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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

Young-Eun Cho," Esteban Mezey,? James P. Hardwick,®> Norman Salem Jr.," Dahn L. Clemens,* and Byoung-Joon Song’

This study investigated the role of ethanol-inducible cytochrome P450-2E1 (CYP2E1) in enhancing CYP2E1 and other P450 pro-
teins in extracellular vesicles (EVs) from alcohol-exposed rodents and human patients with alcoholism and their effects on oxidative
hepatocyte injury. Female Fischer rats and wild-type or Cyp2eZ-null mice were exposed to three oral doses of binge ethanol or dex-
trose control at 12-hour intervals. Plasma EV and hepatic proteins from alcohol-exposed rodents, patients with alcoholism, and
their respective controls were isolated and characterized. The number of EVs and the amounts of EV CYP2E1, CYP2A,
CYP1A1/2, and CYP4B proteins were markedly elevated in both patients with alcoholism and alcohol-exposed rats and mice. The
number of EVs and EV P450 proteins were significantly reduced in ethanol-exposed rats fed a diet containing polyunsaturated fatty
acids. The increased number of EVs and EV CYP2E1 and other P450 isoforms in alcohol-exposed wild types were significantly
reduced in the corresponding Cyp2el-null mice. EV CYP2E1 amounts depended on increased oxidative and endoplasmic reticulum
(ER) stress because their levels were decreased by cotreatment with the antioxidant N-acetylcysteine or the CYP2E1 inhibitor
chlormethiazole but increased by ER stress-inducer thapsigargin, which was blocked by 4-phenylbutyric acid. Furthermore, cell
death rates were elevated when primary hepatocytes or human hepatoma cells were exposed to EVs from alcohol-exposed rodents
and patients with alcoholism, demonstrating that EVs from alcohol-exposed rats and patients with alcoholism are functional and
can promote cell death by activating the apoptosis signaling pathway, including phospho-c-Jun N-terminal kinase, proapoptotic
Bax, and activated caspase-3. Conclusion: CYP2E1 has an important role in elevating EV CYP2E1 and other P450 isoforms
through increased oxidative and ER stress. Elevated EV-CYP2E1 detected after withdrawal from alcohol or exposure to the
CYP2E1 inducer pyrazole can be a potential biomarker for liver injury. (Hepatology Communications 2017;1:675-690)

Introduction o o
alcoholic hepatitis.”’ Alcohol (ethanol) is oxidized to

lIcohol induced liver disease (ALD) is an the reactive intermediate acetaldehyde and then to ace-
important cause of preventable deaths in the tate by the cytosolic alcohol dehydrogenase (ADH)
United States with a relatively high (30%- and the mitochondrial low-Michaelis-Menten con-
40%) mortality rate within 1 month after diagnosis of stant (Km) aldehyde dehydrogenase, respectively,

Abbreviations: ADH, alcohol dehydrogenase; AFLD, alcoholic fatty liver disease; ALD, alcoholic liver disease; ALT, alanine aminotransferase;
APAP, acetaminophen; BC, base-control; BE, base-ethanol; CMZ, chlormethiazole; CYP, cytochrome P450; CYP2EI, ethanol-inducible cytochrome
P450-2E1; Cyto-D, cytochalacin-D; ER, endoplasmic reticulum; EV, extracellular vesicle; Grp78, 78-kDa glucose-regulated protein; iNOS, inducible
nitric oxide synthase; miRNA, microRNA; PC, PUFA-control; PDI, protein disulfide isomerase; PE, PUFA-ethanol; PUFA, polyunsaturated fatty
acid; ROS, reactive oxygen species; TG, triglyceride; TINF-o, tumor necrosis factor-alpha; W1, wild-type.
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primarily in the liver.?) Excessive amounts of alcohol
can also be oxidized to acetaldehyde by ethanol-
inducible cytochrome P450-2E1 (CYP2E1), which
has a relatively high Km (9-10 mM ethanol) and gen-
erates reactive oxygen species (ROS), including super-
oxide anion and hydrogen peroxide.®”’ Alcohol-related
medical illnesses result directly or indirectly from these
toxic alcohol metabolites and changes in redox balance
in target cells and tissues.

Cytochrome P450 (CYP) is a superfamily of
enzymes involved in the metabolism of endogenous
and exogenous compounds, such as steroids, fatty
acids, alcohol, many drugs, and various small molecule
chemicals, including procarcinogens.(4’5) Most of the
CYP isoenzymes are located in the endoplasmic reticu-
lum (ER), although some of the P450s, including
CYP2E1,®” are also localized in the mitochondria of
hepatocytes and many other tissues. CYP2E1-
mediated metabolism of its substrates produces ROS
and reactive metabolites, leading to increased oxidative
stress and cellular toxicity.®”

Extracellular vesicles (EVs) are membranous
rounded structures, including exosomes (40-150 nm
in diameter) and microvesicles (50-1,000 nm).**?
They are released from a variety of cells into biologi-
cal fluids, such as blood (serum/plasma),(ll) urine,1?
and cell culture media.** In addition to lipids and
proteins, EVs also contain messenger RNA, small
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RNAs (including microRNA [miRNA]), mitochon-
drial DNA, and even genomic DNA.*1® The con-
tent of EVs and their biological functions depend on
the parental cells or original cell type, such as hepato-
cytes and monocytes.'* Recent research indicates
that EVs can influence the development and progres-
sion of diseases, such as cancer™'® or immunologi-
cal diseases.!” The role of EV and the presence of
P450 isoforms in exosomes from alcohol-exposed
rodents and humans has not been systematically
studied.

This study investigated whether plasma EVs from
alcohol-exposed rodents and human patients with
alcoholism contain elevated levels of CYP2E1 and
other P450 isoforms and their role in oxidative stress
and hepatocyte injury. In addition, we studied the
underlying mechanisms by which EV CYP2E1 and
other P450 isoforms are elevated through increased
oxidative and ER stress. We also showed the func-
tional role of exogenous EVs in regulating cell death
rates of cultured primary hepatocytes or hepatoma
cells. Finally, we evaluated whether EV CYP2E1
can be used as a potential biomarker of alcohol
exposure or alcoholic fatty liver disease (AFLD) by
determining its specificity for alcohol versus drug- or
chemical-induced liver injury and the persistence of
elevated levels of EV CYP2E1 after alcohol

withdrawal.
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Patients and Methods STATISTICAL ANALYSIS

Statistical significance was determined using the
HUMAN SUBJECTS s 5

two-tailed 7 test; analysis of variance and Dunnet’s

This study was approved by the Human Subjects multiple comparisog posttest were used to compare
Institutional Review Board of the Johns Hopkins the means of multiple groups. Data‘ are shox.ivn.as
University Medical Institutions, Baltimore, MD. The ™M¢n$ + SD and were conmdered statistically signifi-
clinical characteristics of the healthy controls and €30t at P < 0.05. GraphPad Prism 7.0 (Gr?f‘PhPad
patients with alcoholism are the same as described.® Software Inc., La Jolla, CA) was .used f.'or analys1§.
Individual EV proteins were prepared from the serum All o.ther methods are described in detail in the
samples of the study subjects as described.™® Supporting files.
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FIG. 1. The amounts of total and cytochrome P450 proteins in circulating EVs were increased in human patients with alcoholism.
(A) Analysis of the size of circulating EVs isolated from the sera of healthy controls (n = 9) who never drank alcohol due to religious
reasons and patients with alcoholism (n = 14) with hepatitis. The inset ﬁ%ures represent transmission electron microscopy images. (B)
EV size was determined by a Nanoparticle Tracking analysis (Nanosight)."® (C) Total number of EVs in the sera of healthy controls
or patients with alcoholism was measured by Nanosight. (D) Analysis of the total protein amounts in circulating EVs isolated from
the sera of healthy controls or patients with alcoholism. (E) Detection of the cytochrome P450 proteins (i.e., CYP2E1, CYP2AS6,
CYP1A1/2, CYP4A, and CYP4B) in circulating EVs from the different groups by immunoblot analyses, as indicated. CD63 was
used as a loading control for the same amounts of total EV proteins in all samples. Densitometric quantitation of the immunoblots
for CYP2E1, CYP2A6, CYP1A1/2, CYP4A, and CYP4 relative to CD63 (n = 4/group) is shown. *P < 0.05, P < 0.01. Data are
shown as means * SD.
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Results

EV CYP2E1 PROTEIN

AND OTHER P450 ISOFORMS
WERE INCREASED IN THE
PLASMA FROM PATIENTS
WITH ALCOHOLISM

EVs were isolated from the plasma of patients with
alcoholism and control individuals in order to evaluate
the increased secretion of P450 proteins, including
CYP2E1, in EVs by alcohol exposure.*® Compared
to the age-matched controls (n = 9, 17.2 £ 3.3),
serum aspartate aminotransferase levels in patients
with alcoholism (n = 14, 69.9 * 33.4) were signifi-
cantly increased, indicating alcohol-induced liver dam-
age. EVs in the plasma of patients with alcoholism and
controls indicated an abundance of smaller vesicles
with similar sizes (Fig. 1A,B). The numbers and total
EV protein amounts were significantly increased in
the plasma of patients with alcoholism compared to
the controls (Fig. 1C,D). The levels of CYP2EI,
CYP2A6, CYP1A/2, and CYP4B proteins were ele-
vated in the plasma EVs from patients with alcoholism
relative to those of controls (Fig. 1E); however, the
amount of CYP4A protein was unchanged. These
results suggest that alcohol (ethanol) and/or its metab-
olites increased the amounts of EV proteins, including
CYP2E1 and other P450 isoforms, that were secreted
possibly from damaged hepatocytes.

AMOUNTS OF EV P450 PROTEINS
WERE INCREASED BY BINGE
ALCOHOL EXPOSURE IN RATS

To confirm the elevated secretion of EV P450 pro-
teins by alcohol exposure in rodent models, female
Fischer F344 wild-type (WT) rats (n > 6/group) were
exposed to three consecutive oral doses of binge alco-
hol (6 g/kg/dose) or isocaloric dextrose (as control) at
12-hour intervals. Binge alcohol exposure significantly
elevated hepatic fat accumulation with mild necrosis
and infiltration of inflammatory cells compared to
those of the dextrose-fed control rats (Fig. 2A;
Supporting Fig. S1A). Consistently, plasma alanine
aminotransferase (ALT) and liver triglyceride (TG)
levels were significantly increased in alcohol-treated
rats compared to control animals (Supporting Fig.
S1A,B, respectively). In addition, binge alcohol expo-
sure elevated the hepatic levels of proinflammatory
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cytokines/chemokines, such as tumor necrosis factor-
alpha (TNF-o) (Supporting Fig. S1C) and monocyte
chemoattractant protein 1 (Supporting Fig. S1D).

The properties of EVs isolated from binge alcohol-
treated rats and dextrose-exposed controls were further
characterized. The sizes of EVs from alcohol-exposed
rats and controls were similar (Fig. 2B). The number of
EVs and their protein concentration were significantly
increased in the plasma of alcohol-exposed rats com-
pared to those of the controls (Fig. 2C,D, respectively).
The amounts of CYP2E1, CYP2A3, CYP1A/2, and
CYP4B proteins were significantly elevated in the EVs
from the plasma of alcohol-treated rats compared to
those of the dextrose controls (Fig. 2E), while similar
levels of EV CYP4A and CD63 were detected in both
groups, consistent with the results observed with human
plasma (Fig. 1E). Furthermore, we observed that the
levels of CYP2E1, CYP2A3, CYP1A/2, and CYP4B
proteins were also elevated in the liver lysates of binge
alcohol-exposed Fischer rats compared to the corre-
sponding controls (Fig. 2F). Again, the amounts of
CYP4A protein were similar in the liver lysates of
alcohol-exposed rats and dextrose-treated controls.
These results suggest that greater amounts of EV pro-
teins were produced in alcohol-exposed rat hepatocytes
and that there were parallel increases in the protein lev-
els of hepatic and EV CYP2E1, CYP2A3, CYP1A/2,
and CYP4B. In contrast, the amounts of hepatic and
EV CYP4A were unchanged despite alcohol exposure,
indicating that alcohol exposure selectively up-regulated
hepatic and EV CYP2E1 and a few other P450 iso-
forms, but not CYP4A.

ALCOHOL-INDUCED INCREASES
OF EV AND HEPATIC P450
ISOFORMS WERE PREVENTED
BY POLYUNSATURATED

FATTY ACIDS

Our previous results showed that the addition of
physiologically relevant amounts of polyunsaturated
fatty acids (PUFAs) prevented AFLD and mitochon-
drial dysfunction through blocking the oxidatively
modified (and inactivated) mitochondrial proteins in
rats fed an alcohol liquid diet for 9 weeks.1? Further,
PUFASs inhibited the elevated activities and amounts
of CYP2E1 and inducible nitric oxide synthase
(iNOS) following chronic alcohol exposure, suggestin
important roles of CYP2E1 and iNOS in AFLD,"
consistent with the previous reports.(20'24) Therefore,
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FIG. 2. Binge alcohol increased the levels of P450 isoforms in circulating EVs in rats. (A) Representative hematoxylin and eosin
staining of formalin-fixed liver sections for the indicated groups (magnification X100). The inset figures represent larger (X200) mag-
nification images. (B) Analysis of the size of circulating EVs isolated from the control or binge ethanol-exposed Fischer rats performed
by Nanosight. (C) Total number of EVs in the control or binge ethanol-exposure rats was measured by Nanosight. (D) Total protein
amounts of EV derived from the control or binge ethanol-exposure rats. (E) Detection of the cytochrome P450 proteins (e.g.,
CYP2E1, CYP2A3, CYP1A1/2, CYP4A, and CYP4B) in circulating EVs from the different groups by immunoblot analyses, as indi-
cated. CD63 was used as a loading control for the same amounts of total EV proteins in all samples. Densitometric quantitation of
the immunoblots for P450 isoforms relative to CD63 (n = 4/group) is shown. *P < 0.05. (F) Detection of the P450 proteins in liver
lysates from the different groups by immunoblot analyses, as indicated. f-Actin, used as a loading control, is shown. Densitometric
quantitation of the immunoblots for CYP proteins relative to fi-actin (n = 4/group) is shown. *P < 0.05, ™P < 0.01. Abbreviations:
CON, control; EtOH, ethanol. Data are shown as means = SD.

in this study, we specifically evaluated the role of
CYP2E1 in preventing the increased amounts of EV

model, alcohol exposure alone also increased the

amounts of hepatic TG and TNF-uo (Supporting Fig.

proteins, including CYP2E1 and other P450 isoforms,
in Long-Evans rats fed an alcohol or dextrose-control
liquid diet with or without the addition of PUFAs,
including docosahexaenoic and arachidonic acids, in a
pair-feeding paradigm."” Chronic alcohol feeding
increased the plasma ALT and hepatic TG contents,
while PUFA supplementation to the alcohol liquid
diet significantly decreased their levels (Supporting
Fig. S2), similar to the previous report.(lg) In this

S2A,B, respectively). Furthermore, the levels of this
cytokine were normalized in rats fed the alcohol-liquid
diet supplemented with PUFAs.

To further determine the effects of PUFAs on EV
contents of P450 isoforms, EVs were isolated from
individual rat plasma in the four different groups of
animals: base control (BC), base ethanol (BE), PUFA
control (PC), and PUFA ethanol (PE). The sizes of
EVs from the BC, BE, PC, and PE groups were
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FIG. 3. PUFA supplementation prevented the total protein amounts and CYP proteins in circulating EVs. (A) Analysis of the size
of circulating EVs isolated from Long-Evans rat plasma of the BC, BE, PC, or PE group performed by Nanosight.(lg) (B) Total
number of EVs in plasma of the BC, BE, PC, and PE groups was measured by Nanosight. (C) Analysis of the total protein amounts
in circulating EVs isolated from rat plasma of the BC, BE, PC, or PE group. (D) Detection of the cytochrome P450 proteins (e.g.,
CYP2E1, CYP2A3, CYP1A1/2, CYP4A, and CYP4B) in circulating EVs from the different groups by immunoblot analyses, as indi-
cated. Densitometric quantitation of the immunoblots for EV. CYP proteins relative to CD63, used as a loading control for the same
amounts of total EV proteins, is shown. n = 3/group. (E) Detection of the CYP proteins in liver lysates from the different groups by
immunoblot analyses, as indicated. Densitometric quantitation of the immunoblots for CYP proteins relative to f-actin, used as a
loading control, is shown. n = 4/group. *P < 0.05, **P < 0.01. Data are shown as means * SD.

similar (Fig. 3A). The number and protein amounts of
EVs were increased in the plasma from the BE group
compared to those of the BC group (Fig. 3B,C,
respectively). However, the elevated EV number and
amounts were significantly reduced in the PE group
despite ethanol feeding (Fig. 3B,C, respectively). The
amounts of CYP2E1, CYP2A3, CYP1A/2, or
CYP4B protein were increased in the EVs from the
plasmas of the BE group compared to the BC group
(Fig. 3D). The increased EV CYP2E1, CYP2A3,
CYP1A/2, and CYP4B proteins observed in the BE

680

group returned to control levels in the PE group, simi-
lar to those in the BC or PC group. In parallel, the
amounts of hepatic CYP2E1, CYP2A3, CYP1A/2,
and CYP4B proteins were increased in the BE group,
but the elevated protein concentrations were decreased
to basal levels in the PE group (Fig. 3E). However,
EV and hepatic CYP4A proteins were unchanged and
showed similar amounts among all four groups (Fig.
3D,E, respectively). These data demonstrated parallel
changes in some specific P450 proteins, including

CYP2E1, between the liver extracts and EVs and
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showed that chronic alcohol administration increased
the EV P450 proteins while the PUFA supplementa-
tion blocked the elevated secretion of EV P450 pro-
teins from hepatocytes, possibly by preventing
CYP2E1 and iNOS-related oxidative stress.

CYP2E1 WAS IMPORTANT

IN THE ALCOHOL-MEDIATED
ELEVATION OF EV AMOUNTS
AND EV P450 ISOFORMS

Our results (Figs. 2 and 3) with rats exposed to
binge or chronic alcohol in the absence or presence of
PUFA suggest an important role for CYP2E1 in the
increased amounts of EV and EV P450 isoforms, sim-
ilar to a recent report that showed alcohol-mediated
EV  production and macrophage activation in a
CYP2E1-dependent manner.?® To further elucidate
the direct role of CYP2E1 in elevating EV release in
response to ethanol, WT and Cyp2e7-null mice were
exposed to binge alcohol, as previously reported, 6"
and EV proteins were characterized. Histologic and
biochemical analyses showed that binge alcohol expo-
sure increased fat accumulation and the levels of serum
ALT and hepatic TG in WT mice compared with the
dextrose controls (Supporting Fig. S3A-C). In con-
trast, these changes were not observed in the Cyp2el-
null mice despite exposure to the same amounts of
alcohol (Supporting Fig. S3A-C).

Sizes of EVs were in the range 50-150 nm and were
similar in both mouse strains regardless of binge alco-
hol exposure (Fig. 4A). Although the amounts of EV
proteins were significantly elevated in alcohol-exposed
WT mice, the number and amounts of EV proteins
were not increased in the alcohol-exposed Cyp2e7-null
mice compared to those of the dextrose-control coun-
terparts (Fig. 4B,C, respectively). EV CYP2E1 protein
contents were elevated in alcohol-exposed WT mice
compared to the dextrose controls but were not
increased in plasma EVs from the corresponding
Cyp2el-null mice (Fig. 4D). The amounts of EV
CYP2A5 and CYP4B proteins were also elevated in
binge alcohol-exposed WT mice compared to the dex-
trose controls, and their elevated levels were not
decreased in the alcohol-exposed Cyp2el-null mice
(Fig. 4D). In fact, the EV CYP2AS5 increases,
observed in alcohol-exposed WT mice, were further
elevated in the corresponding Cyp2el-null mice (Fig.
4D). These results suggested that CYP2E1 most likely
plays a role in the alcohol-mediated elevation of EV
P450 isoforms, including CYP2E1, in an individual

CHO ET AL.

P450-specific manner. Consistently, the levels of
hepatic CYP2E1, observed only in the WT mice, were
significantly increased by binge alcohol exposure (Fig.
4E). Similarly, the hepatic levels of CYP1A1/2 were
also elevated in alcohol-exposed WT mice, but its ele-
vation was not observed in the corresponding Cyp2el-
null mice, suggesting a potential CYP2E1-dependent
up-regulation of CYP1A/2. In contrast, the hepatic
levels of CYP2A5 and CYP4B were elevated in a
CYP2E1-independent manner because their elevated
levels were still observed in both WT and Cyp2e-null
mice following binge alcohol exposure. However, the
levels of hepatic CYP4A were unchanged regardless of
the expression of CYP2E1 in different mouse strains
and alcohol exposure (Fig. 4E).

To further demonstrate the importance of CYP2E1
in EV protein secretion, female Fischer WT rats (n >
6/group) were exposed to three consecutive oral doses
of binge alcohol (6 g/kg/dose) at 12-hour intervals
with or without the CYP2E1 inhibitor chlormethia-
zole (CMZ).%9 CMZ treatment did not change the
EV size (Fig. 5A) but prevented elevation of EV num-
ber and protein content following binge alcohol expo-
sure (Fig. 5B,C, respectively) and suppressed binge
alcohol-induced fatty liver and increased plasma ALT
(Supporting Fig. S4A,B). Furthermore, CMZ treat-
ment effectively blocked ethanol-mediated CYP2E1
induction in EVs or liver lysates (Fig. 5D,E, respec-
tively). Additionally, EV and hepatic CYP2A3 and
CYP1A1/2 levels, elevated in the alcohol-exposed
group, were suppressed by CMZ treatment. However,
CMZ treatment did not appear to affect the CYP4A
and CYP4B contents in EVs and liver lysates.

INCREASED EV CYP2E1

CAN BE A POTENTIAL
BIOMARKER FOR ALCOHOL
EXPOSURE

OR ALCOHOL-INDUCED
LIVER INJURY

To determine the number of EVs and the stability
of EV CYP2E1 after ethanol exposure, we isolated
EVsat 1, 3, 5, and 7 days after the last dose of ethanol
given to WT rats. Elevated EV number and EV
CYP2E1 content were still detected 5 and 7 days after
alcohol exposure (Supporting Fig. S5C,D, respec-
tively), although liver histology and plasma ALT
returned to normal 3 days after the alcohol exposure
(Supporting Fig. S5A,B, respectively).
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FIG. 4. CYP2E1 deletion prevented alcohol-medicated increments of hepatic P450 proteins and the amounts of total EV proteins
and P450 isoforms in mice. WT or Cyp2e-null mice were exposed to dextrose (CON) or 6 g ethanol/kg/dose via oral gavage 3 times
at 12-hour intervals and were sacrificed 1 hour after the third dose (n = 7/group). (A) Analysis of the size of circulating EVs isolated
from each group. (B) Total number of EVs in each group was measured by Nanosight. (C) Analysis of the protein amounts in circu-
lating EVs isolated from each group, as indicated. (D) Detection of the P450 proteins (e.g., CYP2E1, CYP2AS5, CYP1A1/2,
CYP4A, and CYP4B) in circulating EVs from the different groups by immunoblot analyses, as indicated. Densitometric quantitation
of the immunoblots for EV CYP proteins relative to CD63, used as a loading control, is shown. (E) Detection of the hepatic P450
isoforms from the different groups by immunoblot analyses, as indicated. Densitometric quantitation of the immunoblots for hepatic
CYP proteins relative to f-actin, used as a loading control, is shown. *P < 0.05, **P < 0.01. Abbreviations: CON, control; EtOH,
ethanol. Data are shown as means = SD.

To determine the specificity of EV CYP2E1 as a and APAP-treated mice. Similarly, significantly

potential biomarker of alcohol exposure or AFLD, we
compared the amounts of EV and hepatic CYP2E1 in
two different models of chemical- or drug-induced
acute liver injury caused by CCly or acetaminophen
(APAP). Typical necrosis in the pericentral regions
(Supporting Fig. S6A) and elevated plasma ALT
(Supporting Fig. S6B) were observed in both CCly-
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increased numbers of circulating EV were observed in
the plasma of CCly- and APAP-exposed mice (Sup-
porting Fig. S6C). However, virtually no or little EV
CYP2E1 was detected in CCly- or APAP-treated
mice despite the presence of hepatic CYP2E1 in
APAP-exposed mice (Supporting Fig. S6D). Admin-
istration of the CYP2E1 inducer pyrazole at 150 mg/
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control, is shown. *P < 0.05, **P < 0.01. Abbreviations: CON, control; EtOH, ethanol. Data are shown as means * SD.

kg/day for 3 consecutive days (Supporting Fig. S7) or
1 day (data not shown) increased the EV number as
well as the amounts of EV and hepatic CYP2E1 com-
pared to those of vehicle controls. Therefore, CYP2E1
in EVs cannot be a specific biomarker for detecting
alcohol exposure and/or AFLD but can be a general
biomarker for liver injury, although more rigorous
characterizations are warranted for this purpose.

MECHANISMS OF ELEVATED EV
CYP2E1 FOLLOWING ALCOHOL
EXPOSURE: DEPENDENCE
OF OXIDATIVE AND ER STRESS

To investigate the underlying mechanisms of ele-

vated EV CYP2EL1 in ethanol-exposed rodents and
patients with alcoholism, primary mouse hepatocytes
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Data are shown as means = SD.

and E47 hepatoma cells that overexpressed CYP2E1®
were exposed to 100 mM ethanol for different times
up to 48 hours. Ethanol exposure significantly
increased EV numbers in both primary hepatocytes
and E47 cells at 24 hours (Supporting Fig. S8A,B,
respectively). In addition, the amounts of EV proteins
were increased after 6 hours incubation with 100 mM
ethanol in a time-dependent manner (Supporting Fig.
S8C). Furthermore, ethanol exposure increased EV
numbers only in VL-17 hepatoma cells that overex-
press both CYP2E1 and ADHI, but not in VA-13
cells that overexpress ADH1 alone (Supporting Fig.
S9A,B, respectively).?® These results indicate a
dependence on CYP2E1 expression and a potential

role of ROS and oxidative stress in the increased
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secretion of EVs produced through CYP2E1-
mediated alcohol metabolism.

Based on these results, we first tested whether EV
secretion by primary hepatocytes is directly related to
increased ROS production following ethanol exposure.
Analysis of ROS production by confocal microscopy
showed increased ROS production following ethanol
exposure for 24 hours (Fig. 6A,B). Similarly, EV num-
ber and CYP2E1 secretion were significantly elevated
by ethanol exposure in a time-dependent manner
(Fig. 6C,D, respectively). We next explored whether
ethanol exposure can cause ER stress by monitoring

the elevation of the ER stress-induced proteins protein
disulfide isomerase (PDI) and 78-kDa glucose-
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regulated protein (Grp78).?? Ethanol exposure ele-
vated the levels of these proteins, albeit only slightly, in
primary hepatocytes exposed to ethanol in a time-
dependent manner (Fig. 6D). Elevated ER stress at 12
hours in alcohol-exposed hepatocytes was also observed
by increased green fluorescence under confocal micro-
scopy (Fig. 6E). Furthermore, ethanol treatment
increased EV CYP2E1 and ER stress marker proteins
PDI and Grp78 in primary hepatocytes (Fig. 7A) and
EV numbers (Fig. 7B), similar to those pretreated
with the ER stress inducer thapsigargin (Fig. 7A).
Cotreatment with the antioxidant N-acetylcysteine, a

CYP2E1 inhibitor (CMZ), or the ER stress inhibitor
4-phenylbutryric acid efficiently blocked the elevation
of CYP2E1 and PDI in cultured primary hepatocytes
and EV release from primary hepatocytes in response
to ethanol (Fig. 7A,B, respectively).

To further confirm CYP2E1-dependent EV secre-
tion after ethanol exposure, we used cytochalacin-D
(Cyto-D) as an EV secretion inhibitor. Treatment
with Cyto-D significantly reduced the ethanol-
mediated CYP2E1 protein expression and EV release
from primary hepatocytes (Fig. 7C,D, respectively).
Similar results were observed with other EV secretion
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inhibitors, such as GW4869 and dimethyl amiloride
(data not shown). In addition, our immunoprecipita-
tion of EV proteins followed by immunoblot analysis
revealed that EV CYP2E1, released after ethanol
exposure, was nitrated (Fig. 7E) and exhibited no
additional enzyme activity (Fig. 7F) compared to that
of the basal EV CYP2E1 or elevated hepatic CYP2E1
activity, although we do not know the exact mecha-
nism by which the nitrated CYP2E1 was secreted and
incorporated into EVs. To the best of our knowledge,
this is the first report to show that nitrated CYP2E1 is
incorporated into EVs. Thus, ethanol metabolism
stimulates EV release by a CYP2E1-dependent mech-
anism most likely through increased nitroxidative and

ER stress.

INCREASED EV PROTEINS
FOLLOWING ALCOHOL
EXPOSURE CAN ACTIVATE CELL
DEATH SIGNALS IN PRIMARY
HEPATOCYTES

To investigate interaction and internalization of
EVs into primary hepatocytes, EVs from alcohol-
exposed rodents were labeled with DiD lipophilic car-
bocyanine red fluorescent dye.®” Confocal microscopy
showed that DiD-labeled EVs from alcohol-exposed
rodents but not from control EVs are internalized into
primary hepatocytes (Fig. 8A) and E47 hepatoma cells
(Supporting Fig. S10A). Moreover, the exogenous
EVs from alcohol-exposed rodents and human patients
with alcoholism decrease cell viability of primary hepa-
tocytes (Fig. 8B) or E47 cells (Supporting Fig. S10B).
Furthermore, analysis of the mechanisms of this
decreased viability demonstrated that the EVs from
alcohol-exposed rodents can activate or up-regulate
mediators of apoptosis, such as activated phospho-c-
Jun N-terminal protein kinase, proapoptotic Bax, and
cleaved (activated) caspase-3 in hepatocytes (Fig. 8C).
Increased levels of cleaved caspase-3 were also observed
by confocal microscopy (Fig. 8D). These results
showed that elevated CYP2E1-mediated oxidative
and/or ER stress in alcohol-exposed cells and rodents
can promote release of EV proteins and many other
components that can be toxic to the recipient hepato-
cytes (Fig. 8E). Therefore, EVs from alcohol-exposed
organisms are involved in cellular communication,
eventually resulting in hepatocyte cell death.
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Discussion

ALD represents a spectrum of clinical illness and
morphological changes that range from fatty liver to
hepatic inflammation and necrosis (alcoholic hepatitis)
to progressive fibrosis (alcoholic cirrhosis). In animal
models of ALD, CYP2E1 and iNOS have been shown
to have important roles in the pathogenesis of ALD as
mice lacking these genes are protected from ALD@*?®
while transgenic mice that overexpress CYP2E1 are
more prone to ALD.?%?* The role of CYP2E1 in the
pathogenesis of ALD is primarily through its propensity
to produce ROS and resulting reactive free radical
metabolites, including lipid peroxides and reactive alde-
hydes.?”*®) In this study, we showed for the first time
that the levels of EV CYP2E1 and other CYP isoform
(e.g, CYP2A3, CYP1A1/2, and CYP4B) proteins
were elevated in alcohol-exposed rats, mice, and human
patients with alcoholism compared to those of their
respective controls. In addition, we demonstrated the
important role of CYP2E1 in alcohol-mediated eleva-
tion of EV production, possibly through increased oxi-
dative stress. This conclusion was supported by the
results observed in WT rats treated with PUFAs, which
inhibit CYP2E1, and Cyp2el-null mice regardless of
ethanol exposure.

We observed an increased number and/or amounts
of circulating EVs in the plasma of patients with alco-
holic hepatitis compared to healthy controls. We also
found a significantly elevated number or amount of cir-
culating EVs in the plasma of rats chronically fed an
alcohol liquid diet compared to the pair-fed controls.
Interestingly, the sizes of the EV's in both animal mod-
els and human subjects were not changed. Similarly,
we found a significantly increased number of circulat-
ing EVs in mouse plasma in which acute liver disease
was induced by treatment with APAP or CCly. Fur-
thermore, a recent report revealed that the number of
circulating EVs was increased in alcoholic hepatitis
patients.®? These results indicate the EV proteins or
miRNAs can be used as a relatively noninvasive marker
for AFLD. Our results also revealed that the levels of
plasma EV CYP2E1, CYP2A6, CYP1A1/2, and
CYP4B, but not CYP4A, were significantly elevated
in patients with alcoholic hepatitis compared to
healthy controls. Similar results were also observed in
binge alcohol-exposed mice in a CYP2E1-dependent
manner because the elevated P450 isoforms in the cir-
culating EVs and livers were markedly decreased or
not observed in the alcohol-exposed Cyp2el-null mice
or Fischer rats and primary hepatocytes pretreated with
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hepatocytes. (A) EVs from alcohol-exposed rats were fluorescently labeled with the cell membrane marker DiD prior to its incubation
with primary hepatocytes for 24 hours. Primary hepatocytes were counterstained with DAPI to stain the cell nuclei. Control hepato-
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with untreated cells. *P < 0.05, *P < 0.01. (C) Immunoblot results showing relative expression of phospho-(p)-JNK, JNK, Bax, or
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treated with EVs from alcohol-exposed rats for 24 hours. Primary hepatocytes were counterstained with DAPI to stain the cell nuclei.
(E) Schematic diagram for the role of exogenous EVs containing CYP2E1 and many other components in promoting hepatocyte cell
death most likely through elevated oxidative and ER stress. Abbreviations: CON, control; DAPI, 4,6-diamidino-2-phenylindole;
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phosphate-buffered saline. Data are shown as means + SD.

the CYP2E1 inhibitor CMZ. Similar suppression of
EV CYP2E1 incorporation and other P450 isoforms
in Long-Evans rats was observed in PUFA-ethanol
rats, most likely due to suppression of CYP2E1 and
nitroxidative stress by PUFA, as reported.'” These
results are in agreement with the recent report®® con-
firming the important role of CYP2E1 in alcohol-
induced hepatocyte injury and secretion of EV
proteins.

Our results from three different rodent models and
human individuals with alcoholism clearly demonstrate
the presence of P450 proteins in circulating EVs that
could have originated from damaged hepatocytes. In
this regard, it is surprising that comprehensive proteo-
mic analyses of hepatocyte-derived EVs did not show
the presence of CYP2E1, CYP2A3, CYP1A1/2, and
CYP4B.®*® Although the source of EV CYP2E1

was not carefully determined in the current study, it is
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likely that EV P450 proteins were produced from the
liver because the greatest amounts of most P450 pro-
teins are known to be expressed in hepatocytes than in
other extrahepatic tissues or cells and because liver-
specific proteins, such as albumin, haptoglobulin, and
fibrinogen, were identified in the circulating EV's from
alcohol-exposed mice and human patients with alco-
holism.™® The fact, that hepatocytes are able to secrete
EVs containing many enzymes involved in the metab-
olism of lipids, endogenous compounds, and xenobiot-
ics™ could also imply that hepatocyte-derived EVs
may play a role in extrahepatic metabolism and body
homeostasis, as su%gested.(”’%)

Niemela et al.G¥ reported that multiple CYPs,
CYP2E1, CYP2A, and CYP3A were increased in liver
specimens from human patients with alcoholism. The
CYP2A isoform can metabolize nicotine, the major
component of tobacco, leading to the production of
toxic metabolites that can contribute to liver damage
and lung cancer.®*?*® Alcohol exposure can up-
regulate CYP2A isoform expression through activation
of the oxidative stress-mediated protein kinase C/
MEK/Nrf2 (mitogen-activated protein kinase/nuclear
erythroid related factor-2) pathway in monocytic
cells.*” Our results showed that hepatic and EV
CYP2A isoforms were elevated by alcohol exposure in
a CYP2El-independent manner. Our results also
revealed that liver and EV CYP1A1/2 were elevated
by ethanol exposure. These results are in agreement
with an earlier report showing hepatic and skeletal
CYP1A1/2 were induced in ethanol-fed
rats.®® In addition, our data suggested that elevation
of EV CYP1A1/2 may be released from ethanol-
induced damaged hepatocytes. CYP4B is highly
expressed in lung, peripheral tissues, and liver where it
has been reported to function in the activation of pro-
carcinogens.®? CYP4B metabolizes short chain fatty
acid substrates to dicarboxylic acids, which are directed
to the mitochondria for complete f-oxidation.“”
Complete oxidation of short chain fatty acids would
increase oxidative phosphorylation and provide neces-
sary energy for repair and proliferation.“” CYP4A,
involved in fatty acid metabolism, is the major enzyme
that contributes to insulin resistance and hepatic stea-
tosis in the diabetic mouse liver.*Y However, the
amounts of EV CYP4A were unchanged in the
alcohol-treated rodents and human patients with alco-
holism in our studies. Our results may thus demon-
strate that the relative degree of hepatocyte injury is
closely related to the production of EV's with high lev-
els of a few selective CYP enzymes.

muscle
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To further determine the underlying mechanisms of
EV release in alcohol-exposed rodents and patients
with alcoholism, we used iz vifro hepatocyte cell cul-
ture models. Our results revealed that the levels of
CYP2E1 and ROS in primary hepatocytes and E47
cells exposed to ethanol were increased and could
account for the elevation of EV numbers and EV pro-
tein contents. Increased CYP2E1 and oxidative stress
are likely to promote ER stress, as evidenced by the
elevated expression of PDI and GRP78, potentially
leading to protein nitration and accumulation of
unfolded proteins, leading to secretion of these modi-
fied or unfolded CYP2E1 (and other proteins) into
circulating EVs. Indeed, the ER stress activator thapsi-
gargin increased EV secretion and CYP2E1 expression
in hepatocytes. In contrast, the ethanol-mediated
increases in EV secretion and CYP2E1 expression
were markedly blunted by treatment with the CYP2E1
inhibitor CMZ, the potent antioxidant N-acetylcys-
teine, the ER stress inhibitor 4-phenylbutryric acid, or
EV secretion inhibitors Cyto-D, GW4869, and
dimethyl amiloride. These results verified that nitrated
CYP2E1 and other proteins in EVs might be secreted
through a CYP2E1-dependent oxidative and ER stress
manner following ethanol exposure. The released EVs
then interact with target or adjacent cells and trigger a
myriad of responses.®*** In the current study, we
observed that alcohol-modulated EVs containing
many components, such as various messenger RNAs,
miRNAs, (mitochondrial) DNA,*? and proteins,
including CYP2E1, can promote cell death in primary
hepatocytes and E47 hepatoma cells by activating the
cell death signaling pathways. However, we do not
know whether exogenously added EV CYP2E1 and
other P450 isoforms would increase the total levels of
CYP2E1 and others in the whole lysates of the recipi-
ent cells. Furthermore, EV CYP2E1 was detected at 5
and 7 days after the last dose of ethanol, suggesting its
stability. Elevated EV CYP2E1 was also detected in
mice exposed to the CYP2E1 inducer pyrazole for 3
consecutive days (Supporting Fig. S7) and 1 day (data
not shown). Therefore, the present study also indicates
that ER stress-dependent EV CYP2E1 could be a
potential biomarker for ALD and/or other liver injury,
although its validation should be further evaluated
more rigorously with additional models.

In summary, our results demonstrate that the num-
ber and protein amounts of circulating EVs were
increased in both rodents and human plasma associ-
ated with AFLD. The hepatic levels of CYP2E1,
CYP2A6, CYP1A/2, and CYP4B were increased in
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alcohol-exposed rodents and humans. Consistently,
the levels of CYP2E1 and other P450 isoforms were
elevated in circulating EV's from the plasma of rodents
and humans with alcohol exposure. These results sug-
gest that some hepatic proteins, which are up-
regulated by alcohol exposure, are likely incorporated
into EVs in a CYP2E1-dependent manner through
increased oxidative and ER stress, although the
detailed mechanisms by which CYP2E1 promotes EV
secretion needs to be further studied. Circulating EV's
prepared from alcohol-exposed rats were internalized
and caused death of primary hepatocytes or hepatoma
cells. Detection of CYP2E1 and other P450 isoforms
in circulating EVs can be used as potential novel bio-
markers for liver injury.
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