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Abstract 

Background: A cross-sectional association between the combination indicator of high-density lipoprotein choles-
terol (HDL-C) and gamma-glutamyl transferase (GGT) and fatty liver has been described in several recent studies, and 
this study aims to further evaluate the longitudinal relationship between the ratio of GGT to HDL-C (GGT/HDL-C ratio) 
and nonalcoholic fatty liver disease (NAFLD).

Methods: This cohort study included 12,126 individuals without NAFLD at baseline, followed prospectively for 
5 years, and the endpoint of interest was new-onset NAFLD. The relationship of the GGT/HDL-C ratio with new-onset 
NAFLD and the shape of the association was assessed by Cox regression models and restricted cubic spline (RCS) 
regression, respectively. Time-dependent receiver operator characteristics (ROC) curves were constructed to evaluate 
the predictive value of GGT, HDL-C, GGT/HDL-C ratio and BMI for the occurrence of NAFLD at different time points in 
the future.

Results: The prevalence of NAFLD was 72.46/1000 person-years during the 5-year follow-up period. Results of mul-
tivariate Cox regression analysis showed a positive association of the GGT/HDL-C ratio with new-onset NAFLD after 
adequate adjustment of the related confounding factors, and the degree of correlation was slightly higher than that 
of GGT, and further subgroup analysis found that this association was more significant in the population with elevated 
systolic blood pressure (SBP). In addition, we also found a nonlinear relationship of the GGT/HDL-C ratio with the 
risk of new-onset NAFLD using the RCS regression, where the saturation threshold was about 31.79 U/mmol. Time-
dependent ROC analysis results showed that the GGT/HDL-C ratio was increasingly valuable in predicting NAFLD over 
time, and was better than HDL-C in predicting NAFLD in the early stage (1–3 years), but was not superior to BMI and 
GGT.

Conclusions: In this large longitudinal cohort study based on a Chinese population, our results supported that 
the GGT/HDL-C ratio was positively and nonlinearly associated with the risk of new-onset NAFLD in a non-obese 
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Background
NAFLD is a group of progressive diseases including stea-
tosis with or without mild inflammation, nonalcoholic 
steatohepatitis and cirrhosis characterized by acceler-
ated progression of necroinflammation and fibrosis [1, 
2]. NAFLD not only causes serious harm to the liver, but 
also adversely affects other organ systems in the human 
body [3], such as the increased risk of hepatocellular 
carcinoma, type 2 diabetes, sleep apnea, cardiovascular-
related diseases, and chronic kidney disease [4, 5]. In 
addition, it’s noteworthy that with the changes in lifestyle 
and diet, the prevalence of NAFLD has increased rap-
idly; recent epidemiological analyses have shown that the 
prevalence of NAFLD is currently about 25% worldwide 
[1] and is an absolute risk factor for end-stage liver dis-
ease and the most common indication for liver transplan-
tation [6, 7].

Obesity has been considered one of the most impor-
tant risk factors for the increased prevalence and pro-
gression of NAFLD [8–10]. However, with the deepening 
of research in recent years, more and more researchers 
have found that non-obese people are also susceptible to 
NAFLD. Several recent epidemiological surveys showed 
that the global prevalence of non-obese NAFLD is cur-
rently between 14.5 and 15.75%, and it is more common 
in Asian populations, showing an overall upward trend 
[4, 11–13]. Furthermore, compared with obese NAFLD 
patients, some researchers believe that non-obese 
NAFLD patients usually have a worse prognosis and 
develop severe liver disease more quickly [4, 14]. There-
fore, we believed that individuals with non-obese NAFLD 
need more attention and that special analysis and atten-
tion should be paid to important risk factors in this spe-
cific population.

GGT, a liver enzyme, is widely used as an indica-
tor of liver function [15, 16] and is an important bio-
marker for identifying NAFLD [17]. HDL-C, known as 
the "good cholesterol", can play the role of antioxidant, 
anti-inflammatory, anti-thrombotic, promoting fibrinol-
ysis, and improving endothelial function [18, 19], and 
is usually measured at lower concentrations in NAFLD 
patients [20–22]. In several recent cross-sectional stud-
ies specifically combining GGT with HDL-C [22, 23], 
researchers found that the GGT/HDL-C ratio was closely 
related to fatty liver (both metabolic and nonalcoholic) 
and significantly improved the ability of a single indica-
tor to identify fatty liver; these findings suggested that 

the GGT/HDL-C ratio may be a useful marker for pre-
dicting NAFLD. However, it is unclear whether the cor-
relation between GGT/HDL-C ratio and NAFLD will 
change over time, whether a similar association exists in 
non-obese people, and whether there is a nonlinear asso-
ciation between the two. To clarify the answers to these 
questions, the current study based on a large longitudinal 
cohort in China aimed to further explore the relation-
ship between NAFLD and the GGT/HDL-C ratio in non-
obese individuals.

Methods
Research population
This study is a secondary analysis of a recent cross-sec-
tional and longitudinal study conducted by Wenzhou 
People’s Hospital and the use of data from the study has 
been authorized by the original data author, Professor 
Zheng, and his team. Detailed research design, organiza-
tion and implementation have been reported elsewhere 
[24]. Briefly, in the initial study, Zheng et  al. conducted 
a cross-sectional study and a longitudinal study at the 
Medical examination Center of Wenzhou people’s Hos-
pital from January 2010 to December 2014; the cross-
sectional study included 183,903 non-obese individuals 
who underwent health screening, and the longitudinal 
study included 16,173 individuals with 5-year follow-
up data  (Additional files 1 and 2). In the current study, 
we analyzed mainly based on the longitudinal cohort 
in this data set, excluding people with excessive drink-
ing habits, diagnosed with liver disease, on medication 
at baseline, baseline low-density lipoprotein cholesterol 
(LDL-C) > 3.12 mmol/L, missing follow-up data, baseline 
body mass index (BMI) ≥ 25  kg/m2, and missing base-
line data for GGT and HDL-C based on the new study 
hypothesis, and we finally included 12,126 participants 
for study analysis. In addition, we also validated the ROC 
results of previous studies based on cross-sectional data 
of this dataset.

Ethical approval and consent to participate
In the original study, the investigators obtained verbal 
informed consent from each subject and Wenzhou Peo-
ple’s Hospital ethics committee approved the previous 
research protocol. The current research didn’t require 
another application for informed consent and ethical 
approval because it was a secondary analysis of the pre-
vious research and the identifying information of the 

population. In the assessment of future NAFLD risk, the GGT/HDL-C ratio was slightly better than GGT alone; However, 
the GGT/HDL-C ratio did not appear to have a significant advantage over GGT and BMI alone in predicting NAFLD.

Keywords: Nonlinearity, Risk threshold, GGT/HDL-C ratio, Non-obese, Saturation threshold
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subjects had been removed from the study dataset. The 
entire process of this research followed the Declaration 
of Helsinki.

Data acquisition
Baseline characteristics of subjects were recorded by 
trained medical staff at the physical examination center. 
Blood pressure was measured by a noninvasive sphyg-
momanometer (OMRON, Japan) in a quiet environment; 
height and weight were measured with the subject’s shoes 
and coat removed, and BMI was calculated for each 
subject.

Venous blood samples were drawn from the anterior 
elbow vein under fasting, and parameters such as cre-
atinine (CR), aspartate aminotransferase (AST), fasting 
plasma glucose (FPG), blood urea nitrogen (BUN), total 
protein, uric acid (UA), albumin, globulin, total choles-
terol (TC), alkaline phosphatase (ALP), total bilirubin, 
triglyceride (TG), direct bilirubin, HDL-C, alanine ami-
notransferase (ALT), LDL-C and GGT were measured by 
an automated analyzer (Abbott AxSYM) using standard-
ized methods in laboratories certified by international 
organizations.

Evaluation of IR (insulin resistance)
In the current study, we calculated the metabolic score 
for the IR index (MetS-IR) as an alternative to IR. MetS-
IR was calculated as (ln ((2 × FPG) + TG) × BMI)/(ln 
(HDL-C)) [25].

Follow‑up and diagnosis of NAFLD
After the baseline assessment visit, subjects were assessed 
annually by abdominal ultrasonography and prospec-
tively followed for 5  years, with the primary endpoint 
being the diagnosis of new-onset NAFLD. The diagno-
sis of NAFLD referred to the criteria recommended by 
the Chinese Society of Liver Diseases [26], which mainly 
include the following five items: (1) poor or incomplete 
visualization of the right hepatic lobe and diaphragmatic 
capsule; (2) decreased hepatic blood flow signal; (3) mild 
to moderate hepatomegaly with rounded edges; (4) the 
intrahepatic cavity structure is unclear; (5) the near-field 
echo of the liver area is diffusely enhanced, and the far-
field echo is gradually weakened.

Statistical analysis
Baseline characteristics description: The GGT/HDL-C 
ratio was divided into five equal parts by the quantile 
function to describe the baseline characteristics of the 
subjects and the chi-square test or one-way ANOVA 
or Kruskal–Wallis H test was selected to compare the 

differences between groups according to the type and 
distribution pattern of the variables.

Assumptions of the Cox regression model: Before 
establishing the Cox regression model, we first assessed 
whether the assumption of log-linearity was satisfied 
between the independent variables and covariates and 
whether the assumption of proportional risk was satisfied 
between the independent variables and the dependent 
variable. (1) We constructed Kaplan–Meier curves for the 
incidence of NAFLD corresponding to quintile groupings 
of GGT/HDL-C ratio, and judged whether the assump-
tion of equal proportional risk was violated by assessing 
whether there was a crossover of the curves (Additional 
file  3: Figure S1); (2) through multiple linear regression 
we examined the linear relationships between the covari-
ates and calculated the variance inflation factors for each 
covariate (Additional file 4: Table S1).

Correlation analysis: according to the recommenda-
tions of the STROBE statement, we constructed 5 Cox 
regression models for assessing the longitudinal rela-
tionship of NAFLD with the GGT/HDL-C ratio and 
recorded the corresponding Hazard ratio (HR) and 95% 
confidence interval (CI) [27]. Among the five models, the 
crude model was a simple model without adjustment for 
variables, and model I was initially adjusted for demo-
graphic characteristics (including age, height, BMI and 
sex); model II further considered the effect of liver and 
kidney function on NAFLD (ALP, AST, ALT, and Cr) 
based on the model I; model III was further adjusted for 
factors related to blood glucose, blood lipids, and blood 
pressure; model IV additionally adjusted ALB, GLB, UA 
and BUN on the basis of Model III. In these five models, 
we also examined the trend between the median of each 
GGT/HDL-C ratio quintile and the NAFLD risk to verify 
the stability of the direction of the association. In order 
to further evaluate the ability of GGT/HDL-C ratio and 
its components (GGT, HDL-C) and BMI to assess and 
predict the risk of future NAFLD, we used standardized 
HR to show the correlation of baseline GGT, HDL-C, 
GGT/HDL-C ratio and BMI with future NAFLD based 
on the final model (model IV). Furthermore, we also used 
R-packet timeROC to construct ROC curves at 5 follow-
up time points; then to calculate the area under the ROC 
curves (AUCs) for each parameter from year 1 to year 5 
and record the corresponding sensitivity/specificity to 
judge the predictive value of GGT/HDL-C ratio, GGT, 
HDL-C and BMI to the future NAFLD. On the other 
hand, we also performed ROC analysis in this study using 
the cross-sectional study data of the dataset, aiming to 
verify whether the diagnostic value of GGT/HDL-C ratio 
for NAFLD in the population is stable. In addition, we 
performed a mediation analysis to determine whether the 
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effect of the GGT/HDL-C ratio on NAFLD was mediated 
by MetS-IR, and quantified the magnitude of the media-
tion effect by calculating the ratio of indirect effects to 
total effects to obtain the percentage of mediation.

Subgroup analyses: We performed several subgroup 
analyses to evaluate the longitudinal association between 
the GGT/HDL-C ratio and NAFLD in populations of dif-
ferent ages, sex, blood pressure, and glycemic metabolic 
status.

Nonlinear analysis: we also used the RCS nested in the 
Cox regression Model IV with 4-knot for fitting the shape 
of the dose–response relationship of the GGT/HDL-C 
ratio with NAFLD risk and estimated the corresponding 
saturation thresholds.

All data in this study were analyzed using R statistical 
software (V3.4.3) and Empower (R, V2.0). All P values 
were two-sided, and P < 0.05 was considered statistically 
significant.

Results
Baseline characteristics
This study included 12,126 non-obese subjects (mean 
age 43.3  years, 5485 women and 6524 men) who met 
the inclusion criteria, with a prevalence of NAFLD of 
72.46/1000 person-years during the 5-year follow-up 
period. Table 1 shows the basic characteristics of the sub-
ject population according to GGT/HDL-C ratio quintiles, 

Table 1 Baseline characteristics of five groups

Values are n (%) or mean (standard deviation) or median (interquartile range)

BMI body mass index, BUN blood urea nitrogen, Cr creatinine, UA uric acid, FPG fasting plasma glucose, TC total cholesterol, TG triglyceride, HDL-C high-density 
lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, ALP Alkaline phosphatase, GGT  gamma-glutamyl transferase, ALT alanine aminotransferase, AST 
aspartate aminotransferase, TP Total Protein, ALB albumin, GLB globulin, TB Total bilirubin, DBIL Direct bilirubin, DBP diastolic blood pressure, SBP systolic blood 
pressure

GGT/HDL‑C ratio quintile P‑value

Q1 (1.40–6.92) Q2 (6.93–8.75) Q3 (8.75–11.16) Q4 (11.16–16.15) Q5 (≥ 16.16)

No. of participants 2425 2424 2426 2425 2426

Sex  < 0.001

 Women 1187 (48.95%) 1144 (47.19%) 1101 (45.38%) 1055 (43.51%) 995 (41.01%)

 Men 1238 (51.05%) 1280 (52.81%) 1325 (54.62%) 1370 (56.49%) 1431 (58.99%)

Age, years 40.00 (32.00–51.00) 40.00 (31.00–51.00) 40.00 (31.00–51.00) 41.00 (32.00–53.00) 41.00 (32.00–53.00) 0.015

Height, m 1.63 ± 0.07 1.65 ± 0.08 1.66 ± 0.08 168 ± 0.08 168 ± 0.07  < 0.001

Weight, kg 56.50 ± 7.74 58.28 ± 8.28 59.73 ± 8.47 61.56 ± 8.55 63.49 ± 7.83  < 0.001

BMI, kg/m2 21.11 (19.78–22.49) 21.40 (19.79–22.90) 21.59 (20.00–23.14) 22.10 (20.47–23.49) 22.66 (21.19–23.84)  < 0.001

ALP, g/L 64.81 ± 18.18 68.74 ± 19.95 71.94 ± 20.36 74.55 ± 21.44 81.49 ± 29.25  < 0.001

GGT, U/L 14.00 (12.00–16.00) 18.00 (16.00–21.00) 22.00 (19.00–25.00) 28.00 (24.00–34.00) 51.00 (39.00–74.00)  < 0.001

ALT, U/L 13.00 (10.00–16.00) 14.00 (11.00–19.00) 16.00 (12.00–21.00) 18.00 (14.00–25.00) 24.00 (18.00–35.00)  < 0.001

AST, U/L 19.00 (17.00–22.00) 20.00 (17.00–23.00) 21.00 (18.00–24.00) 22.00 (19.00–26.00) 25.00 (22.00–31.00)  < 0.001

TP, g/L 73.33 ± 4.27 73.84 ± 4.14 74.04 ± 4.08 73.97 ± 4.38 74.08 ± 4.36  < 0.001

ALB, g/L 44.23 ± 2.76 44.50 ± 2.68 44.73 ± 2.66 44.65 ± 2.86 44.582 ± .87  < 0.001

GLB, g/L 29.10 ± 3.88 29.34 ± 3.80 29.323 ± .77 29.32 ± 4.19 29.50 ± 4.21 0.025

TB, μmol/L 10.60 (8.30–13.60) 11.10 (8.70–14.10) 11.50 (9.00–14.70) 11.70 (9.20–14.90) 11.80 (9.40–15.20)  < 0.001

DBIL, μmol/L 1.90 (1.30–2.50) 1.90 (1.40–2.60) 2.00 (1.50–2.70) 2.00 (1.50–2.70) 2.00 (1.40–2.80)  < 0.001

BUN, mmol/L 4.30 (3.50–5.20) 4.30 (3.58–5.22) 4.40 (3.68–5.37) 4.45 (3.70–5.30) 4.50 (3.80–5.40)  < 0.001

CR, mmol/L 73.00 (65.00–86.00) 77.00 (67.00–91.00) 83.00 (70.00–95.00) 86.00 (74.00–96.00) 88.00 (77.00–98.00)  < 0.001

UA, μmol/L 240.00 (195.00–
304.00)

264.00 (210.00–
329.00)

288.00 (231.00–
346.00)

311.00 (250.20–
364.00)

338.00 (280.00–
393.00)

 < 0.001

FPG, mmol/L 5.10 ± 0.66 5.11 ± 0.60 5.15 ± 0.71 5.27 ± 0.95 5.431 ± .10  < 0.001

TC, mmol/L 4.87 ± 0.63 4.66 ± 0.65 4.52 ± 0.70 4.45 ± 0.75 4.55 ± 0.88  < 0.001

TG, mmol/L 0.98 (0.77–1.29) 1.05 (0.80–1.38) 1.11 (0.82–1.51) 1.24 (0.91–1.72) 1.52 (1.08–2.27)  < 0.001

HDL-C, mmol/L 1.52 (1.30–1.76) 1.46 (1.24–1.71) 1.40 (1.18–1.66) 1.35 (1.13–1.61) 1.32 (1.10–1.58)  < 0.001

LDL-C, mmol/L 2.51 (2.23–2.80) 2.35 (2.02–2.65) 2.23 (1.92–2.58) 2.18 (1.82–2.54) 2.16 (1.76–2.53)  < 0.001

SBP, mmHg 118.411 ± 6.63 119.57 ± 16.19 121.82 ± 16.45 124.12 ± 16.80 128.11 ± 16.84  < 0.001

DBP, mmHg 71.11 ± 9.83 72.22 ± 9.85 73.65 ± 10.16 74.63 ± 10.18 77.43 ± 10.78  < 0.001
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and we found that the vast majority of clinical baseline 
characteristics increased with the increasing GGT/
HDL-C ratio quintiles, while several of the lipid-related 
indicators (TC, TG, HDL-C) showed opposite trends.

Correlation of the GGT/HDL‑C ratio with NAFLD
Before performing multivariate Cox regression analy-
sis, the data analyzed in the current research conformed 
to the assumption of equal proportional hazards and 
log-linearity. We constructed 5 Cox regression models 
according to the STROBE statement. In the crude model, 
the GGT/HDL-C ratio was positively correlated with 
NAFLD risk (HR: 1.11, 95% CI 1.10, 1.13), while in the 
adjusted model (models I–IV), the direction of this asso-
ciation was unchanged, and the degree of association was 
slightly weakened. Among them, the risk of new-onset 
NAFLD increased by 7% (HR: 1.07, 95% CI 1.04, 1.10) 
for each standard deviation increase in the GGT/HDL-C 
ratio in Model IV, and the HRs and 95% CIs for the low-
est to highest quintiles of the GGT/HDL-C ratio were 1, 
1.56 (1.28, 1.91), 2.20 (1.82, 2.67), 2.73 (2.26, 3.29), 3.38 
(2.79, 4.08), respectively, showing a positive correlation 
trend (P for trend  <  0.001) (Table  2). Based on model 
4, we further evaluated the correlation between GGT, 
HDL-C and BMI and NAFLD (Table 3). After standard-
izing HR, we found that the standardized HR value of the 
GGT/HDL-C ratio was slightly higher than that of GGT 
and HDL-C, while the standardized HR value of BMI was 
higher than the GGT/HDL-C ratio in evaluating the risk 
of future NAFLD.

Values of GGT, HDL‑C, GGT/HDL‑C ratio and BMI 
for diagnosis and prediction of NAFLD
Based on the cross-sectional data set of 183,903 non-
obese individuals, we analyzed the diagnostic value of 
GGT, HDL-C, GGT/HDL-C ratio and BMI in NAFLD. 
The results showed that GGT/HDL-C ratio and BMI 
were comparable in identifying NAFLD (AUC: 0.8050 vs 

0.8164), and both were better than GGT (AUC: 0.7780) 
and HDL-C (0.6986) alone (Additional file 4: Table S2).

Based on longitudinal data, we further calculated the 
AUC of GGT, HDL-C, GGT/HDL-C ratio and BMI at 
multiple time points by time-dependent ROC (Table 4). 
The results showed that the GGT/HDL-C ratio was 
increasingly valuable in predicting NAFLD over time, 
and was better than HDL-C in predicting NAFLD in the 
early stage (1–3 years), but was not superior to BMI and 
GGT.

Subgroup analysis
We also analyzed the NAFLD risk related to GGT/
HDL-C ratio in different ages, sexes, and FPG, SBP, and 
DBP levels, and compared the difference between dif-
ferent stratifications to determine whether there was 
an interaction with GGT/HDL-C ratio. The results of 
the research showed that we only observed a significant 
interaction between the GGT/HDL-C ratio and SBP in 
the subgroup (P-interaction = 0.0361), where the NAFLD 
risk related to GGT/HDL-C ratio was significantly higher 
in those with SBP ≥ 140 mmHg (Table 5).

Table 2 Hazard ratios for NAFLD events by quintiles of GGT/HDL-C ratio

NAFLD nonalcoholic fatty liver disease, CI confidence interval, HR hazard ratios; other abbreviations as in Table 1; Crude model adjusted for none; Model I adjusted for 
sex, age, height and BMI; Model II adjusted for model 1 plus ALT, AST, ALP and Cr; Model III adjusted for model 2 plus FPG, TG, LDL, SBP and DBP; Model IV adjusted for 
model III plus ALB, GLB, UA and BUN

HR (95% CI) P for trend

Multivariable analysis Q1 Q2 Q3 Q4 Q5

GGT/HDL-C ratio (per SD)

Crude model 1.11 (1.10, 1.13) Ref 1.68 (1.37, 2.05) 2.52 (2.09, 3.04) 3.52 (2.94, 4.21) 5.29 (4.45, 6.29)  < 0.001

Model I 1.09 (1.07, 1.10) Ref 1.49 (1.22, 1.82) 2.11 (1.75, 2.55) 2.57 (2.14, 3.09) 3.45 (2.90, 4.12)  < 0.001

Model II 1.09 (1.06, 1.11) Ref 1.47 (1.20, 1.79) 2.05 (1.70, 2.48) 2.51 (2.09, 3.01) 3.28 (2.74, 3.92)  < 0.001

Model III 1.08 (1.05, 1.10) Ref 1.55 (1.27, 1.89) 2.18 (1.81, 2.64) 2.71 (2.25, 3.26) 3.33 (2.76, 4.01)  < 0.001

Model IV 1.07 (1.04, 1.10) Ref 1.56 (1.28, 1.91) 2.20 (1.82, 2.67) 2.73 (2.26, 3.29) 3.38 (2.79, 4.08)  < 0.001

Table 3 Association of GGT, HDL-C, GGT/HDL-C ratio and BMI 
with NAFLD risk

Adjusted for sex, age, height, BMI, ALT, AST, ALP, Cr, FPG, TG, LDL, SBP, DBP, ALB, 
GLB, UA and BUN

BMI itself is not adjusted in models with BMI as the independent variable

CI confidence interval, HR hazard ratios; other abbreviations as in Table 1

HR (95% CI) P‑value

HDL-C (per SD) 0.84 (0.79, 0.88)  < 0.0001

GGT (per SD) 1.06 (1.03, 1.10  < 0.0001

GGT/HDL-C ratio (per SD) 1.07 (1.04, 1.10  < 0.0001

BMI (per SD) 2.48 (2.32, 2.65)  < 0.0001
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Nonlinear analysis
We fitted dose–response curves for the relationship 
of the GGT/HDL-C ratio with NAFLD risk by RCS. 
As shown in Fig. 1, the association of NAFLD and the 
GGT/HDL-C ratio was nonlinear and positive. Based 
on the dose–response curve, we found that the risk of 
NAFLD no longer increased when the GGT/HDL-C 
ratio was greater than 31.79 U/mmol.

Mediation analysis
Table 6 shows the results of the mediation analysis of 
MetS-IR in the relationship between GGT/HDL-C 

ratio and NAFLD. In the non-obese population, we 
found that MetS-IR partially mediated the association 
between GGT/HDL-C ratio and NAFLD risk, with the 
intermediary accounting for 12.8%.

Discussion
The main findings of this longitudinal cohort study based 
on the non-obese Chinese population were as follows: 
(1) GGT/HDL-C ratio was positively correlated with 
the NAFLD risk among Chinese non-obese people, and 
the association was stronger in those with elevated SBP. 
(2) GGT/HDL-C ratio had a nonlinear relationship with 
NAFLD, and there was a saturation effect. (3) GGT/
HDL-C ratio and BMI were comparable in identifying 
NAFLD and were superior to GGT and HDL-C alone; 

Table 4 Best threshold and areas under the time-dependent receiver operating characteristic curves for BMI, WC and WHtR 
predicting future diabetes risk

AUC  area under the curve; other abbreviations as in Table 1

BMI GGT HDL‑C GGT/HDL‑C ratio

AUC Sensitivity 
(specificity)

AUC Sensitivity 
(specificity)

AUC Sensitivity 
(specificity)

AUC Sensitivity 
(specificity)

1-Years 0.77 0.86 (0.59) 0.66 0.78 (0.50) 0.50 0.81 (0.24) 0.62 0.56 (0.62)

2-Years 0.76 0.80 (0.61) 0.67 0.73 (0.56) 0.54 0.77 (0.30) 0.63 0.64 (0.56)

3-Years 0.77 0.81 (0.61) 0.69 0.73 (0.59) 0.60 0.75 (0.43) 0.65 0.68 (0.57)

4-Years 0.78 0.81 (0.62) 0.69 0.71 (0.6) 0.70 0.68 (0.64) 0.65 0.72 (0.53)

5-Years 0.78 0.91 (0.53) 0.73 0.76 (0.66) 0.74 0.81 (0.65) 0.70 0.81 (0.52)

Table 5 Stratified associations between GGT/HDL-C ratio and 
NAFLD by age, sex, FPG, SBP and DBP

DBP diastolic blood pressure, SBP systolic blood pressure, FPG fasting plasma 
glucose, CI confidence interval, HR: hazard ratios

No.of cases HR (95% CI) P for interaction

Age (years) 0.2383

 ≤ 30 349 1.12 (1.02, 1.22)

 > 30, ≤ 45 843 1.04 (0.99, 1.09)

 > 45, ≤ 60 601 1.09 (1.04, 1.15)

 ≥ 60 354 1.11 (1.02, 1.20)

Sex 0.5629

Men 1210 1.07 (1.04, 1.10)

Women 937 1.05 (1.00, 1.11)

FPG, mmol/L 0.6719

 ≥ 6.1 293 1.05 (0.96, 1.15)

<  6.1 1854 1.07 (1.04, 1.10)

SBP, mmHg 0.0361

 < 140 1677 1.05 (1.02, 1.09)

 ≥ 140 469 1.14 (1.07, 1.21)

DBP, mmHg 0.4003

 < 90 1819 1.09 (1.05, 1.13)

 ≥ 90 327 1.06 (1.01, 1.12)

Fig. 1 Hazard ratios (95% confidence intervals) for the nonlinear 
relationship between the GGT/HDL-C ratio and the risk of NAFLD. 
Adjusted for sex, age, ALP, GGT, ALT, AST, ALB, GLB, CR, UA, FPG, TC, 
TG, height, BMI, SBP, DBP, BUN and UA; NAFLD: nonalcoholic fatty 
liver disease. GGT  gamma-glutamyl transferase, HDL-C high-density 
lipoprotein cholesterol
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however, GGT/HDL-C ratio did not appear to have a sig-
nificant advantage in predicting future NAFLD.

With the change in diet and lifestyle in recent decades, 
the prevalence of non-obese NAFLD is increasing all 
over the world [11–13, 28], and research on non-obese 
NAFLD is also increasing [13, 29]. According to some 
previous research evidence, non-obese patients with 
NAFLD tended to exhibit worse metabolic status than 
obese patients with NAFLD, and they may develop more 
severe non-alcoholic steatohepatitis and advanced fibro-
sis [14, 30, 31]. Moreover, related studies have also shown 
that non-obese NAFLD had a higher risk of developing 
metabolic syndrome and diabetes [12, 32], and a higher 
risk of all-cause mortality [33]. These findings all sug-
gested the specificity of non-obese NAFLD and that this 
population needs further attention.

GGT is the most commonly used clinical biochemical 
index to evaluate liver function, and in addition to iden-
tifying the risk of NAFLD prevalence [15–17], it is also 
closely associated with NAFLD-related complications 
[34]. HDL is a multifunctional structural protein, and 
HDL functionality represents several performance met-
rics of HDL, such as antioxidant, anti-inflammatory, and 
cholesterol efflux activities [35, 36]. Previous studies have 
shown that the emergence of dysfunctional HDL is usu-
ally associated with many acute infectious diseases and 
chronic aging-related diseases. HDL can be an appropri-
ate biomarker for the diagnosis and progression of many 
diseases by monitoring the changes in its quantity and 
quality in terms of antioxidant and anti-inflammatory 
capacity [36]. It is worth noting that in several recent 
studies on the relationship between HDL function and 
NAFLD, researchers have shown that the imbalance of 
cholesterol efflux activity in HDL function may be the 
main cause of metabolic NAFLD [37, 38]. The quantity 
of HDL is expressed as serum HDL-C concentration, and 
low concentration of HDL-C is a common clinical lipid 
metabolism disorder [36, 39], which is closely related 
to the progressive course of NAFLD [20–22, 40]. In the 
current study, after dividing and combining these two 
indicators, we found that the ratio of GGT/HDL-C was 
positively related to NAFLD risk in the Chinese non-
obese population, and the positive association between 
them existed stably after further variable adjustment, and 
the extent of the association changed only slightly. Stud-
ies on the association of NAFLD with the GGT/HDL-C 

ratio have also been described previously. As early as 
May 2020, Feng et  al. first revealed a positive relation-
ship of NAFLD with the GGT/HDL-C ratio through a 
cross-sectional study of 6,326 general population [22]; 
then in a recent study by Xing et  al. of 1,434 inpatients 
with diabetes, they found that the GGT/HDL-C ratio 
was an independent risk factor for metabolic-associ-
ated fatty liver disease in people with diabetes with a 
BMI ≥ 23  kg/m2 [23]. Although both studies found a 
relationship of NAFLD with the GGT/HDL-C ratio, it 
is unclear whether the relationship of the GGT/HDL-C 
ratio with NAFLD changes over time and whether there 
is a nonlinear association between the two due to the 
cross-sectional design. Therefore, we conducted the cur-
rent study, and our results further revealed the longitudi-
nal correlation between GGT/HDL-C ratio and NAFLD. 
Additionally, we further evaluated baseline GGT/HDL-C 
ratio, GGT, HDL-C, and BMI for correlation with future 
NAFLD and used standardized HR values to present all 
results; the study found that GGT/HDL-C ratio may be 
slightly better than GGT, and BMI was better than GGT/
HDL-C ratio in assessing future NAFLD risk.

The diagnostic value of GGT, HDL-C and GGT/HDL-C 
ratio for NAFLD was previously described by Feng et al. 
Through ROC analysis, they found that the diagnostic 
value of GGT combined with HDL-C for NAFLD was 
significantly higher than that of GGT and HDL-C alone 
[22]. In order to verify their findings, we have carried out 
the same analysis in the current cross-sectional data sets, 
and the results were consistent with the findings of Feng 
et al. We found that the ratio of GGT/HDL-C was simi-
lar to BMI but superior to GGT and HDL-C alone in the 
diagnosis of NAFLD. In addition, in the current study, we 
further carried out time-dependent ROC analysis based 
on longitudinal data. The results show that with the pas-
sage of time, although the ratio of GGT/HDL-C seemed 
to be increasingly valuable in predicting NAFLD and was 
better than HDL-C in the early stage, it was not superior 
to BMI and GGT. Taken together, the GGT/HDL-C ratio 
seemed to be more suitable for epidemiological screen-
ing of NAFLD than for prediction of NAFLD, and further 
studies are still needed to validate the findings based on 
longitudinal data.

In the current longitudinal cohort, we also examined 
whether there were differences in the NAFLD risk asso-
ciated with the GGT/HDL-C ratio in those of different 

Table 6 Mediated analysis of GGT/HDL-C ratio and NAFLD by MetS-IR

Adjusted for sex, age, height, BMI, ALT, AST, ALP, Cr, FPG, TG, LDL, SBP, DBP, ALB, GLB, UA and BUN

MetS-IR metabolic score for insulin resistance, PM propotion mediate

Mediator Total effect Mediation effect Direct effect PM (%) P‑value of PM

MetS-IR 0.01346 (0.00956, 0.01778) 0.00172 (0.00105, 0.00248) 0.01174 (0.00790, 0.01593) 12.8  < 0.001
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ages, sex, FPG, SBP, and DBP populations. The results 
showed that the NAFLD risk associated with the GGT/
HDL-C ratio was only significant in those with high SBP, 
while no significant differences were observed in the 
stratification of DBP, ages, sex, and FPG. It is well known 
that SBP is an important risk factor for NAFLD, even 
when elevated within normal levels [41, 42]. We, there-
fore, suggested that the higher risk of NAFLD associated 
with the GGT/HDL-C ratio in those with high SBP may 
be related to the common pathophysiological mecha-
nisms of hypertension and NAFLD. According to the lit-
erature, patients with high levels of SBP and those with 
NAFLD both were more likely to develop insulin resist-
ance (IR), and vascular and adipose tissue inflammation 
[43].

Notably, this study also found a nonlinear association 
of the GGT/HDL-C ratio with NAFLD. Through the 
dose–response relationship curve, we estimated a satura-
tion threshold of approximately 31.79 U/mmol; when the 
GGT/HDL-C ratio exceeded the saturation threshold, 
the risk of developing NAFLD was no longer increased. 
These new findings provided useful intervention thresh-
olds for the prevention of NAFLD, and to my knowledge, 
this study is the first to reveal a nonlinear association 
between the GGT/HDL-C ratio and NAFLD.

The mechanism underlying the correlation between the 
GGT/HDL-C ratio and new-onset NAFLD risk is unclear, 
and may be partially explained by the following two rea-
sons: (1) According to the "three strikes theory", the main 
pathological changes in the pathogenesis of NAFLD and 
its pathological progression include steatosis, lipotoxic-
ity, and chronic inflammation [2]; and high levels of GGT 
are associated with both hepatic steatosis and chronic 
inflammation [34, 44]; Additionally, lipid disorders, high 
levels of GGT accompanying low levels of HDL-C, often 
lead to an increase in blood fatty acids, which are con-
verted to excess TG when the blood fatty acids exceed 
the tolerance processing capacity of adipose tissues and 
various tissues, subsequently causing further organ dam-
age, i.e., lipotoxicity [2]. (2) It is well known that IR is the 
main pathophysiological mechanism of NAFLD [45]. In 
order to explore the important role of IR in the relation-
ship between GGT/HDL-C ratio and NAFLD, an media-
tion analysis was carried out in this study. The findings 
confirmed that MetS-IR played an intermediary role in 
the relationship between GGT/HDL-C ratio and NAFLD. 
These findings provided useful evidence for further 
revealing the relationship between GGT/HDL-C ratio 
and NAFLD.

The GGT/HDL-C ratio is an easily accessible clinical 
parameter, and the results of this study provided useful 
evidence for risk screening of NAFLD in non-obese indi-
viduals. On the basis of the current research results, we 

put forward several meaningful suggestions for a series of 
work that may be carried out in the future: (1) Accord-
ing to our results, we should pay more attention to the 
evaluation of GGT/HDL-C ratio of non-obese individu-
als, especially those with high SBP. (2) Non-obese people 
with a high GGT/HDL-C ratio found in clinical practice 
or routine physical examination should be offered appro-
priate interventions to prevent NAFLD, such as weight 
loss and improved dietary patterns [46].

Limitations
Some limitations are worth noting: (1) the findings of 
this study can be applied to the non-obese population in 
China, but their applicability in other countries and eth-
nic populations is unclear; (2) the diagnosis of NAFLD 
in the current study was not performed by liver biopsy, 
which may increase the false-negative rate of new-onset 
NAFLD diagnosis, causing the incidence in the study to 
be lower than the true situation; (3) as with other obser-
vational studies, there were still unadjusted covariates 
that were not measurable or not found (Additional files 
3, 4).

Conclusion
In a word, in this longitudinal cohort study of non-obese 
people in China, we found that GGT/HDL-C ratio was 
positively correlated with new-onset NAFLD, and this 
independent risk association was further increased in 
people with high SBP. Additionally, in the assessment of 
future NAFLD risk, the GGT/HDL-C ratio was slightly 
better than GGT alone; However, the GGT/HDL-C ratio 
did not appear to have a significant advantage over GGT 
and BMI alone in predicting NAFLD.

Abbreviations
NAFLD: Nonalcoholic fatty liver disease; HDL-C: High-density lipoprotein 
cholesterol; GGT : Gamma-glutamyl transferase; RCS: Restricted cubic spline; 
HR: Hazard ratio; CI: Confidence interval; SBP: Systolic blood pressure; BMI: 
Body mass index; LDL-C: Low-density lipoprotein cholesterol; ALP: Alkaline 
phosphatase; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; 
BUN: Blood urea nitrogen; Cr: Creatinine; UA: Uric acid; FPG: Fasting plasma 
glucose; TC: Total cholesterol; TG: Triglyceride; IR: Insulin resistance.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12876- 022- 02598-y.

Additional file 1. Cross-sectional data sets for research.

Additional file 2. Longitudinal data set for research.

Additional file 3. Supplementary Figure.

Additional file 4. Supplementary Table.

https://doi.org/10.1186/s12876-022-02598-y
https://doi.org/10.1186/s12876-022-02598-y


Page 9 of 10Xie et al. BMC Gastroenterology          (2022) 22:500  

Acknowledgements
We thank Professor Zheng, the corresponding author of the dataset, and his 
team for authorizing the current study, as well as all staff and participants 
involved in this research project for their efforts.

Author contributions
YZ conceived and designed the study. QY-X, SM-H, CH-Y and CH classified data 
and conducted the statistical analysis. QY-X, SL, MB-K and YZ wrote the first 
draft of the manuscript. All authors commented and contributed to the inter-
pretation of results and the final manuscript. All authors read and approved 
the final manuscript.

Funding
No.

Availability of data and materials
The dataset used in this study has been authorized by Professor Zheng and his 
team and has been uploaded to the system as a Additional files 1, 2, 3 and 4.

Declarations

Ethics approval and consent to participate
The need for ethical approval and informed consent was waived by the ethics 
committee Review Board of Jiangxi Provincial People’s Hospital, because of 
the retrospective nature of the study. The current study followed the Declara-
tion of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Medical College of Nanchang University, Nanchang 330006, China. 2 Jiangxi 
Cardiovascular Research Institute, Jiangxi Provincial People’s Hospital, The First 
Affiliated Hospital of Nanchang Medical College, Nanchang 330006, China. 
3 Gastroenterology Department, Jiangxi Provincial People’s Hospital, The First 
Affiliated Hospital of Nanchang Medical College, Nanchang 330006, China. 

Received: 7 September 2022   Accepted: 29 November 2022

References
 1. Powell EE, Wong VW-S, Rinella M. Non-alcoholic fatty liver disease. Lancet 

(London, England). 2021;397:2212–24.
 2. Jou J, Choi SS, Diehl AM. Mechanisms of disease progression in nonalco-

holic fatty liver disease. Semin Liver Dis. 2008;28:370–9.
 3. Calzadilla Bertot L, Adams LA. The natural course of non-alcoholic fatty 

liver disease. Int J Mol Sci. 2016;17:774.
 4. Kim D, Kim WR. Nonobese fatty liver disease. Clin Gastroenterol Hepatol: 

Off Clin Pract J Am Gastroenterol Assoc. 2017;15:474–85.
 5. Byrne CD, Targher G. NAFLD. A multisystem disease. J Hepatol. 

2015;62:S47–64.
 6. Pierantonelli I, Svegliati-Baroni G. Nonalcoholic fatty liver disease: basic 

pathogenetic mechanisms in the progression from NAFLD to NASH. 
Transplantation. 2019;103:e1–13.

 7. Maurice J, Manousou P. Non-alcoholic fatty liver disease. Clin Med (Lond). 
2018;18:245–50.

 8. Polyzos SA, Kountouras J, Mantzoros CS. Obesity and nonalcoholic fatty 
liver disease: from pathophysiology to therapeutics. Metab Clin Exp. 
2019;92:82–97.

 9. Milić S, Lulić D, Štimac D. Non-alcoholic fatty liver disease and obesity: 
biochemical, metabolic and clinical presentations. World J Gastroenterol. 
2014;20:9330–7.

 10. Haeusler RA. On the front line: obesity and NAFLD. Cell Metab. 
2020;31:655–7.

 11. Shi Y, Wang Q, Sun Y, Zhao X, Kong Y, Ou X, et al. The prevalence of lean/
nonobese nonalcoholic fatty liver disease: a systematic review and meta-
analysis. J Clin Gastroenterol. 2020;54:378–87.

 12. Zou ZY, Wong VW-S, Fan JG. Epidemiology of nonalcoholic fatty liver 
disease in non-obese populations: meta-analytic assessment of its 
prevalence, genetic, metabolic, and histological profiles. J Dig Dis. 
2020;21:372–84.

 13. Ye Q, Zou B, Yeo YH, Li J, Huang DQ, Wu Y, et al. Global prevalence, 
incidence, and outcomes of non-obese or lean non-alcoholic fatty liver 
disease: a systematic review and meta-analysis. Lancet Gastroenterol 
Hepatol. 2020;5:739–52.

 14. VanWagner LB, Armstrong MJ. Lean NAFLD: a not so benign condition? 
Hepatol Commun. 2018;2:5–8.

 15. Whitfield JB. Gamma glutamyl transferase. Crit Rev Clin Lab Sci. 
2001;38:263–355.

 16. Kunutsor SK. Gamma-glutamyltransferase-friend or foe within? Liver Int: 
Off J Int Assoc Study Liver. 2016;36:1723–34.

 17. Ha Y, Chon YE, Kim MN, Lee JH, Hwang SG. Gamma-glutamyl transpepti-
dase dynamics as a biomarker for advanced fibrosis in non-alcoholic fatty 
liver disease. J Gastroenterol Hepatol. 2022. https:// doi. org/ 10. 1111/ jgh. 
15871.

 18. März W, Kleber ME, Scharnagl H, Speer T, Zewinger S, Ritsch A, et al. HDL 
cholesterol: reappraisal of its clinical relevance. Clin Res Cardiol: Off J Ger-
man Cardiac Soc. 2017;106:663–75.

 19. Cohen DE, Fisher EA. Lipoprotein metabolism, dyslipidemia, and nonalco-
holic fatty liver disease. Semin Liver Dis. 2013;33:380–8.

 20. Corey KE, Chalasani N. Management of dyslipidemia as a cardiovas-
cular risk factor in individuals with nonalcoholic fatty liver disease. 
Clin Gastroenterol Hepatol: Off Clin Pract J Am Gastroenterol Assoc. 
2014;12:1077–84.

 21. Corey KE, Misdraji J, Gelrud L, Zheng H, Chung RT, Krauss RM. Nonal-
coholic steatohepatitis is associated with an atherogenic lipoprotein 
subfraction profile. Lipids Health Dis. 2014;13:100.

 22. Feng G, Feng L, Zhao Y. Association between ratio of γ-glutamyl trans-
peptidase to high-density lipoprotein cholesterol and prevalence of non-
alcoholic fatty liver disease and metabolic syndrome: a cross-sectional 
study. Ann Transl Med. 2020;8:634.

 23. Xing Y, Chen J, Liu J, Ma H. Associations between GGT/HDL and MAFLD: 
a cross-sectional study. Diabetes Metab Syndr Obes: Targets Therapy. 
2022;15:383–94.

 24. Sun D-Q, Wu S-J, Liu W-Y, Wang L-R, Chen Y-R, Zhang D-C, et al. Associa-
tion of low-density lipoprotein cholesterol within the normal range 
and NAFLD in the non-obese Chinese population: a cross-sectional and 
longitudinal study. BMJ Open. 2016;6: e013781.

 25. Bello-Chavolla OY, Almeda-Valdes P, Gomez-Velasco D, Viveros-Ruiz T, 
Cruz-Bautista I, Romo-Romo A, et al. METS-IR, a novel score to evaluate 
insulin sensitivity, is predictive of visceral adiposity and incident type 2 
diabetes. Eur J Endocrinol. 2018;178:533–44.

 26. Fan JG, Jia JD, Li YM, Wang BY, Lu LG, Shi JP, et al. Guidelines for the 
diagnosis and management of nonalcoholic fatty liver disease: update 
2010: (published in Chinese on Chinese Journal of Hepatology 2010; 
18:163–166). J Dig Dis. 2011;12:38–44.

 27. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke 
JP. The Strengthening the Reporting of Observational Studies in Epidemi-
ology (STROBE) statement: guidelines for reporting observational studies. 
Lancet (London, England). 2007;370:1453–7.

 28. Fan J-G, Kim S-U, Wong VW-S. New trends on obesity and NAFLD in Asia. J 
Hepatol. 2017;67:862–73.

 29. Chen C-H, Huang M-H, Yang J-C, Nien C-K, Yang C-C, Yeh Y-H, et al. 
Prevalence and risk factors of nonalcoholic fatty liver disease in an adult 
population of taiwan: metabolic significance of nonalcoholic fatty liver 
disease in nonobese adults. J Clin Gastroenterol. 2006;40:745–52.

 30. Lee S-W, Lee T-Y, Yang S-S, Tung C-F, Yeh H-Z, Chang C-S. Risk factors and 
metabolic abnormality of patients with non-alcoholic fatty liver disease: 
either non-obese or obese Chinese population. Hepatobiliary Pancreat 
Dis Int: HBPD INT. 2018;17:45–8.

 31. Sookoian S, Pirola CJ. Systematic review with meta-analysis: risk factors 
for non-alcoholic fatty liver disease suggest a shared altered metabolic 
and cardiovascular profile between lean and obese patients. Aliment 
Pharmacol Ther. 2017;46:85–95.

https://doi.org/10.1111/jgh.15871
https://doi.org/10.1111/jgh.15871


Page 10 of 10Xie et al. BMC Gastroenterology          (2022) 22:500 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 32. Kim SS, Cho HJ, Kim HJ, Kang DR, Berry JR, Kim JH, et al. Nonalcoholic 
fatty liver disease as a sentinel marker for the development of diabetes 
mellitus in non-obese subjects. Dig Liver Dis: Off J Ital Soc Gastroenterol 
Ital Assoc Study Liver. 2018;50:370–7.

 33. Zou B, Yeo YH, Nguyen VH, Cheung R, Ingelsson E, Nguyen MH. 
Prevalence, characteristics and mortality outcomes of obese, non-
obese and lean NAFLD in the United States, 1999–2016. J Intern Med. 
2020;288:139–51.

 34. Chen L-W, Huang M-S, Shyu Y-C, Chien R-N. Gamma-glutamyl transpepti-
dase elevation is associated with metabolic syndrome, hepatic steatosis, 
and fibrosis in patients with nonalcoholic fatty liver disease: a commu-
nity-based cross-sectional study. Kaohsiung J Med Sci. 2021;37:819–27.

 35. Heeren J, Scheja L. Metabolic-associated fatty liver disease and lipopro-
tein metabolism. Mol Metab. 2021;50: 101238.

 36. Cho KH. The current status of research on high-density lipoproteins 
(HDL): a paradigm shift from HDL quantity to HDL quality and HDL func-
tionality. Int J Mol Sci. 2022;23:3967.

 37. Di Costanzo A, Ronca A, D’Erasmo L, Manfredini M, Baratta F, Pastori D, 
et al. HDL-mediated cholesterol efflux and plasma loading capacities are 
altered in subjects with metabolically—but not genetically driven non-
alcoholic fatty liver disease (NAFLD). Biomedicines. 2020;8:625.

 38. Verwer BJ, Scheffer PG, Vermue RP, Pouwels PJ, Diamant M, Tushuizen 
ME. NAFLD is related to post-prandial triglyceride-enrichment of HDL 
particles in association with endothelial and HDL dysfunction. Liver Int. 
2020;40:2439–44.

 39. Parhofer KG. The treatment of disorders of lipid metabolism. Dtsch 
Arztebl Int. 2016;113:261–8.

 40. Mato JM, Alonso C, Noureddin M, Lu SC. Biomarkers and subtypes of 
deranged lipid metabolism in non-alcoholic fatty liver disease. World J 
Gastroenterol. 2019;25:3009–20.

 41. Vasunta RL, Kesäniemi YA, Ylitalo AS, Ukkola OH. High ambulatory blood 
pressure values associated with non-alcoholic fatty liver in middle-aged 
adults. J Hypertens. 2012;30:2015–9.

 42. Wu SJ, Zou H, Zhu GQ, Wang LR, Zhang Q, Shi KQ, et al. Increased levels 
of systolic blood pressure within the normal range are associated with 
significantly elevated risks of nonalcoholic fatty liver disease. Medicine. 
2015;94: e842.

 43. Chorin E, Hassidim A, Hartal M, Havakuk O, Flint N, Ziv-Baran T, et al. 
Trends in adolescents obesity and the association between bmi and 
blood pressure: a cross-sectional study in 714,922 healthy teenagers. Am 
J Hypertens. 2015;28(9):1157–63.

 44. Mistry D, Stockley RA. Gamma-glutamyl transferase: the silent partner? 
COPD. 2010;7:285–90.

 45. Meex RCR, Watt MJ. Hepatokines: linking nonalcoholic fatty liver disease 
and insulin resistance. Nat Rev Endocrinol. 2017;13:509–20.

 46. Ahadi M, Molooghi K, Masoudifar N, Namdar AB, Vossoughinia H, Farzane-
hfar M. A review of non-alcoholic fatty liver disease in non-obese and 
lean individuals. J Gastroenterol Hepatol. 2021;36:1497–507.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Assessing the longitudinal association between the GGTHDL-C ratio and NAFLD: a cohort study in a non-obese Chinese population
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Research population
	Ethical approval and consent to participate
	Data acquisition
	Evaluation of IR (insulin resistance)
	Follow-up and diagnosis of NAFLD
	Statistical analysis

	Results
	Baseline characteristics
	Correlation of the GGTHDL-C ratio with NAFLD
	Values of GGT, HDL-C, GGTHDL-C ratio and BMI for diagnosis and prediction of NAFLD
	Subgroup analysis
	Nonlinear analysis
	Mediation analysis

	Discussion
	Limitations

	Conclusion
	Acknowledgements
	References


