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Lipoprotein, especially high-density lipoprotein (HDL), particles are composed of multiple heterogeneous subgroups containing
various proteins and lipids. The molecular distribution among these subgroups is closely related to cardiovascular disease (CVD).
Here, we established high-resolution proteomics and lipidomics (HiPL) methods to depict the molecular profiles across lipoprotein
(Lipo-HiPL) and HDL (HDL-HiPL) subgroups by optimizing the resolution of anion-exchange chromatography and comprehensive
quantification of proteins and lipids on the omics level. Furthermore, based on the Pearson correlation coefficient analysis of
molecular profiles across high-resolution subgroups, we achieved the relationship of proteome–lipidome connectivity (PLC) for
lipoprotein and HDL particles. By application of these methods to high-fat, high-cholesterol diet-fed rabbits and acute coronary
syndrome (ACS) patients, we uncovered the delicate dynamics of the molecular profile and reconstruction of lipoprotein and HDL
particles. Of note, the PLC features revealed by the HDL-HiPL method discriminated ACS from healthy individuals better than direct
proteomeand lipidomequantificationor PLC features revealedby the Lipo-HiPLmethod, suggesting their potential inACSdiagnosis.
Together, we established HiPL methods to trace the dynamics of the molecular profile and PLC of lipoprotein and even HDL during
the development of CVD.
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Introduction
Lipoprotein particles play essential roles in lipid metabolism

and energy homeostasis (Hoofnagle and Heinecke, 2009; Rye
and Barter, 2014), and thus were closely related to metabolic
disorders, such as obesity, diabetes, and atherosclerotic dis-
ease (cardiovascular disease, CVD) (Davidsson et al., 2005;
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Lee et al., 2005; Hiukka et al., 2009; Vaisar et al., 2010,
2015; Riwanto et al., 2013). High-density lipoprotein (HDL)
particles have many cardioprotective effects, including reverse
cholesterol transport and inhibition of vascular inflammation
(Barter and Rye, 2017). The distinct protein and lipid com-
positions in HDL subgroups were shown to be responsible
for the diversity of HDL functions (Shepherd et al., 1978;
Davidson et al., 2009; Wiesner et al., 2009; Gordon et al.,
2010; Rothblat and Phillips, 2010). For example, the protein
distribution across HDL subgroups is changed in type 2 diabetes
and atherosclerosis, which severely influences the atheropro-
tective function of HDL (Swertfeger et al., 2017; Zhu et al.,
2018). Therefore, robust and high-resolution methods should
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Figure 1 The workflow of the Lipo-HiPL and HDL-HiPL methods. (A) Traditional FPLC-SEC separates lipoprotein particles into three rough
fractions (HDL, LDL, and VLDL). (B) The Lipo-HiPL and HDL-HiPL methods separate lipoprotein and HDL into nine high-resolution subgroups,
respectively. To give a brief and overview picture of our HiPL method, the chromatographic peaks (280 nm) cover only a part of the retention
time (from20min to 80min)where themajor lipoproteinselute out, and the absorbance (%) is theUV trace normalizedby themaximumvalue.
F, the abbreviation of fractions throughout the entire study. Dotted lines in blue and red show a gradient of elution phase. See Supplementary
Figure S1C for the entire and rawUV traces. (C) Schematic diagramof the calculation of PLC. Proteins and lipids in each fractionwere quantified
by mass spectrometry. Based on the quantitative profile of each protein or lipid, PLC was calculated by the PCC analysis.

be applied to delicately separate the HDL subclasses. Moreover,
the molecular profile dynamics during the progression of CVD
need to be explored deeply by omics strategies (Gordon et al.,
2013a).
However, to date, there are limited high-resolution separation

methods to isolate lipoprotein and HDL subclasses. Ultracen-
trifugation is a sample-, time-, and labor-consuming method
(Havel et al., 1955; Kunitake and Kane, 1982; van’t Hooft and
Havel, 1982). Besides, due to the poor resolution, size exclusion
chromatography on fast performance liquid chromatography
(FPLC-SEC) often results in the HDL fraction being contaminated
by abundant free plasma proteins (Wiesner et al., 2009; Gordon
et al., 2010). In comparison, anion-exchange chromatography
(AEC) is a promisingmethod to segregate lipoprotein subclasses
with high resolution and reproducibility. Five major lipoprotein
classes could be resolved by AEC according to their charge
difference (Hirowatari et al., 2003). With fine optimization, we
hypothesize that the AEC method can separate lipoproteins in
a higher resolution and depict the in-depth landscape of the
proteomics and lipidomics for lipoproteins.
Here, by application and optimization of AEC and mass

spectrometry, we established high-resolution proteomics and
lipidomics (HiPL) methods for effective separation and quan-
tification of total lipoprotein (Lipo-HiPL) and HDL (HDL-HiPL)
subgroups. Meanwhile, themethod provided us the opportunity
to study the proteome–lipidome connectivity (PLC) by the colo-

calization of the molecular profile across these subgroups, and
thus trace the reconstruction of lipoprotein and HDL particles
in high-fat, high-cholesterol (HFHC) diet-fed rabbits and acute
coronary syndrome (ACS) patients. Notably, the PLC features
revealed by the HDL-HiPLmethod could distinguish healthy indi-
viduals and ACSpatients better than direct quantification of pro-
teome and lipidome in HDL and low-density lipoprotein (LDL),
and even better than PLC features revealed by the Lipo-HiPL
method. In general, at the omics level under both physiological
and pathological conditions, HiPL methods following Pearson
correlation coefficient (PCC) analyses are robust and useful tools
to trace the molecular profile and PLC of lipoprotein and HDL
particles with high resolution.

Results
Optimization of AEC resolution for lipoprotein
and HDL separation
Traditional FPLC-SEC separated lipoprotein particles into three

rough fractions (HDL, LDL, and very low-density lipoprotein
(VLDL)), and the HDL was contaminated with free plasma pro-
teins (Figure 1A). Although the AEC method was capable of
isolating lipoproteins into five classes (HDL, LDL, intermediate-
density lipoprotein, VLDL, and chylomicron), the resulting HDL
was still contaminated with free proteins with high abun-
dance (mainly albumin) (Hirowatari et al., 2003). Therefore, we
first optimized the AEC method by adding an elution step to
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isolate free high-abundant proteins before HDL was eluted
out (Supplementary Figure S1A). On the basis of the ratio of
APOA1 to ALB, the elution gradient at 10% could maximize
the purity of HDL without more HDL accumulating into the frac-
tion of free hig-abundant proteins (Supplementary Figure S1B,
Tables S1 and S2). Next, to improve the AEC resolution for
lipoprotein, we conducted the gradient elution with nine steps
(eight steps from 13% to 37.5% with stepwise 3.5% and one
step at 100%) to separate lipoprotein into nine fractions (Lipo-
HiPL method) (Figure 1B; Supplementary Figure S1C). In addi-
tion, to further improve the resolution for HDL, we fine-tuned the
elution gradient for HDL in the Lipo-HiPL method into nine mod-
erate steps (from 11% to 19%with stepwise 1%). In this way, we
could collect nine HDL fractions (HDL-HiPL method) (Figure 1B;
Supplementary Figure S1C). Following high-resolution separa-
tion, proteins in each fraction were labelled with quantita-
tive isobaric tandem mass tags (TMT10plex) and quantified by
mass spectrometry. Meanwhile, the lipid extracts were identi-
fied and quantified using a targeted lipidomics method. The
MRM list contained lipid classes of cholesteryl ester (CE), sphin-
gomyelin (SM), ceramides (CER), dihydroceramide (DCER), hex-
osylceramide (HCER), lactosylceramide (LCER), triglyceride (TAG
or TG), diglyceride (DAG), monoglyceride (MAG), phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), phosphatidylglyc-
erol (PG), phosphatidylinositol (PI), phosphatidylserine (PS),
phosphatidic acid (PA), lyso-PC, lyso-PE, lyso-PG, lyso-PI, lyso-
PS, and lyso-PA. While the Lipo-HiPL method could depict
the whole picture of total lipoproteins in detail, the HDL-HiPL
method could trace the molecular profile of HDL particles with
a higher resolution. Importantly, with the quantitative profiling
of each protein and lipid across nine fractions separated by
the Lipo-HiPL and HDL-HiPL methods, we could construct the
protein–protein and the protein–lipid distribution correlation by
PCC analysis, namely PLC (Figure 1C).

The Lipo-HiPL and HDL-HiPL methods separate lipoprotein and
HDL into high-resolution subgroups
To evaluate the performance of the Lipo-HiPL and HDL-HiPL

methods, we separated plasma from five healthy individuals
into nine fractions, respectively. In total, we quantified 347 pro-
teins and 2848 peptides in all fractions separated by the Lipo-
HiPL method (Supplementary Tables S3 and S4). The molecular
profiles suggested that the fractions 1–3 contained most com-
ponents from HDL, such as APOA1, APOA2, and PC, while the
fractions 4–6 and7–9were dominated by themolecules derived
from LDL and VLDL, respectively, such as APOB and CE in LDL
and APOB and TAG in VLDL (Wiesner et al., 2009; Figure 2A;
Supplementary Figure S2). Evidently, the distributions of other
apolipoproteins were also consistent with that in the previous
study (Wiesner et al., 2009; Hoofnagle et al., 2010; Gordon
et al., 2013b; Figure 2B), suggesting the reliability of the molec-
ular profiles revealed by the Lipo-HiPL method. To further con-
firm the separation reliability, we obtained ‘pre-purified HDL’
by the traditional SEC-FPLC for the Lipo-HiPL method. As ex-
pected, the extracted HDL was mainly eluted out in the first

three fractions, supporting that the fractions 1–3 bona fide were
of the HDL components (Supplementary Figure S3). Of note,
the profile correlation coefficients of APOA1, APOA2, and APOB
were all >0.98 among three repetitive separations of the same
plasma sample. For all quantified proteins and lipids, the corre-
lation of>80%moleculeswas>0.75 (Figure 2C; Supplementary
Figure S4, Tables S5 and S6), which further suggests the sta-
bility and repeatability of the Lipo-HiPL method. Among the
total 208 proteins stably quantified (quantified in at least three
individuals) by our Lipo-HiPLmethod (Supplementary Table S7),
98 hits (nearly half) were classified into lipoprotein particles by
Gene Ontology cellular component (GO CC) analysis (Figure 2D).
The high ratio (47%) of lipoprotein-associated proteins to to-
tal identified proteins in this study outperformed the previous
report by FPLC (38%) (Swertfeger et al., 2017; Supplementary
Figure S5). These results together proved that the Lipo-HiPL
method was reliable, reproducible, and with high resolution for
separation of total lipoprotein.
Compared with the Lipo-HiPL method, the HDL-HiPL method

dedicatedly separated HDLs into nine fractions with a higher
resolution. In total, we quantified 298 proteins and 2205
peptides in all fractions separated by the HDL-HiPL method
(Supplementary Tables S8 and S9). As expected, HDL compo-
nents, such as APOA1 and APOA2, were enriched, but the LDL
and VLDL components, such as APOB, were undetectable in
these nine HDL fractions (Figure 2A). Intriguingly, HDL fractions
seemed to be subdivided into two main subgroups, named HDL
I and HDL II, according to the profile of APOA1 and APOA2
(Figure 2A). For lipidomics, PC also showed a weak bimodal
distribution turning at the fraction 4, while CE was found to
be enriched in fraction 4. These results indicated that the HDL-
HiPL method could effectively separate HDL into heterogeneous
fractions with different protein–lipid compositions.

The Lipo-HiPL method traces the reconstruction of lipoprotein
particles in rabbits during the HFHC diet
HFHC diet could trigger the development of atherosclerosis

partly due to lipoprotein dysfunction (Waqar et al., 2010), es-
pecially in the rabbit model. Thus, plasma collected before
(Pre) and after the HFHC diet (4W, 4 weeks; 8W, 8 weeks; and
14W, 14 weeks) of the rabbit model were studied by our Lipo-
HiPL method (Figure 3A). In total, we quantified 462 proteins
and 4086 peptides in all fractions separated by the Lipo-HiPL
method (Supplementary Tables S10 and S11). Although the
atherosclerotic lesions in the right coronary artery occurred
until 19 weeks after HFHC induction (Figure 3B), noticeable
changes of lipoproteins could be detected by the Lipo-HiPL
method with high sensitivity as early as 4 weeks after HFHC
induction. Chromatographically, the absorbance of peaks in
LDL and VLDL fractions was obviously increased during the
HFHC diet (Figure 3A). In accordance with the HDL dynamics
in the physiological index (Figure 3C), APOA1 was decreased
in the HDL fractions at 4W, flattened at 8W, and further down-
regulated at 14W by the Lipo-HiPL method (Figure 3D). Sig-
nificantly, some molecules displayed a similar increase with

Page 3 of 11



Wang et al., J. Mol. Cell Biol. (2022), 14(3), mjac004

Figure 2 Separation performance assessment of the Lipo-HiPL and HDL-HiPL methods. (A) Profiles of APOA1, APOA2, APOB, and the three
main lipid classes (PC, CE, and TAG) in nine fractions separated by the Lipo-HiPL and HDL-HiPL methods (healthy individual; n= 5; error bar:
SEM). The relative ratio represents the ratio of apolipoprotein in each fraction normalized to the maximum ratio of this apolipoprotein (Lipo-
HiPL) or three apolipoproteins (HDL-HiPL) in nine fractions. The relative ratio of the lipid class represents the ratio of lipid class normalized to
themaximum ratio of this lipid class in nine fractions. See Supplementarymaterial for the detailed calculation process of the relative ratios for
proteins and lipids. (B) Distribution of apolipoproteins in nine lipoprotein fractions separated by the Lipo-HiPLmethod. Themean value of five
healthy individuals was used. (C) APOA1 profile correlation among three repeats. The plasma pool of five healthy individuals was separated
and quantified by the Lipo-HiPL method three times. The darker the blue, the higher is the relative ratio. (D) GO CC analysis of identified
proteins in lipoprotein classes separated by the Lipo-HiPL method. Reference: a mixed database with 97 highly credible lipoprotein-related
proteins inHDLand LDLwatch lists summarized byDavidson lab (http://homepages.uc.edu/∼davidswm/HDLproteome.html) combinedwith
the GO database.

APOB, such as APOE, charged multivesicular body protein 4a
(CHMP4A), and prenylcysteine oxidase 1 (PCYOX1). In contrast,
others showed a similar decline with APOA1, such as APOM,
adipocyte plasma membrane-associated protein (APMAP), and
phosphatidylinositol-glycan-specific phospholipase D (GPLD1)
(Figure 3D). The sharp dynamics of these molecules suggested
their important role in the lipoprotein dysfunction induced by
the HFHC diet. In addition, some molecules were shown to shift
fromHDL to LDLandVLDL fractionseven if theyhadnosignificant
changes in the total plasma level, such as APMAP and GPLD1,
implying that the Lipo-HiPL method could track more elaborate
dynamics for molecules (Supplementary Figure S6). Evidence
showed that 90% of GPLD1 located on the APOA1- or APOA2-

containing lipoproteins (i.e. HDL) in normal physiological state
(Cardner et al., 2020), which was consistent with the GPLD1
distribution profile at Pre in Figure 3D. GPLD1 can hydrolyze the
GPI anchors of several inflammatory membrane proteins (e.g.
CD106, CD55, and CD59) and has been suggested to regulate
inflammation in atherosclerosis (O’Brien et al., 1999). Previ-
ous study revealed that GPLD1 was detected almost exclusively
in atherosclerotic lesions and not in nonatherosclerotic areas
(O’Brien et al., 1999). Since the deposition of LDL is an essential
factor for the occurrence of atherosclerosis, our observation of
the distribution shift of GPLD1 from HDL to LDL and VLDL might
provide inspiration for the source of GPLD1 in atherosclerotic
lesions.
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Figure 3 Molecular profile shift and PLC analysis of HFHC rabbits by the Lipo-HiPL method. (A) Lipoprotein separation chromatograms of
rabbits before (Pre) and 4 weeks (4W), 8 weeks (8W), and 14 weeks (14W) after HFHC diet. (B) Coronary lesions in the right coronary artery
in rabbits after 19 weeks of HFHC diet. (C) Absolute quantification change of total cholesterol (TC), TAG, HDL, and LDL during the HFHC diet
(n = 3; error bar: SEM). (D) Molecular profile dynamics in rabbits during the HFHC diet. The relative ratio of a protein represents the ratio of
the protein in each fraction normalized to the maximum ratio of this protein in all fractions of all groups. Each point represents the average
relative ratio of three individual samples. *P< 0.05; the red asterisk stands for upregulation and the blue asterisk stands for downregulation
at 14W in total plasma level, and the three shadows cover the HDL, LDL, and VLDL fractions, respectively. (E) Interactome dynamics of APOA1
and APOB during the HFHC diet based on PLC by PCC analysis. PCC>0.85; proteins highlighted in black and bold are confirmed by the STRING
database.
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A previous study has proposed the protein correlation pro-
filing strategies that proteins located in the same organelle
have similar quantitative distributions amongmultiple fractions
(Andersen et al., 2003). Following this principle, we constructed
APOA1 and APOB interactomes based on PLC of the molecular
profile across nine lipoprotein fractions. The Lipo-HiPL method
clearly traced the remodeling of these interactomes, suggesting
the reconstruction of lipoprotein particles during the HFHC diet
(Figure 3E). In Pre state, the interactomes were in a steady
condition, in which APOA1 strongly correlated with PC and a
group of proteins (such as APOM, SAA, and GPLD1); meanwhile,
APOB was associated with TAG and another group of proteins
(such as APOE, DNAH8, and CHMP4A) (Figure 3E). Unexpectedly,
all the interactomes were almost disrupted at 4W and set out
to rebuild from 8W. During this process, the correlation of CE
lipids with APOB was strengthened after the HFHC diet, and TAG
lipids in the APOB interactome were thoroughly replaced by CE
at 14W (Figure 3E). Particularly, PCYOX1, VNN1, and PM20D1
dramatically rose in LDL and VLDL fractions after the HFHC diet
(Supplementary Figure S6), making them finally come into the
APOB interactome at 14W (Figure 3E). The critical role of these
molecules in the development of atherosclerosis further con-
firmed the reliability of the Lipo-HiPL method (see Supplemen-
tary Discussion for details). Additionally, the weak connectiv-
ity of APOA1 with other molecules at 14W suggested that the
HDL components were severely disturbed by HFHC induction.
Together, all these results suggested that the Lipo-HiPL method
could accurately reflect the dynamics of the molecular profile
and the reconstruction of HDL, LDL, and VLDL components dur-
ing the HFHC diet.

The HDL-HiPL method reflects the reconstruction of HDL
particles in ACS patients
ACS is the acute phase of myocardial ischemia, which is in-

duced mainly by lipoprotein disorder (Alwaili et al., 2012). In
order to evaluate the lipoprotein dysfunction in ACS patients,
plasma from 15 ACS patients was collected within 24 h after the
onset of chest pain. Another 15 healthy individuals, matched
in age, gender, and clinical indexes (HDL-C, LDL-C, TC, and TG)
with ACSpatients, were selected to collect plasma as the healthy
control (HC) (Supplementary Table S12). The plasma lipoprotein
particles of these two groups were analyzed by the Lipo-HiPL
and HDL-HiPL methods for whole lipoprotein and HDL profiling,
respectively (Figure 4A). In total, we quantified 492 proteins
and 3879 peptides in all fractions separated by the Lipo-HiPL
method (Supplementary Tables S13 and S14) and 554 proteins
and 3731 peptides by the HDL-HiPL method (Supplementary Ta-
bles S15 and S16). Comparedwith the obviousmolecular profile
change in rabbits during the HFHC diet, the Lipo-HiPL method
revealed only a slight difference of lipoprotein between HC and
ACS patients. For example, HDL components, such as APOA1
and APOA2, were mildly reduced, while LDL components, such
as APOB and CHMP4A, were slightly increased in ACS patients
(Figure 4B). Accordingly, the APOA1 interactome based on PLC in
the Lipo-HiPL method showed inconspicuous changes between

HCandACSpatients (Figure4C; Supplementary TableS17). Also,
76 proteins and 55 lipidswere changed (P< 0.05) in lipoprotein
fractions of ACS compared with HC by the Lipo-HiPL method
(Supplementary Figure S7). However, 40 proteins and 59 lipids
with the undetectable difference in the Lipo-HiPL method were
found to be remarkably varied in HDL fractions using our higher-
resolution HDL-HiPL method (Supplementary Figure S8). For ex-
ample, APOC1 and APOD displayed no changes in the profiles by
the Lipo-HiPL method, but were significantly decreased in the
HDL I subclass by the HDL-HiPL method (Figure 4B). The slight
dynamics of APOA1 and APOA2 in HDL fractions by the Lipo-
HiPL method were obviously enlarged in the HDL I subclass by
theHDL-HiPLmethod (Figure 4B). TheHDL-HiPLmethod revealed
enhanced connectivity of APOA1with othermolecules compared
with HC (Figure 4C; Supplementary Table S18), suggesting the
intense reconstruction of HDL particles in ACS. Previous studies
have revealed that the composition and structure of HDL parti-
cleswere remodeled in patientswith ACS, e.g. the HDLproteome
in ACS was shown to shift to an inflammatory profile (Alwaili
et al., 2012). Similarly, our data showed that APOA1 correlated
with multiple inflammation factors in ACS patients, such as GC,
ORM2, CD44, and C1R. These findings evidently indicated that
the HDL-HiPL method could accurately reflect the dynamics of
molecular profiles and correlations in ACS patients.
Furthermore, although the changes were more dramatic in

HFHC rabbits than in ACS patients, there were some molecules
sharing similar dynamic patterns between HFHC rabbits (14W)
and ACS patients (Figure 4D). For example, except the similar
dynamics of APOA1, APOB, and CHMP4A as we discussed pre-
viously, PON1 decreased whereas APOC3, APOC4, GPLD1, and
SAA1 rose in LDL/VLDL fractions in both HFHC rabbits and ACS
patients, indicating their functional relevance in the develop-
ment of CVD (see Supplementary Discussion for details).

PLC features revealed by the HDL-HiPL method are critical
for ACS diagnosis
Considering the uniqueness of the APOA1 interactome based

on PLC revealed by the HDL-HiPL method in ACS patients
(Figure 4C), we supposed that the total PLC features revealed by
theHDL-HiPLmethod (HDL-PLC) could effectively distinguishACS
patients from HC. To test this hypothesis, total HDL-PLC features
were used for the classification of HC and ACS groups. As a com-
parison, Lipo-PLC features, as well as HDL and LDL features re-
vealed by direct quantification of proteome and lipidome, were
also used for the parallel classification of HC and ACS groups.
To avoid the interference of other risk factors, we ensured that
there was no significant difference in relevant clinical indicators
(HDL-C, LDL-C, TC, and TG) between ACS and HC (Figure 5A).
Unfortunately, either by direct quantification of proteome and
lipidome or by Lipo-PLC features, one ACS patient was mixed
up with the HC cluster in the classification results by HDL and
LDL features (Figure 5B–D). Considering that the data-filtering
method has great effect on the hierarchical cluster analysis
(HCA) result, wealsoperformedHCAusingdifferentialmolecules
in HDL and LDL with P < 0.05 and fold change 1.5 cutoff and
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Figure 4 Molecular profile shift and PLC analysis of ACS patients by the Lipo-HiPL and HDL-HiPL methods. (A) Plasma samples from 15 ACS
patients and 15 HCswere used for molecular profiling of lipoproteins and HDL particles by the Lipo-HiPL and HDL-HiPLmethods, respectively.
Lipoprotein and HDL separation chromatograms are shown. HCs were matched with ACS patients in age, sex, and correlated clinical indexes
(HDL-C, LDL-C, TC, and TG). (B) Molecular profile dynamics revealed by the Lipo-HiPL and HDL-HiPL methods between ACS and HC groups.
n= 15; error bar: SEM. *P< 0.05; the red asterisk stands for upregulation and the blue asterisk stands for downregulation in ACS; the three
shadows cover the HDL, LDL, and VLDL fractions, respectively, in the Lipo-HiPL method; and the two shadows cover the HDL I and HDL II, re-
spectively, in theHDL-HiPLmethod. (C) Dynamic changeofAPOA1 interactomes revealedby the Lipo-HiPLandHDL-HiPLmethods (PCC>0.75).
(D) Molecules with similar dynamic patterns between HFHC rabbits (14W) and ACS patients by the Lipo-HiPL method. Fold changes of the
protein ratio of ACS to HC for ACS patients and 14W to Pre for HFHC rabbits were used. *P < 0.05; the green asterisk stands for upregulation
and the black asterisk stands for downregulation in HFHC rabbits and ACS patients.
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A

B C

D E

Figure 5 HCA of HC and ACS groups. (A–E) HCA using clinical indexes (HDL-C, LDL-C, TC, and TG) (A), differential quantitation of proteome
and lipidome in HDL (B) and LDL (C) (P-value < 0.05 for proteins, P-value < 0.01 for lipids), and PLC features by the Lipo-HiPL (D) and HDL-
HiPL (E) methods. Clustering_distance_column = ‘correlation’, clustering_distance_row = ‘correlation’, clustering_method = ‘complete’.
See statistical analysis for the details of PLC feature screening. (F) Molecular networks of PLC features by the HDL-HiPL method. PCC> 0.5 for
protein–protein interactions; PCC > 0.3 for protein–lipid interactions; the thicker the edge, the stronger is the association; blue and green
nodes stand for proteins and lipids, respectively, and the orange-circled nodes are hubs whose degree is >18.
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using the total quantifiedmolecules (Supplementary Figure S9).
The results showed that these methods could not contribute to
the better classification.
In comparison, all ACS patients could be successfully discrim-

inated from HC by HDL-PLC features (Figure 5E). The improved
classification performance using HDL-PLC features was further
confirmed by principle component analysis (Supplementary Fig-
ure S10). In addition, by constructing the correlation network
based on HDL-PLC features, we found that the connectivity
among a group of proteins became stronger in ACS than in
HC (Figure 5F). Noticeably, we found that almost all hubs in
this protein subnetwork were family proteins of apolipopro-
teins. As examples, we presented the accurate dynamic changes
of the connectivities among hubs in the protein subnetwork
(Supplementary Figure S11). APOA1, APOC1, SAA4, and APOD
shared a similar profile shift with APOA2, moving from HDL I
to HDL II in ACS patients, which led to their correlation coeffi-
cient increasing from 0.7 to>0.9. Together, these results stated
clearly that the HDL-PLC was critical to show the dysfunction
features of HDL in ACS patients and promising in ACS diagnosis.

Discussion
By high-resolution AEC separation and omics quantification,

we were able to profile a variety of lipoprotein and HDL sub-
species involving heterogeneous protein and lipid composi-
tions. Though traditional ultracentrifugation was considered to
be the reference of lipoprotein separation and enough to divide
HDL into two major subclasses (HDL2 and HDL3) (Chapman
et al., 1981), the large-scale clinical application suffered from
the labor-intensive and time-consuming procedures. In com-
parison, SEC-FPLC was actually of poor resolution, with only
one HDL chromatographic peak (Zhang et al., 2019). Previous
studies have separatedHDL into six subclassesbearing different
median particle sizes by SEC-FPLC (Davidson and Shah, 2019).
However, HDL was still presented to be a single peak according
to the APOA1 distribution profile (Gordon et al., 2010). The
distribution peaks of HDL subgroups by the Gaussian curve
fitting technique severely overlapped with each other (Okazaki
and Yamashita, 2016), which indicated that the resolution of
SEC-FPLC was limited to achieve better separation. By AEC, HDL
displayed a bimodal pattern corresponding to two major HDL
particles, which was similar to ultracentrifugation. Considering
the high heterogeneity of the protein–lipid composition in the
nine fractions, there were potentially more subclasses in these
twomajor HDLparticles. ThepresentAEC-basedHiPLmethodnot
only could obtain high resolutionbetter thanultracentrifugation,
but also could be fast and with less sample consumption for
clinical application. In addition,most of the previous omicswork
on lipoprotein particle analysesonly focusedoneither proteome
or lipidome (Okazaki and Yamashita, 2016; Davidson and Shah,
2019; Zhang et al., 2019). Considering the complexity of HDL
particle composition, the integration of proteome and lipidome
byour HiPLpipeline could demonstrate themost comprehensive
and accurate characterization for lipoproteins andHDLparticles.

The HFHCdiet rendered an acute and apparent perturbation of
lipid metabolism in rabbits, resulting in dramatic changes in the
size, shape, and composition of lipoproteins (Hirowatari et al.,
2012; Takeda et al., 2015; Xu et al., 2015). Unexpectedly, our
Lipo-HiPL method could susceptibly reveal abundant molecular
translocation among lipoprotein fractions in HFHC-challenged
rabbits far earlier than the changes of pathophysiological index
occur (Figure 3). Since the lipoprotein alterations between ACS
patients and HCs would not be as dramatic as those found
in rabbits, the high resolution and sensitivity of the HDL-HiPL
method could delivermore delicate HDLalteration than the Lipo-
HiPL method. For example, the proteins APOA1, APOA2, APOC1,
and APOD significantly decreased in the HDL I subclass, and
their distribution co-migrated from HDL I to HDL II in ACS when
compared with HC (Figure 3).
More importantly, HiPLmethods could providemolecular con-

nectivity in lipoprotein particles, based on the protein–protein
and protein–lipid distribution correlation. Similar distribution
patterns of proteins and lipids across lipoprotein fractions indi-
cated that theymight reside on the same particles. In the current
study, unlike the traditional analysis on a single component,
HiPL methods allowed us to construct the PLC in each subject
and reveal the lipoprotein or HDL features for ACS patients.
Importantly, HDL-PLC features showed the best performance
to evaluate lipoprotein dysfunction in ACS patients compared
with other methods, such as LDL and HDL features by molecular
quantification and Lipo-PLC features (Figure 5; Supplementary
Figure S10). In the network based on HDL-PLC features, we
found enhanced connectivity among a group of proteins in ACS
patients (Figure 5F). TheHDL-PLCnot only containedquantitative
information of proteins and lipids, but also indicated the spatial
distribution as well as their functional interactions. Moreover,
the HDL-PLC was expected to be more stable and reproducible
than a single molecular feature across multiple samples. In
general, the HDL-PLC could effectively evaluate HDL features,
which is a promising indicator for CVD prognosis and diagnosis.
Finally, these HDL-PLC features need to be further investigated
in larger cohorts and by additional functional studies.

Materials and methods
The data, analytic methods, and studymaterials are available

to other researchers for purposes of reproducing the results
or replicating the procedure. An overview of the study design
is shown in Figure 1. For full details of methods, please see
Supplementary material.

Animals and diet
Sixteen-week-oldmaleNewZealandwhite rabbits (male) were

obtained from Covance. The rabbits were housed in a specific
pathogen-free animal house at 24°C and a 12-h light/12-h dark
cycle and were fed with either a chow diet or diet containing
0.3% cholesterol and 3% soybean oil (cholesterol-rich diet,
150 g/day) with free access to water (n = 3 for each group).
Randomization and allocation concealment were performed.
Blinding was performed in animal studies. Animals were fasted
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overnight before the blood samples were collected. Rabbit stud-
ies were performed according to animal protocols approved by
the Institutional Animal Care and Use Committee (IACUC) of the
University of Michigan.

Study patients
A total of 15 patients undergoing acute ST-segment elevation

myocardial infarction, which is the most severe type of ACS,
were included in this study. Blood sampleswere collectedwithin
24 h after the onset of chest pain. Fifteen HCs were matched in
age, sex, and correlated clinical indexes (HDL-C, LDL-C, TC, and
TG). Exclusion criteria were accompanying advanced kidney or
liver failure, inflammatory, infectious or autoimmune disorders,
neoplastic disorders, and a history of major surgery or trauma
within the last 3months. The studywas approved by theMedical
Ethics Committee of the Second Xiangya Hospital of Central
South University. All patients gave written informed consent
before blood sample collection.

Lipoprotein and HDL subdivision
A volume of 30 μl plasma for each sample was used for AEC

lipoprotein separation on the HPLC workstation UltiMate 3000
(Thermo Fisher Scientific). The separation was accomplished
using an analytical 4.6 mm ID × 3.5 cm TSK column fitted with
a 4.6 mm ID × 5 mm TSK pre-guard column from Tosoh. Buffer
A was HPLC-grade water containing Tris–HCl (pH 7.5, 50 mM)
and Na2EDTA (1 mM). Buffer B was buffer A containing NaClO4

(500 mM). Both buffers were purged for 5 min prior to use. The
flow rate was held constant at 0.5ml/min. Each fraction was col-
lected by 2 min and, finally, every three adjacent fractions were
combined into one. To divide lipoproteins into nine fractions,
the ionic strength of the elution buffer was altered by changing
buffer B% as follows: (1) hold buffer B% constant at 0% for
5 min; (2) increase buffer B% from 0% to 10% linearly over
5 min; (3) hold buffer B% constant at 10% for 10 min; (4) hold
buffer B% constant in turn at 13%, 16.5%, 20%, 23.5%, 27%,
30.5%, 34%, 37.5%, and 41% (each for 6 min); (5) increase
buffer B% to 100% over 5 min; (6) hold buffer B% constant for
5 min to wash the column; and (7) reduce buffer B% to 0% and
hold constant for 5 min to regenerate the column. For the Lipo-
HiPLmethod for humans, the fractions eluted at 41% and 100%
were merged into one to result in the final nine fractions. For the
Lipo-HiPL method for rabbits, the fractions were collected from
16.5% gradient to obtain the nine lipoprotein fractions.
To subdivide HDL into nine fractions, the buffer B% for step

(4) was set as follows: hold buffer B% constant in turn at 11%,
12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, and 20% each
for 6 min. The last two fractions keeping buffer B% at 20% and
100% were dropped, and nine HDL fractions were analyzed.

Proteomics and lipidomics data
Proteomics and lipidomics data were acquired by liquid

chromatography–tandemmass spectrometry as detailed in Sup-
plementary Methods.

Statistical analysis
The Shapiro–Wilk test was used to test the normality of data.

To get the differentially expressed molecules, we compared
the molecular quantification values of two groups (Pre against
14W for HFHC rabbits; HC against ACS for ACS patients) by the
Wilcoxon test. Moleculeswith P-values< 0.05 (after Benjamini–
Hochberg correction) were selected as differentially expressed
molecules. The PCC analysis was used to construct molecular
networks based on the quantitative profile of proteins and lipids
across nine fractions separated by the Lipo-HiPL and HDL-HiPL
methods. We calculated lipoprotein and HDL networks, respec-
tively, for each subject in HC and ACS groups. In total, we have
30 networks for each HiPL method. We chose the differential
edges (PLC features) for eachmethod as follows: nodes (proteins
and lipids) whose degree (molecule number correlated with this
node, PCC > 0.75) significantly differed between HC and ACS
(P < 0.05) were chosen; edges containing nodes with signif-
icantly different correlation between HC and ACS (P < 0.05)
were chosen; and only edges containing proteins (PCC> 0.5 for
protein–protein, PCC > 0.3 for protein–lipid) were chosen. The
PCC cutoffs of these edges were chosen as a compromise be-
tweenenablingmolecular pairs to be correlatedandsignificantly
differential molecular pairs to be successfully selected (in our
experience, a cutoff>0.75 was too high to select the differential
molecular pairswith strong correlation (>0.75) in one group and
weak correlation (<0.75) in another group). Hubs were nodes
whose degrees were >18.
Since the HDL-HiPL method with a higher resolution could

detect the subtle profile difference, the molecular correlations
across the nine lipoprotein fractions by the Lipo-HiPL method
were generally higher than those across the nine HDL fractions
by the HDL-HiPL method. APOA1 and APOB interactomes in
Figure 3 were constructed using the correlations across the nine
lipoprotein fractions. Thus, we appropriately increased the cut-
off from 0.75 to 0.85 on the premise of not affecting the overall
interactome dynamics.
R version 3.1.0 (http://www.R-project.org/) was used for all

the statistical analyses. The raw mass spectrometry data and
the search result files have been uploaded to the iProx database
(project ID: IPX0003462000).

Supplementary material
Supplementary material is available at Journal of Molecular

Cell Biology online.
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