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Objective: Longitudinal cohort analysis was performed to identify the association between changes in the gamma-glutamyl 
transferase (GGT)/high-density lipoprotein cholesterol (HDL-C) ratio trajectory and the risk of developing diabetes mellitus.
Methods: This was a retrospective cohort study. We analyzed the latent trajectory classes of changes in the GGT/HDL-C ratio by 
applying a latent class mixture model with healthy individuals who underwent medical checkups from January 2017 to December 2021 
as the study subjects. To analyze the effect of the GGT/HDL-C ratio trajectory classes on new-onset diabetes mellitus, we then applied 
a multivariate Cox proportional risk regression model. Statistical analysis was performed using the R-software with the LCMM 
package.
Results: The study cohort comprised 3410 participants. All participants were followed up for 5 years, and 95 developed diabetes 
(4-year incidence of 2.78%). By applying the latent class mixed model, we categorized participants into three trajectory groups: low- 
stability group (n = 2253), medium-increase group (n = 941), and high-increase group (n = 216). The Cox proportional risk regression 
model analysis showed that the hazard ratio (95% confidence interval) for the incidence of diabetes mellitus was 1.73 (1.04–2.87) in 
the medium-increase group and 3.96 (2.11–7.44) in the high-increase group. Moreover, we calculated the estimated model-based levels 
and linear slopes of the GGT/HDL-C ratios for each age group between 26 and 85 years at 10-year intervals, respectively. The results 
indicated the strongest correlation between the GGT/HDL-C ratio slope and diabetes in the 46–55 year age group, with an odds ratio of 
1.51 (1.25–1.83).
Conclusion: A large increase in the GGT/HDL-C ratio was highly associated with the risk of developing diabetes mellitus. This result 
suggests that vigilance for changes in the GGT/HDL-C ratio trajectory during community health screening can help identify potential 
patients with diabetes, enabling early intervention and treatment.
Keywords: GGT/HDL-C ratio, trajectory analysis, diabetes mellitus, cohort study, health management

Introduction
Rapid advances in medical care have increased life expectancy worldwide. However, due to population growth and 
aging, the burden of noncommunicable chronic diseases (NCDs) has also increased.1 The four leading NCDs, including 
diabetes, were the cause of approximately 33.3 million deaths in 2019, representing a 28% increase compared with 
2000.2 When focusing on the individual dimension, the overall risk of dying from chronic respiratory diseases, 
cardiovascular diseases, and cancers is decreasing globally. In contrast, the risk of dying from diabetes is the only risk 
that has increased.3 The International Diabetes Federation World Diabetes Map (10th edition), estimated that 537 million 
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people would develop diabetes in 2021 and that more than 6.7 million people between 20 and 79 years of age would die 
from diabetes-related causes, translating into an average of one death every 5 seconds.4 Meanwhile, the number of 
adolescents and children younger than 19 years old with diabetes is constantly increasing.5 Hyperglycemia during 
pregnancy also affects approximately one in six pregnant women.2 In addition, it was estimated that in 2021, 541 million 
people with impaired glucose tolerance were at high risk of developing type 2 diabetes (T2DM) and that nearly 45% of 
individuals with T2DM are undiagnosed.6 China, with 141 million patients with diabetes, has the highest number of 
individuals with diabetes in the world.7 Moreover, the prevalence of diabetes in China is significantly higher than that 
globally, and it continues to grow rapidly.8 This fact has led to an urgent need to improve the capacity to diagnose 
diabetes and to proactively develop a predictive model that provides early, accurate, and timely monitoring for all 
population groups at risk of developing diabetes. For patients with confirmed diabetes, comprehensive management 
strategies should be adopted to effectively glycemic control, prevent complications, and improve the quality of life from 
the three key dimensions of diet, exercise, and medication.

Gamma-glutamyl transferase (GGT) is an inducible enzyme in amino acid metabolism. Serum GGT is mainly derived 
from the hepatobiliary system.9 It is widely used in clinical practice as a sensitive but nonspecific indicator of liver function 
impairment.10 On the contrary, several prospective studies have identified an association between GGT and insulin 
resistance, with an elevated GGT level being identified as an independent risk factor for T2DM.11–13 Research has revealed 
that high-density lipoprotein cholesterol (HDL-C), can stimulate glucose uptake and improve β-cell function, with a reduced 
HDL-C level reflecting decreased β-cell function and insulin resistance.14,15 Furthermore, multiple studies have demon
strated that lower HDL-C levels are associated with an increased risk of diabetes.16–18 Several studies have provided 
evidence of the ratio of GGT to HDL-C as a predictor of the prevalence of Metabolic dysfunction-associated steatotic liver 
disease (MASLD), which showed a significantly higher predictive efficacy than a single indicator.19–21 To date, little 
attention has been directed to the role of the GGT/HDL-C ratio in patients with diabetes has received limited attention. 
Existing studies are predominantly cross-sectional and could not screen and predict high-risk populations.16,22,23

A conventional cohort study approach, which focuses on the GGT/HDL-C ratio at baseline and diabetes prevalence 
status at the end of follow-up would neglect the dynamic changes in the GGT/HDL-C ratio over the lifespan of the study 
population. In contrast, a longitudinal cohort study collects repeated measurements of the GGT/HDL-C ratio at different 
times (ages) over the life course, focusing more on the dynamic pattern of variations. According to the theory of life 
course epidemiology, the GGT/HDL-C ratio has a distinct dynamic pattern of change (growth trajectory) over the life 
course, with different characteristics of the GGT/HDL-C ratio trajectory showing different effects against diabetes. In our 
investigation, we found a lack of studies on the relationship between the longitudinal trajectory of the GGT/HDL-C ratio 
and new-onset diabetes in China and worldwide. To address this gap, we constructed a dynamic physical examination 
cohort in this study using longitudinal physical examination data collected from 2017 to 2021 at Shengjing Hospital of 
China Medical University. We analyzed the association between the longitudinal trajectory of the GGT/HDL-C ratio and 
new-onset diabetes to provide a basis for diabetes prevention and treatment.

Materials and Methods
Study Subjects
We collected physical examination data of individuals attending an annual health checkup from January 2017 to 
December 2021 at Shengjing Hospital of China Medical University. This study was approved by the Ethics 
Committee of Shengjing Hospital of China Medical University (IRB reference No. 2021PS190J). We used physical 
examination data of 2017, the first annual medical checkup data in this study, as the baseline for subject observation. 
Patients who underwent health checkups in the consecutive years of 2018, 2019, 2020, and 2021 were selected for 
repeated-measurement monitoring. The contents and methods of health checkups were consistent each year, including 
epidemiological questionnaires, body measurements, and blood tests for biochemical indicators. After applying the 
inclusion and exclusion criteria, we included 3410 individuals in this study. Inclusion criteria were (1) subjects had 
completed 5 consecutive years of health checkups and (2) a complete set of data was available for the subject, including 
GGT and HDL-C values, from the five health checkups. The exclusion criteria were (1) individuals who refused to 
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participate in this study, (2) those who were diagnosed with diabetes mellitus on the first physical examination, (3) those 
missing GGT and HDL-C values during the physical examination, (4) those with cancer, liver disease, cardiovascular 
disease, or a history of severe rheumatism at baseline screening, and (5) those taking medications affecting the GGT and 
HDL-C values. Figure 1 presents the details of the inclusion and exclusion process.

Data Collection
Physical examination information was collected at baseline and at each follow-up visit and included the following: (1) 
Demographic characteristics (age, gender, etc) were collected through face-to-face standardized questionnaire interviews by 
a designated person. (2) Anthropometric indicators, including height and body weight, were collected by trained doctors and 
nurses. Height and body weight were measured with the subject wearing light, thin clothing. Height was measured to the 
nearest cm, and body weight was measured to the nearest kg. (3) For blood biochemical index test, the subject fasted from 
food and water after 00:00 on the examination day. Venous blood was drawn at 08:00 a.m. to test fasting blood glucose, 
liver function indices, and lipids. All tests used consistent reagents and methods at the Laboratory Center of Shengjing 
Hospital, China Medical University. Primary Equipment Name:XN-1000 hematology analyzer (Sysmex Corporation, Kobe, 
Japan) and automatic biochemical analyzer (OLYMPUS AU 640, Olympus Optical Co., Tokyo, Japan).

Relevant Definitions
We defined diabetes according to the American Diabetes Association criteria (2024 version) as meeting any of the 
following criteria24: (1) self-reported diagnosis of diabetes by a physician during follow-up, (2) use of medications for 
treating diabetes in the past 2 weeks, (3) fasting blood glucose level ≥7.0 mmol/L (126 mg/dL) along with typical 
symptoms, (4) glycosylated hemoglobin (HbA1c) ≥ 6.5%, and (5)In a patient with classic symptoms of hyperglycemia or 
hyperglycemic crisis, a random plasma glucose ≥ 200 mg/dL (11.1 mmol/L).

Statistical Methods
In this study, we explored the potential grouping of individual GGT/HDL-C ratio growth trajectories using a latent class 
growth mixed modeling (LCGMM). LCGMM partitions heterogeneous populations by estimating latent classes and models 
individual trajectories using linear mixed models.25,26 The GGT/HDL-C ratio growth trajectory model was set as 

Figure 1 Flow chart showing records that were excluded from the physical examination database.
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a polynomial function of age. We fit the LCGMM models traversing polynomial primary to cubic functional forms. Models 
with trajectories grouped in groups 1–5 were fitted separately in each functional form, and the optimal models were 
screened according to the following principles: (1) Bayesian information criterion was lowered by at least 20, (2) the 
average a posteriori probability of each trajectory group was >0.7, and (3) the proportion of individuals with a high 
a posteriori probability (>0.7) in each group was >0.65. To avoid the LCGMM model converging to a local optimality, we 
set random starting parameters for the model with a group number 1 and performed multiple fits for each model separately.

SPSS 22.0 and R-language software (version 4.2.1) were applied for statistical analysis. Because the measurement 
data were not normally distributed, measurements were represented as medians and quartiles, and the two independent- 
samples Mann–Whitney U-test was used to compare the data between the two groups. Count data were expressed as 
relative numbers, and intergroup comparisons were performed using the χ2 test. We used the Cox proportional risk model 
to analyze the hazard ratios (HRs) and 95% confidence intervals (95% CIs) of different GGT/HDL-C ratio trajectories 
against diabetes mellitus, with a p <0.05 (two-sided test) being considered as a statistically significant difference.

We fitted the growth function of the GGT/HDL-C ratio with age using both fixed-effects and random-effects 
coefficients estimated by the LCGMM model. The model provided estimates of the GGT/HDL-C ratio and the slopes 
of GGT/HDL-C ratio growth for individuals grouped by 10-year age intervals over the age range of 26–85 years. We then 
calculated the correlations between these estimates and diabetes outcomes for each individuals. A logistic regression 
model was used to determine the standardized odds ratios (ORs) and their 95% CIs.

Sensitivity analysis: We conducted a sensitivity analysis to verify the robustness of the results. To reduce the 
randomness of diabetes incidence during short-term follow-up, the GGT/HDL-C ratio of each trajectory group was 
removed from the incidence population in the first year of follow-up after which the LCGMM model was rebuilt. Finally, 
multivariate Cox regression analysis was conducted on the aforementioned populations, and the results were compared 
with the main results of this study to evaluate their robustness.

Results
Overview of Baseline Data
We included 3410 adults in the analysis, with 1192 (34.95%) males and 2218 (65.04%) females, who were followed up 
for 5 years. The median age at baseline examination was 41 (35, 55) years. Table 1 summarizes the baseline 
characteristics of the variables included in this study based on the incidence of diabetes during the follow-up period. 
Among the subjects with diabetes mellitus, a higher proportion were males and older These individuals also has elevated 
levels of GGT/HDL-C ratio, triglyceride, HDL-C, apolipoprotein A-I (apoA-I), apolipoprotein B (apoB), white blood 
cells, aspartate aminotransferase, and Alanine aminotransferase.

Table 1 Baseline Characteristics of the Two Groups According to Incidence of Diabetes 
Mellitus at Follow-Up

Variables NG (N=3315) DM (N=95) P

Age 40(35–53) 63(48–70) P<0.01
Gender 0.02

Male 1148 44

Female 2167 51
Total cholesterol 4.89(4.31–5.51) 5.03(4.39–5.64) 0.104

Triglyceride 1.01(0.68–1.52) 1.72(1.19–2.68) P<0.01

High density lipoprotein-cholesterol (mmol/L) 1.4(1.17–1.66) 1.25(1.04–1.46) P<0.01
Low density lipoprotein-cholesterol (mmol/L) 2.97(2.46–3.52) 3.2(2.56–3.71) 0.117

Apolipoprotein A-I 1.59(1.41–1.78) 1.49(1.34–1.7) P<0.01

Apolipoprotein B 0.81(0.68–0.98) 0.95(0.79–1.12) P<0.01
Total protein (g/L) 75(72.1–78.3) 73.9(71.6–77.3) P<0.01

Albumin (g/L) 46.7(44.7–49.1) 45.5(43.5–47.4) P<0.01

(Continued)

https://doi.org/10.2147/DMSO.S475067                                                                                                                                                                                                                               

DovePress                                                                                                                                

Diabetes, Metabolic Syndrome and Obesity 2024:17 3142

Liang and Yang                                                                                                                                                       Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


We tested 15 models using linear, quadratic, and cubic functions with trajectories grouped into 1–5 groups. Models with more 
than one group were fit multiple times with random starting parameters based on the model’s parameters in the same function form 
with a group number of one. Based on LCGMM parameters, we chose a 3-class linear model as the best fit (Table 2). The values 
and slopes of the GGT/HDL-C ratio were estimated based on the incidence of diabetes in patients aged 26–85 years at follow-up.

We identified three different trajectory patterns based on changes in the GGT/HDL-C ratio during the 4-year follow- 
up (Figure 2): trajectory 1 (low, stable group) accounted for 66.07% of the cases, trajectory 2 (medium-increase group) 
accounted for 27.6% of the cases, and trajectory 3 (high-increase group) accounted for 6.33% of the cases. All subjects 
were grouped at baseline examination based on different GGT/HDL-C ratio trajectory groups. As shown in Table 3, the 
differences in age, gender, triglyceride level, and HDL level were statistically significant (P < 0.05) between all groups.

Table 1 (Continued). 

Variables NG (N=3315) DM (N=95) P

Albumin to globulin ratio 1.66(1.47–1.88) 1.58(1.44–1.78) P<0.01

Aspartate aminotransferase (U/L) 21(17–25) 26(20–34) P<0.01
Alanine aminotransferase (U/L) 23(18–31) 28(18–43) P<0.01

Gamma-Glutamyl transferase (U/L) 18(13–28) 28(21–47) P<0.01

Alkaline phosphatase (U/L) 72.1(59.3–88.3) 81.3(72.2–100.8) P<0.01
Prealbumin (g/L) 0.29(0.25–0.33) 0.29(0.26–0.34) 0.41

Cholinesterase (U/L) 9060(7813–10,486) 10,056(8992–11764) P<0.01

Total bilirubin (µmol/L) 11.5(8.9–15.1) 11.6(9.6–15.1) 0.53
Direct bilirubin (µmol/L) 3.6(2.7–4.9) 3.3(2.7–4.7) 0.625

Indirect bilirubin (µmol/L) 7.9(5.9–10.2) 8.2(6.7–10.3) 0.304

Total bile acid (µmol/L) 2.34(1.47–3.72) 2.88(1.78–4.19) 0.011
White blood cell count 10^9/L 6.3(5.3–7.3) 6.8(5.7–8.4) P<0.01

GGT/HDL-C 13.12(8.51–21.87) 23.72(15.87–40) P<0.01

Abbreviations: NG, normal groups; DM, diabetes mellitus.

Table 2 Model Fitting Parameters of the LCGMM for GGT / HDL-C in Subjects

No. Latent 

Class

Polynomial 

Degree

Loglik npm BIC % Participants Per Class Mean Posterior Probabilities % Posterior Probabilities>70%

1 Linear −65726.23 6 131,501.3 100 NA NA

Quadratic −65699.93 7 131,456.8 100 NA NA

Cubic −65712.38 8 131,489.8 100 NA NA

2 Linear −64270.12 10 127,409.4 87.92/12.08 0.9790/0.9341 98.53/91.50

Quadratic −64233.52 12 127,332.6 90.21/9.79 0.9854/0.9381 98.90/90.42

Cubic −64069.92 14 128,253.7 80.59/19.41 0.9377/0.9349 96.87/92.15

3 Linear −63544.6 14 126,051.5 66.07/27.6/6.33 0.9020/0.8973/0.9404 93.83/87.67/93.98

Quadratic −64610.98 17 126,001.1 63.3/29.46/7.24 0.8804/0.8450/0.9294 91.85/82.79/89.88

Cubic −63705.36 20 127,573.4 27.6/64.9/7.51 0.8652/0.8968/0.9215 85.33/92.82/88.67

4 Linear −63388.88 18 125,790.0 63.11/22.7/9.79/4.4 0.9219/0.7901/0.8445/0.9343 92.70/75.97/79.94/92.00

Quadratic −62790.16 22 125,759.3 62.91/23.51/4.16/9.41 0.9136/0.7996/0.9398/0.8450 91.94/75.94/93.66/79.13

Cubic −63219.32 26 126,650.1 26.86/67.6/3.31/2.23 0.8966/0.8965/0.8874/0.9161 87.88/94.71/81.42/86.84

5 Linear −62805.27 22 125,789.5 14.13/22.26/49.65/9.24/4.72 0.5617/0.7690/0.7028/0.8256/0.9178 10.58/71.81/45.19/78.73/88.82

Quadratic −63,683.15 27 127,585.9 6.95/57.83/18.06/10.41/6.74 0.4670/0.7841/0.6801/0.7162/0.9217 0/75.46/48.86/62.25/88.70

Cubic −63109.86 32 126,480.0 1.35/26.16/64.02/6.42/2.05 0.8909/0.8324/0.9015/0.8881/0.9140 82.61/80.61/91.98/83.56/85.71

Notes: The best fitting model is highlighted in bold characters. After analysis by different classes and initial values, linear 3 class model was chosen as the best fitted. No. 
Latent class: latent class number of the model; Log-Lik: the maximum Log-Likelihood; BIC: the Bayesian information Criterion; % participants per class: proportion of 
participants per class. 
Abbreviation: NA: not applicable.
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Three Different Grouping Methods and the Distribution of Diabetes Incidence
After we divided the subjects into three groups according to different GGT/HDL-C ratio trajectories, the prevalence of 
diabetes mellitus was 1.64%, 3.82%, and 10.18%, respectively. When we grouped subjects by considering tertiles of their 

Figure 2 Three different trajectory patterns based on changes in the GGT/HDL-C ratio over time throughout the 4-year follow-up period.

Table 3 Baseline Characteristics According to GGT/HDL-C Ratio Trajectory

Variables Total (N=3410) Trajectory 1 (N=2253) Trajectory 2 (N=941) Trajectory 3 (N=216) P

Age 41(35–55) 41(35–56) 42(35–53) 40.5(34.25–49) 0.19

Gender P<0.01

male 1192 409 611 172

female 2218 1844 330 44

Total cholesterol 4.89(4.31–5.52) 4.84(4.26–5.46) 4.95(4.4–5.58) 5.2(4.6–5.8) P<0.01

Triglyceride 1.02(0.68–1.56) 0.86(0.61–1.24) 1.38(0.99–2.02) 1.91(1.28–2.75) P<0.01

High density lipoprotein-cholesterol  
(mmol/L)

1.4(1.17–1.66) 1.5(1.3–1.75) 1.19(1.03–1.39) 1.16(0.98–1.39) P<0.01

Low density lipoprotein-cholesterol  
(mmol/L)

2.97(2.46–3.52) 2.87(2.38–3.41) 3.14(2.62–3.69) 3.22(2.78–3.83) P<0.01

Apolipoprotein A-I 1.59(1.41–1.78) 1.65(1.49–1.84) 1.45(1.32–1.62) 1.46(1.29–1.63) P<0.01

Apolipoprotein B 0.82(0.68–0.98) 0.77(0.65–0.92) 0.9(0.75–1.05) 0.98(0.82–1.14) P<0.01

Total protein (g/L) 75(72–78.2) 74.7(71.8–77.9) 75.8(72.6–78.7) 76.25(72.8–79.2) P<0.01

Albumin (g/L) 46.7(44.6–49) 46.4(44.3–48.6) 47.3(45.2–49.7) 47.95(45.7–50.28) P<0.01

Albumin to globulin ratio 1.66(1.47–1.88) 1.64(1.46–1.86) 1.68(1.49–1.9) 1.73(1.52–1.96) P<0.01

Aspartate aminotransferase (U/L) 21(17–25) 20(17–24) 22(18–27) 27(22–35) P<0.01

Alanine aminotransferase (U/L) 24(18–31) 22(17–27) 28(22–39) 40.5(28.25–66.75) P<0.01

(U/L) 18(13–28) 15(12–19) 30(23–39) 68(51–105.75) P<0.01

Alkaline phosphatase (U/L) 72.6(59.4–88.5) 69.1(56–85.18) 77.6(65.98–91.4) 84.75(68.63–103.43) P<0.01

Prealbumin (g/L) 0.29(0.25–0.33) 0.27(0.24–0.31) 0.32(0.28–0.36) 0.35(0.31–0.38) P<0.01

Cholinesterase (U/L) 9092.5(7836.5–10,528) 8590(7465–9798) 10,021(8874.5–11,370) 10,847.5(9329.25–12,123.25) P<0.01

Total bilirubin (µmol/L) 11.5(8.9–15.1) 11.2(8.7–14.6) 12.1(9.2–15.6) 12.05(9.1–16.18) P<0.01

Direct bilirubin (µmol/L) 3.6(2.7–4.9) 3.5(2.6–4.8) 3.8(2.8–5.1) 3.6(2.7–5) P<0.01

Indirect bilirubin (µmol/L) 7.9(6–10.2) 7.7(5.9–10) 8.3(6.3–10.7) 8.65(6.2–11.08) P<0.01

Total bile acid (µmol/L) 2.36(1.48–3.75) 2.14(1.36–3.43) 2.74(1.79–4.3) 2.91(1.78–5.42) P<0.01

White blood cell count (10^9/L) 6.3(5.3–7.4) 6.1(5.2–7.1) 6.6(5.7–7.8) 6.7(6–8.18) P<0.01
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baseline GGT/HDL-C ratios, the incidence of diabetes in each group was 2.46%, 2.55%, and 3.34%, respectively. The 
differences in the diabetes incidence between groups were statistically significant by the Log rank test (log-rank chi- 
square = 59.43, 65.91, P < 0.01).

Analysis of the Impact of the GGT/HDL-C Ratio Trajectory on the Risk of Developing 
Diabetes Mellitus by Cox Proportional Modeling
Table 2 details the associations between the different GGT/HDL-C ratio trajectories and the risk of developing diabetes. 
Model I was a one-way Cox proportional risk model; model II further corrected for baseline triglyceride and apoA-I levels 
based on model I, and model III further corrected for total protein level, albumin-to-globulin ratio, aspartate aminotransfer
ase, alanine aminotransferase, alkaline phosphatase, and cholinesterase levels as well as white blood cell counts based on 
model II. In model III, the HR (95% CI) for developing diabetes was 1.73 (1.04–2.87) in trajectory 2 and 3.96 (2.11–7.44) 
in trajectory 3. These two trajectories showed a higher risk of developing diabetes than trajectory 1 (Table 4).

Baseline GGT/HDL-C ratios were grouped into tertiles. In model III, the HR (95% CI) for developing diabetes in the 
Q3 tertile group was 5.11 (2.29–11.38), which was statistically different from the Q1 group. In contrast, there was no 
significant difference between the Q2 and Q1 groups.

Finally, we estimated the ORs of the slope values against the incidence of diabetes mellitus using the GGT/HDL-C 
ratio model by grouping the data from subjects aged between 26 and 85 years at 10-year intervals. As shown in Figure 3, 
there was a significant correlation between the GGT/HDL-C ratio estimated by the model and the incidence of diabetes 
mellitus for subjects aged 26–85 years, except for the 66- to 75-year segment. The estimated ORs of the GGT/HDL-C 
ratio had a V-shaped distribution. The correlation between the slope of the GGT/HDL-C ratios estimated by the model 
and the incidence of diabetes mellitus was significantly different only in the age range of 46 −55 years, with an OR of 
1.51 (1.25–1.83) (Figure 4).

Sensitivity Analysis
During sensitivity analysis, the GGT/HDL-C ratio from trajectory 1 to trajectories 3, 8, 7, and 5 were excluded due to the 
incidence of diabetes in the first year of follow-up and because the incidence risk of diabetes in trajectory 3 was 3.64 
times that in trajectory 1 (HR = 3.64, 95% CI 1.75–7.58, p = 0.00; Table 5), which was similar to the main results. This 
finding indicated that the model was stable.

Discussion
This study was the first to demonstrate that a higher GGT/HDL-C ratio trajectory is associated with a greater risk of 
developing diabetes by analyzing data from 3410 individuals with consecutive 5-year longitudinal GGT/HDL-C ratio 

Table 4 COX Proportional Hazards Model of GGT / HDL-C Trajectory and Baseline GGT / HDL-C and Diabetes Mellitus Onset

New-Cases/ 
Total(n)

Incidence  
Density (%)

Model1 Model2 Model3

GGT / HDL-C Trajectory

Trajectory 1 37/2253 1.64 1 1 1

Trajectory 2 36/941 3.82 2.34(1.48–3.71) 1.97(1.21–3.19) 1.73(1.04–2.87)
Trajectory 3 22/216 10.18 6.4(3.78–10.85) 4.76(2.7–8.38) 3.96(2.11–7.44)

Baseline GGT / HDL-C (quartile)

Q1 (<9.86) 28/1136 2.46 1 1 1
Q2 (9.86–18.49) 29/1137 2.55 2.01(0.9–4.47)* 1.96(0.87–4.42)* 1.74(0.75–4.04)*

Q3 (>18.49) 38/1137 3.34 7.7(3.84–15.43) 6.76(3.23–14.12) 5.11(2.29–11.38)

Notes: Model 1: Unadjusted. Model 2: adjusted for triglyceride, apolipoprotein A-I. Model 3: adjusted for model 2 plus Total protein, Albumin to globulin ratio, Aspartate 
aminotransferase, Alanine aminotransferase, Alkaline phosphatase, Cholinesterase, White blood cell count. * P>0.05; Baseline GGT/HDL-C(quartile):Quartile grouping of 
GGT / HDL-C ratio at the first physical examination. 
Abbreviation: Q = quartile.
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measurements. In this study, we calculated the GGT/HDL-C ratio and the slopes of the GGT/HDL-C ratio over 10-year 
intervals, as estimated by modeling. To investigate the association between these parameters and diabetes mellitus, we fit 
a logistic regression model. The results revealed that the slope of the GGT/HDL-C ratio in the age range of 45–55 years 
is potentially significant in predicting the onset of diabetes mellitus.

A conventional cohort study enrolling 15,453 Japanese subjects with a follow-up period of 5.39 years showed that the 
upper GGT/HDL-C ratio quartile was associated with a significantly higher risk of developing T2DM than the lowest 

Figure 3 Standardized odds ratios and 95% CIs for the incidence of diabetes mellitus using the model-estimated GGT/HDL-C ratios.

Figure 4 Standardized odds ratios and 95% CIs for the incidence of diabetes mellitus using the model-estimated GGT/HDL-C ratio slope.
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GGT/HDL-C ratio quartile (adjusted HR: 1.97; 95% CI: 1.13–3.44). In this study, we divided the GGT/HDL-C ratios in 
the age range of 25–85 years into three trajectories after trajectory analysis. Among the trajectories, the risk of 
developing diabetes was 3.96 and 1.73 times higher for subjects in the high- and medium-increase groups than in the 
stable group, respectively. In addition, the risk of developing diabetes was 3.96 and 1.73 times higher for subjects in the 
high- and medium-increase groups, respectively, than in the stable group, which is consistent with the trends shown in the 
previous study’s results. However, the LCGMM analysis used in this study differed from the previous cross-sectional and 
longitudinal approaches. To our knowledge, ours is the first study to address the relationship between the trajectory of the 
GGT/HDL-C ratio and the incidence of diabetes mellitus. The LCMM package can be used to group population 
trajectories by estimating potential categories, estimate fixed effects for each trajectory group, fit growth curves for 
each trajectory group, and further fit growth curves for individuals by estimating individual random effects in addition to 
fixed effects. Because the LCGMM considers the heterogeneity between trajectory groups and the differences in random 
effects of individuals within the same trajectory group, it can fit individual growth curves more accurately when 
performing trajectory analyses. Conventional research methods assume that subjects’ GGT/HDL-C ratio trends follow 
the same pattern and ignore individual developments. Therefore, conventional studies may not adequately reflect the 
correlation between the GGT/HDL-C ratio and diabetes incidence. By mechanically grouping baseline GGT/HDL-C 
ratios by tertiles, we also followed the conventional cohort study methodology. The results showed that only the Q3 
tertile group had a statistically significant difference in the HR value for developing diabetes (95% CI: 5.11 [2.29–11.38]) 
compared with the Q1 tertile group, whereas the Q2 tertile group was not statistically different from Q1.

To explore the sensitive period of the GGT/HDL-C ratio growth leading to the onset of diabetes mellitus, we analyzed 
the trajectory parameters of individual GGT/HDL-C ratio increase in the present study. Subjects who underwent physical 
examination were categorized into age segments in 10-year intervals. Analysis of the model-estimated GGT/HDL-C 
ratios yielded fluctuating ORs for diabetes incidence, ranging from 1.019 to 1.069. Except for the intermediate 66–75- 
year-old segment, we found a correlation between the model-estimated GGT/HDL-C ratio and diabetes incidence for all 
other age groups from 26 to 85 years. The model-estimated slopes of the GGT/HDL-C ratios were associated with greater 
ORs for the occurrence of diabetes, which were significantly different only in the 46–55-year age range, with an OR of 
1.51 (1.25–1.83). This result suggests a significantly higher risk of developing diabetes in people aged between 46 and 55 
years, and thus, extra caution is required when treating patients in this age group.

The liver is a vital organ for glucose metabolism, as it stores and produces glucose as needed by the body, with these 
processes being primarily regulated by insulin and glucagon. GGT is primarily an active enzyme for extracellular 
catabolism and metabolism. GGTs are distributed in several body organs and are most abundant in the kidneys, followed 
by the pancreas and liver. In serum, GGTs mainly originate from the hepatobiliary system. As a sensitive but nonspecific 
indicator of liver function, the GGT test is widely used in clinical practice in China. Some studies have shown that the 
presence of diabetes increases GGT activity in the liver rather than in the kidneys27 A prospective 15-year follow-up 
study of 4812 subjects identified baseline serum GGT as an independent risk factor for T2DM.28 However, the exact 
mechanism for this has yet to be clearly elucidated. Researchers have contemplated that this manifestation is associated 

Table 5 Sensitivity Analysis of Diabetes Incidence Risk in Different GGT / 
HDL-C Trajectory

Target Population Sensitivity Analysis

HR (95% CI) P-Value HR (95% CI) P-Value

GGT / HDL-C Trajectory
Trajectory 1 1 1

Trajectory 2 1.73(1.04–2.87) 0.03 1.64(0.92–2.92) 0.09

Trajectory 3 3.96(2.11–7.44) 0.00 3.64(1.75–7.58) 0.00

Notes: Adjusted for triglyceride, apolipoprotein A-I, Total protein, Albumin to globulin ratio, 
Aspartate aminotransferase, Alanine aminotransferase, Alkaline phosphatase, Cholinesterase, 
White blood cell count. 
Abbreviations: HR, hazard ratios; 95% CI, 95% confidence interval.
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with oxidative stress, increased inflammation, and potential fatty liver. GGT plays an important role in the antioxidant 
system. Its primary function is to maintain intracellular levels of glutathione, whereas reduced glutathione levels 
contributes to the body’s antioxidant capacity. Oxidative stress contributes to insulin resistance29 and increased oxidative 
stress precedes the onset of high-fat diet-induced insulin resistance and obesity.30 T2DM is associated with abnormal 
inflammatory responses, with typical chronic inflammation occurring in metabolism-related sites such as the liver, 
muscle, and adipose tissue. Researchers have also observed increased levels of tumor necrosis factor–α in T2DM, 
whereas interference with inflammatory pathways improved or alleviated insulin resistance. Additionally, a decrease in 
liver fat content improved insulin’s suppression of glucose production, leading to the normalization of fasting blood 
glucose levels.31 Therefore, GGT may be a marker for hepatic insulin resistance and steatosis. Kuchay et al,32 indicated 
that hyperglycemia in patients with T2DM would lead to the increased production of reactive oxygen species in the 
mitochondria during metabolism. Reactive oxygen species, as a signaling molecule, can activate multiple stress pathways 
in cells, thereby causing damage to the IR and islet β-cells. GGT, which belongs to the redox enzymes, is an important 
component of intracellular antioxidants,33 and is increased in hyperglycemic conditions.

More than three-quarters of patients with T2DM have metabolic abnormalities, primarily mixed dyslipidemia, 
including low HDL-C levels. Abnormalities in lipid metabolism are strongly correlated with insulin resistance, visceral 
obesity, and MASLD.34 In a double-blind crossover clinical trial in 2009, investigators used a reconstituted HDL, which 
is a synthetic HDL intravenous injection, to increase HDL levels in 13 subjects with T2DM.35 The results showed 
increased insulin secretion and significantly decreased blood glucose levels in the subjects following the elevation of 
HDL levels. Researchers from South Korea conducted a large cohort study with a sample size of five million people. 
They showed that excessive fluctuations in HDL-C increased the relative risk of diabetes by up to 40%.18 HDL-C 
activates the signaling pathway of adenosine monophosphate-activated protein kinase present in fat, skeletal muscle, and 
cardiomyocytes, thereby promoting glucose uptake in various peripheral tissues. Hence, a decrease in HDL-C increases 
insulin resistance and the risk of diabetes rises.36 The apoA-I and apoA-II are known as the two predominant 
apolipoproteins in HDLs. Studies have indicated that apoA-I improves the function of pancreatic cells and increases 
insulin sensitivity in humans. The increase in insulin secretion from β-cells mediated by apoA-I occurs via the G protein– 
cyclic adenosine monophosphate-protein kinase A (cAMP-PKA)–FoxO1 signaling pathway.37,38 In addition, apoA-I also 
increases the expression of the β-cell survival-related gene, Pdx1, resulting in an increased expression of insulin genes 
and an increased production of insulin.38

The GGT/HDL-C ratio is a relatively new indicator, mostly used in studies targeting MASLD and metabolic 
syndrome.20 The predictive efficacy of the GGT/HDL-C ratio was found to be significantly higher than that of either 
GGT or HDL-C alone. A few studies have since used this metric in T2DM populations, but all have been cross-sectional 
studies.16,22,23 There is evidence that the association of the GGT/HDL-C ratio with T2DM is significant even when GGT 
levels are in the normal range, making the definition of predictive thresholds important and difficult. This highlights the 
significance of dynamic trajectory analysis. The reference value for HDL-C varies based on the patient’s risk factors. 
Therefore, the ratio between GGT and HDL-C may better identify individuals at increased risk for developing diabetes 
mellitus.

However, there are some limitations to this study. First, the lack of data on the diagnosis of diabetes mellitus through 
oral glucose tolerance tests may lead to an underestimation of diabetes incidents. Second, to avoid data bias, samples 
with missing values were deleted. This resulted in less data on diabetes incidence, and further follow-up studies are 
required. Finally, the model-estimated values of GGT/HDL-C ratios and the ORs for the slope analysis of diabetes 
incidence were not statistically significant in some age groups, probably because of the small number of participants in 
that age group.

Conclusion
In general, the findings of this study provide additional insights toward understanding the prevention of diabetes; that is, 
the steeper the slope of the GGT/HDL-C ratio and the higher the GGT/HDL-C ratio, the higher the risk of developing 
diabetes. In clinical practice, measurement of GGT and HDL-C using the same blood sample has long been widely 
applied. Measurements using automated analyzers are fast, inexpensive, accurate, and easy to use for monitoring on 
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a large scale. Therefore, extra attention should be paid to this group during community health screening, and health 
interventions within the community should be implemented to prevent diabetes.
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