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KEY WORDS Abstract  Alcoholic liver disease (ALD) results from continuous and heavy alcohol consumption. The
current treatment strategy for ALD is based on alcohol withdrawal coupled with antioxidant drug inter-
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treating ALD was not shown. In this study, we developed a RNAI therapeutics delivered by lipid nano-
particle, and treated mice fed on Lieber-DeCarli ethanol liquid diet weekly for up to 12 weeks. This
RNAi-based inhibition of Cyp2el expression reduced reactive oxygen species and oxidative stress in
mouse livers, and contributed to improved ALD symptoms in mice. The liver fat accumulation, hepato-
cyte inflammation, and fibrosis were reduced in ALD models. Therefore, this study suggested the feasi-
bility of RNAI targeting to CYP2E] as a potential therapeutic tool to the development of ALD.
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1. Introduction

Alcoholic liver disease (ALD) refers to a series of liver diseases,
including alcoholic fatty liver (AFL), alcoholic hepatitis, and
alcoholic liver fibrosis, that are caused by long-term alcohol
consumption'~. Liver damage occurs progressively throughout the
ALD stages. Approximately 90%—95% of long-term alcohol
drinkers will experience fat accumulation in the liver and develop
AFL. About 10%—35% of the patients with AFL will develop
alcoholic hepatitis’. Moreover, 20%—40% of patients with AFL
may develop alcoholic liver fibrosis as their condition worsens.
Furthermore, upon continuous alcohol consumption, 10%—15%
of patients with alcoholic liver fibrosis may progress to alcoholic
cirrhosis* and 3%—10% of the cases may further progress to liver
cancer’. Liver injury is progressively aggravated with continuous
alcohol intake®. However, there are few specific effects available
for the treatment of ALD, Glucocorticoids are often used alone or
in combination with Pentoxifylline for the treatment of ALD, but
Glucocorticoids have significant side effects’ and are not suitable
for long-term treatment. Metadoxine is commonly used to treat
acute alcoholism®, but does not directly improve liver function.
Natural antioxidant compounds such as silybin can repair the liver
by attenuating lipid peroxidation reactions’, and although toxicity
and side effects are low, their low bioavailability and rapid
metabolic rate make them disappear from the body quickly'’. The
clinical treatment strategy for ALD is alcohol withdrawal coupled
with drug intervention'', which is a long process with poor effi-
cacy and low patient compliance.

The protein CYP2EI, a member of the cytochrome P450
family was confirmed as a vital enzyme responding to long-term
ethanol consumption and the development of ALD'>"'°. The
levels of CYP2E1 protein and the associated mRNA were
significantly upregulated in the livers of patients drinking alcohol
and in rodents after long-term ethanol consumption'®'’. The
metabolism of ethanol by CYP2E1 generates large amounts of
reactive oxygen species (ROS)'®, leading to oxidative stress'’.
Chronic administration of alcohol to rats can significantly induce
the expression of CYP2E1 in their livers and aggravate liver
fibrosis?’. There have been studies that inhibited the development
of ALD by constructing Cyp2el knockout mice and exacerbated
the effects of alcohol-induced liver injury in humanized CYP2E]
knock-in mice>' **. And the inhibition of CYP2EI by the specific
inhibitor, clotrimazole””, improved ALD?. These studies collec-
tively demonstrate the relevance of CYP2E1 as a key effector in
ALD development and the therapeutic effect on ALD may be
achieved by inhibiting CYP2E1. However, CYP2EI knockout can
hardly be achieved clinically. And chemical inhibitor clotrimazole
has an inhibitory effect not only on CYP2EI1, but also on other
cytochrome P450s such as CYP2B6 and CYP2A6”°.
Clotrimazole-related adverse effects have been clinically found to
be numerous”’* and potentially addictive®’.

RNA-interference (RNAi) therapeutics is to silence specific
target gene(s) to block their protein expression in vivo to treat

diseases’*'. RNAi technology has been demonstrated for the

treatment of diabetes33, myocardial ischemia”, acute lung
injury®®, cancer’®, and kidney disease®® in animal models.
Recently several drugs based on RNAi have been approved by
FDA, making RNAI therapeutics viable, particularly for targeting
liver-related diseases. Lipid nanoparticles (LNP) encapsulated
chemically modified siRNA (LNP-siRNA) was used for the FDA
approved RNAI therapeutics.

In this study, we developed a novel LNP-siRNA method to
specifically knockdown Cyp2el in mouse livers. Therapeutical
effects on ALD were observed in those alcohol-treated mouse
models, and this RNAi-based method showed good potentials as a
new therapeutic tool.

2. Materials and methods

2.1. Materials

Lieber-DeCarli diet was purchased from Dyets Biotechnology
(Wuxi, China). Dlin-MC3-DMA, disteroylphosphatidyl choline,
and cholesterol were purchased from AVT (Shanghai, China).
C14-PEG2000 was purchased from Sigma—Aldrich (Shanghai,
China). Silybin glucosamine (>98% purity) was gifted by Jiangsu
Zhongxing Pharmaceutical (Jiangsu, China). Analysis kits for
alanine aminotransferase (ALT), aspartate transaminase (AST),
reactive oxygen species (ROS), malondialdehyde (MDA), super-
oxide dismutase (SOD), glutathione (GSH), glutathione peroxi-
dase (GSH-Px), triglyceride (TG), total cholesterol (TC), and
hydroxyproline (HYP) were obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The expression of
interleukin-6 (IL-6) and Tumor necrosis factor alpha (TNF-«) in
mouse serum were detected by ELISA kits were obtained from
BYabscience (Nanjing, China). RIPA buffer, BCA protein con-
centration analysis kits, and Horseradish peroxidase (HRP)-
labeled goat anti-rabbit IgG (H&L), BeyoRT™ cDNA First Strand
Synthesis Kit, and BeyoFast™ SYBR Green qPCR Mix were
purchased from The Beyotime Institute of Biotechnology
(Shanghai, China). An anti-Cyp2el antibody (BML-CR3271) was
purchased from Enzo Biochem (New York, NY, USA). Acetyl-
CoA carboxylase (ACC, PAB284Mu0l), carnitine palmitoyl-
transferase 1 (CPT1, PAF368Mu01), fatty acid synthase (FAS,
PAC470Mu01), sterol regulatory element binding protein-lc
(SREBPlc, PAC868Mu0l), and peroxisome proliferator-
activated receptor-y coactivator-la (PGC-1a, PAH337Mu01) an-
tibodies were obtained from CLOUD-CLONE CORP. (Wuhan,
China). Calnexin antibody (10427-2-AP) was obtained from
Proteintech Group (Wuhan, China), GAPDH antibody (ab9485)
was obtained from Abcam (Cambridge, MA, USA), and §-actin
antibody (orb-10033) was obtained from Biorbyt (Wuhan, China).
Polyvinylidene fluoride (PVDF) membranes were purchased from
Millipore (Billerica, MA, USA). Lipofectamine™ RNAiMAX and
Trizol reagent was sourced from Thermo Fisher Scientific (Wal-
tham, MA, USA). All reagents and solvents were of analytical
grade.
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2.2.  SiRNA design, synthesis, and screening

Four siRNAs targeting mouse Cyp2el were designed and used as
previously described”’. Single-stranded RNAs, which had 2'-O-
methyl modifications and dTsdT 3’ overhangs (“s” indicates
phosphorothioate linkage) to improve RNA stability in vivo and
inhibit immune stimulation, were produced at GenScript (Nanjing,
China). The equimolar amounts of complementary strands were
mixed in an annealing buffer (50 mmol/L Tri-HCl buffer,
100 mmol/L NaCl, pH 8.0). Then, they were heated at 95 °C for
5 min and slowly cooled to 25 °C at a rate of 0.1 °C/s using PCR.
Since the low expression of CYP2EI protein in conventional
hepatocyte cell lines did not achieve a good screening effect,
screening experiments were performed by constructing a Cyp2el
overexpressing stable cell line (Cyp2el OE cells). Hepa 1—6 cells
were cultured in DMEM supplemented with 10% FBS and cultured
in a humidified incubator at 37 °C with 5% CO,. Stable cell lines
overexpressing the CYP2E1 protein were obtained through trans-
fection with a lentiviral vector for 48 h, as previously described’®.
After puromycin screening, Cyp2el OE cells were finally con-
structed and identified using qRT-PCR and western blotting.
Cyp2el OE cells were seeded at a seeding density of
1.0 x 10° cells per well in 24-well plates. Meanwhile, Cyp2el
siRNAs were transfected using lipofectamine™ RNAIMAX
transfection reagent for 24 h. The knockdown efficacy of Cyp2el
was measured by qRT-PCR, and ICs, values were calculated.

2.3.  Preparation and characterization of LNPs

The LNPs were prepared using a microfluidic device according to
the previously reported procedure™. Briefly, Dlin-MC3, DSPC,
cholesterol, and C14-PEG2000 were dissolved in ethanol at a of
50/10/38.5/1.5 (m/m/m/m), respectively, and siRNAs were dis-
solved in 10 mmol/L citrate buffer. Then, the lipid and siRNAs
were mixed in a ratio of 1/3 (n/n) through the microfluidic device
at a rate of 12 mL/min. Finally, the mixture was dialyzed against
PBS (pH 7.4) for 2 h to remove alcohol using a 100,000 MWCO
membrane at 25 °C. Particle size distribution and polydispersity
index (PDI) were measured using a Malvern Nano ZS90 (Malvern
Instruments, Ltd., Worcestershire, UK). The siRNA encapsulation
efficiency was determined by Quant-iT™ RiboGreen™ RNA
Assay (Thermo Fisher Scientific) in the presence and absence of
Triton X-100 (1%, v/v) as reported in the published methods®’.

2.4.  Animal experiments

Female C57BL/6N mice aged 6—8 weeks weighing 20 + 2 g were
collected from Vital River Laboratories (Beijing, China). Mice
were housed at the Jiangsu University Experimental Animal
Center (Zhenjiang, China) and were allowed to adapt to laboratory
environments (25 £ 2 °C, 40% relative humidity, 12 h light/dark
cycle) for 5 days. The animal facilities at Jiangsu University have
passed the certification of the Association for Assessment and
Accreditation of Laboratory Animal Care. All animal breeding
and experimental procedures were performed in accordance with
the Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committees at
Jiangsu University.

2.4.1.  Knockdown efficiency of si-Cyp2el LNPs in vivo
To verify the knockdown effect of si-Cyp2el in mice, the
mice were injected with 0.5 mg/kg LNPs-formulated si-Cyp2el

(si-Cyp2el LNPs) or si-Control (si-Control LNPs) in PBS by tail
vein injection’’. There were five mice in each group. Animals
received one injection and the expression of CYP2EI1 in mice was
detected on Days 1, 3, 5, 7, and 10 after injection. The group
injected with PBS was labeled as the negative control.

2.4.2.  si-Cyp2el LNPs treatment of ALD in mice

NIAAA model*” is a recently established chronic alcohol-fed
mouse model that efficiently mimics the characteristics of
different stages of human ALD. In this study, the NIAAA
model of ALD induction was established as previously
reported*’ *?, with modifications to assess the effect of si-
Cyp2el LNPs on ALD development. Briefly, 8-week-old
C57BL/6N female mice were divided into alcohol-fed, pair-fed,
and nine administration groups as indicated in Fig. 1, where
each group is composed of six mice. First, each group of mice
was fed with an equal caloric transition for one week, ensuring
that the energy intake of each group was as equal as possible.
The mice in the alcohol-fed group and administration groups
were fed with increasing alcohol concentrations of Lieber-
DeCarli liquid diet* to allow the mice to gradually adapt to
alcohol irritation, with the alcohol concentration eventually
reaching 4%. Then, mice received an ad libitum diet of Lieber-
DeCarli liquid with 4% ethanol for 12 weeks plus multiple
binges (twice a week) of ethanol (5 g/kg, b.w.). Pair-fed animals
received a calorie-matched liquid diet.

Three administration groups received treatment lasting for 12
weeks (“early treatment” cohort; ET): one group received once-
weekly tail vein injections of 0.5 mg/kg of si-Cyp2el LNPs;
one group received once-weekly tail vein injections of 0.5 mg/kg
of si-Control LNPs; and the other group received daily gavage of
100 mg/kg of silybin glucosamine. The following three adminis-
tration groups received treatment lasting for 8 weeks (beginning at
week 5 to 12 of alcohol feeding; “mid-treatment” cohort; MT):
refers to the three administration groups of the “early treatment”
cohort. The last three administration groups received treatment
lasting for 4 weeks (beginning at week 9 to 12 of alcohol feeding;
“late-treatment” cohort; LT): refer to the three administration
groups of the “early treatment” cohort. Silybin glucosamine was
used as the positive control.

2.5. RNA analysis

Total RNA was extracted from the liver tissues of the mice using
TRIzol reagent according to the manufacturer’s instructions.
Reverse transcription was performed at 42 °C for 60 min, followed
by 70 °C for 5 min, according to the BeyoRT™ cDNA First Strand
Synthesis Kit manufacturer’s instructions. The reaction product
was stored at —20 °C. The qRT-PCR experiments were performed
using a BeyoFast™ SYBR Green qPCR Mix and a Light Cycle 96
Real-Time PCR system (Roche, Basel, Switzerland). The qRT-
PCR program comprised a reverse transcription step at 48 °C for
30 min, and a Taq polymerase activation step at 95 °C for 300 s.
This was followed by DNA chains elongation reactions: 45 cycles
at 95 °C for 15 s, 61 °C for 20 s, and 72 °C for 30 s, followed by a
final melting cycle at 95 °C for 15 s, 60 °C for 15 s, and 95 °C for
15 s. Gene expression levels in each sample were determined
using the 2722 method**, normalized to the expression levels of
the housekeeping gene, GAPDH. The primer sequences are shown
in Supporting Information Table S1.
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Figure 1

2.6.  Protein analysis

Mouse liver microsomes were prepared using differential centri-
fugation™, the total protein of mouse liver and cultured cells were
lysed in RIPA buffer according to the manufacturer’s instructions.
BCA protein concentration analysis kits were used to determine
the protein concentrations in the microsome suspensions. The
protein expression of CYP2ELI in liver microsomes and cells was
detected by western blotting. The protein expression of SREBPIc,
FAS, ACC, PGC-1a and CPT1 in mouse liver total protein were
also detected by western blotting. Equal amounts of protein from
liver microsomes (5 pg)*® or total protein (30 pg) were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
then transferred onto PVDF membranes. The membranes were
probed with antibodies overnight at 4 °C and then incubated with
an HRP-coupled secondary antibody. The protein bands were
detected using enhanced chemiluminescence reagents. Chemilu-
minescent signals were visualised and analysed using a ChemiDoc
XRS imaging system (Bio-Rad, Hercules, CA, USA). Calnexin
was used as a loading control for microsome samples and $-actin
was used as a loading control for total cell lysis samples. GAPDH
was used as a loading control for mouse liver total protein.

2.7.  Measurement of mouse liver index and biochemical assays

The mouse liver index was calculated according to the following
Eq. (1):
Indexml =100 x VV]V/wa (1)

where Index,, is mouse liver index, W), is liver wet weight, Wy, is
body weight.

Blood samples were collected after eyeball removal, and the
serum was prepared by centrifugation (900xg, 10 min). The
serum levels of ALT and AST were measured using enzymatic
assay kits according to the manufacturer’s instructions. The serum

Schematic representation of the experiment, timeline of repeated injections of LNP-formulated siRNA.

levels of IL-6 and TNF-a were measured using ELISA kits ac-
cording to the manufacturer’s instructions. Liver homogenates
were prepared from liver tissues with ice-cold saline (1/9, wiw),
and liver ROS, GSH, MDA, SOD, GSH-Px, HYP, TG, and TC
concentrations were determined using the respective detection
kits according to the manufacturer’s instructions. The ROS
values of each group were normalized to the ratio with the pair-fed
group.

2.8.  Liver histomorphology

Two 5-mm liver tissue sections of each mouse were taken and cut.
One was fixed in 4% paraformaldehyde for 24 h and was then
embedded in paraffin. The other was snap-frozen in liquid N, and
stored at —80 °C till further use. Paraffin sections were stained
with hematoxylin-eosin (H&E), Sirius red, and fluorescent
immunomarkers. Macrophage infiltration was analyzed by fluo-
rescent immunohistochemical staining F4/80 (Bio-Rad; Hercules,
California), at least 6 randomly selected 200x fields of view for
each section within each group were photographed. The photo-
graphs were taken so that the tissue filled the entire field of view
as much as possible, ensuring that the background light was
consistent in each photograph. Image-Pro Plus 6.0 (Media Cy-
bernetics, MD, USA) software was used to convert the green/red
fluorescent monochrome photos into black and white images and
then selected the same black color as the uniform standard for
judging the positivity of all photos, and each photo was analyzed
to obtain the cumulative optical density (IOD) value for each
positive photo. Frozen sections were thawed to room temperature
for oil red O staining and microscopic observation of liver lipid
accumulation. The area of fat accumulation in the liver within the
same field of view of frozen sections was measured using Image-
Pro (Media Cybernetics, MD, USA) image analysis software to
quantify fat hoarding in the liver, and six 200x fields of view were
selected for mean value analysis.
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2.9.  Statistical analysis

All data are expressed as the mean =+ standard deviation (SD). The
data were evaluated for statistical significance by one-way anal-
ysis of variance (ANOVA) using SPSS 13.0 (IBM, Armonk, NY,
USA), and P < 0.05 was considered to be statistically significant.

3. Results
3.1.  Establishment of ALD mouse model

To characterize chronic alcohol intake at different time periods, as
shown in the Supporting Information Fig. S1, we assessed liver
damage in female CS57BL/6N mice subjected to 4 weeks
(E4w + nB), 8 weeks (E8w + nB) and 12 weeks (E12w + nB) of
alcohol treatment. The results showed that alcohol intake induced
a significant increase in liver index, serum AST and ALT, a sig-
nificant increase in liver TG, TC and MDA levels, and a signifi-
cant decrease in liver SOD and GSH levels in mice (Supporting
Information Table S3). H&E results showed that mice in the
alcohol model group all showed a large amount of steatosis and
cell necrosis, and oil red O results showed that alcohol intake led
to a large accumulation of lipid droplets in hepatocytes
(Supporting Information Fig. S2). The results of quantitative
analysis of oil red o staining (Supporting Information Table S3)
showed that the liver fat content exceeded 12% after 4 weeks of
alcohol treatment, 18% after 8 weeks of alcohol treatment, and
25% when the alcohol treatment reached 12 weeks. The results
indicated that this modeling method led to liver injury and
oxidative stress in mice, resulting in hepatic fat accumulation and
successful construction of an ALD model, and different degrees of
alcoholic fatty liver with prolonged alcohol treatment time.

3.2.  Optimization of active siRNA molecules targeting Cyp2el

Chemically modified siRNAs targeting Cyp2el were designed and
screened (Table 1). The control sequence was described by Akinc
et al.”’. siRNAs targeting Cyp2el were selected and synthesized,
which had 2’-O-methyl modifications and dTsdT 3’-overhangs
(“s” indicates phosphorothioate linkage) to improve the RNA
stability in vivo and inhibit the immune stimulation. Cyp2el OE
cells stably expressed CYP2E1 was constructed to examine the
efficiency of siRNA (Fig. 2A). Then, the gene silencing efficiency
for each siRNA was examined at 10 nmol/L. Three siRNAs tar-
geting Cyp2el can achieve profound knockdown at this dose
(Fig. 2B). A dose—response study was performed and the most
potent siRNA targeting Cyp2el was selected (si-Cyp2el-3, ICsg

~0.0005 nmol/L) (Fig. 2C). Approximately 90% of Cyp2el
mRNAs knockdown was reached after si-Cyp2el-3 transfection
(Fig. 2D), and CYP2E1 protein levels were almost diminished
48 h after treatment (Fig. 2E).

3.3.  Characterization and knockdown effects of si-Cyp2el LNPs
in vivo

The si-Cyp2el-3 was selected and si-Cyp2el LNPs were prepared
and characterized (Fig. 3A). The expression levels of Cyp2el were
evaluated in mouse livers at different time points after a single
injection. Real-time PCR analysis confirmed that the hepatic
expression of Cyp2el mRNA was reduced by 90% on day 1 after
LNP-siRNA injection. As RNAi inhibition is reversible levels
after 10 days (Fig. 3B, P < 0.01). Western blot results showed that
CYP2E1 protein levels decreased to 30% one day after injection
and remained at 70% on Day 7 after injection (Fig. 3C, P < 0.01
and 3D). Based on the silencing effect of si-Cyp2el LNPs in mice,
ALD treatment was performed using a weekly dosing regimen.

3.4.  Effects of si-Cyp2el LNPs on chronic alcohol-induced liver
injury

After confirming the significant knockdown of si-Cyp2el LNPs on
hepatic Cyp2el expression in mice, si-Cyp2el LNPs were injected
at different stages of ALD in mice. The liver index, serum, and
liver samples’ biochemical analyses of each group of mice were
examined. The effects of si-Cyp2el LNPs on alcoholic liver injury
in mice are shown in Fig. 4.

The results showed that the liver index of mice in the alcohol-
fed group was significantly higher compared to the pair-fed group
(Fig. 4A, P < 0.01), while the liver index of mice was signifi-
cantly lower after the administration of si-Cyp2e/ LNPs than in
the alcohol-fed group (Fig. 4A, P < 0.01). This indicates that
chronic alcohol consumption induced an increase in the liver
index, and si-Cyp2el LNPs were able to attenuate this injury.

Serum AST, ALT, IL-6 and TNF-« levels in the alcohol-fed
group were also significantly higher than those in the pair-fed
group (Fig. 4B—E, P < 0.01). Moreover, the AST, ALT, IL-6
and TNF-« levels of mice after the administration of si-Cyp2el
LNPs were significantly lower than those in the alcohol-fed group
(Fig. 4B and C, P < 0.01), indicating that si-Cyp2el LNPs were
able to suppress the alcohol-induced elevation of AST, ALT, IL-6
and TNF-« levels in mice. The protective effect of si-Cyp2Zel
LNPs on the alcohol-induced liver injury was significant, where
the most pronounced protective effect was observed in the early-
treatment group. The protective effect was more pronounced with

Table 1  Sequences of siRNAs targeting Cyp2el.

Gene siRNA name Sequence

Cyp2el si-Cyp2el-1 sense 5'-cuuucuuuGGAAAcAuuuudTsdT-3"
si-Cyp2el-1 antisense 5'-AAAAUGUUUCCcAAAGAAAGATsdT-3
si-Cyp2el-2 sense 5'-ccAcAGAAAAGucAuGAAAdTsdT-3'
si-Cyp2el-2 antisense 5'-UUUcAUGACUUUUCUGUGGATsdT-3
si-Cyp2el-3 sense 5'-ccAuGuAcAcAAuUGGAAAAdTsdT-3/
si-Cyp2el-3 antisense 5'-UUUUCcAUUGUGuUAcAUGGATsdT-3
si-Cyp2el-4 sense 5'-cccAGAAAuuGAAGAGAAAdTsdT-3'
si-Cyp2el-4 antisense 5'-UUUCUCUUcAAUUUCUGGGATsdT-3’

Control si-Control sense 5'-cuuAcGeuGAGuAcuucGAdTsdT-3'

si-Control antisense

5'-UCGAAGuUACUcAGCGuAAGdTsdT-3'

[

“The 2'-OMe modified nucleotides are in lower case, and the phosphorothioate linkages are indicated by “s”.
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Figure 2

Cyp2el siRNA in vitro screening. (A) The protein expression levels of Cyp2el in Cyp2el OE cells; (B) The silencing levels of 4

siRNAs at a concentration of 10 nmol/L; (C) The ICsq of si-2, si-3 and si-4; (D and E) The silencing levels of si-Cyp2e-3 transfected cells 1 and 2
days after transfection. Each value is the group mean + SD (n = 5). One-way ANOVA with Student’s #-test. Asterisks represent statistical
difference between Control and Cyp2el siRNA-treated groups; **P < 0.01 vs. control.

the earlier administration of the drug and when AST was main-
tained at the pair-fed level.

Histological evaluation by H&E staining of liver sections
showed that the control treatment resulted in no apparent abnor-
malities (Fig. 4G). From the H&E staining results of the liver
tissues of the mice in each group, it could be seen that the he-
patocytes of the mice in the pair-fed group were neatly arranged,
the structure of the liver lobules was intact, and no balloon-like
degeneration was observed. Compared with the pair-fed mice,
the alcohol-fed mice had disorganized liver tissues with severe
steatosis and inflammatory cell infiltration. Compared with the
alcohol-fed group, the liver tissue morphology of si-Cyp2el
LNPs-treated mice in each group was improved and steatosis was
significantly reduced.

Macrophage infiltration was analyzed by F4/80 fluorescent
immunohistochemical staining. As shown in Fig. 4H, alcohol
significantly induces inflammatory cell infiltration, and adminis-
tration of si-Cyp2el LNPs attenuates this inflammation to a
greater extent. This result was also verified by the quantitative
F4/80 fluorescence analysis (Fig. 4F).

The protective effect of si-Cyp2el LNPs on alcohol-induced
liver injury was significant, where the most pronounced protec-
tive effect was observed in the early-treatment group and was
proportional with the earlier administration of the drug.

3.5.  Effects of si-Cyp2el LNPs on oxidative stress and liver
lipid levels in ALD

The levels of liver ROS and MDA in the alcohol-fed group was
significantly higher than that in the pair-fed group (Fig. 5A and E,
P < 0.01). The GSH, GSH-Px, and SOD antioxidant indexes were

significantly decreased in the alcohol-fed group (Fig. 5SB—D,
P < 0.01), while si-Cyp2el LNPs could significantly reverse these
changes (Fig. SA—E, P < 0.01).

The liver TG and TC levels of each group were measured. As
shown in Fig. 5, the liver TG and TC levels in alcohol-fed mice
were significantly higher than those in the pair-fed group (Fig. 5G
and H, P < 0.01), indicating that alcohol induces lipid metabolism
disorders in the liver. Treatment with si-Cyp2el LNPs signifi-
cantly reduced both liver TG and TC levels after administration
(Fig. 5G and H, P < 0.01), with better results observed in the
early-treatment group.

Further histological evaluation by oil red O staining (Fig. 5J),
showed that chronic alcohol feeding led to a high accumulation of
lipid droplets in the livers of mice, while si-Cyp2el LNPs
significantly reduced fat accumulation in the liver. The area of fat
accumulation in the same visual field of the frozen section was
measured by Image-Pro image analysis software to quantify the
retention of fat in the liver. The results showed that the extent of
liver fat accumulation in alcohol-fed mice was significantly higher
than that in the pair-fed group and the si-Cyp2el LNPs group
(Fig. 51, P < 0.01).

The liver HYP levels of each group were measured. The liver
HYP levels in alcohol-fed mice were significantly higher than
those in the pair-fed group, while si-Cyp2el LNPs could signifi-
cantly reverse these changes (Fig. 5F, P < 0.01). The results of
Sirius red staining showed that after 12 weeks of alcohol feeding,
the mice developed slight liver fibrosis, and si-Cyp2el LNPS
significantly improved liver fibrosis when administered at
different stages of ALD (Fig. 5K).

si-Cyp2el LNPs could effectively reduce the alcohol-induced
lipid disorders in liver tissues. These indicators were most
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A Characterization of si-Cyp2e1 LNPs
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different time points after a single injection of 0.5 mg/kg si-Cyp2el LNPs (n = 5). (C) and (D) Protein level of Cyp2el in mice at different time
points after a single injection of 0.5 mg/kg si-Cyp2el LNPs (n = 5). Each value is the group mean + SD (n = 5). One-way ANOVA with
Student’s t-test. Asterisks represent statistical difference between PBS and Cyp2el siRNA-treated groups; *P < 0.05 and **P < 0.01 vs. control.

evident in the mice in the early-treatment group, where the liver
tissue has a similar structure to that of the blank control group,
with significant improvements in fat vacuoles, inflammatory cell
infiltration, lipid droplet accumulation, liver fibrosis status, and
inflammation.

3.6.  Effect of si-Cyp2el LNPs on the expression of genes related
to oxidative stress and steatosis

Mouse liver microsomes, total RNA and total protein were pre-
pared from the livers of mice in the pair-fed group, alcohol-fed
group, si-Cyp2el LNPs (early-treatment) group, and si-Control
LNPs (early-treatment) group at the end of animal treatment.
After 12 weeks of alcohol feeding, CYP2E1 protein expression
was elevated approximately by 2.14-fold in the alcohol-fed group
compared to the pair-fed group. Whereas after 12 weeks of
continuous administration of si-Cyp2el LNPs by tail vein injec-
tion, there was a decrease of >39% in the Cyp2el protein
expression (Fig. 6A and B, P < 0.01).

The expression of depletion-related genes and generation-
related genes of ROS are shown in Fig. 6C and D. The results
showed that si-Cyp2el LNPs inhibited the increase of alcohol-
induced expression of P47phox, P67phox, and Gp9lphox
(P < 0.01), and restored the expression of Gshpx, Gshrd, and Sodl
to its normal level (P < 0.01). The mRNA expression of inflam-
matory factors was also examined, and the results showed that
alcohol induced the expression of /-6, Tnf-«, and Tgf-@3, while si-
Cyp2el LNPs restored this induced expression (Fig. OE,
P < 0.01).

The metabolic pathway regulating fat synthesis and fatty acid
oxidation in vivo can control fatty acid metabolism and fat retention
in the liver. Therefore, the expression of genes responsible for
regulating lipid metabolism in the liver was further analyzed to

verify the possible mechanism of si-Cyp2el LNPs on the regulation
of ALD in mice. The results showed that the expression of the fatty
acid synthesis-related genes Srebplc, Acc, and Fas was upregulated
by alcohol feeding (Fig. 6F, P < 0.01), and the expression of the fatty
acid oxidation-related genes Cpt/ and Pgc-la was significantly
decreased (Fig. 6G, P < 0.01). Corresponding protein expression
levels were consistent with mRNA expression levels (Fig. 6H,
P < 0.01). In contrast, the administration of si-Cyp2el LNPs
significantly increased the expression of the fatty acid oxidation-
related genes and decreased the expression of the lipid synthesis-
related genes (Fig. 6F—H, P < 0.01).

4. Discussion

CYP2E1 is a key enzyme that plays a role in the incidence and
development of most liver diseases, in addition to its role in the
response to drug toxicity. Furthermore, CYP2E1 has a key role in
ALD and plays an important role in the pathological process of non-
alcoholic liver disease™®, Parkinson’s disease’, diabetes™, car-
diovascular disease’', and other diseases associated with oxidative
stress, lipid degeneration, and DNA and protein damage. In this
study, the incidence and development of ALD in mice triggered by
alcohol-induced oxidative stress was successfully inhibited by
knocking down Cyp2el in mice using si-Cyp2el LNPs, which has
strong implications for other diseases caused by oxidative stress.
Based on our study, it has been shown that ALD can present with
liver injury and liver fat accumulation within 4 weeks of alcohol
exposure (Table S1 and Fig. S2). After 8 weeks of alcohol feeding,
the liver damage and steatosis were further aggravated in mice, mice
developed severe alcoholic fatty liver. And the degree of alcoholic
liver injury and fatty liver in mice further deepened as the time of
alcohol exposure was further extended to 12 weeks (Table S1 and



Amelioration of alcoholic liver disease by RNAi of Cyp2el

3913

A

? 3 ok *k *k Bl Pair-fed
& ss gas S 7 EB Alcohol-fod
X . B siC 'e1+alcohol
-8 B si-Controi+alicohol
= 52  mm Silybin+acohol
= 0
PF AF ET MT
D 80 *k
)
ESO 600
e g
o ?;‘”
G 200
- =
0 0
PF AF ET MT LT PF AF ET MT LT PF AF ET MT LT
Pair-fed Alcohol-fed si-Cyp2e1(ET) si-Control(ET) Silybin(ET)
G a b G d i RNER e
llooum. “.,o,,. 100 pm 100 pm 100pm
si-Cyp2e1(MT) si-Control(MT) Silybin(MT) si-Cyp2e1(LT) si-Control(LT) Silybin
f g h i i ok
100pm 100m 100pm wbw 100 pm ¢ 100 ym
Pair-fed Alcohol-fed si- 2e1(ET) si-Control(ET) Silybin(ET)
H
Figure 4  si-Cyp2el LNPs alleviate chronic alcohol-induced liver injury. (A) The levels of liver index (n = 6 per group). (B) and (C) The levels

of serum AST and ALT (n = 6). (D) and (E) The levels of serum IL-6 and TNF-« (n = 6). (F) The area of the cumulative optical density (IOD)
value in the liver were quantified (n = 6). (G) Liver histology analysis with H&E staining. (H) Liver histology analysis with F4/80 fluorescent
immunohistochemical staining. Sections were photographed at 200x magnification (scale bars = 100 um). Each value is the group mean + SD
(n = 6). One-way ANOVA with Student’s t-test. **P < 0.01 versus pair-fed; and “P < 0.05 and ““P < 0.01 versus alcohol-fed.

Fig. S2). In summary, different degrees of alcoholic liver injury and
fatty liver can be induced in mice depending on the exact time period
of exposure. In the present study, mice were fed the Lieber-DeCarli
ethanol liquid diet and given alcoholic gavage twice a week. After
12 weeks of alcohol feeding, an ALD mouse model was successfully
constructed. This model had liver injury and fatty liver with mild
inflammatory response and fibrotic response. The mice were divided
into three different stages of administration: early-treatment group,
mid-treatment group, and late-treatment group. The three stages
were injected with si-Cyp2e LNPs through the tail vein. Our results
show that si-Cyp2el LNPs had a significant therapeutic effect on the
mouse ALD, where the early-treatment group showed the best
treatment outcome. si-Cyp2el LNPs intervention in the later stage
of ALD also has a good therapeutic effect. Thus, the earlier the
drug was administered, the more pronounced the protective effect
was.

It has been reported that alcohol-induced hepatocellular injury
is mainly caused by ROS and local inflammation, leading to
structural and functional damage to the liver and ultimately to
increased hepatocellular damage®'*>°. Excessive ROS target
polyunsaturated fatty acids on the cell membrane, thus producing
MDA, as the main product of lipid peroxidation induced by ROS,
MDA is used as a biomarker of oxidative stress”*. The higher the
level of MDA, the more serious the lipid peroxidation of the cell
membrane is. SOD, GSH, and GSH-Px are reducing agents, that
directly neutralize the toxic active products and are involved in
maintaining the redox balance of the cells’”. In this study, the
levels of ROS, MDA, SOD, GSH, and GSH-Px in the liver tissues
of experimental animals in each group were examined. It was
shown that alcohol could lead to a significant increase in MDA
and a significant decrease in SOD, GSH-Px, and GSH levels. This
indicates that the antioxidant capacity of the liver was reduced
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and that lipid peroxidation had occurred. Meanwhile, the admin-
istration of si-Cyp2el LNPs in different stages of ALD could
effectively alleviate this damage to some extent. In particular, the
early-treatment group showed significantly upregulated levels of
SOD, GSH-Px, and GSH with alcoholic liver injury, and a reduced
level of MDA, indicating the significant restoration of the

antioxidant capacity of the liver. The important enzymes for the
synthesis of ROS are NADPH oxidases, which are composed of
membrane-related subunits such as P47phox, P67phox, and
GP91phox’°. The system of scavenging excess free radicals in the
organism is composed of antioxidant enzymes such as Gshpx,
Gshrd, and Sod1’’. Our results showed that alcohol can
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Effect of si-Cyp2el LNPs on the expression of genes related to oxidative stress and steatosis. Mouse liver microsomes, total RNA and

total protein were prepared from the livers of mice in the pair-fed group, alcohol-fed group, si-Cyp2el LNPs (early-treatment) group, and si-
Control LNPs (early-treatment) group. (A) and (B) The protein expression levels of Cyp2el. (C) The mRNA expression levels of Gshpx, Gshrd
and Sodl genes (n = 6). (D) The mRNA expression of P47phox, P67phox and Gp91phox genes (n = 6). (E) The mRNA expression levels of 1/-6,
Tnf-o and Tgf-B genes (n = 6). (F) The mRNA expression levels of Srebplc, Acc and Fas genes (n = 6). (G) The mRNA expression levels of
Cptl and Pgc-1a genes (n = 6). (H) The protein expression levels of SREBP1c, FAS, ACC, PGC-1« and CPT1 (n = 6). Each value is the group
mean + SD (n = 6). One-way ANOVA with Student’s r-test. **P < 0.01 versus pair-fed; and ““P < 0.01 versus alcohol-fed.

significantly increase oxidative stress, and si-Cyp2el LNPs
inhibited the increase of alcohol-induced mRNA expression of
P47phox, P67phox, and Gp9lphox genes, and restored the
expression levels of Gshpx, Gshrd, and Sodl genes to their normal
levels. Thus, the levels of ROS and the associated oxidative stress
were reduced by si-Cyp2el LNPs.

Long-term alcohol intake may also lead to liver lipid meta-
bolism disorders. An abnormal elevation of TG and TC in the liver
was found. The liver index reflects the degree of liver injury under
certain conditions’®. Pathological sections showed that the liver
tissue of pair-fed mice was normal, while the livers of alcohol-fed
mice showed obvious pathological changes, such as a large
number of lipid droplet vacuoles, inflammatory cell infiltration,
large-area lipid-droplet accumulation, and slight liver fibrosis,
which is consistent with the previous studies®”°’. The si-Cyp2el
LNPs significantly improved these lesions in different stages of
ALD.

Some studies have found that the expression of SREBPIc, a
known key transcription factor regulating lipid synthesis in the

liver, was upregulated in acute alcohol-induced fatty liver, which
led to lipid accumulation®'®%. In the liver tissue of patients with
fatty liver, the expression of SREBPIc is five times higher than
that of the normal control group®. The downstream targets of
SREBPIc are ACC and FAS, both essential enzymes for fatty
acid synthesis®*. It was suggested that alcohol consumption
can increase the expression of SREBP1c in mouse liver, thereby
upregulating the gene expression of ACC and FAS, and
increasing the synthesis of FA and TG°®®’. PGC-la mainly
regulates energy metabolism in vivo and is a key regulator of
mitochondrial production®®. At the same time, the activation of
PGC-1a can also promote the expression of downstream genes
related to fatty acid oxidation. CPT1 is a rate-limiting enzyme of
fatty acid @-oxidation, which can make long-chain acetyl CoA
enter mitochondria, promote fatty acid B-oxidation, produce
ATP, and maintain the energy balance between cell and body®”.
The results suggest that alcohol can gradually affect the
expression of genes related to lipid synthesis and decomposition
in the liver. si-Cyp2el LNPs inhibit liver-fat synthesis-related
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genes and increase the expression of fatty-acid metabolism-
related genes, reduce liver fat production and accelerate fat
metabolism, eventually blocking the development of the alcohol-
induced fatty liver.

In this study, introducing si-Cyp2el LNPs at different times
of ALD while maintaining continuous alcohol intake showed a
better overall ALD treatment effect, where the effect becames
more profound with earlier administration. Compared with
silymarin, si-Cyp2el LNPs showed better treatment outcomes in
the middle and late stages of ALD, coupled with better thera-
peutic effects on pathological features such as liver inflammation
and fibrosis. Additionally, the once-a-week treatment frequency
of si-Cyp2el LNPs greatly reduces the frequency of dosing
compared to other treatments for ALD. This, in turn, has the
potential to improve the patient’s medication compliance and
increase the feasibility of drug treatment for ALD. Targeting
Cyp2el by siRNA LNPs attenuated chronic alcohol-induced
steatosis, inflammation, and liver fibrosis, validating that effec-
tive Cyp2el mRNA inhibition in vivo could enable treatment of
ALD and that Cyp2el mRNA as a key target has an important
guideline for the development of ALD therapeutics in the future.
This is the first report evaluating the efficacy of siRNA LNPs in
attenuating alcohol-associated liver disease. Although the regu-
lation of CYP2E1 by many traditional and natural drugs has been
extensively studied in cellular and animal models, none of them
have been clinically applied. The si-Cyp2el LNP achieved a
more efficient and durable regulatory effect of Cyp2el mRNA
in vivo and alleviated ALD, illustrating the great potential of
RNAI therapy in developing new therapeutics in the future.
However, only in vivo efficacy studies have been performed on
si-Cyp2el LNPs. Thus, additional trials for in vivo safety
assessment are being considered at a later stage.

5. Conclusions

In conclusion, RNAi-based targeting of Cyp2el expression can
effectively inhibit the development of ALD in mouse models,
validating the feasibility of RNAi as a potential therapeutic tool.
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