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Lipoprotein(a) is associated
with DNA damage in patients
with heterozygous familial
hypercholesterolemia

Ewelina Wozniak'™, Marlena Broncel®, Agnieszka Wozniak?, Joanna Satata?,
Agnieszka Pawlos?, Bozena Bukowska? & Paulina Gorzelak-Pabis*

Heterozygous familial hypercholesterolemia (HeFH) is a common autosomal-dominant inherited
disorder associated with atherosclerotic cardiovascular disease (ASCVD). HeFH subjects have a higher
lipoprotein(a), i.e. Lp(a), concentration than the general population. Patients with FH are exposed to
elevated levels of LDL from birth and ox-LDL may induce other oxidation pathways. The aim of the
study was to determine the levels of markers of oxidative stress and DNA damage in patients with
HeFH and describe the effect of Lp(a) on the resulting damage. Higher DNA damage was identified in
patients with HeFH compared to the normolipidemic ones, and ASCVD was associated with greater
damage. Oxidative stress markers were elevated in HeFH patients; however, only ox-LDL was higher
in the ASCVD group and its level correlated with DNA damage. A positive correlation was found
between DNA damage and Lp(a) concentration in the HeFH patients. Higher levels of Lp(a) were
associated with greater DNA damage, especially in patients with HeFH and ASCVD. In HeFH patients,
the optimal Lp(a) cut-off point associated with ASCVD is>23.45 nmol/L, i.e. much lower than for the
general population; however this cut-off point needs validation in a larger group of HeFH patients.

Heterozygous familial hypercholesterolemia (HeFH) is the most common genetic metabolic disorder, with a
prevalence of 1 in 250 individuals, translating into almost 150 million cases worldwide. Individuals with HeFH
demonstrate markedly-elevated LDL-C levels from birth, leading to atherosclerotic cardiovascular disease
(ASCVD). ASCVD comprises various clinical conditions resulting from atherosclerosis, such as acute coronary
syndrome (ACS), myocardial infarction (MI), stable or unstable angina, documented coronary artery disease
through angiography, revascularization procedures (e.g., coronary artery bypass graft surgery) stroke, transient
ischemic attack, confirmed carotid disease and peripheral artery disease’. If untreated, the disease is believed
to develop into coronary artery disease (CAD), occurring after age 30 in men and 40 in women. ASCVD is also
at least ten times more likely to develop in patients with HeFH. Among this group, the most common cause of
death is CAD, with a frequency as high as 60%. HeFH is also associated with cerebrovascular disease (5-10%
prevalence)®.

Furthermore, HeFH subjects have higher levels of Lp(a), a marker of cardiovascular disease known to induce
vascular inflammation, atherogenesis, calcification and thrombosis, compared to the general population®. The
normal range for Lp(a) is <75 nmol/L (<30 mg/dL)'; however, an estimated 20% to 25% of the global popula-
tion have Lp(a) levels > 125 nmol/L (>50 mg/dL), which the European Atherosclerosis Society associate with
increased cardiovascular risk*.

Oxidative stress plays an important role in the progression of various cardiovascular diseases> and cellular
damage, mainly due to lipid peroxidation caused by the action of ROS. Lipid peroxidation can also directly
modify DNA’. In endothelial cells (ECs), especially in patients with hypercholesterolaemia, the highest amounts
of ROS are generated by endothelial nitric oxide synthase (eNOS); these ROS may react with nitric oxide (NO),
a vasodilatory compound, thus reducing its bioavailability, and inducing an inflammatory response in the ves-
sel walls®. ROS can also increase the susceptibility of lipoproteins to oxidation in damaged vessels by increasing
the concentration of oxidized low-density lipoprotein (ox-LDL), which is also associated with a high risk of
ASCVD, especially atherosclerosis’. In addition, persistent high concentrations of LDL cholesterol may be a
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source of substrates for oxidation by ROS, leading to increased formation of lipid peroxidation products, and
the development of atherosclerosis. Additionally, an excess of LDL-C itself induces oxidative stress by reducing
antioxidants and by increasing the activity of enzymes involved in ROS production®.

Although patients with FH are exposed to elevated levels of LDL from birth, and ox-LDL may induce other
oxidation pathways leading to atherosclerosis and cardiovascular disorders, the level of DNA damage in FH
patients has not yet been established. A growing body of clinical and preclinical evidence indicates that DNA
damage and the activation of the DNA damage response (DDR) may be associated with a variety of cardiovascular
disorders'*!2. Accumulated DNA damage was shown to be positively correlated with the severity of atheroscle-
rosis in human coronary artery disease'*.

Among the various genomic insults known to orchestrate a cardiovascular pathology, ROS is a key endog-
enous influence, known to encourage DNA base oxidation, SSBs, DSBs and telomere shortening'. Higher levels
of base excision repair (BER) markers have been noted following oxidative DNA damage'?, suggesting that ROS
play a critical role in the accumulation of DNA damage in atherosclerotic lesions. Ox-LDL lowers the level of
BER repair enzymes'®, which are responsible for the removal of 8-0xo0-7,8-dihydroguanine (8-OH-Gua) adducts
from DNA'®.

The most commonly-observed DNA lesion induced by oxidative stress is 8-OH-Gua. This has a high potential
for mutation, caused by the misincorporation of an adenine instead of cytosine, i.e., a G:C— T:A transversion
mutation'’. Advanced atherosclerotic plaques are characterized by the accumulation of 8-OH-Gua in vascular
smooth muscle cells (VSMCs), macrophages, and endothelial cells’®!. Shah et al. found 80x0G repair to be
impaired in VSMCs in human atherosclerotic plaques, and attribute this to a reduction in the expression, stability,
acetylation and activity of 80xoG DNA glycosylase I (OGG1) caused by chronic oxidative stress®. Such events
may contribute to the development of vascular diseases through the accumulation of DNA damage?*'.

Therefore, the aim of the present study is to determine the levels of markers of oxidative stress (ox-LDL, anti-
ox-LDL, total antioxidative status), single and double strand-breaks (SSBs, DSBs) in patients with HeFH (with
and without ASCVD) and to describe the effect of Lp(a) on the resulting damage.

Patients and methods
Subjects with HeFH and controls with normolipidemia
All participants were patients who had been referred to the Department of Internal Diseases and Clinical Phar-
macology, Bieganski Memorial Hospital, Lodz for hypercholesterolemia by their primary care physicians. In
addition, some patients received a genetic diagnosis of HeFH based on next-generation sequencing (NGS) of FH-
related genes, i.e. mutation in the LDL-C receptor (LDLR), apolipoprotein B (APOB) or proprotein convertase
subtilisin/kexin type 9 (PCSK9) gene with confirmation by Sanger sequencing. Alternatively, patients who had
not been diagnosed with a genetic form of HeFH received a clinical diagnosis of primary hypercholesterolemia,
with a clinical diagnosis of HeFH according to the Dutch Lipid Clinic Network (DCLN) Score (i.e. above eight
points on the DCLN scale, assessing family history, clinical history, physical examination and LDL-C level)***

In controls, the main inclusion criteria comprised age 18-65 years with low cardiovascular risk
(SCORE2 < 2.5% for patients aged under 50 years, or < 5% for patients aged 50-69 years), LDL-C concentra-
tion <3 mmol/L (<115 mg/dL), not currently taking any medications, no previous chronic or acute diseases in
the past 3 months®*. In addition, no abnormalities were revealed under physical examination.

The exclusion criteria comprised secondary causes of hypercholesterolemia, including hypothyroidism, kidney
diseases, poorly-controlled diabetes, cholestasis or the use of drugs impairing lipid metabolism.

The investigation was approved by the Bioethics Committee of the Medical University of Lodz (RNN/191/21/
KE). Informed consent was obtained from all participants. All methods were carried out in accordance with
relevant guidelines and regulations.

Sample collection and diagnostic laboratory methods

All participants were interviewed for their personal history of diabetes, hypertension, smoking, cardiovascular
disease, pharmacological treatment, family history of hypercholesterolemia and cardiovascular disease. During
the same visit, a physical examination for the presence of corneal arcus and tendon xanthomas was performed.

In both the control and research groups, peripheral blood mononuclear cells (PBMCs) and serum were iso-
lated from peripheral whole blood. All blood samples were obtained after 10 h of fasting. PBMCs were isolated
by a centrifugation series using a gradient medium for lymphocyte isolation. The isolated lymphocytes were
suspended in a mix (45% RPMI medium, 45% bovine serum and 10% DMSO), then frozen at —80 °C in a box
with isopropanol and then stored in liquid nitrogen for up to 28 days.

The lipid profile, viz. total cholesterol (TC), LDL, triglycerides (TG), HDL and non-HDL levels, were deter-
mined in both cases and controls. The lipid profile was then determined by colorimetric assay. All of the bio-
chemical assays were performed using a Cobas 6000 or 8000 (Roche, Switzerland). All serum or plasma samples
intended for the sandwich ELISA analysis were aliquoted and stored at —80 °C for later use. All biochemical
measurements were performed in a central laboratory at Bieganski Hospital.

Enzyme-linked immunosorbent assay
The serum concentrations of ox-LDL, anti-ox-LDL and total antioxidative status were determined in the control
and research groups by sandwich ELISA according to the manufacturer’ instructions (Cloud-Clone Corp., USA).

Particle-enhanced immunoturbidimetric assay
The levels of lipoprotein(a) in human serum were quantitatively determined on Roche/Hitachi cobas ¢ systems,
using Tina-quant Lipoprotein (a) Gen.2.; LPAM2: ACN 8724. Human lipoprotein (a) was allowed to agglutinate
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with latex particles coated with anti-Lp(a) antibodies. The precipitate was determined turbidimetrically at
800 / 660 nm. No patient was receiving PCSK9 inhibitor treatment, which could decrease Lp(a) concentration.

Comet assay

Alkaline version. Damage to DNA was assessed by single-cell gel electrophoresis (comet assay). Briefly, the
cells were immersed in low melting point agarose (LMP), placed on microscopic slides, and then lysed; this
allowed the released DNA to be subjected to electrophoresis in alkaline conditions (pH > 13). The comet assay
enables the identification of SSBs and DSBs, as well as alkali labile sites (ALSs). Slide preparation, electrophoretic
separation and staining were conducted according to Wozniak et al.?>.

Comet analysis. The comets were observed at 200x magnification under a fluorescence microscope (Zeiss
Axio Scope.Al) connected to an Axiocam 305 color video camera (Carl Zeiss AG, Oberkochen, Germany). The
microscope was connected to a desktop PC equipped with Lucia-Comet v. 7.60 software (Laboratory Imaging,
Praha, Czech Republic). One hundred images (comets) were randomly selected from each sample and the mean
value of DNA in the comet tail was taken as an index of DNA damage (expressed in percent).

Statistical analyses

The variables were summarized as median and interquartile range. Categorical data were described using fre-
quencies and percentages. The relationship between categorical variables was assessed using the x* test. The rela-
tionships between groups were tested with the Kruskal-Wallis test (non-normal distribution). Correlations
between parameters were assessed by Spearman’s correlation test. The predictive power was evaluated by receiver
operating characteristics (ROC) and area under the curve (AUC). The optimal cutoff point in the ROC analysis
was chosen with the use of an online tool ‘CutoffFinder’ (https://moLp(a)th.charite.de/cutoft) using ‘Manhattan
distance’ (Institut fiir Pathologie, Charité-Universititsmedizin Berlin, Berlin, Germany.9 Statistical analyses were
performed with the GraphPad Prism 9.0 (GraphPad Software, San Diego, California, United States). All tests
were considered significant at a P-value below 0.05.

Results

Clinical characteristics of HeFH and normolipidemia

The study included 73 adult patients (aged 18-65 years). The control group was significantly younger than
the patient with HeFH (ASCVD- p=0,039; ASCVD+ p=0,0007). No statistically significant differences in age
between HeFH patients with and without ASCVD (p=0,26). There were no significant correlations of age with
the parameters we studied (Fig. 3A, B; Supplementary Material 2).

The patients were divided into three groups: (a) control group (n=20) with normolipidemia and low car-
diovascular risk, one study group (b) comprising patients with HeFH but without ASCVD (HeFH ASCVD-)
(n=28), and another group (c) comprising patients with HeFH and ASCVD (HeFH ASCVD+) (n=25). The
ASCVD + patients were those who had experienced one of the following associated with atherosclerosis: ACS,
M]I, stable or unstable angina, documented coronary artery disease through angiography, revascularization pro-
cedures, stroke, transient ischemic attack, confirmed carotid disease or peripheral artery disease'. The ASCVD-
patients comprised the participants diagnosed with atherosclerosis but who had not experienced any of the
above-mentioned incidents. Clinical data, including age, sex, lipid disorders, Lp(a), medical conditions and
lipid-lowering treatment, are shown in Table 1.

The patients were divided into four groups based on the degree of lipid-lowering therapy, viz. low (n=4),
moderate (n=5) and high-intensity (n=39) and untreated (n=5)?*%. The level of damage was found to be
14.94% (10.36%; 15.73%) in the low group, 19.01% (11.69%; 19.90%) in the moderate group and 14.36% (11.68%;
17.85%) in the high-intensity group and 12.56% (10.11%; 15.35%) in the untreated group. No significant differ-
ences in damage level were found with regard to the type of hypolipemic therapy (p =0.55).

Among the patients with HeFH, those with ASCVD (HeFH ASCVD+) demonstrated higher lev-
els of DNA damage than those without ASCVD (HeFH ASCVD-)

Significantly higher DNA damage, comprising SSBs, DBSs and alkali labile sites (ALSs), was noted in patients
with HeFH compared to those with normolipidemia. The HeFH ASCVD+ patients had higher levels of DNA
damage (SSBs, DBSs and ALSs) than the HeFH ASCVD- patients. The percentages of DNA in the comet tail of
patients with normolipidemia and HeFH are shown in Fig. 1A, B, together with selected comets.

The patients with HeFH had higher levels of oxidative stress markers (ox-LDL, anti-ox-LDL,
total antioxidative status) than those with normolipidemia

Significantly higher levels of oxidative stress markers such as ox-LDL, anti-ox-LDL and total antioxidative status
were identified in patients with HeFH compared to those with normolipidemia (Fig. 2A-C). Amonfg the HeFH
patents, those with ASCVD had higher levels of ox-LDL than those without ASCVD. No significant differences
were found between these groups with regard to anti-oxLDL or total antioxidative status (Fig. 2A-C).

The patients with HeFH and ASCVD demonstrated a stronger positive correlation between
DNA damage and Lp(a) level than those with HeFH but without ASCVD

The HeFH ASCVD- patients demonstrated a positive correlation between the level of DNA damage and Lp(a)
(r=0.47; p<0.05) (Fig. 3A). In addition, the HeFH ASCVD+ patients demonstrated a fairly strong positive
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P value
HeFH ASCVD-

Parameter Control, Total patients HeFH ASCVD-, | HeFH ASCVD+, Control vs. HeFH | Control vs. HeFH | vs. HeFH
median; IQR n=20 with HeFH, n=53 | n=28 n=25 Control vs. HeFH | ASCVD- ASCVD+ ASCVD+
Sex, n (%)
Female 17 (85%) 36 (68%) 25 (89%) 11 (44%) >0.05 >0.05 >0.05 >0.05
Male 3 (15%) 17 (32%) 3 (11%) 14 (56%) >0.05 >0.05 >0.05 >0.05
Age (years) 47.5; 33.75-53 58; 46.25-69.75 52.5;43-67.75 61; 50-70.5 <0.05 >0.05 <0.01 >0.05
Medical conditions and hypolipemic therapy, n (%)
Smokers 0 (0%) 8 (15%) 3(11%) 5 (20%) >0.05 >0.05 <0.05 >0.05
Hypertension 2 (10%) 29 (55%) 10 (36%) 19 (76%) <0.05 >0.05 <0.05 <0.05
Diabetes type 2 0(0%) 2 (4%) 0 (0%) 2 (8%) >0.05 >0.05 >0.05 >0.05
Prediabetes 0(0%) 3 (6%) 0 (0%) 3 (12%) >0.05 >0.05 >0.05 >0.05
Corneal arcus 0(0%) 6(21%) 2 (7%) 4 (16%) <0.05 >0.05 >0.05 >0.05
fﬁgi‘;‘; Kan- 0 (0%) 6 (21%) 4(14%) 2 (8%) <0.05 >0.05 >0.05 >0.05
Untreated 20 (100%) 5(9%) 5(18%) 0(0%) <0.001 <0.001 <0.001 <0.001
Lipid-lowering therapy
Low-intensity 0 (0%) 4(8%) 3 (11%) 1 (4%) >0.05 >0.05 >0.05 >0.05
Moderate- 0 (0%) 5 (9%) 1 (4%) 4(16%) >0.05 >0.05 >0.05 >0.05
intensity
High-intensity 0(0%) 39 (74%) 19 (68%) 20 (80% <0.001 <0.001 <0.001 >0.05
Laboratory lipid characteristics (mg/dL) and Lpa (nmol/L)
Total cholesterol | 192.5; 163.8-229 | 215.5;179-283 253; 181-342 209; 161-248 >0.05 <0.01 >0.05 >0.05
Triglycerides 131; 84-194.8 116; 84.3-191.8 115;76-193 117;91-202 >0.05 >0.05 >0.05 >0.05
LDL 112.5; 95.5-137 138.5; 104.3-196.5 | 174; 107-246 114; 98-168.5 >0.05 <0.01 >0.05 >0.05
HDL 61.7; 48.6-68.3 54; 47.93-65.55 57;48.4-70.6 53;44.9-62.7 <0.05 <0.01 >0.5 >0.5
Non-HDL 134;117.5-156.3 | 164; 123-229.5 200; 125-284 1505 116-189.5 >0.05 >0.05 >0.5 >0.5
Lpa 10.7; 3.9-23.9 90.7; 12.1-225.3 16.4; 6.8-97.1 199; 46.5-296.5 <0.01 >0.05 <0.001 <0.001

Table 1. Characteristics of the subjects with normolipidemia and HeFH. Significant values are in bold.

correlation between DNA damage and Lp(a) (r=0.82; p<0.001), and a moderate relationship between DNA
damage and ox-LDL (r=0.51; p <0.056) (Fig. 3B).

All patients with HeFH, either with or without ASCVD, demonstrated a moderate positive correlation
between Lp(a) level and ox-LDL (respectively: r=0.51 and 0.50, p <0.05) (Fig. 3A, B).

The patients with HeFH and ASCVD demonstrated higher Lp(a) levels than those with HeFH
but without ASCVD

Significantly higher Lp(a) levels were identified in the HeFH patients compared to those with normolipidemia:
72% (18/25) of HeFH ASCVD+ patients were found to have Lp(a) levels above normal (> 75 nmol/L), compared
to 32% (9/28) of HeFH ASCVD- patients. Of the 20 patients with normolipidemia, three (15%) demonstrated
elevated Lp(a) levels (Fig. 4A).

The HeFH patients with ASCVD were found to have an 88% probability of having
Lp(a)>23.45 nmol/L

An ROC curve was plotted for predicting ASCVD in patients with HeFH based on Lp(a) serum levels. The ROC
curve for Lp(a) is given in Fig. 4B (AUC 0.74, P <0.003); the optimal cutoff point (sensitivity 88% and specificity
60.71%) was 23.45 nmol/l. The positive predictive value (PPV) was 88% and negative predictive value (NPV)
was 60.7%.

Lp(a) and DNA damage were found to be associated with ASCVD in HeFH patients.
Assuming an area under the ROC curve (AUC) of 0.8964 (p <0.0001), the optimal DNA damage cut-off point
for predicting ASCVD in HeFH with sensitivity 68% and specificity 96.43% was found to be 15.73% (Fig. 5A).
Based on this cut-off point, the patients were divided into two groups: (1) patients with DNA damage below the
cut-off point (n=35); (2) patients with DNA damage above the cut-off point (n=18). PPV was calculated as 68%,
and NPV as 96%. The groups differed significantly (p <0.0001) in Lp(a) concentration: Group 1—17.1 nmol/L
(7.9; 92.4), Group 2—225.3 nmol/L (127.7; 432.9).

For this DNA damage cut-off point, based on an AUC value of 0.7786 for the ROC (p <0.0003), the Lpa level
cut-off was found to be 17.8 nmol/L (Fig. 5B). At this cut-off value, the sensitivity of Lpa level in predicting dam-
age in patients with ASCVD and HeFH was found to be 91.47% and specificity 51.43%.
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Figure 1. (A) Percentage of DNA in the comet tail from the DNA of patients with normolipidemia (control)
and HeFH without and with cardiovascular event (HeFH ASCVD-/HeFH ASCVD+). (B) Selected photographs
of DNA (comets) of patients. Significant differences are indicted by *p <0.05; **p <0.01; ****p <0.0001.

Discussion

Our present findings suggest that patients with HeFH and ASCVD may be particularly susceptible to DNA dam-
age, and this risk is positively correlated with higher Lp(a) levels. Clinicians should consider assessing Lp(a) level
in patients with HeFH, and administering prompt and effective hypolipemic treatment to lower Lp(a) levels and
reduce the risk of both ASCVD and DNA damage.

Due to a lack of general awareness of FH among the public and medical community, it is estimated that glob-
ally, only 10% of FH population have been accurately diagnosed and adequately treated®. It is also estimated
that approximately 150,000 of these cases are in Poland***!; however, most of these patients are still unaware of
their condition. HeFH is often poorly identified due to the diagnostic limitations associated with genetic test-
ing, and the low level of screening for HeFH. Indeed, cases of FH are often diagnosed only after a premature
cardiovascular event®.

Although cells are well equipped with DNA damage repair systems, these mechanisms may become over-
whelmed or dysfunctional in pathological conditions. As a result, several human diseases including cardiovascu-
lar diseases' are characterized by accumulated DNA damage. Patients with hypercholesterolemia demonstrate
high plasma LDL concentrations, with LDL-C concentrations two to three times higher than normal; this results
in a build-up of LDL in the inner walls of the arteries. This LDL becomes oxidized and promotes the formation
of foam cells, thus initiating atherosclerosis. Atherosclerosis is characterized by the presence of elevated mark-
ers of DNA damage or replicative stress, such as the phosphorylated histone yH2AX, in endothelial cells lining
atheroprone aortic areas (i.e. the aortic arch); these are also noted in macrophages and smooth muscle cells
within advanced atherosclerotic lesions in mice and humans?®3*-34,
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Figure 2. Levels of oxidative stress markers such as (A) ox-LDL, (B) anti-ox-LDL, and (C) total antioxidative
status of patients with normolipidemia (control) and HeFH, with and without cardiovascular event (HeFH
ASCVD-/HeFH ASCVD+). Significant differences are indicted by **p <0.01; ***p <0.001; ****p <0.0001.

Our present findings indicate that patients with HeFH had significantly higher DNA damage than those with
normolipidemia. There were no differences in damage levels according to the hypolipemic therapy used. Inter-
estingly, among the patients with HeFH, higher levels of DNA damage were noted in those with ASCVD than
in those without. No data currently exists regarding DNA damage in patients with both HeFH and ASCVD, but
a growing body of clinical and preclinical evidence associates DNA damage and DDR activation with a variety
of cardiovascular disorders'®'2. DNA damage positively correlates with the severity of ASCAD; in addition, ox-
LDL reduces the effectiveness of the enzymes involved in BER-type repair, which exacerbates the development
of vascular disease by allowing the accumulation of DNA damage®.

Hussein et al. report that cases of FH are characterized by elevated oxidative stress and deficient antioxidative
and anti-inflammatory activities in small, dense HDL3. This functional deficiency is closely linked to anomalies
in lipid and protein composition, which may prevent HDL from binding to and inactivating oxidized lipids?'.
Similarly, our findings indicate that the patients with HeFH had higher levels of ox-LDL, anti-ox-LDL and lower
total antioxidative status compared to normolipidemia patients*. However, among the HeFH patients, those
with ASCVD demonstrated higher ox-LDL levels, while those without ASCVD did not; no difference was noted
in antiox-LDL or total antioxidative status.

Fonzar et al.¥” report higher levels of the IgM anti-ApoB-D peptide in FH patients with coronary athero-
sclerosis, and higher IgG anti-OxLDL in those with coronary artery calcium. This suggests the presence of a
protective innate response to ApoB and a harmful adaptive response to oxidized LDL. Among patients with
HeFH, the level of ox-LDL was found to differ between those with and without ASCVD; however, no statistically
significant correlations were observed between ox-LDL level and DNA damage. Interestingly, among all HeFH
patients, a positive correlation was observed between Lp(a) and ox-LDL levels. Furthermore, all HeFH patients
demonstrated higher Lp(a) levels compared to normolipidemia; this is consistent with Marco-Benedi et al.’, who
report higher Lp(a) concentrations in subjects with HeFH than in normolipidemia.

Our analysis found the optimal cut-off point for Lp(a) level in HeFH patients associated with ASCVD to be
23.45 nmol/L. An HeFH patient with ASCVD has a 88% probability of having Lp(a) >23.45 nmol/L, which is
three times lower than the normal limit for the general population (<75 nmol/L). Studies have found patients
with HeFH to have a higher risk of ASCVD, and that lowering Lp(a) level by 50 mg/dL (125 nmol/L) for a short
period (i.e., five years) reduces ASCVD by 20% in a secondary prevention setting in the general population;
hence, there is a need for studies aimed at determining the safe level of Lp(a) for patients with HeFH. This value
should be much lower than for the general population*?.

No study has compared the level of DNA damage with the incidence of ASCVD in patients with HeFH.
Therefore, one goal of our analysis was to determine the optimal cut-off point for predicting the level of DNA
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Figure 3. Spearman’s correlation heatmap. Blue squares indicate significant positive correlations (r>0.5,
P <0.05), white squares indicate non-significant correlations (p > 0.05), and red squares indicate significant
negative correlations (r<—0.5, p<0.

damage indicating ASCVD in HeFH; this point was found to be 15.73%, which was associated with a sensitivity
of 68%. Based on this cut-off point, the patients were divided into two groups, i.e. one with less than 15.73%
DNA damage and the other with more. Patients who had higher levels of damage also had significantly higher
levels of Lp(a) (225.3 nmol/L (127.7; 432.9) vs. 17.1 nmol/L (7.9; 92.4); p<0.0001). Following this, the cut-off
point of Lp(a) level was determined using the area of the ROC curve (0.78, p<0.0003) this value was found to
be 17.8 nmol/L. This cutoff allowed DNA damage to be predicted with a sensitivity of 91.47% in patients with

ASCVD and HeFH.
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Figure 4. (A) Lp(a) level in normolipidemia (control) and HeFH with and without cardiovascular event (HeFH
ASCVD-/HeFH ASCVD+) patients. (B) Receiver operating characteristic (ROC) curves showing Lp(a) serum
level in patients with HeFH.
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Figure 5. Receiver operating characteristic (ROC) curves showing (A) DNA damage and (B) Lp(a) serum level
in patients with HeFH.

Some reports indicate a positive correlation between LDL and Lp(a)*. Marco-Benedi et al.’ report that in
HeFH, Lp(a) concentration appears to depend on the gene causing FH: mean Lp(a) level was found to be 36.5 mg/
dL in APOB-dependent FH but 21.7 mg/dL in LDLR-dependent FH; however, in LDLR-dependent FH, Lp(a)
levels did not vary between protein domains, and the higher Lp(a) in HeFH is not explained by higher LDL.

No correlation was found between Lp(a) and LDL levels in the present study. However, it should be remem-
bered that the HeFH patients were treated with lipid-lowering therapy, which reduces LDL levels; as such, no
difference in the lipid panel would have been apparent between normolipidemia and HeFH, especially regard-
ing LDL level. Despite receiving maximally-tolerated lipid-lowering therapy (statin plus ezetimibe), the HeFH
patients have not achieve their therapeutic goals. For HeFH patients with ASCVD or with at least one risk fac-
tor (for example smoking) who are at very-high risk, it is recommended to use treatment aimed at achieving at
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least a 50% reduction from baseline and an LDL-C < 1.4 mmol/L (<55 mg/dL). However, no patient was being
treated with PCSK9 inhibitors, which could decrease Lp(a) concentration, and this may explain the lack of
correlation between LDL and Lp(a) in the HeFH patients in our study. The only difference in the lipid profile
between the ASCVD+and ASCVD- groups was the Lp(a) levels, with the Lp(a) median more than 10 times
higher in CVD+ patients.

Our findings indicate a positive correlation between elevated DNA damage and Lp(a) level in all HeFH
patients, i.e. those with ASCVD and those without. However, it should be noted that HeFH patients with ASCVD
exhibit a stronger correlation (i.e. twice as strong) between DNA damage and Lp(a) level compared to those
without ASCVD. As noted above, the lack of significant differences in the lipid panel between HeFH patients
with and without ASCVD, together with differences in the level of DNA damage and Lp(a), further indicates
that Lp(a) level is associated with higher DNA damage.

No previous studies have found Lp(a) to influence the level of DNA damage; however, in vitro and in vivo
studies suggest that oxidized phospholipids (OxPL) on apo(a) demonstrate numerous harmful effects of Lp(a)
on monocytes, macrophages, endothelial cells, smooth muscle cells, and valve interstitial cells*>*!. OxPL are
key mediators of the pro-atherosclerotic effects of oxidized lipoproteins and can covalently modify apo(a) or
apoB100 proteins or be present in the lipid phase. Both Lp(a) and LDL are apoB-containing lipoproteins, and
Lp(a) also contains apo(a). The OxPL content of Lp(a) on apo(a) may explain its potency as a risk factor, despite
being present at much lower particle numbers than LDL*2. This is supported by a recent multivariable analysis
in which the inclusion of apoB determinants did not affect the association between genetically-determined
Lp(a) levels and coronary artery disease, while no association was found between genetically-elevated LDL-C
and coronary artery disease.

Conclusions

HeFH patients experience DNA damage, elevated oxLDL and anti-oxLDL, and lower total plasma antioxidant
capacity compared to patients with normolipidemia. Higher levels of Lp(a) are associated with higher levels of
DNA damage, especially in patients with a history of a cardiovascular event. Our analysis indicates the optimal
Lp(a) cut-off point for prognosing ASCVD in HeFH patients to be >23.45 nmol/L Lp(a), which is much lower
than for the general population. However, this cut-off point requires further validation in a larger group of
HeFH patients.
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