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Hepatic paraoxonase 1 ameliorates dysfunctional high-density
lipoprotein and atherosclerosis in scavenger receptor class B
type | deficient mice
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Background: High-density lipoprotein (HDL) plays an antiatherogenic role by mediating reverse
cholesterol transport (RCT), antioxidation, anti-inflammation, and endothelial cell protection. Recently,
series of evidence have shown that HDL can also convert to proatherogenic HDL under certain
circumstances. Plasma paraoxonase 1 (PON1) as an HDL-bound esterase, is responsible for most of the
antioxidant properties of HDL. However, whether PONT can serve as a therapeutic target of dysfunctional
HDL-related atherosclerosis remains unclear.

Methods: In this study, scavenger receptor class B type I deficient (Scarb1”") mice were used as the animal
model with dysfunctional HDL and increased atherosclerotic susceptibility. Hepatic PONT1 overexpression
and secretion into circulation were achieved by lentivirus injection through the tail vein. We monitored
plasma lipids levels and lipoprotein profiles in ScarbI”™ mice, and measured the levels and activities of
proteins associated with HDL function. Meanwhile, lipid deposition in the liver and atherosclerotic lesions
was quantified. Hepatic genes relevant to HDL metabolism and inflammation were analyzed.

Results: The results showed the relative levels of PONT in liver and plasma were increased by 1.1-fold and
1.6-fold, respectively, and mean plasma PONI activity was increased by 63%. High-level PONI increased
the antioxidative and anti-inflammatory properties, promoted HDL maturation and macrophage cholesterol
efflux through increasing HDL functional proteins components apolipoprotein A1 (APOA1), apolipoprotein
E (APOE), and lecithin-cholesterol acyltransferase (LCAT), while decreased inflammatory protein markers,
such as serum amyloid A (SAA), apolipoprotein A4 (APOA4) and alpha 1 antitrypsin (A1AT). Furthermore,
hepatic PON1 overexpression linked the effects of antioxidation and anti-inflammation with HDL
metabolism regulation mainly through up-regulating liver X receptor alpha (LXRa) and its downstream
genes. The pleiotropic effects involved promoting HDL biogenesis by raising the level of APOAL, increasing
cholesterol uptake by the liver through the APOE-low density lipoprotein receptor (LDLR) pathway, and
increasing cholesterol excretion into the bile, thereby reducing hepatic steatosis and aorta atherosclerosis in

Western diet-fed mice.
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Conclusions: Our study reveals that high-level PON1 improved dysfunctional HDL and alleviated the

development of atherosclerosis in Scarb1”” mice. It is suggested that PONT represents a promising target of

HDL-based therapeutic strategy for HDL-related atherosclerotic cardiovascular disease.
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Introduction

High-density lipoprotein (HDL) is well established as
a protective factor against atherosclerosis with various
functions, such as mediating reverse cholesterol transport
(RCT), antioxidation, anti-inflammation, and endothelial
protective function (1). HDL cholesterol (HDL-C) is still
generally considered as “good cholesterol”. However, recent
pharmacological approaches to raise HDL-C concentration
do not show reductions in cardiovascular outcomes (2).
In the mid-1990s, scientists first proposed the concept of
HDL dysfunction (3). Systemic and vascular inflammation
has been proposed to be a trigger for converting HDL into
a dysfunctional form with an atherogenic effect. Meanwhile,
the lipid and protein components in the HDL particles are
susceptible to oxidative modification by a variety of oxidants,
such as peroxyl, aldehydes, and various myeloperoxidase
(MPO)-generated oxidants. Although HDL contains
antioxidative proteins that inhibit low-density lipoprotein
(LDL) oxidation, oxidative modification of HDL itself is
also an important cause of the functional loss of HDL. The
loss of antioxidant and anti-inflammatory proteins, perhaps
combined with the gain of pro-inflammatory proteins, is
thought to be a key form in rendering dysfunctional HDL.
Therefore, improvement of the antioxidative activity and
anti-inflammatory function of HDL may be a potential
strategy for HDL-targeting therapy in atherosclerotic
cardiovascular disease (4,5).

The growing studies have attempted to improve HDL
metabolism and related functions by using HDL-targeted
active proteins, such as recombinant apolipoprotein Al
(APOAL1) and apolipoprotein E (APOE) mimetics, but their
effectiveness for the treatment of cardiovascular disease
is currently ongoing (6,7). Here, we focus on a special
antioxidant enzyme: paraoxonase-1 (PON1), which in
the circulation exclusively associates with HDL. There is
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considerable evidence that PONT1 as a calcium-dependent
esterase, is capable of hydrolyzing various substrates such
as lactones, arylesters and organophosphorus ester (8,9).
Especially, the hydrolytic activities of PONI to oxidized
phospholipid and hydroxides of cholesteryl linoleate in
oxidative LDL (ox-LLDL) have been considered as the main
functions of this enzyme, which effectively protect LDL
and even HDL from oxidative damage (10,11). Therefore,
PONT1 decreases ox-LDL uptake by macrophages and
stimulates macrophage cholesterol efflux, contributing
to reducing the formation of foam cells (12). Meanwhile,
PONT reduces the adhesion and chemotaxis of monocytes
to endothelial cells, and inhibits monocyte-to-macrophage
differentiation (13,14), and directly inhibits the secretion of
inflammatory factors from macrophages (15). Several data
in vivo have demonstrated the beneficial antioxidant and
anti-inflammatory effects of PON1 against atherosclerosis.
Mice lacking PON1 were observed a tendency to oxidative
stress, vascular inflammation and were susceptible to
atherosclerosis (16). PON1/Apoe double knockout mice
exhibited increased lipoprotein oxidation and developed
atherosclerotic lesions faster than Apoe knockout mice (17),
while decreased atherosclerotic lesion and improved
oxidation status of the aorta in PONI transgenic mouse on
Apoe deficient background (18).

Epidemiological studies have shown that the lower
PONI activity was associated with a modest inverse risk of
cardiovascular disease (19). PON1 polymorphism also seems
to affect atherogenesis and the occurrence of cardiovascular
disease. Although the antioxidant and anti-inflammatory
activity of PONT1 is beneficial for the antiatherogenic ability
of HDL in a mouse model of metabolic syndrome (20),
whether up-regulating PONT1 can improve the metabolism
and function of dysfunctional HDL and play an effective
atheroprotective role remains to be further studied.

The previous studies had reported that scavenger
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receptor class B type I (SR-BI) as a receptor of HDL plays
a crucial role in RCT (21). Scarbl gene deficient (Scarb1™)
mice developed by Krieger’s laboratory are considered
as an animal model of abnormal HDL metabolism (22),
showing a high level of HDL-C accumulation in plasma,
impaired RCT, reduced antioxidative and anti-inflammatory
properties, and increased sensitivity to atherosclerosis (23).
The increase of oxidative stress in Scarbl” mice is partly
due to the decreased activity of the antioxidant enzyme
PONI1 (24). In a previous study using lipo-proteomics
analysis, we reported that decreases of APOA1 and PON1
and increases of acute-phase proteins such as serum
amyloid A (SAA), apolipoprotein A4 (APOA4) and alpha 1
antitrypsin (A1AT) were biomarkers for dysfunctional HDL
particles in ScarbI”™ mice (25). In fact, mutations in SR-BI
encoding gene have recently been linked to loss-of-function
of HDL and increased risk of cardiovascular disease in
humans (26). Therefore, in this study, Scarb1” mice fed a
Western diet were used as an animal model with specific
dysfunctional HDL, and the aim is to explore the effect of
hepatic PON1 overexpression on dysfunctional HDL and
related atherosclerosis.

We present the following article in accordance with the
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-682).

Methods
Mice

The Scarb1 heterozygous (Scarb1*”, 1:1 mixed C57BL/6xS129
genetic background) mice were created and authorized for
use by Professor Monty Krieger (Massachusetts Institute
of Technology, MA, USA). Scarbl homozygous (Scarbl™)
mice were produced by hybridization between Scarb1*
females and Scarb1”” males. Scarbl genotypes were detected
by polymerase chain reaction (PCR) of mouse tail DNA.
C57BL/6 mice were purchased from Vital River Laboratory
Animal Technology Company (Beijing, China). All mice
were housed in microisolator cages at Wuhan University
Institute of Model Animal. Animal experiments were
performed under a project license (No. 2018027, 19 March
2018) granted by the Medical Animal Care and Welfare
Committee for Animal Experiments of Wuhan University.
All experiments were performed according to the guidelines
for the care and use of laboratory animals of the Chinese
Animal Welfare Committee.
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Generation of plasmids and production of lentivirus

Primers used for PCR human PONI1 from human liver
cDNA library were forward primer, 5'-AGGTTTAAACAT
GGCGAAGCTGATTGCGCTC-3', and reverse primer,
5'-TAGTTTAAACTTAGAGCTCACAGTAAAGAGC
T-3". The PCR product was digested by Pmel and cloned
into a lentiviral vector pWPI containing tagged green
fluorescent protein (GFP). The recombined vector with
PONI gene was identified by DNA sequencing. Lentivirus
production was packaged as described previously (27), and
the lentivirus of PONT1 was expressed as Lv-PONI1 and the
control lentivirus as Lv-GFP.

PONI overexpression in Scarb1” mice

In this study, twenty female Scarb1”" mice at 7 months
of age were randomly selected, and 10 of them were
injected with Lv-GFP as the control group, while the
remaining Scarb1”” mice were injected with Lv-PON1. All
the mice were anesthetized and injected with lentiviruses
about 1.0x10° particles via the tail vein. Two weeks after
the lentiviral injection, the mice were fed with AIN76A
Western diet (Beijing HFK Bioscience Co., Beijing, China)
to induce atherosclerosis. The composition of the diet
was described previously (27). After feeding on a Western
diet for 13 weeks, the mice were euthanized, then heparin
anticoagulant plasma and related tissues were collected.

Plasma lipids and biochemical analysis

The mice were anesthetized after overnight fasting, and
then blood was collected via heparinized capillary tubes by
retroorbital venous plexus at the specified time. The plasma
was separated by centrifugation, a portion of the plasma was
stored at —-80 °C. Plasma alanine aminotransferase (ALT)
activity, an indicator of liver function, was determined by
Mohum's method. The levels of total cholesterol (TC),
free cholesterol (FC), and triglycerides (T'G) in plasma
were determined by enzymatic endpoint assay kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The
measurement of plasma PONI activity using paraoxon-
ethyl (D9286, Sigma-Aldrich, MO, USA) as substrate was
described previously (28). One unit of PON1 activity was
defined as 1 nmol of p-nitrophenol formed per minute
under the definition condition and expressed as U/mL
plasma. Plasma lecithin-cholesterol acyltransferase (LCAT)

Ann Transl Med 2021;9(13):1063 | https://dx.doi.org/10.21037/atm-21-682


http://dx.doi.org/10.21037/atm-21-682
http://dx.doi.org/10.21037/atm-21-682

Page 4 of 17

activity was determined by LCAT COLORIMETRIC
ASSAY KIT (GENMED Scientifics Inc., DE, USA).
Briefly, p-nitrophenol butyrate was used as a substrate to
release p-nitrophenoxide under the action of phospholipase
and transacylase of LCAT, and the increase of absorbance
at 400 nm (A,,) was determined to quantify the activity of
LCAT. One unit of LCAT activity was defined as 1 pmol of
p-nitrophenoxide formed per hour, measuring the increase
of A,y expressed as U/mL plasma (29). Plasma MPO
activity was measured using the enzymatic colorimetric
assay kit according to the instruction (Nanjing Jiancheng
Bioengineering Institute).

Plasma lipoprotein profiles analysis

Plasma lipoprotein profiles were evaluated by FPLC using
a Superose™ 6 10/300 GL column (17-5172-01, GE
Healthcare Bio-Sciences, MA, USA) on an AKTA purifier
(GE Healthcare Bio-Sciences) separated at a flow rate of
0.5 mL/min in buffer (10 mM Na,HPO,, 0.15 M NaCl,
1 mM EDTA) and fixed the fractionation volume to 500 pL
per tube. The TC content of lipoprotein fractions was
determined by the method described above. The protein
levels of PONT1 and APOE in HDL fractions were detected
by Western blot.

Cell culture and incubated with PON1-containing plasma

The RAW264.7 cells are monocyte/macrophage-
like cell linage, which was obtained from Classic Specimen
Culture and Storage Center at Wuhan University (Wuhan,
China). The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (v/v)
FBS (Gibco, Thermo Fisher Scientific, MA, USA) and
1% penicillin/streptomycin (Biosharp, Hefei, China) at
37 °C in 5% CO, atmosphere. In order to detect the effect
of PONI1 on plasma HDL function in Scarb1” mice, HDL-
containing plasma was prepared by PEG-6000 (CAS 25322-
68-3, Sigma-Aldrich) precipitation method to remove
apolipoprotein B (APOB)-containing LDL and very low-
density lipoprotein (VLDL) (29). To detect the impact of
HDL on cholesterol flux of macrophages, the RAW264.7
cells were loaded with 50 pg/mL ox-LDL for 12 h, then
incubated in fresh DMEM with 7% APOB-depleted
plasma for 24 h. Lipid accumulation in cells was observed
by Oil-Red O staining and cells integrated optical density
(IOD) value measured by Image-Pro Plus 6.0 analysis.
Additionally, C57BL/6 mice were intraperitoneally injected

© Annals of Translational Medicine. All rights reserved.

Zhao et al. PON1 on dysfunctional HDL in Scarb1 deficient mice

with 3 mL 3% thioglycolate, and peritoneal macrophages
were harvested by peritoneal lavage after 3 days according
to our previous method. For further assessment of the
effect of plasma PONI1 on related gene expression on
macrophages, peritoneal macrophages were seeded in 6-well
culture plates with 3x10° cells per well and incubated in
DMEM with 7% plasma separated from Lv-GFP mice or
Lv-PONT1 mice for 3 h. The mRNA levels of macrophage
genes were measured by quantitative real-time PCR

(qQRT-PCR).

Histochemical and immunobistochemical analysis

Hepatic PON1 expression was detected by
immunohistochemistry. In brief, the liver sections were
immobilized in 4% paraformaldehyde for 20 min, blocked
in 5% BSA for 30 min, and then incubated sequentially
with the anti-PONI antibody (1:500, ab24261, Abcam Inc.,
Cambridge, UK) and secondary antibody (HRP labeled).
Finally, the sections were developed by DAB and the nuclei
were counterstained with hematoxylin staining solution.
The section image is visible under a microscope. The
nucleus is stained blue by hematoxylin, and the positive
DAB is brownish yellow.

Reactive oxygen species (ROS) levels in the liver were
measured using the fluorescent dye DHE (D7008, Sigma-
Aldrich) as described previously (29). Briefly, the liver
cryosections were incubated with fluorescent dye DHE
for 30 min and the nuclei were labeled after treatment
with 4’,6-Diamidino-2-phenylindole dihydrochloride
(DAPI) (D9542, Sigma-Aldrich) for 10 min. Images with
red, green, and blue fluorescence were collected under a
fluorescence microscope, respectively. ROS positive cells
labeled by fluorescein were red, and the nuclei were blue
by labeling with DAPI. The mean fluorescence intensity
of DHE in the detected area was calculated using Image-
Pro Plus 6.0 and used to represent the ROS levels in liver
sections.

In order to analyze the atherosclerotic lesions in
the aorta, Oil-Red O staining was used to examine the
8 pm serial cross-sections of the aortic root and en face
of the aorta, and Image-Pro Plus 6.0 software was used
to quantify the lesions (29). Besides, the lipid deposition
of macrophages and cryosections of the liver were also
detected by Oil-Red O staining. In addition, some paraffin
sections of the liver were performed for hematoxylin and
eosin (H&E) staining and the morphology of liver tissue
was observed under a microscope.
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Table 1 Primer sequences used for quantitative real-time polymerase chain reaction (QRT-PCR)
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Gene Forward primer Reverse primer Product (bp) Annealing (°C)
ABCA1 GCCTGGATCTACTCTGTCGC GCCATTGTCCAGACCCATGA 99 60
ABCG5 TGCATCTTAGGCAGCTCAGG GGCTGCTCAGAAAAACGTCG 178 60
ABCGS8 ACAAGGCTCACACAGATCTCTCA TATAATTGGTTCCCATTCCATACTG 212 58
ACAT ATTTGCTGATGCTGCCGTAG TTTTGGGGGTCAATCTCCAG 177 58
Apoal CTCCTCCTTGGGCCAACA TGACTAACGGTTGAACCCAGAGT 72 58
Apoe CTGACAGGATGCCTAGCCG CGCAGGTAATCCCAGAAGC 107 60
IL-15 TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT 138 60
IL-6 AGTTGCCTTCTTGGGACTGA TCCACGATTTCCCAGAGAAC 159 60
LDLR TGTGAAAATGACTCAGACGAAC GGAGATGCACTTGCCATCCT 87 58
LXRa CTCAATGCCTGATGTTTCTCCT TCCAACCCTATCCCTAAAGCAA 150 60
NOX1 ACCTGCTCATTTTGCAACCG GCTGGAGAGAACAGAAGCGA 186 60
PON1 TGGTGGTAAACCATCCAGACTC TGTGATGGTTTTCAGATGCAAG 92 60
TNFa CGTCAGCCGATTTGCTATCT CGGACTCCGCAAAGTCTAAG 206 60
18S CGCGGTTCTATTTTGTTGGT AGTCGGCATCGTTTATGGTC 219 60

ABCAT1, ATP-binding cassette A1; ABCG5/8, ATP-binding cassette G5/8; ACAT, acyl-coenzyme A cholesterol acyltransferase; Apoail,
apolipoprotein A1; Apoe, apolipoprotein E; bp, base pair; IL-1p, interleukin-1 beta; IL-6, interleukin-6; NOX1, NADPH oxidase 1; LDLR,

LDL receptor; LXRuo, liver X receptor alpha; NOX1, NADPH oxidase 1; PON1, paraoxonase1; TNFa, tumor necrosis factor alpha.

Lipids content analysis in liver

About 50 mg of liver tissues were homogenized and
extracted with isopropanol overnight in tubes. After the
isopropanol was completely evaporated with N,, the lipids
were redissolved in a solution with the same volume. The
amounts of TC, FC and TG were measured by the same
method as the determination of blood lipids. The lipid
content was normalized to the liver wet weight.

Quantitative real-time PCR analysis

Total RNA was extracted from cultured cells and liver
using TRIzol Reagent (Invitrogen, CA, USA) according
to the manufacturer’s instructions. 1 pg total RNA was
reverse transcribed to cDNA with ReverTra Ace® qPCR
RT Master Mix kit (TOYOBO, Osaka, Japan). The qRT-
PCR was performed using SYBR® Green Real-time PCR
Master Mix (TOYOBO) on a CFX96 Touch™ Real-
Time PCR Detection System (Bio-Rad, CA, USA). The
expression level of each gene was normalized to the level
of 18S. The PCR primers for the amplification of mouse
genes, including Apoal, Apoe, PON1, Scarbl, LDL receptor
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(LDLR), liver X receptor alpha (LXRa), ATP-binding cassette
transporter A1 (ABCAI), ATP-binding cassette transporters G5/
G8 (ABCGS5/GS), acyl-coenzyme A: cholesterol acyltransferase
(ACAT), NADPH oxidase 1 (NOX1), interleukin-1 beta (IL-1P),
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFa,) are
shown in Table 1. The relative mRNA expression levels of
genes were calculated using the 2**“ method.

Western blot analysis

The same volume of plasma or a certain amount of liver
protein was separated by SDS-PAGE and transferred onto
nitrocellulose (NC) membrane. The protein content of
liver samples was determined using BCA protein assay kit
(Thermo Fisher Scientific). Target proteins were specifically
captured by primary antibodies and specific secondary
horseradish peroxidase (HRP)-conjugated antibodies
(Boster, Wuhan, China). The signals were detected using
an enhanced chemiluminescence (ECL) kit (Advansta,
CA, USA). The detailed information about the primary
antibodies was listed in Table S1. Hepatic proteins levels
were normalized using GAPDH as reference.
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Statistical analysis

Data are expressed as the mean =+ standard error of the
mean (SEM). The number of experiment repetitions (n)
was given in figure legends. GraphPad Prism software 5.0
(GraphPad Software, Inc., USA) was used for statistical
analysis. Data between the two groups were compared by
unpaired Student’s #-test. A value of P<0.05 was considered
statistically significant.

Results

Overexpression of PONI1 plays a protective role in
Scarb1” mice

Lentiviruses Lv-PON1 or Lv-GFP were intravenously
injected into Scarb1”” mice and maintained on a Western
diet for 13 weeks. PONI levels in liver tissues were firstly
detected by immunohistochemical staining of cryosections,
the result showed that hepatic expression of PONI in
Lv-PONI1 mice was higher than that in Lv-GFP mice
(Figure 1A). Meanwhile, Western blot results showed that
the expression level of hepatic PONT protein in Lv-PON1
mice was significantly increased by 1.1 folds versus Lv-GFP
mice (Figure 1B). Since PONI is a kind of secretory protein,
Western blot analysis indicated that plasma PONT level
in Lv-PON1 mice was obviously increased by 2.6 times,
compared to Lv-GFP mice (Figure 1C). It has been
reported that abnormal HDL-C levels in Scarbl” mice
shorten the lifespan of erythrocytes, leading to anemia and
splenomegaly (30). In this study, we found that the spleen
weight in Lv-PONT1 mice was obviously lower than that of
Lv-GFP mice. Plasma ALT activity was also improved in
mice with high expression of PONT in the liver, indirectly
indicating that high expression of the antioxidant enzyme
PONTI is conducive to maintaining the integrity of liver
cells. There was no significant difference in body weight
between the two groups of mice. Taking together, the
results suggested that the overexpression of PONI in the
Secarb1”” mice has no apparent toxicity but plays a protective
role in vivo (Figure 1D). Furthermore, the DHE staining
results of liver cryosections showed that the ROS level in
the liver of Lv-PONI1 mice was significantly lower than
that of Lv-GFP mice by 18% (Figure 1E), which directly
indicated that high-level PON1 reduced the oxidation state
of the liver.

© Annals of Translational Medicine. All rights reserved.
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PONI1 overexpression decreased plasma FC level and
improved plasma HDL-related functions

Scarb1”” mice had abnormally high cholesterol levels
compared to wild-type mice. In order to investigate the
impact of PON1 overexpression on plasma lipids, lipids
levels in fasting plasma during 13 weeks of dietary induction
were measured at the specified interval time-point.
Although the plasma TC and TG levels of Lv-GFP mice
and Lv-PONT1 mice were not altered, the plasma FC level
of Lv-PONI mice was significantly lower than that of Lv-
GFP mice (Figure 2A). The lipoprotein cholesterol profile
separated by FPLC indicated that HDL-C in Lv-PON1
mice tended to be distributed in small HDL particles, while
VLDL-C and LDL-C peaks were reduced, compared with
those in the Lv-GFP group (Figure 2B). Furthermore,
the relative distribution of PON1 and APOE in different
HDL particles were measured by Western blot. The
results showed that compared with the control group, the
elevated APOE in Lv-PON1 mice was mainly distributed
in large HDL particles, while the increased PONT1 was
mainly distributed in the small and medium HDL particles
(Figure 2C). In addition, we explored the effects of PON1-
binding HDL on cultured macrophages. Macrophages
were incubated with APOB-precipitation plasma isolated
from two groups of ScarbI” mice, respectively. Oil-Red O
staining of macrophages showed that treatment by plasma
from the Lv-PON1 group reduced lipid accumulation
in ox-LDL-stimulated cells, compared to the control
treatment (Figure 2D). Meanwhile, the mRNA levels of
related genes in peritoneal macrophages were measured.
The data demonstrated that versus the control group,
mRNA levels of cholesterol transporters Scarbl and
inflammatory cytokines IL-6, TNFa and NOX]I in
macrophages were significantly decreased, while the
mRNA level of ABCAI and anti-inflammatory cytokines
IL-4 and IL-10 were increased after incubated for 3 h
with the plasma from Lv-PONI mice (Figure 2E). The
above data indicated that PONTI highly expressed in the
liver, could be secreted into plasma and bound to HDL,
not only improved the esterification level of cholesterol
and the structure of HDL particle in the circulation of
Scarb1”" mice, but also increased the capacity of HDL to
mediate cellular cholesterol efflux, as well as antioxidant
and anti-inflammatory functions.
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Figure 1 PONI is overexpressed in the liver and secreted into the circulation in Scarb1™” mice. (A) Expression of PON1 protein in the liver

sections was determined by immunohistochemistry. Scale bars: 100 pm. (B) PONT1 levels in the liver were normalized to GAPDH determined

by Western blot analysis. n=4-5 per group. (C) PONT1 levels in the plasma were determined by Western blot analysis. n=9-10 per group.

(D) Body weight, spleen weight/body weight ratio and plasma ALT activity were detected. n=10 per group. (E) Representative pictures of

ROS changes in mice liver were visualized by dihydroethidium (DHE) staining. Nuclei (blue), GFP (green) and DHE (red) were shown.

The ROS levels were calculated using Image-Pro Plus 6.0 and represented by the mean DHE fluorescence intensity in the detected

area. Scale bars: 50 pm. The measurement data were presented as mean = standard error of the mean. Data between the two groups were

compared by unpaired Student’s #-test. *P<0.05, **P<0.01, versus Lv-GFP group.
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High-level PON1 improves HDL-associated proteins

To further evaluate the effect of PONI on protein
components of dysfunctional HDL in ScarbI”" mice, we
detected some enzyme activities and protein levels related
to HDL function. Firstly, consistent with the increase in
plasma PONI level, plasma PONT activity in the Lv-PON1
group was about 1.6 times higher than that in the Lv-GFP
control group (102.5£12.0 vs. 166.8+20.9 U/mL, P<0.01)
(Figure 34). MPO is a highly oxidative enzyme secreted
by activated neutrophils, monocytes and macrophages.
In contrast to the antioxidant function of PON1, MPO
plays a role in the oxidative modification of circulating and
subintimal lipoproteins. We found that compared with the

© Annals of Translational Medicine. All rights reserved.

control mice, the MPO activity of the Lv-PON1 group was
markedly decreased (85.5+8.3 vs. 57.3+8.2 U/mL, P<0.01)
(Figure 3B). In addition, the plasma FC/TC ratio of Scarb1™”
mice was increased significantly, one of the reasons was
that the activity of LCAT decreased, which inhibited the
esterification of FC. Our data showed that compared to
the control group, not only plasma LCAT protein level
was increased by 1.7 times, but also plasma LCAT activity
was significantly increased in Lv-PON1 mice (41.1£5.4
vs. 59.0+7.0 U/mL, P<0.01) (Figure 3C,D). Furthermore,
we measured the levels of several valuable proteins that in
the previous study had been considered as biomarkers for
dysfunctional HDL in ScarbI” mice. Western blot analysis

Ann Transl Med 2021;9(13):1063 | https://dx.doi.org/10.21037/atm-21-682
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showed that compared with Lv-GFP mice, the levels of
HDL functional proteins APOA1 and APOE in plasma
were increased, while the levels of acute-phase proteins
SAA, AIAT and APOA4 were significantly decreased in
Lv-PON1 mice (Figure 3D). These results indicated that
raising PON1 activity in circulation can increase plasma
HDL-associated functional protein levels, promote HDL
esterification, and improve the oxidation and inflammation
status of HDL.

PON1 overexpression attenuates atherosclerosis and
hepatic steatosis

To observe the impact of PON1 overexpression on
atherosclerosis, Oil-Red O staining of the en face aorta
and cross-sections of aortic roots were performed after
13 weeks of Western diet feeding. Since Scarb1”” mice
developed infiltrating atherosclerotic lesions, representative
images of atherosclerotic lesions in cross-sections of aortic
roots and en face aorta were shown in figure (Figure 4A4,B).
Quantitative analysis revealed that compared with Lv-
GFP mice, the infiltrated lesion area of en face aorta in Lv-
PON1 mice was reduced by nearly 34% (Figure 4C), and
the mean lesion area of aortic roots in Lv-PON1 mice also
showed a significant decrease (0.093x0.017 vs. 0.052+0.011
mm’, P<0.01) (Figure 4D). Moreover, overexpression of
hepatic PON1 markedly reduced the lipid deposition in the
liver, as revealed by H&E staining and Oil-Red O staining
(Figure 4E) or by measurement of liver lipid contents.
Interestingly, the data indicated that versus Lv-GFP mice,
hepatic FC level in Lv-PONI1 mice was significantly
decreased, while the contents of TC and T'G were not
altered (Figure 4F). The above data suggest that hepatic
PONT1 overexpression may contribute to the reduction of
atherosclerosis and liver steatosis.

PONI regulates the expression of bepatic genes related to
HDL metabolism and inflammation

In order to clarify the possible mechanism of hepatic
PONT expression to improve HDL metabolism, we further
detected the expression levels of some important genes
involved in the regulation of HDL biogenesis, hepatic
cholesterol uptake, and cholesterol conversion and excretion
by qRT-PCR and Western blot. We found from qRT-
PCR data that compared to the Lv-GFP mice, the mRNA
levels of Apoal, Apoe, LDLR, LXRo, ABCAIl, ABCGS5/8, and
ACAT were remarkably increased in the liver of Lv-PON1

© Annals of Translational Medicine. All rights reserved.
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mice (Figure 54). Consistently, the data from Western blot
showed that the protein levels of APOAIL, APOE, LDLR,
LXRoa, ABCA1, ABCGS5/8, and ACAT were also elevated in
Lv-PON1 mice (Figure 5B).

Additionally, NF-xB was identified as a ROS-inducible
target, which up-regulated the expression of IL-6 and TNFu.
Therefore, the NF-kB mediated inflammatory pathway in
the liver was measured. Combined with the results of qRT-
PCR and Western blot (Figure 5A4,B), the data indicated that
PONT overexpression distinctly down-regulated the mRNA
levels of IL-6 and TNFo by suppressing the phosphorylation
activation of NF-kB in Scarb 1™ mice.

Discussion

There is increasing evidence that dysfunctional HDL
is an important proatherogenic factor (5). In this study,
Scarbl™ mice characterized by dysfunctional HDL, were
intravenously injected with lentiviruses to achieve PONI1
overexpression in the liver and the increase of PONI1
level and activity in the circulation. We found that hepatic
PONI overexpression significantly reduced the oxidative
and inflammatory status in vive, improved dysfunctional
HDL composition and function, indirectly promoted HDL
biogenesis and maturation, and accelerated cholesterol
metabolism, thereby resulting in the reduction of hepatic
steatosis and atherosclerotic lesions in Western diet-fed
Scarbl” mice. These pleiotropic effects strongly suggest
that PONT1 is an endogenous regulator of HDL structure
and function through its antioxidase activity, and may
be a prospective therapeutic target for the treatment of
dysfunctional HDL-related atherosclerotic cardiovascular
disease.

PONT1 is secreted from the liver into the blood and is
considered to be one of the most important components
of HDL antioxidant performance (12,15). Different
epidemiological studies have explored the relationship
between PONT1 functional activity and gene polymorphisms
(e.g., rs662, rs854560) (31), providing direct evidence that
PONT activity influenced by genotypes is involved in the
development of chronic inflammatory diseases, such as
atherosclerotic cardiovascular disease, diabetes mellitus,
and neurodegenerative diseases (32). However, there is no
direct evidence to explain the specific effect and mechanism
of PONI1 on HDL metabolism. we previously identified
a reduction in PONT1 level and activity as a biomarker
for dysfunctional HDL in Scarb1” mice (25), therefore,
from the perspective of active repair, the present study

Ann Transl Med 2021;9(13):1063 | https://dx.doi.org/10.21037/atm-21-682
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Figure 4 PON1 overexpression attenuates atherosclerosis and hepatic steatosis in Scarb1”” mice. (A) Representative images of atherosclerotic
lesions by en face aortas Oil Red O-staining. (B) Atherosclerotic lesions were examined by Oil Red O-stained cross-sections of the aortic root
(8pm serial sections). Scale bars: 500 pm. (C) Relative quantification of lesion area in the Lv-GFP and Lv-PON1 mice, data are presented
as the percentages of en face aortic area. n=8 per group. (D) The cross-sectional lesion areas of the aortic roots were quantified. The data are
presented as the lesion areas (mm®). n=7 per group. (E) Hepatic lipid levels were analyzed by hematoxylin and eosin (H&E) or Oil Red O
staining. Scale bars: 50 and 100 pm, respectively. (F) The contents of TC, FC and TG were determined using isopropanol as described in
Methods. n=8-9 per group. The measurement data were presented as mean = standard error of the mean. Data between the two groups were

compared by unpaired Student’s #-test. **P<0.01, versus Lv-GEFP group.

originally observed that overexpression of PONI in the the liver. Not only that, high-level PON1 which binding
liver positively improved the level and activity of PON1 with HDL in circulation could participate in the regulation
in the liver and the circulation. Highly active PON1 of HDL functions, including decreasing macrophage lipid
significantly decreased ROS levels and NF-kB-mediated accumulation by facilitating ABCA1-mediated cholesterol
inflammatory factors IL-6 and TNF-a expression levels in efflux, and inhibiting oxidase activity and inflammatory
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response of macrophages through reducing IL-1p, IL-6
and NOXI expression levels, and increasing IL-4 and IL-10
expression levels.

In addition, earlier in vitro studies have revealed that
oxidative modification of HDL or APOAI catalyzed by
MPO can shift HDL into pro-inflammatory particles (33).
Serum MPO/PONI ratio was considered as a potential
indicator of dysfunctional HDL and risk stratification in
coronary artery disease. An interesting study proposed that
PONTI can form a tertiary complex with HDL and MPO
which can modulate the activity of MPO (34). Our previous
study showed increased plasma MPO activity in Scarb1™
mice (25). Consistent with the former findings, this study
supported that the high level of PONT1 was related to the
decrease of MPO activity in plasma, which provided strong
evidence that PON1 could improve APOALI function and
reduce the oxidative and inflammatory status of HDL in
Secarb1” mice.

It has been recognized that circulating HDL particles
are substantial heterogeneity in the composition of lipids
and proteins due to their complex metabolism. However,
experimental studies have also shown that the anti-
atherogenic properties of HDL were determined by
protein components. Consistent with the improvement of
HDL functions by PON1, our current studies specifically
demonstrated that PON1 overexpression significantly
altered the composition of HDL, represented with the
increase of functional proteins such as APOA1, APOE and
LCAT, while the reduction of acute-phase protein SAA,
APOA4 and AIAT as pro-inflammatory biomarkers in
SecarbI” mice. This experimental evidence further supported
that PON1 could repair dysfunctional HDL and play an
important role in maintaining the structure and function of
normal HDL.

APOAL, as the main apolipoprotein of HDL, plays a vital
role in HDL-mediated RCT and also has anti-inflammatory
and antioxidant functions. APOAL reacts specifically with
ABCAL in the liver is to generate new HDL particles,
while the effect on macrophages is to induce cholesterol
efflux from the cells. Meanwhile, the stable and high
affinity between PON1 and HDL requires interaction with
APOA1 (35). However, studies also confirmed that APOA1
suffered from functional impairment due to oxidative
modification under various inducements and accumulated
in atherosclerotic plaques (36). A recent study reported a
significant increase of APOA1 oxidation in human SCARBI1
heterozygote carriers and patients with coronary artery
disease (37). This suggests that increasing the level and

© Annals of Translational Medicine. All rights reserved.

Page 13 of 17

reducing the oxidation of APOAI might enhance the anti-
atherogenic function of APOAL. Our results showed that
high-level PONTI not only increased plasma APOA1 level,
but also reduced the degree of APOA1 oxidation due to
the antioxidant effects of PON1 and lower MPO activity,
thus enhancing the protective effect of APOA1 on the
blood vessel wall. Although we did not directly detect the
oxidation state of APOAL, the anti-atherogenesis effect of
PONI1 by acting on APOALI can be indirectly confirmed
by the experiment that APOA1/HDL-containing plasma
increased the cholesterol efflux of macrophages.

APOE is another major apolipoprotein in HDL particles
and an important ligand of LDLR, which mediates the
clearance of APOE-containing lipoproteins from the
circulation through the hepatic LDLR pathway (38).
It also promotes cholesterol efflux from macrophages
and exerts a protective effect on oxidative processes and
inflammation (39). In the Scarb1” mouse model we used,
although the HDL-mediated RCT pathway was hindered
due to SR-BI deficiency, another hepatic cholesterol
uptake pathway was enhanced, manifested by significantly
increased expression levels of APOE and LDLR in the liver.
That is to say, high-level PON1 promoted hepatic uptake
of APOE-containing lipoproteins (VLDL and HDL) by
the APOE-LDLR-mediated pathway, thus explaining the
tendency of abnormally large HDL particles to become
smaller and the decrease in plasma levels of lipoprotein
remnants. These effects are beneficial to reduce the
development of atherosclerosis in Scarb1”" mice.

Plasma LCAT activated by APOAL is a key enzyme
catalyzing the esterification of FC into CE, which plays
a crucial role in HDL maturation (40). It has also been
reported that LCAT has the similar functional activity to
PONI1 and hydrolyze oxidized phospholipids (41). The
previous findings revealed that subjecting human plasma
to oxidative stress reduced the activity of LCAT (42).
Meanwhile, LCAT activity in Scarbl”” mice was reduced,
resulting in the decrease of endogenous esterification
ratio (43). Our current work showed that increasing plasma
PONI antioxidant activity promoted FC esterification by
elevating the level and activity of plasma LCAT, which
leads to the decrease of the abnormally high level of FC in
Scarb1”” mice, thereby, providing an indirect mechanism
for PONTI to repair dysfunctional HDL through LCAT-
catalyzed HDL maturation and reduction of oxidized lipids.

Liver is the central metabolic organ and plays a pivotal
role in HDL metabolism and cholesterol metabolism,
including HDL biogenesis, HDL-C selective uptake and

Ann Transl Med 2021;9(13):1063 | https://dx.doi.org/10.21037/atm-21-682
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PLASMA

Figure 6 The pleiotropic effect of high-level PON1 on liver and circulation in Searb1”~ mice. Hepatic PON1 overexpression and secretion

into the circulation reduced the oxidation and inflammation status of dysfunctional HDL, improved the composition of HDL, promoted

HDL biogenesis and maturation, and enhanced hepatic cholesterol uptake and excretion into the bile, which contributed to alleviating

hepatic steatosis and atherosclerotic lesions.

conversion, and excretion from bile (44). The regulation of
PONT1 in the circulation is inseparable from its influence
on the liver. Therefore, we explore the changes in the
expression of genes related to cholesterol metabolism
from the perspective of redox regulation. Firstly, we were
delighted to observe that PON1 not only reduced the
inflammatory status of the liver, but also stimulated the
synthesis of HDL functional components APOA1 and
APOE to a certain extent, which was consistent with the
increase in plasma levels of APOA1 and APOE. Beyond
that, it is documented that cholesterol efflux pathways
mediated by ATP-binding cassette transporters and
HDL suppress atherosclerosis (45). The role of ABCA1
in the liver is to export cellular cholesterol to lipid-free
APOAL1 for the biogenesis of nascent HDL (46), while the
heterodimer of ABCGS5 and ABCGS is responsible for the
excretion of cholesterol into bile (47). It’s worth noting that
LXRa is a metabolic nuclear receptor that transcriptionally
upregulates ABCAI and ABCG5/G8 (48). As previously
reported, that reduced ROS could trigger LXRa activation.
Our current studies indicated that PON1 promoted hepatic
cholesterol movement by LXRa-mediated upregulation of
ABCALI and ABCGS5/8, which may be due to the fact that
PONTI improved oxidation and inflammation in the liver,

© Annals of Translational Medicine. All rights reserved.

leading to the increase of LXRa level. Additionally, studies
also provided information that LXRa could serve as an
important up-regulator of APOE, LDLR and SR-BI, as
well as a down-regulator of NF-kB-mediated inflammatory
pathway (49,50), which are consistent with our findings,
except for SR-BI deficiency. Besides, we also observed that
the level of hepatic ACAT was elevated, which catalyzed
cytoplasm FC esterification (51). It is beneficial to reduce
the lipotoxicity of FC to hepatocytes in Scarbl” mice.
Taken together, these results demonstrated that hepatic
PONT overexpression decreased the FC level in plasma and
liver, and alleviated the deposition in the liver of Scarbl™
mice.

In conclusion, our present study used a mouse model of
dysfunctional HDL to prove that the overexpression and
secretion of PONT1 could directly and indirectly reduce the
oxidative and inflammatory properties of HDL, improve
HDL protein components, and regulate cholesterol
metabolism through pleiotropic effects, including the
promotion of HDL biogenesis and maturation, cholesterol
uptake by the liver and excretion into the bile, thereby
reducing atherosclerotic lesions and hepatic steatosis in
Scarb1”” mice fed on a Western diet (Figure 6). Although
the SR-BI pathway is blocked in model mice, the results
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achieved by improving the level and activity of PON1
once again emphasize the importance of HDL antioxidant
function in reducing atherosclerosis. These findings provide
valid evidence that targeting PON1 represents a promising
HDL-based therapeutic strategy for cardiovascular disease.
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Supplementary

Table S1 The information of all primary antibodies and loading amount of proteins in western blot

Primary antibody Origin Company Cat. No. Dilution rate Sample loading

PON1 monoclonal antibody UK Abcam Ab24261 1:1000 30 pg or 0.1 pL (plasma)
APOA1 polyclonal antibody UK Abcam Ab7614 1:1000 30 pg or 0.5 pL (plasma)
APOE monoclonal antibody UK Abcam Ab183597 1:1000 30 pg or 1 pL (plasma)
LCAT monoclonal antibody UK Abcam Ab109417 1:1000 0.5 pL (plasma)

SAA monoclonal antibody USA Santa Cruz Biotechnology =~ SC-59680 1:1000 1 yL (plasma)

A1AT monoclonal antibody UK Abcam Ab133642 1:1000 1 pL (plasma)

APOA4 polyclonal antibody USA R&D Systems AF8125 1:1000 1 pL (plasma)

LDLR monoclonal antibody UK Abcam Ab52818 1:500 40 ug

LXRa polyclonal antibody UK Abcam Ab28478 1:1000 30 ug

ABCA1 monoclonal antibody UK Abcam Ab18180 1:1000 70 pg

ABCG8 monoclonal antibody USA Novus Biologicals NBP1-71706 1:1000 50 pg

ACAT polyclonal antibody UK Abcam Ab93477 1:1000 30 pg

p-NF-kB monoclonal antibody  USA Cell Signaling Technology 3033 1:1000 50 ug

GAPDH polyclonal antibody USA Santa Cruz Biotechnology =~ SC-25778 1:1000

A1AT, alpha 1 antitrypsin; ABCA1, ATP-binding cassette A1; ABCG8, ATP-binding cassette G8; ACAT, acyl-coenzyme A cholesterol
acyltransferase; APOA1, apolipoprotein A1; APOA4, apolipoprotein A4; APOE, apolipoprotein E; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; LCAT, lecithin-cholesterol acyltransferase; LDLR, LDL receptor; LXRa, liver X receptor alpha; p-NF-kB, phosphorylated
nuclear factor kappa B; PON1, paraoxonase1; SAA, serum amyloid A.
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