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Abstract
Purpose  Cholesterol regulation is essential to maintain pulmonary homeostasis. Studies suggest that increased high-density 
lipoprotein cholesterol (HDL-C) levels correlate with better lung function. However, the longitudinal association of HDL-C 
with lung function remains unknown. We aimed to analyze the long-term correlation of HDL-C with lung function decline 
in a population-based cohort study.
Methods  We included 7,652 participants from a prospective community-based cohort study in South Korea. Participants 
were categorized into five trajectory groups based on repeated HDL-C measurements. Generalized linear mixed models with 
random intercepts and slopes were used to examine the longitudinal relationship between HDL-C levels and lung function 
decline within these groups.
Results  In the five HDL-C trajectory group analyses, the very low HDL-C trajectory group (Group 1) showed faster declines 
in forced vital capacity (FVC) (−3.1 mL/year) and forced expiratory volume in one second (FEV1) (−3.1 mL/year) than the 
middle HDL-C group (Group 3, the reference group) did. The low HDL-C trajectory group (Group 2) also exhibited faster 
FVC (−1.5 mL/year) and FEV1 (−1.7 mL/year) declines than the middle HDL-C group; however, the estimated difference 
was smaller than that in Group 1. Faster lung function decline in the low HDL-C trajectory group was consistently observed 
even when the population was analyzed using three- or four-HDL-C trajectory groups instead of five.
Conclusion  Participants in the low HDL-C trajectory groups experienced a more rapid lung function decline over time than 
the reference groups, suggesting a negative longitudinal association between HDL-C and lung function decline.
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Background

Lung function naturally declines with age due to several ana-
tomical, physiological, and immunological changes within 
the respiratory system [1, 2]. Individuals undergo various 
lung function trajectories throughout their lifetimes [2].
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Pulmonary surfactants are composed of various lipids and 
proteins that are crucial for maintaining lung homeostasis 
[3–5]. Cholesterol is a major lipid component of pulmonary 
surfactants and is tightly regulated through plasma lipopro-
teins and lipid efflux transporters [6–8]. However, dysregula-
tion of pulmonary cholesterol results in deterioration of sur-
factant function, leading to dysfunctional immune responses, 
increased lung inflammation, and mechanical stress-induced 
lung injury risk [4, 9, 10].

High-density lipoprotein (HDL) is important for main-
taining cholesterol levels because it performs reverse cho-
lesterol transport and delivers it to the liver [11]. In the lung, 
cholesterol is mainly imported from plasma lipoproteins and 
cleared by plasma HDL, thereby maintaining healthy cho-
lesterol levels [7, 8, 12].

However, the clinical significance of HDL-cholesterol 
(HDL-C) for lung function remains unclear in the general 
population. Several cross-sectional studies have shown that 
high HDL-C levels correlate with higher lung function in 
adult populations [13–16]. Since lung function typically 
peaks at 20–25 years of age and deteriorates thereafter, 
HDL might play a protective role in age-related lung func-
tion decline [2, 15]. However, to date, no study has proven 
this hypothesis.

To determine whether HDL-C levels show a long-term 
correlation with lung function deterioration over time, we 
conducted a comprehensive analysis of the data from a 
12-year population-based cohort study.

Methods

Study Design and Population

We analyzed data from a prospective population-based 
cohort study conducted in South Korea, which is a com-
ponent of the Korean Genome and Epidemiology Study 
(KoGES) supported by the National Genome Research 
Institute [17]. The participants, adults aged 40–69 years 
who had lived for more than 6 months in either Ansan 
(urban) or Ansung (rural) areas, were recruited from 2001 
to 2002 [17, 18]. Follow-up evaluations were conducted 
biennially, with the longest follow-up period spanning 
12 years, up to the sixth follow-up [17]. During both the 
baseline and biennial visits, comprehensive data were 
collected, including socio-demographic status, lifestyle 
characteristics, medical history, disease history, anthro-
pometric and biochemical measurements, and pulmonary 
function test results [17].

Of the 10,030 participants at baseline, we excluded 
those who lacked initial spirometry data, height or weight 
measurements, smoking or drinking history, or lipid pro-
files. Individuals with a previous diagnosis of chronic lung 
disease or asthma were also excluded. Additionally, par-
ticipants without valid spirometry results from the first to 
sixth follow-up examinations were excluded (Fig. 1).

Fig. 1   Flow chart of partici-
pant selection. This flowchart 
illustrates the selection process 
of participants from the baseline 
cohort
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High‑Density Lipoprotein Cholesterol 
Measurements

During the study, participants provided fasting blood sam-
ples for biochemical measurement; these were collected 
in two ethylenediaminetetraacetic acid tubes and a serum 
separator tube [17]. A comprehensive metabolic panel was 
performed using a Hitachi 747 chemistry analyzer (Hitachi 
Ltd., Tokyo, Japan) to measure HDL-C [19].

Spirometry

Lung function was measured using a spirometer (Vmax-229, 
Sensor-Medics Corporation, Yorba Linda, CA, USA) during 
the baseline and follow-up visits [20]. Spirometry was per-
formed by well-trained pulmonary technologists following 
the standards set by the American Thoracic Society [21]. 
The forced vital capacity (FVC) and forced expiratory vol-
ume in one second (FEV1) were measured using a standard-
ized protocol. We used the Global Lung Function Initiative 
2012 equations to calculate the predicted values for FVC 
and FEV1 [22].

Statistical Analyses

We conducted a one-way analysis of variance to compare 
continuous variables. Pearson’s chi-square or Fisher’s exact 
test was used to compare categorical variables among the 
different HDL-C groups.

To classify individuals based on the longitudinal change 
in HDL-C over time, we employed group-based trajectory 
modeling using a finite mixture modeling approach with the 
stepFlexmix function from the “flexmix” package in R ver-
sion 4.4.1 (R Foundation for Statistical Computing, Vienna, 
Austria) [23, 24]. Using group-based trajectory modeling, 
we categorized the participants into distinct groups based 
on similar patterns of HDL-C change over time [24]. To 
determine the optimal HDL-C trajectory groups, we con-
ducted multiple iterations of the model with three, four, and 
five groups [24]. For each iteration, we compared the model 
fit using both the Akaike Information Criterion (AIC) and 
Bayesian Information Criterion (BIC) to select a representa-
tive model (Table S1). The chosen model revealed distinct 
HDL-C trajectories in all the groups (Fig. 2, Figure S1). The 
five-group model demonstrated the best statistical fit and 
was, therefore, selected for further analysis.

Generalized linear mixed models were used to test the 
longitudinal association of HDL-C with lung function 
decline [20, 25]. The models included random intercepts and 
slopes with unstructured covariance matrices to account for 
repeated measures within participants [26]. For our analyses, 
we constructed a series of progressively adjusted models. 
Model 1 was adjusted for essential physiological parameters 

(age, sex, and height) that determine lung function. Model 
2 expanded on Model 1 by adding BMI, BMI2, residential 
area (rural/urban), and smoking exposure as factors that may 
affect lung function. Based on previous studies showing that 
both low and high BMI are associated with reduced lung 
volume, we included both the linear (BMI) and quadratic 
(BMI2) terms of BMI in the adjustment models [15, 27, 28]. 
Our main analysis used Model 3, which further expanded 
on Model 2 by adding factors related to lipid metabolism 
(self-reported history of dyslipidemia and alcohol consump-
tion), representing our fully adjusted model. Model 4 was 
similar to Model 3 but excluded self-reported dyslipidemia 
as a covariate due to the limited number of participants with 
this condition at baseline [29].

Age was centered at 40 years for the analysis, as the 
cohort data were collected from individuals aged 40 years 
and older [27]. The estimates of the interaction terms 
between the centered age and HDL-C trajectory groups 
were interpreted as the differences in annual lung function 
changes [30, 31]. All statistical analyses except HDL-C tra-
jectory modeling were performed using SAS software (ver-
sion 9.4; SAS Institute Inc., Cary, North Carolina, USA). 
Statistical significance was set at P < 0.05.

Ethical Considerations

The study protocol followed the ethical guidelines outlined 
in the Declaration of Helsinki. All participants provided 
informed consent at recruitment and subsequent visits, with 
initial ethical approval from the Korea Centers for Disease 
Control and Prevention [17]. Our research team submitted 
our study protocol and Institutional Review Board approval 
(IRB number: 4-2023-0156) from Severance Hospital to the 

Fig. 2   HDL-C Trajectories Based on Age for the Model with Five 
Groups. Each line represents the estimated HDL-C trajectory for one 
of the five HDL-C trajectory groups across ages. Shaded areas indi-
cate 95% confidence intervals. Single dots represent individual data 
points. HDL-C levels are measured in mg/dL. HDL-C high-density 
lipoprotein cholesterol
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National Institute of Health, who reviewed these documents 
before providing us with the de-identified data for analysis.

Results

Baseline Characteristics

Table 1 presents the baseline characteristics of the study 
population, stratified by the five HDL-C trajectories. Of 
the participants, 48.2% were men, and the mean age was 
51.6 ± 8.7 years at baseline. The mean baseline HDL-C lev-
els for each trajectory group, ranging from lowest to highest, 
were 32.7 mg/dL, 38.9 mg/dL, 45.8 mg/dL, 53.6 mg/dL, and 
65.3 mg/dL, respectively.

Association Between HDL‑C and Lung Function 
by Cross‑Sectional Analysis

Table 2 shows the association between HDL-C levels and 
lung function in the study cohort. For each standard devia-
tion increase in HDL-C, FVC was 7.5 mL higher and FEV1 
was 4.7 mL higher. The percentage predicted FVC and FEV1 
increased by 0.19% and 0.13%, respectively. No statistically 
significant relationship was observed between HDL-C levels 
and the FEV1/FVC ratio.

Longitudinal Association Between HDL‑C and Lung 
Function Decline

The adjusted differences in lung function decline based on 
the five HDL-C trajectory groups are shown in Fig. 3. The 
middle HDL-C group (Group 3) served as a reference group 
to compare the differences in lung function decline between 
the HDL-C trajectory groups. The very-low HDL-C group 
(Group 1) showed a faster decline in FVC (3.1 mL/year) and 
FEV1 (3.1 mL/year) than the reference group did. The low 
HDL-C group (Group 2) exhibited a faster decline rate of 
1.5 mL/year in FVC and 1.7 mL/year in FEV1 relative to the 
reference group but a smaller estimated difference than the 
very-low HDL-C group did. The high and very-high HDL-C 
groups (Groups 4 and 5) did not demonstrate differences in 
annual lung function change rates compared to the reference 
group.

Based on the observation that the HDL-C trajectories 
exhibited largely parallel patterns over time, we extended 
our analysis to address whether initial HDL-C levels are 
associated with subsequent lung function decline. Intersec-
tion points from normalized distribution curves of each tra-
jectory group were identified and used as new cutoff values 
(36.0, 42.8, 50.5, 60.4 mg/dL) (Figure S2A). Using these 
cutoffs, participants were categorized into five new groups 
based on their baseline HDL-C. Approximately 73.1% 

of individuals whose baseline HDL-C levels were below 
36.0 mg/dL belonged to the very low HDL-C trajectory 
group (Figure S2B) and showed faster decline in FVC and 
FEV1 compared to the reference group (Figure S3A, B).

Sensitivity Analyses

The three- and four-group HDL-C trajectories were ana-
lyzed further to explore the longitudinal association between 
HDL-C and lung function decline. The baseline characteris-
tics of the three and four HDL-C trajectory groups are shown 
in Tables S2 and S3. In the three-group HDL-C trajectory 
model, the low HDL-C group (Group 1) showed a signifi-
cantly faster decline in both FVC (−2.5 mL/year) and FEV1 
(−1.9 mL/year) than the reference group did (Group 2) (Fig-
ure S4A and S4B). In the four-group HDL-C trajectories, 
the low HDL-C trajectory group (Group 1) demonstrated 
significantly faster decline rates in both FVC (−1.8 mL/year) 
and FEV1 (−1.8 mL/year) (Figures S4C and S4D) than the 
reference group (Group 2) did.

Other sensitivity analyses using differently adjusted mod-
els are shown in Table S4 (FVC) and Table S5 (FEV1). In 
Models 1, 2, and 4, we observed similar patterns to our main 
analysis (Model 3), with the very-low HDL-C group con-
sistently showing significantly faster decline rates in both 
FVC and FEV1 compared to the reference group. Complete 
results for the three-, four-, and five-group HDL-C trajectory 
models are presented in Tables S4 and S5.

Discussion

To our knowledge, our study represents the first compre-
hensive analysis of the long-term correlation of HDL-C 
levels with lung function decline in a population-based 
cohort. To account for this association, we categorized the 
participants into different HDL-C trajectory groups based 
on their repeated HDL-C measurements. This approach 
revealed that individuals in the low HDL-C trajectory 
group exhibited a faster decline in lung function. Nota-
bly, these results were consistent across the three-, four-, 
and five-group trajectory models, thus strengthening the 
robustness of our findings. The consistency of our find-
ings across different covariate combinations in sensitivity 
analyses further strengthens the robustness of the observed 
relationship between HDL-C trajectories and lung func-
tion decline. Since the mean HDL-C levels in each trajec-
tory group seemed relatively stable, we explored whether 
baseline HDL-C could predict lung function decline. Indi-
viduals with low initial HDL-C (< 36.0 mg/dL) tended 
to belong to the very low HDL-C trajectory group and 
showed faster decline in FVC and FEV1 than the reference 
group, suggesting that low initial HDL-C levels are also 
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Table 1   Baseline characteristics of the study participants based on the model with five HDL-C trajectory groups

Data are presented as number (%) or mean ± standard deviation. Group categories were defined based on HDL-C trajectories: very low (Group 
1), low (Group 2), middle (Group 3, reference group), high (Group 4), and very high (Group 5)
BMI body mass index, FEV1 forced expiratory volume in one second, FVC forced vital capacity, HDL-C high-density lipoprotein cholesterol, SD 
Standard deviation

Total (n = 7,652) HDL-C trajectory groups P-value

Very low Low Middle High Very high

Group 1 
(n = 921)

Group 2 
(n = 2,337)

Group 3 
(n = 2,610)

Group 4 
(n = 1,405)

Group 5 
(n = 379)

Age, years, 
mean ± SD

51.6 ± 8.7 51.6 ± 8.5 52.3 ± 8.7 51.8 ± 8.7 50.4 ± 8.5 50.1 ± 8.4  < 0.0001

Male sex, n (%) 3,691 (48.2) 605 (65.7) 1,259 (53.9) 1,134 (43.4) 553 (39.4) 140 (37.0)  < 0.0001
Height, cm, 

mean ± SD
160.4 ± 8.6 162.9 ± 8.8 160.9 ± 8.7 159.7 ± 8.5 159.5 ± 8.4 159.2 ± 8.0  < 0.0001

BMI, kg/m2, 
mean ± SD

24.6 ± 3.1 25.6 ± 2.8 25.1 ± 2.9 24.6 ± 3.0 23.7 ± 3.0 23.1 ± 3.3  < 0.0001

Residential area, 
n (%)

 < 0.0001

 Rural (Ansung) 3,620 (47.3) 504 (54.7) 1,158 (49.6) 1,246 (47.7) 564 (40.1) 148 (39.0)
 Urban (Ansan) 4,032 (52.7) 417 (45.3) 1,179 (50.4) 1,364 (52.3) 841 (59.9) 231 (61.0)

Dyslipidemia, 
n (%)

187 (2.4) 33 (3.6) 56 (2.4) 56 (2.2) 33 (2.4) 9 (2.4) 0.1939

Smoking expo-
sure, pack-year, 
mean ± SD

9.3 ± 15.5 13.2 ± 17.1 10.6 ± 16.1 8.3 ± 15.2 7.1 ± 13.8 6.8 ± 13.5  < 0.0001

Smoking status, 
n (%)

 < 0.0001

 Never smoker 4,548 (59.4) 426 (46.3) 1,276 (54.6) 1,658 (63.5) 930 (66.2) 258 (68.1)
 Ex-smoker 1,209 (15.8) 169 (18.4) 400 (17.1) 392 (15.0) 204 (14.5) 44 (11.6)
 Current smoker 1,895 (24.8) 326 (35.4) 661 (28.3) 560 (21.5) 271 (19.3) 77 (20.3)

Alcohol con-
sumption, n (%)

 < 0.0001

 Never drinker 3,492 (45.6) 437 (47.5) 1,078 (46.1) 1,197 (45.9) 631 (44.9) 149 (39.3)
 Ex-drinker 457 (6.0) 77 (8.4) 178 (7.6) 135 (5.2) 56 (4.0) 11 (2.9)
 Current drinker 3,703 (48.4) 407 (44.2) 1,081 (46.3) 1,278 (49.0) 718 (51.1) 219 (57.8)

Lung func-
tion indexes, 
mean ± SD

 FEV1, L 2.94 ± 0.68 3.08 ± 0.70 2.95 ± 0.70 2.90 ± 0.67 2.92 ± 0.67 2.94 ± 0.64  < 0.0001
 FEV1, % pre-

dicted
104.79 ± 14.38 103.83 ± 14.13 104.19 ± 14.41 105.13 ± 14.60 105.31 ± 14.12 106.51 ± 14.02 0.0020

 FVC, L 3.68 ± 0.86 3.88 ± 0.88 3.70 ± 0.87 3.63 ± 0.85 3.63 ± 0.85 3.63 ± 0.78  < 0.0001
 FVC, % pre-

dicted
105.83 ± 13.79 105.22 ± 13.72 105.38 ± 13.84 106.26 ± 13.91 105.89 ± 13.72 106.77 ± 12.83 0.0694

 FEV1/FVC, % 80.22 ± 7.17 79.70 ± 7.20 79.92 ± 7.12 80.17 ± 7.12 80.90 ± 7.18 81.18 ± 7.57  < 0.0001
HDL-C, mg/

dL (Baseline), 
mean ± SD

44.5 ± 9.9 32.7 ± 3.9 38.9 ± 4.6 45.8 ± 5.7 53.6 ± 7.4 65.3 ± 10.0  < 0.0001

HDL-C, mg/
dL (Overall), 
mean ± SD

45.1 ± 10.7 32.5 ± 4.1 38.9 ± 4.9 46.0 ± 6.0 55.0 ± 7.4 67.8 ± 11.2  < 0.0001
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associated with rapid lung function decline. Comprehen-
sively, our analysis indicates that low HDL-C trajectories 
are associated with accelerated lung function decline, sug-
gesting potential relevance of HDL-C levels to pulmonary 
health throughout aging.

Lung function naturally declines with aging, and indi-
viduals exhibit diverse lung function trajectories through-
out their lifetimes [1]. Recent studies have highlighted 
various biological mechanisms contributing to lung func-
tion decline, including cellular senescence, oxidative 
stress, dysregulated inflammatory responses, and extra-
cellular matrix remodeling [2, 32–34]. Despite these find-
ings, there are currently no established parameters that 
represent lung function decline in clinical practice [2]. 
Given that lung function tests are not routinely performed 
in the general population, identifying clinically applica-
ble markers for rapid lung function decline is crucial for 

early intervention and prevention strategies. Based on our 
analysis, HDL-C might serve as an indicator of lung func-
tion decline rate.

Previous cross-sectional studies have demonstrated that 
high HDL-C levels correlate with higher FVC and FEV1 in 
adults [13–16]. Most evidence, including our findings, sup-
ports a correlation between low HDL-C levels and reduced 
lung function, particularly in the context of aging.

Although there are limited known clinical roles of HDL-C 
in the lungs, potential molecular biological mechanisms can 
be hypothesized based on current evidence. Pulmonary sur-
factants play a crucial role in reducing surface tension in the 
alveolar space and modulating immune and inflammatory 
responses [3, 5]. Pulmonary cholesterol, which is generally 
derived from plasma lipoproteins, is an important compo-
nent of this surfactant [35, 36]. However, dysregulated and 
abnormally elevated cholesterol levels could impair the self-
assembly of pulmonary surfactant, leading to functional fail-
ure [37]. Pulmonary cholesterol is thought to be cleared back 
into the plasma through interactions between plasma HDL-C 
and the lipid efflux transporter [7, 8, 12, 38]. Therefore, from 
a biological mechanism perspective, HDL-C is believed to 
play a crucial role in regulating proper cholesterol levels and 
maintaining lung health.

The strength of our study lies in having used data from a 
long-term prospective cohort study conducted over 12 years, 
which provided a substantial sample size and follow-up dura-
tion. This dataset allowed us to effectively demonstrate the 
long-term correlation of HDL-C levels with lung function.

Given that an individual’s HDL-C levels could change 
over time, we employed group-based trajectory modeling 
to categorize participants into different groups reflecting 
distinct HDL-C trends. Notably, regardless of the number 
of trajectory groups independently categorized, participants 
in the low HDL-C trajectory groups consistently showed a 

Table 2   Association between HDL-C and lung function in cohort 
data by cross-sectional analysis

The table shows the estimated mean differences in the lung function 
parameters per standard deviation increase in the HDL-C levels. Gen-
eralized linear mixed model adjusted for sex, centered age, height, 
BMI, BMI2, residential area, smoking exposure (pack-years), history 
of dyslipidemia, and alcohol consumption
CI confidence interval, FEV1 forced expiratory volume in one second, 
FVC forced vital capacity, HDL-C high-density lipoprotein choles-
terol

Lung function parameter Estimate (95% CI) P-value

FVC (mL) 7.5 (4.6–10.3)  < 0.0001
FEV1 (mL) 4.7 (2.3–7.0) 0.0001
FEV1/FVC ratio (%) 0.0 (−0.1–0.0) 0.2029
FVC, % predicted 0.19 (0.10–0.28)  < 0.0001
FEV1, % predicted 0.13 (0.04–0.22) 0.0054

Fig. 3   Estimated Differences in Annual Decline Rates of FVC and 
FEV1 According to Five HDL-C Trajectory Groups. Estimated differ-
ences in the annual decline rates of (A) FVC and (B) FEV1 changes 
in the five-group HDL-C trajectory model. Results from generalized 
linear mixed models adjusted for sex, centered age, height, BMI, 
BMI2, residential area, smoking exposure (pack-years), history of 
dyslipidemia, and alcohol consumption. Estimates represent the dif-

ference in annual changes compared to the reference group (Group 
3). The interaction term (centered age × HDL-C trajectory group) was 
used to interpret the differences in the annual lung function changes. 
Negative values indicate a faster decline compared with the reference 
group. BMI body mass index, CI confidence interval, FEV1 forced 
expiratory volume in one second, FVC forced vital capacity, HDL-C 
high-density lipoprotein cholesterol, Ref Reference
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faster decline in lung function than those in the other groups 
did. This consistency across categorizations strengthens the 
robustness of our conclusions.

Moreover, the observed longitudinal correlation of a low 
HDL-C trajectory with declining lung function offers new 
insights into the complex relationship between lipid metabo-
lism and respiratory health. By employing generalized lin-
ear mixed models to analyze this relationship over time, we 
could advance beyond previous cross-sectional observations 
and demonstrate the long-term correlation of HDL-C trajec-
tories with lung function decline.

Furthermore, the original cohort study applied strict qual-
ity control measures to the spirometry results. Participants 
who failed or refused to adequately perform spirometry were 
identified and recorded from the first follow-up and their 
data were excluded from the analysis, enhancing the reli-
ability of the lung function data.

Our study has certain limitations. First, we could not 
establish a causal relationship. This limitation stems from 
the observational nature of our study, with the inherent pos-
sibility of unmeasured confounding factors. Nevertheless, 
our results provide important epidemiological insights into 
the longitudinal association between HDL-C levels and lung 
function.

Second, the data used in this study were derived from a 
Korean community-based cohort, which limits the ethnic 
diversity. This homogeneity may affect the generalizability 
of our findings to other ethnic groups. However, Lee et al. 
previously reported a positive association between HDL-C 
levels and lung function in both American and Korean popu-
lations, suggesting this relationship may extend across dif-
ferent ethnicities [15]. Further studies encompassing diverse 
ethnicities should be conducted to consolidate the longitudi-
nal correlation of HDL-C levels with lung function decline.

Third, a potential weakness of our study is the inability to 
directly assess dyslipidemia diagnosis and treatment status, 
relying instead on questionnaire responses. While it is clini-
cally appropriate to consider dyslipidemia as a confounding 
factor for serum HDL-C level, it is important to note that the 
baseline survey of the cohort was conducted in 2001–2002, 
when both the diagnosis and treatment rates of dyslipidemia 
were relatively low in Korea [29]. This could potentially 
introduce bias due to the small proportion of diagnosed indi-
viduals at baseline. However, additional analyses excluding 
self-reported dyslipidemia produced similar results, suggest-
ing that this limitation does not affect our main findings.

Conclusion

Our longitudinal analysis revealed that individuals with low 
HDL-C levels experience faster decline in lung function over 
time. These findings suggest that the HDL-C trajectory may 

serve as a predictor of long-term respiratory health in the 
general population. Further mechanistic studies are required 
to elucidate the underlying biological processes linking 
HDL-C levels to a decline in lung function.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00408-​025-​00809-3.

Acknowledgements  Data in this study were from the Korean Genome 
and Epidemiology Study (KoGES; 6635-302), National Institute of 
Health, Korea Disease Control and Prevention Agency, Republic of 
Korea. We thank Editage (www.​edita​ge.​co.​kr) for the English language 
editing.

Author Contributions  Conceptualization: Y. S. Kim and C. Lee Data 
curation: S. H. Jung, Y. S. Kim, and C. Lee Formal analysis: B. Yoo 
and S. H. Jung Funding acquisition: B. Yoo, S. H. Bae, and C. Lee 
Methodology: B. Yoo, Y. S. Kim, and C. Lee Supervision: S. H. Bae, 
Y. S. Kim, and C. Lee Validation: B. Yoo, S. H. Jung, S. H. Bae, Y. 
S. Kim, and C. Lee Visualization: B. Yoo Writing – original draft: B. 
Yoo and S. H. Jung Writing – review & editing: B. Yoo, S. H. Jung, S. 
H. Bae, Y. S. Kim, and C. Lee.

Funding  This work was supported by the MD-PhD/Medical Scientist 
Training Program through the Korea Health Industry Development 
Institute (KHIDI), funded by the Ministry of Health & Welfare, Repub-
lic of Korea (grant number 2024-31-0439 to B. Yoo); the Korea Health 
Technology R&D Project through the Korea Health Industry Devel-
opment Institute (KHIDI), funded by the Ministry of Health & Wel-
fare, Republic of Korea (grant number: 2024-31-0644 to C. Lee); the 
National Research Foundation of Korea (NRF), funded by the Korean 
government (MSIT) (grant number NRF-2022R1A2C2003438 to S. H. 
Bae); and the Yonsei University College of Medicine (grant number 
6-2022-0171 to S. H. Bae). The sponsors had no role in this study.

Data Availability  The datasets used and analysed during the current 
study are available from the Ansung-Ansan cohort database (https://​
nih.​go.​kr/​ko/​main/​conte​nts.​do?​menuNo=​300577) on reasonable 
request.

Declarations 

Competing interests  The authors declare no competing interests.

Ethical Approval  The study was performed in line with the principles 
of the Declaration of Helsinki. Approval was granted by the Institu-
tional Review Board of Severance Hospital (IRB number: 4-2023-
0156).

Open Access  This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/.

https://doi.org/10.1007/s00408-025-00809-3
http://www.editage.co.kr
https://nih.go.kr/ko/main/contents.do?menuNo=300577
https://nih.go.kr/ko/main/contents.do?menuNo=300577
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 Lung          (2025) 203:54    54   Page 8 of 8

References

	 1.	 Sharma G, Goodwin J (2006) Effect of aging on respiratory sys-
tem physiology and immunology. Clin Interv Aging 1(3):253–260

	 2.	 Agusti A, Faner R (2019) Lung function trajectories in health and 
disease. Lancet Respir Med 7(4):358–364

	 3.	 Han S, Mallampalli RK (2015) The role of surfactant in lung 
disease and host defense against pulmonary infections. Ann Am 
Thorac Soc 12(5):765–774

	 4.	 Vockeroth D et al (2010) Role of cholesterol in the biophysical 
dysfunction of surfactant in ventilator-induced lung injury. Am J 
Physiol Lung Cell Mol Physiol 298(1):L117–L125

	 5.	 Chroneos ZC, Sever-Chroneos Z, Shepherd VL (2010) Pulmonary 
surfactant: an immunological perspective. Cell Physiol Biochem 
25(1):13–26

	 6.	 Fessler MB, Summer RS (2016) Surfactant lipids at the host-
environment interface. Metabolic sensors, suppressors, and effec-
tors of inflammatory lung disease. Am J Respir Cell Mol Biol 
54(5):624–635

	 7.	 Baldán A et al (2006) Deletion of the transmembrane transporter 
ABCG1 results in progressive pulmonary lipidosis. J Biol Chem 
281(39):29401–29410

	 8.	 Bates SR et al (2005) Pulmonary abnormalities due to ABCA1 
deficiency in mice. Am J Physiol Lung Cell Mol Physiol 
289(6):L980–L989

	 9.	 Schmidt R et al (2004) Changes in pulmonary surfactant function 
and composition in bleomycin-induced pneumonitis and fibrosis. 
Toxicol Appl Pharmacol 195(2):218–231

	10.	 Hiansen JQ et al (2015) Cholesterol-mediated surfactant dysfunc-
tion is mitigated by surfactant protein A. Biochim Biophys Acta 
1848(3):813–820

	11.	 Azzam KM, Fessler MB (2012) Crosstalk between reverse cho-
lesterol transport and innate immunity. Trends Endocrinol Metab 
23(4):169–178

	12.	 Baldán A et al (2008) Loss of ABCG1 results in chronic pulmo-
nary inflammation. J Immunol 180(5):3560–3568

	13.	 Burkart KM et al (2014) APOM and high-density lipoprotein cho-
lesterol are associated with lung function and per cent emphy-
sema. Eur Respir J 43(4):1003–1017

	14.	 Cirillo DJ, Agrawal Y, Cassano PA (2002) Lipids and pulmonary 
function in the third national health and nutrition examination 
survey. Am J Epidemiol 155(9):842–848

	15.	 Lee C et al (2023) Association between serum high-density lipo-
protein cholesterol and lung function in adults: three cross-sec-
tional studies from US and Korea National Health and Nutrition 
Examination Survey. BMJ Open Respir Res. https://​doi.​org/​10.​
1136/​bmjre​sp-​2023-​001792

	16.	 Barochia AV et al (2015) Serum apolipoprotein A-I and large high-
density lipoprotein particles are positively correlated with FEV1 
in atopic asthma. Am J Respir Crit Care Med 191(9):990–1000

	17.	 Kim Y, Han BG (2017) Cohort profile: the korean genome 
and epidemiology study (KoGES) consortium. Int J Epidemiol 
46(2):e20

	18.	 Lee JH et al (2023) Association of non-high-density lipoprotein 
cholesterol trajectories with the development of non-alcoholic 
fatty liver disease: an epidemiological and genome-wide associa-
tion study. J Transl Med 21(1):435

	19.	 Kim BS et al (2019) The relationship between decreased pulmo-
nary function and atrial fibrillation in general population: findings 
from Ansung-Ansan cohort of the Korean Genome and Epidemi-
ology Study. J Cardiol 74(6):488–493

	20.	 Leem AY et al (2019) Longitudinal decline in lung function: a 
community-based cohort study in Korea. Sci Rep 9(1):13614

	21.	 (1995) Standardization of Spirometry, 1994 Update. American 
Thoracic Society. Am J Respir Crit Care Med 152(3): 1107–1136

	22.	 Quanjer PH et al (2012) Multi-ethnic reference values for spirom-
etry for the 3–95-yr age range: the global lung function 2012 equa-
tions. Eur Respir J 40(6):1324–1343

	23.	 Grün B, Leisch F (2008) FlexMix version 2: finite mixtures with 
concomitant variables and varying and constant parameters. J Stat 
Softw 28(4):1–35

	24.	 Nagin DS, Odgers CL (2010) Group-based trajectory modeling in 
clinical research. Annu Rev Clin Psychol 6:109–138

	25.	 Xia Y, Sun J (2023) Introduction to generalized linear mixed mod-
els. Bioinformatic and statistical analysis of microbiome data: 
from raw sequences to advanced modeling with QIIME 2 and R. 
Springer International Publishing, Cham, pp 587–613

	26.	 Kim JS et al (2024) Associations of plasma omega-3 fatty acids 
with progression and survival in pulmonary fibrosis. Chest 
165(3):621–631

	27.	 Jones RL, Nzekwu MM (2006) The effects of body mass index on 
lung volumes. Chest 130(3):827–833

	28.	 Do JG et al (2019) Association between underweight and pulmo-
nary function in 282,135 healthy adults: a cross-sectional study 
in Korean population. Sci Rep 9(1):14308

	29.	 Cho SMJ et al (2021) Dyslipidemia fact sheets in Korea 2020: an 
analysis of nationwide population-based data. J Lipid Atheroscler 
10(2):202–209

	30.	 Oelsner EC et al (2020) Lung function decline in former smokers 
and low-intensity current smokers: a secondary data analysis of 
the NHLBI Pooled Cohorts Study. Lancet Respir Med 8(1):34–44

	31.	 Oelsner EC et al (2019) Albuminuria, lung function decline, 
and risk of incident chronic obstructive pulmonary disease. 
The NHLBI pooled cohorts study. Am J Respir Crit Care Med 
199(3):321–332

	32.	 Mercado N, Ito K, Barnes PJ (2015) Accelerated ageing of the 
lung in COPD: new concepts. Thorax 70(5):482–489

	33.	 Zhang Z et al (2018) Molecular pathogenesis in chronic obstruc-
tive pulmonary disease and therapeutic potential by targeting 
AMP-activated protein kinase. J Cell Physiol 233(3):1999–2006

	34.	 Salvi SS, Barnes PJ (2009) Chronic obstructive pulmonary disease 
in non-smokers. Lancet 374(9691):733–743

	35.	 Turley SD, Andersen JM, Dietschy JM (1981) Rates of sterol syn-
thesis and uptake in the major organs of the rat in vivo. J Lipid 
Res 22(4):551–569

	36.	 Gowdy KM, Fessler MB (2013) Emerging roles for choles-
terol and lipoproteins in lung disease. Pulm Pharmacol Ther 
26(4):430–437

	37.	 Leonenko Z et al (2007) An elevated level of cholesterol impairs 
self-assembly of pulmonary surfactant into a functional film. Bio-
phys J 93(2):674–683

	38.	 Cruz D et al (2008) Host-derived oxidized phospholipids and 
HDL regulate innate immunity in human leprosy. J Clin Invest 
118(8):2917–2928

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1136/bmjresp-2023-001792
https://doi.org/10.1136/bmjresp-2023-001792

	High-Density Lipoprotein Cholesterol Trajectories and Lung Function Decline: A Prospective Cohort Study
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Study Design and Population
	High-Density Lipoprotein Cholesterol Measurements
	Spirometry
	Statistical Analyses
	Ethical Considerations

	Results
	Baseline Characteristics
	Association Between HDL-C and Lung Function by Cross-Sectional Analysis
	Longitudinal Association Between HDL-C and Lung Function Decline
	Sensitivity Analyses

	Discussion
	Conclusion
	Acknowledgements 
	References


