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Data on the involvement of proprotein convertase subtilisin/kexin type 9 (PCSK9) and adiponectin

in prediabetes progression to type 2 diabetes mellitus (T2DM) remains inconclusive. Therefore, this
study investigated the roles of PCSK9 and adiponectin in this process. This study included 1,528
participants with prediabetes and T2DM and conducted correlation analyses to investigate the
relationship between PCSK9 and adiponectin levels, pancreatic beta-cell function, and insulin levels.
Logistic regression analysis and receiver operating characteristic (ROC) curves were used to determine
whether PCSK9 and adiponectin play protective roles in the progression from prediabetes to T2DM and
their potential as diagnostic biomarkers for T2DM. In prediabetic patients, the levels of PCSK9 [573.00
(412.35) ng/mL vs. 924.20 (673.38) ng/mL, p<0.001] and adiponectin [4.50 (2.80) mg/mL vs. 6.22
(4.51) mg/mL, p<0.001] were significantly higher than those in patients with T2DM. PCSK9 (r=0.167,
p<0.001) and adiponectin (r=0.113, p<0.001) levels were positively correlated with pancreatic cell
homeostasis and had protective effects against progression from prediabetes to T2DM (PCSK9:
OR=0.274, 95% C1 0.121-0.621, p=0.002; adiponectin: OR=0.135, 95% CI 0.057-0.320, p<0.001).
The combined diagnostic value of PCSK9 and adiponectin for T2DM showed an area under the curve
of 0.751 (95% Cl 0.727-0.775). Prediabetes and T2DM patients showed significant differences in the
PCSK9 and adiponectin levels. PCSK9 and adiponectin have protective effects against the progression
of prediabetes to T2DM, and their combined use is a potential biomarker for the transition from
prediabetes to T2DM.
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Prediabetes, which precedes type 2 diabetes mellitus (T2DM), represents a high risk for the development
of diabetes. Blood glucose levels are elevated above normal yet not high enough to be classified as diabetes.
Prediabetes is a heterogeneous subclinical state of diabetes. The total number of reported cases of T2DM by
2021 was approximately 540 million globally, which is expected to increase to 780 million by 2045!. The number
of patients with prediabetes is closely related to the number of patients with T2DM. It is predicted that by 2030,
there will be 460 million prediabetic patients worldwide, over 70% of whom will develop T2DM??.

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a serine protease derived from the liver and
intestines; however, the primary source of circulating PCSK9 is the liver®®. PCSK9 influences the blood levels of
low-density lipoprotein cholesterol (LDL-C) by regulating the degradation of low-density lipoprotein receptors
(LDLR) on the surface of hepatocytes through the endosome/lysosome pathway, highlighting new challenges
in low-density cholesterol homeostasis®. In addition to the traditional pathway, PCSK9 contributes to the
progression of atherosclerosis through alternative mechanisms, including inflammation, apoptosis, and immune
responses’ ™.
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Adiponectin, a 30-kDa monomeric glycoprotein secreted by adipocytes, is primarily regulates lipid
and glucose metabolism!?, enhances insulin sensitivity, exerts anti-inflammatory effects, and protects the
cardiovascular system'!. The blood concentration of adiponectin typically ranges from 3 to 30 ug/mL. Nielsen
et al. indicated that higher plasma adiponectin levels are associated with a high risk of heart failure, atrial
fibrillation, aortic valve stenosis, and myocardial infarction'?. A study involving a Japanese population showed
that low | adiponectin levels increased the risk of T2DM?.

PCSK9 and adiponectin have been extensively studied in T2DM!, although the results have been inconsistent.
For example, some studies have shown that high levels of PCSK9 are associated with T2DM'?, while others
reported no correlation!®. Additionally, animal experiments have indicated that low PCSK9 levels are associated
with diabetes®. Adiponectin also plays a major role in the progression of healthy individuals to T2DM. However,
the underlying mechanisms remain unclear.

Some studies have suggested insulin resistance as a mechanism, whereas others indicated an association with
pancreatic cell stability!”!®. However, current research on the changes and correlations between PCSK9 and
adiponectin from the prediabetic to the diabetic stage remains limited.

Therefore, this cross-sectional study aimed to explore the differences and connections between PCSK9 and
adiponectin in prediabetic and T2DM patients to better understand the roles of these two indicators during the
progression from prediabetes to T2DM.

Methods

Study population

This study recruited 1,528 participants from Peking University People’s Hospital and Xiangya Hospital of
Central South University between October 2022 and September 2023, including 768 patients with T2DM (388
males and 380 females) and 760 patients with prediabetes (349 males and 411 females) (Fig. 1). This study
adhered to the ethical principles outlined in the Declaration of Helsinki, and was approved the Peking University
People’s Hospital Research Ethics Committee (No. 2022PHB349-01). All enrolled patients provided written
informed consent before participation. Medication and physical activity details for all participants can be found
in Supplementary Table 1.

Based on the criteria of the American Diabetes Association!?, the diagnosis of T2DM includes individuals
who meet any of the following conditions: (1) currently receiving treatment with oral hypoglycemic medications
or insulin, (2) have a history of T2DM confirmed by a clinician, (3) fasting blood glucose (FBG) =7.0 mmol/L
or 2-h blood glucose (2-h BG) > 11.1 during the oral glucose tolerance test (OGTT), or (4) glycated hemoglobin
Alc (HbAlc) levels of 6.5% or higher. The criteria for prediabetes include: (1) FPG levels of 5.6-6.9 mmol/L, (2)
blood glucose levels of 7.8-11.0 mmol/L two hours after a 75 g OGTT, or (3) HbAIc levels of 5.7-6.4%.

The study recruited patients from Peking University
People’s Hospital and Xiangya Hospital of Central South
University between October 2022 and September 2023

Diagnostic criteria:

T2DM: 1) currently receiving treatment with
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have a history of T2DM confirmed by a 1) severe liver or kidney
clinician, 3) FBG > 7.0 mmol/L or 2-h BG > dysfunction, 2) heart
11.1 mmol/L during the OGTT. or 4) HbAlc disease, 3) any known
levels of 6.5% or higher mnflammatory or
Prediabetes: 1) FPG levels of 5.6-6.9 mmol/L, 2) infectious diseases, 4)
blood glucose levels of 7.8-11.0 mmol/L two confirmed or suspected
hours after a 75g OGTT, or 3) HbAlc levels of cancer, or 5) pregnant
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A total of 1,528 patients were included
(737 males and 791 females)
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Fig. 1. The flow chart of the patients’ selection process.
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Total T2DM group | Prediabetes group | p value
Clinical characteristics
N (%) 1528 768 (50.26%) 760 (49.74%) -
Age (years) 50.58+13.44 51.23+13.31 49.91+13.54 0.055
Male (%) 737 (48.23%) 388 (50.52%) 349 (45.92%) 0.073
BMI (kg/m?) 25.32+3.87 25.24+4.02 25.40+3.64 0.446
Hypertension (%) 718 (46.99%) | 360 (46.88%) | 358 (47.11%) 0.928
Smoking (%) 330 (21.60%) 180 (23.43%) 150 (19.74%) 0.082
Consumers of alcohol (%) | 491 (32.13%) 260 (33.85%) 231 (30.39%) 0.155
Family history of MD (%) | 577 (37.76%) | 308 (40.10%) | 269 (35.39%) 0.065
Laboratory variables
FBG (mmol/L) 6.87+£2.02 7.84+2.41 5.88+0.67 <0.001
HbAlc (%) 6.7+1.4 7.5%£1.6 59+0.3 <0.001
Insulin (mU/mL) 12.20 (9.29) 13.90 (10.18) 11.32 (7.35) <0.001
HOMA-B 81.46 (63.32) 67.97 (59.22) 97.53 (72.24) <0.001
HOMA-IR 3.53(3.22) 4.44 (3.86) 2.95 (2.00) <0.001
HOMA-IS 0.28 (0.25) 0.22 (0.20) 0.34(0.22) <0.001
ApoB (mg/dL) 101.60 (37.18) | 104.00 (38.20) | 101.20 (35.25) 0.146
ApoA1l (mg/dL) 143.70 (35.20) | 143.25(33.53) | 144.00 (38.00) 0.228
Total cholesterol (mmol/L) | 4.98 (1.46) 4.97 (1.40) 4.99 (1.34) 0.104
Triglycerides (mmol/L) 1.49 (0.99) 1.47 (0.95) 1.32 (1.03) 0.441
HDL-C (mmol/L) 1.33 (0.35) 1.31 (0.30) 1.35(0.41) 0.410
LDL-C (mmol/L) 3.09 (1.07) 3.06 (1.17) 3.13(0.97) 0.119
Lp(a) (nmol/L) 13.10 (21.17) 12.75 (18.10) 13.40 (21.95) 0.031
hs-CRP (mg/L) 0.95 (1.60) 0.94 (1.56) 0.96 (1.70) 0.695
HCY (umol/L) 10.48 (4.44) 10.46 (4.51) 10.56 (4.47) 0.609
sdLDL-C (mmol/L) 1.13 (0.63) 1.11 (0.69) 1.14 (0.63) 0.128
Adiponectin (mg/mL) 5.24 (3.77) 4.50 (2.80) 6.22 (4.51) <0.001
PCSK9 (ng/mL) 635.90 (608.18) | 573.00 (412.35) | 924.20 (673.38) <0.001

Table 1. Baseline characteristics in all patients. Data are reported as means+ SD or n (%), median
(interquartile ranges). SD: Standard deviation. BMI: body mass index; DM: diabetes mellitus; FPG: fasting
plasma glucose; HbA, : Hemoglobin Alc; HOMA-B: homeostasis model assessment of beta-cell function;
HOMA-IR: homeostasis model assessment of insulin resistance; HOMA-IS: homeostasis model assessment
of insulin sensitivity; apoB: apolipoprotein B; apoA1l: apolipoprotein Al; HDL-C: high density lipoprotein
cholesterol; LDL-C: low density lipoprotein cholesterol; Lp(a): lipoprotein (a); Hs-CRP: hypersensitive
C-reactive protein; HCY: homocysteine; sdLDL-C: small dense low-density lipoprotein cholesterol; PCSK9:
proprotein convertase subtilisin/kexin type 9. Statistical analysis was performed with the student’s t test or
Mann-Whitney U test and with Chi-square test for categorical variables.

The exclusion criteria were as follows: (1) severe liver or kidney dysfunction, (2) any known inflammatory or
infectious diseases, (3) confirmed or suspected cancer, and (4) pregnancy or lactating patients.

Conventional clinical and laboratory indicator tests
Morning blood samples were collected after a 12-h fast. Serum was separated via centrifuging at 3500 rpm for
10 min at 10-15 °C and stored at — 80 °C.

An ELISA kit (Duduo Biotechnology Co., Ltd. China) was used to measure circulating levels of PCSK9
according to the manufacturer’s instructions. Adiponectin levels were measured using latex-enhanced
immunoturbidimetry (Guangdong United Biotechnology Co., Ltd. China). Lipoprotein (a) [Lp(a)] levels were
measured using a method similar to that used for the Lp(a) kit (Roche Inc., Switzerland). Insulin levels were
measured using an electrochemiluminescence immunoassay (Roche Inc., Switzerland). To detect small dense
LDL-C (sdLDL-C), we employed direct quantitative analysis kits (Denka Seiken Co., Ltd., Japan). HbA1c levels
were determined using high-performance liquid chromatography (Trinity Biotech Inc., USA). A Beckman
AU5832 analyzer (Beckman Coulter Inc., USA) was used to determine FBG, hypersensitive C-reactive protein
(hs-CRP), homocysteine (HCY), and serum lipid profiles. These profiles included triglyceride (TG), total
cholesterol (TC), LDL-C, high-density lipoprotein cholesterol (HDL-C), Apolipoprotein A-1 (apoAl), and
Apolipoprotein B (apoB) levels.

The relevant indicators related to insulin were calculated as follows: the homeostasis model assessment of beta-
cell function (HOMA-B) =20 * insulin (WU/mL)/[FBG (mmol/L) -3.5] for evaluating the beta cell function; the
homeostasis model assessment of insulin resistance (HOMA-IR) =insulin (WU/mL) * FBG (mmol/L)/22.5; the
homeostasis model assessment of insulin sensitivity (HOMA-IS) was 22.5/[insulin (@U/mL) * FBG (mmol/L)]%.
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Fig. 2. Levels of PCSK9 and adiponectin in different populations. (A) Levels of PCSK9 in different gender
populations. (B) PCSK9 levels in T2DM and prediabetes in different genders. (C) Levels of adiponectin in
different gender populations. (D) Adiponectin levels in T2DM and prediabetes in different genders. (*p <0.05,
5 <0.01, **p<0.001).

Statistical analyses

The one-sample Kolmogorov-Smirnov test was used to analyze the distribution of all quantitative variables.
Normally distributed data are presented as meanz+standard deviation, and Student’s t-test and analysis of
variance were used to compare differences between the groups. Continuous data with non-normal distribution
were reported as medians (interquartile ranges), and differences between various groups were compared using
the Mann-Whitney U and Kruskal-Wallis tests. Categorical data are presented as percentages (%) and compared
using the chi-squared test. Spearman’s correlation analysis was used to calculate correlation coeflicients between
circulating PCSK9 and adiponectin levels. Univariate and multivariate logistic analyses were used to analyze the
association between PCSK9 and adiponectin levels and T2DM. Receiver operating characteristic (ROC) curves,
particularly the area under the curve (AUC), were used to evaluate the ability of PCSK9 and adiponectin to
discriminate between T2DM and prediabetes. p-value <0.05 was considered statistically significant. Statistical
analyses were performed using SPSS 22.0 for Windows (SPSS Inc., USA) and GraphPad Prism 7 (GraphPad
Software Inc., USA).

Results

Baseline characteristics of all patients

First, we assessed the baseline characteristics of all participants. Table 1 presents the clinical characteristics and
laboratory parameters of the study population. There were no significant differences between the T2DM and
prediabetic groups in terms of sex (male), age, body mass index (BMI), percentage of hypertension, alcohol
consumption, smoking, family history of diabetes (MD), ApoB, ApoAl, TC, HDL-C, LDL-C, TG, sdLDL-C,
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PCSKO9 concentration (ng/mL)
Variables Q1:<502.77 ‘ Q2:502.77-635.90 ‘ Q3:635.90-1110.95 | Q4:>1110.95 p value
Clinical characteristics
N (%) 382 (25.00%) | 383 (25.07%) 364 (23.82%) 399 (26.11%) -
Age (years) 48.77+13.90 |52.13+12.89* 50.27+12.37 51.08 +14.24* 0.005
Male (%) 174 (45.55%) | 172 (44.91%) 175 (48.07%) 216 (54.13%)* 0.039
BMI (kg/m?) 24.71+3.61 25.68 £4.26* 25.25+3.87 25.66+3.51* 0.001
Hypertension (%) 151 (39.53%) | 165 (43.08%) 186 (51.09%)2 216 (54.13%)® <0.001
Smoking (%) 72 (18.84%) 83 (21.67%) 88 (24.17%) 87 (21.80%) 0.370
Consumers of alcohol (%) | 123 (32.19%) | 124 (32.37%) 124 (34.06%) 120 (30.07%) 0.703
Family history of MD (%) 147 (38.48%) 140 (36.55%) 163 (44.78%)° 127 (31.82%)°¢ 0.003
T2MD (%) 240 (62.82%) | 256 (66.84%) 156 (42.85%)% 116 (29.07%)®< | <0.001
Laboratory variables
FBG (mmol/L) 7.27+£2.36 7.09+1.89 6.57+1.94% 6.54+1.76% <0.001
HbAlc (%) 7.0+15 6.9+1.4 6.5+1.3 6.5+1.5® <0.001
Insulin (uU/mL) 10.65 (8.18) 12.14 (10.12)* 12.59 (8.28)* 14.51 (8.51)%¢ <0.001
HOMA-B 63.79 (49.73) | 75.43 (58.81) 91.41 (67.13)® 102.82 (67.31)%¢ | <0.001
HOMA-IR 3.12 (2.80) 3.90 (3.11)* 3.30 (3.54)* 3.94 (3.25)* <0.001
HOMA-IS 0.32(0.29) 0.25 (0.24)* 0.30 (0.28)* 0.25 (0.21)* <0.001
ApoB (mg/dL) 100.80 (41.15) | 97.00 (31.60) 104.10 (38.78) 107.50 (35.30)® | <0.001
ApoAl (mg/dL) 147.10 (33.00) | 145.20 (39.40) 141.10 (33.42) 140.40 (33.50) 0.063
Total cholesterol (mmol/L) | 4.90 (1.51) 4.80 (1.36)* 5.06 (1.35)° 5.13 (1.37)% <0.001
Triglycerides (mmol/L) 1.40 (0.96) 1.55 (1.06)* 1.46 (1.09) 1.54 (1.03)? 0.009
HDL-C (mmol/L) 1.34 (0.33) 1.31 (0.36) 1.31(0.32) 1.34 (0.40) 0.293
LDL-C (mmol/L) 3.09 (1.09) 3.02 (1.20)* 3.12 (1.05)° 3.17 (1.03)° <0.001
Lp(a) (nmol/L) 14.30 (21.90) | 10.30 (16.30)* 15.70 (26.15)° 14.20 (18.70)* | <0.001
hs-CRP (mg/L) 1.01 (1.70) 0.96 (1.48) 0.89 (1.45) 0.98 (1.81) 0.591
HCY (umol/L) 10.44 (3.98) 9.26 (4.51)* 10.72 (4.07)® 11.34 (4.42) <0.001
sdLDL-C (mmol/L) 1.05 (0.59) 1.04 (0.60) 1.22 (0.57) 1.29 (0.65)® <0.001
Adiponectin (mg/mL) 4.55 (2.67) 4.45 (3.20) 5.60 (4.05)% 6.97 (4.91)%b¢ <0.001
PCSK9 (ng/mL) 435.90 (91.20) | 570.25 (52.40) 892.00 (201.92) 1245.40 (260.95) | -

Table 2. Baseline characteristics of all patients at different circulating PCSK9 levels. Data are reported as
means £ SD or n (%), median (interquartile ranges). SD: Standard deviation. BMI: body mass index; DM:
diabetes mellitus; FPG: fasting plasma glucose; HbA | : Hemoglobin Alc; HOMA-(: homeostasis model
assessment of beta-cell function; HOMA-IR: homeostasis model assessment of insulin resistance; HOMA-

IS: homeostasis model assessment of insulin sensitivity; apoB: apolipoprotein B; apoAl: apolipoprotein Al;
HDL-C: high density lipoprotein cholesterol; LDL-C: low density lipoprotein cholesterol; Lp(a): lipoprotein (a);
Hs-CRP: hypersensitive C-reactive protein; HCY: homocysteine; sdLDL-C: small dense low-density lipoprotein
cholesterol; PCSK9: proprotein convertase subtilisin/kexin type 9. Statistical analysis was performed with

the ANOVA or Kruskal-Wall test and with Chi-square test for categorical variables. 2Shows that the p <0.05
compared with the Q1 group. ®Shows that the p<0.05 compared with the Q2 group. “Shows that the p < 0.05
compared with the Q3 group.

hs-CRP, or HCY. In contrast, the levels of FBG, HbAlc, insulin, and HOMA-IR were higher in the T2DM than
those in the prediabetes groups, while the levels of HOMA-3, HOMA-IS, Lp(a), adiponectin [4.50 (2.80) mg/mL
vs. 6.22 (4.51) mg/mL, p<0.001], and PCSK9 [573.00 (412.35) ng/mL vs. 924.20 (673.38) ng/mL, p <0.001] were
lower than those in the prediabetes group.

As shown in Supplementary Table 2, PCSK9 levels [710.55 (613.15) ng/mL vs. 607.40 (568.20) ng/mL,
P <0.014] were higher in males than in females, while adiponectin levels [4.79 (3.51) mg/mL vs. 5.81 (4.02)
mg/mL, p<0.001] were lower (Fig. 2A, C). All participants were divided according to sex for statistical analysis
(Supplementary Tables 3 and 4). Regardless of the statistics, the adiponectin and PCSK9 levels in the T2DM
group were lower than those in the prediabetes group (Fig. 2B, D).

Relationship between PCSK9, adiponectin, pancreatic beta cell function, and insulin

To investigate the relationship between PCSK9 and adiponectin levels in pancreatic beta cells and insulin, we
divided all participants into four groups based on the quartiles of PCSK9 and adiponectin levels. As PCSK9
levels increased, the proportion of patients with T2DM, as well as their FBG and HbAlc levels, decreased,
while insulin [10.65 (8.18) pU/mL vs. 12.14 (10.12) pU/mL vs. 12.59 (8.28) uU/mL vs. 14.51 (8.51) pU/mL,
p<0.001] and HOMA-p [63.79 (49.73) vs. 75.43 (58.81) vs. 91.41 (67.13) vs. 102.82 (67.31), p<0.001] levels
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Adiponectin concentration (mg/ml)
Variables Q1:<3.82 Q2:3.82-5.24 ‘ Q3:5.24-7.60 Q4:>7.60 p value
Clinical characteristics
N (%) 387 (25.45%) | 380 (24.86%) | 378 (24.67%) 383 (25.00%) -
Age (years) 48.73+13.17 49.16+13.17 50.70+13.12% 54.05+13.68%¢ <0.001
Male (%) 238 (61.49%) 190 (50.00%)* 157 (41.53%)% 152 (39.69%)% <0.001
BMI (kg/m?) 26.09+4.31 25.94+3.97 24.86+3.24%° 24.37 +3.46% <0.001
Hypertension (%) 193 (49.87%) 181 (47.63%) 152 (40.21%)® 192 (50.13%)° 0.020
Smoking (%) 102 (26.35%) 89 (23.55%) 72 (19.05%)* 67 (17.49%)% 0.011
Consumers of alcohol (%) | 132 (34.11%) 166 (43.68%)* | 88 (23.28%)% 105 (27.41%)® <0.001
Family history of MD (%) | 162 (41.86%) 136 (35.78%) 130 (34.39%) 149 (38.90%) 0.143
T2MD (%) 267 (68.99%) 214 (56.32%)* 181 (47.88%)% 106 (27.68%)¢ <0.001
Laboratory variables
FBG (mmol/L) 7.46+2.29 7.06+2.27% 6.73+1.88%° 6.23+1.29%¢ <0.001
HbAlc (%) 7.0+14 7.0+1.6 6.6+1.3 6.2+1.0%¢ <0.001
Insulin (uU/mL) 12.68 (10.89) 12.00 (10.99) 12.00 (7.72) 12.80 (7.46) 0.174
HOMA-B 68.95 (64.93) | 82.84 (67.55)* | 79.38 (62.79) 98.83 (69.70)%¢ <0.001
HOMA-IR 3.80 (3.94) 3.52(3.89) 3.54 (2.59)* 3.39 (2.30)* 0.011
HOMA-IS 0.26 (0.28) 0.28 (0.28) 0.28 (0.23)* 0.29 (0.21)* 0.014
ApoB (mg/dL) 10550 (43.80) | 100.70 (33.85) | 102.45(35.80) | 101.30 (35.50) 0.285
ApoAl (mg/dL) 134.30 (24.80) | 141.50 (31.60)* | 144.40 (41.20)® | 156.45 (42.55)%¢ <0.001
Total cholesterol (mmol/L) | 5.05 (1.62) 4.86 (1.39) 5.06 (1.13)2 5.02 (1.37)% 0.001
Triglycerides (mmol/L) 1.66 (1.14) 1.57 (0.91) 1.54 (1.22)* 1.29 (0.73)%b¢ <0.001
HDL-C (mmol/L) 1.24 (0.28) 1.30 (0.26)* 1.33 (0.34)* 1.47 (0.47)2¢ <0.001
LDL-C (mmol/L) 3.12(1.28) 3.05 (1.11) 3.09 (0.92) 3.16 (1.02) 0.052
Lp(a) (nmol/L) 15.30 (26.10) | 12.10 (18.05)* | 12.20 (17.92) 12.80 (23.60)° 0.020
hs-CRP (mg/L) 1.07 (1.64) 0.95 (1.79)* 0.96 (1.53) 0.85 (1.39)* 0.002
HCY (umol/L) 10.45 (4.39) 10.14 (4.18) 10.43 (4.59) 10.95 (4.43) 0.161
sdLDL-C (mmol/L) 1.18 (0.59) 1.14 (0.62) 1.16 (0.67) 1.07 ( 0.62)%¢ 0.002
PCSK9 (ng/mL) 566.93 (422.25) | 587.00 (511.95) | 687.80 (602.30)* | 1044.60 (641.80)*> | <0.001
Adiponectin (mg/mL) 3.12(0.89) 4.50 (0.69) 6.27 (1.14) 9.81 (4.27)

Table 3. Baseline characteristics of all patients at different circulating adiponectin levels. Data are reported

as means+SD or n (%), median (interquartile ranges). SD: Standard deviation. BMI: body mass index; DM:
diabetes mellitus; FPG: fasting plasma glucose; HbA | : Hemoglobin Alc; HOMA-(: homeostasis model
assessment of beta-cell function; HOMA-IR: homeostasis model assessment of insulin resistance; HOMA-

IS: homeostasis model assessment of insulin sensitivity; apoB: apolipoprotein B; apoAl: apolipoprotein Al;
HDL-C: high density lipoprotein cholesterol; LDL-C: low density lipoprotein cholesterol; Lp(a): lipoprotein (a);
Hs-CRP: hypersensitive C-reactive protein; HCY: homocysteine; sdLDL-C: small dense low-density lipoprotein
cholesterol; PCSK9: proprotein convertase subtilisin/kexin type 9. Statistical analysis was performed with

the ANOVA or Kruskal-Wall test and with Chi-square test for categorical variables. 2Shows that the p <0.05
compared with the Q1 group. ®Shows that the p<0.05 compared with the Q2 group. “Shows that the p < 0.05
compared with the Q3 group.

increased (Table 2). Even when divided into the T2DM group and the prediabetes group and analyzed separately,
the results remain consistent with the previous findings (Supplementary Tables 5 and 6). The same result was
observed in the adiponectin group, where HOMA-B [68.95 (64.93) vs. 82.84 (67.55) vs. 79.38 (62.79) vs. 98.83
(69.70), p <0.001] levels increased as adiponectin levels increased (Table 3). After separately analyzing the T2DM
group and the prediabetes group, the highest quartile groups HOMA-{ was significantly higher than that of the
lowest quartile group (Supplementary Tables 7 and 8, p <0.05, respectively).

The correlations between PCSK9, adiponectin, and pancreatic beta cell homeostasis in patients with
prediabetes and T2DM were analyzed to investigate the relationship between PCSKY, adiponectin, and other
indicators (Fig. 3). In all patients, as shown in Fig. 3A, PCSK9 was positively correlated with adiponectin (r=0.289,
p<0.001), insulin (r=0.132, p<0.001), HOMA-P (r=0.167, p<0.001), and HOMA-IR (r=0.055, p=0.030), and
negatively with FBG (r=-0.116, p<0.001), HbAlc (r=—0.139, p<0.001), and HOMA-IS (r=-0.095, p<0.001).
Adiponectin positively correlated with PCSK9 (r=0.289, p<0.001), and HOMA-f (r=0.113, p<0.001), but
negatively with BMI (r=-0.139, p<0.001), FBG (r=-0.175, p<0.001), HbAlc (r=-0.199, p<0.001), and
HOMA-IR (r=-0.069, p=0.007). Similar results were observed in prediabetic and T2DM patients (Fig. 3B, C).
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Fig. 3. The correlation between PCSK9 and adiponectin with insulin and pancreatic beta-cell function.
(A) The correlation between PCSK9 and adiponectin with insulin and pancreatic beta-cell function in all
participants. (B) The correlation between PCSK9 and adiponectin with insulin and pancreatic beta-cell
function in prediabetes patients. (C) The correlation between PCSK9 and adiponectin with insulin and
pancreatic beta-cell function in T2DM patients.

Serum PCSK9 and adiponectin concentrations are associated with the risk of progression to
T2DM in prediabetic patients

We used a multivariate binary logistic regression to better understand the relationship between PCSK9,
adiponectin, and T2DM. The patients were divided into four groups based on the quartiles of PCSK9 and
adiponectin levels. Using the lowest group as a reference, we analyzed the risk of T2DM in the other three groups
according to PCSK9 and adiponectin levels.

Univariate analysis showed that PCSK9 (OR=0.243, 95% CI 0.180-0.327, p<0.001) (Fig. 4A) and
adiponectin (OR=0.175, 95% CI 0.128-0.239, p <0.001) (Fig. 5A) levels were negatively correlated with T2DM.
After further adjusting for confounding factors, the results remained consistent (PCSK9: OR=0.274, 95% CI
0.121-0.621, p=0.002; adiponectin: OR=0.135, 95% CI 0.057-0.320, p <0.001) (Figs. 4B and 5B). To investigate
the potential sex differences in PCSK9 and adiponectin levels, we conducted separate analyses in male and
female patients. The results remain consistent with previous findings, regardless of univariate (Figs. 4C, E and
5C, E) or multivariate analysis (male patients: PCSK9: OR =0.244, 95% CI 0.085-0.699, p =0.009; adiponectin:
OR=0.197, 95% CI 0.061-0.640, p=0.007; female patients: PCSK9: OR=0.116, 95% CI 0.017-0.791, p=0.028;
adiponectin: OR=0.093, 95% CI 0.021-0.417, p=0.002) (Figs. 4D, F and 5D, F), indicating that PCSK9 and
adiponectin have a protective effect against the progression from prediabetes to T2DM.

Prospects of PCSK9 and adiponectin as diagnostic markers for T2DM

Receiver operating characteristic curve analyses were performed to explore the diagnostic prospects of PCSK9
and adiponectin in T2DM. Figure 6 shows that the AUC for PCSK9 was 0.667 (95% CI 0.640-0.694), with an
optimal sensitivity of 63.5% and specificity of 66.7%. For adiponectin, the AUC was 0.673 (95% CI 0.646-0.700),
with an optimal sensitivity of 69.4% and specificity of 57.4%. However, when the two markers were combined,
the AUC increased to 0.751 (95% CI 0.727-0.775). These data suggest that the combination of PCSK9 and
adiponectin holds potential value as a biomarker for progression from prediabetes to T2DM.

Discussion

This cross-sectional study, for the first time, revealed differences in PCSK9 and adiponectin levels between
patients with prediabetes and those with T2DM in a Chinese population. Our study results showed that patients
with prediabetes had significantly higher PCSK9 and adiponectin levels than did those with T2DM. PCSK9 and
adiponectin levels were positively correlated with HOMA-B and negatively with FBG and HbAlc. Our data also
suggest PCSK9 and adiponectin as protective factors against T2DM.

Research on PCSK9 has primarily focused on cardiovascular diseases”*?"?2. Previous studies have shown
that PCSK9 binds to LDLR, leading to its intracellular degradation, thereby increasing the plasma LDL-C levels
and hyperlipidemia. PCSK9 promoted LDLR degradation by enhancing endocytosis and preventing recycling.
In addition to the classical pathway, PCSK9 regulates lipid metabolism by modulating ApoB expression and
Lp(a) metabolism via endogenous intracellular PCSK9. PCSK9 is associated with endothelial cell apoptosis,
macrophage cholesterol efflux, intracellular mitochondrial dysfunction, and inflammation, all of which can lead
to metabolic disorders and promote atherosclerosis.

However, the role of PCSK9 in diabetes remains controversial. In a cohort study involving 4,205 patients, Shi
et al.?*> demonstrated that PCSK9 levels were significantly higher in patients with diabetes than those without
and in females than males. However, the authors observed no difference in PCSK9 levels between male patients
with and without diabetes. The same results were observed in patients with ST-segment elevation myocardial
infarction, with or without diabetes®*. Saavedra et al.>> showed that patients with familial hypercholesterolemia
carrying the PCSK9-InsLEU genetic variant had a lower risk of coronary artery events but an increased incidence
of prediabetes and diabetes. Awan et al.?® found similar results on subjects carrying the apoE3/E2 genotype and
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Fig. 4. Logistic regression analysis between PCSK9 and T2DM in different populations. (A) Univariate logistic
regression analysis between circulating PCSK9 and T2DM in all patients. (B) Multivariate logistic regression
analysis between circulating PCSK9 and T2DM in all patients. (C) Univariate logistic regression analysis
between circulating PCSK9 and T2DM in male patients. (D) Multivariate logistic regression analysis between
circulating PCSK9 and T2DM in male patients. (E) Univariate logistic regression analysis between circulating
PCSK9 and T2DM in female participants. (F) Multivariate logistic regression analysis between circulating
PCSK9 and T2DM in female participants.

the R46L variant. Similarly, PCSK9 gene defects increase the risk of diabetes in mice®?. This may be related to
the abundance of low-density receptors on the surface of pancreatic p-cells. Lower PCSK9 levels allow a large
amount of low-density lipoprotein cholesterol to enter cells, leading to intracellular lipid metabolism disorders
that ultimately affect insulin synthesis and secretion®!%?%. Our research findings support those of Saavedra et
al. and Awan et al. at the levels of prediabetes and T2DM patients. Our study also indicated that PCSK9 levels
positively correlated with the homeostasis of pancreatic -cell function in patients.

Adiponectin, secreted by the adipose tissue, originates from a 30 kDa monomer protein modified into
various multimers and then released into the bloodstream?®-3!, The main function of adiponectin is to bind
to AdipoR1 and AdipoR2, triggering a series of tissue-specific signal transduction events*>*. This process
reduces intracellular ceramide levels and is associated with insulin resistance, apoptosis, inflammation, and
atherosclerosis®*=3. A recent study found that adiponectin acts as a protective factor against the progression
of ischemic heart disease in subjects with normal glucose tolerance who undergo percutaneous coronary
intervention®”%. Our research showed that prediabetic patients had significantly higher adiponectin levels
than did those with T2DM. Additionally, participants with high adiponectin levels had low hs-CRP levels. This
indirectly indicated its protective effect on the cardiovascular system.

In recent years, there have been reports on adiponectin, pancreatic cells, and insulin in different
populations®*~*!, Szumilas et al. reported that low adiponectin levels are associated with insulin resistance, which
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Fig. 5. Logistic regression analysis between adiponectin and T2DM in different populations. (A) Univariate
logistic regression analysis between circulating adiponectin and T2DM in all patients. (B) Multivariate

logistic regression analysis between circulating adiponectin and T2DM in all patients. (C) Univariate logistic
regression analysis between circulating adiponectin and T2DM in male patients. (D) Multivariate logistic
regression analysis between circulating adiponectin and T2DM in male patients. (E) Univariate logistic
regression analysis between circulating adiponectin and T2DM in female participants. (F) Multivariate logistic
regression analysis between circulating adiponectin and T2DM in female participants.

can increase the risk of diabetes after organ transplantation®. Similar results were obtained in a previous study
involving healthy pregnant women and women with gestational diabetes. Regardless of whether the women
were healthy or had gestational diabetes, adiponectin levels were negatively correlated with insulin resistance®2.
Additionally, in a study involving 232,438 adults with obesity, adiponectin levels negatively correlated with
BMI, waist circumference, and FBG*3. Our study results indicate that in patients with T2DM and prediabetes,
adiponectin levels negatively were correlated with BMI, FBG, HbAlc, insulin, and insulin resistance and
positively with pancreatic function issues.

This not only supports the aforementioned research in prediabetic populations but also demonstrates the
potential value of using PCSK9 and adiponectin for the combined diagnosis of T2DM (AUC=0.751, 95% CI
0.727-0.775).

Limitations

This study has some limitations. First, the involvement of only two centers might have introduced a potential
selection bias, necessitating further validation of our findings through broader multicenter studies. Second, as
a cross-sectional study, follow-up information was lacking, possibly limiting our understanding of the roles of

Scientific Reports |

(2025) 15:8517

| https://doi.org/10.1038/s41598-025-93750-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

o
(e0)
g
©
2 o 7
>
‘©»
C
B
o
S — PCSK9
— Adiponectin
—— PCSK9+Adiponection
o
o | | | |

0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity

Fig. 6. Receiver operating characteristic curve for PCSK9 and adiponectin in distinguishing the accuracy of
T2DM.

PCSK9 and adiponectin in the development of T2DM. Therefore, we are currently addressing these issues by
collaborating with more centers and conducting longer patient follow-ups.

Conclusion

Patients with prediabetes exhibited significantly higher levels of PCSK9 and adiponectin than did those with
T2DM. Both PCSK9 and adiponectin levels were positively correlated with pancreatic cell function homeostasis.
The combined use of PCSK9 and adiponectin is a potential biomarker for the progression from prediabetes to
T2DM.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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