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Low Levels of HDL-C  Associate with Increased Risk 
of Coronary Artery Disease (CAD)

Gordon et al. Am J Med, 1977

Gordon et al. Am J Med, 1977

The study found high blood pressure and high blood 
cholesterol to be major risk factors for cardiovascular 
disease.





Heinecke, Nature, 2012; Linsel_Nitscke & Tall Nature Review Drug Discovery 2005

Conventional 
Wisdom Says HDL 
is Good Because 

of Reverse 
Cholesterol 
Transport

Challenge:

HDL CEC inversely associates with incident and prevalent CHD in 
some cohorts, directly in some cohorts.

HDL-CEC directly associates with CAC



Framingham Heart Study doesn’t Capture Race 
Diversity



N > 30,000 from the “Stroke belt”

- White American (n = 17,428)
- African American (n = 12,128)

Reasons for Geographic and Racial 
Differences in Stroke (REGARDS)

• Longitudinal population-based cohort 
• 30,239 
• age 45 and older

• Random sampling with geographic 
representation

– 21% from the buckle of the stroke belt
– 35% from the stroke belt
– 44% from the rest of the contiguous US

• 42% African American / 58% white
• 45% male / 55% female 



Race-Specific Association of 
HDL-C with CHD Risk



Higher HDL-C is associated with reduced CHD risk in Whites 
but not in Blacks

HDL clinical Categories

• low (reference):
<40mg/dL for males 
<50mg/dL for females

• moderate: 
40-59mg/dL for males, 
50-59mg/dL for females

• high: 
>=60mg/dL.

Zakai et al. JACC 2022



White Adults but not Black Adults Align with 
Framingham Expectations

Zakai et al,  JACC, 2022



Elevated HDL Cholesterol  associated with increased 
all cause mortality in both men and women

Madsen CM, Varbo A, Nordestgaard BG. Extreme high high-density lipoprotein cholesterol is paradoxically associated with high mortality in men and 
women: two prospective cohort studies. Eur Heart J. 2017 Aug 21;38(32):2478-2486. doi: 10.1093/eurheartj/ehx163. PMID: 28419274.



Elevated HDL Cholesterol  
associated with high 
mortality in both men 
and women

Madsen CM, Varbo A, Nordestgaard BG. Extreme high high-density lipoprotein cholesterol is paradoxically associated with high mortality in men and 
women: two prospective cohort studies. Eur Heart J. 2017 Aug 21;38(32):2478-2486. doi: 10.1093/eurheartj/ehx163. PMID: 28419274.

HDL-C >80mg/dL Associated with Increased 
Cardiovascular Mortality



High HDL-C associates with adverse cardiovascular 
outcomes

Liu C et al. JAMA Cardiol. 2022



Interpretation of the evidence for the efficacy and safety of statin therapy

Prof Rory Collins, FRS, Christina Reith, FRCP (Glasg.), Jonathan Emberson, PhD, Prof Jane Armitage, FRCP, Prof Colin Baigent, 
FRCP, Lisa Blackwell, BSc, Prof Roger Blumenthal, MD, Prof John Danesh, FMedSci, Prof George Davey Smith, DSc, Prof David 

DeMets, PhD, Prof Stephen Evans, MSc, Prof Malcolm Law, FRCP, Prof Stephen MacMahon, FMedSci, Seth Martin, MD, Prof Bruce 
Neal, PhD, Prof Neil Poulter, FMedSci, David Preiss, PhD, Prof Paul Ridker, MD, Prof Ian Roberts, PhD, Prof Anthony Rodgers, MBChB, 
Prof Peter Sandercock, DM, Prof Kenneth Schulz, PhD, Prof Peter Sever, FRCP, Prof John Simes, MD, Prof Liam Smeeth, FRCGP, Prof 

Nicholas Wald, FRS, Prof Salim Yusuf, DPhil, Prof Richard Peto, FRS

The Lancet
Volume 388 Issue 10059 Pages 2532-2561 (November 2016) 

DOI: 10.1016/S0140-6736(16)31357-5

Tall and Rader, Circ Res, 2017

CETP Inhibitors Raise Plasma HDL-C Levels with No 
Cardiovascular Benefits 



HDL is a Heterogenous Particle

Nucleus ~1- 10um

Vaisar et al. JCI, 2007

>300 Lipid Species
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(group 2; 6 control subjects and 7 subjects with established CAD; 
additional details below). The clinical characteristics of the sub-
jects are shown in Table 1. The following criteria were used to iden-
tify proteins: (a) a high peptide identification score (according to 
PeptideProphet; P > 0.90); (b) a high protein identification score 
(P > 0.95, ProteinProphet); and (c) at least 2 peptides unique to the 
protein of interest had to be detected in at least 5 subjects (total 
HDL) or 2 subjects (HDL3). Requiring at least 2 unique peptides 
with a high confidence score markedly decreases the false-positive 
rate of protein identification (16). Shotgun proteomics with these 
stringent criteria identified 48 proteins in HDL (Table 2).

This analytical approach detected every apolipoprotein already 
known to associate with HDL, except for apoA-V. Immunoblot 
analysis confirmed that apoA-I, apoA-II, apoC-II, apoE, cluster-
in (apoJ), and apoM were present in the lipoprotein. Indeed, we 
detected more than 90% of all proteins that have previously been 
identified by biochemical methods in HDL, including lecithin:
cholesterol acyl transferase (LCAT), phospholipid transfer protein 
(PLTP), cholesteryl ester transfer protein (CETP), transferrin, all 
3 human serum amyloid proteins (SAA1, SAA2, SAA4), and both 
paraoxonase-1 (PON1) and PON3 (17–28), strongly suggesting 
that our overall experimental approach was valid.

We found a number of protein families not previously known 
to reside in HDL, including complement pathway and regulatory 
proteins (complement component 4 [C4A and C4B], complement 
component 9 [C9], vitronectin) and endopeptidase inhibitors  

(α-2-antiplasmin, α-2-HS-glycoprotein, inter-α-trypsin inhibitor 
[α-1-microglobulin/bikunin and inter-α-trypsin inhibitor heavy 
chain H4], angiotensinogen, α-1-antitrypsin, serpin peptidase 
inhibitor [clade F, member 1], kininogen-1). We also detected 
plasma retinol–binding protein, which was recently implicated in 
the pathogenesis of type 2 diabetes (29). Interestingly, we identi-
fied the lysosomal protein prenylcysteine oxidase and hemopexin, 
an iron-binding protein that inhibits LDL oxidation.

Gene Ontology (GO) analysis (Figure 1) demonstrated that 22 
of the 48 HDL-associated proteins were linked to cholesterol and 
lipoprotein metabolism (P = 2 × 10–27). Twenty-three of the 48 
were acute-phase-response proteins, whose plasma concentrations 
are altered markedly by acute infection and chronic inflammation 
(P = 1 × 10–18). Six proteins were regulators of complement acti-
vation (P = 5 × 10–5). The analysis also revealed 2 major clusters 
of molecular function: 8 proteins were endopeptidase inhibitors  
(P = 2 × 10–6), and 8 were heparin-binding proteins (SAA1, SAA2, 
SAA4, apoE, apoH, haptoglobin-related protein, kininogen-1, vit-
ronectin; P = 6 × 10–5). Collectively, these observations implicate 
HDL in the acute-phase response and innate immunity. They also 
strongly support the proposal that HDL carries proteins that may 
play previously unsuspected roles in regulating complement acti-
vation and inhibiting proteolysis.

apoA-I particles and HDL carry members of overlapping families of 
proteins. To further investigate the protein composition of HDL, 
we used affinity chromatography to isolate lipoprotein particles 

5BCMF��
Clinical characteristics of study subjects

 n HDL isolated Status Age  % Male Cholesterol  Triglycerides  HDL-C  LDL-C  
    (yr)  (mg/dl) (mg/dl) (mg/dl) (mg/dl)
Group 1 20 Total Control 57 (6) 100 197 (13) 104 (29) 42 (8) 134 (14)
Group 2 6 HDL3 Control 54 (14) 100 183 (29) 117 (61) 45 (12) 121 (22)
 7 HDL3 CAD 54 (7) 100 231A (31) 189 (101) 40 (11) 161A (19)
Group 3 32 HDL3 Control 68 (10) 19 234 (24) 106 (27) 50 (11) 148 (21)
 32 HDL3 CAD 67 (10) 19 208A (36) 99 (32) 51 (11) 124A (33)
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Classic HDL 
Metric

HDL-C

New Generation HDL metrics

Functions

In Vitro 
Efflux

AntioxidantAnti-inflammatory

In Vivo 
Efflux

New Generation of HDL Metrics
Clearance

Particle 
Sizes Proteome Lipidome

Genetics

HDL Biogenesis

Fazio and Pamir, Circ Res, 2016

Suspected
Established 



Dysfunctional HDL is Linked to Disease

Dysfunctional HDL Particle Functional HDL Particle 

?

Adapted from Ben-Aisha, IJMS, 2020



Systems Biology as Defined by NIH

Systems biology is an approach in 
biomedical research to understand 
the larger picture—be it at the 
level of the organism, tissue, or 
cell—by putting its pieces together. 
It's in stark contrast to decades of 
reductionist biology, which involves 
taking the pieces apart.
May 2, 2022



Clinical Systems Biology Approach 

Validation 
Cohort

Factor X



Center For Preventive Cardiology Registry and Biorepository 

Is HDL detrimental in patients that have high HDL and high CAC?

Hypothesis: HDL lipid and protein composition makes HDL dysfunctional

Study HDL composition & function in 
patients with a defined CVD marker,  

coronary artery calcification (CAC) score

Function
Ø Cholesterol efflux capacity
Ø Anti-inflammatory capacity

Composition
Ø Proteomics
Ø Lipidomics



Project Goal

Study HDL composition & function in 
patients with a defined CVD marker,  

coronary artery calcification (CAC) score

Function
Ø Cholesterol efflux capacity
Ø Anti-inflammatory capacity

Composition
Ø Proteomics
Ø Lipidomics



Computed Tomography Scan: The calcification of the left anterior 
descending artery (A-C) and the right coronary artery  D) .

Coronary Artery Calcification Visualization 

A B

C D



Cohort Characteristics
Group 1

Normal HDL &
Low CAC

Group 2
Normal HDL &

High CAC

Group 3
High HDL &

Low CAC

Group 4
High HDL &

High CAC

Total Patients 36 41 15 10

Average BMI (± SD) 29.5 ± 5.3 29.3 ± 5.4 25.7 ± 2.5 25.0 ± 4.2

Average Age (± SD) 59.8 ± 12.0 64.1 ± 9.1 65.9 ± 9.8 66.8 ± 11.5

Gender (% Female) 44.4% 46.3% 73.3% 75.0%

Average CAC Score (± SD) 18.7 ± 26.3 582.1 ± 707.8 15.1 ± 23.9 376.9 ± 190.2

Median CAC Score [IQR] 2.3 [0-31.9] 386.8 [179-581] 1.0 [0-19.9] 440.7 [170.5-523.6]

Average HDL-C (mg/dL ± SD) 50.9 ± 7.4 52.3 ± 10.3 94.3 ± 14.8 96.5 ± 15.4

Average LDL-C (mg/dL ± SD) 158.9 ± 88.0 107.0 ± 56.7 125.7 ± 68.9 142.8 ± 118.5

Average VLDL-C (mg/dL ± SD) 50.4 ± 66.7 32.9 ± 16.1 21.9 ± 11.6 16.7 ± 7.8

Average Lp(a) (mg/dL ± SD) 46.4 ± 50.7 51.3 ± 60.5 59.5 ± 81.2 48.2 ± 46.5

Average TC (mg/dL ± SD) 257.0 ± 119.2 196.0 ± 68.6 239.1 ± 66.0 255.7 ± 120.1

Average Triglycerides (mg/dL ± SD) 240.2 ± 232.0 177.7 ± 106.9 95.3 ± 51.7 82.1 ± 37.7

Normal HDL &
Low CAC Score

1

High HDL &
Low CAC Score

3 4

High HDL &
High CAC Score

HDL-C <80 mg/dL
CAC score <100

Normal HDL &
High CAC Score

2

HDL-C <80 mg/dL
CAC score >100

HDL-C >80 mg/dL
CAC score <100

HDL-C >80 mg/dL
CAC score >100

Cohort Characteristics



NHDL = Normal HDL
HHDL = High HDL (>80 mg/dL)
LCAC = Low CAC score
HCAC = High CAC score (>100)

Proteome
Proteome remodeling in patients with high HDL 
and high CAC scores

Bergstrom, Hay, Mueller, Pacheco, and Rosario, in preparation

Proteins Detected

297 proteins detected in at least one 
sample
 (out of 100 total)

36 proteins detected in >75% of samples in 
at least one group



Clusterin and APOE are significantly more abundant on HDL from patients with 
high CAC scores
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149 Lipid Species detected in 13 different lipid classes
1. 19 SM, Sphingomyelin
2. 8 CE/C, Cholesterol Ester
3. 5 DAG, Diacylglycerol
4. 13 FFA, Free Fatty Acids
5. 7 LPC, Lysophosphatidylcholine
6. 1 LPE, Lysophosphatidylethanolamine
7. 3 MAG, Monoacylglycerol
8. 5 PA, Phosphatidic Acid
9. 45 PC, Phosphatidylcholine
10. 11 PE, Phosphatidylethanolamine
11. 4 PG, Phosphatidylglycerol
12. 17 PI/LPI, Phosphatidylinositol
13. 8 PS, Phosphatidylserine

LipidomeLipidome remodeling in patients with high 
HDL and high CAC scores
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Lipid species, PC, PA, and SM Were Reduced in high HDL/high CAC 
patients

[45 PC species totaled] [19 SM species totaled][5 PA species totaled]



IL10
IL6
IL1B

Gene Targets

Anti-Inflammatory Capacity of HDL is Measured with a 
Cell-based Assay

LPS Treatment HDL Treatment

▲TNF-⍺ ▼TNF-⍺

▲IL-1β ▼IL-1β

▲IL-6 ▼IL-6

▲IL-10 ▼IL-10



The Anti-inflammatory Capacity of HDL is Enhanced in High CAC 
Patients 

NHDL = Normal HDL (<80 mg/dL)
HHDL = High HDL (>80 mg/dL)
LCAC = Low CAC score (<100)
HCAC = High CAC score (>100) 0.0
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Sample
CAC 

Score HDL-C Lp(a) LDL-C VLDL-C TC Triglycerides
2019 566 96 12 141 9 246 45
2021 566 135 12 140 10 285 52

Corresponding labs

Vehicle
 LPS only
      NHDL / LCAC
 NHDL / HCAC
 HHDL / LCAC
 HHDL / HCAC

IL-6 Gene Expression IL-1b Gene Expression

Bergstrom, Hay, Mueller, Pacheco, and Rosario, in preparation



Methods to Measure Sterol Efflux Capacity

Fibroblasts

HDL

V/LDL
Lp(a)

UC

ABCA1 Efflux= +ABCA1 - (-)ABCA1

Cholesterol 
LOAD

cAMP/MF 
stimulation

Sterol  
acceptor

Efflux=% 
Sterol in 
media

H3 Chol. Labeling

ABCA1  expression

Serum-HDL

Measure H3



Sterol Efflux Capacity of HDL did not track with CAC scores

NHDL / LCAC
 NHDL / HCAC
 HHDL / LCAC
 HHDL / HCAC

NHDL = Normal HDL (<80 mg/dL)
HHDL = High HDL (>80 mg/dL)
LCAC = Low CAC score (<100)
HCAC = High CAC score (>100)

Sample
CAC 

Score HDL-C Lp(a) LDL-C VLDL-C TC Triglycerides
2019 566 96 12 141 9 246 45
2021 566 135 12 43 10 285 520
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ABCA1 Dependent Efflux

Bergstrom, Hay, Mueller, Pacheco, and Rosario, in preparation



1

n=36

Normal HDL &
Low CAC Score

2

n=41

Normal HDL &
High CAC Score

3

n=15

High HDL &
Low CAC Score

4

n=10

High HDL &
High CAC Score

Data type
Clinical
Functional
Lipidomics
Proteomics

Pearson 
Correlation

Bergstrom, Hay, Mueller, Pacheco, 
and Rosario, in preparation



4

n=10

High HDL &
High CAC Score

Data type
Clinical
Functional
Lipidomics
Proteomics

Apolipoproteins

Sphingomyelins

Phosphotidylcholines

Phosphoinositols

Sterol Efflux &
Anti-Inflammatory

Bergstrom, Hay, Mueller, Pacheco, 
and Rosario, in preparation



APOE vs Cholesterol Efflux
NHDL / LCAC
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APOE deficient HDL has Increased Sterol Efflux
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 HHDL / LCAC
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APOE is increased on 
HDL of CAD subjects

Green, Circulation, 2008

Statin+Niacin Treatment 
Reduces HDL 
Associated APOE
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High HDL/High CAC vs Normal HDL/Low CAC: Increased Conversion of PC to PA to PG 
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Dysfunctional HDL is Linked to Disease

Dysfunctional HDL Particle Functional HDL Particle 

Increased 
conversion of 
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