. Lungs

Lung tissue expresses CYPs 1A1, 1B1, 2A6, 2E1, 3A4, and 3A5 among others [8]. Many respiratory
tract CYPs are linked to bioactivation of the constituents of cigarette smoke and enhanced toxicity and
carcinogenicity. CYP1A1 is mostly expressed in smokers [8]. Both CYPs 1A1 and 1B1 isoforms are
induced by compounds found in tobacco smoke, particularly Benzo(a)pyrene (Bap) [10,58]. Bap is a
polycyclic aromatic hydrocarbon (PAH) carcinogen that is converted to DNA-reactive intermediates in
a process dependent on CYP1A1 and CYP1B1 metabolic pathways [10]. CYP2A6 is mostly expressed
in the trachea and is also thought to be involved in bioactivation of carcinogens from tobacco smoke [8].
CYP2A6 mainly metabolizes nicotine, the primary constituent in cigarette smoke, into cotinine and
nicotine-derived nitrosamine ketone (NNK) [59]. Of note, CYP2A6 polymorphisms are involved in the
development of lung cancer and nicotine dependence [8,60].
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2.4, Heart

Multiple CYP enzymes relevant to drug metabolism or bioactivation are present in cardiac tissue
in low or moderate amounts, including CYPs 1A1, 1B1, 2C8, 2C9, 2D6, 2E1, and 3A4 [31]. Interestingly,
higher CYP mRNA expression (e.g., 2D6, 2C) in right ventricular tissue vs. left ventricular tissue,
which is indicative of increased drug inactivation at this site, has led some researchers to suggest that
differential expression may contribute to therapeutic failure in pharmacological treatment of right
ventricular hypertrophy [45]. However, the most prevalent CYP isoform in the heart is CYP2J2, an
enzyme involved in metabolizing the anticancer drug, doxorubicin [31]. One common adverse effect
of doxorubicin is cardiotoxicity, an effect that may be mitigated in cases of CYP2J2 over-production
in cardiomyocytes [61]. Further, cardiac CYPs 1A1 and 2J2 have been shown to be induced in mice
following treatment with cocaine and Bap [62].

2.5. Blood

CYP mRNA and protein, including that of CYPs 3A4, 2A6, 2E1, 1A1, and 1B1, have been observed
in human monocytic and lymphocytic cells [13,21,22,50,51], with 2A6 being the most abundantly
expressed isoform in monocyte-derived macrophages [21]. Monocytes are part of the mononuclear
phagocyte system, a family of myeloid lineage that also includes macrophages and dendritic cells [63].
These blood cells are critical in host defenses against pathogens, as well as in maintaining tissue
homeostasis [64]. Blood monocytes may mature into macrophages under inflammatory conditions
and migrate to tissues, where they can synthesize and secrete inflammatory mediators [63]. CYP2A6
induction has been observed in monocytes derived from the plasma of smokers [50], and 2A6-mediated
metabolism of nicotine is associated with increased oxidative stress and DNA damage in monocytic
cells [13,50]. Similarly, cigarette smoke condensate (CSC) induced CYPs 1Al and 1Bl in in vitro
monocyte studies [51]. In addition, alcohol-inducible CYP2E1, which is known to metabolize alcohol in
the liver, was also found to be expressed and induced by alcohol in monocytes/macrophages, leading
to oxidative stress [21].

2.6. Brain

Total CYP protein content in the brain is substantially lower compared to the liver and is estimated
at 0.5%—2% of hepatic CYP content [65]. Although the contribution to systemic drug metabolism may
be minimal, brain CYP activity and variation may have a significant impact on local metabolism and
the therapeutic efficacy of centrally acting drugs, including antidepressants, antipsychotics, drugs of
abuse, and carcinogens [66]. CYP enzymes are differentially expressed in some regions of the brain
and in neurons and glial cells. The highest CYP content is found in the brain stem and cerebellum, and
the lowest in the striatum and hippocampus [67]. The proposed functions of cerebral CYPs vary by
cell type and location.

2.6.1. Neurons

Drug metabolizing CYPs 1A1, 2B6, 2E1, and 3A4 are found primarily in neurons [65], while
CYP2D6 is expressed in pyramidal neurons in addition to glial cells [68]. CYP3A4 is involved in
psychotropic drug metabolism, including antiepileptic metabolism [65,68]. Considering that alcohol
dehydrogenase (ADH) is not expressed in the brain, while CYP2EL1 is constitutively expressed in
various brain regions, it is probable that CYP2E1 is the brain’s major alcohol metabolizing enzyme [69].

2.6.2. Monocytes and Glial Cells

CYPs are abundant in astrocytes at the blood-brain barrier (BBB), aiding in the regulation
of xenobiotic influx into the CNS, blood flow modulation, and signaling during inflammatory
conditions [70]. Notably, CYP1B1 is expressed on cerebral micro-vessels and astrocytes at the BBB
interface [71,72], and in conjunction with membrane transporters, may aid in regulating xenobiotic
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passage into and out of the brain. CYP2D6 is expressed in neurons and glial cells [68]. CYP2D6 is
involved in opioid metabolism and that of many antidepressants, antipsychotics, and detoxification of
pesticides [66,73]. Further, in vitro studies have shown that CYPs 3A4, 2A6, 1A1, and 2E1 are expressed
in human monocyte-derived-macrophages as well as in astrocytic cell lines [13,49-52]. CYPs 1Al and
2A6 account for the majority of CYP content in SVGA astrocytes, while CYP2A6 is the predominant
isoform in U937 macrophages [13,21]. Monocytes are known to enter the brain from the periphery and
differentiate into perivascular macrophages and microglia [74], making their presence in the CNS an
important target for CYP activity.

Relatively low levels of brain CYP content may have neurotoxic ramifications. For example,
low cerebral 3A4 may make brain tissue more sensitive to pharmaceutical inhibition of psychotropic
drug metabolism, as illustrated by ritonavir-mediated inhibition of carbamazepine and consequent
ataxia [75]. Moreover, a possible explanation for nicotine-mediated induction of 1A1 and 2A6 observed
in astrocytes, but not hepatocytes, may be that hepatic 1A1 and 2A6 are already expressed at maximal
levels [13]. Indeed, brain CYPs seem to be particularly sensitive to xenobiotic-mediated induction.
Increased expression of CYPs 2E1, 2B6, and 2D6 has been observed in the brain tissue of smokers and
alcoholics [14,69,76-78], but changes in hepatic 2B6 and 2D6 are undetectable [78,79]. Our in vitro
study showed that CYP2E1 is induced by alcohol exposure in both astrocytes and monocytes via
oxidative stress-mediated protein kinase C/c-Jun N-terminal kinase/specificity proteinl (PKC/JNK/SP1)
pathways, which eventually causes cellular toxicity. Although evidence suggests CYP2E1-mediated
mechanisms of cellular toxicity, including neurotoxicity and contribution to neurological diseases
(HAND, PD), it is possible that that cellular CYP content in the CNS is insufficient to meditate these
effects. Therefore, it is worth considering the possibility of additional sources of CYP enzymes, which
may be transferred to brain cells, when evaluating xenobiotic-induced toxicities and therapeutic efficacy
in brain cells.

3. Circulating CYP Enzymes and Their Role in Cell-Cell Communication

3.1. EVs and Their Origin

EVs are small, membrane-bound vehicles of intercellular communication that carry various
types of cellular information throughout the body. The role of EVs in cell—cell interactions is rather
complicated; thus, EVs may influence the pathophysiology of recipient cells in either positive or
negative ways [80]. EVs comprise a heterogenous group and are therefore classified into three major
categories based on their biogenesis pathway: exosomes, micro-vesicles, and apoptotic bodies [29].
Exosomes (<200 nm), which originate from endosomal compartments, are secreted from cells when
micro-vesicular bodies (MVBs) fuse with the plasma membrane, whereas micro-vesicles (50-1000 nm)
are routinely shed from cell membranes, and apoptotic bodies (50-5000 nm) are released during
membrane blebbing upon programed cell death [29]. Due to overlaps in size, composition, and marker
proteins, exosome characterization has proved to be challenging for researchers [30]. Therefore, we
will exclusively refer to “EVs”, even when published data refers to “exosomes”.

3.2. Role of Circulatory CYPs in Drug Metabolism and in Cell-Cell Communication

Produced by and secreted from cells into extracellular plasma, EVs transmit genetic material,
proteins, and other biological cargos that reflects the function of the organ from which they
originate [24,81]. Once EVs exit the cell by exocytosis, they travel to distant cells via biological
fluids such as plasma, cerebrospinal fluid, and urine, where they fuse with recipient cells [81].
The cargo is then released and is free to exert its effects on target cells [81,82]. This transmission of EVs
throughout the body provides a means of communication between cells—offering a new source of
biomarkers, as well as a potential tool in characterizing variability in drug exposure and therapeutic
intervention [24,82].
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Furthermore, studies have revealed that EVs carry a multitude of drug metabolizing enzymes,
including members of the CYP enzyme group [23,83,84] (Table 2). However, the presence and amount
of CYP enzymes is likely to vary greatly depending on the EV source, whether the EVs are isolated
from plasma or a specific cell line, as well as the physiological condition of the cells from which they
originate [85].

Table 2. Select xenobiotic metabolizing cytochrome P450 enzymes expressed in EVs.

. . . Isolation
Tissue/Organ/Fluid Human/Animal CYPs Detected Method/References
1A1*F, 1A2H++ 1B1*/++,
2B6T/+T, 2A6T T, Total Exosome Isolation
208*/++, 2C9H/+, Kit (from plasma) [23],
Human A+ A+ i
2C19 ,2D6 , exoEasy Kit (membrane
QB+ Dot/ affinity spin column) [86]
Plasma 3A4/5H T+
Total Exosome Isolation
Mouse 2E1*, 3A4*+ Kit (from plasma) [87]
(unpublished data)
++ ++ ++
Rat 1AL 4 ,Alﬁi 4B’+3E1 ! Ultracentrifugation [88]
Total Exosome Isolation
Human 2E1*/++ Kit (from cell culture
media) [23]
Hepatocytes ++ ++ ++
patocy 2A12Bé+2+A22 Cl, 14+é2 ! ExoQuick Kit [89]
Rat 2D1++/+’++ 2D3+,+ Ultracentrifugation
2D18%%,2D10%Y, 2D26 1 [84,90,91]
DETHAHA 1 ALH Total Exosome Isolation
Monocytes/Macrophages Human 246 et ! Kit (from cell culture

media [23,92]

Key: + mRNA, ++ protein, +++ activit.

Our group recently detected CYPs 1B1, 2A6, 2E1, and 3A4 mRNA in plasma-derived EVs from
healthy subjects, with 2E1 displaying > 500-fold higher expression than the other CYPs identified.
We also detected CYPs 1A1, 1B1, 2A6, 2E1, and 3A4 at the protein level [23]. In our studies, plasma
EVs were isolated using 0.22 pum filtration, followed by different methods including single and double
isolations with a commercial kit [23,26], in addition to the ultracentrifugation method [92]. Further,
absolute spectra revealed a higher level of CYPs in plasma-derived EVs versus plasma alone, which
indicates specific packaging of CYPs within circulating plasma EVs. Importantly, activity assays
confirmed the enzymatic activity of EV CYP2E1 and 3A4. Interestingly, our finding indicated a higher
level of CYP2EL1 in plasma EVs than in liver cells/EVs, which is the powerhouse of CYP enzymes.
The plasma EV CYP2E1 level was also higher than alcohol-induced CYP2E1 in monocytes. Together,
these findings suggest that EV packaging is carefully regulated. A study performed by Rowland et
al. further strengthened our findings, demonstrating the presence of peptides and mRNA of CYPs,
1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 2 ]2, 3A4 and 3A5, UGT 1A1, 1A3, 1A4, 1A6, 1A9, 2B4, 2B7, 2B10
and 2B15, and NADPH-cytochrome CYP reductase in plasma-derived exosomes [86]. As EVs act as
intercellular messengers, this differential packaging has a crucial impact on the pathophysiology of
the recipient cells, and an abundance of CYP enzymes in EVs suggests their necessity at points across
the body.

3.2.1. Alcohol, Acetaminophen and EV CYP2E1

Circulating CYPs likely play a role in extrahepatic metabolism. Once secreted from the liver, EVs
can deliver CYP enzymes to distant sites, where they then affect the target cells by influencing the
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metabolism of pharmaceutical drugs, drugs of abuse, and other xenobiotics [23]. CYP2EL1 is mainly
found in the liver, where it is known to be a major metabolizer of alcohol and acetaminophen (APAP) [12].
Importantly, CYP2E1-mediated metabolism produces reactive oxygen species (ROS) responsible for
oxidative liver damage and cellular toxicity [12]. While alcohol and APAP misuse are significant
contributors to liver damage, they also affect extrahepatic tissues [93]. Moreover, alcohol induces EV
release from hepatocytes in association with ROS [94]. Our study has also shown that alcohol-exposure
to mice induces the level of EV CYP2E1 in the plasma [87]. We have further demonstrated that when
plasma EVs containing increased levels of CYP2E1 are exposed to hepatic and monocytic cells, they
exacerbate alcohol- and APAP-induced toxicity [87]. We have also shown that the toxicity is mainly
caused by CYP2E1, as a CYP2E1-selective inhibitor significantly reduced EV-exacerbated toxicity by
both alcohol and APAP. Together, the results suggest that EVs containing CYP2E1 can cause both intra-
and intercellular communication. Thus, CYP2E1’s presence extrahepatically and its role in cell-cell
communication suggests that alcohol and APAP are also being metabolized at different locations
throughout the body. It is likely that plasma EVs transmit CYP2E1 from the liver to targets throughout
the body, e.g., the brain, where 2E1 can then participate in xenobiotic metabolism and bioactivation
of toxic metabolites. EVs carrying CYP2EL1 to distant cells may help explain alcohol-induced cellular
injury occurring outside the liver.

3.2.2. Tobacco Smoking and EV CYP2A6, 1B1, 1A1

CYP2A6, CYP1B1, and CYP1ALl, all of which play a vital role in the metabolism and bioactivation
of tobacco/cigarette smoke constituents, were also detected in EVs [23]. Although CYP2A6 and 1B1 are
mainly expressed in the respiratory system, they can also be found in liver cells. Thus, EV CYP2A6 and
1B1 may originate from either organ. Both produce toxic metabolites in association with their roles
in metabolizing nicotine and PAHs, respectively [10]. Our recent studies suggest that EVs may also
play a defensive role, specifically in protecting against smoking-induced HIV-1 pathogenesis [92,95].
CYP-mediated elevations in oxidative stress that accompany tobacco smoking, also promote HIV-1
replication [13,14,50,51]. Additionally, cigarette smoking is associated with EV release in smokers and
in various cell types in vitro [96]. Our study revealed that EVs from CSC-treated cells were found to
alter their antioxidant capacity and packaging—showing a protective effect against toxicity and viral
replication in the early stages of HIV-1 replication [92].

3.2.3. Drug Metabolism and EV CYP3A4

Importantly, we also detected metabolically active CYP3A4 enzyme in plasma exosomes [23]. Being
the major drug-metabolizing CYP enzyme, the presence of CYP3A4 in EVs has clinical significance in
terms of therapeutics. During drug development, the focus is traditionally on hepatic drug metabolism;
however, failing to account for circulating CYPs may result in unintended drug-drug interactions or
toxicity. Furthermore, EV CYP3A4 can be used as a biological marker, specifically in examining the
metabolism of pharmacological or illicit drugs. Rowland et al. demonstrated a strong relationship
between EV CYP3A4 and drug clearance in patients, which suggests that EVs can be a potential tool
for identifying variability in drug exposure [86]. The study also found that EV CYP3A4 exhibits
comparable kinetics to microsomes taken from liver samples [86]. The circulation of EVs in bodily
fluids allows for greater accessibility in terms of isolating these biomarkers. Sometimes called “liquid
biopsy,” this form of sample collection does not require the use of invasive techniques such as tissue
biopsy or liver resection. Rather, to assess the expression of CYP3A4 mRNAs, they can simply be
isolated from a blood sample. These findings suggest that EV CYPs may provide a new and easier way
to explore variability in pharmaceutical drug metabolism and exposure.

3.2.4. Biological and Clinical Significance of CYP Packaging/Circulation in Plasma EVs

Although it is recognized that EVs can envelope functionally active CYP enzymes, the specific
mechanistic pathway of this differential packaging is still under investigation. Circulating EVs with
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metabolically active CYP enzymes may have a considerable impact on neighboring and distant cells
and tissue systems. For example, CYP enzymes carried within EVs might influence the metabolism of
endogenous and xenobiotic compounds. EVs could be way of removing unwanted CYP enzymes from
the cells. Further investigations are warranted to fully appreciate the impact that these modified EVs
may have in the body [83]. EVs derived from patient hepatocytes can be utilized as a non-invasive
tool to characterize variability in drug response—one way in which EVs may be used as potential
biomarkers [83]. Further, EVs are already under investigation to be used as drug delivery systems,
designed to contain specific content for transport to different cell types [97]. Thus, EVs might be a
useful tool in combating xenobiotic-induced toxicity by controlled alteration of their contents.

4. Potential Applications of EVs Containing CYP Enzymes

4.1. Circulating CYP Enzymes as Biological Markers of Drug-Induced Toxicity

The current gold standard biomarkers for hepatic injury are based on the measurements of hepatic
enzymes levels, including ALT, AST, etc., in plasma or serum. However, the ALT levels do not always
correlate with various stages of liver disease due to its relatively short half-life [98]. Therefore, specific
components in circulating EVs may have great utility as non-invasive biomarkers for diagnosis and
during treatment of hepatic injury. For example, alcohol use increases CYP2E1 expression in plasma
EVs [88] and there is a correlation between increased CYP2E1 level and alcohol-induced liver injury [99].
Furthermore, alcohol exposure increases EV release into the circulation [88], making circulatory EVs a
potential source of biomarkers in the setting of drug-induced liver injury [84,100].

Recent studies show that much like alcohol’s effect on the liver, alcohol can also alter EV
cargo [93]. Furthermore, EVs derived from alcohol-treated cells have been shown to exacerbate
disease progression through the delivery of altered cellular material to target cells. We previously
observed that EVs collected from mouse and human plasma aggravated alcohol and APAP-induced
toxicity [87]. In a similar study, Cho et al. demonstrated that CYP2E1-rich EVs from alcohol-exposed
rats and patients induced hepatic cell death [88]. These findings further highlight the potential value
of CYP2E1-containing EVs as noninvasive, diagnostic biomarkers in alcoholism and microsomal
stress [101].

Similarly, smoking induces CYP1A1 [58], CYP1B1 [102], and the activity of these enzymes can
exacerbate smoking-related toxicity by providing additional oxidative stress [58]. Since these CYPs
are present in EVs [23,86], EVs can serve as markers to diagnose smoking-induced tissue toxicity.
Similarly, a strong relationship between EV-derived CYP3A4 and drug clearance in patients [86]
suggests that EV CYP3A4 can be used as a biological marker, specifically in examining the metabolism
of pharmacological or illicit drugs.

4.2. Use of EV CYPs in Synthetic Biology

CYPs can catalyze the specific addition of oxygen atoms to chemical scaffolds, which would be
very challenging and expensive by traditional methods. Several CYPs and engineered variants are
now used to synthesize and produce various compounds on a larger scale and for diverse purposes,
including drug discovery and development [1]. For instance, artemisinic acid, a precursor for the
Artemisia annua-derived antimalarial drug, artemisinin, has been synthesized using an engineered
form of the plant’'s CYP71AV1 enzyme [103]. Furthermore, engineered CYPs have utility in statin
synthesis. Compactin is a naturally-occurring HMG-CoA reductase inhibitor originally isolated
from Penicillium citrinium by Endo et al., 1976 [104]. Using an engineered version of Amycolatopsis
orientalis-derived CYP105AS1 in Penicillium chrysogenum fungi, researchers are now able to synthesize
pravastatin from compactin [105]. Moreover, as the proteins packaged in EVs are stable and protected
from degradation [106], engineered CYPs can be loaded in EVs (Figure 2), a step that would improve
their stability and subsequent activity in the production of various therapeutic molecules.
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Figure 2. Potential applications of extracellular vesicles containing CYP enzymes include drug
metabolism, prodrug activation, supplementation of CYP to subjects with genetic polymorphisms, and
industrial synthesis of biomolecules.

4.3. Targeted Delivery of EV CYPs for Prodrug Activation

The ability of EVs to package and transport a variety of biological cargos has prompted investigators
to examine the possibility of loading EVs with specific therapeutic content [107]. Several methods
of EV loading have been developed, including electroporation, transfection, and incubation, among
others [108]. Utilizing one of these methods, it is conceivable that EVs may be loaded with CYP
enzyme, along with CPR. The EV-loaded CYP and prodrugs can be directly administered to the site
of disease. For example, in the case of solid cancer, EV CYP can activate anticancer prodrugs at the
disease site, reducing toxicity in healthy cells caused by anticancer drugs. Engineering such a delivery
system could enhance the efficacy and bioavailability of certain prodrugs, cancer treatments (including
brain cancer), and neurological disease therapies.

Previously, gene-directed enzyme prodrug therapy (GDEPT), which utilizes gene transfer of CYP
enzyme and cytochrome CPR within a viral vector, has been proposed as a novel way to increase
therapeutic efficacy and decrease systemic side effects of anticancer prodrugs, e.g., cyclophosphamide
(CPA) and ifosfamide (IFA) [1]. The purpose of CYP-based GDEPT is to facilitate local CPA/IFA
bioactivation by expressing CYP enzymes directly within tumor cells [109]. While initial trials of
CYP-based GDEPT systems have demonstrated safety and enhanced chemosensitivity to tumors, no
GDEPT products are currently on the market [110,111]. As EVs are already under investigation as
potential delivery systems [97], it is possible that EVs loaded with CYP and CPR could replace the
viral vector in CYP-based GDEPT systems (Figure 2). The approach of loading EVs with CYP and CPR
would be safe and economical due to the biological origin of EVs. Moreover, several therapeutics fail
to achieve optimal concentrations in the CNS due to their inability to cross the BBB. In such instances,
EVs can be engineered to target CNS cells and deliver their contents. For example, in delivering
a prodrug along with its activating CYP enzyme to microglial cells, EVs could be conjugated with
anti-TEME119 antibody [112], which is specific to microglia, to target and deliver EV cargo to these
cells. Further, bacterial CYP enzymes have been expressed and engineered to activate prodrugs [1].
Loading of these CYPs in EVs targeted to a particular tissue can increase their stability and further
promote their prodrug-converting activity in target sites.
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4.4. Delivery of EV CYPs to Supplement Naturally Inactive CYPs

EV-loaded CYPs can also be administered to subjects with loss of function polymorphisms
for particular CYP enzymes (Figure 2). Genetic polymorphisms of drug-metabolizing enzymes can
result in either decreased, increased, or complete lack of activity of an enzyme, leading to disease
susceptibility [113,114] or variability in drug response [115-117]. CYP2D6, which is known to
metabolize approximately 20% of drugs, is the most polymorphic CYP enzyme in many ethnic
populations and varies from 1-50% [118]. Several CYP2D6 variants cause very low to no activity
with several drugs [119]. Similarly, CYP3AS5 contributes significantly to drug metabolism in humans
and is not expressed in 90% of Caucasians [120]. Thus, certain drugs, e.g., tacrolimus and sirolimus,
that are metabolized by CYP3AS5, tend to accumulate and cause toxicity in most Caucasians [120].
Thus, administrating EVs loaded with CYP3A5 to Caucasians could be helpful in metabolizing 3A5
substrates and decreasing their respective toxicities.

4.5. Current Challenges Associated with Using EV's as Therapeutics

Although EVs have advantageous properties over synthetic delivery systems in terms of their
biological source and ability to deliver functional cargo, clinical translation of EVs as diagnostic or
prognostic markers of pathological states remains a challenge due to various reasons. One reason might
be the lack of uniformity in isolation, characterization and analysis methods of EVs. This can lead
to variations in EV counts and phenotypes between different laboratories, making data analysis and
clinical translation difficult. Furthermore, the half-life of exosomes in athymic nude mice was reported
to be 30 min, and clearance was estimated to be 6 h after intravenous injections [121]. However, due to
compartmental changes as EVs travel throughout the human body, it is difficult to estimate the half-life
of EVs in blood. Moreover, EVs from different cells and EVs with different sizes possess different
biodistribution profiles. In addition to all these concerns, most studies regarding the physiological
or pathological effects of EVs have been done in cell culture models. However, cells under in vivo
conditions are under a constant steady-state exposure to EVs. Therefore, the extent to which controlled
EV exposures under in vitro conditions corresponds to the in vivo environment remains unclear.

The purification and detection of EVs is improving with the help of technological advancements.
Moreover, International Society for Extracellular Vesicles (ISEV) attempts to provide guidelines to isolate
and characterize EVs in order to improve reproducibility and to avoid ambiguity in the identification
of EVs [122,123]. EVs can be engineered in order to increase their circulation time and improve their
delivery to target tissues. For example, EVs can be coated with polyethylene glycol, which is known to
increase the half-life of nanoparticles [124]. Increased expression of CD47 on the EV surface can also
improve the circulation time of EVs by opposing the actions of phosphatidylserine, which promotes
the initiation of phagocytosis and subsequent removal from the circulation by macrophages [125,126].
Therefore, exploring EV circulation kinetics, targeting, internalization, and cell—cell trafficking routes
will be useful in engineering EVs for therapeutic purposes.

5. Conclusions

Considering the profound contribution of CYP enzymes in mediating xenobiotic metabolism and
bioactivation of toxicants, the presence of CYP enzymes in EVs and their biological significance cannot
be ignored. As EVs circulate throughout the body via biological fluids and participate in cellular
communication, they may be clinically useful as biomarkers for drug-induced toxicity, synthesis of
drug/metabolite synthesis, and targeted prodrug activation. Thus, further investigating the roles of
circulating CYPs in extrahepatic cells would help generate novel treatment options for neurological
diseases, cancer, and more.
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Abbreviations

EVs Extracellular vesicles

cyrp Cytochrome P450

CPR CYP reductase

APAP Acetaminophen

ROS Reactive oxygen species

CSF Cerebral spinal fluid

Bap Benzo(a)pyrene

PAH Polycyclic aromatic hydrocarbon

NNK Nicotine-derived nitrosamine ketone

CsC Cigarette smoke condensate

ADH Alcohol dehydrogenase

BBB Blood-brain barrier

CNS Central nervous system

HAND  HIV-associated neurocognitive disorders

PD Parkinson’s disease

MVBs Micro-vesicular bodies

ALT Alanine aminotransferase

AST Aspartate aminotransferase

GDEPT  Gene-directed enzyme prodrug therapy

CPA Cyclophosphamide

IFA Ifosfamide

References

1.  Kumar, S. Engineering cytochrome P450 biocatalysts for biotechnology, medicine and bioremediation. Expert
Opin. Drug Metab. Toxicol. 2010, 6, 115-131. [CrossRef] [PubMed]

2. Rendic, S.P; Peter Guengerich, F. Human cytochrome P450 enzymes 5-51 as targets of drugs and natural and
environmental compounds: mechanisms, induction, and inhibition - toxic effects and benefits. Drug Metab.
Rev. 2018, 50, 256-342. [CrossRef] [PubMed]

3. Nelson, D.R. Cytochrome P450 nomenclature, 2004. Methods Mol. Biol. 2006, 320, 1-10. [PubMed]

4. Nelson, D.R. Cytochrome P450 diversity in the tree of life. Biochim. Biophys. Acta Proteins Proteom. 2018, 1866,
141-154. [CrossRef] [PubMed]

5. Martignoni, M.; Groothuis, G.M.M.; de Kanter, R. Species differences between mouse, rat, dog, monkey and
human CYP-mediated drug metabolism, inhibition and induction. Expert Opin. Drug Metab. Toxicol. 2006, 2,
875-894. [CrossRef] [PubMed]

6. Knights, K.M.; Rowland, A.; Miners, J.O. Renal drug metabolism in humans: The potential for drug-endobiotic
interactions involving cytochrome P450 (CYP) and UDP-glucuronosyltransferase (UGT). Br. |. Clin. Pharmacol.
2013, 76, 587-602. [CrossRef] [PubMed]

7. Thelen, K ; Dressman, J.B. Cytochrome P450-mediated metabolism in the human gut wall. J. Pharm. Pharmacol.
2009, 61, 541-558. [CrossRef]

8. Gundert-Remy, U.; Bernauer, U.; Blomeke, B.; Doring, B.; Fabian, E.; Goebel, C.; Hessel, S.; Jackh, C.;
Lampen, A.; Oesch, F,; et al. Extrahepatic metabolism at the body’s internal-external interfaces. Drug Metab.
Rev. 2014, 46, 291-324. [CrossRef]

9.  Sychev, D.A.; Ashraf, G.M.; Svistunov, A.A.; Maksimov, M.L.; Tarasov, V.V.; Chubarev, V.N.; Otdelenov, V.A,;
Denisenko, N.P.; Barreto, G.E.; Aliev, G. The cytochrome P450 isoenzyme and some new opportunities for
the prediction of negative drug interaction in vivo. Drug Des. Dev. Ther. 2018, 12, 1147-1156. [CrossRef]

10. Henkler, F; Stolpmann, K.; Luch, A. Exposure to polycyclic aromatic hydrocarbons: Bulky DNA adducts
and cellular responses. Exp. Suppl. 2012, 101, 107-131.

11.  Benowitz, N.L. Pharmacology of nicotine: Addiction, smoking-induced disease, and therapeutics. Annu. Rev.
Pharmacol. Toxicol. 2009, 49, 57-71. [CrossRef] [PubMed]

12.  Chen, J; Jiang, S.; Wang, J.; Renukuntla, J.; Sirimulla, S.; Chen, J. A comprehensive review of cytochrome

P450 2E1 for xenobiotic metabolism. Drug Metab. Rev. 2019, 51, 178-195. [CrossRef] [PubMed]


http://dx.doi.org/10.1517/17425250903431040
http://www.ncbi.nlm.nih.gov/pubmed/20064075
http://dx.doi.org/10.1080/03602532.2018.1483401
http://www.ncbi.nlm.nih.gov/pubmed/30717606
http://www.ncbi.nlm.nih.gov/pubmed/16719369
http://dx.doi.org/10.1016/j.bbapap.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28502748
http://dx.doi.org/10.1517/17425255.2.6.875
http://www.ncbi.nlm.nih.gov/pubmed/17125407
http://dx.doi.org/10.1111/bcp.12086
http://www.ncbi.nlm.nih.gov/pubmed/23362865
http://dx.doi.org/10.1211/jpp.61.05.0002
http://dx.doi.org/10.3109/03602532.2014.900565
http://dx.doi.org/10.2147/DDDT.S149069
http://dx.doi.org/10.1146/annurev.pharmtox.48.113006.094742
http://www.ncbi.nlm.nih.gov/pubmed/18834313
http://dx.doi.org/10.1080/03602532.2019.1632889
http://www.ncbi.nlm.nih.gov/pubmed/31203697

Int. ]. Mol. Sci. 2019, 20, 6178 13 0f 18

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Jin, M; Earla, R.; Shah, A ; Earla, R.L.; Gupte, R.; Mitra, A K,; Kumar, A.; Kumar, S. A LC-MS/MS method
for concurrent determination of nicotine metabolites and role of CYP2A6 in nicotine metabolism in U937
macrophages: Implications in oxidative stress in HIV + smokers. ]. Neuroimmune Pharmacol. 2012, 7, 289-299.
[CrossRef] [PubMed]

Ande, A; Earla, R.; Jin, M,; Silverstein, P.S.; Mitra, A.K.; Kumar, A.; Kumar, S. An LC-MS/MS method for
concurrent determination of nicotine metabolites and the role of CYP2A6 in nicotine metabolite-mediated
oxidative stress in SVGA astrocytes. Drug Alcohol. Depend. 2012, 125, 49-59. [CrossRef] [PubMed]

Jin, M.; Ande, A.; Kumar, A.; Kumar, S. Regulation of cytochrome P450 2e1 expression by ethanol: Role of
oxidative stress-mediated pkc/jnk/sp1 pathway. Cell Death Dis. 2013, 4, e554. [CrossRef] [PubMed]
Manikandan, P.; Nagini, S. Cytochrome P450 Structure, Function and Clinical Significance: A Review.
Curr. Drug Targets 2018, 19, 38-54. [CrossRef]

Tracy, T.S.; Chaudhry, A.S.; Prasad, B.; Thummel, K.E.; Schuetz, E.G.; Zhong, X.-B.; Tien, Y.-C.; Jeong, H.;
Pan, X.; Shireman, L.M.; et al. Interindividual Variability in Cytochrome P450-Mediated Drug Metabolism.
Drug Metab. Dispos. 2016, 44, 343-351. [CrossRef]

Satyanarayana, C.R.U.; Devendran, A.; Sundaram, R.; Gopal, S.D.; Rajagopal, K.; Chandrasekaran, A. Genetic
variations and haplotypes of the 5" regulatory region of CYP2C19 in South Indian population. Drug Metab.
Pharmacokinet. 2009, 24, 185-193. [CrossRef]

Pavek, P.; Dvorak, Z. Xenobiotic-induced transcriptional regulation of xenobiotic metabolizing enzymes
of the cytochrome P450 superfamily in human extrahepatic tissues. Curr. Drug Metab. 2008, 9, 129-143.
[CrossRef]

Rao, PS.S.; Kumar, S. Chronic Effects of Ethanol and/or Darunavir/Ritonavir on U937 Monocytic Cells:
Regulation of Cytochrome P450 and Antioxidant Enzymes, Oxidative Stress, and Cytotoxicity. Alcohol. Clin.
Exp. Res. 2016, 40, 73-82. [CrossRef]

Jin, M.; Arya, P; Patel, K,; Singh, B.; Silverstein, P.S.; Bhat, H.K.; Kumar, A.; Kumar, S. Effect of alcohol on
drug efflux protein and drug metabolic enzymes in U937 macrophages. Alcohol. Clin. Exp. Res. 2011, 35,
132-139. [CrossRef] [PubMed]

Ande, A.; McArthur, C.; Kumar, A.; Kumar, S. Tobacco smoking effect on HIV-1 pathogenesis: Role of
cytochrome P450 isozymes. Expert Opin. Drug Metab. Toxicol. 2013, 9, 1453-1464. [CrossRef] [PubMed]
Kumar, S.; Sinha, N.; Gerth, K.A.; Rahman, M.A.; Yallapu, M.M.; Midde, N.M. Specific packaging and
circulation of cytochromes P450, especially 2E1 isozyme, in human plasma exosomes and their implications
in cellular communications. Biochem. Biophys. Res. Commun. 2017, 491, 675-680. [CrossRef] [PubMed]
Barile, L.; Vassalli, G. Exosomes: Therapy delivery tools and biomarkers of diseases. Pharmacol. Ther. 2017,
174, 63-78. [CrossRef] [PubMed]

Kodidela, S.; Ranjit, S.; Sinha, N.; McArthur, C.; Kumar, A.; Kumar, S. Cytokine profiling of exosomes derived
from the plasma of HIV-infected alcohol drinkers and cigarette smokers. PLoS ONE 2018, 13, e0201144.
[CrossRef] [PubMed]

Kodidela, S.; Wang, Y.; Patters, B.].; Gong, Y.; Sinha, N.; Ranyjit, S.; Gerth, K.; Haque, S.; Cory, T.; McArthur, C.;
et al. Proteomic Profiling of Exosomes Derived from Plasma of HIV-Infected Alcohol Drinkers and Cigarette
Smokers. J. Neuroimmune Pharmacol. 2019. [CrossRef]

Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol.
2002, 2, 569-579. [CrossRef]

Record, M.; Subra, C.; Silvente-Poirot, S.; Poirot, M. Exosomes as intercellular signalosomes and
pharmacological effectors. Biochem. Pharmacol. 2011, 81, 1171-1182. [CrossRef]

Hartjes, T.A.; Mytnyk, S.; Jenster, G.W.; van Steijn, V.; van Royen, M.E. Extracellular Vesicle Quantification
and Characterization: Common Methods and Emerging Approaches. Bioengineering 2019, 6, 7. [CrossRef]
Théry, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.;
Arab, T.; Archer, F.; Atkin-Smith, G.K,; et al. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the
MISEV2014 guidelines. J. Extracell Vesicles 2018, 7, 1535750. [CrossRef]

Chaudhary, K.R.; Batchu, S.N.; Seubert, ]. M. Cytochrome P450 enzymes and the heart. IUBMB Life 2009, 61,
954-960. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11481-011-9283-6
http://www.ncbi.nlm.nih.gov/pubmed/21655912
http://dx.doi.org/10.1016/j.drugalcdep.2012.03.015
http://www.ncbi.nlm.nih.gov/pubmed/22498344
http://dx.doi.org/10.1038/cddis.2013.78
http://www.ncbi.nlm.nih.gov/pubmed/23519123
http://dx.doi.org/10.2174/1389450118666170125144557
http://dx.doi.org/10.1124/dmd.115.067900
http://dx.doi.org/10.2133/dmpk.24.185
http://dx.doi.org/10.2174/138920008783571774
http://dx.doi.org/10.1111/acer.12938
http://dx.doi.org/10.1111/j.1530-0277.2010.01330.x
http://www.ncbi.nlm.nih.gov/pubmed/21039635
http://dx.doi.org/10.1517/17425255.2013.816285
http://www.ncbi.nlm.nih.gov/pubmed/23822755
http://dx.doi.org/10.1016/j.bbrc.2017.07.145
http://www.ncbi.nlm.nih.gov/pubmed/28756226
http://dx.doi.org/10.1016/j.pharmthera.2017.02.020
http://www.ncbi.nlm.nih.gov/pubmed/28202367
http://dx.doi.org/10.1371/journal.pone.0201144
http://www.ncbi.nlm.nih.gov/pubmed/30052665
http://dx.doi.org/10.1007/s11481-019-09853-2
http://dx.doi.org/10.1038/nri855
http://dx.doi.org/10.1016/j.bcp.2011.02.011
http://dx.doi.org/10.3390/bioengineering6010007
http://dx.doi.org/10.1080/20013078.2018.1535750
http://dx.doi.org/10.1002/iub.241
http://www.ncbi.nlm.nih.gov/pubmed/19787709

Int. ]. Mol. Sci. 2019, 20, 6178 14 0f 18

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

Ding, X.; Kaminsky, L.S. Human extrahepatic cytochromes P450: Function in xenobiotic metabolism and
tissue-selective chemical toxicity in the respiratory and gastrointestinal tracts. Annu. Rev. Pharmacol. Toxicol.
2003, 43, 149-173. [CrossRef] [PubMed]

Zhang, Q.Y.; Dunbar, D.; Ostrowska, A.; Zeisloft, S.; Yang, J.; Kaminsky, L.S. Characterization of human
small intestinal cytochromes P-450. Drug Metab. Dispos. 1999, 27, 804-809. [PubMed]

Obach, R.S.; Zhang, Q.Y.; Dunbar, D.; Kaminsky, L.S. Metabolic characterization of the major human small
intestinal cytochrome p450s. Drug Metab. Dispos. 2001, 29, 347-352. [PubMed]

Aleksa, K.; Matsell, D.; Krausz, K.; Gelboin, H.; Ito, S.; Koren, G. Cytochrome P450 3A and 2B6 in the
developing kidney: implications for ifosfamide nephrotoxicity. Pediatr. Nephrol. 2005, 20, 872-885. [CrossRef]
[PubMed]

Gervot, L.; Rochat, B.; Gautier, ].C.; Bohnenstengel, F.; Kroemer, H.; de Berardinis, V.; Martin, H.; Beaune, P;
de Waziers, I. Human CYP2B6: Expression, inducibility and catalytic activities. Pharmacogenetics 1999, 9,
295-306. [CrossRef]

Haehner, B.D.; Gorski, ].C.; Vandenbranden, M.; Wrighton, S.A.; Janardan, S.K.; Watkins, P.B.; Hall, S.D.
Bimodal distribution of renal cytochrome P450 3A activity in humans. Mol. Pharmacol. 1996, 50, 52-59.
Hukkanen, J.; Pelkonen, O.; Hakkola, J.; Raunio, H. Expression and regulation of xenobiotic-metabolizing
cytochrome P450 (CYP) enzymes in human lung. Crit. Rev. Toxicol. 2002, 32, 391-411. [CrossRef]

Raunio, H.; Hakkola, J.; Hukkanen, J.; Lassila, A.; Pédivdrinta, K.; Pelkonen, O.; Anttila, S.; Piipari, R.;
Boobis, A.; Edwards, R.J. Expression of xenobiotic-metabolizing CYPs in human pulmonary tissue. Exp.
Toxicol. Pathol. 1999, 51, 412-417. [CrossRef]

Shimada, T.; Yamazaki, H.; Mimura, M.; Wakamiya, N.; Ueng, Y.F; Guengerich, EP,; Inui, Y. Characterization
of microsomal cytochrome P450 enzymes involved in the oxidation of xenobiotic chemicals in human fetal
liver and adult lungs. Drug Metab. Dispos. 1996, 24, 515-522.

Wei, C.; Caccavale, R].; Kehoe, ].].; Thomas, PE.; Iba, M.M. CYP1A2 is expressed along with CYP1Al in the
human lung. Cancer Lett. 2001, 171, 113-120. [CrossRef]

Willey, J.C.; Coy, E.L.; Frampton, M.W.; Torres, A.; Apostolakos, M.].; Hoehn, G.; Schuermann, W.H.;
Thilly, W.G.; Olson, D.E.; Hammersley, ].R.; et al. Quantitative RT-PCR measurement of cytochromes p450
1A1, 1B1, and 2B7, microsomal epoxide hydrolase, and NADPH oxidoreductase expression in lung cells of
smokers and nonsmokers. Am. J. Respir. Cell Mol. Biol. 1997, 17, 114-124. [CrossRef] [PubMed]

Macé, K.; Bowman, E.D.; Vautravers, P.; Shields, P.G.; Harris, C.C.; Pfeifer, A.M. Characterisation of
xenobiotic-metabolising enzyme expression in human bronchial mucosa and peripheral lung tissues.
Eur. J. Cancer 1998, 34, 914-920. [CrossRef]

Guidice, ] M.; Marez, D.; Sabbagh, N.; Legrand-Andreoletti, M.; Spire, C.; Alcaide, E.; Lafitte, ].J.; Broly, F.
Evidence for CYP2D6 expression in human lung. Biochem. Biophys. Res. Commun. 1997, 241, 79-85.
[CrossRef]

Thum, T; Borlak, J. Gene expression in distinct regions of the heart. Lancet 2000, 355, 979-983. [CrossRef]
Biéche, I.; Narjoz, C.; Asselah, T.; Vacher, S.; Marcellin, P; Lidereau, R.; Beaune, P.; de Waziers, I. Reverse
transcriptase-PCR quantification of mRNA levels from cytochrome (CYP)1, CYP2 and CYP3 families in 22
different human tissues. Pharmacogenet. Genomics 2007, 17, 731-742. [CrossRef]

Minamiyama, Y.; Takemura, S.; Akiyama, T.; Imaoka, S.; Inoue, M.; Funae, Y.; Okada, S. Isoforms of
cytochrome P450 on organic nitrate-derived nitric oxide release in human heart vessels. FEBS Lett. 1999, 452,
165-169. [CrossRef]

Delozier, T.C.; Kissling, G.E.; Coulter, S.]J.; Dai, D.; Foley, ].F.,; Bradbury, J.A.; Murphy, E.; Steenbergen, C.;
Zeldin, D.C.; Goldstein, J.A. Detection of human CYP2C8, CYP2C9, and CYP2J2 in cardiovascular tissues.
Drug Metab. Dispos. 2007, 35, 682-688. [CrossRef]

Fromel, T.; Kohlstedt, K.; Popp, R.; Yin, X.; Awwad, K.; Barbosa-Sicard, E.; Thomas, A.C.; Lieberz, R.;
Mayr, M.; Fleming, I. Cytochrome P450251: A novel monocyte/macrophage fatty acid epoxygenase in human
atherosclerotic plaques. Basic Res. Cardiol. 2013, 108, 319. [CrossRef]

Ande, A.; McArthur, C.; Ayuk, L.; Awasom, C.; Achu, PN.; Njinda, A.; Sinha, N.; Rao, P.S.S.; Agudelo, M.;
Nookala, A.R; et al. Effect of mild-to-moderate smoking on viral load, cytokines, oxidative stress, and
cytochrome P450 enzymes in HIV-infected individuals. PLoS ONE 2015, 10, e0122402. [CrossRef]


http://dx.doi.org/10.1146/annurev.pharmtox.43.100901.140251
http://www.ncbi.nlm.nih.gov/pubmed/12171978
http://www.ncbi.nlm.nih.gov/pubmed/10383924
http://www.ncbi.nlm.nih.gov/pubmed/11181505
http://dx.doi.org/10.1007/s00467-004-1807-3
http://www.ncbi.nlm.nih.gov/pubmed/15875221
http://dx.doi.org/10.1097/00008571-199906000-00004
http://dx.doi.org/10.1080/20024091064273
http://dx.doi.org/10.1016/S0940-2993(99)80031-1
http://dx.doi.org/10.1016/S0304-3835(01)00529-8
http://dx.doi.org/10.1165/ajrcmb.17.1.2783
http://www.ncbi.nlm.nih.gov/pubmed/9224217
http://dx.doi.org/10.1016/S0959-8049(98)00034-3
http://dx.doi.org/10.1006/bbrc.1997.7775
http://dx.doi.org/10.1016/S0140-6736(00)99016-0
http://dx.doi.org/10.1097/FPC.0b013e32810f2e58
http://dx.doi.org/10.1016/S0014-5793(99)00612-2
http://dx.doi.org/10.1124/dmd.106.012823
http://dx.doi.org/10.1007/s00395-012-0319-8
http://dx.doi.org/10.1371/journal.pone.0122402

Int. ]. Mol. Sci. 2019, 20, 6178 150f18

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Rao, P; Ande, A,; Sinha, N.; Kumar, A.; Kumar, S. Effects of Cigarette Smoke Condensate on Oxidative
Stress, Apoptotic Cell Death, and HIV Replication in Human Monocytic Cells. PLoS ONE 2016, 11, e0155791.
[CrossRef]

Nagai, F.; Hiyoshi, Y.; Sugimachi, K.; Tamura, H.-O. Cytochrome P450 (CYP) expression in human myeloblastic
and lymphoid cell lines. Biol. Pharm. Bull. 2002, 25, 383-385. [CrossRef]

Haining, R.L.; Nichols-Haining, M. Cytochrome P450-catalyzed pathways in human brain: Metabolism
meets pharmacology or old drugs with new mechanism of action? Pharmacol. Ther. 2007, 113, 537-545.
[CrossRef] [PubMed]

Seden, K.; Dickinson, L.; Khoo, S.; Back, D. Grapefruit-drug interactions. Drugs 2010, 70, 2373-2407.
[CrossRef] [PubMed]

Zheng, S.; Tasnif, Y.; Hebert, M.E; Davis, C.L.; Shitara, Y.; Calamia, J.C.; Lin, Y.S.; Shen, D.D.; Thummel, K.E.
Measurement and compartmental modeling of the effect of CYP3A5 gene variation on systemic and intrarenal
tacrolimus disposition. Clin. Pharmacol. Ther. 2012, 92, 737-745. [CrossRef] [PubMed]

McCune, J.S.; Risler, L.J.; Phillips, B.R.; Thummel, K.E.; Blough, D.; Shen, D.D. Contribution of CYP3A5 to
hepatic and renal ifosfamide N-dechloroethylation. Drug Metab. Dispos. 2005, 33, 1074-1081. [CrossRef]
Elfaki, I.; Mir, R.; Almutairi, EM.; Duhier, EM.A. Cytochrome P450: Polymorphisms and Roles in Cancer,
Diabetes and Atherosclerosis. Asian Pac. J. Cancer Prev. 2018, 19, 2057-2070.

Ranjit, S.; Sinha, N.; Kodidela, S.; Kumar, S. Benzo(a)pyrene in Cigarette Smoke Enhances HIV-1 Replication
through NF-kB Activation via CYP-Mediated Oxidative Stress Pathway. Sci. Rep. 2018, 8, 10394. [CrossRef]
Tyndale, R.F; Sellers, E.M. Variable CYP2A6-mediated nicotine metabolism alters smoking behavior and
risk. Drug Metab. Dispos. 2001, 29, 548-552.

Kubota, T.; Nakajima-Taniguchi, C.; Fukuda, T.; Funamoto, M.; Maeda, M.; Tange, E.; Ueki, R.; Kawashima, K,;
Hara, H.; Fujio, Y.; et al. CYP2A6 polymorphisms are associated with nicotine dependence and influence
withdrawal symptoms in smoking cessation. Pharmacogenom. J. 2006, 6, 115-119. [CrossRef]

Zhang, Y.; El-Sikhry, H.; Chaudhary, K.R.; Batchu, S.N.; Shayeganpour, A.; Jukar, T.O.; Bradbury, J.A.;
Graves, J.P; DeGraff, LM.; Myers, P; et al. Overexpression of CYP2]J2 provides protection against
doxorubicin-induced cardiotoxicity. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H37-H46. [CrossRef]
[PubMed]

Wang, J.-F,; Yang, Y.; Sullivan, M.F;; Min, J.; Cai, ].; Zeldin, D.C.; Xiao, Y.-F.; Morgan, J.P. Induction of cardiac
cytochrome p450 in cocaine-treated mice. Exp. Biol. Med. 2002, 227, 182-188. [CrossRef] [PubMed]
Jakubzick, C.V.; Randolph, G.J.; Henson, PM. Monocyte differentiation and antigen-presenting functions.
Nat. Rev. Immunol. 2017, 17, 349-362. [CrossRef] [PubMed]

Kurotaki, D.; Sasaki, H.; Tamura, T. Transcriptional control of monocyte and macrophage development. Int.
Immunol. 2017, 29, 97-107. [CrossRef] [PubMed]

McMillan, D.M.; Tyndale, R.F. CYP-mediated drug metabolism in the brain impacts drug response. Pharmacol.
Ther. 2018, 184, 189-200. [CrossRef] [PubMed]

Miksys, S.; Tyndale, R.F. Cytochrome P450-mediated drug metabolism in the brain. ]. Psychiatry Neurosci.
2013, 38, 152-163. [CrossRef] [PubMed]

Dutheil, F; Beaune, P.; Loriot, M.-A. Xenobiotic metabolizing enzymes in the central nervous system:
Contribution of cytochrome P450 enzymes in normal and pathological human brain. Biochimie 2008, 90,
426-436. [CrossRef]

Ferguson, C.S.; Tyndale, R.F. Cytochrome P450 enzymes in the brain: Emerging evidence of biological
significance. Trends Pharmacol. Sci. 2011, 32, 708-714. [CrossRef]

Howard, L.A.; Miksys, S.; Hoffmann, E.; Mash, D.; Tyndale, R.F. Brain CYP2E1 is induced by nicotine and
ethanol in rat and is higher in smokers and alcoholics. Br. J. Pharmacol. 2003, 138, 1376-1386. [CrossRef]
Meyer, R.P.; Gehlhaus, M.; Knoth, R.; Volk, B. Expression and function of cytochrome p450 in brain drug
metabolism. Curr. Drug Metab. 2007, 8, 297-306. [CrossRef]

Dauchy, S.; Dutheil, F.; Weaver, R.J.; Chassoux, F.; Daumas-Duport, C.; Couraud, P-O.; Scherrmann, ].-M.; De
Waziers, I.; Decleves, X. ABC transporters, cytochromes P450 and their main transcription factors: Expression
at the human blood-brain barrier. . Neurochem. 2008, 107, 1518-1528. [CrossRef]

Falero-Perez, J.; Sorenson, C.M.; Sheibani, N. Cyp1b1-deficient retinal astrocytes are more proliferative and
migratory and are protected from oxidative stress and inflammation. Am. J. Physiol. Cell Physiol. 2019, 316,
C767-C781. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0155791
http://dx.doi.org/10.1248/bpb.25.383
http://dx.doi.org/10.1016/j.pharmthera.2006.11.005
http://www.ncbi.nlm.nih.gov/pubmed/17270273
http://dx.doi.org/10.2165/11585250-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21142260
http://dx.doi.org/10.1038/clpt.2012.175
http://www.ncbi.nlm.nih.gov/pubmed/23073208
http://dx.doi.org/10.1124/dmd.104.002279
http://dx.doi.org/10.1038/s41598-018-28500-z
http://dx.doi.org/10.1038/sj.tpj.6500348
http://dx.doi.org/10.1152/ajpheart.00983.2008
http://www.ncbi.nlm.nih.gov/pubmed/19429816
http://dx.doi.org/10.1177/153537020222700305
http://www.ncbi.nlm.nih.gov/pubmed/11856816
http://dx.doi.org/10.1038/nri.2017.28
http://www.ncbi.nlm.nih.gov/pubmed/28436425
http://dx.doi.org/10.1093/intimm/dxx016
http://www.ncbi.nlm.nih.gov/pubmed/28379391
http://dx.doi.org/10.1016/j.pharmthera.2017.10.008
http://www.ncbi.nlm.nih.gov/pubmed/29024742
http://dx.doi.org/10.1503/jpn.120133
http://www.ncbi.nlm.nih.gov/pubmed/23199531
http://dx.doi.org/10.1016/j.biochi.2007.10.007
http://dx.doi.org/10.1016/j.tips.2011.08.005
http://dx.doi.org/10.1038/sj.bjp.0705146
http://dx.doi.org/10.2174/138920007780655478
http://dx.doi.org/10.1111/j.1471-4159.2008.05720.x
http://dx.doi.org/10.1152/ajpcell.00021.2019

Int. ]. Mol. Sci. 2019, 20, 6178 16 of 18

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Navarro-Mabarak, C.; Camacho-Carranza, R.; Espinosa-Aguirre, J.J. Cytochrome P450 in the central nervous
system as a therapeutic target in neurodegenerative diseases. Drug Metab. Rev. 2018, 50, 95-108. [CrossRef]
Alexaki, A.; Liu, Y.; Wigdahl, B. Cellular reservoirs of HIV-1 and their role in viral persistence. Curr. HIV Res.
2008, 6, 388-400. [CrossRef]

Burman, W.; Orr, L. Carbamazepine toxicity after starting combination antiretroviral therapy including
ritonavir and efavirenz. AIDS 2000, 14, 2793-2794. [CrossRef]

Miksys, S.; Rao, Y.; Hoffmann, E.; Mash, D.C.; Tyndale, R.F. Regional and cellular expression of CYP2D6 in
human brain: Higher levels in alcoholics. J. Neurochem. 2002, 82, 1376-1387. [CrossRef]

Miksys, S.; Tyndale, R.F. Nicotine induces brain CYP enzymes: Relevance to Parkinson’s disease. . Neural
Transm. Suppl. 2006, 177-180.

Miksys, S.; Lerman, C.; Shields, PG.; Mash, D.C.; Tyndale, R.F. Smoking, alcoholism and genetic
polymorphisms alter CYP2B6 levels in human brain. Neuropharmacology 2003, 45, 122-132. [CrossRef]
Mann, A.; Miksys, S.; Lee, A.; Mash, D.C.; Tyndale, R.F. Induction of the drug metabolizing enzyme CYP2D
in monkey brain by chronic nicotine treatment. Neuropharmacology 2008, 55, 1147-1155. [CrossRef]

De Toro, J.; Herschlik, L.; Waldner, C.; Mongini, C. Emerging roles of exosomes in normal and pathological
conditions: New insights for diagnosis and therapeutic applications. Front. Immunol. 2015, 6, 203. [CrossRef]
Hessvik, N.P; Llorente, A. Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 2018,
75,193-208. [CrossRef]

Simons, M.; Raposo, G. Exosomes—vesicular carriers for intercellular communication. Curr. Opin. Cell Biol.
2009, 21, 575-581. [CrossRef]

Conde-Vancells, J.; Gonzalez, E.; Lu, S.C.; Mato, J.M.; Falcon-Perez, ].M. Overview of extracellular
microvesicles in drug metabolism. Expert Opin. Drug Metab. Toxicol. 2010, 6, 543-554. [CrossRef]

Palomo, L.; Mleczko, J.E.; Azkargorta, M.; Conde-Vancells, J.; Gonzalez, E.; Elortza, F; Royo, F;
Falcon-Perez, ].M. Abundance of Cytochromes in Hepatic Extracellular Vesicles Is Altered by Drugs
Related with Drug-Induced Liver Injury. Hepatol. Commun. 2018, 2, 1064-1079. [CrossRef]

Royo, E; Falcon-Perez, ].M. Liver extracellular vesicles in health and disease. J. Extracell Vesicles 2012, 1.
[CrossRef]

Rowland, A.; Ruanglertboon, W.; van Dyk, M.; Wijayakumara, D.; Wood, L.S.; Meech, R.; Mackenzie, P1.;
Rodrigues, A.D.; Marshall, ].-C.; Sorich, M.]. Plasma extracellular nanovesicle (exosome)-derived biomarkers
for drug metabolism pathways: A novel approach to characterize variability in drug exposure. Br. J. Clin.
Pharmacol. 2019, 85, 216-226. [CrossRef]

Rahman, M. A ; Kodidela, S.; Sinha, N.; Haque, S.; Shukla, PK.; Rao, R.; Kumar, S. Plasma exosomes exacerbate
alcohol- and acetaminophen-induced toxicity via CYP2E1 pathway. Sci. Rep. 2019, 9, 6571. [CrossRef]
Cho, Y.-E.; Mezey, E.; Hardwick, J.P.; Salem, N.; Clemens, D.L.; Song, B.-J. Increased ethanol-inducible
cytochrome P450-2E1 and cytochrome P450 isoforms in exosomes of alcohol-exposed rodents and patients
with alcoholism through oxidative and endoplasmic reticulum stress. Hepatol. Commun. 2017, 1, 675-690.
[CrossRef]

Cho, Y.-E.; Song, B.-].; Akbar, M.; Baek, M.-C. Extracellular vesicles as potential biomarkers for alcohol- and
drug-induced liver injury and their therapeutic applications. Pharmacol. Ther. 2018, 187, 180-194. [CrossRef]
Conde-Vancells, J.; Rodriguez-Suarez, E.; Embade, N.; Gil, D.; Matthiesen, R.; Valle, M.; Elortza, F.; Lu, S.C.;
Mato, ].M.; Falcon-Perez, .M. Characterization and comprehensive proteome profiling of exosomes secreted
by hepatocytes. |. Proteome Res. 2008, 7, 5157-5166. [CrossRef]

Rodriguez-Suarez, E.; Gonzalez, E.; Hughes, C.; Conde-Vancells, J.; Rudella, A.; Royo, F,; Palomo, L.;
Elortza, F,; Lu, S.C.; Mato, ].M.; et al. Quantitative proteomic analysis of hepatocyte-secreted extracellular
vesicles reveals candidate markers for liver toxicity. J. Proteomics 2014, 103, 227-240. [CrossRef]

Haque, S.; Sinha, N.; Ranjit, S.; Midde, N.M.; Kashanchi, F; Kumar, S. Monocyte-derived exosomes
upon exposure to cigarette smoke condensate alter their characteristics and show protective effect against
cytotoxicity and HIV-1 replication. Sci. Rep. 2017, 7, 16120. [CrossRef]

Rahman, M.A.; Patters, B.].; Kodidela, S.; Kumar, S. Extracellular Vesicles: Intercellular Mediators in
Alcohol-Induced Pathologies. J. Neuroimmune Pharmacol. 2019. [CrossRef]

Verma, V.K,; Li, H.; Wang, R.; Hirsova, P.; Mushref, M.; Liu, Y.; Cao, S.; Contreras, P.C.; Malhi, H.; Kamath, P.S.;
et al. Alcohol stimulates macrophage activation through caspase-dependent hepatocyte derived release of
CDA40L containing extracellular vesicles. ]. Hepatol. 2016, 64, 651-660. [CrossRef]


http://dx.doi.org/10.1080/03602532.2018.1439502
http://dx.doi.org/10.2174/157016208785861195
http://dx.doi.org/10.1097/00002030-200012010-00022
http://dx.doi.org/10.1046/j.1471-4159.2002.01069.x
http://dx.doi.org/10.1016/S0028-3908(03)00136-9
http://dx.doi.org/10.1016/j.neuropharm.2008.07.017
http://dx.doi.org/10.3389/fimmu.2015.00203
http://dx.doi.org/10.1007/s00018-017-2595-9
http://dx.doi.org/10.1016/j.ceb.2009.03.007
http://dx.doi.org/10.1517/17425251003614766
http://dx.doi.org/10.1002/hep4.1210
http://dx.doi.org/10.3402/jev.v1i0.18825
http://dx.doi.org/10.1111/bcp.13793
http://dx.doi.org/10.1038/s41598-019-43064-2
http://dx.doi.org/10.1002/hep4.1066
http://dx.doi.org/10.1016/j.pharmthera.2018.03.009
http://dx.doi.org/10.1021/pr8004887
http://dx.doi.org/10.1016/j.jprot.2014.04.008
http://dx.doi.org/10.1038/s41598-017-16301-9
http://dx.doi.org/10.1007/s11481-019-09848-z
http://dx.doi.org/10.1016/j.jhep.2015.11.020

Int. ]. Mol. Sci. 2019, 20, 6178 17 of 18

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

Ranjit, S.; Patters, B.J.; Gerth, K.A.; Haque, S.; Choudhary, S.; Kumar, S. Potential neuroprotective role of
astroglial exosomes against smoking-induced oxidative stress and HIV-1 replication in the central nervous
system. Expert Opin. Ther. Targets 2018, 22, 703-714. [CrossRef]

Ryu, A.-R,; Kim, D.H.; Kim, E.; Lee, M.Y. The Potential Roles of Extracellular Vesicles in Cigarette
Smoke-Associated Diseases. Oxid. Med. Cell Longev. 2018, 2018, 4692081. [CrossRef]

Batrakova, E.V.; Kim, M.S. Using exosomes, naturally-equipped nanocarriers, for drug delivery. J. Control.
Release 2015, 219, 396-405. [CrossRef]

Giannini, E.G.; Testa, R.; Savarino, V. Liver enzyme alteration: A guide for clinicians. CMA] 2005, 172,
367-379. [CrossRef]

Xu, J.; Ma, H.-Y;; Liang, S.; Sun, M.; Karin, G.; Koyama, Y.; Hu, R.; Quehenberger, O.; Davidson, N.O.;
Dennis, E.A_; et al. The role of human cytochrome P450 2E1 in liver inflammation and fibrosis. Hepatol.
Commun. 2017, 1, 1043-1057. [CrossRef]

Yang, X.; Weng, Z.; Mendrick, D.L.; Shi, Q. Circulating extracellular vesicles as a potential source of new
biomarkers of drug-induced liver injury. Toxicol. Lett. 2014, 225, 401-406. [CrossRef]

Teschke, R. Microsomal Ethanol-Oxidizing System: Success Over 50 Years and an Encouraging Future.
Alcohol. Clin. Exp. Res. 2019, 43, 386-400. [CrossRef]

Port, J.L.; Yamaguchi, K.; Du, B.; De Lorenzo, M.; Chang, M.; Heerdt, PM.; Kopelovich, L.; Marcus, C.B.;
Altorki, N.K.; Subbaramaiah, K.; et al. Tobacco smoke induces CYPIBI in the aerodigestive tract.
Carcinogenesis 2004, 25, 2275-2281. [CrossRef]

Kung, S.H.; Lund, S.; Murarka, A.; McPhee, D.; Paddon, C.]J. Approaches and Recent Developments for the
Commercial Production of Semi-synthetic Artemisinin. Front Plant Sci. 2018, 9, 87. [CrossRef]

Endo, A.; Kuroda, M.; Tsujita, Y. ML-236A, ML-236B, and ML-236C, new inhibitors of cholesterogenesis
produced by Penicillium citrinium. J. Antibiot. 1976, 29, 1346-1348. [CrossRef]

McLean, K.J.; Hans, M.; Meijrink, B.; van Scheppingen, W.B.; Vollebregt, A.; Tee, K.L.; van der Laan, J.-M.;
Leys, D.; Munro, A.W.; van den Berg, M.A. Single-step fermentative production of the cholesterol-lowering
drug pravastatin via reprogramming of Penicillium chrysogenum. Proc. Natl. Acad. Sci. USA 2015, 112,
2847-2852. [CrossRef]

Boukouris, S.; Mathivanan, S. Exosomes in bodily fluids are a highly stable resource of disease biomarkers.
Proteomics Clin. Appl. 2015, 9, 358-367. [CrossRef]

Sil, S.; Dagur, R.S.; Liao, K.; Peeples, E.S.; Hu, G.; Periyasamy, P.; Buch, S. Strategies for the use of Extracellular
Vesicles for the Delivery of Therapeutics. J. Neuroimmune Pharmacol. 2019. [CrossRef]

Familtseva, A.; Jeremic, N.; Tyagi, S.C. Exosomes: Cell-created drug delivery systems. Mol. Cell. Biochem.
2019, 459, 1-6. [CrossRef]

Vredenburg, G.; den Braver-Sewradj, S.; van Vugt-Lussenburg, B.M.A.; Vermeulen, N.PE.; Commandeur, ] N.M.;
Vos, ].C. Activation of the anticancer drugs cyclophosphamide and ifosfamide by cytochrome P450 BM3 mutants.
Toxicol. Lett. 2015, 232, 182-192. [CrossRef]

Chen, L.; Waxman, D.J. Cytochrome P450 gene-directed enzyme prodrug therapy (GDEPT) for cancer.
Curr. Pharm. Des. 2002, 8, 1405-1416. [CrossRef]

Zhang, ].; Kale, V.; Chen, M. Gene-directed enzyme prodrug therapy. AAPS J. 2015, 17, 102-110. [CrossRef]
Satoh, J.; Kino, Y.; Asahina, N.; Takitani, M.; Miyoshi, J.; Ishida, T.; Saito, Y. TMEM119 marks a subset of
microglia in the human brain. Neuropathology 2016, 36, 39-49. [CrossRef]

Kodidela, S.; Pradhan, S.C.; Dubashi, B.; Basu, D. Interethnic differences in single and haplotype structures
of folylpolyglutamate synthase and gamma-glutamyl hydrolase variants and their influence on disease
susceptibility to acute lymphoblastic leukemia in the Indian population: An exploratory study. Ind. |. Med.
Paediatr. Oncol. 2018, 39, 331. [CrossRef]

Thakkar, D.N.; Kodidela, S.; Sandhiya, S.; Dubashi, B.; Dkhar, S.A. A Polymorphism Located Near
PMAIP1/Noxa Gene Influences Susceptibility to Hodgkin Lymphoma Development in South India. Asian
Pac. ]. Cancer Prev. 2017, 18, 2477-2483.

Zhou, S.-F; Liu, J.-P.; Chowbay, B. Polymorphism of human cytochrome P450 enzymes and its clinical impact.
Drug Metab. Rev. 2009, 41, 89-295. [CrossRef]

Kodidela, S.; Suresh Chandra, P.; Dubashi, B. Pharmacogenetics of methotrexate in acute lymphoblastic
leukaemia: Why still at the bench level? Eur. J. Clin. Pharmacol. 2014, 70, 253-260. [CrossRef]


http://dx.doi.org/10.1080/14728222.2018.1501473
http://dx.doi.org/10.1155/2018/4692081
http://dx.doi.org/10.1016/j.jconrel.2015.07.030
http://dx.doi.org/10.1503/cmaj.1040752
http://dx.doi.org/10.1002/hep4.1115
http://dx.doi.org/10.1016/j.toxlet.2014.01.013
http://dx.doi.org/10.1111/acer.13961
http://dx.doi.org/10.1093/carcin/bgh243
http://dx.doi.org/10.3389/fpls.2018.00087
http://dx.doi.org/10.7164/antibiotics.29.1346
http://dx.doi.org/10.1073/pnas.1419028112
http://dx.doi.org/10.1002/prca.201400114
http://dx.doi.org/10.1007/s11481-019-09873-y
http://dx.doi.org/10.1007/s11010-019-03545-4
http://dx.doi.org/10.1016/j.toxlet.2014.11.005
http://dx.doi.org/10.2174/1381612023394566
http://dx.doi.org/10.1208/s12248-014-9675-7
http://dx.doi.org/10.1111/neup.12235
http://dx.doi.org/10.4103/ijmpo.ijmpo_32_17
http://dx.doi.org/10.1080/03602530902843483
http://dx.doi.org/10.1007/s00228-013-1623-4

Int. ]. Mol. Sci. 2019, 20, 6178 18 of 18

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Kodidela, S.; Pradhan, S.C.; Dubashi, B.; Basu, D. Influence of dihydrofolate reductase gene polymorphisms
rs408626 (-317A>G) and rs442767 (-680C>A) on the outcome of methotrexate-based maintenance therapy
in South Indian patients with acute lymphoblastic leukemia. Eur. |. Clin. Pharmacol. 2015, 71, 1349-1358.
[CrossRef]

LLerena, A.; Naranjo, M.E.G.; Rodrigues-Soares, F.; Penas-LLed6, E.M.; Farifias, H.; Tarazona-Santos, E.
Interethnic variability of CYP2D6 alleles and of predicted and measured metabolic phenotypes across world
populations. Expert Opin. Drug Metab. Toxicol. 2014, 10, 1569-1583. [CrossRef]

Zhou, S.-F. Polymorphism of human cytochrome P450 2D6 and its clinical significance: Part I
Clin. Pharmacokinet 2009, 48, 689-723. [CrossRef]

Langman, L.; van Gelder, T.; van Schaik, R. H.N. Chapter 5—Pharmacogenomics aspect of immunosuppressant
therapy. In Personalized Immunosuppression in Transplantation; Oellerich, M., Dasgupta, A., Eds.; Elsevier: San
Diego, CA, USA, 2016; pp. 109-124. ISBN 978-0-12-800885-0.

Lai, C.P,; Mardini, O.; Ericsson, M.; Prabhakar, S.; Maguire, C.; Chen, ] W.; Tannous, B.A.; Breakefield, X.O.
Dynamic biodistribution of extracellular vesicles in vivo using a multimodal imaging reporter. ACS Nano
2014, 8, 483-494. [CrossRef]

EV-TRACK Consortium; Van Deun, J.; Mestdagh, P.; Agostinis, P.; Akay, O.; Anand, S.; Anckaert, J;
Martinez, Z.A.; Baetens, T.; Beghein, E.; et al. EV-TRACK: Transparent reporting and centralizing knowledge
in extracellular vesicle research. Nat. Methods 2017, 14, 228-232. [CrossRef]

Lotvall, J.; Hill, A.F; Hochberg, E; Buzas, E.I.; Di Vizio, D.; Gardiner, C.; Gho, Y.S.; Kurochkin, L.V,;
Mathivanan, S.; Quesenberry, P; et al. Minimal experimental requirements for definition of extracellular
vesicles and their functions: A position statement from the International Society for Extracellular Vesicles.
J. Extracell. Vesicles 2014, 3, 26913. [CrossRef]

Suk, J.S.; Xu, Q.; Kim, N.; Hanes, J.; Ensign, L.M. PEGylation as a strategy for improving nanoparticle-based
drug and gene delivery. Adv. Drug Deliv. Rev. 2016, 99, 28-51. [CrossRef]

Matsumoto, A.; Takahashi, Y.; Nishikawa, M.; Sano, K.; Morishita, M.; Charoenviriyakul, C.; Saji, H.;
Takakura, Y. Role of Phosphatidylserine-Derived Negative Surface Charges in the Recognition and Uptake
of Intravenously Injected B16BL6-Derived Exosomes by Macrophages. |. Pharm. Sci. 2017, 106, 168-175.
[CrossRef]

Kamerkar, S.; LeBleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.F,; Melo, S.A_; Lee, ].J.; Kalluri, R. Exosomes
facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer. Nature 2017, 546, 498-503. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00228-015-1930-z
http://dx.doi.org/10.1517/17425255.2014.964204
http://dx.doi.org/10.2165/11318030-000000000-00000
http://dx.doi.org/10.1021/nn404945r
http://dx.doi.org/10.1038/nmeth.4185
http://dx.doi.org/10.3402/jev.v3.26913
http://dx.doi.org/10.1016/j.addr.2015.09.012
http://dx.doi.org/10.1016/j.xphs.2016.07.022
http://dx.doi.org/10.1038/nature22341
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Expression of CYP Enzymes in Extrahepatic Tissues 
	Small Intestine 
	Kidneys 
	Lungs 
	Heart 
	Blood 
	Brain 
	Neurons 
	Monocytes and Glial Cells 


	Circulating CYP Enzymes and Their Role in Cell–Cell Communication 
	EVs and Their Origin 
	Role of Circulatory CYPs in Drug Metabolism and in Cell–Cell Communication 
	Alcohol, Acetaminophen and EV CYP2E1 
	Tobacco Smoking and EV CYP2A6, 1B1, 1A1 
	Drug Metabolism and EV CYP3A4 
	Biological and Clinical Significance of CYP Packaging/Circulation in Plasma EVs 


	Potential Applications of EVs Containing CYP Enzymes 
	Circulating CYP Enzymes as Biological Markers of Drug-Induced Toxicity 
	Use of EV CYPs in Synthetic Biology 
	Targeted Delivery of EV CYPs for Prodrug Activation 
	Delivery of EV CYPs to Supplement Naturally Inactive CYPs 
	Current Challenges Associated with Using EVs as Therapeutics 

	Conclusions 
	References

