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Background.Mousemodels of hypercholesterolaemia have been used to identify arterial proteins involved in atherosclerosis. As the
liver is extremely sensitive to dyslipidemia, onemight expectmajor changes in the abundance of liver proteins in these models even
before atherosclerosis develops. Methods. Lipid levels were measured and a proteomic approach was used to quantify proteins in
the livers of mice with an elevated low-density lipoprotein (LDL) and the presence of lipoprotein(a) [Lp(a)] but no atherosclerosis.
Results. The livers of Lp(a) mice showed an increased triglyceride but reduced phospholipid and oxidised lipid content. Two-
dimensional gel electrophoresis and mass spectrometry analysis identified 24 liver proteins with significantly increased abundance
in Lp(a) mice (P<0.05). A bioinformatic analysis of the 24 proteins showed the major effect was that of an enhanced antioxidant
and lipid efflux response with significant increases in antioxidant (Park7, Gpx1, Prdx6, and Sod1) and lipid metabolism proteins
(Fabp4, Acaa2, apoA4, and ApoA1). Interestingly, human liver cells treated with Lp(a) showed significant increases in Gpx1 and
Prdx6 but not Sod1 or Park7. Conclusions. The presence of human LDL and Lp(a) in mice promotes an enhanced flux of lipids into
the liver which elicits an antioxidant and lipid export response before the onset of atherosclerosis.The antioxidant response can be
reproduced in human liver cells treated with Lp(a).

1. Introduction

Mouse models of hypercholesterolaemia are widely used to
study atherosclerosis. The two most widely used models
are the apolipoprotein E deficient (ApoE-/-) mouse [1]
with elevated levels of cholesterol and triglyceride due to
defective remnant lipoprotein clearance [2] and the low-
density lipoprotein receptor deficient (LDLR-/-) mouse with
elevated cholesterol due to defective low-density lipoprotein
(LDL) uptake. Both have served as a base for genetic,
pharmacologic, and dietary interventions to establish the
effects on atherosclerosis development [3]. A third model,
the lipoprotein(a) [Lp(a)] transgenic mouse [4], exhibits a

milder hypercholesterolemia driven by expression of human
apolipoprotein B which elevates LDL levels and the presence
of Lp(a) in the circulation due to expression of human
apolipoprotein(a) [apo(a)]. Compared to the apoE-/- and
LDLR-/- mice, the Lp(a) mice are slow to develop atheroscle-
rosis [5] but are relevant to the human situation due to the
elevated levels of human LDL and presence of Lp(a), both of
which have been well established as important cardiovascular
risk factors in humans [6, 7].

The hypercholesterolaemic mouse models have been
subject to transcriptomic and proteomic approaches to
investigate changes in arterial genes and proteins related to
atherosclerosis development [8–10]. A transcriptomic study
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of LDLR-/- mice documented an inability to mount an
antioxidant response as being central to the development of
atherosclerosis [8]. A 2D-gel-based proteomic study of apoE-
/- mice has shown that impairments in lipid and energy
metabolism, combined with oxidative stress and inflamma-
tion, preceded lesion development [9]. In addition, a 2D-
gel-based proteomic study of Lp(a) mice also showed that
changes in lipid and energy metabolism and redox genes
preceded lesion development albeit with fewer changes in a
different subset of proteins compared to the apoE-/- mice,
indicating that different plasma lipid profiles invoke different
changes in the same tissue [10].

The liver has a central role in lipid metabolism and it syn-
thesizes many of the proteins implicated in atherosclerosis. It
is extremely sensitive to altered lipid flux driven by dyslipi-
demias [11] and prolonged alteration in lipid flux can lead to
hepatic steatosis in conjunction with atherosclerosis, as can
be seen in the apoE-/- model with age [12]. Surprisingly few
proteomic studies of dyslipidemiamousemodels have looked
at changes in liver proteins.One study performed a proteomic
analysis of isolated liver mitochondria from apoE-/- mice
[13] and showed an altered abundance of proteins related to
lipid metabolism, apoptosis, and antioxidant and detoxifying
mechanisms. Here, we investigated changes in liver protein
abundances in the Lp(a) mice preceding atherosclerosis. We
hypothesized that the Lp(a) mice would show differential
expression of liver proteins due to the altered lipid flux posed
to the liver by the elevated human LDL and presence of
Lp(a).

2. Materials and Methods

2.1. Mice. The mice (mus musculus) used here were the
same wildtype C57BL/6mice and Lp(a) transgenic mice used
previously to investigate arterial protein expression [10]. The
C57BL/6 background in both lines was confirmed by geno-
typing with C57BL/6-specific markers provided by Saturn
Biotech Limited, Perth, Australia. Mice were fed a chow diet
(Ruakura 86 (5.2% fat) Sharps, Carterton, New Zealand) and
housed in a specific pathogen-free animal facility with a 12-
hour light/dark cycle.The livers were harvested from 20 Lp(a)
transgenic and 20wildtype femalemice at the age of 30weeks.
The livers of a further 4 Lp(a) and 4wildtypemice of the same
sex and age were used to further validate results for one of the
proteins identified from the proteomic analysis. All animal
experimental procedures were approved by the Institutional
Animal Use Ethics Committee.

2.2. Plasma Lipid Analysis. Whole blood was collected via
cardiac puncture and transferred to EDTA microtubes.
Plasma was isolated and stored at -80∘C. The distribution
of cholesterol and triglyceride amongst plasma lipoproteins
was analyzed by separation of pooled plasma samples by
gel permeation chromatography (n=4 samples per pool)
on a Superose 6HR 10/30 column from GE Healthcare
Bio-Sciences (Uppsala, Sweden). Separated fractions were
measured for cholesterol and triglycerides by enzymatic assay
(Roche, Mannheim, Germany).

2.3. Hepatic Lipid Analysis. The livers from 12 Lp(a) trans-
genic mice and 12 wildtype mice were rinsed in phosphate-
buffered saline (PBS) and stored at -80∘C. Lipids were
extracted from 500 mg biopsies of each liver following the
method by Bartels et al. [14]. Tissue was homogenized in PBS
containing a protease inhibitor cocktail (Roche) and lipids
were extracted with chloroform/methanol and evaporated
under nitrogen gas. Lipids were resuspended in isopropanol
containing 1% Triton X-100. Cholesterol, triglyceride, and
phospholipid levels in the lipid extracts were measured using
enzymatic reagents (Roche). A fluorometric thiobarbituric
acid reactive substances (TBARS) assay [15] was used to
measure the concentration of aldehydes as a measure of
oxidised lipids in the lipid extracts.

2.4. Proteomic Analysis. The remaining frozen liver sections
from 12 Lp(a) transgenic and 12 wildtype mice were homog-
enized in Tri-reagent (Progenz, Auckland, New Zealand)
containing 2% of a protease inhibitor cocktail (Roche) on ice.
Proteinswere precipitatedwith isopropanol and subsequently
washed with ethanol and contaminants were removed using
a 2D cleanup kit (GE Healthcare). The liver protein extracts
were used for 2D PAGE proteomic analysis using the Mini-
PROTEAN 2D electrophoresis system (Bio-Rad, Hercules,
CA). Three replicate gels were run for each mouse. Fol-
lowing electrophoresis, all gels were stained with colloidal
Coomassie brilliant blue and scanned with a calibrated
densitometer (ImageScanner, GE Healthcare). The 2D PAGE
images were analyzed with the ImageMaster 2D platinum
software (GE Healthcare) and spots exhibiting a statistical
difference (p<0.05) were excised for identification by mass
spectrometry. Text S1 in the Supporting Information contains
a detailed description of the proteomic analysis including the
averaging and normalisation of protein spots for statistical
analysis along with mass spectrometry methods.

2.5. Western Blotting. Western blots were used to validate
the comparative 2D proteomic analysis for the antioxidant
enzymes. Following 2DPAGE, liver proteins were transferred
onto nitrocellulose membrane using the PROTEAN Trans-
Blot transfer system (Bio-Rad). Membranes were incubated
overnight with primary polyclonal antibodies (all from
Abcam, Cambridge, UK) against Gpx1 (ab22604), Prdx6
(ab59543), and Sod1 (ab13498). Membranes were then incu-
bated with HRP-conjugated anti-rabbit IgG (Thermo Fisher
Scientific, Rockford, IL) or HRP-conjugated anti-goat IgG
(Santa Cruz Biotechnology, Dallas, TX) for 2 hours at room
temperature. For the Park7 protein, liver proteins were
separated by SDS PAGE and transferred onto nitrocellulose
membrane and the membrane was probed with an anti-
Park7 antibody (ab18257). Membranes were incubated in
ECL reagent and exposed under standard sensitivity on a
LAS-3000 luminescent image analyzer (Fujifilm Corpora-
tion, Tokyo, Japan). Park7 protein levels were quantified by
densitometry using Image Studio Lite (LI-COR Biosciences,
Inc.) after normalisation to actin.
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2.6. Lipoprotein Purification. Lp(a) was isolated from human
plasma as previously described using a combination of den-
sity ultracentrifugation and size exclusion chromatography
[16]. LDL was isolated from human plasma by density ultra-
centrifugation [17]. Purified lipoproteins were analysed by
lipoprotein electrophoresis and western blotting and protein
concentrations quantified using the Qubit protein assay kit
(Thermo Fisher Scientific, Waltham, MA).

2.7. Cell Culture Treatments. Human hepatocellular carci-
noma (HepG2) cells (American Type Culture Collection,
Manassas, VA) were maintained in Advanced Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (Bio International, Auckland, New
Zealand), 2 mM L-glutamine, 0.25 𝜇g/mL amphotericin B,
100 U/mL penicillin, and 100 𝜇g/mL streptomycin (Life
Technologies) at 37∘C in a humidified environment with
5% CO

2
. HepG2 cells were seeded at 5×105 cells/mL. 24

hours after seeding, cells were treated with 5 𝜇g/ml of either
purified Lp(a) or LDL for 6 hours at 37∘C. Cell lysates were
harvested and 40 𝜇g of cell lysate protein was subject to
western blot analysis with anti-Gpx1 (ab108427, Abcam), anti-
Prdx6 (ab16947 Abcam), and anti-SOD (ab13498 Abcam)
antibodies. An anti-actin antibody (NovusNB100-74340)was
used as a loading control. Protein levels were quantified by
densitometry using Image Studio Lite (LI-COR Biosciences,
Inc) after normalisation to actin.

2.8. Statistics and Bioinformatics. Statistical analyses were
performed using GraphPad Prism (GraphPad, San Diego,
CA). A nonpaired Student’s t-test was used to test for
significant differences in mean hepatic lipid levels, the mean
normalized spot volumes obtained from 2D PAGE analysis
of the Lp(a) transgenic versus wildtype mice, the mean
Park7/actin ratio, and the mean protein band intensity from
lipoprotein-treated HepG2 cells. A difference with P<0.05
was considered significant. The AmiGO search tool was used
to screen the gene ontology (GO) database to annotate the
functional relevance of proteins identified as being signif-
icantly different in relative abundance between Lp(a) and
wildtype mice. Protein network analysis was performed by
uploading the list of proteins to the online STRING database
tool (http://string-db.org) [18] and selecting “experiments”,
“databases”, and “text mining” as interaction sources.

3. Results

3.1. Plasma Lipid Levels. The plasma lipid levels of the Lp(a)
mice used for this study have been previously reported
and show elevated cholesterol, triglyceride, and phospholipid
levels as a result of elevated LDL and HDL cholesterol and the
presence of Lp(a) [10]. Separation of the plasma lipoproteins
by fast liquid protein chromatography showed the LDL to be
triglyceride-rich (see Supporting Information, Figure S1).

3.2. Liver Lipid Levels in Lp(a) Transgenic Mice. The livers
of Lp(a) transgenic mice showed similar cholesterol (Fig-
ure 1(a)) but significantly higher triglyceride levels than

wildtype mice (34.4 ± 1.7 versus 28.6 ± 1.5 mg/g, P<0.001,
Figure 1(b)). Phospholipid levels were significantly lower in
the Lp(a) transgenic mice (6.0 ± 0.3 versus 7.6 ± 0.8 mg/g,
P<0.05, Figure 1(c)) as were the levels of thiobarbituric acid-
reactive substances (TBARS), a measure of lipid oxidation
products (0.31 ± 0.03 versus 0.38 ± 0.06 nmol/mg, P < 0.05,
Figure 1(d)).

3.3. Liver Proteomics Analysis. Representative 2D PAGE
images from the livers of Lp(a) and wildtype mice on which
the proteomic analysis was based are shown in Figures 2(a)
and 2(b) (replicate gels are shown in Figures S2 and S3).
A total of 202 spots were detected within all 2D-gel repli-
cates. A comparative analysis of equivalent spots between
the averaged gels of the Lp(a) and wildtype mice (n =12
gels for both) identified 27 spots with significantly different
intensities (25 increased and 2 decreased). The 27 spots,
which were excised and identified by mass spectrometry, are
shown on the 2D PAGE images (Figure 2) and listed in Tables
1 and S1. As two of the identified proteins, peroxiredoxin
6 (Prdx6) and superoxide dismutase 1 (Sod1), had multiple
spots, this gave 24 unique protein identities. Interestingly, 14
of these proteins were on a list of proteins with functional
relevance to CVD [19]. A gene ontology (GO) analysis to
group the proteins into functional categories showed proteins
involved in lipid metabolism and oxidative stress functions
were prominent (Table 1). A protein interaction analysis
using the STRING database tool (Figure 3) predicted a
strong cluster of oxidative stress proteins (red nodes: Park7,
Gpx1, Prdx6, and Sod1) as well as a lipid metabolism cluster
(yellow nodes: Acaa2, Echs1, Apoa4, ApoA1, and Fapb4A).
With respect to oxidative stress, several antioxidant enzymes
showed a significant > 2-fold increase in abundance in the
Lp(a) transgenic mice compared to wildtypemice including a
2.9-fold increase in glutathione peroxidase 1 (Gpx1), a 3.2-fold
increase in superoxide dismutase 1 (Sod1), and a 2.2- and 3.4-
fold increase in two forms of peroxiredoxin 6 (Prdx6). With
respect to lipid metabolism, there was a 2.1-fold increase in
fatty acid binding protein 4 (Fabp4) and a 2.8-fold increase in
the beta-oxidation enzyme 3-ketoacyl-CoA thiolase (Acaa2).
The apolipoproteins A1 (Apoa1) and A4 (Apoa4) involved in
cholesterol effluxwere significantly increased (4-fold and 2.7-
fold, resp.).

3.4. Analysis of Antioxidant Response Proteins by Western
Blot Analysis. Western blot analysis of 2D PAGE gels for
the antioxidant enzymes Sod1, Gpx1, and Prdx6 (Figure 4)
confirmed increased levels of these proteins in the livers of
Lp(a) mice compared to wildtype mice, with multiple forms
being apparent for Prdx6. Western blot analysis of Park7
confirmed an increased abundance of the protein in the livers
of Lp(a) compared to wildtype mice (Figure 5(a)). This result
was replicated in another set of liver samples from Lp(a) and
wildtype mice of the same sex and age (Figure 5(b)).

3.5. Upregulation of Gpx1 and Prdx by Lp(a) in HumanHepG2
Cells. To investigate whether Lp(a) or LDL could elicit a
direct effect in vitro on antioxidant proteins in the livers of

http://string-db.org
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Figure 1: Lipid levels in the livers of wildtype andLp(a) mice.Lipidswere extracted from the livers of wildtype (WT) and Lp(a)mice (n=12).
Cholesterol concentrations (a), triglyceride concentrations (b), phospholipid concentrations (c), and thiobarbituric acid-reactive substances
(TBARS) concentrations (d). Data represented as mean ± SEM. ∗P<0.05, ∗∗P<0.01, and ∗∗∗P<0.001 versus wildtype.

Lp(a) transgenic mice, human HepG2 liver cells were treated
with the two purified lipoproteins. Treatment with Lp(a)
significantly increased the expression of GPx1 and Prdx6,
but not Sod1 or Park7 (Figures 6(a)–6(d)). Treatment with
LDL showed no significant effect on any of the four proteins
(Figures 6(a)–6(d)).

4. Discussion

This study aimed to establish the changes in hepatic proteins
in the Lp(a) mouse model of hypercholesterolemia. This
model constitutes a milder form of hypercholesterolaemia
than the apoE-/- or LDLR-/- mice [1, 2] and presents the
opportunity to study tissue responses before the onset of
disease. A previous study of Lp(a) mice showed no signs
of atherosclerosis in their arteries but significant changes in
the abundance of several arterial proteins [10]. Others have
shown that atherosclerosis does develop in these Lp(a) mice
with aging [5] or fat feeding [20]. As the liver is sensitive to
hyperlipidaemia and also synthesizes many proteins involved
in atherosclerosis, it is of interest to investigate changes in
hepatic protein abundances. The Lp(a) mouse is of particular
relevance to humans, since it contains elevated levels of the

two most commonly elevated plasma lipoproteins, LDL and
Lp(a) [21].

Despite significantly elevated plasma cholesterol levels
[10], the Lp(a) mice had no accumulation of cholesterol
in the liver, presumably due to the liver’s ability to tightly
regulate cholesterol levels. The elevated hepatic triglyceride
levels are likely due to the uptake of triglyceride-rich LDL
and suggest an enhanced flux of fatty acids into the liver. The
proteomic analysis of liver supported this with a significant
increase in the fatty acid transporter, Fabp4, and two 𝛽-
oxidation enzymes (Acaa2 and Echs1). An increase in 𝛽-
oxidation might also underlie the increase in the Uqcrc1
and Atp5h subunits of the electron transport chain. This
response was in contrast to that seen in the arteries of the
Lp(a) mice where there was significant decrease in Fabp4 and
electron transport chain proteins [10], presumably reflecting
the different metabolic capacities of these two different tissue
types.

An increase in 𝛽-oxidation and electron transport chain
activity generates reactive oxygen species (ROS) [22]. An
increase in ROS is known to upregulate Nrf2, a redox
responsive transcription factor that enhances the transcrip-
tion of endogenous antioxidant enzymes that protect against
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Table 1: Proteins showing significant (P<0.05) differential expression in the livers of Lp(a) versus wildtype mice on a normal chow diet.

2D Gel Spot
Number

Identified Protein
(Swiss-Prot Accession Number) Fold Change∗ P value Primary Function(s)

Oxidative Stress
1 Protein DJ-1 (Park7, Q99LX0) 2.3 < 0.05 Oxidative stress response
2 Peroxiredoxin 6 (Prdx6, O08709) 2.2 < 0.05 Peroxide metabolism
3 Peroxiredoxin 6 (Prdx6, O08709) 3.4 < 0.0001 Peroxide metabolism
4 Peroxiredoxin 6 (Prdx6, O08709) 1.9 < 0.05 Peroxide metabolism
5 Glutathione peroxidase 1 (Gpx1, Q5RJH8) 2.9 < 0.01 Peroxide metabolism
6 Superoxide dismutase 1 (Sod1, P08228) 1.9 < 0.05 Superoxide metabolism
7 Superoxide dismutase 1 (Sod1, P08228) 3.2 < 0.05 Superoxide metabolism
Lipid Metabolism

8 3-ketoacyl-CoA thiolase (Acaa2,
Q8JZR8) 2.8 < 0.05 Fatty acid oxidation

9 Enoyl-CoA hydratase (Echs1, Q8BH95) -2.6 < 0.01 Fatty acid oxidation
10 Apolipoprotein A-IV (Apoa4, P06728) 2.7 < 0.01 Lipid transport
11 Apolipoprotein A-I (ApoA1, Q00623) 4.0 < 0.05 Lipid transport

12 Fatty acid-binding protein 4
(Fabp4, P04117) 2.1 < 0.05 Fatty acid transport

Homeostatic Regulation
13 Antithrombin III (Serpinc1, P32261) 1.9 < 0.05 Blood coagulation
14 14-3-3 protein gamma (Ywhag, P61982) 2.2 < 0.05 Signal transduction

15 Phosphatidylethanolamine binding
protein 1 (Pebp1, P70296) 1.6 < 0.001 Signal transduction

16 Carbonic anhydrase 3 (Ca3, P16015) -1.9 < 0.01 pH homeostasis

17 Lactoylglutathione lyase (Glo1, Q9CPU0) 1.8 < 0.001 Methylglyoxal
detoxification

Energy Metabolism

18 Cytochrome b-cl complex subunit 1
(Uqcrc1, Q00896) 4.2 < 0.05 Electron transport

19 Cytochrome b5 (Cyb5a, P56395) 3.2 < 0.05 Electron transport

20 ATP synthase subunit d
(Atp5h, Q9DCX2) 1.7 < 0.05 ATP synthesis

Metabolic Process

21 Inorganic pyrophosphatase (Ppa1,
Q9D819) 1.9 < 0.05 Phosphate metabolism

22 3-hydroxy anthranilate 3,4-dioxygenase
(Haao, Q78JT3) 1.5 < 0.05 Quinolinic acid

metabolism

23 Pyridoxine-5’phosphate oxidase (Pnpo,
Q91XF0) 2.7 < 0.01 Pyridoxine biosynthesis

Macromolecular Process

24 Translationally controlled tumor protein
(Tpt1, P63028) 3.0 < 0.05 Microtubule stabilisation

25 Protein disulfide isomerase A3 (Pdia3,
P27773) 1.6 < 0.05 Glycoprotein synthesis

26 60 kDa heat shock protein (Hspd1,
P63038) 1.5 < 0.05 Protein folding

Unknown Primary Function

27 Phenazine biosynthesis-like domain
containing protein 2 (Pbld2, Q9CXN7) 1.9 < 0.01 Unknown

∗ Fold change between Lp(a) versuswildtype mice. Positive number indicates an increased expression in the Lp(a)mice. Negative number indicates a decreased
expression in the Lp(a) mice. Proteins are categorised by function as determined by gene ontology (GO) analysis.



6 BioMed Research International

6 Sod1 7 Sod1

5 Gpx1
2 Prdx6 3 Prdx6 4 Prdx6

24 Tpt1
19 Cyb5a

11 Apoa1

18 Uqcrc1

1 Park7

13 Serpinc1

25 Pdia3

14 Ywhag

26 Hspd1

10 Apoa4

12 Fabp4

16 Ca3

8 Acaa2

17 Glo1

9 Echs1

15 Pebp1

22 Haao23 Pnpo

20 Atp5h

21 Ppa1
27 Pbld2

3 10
pI

66

45

31

14

21

Mr (kDa) 
200

(a)

200

66

45

31

14

21

10
pI

6 Sod1 7 Sod1

5 Gpx1
2 Prdx6 3 Prdx6 4 Prdx6

24 Tpt1

19 Cyb5a

11 Apoa1

18 Uqcrc1

1 Park7

13 Serpinc1

25 Pdia3

14 Ywhag

26 Hspd1

10 Apoa4

12 Fabp4

16 Ca3

8 Acaa2

17 Glo1
9 Echs1

15 Pebp1

22 Haao23 Pnpo

20 Atp5h

21 Ppa1

27 Pbld2

Mr (kDa) 3

(b)

Figure 2: Representative 2D PAGE images of proteins in the livers of wildtype and Lp(a) mice. Liver protein extracts from 12 wildtype
mice (a) and 12 Lp(a) mice (b) were separated by 2D PAGE in triplicate. Comparative analysis of equivalent spots between the averaged gels
of the Lp(a) and wildtype mice identified 27 spots with significantly different intensities. Protein spots showing a significant difference in
relative abundance (P<0.05) are indicated by their abbreviated protein names and are listed in Table 1.

oxidative damage. ROS promote the oxidation of the Keap1
inhibitor protein which prevents Keap1 from binding and
targeting Nrf2 for constitutive degradation via ubiquitination
[23]. Interestingly, the proteomic analysis of Lp(a) mice livers
showed an increase in Park7 which was further validated in
another set of Lp(a) and wildtype mice. Park7 is an abundant
multifunctional protein which acts as a redox sensor and
molecular cochaperone in cellular responses to oxidative
stress. It positively regulates the antioxidant response through
competing with Keap1 for binding to Nrf2 and protecting
Nrf2 from degradation [24]. The three antioxidant enzymes
that displayed an increased abundance in the livers of Lp(a)
mice, Sod1, Gpx1, and Prdx6, are all known targets for Nrf2.
Sod1 is a superoxide scavenging enzyme [25], whereas Gpx1
and Prdx6 regulate the levels of peroxides and lipid peroxides
[26, 27]. Interestingly, multiple forms of Prdx6 were apparent

which is in keepingwith a proteomic study identifying several
modified forms of Prdx6 in mouse liver [28]. Upregulation
of all three antioxidant enzymes is associated with enhanced
protection against oxidative stress [29–31]. The increase in
Gpx1 and Prdx6 correlates with the significant decrease in
TBARS found in the livers of Lp(a) mice as both enzymes
metabolise lipid hydroperoxides into lipid alcohols which can
be metabolised via 𝛽-oxidation thus preventing their break-
down to aldehydes. In contrast, the arteries of the Lp(a) mice
accumulate TBARS and only show an increased abundance
of one antioxidant enzyme, Prdx4, [10] which, unlike Prdx6,
is only active against peroxides but not lipid peroxides.These
differences likely reflect the different capacities of tissues to
handle oxidised lipids.

Our results contrast with studies of apoE-/- mice that
showed a decrease in antioxidant capacity with significant
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Figure 3: STRING protein interaction network of proteins showing altered abundance in the livers of Lp(a) transgenic mice. Functional
interactions between the 24 proteins significantly different between the livers of Lp(a) mice (n = 12) and wildtype mice (n = 12) were predicted
using the STRING database tool. The protein nodes are coloured according to their assigned functional grouping from GO analysis. The
interaction edges (connecting lines) are depicted based on interaction confidence score: high (0.7), medium (0.4), or low (0.15).
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Figure 4: Representative 2D-PAGE Western blot images of antioxidant proteins in wildtype and Lp(a) mice. Western blots were used
to validate the comparative proteomic analysis between the Lp(a) and wildtype mice for antioxidant proteins. Pooled liver protein extracts
(n = 12) were separated by 2D PAGE in triplicate and transferred onto nitrocellulose membrane. Each membrane was probed with one of
the following primary antibodies: Sod1 (a, b), Gpx1 (c, d), or Prdx6 (e, f). The proteins of interest were detected with an HRP-conjugated
secondary antibody and imaged on a LAS-3000 luminescent analyzer. Arrows indicate the protein spots that correspond to those identified
by 2D-PAGE analysis.
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Figure 5: Increased relative abundance of Park7 in Lp(a) mice. Western blots were used to validate the comparative proteomic analysis
between the Lp(a) and wildtype mice for the Park7 protein. Pooled liver protein extracts (n = 4 livers per pool) were separated by SDS PAGE
in multiple replicates (n = 7) and transferred onto nitrocellulose membrane. Membranes were probed with an anti-Park7 antibody using an
anti-actin antibody as a loading control. Liver protein extractswere the same as those used for Figure 4 (a) as well as fresh liver protein extracts
from newmice of the same age, sex, and genotype (b). Representative blots showing two of the replicates for each pooled liver protein extract
are shown. Park7 protein levels were normalized against actin and expressed as a ratio in densitometry units (DU). Data is represented as
mean ± SEM for the pooled samples run in septuplicate. ∗P<0.05, ∗ ∗ ∗P<0.001, versus wildtype.

decreases in antioxidant enzymes in both liver mitochondria
[13] and arteries [9]. The Lp(a) mice used here were of
similar age to the apoE-/- mice used in those studies but
the hyperlipidaemia is much milder and the Lp(a) mice were
clearly still at a point where they could mount a robust
antioxidant response in the liver. Interestingly, a proteomic
analysis of the livers of transgenic Apoc3 mice which display
a hypertriglyceridaemic phenotype, but no atherosclerosis
[32], also showed an upregulation of cytosolic antioxidant
enzymes, albeit amongst a slightly different set of proteins to
the Lp(a) mice, indicating that different lipoprotein profiles
may elicit different responses with respect to the proteins that
are regulated.

With respect to lipid metabolism, the proteomic data
also indicated an increased abundance of proteins involved
in lipid export. Compared to the livers of wildtype mice,
the Lp(a) mice had significant increases in both Apoa1 and
Apoa4 (Table 1). ApoA1 facilitates the export of cholesterol
from cell membranes via its interaction with the ATP binding
cassette 1 (ABCA1) cholesterol transporter protein to generate
HDL [33]. Apoa4 is a component of HDL that has also
been shown to promote cellular cholesterol efflux [34] as
well as facilitating triglyceride export from the liver [35].The
increase of Apoa1 and Apoa4 could contribute to the increase
in HDL levels seen in the Lp(a) mice and may partially
underlie the lack of cholesterol accumulation in the livers of
the Lp(a) mice.The elevated levels of HDLwould be expected

to be atheroprotective and therefore potentially modulate the
effect of the LDL and Lp(a) risk factors in the Lp(a) mice.

Lp(a) is primarily cleared by the liver [36] via a number of
receptors including the LDLR [37], scavenger receptor B1 (SR-
B1) [16], and the plasminogen receptor KT (PlgRKT) [38].
We investigated whether Lp(a) alone could promote changes
in the antioxidant enzymes, GPx1, Prdx6, and Sod1, by incu-
bating purified Lp(a) with human hepatoma cells. The GPx1
and Prdx6 proteins were significantly increased with Lp(a)
treatment (Figure 5(a)) but not with LDL (Figure 5(b)) and
Sod1 levels were unchanged by either treatment. The increase
in antioxidant enzymes in this acute exposure to Lp(a) did
not appear to involve Park7. The antioxidant response to
Lp(a) suggests that a specific component of Lp(a) may be
promoting the GPx1 and Prdx6 response. Unique to Lp(a)
is the apolipoprotein(a) protein which specifically binds
oxidised phospholipids [39] allowing the Lp(a) particles to
bind significantly more oxidised phospholipid molecules
than LDL. It is tempting to speculate that the oxidised phos-
pholipids in Lp(a) may promote their own detoxification via
upregulating GPx1 and Prdx6; however, further experiments
would be needed to specifically investigate this.

5. Conclusions

We have performed a proteomic analysis on the livers
of human Lp(a) transgenic mice and shown an increased
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Figure 6: Lp(a) upregulates GPx1 and Prdx6 expression in human HepG2 cells. HepG2 cells were treated with 5 𝜇g/mL of Lp(a) or LDL
for 6 hours at 37∘C. Western blots of cell lysates were performed with an anti-Gpx1 antibody (a), an anti-Prdx6 antibody (b), an anti-Sod1
antibody (c), and an anti-Park7 antibody (d) using an anti-actin antibody as a loading control. Representative blots are shown. Protein levels
were normalized against actin and expressed relative to that of untreated cells. Results are expressed as mean ± SEM for pooled triplicate
incubations run in quadruplicate. ∗P<0.05, relative to untreated HepG2 cells.

abundance in antioxidant and lipid export proteins. Our
findings suggest that the initial response to mild hyperlipi-
daemia is to invoke protective mechanisms that reduce the
accumulation of lipid and its oxidised products. This con-
trasts with mouse models of a similar age with more extreme
hyperlipidaemia that have lost this protection mechanism
and display atherosclerosis.
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