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W N e

Abstract: Alterations in lipid composition and disturbed lipoprotein metabolism are involved in the
pathomechanism of Huntington’s disease (HD). Here, we measured 112 lipoprotein subfractions and
components in the plasma of 20 normal controls, 24 symptomatic (sympHD) and 9 presymptomatic
(preHD) HD patients. Significant changes were found in 30 lipoprotein subfractions and components
in all HD patients. Plasma levels of total cholesterol (CH), apolipoprotein (Apo)B, ApoB-particle
number (PN), and components of low-density lipoprotein (LDL) were lower in preHD and sympHD
patients. Components of LDL4, LDL5, LDL6 and high-density lipoprotein (HDL)4 demonstrated
lower levels in preHD and sympHD patients compared with controls. Components in LDL3 displayed
lower levels in sympHD compared with the controls, whereas components in very low-density
lipoprotein (VLDL)5 were higher in sympHD patients compared to the controls. The levels of
components in HDL4 and VLDL5 demonstrated correlation with the scores of motor assessment,
independence scale or functional capacity of Unified Huntington’s Disease Rating Scale. These
findings indicate the potential of components of VLDL5, LDL3, LDL4, LDL5 and HDL4 to serve as
the biomarkers for HD diagnosis and disease progression, and demonstrate substantial evidence of
the involvement of lipids and apolipoproteins in HD pathogenesis.

Keywords: Huntington’s disease; biomarker; lipoprotein; high-density lipoprotein; low-density
lipoprotein; very low-density lipoprotein

1. Introduction

Huntington’s disease (HD) is a neurodegenerative disorder that is inherited in an
autosomal dominant pattern, and is marked by a combination of involuntary chorea move-
ments and various psychiatric symptoms [1]. HD is caused by an unstable expansion of
a CAG trinucleotide repeat sequence in the huntingtin (HTT) gene, which encodes for a
polyglutamine (polyQ) tract in exon 1 of the HTT protein [1]. This expansion causes the
HTT protein to misfold and result in the formation of intranuclear and intracytoplasmic
aggregates [1]. The accumulation of these toxic aggregates further lead to transcriptional
dysregulation [2], mitochondrial and metabolic dysfunction [3], oxidative stress [3] and
impaired proteasome activity [4], resulting in neuronal dysfunction and death [5]. These
neurodegenerative mechanisms disturb cellular metabolism and produce specific protein
and metabolite profiles [6—8], which can be detected not only in the central nervous sys-
tem, but also in peripheral tissues [8-10]. Identifying peripheral biomarkers, particularly
in blood, would assist in monitoring disease progression and therapeutic response in
HD patients.
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Lipoproteins are particles composed of triglyceride, cholesterol, phospholipids and
apolipoproteins. By receptor-mediated endocytosis, lipoproteins transport their fat com-
ponents from the extracellular fluid to cells. Circulatory lipoproteins are classified into
seven groups based on their density, apolipoprotein content, and lipid composition [11].
High-density lipoproteins (HDLs) facilitate cholesterol efflux and exhibit anti-inflammatory,
vasodilatory and endothelial protective properties [12], while low-density lipoproteins
(LDL) participate in atherosclerosis [13,14]. Lipoproteins can also be sub-divided according
to particle size into various subfractions. These lipoprotein subfractions may be associated
with hypertriglyceridemia [15], diabetes mellitus [16] and atherosclerosis [13,14,17].

Previous studies have indicated an association between levels of components of
lipoproteins in circulation and neurodegenerative diseases [18-22]. Elevated blood level of
cholesterol in LDL were reported in patients with Alzheimer’s disease (AD) [18]. In contrast,
cerebrospinal fluid levels of small HDL were positively correlated with the performance of
cognitive function [19]. Similarly, higher levels of cholesterol in LDL and lower levels of
cholesterol in HDL have been associated with a higher incidence of Parkinson’s disease
(PD) [20-22]. However, the association of lipoprotein subfractions and components with
HD has not yet been thoroughly explored. Therefore, the present study investigated alter-
ations of circulatory lipoprotein profiles in HD patients using nuclear magnetic resonance
(NMR) spectroscopy-based analysis.

2. Materials and Methods
2.1. Ethics Statement and Study Participants

The study protocol was reviewed and approved by the Institutional Review Boards of
Chang Gung Memorial Hospital (ethical license No: 202100892A3). All recruited patients
and controls provided written informed consent.

2.2. Patient Recruitment and Plasma Preparation

Patients with HD and pre-symptomatic HD (preHD) were recruited from the neurol-
ogy outpatient clinics of Chang Gung Memorial Hospital. The diagnosis was established
through a neurological examination and genetic testing that revealed expanded CAG re-
peats in the exon 1 region of HTT [1]. Each patient’s symptoms were assessed using the
Unified Huntington’s Disease Rating Scale (UHDRS) [23]. The scale ranges from normal to
most severe, with total motor scores for motor assessment ranging from 0 to 124, indepen-
dence scale from 100 to 10, and functional capacity from 13 to 0. The disease-burden score is
determined using a formula (age x [CAG — 35.5]) [24]. The subject carrying a genetic mu-
tation in the HTT without clinical symptoms with zero of the total motor score was defined
as preHD. Normal controls (NC) were recruited from neurology outpatient clinics and
were matched for sex and age. All participants were free from systemic infection, chronic
renal failure, cardiac or liver dysfunction, malignancies, autoimmune diseases, stroke or
other neurodegenerative diseases except HD. Patients and NC were instructed to avoid
taking nutritional supplements, smoking, coffee and alcohol for at least one month. Blood
samples were collected in EDTA-containing tubes after participants had fasted overnight
for 12 h. The samples were centrifuged at 1500-2500x g for 15 min within one hour. The
plasma (supernatant) was then transferred to a fresh 1.5-mL Eppendorf tube. All plasma
samples were stored at —80 °C before measurements.

2.3. Nuclear Magnetic Resonance Analysis ('H NMR Spectroscopic Measurements)

A plasma sample (100 puL) was mixed with 75 mM pH 7.4 sodium phosphate in
a 1:1 ratio, and 200 pL was transferred into a 3-mm Bruker SampleJet NMR tube. All
NMR analysis was conducted using Bruker Avance IIIl HD 600 MHz spectrometers, with a
TXI probe. The sample cooling system of Bruker Sample]et set to 6 °C. For each sample,
a solvent presaturation 1D 1H experiment (64 scans, 98,304 data points, spectral width
of 18,028.85 Hz), followed by a 1D 1H Carr-Purcell-Meiboom-Gill (CPMG) spin-echo
experiment (64 scans, 73,728 data points, spectral width of 12,019.23 Hz), was conducted.
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The data were acquired and automatically processed using Bruker Topspin 3.6.2 and
ICON NMR (Bruker Biospin GmbH, Rheinstetten, Germany) to perform phasing, baseline
correction, and calibration (TSP to 0 ppm). All equipment was provided by Bruker (Bruker
Biospin GmbH, Rheinstetten, Germany).

The 112 lipoprotein subfractions were analyzed by the method from Bruker IVDr
Lipoprotein Subclass Analysis (B.I.-LISA). The data were obtained by mathematically quan-
tifying the peaks (—CH2, 6 = 1.25 ppm and —CHS3, 6 = 0.8 ppm) of the 1D spectrum after
normalization using the Bruker QuantRef manager within Topspin and a PLS-2 regres-
sion model [25]. The lipoprotein data include information on the chemical components
of apolipoprotein-Al (ApoA1l), apolipoprotein-A2 (ApoA2), apolipoprotein-B (ApoB),
apolipoprotein B100 (ApoB100), cholesterol (CH), free cholesterol (FC), phospholipid (PL),
particle number (PN), triglyceride (TG), and the B100/A1 ratio in different classes of
density, which are very low-density lipoprotein (VLDL, 0.950-1.006 kg /L), low-density
lipoprotein (LDL, density 1.019-1.63 kg /L), intermediate-density lipoprotein (IDL, den-
sity 1.006-1.019 kg /L) and high-density lipoprotein (HDL, density 1.063-1.210 kg/L). The
VLDL, LDL and HDL were further subdivided into specific density subfractions, with VLDL
having 5 subfractions, LDL having 6 subfractions, and HDL having 4 subfractions [26].

2.4. Statistical Analysis

Continuous variables were described using mean and standard deviation (SD) and
analyzed using Mann-Whitney U test with false discovery rate (FDR) adjustment, or
Kruskal-Wallis with Dunn’s post hoc test when appropriate. Categorical variables, pre-
sented as count and percentages, were analyzed using Fisher’s exact test. Orthogonal
partial least squares-discriminant-analysis (OPLS-DA) was used to analyze the relation-
ship between clinical variables and metabolites. The score of variable importance in the
projection (VIP) of each metabolite in the model was calculated to indicate its contribution
to the classification. A higher VIP value indicates a stronger contribution to the discrimi-
nation between groups. A VIP value greater than 1.0 was considered to be significantly
different. Pearson correlation was used to examine the association between the levels of
metabolites and clinical parameters. Receiver operating characteristic (ROC) analysis was
employed to evaluate the ability of individual molecules to differentiate HD patients from
NC. Selected molecules were further analyzed using a support vector machine (SVM) algo-
rithm. Model performance was evaluated by generating ROC curves through Monte-Carlo
cross-validation using balanced sub-sampling. Two thirds of the subjects were used to
build the classification models, which were then validated on the remaining one third. To
create a smooth ROC curve, 100 cross-validations were conducted, and the results were
averaged. All analyses were conducted using R software version 4.0.3 with the rstatix and
metaboanalyst packages (R Fundation, Jaunpur, India).

3. Results

In this study, 33 genetic-confirmed HD patients, including 24 symptomatic (sympHD)
and 9 presymptomatic (preHD) HD patients, and 20 NC were recruited (Table 1). Plasma
concentrations of 122 lipoprotein subfractions were quantitated by NMR. The OPLS-DA of
all metabolites was able to separate HD from NC (R2Y, 0.44, Q2, 0.30, Figure 1A), while
40 metabolites had VIP score greater than 1.0 (Figure 1B). Plasma levels of 29 lipoprotein
subfractions or components were significantly lower in all HD patients compared with NC
(Table 2). Lower levels of 26 lipoprotein subfractions or components were seen in sympHD
patients, while 20 of them were also consistently lower in preHD patients compared
to the NC. In contrast, the plasma level of VLDL5-FC was significantly higher in all
HD and sympHD patients. The heatmap of hierarchical clustering using the selected
biomarker candidates was shown in Figure 1C. Most of HD patients were aggregated in the
same cluster.
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Table 1. Demographic characteristics and blood biochemical parameters of included the patients
with Huntington’s disease (HD) and the normal controls (NC).

NC HD
(n =20) preHD (n =9) sympHD (n = 24) All (n = 53)
Age (years) 52.70 + 8.95 32.00 +7.93* 50.00 + 10.81 4796 +12.14
Male (%) 10 (50.00) 1(11.11) * 16 (66.66) 427(50.94)
BMI 2342 +2.57 20.24 +2.41 21.87 +2.54 22.16 +2.77
Pre-prandial glucose (mg/dL) 93.30 &+ 10.74 87.80 + 7.93 98.34 + 16.59 93.38 + 12.15
UHDRS
Total motor score 0 39.21 £19.30
Independence scale 100 66.67 = 25.93
Functional capacity 13 6.38 £ 4.16
Disease burden 272.56 + 182.39 457.50 + 124.61
Medications
Tetrabenazine (%) 0 0 6 (25.00)
Benzodiazepines (%) 3 (15.00) 0 14 (58.33)
Antipsychotics (%) 0 0 11 (45.83)
Antidepressants (%) 0 0 8 (33.33)
Ubidecarenone (%) 0 0 10 (41.67)

BMI’ body mass index; HD’ Huntington’s disease, preHD’ presympatomatic Huntington’s disease; sympHD’
symptomatic Huntington’s disease; UHDRS’ Unified Huntington’s Disease Rating Scale. *: Statistically significant
in comparison with NC and sympHD, p < 0.05. Kruskal-Wallis test with Dunn’s correction. **: Statistically
significant in comparison with NC and sympHD, p < 0.05. Fisher’s exact test.

In sympHD patients, the HDL4-ApoAl levels were inversely correlated with the total
motor scores (r = —0.430, p = 0.036, Figure 2A), while the levels of HDL4-FC were positively
correlated with the independence scores of UPDRS (r = 0.421, p = 0.041, Figure 2B). The
levels of LDL3-FC (r = 0.437, p = 0.033, Figure 2C) and LDL3-PL (r = 0.413, p = 0.045,
Figure 2D) were positively correlated with the independence scores of UPDRS. The levels
of LDL6-FC were positively correlated with the ages at onset of sympHD patients (r = 0.419
p =0.042, Figure 2E). The levels of VLDL5-FC were positively correlated with the total motor
scores (r = 0.545, p = 0.006, Figure 2F), and inversely correlated with the independence
scores (r = —0.624, p = 0.001, Figure 2G) and functional capacity (r = —0.511, p = 0.012,
Figure 2H) of UPDRS. These evident correlations suggest that lipoprotein subfractions may
serve as potential biomarkers to indicate disease progression and disability in HD.

Table 2. Significant alterations in levels of plasma lipoprotein components in the patients with

Huntington’s diseases (HD) compared to the normal controls (NC).

Metabolite Name NC HD
(n =20) preHD (n =9) sympHD (n = 24) All (n = 33)
ApoB (mg/dL) 77.39 + 13.06 58.96 4 8.63 ** 63.32 4+ 11.52 ** 62.13 +10.98 *
ApoB-PN (nmol/L) 1407.08 £ 237.50 1072.05 £ 157.06 ** 1151.33 £ 209.48 ** 1129.71 4 199.72 *
CH (mg/dL) 178.49 £+ 25.35 152.77 +19.12 ** 155.05 4= 21.88 ** 154.43 +21.19*
LDL-ApoB (mg/dL) 61.00 4+ 10.23 48.32 + 9.09 ** 49.83 4+ 9.54 ** 4942 +9.44*
LDL-CH (mg/dL) 100.83 4 19.08 78.80 £ 16.14 ** 71.86 £ 16.64 ** 7294 + 16.60 *
LDL-FC (mg/dL) 30.67 4+ 5.68 24.15 4 4.90 ** 22.83 4+ 5.70 ** 23.19 & 553 *
LDL-PL (mg/dL) 56.96 4+ 9.23 4493 + 7.92 ** 43.64 + 8.28 ** 4399 +8.20*
LDL-PN (nmol/L) 1163.74 £+ 186.01 878.58 £+ 165.33 ** 906.04 + 173.41 ** 898.55 + 171.68 *
LDL3-ApoB (mg/dL) 9.34 + 3.33 8.10 +2.07 6.54 +2.19 ** 6.96 +2.26*
LDL3-CH (mg/dL) 16.02 + 6.96 13.92 + 4.05 10.82 + 3.94 ** 11.67 £4.21*
LDL3-FC (mg/dL) 5.76 £ 2.02 497 +£1.22 411 £1.22%* 434 +1.28*
LDL3-PL (mg/dL) 9.05 £+ 3.40 7.93 +1.99 6.42 + 2.08 ** 6.83+216*
LDL3-PN (nmol/L) 169.85 4+ 60.53 147.23 4+ 37.73 118.89 4= 39.74 ** 126.62 + 41.18 *
LDL4-ApoB (mg/dL) 8.50 +2.70 4.68 £ 2.26 ** 432 £2.72%** 441 +£2.61*%
LDL4-CH (mg/dL) 14.29 + 5.03 7.76 + 3.25 ** 6.89 + 4.36 ** 713 +4.11*
LDL4-FC (mg/dL) 485+ 1.31 3.00 £ 0.72 ** 2.64 +1.19 ** 274+ 1.10%
LDL4-PL (mg/dL) 8.04 4+ 2.55 4.76 £ 1.67 ** 4.36 £+ 2.45 ** 447 £2.27*




Cells 2023, 12, 385 50f12
Table 2. Cont.
Metabolite Name NC HD
(n =20) preHD (n =9) sympHD (n = 24) All (n = 33)
LDL4-PN (nmol/L) 154.61 4 49.05 85.00 £ 41.15 ** 78.47 £ 49.51 ** 80.25 4= 47.47 *
LDL4-TG (mg/dL) 1.85 + 0.74 1.11 £ 0.68 1.29 £+ 0.67 1.24 +0.67 *
LDL5-ApoB (mg/dL) 9.46 + 4.68 3.85 £ 1.41** 5.39 + 3.76 ** 497 +£3.36 *
LDL5-CH (mg/dL) 13.88 £ 6.51 537 £ 2.16** 7.33 & 5.50 ** 6.80 +4.90 *
LDL5-FC (mg/dL) 431+ 146 2.12 + 0.51 ** 245 + 147 ** 236 +£1.29*
LDL5-PL (mg/dL) 7.73 +3.28 3.41 £ 1.08 ** 442 +2.83** 414 +£252*
LDL5-PN (nmol/L) 172.02 4 85.22 70.04 £ 25.68 ** 97.98 + 68.34 ** 90.36 4 61.08 *
LDL6-FC (mg/dL) 525+ 1.65 3.19 £ 0.91 ** 3.90 + 1.50 ** 370 £1.40*
HDL3-FC (mg/dL) 2.04 £+ 0.59 1.76 + 0.38 1.54 + 0.55 1.60 +0.52*
HDL4-ApoAl (mg/dL) 70.93 £+ 11.06 60.42 £ 5.64 ** 58.92 4+ 10.66 ** 59.33 4+ 9.58 *
HDL4-CH (mg/dL) 18.51 + 3.92 15.76 £+ 2.95 14.90 + 4.01 1513 £3.77 *
HDL4-FC (mg/dL) 3.87 £ 1.06 2.99 + 0.60 2.81+1.19 2.86 +1.06 *
VLDL5-FC (mg/dL) 0.60 4+ 0.39 0.90 4+ 0.35 1.16 = 0.71 ** 1.09 = 0.64 *

preHD, presympatomatic Huntington’s disease; sympHD, symptomatic Huntington’s disease. *: Statistically
significant in comparison with NC. p < 0.05, Mann-Whitney U test with false discovery rate adjustment. **:
Statistically significant in comparison with NC. p < 0.05, Kruskal-Wallis with Dunn’s post-hoc test.
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Figure 1. Orthogonal partial least squares-discriminant analysis (OPLS-DA) of normal controls (NC,

n = 20) and patients with symptomatic Huntington’s disease (sympHD) (n = 24) or pre-symptomatic
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Figure 2. (A-H) The correlation between identified lipoprotein components and clinical parameters
(Unified Huntington’s Disease Rating Scale including total motor score, independence score and
functional capacity; age at onset) in symptomatic Huntington’s disease patients. Dots represent the
data points for each patient. Blue lines denote the regression lines. ApoA1l, apolipoprotein Al; FC,
free cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PL, phospholipid;
VLDL, very low-density lipoprotein.

Analysis of the ROC curve was conducted to assess the diagnostic potential of 30
selected lipoprotein components as biomarkers for HD (Figure 3). The analysis revealed that
LDL5-FC and LDL4-FC had the highest area under the ROC curve (AUC) for distinguishing
HD from normal controls (AUC, 0.891, Figure 3A,B), followed by LDL-CH (0.864, Figure 3C)
and LDL-PL (0.863, Figure 3D). The SVM algorithm using LDL5-FC, LDL4-FC, LDL-CH and
LDL-PL demonstrated a good ability to differentiate HD from NC (AUC: 0.902, Figure 3E).
These findings support the prospective of developing a machine-learning algorithm using
the data of lipoprotein subfractions for diagnosis of HD.
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4. Discussion

By comprehensively examining the plasma levels of 122 lipoprotein fractions and
components in HD patients, we found profound alterations in levels of 30 lipoprotein
fractions or components in preHD and sympHD patients. Levels of the components of
lipoprotein subfractions HDL3, HDL4, LDL3, LDL4 and LDL5 were reduced in HD patients.
HDL4-ApoAl, HDL4-CH, LDL3-FC and LDL3-PL demonstrated negative correlations with
the functional disabilities of HD patients. Contrarily, levels of VLDL5-FC were elevated
and positively correlated with the functional disabilities in HD patients. LDL5-FC, LDL4-
FC, LDL-CH and LDL-PL further displayed potential to identify patients with HD. To
our knowledge, this is the first study to use NMR spectrometry to explore lipoprotein
profiles in HD. These comprehensive compositional analyses of lipoproteins identify com-
ponents in lipoprotein subfractions that could serve as novel biomarkers as well as potential
pharmacological targets for HD.

Our study found the levels of HDL3-FC, HDL4-CH, HDL4-ApoA1 and HDL4-FC to be
significantly decreased in HD patients. It has been shown that HDL may demonstrate anti-
apoptotic, anti-oxidant, anti-thrombotic and anti-inflammatory activities [27]. Plasma HDL-
CH levels are significantly correlated with cognitive function in elderly populations [28-31].
Lower levels of plasma HDL-CH have been linked to a higher risk of developing AD and
PD [19,21]. Low plasma levels of HDL-CH are also associated with depression [32,33].
The delivery of modified HDLs across blood brain barriers has been shown to reduce the
accumulation of A3, decrease microglia activation, and alleviate neurological damage, as
well as rescue memory deficits in a mouse model of AD [34]. Previous studies have found
reduced levels of Apo-Al in the CSF or in the plasma of PD patients [35-37]. Plasma levels
of Apo-Al were positively correlated with the degree of dopamine transporter uptake.
Further studies will be needed to investigate the mechanisms of how HDL3 and HDL4
involved in HD pathogenesis.

Taken up by the endothelium and macrophage, LDLs under oxidation stimulate athero-
genic plaque formation. Plasma levels of LDL-CH are elevated in AD and PD [18,20,22].
However, the Honolulu-Asia Aging Study found correlation between low levels of LDL-
CH and an increased risk of PD in men aged 71-75 years [38]. In HD patients, our study
found reduced levels not only in LDL-CH, but also in components of small dense fractions
of LDL, such as LDL3, LDL4 and LDL5. Our results, for the first time, demonstrate the
potential role of small dense LDLs in HD. We further found negative correlations between
LDL3-PL or LDL3-FC and the independence scores of UHDRS. Compared with large dense
LDLs, small dense LDLs are more likely to cause atherosclerosis because they are more
easily able to penetrate the artery wall and have a longer presence in the bloodstream,
making them more susceptible to oxidation [39]. Elevation of LDL5-CH and LDL6-CH has
also been identified in patients with cerebral small vascular disease [40]. Further research
is needed to better understand the role of small, dense LDLs in the pathogenesis of HD and
their impact on functional abilities.

VLDL carries most of the TG in the blood. Elevated levels of VLDL-CH have been
linked to increased carotid intima-media thickness and the presence of atherosclerotic
plaques [41,42]. Usually, VLDLs cannot penetrate the blood-brain barrier (BBB). However,
metabolic stress could weaken the BBB and allow VLDL to enter the central nervous sys-
tem [43,44]. Tail vein injection of electronegative VLDLs to mice can trigger microglial
activation and cognitive dysfunction [44]. The uptake of VLDL by microglia is associated
with lipoprotein lipase (LPL) dysfunction [45], which affects cognitive function and in-
creases risks of AD [45,46]. Here we found elevated VLDL5-FC in plasma of HD patients.
The correlations of VLDL5-FC levels and the scores in UPDRS motor assessment, indepen-
dence and function capacity may further indicate its potential role in pathogenesis of HD,
whereas the underlying mechanism needs to be investigated by further studies.

Under physiological conditions, ATP-binding cassette transporter A1 (ABCA1) trans-
ports phospholipid and cholesterol in cells to extracellular pre-3 HDL to form HDL4 [47].
Lipoprotein lipase hydrolyzes TGs or free fatty acids in VLDL particles to form LDL [17].
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Free cholesterols in small HDLs (HDL3 and HDL4) are converted to cholesterol esters
(CEs) by lecithin cholesterol acyl transferase. Cholesteryl ester transfer protein (CETP)
then facilitates the transfer of CEs from HDLs to LDLs in exchange for TGs [48]. In HD,
mutant HTT down-regulates the expression of ABCAL, thus affecting the transport of
cholesterol to form HDL4 [49]. Hepatocyte-specific ABCA1 knock-out mice demonstrate
impaired HDL production accompanied with increased amount of VLDL and enhanced
LDL catabolism [49]. These findings are consistent to our results (Figure 4), which showed
up-regulation of VLDL5 components and down-regulation of components of small dense
LDLs (LDL3, LDL4, LDL5) and HDLs. Low serum levels of ABCA1 have been observed
in AD patients [50]. Knockout of ABCA1 in APP transgenic mouse model for AD lead to
impaired learning and memory retention [51]. Further investigation will be warranted to
elucidate the regulatory network between ABCA1, LPL and CETP, and how lipoproteins
participate in the pathogenesis of neurodegeneration in HD.

Cholesterod
VLDLST
Pre-B HDL

ABCAll | L

v
HDL3 OlLDLZ
HDL2 GTP\ OLDBl
_/

HDL1
(@) LDLGl

Figure 4. The altered profiles of lipoproteins in plasma of HD are summarized. HDL4, LDL3, LDL4
and LDL5 are reduced, while VLDLS5 is increased in the plasma of HD patients. The reduced HDL4
may be generated by reduced ABCA1l-mediated cholesterol efflux or decreased cholesterol generation.
The mechanism of how ABCA1 deficiency affects VLDL and LDL subfractions remains uncertain.
ABCAT1, ATP-binding cassette transporter Al; CE, cholesteryl ester; CETP, cholesteryl ester transfer
protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LPL, lipoprotein lipase; TG,
triglyceride; VLDL, very low-density lipoprotein.

This study has several limitations. First, it may be underpowered to detect subtle
changes in lipoprotein subfractions in HD. Second, the small proportion of patients with
preHD may limit the detection of lipoprotein subfraction alterations in this group of patients.
Finally, the potential unknown interactions of medications may also play a role in the
metabolic differences between groups. Nevertheless, our study, for the first time, presents
alterations of lipoprotein components in plasma of HD patients. Future investigations
using large and independent cohorts are required to further validate our findings.



Cells 2023, 12, 385 10 of 12

Author Contributions: Conceptualization, K.-H.C., M.-L.C. and C.-M.C.; methodology, M.-L.C,,
C.-J.L. and C.-M.E; software, C.-].L. and C.-M.E,; validation, K.-H.C., M.-L.C. and C.-M.C.; formal
analysis, K.-H.C. and M.-L.C.; investigation, K.-H.C., M.-L.C. and C.-M.C,; resources, K.-H.C., Y.-R.-W.
and C.-M.C.; data curation, C.-M.C.; writing—original draft preparation, K.-H.C.; writing—review
and editing, K.-H.C., M.-L.C. and C.-M.C,; visualization, K.-H.C.; supervision, C.-M.C.; project
administration, C.-M.C.; funding acquisition, C.-M.C. All authors have read and agreed to the
published version of the manuscript.

Funding: C.-M. Chen (CMRPG3L141 from Chang Gung Medical Foundation); M.-L. Cheng (CM-
RPD1HO0512 from Chang Gung Medical Foundation and EMRPD1MO0421 from Ministry of Education
(MOE) in Taiwan.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by Chang Gung Memorial Hospital (ethical license No: 202100892A3).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The datasets of the current study are available from the corresponding
author on reasonable request.

Acknowledgments: We thank all the patients for consenting the collection of blood samples.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

MacDonald, M.E.; Ambrose, C.M.; Duyao, M.P; Myers, R.H.; Lin, C,; Srinidhi, L.; Barnes, G.; Taylor, S.A.; James, M;
Groot, N.; et al. A novel gene containing a trinucleotide repeat that is expanded and unstable on Huntington’s disease
chromosomes. Cell 1993, 72, 971-983. [CrossRef] [PubMed]

Cha, J.H. Transcriptional signatures in Huntington’s disease. Prog. Neurobiol. 2007, 83, 228-248. [CrossRef] [PubMed]

Chen, C.M. Mitochondrial dysfunction, metabolic deficits, and increased oxidative stress in Huntington’s disease. Chang Gung
Med. ]. 2011, 34, 135-152. [PubMed]

Valera, A.G.; Diaz-Hernandez, M.; Hernandez, E,; Ortega, Z.; Lucas, ].J. The ubiquitin-proteasome system in Huntington’s disease.
Neuroscientist 2005, 11, 583-594. [CrossRef] [PubMed]

DiFiglia, M.; Sapp, E.; Chase, K.O.; Davies, S.W.; Bates, G.P.; Vonsattel, ].P.; Aronin, N. Aggregation of huntingtin in neuronal
intranuclear inclusions and dystrophic neurites in brain. Science 1997, 277, 1990-1993. [CrossRef]

Huang, Y.C.; Wu, Y.R; Tseng, M.Y.; Chen, Y.C.; Hsieh, S.Y.; Chen, C.M. Increased prothrombin, apolipoprotein A-IV, and
haptoglobin in the cerebrospinal fluid of patients with Huntington’s disease. PLoS ONE 2011, 6, e15809. [CrossRef] [PubMed]
Mochel, F; Charles, P.; Seguin, F,; Barritault, J.; Coussieu, C.; Perin, L.; Le Bouc, Y.; Gervais, C.; Carcelain, G.; Vassault, A.; et al.
Early energy deficit in Huntington disease: Identification of a plasma biomarker traceable during disease progression. PLoS ONE
2007, 2, e647. [CrossRef]

Underwood, B.R.; Broadhurst, D.; Dunn, W.B.; Ellis, D.I.; Michell, A.W.; Vacher, C.; Mosedale, D.E.; Kell, D.B.; Barker, R.A.;
Grainger, D.J.; et al. Huntington disease patients and transgenic mice have similar pro-catabolic serum metabolite profiles. Brain
2006, 129, 877-886. [CrossRef]

Cheng, M.L.; Chang, K.H.; Wu, Y.R.; Chen, C.M. Metabolic disturbances in plasma as biomarkers for Huntington’s disease.
J. Nutr. Biochem. 2016, 31, 38—44. [CrossRef]

McGarry, A.; Gaughan, J.; Hackmyer, C.; Lovett, J.; Khadeer, M.; Shaikh, H.; Pradhan, B.; Ferraro, T.N.; Wainer, LW.; Moaddel, R.
Cross-sectional analysis of plasma and CSF metabolomic markers in Huntington’s disease for participants of varying functional
disability: A pilot study. Sci. Rep. 2020, 10, 20490. [CrossRef]

Smith, L.C.; Pownall, H.J.; Gotto, A.M., Jr. The plasma lipoproteins: Structure and metabolism. Annu. Rev. Biochem. 1978,
47,751-757. [CrossRef] [PubMed]

Camont, L.; Chapman, M.].; Kontush, A. Biological activities of HDL subpopulations and their relevance to cardiovascular
disease. Trends Mol. Med. 2011, 17, 594-603. [CrossRef] [PubMed]

Ivanova, E.A.; Myasoedova, V.A.; Melnichenko, A.A.; Grechko, A.V.; Orekhov, A.N. Small Dense Low-Density Lipoprotein as
Biomarker for Atherosclerotic Diseases. Oxid. Med. Cell. Longev. 2017, 2017, 1273042. [CrossRef]

Steinberg, D.; Parthasarathy, S.; Carew, T.E.; Khoo, J.C.; Witztum, J.L. Beyond cholesterol. Modifications of low-density lipoprotein
that increase its atherogenicity. N. Engl. J. Med. 1989, 320, 915-924. [CrossRef] [PubMed]

Packard, C.J.; Demant, T.; Stewart, ].P.; Bedford, D.; Caslake, M.].; Schwertfeger, G.; Bedynek, A.; Shepherd, ].; Seidel, D.
Apolipoprotein B metabolism and the distribution of VLDL and LDL subfractions. J. Lipid Res. 2000, 41, 305-318. [CrossRef]
Krauss, R.M. Lipids and lipoproteins in patients with type 2 diabetes. Diabetes Care 2004, 27, 1496-1504. [CrossRef] [PubMed]
Boren, J.; Chapman, M.].; Krauss, R.M.; Packard, C.J.; Bentzon, J.E; Binder, C.J.; Daemen, M.].; Demer, L.L.; Hegele, R.A_;
Nicholls, S.J.; et al. Low-density lipoproteins cause atherosclerotic cardiovascular disease: Pathophysiological, genetic, and


http://doi.org/10.1016/0092-8674(93)90585-E
http://www.ncbi.nlm.nih.gov/pubmed/8458085
http://doi.org/10.1016/j.pneurobio.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17467140
http://www.ncbi.nlm.nih.gov/pubmed/21539755
http://doi.org/10.1177/1073858405280639
http://www.ncbi.nlm.nih.gov/pubmed/16282599
http://doi.org/10.1126/science.277.5334.1990
http://doi.org/10.1371/journal.pone.0015809
http://www.ncbi.nlm.nih.gov/pubmed/21297956
http://doi.org/10.1371/journal.pone.0000647
http://doi.org/10.1093/brain/awl027
http://doi.org/10.1016/j.jnutbio.2015.12.001
http://doi.org/10.1038/s41598-020-77526-9
http://doi.org/10.1146/annurev.bi.47.070178.003535
http://www.ncbi.nlm.nih.gov/pubmed/209732
http://doi.org/10.1016/j.molmed.2011.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21839683
http://doi.org/10.1155/2017/1273042
http://doi.org/10.1056/NEJM198904063201407
http://www.ncbi.nlm.nih.gov/pubmed/2648148
http://doi.org/10.1016/S0022-2275(20)32065-4
http://doi.org/10.2337/diacare.27.6.1496
http://www.ncbi.nlm.nih.gov/pubmed/15161808

Cells 2023, 12, 385 11 0f12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

therapeutic insights: A consensus statement from the European Atherosclerosis Society Consensus Panel. Eur. Heart ]. 2020, 41,
2313-2330. [CrossRef] [PubMed]

Zhou, Z.; Liang, Y.; Zhang, X.; Xu, J.; Lin, J.; Zhang, R.; Kang, K; Liu, C.; Zhao, C.; Zhao, M. Low-density lipoprotein cholesterol
and Alzheimer’s disease: A systematic review and meta-analysis. Front. Aging Neurosci. 2020, 12, 5. [CrossRef]

Martinez, A.E.; Weissberger, G.; Kuklenyik, Z.; He, X.; Meuret, C.; Parekh, T.; Rees, ]J.C.; Parks, B.A.; Gardner, M.S,;
King, S.M.; et al. The small HDL particle hypothesis of Alzheimer’s disease. Alzheimer’s Dement. 2022, 2022, 1-14. [CrossRef]
Fang, F; Zhan, Y.; Hammar, N.; Shen, X.; Wirdefeldt, K.; Walldius, G.; Mariosa, D. Lipids, Apolipoproteins, and the risk of
Parkinson disease. Circ. Res. 2019, 125, 643-652. [CrossRef]

Park, J.H.; Lee, CW.; Nam, M.].; Kim, H.; Kwon, D.Y.; Yoo, ].W.; Lee, K.N.; Han, K ; Jung, ].H.; Park, Y.G,; et al. Association of
high-density lipoprotein cholesterol variability and the risk of developing Parkinson disease. Neurology 2021, 96, e1391-e1401.
[CrossRef] [PubMed]

Rozani, V.; Gurevich, T.; Giladi, N.; El-Ad, B.; Tsamir, J.; Hemo, B.; Peretz, C. Higher serum cholesterol and decreased Parkinson’s
disease risk: A statin-free cohort study. Mov. Disord. 2018, 33, 1298-1305. [CrossRef] [PubMed]

Huntington Study Group. Unified Huntington’s Disease Rating Scale: Reliability and consistency. Mov. Disord. 1996, 11, 136-142.
[CrossRef]

Oosterloo, M.; de Greef, B.T.A ; Bijlsma, E.K,; Durr, A.; Tabrizi, S.J.; Estevez-Fraga, C.; de Die-Smulders, C.E.M.; Roos, R.A.C.
Disease onset in Huntington’s disease: When is the conversion? Mov. Disord. Clin. Pract. 2021, 8, 352-360. [CrossRef]

Jimenez, B.; Holmes, E.; Heude, C.; Tolson, R.F; Harvey, N.; Lodge, S.L; Chetwynd, A.J.; Cannet, C; Fang, F;
Pearce, ]. TM.; et al. Quantitative lipoprotein subclass and low molecular weight metabolite analysis in human serum
and plasma by (1)H NMR spectroscopy in a multilaboratory trial. Anal. Chem. 2018, 90, 11962-11971. [CrossRef] [PubMed]
Loo, RL,; Lodge, S.; Kimhofer, T.; Bong, S.H., Begum, S; Whiley, L; Gray, N.; Lindon, J.C.; Nitschke, P;
Lawler, N.G; et al. Quantitative in-vitro diagnostic NMR spectroscopy for lipoprotein and metabolite measurements in
plasma and serum: Recommendations for analytical artifact minimization with special reference to COVID-19/SARS-CoV-2
samples. J. Proteome Res. 2020, 19, 4428-4441. [CrossRef] [PubMed]

Woudberg, N.J.; Pedretti, S.; Lecour, S.; Schulz, R.; Vuilleumier, N.; James, R.W.; Frias, M.A. Pharmacological intervention to
modulate HDL: What do we target? Front. Pharmacol. 2017, 8, 989. [CrossRef] [PubMed]

Barzilai, N.; Atzmon, G.; Derby, C.A.; Bauman, ].M.; Lipton, R.B. A genotype of exceptional longevity is associated with
preservation of cognitive function. Neurology 2006, 67, 2170-2175. [CrossRef] [PubMed]

van Exel, E.; de Craen, A.J.; Gussekloo, J.; Houx, P; Bootsma-van der Wiel, A.; Macfarlane, PW.; Blauw, G.J.;
Westendorp, R.G. Association between high-density lipoprotein and cognitive impairment in the oldest old. Ann.  Neurol.
2002, 51, 716-721. [CrossRef]

Singh-Manoux, A.; Gimeno, D.; Kivimaki, M.; Brunner, E.; Marmot, M.G. Low HDL cholesterol is a risk factor for deficit and
decline in memory in midlife: The Whitehall II study. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1556-1562. [CrossRef]

Song, E,; Poljak, A.; Crawford, J.; Kochan, N.A.; Wen, W.; Cameron, B.; Lux, O.; Brodaty, H.; Mather, K.; Smythe, G.A ; et al.
Plasma apolipoprotein levels are associated with cognitive status and decline in a community cohort of older individuals. PLoS
ONE 2012, 7, €34078. [CrossRef] [PubMed]

Partonen, T.; Haukka, J.; Virtamo, J.; Taylor, PR.; Lonnqvist, J. Association of low serum total cholesterol with major depression
and suicide. Br. J. Psychiatry 1999, 175, 259-262. [CrossRef] [PubMed]

Almeida, O.P; Yeap, B.B.; Hankey, G.J.; Golledge, J.; Flicker, L. HDL cholesterol and the risk of depression over 5 years. Mol.
Psychiatry 2014, 19, 637-638. [CrossRef] [PubMed]

Song, H.; Ma, X.; Xu, J.; Song, Q.; Hu, M.; Gu, X.; Zhang, Q.; Hou, L.; Chen, L.; Huang, Y.; et al. The shape effect of reconstituted
high-density lipoprotein nanocarriers on brain delivery and A clearance. Nano Res. 2018, 11, 5615-5628. [CrossRef]

Zhang, X.; Yin, X.; Yu, H,; Liu, X.; Yang, F; Yao, J.; Jin, H.; Yang, P. Quantitative proteomic analysis of serum proteins in
patients with Parkinson’s disease using an isobaric tag for relative and absolute quantification labeling, two-dimensional liquid
chromatography, and tandem mass spectrometry. Analyst 2012, 137, 490-495. [CrossRef]

Yin, G.N.; Lee, HW.; Cho, ].Y.; Suk, K. Neuronal pentraxin receptor in cerebrospinal fluid as a potential biomarker for neurode-
generative diseases. Brain Res. 2009, 1265, 158-170. [CrossRef]

Qiang, ] K.; Wong, Y.C.; Siderowf, A.; Hurtig, H.I; Xie, S.X.; Lee, V.M.; Trojanowski, ].Q.; Yearout, D.; Leverenz, ].B.; Montine, T].;
et al. Plasma apolipoprotein Al as a biomarker for Parkinson disease. Ann. Neurol. 2013, 74, 119-127. [CrossRef]

Huang, X.; Abbott, R.D.; Petrovitch, H.; Mailman, R.B.; Ross, G.W. Low LDL cholesterol and increased risk of Parkinson’s disease:
Prospective results from Honolulu-Asia Aging Study. Mov. Disord. 2008, 23, 1013-1018. [CrossRef]

Thongtang, N.; Diffenderfer, M.R.; Ooi, EEM.M.; Barrett, PH.R.; Turner, S.M.,; Le, N.A.; Brown, W.V,; Schaefer, E.]. Metabolism and
proteomics of large and small dense LDL in combined hyperlipidemia: Effects of rosuvastatin. J. Lipid Res. 2017, 58, 1315-1324.
[CrossRef]

Yu, X;; Yu, Y;; Wei, C.; Wang, L.; Jiang, J.; Zhang, R.; Dai, Q.; Kang, Y.; Chen, X. Association between small dense low-density
lipoprotein cholesterol and neuroimaging markers of cerebral small vessel disease in middle-aged and elderly Chinese populations.
BMC Neurol. 2021, 21, 436. [CrossRef]

Abi-Ayad, M.; Abbou, A.; Abi-Ayad, EZ.; Behadada, O.; Benyoucef, M. HDL-C, ApoAl and VLDL-TG as biomarkers for the
carotid plaque presence in patients with metabolic syndrome. Diabetes Metab. Syndr. 2018, 12, 175-179. [CrossRef] [PubMed]


http://doi.org/10.1093/eurheartj/ehz962
http://www.ncbi.nlm.nih.gov/pubmed/32052833
http://doi.org/10.3389/fnagi.2020.00005
http://doi.org/10.1002/alz.12649
http://doi.org/10.1161/CIRCRESAHA.119.314929
http://doi.org/10.1212/WNL.0000000000011553
http://www.ncbi.nlm.nih.gov/pubmed/33536275
http://doi.org/10.1002/mds.27413
http://www.ncbi.nlm.nih.gov/pubmed/30145829
http://doi.org/10.1002/mds.870110204
http://doi.org/10.1002/mdc3.13148
http://doi.org/10.1021/acs.analchem.8b02412
http://www.ncbi.nlm.nih.gov/pubmed/30211542
http://doi.org/10.1021/acs.jproteome.0c00537
http://www.ncbi.nlm.nih.gov/pubmed/32852212
http://doi.org/10.3389/fphar.2017.00989
http://www.ncbi.nlm.nih.gov/pubmed/29403378
http://doi.org/10.1212/01.wnl.0000249116.50854.65
http://www.ncbi.nlm.nih.gov/pubmed/17190939
http://doi.org/10.1002/ana.10220
http://doi.org/10.1161/ATVBAHA.108.163998
http://doi.org/10.1371/journal.pone.0034078
http://www.ncbi.nlm.nih.gov/pubmed/22701550
http://doi.org/10.1192/bjp.175.3.259
http://www.ncbi.nlm.nih.gov/pubmed/10645328
http://doi.org/10.1038/mp.2013.113
http://www.ncbi.nlm.nih.gov/pubmed/23999523
http://doi.org/10.1007/s12274-018-2107-8
http://doi.org/10.1039/C1AN15551B
http://doi.org/10.1016/j.brainres.2009.01.058
http://doi.org/10.1002/ana.23872
http://doi.org/10.1002/mds.22013
http://doi.org/10.1194/jlr.M073882
http://doi.org/10.1186/s12883-021-02472-6
http://doi.org/10.1016/j.dsx.2017.12.017
http://www.ncbi.nlm.nih.gov/pubmed/29338972

Cells 2023, 12, 385 12 0of 12

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

Gentile, M.; Iannuzzi, A.; Giallauria, F.; D’Andrea, A.; Venturini, E.; Pacileo, M.; Covetti, G.; Panico, C.; Mattiello, A.;
Vitale, G.; et al. Association between very low-density lipoprotein cholesterol (VLDL-C) and carotid intima-media thick-
ness in postmenopausal women without overt cardiovascular disease and on LDL-C target levels. J. Clin. Med. 2020, 9, 1422.
[CrossRef] [PubMed]

Li, C.L,; Chu, C.H,; Lee, H.C.; Chou, M.C,; Liu, C.K,; Chen, C.H.; Ke, L.Y.; Chen, S.L. Immunoregulatory effects of very low
density lipoprotein from healthy individuals and metabolic syndrome patients on glial cells. Immunobiology 2019, 224, 632—-637.
[CrossRef] [PubMed]

Lin, Y.S,; Liu, CK; Lee, H.C.; Chou, M.C ; Ke, L.Y.; Chen, C.H.; Chen, S.L. Electronegative very-low-density lipoprotein induces
brain inflammation and cognitive dysfunction in mice. Sci. Rep. 2021, 11, 6013. [CrossRef]

Loving, B.A.; Bruce, K.D. Lipid and Lipoprotein Metabolism in Microglia. Front. Physiol. 2020, 11, 393. [CrossRef]

Ren, L.; Ren, X. Meta-analyses of four polymorphisms of lipoprotein lipase associated with the risk of Alzheimer’s disease.
Neurosci. Lett. 2016, 619, 73-78. [CrossRef]

Yvan-Charvet, L.; Wang, N.; Tall, A.R. Role of HDL, ABCA1, and ABCG1 transporters in cholesterol efflux and immune responses.
Arterioscler. Thromb. Vasc. Biol. 2010, 30, 139-143. [CrossRef]

Zhang, M.; Zhai, X.; Li, ].; Albers, ].J.; Vuletic, S.; Ren, G. Structural basis of the lipid transfer mechanism of phospholipid transfer
protein (PLTP). Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 2018, 1863, 1082-1094. [CrossRef]

Gonzalez-Guevara, E.; Cardenas, G.; Perez-Severiano, F.; Martinez-Lazcano, ].C. Dysregulated brain cholesterol metabolism is
linked to neuroinflammation in Huntington’s disease. Mov. Disord. 2020, 35, 1113-1127. [CrossRef]

Chung, S.; Timmins, ].M.; Duong, M.; Degirolamo, C.; Rong, S.; Sawyer, ] K,; Singaraja, R.R.; Hayden, M.R.; Maeda, N;
Rudel, L.L.; et al. Targeted deletion of hepatocyte ABCA1 leads to very low density lipoprotein triglyceride overproduction and
low density lipoprotein hypercatabolism. J. Biol. Chem. 2010, 285, 12197-12209. [CrossRef]

Fitz, N.E; Carter, A.Y.; Tapias, V.; Castranio, E.L.; Kodali, R.; Lefterov, I.; Koldamova, R. ABCA1 deficiency affects basal cognitive
deficits and dendritic density in mice. J. Alzheimer’s Dis. 2017, 56, 1075-1085. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/jcm9051422
http://www.ncbi.nlm.nih.gov/pubmed/32403373
http://doi.org/10.1016/j.imbio.2019.07.005
http://www.ncbi.nlm.nih.gov/pubmed/31402151
http://doi.org/10.1038/s41598-021-85502-0
http://doi.org/10.3389/fphys.2020.00393
http://doi.org/10.1016/j.neulet.2016.03.021
http://doi.org/10.1161/ATVBAHA.108.179283
http://doi.org/10.1016/j.bbalip.2018.06.001
http://doi.org/10.1002/mds.28089
http://doi.org/10.1074/jbc.M109.096933
http://doi.org/10.3233/JAD-161056
http://www.ncbi.nlm.nih.gov/pubmed/28106559

	Introduction 
	Materials and Methods 
	Ethics Statement and Study Participants 
	Patient Recruitment and Plasma Preparation 
	Nuclear Magnetic Resonance Analysis (1H NMR Spectroscopic Measurements) 
	Statistical Analysis 

	Results 
	Discussion 
	References

