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Abstract

Objective –—Niacin therapy fails to reduce cardiovascular events in statin-treated subjects even 

though it increases plasma HDL cholesterol (HDL-C) and decreases LDL-C and triglyceride 

levels. To investigate potential mechanisms for this lack of cardioprotection, we quantified the 

HDL proteome of subjects in two niacin clinical trials: the Carotid Plaque Composition (CPC) 

study and the HDL Proteomics substudy of the Atherothrombosis Intervention in Metabolic 

Syndrome with Low HDL/High Triglycerides (AIM-HIGH) trial.

Approach and Results –—Using targeted proteomics, we quantified levels of 31 HDL proteins 

from 124 CPC subjects and 120 AIM-HIGH subjects. The samples were obtained at baseline and 

after 1 year of statin monotherapy or niacin-statin combination therapy. Compared with statin 

monotherapy, niacin-statin combination therapy did not reduce HDL-associated apolipoproteins 

APOC1, APOC2, APOC3 and APOC4, despite significantly lowering triglycerides. In contrast, 

niacin markedly elevated HDL-associated phospholipid transfer protein (PLTP), clusterin (CLU), 

and haptoglobin/haptoglobin related proteins (HP/HPR) (P≤0.0001 for each) in both the CPC and 

AIM-HIGH cohorts.

Conclusions –—The addition of niacin to statin therapy resulted in elevated levels of multiple 

HDL proteins linked to increased atherosclerotic risk, which might have compromised the 

cardioprotective effects associated with higher HDL-C levels and lower levels of LDL-C and 

triglycerides.
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Introduction

Pharmacological elevation of HDL cholesterol (HDL-C) with niacin or cholesteryl ester 

transfer protein (CETP) inhibitors in combination with a statin have failed to reduce 

cardiovascular diseases (CVD) in randomized clinical trials.1–3 These observations have 

been widely interpreted to indicate that HDL is not in the causal pathway for atherosclerosis 

in humans, at least in statin-treated subjects. However, both niacin and CETP inhibitors also 

reduce LDL-C in statin-treated subjects; niacin also markedly reduces apolipoprotein B 

(APOB) and triglyceride levels. Thus, it remains unclear why these interventions failed to 

lower CVD risk. Indeed, in the only study of an HDL-C targeted drug (anacetrapib) that 

demonstrated cardioprotection, the effect was attributed to the reduction in LDL-C rather 

than HDL-C elevation.4 Therefore, it is critical to identify metrics distinct from HDL-C that 

define HDL’s proposed roles in cardioprotection.5

Two such proposed metrics are HDL’s cholesterol efflux capacity (CEC) and the 

concentration of HDL particles, termed HDL particle number (HDL-P). We previously 

showed that statin monotherapy modestly increased HDL-C but failed to increase HDL-P (as 

quantified by calibrated ion mobility analysis) or HDL CEC.6 Niacin and statin combination 

therapy markedly increased HDL-C but only modestly increased HDL-P and macrophage 

CEC. Moreover, combination therapy failed to improve ABCA1-specific CEC, the key first 

step in reverse cholesterol transport from macrophages.6 These observations support the 

proposal that HDL-C is a poor index of HDL-P and CEC.

Using shotgun proteomics, we demonstrated that HDL carries a family of 48 proteins 

implicated in lipid metabolism, inflammation, complement regulation, and regulation of 

proteolysis.7 Subsequent studies from multiple laboratories have demonstrated that over 90 

proteins are reliably detected in HDL8 and that alterations in HDL protein levels may be 

linked to HDL’s cardioprotective effects.9, 10 We recently employed two targeted MS/MS 

methods—selected reaction monitoring and parallel reaction monitoring—to quantify 

HDL’s protein cargo.11, 12 Targeted proteomic approaches are suitable for quantification in a 

clinical setting and, when used with appropriate controls, are specific, reliable, and 

reproducible.13

In the current study, we examine the impact of statin monotherapy and niacin-statin 

combination therapy on HDL-C, LDL-C, triglycerides, and the HDL proteome. First, we 
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used parallel reaction monitoring on HDL isolated from subjects enrolled in the Carotid 

Plaque Composition (CPC) study to identify candidate proteins altered by the lipid-lowering 

interventions. Second, we confirmed our observations by using selected reaction monitoring 

on HDL isolated from subjects enrolled in the Atherothrombosis Intervention in Metabolic 

Syndrome with Low HDL/High Triglycerides (AIM-HIGH) study. We show that adding 

niacin to statin therapy increases the abundance of proteins linked to atherogenesis, 

suggesting a possible explanation for why niacin therapy fails to provide cardioprotection.

Methods

Data Availability Statement

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Study design

We quantified HDL protein levels in two cohorts, a discovery and a validation cohort. The 

discovery cohort was a subset of 124 subjects from the CPC study.14 Entry criteria for the 

CPC study were (i) established cardiovascular disease (defined as >50% stenosis or three 

30% obstructive coronary lesions on coronary angiography, post myocardial infarction (MI), 

post coronary artery bypass graft, or carotid stenosis >15% by ultrasound) and (ii) APOB 

level ≥120 mg/dL. Male subjects were <67 years old; females were <70 years, and all 

subjects were lipid-lowering therapy naïve. All the subjects that were eligible for the CPC 

study, signed a consent and were statin-naïve were include in this work. Subjects were 

randomized to (i) atorvastatin (10–80 mg/day, n=45), (ii) atorvastatin and extended-release 

niacin (2 g/d, n=36), (iii) atorvastatin, niacin, and colesevelam (3.8 g/d, n=43). HDL-C 

levels in subjects with normal triglyceride levels are little affected by colesevelam, a bile 

acid-binding resin.15

Because we compared treatment-induced changes in HDL-C with other HDL metrics, and 

because all subjects in our study had triglyceride levels<230 mg/dL on entry into the trial, 

we pre-specified that subjects should be divided into two groups for analysis: statin 

treatment alone (monotherapy, n=45) or niacin-statin treatment (combining the statin/niacin 

group with the statin/niacin/colesevelam group, total n=79). Subgroup analysis confirmed 

that colesevelam treatment did not significantly affect the impact of niacin therapy on HDL-

C.

The validation cohort was a subset of subjects from the HDL Proteomics substudy of AIM-

HIGH.3 Subjects that completed at least 2 MRI examinations and had blood samples 

available at baseline and at 1 year were included in this work. Eligible subjects were 45 

years of age or older and had established cardiovascular disease, which was defined as 

clinically documented stable coronary heart disease, cerebrovascular or carotid disease, or 

peripheral arterial disease. All subjects in AIM-HIGH had “atherogenic dyslipidemia” 

defined as: (i) HDL-C<40 mg/dL for men; <50 mg/dL for women; (ii) elevated triglyceride 

levels of 150 to 400 mg/dL; (iii) LDL-C levels <180 mg/dL in subjects who were not taking 

a statin at entry. More than 90% of the AIM-HIGH subjects were on statin therapy on entry 
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into the trial. After a run-in period, the subjects were randomized into two treatment groups. 

Patients were randomized into the statin only group (simvastatin plus a placebo that 

contained a small dose (50 mg) of immediate-release niacin in each 0.5 g or 1 g tablet, blind 

the subjects and study personnel) and the niacin-statin combination group (niacin at a dose 

of 1.5 to 2 g per day plus simvastatin). In both groups, the dose of simvastatin was adjusted 

according to an algorithm specified in the protocol to achieve and maintain LDL-C between 

40 and 80 mg/dL during treatment. Subjects in both groups could receive ezetimibe, at a 

dose of 10 mg per day, to achieve the target LDL-C levels. In both cohorts, venous blood 

was collected at entry into the trial and after 1 year on therapy. Freshly prepared EDTA 

plasma was stored at −80°C until analysis.

Importantly, the CPC subjects were not using any lipid-lowering drugs on entry into the trial. 

In contrast, all subjects in the AIM-HIGH were on statin monotherapy at entry.

Laboratory tests.

Fasting plasma concentrations of triglycerides, total cholesterol, HDL-C, LDL-C, 

apolipoprotein A-I (APOA1), and APOB were measured at Northwest Lipid Research 

Laboratories using validated biochemical and immunological methods.

Protein nomenclature.

Protein symbols (all capital letters, not italicized) are based on gene symbols as 

recommended by the Human Genome Organization (HUGO) Gene Nomenclature 

Committee (HGNC).16

HDL isolation.

Plasma was quickly thawed at 37°C and subjected to sequential ultracentrifugation to isolate 

HDL (density 1.063–1.210 g/mL) as previously described.17 Total protein concentration in 

HDL was measured using the Bradford assay, with albumin as the standard. Quality control 

plasma was included randomly in each isolation rotor to control for pre-analytical variability.

Sample workup.

For both the CPC and AIM-HIGH studies, samples from baseline and 1-year on therapy 

were randomized without discrimination regarding pre or post-treatment and processed at 

the same time. Ultracentrifugation was performed in batches. A control of pooled plasma 

from apparently healthy volunteers was included in the analyses to confirm that we reliably 

detected and quantified the proteins selected for quantification. Randomization was 

continued for protein digestion and MS/MS analyses.

HDL proteolytic digestion.

Isolated HDL (10 μg protein) was diluted with 0.2% RapiGest (Waters, Milford, MA) in 100 

mM ammonium bicarbonate, reduced with dithiothreitol, alkylated with iodoacetamide, and 

digested with two additions of trypsin (1:20, w/w HDL protein; Promega, Madison, WI) for 

4 h at 37°C and a second addition (1:20, w/w HDL protein) for overnight incubation at 

37°C. After acidic hydrolysis of the RapiGest with 0.5% trifluoroacetic acid, samples were 
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dried and stored at −20°C until mass spectrometric (MS) analysis. Digestion was performed 

in 96-well plates.

Discovery study: targeted mass spectrometric analyses of CPC cohort.

Digested HDL proteins were quantified by parallel reaction monitoring, a powerful approach 

for unbiased analysis of complex protein complexes.11, 12, 18 Details are provided in 

Supplemental Material.

Validation study: targeted mass spectrometric analyses of AIM-HIGH subjects.

Digested HDL proteins were quantified by selected reaction monitoring, which has been 

demonstrated to quantify precisely the HDL proteome.19 We previously showed that using 

parallel reaction monitoring or selected reaction monitoring to quantify the HDL proteome 

yields very similar results.11 Details are provided in Supplemental Material.

Statistical analyses.

Categorical variables are presented as percentages, and continuous variables as means and 

standard deviations (baseline characteristics) or as medians and interquartile ranges for 

proteins and other variables with skewed distributions (triglycerides).

For each treatment, differences in protein amounts between baseline and on-treatment were 

initially evaluated by the Wilcoxon signed rank test. To account for multiple comparison 

testing, P values obtained from the Wilcoxon signed rank test were corrected using the 

method of Benjamini and Hochberg.20–22 This step-up method controls the false discovery 

rate (FDR) and assumes a non-negative correlation. A corrected P value threshold is 

calculated based on a false discovery rate (FDR) of 5%, and only proteins above the 

corrected P value are considered significantly different.21, 22 To compare changes in the 

amounts of HDL protein caused by combination therapy (niacin plus statin) and statin 

monotherapy, we applied the Wilcoxon rank-sum test to the absolute changes from baseline 

to on-treatment values and used Benjamini and Hochberg correction for multiple 

comparisons20–22 as described above. Analyses were performed with STATA software, 

version 13.

Results

Study design, baseline characteristics, and workflow.

We tested the hypothesis that statins and niacin exert distinct effects on HDL’s proteome by 

analyzing HDL from two independent populations: CPC and AIM-HIGH subjects (Fig. 1). 

HDL was isolated from freshly thawed plasma (stored at −80°C after collection) by 

ultracentrifugation and its protein content digested with trypsin. Data from previous 

studies11, 12, 18 were used to select 31 HDL proteins for relative quantification. Two to five 

peptides from each targeted protein were then measured by tandem mass spectrometry. All 

statistical analyses were controlled for multiple comparisons.

Baseline characteristics of the study participants were reported previously.3, 6 For the CPC 

study, we analyzed HDL isolated from i) 45 subjects assigned to monotherapy with 
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atorvastatin, and ii) 79 subjects assigned to combination therapy (atorvastatin and niacin, ± 

colesevelam) (Table 1 and Fig. 1). For the AIM-HIGH study, we analyzed HDL from i) 66 

subjects randomized to simvastatin, and ii) 54 subjects assigned to simvastatin plus niacin 

(Table 1 and Fig. 1).

In both analyses, the subjects on monotherapy or combination therapy had similar ages, 

percentages of female subjects, smoking status, and lipid levels (Table 1). On entry into the 

studies, patients enrolled in AIM-HIGH were on statin therapy, while CPC subjects were not 

taking any cholesterol-lowering medication. This likely explains why the AIM-HIGH 

subjects had lower levels of total and LDL-C cholesterol than the CPC subjects.

Changes in lipid and glucose levels after therapy.

After 1 year on therapy, the median reduction in LDL-C levels was 42% in the CPC subjects 

on statin monotherapy (−66 mg/dL, P<0.0001) compared with 51% (−85 mg/dL, P<0.0001) 

in the subjects on combination therapy (Table 2). The degree of reduction was significantly 

greater in the subjects treated with the combination therapy (P=0.0015). LDL-C levels in the 

AIM-HIGH subjects, who were taking a statin when they entered the trial, did not differ 

significantly after 1 year on either therapy.

Median triglyceride levels in the CPC subjects were significantly reduced after 1 year on 

either statin therapy (−27%, −36 mg/dL, P=0.0004) or statin/niacin (−46%, −90 mg/dL, P< 

0.0001) (Table 2). The combination therapy lowered triglycerides more effectively than did 

the monotherapy (P=0.0015). Triglyceride levels in AIM-HIGH subjects did not change 

significantly on statin therapy, but they were 23% lower (−34 mg/dL, P=0.0023) after 1 year 

on the combination therapy, therefore combination therapy was more effective than 

monotherapy in lowering triglycerides (P=0.0023).

Median HDL-C levels increased by 10% in the CPC subjects treated with statin 

monotherapy (4 mg/dL, P=0.0001), while they increased by 26% in the subjects on 

combination therapy (12 mg/dL, P<0.0001) (Table 2). The increase in HDL-C levels on 

combination therapy was significantly greater than on monotherapy (P<0.0001). In AIM-

HIGH subjects, monotherapy and the combination therapy produced similar increases in 

HDL-C: 11% (4 mg/dL, P<0.0001) and 21% (12 mg/dL, P<0.0001), respectively. As in the 

CPC trial, combination therapy was more effective than monotherapy at raising HDL-C in 

AIM-HIGH (P=0.0013).

Median plasma glucose levels did not differ significantly in either group after 1 year of statin 

monotherapy (Table 2). In contrast, they increased by 6% in the CPC subjects (P=0.0001) 

and 9% in AIM-HIGH subjects (P<0.0001) after 1 year of combination therapy. However, 

neither increase was significantly higher when comparing with monotherapy (P=0.089 and 

0.101, respectively for CPC and AIM-HIGH. Taken together, these observations are 

consistent with previous studies showing that statin monotherapy lowers LDL-C while 

combination therapy of statin and niacin further reduces LDL-C while increasing HDL-C 

and decreasing triglyceride levels.3, 23
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Statin monotherapy in the statin-naive subjects in the CPC study reduced apolipoprotein 
Cs (APOCs) in HDL.

The CPC subjects were not on lipid-lowering therapy when the entered the study. In this 

cohort, levels of 10 of 31 HDL proteins differed significantly after 1 year of statin 

monotherapy (Fig. 2). Levels of the apolipoproteins APOC1, APOC2, APOC3, and APOC4 

in HDL were reduced by at least 15% (P< 0.0001 for each), as were levels of apolipoprotein 

E (APOE, 21% reduction, P<0.0001), apolipoprotein M (APOM, −13%, P<0.0001), 

apolipoprotein L1 (APOL1, −4%, P=0.0006), and cholesterol ester transfer protein (CETP, 

−23%, P<0.0001). In contrast, only one protein—phospholipid transfer protein (PLTP)—

was elevated after 1 year of treatment with atorvastatin (11% increase, P=0.0025). All 

analyses were corrected for multiple comparisons (FDR 5%, cut-off P=0.004).

The reduction in APOC1 and APOC3 levels in HDL correlated strongly with the reduction 

in plasma triglycerides levels (ρ=0.52, P=0.0002 and ρ=0.56, P=0.0001, respectively). 

Smaller but significant correlations were observed with APOC4 and APOC2 (ρ=0.42, 

P=0.0044 and ρ=0.29, P=0.05, respectively).

Combination niacin-statin therapy extensively remodels the HDL proteome.

In the CPC study, levels of 22 of 31 measured HDL proteins (71%) differed significantly 

(after correction for multiple comparisons) between baseline and 1 year of combination 

therapy (Fig. 2). Combination therapy significantly reduced levels of those proteins reduced 

by statin monotherapy (all APOCs at least 15% reduction, P<0.0001, APOE, - 11%, 

P=0.0062, APOM, −19% P<0.0001, and APOL1, −36%, P<0.0001). Although the niacin/

statin-treated subjects in the CPC trial had markedly lower triglyceride levels than the 

subjects treated only with a statin, APOCs levels in HDL were similar in the two groups.

HDL isolated after combination therapy contained lower levels of apolipoprotein (a) (LPA, 

−23%, P<0.0007) and APOB (−18%, P<0.0001). Lipoprotein (a), which contains LPA 

covalently bound to APOB, is denser than LDL and can be isolated by ultracentrifugation in 

the HDL density range. It is known that niacin reduces lipoprotein(a) levels in blood.24

In contrast to monotherapy, which significantly increased the level of only one HDL protein 

(PLTP), niacin-statin combination therapy elevated levels of 8 HDL proteins (Fig. 2). Five of 

the 8 proteins increased in relative abundance by more than 25% (PLTP; clusterin [CLU]; 

haptoglobin [HP], haptoglobin-related protein [HPR], and serum amyloid A1/2 [SAA1/2], 

P<0.0001 for all). It is important to note that the amino acid sequences of HP and HPR are 

91% homologous.25 For quantification of those proteins, we measured levels of one peptide 

found in both HP and HPR (termed HP/HPR, 32% increase) along with one peptide unique 

to HP (27% increase) and one unique to HPR (47% increase; details in Supplemental 

Methods).

We next determined which changes in HDL protein levels differed between treatment groups 

after 1 year of monotherapy or combination therapy (Fig. 3). Compared to statin 

monotherapy niacin-statin treatment increased levels of PLTP, CLU, HP/HPR, and APOF 

(all P<0.0001) in HDL. In contrast, levels of APOL1 (P<0.0001), complement component 3 

(C3, P=0.003), and LPA (P=0.001) were decreased by niacin-statin treatment.
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Remodeling of the HDL proteome by niacin-statin therapy in the CPC was recapitulated in 
AIM-HIGH.

AIM-HIGH study tested the hypothesis that adding niacin to statin therapy would further 

reduce the risk of cardiovascular events. In contrast to the CPC subjects, the AIM-HIGH 

subjects were already taking a statin when they entered the study. Consistent with this, the 

relative abundance of only two HDL proteins (CETP, −15%, P=0.0004 and serum 

paraoxonase/lactonase 3 [PON3], 11%, P=0.0004) differed after 1 year of statin 

monotherapy (Fig. 4). These differences may be due to change on statin type and dose 

regimen, as well as to stricter control of LDL-C levels of those patients.

As in the CPC study, 1 year of niacin-statin combination therapy in the AIM-HIGH 

markedly remodeled the HDL proteome (Fig. 4). HDL of subjects on combination therapy 

exhibited greater than 40% increases in levels of PLTP and HPR (P<0.0001 for each). The 

joint peptide for HP/HPR increased by 35%, while the HP unique peptide increased by 17% 

(P< 0.0001, for both). Levels of CLU (18%, P<0.0001), APOF (15% P<0.0001), LPA (12%, 

P=0.0002), and APOD (9%, P=0.0006) also increased significantly. As in CPC, combination 

therapy reduced APOL1 levels (−21%, P<0.0001). We next determined which HDL proteins 

differed in relative abundance after 1 year of monotherapy or combination therapy (Fig. 5). 

In agreement with the CPC study, levels of PLTP (P<0.0001), CLU (P=0.0002), HP/HPR 

(P<0.0001), and APOF (P=0.0006) where higher in HDL isolated from subjects on 

combination therapy than in that from subjects on statin monotherapy. Combination therapy 

also elevated PON3 (P<0.0001) and CETP (P=0.0034) levels in HDL when compared with 

statin-only therapy. APOL1 levels were lower after combination therapy than after 

simvastatin monotherapy (P=0.0003).

In previous studies, CLU levels in HDL correlated positively with plasma HDL-C levels and 

negatively with triglyceride levels.26 In the CPC subjects, we found similar correlations of 

HDL CLU levels with both HDL-C (ρ=0.54 at baseline and ρ=0.58 at 1 year, each P<0.001) 

and triglycerides (ρ=−0.31 at baseline [P=0.0004] and ρ=−0.54 [P<0.001]).

Two proteins, LPA (P=0.001) and complement C3 (C3, P=0.003), were significantly reduced 

by combination therapy relative to monotherapy in the CPC but not the AIM-HIGH studies. 

Also, three proteins, apolipoprotein D (APOD, P=0.0004), PON3 (P<0.0001), and CETP 

(P=0.0034) were increased by combination therapy only in AIM-HIGH study. The 

differences in the protein levels in the two studies are likely due differences in study design. 

All CPC subjects were statin-naïve, while AIM-HIGH patients were on statin therapy on 

entry into the trial.

Discussion

Although niacin induces a favorable lipid profile by increasing HDL-C and reducing LDL-

C, APOB, Lp(a) and triglyceride levels, it fails to reduce cardiovascular risk in statin-treated 

subjects.3, 27–29 We tested the hypothesis that adding niacin to statin therapy might promote 

atherogenesis by altering HDL’s protein composition. Using quantitative mass spectrometric 

analyses of samples from two independent cohorts (CPC and AIM-HIGH), we demonstrated 

large (>25%), highly significant (P≤0.0001) increases in levels of four HDL proteins: PLTP, 

Ronsein et al. Page 8

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CLU, and HP and HPR. All of those proteins have been linked to an increased risk of 

atherosclerosis. In contrast, levels of only one HDL protein—APOL1—significantly 

decreased in both cohorts.

Niacin treatment elevated median PLTP levels in HDL by ~70%. PLTP, which belongs to the 

lipid transfer/lipopolysaccharide binding protein gene family, binds and transfers various 

lipids, including phospholipids, cholesterol, α-tocopherol, diacylglycerides, and 

lipopolysaccharides.30–33

In hypercholesterolemic mice, PLTP-deficiency reduced atherosclerotic lesion size.34 

Overexpressing PLTP in mice heterozygous for the LDL receptor increased susceptibility to 

atherosclerosis35, as also happened in rabbits expressing human PLTP.36 PLTP expression 

markedly increased levels of small pre-β HDL particles as well as α-HDL in mice 

expressing human APOA1.37 In humans, two single nucleotide polymorphisms linked to 

lower PLTP transcription and activity associated with a greater number of HDL particles, 

smaller HDL size, and decreased risk of CVD.38 In another study, a tagging single 

nucleotide polymorphism in the PLTP region associated with elevated PLTP activity and 

carotid artery disease.39 In the Framingham Heart Study, PLTP activity associated positively 

with increased baseline plasma levels of PLTP, which also associated with increased risk of 

all-cause mortality in diabetic male subjects.40

In plasma, PLTP forms a complex with CLU.41 Like PLTP, CLU (also known as APOJ) in 

HDL was markedly elevated in both of our cohorts on niacin therapy. Circulating CLU 

predominantly associates with HDL, and it is enriched in the dense HDL3 subfraction.42 

CLU is implicated in vascular injury and the regulation of smooth muscle cell proliferation 

and migration in vitro and in vivo.43, 44 Apoe−/− mice deficient in CLU are protected from 

atherosclerosis.45 Also, CLU levels are elevated in serum of patients with CVD.46 These 

observations suggest that CLU promotes vascular injury and atherogenesis.

After 1 year of treatment, levels of both, haptoglobin (HP) and haptoglobin-related protein 

(HPR) were higher in the HDL of both CPC and AIM-HIGH subjects on niacin-statin 

therapy. HP is an acute phase response protein47 that contributes to inflammation, insulin 

resistance, diabetes, and obesity,48 all of which associate with increased CVD risk. High 

levels of plasma HP predict an increased risk of developing type 2 diabetes.49 Importantly, 

HP haplotypes predict CVD risk in subjects with type 1 diabetes.50, 51

Only one protein, APOL1, was decreased in the HDL of niacin-treated subjects in both 

cohorts of subjects. APOL1, together with HRP, mediates the human innate immune 

response to African trypanosomes.52 Two APOL1 alleles are strongly linked to the risk of 

renal disease in African Americans, but neither allele associates with CVD risk in that ethnic 

group.53

Niacin therapy is a well-established risk factor for diabetes. However, in both the CPC and 

AIM-HIGH cohorts, only small changes in plasma glucose levels were detected after 1 year 

on niacin-statin combination therapy. Moreover, glucose levels were similar in both cohorts 

after monotherapy or combination therapy, suggesting that niacin-induced diabetes was 

unlikely to have contributed to the changes we observed in the HDL proteome.
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We also found that statin monotherapy remodeled the HDL proteome in the CPC cohort, 

with major reductions in APOC1, APOC2, APOC3, APOC4, and APOE, with reductions in 

APOC3 and APOC1 correlating with a reduction in plasma triglyceride levels. As CPC 

study was not designed to evaluate statins effect on HDL proteome (i.e. no placebo group for 

the statin treated subjects), we cannot exclude the reductions in APOCs were caused by 

factors unrelated to the treatment. Because all subjects in AIM-HIGH were on statin therapy 

when they entered the study, we were unable to determine the effect on statin monotherapy 

on the HDL proteome in that cohort. Importantly, there were no significant differences in 

levels of APOCs between subjects on monotherapy and combination therapy, despite a 

significant reduction in triglycerides levels, indicating that levels of APOCs did not associate 

with the lower triglyceride levels seen in the niacin-treated subjects. Total plasma APOC3 

levels were not measured in the present study and it is possible that niacin reduces APOC3 

levels in APOB-containing lipoproteins in statin-treated subjects, but that HDL-associated 

APOC3 levels remain unchanged. APOC3 in HDL strongly associated with incident CVD 

risk in four different human cohorts 54, raising the possibility that niacin’s failure to further 

reduce APOC3 levels in HDL in statin-treated subjects contributed to its lack of 

cardiovascular benefit in those subjects.

Our study has several strengths. First, we analyzed samples from two independent cohorts 

enrolled in large cardiovascular outcome studies that compared the impact of niacin therapy 

on CVD risk in subjects treated with two different statins. Both studies detected no CVD 

benefit from niacin therapy despite favorable changes in LDL-C, HDL-C, and triglyceride 

levels. Second, we found that niacin therapy induced consistent, highly significant 

differences in levels of four HDL proteins in both studies. Third, we used different mass 

spectrometric methods to quantify HDL protein levels in the two cohorts, indicating that the 

results were analytically robust. Finally, in the AIM HIGH study subjects were on statin 

therapy on entry into the trial. We observed relatively small changes in relative abundance of 

only two HDL proteins, CETP and PON3, after 1 year of statin monotherapy in those 

subjects, demonstrating that MS/MS quantification of protein abundance in HDL is highly 

reproducible.

Our study also has several limitations. First, ultracentrifugation may have altered HDL’s 

protein composition.55 We choose ultracentrifugation to isolate HDL because it has been 

widely used for both clinical and translational studies, and because we have carefully 

standardized and validated the method in our laboratory.11, 12, 18, 56 Second, alterations in 

levels of proteins in plasma and/or other lipoproteins might have contributed to CVD risk in 

the statin-treated subjects. In future studies, it will be important to quantify potentially 

atherogenic proteins in HDL, other lipoproteins, and plasma. Third, we cannot assume that 

the assumption of randomization is correct for the statin-only group in the CPC cohort 

because of the relatively small number of subjects (n=45). However, we note that the major, 

highly significant different expression levels of the atherogenic proteins found in HDL of 

subjects treated with niacin were observed in both the CPC and Aim-High studies. Finally, 

some niacin-statin treated subjects in CPC were also treated with colesevelam, and some 

statin-treated subjects in the AIM-HIGH were also treated with ezetimibe. However, 

remarkably similar changes in the HDL proteome were observed in both the CPC and AIM-

HIGH cohorts, indicating that these factors were unlikely to have confounded the analyses.
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In conclusion, in two independent cohorts of subjects treated with two different statins, we 

found consistent, highly significant changes in levels of five HDL proteins when niacin was 

added to statin therapy. Four of the five proteins increased, and all four have been linked to 

an increased risk of CVD. These findings raise the possibility that niacin-induced changes in 

the HDL proteome, and perhaps similar changes in plasma and/or other lipoproteins, 

contribute to niacin’s failure to reduce CVD risk in statin-treated subjects.
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Nonstandard Abbreviations and Acronyms

HDL-C high-density lipoprotein cholesterol

LDL-C low-density lipoprotein cholesterol

CPC Carotid Plaque Composition

AIM-HIGH Atherothrombosis Intervention in Metabolic Syndrome with Low 

HDL/High Triglycerides

APOC1 apolipoprotein C1

APOC2 apolipoprotein C2

APOC3 apolipoprotein C3

APOC4 apolipoprotein C4

PLTP phospholipid transfer protein

CLU clusterin

HP haptoglobin

HPR haptoglobin related protein

CETP cholesteryl ester transfer protein

CVD cardiovascular diseases

APOB apolipoprotein B

CEC cholesterol efflux capacity

HDL-P HDL particle number
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FDR false discovery rate

APOE apolipoprotein E

APOM apolipoprotein M

APOL1 apolipoprotein L1

LPA apolipoprotein (a)

CLU clusterin

SAA1/2 serum amyloid A1/2

APOF apolipoprotein F

C3 complement component 3

PON3 serum paraoxonase/lactonase 3

APOD apolipoprotein D
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Highlights section

• The HDL proteome was quantified in two independent clinical trials to 

identify potential mechanisms for the failure of niacin to reduce 

cardiovascular events in statin-treated subjects, even though it increases HDL-

C and decreases LDL-C and triglyceride levels.

• Statin monotherapy reduced the levels of HDL proteins strongly linked to 

triglyceride metabolism, including apolipoproteins APOC1, APOC2, APOC3, 

and APOC4.

• Niacin therapy markedly elevated HDL-associated phospholipid transfer 

protein, clusterin, haptoglobin, and haptoglobin-related proteins in statin 

treated subjects, all of which are strongly linked to increased atherosclerotic 

risk in humans.
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Figure 1. 
Workflow.
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Figure 2. Effects of lipid-altering therapies on the HDL proteome in the CPC study.
All CPC subjects were off all lipid-lowering drugs when they entered the study. HDL 

proteins were quantified by parallel reaction monitoring before and after 1 year on statin or 

niacin-statin therapy. For each protein, the P value from the Wilcoxon signed rank test is 

plotted against the log2 fold median change between 1-year on therapy and baseline. 

Proteins overexpressed after 1 year on therapy are displayed to the right of the value 0 on the 

x-axis, while underexpressed proteins are to the left. After we controlled for multiple 

comparison testing, only proteins situated above the P value of 0.004 for statin treatment and 

0.009 for combination therapy (niacin plus statin) on the y-axis were considered 

significantly different between 1-year on therapy and baseline. The dashed (red) horizontal 

line shows the corrected critical P value threshold (P=0.004) for statin treatment. The solid 

horizontal line shows the corrected overall critical P value threshold (P=0.009) for statin 

plus niacin treatment. The dotted (black) horizontal line shows the uncorrected overall 

critical P value of 0.05.
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Figure 3. Changes in HDL protein amounts after 1-year on statin or niacin-statin therapy for 
CPC study subjects.
The differences in the changes between the therapies were compared using the Wilcoxon 

rank-sum test. P values were corrected for multiple comparisons using the method of 

Benjamini and Hochberg. P values of proteins with significant changes between therapies 

are shown. Proteins with P ≤0.0001 are in bold.
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Figure 4. Effect of niacin therapy on the HDL proteome in the AIM-HIGH study.
All subjects were on statin monotherapy on entry into the study. HDL proteins were 

quantified by selected reaction monitoring before and after 1 year on statin or niacin-statin 

therapies. For each protein, the P value from the Wilcoxon signed rank test is plotted against 

the log2 fold median change between 1-year on therapy and baseline. Proteins overexpressed 

after one year on therapy are displayed to the right of the value 0 on the x-axis, while 

underexpressed proteins are to the left. After we controlled for multiple comparison testing, 

only proteins situated above the P value of 0.004 for statin treatment and 0.009 for 

combination therapy (niacin plus statin) on the y-axis were considered significantly different 

between 1-year on therapy and baseline. The dashed (red) horizontal line shows the 

corrected critical P value threshold (P= 0.008) for statin treatment. The solid horizontal line 

shows the corrected overall critical P value threshold (P= 0.033) for statin plus niacin 

treatment. The dotted (black) horizontal line shows the uncorrected overall critical P value of 

0.05.
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Figure 5. Changes in HDL protein amounts after 1-year on niacin therapy for AIM-HIGH study 
subjects.
The differences in change between treatments (maintenance of statin monotherapy or 

addition of niacin to statin therapy) were compared using the Wilcoxon rank-sum test. P 
values were corrected for multiple comparisons using the method of Benjamini and 

Hochberg. P values of proteins with significant changes between therapies are shown. 

Proteins with P ≤0.0003 are in bold.
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Table 1.

Baseline characteristics of CPC and AIM-HIGH subjects.

CPC AIM-HIGH

Study treatment Atorvastatin Atorvastatin + Niacin P value Simvastatin Simvastatin + Niacin P value

N 45 79 66 54

Age, y 55±9 55±8 0.84 61±9 60±8 0.62

Sex, % female 38 31 0.49 25 17 0.31

Cholesterol, mg/dL 235±38 244±43 0.27 149±35 143±27 0.32

Triglycerides
*
, mg/dL

170 (102; 221) 151 (114; 228) 0.76 145 (128; 162) 143 (124; 206) 0.25

LDL-C, mg/dL 161±33 168±43 0.40 79±30 75±22 0.37

HDL-C, mg/dL 43±14 41±11 0.40 34±6 34±6 0.44

Glucose, mg/dL 102±17 98±14 0.20 106±2 106±2 0.88

Values are means and standard deviations (unpaired t-test) or * medians and interquartile ranges (Wilcoxon rank-sum test).
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Table 2.

Median percentage changes in lipids and glucose after 1 year of statin or niacin-statin therapy in CPC and 

AIM-HIGH subjects.

Study Variable Statin (%) P Value Statin + Niacin (%) P Value Statin vs. Statin + Niacin P Value

CPC Triglycerides −27 (−45; −4) 0.0004 −46 (−59; −24) <0.0001 0.0015

LDL-C −42 (48; −30) <0.0001 −51 (−60; −41) <0.0001 0.0016

HDL-C 10 (0; 20) 0.0001 26 (16; 43) <0.0001 <0.0001

Glucose 2 (4; 8) 0.334 6 (−1; 11) 0.0001 0.0887

AIM-HIGH Triglycerides −6 (−27; 17) 0.423 −23 (−43; −5) 0.0001 0.0023

LDL-C −11 (−22; 13) 0.0784 −10 (−27; 13) 0.106 0.996

HDL-C 11 (2; 23) <0.0001 21 (11; 36) <0.0001 0.0013

Glucose 6 (−3; 10) 0.00130 9 (2; 14) <0.0001 0.103

*
Values are median (interquartile range) of percentage changes from baseline. P values for percentage change after 1 year of therapy are from the 

Wilcoxon matched-pairs signed rank test. P values for the changes between monotherapy and combination therapy are from the Wilcoxon rank-sum 
test.
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