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Purpose: To explore the association between γ-glutamyl transpeptidase to high-density lipoprotein ratio (GGT/HDL), triglyceride
glucose-body mass index (TYG-BMI), and metabolic associated fatty liver disease (MAFLD) in a Chinese population with type 2
diabetes (T2DM) by cross-sectional analysis. To investigate the role of GGT/HDL played in MAFLD by TYG-BMI.
Patients and Methods: A total of 1434 adult patients hospitalized with T2DM at Hebei General Hospital (Shijiazhuang, China)
were included in the study. Patients’ demographic and clinical data were collected. Spearman correlation was used to test for an
association between GGT/HDL or TYG-BMI and related risk factors of MAFLD among T2DM patients. Multiple logistic regression
analyses were performed to investigate the association between GGT/HDL or TYG-BMI and MAFLD. Mediation analysis was used to
explore whether TYG-BMI mediated the association between GGT/HDL and MAFLD.
Results: A total of 1434 T2DM patients were enrolled, the MAFLD group showed a higher level of GGT/HDL compared to the non-
MAFLD group. There was a progressive increase in the prevalence of MAFLD with increasing tertiles of GGT/HDL. After adjusting
for confounding factors, multivariate logistic regression analysis revealed that high levels of GGT/HDL were independent risk factors
for MAFLD in T2DM patients. BMI further grouped the patients: ≤ 23kg/m2,>23kg/m2. GGT/HDL was found to be an independent
risk factor for MAFLD but only in T2DM patients with a BMI greater than 23 kg/m2. Mediation analysis indicated that GGT/HDL had
a significant direct effect on MAFLD.
Conclusion: GGT/HDL was positively associated with MAFLD incidence in T2DM patients with a BMI greater than 23 Kg/m2, and
TYG-BMI partly mediated the association.
Keywords: type 2 diabetes mellitus, GGT/HDL, TYG-BMI, MAFLD

Introduction
Metabolic associated fatty liver disease (MAFLD) was characterized by liver fat depositions accompanied by metabolic
dysregulation. Having evolved from the previous term of nonalcoholic fatty liver disease (NAFLD), the term MAFLD more
closely implicates the presence of overweight/obesity, type 2 diabetes mellitus (T2DM), or metabolic dysregulation as essential
pathogenic factors, leading to better identification of individualswith thismetabolic liver disease.1 It is currently themost common
chronic liver disease worldwide, with a global prevalence of around 25%. MAFLD imposes a considerable health burden on
society, particularly in Europe, America, and the Asia-Pacific.2 MAFLD was increasingly recognized as a leading cause of liver
morbidity and mortality. It has been estimated that more than a billion adults worldwide are now affected byMAFLD.2 In recent
years, a close link between MAFLD and T2DM has been uncovered; over 70% of the patients with T2DMwere perceived to be
suffering fromMAFLD.3 The development of NAFLDandT2DMshare several common pathophysiologicmechanisms, such as
IR, inflammation, and oxidative stress.4–7 Recently, some studies have shown that γ-glutamyl transpeptidase (GGT) and high-
density lipoprotein cholesterol (HDL) were associated with NAFLD incidence. Cruz et al8 found that the level of GGTwas more
strongly associated with fatty liver severity than classical inflammatory markers such as Alanine Aminotransferase (ALT).
Moreover, several studies have shown that serum GGT values above the median, but still within the normal range, are an
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independent predictor of cardiovascular mortality,9 stroke,10 T2DM,11 and Mets.12 Chen et al confirmed that elevated GGTwas
associated with hypersensitiveC-reactive protein (hs-CRP), low adiponectin, the presence of chronic kidney disease (CKD), and
hepatic steatosis. It was reported that GGT elevation was associated with hepatic steatosis, and fibrosis in patients with
nonalcoholic fatty liver disease.13 In Chinese, recent studies explore the decreased GGT levels associated with the improvement
of metabolic disturbances after the routine treatment of NAFLD.14 Several recent studies have proposed that GGT may be
a simple and reliable marker of visceral and hepatic fat deposition and hepatic steatosis, which can lead to hepatic insulin
resistance (IR), and long-term hepatic IR may lead to metabolic abnormalities.15 A decreased concentration of HDL was one of
themanifestations ofmetabolic syndrome.16MAFLDhas been regarded as a livermanifestation ofMetS.17NAFLDpresencewas
shown to be associated with the size and functional heterogeneity of HDL particles.18,19 Previous studies showed impaired HDL
cholesterol efflux capacity in NAFLD.20 Karami et al found that HDL anti-oxidative functionality might contribute to NAFLD
pathogenesis.21 A new indicator has recently been proposed by Ko et al, namely triglyceride glucose-body mass index (TYG-
BMI). Noticeably, TYG-BMI was universally regarded as a more effective predictor of IR (Insulin resistance).22 It was well
known that IR was closely related to the genesis and development of MAFLD.23 Given that GGTand HDLwere both correlated
with MAFLD, a hospital-based cross-sectional study was conducted to evaluate the association between GGT/HDL and the risk
of MAFLD in Chinese adult patients with T2DM and investigate the association between GGT/HDL, TYG-BMI, and MAFLD.

Patients and Methods
Study Population
TheEthicsCommittee approved this study ofHebeiGeneralHospital and the studywas performed according to theDeclaration of
Helsinki. Patients hospitalised inHebeiGeneralHospital in Shijiazhuang-China from January 1, 2019 toDecember 31, 2019were
included. All the participants signed informed consent to be part of the study. Based on the preset inclusion and exclusion criteria,
eligibility of the studies was evaluated. Inclusion criteria:1. Age ≥18 years.2. The diagnosis of T2DM required the following
criteria: 1) Participants were deemed diabetics if they had already been diagnosed with T2DM or were taking insulin or oral
hypoglycemic agents. 2)T2DM was diagnosed per the 1999 World Health Organization (WHO) criteria:24 Symptoms of
hyperglycemia including Polyuria, polydipsia, polyphagia, weight loss plus random plasma glucose concentration ≥11.1mmol/
l or fasting serum glucose was ≥ 7.0mmol/l or a plasma glucose ≥ 11.1mmol/L two hours after the glucose load. Patients without
typical symptoms of T2DM should be rechecked another day; 3. In this study, the diagnosis of MAFLD was based on hepatic
steatosis according to the ultrasonic findings and the presence of T2DM.1

Exclusion criteria: 1.other types of diabetes (eg, type 1 diabetes mellitus (T1DM), gestational diabetes mellitus
(GDM) and other specific types); 2.patients had a previous history of myocardial infarction, Cerebral hemorrhage, severe
hepato-renal dysfunction, acute infection, and stress condition in the past three months; 3.pregnant women. 4.patients
would also be excluded if they had a malignant tumor, history of liver surgery, an earnest, uncontrollable medical
condition, or a mental illness that limited their ability to comply with the study requirements.

Study Methods
A medical questionnaire was used to collect general information from each participant. Patient gender, age, duration of
T2DM, family history of diabetes, smoking, drinking, hypertension, diabetic retinopathy (DR), diabetic peripheral
neuropathy (DPN), diabetic kidney disease (DKD) were collected. BMI was calculated by measuring height and weight
twice and calculating the average values. Venous blood was collected from patients on an empty stomach in the early
morning of the next day after admission. All laboratory tests were completed in the Clinical Detection Department, using
the same instruments and suitable reagents. Blood samples were analyzed for glycosylated hemoglobin (HbA1c), fasting
glucose (FBG), albumin, Direct bilirubin (DBIL), Indirect calorimetry (IBIL), Alanine aminotransferase (ALT),
Aspartate aminotransferase (AST), γ-glutamyl transpeptidase (GGT), bile acids (BA), uric acid (UA), total cholesterol
(TC), triglyceride (TG), HDL, low-density lipoprotein cholesterol (LDL). All data were separately entered into an excel
spreadsheet, independently cross-checked by two researchers, and tabulated.
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Statistical Analysis
Statistical analyses were conducted using SPSS software, version 25.0. All continuous variables were expressed as mean
± standard deviation if normally distributed. Between-group comparisons were performed using the independent t-test.
Data that did not conform to the normal distribution were presented as the median (P25 and P75). Statistical comparisons
were made using nonparametric Kruskal–Wallis tests. Categorical variables were presented as n (%). Chi-square tests
were utilized to compare categorical variables between the study groups. A Spearman correlation analysis was used to
evaluate the correlation between GGT/HDL or TYG-BMI and the potential risk factors of MAFLD. Adjusted analyses
were performed using multiple logistic regression to investigate the association between GGT/HDL or TYG-BMI and
MAFLD. Mediation analysis was used to explore whether TYG-BMI mediated the association between GGT/HDL and
MAFLD. Differences were considered statistically significant for p values < 0.05. This study categorized BMI into two
groups: BMI<23kg/m2 and BMI≥23kg/m2. In terms of GGT/HDL level, it was classified into three groups (Q1 (GGT/
HDL≤18.87; n=477), Q2 (18.87<GGT/HDL≤33.04; n=478), Q3 (GGT/HDL>33.04; n=479) by tertiles. Calculation
formula: TYG-BMI: Ln[TG (mg/ dL) × fasting glucose (mg/dL)/2]*BMI. GGT/HDL: GGT/HDL (mmol/l).

Results
Comparisons of the Clinical Characteristics Between the MAFLD and Non-MAFLD
Groups
1434 patients with T2DM were included in the study (Figure 1). There were 856 male and 578 female patients with
a mean age of 58.65±15.06 years. In addition, subjects with T2DM were divided into two groups according to the results
of liver ultrasonography: MAFLD (n=734) and non-MAFLD (n=700). The proportion of progressive liver fibrosis in the
MAFLD group was 40.05%. T2DM participants with MAFLD had significantly higher levels of BMI, DBIL, IBIL, ALT,

Figure 1 Flowchart of the patient selection process.
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AST, GGT, FBG, TC, TG, LDL, UA, TYG-BMI, GGT/HDL, as well as lower levels of age, diabetes course, albumin,
HDL levels than those in the non-MAFLD group (P < 0.05; Table 1). There was, however, no significant difference
between BA, HBA1C levels in the two groups (P >0.05; Table 1).

Based on BMI, patients were divided into two groups: BMI≤23kg/m2 and BMI>23kg/m2. In T2DM patients with
BMI<23kg/m2, the BMI, albumin, IBIL, ALT, GGT, TG, TYG-BMI, GGT/HDL levels in the T2DM patients with
MAFLD were significantly higher when compared with the T2DM patients without MAFLD, while the HDL level and
alcohol drinking prevalence were significantly lower than that in the non-MAFLD group, and a statistically significant
difference was observed between the two groups (P<0.05 Table 1). In T2DM patients with BMI≥23kg/m2, compared
with the non-MAFLD group, the levels of BMI, albumin, IBIL, ALT, AST, GGT, HBA1C, FBG, TG, TC, LDL, UA,
GGT/GHL, TYG-BMI were obviously higher in MAFLD group, whereas HDL, age, diabetes course levels were
significantly lower, and the difference was statistically significant (P<0.05 Table 1).

Comparison of MAFLD Prevalence and Clinical Characteristics in T2DM Patients with
Different Levels of GGT/HDL
The baseline characteristics of subjects according to GGT/HDL tertiles are shown in Table 2. Participants with higher
GGT/HDL ratios showed higher BMI, albumin, DBIL, IBIL, ALT, AST, GGT, BA, HbA1c, FBG, TG, UA, TYG-BMI,
and a higher proportion of drinkers, smokers, and men. Conversely, there were lower levels of age, DM course, HDL, and
fewer patients with DR, DPN in the tertiles with higher SUA/Cr levels. A positive trend was observed, and with high
GGT/HDL tertiles, the prevalence of MAFLD also significantly increased (153 [34.0%] vs 249 [55.1%] vs 297 [65.7%];
P<0.001).

Spearman Correlation of GGT/HDL or TYG-BMI with Potential MAFLD Risk Factors
As shown in Table 3, Spearman correlation analysis indicated that GGT/HDL was positively correlated with BMI
(r=0.289, P≤0.001), ALT (r=0.509, P≤0.001), AST (r=0.370, P≤0.001), TG (r=0.448, P≤0.001), UA (r=0.273, P≤0.001),
TYG-BMI (r=0.416, P≤0.001), but negatively correlated with age (r=−0.270, P≤0.001), diabetes course (r=−0.247,
P≤0.001), HDL-C (r=−0.442, P≤0.001). Similarly, TYG-BMI was positively correlated with albumin (r=0.214,
P≤0.001), ALT (r=0.273, P≤0.001), GGT (r=0.377, P≤0.001), TC (r=0.212, P≤0.001), UA (r=0.286, P≤0.001), GGT/
HDL (r=0.416, P≤0.001), but negatively correlated with age (r=−0.322, P≤0.001), diabetes course (r=−0.231, P≤0.001),
HDL (r=−0.252, P≤0.001).

Association Between GGT/HDL and the Prevalence of MAFLD
Multiple logistic analysis indicated a positive association between GGT/HDL and the prevalence of MAFLD after
adjustment for the confounders. Collinearity analysis demonstrated no collinearity among the variables. The prevalence
of MAFLD in the Q3 group was 1.848 times that of those in the Q1 group[OR=1.848,95% CI: 1.235–2.765, P≤0.001]
(Table 4).

Among T2DM patients with BMI ≤23kg/m2, multivariate logistic regression analysis revealed that GGT/HDL level
was not independent risk factor for MAFLD with and without confounders adjustment (Table 5). Conversely, multi-
variate logistic regression analysis revealed that GGT/HDL level remained as an independent risk factor for MAFLD
after adjusting for the confounders within the T2DM patients with BMI >23kg/m2. We thus found the prevalence of
MAFLD was 1.584 times as great in the Q3 group than in the Q1 group[OR=1584,95% CI:1.018–2.465), P=0.041]
(Table 6).

Association Between TYG-BMI and the Prevalence of MAFLD
Multivariate logistic regression analysis showed that a high TYG-BMI was an independent risk factor for comorbid
MAFLD among patients with T2DM. The prevalence of MAFLD was 1.02 times greater in the Q3 group than in the Q1
group (Table 7).
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Table 1 The Characteristics in This Study

All Patients Patients with BMI≤23kg/m2 Patients with BMI>23kg/m2

Without NAFLD With NAFLD P value Without NAFLD With NAFLD P value Without NAFLD With NAFLD P value

n (%) 700 734 – 235 59 – 424 660 –

Age (years) 61.55±14.69 55.83±14.88 ≤0.001 62.06±14.41 60.08±15.58 0.335 59.71±14.27 54.9±14.29 ≤0.001

Sex (F, %) 302 (43.14%) 276 (32.15%) 0.031 110 (46.8%) 29 (49.2%) 0.748 166 (39.2%) 237 (35.9%) 0.281

DM course (years) 10.00 (4.00, 18.00) 7.00 (2.00, 14.5) ≤0.001 10 (5, 18) 10 (2, 19) 0.189 10 (3, 7) 7 (2, 14) ≤0.001

Drinking (%) 129 (19.9%) 195 (28.8%) 0.153 30 (13.8%) 14 (25%) 0.043 95 (23.8%) 177 (29.1%) 0.049

Smoking (%) 189 (29.2%) 242 (35.6%) 0.021 53 (24.4%) 15 (26.8%) 0.785 130 (32.5%) 225 (36.9%) 0.182

BMI (kg/m2) 24.19±3.50 27.35±3.78 ≤0.001 20.70±1.68 21.52±2.64 ≤0.001 26.12±2.64 27.87±3.41 ≤0.001

Albumin (g/L) 39.85 (37.60, 42.60) 39.3 (36.68,42.6) ≤0.001 38.9 (36.15, 42.15) 40.5 (37.85, 42.36) 0.033 39.91 (37.49, 42.73) 41.5 (38.8, 43.9) ≤0.001

DBIL (umol/L) 2.3 (1.70,3.00) 2.5 (1.9, 3.2) 0.01 2.3 (1.7, 3) 2.6 (2.0, 3.2) 0.091 2.3 (1.8, 3.05) 2.5 (1.9, 3.2) 0.07

IBIL (umol/L) 10.20 (7.90, 13.40) 11.4 (8.8, 14.6) ≤0.001 9.9 (7.9, 12.75) 11.00 (9.65, 14.25) 0.012 10.5 (8.1, 13.8) 11.4 (8.8, 14.7) 0.001

ALT (U/L) 15.80 (11.85, 22.25) 20.80 (14.95, 333.7) ≤0.001 15.6 (11.4, 21.75) 17.8 (13.35, 25.05) 0.013 16.3 (12.45, 23.2) 21.2 (15.3, 34.25) ≤0.001

AST (U/L) 18.1 (14.60, 22.5) 19.90 (16.15, 26.15) ≤0.001 18.6 (15.15, 22.85) 19.1 (15.35, 23.7) 0.502 17.9 (14.4, 22.5) 20.1 (16.2, 26.6) ≤0.001

GGT (U/L) 21.00 (14.73, 30.38) 28.8 (19.53, 44.88) ≤0.001 19.2 (13.6, 26.63) 27.5 (16.95, 36.8) 0.001 22.2 (16.1, 32.0) 29.1 (19.7, 45.55) ≤0.001

BA (umol/L) 2.94 (1.83, 4.90) 3.06 (2.06, 4.82) 0.401 2.95 (1.76, 4.93) 3.01 (2.10, 4.95) 0.561 2.98 (1.87, 4.85) 3.07 (2.07, 4.85) 0.531

HbA1c (%) 8.50 (7.1, 10.60) 8.70 (7.50, 10.48) 0.059 8.8 (7.2, 11.3) 9.3 (7.35, 10.65) 0.792 8.4 (7, 10.3) 8.7 (7.5, 10.4) 0.008

FBG (mmol/l) 7.88 (6.14, 11.02) 8.64 (6.65, 11.43) 0.001 7.85 (6.04, 11.13) 8.63 (6.26, 12.59) 0.193 7.88 (6.24, 10.81) 8.64 (6.67, 11.34) 0.006

TC (mmol/L) 4.49 (3.77, 5.30) 4.88 (4.01, 5.63) ≤0.001 4.59 (3.85, 5.62) 5.02 (4.26, 5.72) 0.104 4.5 (3.74, 5.21) 4.88 (4.00, 5.61) ≤0.001

TG (mmol/L) 1.18 (0.87, 1.73) 1.75 (1.23, 2.64) ≤0.001 1.0 (0.73, 1.50) 1.4 (0.92, 2.05) ≤0.001 1.31 (0.95, 1.88) 1.76 (1.26, 2.67) ≤0.001

HDL (mmol/L) 1.06 (0.89, 1.26) 0.98 (0.85, 1.17) ≤0.001 1.15 (0.93, 1.37) 1.03 (0.86, 1.17) 0.005 1.03 (0.88, 1.2) 0.98 (0.85, 1.17) 0.036

LDL (mmol/L) 2.91 (2.32, 3.50) 3.14 (2.57, 3.70) ≤0.001 3.0 (2.33, 3.7) 3.22 (2.74, 3.66) 0.107 2.9 (2.36, 3.48) 3.11 (2.56, 3.71) ≤0.001

UA (mmol/L) 288.1 (228.6, 341.65) 317.3 (261.5, 380.3) ≤0.001 260.9 (203.55, 325.3) 287.7 (239.3, 344.0) 0.109 295.01 (237.55, 346.75) 318.1 (263, 380.83) ≤0.001

TYG-BMI 216.71 (194.13, 241.87) 255.44 (230.26, 284.56) ≤0.001 185.68 (167.56, 200.15) 198.98 (187.18, 218.61) ≤0.001 233.44 (215.33, 254.86) 259.64 (234.97, 287.59) ≤0.001

GGT/HDL 20.66 (12.87, 31.90) 29.38 (19.81, 47.78) ≤0.001 16.09 (11.05, 27.20) 27.10 (15.22, 41.37) ≤0.001 21.91 (14.99, 35.27) 29.51 (20.08, 48.28) ≤0.001
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Mediated Effect of TYG-BMI on the Association Between GGT/HDL and MAFLD
To explore the internal relationships between GGT/HDL, TYG-BMI, and MAFLD, we conducted a mediation analysis to
investigate whether TYG-BMI mediated the association between GGT/HDL and MAFLD prevalence in T2DM patients.
Both GGT/HDL and TYG-BMI were positively associated with MAFLD prevalence. At the same time, GGT/HDL was
positively correlated with TYG-BMI, suggesting a mechanistic link between GGT/HDL and MAFLD (β =0.0030, 95%
CI: 0.001—0.0059), possibly explained by TYG-BMI (β =0.0032, 95% CI: 0.0012—0.0064). A mediated percentage of

Table 2 Clinical Characteristics of Patients with T2DM by GGT/HDL Category

Q1 (Low) Q2 (Moderate) Q3 (High) p

n (%) 477 (33.26%) 478 (33.33%) 479 (33.41%) –

Age (years) 62.2±13.46 58.44±14.67 54.12±14.83 ≤0.001

Sex (F, %) 260 (57.6%) 165 (36.5%) 117 (25.8%) ≤0.001

DM course (years) 11 (5, 20) 9 (3, 15) 6 (1, 12) ≤0.001

Drinking (%) 41 (9.7%) 112 (26.4%) 154 (36.3%) ≤0.001

Smoking (%) 73 (17.3%) 152 (35.7%) 188 (44.3%) ≤0.001

MAFLD (%) 153 (34.0%) 249 (55.1%) 297 (65.7%) ≤0.001

Hypertension (%) 246 (51.6%) 244 (50.9%) 258 (53.9%) 0.64

Diabetic Retinopathy (%) 153 (32.2%) 134 (28.1%) 103 (21.4%) 0.001

Diabetic peripheral Neuropathies (%) 356 (74.7%) 337 (70.6%) 305 (63.6%) 0.001

Diabetic Nephropathies (%) 99 (20.8%) 100 (21.0%) 107 (22.3%) 0.884

Coronary atherosclerotic heart disease (%) 99 (20.8%) 100 (21.0%) 88 (18.3%) 0.526

BMI (kg/m2) 24.50±3.56 25.98±3.60 27.04±4.24 ≤0.001

Albumin (g/L) 39.8 (37.3, 42.2) 40.51 (37.9, 43.1) 41.3 (37.8, 44) ≤0.001

DBIL (umol/L) 2.2 (1.7, 2.9) 2.4 (1.9, 3) 2.6 (1.9, 3.4) ≤0.001

IBIL (umol/L) 10 (7.9, 12.73) 10.9 (8.6, 13.9) 11.4 (8.7, 15) ≤0.001

ALT (U/L) 14.1 (10.6, 17.9) 18.4 (13.6, 25.0) 26.2 (18.1, 41.15) ≤0.001

AST (U/L) 17 (14.3, 20.8) 18.45 (15.03, 22.5) 22.6 (17.9, 33.9) ≤0.001

GGT (U/L) 14.8 (12.6, 17.9) 24.35 (20.9, 28.88) 48.3 (35.95, 75.2) ≤0.001

BA (umol/L) 2.93 (1.78, 4.86) 2.89 (1.94, 4.81) 3.27 (2.14, 4.97) 0.041

HbA1c (%) 8.4 (6.9, 10.43) 8.7 (7.4, 10.58) 8.85 (7.5, 10.4) 0.023

FBG (mmol/l) 7.45 (5.8, 10.09) 8.42 (6.49, 11.32) 9.06 (7.06, 11.75) ≤0.001

TC (mmol/L) 4.66 (3.9, 5.46) 4.65 (3.88, 5, 45) 4.68 (3.84, 5.56) 0.689

TG (mmol/L) 1.06 (0.8, 1.46) 1.46 (1.05, 2.09) 1.99 (1.37, 3.18) ≤0.001

HDL-C (mmol/L) 1.16 (1.01, 1.36) 0.98 (0.86, 1.15) 0.91 (0.78, 1.08) ≤0.001

LDL-C (mmol/L) 2.97 (2.42, 3.52) 3.06 (2.48, 3.65) 3.01 (2.47, 3.66) 0.385

UA (mmol/L) 272.4 (225.3, 322.7) 307.15 (250.73, 358.98) 334.3 (269.65, 400.8) ≤0.001

TYG-BMI 215.57 (190.76, 239.47) 239.2 (216.62, 263.35) 259.83 (231.53, 288.95) ≤0.001
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Table 3 Spearman Correlation of GGT/HDL or TYG-BMI with Potential MAFLD Risk Factors

All Patients All Patients

TYG-BMI GGT/HDL TYG-BMI GGT/HDL

r p r p r p r p

Age −0.322 ≤0.001 −0.270 ≤0.001 GGT 0.377 ≤0.001 0.921 ≤0.001

DM course (years) −0.231 ≤0.001 −0.247 ≤0.001 BA −0.028 0.305 0.075 0.006

BMI (kg/m2) 0.862 ≤0.001 0.289 ≤0.001 HbA1c (%) 0.146 ≤0.001 0.078 0.005

Albumin 0.214 ≤0.001 0.143 ≤0.001 FBG (mmol/l) 0.384 ≤0.001 0.193 ≤0.001

DBIL −0.052 0.06 0.174 ≤0.001 TC (mmol/L) 0.212 ≤0.001 −0.006 0.818

IBIL 0.098 ≤0.001 0.162 ≤0.001 TG (mmol/L) 0.667 ≤0.001 0.448 ≤0.001

ALT 0.273 ≤0.001 0.509 ≤0.001 HDL-C (mmol/L) −0.252 ≤0.001 −0.442 ≤0.001

AST 0.122 ≤0.001 0.370 ≤0.001 LDL-C (mmol/L) 0.167 ≤0.001 0.032 0.238

UA (mmol/L) 0.286 ≤0.001 0.273 ≤0.001 TYG-BMI – – 0.416 ≤0.001

GGT/HDL 0.416 ≤0.001 – –

Table 4 Logistic Regression Analysis of GGT/HDL for MAFLD in Patients with T2DM

Outcomes Model 1 Model 2 Model 3

OR (95% CI) p OR (95% CI) HR (95% CI) OR (95% CI) HR (95% CI)

GGT/HDL

Q1 Ref Ref Ref

Q2 2.381 (1.819, 3.116) <0.001 2.02 (1.477, 2.762) <0.001 1.818 (1.296, 2.548) 0.001

Q3 3.72 (2.825, 4.898) <0.001 2.436 (1.747, 3.395) <0.001 1.848 (1.235, 2.765) 0.003

P for trend 0.001 0.002 0.001

Notes: Model 1: crude model; Model 2: adjusted for sex, age, BMI, DM course, drinking, smoking; Model 3: further adjusted for hypertension, albumin, TC, TG, LDL, IBIL,
DBIL, AST, ALT, BA, UA, FBG, HbA1C.

Table 5 Logistic Regression Analysis of GGT/HDL for MAFLD in T2DM Patients with BMI >23kg/m2

Outcomes Model 1 Model 2 Model 3

OR (95% CI) p OR (95% CI) HR (95% CI) OR (95% CI) HR (95% CI)

GGT/HDL

Q1 Ref Ref Ref

Q2 2.081 (1.518, 2.851) <0.001 2.066 (1.471, 2.902) <0.001 1.746 (1.2, 2.542) 0.004

Q3 2.958 (2.15, 4.071) <0.001 2.555 (1.786, 3.656) <0.001 1.584 (1.018, 2.465) 0.041

P for trend <0.001 <0.001 0.013

Notes: Model 1: crude model; Model 2: adjusted for sex, age, BMI, DM course, drinking, smoking; Model 3: further adjusted for hypertension, albumin, TC, TG, LDL, IBIL,
DBIL, AST, ALT, BA, UA, FBG, HbA1C.
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51.6% for the model (Figure 2A). As shown in Figure 2B, in the T2DM patients with BMI≥23kg/m2, mediation analysis
indicated that GGT/HDL had a significant direct effect on MAFLD prevalence (β =0.0033, 95% CI: 0.001—0.0066), and
TYG-BMI partly mediated the indirect impact of GGT/HDL on NAFLD incidence (β =0.0019, 95% CI: 0.005—0.0045).
A mediated percentage of 36.5% for the model.

Discussion
The present analyses showed that T2DM patients with MAFLD were at a higher level of GGT/HDL. Through correlation
analysis, we found a significant correlation between the level of GGT/HDL and ALT, AST, TYG-BMI in T2DM patients
with MAFLD. To improve the power to discriminate the risk of MAFLD prevalence, patients with T2DM were divided
into three groups according to the tertile of GGT/HDL: Q1 (lowest), Q2, Q3 (highest). And we found that the prevalence

Table 6 Logistic Regression Analysis of GGT/HDL for MAFLD in T2DM Patients with BMI ≤23kg/m2

Outcomes Model 1 Model 2 Model 3

OR (95% CI) p OR (95% CI) HR (95% CI) OR (95% CI) HR (95% CI)

GGT/HDL

Q1 Ref Ref Ref

Q2 1.958 (0.958, 4.001) 0.065 1.676 (0.77, 3.647) 0.193 1.104 (0.433, 2.815) 0.836

Q3 3.626 (1.748, 7.519) 0.001 3.139 (1.424, 6.919) 0.005 2.238 (0.731, 6.847) 0.158

P for trend 0.002 0.021 0.3

Notes: Model 1: crude model; Model 2: adjusted for sex, age, BMI, DM course, drinking, smoking; Model 3: further adjusted for hypertension, albumin, TC, TG, LDL, IBIL,
DBIL, AST, ALT, BA, UA, FBG, HbA1C.

Table 7 Logistic Regression Analysis of TYG-BMI for MAFLD in Patients with T2DM

B Std. Error Wald P OR 95% CI (OR)

Model 1 0.023 0.002 191.482 <0.001 1.024 (1.02, 1.027)

Model 2 0.022 0.002 147.636 <0.001 1.022 (1.018, 1.026)

Model 3 0.02 0.002 93.912 <0.001 1.02 (1.016, 1.024)

Notes: Model 1: crude model; Model 2: adjusted for sex, age, DM course, drinking, smoking; Model 3: further adjusted for hypertension, albumin, TC, HDL, LDL, IBIL, DBIL,
AST, ALT, GGT, BA, UA, HbA1C.

Figure 2 Mediation of TYG-BMI on the association between GGT/HDL and MAFLD: (A) all T2DM patients; (B) T2DM patients with BMI >23kg/m2.
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of MAFLD in the Q3 group was 1.848 times that of those in the Q1 group. In addition, the prevalence of MAFLD
increased with higher tertile of GGT/HDL, and the association was of statistical significance. According to MAFLD’s
definition of overweight/obesity in Asians1 (BMI > 23kg/m2) consequently, we conducted subgroup analyses according
to BMI groups. Following our results, Feng et al showed that GGT/HDL levels in NAFLD patients were significantly
higher than those in controls.25 They also found GGT/HDL can be considered to predict the prevalence of NAFLD after
adjustment for confounding variables in both normal-weight and overweight Chinese populations. The results of our
study showed that GGT/HDL was an independent risk factor for the prevalence of MAFLD only in T2DM patients with
BMI>23kg/m2, however, this finding was not observed in T2DM patients with BMI ≤23kg/m2. We also found that our
patients with MAFLD had worse glycemic and lipid control when BMI≥23kg/m2. Several studies have shown that total
GGT activity is associated with NAFLD. Values close to the upper limit of the normal predict the development of T2DM
and metabolic syndrome; these associations are more robust in the obese.26–28 In the context of obesity, GGT activity
could also be a marker of chronic inflammation associated with decreased levels of adiponectin.29 The serum BA levels
of BMI≤23kg/m2 and BMI>23kg/m2 patients were lack of difference in this study. BA-regulated signaling pathways
have emerged as attractive targets for understanding the regulation of hepatic TG metabolism in health and disease and
treating fatty liver disease and associated metabolic disorders, as evident in BA-mediated control of liver TG.30 It needs
to be further studied.

Recently, an international expert consensus statement recommended an updated definition of MAFLD instead of
NAFLD. The most notable and essential differences of the diagnostic criteria between MAFLD and NAFLD31 were the
absence of exclusion of persons with chronic liver disease and alcohol intake,32 and the necessary condition for the
diagnosis of metabolic syndrome.1 MAFLD was considered the manifestation of metabolic syndrome in the liver,
affecting nearly 70% of T2DM patients and almost 80% of patients with metabolic syndrome.33,34 That‘s why T2DM
patients were evaluated in the presented study.

In summary, the inner mechanisms underlying NAFLD are far from being clarified as per.35 Different mechanisms
can be involved. Also, there is convincing evidence that IR was a crucial player in the initiation and progression of
MAFLD.36,37 Furthermore, our results indicated that the effect of the GGT/HDL on MAFLD acted partly through TYG-
BMI. It is well established that TYG-BMI has been previously shown to be a simple, efficient, and clinically useful
surrogate marker of IR.22 According to the research results, TYG-BMI was recommended for investigating IR risk
assessment in clinical practice and epidemiologic studies.38 Hossain et al39 found that elevated GGT may risk developing
NAFLD. Significant correlation between GGT and HOMA-IR after controlling for the confounders. More recent studies
indicated that GGT may be a reliable and straightforward marker of visceral and hepatic fat deposition and that hepatic
fat denaturation can lead to hepatic IR, which can lead to metabolic abnormalities in the long term.15 Much research has
shown a positive correlation between GGT and IR.40–42 Thus, the increase in GGT may be more reflective of
increased IR.

Dyslipidemia is a well-recognized risk factor of MAFLD. In particular, low HDL levels played an essential role in the
existence, development of MAFLD,43–46 suggesting the potential role of IR in mediating this process.47 HDL had anti-
inflammatory, antioxidant, and antithrombotic properties and was associated with IR, dyslipidemia, atherogenic indices,
and obesity.48,49 Simental-Mendía et al found a lower HDL level among patients with MAFLD.50 Alternatively,
a decreased HDL level itself was characteristic of metabolic syndromes,16 Moreover, MAFLD was considered to be
the manifestation of metabolic syndrome in the liver.

It was confirmed that oxidative stress and chronic inflammation were implicated in carcinogenesis and the develop-
ment of MAFLD.23 As a surface enzyme, GGT can cleave extracellular glutathione (GSH), maintain the balance of GSH
in vivo, and play a key role in alleviating the effects of oxidative stress.51 Previous studies showed that GGT was
significantly related to markers of inflammation such as fibrinogen, C-reactive protein, and F2-isoprostanes.52,53 Ortega
et al proposed that the increase of liver fat deposition leads to hepatocyte injury and stimulates the synthesis of GGT.54

These increased levels of GGT enhance free radicals and mitochondrial damage, which can cause severe proinflammation
and oxidative stress. It was pointed out that GGT was regarded as an oxidative stress marker. Recent studies showed that
serum GGT might be useful in oxidative stress estimation,55 Increases in serum GGT activity may respond to oxidative
stress, making increased transport of glutathione into cells, supporting a role of serum GGT in the inflammation and
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oxidative stress. Elevated GGT activity is associated with MS, systemic inflammation, and oxidative stress, and serum
GGT activity is widely used as a sensitive indicator of fatty liver disease, hepatic inflammation, and hepatitis.39,51 MetS
and T2DM were diseases that the structure of gut microbiota can influence. The administration of prebiotics and
probiotics in MetS was accompanied by numerous benefits in improving metabolic parameters such as BMI, insulin
resistance, and inflammation parameters. The quality of the microbial flora also influenced numerous pathophysiological
processes specific to MetS and T2DM (ie, IR, pro-inflammatory status, regulation of blood sugar or appetite).56,57

Accumulating evidence indicated that gut microbial dysbiosis was associated with the pathogenesis of MAFLD,58 which
was related to low-grade inflammation.59 Therefore, GGT/HDL was closely correlated with MAFLD.

There were several potential limitations to the current study. First, as this is a cross-sectional study, causal inferences
about the findings cannot be made. Secondly, the diagnosis of MAFLD was based on ultrasonography and was not
confirmed by a liver biopsy to determine hepatic steatosis and its severity. Third, our sample was limited to Chinese
adults, and it was not clear whether the findings apply to other populations. Despite these limitations, the large, well-
characterized sample size, the use of multiple regression models to adjust for many confounding factors, and the fact that
the GGT/HDL-C ratio is an easy and inexpensive marker with comprehensive application value were essential strengths
of our study.

Conclusion
After adjustments for confounders, elevated GGT/HDL level should be considered as an independent risk factor for
MAFLD only in T2DM patients with BMI>23kg/m2, and TYG-BMI partly mediated the association between GGT/HDL
and MAFLD. However, prospective longitudinal studies are needed to verify this relationship.
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