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Purpose: The association between high-density lipoprotein cholesterol (HDL-C) and apolipoprotein A-I (ApoA-I) and cardiovascular
risk in patients with coronary artery disease remains inconsistent. Recent investigations indicated potential dysfunctionality of HDL
under inflammation. This study endeavors to explore whether the inflammatory status modifies the effects of HDL-C and ApoA-I on
cardiovascular risk in individuals with percutaneous coronary intervention (PCI).

Patients and Methods: Consecutive 10,724 PCI patients at Fuwai hospital in 2013 were enrolled. Inflammation status was defined
by high-sensitivity C-reactive proteins (hsCRP) > 2 mg/L. The study endpoint was cardiac mortality.

Results: Among 9569 PCI patients eventually included, 225 (2.4%) cardiac mortality happened during 5 years. In hsCRP > 2 mg/L
group, an U-shaped curve was observed for HDL-C and multivariate Cox regression showed that elevated risks of cardiac mortality
correlated to both the lowest quintile (hazard ratio [HR], 2.50; 95% confidence interval [CI], 1.32-4.71) and the highest quintile of
HDL-C (HR, 2.28; 95% CI, 1.23—4.25). However, an L-shaped curve existed in ApoA-I, indicating only the lowest quintile level of
ApoA-I was associated with an increased cardiac mortality risk (HR, 2.19; 95% CI, 1.28-3.75). Nevertheless, in hsCRP < 2 mg/L
group, no significant correlations between HDL-C and ApoA-I and cardiac mortality risk were identified (both P > 0.05).
Conclusion: In PCI patients with hsCRP > 2 mg/L. both low and high HDL-C levels correlated with higher cardiac mortality risk
(U-shaped), while only low ApoA-I levels were linked to elevated risk (L-shaped). However, in patients with hsCRP < 2 mg/L, neither
HDL-C nor ApoA-I levels were associated with higher cardiac mortality risk. These findings shed light on the importance of
considering inflammation status, particularly hsCRP levels, in managing HDL-C and ApoA-I levels, and suggest targeting elevated
ApoA-I levels as a potential therapeutic approach for PCI patients with hsCRP > 2 mg/L.
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Introduction

Previous studies have focused on the protective role of high-density lipoproteins (HDLs) in coronary artery disease
(CAD). HDL particles are made up of a bunch of lipids and proteins, represented by HDL-cholesterol (HDL-C) and
apolipoprotein A-I (ApoA-I). Epidemiological studies from the general population found an inverse relationship between
HDL-C and cardiovascular risk, leading to the belief that HDL-C is the crucial protective component of HDL particles.'~
However, recent studies raised doubts about the protective role of HDL-C in CAD patients, showing that patients with
high HDL-C levels may also have increased cardiovascular risk.® As a result, increasing studies suggest that HDL-C, as
the cholesterol component of HDL particles, may not fully reflect the structural and functional complexity of HDL
particles.* ApoA-I, the main protein constituent inside HDL particles, has been shown to perform various beneficial

functions, including anti-inflammatory, antioxidant, and cholesterol efflux activities.” Consequently, recent researchers
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Graphical Abstract

9569 CAD patients Age: 58.42 + 10.26 years Follow-up: 5 years
undergoing PCI Sex: 2177 (22.8%) female Outcome: 225 (2.4%) cardiac mortality
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are shifting focus to the impact of ApoA-I on cardiovascular risk and its potential as a novel therapeutic target in the
CAD patients.®®

Inflammation is strongly correlated with adverse outcomes in CAD patients undergoing percutaneous coronary
intervention (PCI).” High-sensitivity C-reactive protein (hsCRP) is a widely used biomarker of systematic inflammation
because of its convenient measurement. In CAD patients undergoing PCI, hsCRP levels > 2 mg/L indicate residual
inflammatory risk and have been consistently associated with poor prognosis.'®'" In addition, clinical trials targeting
anti-inflammatory therapy have classified CAD patients with hsCRP > 2 mg/L as having persistent inflammation.'?

More importantly, recent studies have found that hsCRP interacted with lipid metabolism in CAD patients undergoing
PCI, especially the lipoprotein(a)-associated ischemic risk was significantly amplified when patients with hsCRP > 2 mg/
L."*!'* Given the controversial evidence regarding HDL-C in CAD patients, whether inflammation also interacts with
HDL-related lipid metabolism and thereby affects the relationship between HDL-C, ApoA-I, and cardiovascular risk has
not been explored. Previously, research has found that although HDL particles have anti-inflammatory effects, their
composition and functionality are significantly altered in inflammatory conditions, such as autoimmune diseases.'> For

example, in patients with rheumatoid arthritis and systemic lupus erythematosus, HDL particles exhibit increased levels
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of the inflammatory protein serum amyloid A, which replaces normal ApoA-I on the HDL particles, and show decreased
levels of the antioxidant enzyme paraoxonase-1, resulting in pro-inflammatory HDL particles.'®'” Additionally, anti-
HDL and anti-ApoA-I autoantibodies are detectable in these autoimmune disease patients, linking to disease activity and
increased cardiovascular events.'®'” However, in real-world CAD patients undergoing PCI, it remains unclear whether
inflammation also alters the function of HDL particles, specifically influencing their main components HDL-C and
ApoA-I, and their relationship with cardiovascular risk.

Currently, despite receiving guideline-recommended secondary prevention strategies, CAD patients undergoing PCI
still face a high risk of ischemic recurrence, leading to efforts to identify novel treatment targets.”® Existing guidelines
primarily focus on managing low-density lipoprotein cholesterol levels, but due to recent conflicting evidence regarding
HDL-C, there are no clear recommendations for managing HDL-C and ApoA-I levels.?'** Therefore, in the era of
precision medicine, it is crucial to utilize real-world data to explore whether inflammatory status alters the relationship
between HDL-C, ApoA-I, and cardiac mortality risk in CAD patients undergoing PCI, as understanding these interac-
tions may bridge the knowledge gap in managing HDL-C and ApoA-I levels in clinical practice, potentially improving
prognoses for PCI patients. We aim to use real-world data from a sizable cohort to investigate the association between
HDL-C, ApoA-I, and cardiac mortality risk in CAD patients undergoing PCI under different hsCRP levels. The
hypothesis is that inflammation (indicated as hsCRP > 2 mg/L) could significantly modify the association of HDL-C
and ApoA-I with cardiac mortality in PCI patients.

Materials and Methods
Study Population

This prospective observational study was conducted at Fuwai Hospital (National Center for Cardiovascular Diseases,
Beijing, China), and included 10,724 consecutive individuals who underwent PCI between January 2013 and
December 2013. Participants with missing data on hsCRP, HDL-C, or ApoA-I, as well as those lost to follow-up,
were excluded from the final analysis (refer to Figure 1).

Before PCI, all patients received aspirin and P2Y, inhibitors. For those who had not been on antiplatelet therapy,
a loading dose of 300 mg aspirin, along with either 300 mg clopidogrel or 180 mg ticagrelor, was administered. PCI was
performed by interventional cardiologists who were blinded to the study protocol. The revascularization procedures

23,24

followed contemporary practice guidelines and incorporated the expert judgment and preferences of interventional
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Inclusion Consecutive 10,724 patients undergoing PCI from January 2013

to December 2013 in Fuwai hospital

Exclusion criteria (n = 1155):
Exclusion « Missing data of HDL-C, ApoA-I or hsCRP (n = 307)

* Lost to follow up (n = 848)
Final enrollment 9569 patients were enrolled in the final analysis
Gronp hsCRP > 2 mg/L (n =4072) hsCRP < 2 mg/L (n = 5497)

Figure | Flowchart of patients enrolled in the study cohort.
Abbreviations: ApoA-l, apolipoprotein A-l; HDL-C, high-density lipoprotein-cholesterol; hsCRP, high-sensitivity C reactive proteins; PCl, percutaneous coronary
intervention.
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cardiologists. Following the PCI procedure, patients were prescribed an ongoing daily regimen of 100 mg aspirin, in
conjunction with either 75 mg clopidogrel per day or 90 mg ticagrelor twice daily, for a minimum duration of 1 year.

All procedures involving human participants were conducted with informed consent. This study received approval
from the Fu Wai Hospital Ethics Committee (Approval Number: 2013-449) and was conducted in accordance with the
principles outlined in the Declaration of Helsinki.

Laboratory Test

Blood samples were collected within the first 24 hours of admission, following an overnight fasting period, and analyzed
at Fuwai Hospital’s core laboratory using standard biochemical techniques. Using the LABOSPECT 008 analyzer
(HITACHI, Japan), hsCRP levels were determined via the particle enhanced immunoturbidimetric assay
(Ultrasensitive CRP kit; Aidian Oy, Espoo, Finland), with intra- and interassay imprecisions having coefficients of
variation <7% and <12%, respectively. HDL-C levels were measured using a chemically modified enzyme method
(Determiner L HDL kit; Kyowa Medex Co., Ltd., Tokyo, Japan). ApoA-I and apolipoprotein B levels were assessed
using the immunoturbidimetric method (Apolipoprotein A1 FS and Apolipoprotein B FS multi-purpose kits; DiaSys
Diagnostic Systems GmbH, Holzheim, Germany). Triglyceride levels were analyzed using the GPO-PAP method (TG
Assay Kit; Biosino Bio-Technology and Science Incorporation, Beijing, China). Low-density lipoprotein cholesterol was
measured using a selective solubilization method (Low Density Lipid Cholesterol Test Kit; Kyowa Medex Co., Ltd.,
Tokyo, Japan). Serum creatinine was measured with the sarcosine oxidase method (Weihai Weigao Biotech Co., Ltd.,
Shandong, China), and the estimated glomerular filtration rate (¢GFR) was calculated using the Cockcroft-Gault formula.
Based on the widely used cutoff point in clinical practice and cardiovascular research, inflammatory status was defined
by hsCRP > 2 mg/L in this study.'®'?

Clinical Endpoint and Follow-Up

The clinical endpoint was cardiac mortality. A five-year follow-up period was chosen to capture long-term outcomes and
ensure comparability with existing cardiovascular studies, providing a robust dataset to observe cardiac mortality post-
PCI. Follow-up procedures encompassed 30 days, 6 months, 1 year, 2 years, and 5 years of interviews over the phone or
visits to the clinic, demonstrating a robust 91.5% follow-up rate at the conclusion of the 5-year period. Time to event was
computed as the period from the PCI intervention to the incidence of cardiac mortality or the date of disconnection from
subsequent follow-up, whichever took place first. To maintain data quality, rigorous measures were adopted, such as
investigator training, the utilization of blinded questionnaires, and the recording of telephone interactions. To ensure
accuracy and consistency, two independent cardiologists meticulously analyzed and adjudicated all adverse events,
settling any disagreements by agreement.

Statistical Analysis

Except for patients with missing baseline data for hsCRP, HDL-C, and ApoA-I, who were excluded from the analysis (as
mentioned in the flowchart Figure 1), all other data in the study were complete. A power analysis using the pwr package
in R software confirmed that with 9569 participants, a medium effect size (Cohen’s d = 0.5), and a significance level of
0.05, the study has a statistical power of 1, indicating adequate sample. Continuous variables with a normal distribution
were presented as mean + standard deviation and assessed using the Student’s ¢-test. Categorical variables were conveyed
as numbers and percentages and compared through the Pearson Chi-square test or Fisher’s exact test. Patients were
categorized into groups based on hsCRP levels (> 2 mg/L and < 2 mg/L), and all analytical procedures were employed
both across the entire cohort and within distinct hsCRP subgroups. The HDL-C and ApoA-I were investigated as
continuous and categorical (quintile) variables. To provide very low and very high levels of data granularity that included
probable non-linear connections, quintile classification was adopted. Quintiles were determined by identifying the 20th,
40th, 60th, and 80th percentiles of HDL-C and ApoA-I levels in each group. These percentiles were then transformed
into quintile ranges (Q1-Q5) to categorize the data for analysis across the overall population, hsCRP > 2 mg/L, and
hsCRP < 2 mg/L groups. The quintile ranges were defined as follows: Ql: <20th percentile; Q2: >20th to <40th
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percentile; Q3: >40th to <60th percentile; Q4: >60th to <80th percentile; Q5: >80th percentile. The specific values and
range are represented in the Supplementary Table 1.

Firstly, on a continuous scale, the linear or non-linear correlations between the continuous levels of HDL-C and
ApoA-I and cardiac mortality were determined using restricted cubic splines (RCS) in the overall cohort, hsCRP > 2 mg/
L group, and hsCRP < 2 mg/L group, respectively. The median levels of HDL-C and ApoA-I in each group were used as
the reference point.

Secondly, the cumulative incidences of cardiac mortality over time of HDL-C and ApoA-I quintiles were generated
using the Kaplan—Meier curves, and the differences between quintiles were compared using the Log rank test. Further,
univariate (Model 1) and multivariate Cox regression model (Model 2) were performed to evaluate the associations of
HDL-C and ApoA-I quintiles with cardiac mortality in overall cohort and distinct hsCRP groups. Multivariate Cox
regression model (Model 2) was adjusted for positive variables in the univariate model for cardiac mortality, including
age, chronic obstructive pulmonary disease, diabetes, hypertension, previous myocardial infarction, prior PCI, prior
coronary artery bypass grafting, target vessel, eGFR < 90 mL/min, calcium channel blocker use (refer to Supplementary
Table 2). The reference values were the quintiles of HDL-C and ApoA-I with the lowest percentage of cardiac death.
Hazard ratios (HR) and 95% confidence interval (CI) were calculated. Sensitivity analysis was performed to further
investigate the impact of demographic and lifestyle factors (model 3), comorbidities (model 4), clinical diagnosis and
revascularization information (model 5), important lipid variables (model 6), and medications (model 7) (details refer to
Supplementary Table 3). We also performed subgroup analysis on patients with acute coronary syndrome (ACS) and

chronic coronary syndrome (CCS) to assess the impact of inflammation on the association between HDL-C, ApoA-I, and
cardiovascular mortality in these cohorts. A two-sided P-value < 0.05 was regarded as statistically significant. R software
(4.2.2) and SPSS software version 26.0 (IBM Corp., Armonk, New York, USA) were used for all analyses in this study.

Results

Baseline Characteristics

Following a 5-year follow-up and the elimination of patients who fulfilled the excluded criteria, 9569 individuals were
finally enrolled in the analysis (Figure 1). The average age was 58.42 + 10.26 years, with 2177 (22.8%) females and 4072
(42.6%) patients presenting with hsCRP > 2 mg/L. The median HDL-C level was 1.00 mmol/L (range: 0.13-2.78 mmol/
L) and the median ApoA-I level was 1.31 g/L (range: 0.43-2.94 g/L). Among overall PCI patients, 42.3% were
diagnosed with the three-vessel disease (with or without the involvement of the left main artery [LM]), 32.5% had two-
vessel involvement (with or without LM involvement), 25.0% had single-vessel disease (with or without LM involve-
ment), and only 0.2% had isolated LM involvement without other vessels affected. The mean number of stents implanted
per patient in the overall cohort was 1.81 = 1.11 and 94.4% of patients using drug-eluting stents. During 5 years of
follow-up, 225 (2.4%) cardiac mortality occurred.

As indicated in Table 1, patients who experienced cardiac mortality were older; more likely to have chronic
obstructive pulmonary disease, diabetes and hypertension; had a higher proportion of previous myocardial infarction,
prior PCI and prior coronary artery bypass grafting. They also had higher rates of three-vessel disease (with or without
LM), elevated levels of hsCRP, and a higher ratio of patients with an estimated glomerular filtration rate < 90 mL/min.
Moreover, they were more likely to be prescribed calcium channel blockers during hospitalization.

Baseline characteristics stratified by hsCRP levels were shown in Supplementary Table 4.

Non-Linear Correlation Between Continuous HDL-C, ApoA-I Levels and Cardiac
Mortality

Within the RCS analysis, HDL-C and ApoA-I were examined as continuous variables to explore the relationship with
cardiac mortality (Figure 2).

In the overall cohort, there was a non-linear correlation of HDL-C levels (P for non-linear = 0.013) and ApoA-I levels
(P for non-linear = 0.009) with cardiac mortality. Lower HDL-C and ApoA-I levels significantly increased the cardiac
mortality risk.
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Among the hsCRP > 2 mg/L group, both HDL-C levels (P for non-linear = 0.005) and ApoA-I levels (P for non-
linear = 0.020) exhibited a non-linear correlation with cardiac mortality. For HDL-C, a clear U-shaped curve was
identified, demonstrating that both extremely low and high HDL-C levels considerably increased the risk of cardiac
death. For ApoA-I, an L-shaped curve was found, with only very low ApoA-I levels associating with a higher risk

Table | Baseline Characteristic of Patients with and without Cardiac Mortality

Variables Overall Cohort Non-Cardiac Mortality Cardiac Mortality P value
(n = 9569) (n=9344) (n = 225)
Demographics
Age, years 5842 + 10.26 58.26 * 10.19 65.03 = 11.00 <0.001*
Female, % 2177 (22.8) 2126 (22.8) 51 (22.7) 0.976
BMI, kg/m? 25.94 + 3.16 2594 £ 3.16 25.68 + 3.22 0.229
Smoking history, % 5594 (58.5) 5452 (58.3) 142 (63.1) 0.152
Medical history
COPD, % 224 (2.3) 207 (2.2) 17 (7.6) <0.001*
Peripheral vascular disease, % 256 (2.7) 246 (2.6) 10 (4.4) 0.096
DM, % 2897 (30.3) 2813 (30.1) 84 (37.3) 0.020*
Hypertension, % 6170 (64.5) 6002 (64.2) 168 (74.7) 0.001*
Dyslipidemia, % 6432 (67.2) 6282 (67.2) 150 (66.7) 0.859
Previous stroke, % 1014 (10.6) 982 (10.5) 32 (142) 0.074
Previous MI, % 1846 (19.3) 1781 (19.1) 65 (28.9) <0.001*
Prior PCI, % 2362 (24.7) 2284 (24.4) 78 (34.7) <0.001*
Prior CABG, % 389 (4.1) 371 (4.0) 18 (8.0) 0.002*
Initial clinical presentation 0.109
ACS, % 5713 (59.7) 5567 (59.6) 146 (64.9)
CCS, % 3856 (40.3) 3777 (40.4) 79 (35.1)
Procedural presentation
Number of target lesions, per person 1.40 + 0.67 1.41 £ 0.67 1.33 £ 0.63 0.092
Target vessel, % 0.007*
Single-vessel disease (with or without LM) 2395 (25.0) 2350 (25.1) 45 (20.0)
Two-vessel disease (with or without LM) 3110 (32.5) 3046 (32.6) 64 (28.4)
Three-vessel disease (with or without LM) 4043 (42.3) 3929 (42.0) 114 (50.7)
Isolated LM disease 21 (0.2) 19 (0.2) 2 (0.9)
Number of stents, per person 1.81 £ 111 1.81 £ 111 1.70 £ 1.13 0.153
Number of DES implantation, per person 1.80 £ I.11 1.80 £ I.11 1.68 + 1.16 0.088
Laboratory results at admission
Triglyceride, mmol/L 1.78 + 1.07 1.78 £ 1.07 1.71 £ 0.86 0.284
LDL-C, mmol/L 2.51 £ 091 251 £ 091 243 + 0.89 0.222
HDL-C, mmol/L 1.03 + 0.28 1.03 £ 0.28 1.05 + 0.31 0.426
ApoA-l, g/L 1.35 £ 0.25 1.35 £ 0.25 1.34 £ 028 0.778
ApoB, g/L 0.84 + 0.25 0.84 + 0.25 0.82 + 0.23 0.307
hsCRP, mg/L 323 +383 3.20 + 3.8 4.44 + 4.56 <0.001*
eGFR < 90 mL/min 3680 (38.5) 3553 (38.0) 127 (56.4) <0.001*
Medication
Statin, % 9183 (96.0) 8966 (96.0) 217 (96.4) 0.712
Aspirin, % 9449 (98.7) 9229 (98.8) 220 (97.8) 0.187
Clopidogrel, % 9549 (99.8) 9324 (99.8) 225 (100.0) 0.487
Calcium channel blocker, % 4653 (48.6) 4529 (48.5) 124 (55.1) 0.049*
B-blocker, % 8625 (90.1) 8427 (90.2) 198 (88.0) 0.277

Notes: Values were mean * standard deviation or n (%). *P values indicating statistical significance.
Abbreviations: ACS, acute coronary syndrome; ApoA-l, apolipoprotein A-I; ApoB, apolipoprotein B; BMI, body mass index; CABG, coronary
artery bypass grafting; CCS, chronic coronary syndrome; COPD, chronic obstructive pulmonary disease; DES, drug-eluting stent; DM, diabetes
mellitus; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein-cholesterol; hsCRP, high-sensitivity C reactive proteins;
LDL-C, low-density lipoprotein-cholesterol; LM, left main artery; MI, myocardial infarction; PCI, percutaneous coronary intervention.

of cardiac mortality but not in very high ApoA-I levels.
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Figure 2 Restricted cubic splines for analyzing continuous HDL-C and ApoA-I with cardiac mortality. Curves represent the natural log of HRs of HDL-C and ApoA-I levels
along a continuous spectrum, with the median value of HDL-C and ApoA-I levels in each group being the reference. Shaded areas represent the 95% confidence interval.
Adjusted for age, COPD, diabetes, hypertension, previous MI, prior PCI, prior CABG, target vessel, eGFR < 90 mL/min, calcium channel blocker use.

Note: *P values indicating statistical significance.

Abbreviations: ApoA-|, apolipoprotein A-l; CABG, coronary artery bypass grafting; Cl, confidence interval; COPD, chronic obstructive pulmonary disease; CABG,
coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; hsCRP, high-sensitivity C reactive
proteins; M|, myocardial infarction; PCI, percutaneous coronary intervention.

However, within the hsCRP > 2 mg/L group, there were no apparent associations between cardiac mortality and
continuous HDL-C or ApoA-I levels (both P > 0.05).

Quintiles HDL-C and ApoA-| and Cardiac Mortality in the Overall Cohort
Among the overall cohort, patients were further divided into HDL-C quintiles and ApoA-I quintiles, respectively.
HDL-C: Kaplan-Meier curves showed no significant differences between HDL-C quintiles (Log-rank P = 0.180)
(Figure 3). Nevertheless, multivariate Cox regression analysis (Model 2) revealed a notably elevated risk of cardiac
mortality only in patients belonging to the lowest HDL-C quintile (Q1: 0.13—-0.81 mmol/L) compared to the reference
group which had the lowest event rate (Q4: 1.07-1.23 mmol/L) (HR: 1.80; 95% CI 1.18-2.76; P = 0.007) (Figure 4).
ApoA-I: Kaplan-Meier curves revealed a significant survival difference across ApoA-I quintiles (Log-rank P = 0.034)
(Figure 3). Subsequent multivariate Cox regression analysis (Model 2) showed a substantially greater risk of cardiac
death only for individuals in the lowest ApoA-I quintile (Q1: 0.43—1.15 g/L) compared to the reference group which had
the lowest event rate (Q2: 1.16-1.26 g/L) (HR: 1.81; 95% CI 1.19-2.75; P = 0.005) (Figure 4).

Quintiles HDL-C and ApoA-l and Cardiac Mortality in hsCRP = 2 mg/L Group
HDL-C: Significant cumulative survival differences were observed between HDL-C quintiles in Kaplan-Meier curves
(Log-rank P = 0.035) (Figure 3). Multivariate Cox regression (Model 2) found that compared to patients in the reference
quintile with the lowest risk (Q4: 1.03—1.17 mmol/L), patients in the two lowest HDL-C quintiles (Q1: 0.13—0.78 mmol/
L and Q2: 0.79-0.90 mmol/L) both had a substantially increased risk of cardiac death, with adjusted HR of 2.50 (95% CI
1.32-4.71; P = 0.005) and 2.34 (95% CI 1.23-4.45; P = 0.009), respectively. Importantly, in comparison with the
reference quintile (Q4: 1.03—1.17 mmol/L), patients in the highest HDL-C quintile (Q5: 1.18-2.71 mmol/L) exhibited
a 2.28-fold increased risk of cardiac death (HR: 2.28; 95% CI 1.23—4.25; P = 0.009) (Figure 5).
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Figure 3 Kaplan-Meier curves of cumulative incidence for cardiac mortality. The quintile levels in each group were represented in Supplementary Table 3.
Note: *P values indicating statistical significance.

Abbreviations: ApoA-|, apolipoprotein A-l; HDL-C, high-density lipoprotein-cholesterol; hsCRP, high-sensitivity C reactive proteins.

Univariate Cox regression (Model 1) Multivariate Cox regression (Model 2)
Overall cohort Events/Total (%) HR (95% CI) in Model 2
Crude HR (95% CI) P value Adjusted HR (95% CI) P value

HDL-C

Q1 (0.13-0.81 mmol/L) 57/2015 (2.8) 1.52 (1.00-2.32) 0.050 1.80 (1.18-2.76) 0.007* P
Q2 (0.82-0.94 mmol/L) 40/1957 (2.0) 1.10 (0.70-1.73) 0.691 1.26 (0.80-1.99) 0.323 '—7—'_'

Q3 (0.95-1.06 mmol/L) 41/1833 (2.2) 1.20 (0.77-1.88) 0.423 1.22 (0.77-1.92) 0.385 '—:"_'

Q4 (1.07-1.23 mmol/L) 35/1874 (1.9) Reference NA Reference NA ‘

Q5 (1.24-2.78 mmol/L) 52/1890 (2.8) 1.49 (0.97-2.29) 0.068 1.35 (0.88-2.07) 0.176 ”'_'—'
ApoA-I E

Q1 (0.43-1.15 g/L) 63/2039 (3.1) 1.78 (1.17-2.70) 0.007* 1.81 (1.19-2.75) 0.005* —
Q2 (1.16-1.26 g/L) 34/1934 (1.8) Reference NA Reference NA +

Q3 (1.27-1.37 g/L) 44/1815 (2.4) 1.39 (0.89-2.17) 0.153 1.28 (0.82-2.01) 0.274 '-—'—

Q4 (1.38-1.53 g/L) 36/1923 (1.9) 1.07 (0.67-1.70) 0.788 0.93 (0.58-1.49) 0.764 '_‘._‘

Q5 (1.54-2.94 g/L) 48/1858 (2.6) 1.49 (0.96-2.31) 0.078 1.27 (0.82-1.98) 0.286 -

Figure 4 Cox regression of HDL-C, ApoA-I quintiles with cardiac mortality in overall cohort. Multivariate Cox regression analysis (Model 2) was adjusted for positive
variables in the univariate Cox model, including age, COPD, diabetes, hypertension, previous MI, prior PCIl, prior CABG, target vessel, eGFR < 90 mL/min, calcium channel
blocker use.

Note: *P values indicating statistical significance.

Abbreviations: ApoA-l, apolipoprotein A-l; CABG, coronary artery bypass grafting; Cl, confidence interval; COPD, chronic obstructive pulmonary disease; eGFR,
estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; MI, myocardial infarction; NA, not applicable; PCl, percutaneous
coronary intervention.

ApoA-I: Kaplan-Meier curves did not show a significant cumulative survival difference across ApoA-I quintiles
(Log-rank P = 0.066) (Figure 3). Nonetheless, multivariable Cox regression (Model 2) demonstrated that when compared
to those at the lowest risk (Q4: 1.35-1.49 g/L), only patients in the lowest ApoA-I quintile (Q1: 0.43-1.12 g/L) had
a 2.19 times greater risk of cardiac mortality (HR: 2.19; 95% CI 1.28-3.75; P = 0.004) (Figure 5).
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Univariate Cox regression (Model 1) Multivariate Cox regression (Model 2)
hsCRP > 2mg/L group Events/Total (%) HR (95% CI) in Model 2
Crude HR (95% CI) P value Adjusted HR (95% CI) P value

HDL-C

Q1 (0.13-0.78 mmol/L) 31/839 (3.7) 2.06 (1.10-3.88) 0.025* 2.50 (1.32-4.71) 0.005* e
Q2 (0.79-0.90 mmol/L) 29/826 (3.5) 1.97 (1.04-3.72) 0.038* 2.34 (1.23-4.45) 0.009* , —_——
Q3 (0.91-1.02 mmol/L) 21/820 (2.6) 1.43 (0.73-2.81) 0.302 1.55 (0.79-3.06) 0.204 "'—'_‘

Q4 (1.03-1.17 mmol/L) 14/774 (1.8) Reference NA Reference NA '

Q5 (1.18-2.71 mmol/L) 35/813 (4.3) 2.45 (1.32-4.55) 0.005* 2.28 (1.23-4.25) 0.009* —
ApoA-I §

Q1 (0.43-1.12 g/L) 40/854 (4.7) 1.90 (1.11-3.25) 0.019* 2.19 (1.28-3.75) 0.004* E A

Q2 (1.13-1.23 g/L) 22/837 (2.6) 1.06 (0.58-1.93) 0.863 1.22 (0.66-2.24) 0.524 —r'—

Q3 (1.24-1.34 g/L) 22/789 (2.8) 1.12 (0.61-2.05) 0.718 1.20 (0.65-2.20) 0.560 '—*'—

Q4 (1.35-1.49 g/L) 20/797 (2.5) Reference NA Reference NA T

Q5 (1.50-2.81 g/L) 26/795 (3.3) 1.32(0.74-2.37) 0.346 1.31 (0.73-2.35) 0.363 -

Figure 5 Cox regression of HDL-C, ApoA-| quintiles with cardiac mortality in hsCRP 2 2mg/L group. Multivariate Cox regression analysis (Model 2) was adjusted for
positive variables in the univariate Cox model, including age, COPD, diabetes, hypertension, previous MI, prior PCI, prior CABG, target vessel, eGFR < 90 mL/min, calcium
channel blocker use.

Note: *P values indicating statistical significance.

Abbreviations: ApoA-l, apolipoprotein A-l; CABG, coronary artery bypass grafting; Cl, confidence interval; COPD, chronic obstructive pulmonary disease; eGFR,
estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; hsCRP, high-sensitivity C reactive proteins; MI, myocardial infarction; NA,
not applicable; PCI, percutaneous coronary intervention.

Quintiles HDL-C and ApoA-| and Cardiac Mortality in hsCRP < 2 mg/L Group

HDL-C: No significant cumulative survival differences across HDL-C quintiles were found in Kaplan-Meier curves
(Log-rank P = 0.578) (Figure 3). In the Cox regression analysis, none of the HDL-C quintiles were linked to an increased
risk of cardiac death (all P > 0.05) (Figure 6).

ApoA-I: Kaplan-Meier curves showed that the cumulative survival of the ApoA-I quintiles did not differ significantly
(Log-rank P = 0.261) (Figure 3). Furthermore, as shown by the multivariate Cox regression analysis, none of the ApoA-I
quintiles were linked to a higher risk of cardiac death (all P > 0.05) (Figure 6).

Univariate Cox regression (Model 1) Multivariate Cox regression (Model 2)
hsCRP < 2mg/L group Events/Total (%) HR (95% CI) in Model 2
Crude HR (95% CI) P value Adjusted HR (95% CI) P value

HDL-C

Q1 (0.34-0.83 mmol/L) 17/1110 (1.5) 1.06 (0.54-2.11) 0.860 1.11 (0.56-2.20) 0.762 ——

Q2 (0.84-0.96 mmol/L) 16/1108 (1.4) Reference NA Reference NA +

Q3 (0.97-1.09 mmol/L) 22/1117 (2.0) 1.37 (0.72-2.61) 0.338 1.23 (0.64-2.34) 0.539 '—é"—'

Q4 (1.10-1.27 mmol/L) 16/1067 (1.5) 1.04 (0.52-2.08) 0911 0.91 (0.45-1.82) 0.785 '—i—'

Q5 (1.28-2.78 mmol/L) 24/1095 (2.2) 1.53 (0.81-2.87) 0.191 1.22 (0.64-2.32) 0.546 ——
ApoA-1

Q1 (0.62-1.17 g/L) 19/1158 (1.6) 1.49 (0.72-3.06) 0.282 1.52 (0.74-3.14) 0.256 S
Q2 (1.18-1.28 g/L) 12/1083 (1.1) Reference NA Reference NA +

Q3 (1.29-1.39 g/L) 25/1066 (2.3) 2.14 (1.07-4.25) 0.031* 1.91 (0.96-3.81) 0.066 »—!—<
Q4 (1.40-1.55 g/L) 18/1103 (1.6) 1.48 (0.71-3.08) 0.291 1.22 (0.58-2.54) 0.598 ——

Q5 (1.56-2.94 g/L) 21/1087 (1.9) 1.76 (0.87-3.57) 0.119 1.51 (0.74-3.10) 0.259 L EP—

©
IS

Figure 6 Cox regression of HDL-C, ApoA-I quintiles with cardiac mortality in hsCRP < 2mg/L group. Multivariate Cox regression analysis (Model 2) was adjusted for
positive variables in the univariate Cox model, including age, COPD, diabetes, hypertension, previous Ml, prior PCI, prior CABG, target vessel, eGFR < 90 mL/min, calcium
channel blocker use.

Note: *P values indicating statistical significance.

Abbreviations: ApoA-l, apolipoprotein A-l; CABG, coronary artery bypass grafting; Cl, confidence interval; COPD, chronic obstructive pulmonary disease; eGFR,
estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; hsCRP, high-sensitivity C reactive proteins; MI, myocardial infarction; NA,
not applicable; PCI, percutaneous coronary intervention.
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Sensitivity Analysis

After further adjusting for demographic and lifestyle factors (Model 3), comorbidities (Model 4), clinical diagnosis and
revascularization information (Model 5), important lipid variables (Model 6), and medications (Model 7) in the multi-
variate Cox regression models, the results remained consistent for the overall cohort (Supplementary Table 5), the hsCRP

> 2 mg/L group (Supplementary Table 6), and the hsCRP < 2 mg/L group (Supplementary Table 7).

Subgroup Analysis
In the ACS subgroup, concomitant with the presence of hsCRP > 2 mg/L, the extremes in HDL levels—both very low
(Q1 and Q2) and very high (Q5)—were associated with an elevated risk of cardiac mortality. Furthermore, only
significantly low levels of ApoA-I (Q1) were found to be associated with an increased risk of cardiac mortality
(Supplementary Figure 1).

Conversely, in the CCS subgroup, no significant associations were observed between either HDL-C or ApoA-I levels
and cardiac mortality, regardless of hsCRP levels (Supplementary Figure 1).

Discussion

The primary findings of this large-sample real-world study, which followed CAD patients receiving PCI for 5 years, were
as follows: i) Among the overall cohort, only lower HDL-C and ApoA-I levels were associated with elevated cardiac
mortality. ii) In the hsCRP > 2 mg/L group, HDL-C exhibited a pronounced U-shaped association with cardiac mortality,
suggesting that both very low and very high HDL-C levels are associated with increased cardiac mortality risk; while
ApoA-I exhibited an L-shaped correlation with risk of cardiac mortality, indicating that only extremely low ApoA-I
levels are linked to elevated risk. iii) However, in the hsCRP < 2 mg/L group, neither HDL-C nor ApoA-I levels were
linked to cardiac mortality. This is the first study to reveal potential differences in the association of HDL-C and ApoA-I
levels with cardiac mortality based on baseline hsCRP levels.

HDL-C, Inflammation and Outcomes
There remains a heated debate about the protective role of HDL-C currently. Our research validated the risk of low HDL-
C levels in the PCI population, and only patients with inflammation showed a U-shaped correlation between HDL-C
levels and cardiac death.

Previous epidemiological studies showed a linearly negative relationship between HDL-C and cardiovascular events

among the general population without known CAD,*?%%¢

providing a hypothesis for elevating HDL-C levels to reduce
cardiovascular risk. Nevertheless, clinical trials attempt to increase HDL-C values failed to improve the clinical
outcome.””*® Besides, recent study enrolling CAD participants found a U-shaped correlation between HDL-C and
survival, indicating that both very low and very high HDL-C could be harmful.> More complicated than the U-shaped
association is the fact that the relationship between HDL-C levels and unfavourable outcomes could be affected by
various factors such as ethnicity and diabetes.”’° Therefore, there is no consistent conclusion about the relationship
between HDL-C and prognosis and more importantly, it is unclear whether these inconsistent results are influenced by
other important factors, especially inflammation. Given the strong association between inflammation and the risk of
coronary events, it is crucial to explore whether the contradictory evidence regarding HDL-C is related to inflammation,
a question that has not been adequately addressed in real-world studies.

The present study provides a unique perspective compared with previous research and fills the gap in understanding
the interaction between inflammation and HDL-C in CAD patients undergoing PCI. Our study goes a step further by
demonstrating that the clinical significance of HDL-C is amplified by the presence of inflammation risk. Specifically, the
hazard of very high or low HDL-C levels only existed in individuals with inflammation, but not in those without
inflammation.

The specific mechanisms of these findings are not yet defined. Previous research indicates that individuals with
extremely high HDL-C levels frequently exhibit elevated large, lipid-rich HDL particles and reduced small, lipid-poor
HDL particles (the small ones known for their protective capacity in effluxing cellular cholesterol).>'** Consequently, in
our study, a plausible explanation for the observed association between high HDL-C levels and increased mortality risk in
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inflammatory conditions may be attributed to the increased heterogeneity of HDL particles, particularly the rise in
dysfunctional HDL particles. Previous studies pointed out that inflammation could impair the protective function of HDL
particle by affecting its quantity and component and thus transforming it into a dysfunctional particle.*® Specifically,
inflammation increases the triglyceride and cholesteryl ester content in HDL particles and elevates levels of the
inflammation-related protein serum amyloid A, while reducing antioxidation enzymes like paraoxonase-1.° These
changes contribute to the formation of dysfunctional HDL particles, which lose their protective function and may even
become harmful. Therefore, higher HDL-C levels in inflammation patients might indicated and related to the increased
dysfunctional HDL particles in this study. Future research is warranted to further elucidate these mechanisms and better
understand the complex relationship between HDL-C levels and mortality risk in inflammatory conditions.

ApoA-|, Inflammation and Outcomes

Since there is disagreement over the relevance of HDL-C levels in cardiovascular disease, researchers are shifting
attention toward assessing HDL functionality beyond solely HDL-C concentration. The crucial molecule ApoA-I
possesses the ability to carry out a number of biological functions for HDL particles. Our study demonstrated that
inflammation could also influence the correlation between ApoA-I and cardiac mortality. More interestingly, unlike the
U-shaped performance of HDL-C, only low ApoA-I level was the independent risk factor in patients with inflammation
and high ApoA-I level was not.

The association between low ApoA-I on adverse outcomes has been explored in various populations. For the general
population without CAD, the AMORIS study revealed an inverse correlation between ApoA-I levels and fatal myocar-
dial infarction.*® Similarly, a meta-analysis of individuals on statin therapy discovered the inverse relationship between
ApoA-I and major adverse cardiovascular events (MACE).® As for CAD patients undergoing PCI, the only factor linked
to a higher risk of cancer mortality was decreased ApoA-I levels.>® This was the first study to report the relationship
between ApoA-I and cardiac death among PCI patients, which was basically in line with the above-mentioned studies,
providing evidence of the hazard of low ApoA-I levels.

However, no research has examined the relationship between ApoA-I and cardiovascular risk under varying
degrees of inflammation so far. The present study reported that decreased ApoA-I levels were linked to greater cardiac
mortality only in PCI patients with inflammation, but not in those without inflammation. It is worth noting that, unlike
the U-shaped pattern of HDL-C, no higher risk could be observed in high ApoA-I levels in individuals with
inflammation.

Potential mechanisms for the different performances of high ApoA-I and HDL-C in inflammation might be attributed
to their distinct role within the HDL particles. Compared with the cholesterol cargo HDL-C, which primarily reflects the
cholesterol content within HDL particles and may not fully represent the protective function of HDL particles,* ApoA-I,
which is the main protein component of HDL particles, has been demonstrated to have multiple protective functions,
such as anti-inflammation, antioxidant, and stimulating macrophage cholesterol efflux.’ Experimental studies confirmed
that ApoA-I could carry out the anti-inflammatory function by means of stimulating macrophage cholesterol efflux via
ATP-binding cassette transporter Al and modulating inflammatory Toll-like receptor 4-dependent signaling in
macrophages.*®*” In patients with inflammation, anti-ApoA-I antibody levels increase, with decreased levels of protec-
tive ApoA-L'®!? This suggests that higher ApoA-I levels might indicate a greater protective capacity in patients with
inflammation. Therefore, higher ApoA-I levels might be relatively safer in PCI patients with inflammation. The specific
pathological mechanisms of ApoA-I in PCI patients with inflammation require further clarification.

Clinical Implications and Future Directions

In clinical practice and guidelines, there is no consensus regarding the optimal management of HDL-C and ApoA-I
levels. Our study emphasizes the importance of focusing on the patient’s inflammatory status (especially those hsCRP >
2 mg/L) when managing HDL-C and ApoA-I levels. Specifically, in patients with concurrent inflammation, maintaining
HDL-C within a moderate range, neither too low nor too high, is crucial; while ensuring ApoA-I levels are not
excessively low. In contrast, HDL-C and ApoA-I levels may not be a major issue in patients without inflammation.
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Our findings suggest personalized management of HDL-C and ApoA-I levels in PCI patients based on inflammatory
status, in line with current trends toward personalized medicine.

Furthermore, our study found that in PCI patients with hsCRP > 2 mg/L, elevated HDL-C levels were associated with
increased mortality risk, whereas high ApoA-I levels were not. This finding implies the potential of elevating ApoA-I
levels as a promising therapeutic target in PCI patients with hsCRP > 2 mg/L. Given the negative outcomes of clinical
trials focusing on increasing HDL-C levels, several clinical trials have extensively explored the potential benefit of
elevating ApoA-I levels. However, the research results were inconsistent and it remains uncertain who will benefit most
from this strategy. Apabetalon, a small molecule that could increase the endogenous production of ApoA-1,°* did not
significantly reduce the risk of MACE among ACS patients.”” Nevertheless, a pooled analysis revealed that Apabetalone
could significantly reduce MACE risk in CAD patients who had hsCRP levels > 2 mg/L.° In conjunction with the
findings from our real-world study, we highly assume that perhaps elevating the ApoA-I level rather than solely focusing
on increasing HDL-C might potentially enhance the prognosis of PCI patients, particularly those who are at inflammation
risk. Future large-scale randomized controlled trials and observational studies in different populations should be
conducted to validate this hypothesis and further investigate the optimal management of ApoA-I and HDL-C levels in
PCI patients.

Limitations

This study has several Limitations. Firstly, the single-center observational design may introduce selection biases and
restrict the ability to extrapolate our findings, as our patient population and clinical practices might not fully represent
other settings. Replicating this study in other countries or regions would provide valuable insights into the potential
effects of genetic diversity, local diets, and other potential confounders. Future multi-center studies with diverse
populations are needed to validate our findings. Secondly, there was a lack of routine evaluation of hsCRP and lipid
concentrations during follow-up. In the future, it is necessary to dynamically detect whether the fluctuating inflammatory
and blood lipid indicators will have an impact on the result. Thirdly, the functional properties of ApoA-I and HDL-C
were not assessed. Future investigations into their specific functions, particularly in the context of chronic inflammation,
are warranted to better elucidate their distinct roles in cardiovascular risk. Fourth, this study did not collect data on the
exact stent type and therapy variations, which might impact the results. Additionally, despite thorough adjustment for
cardiovascular risk variables, there may still be unmeasured confounders that could influence the connection. Future
research should address these limitations by gathering comprehensive data and more thoroughly considering potential
residual unmeasured confounding factors to strengthen the validity of this study. Fifth, due to its widespread clinical use
and strong association with adverse outcomes in CAD patients, hsCRP was considered the inflammation biomarker in the
present study. Future studies should consider incorporating a broader range of inflammatory markers such as interleukin-
6 and white blood cells to provide more comprehensive insights.

Conclusions

In this large cohort study, in patients with hsCRP > 2 mg/L, both very low and very high HDL-C levels were associated
with cardiac mortality (U-shaped correlation), while only low ApoA-I levels showed a correlation (L-shaped). In patients
with hsCRP < 2 mg/L, neither HDL-C nor ApoA-I levels were associated with cardiac mortality. These findings suggest
that future personalized strategies should consider inflammation status, especially hsCRP levels, when managing HDL-C
and ApoA-I levels and highlight the potential of elevating ApoA-I levels as a promising therapeutic target in PCI patients
with hsCRP > 2 mg/L. Despite valuable insights, the observational design may limit the generalizability of our findings.
Future research should explore the biological mechanisms and validate these findings through large clinical trials and
multi-center studies.
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