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Lower plasma levels of high-density lipoproteins (HDL) in adolescents with type 2 diabetes (T2D) have been associated with a
higher pulse wave velocity (PWV), a marker of arterial stiffness. Evidence suggests that HDL proteins or particle subspecies are
altered in T2D and these may drive these relationships. In this work, we set out to reveal any specific proteins and subspecies
that are related to arterial stiffness in youth with T2D from proteomics data. Plasma and PWV measurements were previously
acquired from lean and T2D adolescents. Each plasma sample was separated into 18 fractions and evaluated by mass spectrometry.
Then, we applied a validated network-based computational approach to reveal HDL subspecies associated with PWV. Among 68
detected phospholipid-associated proteins, we found that seven were negatively correlated with PWV, indicating that they may be
atheroprotective. Conversely, nine proteins show positive correlation with PWV, suggesting that they may be related to arterial
stiffness. Intriguingly, our results demonstrate that apoA-I and histidine-rich glycoprotein may reverse their protective roles and
become antagonistic in the setting of T2D. Furthermore, we revealed two arterial stiffness-associated HDL subspecies, each of
which contains multiple PWV-related proteins. Correlation and disease association analyses suggest that these HDL subspecies
might link T2D to its cardiovascular-related complications.

1. Background
Type 2 diabetes mellitus (T2D) is a major risk factor for
development of cardiovascular disease (CVD) [1]. An important contributor to elevating CVD risk in persons with T2D
is dyslipidemia [2], characterized by high concentrations of
small dense low-density lipoproteins (LDL) particles and
serum triglycerides and low concentrations of high-density
lipoprotein-cholesterol (HDL-C). Therapies focusing on

improving CVD risk in T2D have largely focused on lowering atherogenic LDL particles. Unfortunately, even with
the most effective LDL-lowering drugs, significant residual
incidence of CVD remains in this population [3]. This has
prompted numerous clinical trials aimed at raising HDL-C
[4–6]. However, despite successfully raising HDL-C by >70%,
these drugs failed to reduce CVD risk [4, 6, 7]. One recent
exception was able to reduce CVD over statin treatment, but
the effect was relatively modest [8].
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HDL-targeted therapies have significant underlying challenges because HDL is more complex than previously recognized. Proteomic studies of HDL have identified at least 95
distinct proteins associated with HDL [9–14]. It is impossible
for all of these proteins to reside on a single particle. Instead,
it is likely that several proteins interact on different particles,
likely to carry out specific functions. A perfect example is
trypanosome lytic factor (TLF), containing apolipoprotein
A-I (apoA-I), haptoglobin-related protein, and apoL-I. This
particle has been shown to have specific lytic activity against
the protozoan Trypanosoma brucei via lysosomal disruption
[15].
Recent studies have shown that HDL is a heterogeneous
group of subspecies with unique protein/lipid compositions
that are not reflected in the HDL-C measurement [13, 16–18].
Diverse proteins on HDL subspecies may have physical interactions or be colocalized on the same particle without a physical interaction. Those different HDL subspecies provide a
plausible explanation for the many diverse functions of HDL
[19]. While HDL is most recognized for its ability to mediate
reverse cholesterol transport (RCT) [20], in which it removes
excessive cholesterol and other lipids from peripheral tissues
and transports them back to the liver for catabolism, HDL
has also been shown to have anti-inflammatory, antioxidative,
and antiapoptotic properties [21–25].
Using gel filtration chromatography that separates lipoproteins by size, we previously found that adolescents with
type 2 diabetes were depleted of large HDL particles compared with obese and lean adolescents [17]. This decrease was
inversely and significantly correlated with an increase in pulse
wave velocity (PWV), an early measurement of arterial stiffness. Additionally, we detected 45 HDL-associated proteins,
seven of which were lower in the T2D group. These results
demonstrated an alteration in the HDL composition in young
adults with T2D. However, in our previous paper, we had not
examined if specific proteins or protein subspecies on these
particles may be related to arterial stiffness.
Here we sought to determine if any proteins or groups
of proteins may be related to arterial stiffness as measured
by PWV. Recently, we have developed a network-based computational method to infer HDL subspecies from complex
proteomics data [16]. Supported by multiple lines of evidence,
the protein clusters revealed by our method likely correspond
to HDL subspecies. In this work, we integrated patient clinical
data, biological experiments, and bioinformatics analysis to
reveal arterial stiffness-related HDL proteins and subspecies,
which may serve as better markers than HDL-C for linking
T2D with CVD.

2. Methods
2.1. Study Cohort. Five adolescents with T2D and six lean
controls aged 17–27 years were included in this analysis [17].
Table 1 lists the clinical characteristics of the study cohort.
Subjects with T2D were diagnosed based on American
Diabetes Association criteria [26]. The lean control group had
a BMI less than the 85th percentile (age ≤ 20) or less than
25 (age > 20). Lean control participants had no evidence of
chronic disease. Manual blood pressure was measured three
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times and averaged using a mercury sphygmomanometer.
Arterial stiffness was measured by carotid to femoral PWV,
a risk factor for coronary artery disease and stroke [27]. For
each subject, PWV was collected using a SphygmoCor SCORPVx System. Three PWV values for each participant were
measured and averaged.
2.2. Plasma Fractionation and Proteomics. For each subject,
blood was fractionated by gel filtration chromatography into
18 lipid-containing fractions by size [13]. By this method,
which has been extensively described [13, 18], fractions
13–30 contain detectable phospholipid that corresponds to
the plasma lipoproteins VLDL, LDL, and HDL. To relate
gel filtration results to traditional density-centric definitions,
the VLDL/LDL range was defined as fractions 14–18 due
to the presence of apoB. The remaining fractions 19–30
were defined as a HDL range because their diameters are
consistent with measurements for density-isolated HDL and
because of the abundance of the major HDL protein, apoAI. Lipid-associated proteins were isolated using a synthetic
calcium silicate hydrate, Lipid Removal Agent (Supelco), and
their relative abundance in each fraction was determined
by mass spectrometry (MS) as previously described [17,
28]. Briefly, samples were delipidated using chloroform and
methanol. Next, samples were treated with dithiothreitol and
iodoacetamide (Sigma-Aldrich, St. Louis, MO) to reduce
and carbamidomethylate the proteins. Finally, proteins were
trypsinized and subjected to MS. An Agilent 1100 Series
Autosampler/HPLC was used to draw 0.5 𝜇L of sample and
inject it onto a C18 reverse phase column (GRACE; 150
× 0.500 mm), where an acetonitrile concentration gradient
(5–30% in water with 0.1% formic acid) was used to elute
peptides for inline electrospray ionization tandem MS, by
a time of flight QSTAR XL mass spectrometer (Applied
Biosystems). Column cleaning was performed automatically
with two cycles of a 5–85% acetonitrile gradient lasting
15 min each between runs. PeakView version 2.1 was used
to convert the raw data files into the peak list (.mgf)
files. The resulting mass spectra were analyzed with Mascot (version 2.2.2, http://www.matrixscience.com) and X!
Tandem (version 2001.01.01.1) search engines against the
UniProtKB/Swiss-Prot Protein Knowledgebase (2011, containing 540,958 entries). Search criteria included human
taxonomy and carbamidomethylation as a variable modification; peptide tolerance was set at ±20 ppm, MS/MS tolerance
was set to ±0.6 Da, and up to 3 missed trypsin cleavages
were allowed. Peptide and protein identification from the
MS/MS was validated using Scaffold software (version 3.3.1)
and only peptides with >95% identification probability and
proteins with >99% identification probability were included
in the analysis. Additionally, at least 2 peptides from each
protein were required to be considered in the analysis. False
discovery rates were less than 0.6% for peptide identification
(calculated as the percentage of the sum of exclusive spectrum
counts of decoy proteins divided by the sum of exclusive
spectrum counts of target proteins) and less than 0.1% for
protein identification (calculated as number of decoy proteins
divided by the number of target proteins). MS peptide counts
were obtained to semiquantitatively identify differences in
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Table 1: Study cohort characteristics.

Variable
𝑛
Age (years)
Body mass index (mg/kg)
Total cholesterol (mg/dL)
Triglycerides (mg/dL)
High-density lipoprotein-cholesterol (mg/dL)
Low-density lipoprotein-cholesterol (mg/dL)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Pulse wave velocity (m/s)
Hemoglobin A1C (%)
Hemoglobin A1C (mmol/mol)

Lean
6
21.67 ± 2.16
23.97 ± 2.04
153.67 ± 26.38
73.17 ± 27.8
52.67 ± 10.73
86.6 ± 32.24
119.72 ± 11.33
71.56 ± 7.96
5.74 ± 1.11
N/A
N/A

T2D
5
21.6 ± 4.04
37.89 ± 3.75
215.6 ± 55.84
278.6 ± 344.52
33.8 ± 4.44
127.8 ± 53.1
116.0 ± 8.21
71.2 ± 5.78
6.8 ± 1.12
11.3 ± 4.65
100.2 ± 50.63

Data are mean and standard deviation (SD). N/A: not available.

proteins across fractions between groups. Although peptide
spectral counting has been criticized for its accuracy to reflect
the abundance of proteins, it would not compromise our
analysis in this work, since we only considered the trends
or distribution patterns of HDL proteins. Spectral counts
were used in no instance to reflect the absolute quantity
of a protein. For data preprocessing, we filtered the MS
detected proteins with the HDL Proteome Watch [29] in all
lean and T2D participants. The HDL Proteome Watch is a
curated database documenting all proteins that have been
found to be associated with HDL in multiple MS studies. We
further removed extremely low-abundant proteins (less than
3 peptides across all subjects).
2.3. Correlation Analysis. To investigate if any individual
HDL proteins were related to arterial stiffness, we calculated
Pearson correlation coefficient (PCC) between the relative
abundance of HDL proteins in fractions 19–31 and PWV
measurements. PCC was calculated for the lean and T2D
combined dataset, the lean dataset only, and T2D dataset only.
We realized that PCC of the lean and T2D combined dataset
may be mainly driven by the lean group (Supplemental Figure
1). If the composition of HDL is indeed altered in T2D, it is
possible that, in the same size fractions, lean and T2D datasets
exhibit distinct patterns. Thus, in this work, we separated lean
and T2D groups and analyzed them individually. Specifically,
for each plasma HDL fraction ∈ [19 ⋅ ⋅ ⋅ 30], we calculated
a univariate PCC between PWV and the peptide counts
of HDL-associated proteins in fractions across all subjects
within the two groups. We applied a two-tailed 𝑡-test followed
by the Benjamini-Hochberg procedure to correct for multiple
comparisons to test the null hypothesis of no correlation
between PWV and proteins.
2.4. Network-Based Identification of HDL Subspecies. To infer
HDL subspecies, we applied the network-based approach we
previously developed for clustering comigrating proteins [16].
This approach is based on the assumption that proteins with
similar elution patterns during plasma fractionation are very
likely to reside on the same HDL subspecies. We constructed

a comigration protein-protein interaction (PPI) network for
the lean and T2D groups, separately, using fractions 13–30.
Comigration similarity was measured by univariate PCC, and
strongly correlated links are chosen to form the networks.
Proteins in the network were clustered using a network
clustering approach, ClusterONE [30]. The identified protein
clusters found in fractions 19–30 were inferred to be HDL
subspecies.
2.5. Disease Association Analysis. To determine whether
the HDL subspecies are related to particular diseases, we
performed disease association analyses using an independent
analyzer, ToppCluster [31]. In disease association analysis,
ToppCluster calculated an enrichment score with a hypergeometric distribution test for our identified HDL subspecies
associated with human disease annotations that were collected from multiple public human disease databases. A
default Bonferroni correction was applied on the tests of
associations and the corrected 𝑃 < 0.05 was used to select
significant associated diseases.

3. Results
3.1. HDL-Associated Proteins and Arterial Stiffness. We
first sought to determine if individual HDL-associated
proteins in the plasma HDL fractions were associated with
arterial stiffness. A total of 68 HDL-associated proteins were
identified across all fractions. Figures 1 and 2 show univariate
PCC of 58 proteins within the HDL size fractions versus
PWV in the lean and T2D groups, separately. Across the two
groups, we identified 14 distinct HDL proteins that exhibited
significant correlation with PWV (|PCC| ≥ 0.9, 𝑃 < 0.05 after
Benjamini-Hochberg procedure). In the lean group specifically, seven proteins showed strong negative correlation with
PWV (Figure 1). Those include classical apolipoproteins
apoA-I, apoC-III, and apoJ, as well as complement C1s subcomponent, histidine-rich glycoprotein, inter-alpha-trypsin
inhibitor 2, and pigment epithelium-derived factor. The
significant proteins were detected across the HDL size range
and showed no preferential distribution in larger or smaller
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Lean
Protein

HDL fraction number

UniProtKB
19

Alpha-1B-glycoprotein
Alpha-2-antiplasmin
Alpha-2-HS-glycoprotein
Alpha-2-macroglobulin
Angiotensinogen
Antithrombin-III
Apolipoprotein A-I
Apolipoprotein A-II
Apolipoprotein A-IV
Apolipoprotein C-I
Apolipoprotein C-III
Apolipoprotein E
Apolipoprotein M
Apolipoprotien L1
Apolipoprotein H
Ceruloplasmin
Apolipoprotein J
Complement C1s subcomponent
Complement C2
Complement C3
Complement C4-B
Complement C9
Complement factor B
Complement factor H
Fibrinogen alpha chain
Fibrinogen beta chain
Fibrinogen gamma chain
Fibronectin
Gelsolin
Haptoglobin
Haptoglobin related protein
Hemopexin
Heparin cofactor 2
Histidine-rich glycoprotein
Ig alpha-1 chain C region
Ig gamma-1 chain C region
Ig kappa chain C region
Ig lambda chain C regions
Inter-alpha-trypsin inhibitor 1
Inter-alpha-trypsin inhibitor 2
Inter-alpha-trypsin inhibitor 4
Kallistatin
Kininogen-1
Lumican
N-Acetylmuramoyl-L-alanine amidase
Phosphatidylinositol-glycan-speciﬁc PLD
Pigment epithelium-derived factor
Plasma kallikrein
Plasma protease C1 inhibitor
Plasminogen
Prothrombin
Retinol binding protein 4
Serotransferrin
Albumin
Paraoxonase 1
Transthyretin
Vitamin D binding protein
Vitronectin

A1BG_HUMAN
A2AP_HUMAN
FETUA_HUMAN
A2MG_HUMAN
ANGT_HUMAN
ANT3_HUMAN
APOA1_HUMAN
APOA2_HUMAN
APOA4_HUMAN
APOC1_HUMAN
APOC3_HUMAN
APOE_HUMAN
APOM_HUMAN
APOL1_HUMAN
APOH_HUMAN
CERU_HUMAN
CLUS_HUMAN
C1S_HUMAN
CO2_HUMAN
CO3_HUMAN
CO4B_HUMAN
CO9_HUMAN
CFAB_HUMAN
CFAH_HUMAN
FIBA_HUMAN
FIBB_HUMAN
FIBG_HUMAN
FINC_HUMAN
GELS_HUMAN
HPT_HUMAN
HPTR_HUMAN
HEMO_HUMAN
HEP2_HUMAN
HRG_HUMAN
IGHA1_HUMAN
IGHG1_HUMAN
IGKC_HUMAN
LAC1_HUMAN
ITIH1_HUMAN
ITIH2_HUMAN
ITIH4_HUMAN
KAIN_HUMAN
KNG1_HUMAN
LUM_HUMAN
PGRP2_HUMAN
PHLD_HUMAN
PEDF_HUMAN
KLKB1_HUMAN
IC1_HUMAN
PLMN_HUMAN
THRB_HUMAN
RET4_HUMAN
TRFE_HUMAN
ALBU_HUMAN
PON1_HUMAN
TTHY_HUMAN
VTDB_HUMAN
VTNC_HUMAN

20

21

22

23

24

25

26

27

28

29

−0.489

−0.665
0.310
0.160

30

−0.046

−0.132

−0.140

−0.598
−0.209
−0.041
−0.246

−0.209
−0.092

0.123
−0.239

0.089

0.054

0.042

0.384

−0.327

−0.171

−0.405
0.263
−0.546

−0.324

−0.908
−0.531

−0.764
−0.743

−0.586

−0.311

−0.685

−0.955
−0.449
−0.182

−0.673

−0.471

−0.615

−0.404
−0.346

−0.250
−0.416
0.052
0.449
−0.957
−0.349
0.233

−0.125
−0.409

−0.641
−0.924

−0.447
−0.982
−0.620

0.025
−0.402

−0.284
−0.504

−0.327
−0.594
−0.541
−0.516
−0.265

−0.682
−0.630
−0.126
−0.355
0.140
−0.336

0.596

−0.413
−0.262
−0.540

−0.307
−0.632

−0.087
−0.502

−0.513

−0.713

−0.670

−0.325
−0.292

−0.474

0.077
−0.042
−0.452

−0.262

−0.042
0.015
−0.017
−0.349

−0.528
−0.210

−0.856
0.351

0.457

0.089

−0.069

−0.638

−0.452
−0.389
−0.919

0.480
0.235
0.351

−0.678
−0.237
−0.591

−0.339
−0.228
−0.176

−0.107

−0.424
−0.591

−0.416
0.177

−0.575

−0.095

−0.240

−0.568
−0.288

0.030
0.304
−0.113

−0.319
−0.691
−0.497
−0.555
−0.514
−0.593

0.597
0.322

−0.236

−0.592

−0.416
−0.929

−0.356
−0.246
−0.150
−0.267
−0.699
−0.620

−0.579
−0.331
0.450
−0.358
−0.410

−0.386

−0.318

−0.489
0.342
−0.496
0.084

0.034
−0.382
−0.210
−0.356

−0.308
−0.944
−0.627

−0.645

−0.172

−0.466

−0.098

−0.157

−0.363

−0.252

0.061
−0.262

−0.298

0.052
0.039

−0.370

−0.254

0.115
0.130

−0.527
0.233

0.022
0.244
0.099

−0.447

−0.121
−0.921

−0.226
−0.551

−0.294

−0.346
−0.513

0.276
0.300

0.438

0.500

0.133
−0.210

−0.382

−0.587

−0.306
−0.286

−0.195
−0.010

−0.209
−0.670

0.353

0.557

−0.369
−0.366

−0.198
−0.134

−0.069
−0.545
0.017

0.735

−0.075
−0.378

0.276
0.285
−0.041

Figure 1: PCCs of peptide counts of individual proteins with PWV for the lean group across HDL fractions. Red, white, and blue are used to
mark maximal, medium, and minimum value, respectively. Green checkmark indicates significant correlation. The proteins that also correlate
with PWV in the T2D group are highlighted in yellow.

particles. The negative correlation with PWV suggests that
these proteins may be components of the atheroprotective
particles.
In contrast, in the T2D group, nine proteins were found
to be positively correlated with PWV (Figure 2). These
proteins were mainly distributed across fractions 26∼29, the
range containing smaller HDL particles. These proteins were

alpha-2-HS-glycoprotein, antithrombin-III, apoA-I, gelsolin,
hemopexin, histidine-rich glycoprotein, kininogen-1, plasminogen, and albumin. The positive correlation with PWV
suggests that these may be atherogenic. It is worth noting
that apoA-I and histidine-rich glycoprotein were found in
both groups but with negative correlation with PWV in
the lean group and positive correlation in the T2D group,
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T2D

Protein

UniProtKB ID

Alpha-1B-glycoprotein
Alpha-2-antiplasmin
Alpha-2-HS-glycoprotein
Alpha-2-macroglobulin
Angiotensinogen
Antithrombin-III
Apolipoprotein A-I

A1BG_HUMAN
A2AP_HUMAN
FETUA_HUMAN
A2MG_HUMAN
ANGT_HUMAN
ANT3_HUMAN
APOA1_HUMAN
APOA2_HUMAN
APOA4_HUMAN
APOC1_HUMAN
APOC3_HUMAN
APOE_HUMAN
APOM_HUMAN
APOL1_HUMAN
APOH_HUMAN
CERU_HUMAN
CLUS_HUMAN
C1S_HUMAN
CO2_HUMAN
CO3_HUMAN
CO4B_HUMAN
CO9_HUMAN
CFAB_HUMAN
CFAH_HUMAN
FIBA_HUMAN
FIBB_HUMAN
FIBG_HUMAN
FINC_HUMAN
GELS_HUMAN
HPT_HUMAN
HPTR_HUMAN
HEMO_HUMAN
HEP2_HUMAN
HRG_HUMAN
IGHA1_HUMAN
IGHG1_HUMAN
IGKC_HUMAN
LAC1_HUMAN
ITIH1_HUMAN
ITIH2_HUMAN
ITIH4_HUMAN
KAIN_HUMAN
KNG1_HUMAN
LUM_HUMAN
PGRP2_HUMAN
PHLD_HUMAN
PEDF_HUMAN
KLKB1_HUMAN
IC1_HUMAN
PLMN_HUMAN
THRB_HUMAN
RET4_HUMAN
TRFE_HUMAN
ALBU_HUMAN
PON1_HUMAN
TTHY_HUMAN
VTDB_HUMAN
VTNC_HUMAN

Apolipoprotein A-II
Apolipoprotein A-IV
Apolipoprotein C-I
Apolipoprotein C-III
Apolipoprotein E
Apolipoprotein M
Apolipoprotien L1
Apolipoprotein H
Ceruloplasmin
Apolipoprotein J
Complement C1s subcomponent
Complement C2
Complement C3
Complement C4-B
Complement C9
Complement factor B
Complement factor H
Fibrinogen alpha chain
Fibrinogen beta chain
Fibrinogen gamma chain
Fibronectin
Gelsolin
Haptoglobin
Haptoglobin related protein
Hemopexin
Heparin cofactor 2
Histidine-rich glycoprotein
Ig alpha-1 chain C region
Ig gamma-1 chain C region
Ig kappa chain C region
Ig lambda chain C regions
Inter-alpha-trypsin inhibitor 1
Inter-alpha-trypsin inhibitor 2
Inter-alpha-trypsin inhibitor 4
Kallistatin
Kininogen-1
Lumican
N-Acetylmuramoyl-L-alanine amidase
Phosphatidylinositol-glycan-speciﬁc PLD
Pigment epithelium-derived factor
Plasma kallikrein
Plasma protease C1 inhibitor
Plasminogen
Prothrombin
Retinol binding protein 4
Serotransferrin
Albumin
Paraoxonase 1
Transthyretin
Vitamin D binding protein
Vitronectin

19

20

21

22

HDL fraction number
23
24
25
26

27

28

29

30

0.934

0.838

0.577

0.920
0.848

0.669
0.864
0.442
0.842

0.864
0.928

0.905
0.719

0.411

0.703

0.550

0.381

0.347

0.764

0.861

0.530

0.861

−0.491
0.795

0.848
0.562

0.767

0.512

0.530

0.553

0.685

0.331
0.842

0.761
0.000
0.230

0.970
0.320

0.856
−0.189

0.237

0.316

0.708
0.417

0.258
0.269
0.320
0.328

0.282
−0.024

−0.293
0.400
−0.100
0.719

0.257
0.587
0.364
0.366
0.097
0.736

0.898

−0.158
0.424

0.323
−0.052

0.382

0.342
0.848

0.875

−0.191
0.698

0.286

0.736
0.424

0.122
−0.200

0.471

0.029
0.848

−0.400
0.669

0.496
0.000

0.590
0.258

0.442

0.442
0.340
0.316

−0.006

0.827
−0.021
0.736

0.883
0.632
0.890

−0.200

−0.328

0.528

0.426

0.414
0.267

0.632
0.126

0.530

0.450

0.319

0.804

0.751
0.684
0.786

0.947

0.904
0.366
0.959

0.817
0.574

0.574

0.842

0.480

0.842

0.782

0.869

−0.133

0.274

0.856

−0.126

0.921

−0.031

0.978
0.437

0.670

0.424

0.892
0.050

0.900

0.578

0.870

−0.126
0.201
0.692

0.510

0.710

0.872

Figure 2: PCCs of peptide counts of individual proteins with PWV for the T2D group across HDL fractions. Red, white, and blue are used to
mark maximal, medium, and minimum value, respectively. Green checkmark indicates significant correlation. The proteins that also correlate
with PWV in the lean group are highlighted in yellow.

suggesting that perhaps the protein distribution (what size
particles it associates with) is altered in disease, rendering
it proatherogenic. Except the significantly PWV-correlated
proteins mentioned above, the majority of phospholipidassociated proteins demonstrated no clear correlation with
PWV measurements.

3.2. Pattern Distribution of Proteins Associated with PWV.
Based on the correlation analysis, we wanted to know if these
PWV-related proteins are associated with altered HDL particle sizes. This prompted us to investigate the distributions
of these PWV-related proteins. We compared distribution
patterns of all the significantly correlated proteins between
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Plasminogen

∗

Pigment epithelium-derived factor

1
Normalized peptide counts

Normalized peptide counts

1
0.8
0.6
0.4
0.2

∗

0.8
0.6
0.4
0.2
0

0
19

20

21

22

23

24 25 26
Fraction

27

28

29

30

19 20 21 22 23 24 25 26 27 28 29
Fraction

(a)

1

∗
Normalized peptide counts

Normalized peptide counts

(b)

Apolipoprotein A-I
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Figure 3: Distribution patterns of example proteins exhibiting high correlations with PWV. Spectral counts were normalized by dividing by
the maximum value across all fractions. Data are mean and standard deviation of normalized spectral counts. Normalized peptide counts
across the HDL fractions are shown for lean (blue) and T2D (red): (a) plasminogen, (b) pigment epithelium-derived factor, (c) inter-alphatrypsin inhibitor 2, (d) apoA-I, (e) histidine-rich glycoprotein, and (f) apoJ. A 𝑡-test was performed for comparing normalized peptide counts
between lean and T2D groups at individual fractions. ∗ 𝑃 < 0.05. # 𝑃 < 0.08.

the lean and T2D groups (𝑛 = 14). Using a 𝑡-test, we determined that 5/14 PWV-correlated proteins have significant
distribution changes at specific fractions (𝑃 < 0.05). These
include gelsolin, kininogen-1, plasminogen, inter-alphatrypsin inhibitor 2 (ITIH2), and pigment epithelium-derived
factor (PEDF). We noted that an additional five proteins (i.e.,
apoA-I, alpha-2-HS-glycoprotein, hemopexin, histidine-rich
glycoprotein, and albumin) exhibited observable pattern
changes but their 𝑃 value was slightly greater than 0.05.

Figures 3(a)–3(c) demonstrate PWV-correlated proteins with
significant pattern changes. Plasminogen and PEDF were
altered in smaller size HDL range, while ITIH2 was changed
in the larger HDL size fractions. Figures 3(d) and 3(e) show
two examples whose pattern changes are observable but not
significant at certain fractions. For example, compared with
the lean subjects, apoA-I is decreased in the T2D subjects at
fraction 21 (Figure 3(d)) as well as histidine-rich glycoprotein
at fraction 23 (Figure 3(e)). Their changes both appeared in

Complexity
the larger HDL size fractions. Only four of 14 PWV-correlated
proteins exhibited no observable changes in distribution:
antithrombin-III, apoC-III, complement C1s subcomponent,
and apoJ (Figure 3(f)). The pattern analysis suggests that only
a portion of HDL subspecies where these proteins reside were
altered in youth with T2D.
3.3. HDL Subspecies and Arterial Stiffness. Next, we sought
to identify potential HDL subspecies that may be related to
arterial stiffness. We have previously designed a computational method to reveal putative HDL subspecies [16]. In this
work, we employed the same approach to construct comigration PPI networks for the lean and T2D subjects, respectively,
as described in Section 2. The spectral counts of the 68 proteins across fractions 13–30 were applied in network construction. PPI networks for the lean and T2D groups are
shown in Figure 4. The networks only include strongly correlated comigration links (PCC ≥ 0.8, 𝑃 < 0.05) and, as a
result, 42 associated HDL proteins. The lean network shown
in Figure 4(a) contains 62 comigration links, while the T2D
network in Figure 4(b) has only 35 links. Fibrinogen alpha
chain, fibrinogen beta chain, and fibrinogen gamma chain
(yellow) form fibrinogen, a glycoprotein in plasma. These
three subunits should be interconnected in the comigration
network, since they colocalize and travel together in fractionated plasma as a single protein. Interconnection of the
three subunits in both Figures 4(a) and 4(b) was observed,
validating our network construction.
In Figure 4(a), we identified several groups of proteins
that can be found clustered together using the ClusterONE
method [30]. These clusters may comprise distinct HDL subspecies and are marked with various colors in the lean controls. Nodes that are not in any cluster are marked with aqua
color. In T2D network (Figure 4(b)), we applied the same
layout and color scheme as in Figure 4(a) for comparison.
There are global topological differences between the lean and
T2D networks. A clustering coefficient (CC) was calculated
to measure the degree to which nodes in a network tend to
cluster together. The CC of the lean network is 0.508, while
the CC of T2D network is reduced to 0.225. This reduction
indicates that lean subjects may have more intact protein
subspecies than T2D subjects.
Another important topological feature of a network is
the number of connected components (NCC). In a graph, its
connected components are the set of the largest subgraphs
that are each connected. A lower NCC indicates fewer
subgraphs and suggests stronger network connectivity. The
NCC of lean and T2D networks are 8 and 23, respectively.
In terms of number of links, the lean network has more
links than the T2D network with the same PCC cutoff.
This suggests that HDL proteins in the lean controls have
a stronger comigration relationship than the ones in T2D
subjects. Loss of the links in the T2D network is mainly within
the clusters (e.g., green and yellow clusters). On the other
hand, the T2D network involves additional links; for example,
kininogen-1 comigrates with the pink cluster. The differences between the networks indicate that the compositional
alterations of certain HDL subspecies may occur in youth
with T2D.
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Upon further examination, we first noted that the edge
between apoA-I and apoA-II is absent in the T2D group.
Although not all apoA-I containing particles include apoAII, it is well known that apoA-I and apoA-II often reside on
the same HDL complexes [14, 18, 29, 32]. An independent
study [32] has reported the apoA-I and apoA-II comigrated
after gel filtration-based plasma fractionation (PCC = 0.96).
In the current study, the PCC of the apoA-I and apoA-II
migration pattern in the lean group is 0.871 (𝑃 < 0.05),
while the PCC in T2D group is reduced to 0.747 (𝑃 < 0.05).
Their comigration patterns were compared between lean and
T2D groups (Figures 5(a) and 5(b)). Obvious distribution
changes appeared on apoA-II, especially around fractions
21–23. This was previously reported in our original paper
[17]. The lower PCC may be due to either a loss of the small
HDL particle in T2D patients or the compositional alteration
of HDL subspecies containing apoA-II in youth with T2D.
Additionally, the link between haptoglobin-related protein
and complement factor H is lost in the T2D network. Their
comigration patterns (Figures 5(c) and 5(d)) demonstrate
that haptoglobin-related protein has a clear pattern alteration
in the T2D group. On the other hand, we found some edges
that only appear in the T2D network.
Figures 5(e) and 5(f) show that kininogen-1 has a peak at
fraction 26 in the lean controls but a peak at fraction 27 in
the T2D subjects. This right-shift makes kininogen-1 have a
similar migration pattern to apoH in youth with T2D.
In the HDL-associated PPI network, we observed three
clusters that contain at least two proteins that were highly
correlated with PWV. These are the blue cluster containing
four proteins (apoA-IV, antithrombin-III, kallistatin, and
albumin), the green cluster containing five proteins (apoAI, apoA-II, complement C3, complement C1s subcomponent,
and Ig gamma-1 chain C region), and the pink cluster
containing six proteins (hemopexin, gelsolin, plasminogen,
complement C9, apoH, and alpha-2-HS-glycoprotein). The
proteins in the blue cluster do not likely form a subspecies.
They simply migrate together due to their similar sizes. If
they formed a subspecies, their combined MW would be at
least 205 kDa, without any associated lipid, and would thus
elute in an earlier fraction. Therefore, this grouping will not be
referred to as a subspecies. However, the remaining 2 clusters
are each likely migrating together as at a subspecies, since
they elute in a fraction containing proteins that are larger than
any single protein in their respective clusters. The migration
patterns for the 2 subspecies in both lean and T2D groups
are shown in Figure 6. Again, we first provided fibrinogen
as a control shown in Figures 6(a) and 6(b) to illustrate
how different proteins comigrate if they reside on the same
“particle” and show no difference in the pattern between lean
and T2D as previously observed. The rest of panels in Figure 6
demonstrate the patterns of the two newly revealed clusters
in lean and T2D. The green cluster (Figures 6(c) and 6(d))
contains two negatively PWV-correlated proteins that were
identified in the lean group. Pattern changes are clear in the
T2D group, so that links between proteins in the lean group
are absent in the T2D group.
It appears that the intact subspecies containing two
atheroprotective proteins are remodeled into disconnected
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Figure 4: HDL-associated PPI networks for the (a) lean group and (b) T2D group. Nodes represent the proteins and edges represent comigration
relationship. Intracluster edges are marked as dark pink, and intercluster edges are blue. Significantly PWV-correlated proteins are denoted
with red text (positive) and blue text (negative). Clustered protein groups are marked with different colors.
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Figure 5: Comigration patterns of protein pairs. (a-b) apoA-I and apoA-II, (c-d) haptoglobin-related protein and complement factor H, and
(e-f) apoH and kininogen-1, from lean and T2D groups. Spectral counts were normalized by dividing maximum value across all fractions.
Data are mean and standard deviation of normalized spectral counts.

proatherogenic elements. Lastly, in the pink cluster (Figures
6(e) and 6(f)), four out of six members are positively PWVcorrelated proteins in T2D group. Only alpha-2-HS-glycoprotein demonstrates observable pattern change. Since these
two clusters likely correspond to HDL subspecies in plasma,
we expect these subspecies to be related to arterial stiffness.

3.4. HDL Subspecies and Disease. Taking our analysis a step
further, we sought to explore the human diseases these
subspecies are associated with. We used ToppCluster [31] to
construct a disease-cluster association network (𝑃 < 0.05
after Bonferroni correction). As shown in Figure 7, square
nodes of the network represent all the diseases significantly
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Figure 6: Comigration patterns of the proteins residing on the same subspecies with at least two PWV-correlated proteins in the lean (a, c, e)
and the T2D (b, d, f) groups. Data are mean normalized peptide counts. Colors of distribution patterns are matched to the colors of node
outlines. (a-b) Control: comigration pattern of fibrinogen 𝛼/𝛽/Υ chains (on the same particle) shows no difference between lean and T2D.
(c-d) Cluster 1: apolipoprotein A-I, apolipoprotein A-II, Ig gamma-1 chain C region, complement C3, and complement C1s subcomponent.
(e-f) Cluster 2: hemopexin, plasminogen, apolipoprotein H, complement C9, gelsolin, and alpha-2-HS glycoprotein.

associated with those clusters. Edges in the network represent
significant associations, which are calculated based on hypergeometric tests. We marked diabetes-related, CVD-related,
and dyslipidemia-related terms with different colors. Both
clusters appeared to be associated with certain CVD-related
or dyslipidemia-related diseases. The strong associations
indicate that the proteins within the subspecies may work
together and contribute to the pathogenesis of those diseases.

Therefore, this disease association further supports that these
HDL subspecies may be related to arterial stiffness.

4. Discussion
Many pieces of evidence have suggested that alterations of
certain HDL proteins or subspecies in T2D patients may be
associated with arterial stiffness [17, 33–37]. For example,
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endothelial protective activities of HDL isolated from T2D
subjects are reduced compared to those of healthy control
subjects [37]. Further, HDL incubated with glucose was
shown to have impaired anti-inflammatory and antioxidant
activities [36]. Thus, identification of T2D-specific HDL proteins or subspecies could not only serve as early biomarkers
of distinct stages of CVD but also help in designing specific
HDL-related therapies to protect persons with T2D from
CVD complications.
Even though previous studies have shown that HDLassociated proteins are altered in youth with T2D [17], which
proteins or subspecies are specifically related to arterial
stiffness remains elusive. Here, we set out to identify HDL
proteins and subspecies that correlate with arterial stiffness by
comparing clinical and proteomics data from lean and T2D
participants. This work is novel in two aspects: (1) it reveals
a number of significantly PWV-correlated proteins by combining biological assays, clinical measurement, and HDL proteomics and (2) it goes beyond individual proteins and investigates the impact of T2D from a HDL subspecies perspective.
With regard to the individual HDL proteins that were
correlated with arterial stiffness, several findings are noteworthy, including changes in the PCC of apoA-I, histidine-rich
glycoprotein, and hemopexin with PWV. In the current analysis, apoA-I has both negative and positive correlations with
arterial stiffness, which indicates that apoA-I may serve as a
platform for HDL particles that can be both atheroprotective
and atherogenic. Since the gel filtration technique separates
HDL particles by hydrodynamic diameter, an alteration of
the distribution pattern indicates a change in particle size
and thus a compositional change of HDL subspecies. ApoAI in the T2D group exhibits lower normalized abundance in
the larger HDL range and an increase in the smaller particle
fractions. From the HDL subspecies perspective, apoA-I is
the major component and structural scaffold of HDL and
is likely involved in multiple HDL subspecies. Based on the
PCC in different fractions (Figures 1 and 2), it is likely that
the balance between larger size apoA-I containing subspecies
in fractions 21-22 and the smaller apoA-I containing subspecies in fractions 25–28 may underlie apoA-I’s apparent

atheroprotection in the lean group and possibly also the
increase in arterial stiffness in the T2D group. Unfortunately,
based on current analysis, it is impossible to distinguish two
possibilities: (1) T2D results in the breakdown of protective
HDL particles into harmful smaller ones or (2) there exist
two distinct HDL subspecies in the plasma with certain
metabolic balance, and T2D tends to alter this balance. It will
be important to understand the metabolic origins of these
species to address these questions.
Additionally, histidine-rich glycoprotein and hemopexin
are positively correlated with PWV in the T2D group. These
two proteins play roles in the regulatory functions for the
blood coagulation, complement, and fibrinolysis pathways.
As of now, we do not have enough information to speculate
how these proteins may contribute to vascular stiffness or
even if they are causal in this regard.
Our network analysis revealed clear global differences in
the protein networks between lean and T2D groups. Global
topological parameters of these two networks suggest that the
lean network has a stronger connectivity and tends to have
more clusters, while the T2D network has a more scattered
topology. It is possible that, in T2D, certain proteins are
missing from critical HDL subspecies, thus altering their
function. Fisher et al. [38] have described the formation of
dysfunctional HDL. It is expected that when dysfunctional
HDL are generated instead of mature spherical HDL, protein
networks of HDL may show obvious topological differences.
Our network analysis is consistent with the previous observations that the HDL subspecies in the T2D group are indeed
altered by T2D [17, 33, 34], as demonstrated by the decreased
intracluster links compared with the lean group (such as loss
of the apoA-I and apoA-II link, as well as other links within
the clusters).
Two candidate subspecies that contain at least two PWVcorrelated proteins that may be related to arterial stiffness
were identified. Notably, there are some distribution pattern
changes in individual proteins of the identified subspecies
between the lean and T2D groups (Figure 6). This indicates
that the composition of these particles may be altered in
the T2D subjects. It is possible that such compositional

12
alterations may impact certain functions of HDL and, consequently, the progression of CVD. These HDL subspecies
may provide a link between T2D and CVD complications.
Currently, our study only focused on arterial stiffness and
CVD. Since T2D has various typical complications (e.g.,
CVD, neuropathy, nephropathy, retinopathy, hearing impairment, and Alzheimer’s disease), we speculate that diverse
HDL subspecies or lipid-associated particles may be related
to different complications.
One limitation of this work was the limited sample size.
Due to the limitation of the subject recruiting as well as
the relatively limited throughput of the plasma fractionation
procedure, this study was carried out on a representative
subject group instead of a large population. Thus, we cannot
totally exclude the possibility of bias induced by individual
differences. However, no other study has endeavored to
subfractionate lipoproteins and track their proteome in this
much detail. Another limitation of the study is that we
cannot know with 100% certainty whether every protein in
the analysis resided on an HDL particle. However, the study
was specifically designed to increase the likelihood that we are
only looking at HDL-associated proteins. The method used
in this study involves a multipronged approach to fractionate
HDL. First, whole plasma is size-fractionated. Second, LRA is
used to isolate lipid-containing particles from each fraction.
Although LRA effectively binds lipid-rich species, we cannot
confidently exclude the possibility that some plasma proteins
bound the LRA. Thus it is possible that, even with the LRA
selection process, some plasma proteins were detected by MS
analysis. However, finally, the resulting list of MS identified
proteins (approximately 110 proteins) was filtered against
the HDL Proteome Watch, a curated database that reports
proteins that have been detected on HDL by multiple mass
spectrometry studies. Thus, it is reasonable that the proteins
reported in the final subspecies analysis are likely to be HDLassociated proteins. Future work will focus on validating
these results in larger groups.

5. Conclusions
In summary, we identified seven HDL proteins that are negatively correlated with arterial stiffness, as well as nine proteins
that positively correlated with arterial stiffness from complex
proteomics data. Additionally, we constructed protein comigration networks for the lean and T2D groups, separately.
Using the network-based complex identification, we discovered two PWV-related HDL subspecies that are associated
with multiple complications of T2D. We caution that current
findings are only based on correlation analysis. Nevertheless,
the correlations are significant enough to support further
experimental investigation. We found that the distribution
of those proteins may provide a better understanding on
how HDL proteins are altered in youth with T2D and how
they are related to arterial stiffness. Our results also indicate
that certain HDL proteins (e.g., apoA-I and histidine-rich
glycoprotein) may reverse their protective roles and become
atherogenic in T2D condition. This may explain why the
HDL-C raising therapies [7] have not achieved desirable
outcomes. These PWV-related proteins and subspecies could
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be excellent targets in future deterministic experiments for
investigating specific HDL subspecies.
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