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Abstract
Background  Circulating PCSK9 concentrations have been linked to various metabolic disorders, with evidence 
suggesting sex-specific differences—stronger associations in women and inconsistent findings in men.

Methods  This study enrolled 7,950 participants from the Taiwan Biobank. Associations of PCSK9 concentration with 
insulin resistance (IR), metabolic syndrome (MetS), diabetes mellitus (DM), and long-term outcomes were analyzed. 
Anthropometric, biochemical, and hematologic parameters were examined in a subgroup of 6,478 participants, 
and 4,185 participants underwent abdominal sonography for the assessment of metabolic dysfunction–associated 
steatotic liver disease (MASLD).

Results  Increasing PCSK9 concentrations and quartiles were significantly associated with older age, female sex, 
adverse cardiometabolic traits, and several hematological parameters. Higher hematocrit count, higher triglyceride, 
low-density lipoprotein cholesterol, fasting plasma glucose, and gamma-glutamyl transferase concentrations, 
and lower total bilirubin concentrations were independently associated with high PCSK9 concentration, with 
these associations being more pronounced among female participants. Higher platelet count was independently 
associated with high PCSK9 concentration only in female participants. Odds ratios for IR, MetS, DM, and MASLD 
increased progressively across PCSK9 quartiles, with stronger associations in women. Kaplan–Meier survival and Cox 
regression analyses indicated associations of high PCSK9 concentration with higher all-cause, non-cardiovascular, and 
cancer mortalities, especially in women.

Conclusion  High circulating PCSK9 concentration is independently associated with increased risks of IR, MetS, 
DM, MASLD, and all-cause and cancer mortality, indicating poor metabolic profiles and outcomes in the Taiwanese 
population. These associations are stronger in women, highlighting the importance of sex-specific risk evaluation in 
metabolic diseases and long-term outcomes.
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Introduction
Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
is a multifaceted serine protease predominantly synthe-
sized in the liver that regulates plasma low-density lipo-
protein cholesterol (LDL-C) concentration through the 
endosomal and lysosomal degradation of low-density 
lipoprotein (LDL) receptors [1, 2]. PCSK9’s role in cho-
lesterol metabolism is well-established; nevertheless, 
accumulating evidence suggests that PCSK9 also partici-
pates in broader metabolic regulation, including glucose 
homeostasis, insulin sensitivity, hepatic lipid metabolism, 
and proatherothrombotic processes [1, 3, 4]. Clinical 
evidence has further associated high circulating PCSK9 
concentration with key metabolic syndrome (MetS) com-
ponents (i.e., obesity, hypertension, dyslipidemia, and 
hyperglycemia), indicating that PCSK9 has potential as 
a biomarker of metabolic risk [2, 5]. Hepatic steatosis 
is now recognized as the hepatic manifestation of MetS 
[6, 7]. The condition formerly named nonalcoholic fatty 
liver disease (NAFLD) was renamed to metabolic dys-
function–associated steatotic liver disease (MASLD) to 
emphasize its roots in metabolic problems, such as insu-
lin resistance (IR) and MetS. Accordingly, researchers 
should study biomarkers that reflect metabolic dysfunc-
tion (e.g., PCSK9) when investigating this liver disease 
[8–10].

The relationships between PCSK9 and cardiometabolic 
traits have been observed to differ by ethnicity and gen-
der, with these relationships being stronger in women 
than men [11–14]. However, the sex-specific differences 
in the association between PCSK9 levels and MASLD 
and long-term mortality outcomes remained unknown. 
Additionally, according to genetic and pharmacologic 
studies, variants and inhibitors of PCSK9 may influence 
risks of diabetes and hepatic steatosis [11–14]. In the 
Taiwanese population, prevalence rates of MetS, diabe-
tes mellitus (DM), and fatty liver disease have increased 
substantially over recent decades, even when assessed 
using lower body mass index (BMI) thresholds than those 
used to assess these conditions in Western populations 
[15–17]. Results from genetic analyses have indicated 
that PCSK9 polymorphisms are associated with LDL-C 
concentrations and lipid metabolism, with suggestive evi-
dence of causal and pleiotropic effects on glucose regula-
tion [18, 19]. Nevertheless, population-level data on the 
associations between circulating PCSK9 and metabolic 
disorders and long-term outcomes remain limited. To 
address this gap, we analyzed Taiwan Biobank (TWB) 
data to investigate whether high circulating PCSK9 con-
centrations predict IR, MetS, DM, MASLD, and long-
term mortality. We also explored whether PCSK9 has 

sex-specific effects. Our data revealed that high circu-
lating PCSK9 concentrations are independently associ-
ated with increased risks of IR, MetS, DM, MASLD, and 
all-cause and cancer mortality and that these associa-
tions are stronger in women. Our findings highlight the 
importance of addressing the knowledge gap of sex-spe-
cific risk evaluation in metabolic diseases, which extend 
the results from existing studies on PCSK9, especially in 
Asian populations, particularly regarding the integration 
of MASLD and long-term mortality outcomes in the Tai-
wanese population.

Participants and methods
TWB population
This study enrolled 150,710 TWB participants who had 
no prior history of cancer. Data were collected using 
questionnaires at recruitment centers across Taiwan 
between 2008 and 2015, with all participants provid-
ing written informed consent. The participant selection 
process is illustrated in Fig.  1. From this cohort, 8,401 
TWB participants who provided plasma samples were 
randomly selected. Of these participants, 451 were 
excluded because of third-degree relatedness (identity-
by-descent > 0.187; n = 162), because they had fasted for 
< 6 h (n = 208), or because they had outlier concentrations 
of PCSK9 (n = 81). A total of 7,950 participants remained 
for screening by IR, MetS, and DM. Of these 7,950 par-
ticipants, 1,472 were excluded because they had hyper-
tension, hyperlipidemia, diabetes (n = 1,414), or chronic 
renal insufficiency (defined as estimated glomerular fil-
tration rate [eGFR] < 60 mL/min/1.73 m2; n = 58), leav-
ing 6,478 participants for screening by metabolic traits 
and clinical, biochemical, and hematological parameters. 
Among the initially identified 7,950 participants, 4,185 
underwent abdominal sonography between July 2011 
and November 2021. The average follow-up duration was 
4.2 ± 1.2 years. Among those who underwent abdominal 
sonography, 939 were excluded because of current alco-
hol consumption (n = 309), evidence of hepatitis B or C 
infection (n = 550), or other known causes of chronic 
liver disease (n = 80), leaving 3,246 participants for fur-
ther analysis. Among these 3,246 participants, 1,375 had 
hepatic steatosis and were categorized into an NAFLD 
subgroup. Among these 1,375 participants, 1,272 had 
both hepatic steatosis and at least one metabolic dys-
function. These 1,272 participants were categorized into 
an MASLD subgroup (Supplementary Fig. 1). The study 
received approval from the Research Ethics Committee 
of Taipei Tzu Chi Hospital (08-XD-005) and the Ethics 
and Governance Council of the TWB (TWBR11011-02, 
TWBR11108-01 and TWBR11107-03). All procedures 
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were conducted in accordance with the Declaration of 
Helsinki.

Laboratory examinations
Biochemical and demographic data were extracted from 
the TWB. The demographic characteristics analyzed 
were age, gender, waist circumference (WC), waist: hip 
ratio, and BMI. The metabolic and biochemical param-
eters analyzed were systolic blood pressure, diastolic 
blood pressure, mean blood pressure and total choles-
terol, high-density lipoprotein cholesterol (HDL-C), 
LDL-C, triglyceride, fasting plasma glucose, hemoglobin 
A1C (HbA1C), serum alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), gamma-glutamyl 
transferase (γGT), albumin, and total bilirubin concen-
trations. Triglyceride glucose (TyG), TyG-BMI, and TyG-
WC indices served as predictors of IR. These indices were 
calculated as follows: TyG index = Ln [triglyceride (mg/
dL) × fasting plasma glucose (mg/dL) / 2]; TyG-BMI = 
TyG index × BMI; and TyG-WC = TyG index × WC [20]. 
Plasma PCSK9 concentrations were determined using a 

solid-phase sandwich enzyme-linked immunosorbent 
assay kit (Human Proprotein Convertase 9/PCSK9 Duo-
Set ELISA kit; R&D Systems, Minneapolis, MN, USA).

Definitions of IR
The gold standard method for measuring insulin sen-
sitivity is the hyperinsulinemic clamp technique. This 
technique is costly, complex, and invasive. The homeo-
static model assessment of insulin resistance (HOMA-
IR) is an alternative method that is widely used but 
not readily available in many laboratories. The TyG, 
TyG-BMI, and TyG-WC indices have been proposed 
as surrogate markers for evaluating IR because of their 
practical application and high sensitivity and speci-
ficity compared with the HOMA-IR and hyperinsu-
linemic clamp techniques [20, 21]. Participants in the 
highest quartile of TyG-related indices were defined as 
having IR [20].

Fig. 1  Participant selection process. Participants were enrolled from the Taiwan Biobank (TWB). Abbreviations: ELISA: enzyme-linked immunosorbent 
assay; IBD, identity-by-descent; IR, insulin resistance; DM, diabetes mellitus; MetS, metabolic syndrome; CKD, chronic kidney disease; NAFLD, nonalcoholic 
fatty liver disease; MASLD, metabolic dysfunction–associated steatotic liver disease. *The definition of metabolic dysfunction was shown in Supplemen-
tary Fig. 1
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Definitions of MetS, DM, and metabolic liver disease
Supplementary Method S1 present the definitions of 
various parameters, including MetS, DM, and metabolic 
liver disease, used in the present study [22–24].

Outcome analysis
Mortality data were obtained from the National Health 
Insurance Research Database. In total, 154 participants 
died between 2008 and 2023 [25]. Causes of death were 
classified as all-cause, cardiovascular-related, or cancer-
related in accordance with the International Classifica-
tion of Diseases, 10th Revision (Supplementary Method 
S1).

Statistical analysis
The clinical and biochemical characteristics of the par-
ticipants are presented as mean ± standard deviation, 
except for highly skewed variables, which are presented 
as medians with interquartile ranges. Concentrations of 
PCSK9, total cholesterol, HDL-C, LDL-C, and triglyc-
erides and TyG, TyG-BMI, and TyG-WC indices were 
logarithmically transformed prior to linear regression to 
meet the normality assumption. Chi-square tests were 
applied to assess differences in the distributions of cat-
egorical data between the sexes. Independent t-tests 
were used to compare PCSK9 concentrations across 
subgroups defined by atherosclerotic risk factors, and 
PCSK9 quartiles were evaluated using crosstab analy-
ses. Pearson’s correlation coefficients were used to assess 
associations between PCSK9 concentrations and clinical 
and biochemical parameters, stratified by sex. Variables 
significantly associated with PCSK9 were included in a 
stepwise multivariate linear regression model to deter-
mine independent predictors. Linear regression models 
were used to explore associations between PCSK9 con-
centrations and MetS, IR, DM, NAFLD, and MASLD, 
with adjustments for age, sex, BMI, and current smoking 
status. Logistic regression models were used to explore 
associations between the quartiles of PCSK9 and MetS, 
IR, DM, NAFLD, and MASLD, with the same covari-
ate adjustments. We compared PCSK9–mortality rela-
tionships by plotting receiver operating characteristic 
curves. We then performed nonparametric comparisons 
of areas under the receiver operating characteristic curve. 
Kaplan–Meier survival curves were analyzed, and sig-
nificance was examined adopting the log-rank method. 
P < 0.05 with Bonferroni correction was considered sta-
tistically significant. Statistical analyses were conducted 
in SPSS (version 22; IBM Corporation, Armonk, NY, 
USA). Missing data were handled by listwise deletion.

Sensitivity analysis
To assess robustness to measurement error, we per-
formed a Monte Carlo simulation. A coefficient of 

variation (CV) of 10% was assumed for PCSK9. In each 
of 1,000 iterations, random error sampled from a normal 
distribution was applied to generate simulated PCSK9 
values. Cox regression was repeated for each simulated 
dataset, and HRs, CIs, and P values were recorded. Data 
manipulation was conducted using dplyr (v1.1.4), simu-
lation loops were facilitated with progress (v1.2.3), and 
visualization was performed with ggplot2 (v3.5.1). The 
sensitivity analyses were conducted in R version 4.4.1 (R 
Foundation for Statistical Computing, Vienna, Austria).

Results
Baseline characteristics of male and female participants
A summary of the clinical, biochemical, and hematologi-
cal parameters and anthropometric measurements of the 
7,950 participants is provided in Supplementary Table 1. 
A distribution of PCSK9 concentrations by sex is shown 
in Supplementary Fig.  2. Several variables significantly 
differed between men and women. The results were 
similar when a smaller sample of 6,478 participants was 
enrolled in the analysis (Supplementary Table 2).

Associations of PCSK9 concentration with sex and 
atherosclerotic risk factors
Female participants had significantly higher PCSK9 
concentrations than did male participants (Supplemen-
tary Fig.  2). Participants who had obesity, central obe-
sity, hypertension, IR, MetS, or metabolic disease (i.e., 
NAFLD or MASLD) also had higher PCSK9 concentra-
tions than did those without these atherosclerotic risk 
factors (Fig. 2, Supplementary Fig. 3, and Supplementary 
Table 3). In addition, the PCSK9 levels increased pro-
gressively from normal individuals to individuals with 
prediabetes and then to individuals with DM. We also 
conducted a stratified analysis using age 50 as a proxy 
cutoff, a commonly used surrogate in population-based 
studies to differentiate likely premenopausal and post-
menopausal women (Supplementary Table 3). In these 
subgroup analyses, we found a larger difference (23 ng/
mL) of higher PCSK9 levels in women aged ≥ 50 years 
when compared to women aged < 50 years. By con-
trast, the difference between men aged ≥ 50 years and 
men aged < 50 years was only 6 ng/mL. There was no 
significant difference between PCSK9 levels in women 
aged < 50 years when compared to men aged < 50 years 
(147.00 ± 40.68 vs. 148.03 ± 40.89, P = 0.3792), whereas 
significantly higher PCSK9 levels in women aged ≥ 50 
years was noted when compared to men aged ≥ 50 years 
(170.23 ± 42.60 vs. 154.70 ± 42.45, P = 2.21 × 10− 32). These 
results suggested that postmenopausal hormonal changes 
may play a role in the observed sex-specific differences. 
While this approach does not fully account for individ-
ual variation in menopausal timing, it offers preliminary 
insight into potential hormonal influences.
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Participant baseline characteristics, stratified into 
Circulating PCSK9 concentration quartiles and sex
The study variables were stratified by sex and PCSK9 
concentration quartiles for the overall study population 
(Supplementary Table 4) and for male and female par-
ticipants (Table 1). After adjustments for age, sex, BMI, 
and current smoking status with Bonferroni correc-
tion for the overall study population and for male and 
female participants, high PCSK9 concentration quar-
tiles were found to be significantly associated with older 
age, high waist: hip ratios, high BMIs, adverse lipid pro-
files (i.e., high total cholesterol, LDL-C, and triglyceride 
concentrations), poor glucose metabolism parameters 
(i.e., high fasting plasma glucose and HbA1c concentra-
tions), poor TyG, TyG-BMI, and TyG-WC indices, liver 
dysfunction biomarkers (high ALT and γGT concentra-
tions), poor hematological parameters (high hemoglobin, 
hematocrit, and platelet counts), and low total bilirubin 
concentrations. By contrast, no significant associations 
were observed between PCSK9 concentration quartiles 
and systolic blood pressure and HDL-C, uric acid, serum 

creatinine, and serum albumin concentrations, eGFR, or 
leukocyte and red blood cell count in either sex. Further-
more, significant associations for WC and AST concen-
tration were observed exclusively in female participants 
and for diastolic blood pressure and mean blood pressure 
exclusively in male participants.

Sex-stratified correlations between Circulating PCSK9 
concentration and clinical, metabolic, biochemical, and 
hematological parameters
Sex-stratified pearson’s correlation results on the asso-
ciations of circulating PCSK9 concentration with clinical 
parameters, metabolic phenotypes, and biochemical and 
hematological measures are shown in Table 2. With Bon-
ferroni correction, participants with high PCSK9 con-
centrations were older, had significantly higher BMI and 
WC values and waist: hip ratios, higher total cholesterol, 
LDL-C, triglyceride, fasting plasma glucose, and HbA1c 
concentrations, higher TyG-related indices, higher dys-
functional liver indices (i.e., ALT and γGT concentra-
tions), higher hemoglobin and hematocrit counts, and 

Fig. 2  PCSK9 concentrations in participants with IR by TyG-WC (A–C), MetS (G–I), DM (M–O), MASLD (S–U) and percentage of IR by TyG-WC (D–F), MetS 
(J–L), DM (P–R), and MASLD (V–X) across quartiles of PCSK9. P1: unadjusted, P2: adjusted for age, BMI, sex, and current smoking status. Abbreviations as 
in Fig. 1 and Table 1
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low total bilirubin concentrations. These findings were 
observed for the overall study population and for male 
and female subgroups. Higher AST concentrations were 
observed in the overall study population and in women, 
and higher platelet counts and lower serum albumin 
concentrations were observed in the overall study pop-
ulation. No significant associations were observed for 
HDL-C and uric acid concentrations, leukocyte and red 
blood cell counts, or eGFR in the overall study popula-
tion or in the male and female subgroups.

Stepwise multivariate analysis of PCSK9 concentrations
A stepwise linear regression analysis was performed to 
identify the primary independent variables associated 
with PCSK9 concentration (Table 3). PCSK9 concentra-
tion was significantly associated with sex, age, LDL-C, 
triglyceride, fasting plasma glucose, ALT, γGT, and total 
bilirubin concentrations, and hematocrit and plate-
let counts (all P ≤ 0.05; Table  3). The associations were 
then stratified by sex, revealing stronger associations for 
women than for men (all P ≤ 0.05), with the exception of 
LDL-C concentration, for which a stronger association 
was found for men than for women.

Sex-stratified correlations between Circulating PCSK9 
quartiles and cardiometabolic risk factors
PCSK9 concentrations in participants stratified by car-
diometabolic risk factors across the four PCSK9 quartiles 
are illustrated in Fig. 2. PCSK9 quartiles were positively 
correlated with markers for several cardiometabolic risk 
factors, including IR, MetS, and DM and for metabolic 
liver diseases (Fig. 2 and Supplementary Fig. 3).

Sex-based differences in odds ratios for the association 
between PCSK9 quartiles and the risks of IR, metabolic 
syndrome, DM, and MASLD
We further tested whether the odds ratios of the associa-
tion between PCSK9 quartiles and the risks of IR, MetS, 
DM, and MASLD differ by sex (Fig. 3). Our data revealed 
that the prevalence of IR, defined as the highest quar-
tile of TyG-WC, increased progressively across quartiles 
of circulating PCSK9 concentrations (Fig.  3A). In sex-
stratified analyses, the association remained significant in 
male participants, with an odds ratio (OR) of 2.82 (95% 
confidence interval [CI]: 2.19–3.62, P = 7.17 × 10− 16). In 
female participants, the OR was 4.84 (95% CI: 3.25–7.23, 
P = 1.14 × 10− 14). Notably, the analysis across quartiles 
revealed significant linear trends in both sexes (P for 
trend < 0.001), indicating a dose–response relationship 
between PCSK9 concentration and IR risk, with potential 
sex-specific differences in the strength of this association. 
The result was further supported by our finding of a sig-
nificant interaction effect between sex and PCSK9 quar-
tiles on the prevalence of IR (P for interaction = 0.0013). Cl
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The same findings were also noted for the risk of IR 
by TyG (Supplementary Fig.  4A) and IR by TyG-BMI 
(Supplementary Fig.  4B) with interaction P = 0.0016 
and 0.0014, respectively. Higher ORs of the association 
between PCSK9 quartiles and the risk of MetS (Fig. 3B) 
and DM (Fig.  3C) were observed in women than in 
men, although these were not significant (interaction 
P = 0.0582 and 0.5922, respectively).

As for metabolic liver disease, a consistent and sig-
nificant increase in MASLD risk with increasing PCSK9 
quartiles was observed in the overall population (Q4 
OR: 1.56; 95% CI: 1.24–1.96; P = 0.0001). Stratification 
revealed stronger associations in female participants (Q2 
OR: 1.65; P = 0.0063 and Q4 OR: 1.81; P = 0.0007), and no 
significant association was observed in male participants 
(Fig. 3D). Similar trends of associations were also noted 
for the risks of NAFLD (Supplementary Fig. 4C).

Outcome analysis
A mortality analysis was performed with an average fol-
low-up of 9.25 ± 1.97 years and a total of 73,386 person-
years. In total, 154 participants died (cancer mortality 
n = 69; cardiovascular mortality n = 38). This corresponds 
to annual incidence rates of 0.09 for cancer mortality 
and 0.05 for cardiovascular mortality per 100 person-
years, respectively, indicating a relatively low risk in the 
population.

According to a receiver operating characteristic curve 
analysis and the Youden index, the best PCSK9 concen-
tration prognostic cutoff was 176.1 ng/mL, with a sen-
sitivity of 0.4286, specificity of 0.7178, and a Youden’s 
Index of 0.1464. Kaplan–Meier survival analysis revealed 
that high PCSK9 concentration was a strong predictor 
of all-cause mortality (P = 0.0005, 0.0236, and 0.0002 for 
the overall study population, for men, and for women, 
respectively), non-cardiovascular mortality (P = 0.0020 
and 0.0003 for the overall study population and for 

women, respectively), and cancer mortality (P = 0.0016 
for women; Fig. 4). Cox regression analysis, with adjust-
ment for sex, age, BMI, and current smoking status, 
further revealed that high PCSK9 concentration was 
associated with (1) higher risks of all-cause and non-
cardiovascular mortality in the overall study population 
(hazard ratio [HR]: 1.57, 95% CI: 1.14–2.18, P = 0.0063 
and HR: 1.59, 95% CI: 1.10–2.32, P = 0.0148, respectively) 
and in women (HR: 2.19, 95% CI: 1.18–4.07, P = 0.0132 
and HR: 2.39, 95% CI: 1.19–4.77, P = 0.0138, respectively) 
and (2) a higher risk of cancer mortality in women (HR: 
2.74, 95% CI: 1.17–6.44, P = 0.0205; Table 4). The results 
remained consistent after further adjustment of lipid 
profiles and TyG index (Model 2 of Table  4). Sensitiv-
ity analyses were further conducted to assess the impact 
of potential variability in PCSK9 levels on the reported 
associations (Supplementary Table 5). Sensitivity analy-
ses simulating a potential 10% measurement error in 
PCSK9 showed that all outcomes show HR distribution 
remained positive in both original and simulated results, 
with minimal variation suggesting that our findings are 
robust to plausible measurement error.

Discussion
This investigation analyzed associations of PCSK9 con-
centration with several metabolic parameters and the 
risks of IR, MetS, DM, MASLD, and long-term mortality. 
Higher PCSK9 concentration was significantly associated 
with older age, female sex, general and central obesity, 
and adverse cardiometabolic traits, including lipid and 
glucose metabolism parameters, IR surrogate indices, 
and hematological parameters. Age and sex; triglycer-
ide, LDL-C, fasting plasma glucose, γGT, and total bili-
rubin concentrations; and hematocrit and platelet counts 
were independently associated with PCSK9 concentra-
tions in both male and female participants. These asso-
ciations were mostly consistent across sexes but more 

Table 3  Stepwise multivariate analysis of PCSK9 concentrations in 6478 Taiwan biobank participants
Total study population Male participants Female participants

Variables beta r2 P beta r2 P beta r2 P
Triglyceride (mg/dL) 0.0794 0.0510 5.25 × 10− 31 0.0799 0.0521 2.69 × 10− 16 0.0790 0.0793 3.14 × 10− 16

Total bilirubin (mg/dL) -0.0694 0.0307 2.86 × 10− 39 -0.0583 0.0206 1.24 × 10− 16 -0.0876 0.0253 1.06 × 10− 27

Age (years) 0.0016 0.0242 6.20 × 10− 30 0.0008 0.0045 0.0001 0.0022 0.0376 3.01 × 10− 29

Sex (Male/Female) 0.0465 0.0086 3.24 × 10− 37 -- -- -- -- -- --

Hematocrit (%) 0.0039 0.0141 4.00 × 10− 22 0.0030 0.0053 3.00 × 10− 6 0.0044 0.0180 7.62 × 10− 17

Fasting plasma glucose 0.0006 0.0069 1.17 × 10− 10 0.0006 0.0069 4.00 × 10− 5 0.0008 0.0077 4.17 × 10− 7

LDL-C (mg/dL) 0.0752 0.0060 8.73 × 10− 10 0.0958 0.0109 1.09 × 10− 7 0.0436 0.0015 0.0098

γGT (mkat/L) 0.0001 0.0023 0.0022 0.0001 0.0026 0.0040 0.0004 0.0030 7.78 × 10− 4

Platelet count (103/µL) 9.02E-5 0.0015 0.0007 -- -- -- 0.0001 0.0025 0.0025

ALT (GPT) (mkat/L) 0.0002 0.0005 0.0464 -- -- -- -- -- --

Waist hip ratio -- -- -- -- -- -- -- -- --

Mean BP (mmHg) -- -- -- -- -- -- -- -- --
Abbreviations: LDL-C Low-density lipoprotein cholesterol, γGT Gamma-glutamyl transferase, ALT Alanine aminotransferase, BP Blood pressure
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Fig. 3  ORs of the quartiles of PCSK9 in participants with IR by TyG-WC (A), MetS (B), DM (C), or MASLD (D), stratified by sex. Comparison of Q2, Q3, and 
Q4, with Q1 as the reference group. ORs of the quartiles of PCSK9 were estimated after adjusting for age, sex, BMI, and current smoking status for all par-
ticipants and after adjusting for age, BMI, and current smoking status for male and female subgroups. aEffect of sex on the association between quartiles 
of PCSK9 and IR by TyG-WC, MetS, DM, or MASLD. Abbreviations as in Fig. 1 and Table 1
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Fig. 4  Kaplan–Meier survival analysis of the effects of PCSK9 concentration on long-term outcomes, stratified by sex. Long-term outcomes were all-cause 
mortaliy (A–C), cardiovascular mortality (D–F), non-cardiovascular mortality (G–I), and cancer mortality (J–L) for the overall study population (A, D, G, J), 
for men (B, E, H, K), and for women (C, F, I, L)
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pronounced in female participants, with higher platelet 
count independently associated with high PCSK9 con-
centration only in female participants. The ORs for IR, 
MetS, DM, and MASLD increased progressively across 
PCSK9 quartiles, with the associations stronger or only 
observed in women. Kaplan–Meier survival and Cox 
regression analyses also showed increased all-cause, 
non-cardiovascular, and cancer mortalities with elevated 
PCSK9 concentrations, especially in women. These 
results provide further evidence of the link between 
PCSK9 and metabolic disorders and related sex-specific 
differences.

Associations of PCSK9 concentration with anthropometric 
parameters and metabolic traits
Both age and sex affected PCSK9 associations in uni-
variate and multivariate analyses, with elevated PCSK9 
concentrations in older and female participants, aligning 
with results from other studies [11, 13, 14, 26, 27]. In the 
present study, high PCSK9 concentration was associated 
with high blood pressure and an increased risk of hyper-
tension. Mean blood pressure was not independently 
associated with PCSK9 concentration in the overall study 
population or in sex subgroups. Inconsistent results 
regarding the association between PCSK9 concentra-
tion and blood pressure have also been observed in other 
studies [10, 13, 14, 28].

LDL-C concentration has typically been the metabolic 
parameter most consistently associated with PCSK9 
concentration. Nevertheless, studies have demonstrated 
strong associations between triglyceride concentration 
and PCSK9 concentration [11, 13, 14, 26, 27]. In the pres-
ent study, triglyceride concentration was the metabolic 
parameter most strongly associated with PCSK9 concen-
tration. PCSK9 may be directly involved in triglyceride 
metabolism through an increase in apolipoprotein B syn-
thesis and very-LDL production through the inhibition 
of intracellular apolipoprotein B degradation or through 
binding and degradation of very-LDL receptor [29]. We 

observed no association between PCSK9 concentration 
and HDL-C concentration in the overall study popula-
tion and in both sex subgroups. This result is consistent 
with that of a Chinese study [14] but different from that 
of a study involving a Caucasian population and different 
from that of a study involving a Sub-Saharan population. 
Those studies have demonstrated that elevated PCSK9 
concentration is associated with high HDL-C concentra-
tion [11, 13, 27, 30]. Whether ethnic heterogeneity affects 
the underlying mechanism remains unclear.

Association between PCSK9 concentration and MetS
High PCSK9 concentration is associated with a higher 
prevalence of MetS [14, 27]. Our data revealed a signifi-
cant association between PCSK9 concentration and the 
risk of MetS in both sexes, with the risk being higher in 
female participants than in male participants. Shi J, et 
al. [14] demonstrated a significant association between 
PCSK9 concentration and the risk of MetS in women but 
not in men. Large, population-based studies or meta-
analyses are warranted to elucidate the role of PCSK9 in 
MetS.

Association between PCSK9 concentrations and IR, DM and 
glucose metabolism parameters
High PCSK9 concentrations and quartiles were associ-
ated with higher fasting plasma glucose and HbA1c con-
centrations and higher risks of IR, DM, and DM, with a 
stronger association in female participants than in male 
participants. This is consistent with results of studies that 
have demonstrated involvement of PCSK9 in glucose 
homeostasis and IR [13, 14, 26, 30] and DM [31, 32] and 
in contrast to results of other studies that have demon-
strated that PCSK9 concentration is positively correlated 
with LDL-C concentration and that LDL-C-lowering 
PCSK9 variants are associated with higher circulating 
fasting plasma glucose concentrations and increased risk 
of DM [18, 19]. PCSK9 inhibition does not increase the 
risk of new-onset diabetes nor worsen glycemia [33, 

Table 4  Cox regression analysis of all-cause, cardiovascular (CV), non-cardiovascular (non-CV), and cancer mortality, stratified by sex
Total mortality CV mortality Non-CV mortality Cancer mortality
HR (95%CI) P HR (95%CI) P HR (95%CI) P HR (95%CI) P

Model 1

Total 1.57 (1.14–2.18) 0.0063 1.52 (0.79–2.92) 0.2148 1.59 (1.10–2.32) 0.0148 1.40 (0.85–2.29) 0.1835

Male 1.37 (0.93–2.03) 0.1126 1.51 (0.72–3.17) 0.2794 1.33 (0.84–2.11) 0.2262 0.97 (0.50–1.88) 0.9318

Female 2.19 (1.18–4.07) 0.0132 1.56 (0.38–6.33) 0.5347 2.39 (1.19–4.77) 0.0138 2.74 (1.17–6.44) 0.0205

Model 2

Total 1.68 (1.16–2.42) 0.0059 1.73 (0.85–3.51) 0.1287 1.65 (1.07–2.53) 0.0230 1.58 (0.92–2.71) 0.0975

Male 1.40 (0.89–2.21) 0.1444 1.71 (0.75–3.88) 0.2023 1.29 (0.74–2.23) 0.3676 1.29 (0.74–2.23) 0.3676

Female 2.39 (1.23–4.63) 0.0099 1.72 (0.41–7.18) 0.4564 2.62 (1.24–5.54) 0.0119 2.62 (1.24–5.54) 0.0119
P value for model 1: adjusted for age, sex, BMI, and current smoking status for the overall study population and adjusted for age, BMI and current smoking status 
for male and female subgroups

P value for model 2: adjusted for age, sex, BMI, current smoking status, LDLC, HDLC, and TyG index for the overall study population and adjusted for age, BMI, current 
smoking status, LDLC, HDLC, and TyG index for male and female subgroups
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34]. Some animal and human studies have reported 
lower PCSK9 levels in diabetic subjects or suggested 
that low PCSK9 may impair insulin secretion [35, 36]. 
While PCSK9 was measured only at baseline, our find-
ings demonstrate significant associations with long-term 
metabolic and mortality outcomes, consistent with prior 
literature. Future studies incorporating serial PCSK9 
measurements would be valuable to evaluate intra-indi-
vidual variability and strengthen causal inference regard-
ing its prognostic utility. Further research is necessary to 
investigate the underlying mechanism of the association 
between PCSK9 and glucose homeostasis.

Association between PCSK9 concentrations and liver 
dysfunction biomarkers and the risk of MASLD
High PCSK9 concentrations and quartiles were signifi-
cantly associated with an increased risk of MASLD and 
with lower bilirubin concentrations. High PCSK9 quar-
tiles were associated with adverse liver enzyme profiles—
including higher AST, ALT, and γGT concentrations—in 
the overall study population and in the female subgroup 
but not in the male subgroup. These findings align with 
those of other studies that have demonstrated a robust 
correlation between circulating PCSK9 and hepatic ste-
atosis severity, independent of conventional metabolic 
confounders [37]. Notably, preclinical studies have shown 
that PCSK9 deficiency confers resistance to diet-induced 
hepatic steatosis in mice, suggesting a causal role in liver 
lipid accumulation. The relationship between PCSK9 
and liver health is complex and context-dependent. 
PCSK9 was not associated with hepatic fat or histologi-
cal severity in one study [38]. In another study, genetic 
PCSK9 loss-of-function mutations were not associated 
with increased NAFLD risk [39]. This mixed evidence 
underscores the possibility of ethnic, environmental, or 
methodological variability affecting the PCSK9–MASLD 
relationship.

Our results, together with those already published in 
the literature, suggest that elevated PCSK9 may serve 
both as a biomarker of hepatic steatosis—potentially 
through effects on very-LDL metabolism, cholesterol 
trafficking, or hepatic inflammation—and play a mecha-
nistic role in disease progression. The emerging consen-
sus reinforces MASLD as the hepatic manifestation of 
systemic metabolic dysfunction, with PCSK9 positioned 
at the intersection of lipid, glucose, and liver metabolism 
[8–10]. Given these complex associations, further longi-
tudinal and mechanistic studies in diverse populations 
are warranted to determine whether PCSK9 inhibition 
could offer therapeutic benefit or prevention in MASLD, 
potentially augmenting current interventions targeting 
metabolic health and liver disease.

Association between PCSK9 concentration and 
hematological parameters
We observed increased hematocrit and platelet counts 
with elevated PSCK9 concentrations in univariate and 
multivariate analyses. In another study, PCSK9 concen-
tration was positively associated with platelet count in 
patients with coronary artery disease (40). In yet another 
study, PCSK9 added to platelet-rich plasma samples sig-
nificantly enhanced platelet aggregation induced by a 
subthreshold concentration of epinephrine (41). That 
study also observed reduced arterial thrombus forma-
tion and stability and platelet function in mice with a low 
PCSK9 concentration (41). These findings suggest that 
PCSK9 affects platelet aggregation behaviors. Platelet 
aggregation is relevant not only in thrombus formation 
but also in the onset and progression of atherothrom-
botic disease (42). The finding of an association between 
PCSK9 and red blood cell count is novel. The finding of 
an association between PCSK9 and leucocyte count is 
inconsistent with that of other studies (40, 43). Further 
research is warranted to confirm our findings.

Association between PCSK9 concentration and long-term 
outcomes
Associations between PCSK9 concentration and all-cause 
mortality are inconsistent in the literature (44–48). The 
present study provides new evidence that high circulating 
PCSK9 concentrations are significantly associated with 
increases all-cause mortality, a risk driven primarily by 
cancer-related deaths rather than cardiovascular mortal-
ity. Notably, this association was particularly pronounced 
in women. These findings challenge the conventional 
view of PCSK9 as solely a regulator of lipid metabolism 
and cardiovascular risk, highlighting its potential role in 
oncogenesis and disease progression. A growing body 
of preclinical evidence has been pointing to the multi-
functional nature of PCSK9, which encompasses a wide 
range of cellular processes that directly influence cancer 
progression. PCSK9 modulates key oncogenic signaling 
pathways, such as PI3K/Akt, MAPK, and Wnt/β-catenin 
(49). By influencing these pathways, PCSK9 affects cel-
lular proliferation, survival, apoptosis, and angiogen-
esis—all hallmarks of cancer (50). PCSK9 concentration 
may be a biomarker for the prognosis of several signifi-
cant malignancies, including gastric, pancreatic, kidney, 
hepatocellular, and breast cancers (2, 3, 51). The clinical 
implications of these findings are substantial. First, they 
suggest that circulating PCSK9 could serve as a noninva-
sive prognostic biomarker in oncology, helping to stratify 
patients and predict outcomes. Second, they further indi-
cate PCSK9’s potential as a therapeutic target in cancer 
treatment. Targeting PCSK9, perhaps in conjunction 
with standard chemotherapy or immunotherapy, could 
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represent a novel strategy to inhibit tumor growth and 
metastasis.

The role of sex in the association between PCSK9 
concentration and various phenotypes
Our findings underscore the significant influence of sex 
on the associations between circulating PCSK9 con-
centrations and a range of cardiometabolic and hema-
tologic traits. Our findings on the influence of sex are 
consistent with those of several other studies (13, 14, 
27). In the present study, female participants exhibited 
higher PCSK9 concentrations than did male participants, 
independent of age and other covariates. More impor-
tantly, sex-stratified analyses revealed stronger associa-
tions between PCSK9 concentrations and key metabolic 
phenotypes—including IR, MetS, DM, and triglycer-
ide concentration—in female participants than in male 
participants. Age-stratified analyses also showed larger 
differences with PCSK9 levels in women than in men 
between different age subgroups (age ≥50 vs. age <50). 
These findings are in line with observations from other 
studies that have suggested that women may be more 
metabolically sensitive to variations in PCSK9, poten-
tially because of differences in sex hormone regulation, 
lipid metabolism, or adipose tissue distribution (11, 26).

Sex-specific trends were particularly notable in asso-
ciations of PCSK9 with biomarkers of IR, MetS, and 
DM, where elevated PCSK9 concentrations were signifi-
cantly associated with increased odds of MetS in women 
but not in men, who had only slightly increased odds of 
MetS. Similarly, the risk of DM and high fasting glucose 
concentration across increasing PCSK9 quartiles was 
more pronounced among female participants, suggest-
ing that PCSK9 may interact differently with glucose and 
lipid regulatory pathways by sex. Furthermore, in our 
study, long-term outcomes, namely all-cause mortality 
and cancer mortality, were also more robustly linked to 
PCSK9 concentrations in female participants. The bio-
logical basis for this finding remains to be clarified.

Collectively, these results highlight the necessity of 
considering sex as a biological variable in studies of 
PCSK9 and metabolic disease. They also point to the 
potential utility of sex-specific thresholds or interpre-
tations of PCSK9 in clinical risk stratification. Future 
mechanistic studies are warranted to explore hormonal, 
genetic, and molecular mediators of these sex-dependent 
associations.

Study strengths and limitations
To the best of our knowledge, this is the largest popula-
tion-based study to evaluate associations of circulating 
PCSK9 concentration with metabolic disorders and long-
term mortality. The study enrolled 7,950 healthy Taiwan-
ese participants. Multivariate stepwise linear regression 

analysis was performed to define the independent corre-
lates of circulating PCSK9 concentration, adjusting for a 
broad range of confounding factors. A significant limita-
tion of our study is the homogeneous ethnic composition 
of our cohort, which limits generalizability to other pop-
ulations. While emerging evidence from European and 
African studies suggests that sex-specific PCSK9-met-
abolic associations may represent a universal biological 
phenomenon rather than an East Asian-specific finding, 
direct replication in diverse ethnic cohorts is needed. 
Future studies should specifically examine whether 
the magnitude of these associations varies across eth-
nicities, particularly given known genetic variations in 
PCSK9 function and expression across populations. The 
second limitation of this study is its low mortality rate, 
which made the significant level in the outcome studies 
became more difficult to achieve, especially in cardio-
vascular mortality. Extending the follow-up period may 
enhance the significance of the differences observed. 
The third limitation of this study is that it only enrolled 
adults between 30- and 70-years-old. The findings may 
not be generalizable to teenagers or older adults. The 
fourth limitation of this study is that we used TyG indi-
ces as IR markers instead of using the hyperinsulinemic 
clamp or HOMA-IR methods, which are considered the 
best methods for measuring IR. Further, in this study, 
we did not include Lp(a) for analysis. Given the estab-
lished relationship between PCSK9 and lipoprotein(a), 
the absence of Lp(a) data limits the comprehensiveness of 
the metabolic risk assessment. We have recently reported 
a causal relationship between PCSK9 levels and Lp(a) 
concentrations through MR analysis. Including Lp(a) in 
future analyses would enhance the mechanistic insights 
[52]. In addition, information on pre-existing cardiovas-
cular disease was based solely on self-reported data and 
not confirmed by clinical diagnosis. Therefore, we could 
not definitively exclude participants with baseline CVD, 
which may have contributed to residual confounding in 
mortality analyses. Although PCSK9 was measured only 
at baseline, our findings demonstrate significant associa-
tions with long-term metabolic and mortality outcomes, 
consistent with prior literature. Future studies incorpo-
rating serial PCSK9 measurements would be valuable 
for evaluating intra-individual variability and strength-
ening causal inference regarding its prognostic utility. 
The absence of data on inflammatory and specific can-
cer biomarkers prevented a more profound investigation 
into the drivers of the observed mortality risks. To vali-
date PCSK9 as a clinically applicable biomarker, further 
studies should focus on optimizing cutoff values across 
diverse cohorts, evaluating predictive performance when 
combined with established metabolic and inflammatory 
markers, and conducting cost-effectiveness and feasibil-
ity analyses for routine screening. These steps will help 
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establish the generalizability and clinical utility of PCSK9 
measurement and determine its integration into practice 
for risk prediction and disease prevention.

Conclusion
High circulating PCSK9 concentration is associated 
with progressively worse cardiometabolic risk profiles 
(i.e., increasing risks of IR, MetS, DM, and MASLD) and 
higher risks of all-cause and cancer mortality, predomi-
nantly in women. PCSK9 represents a promising thera-
peutic target for the prevention of metabolic disorders 
and for improving health outcomes in patients with 
high PCSK9 concentrations. Due to inflammation or 
lipid metabolism may be the potential mechanisms for 
the associations, future cohorts should be designed to 
concurrently measure circulating PCSK9, a comprehen-
sive panel of metabolic and inflammatory markers, and 
detailed cancer risk profiles to untangle these complex 
relationships.
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