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Abstract: Oxidized low-density lipoproteins play an important role in tissue pathology. In this
study, we report a sensitive novel enzyme-linked immunosorbent assay for the detection of
malondialdehyde-modified low-density lipoprotein (MDA-LDL), a key component of oxidized
LDL. The assay is capable of measuring a variable presence of MDA-LDL within human plasma
and serum. We demonstrate the robust nature of the assay on samples stored for over 20 months,
as well as high inter-operator reproducibility (r =0.74, p <0.0001). The assay was capable of detecting
dynamic changes in patient blood samples after coronary artery bypass graft surgery, indicating
synthesis or release of MDA-LDL with the oxidative stress of surgery, followed by homeostatic
clearance. This robust, sensitive and specific assay for circulating MDA-LDL will serve as a valuable
translational tool for the improved detection of oxidative forms of LDL in response to a range of
physiological or pathological stimuli, with potential clinical applicability.

Keywords: atherosclerosis; low-density lipoprotein (LDL), oxidized LDL; malondialdehyde;
anti-oxidized LDL antibodies; antibodies; assay; inflammation

1. Introduction

Oxidation-specific epitopes (OSE) on lipoproteins are an important class of danger-
associated molecular patterns that promote cellular dysfunction and death. Moreover,
such changes render LDL antigenic, leading to uptake by macrophage scavenger recep-
tors, and resulting in apoptosis, foam cell formation, atherosclerotic lipid core develop-
ment and inflammatory cytokine production [1-3]. In addition, oxidized LDL (oxLDL)
accumulation has been identified in post-mortem studies as a key feature of atheroscle-
rotic plaques prone to rupture [4].
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The central role of oxLDL in atherosclerosis and other tissue pathology has led to the
development of monoclonal antibodies (mAb) binding various OSEs and their use in as-
says that measure circulating oxLDL levels. These assays have gained greater significance
now that multiple studies have demonstrated that higher plasma levels of oxLDL are as-
sociated with incident cardiovascular disease (CVD) [5]. Indeed, a meta-analysis has
demonstrated that higher plasma oxLDL levels are related to atherosclerotic CVD, with a
significant effect size of 1.79 (95% CI, 1.56-2.05) [6]. Thus, oxLDL in general may be a
clinically meaningful biomarker of cardiovascular risk.

One assay to detect oxLDL utilizes mAb 4E6, which recognizes a conformational
epitope on Apolipoprotein-B (ApoB)-100 resulting from the substitution of 60 lysine resi-
dues to aldehydes [7-9]. Other assays have used mAb DLH3 and E06, which bind oxi-
dized phospholipids through their recognition of oxidized phosphatidylcholine and the
hydrophilic moiety of phosphatidylcholine, phosphorylcholine, respectively [10,11].
Given the heterogenous nature of oxLDL and disparate assay development, assays are not
easily comparable, and this is further complicated by different units of measurement in
each assay.

We have previously described the isolation of a spontaneously arising murine IgG3
k anti-oxLDL mAb, named LO1. It recognizes malondialdehyde (MDA)-conjugated LDL,
and only minimally reacts with “native” LDL or to an alternative MDA-conjugated carrier
(albumin) [12,13]. Through immunohistochemical staining, we have shown that LO1 re-
acts with antigen in tissue sections of mouse and human atherosclerosis, with binding
prevented by free MDA-LDL. We have performed further validation of antibody specific-
ity using in vivo imaging studies. LO1 has been conjugated with a near-infrared fluoro-
phore and injected in mice and rabbits in vivo, with near-infrared fluoroscopic imaging
performed using whole-body or intra-arterial catheter fluorescence molecular tomogra-
phy respectively [13]. Here, we extend the application of LO1 by showing that it can be
used in a reproducible sandwich ELISA to detect MDA-LDL in plasma. Furthermore, we
have used the novel assay on blood samples from a patient population undergoing coro-
nary artery bypass grafting (CABG) to show that it has the potential for use as a clinical
biomarker.

2. Materials and Methods
2.1. Generation of MDA-LDL

Preparation of MDA-LDL was carried out as described by Palinski et al [14]. Briefly,
MDA was produced through rapid acid hydrolysis of 1,1,3,3-tetramethoxypropane
(Sigma-Aldrich, Poole, UK) for 10 min at 37 °C using 4M of HCI. The pH was adjusted to
pH7.4 using 1.5M NaOH creating a stock solution of 0.5M MDA. Human plasma LDL
(Merck Millipore, Darmstadt, Germany) was incubated with MDA for three hours at 37
°C at a ratio of 100 uL of 0.5 MDA to 1 mg of LDL. ZebaSpin Desalting columns (7K
MWCO; ThermoScientific, Loughborough, UK) were used to buffer exchange into PBS.
Concentration of MDA-LDL was probed with the use of Pierce BCA Protein Assay Kit
(ThermoFisher Scientific, Loughborough, UK) according to manufacturer’s instructions.
0.01% EDTA was added to prevent further oxidation.

2.2. Generation of LO1

LO1 was purified from hybridoma culture supernatants by affinity chromatography
on protein G sepharose as previously described [12]. Non-specific IgG3k was used as an
isotype control (Sigma Aldrich, Poole, UK).

2.3. Sandwich Enzyme-Linked Immunosorbent Assay (ELISA) to Detect MDA-LDL

Nunc Maxisorp plates (ThermoFisher Scientific, Waltham, MA, USA) were coated
with 100 ul/well LO1 capture antibody in Dulbecco’s Phosphate Buffered Saline (DPBS,
Gibco) at room temperature (RT) overnight. Plates were washed with Wellwash™
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Microplate Washer (Thermo), using 3 cycles of 300 uL/well 0.05% Tween in DPBS per
wash, after each of the incubation steps to remove non-adherent material. Plates were
blocked with 300 pL/well of 2% Bovine Serum Albumin (BSA) (Sigma Aldrich, Poole, UK)
for 1 h at RT. Reagent diluent (DPBS with 0.5% BSA and 0.05% tween) was used to pro-
duce the required concentrations of reagents. Antibody and plasma layers were incubated
for 1 h whereas streptavidin-HRP was incubated for 20 min. 3,3’,5,5’-tetramethylbenzi-
dine (TMB) (Sigma-Aldrich, Poole, UK) was used to develop the ELISA and stopped with
equal volume of sulphuric acid (0.5 M H250s). The optical density (OD) was measured at
450 nm using a synergy HT multi-mode microplate reader (Southern Biotech, Birming-
ham, AL, USA). On testing patient plasma samples, reference plasma from a healthy vol-
unteer was used to correct against in a 2-in-1 dilution series. Values were corrected to
background measured using 2% BSA as a negative control.

2.4. Mercodia oxLDL Assay

The Mercodia assay for oxXLDL (Mercodia, Uppsala, Sweden) was used according to
the manufacturer’s instructions.

2.5. Direct ELISAs

Briefly, as previously described [12], Nunc Maxisorp plates (ThermoFisher Scientific,
Waltham, MA, USA) were coated with LO1 overnight at room temperature (RT) at 10
ug/mL. Subsequently, the plates were blocked in 2% BSA and then incubated with MDA-
LDL for 1 h followed by a polyclonal anti-Apolipoprotein B-HRP (Abcam, Cambridge,
UK) and developed with TMB (SigmaAldrich, Poole, UK). Plates were washed 3-times in
0.05% DBPS-Tween20 between steps.

2.6. ApoB ELISA

Equal optimal concentrations of plasma and anti-ApoB-HRP antibody as described
above were used (i.e.,1:40 and 1:2000 respectively). Testing a 2-fold dilution series (start-
ing at concentration of 1:500) of capture antibody polyclonal goat anti-human ApoB with
synthetic MDA-LDL and plasma, the optimal concentration of capture anti-ApoB anti-
body was determined as 1:5000.

2.7. 19G and IgM Anti-MDA-LDL ELISAs

MDA-LDL at a concentration of 10 pg/mL was adhered to plates for detecting anti-
MDA-LDL antibodies. The sample dilutions were 1:80 and 1:120 for total, IgG and IgM
assays, respectively. The primary detection antibodies were either an unlabelled mouse
anti-human IgG (Southern Biotech, Birmingham, AL, USA) or a biotinylated mouse anti-
human IgM (Southern Biotech, Birmingham, AL, USA), both at dilutions of 1:2000 to
measure IgG and IgM anti-MDA-LDL antibodies, respectively. The secondary detection
antibody was an HRP-conjugated polyclonal rabbit anti-mouse antibody (Dako, Cam-
bridge, UK) at a dilution of 1:2000 for the IgG anti-MDA-LDL assay, and an HRP-conju-
gated streptavidin at a dilution of 1:200 for IgM anti-MDA-LDL.

2.8. Lp (a) Assay

Human Lipoprotein A ELISA Kit (Abcam, Cambridge, UK) was used according to
manufacturer’s instructions.

2.9. Freeze-Thaw Stability

The plasma samples were pooled for each donor. The original samples were thawed
at room temperature (RT) and re-frozen at —-80 °C after one hour, with the freeze-thaw
cycle repeated at four 24-h intervals and aliquots taken during each cycle to yield five
freeze-thaw samples. All samples were then finally thawed and assayed at the same time.
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2.10. Immunoprecipitation

Samples were diluted in assay buffer (0.5% BSA + 0.05% Tween20) and incubated
with LO1 (2 pg) at 4 °C overnight, followed by the addition of Pan Mouse IgG Dynabeads
(Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) and then incubated at 4 °C for
1 h. The beads were separated using magnetic separation and washed 5 times in PBS with
0.05% Tween20. Bound proteins were then eluted by heating for 2 min.

2.11. Gel Electrophoresis

Native LDL in lithium dodecyl sulphate (LDS) (NuPAGE® LDS Sample Buffer (4X),
Life) was heated for 2-min at 90 °C and stored at 20 °C. Proteins were separated by gel
electrophoresis in 10% SDS, using precast 3-8% Tris-Acetate gels and Tris-Acetate buffer
(NuPAGE Tris-Acetate SDS running buffer; Life Technologies, ThermoFisher Scientific,
Waltham, MA, USA). Gels were run at 25 Volts for 2.5 h, prior to rinsing x3 with deionized
water and stained with Coomassie Brilliant Blue (SimplyBlue™ SafeStain, ThermoFish-
erScientific, Loughborough, UK) for 1-h on a shaker. Gels were then de-stained overnight
with deionized water and imaged on an optical gel reader.

2.12. Protein Identification Using Liquid Chromatography Mass Spectrometry/Mass
Spectrometry (LC-MS/MS)

Protein identification was performed by the Centre of Excellence for Mass Spectrom-
etry, Kings College London. Briefly, proteins were excised from the gel and reduced, car-
bmidomethylated, and digested in situ overnight with dithiothreitol, iodoacetamide and
trypsin, respectively. Peptides were extracted using a series of acetonitrile and aqueous
washes prior to being pooled and lyophilized. Samples were resuspended in 50 mM am-
monium bicarbonate prior to analysis by LC-MS/MS. Chromatographic separations were
performed using an EASY NanoLC system (ThermoFisherScientific, Loughborough, UK).
Peptides were resolved by reversed phase chromatography on a 75 pm C18 column using
a three-step linear gradient of acetonitrile in 0.1% formic acid at a flow rate of 300 nL/min.
The eluate was ionised by electrospray ionisation using an Orbitrap Velos Pro (Ther-
moFisherScientific, Loughborough, UK) operating under Xcalibur v2.2. The instrument
was programmed to acquire in automated data-dependent switching mode, selecting pre-
cursor ions based on their intensity for sequencing by collision-induced fragmentation
using a Top20 CID method. Samples were searched using an All Taxonomy search of the
Uniprot database through the Mascot searching algorithm. Database generated files were
uploaded into Scaffold 4 (v4.4.6) software (www.proteomesoftware.com). Statistical fil-
tering was set to 95% stringency.

2.13. Population Study

Blood plasma specimens were obtained from a prospective clinical study conducted
at Hammersmith Hospital, Imperial College Healthcare NHS Trust, UK, that was per-
formed to assess inflammatory responses following CABG. Patients referred for primary
elective CABG surgery were considered for enrollment in accordance with the inclusion
and exclusion criteria (Supplementary Table S1). All patients arrived 24-h prior to the time
of operation. Surgical preparation involved fasting from midnight followed by pre-medi-
cation and antibiotic prophylaxis on the morning of the operation with baseline blood
sampling. All patients received high-flow oxygen prior to anesthetic induction and intu-
bation. Central venous and arterial access was gained, and a second post-anaesthetic in-
duction blood specimen was taken. Blood specimens were then taken at different time
intervals following commencement of cardiopulmonary bypass. For the purposes of this
study, we only tested samples at baseline and at 60, 120 and 300 min (n = 10). Plasma
samples were all stored at -80 °C and thawed to RT prior to use in ELISA. For this serology
study, we randomly chose a subpopulation of those patients undergoing conventional
cardiopulmonary bypass.



Antioxidants 2021, 10, 1298

5 of 15

Ethical approval for the study was granted by local research ethics committee prior
to commencement (REC reference 08/H70708/67). All patients gave written informed con-
sent. The United Kingdom Multi-Centre Ethics Committee also granted ethical approval.

2.14. Statistical Analyses

Statistical analysis was performed on GraphPad Prism 8 (La Jolla, CA, USA). Nor-
mality was tested using the D’ Agostino & Pearson omnibus normality test. Optical den-
sity values were expressed as mean + standard error of the mean (SEM). Paired parametric
data was assessed using the paired t-test, and unpaired parametric data was assessed us-
ing the unpaired t-test. Non-parametric paired data was analyzed using the Wilcoxon
matched-pairs signed rank test and non-parametric unpaired data were analyzed using
the Mann- Whitney test. Spearman correlation coefficient was used to compare LO1 cap-
ture and 4E6 assays. A p-value of <0.05 was considered statistically significant.

3. Results

As previously described, the LO1 mAb reacts in vitro with immobilized MDA-LDL
(Figure 1A) [12,13]. We hypothesized that LO1 could be used to detect MDA-LDL and its
complexes in patient plasma samples. We therefore developed a sandwich ELISA using
assay plates pre-coated with LO1 to capture fluid-phase MDA-LDL and an HRP-conju-
gated polyclonal anti-human ApoB antibody for detection. The anti-ApoB antibody con-
centration used was determined empirically within the linear range (Figure 1B). The
working range for the detection of MDA-LDL in our assay is 7 x 102 to 2.5 pg ml™, and
the assay failed to detect native LDL (Figure 1C). The equilibrium dissociation constant
(Kp) was estimated to be 1.371 nM whilst the maximum optical density (ODmax) was 2.483
OD units (Figure 1D).
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Figure 1. LO1 binds MDA-LDL in fluid phase. (A) LO1, but not IgG3 « isotype control bound immobilized MDA-LDL
in an ELISA; (B) Determination of the optimal concentration of polyclonal goat anti-ApoB-HRP detection antibody by
testing a two-fold dilution series against immobilised MDA-LDL; (C) LO1 captured fluid phase MDA-LDL in a sandwich
ELISA, but not native LDL; (D) Affinity and maximal optical density determination of LO1 to MDA-LDL. Values are mean

+SEM.

The reproducibility of the assay using different preparations of MDA-LDL was ro-
bust (data not shown). Increases in spontaneous oxidation levels were detected in plasma
samples subjected to bench-top oxidation serially over a four-day period (Figure 2A).
However, the antigen was stable in samples frozen at —80 °C and not affected by repeated
freeze-thaw cycles over a 20-month period (Figure 2B).
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Figure 2. Stability of antigen in human plasma. (A) Percentage change of signal over time of plasma samples (n = 7)
stored at room temperature; (B) Stability of MDA-LDL levels was demonstrated in four different plasma samples over
four freeze-thaw cycles. Values are mean + SEM. * = p <0.05 for Day 4 versus Day 0.

Not only can the capture ELISA measure MDA-LDL synthesized in the laboratory,
but it also detects the presence of antigen in human plasma samples at varying concentra-
tion (Figure 3A,B). To establish that the LO1-reactive signal from plasma was indeed due
to MDA-LDL, we first immunoprecipitated antigen from plasma with LO1 and then de-
tected with Coomassie staining (Figure 3Ci). A clear band was detected around 200 kD,
which was significantly lower than that of laboratory generated MDA-LDL (above 210
kD), but slightly higher than native LDL (Figure 3Cii). Importantly, no band was obtained
when the procedure was repeated with native unmodified LDL (not shown). The bands
immunoprecipitated by LO1 from plasma of three patients were excised from the poly-
acrylamide gels, processed by trypsin digestion and reduction of cysteine residues with
dithiothreitol and then further analyzed by LC-MS/MS. Maximal sequence coverage of
ApoB-100 was 76%. ApoB-100 peptides were detected in all three patients at seven-fold
higher levels than the next most abundant protein detected from the gel band (Figure 4A).
Of the top 10 protein identifications (Supplementary Table S2), 2 were for bovine origin,
likely originating from the experimental procedure with use of bovine albumin or trypsin.
In addition to ApoB-100, LC-MS/MS of the LOl-immunoprecipitated material also iden-
tified proteins known to associate with oxLDL, including Apolipoprotein-a, IgM constant
region and Complement C4a, but in lower abundance in total peptides identified when
compared to ApoB-100 (Figure 4B).
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Figure 3. LO1 can detect varying levels of antigen in patient samples. (A) Immobilised LO1, unlike isotype control IgG3
K, captured antigen from a plasma sample; (B) Immobilised LO1 captured varying levels of antigen from different patient
samples; (Ci) Coomassie stained gel showing LO1 immunoprecipitated native LDL and in vitro-generated MDA-LDL.
The top bands are likely to represent ApoB, whilst the bottom bands are likely to be degraded antibody falling off the
column. The right-side of the gel shows both native LDL and MDA-LDL, with MDA-LDL showing a higher kD. (Cii) a
second Coomassie stained gel with human plasma from a patient (Pt) with cardiovascular disease (CVD) after immuno-
precipitating with LO1. The band >210kD was confirmed to be mainly ApoB-100 by mass spectrometry (see Figure 4).
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Figure 4. LO1 immunoprecipitates ApoB-100. Material was immunoprecipitated with LO1 and analysed by LC-MS/MS.
(A) Number of counts of peptides from immunoprecipitated samples, with ApoB-100 counts twenty-fold higher than for
any other protein peptide detected. Values bars are mean + SEM, n = 3; (B) ApoB-100, Lp (a), C4-a and g A6 C-region
peptides were detected in LO1 immunoprecipitates of each of three plasma samples. Fibrinogen o chain and Ig p chain C
region were also detected in two patient samples. Each Venn circle represents one sample.

There was a strong positive correlation for MDA-LDL levels in paired plasma and
serum samples (r = 0.94, p = 0.002, Figure 5A). High reproducibility for detecting MDA-
LDL was achieved by different operators performing the assays at different times (r=0.74,
p <0.0001, Figure 5B). Interestingly, no correlation was found with an assay detecting Lp
(a) (R2=0.05, p =—0.22) (Figure 5C) or with a commercial assay using the 4E6 antibody
(Mercodia, Uppsala, Sweden) (r = 0.14, Figure 5D).
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Figure 5. Reproducibility of the LO1 capture assay. (A) Correlation between the levels of MDA-LDL in plasma and serum
in seven patients. Spearman r = 0.94; (B) Reproducibility shown for LO1 antibody capture assays by different operators,
Spearman r = 0.74; C) Correlation between MDA-LDL and Lipoprotein (a) (r = -0.22); D) Comparison between LO1 anti-
body capture and Mercodia assay, showing no correlation between the assays (r = 0.14).

Stress events, such as major surgery or overwhelming infections, result in a systemic
inflammatory response, which can include free radical generation and upregulated pro-
inflammatory signaling. We next sought to assess whether our MDA-LDL capture assay
could detect dynamic changes in plasma samples following such an event, focusing on
ten patients undergoing CABG surgery. Simultaneously, we also looked for dynamic
changes in total ApoB, as well as IgM and IgG antibodies against MDA-LDL [15,16].

The patients were aged 67.1 (£ 9.0, standard deviation) years old and 2/10 were fe-
male. There was a high preponderance of cardiovascular risk factors, with 4/10 having
had previous MI, 6/10 had diabetes mellitus, 5/10 were current or ex-smokers and 8/10
were hypertensive. Pre-operative left ventricular function was good in 9/10 and moder-
ately impaired in 1/10. 8/10 had three-vessel coronary disease, whilst 2/10 had one or two-
vessel disease. The cross-clamp time was 33.9 +/- 6.9 min.

Between baseline and 60 min postoperatively there was a non-significant increase in
MDA-LDL (p = 0.085), measured using the LO1 sandwich ELISA assay, which then sub-
sequently decreases at 120 min, to below baseline levels (p = 0.012 versus 60 min) (Figure
6A). The same dynamic was seen when the MDA-LDL levels were normalized to ApoB to
correct for possible dilutional and fluid changes, with the initial increase in MDA-LDL
becoming statistically significant (p = 0.039) (Figure 6B). IgG anti-MDA-LDL antibody
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levels were reduced significantly from 60 min, and the reduction persisted to 300 min (p
= 0.0361 and p = 0.0025 respectively) (Figure 6C). In contrast, there were no significant
changes in total IgG levels at any timepoint, although a downward trend was noted (Sup-
plementary Figure S1A). IgM anti-MDA-LDL antibody levels reduced significantly at 60
min (p = 0.0039) and 300 min (p = 0.0122) (Figure 6D). As for IgG, total IgM levels were
unchanged between baseline and 60 min, although they did decline significantly at 300
min (Supplementary Figure S1B).
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Figure 6. LO1 detected temporal changes in MDA-LDL post CABG surgery (n =10). (A) MDA-LDL levels increased by
60 min post-operatively, returning to below baseline at 120 min; (B) Normalisation of MDA-LDL levels to ApoB demon-
strates a significant increase in MDA-LDL levels 60 min post-CABG surgery; (C) IgG anti-MDA-LDL levels and (D) IgM
anti-MDA-LDL levels decreased over 300 min post-CABG surgery. Values are mean + SEM. * = p <0.05; ** = p <0.01.
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4. Discussion

This study has developed a novel assay for the convenient and robust measurement
of MDA-LDL in fluid phase by ELISA; established that the assay can measure MDA-LDL
in both human plasma and serum; and illustrated the applicability of the assay for detect-
ing dynamic changes in plasma MDA-LDL in patients undergoing cardiopulmonary by-
pass during coronary artery bypass grafting. The assay is highly reproducible and can be
used on samples frozen for twenty months (and possibly more) and showed no loss of
sensitivity with samples subjected to multiple freeze-thaw cycles.

Unlike other assays which measure MDA in general, our assay using LO1 specifically
measures fluid-phase MDA conjugated to LDL. There are three reasons for this assertion.
First, our previous work had established that whilst LO1 recognizes MDA-LDL, it does
not recognize MDA conjugated to albumin [12]. Secondly, material immunoprecipitated
by LO1 from human plasma could be detected by Coomassie staining. The identified band
ran slightly above that of unmodified LDL, but well below that of MDA-LDL prepared in
the laboratory, suggesting that the assay is detecting LDL that is well below maximal
MDA conjugation. We then excised the LOl-immunopreciptated bands >210 kD from an
SDS-PAGE gel with three patient samples, and found by mass spectrometry in each of the
patient samples that ApoB-100 was the predominant protein. Interestingly, other proteins
identified in these samples by mass spectrometry, albeit with lower abundance based on
detected peptides, included complement C4A and IgM. Assuming these are the residua
of proteins complexed and co-immunoprecipitated with LDL, this is consistent with the
postulated homeostatic role of the classical complement pathway and natural IgM anti-
bodies in modified-LDL clearance [17-19].

Our interest in the homeostatic clearance of immune complexes based on modified
LDL provides the background for the choice of cardiopulmonary bypass to test the ap-
plicability of the assay. Given the known ability of cardiopulmonary bypass to cause oxi-
dative stress, we decided to use this to illustrate the utility of the assay by investigating
dynamic changes in MDA-LDL levels. Once adjusted to ApoB levels to mitigate against
dilutional effects of the procedure, MDA-LDL levels significantly rose at one hour from
baseline but returned to preoperative levels by two hours. It is interesting to compare this
result with those of a recent study which focused on derivatisable (i.e., free) MDA, as
measured by a relatively elaborate gas chromatography-mass spectrometry method. In
that study, free MDA rose with bypass and remained raised for several hours afterwards
[20]. The drop over time that we observed in IgM and IgG anti-MDA-LDL antibodies is
consistent with a consumptive phenomenon due to clearance of MDA-LDL immune com-
plexes. Taken together, these data indicate that the level of MDA-LDL cannot be inferred
from that of the overall pool of free MDA due to effective clearance mechanisms for MDA-
conjugated proteins and attest to the value of specific assays such as that we have devel-
oped.

It is notable that the results from our assay showed a lack of correlation with Lp (a)
levels, despite a high proportion of oxidized phospholipids associated with ApoB lipo-
proteins being found on Lp (a) [21]. Furthermore, the LO1 assay results failed to correlate
with those from a commonly used commercial assay using the 4E6 antibody. The latter
finding attests to the complexity of the oxidative modifications of LDL and the potential
for greater understanding of the biochemistry in relation to clinical consequences through
the development of a panel of complementary assays targeting distinct antigenic entities.
Therefore, measuring MDA-LDL levels using our assay may provide further insights into
both oxidative modification of lipoproteins dynamically, but also as a risk profile deter-
minant as part of a matrix of biomarkers. This of course needs to be determined in other
studies.

In particular, measurement of MDA-LDL, in comparison to other approaches, may
provide important information relating to oxidative processing in response to stress
events. We have demonstrated in this study that our assay is capable of sensitively detect-
ing changes in MDA-LDL levels in coronary artery bypass grafting surgery, which would
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be directly translatable into other situations where the extent of oxidative stress on lipo-
proteins is unknown and needs to be determined. Furthermore, we anticipate that further
risk profiling studies in large cohorts will be required to establish the value of this assay
in predicting major adverse cardiovascular events in general populations. We hope that
this novel work will provide a solid scientific basis for taking the assay into clinical trans-
lation at scale.

5. Conclusions

In conclusion, we have developed a novel capture ELISA for the measurement of
MDA-LDL in body fluid. Further work in combination with existing assays may be in-
strumental in improving risk assessment of cardiovascular disease and other pathologies.

Supplementary Materials: The following are available online at www.mdpi.com/2076-
3921/10/8/1298/s1, Figure S1: Changes in total serum IgG and IgM post CABG surgery (n=10), Table
S1: Inclusion and exclusion criteria for the CABG surgery study, Table S2: Top 10 protein identifi-
cations from LC-MS/MS on three plasma samples.
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Abbreviations

ApoB apolipoprotein B-100

BSA bovine serum albumin

CABG coronary artery bypass grafting
CVD cardiovascular disease

ELISA enzyme-linked immunosorbent assay
IgG immunoglobulin G

IgM immunoglobulin M

LDL low-density lipoprotein

LDS lithium dodecyl sulfate

Lp (a) lipoprotein A

mAb monoclonal antibody

MDA malondialdehyde

MDA-LDL malondialdehyde-conjugated LDL

OD optical density
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OSE oxidation specific epitope
oxLDL oxidized low-density lipoprotein
oxPL oxidized phospholipids
PVDF polyvinylidene fluoride
RT room temperature
References
1. Galis, Z.S.; Sukhova, G.K.; Lark, M.W.; Libby, P. Increased expression of matrix metalloproteinases and matrix degrading ac-

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

tivity in vulnerable regions of human atherosclerotic plaques. J. Clin. Invest. 1994, 94, 2493-2503, d0i:10.1172/JCI117619.
Lopes-Virella, M.F.; Virella, G. Clinical significance of the humoral immune response to modified LDL. Clin. Immunol. 2010, 134,
55-65, d0i:10.1016/j.clim.2009.04.001.

Newby, A.C. Metalloproteinase production from macrophages—A perfect storm leading to atherosclerotic plaque rupture and
myocardial infarction. Exp. Physiol. 2016, 101, 1327-1337, doi:10.1113/EP085567.

Virmani, R.; Burke, A.P.; Farb, A.; Kolodgie, F.D. Pathology of the Vulnerable Plaque. ]. Am. Coll. Cardiol. 2006, 47, C13-C18,
doi:10.1016/j.jacc.2005.10.065.

Fraley, A.E.; Tsimikas, S. Clinical applications of circulating oxidized low-density lipoprotein biomarkers in cardiovascular
disease. Curr. Opin. Lipidol. 2006, 17, 502-509, doi:10.1097/01.m01.0000245255.40634.b5.

Gao, S.; Zhao, D.; Wang, M.; Zhao, F.; Han, X.; Qi, Y.; Liu, J. Association Between Circulating Oxidized LDL and Atherosclerotic
Cardiovascular Disease: A Meta-analysis of Observational Studies. Can. ]. Cardiol. 2017, 33, 1624-1632,
do0i:10.1016/].CJCA.2017.07.015.

Holvoet, P.; Stassen, ].M.; Van Cleemput, J.; Collen, D.; Vanhaecke, ]. Oxidized low density lipoproteins in patients with trans-
plant- associated coronary artery disease. Arterioscler. Thromb. Vasc. Biol. 1998, 18, 100-107, doi:10.1161/01.ATV.18.1.100.
Holvoet, P.; Mertens, A.; Verhamme, P.; Bogaerts, K.; Beyens, G.; Verhaeghe, R.; Collen, D.; Muls, E.; Van De Werf, F. Circulating
oxidized LDL is a useful marker for identifying patients with coronary artery disease. Arterioscler. Thromb. Vasc. Biol. 2001, 21,
844-848, doi:10.1161/01.ATV.21.5.844.

Holvoet, P.; Vanhaverbeke, M.; Geeraert, B.; De Keyzer, D.; Hulsmans, M.; Janssens, S. Low cytochrome oxidase 1 links mito-
chondrial dysfunction to atherosclerosis in Mice and pigs. PLoS ONE 2017, 12, e0170307, doi:10.1371/journal.pone.0170307.
Itabe, H.; Yamamoto, H.; Imanaka, T.; Shimamura, K.; Uchiyama, H.; Kimura, J.; Sanaka, T.; Hata, Y.; Takano, T. Sensitive
detection of oxidatively modified low density lipoprotein using a monoclonal antibody. J. Lipid Res. 1996, 37, 45-53,
d0i:10.1016/s0022-2275(20)37634-3.

Palinski, W.; Horkkd, S.; Miller, E.; Steinbrecher, U.P.; Powell, H.C.; Curtiss, L.K.; Witztum, J.L. Cloning of monoclonal autoan-
tibodies to epitopes of oxidized lipoproteins from apolipoprotein E-deficient mice: Demonstration of epitopes of oxidized low
density lipoprotein in human plasma. J. Clin. Invest. 1996, 98, 800-814, doi:10.1172/JCI118853.

Chang, S.H.; Johns, M.; Boyle, ].J.; McConnell, E.; Kirkham, P.A_; Bicknell, C.; Zahoor-Ul-Hassan Dogar, M.; Edwards, R.J.; Gale-
Grant, O.; Khamis, R.; et al. Model IgG monoclonal autoantibody-anti-idiotype pair for dissecting the humoral immune re-
sponse to oxidized low density lipoprotein. Hybridoma 2012, 31, 87-98, doi:10.1089/hyb.2011.0058.

Khamis, R.Y.; Woollard, K.J.; Hyde, G.D.; Boyle, J.J.; Bicknell, C.; Chang, S.-H.; Malik, T.H.; Hara, T.; Mauskapf, A.; Granger,
D.W.; et al. Near Infrared Fluorescence (NIRF) Molecular Imaging of Oxidized LDL with an Autoantibody in Experimental
Atherosclerosis. Sci. Rep. 2016, 6, 21785.

Palinski, W.; Rosenfeld, M.E.; Yld-Herttuala, S.; Gurtner, G.C.; Socher, S.S.; Butler, S.W.; Parthasarathy, S.; Carew, T.E.; Stein-
berg, D.; Witztum, J.L. Low density lipoprotein undergoes oxidative modification in vivo. Proc. Natl. Acad. Sci. USA. 1989, 86,
1372-1376, doi:10.1073/pnas.86.4.1372.

Khamis, R.; Batty, T.; Wong, L.; Johns, M.; Thom, S.; Mayet, ].; Stanton, A.; Hughes, A.L.; Haskard, D.O. Dissecting the protective
IgG anti-malondialdehyde-LDL (MDA-LDL) antibody response in a substudy of the Anglo Scandinavian Cardiac Outcomes
Trial (ASCOT). Eur. Heart ]. 2013, 34, P704, doi:10.1093/eurheartj/eht307.P704.

Van Den Berg, V.J.; Haskard, D.O.; Fedorowski, A.; Hartley, A, Kardys, I; Caga-Anan, M.; Martijn Akkerhuis, K
Oemrawsingh, R.M.; Van Geuns, R.J.; De Jaegere, P.; et al. Temporary Removal: IgM anti-malondialdehyde low density lipo-
protein antibody levels indicate coronary heart disease and necrotic core characteristics in the Nordic Diltiazem (NORDIL)
study and the Integrated Imaging and Biomarker Study 3 (IBIS-3). EBioMedicine 2018, 36, 63-72, doi:10.1016/j.ebiom.2018.08.023.
Haskard, D.O.; Boyle, J.J.; Mason, J.C. The role of complement in atherosclerosis. Curr. Opin. Lipidol. 2008, 19, 478-482.

Lewis, M.J.; Malik, T.H.; Ehrenstein, M.R.; Boyle, ].J.; Botto, M.; Haskard, D.O. Immunoglobulin M Is Required for Protection
Against Atherosclerosis in Low-Density Lipoprotein Receptor—-Deficient Mice. Circulation 2009, 120, 417426, d0i:10.1161/CIR-
CULATIONAHA.109.868158.

Hartley, A.; Haskard, D.; Khamis, R. Oxidized LDL and anti-oxidized LDL antibodies in atherosclerosis—Novel insights and
future directions in diagnosis and therapy. Trends Cardiovasc. Med. 2019, 29, 22-26, d0i:10.1016/j.tcm.2018.05.010.



Antioxidants 2021, 10, 1298 15 of 15

20.

21.

Djordjevi¢, A.; Kotnik, P.; Horvat, D.; Knez, Z.; Antoni¢, M. Pharmacodynamics of malondialdehyde as indirect oxidative stress
marker after arrested-heart cardiopulmonary bypass surgery. Biomed. Pharmacother. 2020, 132, 110877,
doi:https://doi.org/10.1016/j.biopha.2020.110877.

Bergmark, C.; Dewan, A.; Orsoni, A.; Merki, E.; Miller, E.R.; Shin, M.].; Binder, C.J.; Horkkd, S.; Krauss, R.M.; Chapman, M.J.;
et al. A novel function of lipoprotein [a] as a preferential carrier of oxidized phospholipids in human plasma. J. Lipid Res. 2008,
49, 2230-2239, doi:10.1194/j1r.M800174-JLR200.



