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Abstract

Rationale: Prospective cohort studies question the value of HDL-C for stroke risk prediction.

Objective: Investigate the relationship between long-term functional recovery and HDL 

proteome and function.

Methods and Results: Changes in HDL protein composition and function (cholesterol efflux 

capacity, or CEC) in patients after acute ischemic stroke at two time points (24 h, 35 patients; 96 

h, 20 patients) and in 35 control subjects were measured. The recovery from stroke was assessed 

by 3 month The National Institute of Health Stroke Scale (NIHSS) and Modified Rankin scale 

(mRS) scores. When compared to control subject after adjustments for sex and HDL-C levels, 

twelve proteins some of which participate in acute phase response and platelet activation (APMAP, 

GPLD1, APOE, IHH, ITIH4, SAA2, APOA4, CLU, ANTRX2, PON1, SERPINA1, and APOF) 

were significantly (adj. p<0.05) altered in stroke HDL at 96h. The first eight of these proteins were 

also significantly altered at 24h. Consistent with inflammatory remodeling, CEC was reduced by 

32% (P<0.001) at both time points. Baseline stroke severity adjusted regression model showed that 

changes within 96 hours post stroke in APOF, APOL1, APMAP, APOC4, APOM, PCYOX1, 

PON1, and APOE correlate with stroke recovery scores (R2=0.38–0.73, adjusted p<0.05). APOF 
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(R2=0.73), and APOL1 (R2=0.60) continued to significantly correlate with recovery scores after 

accounting for tPA treatment.

Conclusion: Changes in HDL proteins during early acute phase of stroke associate with 

recovery. Monitoring HDL proteins may provide clinical biomarkers that inform on stroke 

recuperation.

Graphical Abstract
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INTRODUCTION

Stroke is the second leading cause of death worldwide and a major cause of adult 

disability[1,2]. Although survival rates have improved with the current treatment options, 

patients often face the burden of post-stroke permanent disability[2]. Reliable recovery 

prediction models are needed to improve recovery and reduce post-stroke disability rates.

High density lipoproteins (HDL) are a heterogeneous group of lipid-protein complexes. 

HDL-cholesterol (HDL-C) levels exhibit strong inverse correlations with coronary artery 

disease (CAD) in many populations[3,4], and HDL’s main atheroprotective actions are 

believed to be the promotion of reverse cholesterol transport[5,6] and the suppression of 

inflammatory responses[7,8]. Some prospective cohort studies support an inverse association 

between HDL-C levels and ischemic stroke risk[9–14] while meta-analyses examining the 

relationship between HDL-C and stroke indicate either no relationship [15,16] or even a 

direct one[17]. These studies cast doubt on the validity of HDL-C as a marker for stroke risk 

prediction. HDL metrics other than cholesterol content have been scarcely studied with 

regard to stroke. Baseline HDL size was significantly larger among cases vs. controls in the 

Northern Manhattan Study (NOMAS)[18] and in the Women’s Health Initiative [19]. HDL 

cholesterol efflux capacity (CEC) describes HDL’s ability to promote cholesterol efflux 

from macrophages[20], the initial step in reverse cholesterol transport. HDL CEC has been 

shown to be associated with prevalent and incident cardiovascular disease, even after 

adjustment for levels of both HDL cholesterol and APOA1 (the major structural protein of 
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HDL)[10,21–23]. In an isolated report, greater HDL CEC, independent of HDL-C and 

APOA1 levels, was found associated with increased stroke risk[11]. The relationship 

between CEC, stroke events, and recovery remains to be established.

The human HDL proteome consists of over 100 proteins that highly controlled by genetics 

and modulated by health status[24–28]. Most changes in HDL function are likely a 

reflection of changes in the HDL proteome[24,25,29]. HDL proteome changes have been 

previously associated with diverse functional outcomes in human cohorts. For example, a 

recent study identified PON1 and APOC2 enrichment with HDL particles from fenofibrate-

treated diabetics which displayed reduced sterol efflux[26]. HDL associated proteins such as 

SAA1, APOE, and PLTP have been implicated in increased CHD risk [24,25]. Specifically, 

HDL associated APOE levels strongly predicted new clinical events in the secondary 

prevention CARE trial[30]. Furthermore, in a small study, HDL from stroke subjects was 

shown to have reduced APOA1 and PON1 protein levels when compared to controls [31]. 

While valuable, these approaches are reductionist and do not capture the global proteomic 

changes due to stroke event and the continued remodeling in early acute phase of stroke.

Our previous studies suggest that HDL is composed of highly co-regulated and genetically 

controlled core proteins that primarily associate with lipid metabolism and peripheral, 

environmentally regulated proteins linked to the acute inflammatory response[32]. The latter 

group of proteins seem to reflect the local environment interacting with the HDL particle. 

We propose that an acute stroke event will remodel HDL’s protein cargo to incorporate 

proteins associated with stroke characteristics, due to HDL particle-stroke milieu interaction.

A reproducible and valid method for quantification of neurological deficits that occur after 

stroke is essential for monitoring patients’ functional recovery[33]. Stroke scales represent a 

useful tool for estimating the severity of stroke at onset and for assessing prognostic 

information in clinic. The National Institute of Health Stroke Scale (NIHSS) is the most 

frequently used stroke deficit scale in routine clinical practice and clinical trials[33]. The 

modified Rankin scale (mRS) and Barthel index (BI) are widely used functional impairment 

and disability scales, which have proven to be valid and reliable in defining outcome of 

stroke patients[34]. While some studies show strong agreement between NIHSS and mRS, 

others suggest that NIHSS is more sensitive than mRS[33]. We have used both the NIHSS 

and mRS in our analyses, as they are routine stroke scales most commonly used in clinic for 

more than two decades[35]. We predicted that HDL protein cargo will reflect the stroke 

event and associate with the patient’s recovery scores.

We tested the hypothesis that changes in HDL-associated proteome after an acute ischemic 

stroke associate with physiological responses and predict the functional recovery from stroke 

events. Plasma samples were collected at two time points, 24 hour and 96 hours post-stroke 

intervention, and protein cargo of isolated HDL particles was analyzed by quantitative 

parallel reaction monitoring mass spectrometry. The baseline stroke severity and 3 month 

functional and neurological recovery was assessed by NIHSS and mRS scoring. We describe 

robust time dependent changes in HDL proteome consistent with an acute inflammatory 

event and show that these changes predict the functional recovery from stroke (see graphical 

abstract).
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METHODS

The authors declare that all supporting data are available within the article and its online 

supplementary files.

Patient Cohort and Study Design.

All participants signed an IRB-approved informed consent. Acute ischemic stroke patients 

presenting to Oregon Health & Science University within 12 hours of stroke event were 

asked for consent to be included in the stroke study OHSU IRB: 6333. ~75% of the 

approached patients consented (n=35). Plasma was collected by venipuncture into EDTA 

tubes at 24 (n=35) and 96 hours (n=20) post-tissue plasminogen activator (tPA) delivery or 

mechanical thrombectomy, or 24- and 96-hours post-admission for non-treatment patients. 

The 96-hour sample volume was limited and available only for 20 patients. The subgroup 

adequately represents the parent cohort as seen in Table 1. Neurological assessment was 

performed using NIH Stroke Scale (NIHSS) following admission for a stroke event, and 

again at 3 months post ischemic stroke event [33]. Recovery was also assessed at 3 months 

by modified Rankin score (mRS)[34]. Two patients expired before the 3-month recovery 

assessment visit and were excluded from the recovery association analyses. One patient did 

not indicate their sex. The stroke cohort was age-matched to a non-stroke control cohort 

(n=35) (Table 1) with the following selection criteria: no significant cognitive impairment, 

no history of clinically significant stroke or of poorly controlled vascular risk factors. Less 

than 30% of subjects were on statin treatment, equally represented between groups. Plasma 

was collected on non-stroke subjects (n=35) as a part of the Oregon Alzheimer’s Disease 

Center Biorepository (IRB00006845: Layton Center and ORCATECH Research 

Repository). Subjects were free of significant cognitive impairment based on history, 

examination by a neurologist specializing in cognitive disorders, and interview with a 

collateral informant. Subjects with a history of clinically significant stroke or with poorly 

controlled vascular risk factors were excluded from the non-stroke patient group. Applying 

the health selection criteria and the age matching resulted in, 8 vs. 21 males in non-stroke vs. 

stroke respectively.

Plasma lipid analysis.

Cholesterol, Triglycerides, HDL-C, and Lp(a) levels in plasma were measured at the clinical 

lipid laboratory at Oregon Health & Science University using a Hitachi 704 Chemistry 

Analyzer with Roche Diagnostics Reagents for Cholesterol, Triglycerides, HDL-C 

measurements or Medtest reagents for Lp(a) measurements. Cholesterol, Triglycerides, 

HDL-C, Friedewald’s LDL-C are reported as the lipid concentration (mg/dL). Lp(a) is 

reported as mass concentration (mg/dL)[36] .

Cholesterol efflux capacity (CEC) measurement.

Macrophage-mediated sterol efflux was measured using J774 cells as previously 

described[37]. Macrophages were radiolabeled with [3H]cholesterol and stimulated with a 

cAMP analogue. Efflux of [3H]cholesterol was measured after a 4-hour incubation in 

medium with serum depleted of APOB (2.8% v/v) by polyethylene glycol and calcium 

chloride. Cholesterol efflux was calculated as the percentage of radiolabel in the medium of 
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the cells at the end of the incubation divided by the total radioactivity of the medium and 

cells.

HDL isolation and digestion.

Plasma was quickly thawed at 37°C, and 100 μL used to isolate HDL (density 1.063–1.210 

g/mL) by sequential ultracentrifugation[32,38]. Total protein concentration in HDL was 

measured using the bicinchoninic assay (BCA) with bovine serum albumin as the standard. 

HDL was digested as previously described, with additional description in the online 

supplement[32,39]. Please see the Major Resources Table in the Supplemental Materials

HDL proteome analysis by mass spectrometry.

HDL proteome was analyzed by data-dependent acquisition (DDA) mass spectrometry to 

determine what proteins were present in the experimental HDL samples, and to construct a 

library of proteins and peptides for further targeted analysis by parallel reaction monitoring 

(PRM) mass spectrometry. Peptides for 41 proteins detected by DDA analysis were selected 

from previously published targeted assays[17]. Assay performance and detailed methods can 

be found in the online supplemental data.

Data and software availability.

The MS/MS datasets produced in this study are available in the PRIDE consortium 

PXD015001, and in Panorama https://panoramaweb.org/pamirstroke.url. A github page that 

contains source files and R analyses is found at https://github.com/dlplubell/

StrokeHDLproteins.

Statistical analysis.

Stroke and cholesterol efflux association was evaluated by linear regression (stroke as binary 

dependent variable) to adjust for sex, age, HDL-C and LDL-C. Protein abundance is 

reported as the surrogate peptide normalized area under the curve for the top 5 intense 

fragment ion chromatographic peaks, as described above, and was log2 transformed. 

Significantly changing log2 protein abundance between stroke and non-stroke patients was 

determined through linear regression with adjustment for sex and HDL-C, with change in 

log2-protein abundance as the outcome, followed by Benjamini-Hochberg (BH) correction. 

For paired stroke samples from 24h and 96 hour post-intervention, significant changes in 

protein abundance was determined by a paired two-sided t-test, followed by Benjamini-

Hochberg correction. Correlation between protein fold change or other patient 

characteristics and plasma lipid measures was determined by Pearson correlation coefficient 

with Benjamini-Hochberg correction. The association of change in protein abundance with 

recovery score was evaluated by multiple linear regression, adjusting for baseline stroke 

severity, or adjusting for baseline stroke severity and tPA status, sex (Male = 1, Female = 0), 

or age.

Power analysis.

The study was powered at 80% with FDR controlled at 5% to detect a difference in mean 

stroke recovery score between groups (n1=20 and n2=35) of 1 times the standard deviation 
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in each group, assuming 38 proteins were tested and 13 had true differences at least that 

large. Due to the adjusted analyses losing some degrees of freedom in estimation, the 

detected effect size is likely larger than a mean difference of 1.

RESULTS

Cohort demographics and plasma lipid profiles.

Our study was designed to investigate the changes in HDL proteome and function following 

ischemic stroke event, during the early stages of the acute phase (Figure 1A). Plasma was 

collected from subjects with acute ischemic stroke presenting to OHSU after tPA (16 of the 

35 participants) or mechanical thrombectomy intervention (15 of the 35 participants) within 

12 hours of the stroke event. 5 participants received both tPA and thrombectomy. Of the 15 

participants that received thrombectomy, 10 were TICI2b+. Blood was collected at 24 hours 

(n=35) and again at 96 hours post stroke intervention (n=20, of which 9 received t-PA 

treatment, 3 received successful thrombectomy) (Figure 1A). HDL was isolated and 

subjected to tryptic digest followed by MS/MS analysis (Figure 1B).

Plasma HDL-C, total cholesterol, and triglycerides were measured (and LDL-C was 

calculated) for all patients at each time point (Table 1 and Online Table I). While the lipid 

metrics did not differ between the two post-stroke time points, plasma HDL-C, LDL-C, and 

total cholesterol levels were significantly lower (35, 30, and 40%, respectively) in stroke 

patients compared to non-stroke controls. The lower lipid levels were maintained between 

24- and 96-hours post stroke intervention (Table 1).

A majority of stroke in this cohort were caused by large vessel ischemia (n=22, 62.9%), 

followed by cardioembolic causes (n=8, 22.9%) and small vessel ischemia (n=5, 14.3%). 

Half of the stroke patients received tPA (n=16) within the first 24 hours of stroke event. 

Baseline assessment of stroke severity by NIHSS score ranged from 9 to 20 with a median 

score of 15. The NIHSS score 3 months post-stroke ranged from 1 to 13, with a median of 6. 

The median change in NIHSS score from initial assessment to 3 months post-stoke 

decreased 9 points. Modified Rankin scores (mRS) 3 months post-stroke ranged from 2 to 4 

with a median of 3 (Table 1).

The HDL proteome remodels over time following stroke events.

Stroke-driven changes in HDL proteome were investigated by preliminary discovery based 

semi-quantitative shotgun proteomics (Online Table II), followed by more accurate targeted 

parallel reaction monitoring quantification. HDL was isolated from subjects in three groups: 

non-stroke control (n=35), 24-hour post stroke intervention (n=35) and 96-hour post stroke 

intervention (n=20). Samples were analyzed by shotgun proteomics to identify global 

protein changes, peptide sequence detection, retention time, charge state of peptides, and 

intensity distributions of fragment ions in the MS/MS spectra. These parameters were used 

to develop parallel reaction monitoring assays for a subset of identified proteins as depicted 

in Figure 1B. Ninety-seven proteins were identified by shotgun proteomics on pooled HDL 

samples across control, 24-hour and 96-hour post-stroke samples (Online Table II presents 

the proteins identified and their relative abundance). Of these, 79 were detected with at least 
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2 unique peptides. The results from DDA analysis of the pooled samples were used to select 

peptides to target in the PRM experiments. The analysis of DDA experiments are presented 

in the online supplemental information (Online Table II).

Subsequent targeted analyses were performed on a subset of 41 proteins known for their 

established association with HDL[39,40]. The quantification of these proteins was carried 

out by parallel reaction monitoring assays. The sample preparation and targeted assay 

performance was assessed by the peptide percent coefficient of variation between replicate 

reference samples (Online Figure I). Three of the 41 proteins were removed from further 

statistical analyses due to high variance (%CV>50) post-normalization.

For the 38 remaining proteins, the sex and HDL-C adjusted abundance of 8 proteins was 

significantly altered between non-stroke and stroke groups at both 24-hour and 96-hour post-

stroke (Figure 2 presents significantly different proteins between non-stroke and stroke 

subjects; Table 2 presents all significantly different proteins among all groups). Of these 8 

proteins, 3 were reduced (APOA4, IHH, ITIH4) and 5 were increased (APMAP, APOE, 

CLU, GPLD1, SAA2) in stroke samples (P<0.05). Four additional proteins (ANTRX2, 

APOF, PON1, SERPINA1) (Table 2) were significantly altered in the 96-hour group 

compared to controls. Gene enrichment analysis indicated that the differentially expressed 

proteins are involved in lipid metabolism and acute phase response (Online Figure II) 

[24,25,32,40,41]. There were no significant changes between groups in terms of APOA1 

levels (Online Table I).

Three proteins were significantly altered between 24-hour and 96-hour post-stroke 

intervention measurements. Anthrax toxin receptor 2 (ANTXR2) was decreased 1.5 fold 

(adjusted p=0.015), apolipoprotein F (APOF) was increased 1.4 fold (adjusted p=0.015), and 

serum amyloid A2 (SAA2) was increased 3.1 fold (adjusted p=0.032 Table 2). Because 

SAA2 is non-normally distributed by the Shapiro-Wilk test, in addition paired t-test, we 

have we have applied Wilcoxon signed rank test to assess changes in SAA2 levels between 

24 and 96 hour. Benjamini-Hochberg adjusted p-values were comparable by the two 

methods, 0.0368 vs 0.0319 (the details of the analysis are in the online supplemental html 

and rmd files). Of the 20 individuals with both 24-hour and 96-hour measurements, 19 had 

decreased ANTXR2 at 96-hours, 16 had increased APOF at 96-hours, and 14 had increased 

SAA2 at 96-hours (Figure 3). APOF targeted mass spectrometry peptide measurements 

agree with immunoaffinity (western blotting) based quantification (Online Figure III).

Changes in HDL protein abundance correlate with functional recovery from stroke.

Using paired 24-hour and 96-hour sample measurements, we investigated if the time-

dependent remodeling of the HDL proteome correlates with HDL function and stroke-

related metrics. A total of 1326 correlations were calculated, of which 40 had Benjamini-

Hochberg corrected |r| values >0.5 and P<0.05 (Figure 4A, correlation r and p values in 

Online Table IV). Hierarchical clustering analysis (Figure 4B) identified both expected 

(between APOA1 and APOA2; Cholesterol and LDL-C) and novel correlations. While 

baseline stroke severity associated with platelet binding protein (PPBP), platelet factor 4 

(PF4), long-term stroke recovery associated with APOF. The hierarchical clustering analysis 

revealed that changes in APOF, LPA, APOL1, PCYOX1, APOC3, and PON1 abundance 
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between 24- and 96-hour time points correlate with at least one measure of stroke functional 

recovery (Figure 4B, the entire analysis presented in Online Table IV). The change in 

protein expression levels did not correlate with age or t-PA treatment as shown by the global 

correlation plot (Figure 4A).

Studies have shown that 3-month recovery scores associate with baseline stroke severity 

[42,43]. Therefore, we used a baseline stroke severity adjusted linear regression model to 

assess the association between changes in protein abundance and stroke recovery. In the 

regression model NIHSS score at 3 months is an outcome variable, and NIHSS score at 

baseline and log2FC in protein levels were predictor variables (Model: NIHSS-3mos~ 

NIHSS baseline + Protein log2FC, Table 3). The simple linear model examining the 

relationship between log2FC protein levels and NIHSS 3-month stroke recovery is presented 

in Online Table V. Changes in nine proteins (APOE, APOF, APOL1, APMAP, APOC4, 

APOM, LPA, PCYOX1, PON1) significantly correlated (adj.R2= 0.380–0.734 P<0.05) with 

NIHSS scoring at 3 months post stroke after adjusting for baseline stroke severity (Table 3 

and Online Table V). APOF, APOL1, and LPA maintained their association with 3-month 

NIHSS recovery scores after including t-PA treatment in the regression model (Online Table 

V). APOF and LPA remained significantly associated after including sex and age in the 

model.

Further, we find that 3-month mRS scores correlate with changes in APOL1 and PCYOX1 

in baseline and/or tPA adjusted models however, these correlations don't survive the multiple 

comparison adjustments (Online Table V).

Cholesterol efflux capacity is reduced for stroke patients.

To understand if the changes in proteome correlate with changes in HDL function, we 

measured CEC in J774 murine macrophages [5]. CEC was significantly decreased (32%, 

P<6.9×10^-7) in stroke patients at 24-hours compared to controls and did not significantly 

change between 24- and 96-hours post stroke (Figure 5, Table 1). The linear regression 

model with CEC as an outcome variable and Stroke as a predictor, adjusted for HDL-C 

identified stroke as a strong predictor of CEC (β=-3.44, p=0.001, adjusted R2=0.391; Model 

a: CEC ~ Stroke(Stroke=1, Control=0) + HDL-C). The significant association was 

maintained after further adjustments for sex, age and LDL-C (β=-2.45, p=0.014, adjusted 

R2=0.490, Model b: CEC~ Stroke(Stroke=1, Control=0) + HDL-C + LDL-C + Age + Sex 

(Male=1, Female=0) (Table 4).

There was no correlation between CEC, total cholesterol, LDL-C, triglyceride, or HDL-C 

levels and stroke severity, as assessed by baseline NIHSS, 3-month NIHSS or mRS scores 

(Online Table VI). Of the proteins that significantly correlate with stroke recovery, only 

PPBP associated with CEC and total cholesterol, but this did not reach significance after 

multiple testing correction (Online Table VII). All other proteins showed no significant 

association to either CEC, HDL-C, LDL-C, total cholesterol, or triglycerides (Online Table 

VIII). A relationship between CEC and tPA treatment was observed for patient samples at 96 

hours post stoke intervention, but not at 24 hours post (Online Figure VI). Patients who 

received tPA treatment had increased CEC at 96 hours compared to non-tPA patients. No 
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significant difference was seen in any other lipid measurement based on tPA treatment status 

(Online Table VIII).

DISCUSSION

Although the interactions between stroke and HDL-C have been studied before, the 

relationship between stroke and HDL function and proteome is undefined. We hypothesized 

that HDL harbors proteins reflective of the biology and the severity of a stroke event, and 

predictive of recovery. We conducted a time-dependent deep phenotyping of HDL proteome 

and function in stroke subjects and investigated how these phenotypes correlate with 3-

month recovery from stroke measured as NIHSS and mRS scores. We report reduced sterol 

efflux capacity and both qualitative and quantitative differences in the protein cargos of 

HDL between healthy and stroke subjects. We show that changes within 96 hours post stroke 

in APOF, APOL1, APMAP, APOC4, APOM, PCYOX1, PON1, APOE, and PPBP correlate 

with stroke recovery scores even after being adjusted for baseline stroke severity. APOF and 

APOL1 continued to significantly correlate with recovery scores after adjustments for tPA 

treatment.

HDL particles are a heterogeneous group of lipid-protein complexes, and HDL-C levels 

exhibit strong inverse correlations with CAD rates in many populations [3,4]. However, 

whether HDL-C levels associate with stroke remains to be determined as existing results are 

conflicting [9,12,14–17]. Promotion of reverse cholesterol transport [44,45] and suppression 

of inflammatory responses [46–48] are thought to be the mechanisms through which HDL 

protects against disease [6–8]. In addition, HDL’s protein cargo is involved in a variety of 

immune and regulatory functions [27,49–51]. Although the interactions between stroke and 

HDL-C have been studied before, the relationship between stroke, HDL function, and HDL 

proteome is undefined. We hypothesized that HDL harbors proteins reflective of the biology 

and the severity of a stroke event, and therefore could be predictive of recovery.

The active remodeling of HDL proteome and subsequent changes in HDL function during 

early acute phase of a stroke event has not been previously studied. We describe differences 

in proteins participating in inflammation (SAA2, SERPINA1, ITIH4), and lipid metabolism 

(APOE, APOF, APOA4, GPLD1, CLU, PON1) in post-stroke HDL. All of these proteins 

have been previously shown to be associated with HDL [24–26,28,40]. We explored the 

possibility that protein changes could provide information about the biology of the stroke 

event, which in turn can be used to predict recovery. We conducted a time-dependent 

phenotyping of HDL proteome and function in stroke subjects and investigated how these 

phenotypes correlate with recovery from stroke. We show that while CEC is reduced 

throughout the study period in stroke patients, the HDL protein cargo continues to remodel 

for 96hours after stroke intervention. We additionally show that changes in HDL proteins 

within 96-hours post-stroke intervention associate with functional and neurological recovery, 

but do not associate with CEC and HDL-C levels. Multiple linear regression models 

adjusting for baseline stroke severity and t-PA treatment identified that APOF, APOL1, and 

LPA correlate strongly with 3-month stroke recovery scores. In these models, CEC and 

HDL-C did not correlate with 3-month stroke recovery scores, which argues for the 

specificity of the HDL proteome remodeling post stroke event.
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Acute ischemic stroke is an inflammatory event manifested by immediate increase in plasma 

CRP levels in response to tissue injury and infection, proportionate to the severity of the 

acute event [52]. In the post-acute phase, inflammatory status is maintained as CRP remains 

elevated compared with control subjects, with the greatest elevation in patients with large-

artery stroke mechanisms. Accordingly, the remodeling of HDL proteome during early acute 

phase of stroke is mostly of inflammatory nature, as captured by changes in proteins with 

inflammatory functions (i.e. SAA2, ITIH4, SERPINA1). In recent studies, plasma ITIH4 

levels have been shown to be reduced in stroke patients and proposed to be a biomarker for 

stroke [53]. Accordingly, with our unbiased orthogonal approach, we detected up to 50% 

reduction in HDL associated ITIH4 at both 24- and 96-hour time points after stroke 

intervention. Kashyap and colleagues examined plasma ITIH4 levels up to 144-hour post 

stroke, showing plasma levels return to normal as patients improve. In our study, HDL 

associated ITIH4 levels associated with baseline stroke severity, 3-month NIHSS, and mRS; 

however, the significance of these associations failed to survive multiple testing adjustments.

HDL’s inflammatory remodeling continued in the post-acute phase, with SAA2 increased 

about 5-fold between the 24- and 96-hour time points. The human SAA protein family 

comprises the acute phase SAA1/SAA2, known to activate a large set of innate and adaptive 

immune cells, and the constitutive SAA4[54]. Inflammatory remodeling of HDL with SAA1 

has been previously shown in mice to be associated with reduced CEC [55–57]In agreement 

with these studies, we find that patients who have suffered a stroke have reduced HDL CEC 

at 24- and 96-hours —maintained after adjustments for HDL-C levels. The reduction in CEC 

correlated with a pro-inflammatory proteome profile, but not with recovery from stroke. 

Further, none of the proteins that correlated with recovery from stroke, correlated with CEC. 

Our findings suggest that HDL proteome remodeling during the early acute phase of stroke 

captures biomarkers that do not modulate CEC. These findings are consistent with a recent 

report that measured CEC in 1642 samples from the MESA (Multi-Ethnic Study of 

Atherosclerosis)[23]. Shea et al. show that HDL-mediated CEC is an atheroprotective 

mechanism for coronary heart disease but not stroke. Higher cholesterol mass efflux 

capacity level was associated with lower risk of incident coronary heart disease events, but 

no association was found with risk of stroke.

ANTRX2, a membrane protein involved in extracellular matrix adhesion, collagen IV and 

laminin binding, and collagen VI homeostasis. ANTRX2 has been previously shown to be 

associated with human and mouse ultracentrifugation density isolated HDL [32,57–61]. The 

mechanisms of ANTXR2 function in stroke is not well understood, but in multiple gene 

expression based human stroke studies, it has been proposed as a marker of stroke in blood 

[62–64]. Collectively, the relative expression of ANTXR2 increased in patients with stroke, 

as measured at the time of admission to the hospital. We report no significant change in 

HDL associated ANTXR2 between non-stroke and stroke subjects, however we observe a 

significant decrease in HDL associated ANTXR2 in 96-hour vs. 24-hour post-stroke 

intervention. This change significantly associated with functional recovery from stroke even 

when adjusted for baseline stroke severity. While time-dependent change in plasma 

ANTRX2 levels was not monitored in previous studies, our findings suggest that HDL-

associated ANTRX2 levels may behave differently than plasma levels. Further 

understanding of the biology requires additional studies to determine the relationship 
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between plasma ANTXR2 levels and HDL-bound ANTXR2 in stroke, and to further explore 

the time-dependent nature of this response.

Prognostic studies of outcome after stroke have concentrated on predicting outcomes at a 

specific time point such as 3 or 6 months after stroke [65]. This type of prediction does not 

aid clinical decisions about whether to continue an intervention, such as a rehabilitation 

program, or the identification of causes of failure to recover. It has been emphasized that 

normal patterns of recovery from stroke should be established as a guide to monitoring 

recovery of future patients [66,67]. However, carefully designed multivariate statistical 

models for recovery patterns fail to model a personalized recovery trajectory. The 

personalization of clinical care requires better understanding and prediction of recovery 

from stroke. Our discovery that changes in levels of HDL-associated proteins such as APOF 

and APOL1 correlate with recovery regardless of baseline stroke severity or tPA treatment, 

may be used to develop biomarkers for recovery prediction. Future studies powered to 

analyze the impact of stroke type on these associations are required.

In conclusion, we propose that the protein changes detected herein may be indicative of the 

distinct stroke biology each patient experiences. Further, we show that changes in several 

HDL specific proteins predict functional and neurological stroke recovery. Our data supports 

the idea that HDL particles associate with proteins relevant to stroke biology. We show that 

time-dependent association with inflammation associated proteins likely echo the severity of 

stroke event. There is a potential to utilize the proteome of HDL particles to understand the 

severity and biological characteristics of a stroke event. Validation of our findings in a larger 

stroke cohort with statistical power to account for common risk factors may provide novel 

strategies to improve prediction of stroke recovery in the clinic. Our work raises the exciting 

possibility that monitoring changes in HDL proteome in acute stroke phase may provide 

better biomarkers for stroke recovery than relying on baseline stroke severity scores alone.

Study Limitations.

The stroke cohort size limits stroke-type related statistical analyses. One center rather than 

multi center participation limits generalizing the conclusions. Later time point blood 

collection would have allowed to asses if the observed difference return to basal levels. The 

study design is discovery and exploration rather than rigorous development of a robust 

targeted assay; therefore, peptide CVs are not calculated from triplicate calibration curves. 

Even though our analyses adjusted for sex, the inherent variability in sex distribution 

between stroke and control cohorts could be responsible for some of the differences 

observed. We applied parametric statistics as 84% of the proteins were normally distributed, 

it is possible that remaining 16% contains false negatives.
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Plasma high density lipoprotein cholesterol levels do not associate with stroke 

recovery.

• HDL protein composition is a dynamic process which dictates HDL function.

• HDL protein levels and HDL function both associate with cardiovascular 

disease

What New Information Does This Article Contribute?

• The HDL proteome is remodeled during the early acute phase of recovery 

after a stroke.

• Changes in HDL proteins associate with stroke recovery.

While plasma HDL cholesterol levels do not associate with the incidence or prevalence of 

stroke in most studies, nor do they predict recovery from stroke, we know little about 

how HDL’s proteome and function relate to stroke and how they are modulated during 

recovery from a stroke. This study of stroke patients and age-matched controls revealed 

that the HDL proteome remodels during the early acute phase of stroke, and that changes 

in protein abundance associate with three month stroke recovery scores but not with the 

cholesterol efflux function of HDL. This study shows for the first time that changes in 

HDL protein cargo are linked to the acute inflammatory response to stroke. Tracking 

HDL’s proteome in the clinical setting for prediction of recovery would offer a novel and 

exciting approach likely to improve the health of stroke victims.
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Figure 1. Experimental design for HDL characterization following stroke event.
a) Plasma was acquired from non-stroke patients and from stroke patients 24 h after 

intervention post ischemic stroke event, and additionally at 96 h after intervention post 

ischemic stroke event. Plasma drawn from patients were used to measure lipid levels, and 

processed to measure cholesterol efflux capacity and HDL proteome components. Stroke 

severity was assessed upon patient presentation to clinic, and recovery assessed at 3 months 

post-stroke event. b) For HDL proteomics, particles were isolated by stepwise 

ultracentrifugation, digested, and analyzed first by tandem mass spectrometry to determine 

whole proteome composition, followed by targeted parallel reaction monitoring mass 

spectrometry to quantify changes in 41 protein components of HDL.
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Figure 2. Differentially abundant HDL proteins between stroke and non-stroke.
HDL isolated from control (n=35), stroke patients at 24 h (n=35), and 96 h post stroke 

intervention (n=20) were analyzed by parallel reaction monitoring for the target proteins. 

From the quantifiable proteins, 8 have significantly different log2 relative abundance 

between healthy patients and stroke subjects at 24 h after adjustment for sex and HDL-C 

levels.
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Figure 3. HDL protein changes following stroke.
Log2 relative abundance of three proteins are significantly different between 24 h and 96 h 

post-stroke intervention by paired analysis. Lines connect the protein measures of the 20 

patients with plasma drawn at both 24 h and 96 h time points.
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Figure 4. Relationship between stroke related patient metrics, HDL proteome, and function.
(a). Pearson correlations (positive in blue, negative in red) and (b) hierarchical clustering 

show stroke severity and recovery scores (in red) associating with HDL protein changes 

(black) more strongly than with other patient covariates (blue) or plasma lipid levels (gold).
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Figure 5. Cholesterol efflux capacity is reduced in stroke patients.
Macrophage cholesterol efflux capacity after stimulation with cAMP was measured for 

control (n=35) and stroke patients at 24 h (n=35) and 96 h (n=20) post stroke event. 

Significance determined by two-sided t-test.

Plubell et al. Page 22

Circ Res. Author manuscript; available in PMC 2021 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Plubell et al. Page 23

Ta
b

le
 1

.
C

oh
or

t 
C

ha
ra

ct
er

is
ti

cs
.

St
ro

ke
 s

am
pl

es
 o

bt
ai

ne
d 

24
-h

 p
os

ts
tr

ok
e 

in
te

rv
en

tio
n 

(n
=

35
) 

an
d 

fo
r 

so
m

e 
pa

tie
nt

s 
ad

di
tio

na
lly

 a
t 9

6 
h 

(n
=

20
) 

ar
e 

co
m

pa
re

d 
w

ith
 n

on
st

ro
ke

 c
on

tr
ol

 

sa
m

pl
es

 f
re

e 
of

 h
is

to
ry

 o
f 

st
ro

ke
 o

r 
co

gn
iti

ve
 im

pa
ir

m
en

t (
n=

35
).

V
ar

ia
bl

e

N
on

-s
tr

ok
e

St
ro

ke

To
ta

l
P

-v
al

ue
24

–9
6 

h 
pa

ir
ed

 S
ub

se
t

(N
=3

5)
(N

=3
5)

St
ro

ke
 v

s 
N

on
(N

=2
0)

M
al

e 
se

x 
- 

no
. (

%
)

8 
(2

3.
5)

21
 (

60
.0

)
0.

00
5

St
at

in
 u

se
 -

 n
o.

 (
%

)
6 

(1
9.

4)
10

 (
28

.6
)

0.
55

9

A
ge

 a
t b

lo
od

 c
ol

le
ct

io
n 

- 
yr

63
.9

3 
(3

.4
2)

68
.2

0 
(1

0.
51

)
0.

13
1

67
.4

0 
(1

0.
98

)

L
ip

id
 le

ve
ls

 in
 m

g/
dL

 -
 m

ea
n 

(S
D

)

 
To

ta
l C

ho
le

st
er

ol
20

8.
34

 (
43

.9
8)

14
8.

83
 (

40
.5

4)
1.

37
E

-0
7

14
0.

65
 (

40
.8

3)

 
H

ig
h-

de
ns

ity
 li

po
pr

ot
ei

n 
ch

ol
es

te
ro

l
63

.8
6 

(2
0.

92
)

43
.0

9 
(1

5.
99

)
1.

62
E

-0
5

38
.8

0 
(9

.3
0)

 
L

ow
-d

en
si

ty
 li

po
pr

ot
ei

n 
ch

ol
es

te
ro

l
16

9.
26

 (
52

.2
2)

12
8.

43
 (

49
.4

7)
0.

00
1

12
4.

84
 (

55
.2

2)

 
T

ri
gl

yc
er

id
es

12
3.

89
 (

86
.4

9)
11

3.
46

 (
80

.6
4)

0.
85

4
11

4.
95

 (
75

.7
6)

Is
ch

em
ic

 s
tr

ok
e 

ty
pe

 -
 n

o.
 (

%
)

 
C

ar
di

oe
m

bo
lic

N
A

8 
(2

2.
9)

4 
(2

0.
0)

 
L

ar
ge

 V
es

se
l

N
A

22
 (

62
.9

)
14

 (
70

.0
)

 
Sm

al
l V

es
se

l
N

A
5 

(1
4.

3)
2 

(1
0.

0)

tP
A

 a
dm

in
is

tr
at

io
n 

- 
no

. (
%

)
N

A
16

 (
45

.7
)

9 
(4

5.
0)

M
ec

ha
ni

ca
l t

hr
om

be
ct

om
y 

- 
no

. (
%

)
N

A
15

 (
42

.9
)

8 
(4

0.
0)

T
IC

I2
B

+
 -

 n
o.

 (
%

)
N

A
10

 (
28

.6
)

3 
(1

5.
0)

St
ro

ke
 s

ev
er

ity
 s

co
ri

ng
 -

 m
ed

ia
n 

[I
Q

R
]

 
N

IH
SS

 s
co

re
 a

t b
as

el
in

e
N

A
15

.0
0 

[9
.0

0,
 2

0.
00

]
17

.0
0 

[1
0.

75
, 2

0.
00

]

 
N

IH
SS

 s
co

re
 a

t 3
 m

on
th

s 
po

st
 s

tr
ok

e
N

A
6.

00
 [

1.
00

, 1
3.

00
]

8.
5 

[1
.7

5,
 1

3.
75

]

 
M

od
if

ie
d 

R
an

ki
n 

sc
or

e
N

A
3.

00
 [

2.
00

, 4
.0

0]
4.

0 
[3

.0
, 4

.7
5]

C
ho

le
st

er
ol

 e
ff

lu
x 

ca
pa

ci
ty

 -
 m

ea
n 

(S
D

)
15

.5
6 

(4
.4

5)
10

.5
5 

(2
.9

3)
6.

91
E

-0
7

9.
98

 (
2.

56
)

IQ
R

 in
di

ca
te

s 
in

te
rq

ua
rt

ile
 r

an
ge

; N
A

, n
ot

 a
va

ila
bl

e;
 N

IH
SS

, N
at

io
na

l I
ns

tit
ut

es
 o

f 
H

ea
lth

 S
tr

ok
e 

Sc
al

e;
 a

nd
 tP

A
, t

is
su

e-
ty

pe
 p

la
sm

in
og

en
 a

ct
iv

at
or

.

Circ Res. Author manuscript; available in PMC 2021 October 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Plubell et al. Page 24

Ta
b

le
 2

.
Si

gn
if

ic
an

tl
y 

D
if

fe
re

nt
 P

ro
te

in
 A

bu
nd

an
ce

 b
y 

P
ar

al
le

l R
ea

ct
io

n 
M

on
it

or
in

g.

A
 s

ur
ro

ga
te

 p
ep

tid
e 

w
as

 u
se

d 
fo

r 
es

tim
at

in
g 

pr
ot

ei
n 

le
ve

l a
bu

nd
an

ce
 f

or
 ta

rg
et

ed
 p

ro
te

in
s.

 B
ot

h 
24

 h
 p

os
ts

tr
ok

e 
in

te
rv

en
tio

n 
(n

=
35

) 
vs

 n
on

st
ro

ke
 s

am
pl

es
 

(n
=

35
) 

an
d 

96
 h

 p
os

ts
tr

ok
e 

in
te

rv
en

tio
n 

(n
=

20
) 

co
m

pa
ri

so
ns

 d
es

cr
ib

e 
th

e 
lo

g2
 f

ol
d 

ch
an

ge
 o

f 
pr

ot
ei

ns
 in

 s
tr

ok
e 

su
bj

ec
ts

 c
om

pa
re

d 
w

ith
 n

on
st

ro
ke

 c
on

tr
ol

 

su
bj

ec
ts

. D
if

fe
re

nt
ia

l a
bu

nd
an

ce
 w

as
 d

et
er

m
in

ed
 f

or
 b

et
w

ee
n 

no
ns

tr
ok

e 
an

d 
st

ro
ke

 ti
m

e 
po

in
ts

 b
y 

lin
ea

r 
m

od
el

 a
dj

us
te

d 
fo

r 
se

x 
an

d 
H

D
L

-C
. D

if
fe

re
nt

ia
l 

pr
ot

ei
n 

ab
un

da
nc

e 
fo

r 
pa

ir
ed

 s
am

pl
es

 a
t 2

4 
an

d 
96

 h
 w

as
 d

et
er

m
in

ed
 b

y 
pa

ir
ed

 2
-s

id
ed

 t 
te

st
. F

or
 th

e 
pa

ir
ed

 m
ea

su
re

s,
 3

 p
ro

te
in

s 
w

er
e 

no
t t

es
te

d 
du

e 
to

 

m
is

si
ng

 v
al

ue
s 

(L
PA

, I
T

IH
4,

 a
nd

 S
A

A
1)

. B
en

ja
m

in
iH

oc
hb

er
g 

co
rr

ec
tio

n 
w

as
 a

pp
lie

d 
fo

r 
ea

ch
 c

om
pa

ri
so

n,
 w

ith
 3

8 
te

st
s 

fo
r 

bo
th

 n
on

st
ro

ke
 a

nd
 s

tr
ok

e 

tim
e 

po
in

t c
om

pa
ri

so
ns

, a
nd

 3
5 

te
st

s 
fo

r 
th

e 
pa

ir
ed

 c
om

pa
ri

so
n.

 C
om

pa
re

d 
w

ith
 h

ea
lth

y 
no

ns
tr

ok
e 

H
D

L
 p

ro
te

om
e,

 8
 p

ro
te

in
s 

w
er

e 
si

gn
if

ic
an

tly
 d

if
fe

re
nt

 

in
 2

4 
h 

po
st

in
te

rv
en

tio
n 

st
ro

ke
 p

at
ie

nt
 H

D
L

, a
nd

 4
 a

dd
iti

on
al

 p
ro

te
in

s 
w

er
e 

si
gn

if
ic

an
tly

 d
if

fe
re

nt
 in

 9
6 

h 
po

st
in

te
rv

en
tio

n 
st

ro
ke

 p
at

ie
nt

 H
D

L
. T

hr
ee

 

pr
ot

ei
ns

 w
er

e 
si

gn
if

ic
an

tly
 d

if
fe

re
nt

 f
ro

m
 2

4 
to

 9
6 

h 
m

ea
su

re
m

en
ts

.

24
h 

vs
. n

on
-s

tr
ok

e
96

h 
vs

. n
on

-s
tr

ok
e

96
h 

vs
. 2

4h
 (

pa
ir

ed
)

P
ro

te
in

A
bb

re
v.

lo
g 2

F
C

A
dj

. P
 v

al
ue

lo
g 2

F
C

A
dj

. P
 v

al
ue

lo
g 2

F
C

A
dj

. P
 v

al
ue

ad
ip

oc
yt

e 
pl

as
m

a 
m

em
br

an
e-

as
so

ci
at

ed
 p

ro
te

in
A

PM
A

P
1.

61
4.

68
E

-0
8

1.
84

9.
04

E
-0

8
0.

10
0.

75
0

ph
os

ph
at

e 
in

os
ito

l-
gl

yc
an

 s
pe

ci
fi

c 
ph

os
ph

ol
ip

as
e 

D
G

PL
D

1
1.

47
6.

23
E

-0
8

1.
47

3.
94

E
-0

6
−

0.
01

0.
96

3

ap
ol

ip
op

ro
te

in
 E

A
PO

E
0.

76
3.

51
E

-0
4

0.
73

0.
00

3
−

0.
06

0.
75

0

in
di

an
 h

ed
ge

ho
g 

pr
ot

ei
n

IH
H

−0
.5

9
0.

00
1

−0
.6

8
0.

00
1

−
0.

12
0.

55
7

in
te

r-
al

ph
a-

tr
yp

si
n 

in
hi

bi
to

r 
ch

ai
n 

H
4

IT
IH

4
−1

.1
2

0.
00

3
−1

.0
3

0.
01

8
−

-

se
ru

m
 a

m
yl

oi
d 

A
2

SA
A

2
2.

48
0.

01
0

4.
15

0.
00

0
1.

62
0.

03
2

ap
ol

ip
op

ro
te

in
 A

-I
V

A
PO

A
4

−0
.5

6
0.

02
8

−0
.7

0
0.

01
3

−
0.

07
0.

84
8

cl
us

te
ri

n
C

L
U

0.
36

0.
04

1
0.

42
0.

02
9

−
0.

02
0.

95
4

an
th

ra
x 

to
xi

n 
re

ce
pt

or
 2

A
N

T
X

R
2

−
0.

25
0.

25
3

−0
.8

1
1.

77
E

-0
4

−0
.5

1
0.

01
5

al
ph

a-
1-

an
tit

ry
ps

in
SE

R
PI

N
A

1
0.

21
0.

47
4

0.
70

0.
01

3
0.

42
0.

16
3

ap
ol

ip
op

ro
te

in
 F

A
PO

F
−

0.
06

0.
76

5
0.

40
0.

02
8

0.
41

0.
01

5

se
ru

m
 p

ar
ao

xo
na

se
/a

ry
le

st
er

as
e 

1
PO

N
1

0.
15

0.
25

3
0.

28
0.

03
7

0.
16

0.
17

4

C
om

pa
ri

so
n;

 s
ig

ni
fi

ca
nc

e 
te

st
in

g.
 2

4 
h 

vs
 n

on
st

ro
ke

; l
in

ea
r 

m
od

el
: ≈

sa
m

pl
e 

gr
ou

p 
+

 s
ex

 +
 H

D
L

-C
; 9

6 
h 

vs
 n

on
st

ro
ke

; l
in

ea
r 

m
od

el
: ≈

sa
m

pl
e 

gr
ou

p 
+

 s
ex

 +
 H

D
L

-C
; a

nd
 9

6 
vs

 2
4 

h;
 p

ai
re

d 
2-

si
de

d 
t t

es
t. 

H
D

L
 in

di
ca

te
s 

hi
gh

-d
en

si
ty

 li
po

pr
ot

ei
n;

 I
T

IH
4,

 in
te

r-
al

ph
a-

tr
yp

si
n 

in
hi

bi
to

r 
ch

ai
n 

H
4;

 a
nd

 S
A

A
1,

 s
er

um
 a

m
yl

oi
d 

A
1.

Circ Res. Author manuscript; available in PMC 2021 October 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Plubell et al. Page 25

Table 3.
Linear Regression Model for Differentially Expressed HDL Proteins and Stroke Recovery 
Swcores.

A model adjusting for NIHSS baseline scores was used to determine whether HDL protein changes from 24 to 

96 h poststroke intervention are related to stroke recovery, as assessed at 3 mo poststroke by NIHSS. 

Benjamini-Hochberg correction was performed to correct for multiple testing (38 tests). Nine proteins 

corelated significantly with stroke recovery.

Protein Adj. R2 Intercept (SE) F statistic (DF) P value Adj. P value

APOF 0.734 −6.51 (3.32) 24.41 (15) 1.92E-05 7.30E-04

APOL1 0.599 0.78 (4.08) 13.72 (15) 4.10E-04 0.008

APMAP 0.413 1.80 (5.13) 6.99 (15) 0.007 0.041

LPA 0.599 −8.40 (5.22) 9.96 (10) 0.004 0.041

APOC4 0.411 6.15 (5.93) 6.93 (15) 0.007 0.041

APOM 0.399 −1.38 (4.91) 6.64 (15) 0.009 0.041

PCYOX1 0.452 1.26 (4.86) 8.01 (15) 0.004 0.041

PON1 0.401 −1.76 (4.89) 6.68 (15) 0.008 0.041

APOE 0.380 1.22 (5.23) 6.21 (15) 0.011 0.046

Model: NIHSS-3 months ≈NIHSS baseline + protein Log2FC. APMAP indicates adipocyte plasma membrane-associated protein; APOE, 
apolipoprotein E; APOF, apolipoprotein F; HDL, high-density lipoprotein; NIHSS, National Institutes of Health Stroke Scale; and PON1, serum 
paraoxonase/ arylesterase.
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