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Purpose: The correlation between liver enzymes and blood glucose in diabetes mellitus remains unclear. The purpose of present
three-year retrospective study was to explore the association between liver enzymes and glycemia in type 2 diabetes mellitus (T2DM).
Patients and Methods: 2046 participants (non-fatty liver, n=1253; fatty liver, n=793) with T2DM were included in our study. For all
these patients, related basic clinical information, biochemical parameters and liver ultrasonic data were collected. The effects of liver
enzymes on blood glucose levels were analysed by linear and binary logistic regression models.

Results: In the comparative analyses between groups, gamma-glutamyltransferase (GGT) and serum alkaline phosphatase (AKP)
levels increased with glycosylated haemoglobin Alc (HbAlc) concentration, but alanine aminotransferase and aspartate amino-
transferase did not show the same trend. Adjusted for possible confounding factors, the linear regression models indicated the
strong positive correlations between Log;o AKP, Log;o GGT and three blood glucose parameters (fasting glucose, postprandial
glucose, and HbAlc) (all P<0.01). And such correlations were more significant in the subgroups of fatty liver. Multivariate binary
logistic regression showed that the ORs increased by 1.01 times higher per Log;o AKP unit in the highest blood glucose tertile
(P<0.01).

Conclusion: GGT and especially AKP can aggravate hyperglycemia in T2DM patients, which provides new clues for the research
and treatment of T2DM.
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Introduction

Over the last few decades, the number of patients with diabetes has risen unprecedently, and it is predicted that it will increase to
600 million globally by 2035." The consensus is that maintaining blood glucose homeostasis is one of the most important steps in
the treatment of diabetes. The liver is involved in regulating glycemic homeostasis by means of glycogenesis, gluconeogenesis
and etc.” The plasma concentrations of liver enzymes are routinely measured in patients with and without T2DM. Elevated liver
enzyme concentrations may not always indicate hepatitis or excessive alcohol consumption, but they may suggest the existence
of metabolic syndrome.> A meta-analysis,” focusing on the aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) levels, showed that a moderate association existed between an increased risk of T2DM and ALT but not AST. A series of
previous clinical studies have also shown that ALT>® and gamma-glutamyltransferase (GGT)* were independent predictors of
T2DM in the older people® and general population.®” The relationship between liver enzymes and fasting blood glucose (FPG)
was also mentioned in previous studies,® which is, ALT was positively correlated with FPG. However, previous studies have not
mentioned the relationship between entire parameters of liver function and glycemic control indexes, such as postprandial blood
glucose (PBG) and HbA I¢, which can also be used in the diagnosis and glucose monitoring of T2DM.”

The increased hepatic gluconeogenesis and insulin resistance may lead to hyperglycemia. However, it remains uncertain
whether they are associated with liver function parameters. Hence, the efforts to explore the pathogenesis of the relationship
between liver function parameters and glucose metabolism are still needed. The purpose of the present study tried to probe into
whether and to what extent liver function indicators are associated with blood glucose levels in T2DM patients.
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Materials and Methods
Study Population

We collected 2099 medical records and test data of hospitalized T2DM patients for three consecutive years approxi-
mately at the Endocrinology and Metabolism Division of the hospital. The selection criteria were (I) age older than 18
years and (II) T2DM. The exclusion criteria were as follows: (I) diabetic ketosis or other acute complications of diabetes,
(IT) liver or renal dysfunction, (IIT) serious infection, (IV) malignant tumour, (v) gestational diabetes mellitus, and (vi)
history of hepatitis or taking drugs that may cause liver damage in the past three months. After excluding patients without
complete laboratory data (n=46) and with severe liver disease history (n=5) or abnormal liver function parameters
(outliers) (n=2), 2046 patients were eventually enrolled. The present study was approved by the primary registration
institution of the World Health Organization international clinical trial registry (the approval number:
ChiCTR1800017123).

Data Collection
Most data collected in the study were collected and verified by the same person. Body Mass Index (BMI: Kg/m?) = Weight/
Height squared. Blood pressure was measured by a sphygmomanometer (TERUMO-Elemano H5503, Tokyo, Japan).

Laboratory Assays

Basic information of all participants, including age, sex, BMI, hospitalization time, blood pressure, and current
medication status, were collected from the medical history system. Venous blood was drawn for laboratory tests after
8 hours of fasting. Platelet count (PLT) was measured by an XE-2100 automatic hemorheometer (Sysmex, Japan), and
FPG, PBG, albumin, liver enzyme parameters and lipid profiles, were measured using a Beckman Coulter AU680 system
(Brea, USA). Serum insulin and C-peptide concentrations were determined by chemiluminescence using Abbott
ARCHITECT i2000sr (Illinois, USA), and HbAlc was measured by HPLC (MQ-2000PT, Medconn, Shanghai. The
normal liver enzyme reference ranges used for this study were as follows: GGT: 0-38 U/L; ALT: 1049 U/L; AST: 0-34
U/L; and AKP: 46-116 U/L.

Definition
The diagnosis of nonalcoholic fatty liver disease (NAFLD): (I) elevated ALT and/or AST; (II) no alcohol abuse. Women and
men did not exceed the weekly alcohol intake 70 g and 140 g respectively; (I1I) B-ultrasound: The experienced ultrasonol-
ogists performed abdominal ultrasonographic examinations, and the ultrasonographic diagnostic criteria included hepatic and
renal echo discrepancy, as well as increased and bright liver echogenicity;'® (IV) the subjects suffered hepatic diseases by
other causes including alcohol, virus, drug, autoimmune, cholestasis or heredity were excluded. All patient were diagnosed as
T2DM in accordance with the diagnostic criteria of the American Diabetes Association. Homeostasis model assessment of
insulin resistance (HOMA-IR) was assessed by a formula: (mmol/LxpU/mL) = [FPG (mmol/I)]X[FINS (uU/mL)]/22.5. In
addition, we introduced two indicators, NAFLD fibrosis score (NFS)'! and fatty liver index (FLI),'? to assess the degree of
fatty liver and hepatic fibrosis, respectively. NFS=—1.675+ 0.037xage(y)+0.094 xBMI (kg/m*)+1.13xIFG or diabetes
(yes=1, no=0)+0.99xAST/ALT ratio-0.013xPLT(x109/L)-0.66x albumin (g/dl), <-1.455, absence of significant fibrosis;
—1.455-0.676, uncertain; >0.676, presence of significant fibrosis.'!

FLI=(Exp 0.953xIn (TG (mmol/L))+0.139xBMI (kg/m2)+0.718%In (GGT (U/L))+0.053xWC (cm)-15.745)/(1 + Exp
0.953%In (TG (mmol/L))+0.139xBMI (kg/m2)+0.718%In (GGT (U/L))+0.053xWC (cm)-15.745)x100, <30, absence of
significant hepatic steatosis, 30—60, uncertain; >60, presence of significant hepatic steatosis.'>

Statistical Analysis

Data analysis was performed by SPSS version 24.0 (SPSS Inc., Chicago, IL, USA). Whether continuous variables were
normally distributed should be tested by Shapiro-Wilk test. The results showed that all continuous variables in this study
were non-normally distributed. Hence, in this study, they were represented by medians (25-75 percentiles). The
differences between two and more groups were analysed by Kruskal-Wallis and Nemenyi tests, respectively.
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Categorical variables are presented as percentages (%), and chi-square test was employed for differences analysis
between groups. The association between liver enzymes and blood glucose was assessed by logistic and linear regression
analyses. Log;o conversions are performed on the corresponding variable before multiple linear regression. If a variable
changed the blood glucose value by more than 10% by linear regression analysis, the variable would be incorporated into
a confounder as follows in the final model: age, smoking, alcohol, PLT, albumin, TC, LDL, FLI and NFS. The results of
linear regression models were expressed as a non-standardized coefficient B (95% CI). Univariate and multivariate binary
logistic regression analyses were conducted to estimate the odds ratios (ORs) of high tertiles of FPG (>8.40 mmol/L),
PBG (>13.20 mmol/L) and HbAlc (>9.60 mmol/L). All analyses were two-sided, and P<0.05 indicated significant
difference.

Results

Clinical Characteristics of the Participants

In total, 2046 patients with T2DM participated in the study. In non-fatty liver (n=1253) and fatty liver groups (n=793),
GGT were 21.00 (15.00-31.00) U/L and 29.00 (20.00—45.00) U/L (P=0.000), ALT were 17.00 (13.00-24.00) U/L and
23.00 (16.00-34.00) U/L (P=0.000), AST were 18.00 (15.00-22.00) U/L and 21.00 (17.00-27.00) U/L (P=0.000) and
AKP were 73.00 (59.00-89.00) U/L and 76.00 (63.00-92.00) U/L (P=0.001), respectively. All variables were grouped
according to HbAlc quartiles: Q1 (3.90-7.30%, n=547), Q2 (7.30-8.50%, n=479), Q3 (8.50-10.20%, n=524), and Q4
(10.20-17.70%, n=495), and an interquartile comparison was performed, as shown in Table 1. For all the participants, no
statistical differences were found among the HbAlc quartiles of the sex, alcohol and SBP etc. Compared with those in
the low-level HbAlc group (Q1), DBP, PLT, FPG, PBG, GGT, AKP, TC, TG and LDL in the other three groups (Q2, Q3
and Q4) were significantly increased, while NFS, FINS, FCP, PINS, PCP, ALB and HDL levels were significantly
decreased.

Association of Liver Enzymes (Independent Variables) and Blood Glucose (Dependent
Variable)

The results of Table 2 from multiple linear regression methods show the correlation between liver enzymes and blood
glucose parameters. In the models adjusted for age, smoking, alcohol, PLT, albumin, TC, LDL, FLI and NFS, Log;o GGT
and Log;o AKP were significantly positively related with Log;o FPG, Log;o PBG and Log;o HbAlc (all P<0.01) in all
patients, but no similarly correlation between ALT, AST and blood glucose parameters was observed.

To further explore the relationship between GGT, AKP and blood glucose, we analyzed the correlation between the
above two liver enzymes and blood glucose according to different degrees of fatty liver and liver fibrosis (Table 3). Log;q
AKP was positively correlated with Log;o FPG, Log;o PBG and Log;oHbA ¢ in the non-fibrosis groups. Similarly, in the
NFS subgroups, the relationship between Log;o AKP and Log;, HbAlc was more significant in the fatty liver or
suspected fatty liver group, and the relationship between Log;o GGT and blood glucose was more significant as the
degree of fatty liver increased.

Association of Serum GGT and AKP Concentrations (Independent Variables) and

Blood Glucose (Dependent Variable)

As shown as Table 4, FPG, PBG and HbA 1c were divided according to tertiles (FPG: <6.20 mmol/L, 6.20-8.40 mmol/L,
>8.40 mmol/L; PBG: <9.93 mmol/L, 9.93-13.20 mmol/L, >13.20 mmol/L; HbAlc: <7.70 mmol/L, 7.70-9.60 mmol/L,
>9.60 mmol/L). With blood glucose as the dependent variable and age, smoking, alcohol, albumin, during, GGT, ALT,
AST, AKP, TC, TG, HDL, LDL, FLI and NFS as the independent variables, univariate logistic regression analysis was
performed first, and then multivariate logistic regression analysis was performed by the forward-Wald method. The ORs
were 1.01 times higher for each Log;, unit increase of AKP in the highest FPG, PBG and HbAlc tertiles (all P<0.01),
and GGT, ALT and AST did not show the same trend.
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Table | Characteristics of the Study Population According to Baseline HbAlc Quartiles

QI (3.90-7.30) Q2 (7.30-8.50) Q3 (8.50-10.20) Q4 (10.20-17.70) P
Gender (M/F) 294/253 272/207 3101214 303/192 0.146
Age (y) 65 (58-72) 65 (57-71) 64 (57-71) 62 (52-69) 0.000
BMI (kg/m?) 25.33 (23.18-27.73) 25.67 (23.45-28.02) 25.81 (23.68-28.00) 25.20 (22.86-27.50) 0.025
Smoking (%) 279 325 372 36.4 0.026
Years 30 (2040) 30 (2040) 30 (20-40) 30 (2040) 0.091
Quantity/n/day 20 (10-29) 20 (10-24) 20 (10-28) 20 (10-26) 0.559
Alcohol (%) 18.3 17.3 21.8 18.6 0.451
Years 30 (2040) 30 (2040) 30 (20-40) 20 (20-30) 0.027
Quantity/g/day 200 (50-500) 200 (50-500) 200 (50—400) 200 (100-500) 0.958
Fatty liver (%) 33.8 42.5 41.9 379 0.013
wcC 92 (85-100) 93 (87-100) 93 (88-100) 90 (84-99) 0.029
During (y) 10 (5-16) 12 (7-18) Il (7-18) 8 (2-15) 0.000
SBP (mmHg) 135 (124-147) 136 (126-148) 136 (125-150) 135 (123-148) 0.154
DBP (mmHg) 75 (68-83) 77 (69-84) 76 (69-83) 78 (70-86) 0.009
PLT (x10°/L) 189 (157-221) 190 (158-229) 194 (158-228) 199 (167-235) 0.020
FLI 2.73 (1.24-5.94) 3.17 (1.58-5.45) 3.66 (1.84-7.66) 3.07 (1.39-7.58) 0.008
NFS 0.17 (—0.52-0.92) 0.12 (-0.68-0.85) 0.10 (—0.70-0.74) —0.25 (—1.01-0.68) 0.001
Blood glucose and insulin
FPG (mmol/L) 5.90 (5.10-7.00) 6.90 (5.70-8.10) 7.80 (6.10-9.70) 9.70 (7.80-12.40) 0.000
PBG (mmol/L) 10.00 (8.10-11.90) 11.10 (8.98-13.60) 12.50 (10.10-14.70) 13.45 (10.30-16.60) 0.000
HbAIc (mmol/L) 6.70 (6.30-7.10) 7.90 (7.70-8.20) 9.30 (8.90-9.80) 11.50 (10.80-12.70) 0.000
FINS (uU/mL) 9.18 (5.83-14.95) 8.44 (5.18-15.32) 8.70 (4.88-14.59) 6.03 (3.42-10.83) 0.000
FCP (ng/mL) 2.16 (1.52-2.95) 1.82 (1.25-2.54) 1.70 (1.03-2.38) 1.55 (1.03-2.17) 0.000
PINS (pnU/mL) 44.67 (24.41-68.95) 34.19 (18.26-57.81) 25.69 (12.98-47.74) 14.28 (7.25-26.61) 0.000
PCP (ng/mL) 5.88 (3.66-8.27) 4.55 (2.87-6.38) 3.18 (2.08-5.04) 241 (1.63-3.75) 0.000
HOMAIR 2.52 (1.494.18) 2.70 (1.45-5.06) 3.08 (1.55-5.72) 2.71 (1.34-5.02) 0.020
Liver function parameters
Albumin (g/L) 41.00 (38.53—44.00) 41.00 (38.00-43.10) 40.30 (38.00—43.00) 40.00 (37.90—42.00) 0.000
GGT (U/L) 20.00 (15.00-31.00) 22.00 (16.00-34.00) 25.00 (17.00-39.00) 26.00 (19.00-41.00) 0.000
ALT(U/L) 18.00 (13.00-25.00) 19.00 (14.00-28.00) 20.00 (14.00-30.00) 18.00 (13.00-27.00) 0.001
AST (U/L) 19.00 (16.00-24.00) 19.00 (16.00-23.50) 20.00 (16.00-25.00) 18.00 (15.00-23.00) 0.001
AKP (U/L) 69.00 (55.00-84.00) 71.50 (60.00-88.00) 76.00 (61.00-91.75) 80.00 (68.00-98.00) 0.007
TC (mmol/L) 4.25 (3.41-5.09) 4.46 (3.70-5.31) 4.51 (3.77-5.35) 4.96 (4.16-5.83) 0.000
(Continued)
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Table | (Continued).

QI (3.90-7.30) Q2 (7.30-8.50) Q3 (8.50-10.20) Q4 (10.20-17.70) P
TG (mmol/L) 133 (0.96-1.93) 1.49 (1.10-2.21) 1.47 (1.04-2.11) 159 (1.09-2.43) 0.000
HDL (mmol/L) 1.07 (0.91-1.32) 1.07 (0.88-1.29) 1.04 (0.87-1.22) 1.04 (0.88-1.22) 0016
LDL (mmol/L) 2.67 (2.02-3.30) 2.89 (2.28-3.53) 2.93 (2.37-3.63) 3.29 (2.63-3.96) 0.000

Notes: Non-normally distributed variables are expressed as medians and interquartile ranges; categorical variables are expressed as n and %. The P value is for the
interquartile comparison.

Abbreviations: HbAlc, glycosylated haemoglobin; BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; PLT,
platelets; FLI, fatty liver index; NFS, NAFLD fibrosis score; FPG, fasting blood glucose; PBG, postprandial blood glucose; FINS, fasting insulin; FCP, fasting C-peptide; PINS,
postprandial insulin; PCP, postprandial C-peptide; HOMA-IR, homeostatic model assessment-insulin resistance; GGT, gamma-glutamyltransferase; ALT, alanine aminotrans-
ferase; AST, aspartate aminotransferase; AKP, serum alkaline phosphatase; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density
lipoprotein.

Table 2 Association of the Liver Enzymes (Independent Variables) and Blood Glucose (Dependent Variable) According to Multiple
Linear Regression Analysis

Logio GGT Log,o AKP Log,o ALT Log,o AST
B (95% CI) P B (95% CI) P B (95% CI) P B (95% CI) P
Model | Log,o FPG 0.12 (0.10, 0.14) 0.000 | 0.21 (0.16, 0.26) 0.000 | 0.08 (0.05, 0.11) 0.000 | 0.00 (—0.04, 0.04) 0.959
Log,o PBG 0.10 (0.07, 0.12) 0.000 | 0.15 (0.10, 0.20) 0.000 | 0.08 (0.05, 0.11) 0.000 | 0.08 (0.05, 0.13) 0.000
Log o HbAIc 0.05 (0.03, 0.06) 0.000 | 0.15(0.12, 0.18) 0.000 | 0.0l (—0.01, 0.03) 0.381 —0.03 (-0.05, 0.00) 0.045
Log;o HOMA-IR 0.30 (0.23, 0.36) 0.000 | 0.12 (—0.02, 0.27) 0.103 0.40 (0.32, 0.48) 0.000 | 0.37 (0.26, 0.49) 0.000
Model 2 Log,o FPG 0.11 (0.08, 0.14) 0.000 | 0.20 (0.14, 0.26) 0.000 | 0.07 (0.03, 0.10) 0.000 | 0.02 (—0.03, 0.07) 0.399
Logo PBG 0.10 (0.07, 0.12) 0.000 | 0.14 (0.09, 0.20) 0.000 | 0.08 (0.05, 0.12) 0.000 | 0.10 (0.05, 0.14) 0.000
Log o HbAIc 0.04 (0.02, 0.06) 0.000 | 0.15(0.12, 0.19) 0.000 | —0.01 (-0.03,0.02) | 0.621 —0.02 (-0.05, 0.01) 0.290
Log;o HOMA-IR 0.31 (0.23, 0.39) 0.000 | 0.13 (—0.05, 0.31) 0.155 0.46 (0.37, 0.56) 0.000 | 0.44 (0.30, 0.58) 0.000
Model 3 Log|o FPG 0.05 (0.02, 0.09) 0.004 | 0.14 (0.07, 0.20) 0.000 | 0.02 (—0.03, 0.06) 0.493 —0.03 (—0.08, 0.03) 0.345
Log,o PBG 0.08 (0.04, 0.11) 0.000 | 0.11 (0.05, 0.18) 0.001 0.07 (0.03, 0.12) 0.003 0.07 (0.01, 0.12) 0.017
Log o HbAIc 0.04 (0.01, 0.06) 0.003 0.12 (0.08, 0.16) 0.000 | —0.02 (-0.05, 0.02) 0.325 | 0.00 (—0.04, 0.04) 0.984
Log;o HOMA-IR 0.16 (0.06, 0.27) 0.003 0.07 (-0.13, 0.27) 0.510 | 0.53 (0.39, 0.66) 0.000 | 0.28 (0.12, 0.45) 0.001

Notes: : unstandardized coefficient ; Model I: unadjusted; Model 2: adjusted for age, smoking and alcohol; Model 3: model 2 plus platelets, albumin, TC, LDL, fatty liver
index and NAFLD fibrosis score.

Discussion

The present retrospective study identified that blood glucose was significantly correlated with liver enzymes, including
the concentrations of GGT and AKP. More importantly, compared with GGT, the relationships between the levels of
FPG, PBG, HbAlc, HOMA-IR and the concentration of AKP were independent and significant. In addition, we found
that the relationship between the two liver enzymes and blood glucose was somewhat correlated with the extent of fatty
liver and liver fibrosis in T2DM. In addition, such trend was more pronounced in T2DM patients with fatty liver.

The liver participates in regulation of glycemic homeostasis because hepatic glucose production accounts for 79% of
endogenous glucose production in the fasting state'* and is responsible for metabolizing the equivalent of 60-65% of the
oral glucose load;'* therefore, we are concerned about the relationship between liver function parameters and blood
glucose concentrations. As a series of indicators, AST, ALT, GGT and AKP are important common parameters reflecting
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Table 3 Association of the Serum GGT and AKP Concentrations (Independent Variables) and Blood Glucose (Dependent Variable)

According to Different Degrees of Fatty Liver and Liver Fibrosis

Logo GGT Log,;o AKP
B (95% CI) P B (95% CI) P

FLI

<30 Logo FPG 0.05 (0.01, 0.09) 0.013 0.13 (0.06, 0.20) 0.000
Logo PBG 0.07 (0.03, 0.11) 0.000 0.10 (0.03, 0.17) 0.003
Logio HbAIc 0.04 (0.02, 0.07) 0.001 0.12 (0.07, 0.16) 0.000
Logo HOMA-IR 0.05 (-0.07, 0.17) 0.406 0.02 (-0.18, 0.22) 0.817

30-60 Logo FPG 0.30 (—0.06, 0.66) 0.094 —0.05 (-0.10, 0.90) 0911
Log|o PBG 0.37 (0.01, 0.73) 0.044 0.19 (-0.80, 1.19) 0.669
Logio HbAIc 0.00 (-0.23, 0.22) 0.977 0.19 (-0.29, 0.67) 0.384
Logo HOMA-IR 0.19 (-0.90, 1.29) 0.698 —1.66 (—3.76, 0.44) 0.108

>60 Logo FPG _ _ _ _
Log o PBG _ _ _ _
Log o HbAIc _ _ _ _
Log;o HOMA-IR _ _ _ —_

NFS

<-1.455 Log|o FPG 0.04 (-0.11, 0.18) 0.607 0.03 (-0.02, 0.08) 0.197
Logo PBG 0.08 (-0.06, 0.22) 0.244 —0.01 (-0.06, 0.03) 0.580
Logio HbAIc —0.02 (-0.11, 0.08) 0.011 0.01 (0.00, 0.02) 0.014
Logo HOMA-IR 0.12 (-0.02, 0.25) 0.083 —0.02 (-0.07, 0.03) 0.453

—1.455-0.676 Logo FPG 0.05 (0.01, 0.10) 0.030 0.03 (0.01, 0.04) 0.003
Log|o PBG 0.04 (-0.01, 0.08) 0.131 0.02 (0.00, 0.04) 0.033
Logio HbAIc 0.04 (0.01, 0.07) 0.011 0.01 (0.00, 0.02) 0.014
Logo HOMA-IR 0.12 (-0.02, 0.25) 0.083 —0.02 (-0.07, 0.03) 0.453

>0.676 Logo FPG 0.06 (0.00, 0.13) 0.050 0.00 —(0.06, 0.07) 0.947
Log|o PBG 0.12 (0.06, 0.18) 0.000 —0.01 (-0.07, 0.05) 0.746
Log;o HbAIC 0.05 (0.01, 0.09) 0.016 0.07 (0.03, 0.11) 0.000
Log;o HOMA-IR 0.19 (-0.02, 0.39) 0.071 —0.15 (—0.35, 0.06) 0.169

Note: Models were adjusted for age, smoking, alcohol, platelets, albumin, TC and LDL.

the basic liver function status, and their changes can reflect the extent of hepatocytic damage.'> Therefore, we focused on
these four parameters in this study.

In this study, we found that GGT and AKP were positively correlated with blood glucose levels in T2DM patients,
while ALT and AST were not significantly correlated. A Mendel randomized study based on the Korean population also
concluded that GGT was positively related with the risk of diabetes.'® However, reports from Europe indicated no
significant causal association between GGT,'”'® AKP'® and T2DM. In addition, previous meta-analyses, prospective
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Table 4 Association of the Serum Liver Enzymes Concentrations (Independent Variables) and Blood Glucose (Dependent Variable)
According to Binary Logistic Regression Analysis

Covariate Univariate Analysis Multivariate Analysis
FPG T3 PBG T3 HbAIc T3 FPG T3 PBG T3 HbAIc T3
B (95% CI) P p(95%cCl) | P p(95%Cly | P p(95%Cl) | P p(95%Cl) | P p(95%Cl) | P
Age (y) 0.97 (0.97, 0.000 | 0.99 (0.98, 0.042 | 0.98 (0.97, 0.000 | 0.98 (0.97, 0.025 0.98 (0.97, 0.029
0.98) 1.00) 0.99) 1.00) 1.00)
Smoking 1.44 0.002 | 1.47 (1.17, 0.001 | 1.24 (0.98, 0.071
(1.14,1.80) 1.83) 1.57)
Albumin (g/L) 1.02 (0.99, 0.138 | 1.01 (0.98, 0.728 | 0.94 (0.91, 0.000 0.90 (0.86, 0.000
1.05) 1.03) 0.97) 0.94)
During (y) 0.98 (0.97, 0.000 | 0.99 (0.98, 0.024 | 0.97 (0.96, 0.000 0.98 (0.96, 0.019
0.99) 1.00) 0.98) 1.00)
GGT (UL 1.01 (1.00, 0.000 | I.01 (l.01, 0.000 | .01 (1.00, 0.001
1.01) 1.01) 1.01)
ALT(U/L) 1.01 (1.00, 0.000 | 1.0l (1.00, 0.001 | 1.00 (1.00, 0.089
1.01) 1.01) 1.01)
AST (U/L) 1.00 (0.99, 0.825 | 1.0l (1.00, 0.006 | 1.00 (0.99, 0.670
1.01) 1.02) 1.01)
AKP (U/L) 1.01 (1.01, 0.000 | I.0l (l.01, 0.000 | 1.0l (.01, 0.000 | 1.01 (1.00, 0.003 | 1.0l (1.00, 0.001 | 1.0l (L0I, 0.000
1.02) 1.02) 1.02) 1.01) 1.02) 1.02)
TC (mmol/L) 1.31 (1.22, 0.000 | 1.20 (1.12, 0.000 | 1.29 (1.20, 0.000
1.41) 1.29) 1.38)
TG (mmol/L) 125 (1.17, 0.000 | .10 (1.05, 0.000 | 1.09 (1.04, 0.000 | 1.18 (1.04, 0.01
1.32) 1.16) 1.14) 1.34)
HDL (mmol/L) | 0.74 (0.55, 0.042 | 0.90 (0.67, 0.458 | 0.80 (0.60, 0.134
0.99) 1.20) 1.07)
LDL (mmol/L) 1.44 (1.31, 0.000 | 1.29 (1.17, 0.000 | .51 (1.37, 0.000 | 1.92 (1.22, 0.005
1.58) 1.42) 1.67) 3.04)
FLI 1.02 (1.00, 0.010 | 1.02 (l.01, 0.003 | 1.0l (0.99, 0.499
1.03) 1.03) 1.02)
NFS 0.75 (0.68, 0.000 | 0.98 (0.89, 0.657 | 0.83 (0.75, 0.000
0.83) 1.08) 0.92)

Notes: FPG high tertile (FPG T3): >8.40 mmol/L; PBG high tertile (PBG T3): >13.20 mmol/L, HbAIc high tertile (HbAlc T3): >9.60 mmol/L. Regression method for
multivariate analysis, forward: Wald.
Abbreviation: T, tertiles.

study, and Mendelian randomization studies have shown that ALT'®'* and AST'® were positively associated with the risk
of T2DM in Western (mainly European) populations. But a previous meta-analysis of 2729 studies involving 60,359
participants and 3890 T2DM patients reported that AST did not increase the risk of T2DM,* and another Mendel
randomized study based on a Chinese population showed no significant association between ALT and blood glucose
levels.® We believe that the reasons for the inconsistent results may be the inconsistencies of the study population and the
interference of confounding factors that cannot be excluded (such as dietary habits and bad living habits), and the failure
to assess and correct the degree of fatty liver and liver fibrosis of each subject.
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Increased GGT Concentrations in Patients with Dysglycemia

GGT is an important defender of cellular oxidation, responsible for extracellular catabolism of antioxidant glutathione
(GSH), and maintains intracellular GSH concentration.”* Multiple studies have shown that GGT is a promising predictor
of T2DM and a useful additional measure in discerning those at risk of diabetes,” "*' In addition, this study found that
the positive correlation between GGT and blood glucose was more significant in patients with fatty liver, hence we
speculate that the relationship between GGT and blood glucose is likely mediated by fatty liver.'* In addition, there are
two possible explanations for the strong association between GGT concentrations and hyperglycemia. First, we hypothe-
sized that the positive correlation between GGT and blood glucose might be associated with oxidative stress, a common
pathological condition in hyperglycemia,?* and previous studies have indicated that it is directly involved in reactive
oxygen species generation.”> Furthermore, GGT exists widely in human organ systems, including the kidney, pancreas,
brain, and male reproductive systems,?* and it may be leaked into the serum because of normal cell turnover and cellular

stress.”

Increased AKP in Patients with Hyperglycemia

In the HbAlc quartile, AKP levels increased with increasing HbAlc. The results of linear and logistic regression
analyses also showed that AKP was significantly positively related with blood glucose and HOMA-IR. In addition, such
relation was more significant than that between GGT and blood glucose. Although the biological mechanisms of the
association between AKP and glucose regulation are unclear, several possibilities exist (Figure 1A). AKP is a membrane-
bound glycoprotein that catalyses the hydrolysis of phosphate monoesters and is divided into four isozymes [ie, intestinal
AKP (IAP), placental AKP (PLAP), germ cell AKP (GCLAP) (tissue-specific AKP; TSAP) and liver/bone/kidney AKP
(tissue nonspecific AKP; TNAP)].*® In the intestine, FAT/CD36, a phosphorylated fatty acid translocase, is involved in
promoting the transport of long-chain fatty acid (LCFA) into intestinal epithelial cells. Increased IAP leads to FAT/CD36
dephosphorylation and increases uptake of LCFA in the small intestine, which may exacerbate lipid metabolism disorders
and insulin resistance in T2DM patients (Figure 1C).*° The present study also indicated that the positive correlation
between AKP and blood glucose was more obvious in the patients with type 2 diabetic fatty liver, which could further
explain why elevated AKP might lead to increase of blood glucose through the effect on lipid metabolism. TNAP
elevates blood glucose levels by hydrolysing ATP, ADP, AMP, glucose-1-phosphate, glucose-6-phosphate (G-6-P),
fructose-6-phosphate (F-6-P), B-glycerophosphate, and other intermediate and terminal products of glucose metabolism

(Figure 1B), and there may be a negative feedback mechanism that elevates TNAP as well.?’

Thus, we hypothesized that
hyperglycemia might lead to more glucose entering the glycolysis process, leading to elevate intermediates and TNAP
for the hydrolysis of glycolytic intermediates and ATP. In contrast, during the synthesis of hepatic glycogen from glucose
(GLU — G-6-P — UDP-GLU — glycogen),'* G-6-P, as a key intermediate, can be hydrolysed by AKP, resulting in both
glucose not being successfully transformed into glycogen and stored in the liver and the loss of homeostasis in the
peripheral blood glucose concentration. In addition, due to the positive correlation between AKP concentration and
HOMA-IR, we speculate that AKP is likely to act on insulin to affect blood glucose level (Figure 1D). Previous studies
have found that after insulin binds to the insulin receptor, it can activate the receptor’s intrinsic tyrosine kinase activity
and phosphorylate the tyrosine residues of the IRS (insulin receptor substrates) protein, thereby activating the mitogen-
activated protein kinases (MAPK), phosphatidylinositol 3-kinase (PI3K) and Cbl-associated protein/Cbl (CAP/Cbl)
signalling pathways. When PI3K binds to tyrosine-phosphorylated IRS, it motivates the production of phosphatidylino-
sitol-3,4,5-trisphosphate, which promotes glucose transport and glycogen synthesis. The CAP/Cbl pathway can also
regulate glucose transport by activating the GTP-binding protein TC10, thereby regulating blood glucose levels.”® Due to
the dephosphorylation of AKP,?’ the tyrosine residue of IRS is dephosphorylated, and its downstream signalling pathway
cannot be activated normally, thus inhibiting glucose transport and glycogen synthesis, resulting in an increase in blood
glucose levels. On the other hand, several common diseases, including bone disease and/or high glomerular filtration
rate,”” may account for the elevated serum AKP levels in T2DM patients. Although we observed a correlation between
AKP and blood glucose, the causal relationship between them still needs to be further investigated.
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Figure | Interaction between elevated AKP concentrations and hyperglycemia (created with BioRender.com). (A) Persistent hyperglycemia will cause complications, such as
cardiovascular disease, chronic kidney disease, osteoporosis, and pathological changes, including endothelial dysfunction, inflammation, oxidative stress and lipid and bone
metabolism disorders, ultimately increasing AKP levels. (B) Normal aerobic oxidation and glycolysis in glucose metabolism. In the setting of hyperglycemia, increases in the
AKP concentration can accelerate the hydrolysis of G-6-P, F-6-P, ATP, ADP, and other intermediate products of glucose metabolism, thereby accelerating the decomposition
of glucose; this is a possible regulatory mechanism for elevating blood glucose level. (C) IAP and lipid metabolism. Dephosphorylation of the FAT/CD36 complex can
promote LCFA entering the small intestine epithelial cells, thereby promoting fat absorption and metabolism, and IAP can accelerate this dephosphorylating process, leading
to the overabsorption of fat, disorders of lipid metabolism and even promotion of fatty liver, and resulting in further aggravating the patient’s IR. Eventually, the blood glucose
concentration cannot be adjusted to a normal level. (D) Through normal insulin signaling pathway, AKP may dephosphorylate the Tyr-phosphorylated insulin receptor
substrates, leading to the failure of normal activation of PI3K and CAP/Cbl signalling pathways, thus inhibiting glucose transport and glycogen synthesis, causing the increase
of blood glucose level.

Abbreviations: |AP, intestinal alkaline phosphatase; TNAP, tissue nonspecific alkaline phosphatase; LCFA, long-chain fatty acid; IRS, insulin receptor substrates.

Conclusion

A novel finding of the present work is the exact association between blood glucose (FPG, PBG, and HbA1c¢) and elevated
GGT and AKP, which suggests that GGT and AKP may be new indicators of whether the control of FPG, PBG, and
HbAlc in T2DM patients is effective. However, specific monitoring and prediction capabilities require further research.
This study may alert clinicians to these phenomenons and highlight the importance of the hepatic function monitoring
and adjustment in diabetic patients. We logically speculate that early detection of liver disease or abnormal liver enzyme
indexes, especially AKP and GGT, and appropriate follow-up and intervention are beneficial to the control of blood
glucose in T2DM patients.
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The present research has some important limitations. Incomplete information regarding some complications was due
to the retrospective study rather than a prospective one. Additionally, because of the limited sample size and only
a retrospective study, from the study, we cannot confirm whether these patients had liver damage before developing
T2DM. Admittedly, at the first clinic visit, the patients’ slight complaints for their hepatic diseases might be ignored by
endocrinologists, but these related data could provide clues about the liver function alterations in the T2DM subjects.
Finally, some covariates, such as vitamin D, glomerular filtration rate and parathyroid hormone, were not available.
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