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Background: The prevalence of diabetes mellitus (DM) in Taiwan between
2017 and 2020 was 11.05%, which is higher than the global prevalence
(10.5%). Previous studies have shown that patients with DM have higher liver
enzyme levels than those without DM. However, it is unclear whether there
are sex differences in the association between incident DM and liver function.
Therefore, the aim of this longitudinal study was to investigate this issue in a
large Taiwanese cohort.

Methods: We identified 27,026 participants from the Taiwan Biobank, and
excluded those with baseline DM (n = 2,637), and those without follow-up
data on DM, serum fasting glucose or glycosylated hemoglobin Alc (n = 43).
The remaining 24,346 participants (male: 8,334; female: 16,012; mean age
50.5 £ 10.4 years) were enrolled and followed for a median of 4 years.

Results: Of the enrolled participants, 1,109 (4.6%) had incident DM and
23,237 (95.4%) did not. Multivariable analysis showed that high levels
of glutamic-oxaloacetic transaminase (AST) (p < 0.001), glutamic-pyruvic
transaminase (ALT) (p < 0.001), albumin (p = 0.003), «-fetoprotein (p = 0.019),
and gamma-glutamyl transpeptidase (GGT) (p = 0.001) were significantly
associated with incident DM in the male participants. In comparison, high levels
of AST (p = 0.010), ALT (p < 0.001), albumin (p = 0.001) and GGT (p < 0.001),
and low total bilirubin (p = 0.001) were significantly associated with incident
DM in the female participants. There were significant interactions between total
bilirubin and sex (p = 0.031), and GGT and sex (p = 0.011) on incident DM.

Conclusion: In conclusion, liver function parameters were significantly
associated with incident DM. Further, there were differences in the associations
between the male and female participants.
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Introduction

Diabetes mellitus (DM) is a heterogeneous group of
disorders characterized by hyperglycemia (1). Type 2 is the most
common form of DM, and is cause by multiple pathophysiologic
abnormalities. While insulin resistance in muscle/liver and -
cell failure remain the core defects, dysfunction of adipocytes,
gastrointestinal tract, a-cells, kidney, and brain had also
been found to be important in development of glucose
intolerance in Type 2 DM population which form the
concept of ominous octet (2). The International Diabetes
Federation Diabetes Atlas estimated that the global prevalence
of DM in people aged 20-79 vyears in 2021 was 10.5%
(536.6 million people) (3). According to the Taiwan Health
Promotion Administration, the prevalence of DM in Taiwan
between 2017 and 2020 was 11.05%, which is higher than the
global prevalence (10.5%) (4). Common risk factors for DM
include overweight or obesity, high-risk race/ethnicity, history
of cardiovascular disease, hypertension, physical inactivity,
smoking and aging (5). The complications associated with
DM include microvascular (diabetic nephropathy, neuropathy,
and retinopathy), macrovascular (coronary artery disease,
cerebrovascular disease), and miscellaneous types (6). The global
diabetes-related health expenditure was estimated to be USD 966
billion in 2021 (3), highlighting the importance of detecting the
potential risk factors for DM.

Liver function parameters could be classified to 3 main
categories according to their functions: (1) Detection of
hepatocellular injury such as glutamic-oxaloacetic transaminase
(AST), glutamic-pyruvic transaminase (ALT) and gamma-
glutamyl transpeptidase (GGT); (2) Liver’s biosynthetic capacity
such as albumin and a-fetoprotein (AFP); (3) Liver’s capacity
of transportation of the organic anions and to metabolize
drugs such as total serum bilirubin (7). In the first category,
detection of hepatocellular injury, marked elevations in ALT
levels suggest hepatocellular injury such as viral hepatitis,
ischemic liver injury and toxin-induced liver damage (8). AST
is present in a wide variety of tissues including the heart,
skeletal muscle, kidney, brain and liver, however it is not as
sensitive as ALT to detect hepatocellular injury (9). In addition,
an elevated GGT level may indicate liver diseases such as
acute viral hepatitis, chronic hepatitis C and non-alcoholic
fatty liver disease (NAFLD) (10), however it may also indicate
the presence of non-liver diseases such as uncomplicated DM,
acute pancreatitis and myocardial infarction (11). In the second
category, liver’s biosynthetic capacity, albumin is synthesized
in the liver and it is one of the most important proteins
in plasma. Since albumin is only synthesized in the liver, it
is a useful indicator of hepatic function, and a decrease in
albumin may indicate chronic liver disease or liver cirrhosis
(12). An elevated level of AFP may also indicate liver injury
and the early stages of chemical hepatocarcinogenesis (13),
so it can be an indicator of hepatocellular carcinoma (HCC).
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In the last category, liver’s capacity of transportation of the
organic anions and to metabolize drugs, bilirubin is derived
from the breakdown of hemoglobin, and an elevated level of
the unconjugated form in the liver may suggest underlying liver
disease or hemolysis (8). Since the liver performs a variety of
functions, no single test is sufficient to completely evaluate its
function (7).

Previous studies showed that patients with abnormal liver
functions test were related to incident DM (14-17). However,
it is unclear whether there are sex differences in the association
between incident DM and liver function. Therefore, the aim of
this longitudinal study was to investigate sex differences in the
association between incident DM and liver function parameters
(AST, ALT, albumin, AFP, total bilirubin, and GGT) in a large
cohort derived from the Taiwan Biobank (TWB).

Materials and methods
TWB

The TWB is the largest biobank in Taiwan. It was established
by The Ministry of Health and Welfare with the goals of
promoting healthcare and preventing diseases, with a focus on
the aging population in Taiwan. The TWB collects health-related
data on ~200,000 healthy volunteers around Taiwan, as detailed
below (18, 19). Ethical approval for the TWB was granted by the
Ethics and Governance Council of the TWB and Institutional
Review Board (IRB) on Biomedical Science Research, Academia
Sinica, Taiwan.

The data collected by the TWB include body mass
index (BMI), age, sex, and the presence of hypertension
and DM. Fasting blood samples were obtained from all of
the patients, and laboratory tests were conducted using an
autoanalyzer (Roche Diagnostics GmbH, D-68298 Mannheim
COBAS Integra 400). Overnight fasting blood and urine tests are
also performed to collect data on uric acid, glucose, glycosylated
hemoglobin Alc (HbAlc), triglycerides, total cholesterol, high-
/low-density lipoprotein (HDL/LDL) cholesterol, estimated
glomerular filtration rate (eGFR) [using the MDRD equation
(20)], and liver function parameters (AST, ALT, albumin, AFP,
total bilirubin, and GGT).

Data on blood pressure (BP) are also obtained, with the
measurements made digitally by a TWB researcher three times
with a 1-2-min gap between measurements. The participants
are requested to avoid caffeine, exercise, and smoking for a
minimum of 30 min prior to the measurements. Average systolic
and diastolic BP measurements were analyzed in this study. Data
on regular exercise, defined as >30 min of physical activity >3
times a week, were also recorded. This study was conducted
according to the Declaration of Helsinki, and approved by the
IRB of Kaohsiung Medical University Hospital (KMUHIRB-
E(1)-20210058).
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Assessment of alcohol drinking and
cigarette smoking history

All
interview with a researcher, during which they completed

the participants also underwent a face-to-face
a questionnaire asking about alcohol drinking and cigarette
smoking history. Subjects who had had smoked one cigarette
or more per day for at least 1 year were defined as ever-
smokers. Subjects who had drunk an alcoholic beverage,
including beer, liquor, wine or Chinese herd wine, more
than four times a week for at least 1 year were defined as

ever drinkers.

10.3389/fpubh.2022.1081374

Participants

A total of 27,026 participants (male: 9,552; female: 17,474)
were identified in the TWB. The participants who enroll in
the TWB follow up after 2-4 years. Information, including a
questionnaire, physical examination and blood examination, is
collected upon first enrollment and second follow-up. Of whom
those with no follow-up data on DM, serum fasting glucose or
HbA1lc (n = 43), and those with baseline DM (n = 2,637) were
excluded. The remaining 24,346 participants were enrolled and
followed for a median of 4 years (Figure 1). All of the enrolled
participants gave written informed consent.

Participants 30-70 years of age without a

personal history of cancer, recruited between
2012 and 2018 in the Taiwan biobank, and

received follow-up examinations after a median

of 4 years

n =27,026 (male: 9552; female: 17,474)

Study population in the present study
n = 26,983 (male: 9543; female: 17,440)

Study population in the follow-up study
n = 24346 (male: 8334; female: 16,012)

Without incident diabetes mellitus
(n=23,237)

FIGURE 1
Flowchart of study population

Exclude
No follow-up diabetes mellitus, or

serum fasting glucose and HbAlc

information (n = 43)

Exclude participants with baseline
diabetes mellitus (n = 2637)

With incident diabetes mellitus
(n=1109)
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Definition of incident DM

Participants with no past history of DM (self-reported)
with a fasting glucose level <126 mg/dL and HbAlc <6.5%
were defined as not having DM. Incident DM was defined as
developing DM (self-reported, fasting glucose level >126 mg/dL
or HbAlc >6.5%) during the follow-up period.

Statistical analysis

Statistical analysis was done using SPSS version 19 (IBM
Inc., Armonk, NY). Variables are shown as percentage or
mean (£SD). Continuous variables were compared using the
independent f-test, and categorical variables were compared
using the chi-square test. Multivariable logistic regression
analysis was used to examine associations between the
development of incident DM and the studied liver function
parameters (AST, ALT, albumin, AFP, total bilirubin, and GGT)
in the male and female participants. An interaction p in logistic
analysis was defined as: model disease (y) = x1 + x2 + x1 x x2
-+ covariates; where x1 x x2 is the interaction term, y = incident
DM, x1 = sex, and x2 = the studied liver function parameters.
The covariates were significant variables in univariable analysis.
Receiver operating characteristic (ROC) curves were assessed
the performance of the liver function parameters to identify
incident DM, and areas under the ROC curves (AUCs) were used
to assess their predictive ability. A two-tailed p-value < 0.05 was
considered statistically significant.

Results

Of the 24,346 enrolled participants (male: 8,334; female:
16,012; mean age, 50.5£10.4 years), 1,109 (4.6%) had incident
DM and 23,237 (95.4%) did not. The incidence rates of DM were
5.7 and 4.0% in the males and females (p < 0.001), respectively.

Characteristics of the with and without
incident DM groups

The characteristics of the with and without incident DM
groups are shown in Table 1. The incident DM group had
a higher percentage of males, were older, had higher rates
of hypertension, smoking, alcohol drinking, menstruation (in
females), and higher systolic and diastolic BP, BMI, fasting
glucose, HbAlc, triglycerides, total cholesterol, uric acid and
LDL-cholesterol, and lower HDL-cholesterol and eGFR than the
without incident DM group. With regards to the liver function
parameters, the incident DM group had higher AST, higher ALT,
higher albumin, lower total bilirubin and higher GGT. However,
there was no significant difference in AFP.
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Comparisons of liver function parameters
between the with and without incident
DM groups in the male and female
participants

The male participants with incident DM had higher AST,
ALT, AFP, and GGT, but lower total bilirubin than the male
participants without incident DM (Table 2). However, there
was no significant difference in albumin. In addition, the
female participants with incident DM had higher AST, ALT,
albumin, and GGT, but lower total bilirubin than the female
participants without incident DM. However, there was no
significant difference in AFP.

Associations among liver function
parameters with incident DM in the male
and female participants

Multivariable logistic regression analysis was performed
to examine associations among the liver function parameters
with incident DM by sex (Table 3). In the male participants,
after adjusting for age, hypertension, systolic and diastolic
BPs, smoking and alcohol history, BMI, triglycerides, total
cholesterol, LDL/HDL-cholesterol, eGFR and uric acid
(significant variables in Table 1), high AST (per 1 U/L; odds
ratio [OR], 1.013; 95% confidence interval [CI], 1.008-1.019; p
< 0.001), high ALT (per 1 U/L; OR, 1.009; 95% CI, 1.006-1.012;
p < 0.001), high albumin (per 1 g/dL; OR, 1.975; 95% CI,
1.254-3.110; p = 0.003), high AFP (per 1 g/mL; OR, 1.021;
95% CI, 1.003-1.039; p = 0.019), and high GGT (per 1 U/L;
OR, 1.003; 95% CI, 1.001-1.005; p = 0.001) were significantly
associated with incident DM. However, total bilirubin was not
associated with incident DM in the male participants. In the
female participants, after adjusting for the variables listed above
for the male participants plus menstruation status, high AST
(per 1 U/L; OR, 1.007; 95% CI, 1.002-1.012; p = 0.010), high
ALT (per 1 U/L; OR, 1.007; 95% CI, 1.003-1.010; p < 0.001),
high albumin (per 1 g/dL; OR, 2.018; 95% CI, 1.356-3.003; p
= 0.001), low total bilirubin (per 1 mg/dL; OR, 0.515; 95% CI,
0.348-0.762; p = 0.001), and high GGT (per 1 U/L; OR, 1.006;
95% CI, 1.004-1.009; p < 0.001) were significantly associated
with incident DM. However, AFP was not associated with
incident DM in the female participants.

Interactions among liver function
parameters and sex on incident DM
Significant interactions were found between total bilirubin

and sex (p = 0.031), and GGT and sex (p = 0.011) on incident
DM (Table 3).
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TABLE 1 Comparison of clinical characteristics among participants without or with incident DM.

10.3389/fpubh.2022.1081374

Age (year) 50.3 +10.4 54.7+9.0 <0.001
Male gender (%) 33.8 429 <0.001
Hypertension (%) 10.2 25.5 <0.001
Systolic BP (mmHg) 116.1 £17.2 1253+ 17.7 < 0.001
Diastolic BP (mmHg) 72.0 £10.8 76.3 £10.6 <0.001
Smoking history (%) 24.5 31.1 <0.001
Alcohol history (%) 2.7 4.7 <0.001
Regular exercise habits (%) 47.6 48.7 0.493
BMI (kg/m?) 237434 26.1+£3.7 <0.001
Menstruation in female (%) 47.9 27.8 <0.001
Laboratory parameters

Fasting glucose (mg/dL) 91.7+73 101.5 + 10.0 <0.001
HbAlc (%) 56+0.3 6.0£0.3 <0.001
Triglyceride (mg/dL) 1072+ 726 159.3 £ 134.5 <0.001
Total cholesterol (mg/dL) 195.5 4 34.8 203.1£37.2 <0.001
HDL-cholesterol (mg/dL) 5524132 48.7 +11.3 <0.001
LDL-cholesterol (mg/dL) 121.7 £ 31.1 128.9 +33.7 <0.001
eGFR (mL/min/1.73 m?) 109.6 & 25.0 106.0 & 24.0 <0.001
Uric acid (mg/dL) 54+14 6.1£1.5 <0.001
Liver function parameters

AST (U/L) 24.1£10.9 28.3+£16.2 <0.001
ALT (U/L) 22.4+17.9 31.6 £26.5 <0.001
Albumin (g/dL) 4.5540.23 4.58 +0.24 <0.001
AFP (ng/mL) 3.32£6.50 341+£575 0.636
Total bilirubin (mg/dL) 0.67 £0.28 0.64 £0.27 0.003
GGT (U/L) 22.6 £26.5 33.9+40.8 <0.001

DM, diabetes mellitus; BP, blood pressure; BMI, body mass index; HbAlc, glycosylated hemoglobin Alc; HDL, high-density lipoprotein; LDL, low-density lipoprotein; eGFR, estimated

glomerular filtration rate; AST, glutamic-oxaloacetic transaminase; ALT, glutamic-pyruvic transaminase; AFP, a-fetoprotein; GGT, gamma-glutamyl transpeptidase.

Performance and predictive ability of the
liver function parameters to identify
incident DM

The AUCs of the liver function parameters to incident
DM in the male and female participants are shown in
Table 4. In the male participants, GGT had the highest AUC
(0.631), followed by ALT (0.617), AST (0.570) and total
bilirubin (0.472). Albumin and AFP were not significantly
associated with incident DM. In the female participants,
GGT also had the highest AUC (0.701), followed by ALT
(0.679), AST (0.614), total bilirubin (0.441), AFP (0.558) and
albumin (0.540).
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Discussion

In this study, we investigated sex differences in the
associations between incident DM and liver function parameters
after a median 4-year follow-up period. We found that high AST,
ALT, albumin and GGT were associated with incident DM in
both sexes. However, high total bilirubin was only associated
with incident DM in the females, and high AFP was only
associated with incident DM in the males. Further, we found
significant interactions between total bilirubin and GGT and sex
on incident DM.

The first important finding of this study is that high AST,
ALT, albumin and GGT were associated with incident DM in
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TABLE 2 Comparison of clinical characteristics of the study participants classified by the presence of different sex and incident DM.

Characteristics Male (n = 8,334)

Female (n = 16,012)

Incidence of Incidence of Incidence of Incidence of
DM (-) DM (+) DM (-) DM (+)
(n =7,858) (n=476) (n = 15,379) (n =633)
Age (year) 50.4 + 11.0 539499 <0.001 50.3 & 10.1 553483 <0.001
Hypertension (%) 14.3 29.0 <0.001 8.2 22.9 <0.001
Systolic BP (mmHg) 121.1 £ 16.0 126.4 £ 16.6 <0.001 113.5£17.2 1244+ 185 <0.001
Diastolic BP (mmHg) 76.8 + 10.4 7924103 <0.001 69.6 + 10.2 74.1410.3 <0.001
Smoking history (%) 57.9 64.3 0.006 7.5 6.2 0.201
Alcohol history (%) 6.8 10.5 0.002 0.7 0.3 0.446
Regular exercise habits (%) 48.4 45.6 0.228 47.2 51.0 0.061
Menstruation in female (%) - - - 479 27.8 <0.001
BMI (kg/m?) 248431 26.7+3.6 <0.001 232434 257437 <0.001
Laboratory parameters
Fasting glucose (mg/dL) 93.94+72 102.8 +9.8 <0.001 90.547.0 100.5 4 10.0 <0.001
HbAlc (%) 557 +0.33 6.014+0.29 <0.001 5.5440.33 6.04 +0.28 <0.001
Triglyceride (mg/dL) 127.3 £90.8 181.9 £ 168.5 <0.001 96.9 & 58.6 142.3 £ 95.4 <0.001
Total cholesterol (mg/dL) 192.4 £33.8 197.6 £ 38.1 0.001 197.1 £352 207.3 £ 36.0 <0.001
HDL-C (mg/dL) 48.8 £ 11.1 438 +89 <0.001 58.5 4 13.0 5244116 <0.001
LDL-C (mg/dL) 123.0 £ 30.8 126.3 +34.2 0.023 121.0 £31.3 130.9 £ 33.1 <0.001
eGFR (mL/min/1.73 m?) 99.2419.8 96.9 +20.6 0.018 114.9 £ 25.7 112.9 £ 24.1 0.041
Uric acid (mg/dL) 6.5+ 1.3 69415 <0.001 49+ 1.1 55+1.1 <0.001
Liver function parameters
AST (U/L) 2594113 30.1419.2 <0.001 2324106 269+ 134 <0.001
ALT (U/L) 27.44203 3654315 <0.001 19.9 + 16.0 28.0 4213 <0.001
Albumin (g/dL) 4624023 4.6340.25 0.500 4514022 4544023 0.005
AFP (ng/mL) 3144229 3.53 & 8.60 0.007 3.4147.82 3324 1.52 0.255
Total bilirubin (mg/dL) 0.76 & 0.32 0.73 +0.29 0.028 0.62 4 0.24 0.58 +0.22 <0.001
GGT (U/L) 29.9 4+ 36.3 4154515 <0.001 18.9 £ 18.6 28.1429.1 <0.001

Abbreviations are the same as in Table 1.

both sexes. ALT is an enzyme primarily found in the liver, and it
is more closely related to hepatocellular injury or fat deposition
(21). Although AST is present in the liver, it is also present in
other organs including cardiac and skeletal muscles, kidneys
and brain, and it is less specific for hepatic damage then ALT
(22). The AST to ALT ratio has been use to discern the different
etiologies of hepatic injury (23). Previous studies have reported
associations between ALT and type 2 DM (24, 25). Ohlson et al.
(24) reported that an increase in ALT was associated with a
higher relative risk of incident DM in middle-aged Swedish men.
Vozarova et al. (25) analyzed 451 Pima Indians, and found that
high ALT was an independent predictor of incident type 2 DM
after adjusting for age, sex, body fat, insulin sensitivity and acute
insulin response. In addition, Goessling et al. (26) reported that
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both ALT and AST were associated with a greater risk of incident
DM after adjusting for baseline blood glucose and changes in
weight. Moreover, they also found that only ALT was associated
with incident DM when using normal values in the analysis (26).
Previous studies have also shown a close relationship between
NAFLD with type 2 DM (27). In patients with NAFLD, increases
in ALT and AST by more than 2-5 times the normal limit and an
AST/ALT ratio <1 have consistently been reported, possibly due
to the effect of hepatocyte damage (23, 28). Another possible link
between DM and NAFLD may be due to insulin resistance and
visceral fat deposition, both of which can affect the regulation of
lipoprotein and glucose. Under conditions of increasing insulin
resistance, the downregulation of lipolysis by insulin can lead
to further adipose deposition on hepatocytes, thereby further
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TABLE 3 Association of liver function parameters with incident DM using multivariable logistic regression analysis in different sex.

Liver function parameters Male (n = 8,334) Female (n = 16,012) Interaction p
Multivariable* Multivariable®
95% Cl OR 95% ClI
AST (per 1 U/L) 1.013 1.008-1.019 <0.001 1.007 1.002-1.012 0.010 0.126
ALT (per 1 U/L) 1.009 1.006-1.012 <0.001 1.007 1.003-1.010 <0.001 0.315
Albumin (per 1 g/dL) 1.975 1.254-3.110 0.003 2018 1.356-3.003 0.001 0.586
AFP (per 1 g/mL) 1.021 1.003-1.039 0.019 0.992 0.967-1.016 0503 0.069
Total bilirubin (per 1 mg/dL) 0.941 0.688-1.288 0.706 0515 0.348-0.762 0.001 0.031
GGT (per 1 U/L) 1.003 1.001-1.005 0.001 1.006 1.004-1.009 <0.001 0.011

Values expressed as odds ratio (OR) and 95% confidence interval (CI). Abbreviations are the same as in Table 1.

*Adjusted for age, hypertension, systolic and diastolic blood pressures, smoking and alcohol history, body mass index, triglyceride, total cholesterol, HDL-cholesterol, LDL-cholesterol,
eGFR and uric acid (significant variables in Table 1).

# Adjusted for age, hypertension, systolic and diastolic blood pressures, smoking and alcohol history, body mass index, triglyceride, total cholesterol, HDL-cholesterol, LDL-cholesterol,
eGFR, uric acid and menstruation status (significant variables in Table 1).

TABLE 4 Area under curve of liver function parameters for incident DM of different sex.

Liver function parameters Male (n = 8,334) Female (n = 16,012)
95% ClI 95% ClI

AST 0.570 0.542-0.598 <0.001 0.614 0.591-0.636 <0.001
ALT 0.617 0.591-0.644 <0.001 0.679 0.658-0.699 <0.001
Albumin 0515 0.488-0.542 0.273 0.540 0.517-0.563 0.001
AFP 0.516 0.490-0.542 0.230 0.558 0.536-0.579 <0.001
Total bilirubin 0.472 0.445-0.499 0.039 0.441 0.419-0.464 <0.001
GGT 0.631 0.605-0.656 <0.001 0.701 0.682-0.719 <0.001

Values expressed as area under curve (AUC) and 95% confidence interval (CI). Abbreviations are the same as in Table 1.

inducing steatosis (21). Taken together, these explanations may stress and inflammation. Although we found that high albumin
partially explain our findings of associations between high AST was associated with incident DM, further studies are needed to
and ALT with incident DM. clarify the underlying mechanisms.

Another key finding is that we found an association between High GGT was associated with incident DM in both sexes
high albumin and incident DM in both sexes. Serum albumin is in this study. GGT is an enzyme which catabolizes extracellular
mostly produced by the liver, and it accounts for around half glutathione, and it has been widely used as a parameter of
of all human plasma proteins. Albumin regulates the oncotic liver function. GGT is metabolized in the epithelial cells of the
pressure of blood and transports many small molecules (29). intrahepatic duct, which play an important role in glutathione
A decrease in liver function may result in hypoalbuminemia, equilibrium (34). An elevation in GGT has been linked to
which can lead to general edema, fluid loss to the third space, greater oxidative stress due to increasing glutathione catabolism
and hyperlipidemia (30). Kunutsor et al. (16) found a nearly (antioxidant agent), which may lead to f3-cell dysfunction and
linear independent positive association between type 2 DM a decrease in insulin activity (35). In a cross-sectional study
and serum albumin. In addition, Bae et al. (31) reported that of 7,976 participants from the National Health and Nutrition
increased serum albumin was positively associated with insulin Examination Survey from 1999 to 2002, Sabanayagam et al.
resistance, but that it was not an independent factor for incident (36) found that higher serum GGT levels were positively
DM. In contrast, Schmidt et al. (32) found that a low serum associated with DM, independent of alcohol consumption,
albumin level was associated with an increased risk of type 2 BMI, hypertension and other confounders. Fraser et al. (14)
DM among 12,330 men and women aged from 45 to 64 years. conducted a meta-analysis of 18 prospective population-based
Chang et al. (33) also found that a decrease in albumin level was studies, and also found a positive association between GGT and
associated with an increased risk of type 2 DM, and the authors incident DM. Kunutsor et al. (15) conducted another meta-
attributed this result to a decrease in hepatic albumin synthesis analysis of 24 cohort studies with 177,307 participants focusing
and increase in glycated albumin, which may increase oxidative on the nature of the dose-response relationship between GGT
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and incident DM, and found a non-linear association between
GGT and the risk of type 2 DM in both sexes. Moreover, the
interactions between GGT and sex on incident DM were also
statistically significant. We found that high GGT was more
strongly associated with incident DM in the females than in
the males in our study. This could be explained from several
aspects. Previous studies have shown that GGT level may be
affected by estrogen, menopausal stage, and even the use of
oral contraceptives. Nilssen and Ferde (37) found that starting
to use oral contraceptives and menopause were associated with
an increase in GGT level, and Serviddio et al. (38) found
that estrogen was negatively associated with glutathione. As a
catalyzer of glutathione, GGT may also be positively related to
the level of estrogen. Moreover, Wang et al. (39) found that the
association between elevated GGT and cardiovascular mortality
was stronger in females than in males. Hozawa et al. (40) also
found a strong positive association between elevated GGT and
cardiovascular mortality among Japanese women, but not in
men. Both studies concluded that their findings were due to
the high percentage of alcohol consumption in men, which may
also affect circulating oxidative stress. Female hormones and
excessive alcohol consumption in men may play an important
role, however the mechanisms underlying sex differences in the
association between GGT and incident DM are still not fully
understand, and further research is needed.

Another important finding of this study is the association
between high AFP with incident DM in males but not in females.
AFP belongs to the family of serum albumins produced by
the yolk sac and fetal liver during fetal development (41). It
is usually at the highest level in infants, and then decreases to
normal range before 1 year of age (42). It is used to screen
for specific malignancies such as HCC (43) and developmental
abnormalities from maternal blood or amniotic fluid (44) in
current clinical practice. Moreover, the incidence and mortality
rates of HCC are higher in people with DM (45). Obesity is
an important risk factor shared between DM and HCC. The
pathogenesis is associated with lipid peroxidation, which can
lead to an increase in free radical oxidative stress (46) and
mutations of p53 tumor suppressor (47), which can both lead
to hepatic carcinogenesis (48). Moreover, obesity may cause
insulin resistance with hyperinsulinemia, further leading to an
increase in insulin-like growth factor-1 which then promotes
proliferation and inhibits apoptosis through receptor-mediated
pathways, resulting in hepatic carcinogenesis (49). Since the
prevalence of HCC is about 2-3 times higher in males compared
with females (43), this may explain why a higher AFP level was
only associated with incident DM in the males and not females.
Another possible explanation for the relationship between AFP
and incident DM may be related to metabolic syndrome, which
is related to the development of DM, cardiovascular disease,
and NAFLD. A possible mechanism for the association between
metabolic syndrome and elevated AFP may be due to insulin
resistance and fatty liver disease. Both are usually accompanied
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with each other and they may influence the hemostasis of hepatic
glucose, further leading to a chronic inflammatory status of the
liver (50).

The last important finding of this study is that low total
bilirubin was associated with incident DM in the females but
not in the males. Bilirubin is traditionally considered to be
derived from the breakdown of hemoglobin via normal catabolic
pathways, and it is clinically related to jaundice (51). However,
recent studies have shown that it is also a potential antioxidant
which is inversely related to a lower prevalence of oxidative
stress-mediated diseases (52). In a meta-analysis of cross-
sectional studies, Nano et al. (53) found an inverse association
between bilirubin level and type 2 DM. Several studies have
also revealed similar results of an inverse relationship between
serum bilirubin level and incident type 2 DM (17). In our
study, we found that bilirubin level was only significantly
inversely related to incident DM in the females but not in
the males. A possible explanation for this finding may be
related to different interactions between hormones and bilirubin
metabolism in males and females. Kao et al. (54) found that
estrogen may facilitate bilirubin metabolism in a regenerating
liver by enhancing the expression of cytochrome (CYP2A6).
Moreover, Muraca et al. found that hepatic bilirubin UDP-
glucuronosyltransferase activity, an enzyme that catalyzes the
conjugation of bilirubin and plays an important role in bilirubin
excretion, was higher in female than in male rats, but that
decreased enzyme activity in female rats and increased activity
in male rats were noted after gonadectomy. Therefore, the
excretion of bilirubin decreased in the female rats but increased
in the males rats after gonadectomy (55), which may partially
explain our findings. Another possible mechanism of differences
in the association between bilirubin and incident DM between
sex maybe related to difference of heme oxygenase (HO)
expression between male and female. HO is an enzyme play an
important role of heme catabolism to produce biliverdin, and
carbon monoxide and eventually increase bilirubin which is the
end product of heme catabolism (56). The HO system is related
to antioxidant and anti-apoptotic because of its byproducts,
bilirubin/biliverdin and carbon monoxide (57). HO-1 is induced
by oxidant stress and plays a crucial role of antioxidant in
diabetes by improving insulin sensitivity, reduces adipose tissue
volume, and causes adipose tissue remodeling (58). An animal
study of rats found that trauma and hemorrhage induced
a twofold increase in hepatic HO-1 expression in proestrus
females compared with males (59). This may explain the
mechanism of differences in the association between bilirubin
and incident DM between sex.

The strengths of this study include that the analysis involved
a large cohort, and the comprehensive follow-up data to
analyze sex differences in the association between liver function
and incident DM. Despite these strengths, several limitations
should be noted. First, information on the presence/absence
of fatty liver, dietary issues, and certain medications (ex.
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renin-angiotensin-aldosterone system blockers, and statins)
which could affect the development or prevention of incident
DM is not available in the TWB, which may have resulted
in underestimation of the association between liver function
and incident DM. In addition, information on factors which
could lead to incident DM such as proteinuria is also not
available in the TWB. Another limitation is that we only enrolled
participants of Han ethnicity residing in Taiwan, and thus our
findings may not be generalizable to other ethnicities/areas.
Finally, sample bias may have been introduced, as only around
25% of participants in the TWB return for follow-up evaluations.

In conclusion, liver function parameters were significantly
associated with incident DM. Further, there were differences in
the associations between the male and female participants.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

This study was conducted according to the Declaration of
Helsinki, and approved by the IRB of Kaohsiung Medical
(KMUHIRB-E(I)-20210058).  The
patients/participants provided their written informed consent

University ~ Hospital

to participate in this study.

Author contributions

Conceptualization, methodology, validation, formal

analysis, writing—review and editing, supervision, and data
curation: Y-KC, P-YW, J-CH, S-CC, and J-MC. Software,

References

1. Alam U, Asghar O, Azmi S, Malik RA. General aspects of diabetes
mellitus. Handb Clin Neurol. (2014) 126:211-22. doi: 10.1016/B978-0-444-53480-
4.00015-1

2. DeFronzo RA. From the triumvirate to the ominous octet: a new
paradigm for the treatment of type 2 diabetes mellitus. Diabetes. (2009) 58:773—
95. doi: 10.2337/db09-9028

3. Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB,
et al. IDF diabetes atlas: global, regional and country-level diabetes prevalence
estimates for 2021 and projections for 2045. Diabetes Res Clin Pract. (2022)
183:109119. doi: 10.1016/j.diabres.2021.109119

4. Taiwan Health Promotion Administration. Survey on the Prevalence of
Hypertension, Hyperglycemia and Hyperlipidemia in Taiwan. Taipei: Taiwan Health
Promotion Administration (2021).

5. A.D.AP.P. Committee 2. Classification and diagnosis of diabetes:
standards of medical care in diabetes-—2022. Diabetes Care. (2021)
45:517-38. doi: 10.2337/dc22-S002

Frontiersin Public Health

09

10.3389/fpubh.2022.1081374

investigation, resources, project administration, and funding
acquisition: S-CC. Writing—original draft preparation: Y-KC
and S-CC. Visualization: S-CC and J-MC. All authors have read
and agreed to the published version of the manuscript.

Funding

This work was supported partially by the Research
Center for Precision Environmental Medicine, Kaohsiung
Medical University, Kaohsiung, Taiwan from The Featured
Areas Research Center Program within the framework of
the Higher Education Sprout Project by the Ministry of
Education (MOE) in Taiwan and by Kaohsiung Medical
University Research  Center Grant (KMU-TCI111A01

and KMUTCI11IESPO1).

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential conflict

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Banach M,
2016. ] Diabet Res.

6. Papatheodorou K, Papanas N,
Edmonds M. Complications of diabetes
2016:6989453. doi: 10.1155/2016/6989453

7. Thapa BR, Walia A. Liver function tests and their interpretation. Indian J
Pediat. (2007) 74:663-71. doi: 10.1007/s12098-007-0118-7

8. Gowda S, Desai PB, Hull VV, Math AA, Vernekar SN, Kulkarni SS, et al. review
on laboratory liver function tests. Pan Afr Med J. (2009) 3:17.

9. Kwo PY, Cohen SM, Lim JK. ACG clinical guideline: evaluation of abnormal
liver chemistries. Am J Gastroenterol. (2017) 112:18-35. doi: 10.1038/ajg.2016.517

10. McCullough AJ. Update on nonalcoholic fatty liver disease. J Clin
Gastroenterol. (2002) 34:255-62. doi: 10.1097/00004836-200203000-00013

Papazoglou D,
(2016)

11. Rosalki S, Mcintyre NI. Biochemical investigations in the management of
liver disease. Oxford Textbook Clin Hepatol. (1999) 2:506-7.

12. Rothschild MA, Oratz M, Schreiber SS. Serum albumin. Hepatology.
(1988) 8:385-401.

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1081374
https://doi.org/10.1016/B978-0-444-53480-4.00015-1
https://doi.org/10.2337/db09-9028
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.2337/dc22-S002
https://doi.org/10.1155/2016/6989453
https://doi.org/10.1007/s12098-007-0118-7
https://doi.org/10.1038/ajg.2016.517
https://doi.org/10.1097/00004836-200203000-00013
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Chen et al.

13. Stewart S. Alpha-fetoprotein, stem cells and cancer: how study of the
production of alpha-fetoprotein during chemical hepatocarcinogenesis led to
reaffirmation of the stem cell theory of cancer. Tumor Biol. (2008) 29:161-
80. doi: 10.1159/000143402

14. Fraser A, Harris R, Sattar N, Ebrahim S, Davey Smith G, Lawlor DA.
Alanine aminotransferase, y-glutamyltransferase, and incident diabetes: the british
women’s heart and health study and meta-analysis. Diabetes Care. (2009) 32:741—
50. doi: 10.2337/dc08-1870

15. Kunutsor SK, Abbasi A, Adler AI. Gamma-glutamyl transferase and risk of
type II diabetes: an updated systematic review and dose-response meta-analysis.
Ann Epidemiol. (2014) 24:809-16. doi: 10.1016/j.annepidem.2014.09.001

16. Kunutsor SK, Khan H, Laukkanen JA. Serum albumin concentration and
incident type 2 diabetes risk: new findings from a population-based cohort study.
Diabetologia. (2015) 58:961-7. doi: 10.1007/s00125-015-3520-0

17. Yang M, Ni C, Chang B, Jiang Z, Zhu Y, Tang Y, et al. Association between
serum total bilirubin levels and the risk of type 2 diabetes mellitus. Diabetes Res
Clin Pract. (2019) 152:23-8. doi: 10.1016/j.diabres.2019.04.033

18. Chen CH, Yang JH, Chiang CWK, Hsiung CN, Wu PE, Chang LC, et al.
Population structure of Han Chinese in the modern Taiwanese population based
on 10,000 participants in the Taiwan Biobank project. Hum Mol Genet. (2016)
25:5321-31. doi: 10.1093/hmg/ddw346

19. Fan CT, Hung TH, Yeh CK. Taiwan regulation of biobanks. J Law Med Ethics.
(2015) 43:816-26. doi: 10.1111/jlme.12322

20. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D, et al. more
accurate method to estimate glomerular filtration rate from serum creatinine: a
new prediction equation. Modification of diet in renal disease study group. Ann
Internal Med. (1999) 130:461-70.

21. Schindhelm RK, Diamant M, Dekker JM, Tushuizen ME, Teerlink T, Heine
RJ. Alanine aminotransferase as a marker of non-alcoholic fatty liver disease in
relation to type 2 diabetes mellitus and cardiovascular disease. Diabetes Metab Res
Rev. (2006) 22:437-43. doi: 10.1002/dmrr.666

22. Niemeldi O, Alatalo P. Biomarkers of alcohol consumption
and related liver disease. Scand ] Clin Lab Investig. (2010) 70:305-
12. doi: 10.3109/00365513.2010.486442

23. Sorbi D, Boynton J, Lindor KD. The ratio of aspartate aminotransferase
to alanine aminotransferase: potential value in differentiating nonalcoholic
steatohepatitis  from  alcoholic liver disease. Am ]  Gastroenterol.
(1999) 94:1018-22.

24. Ohlson LO, Larsson B, Bjorntorp P, Eriksson H, Sviardsudd K,
Welin L, Tibblin G, Wilhelmsen L. Risk factors for type 2 (non-insulin-
dependent) diabetes mellitus. Thirteen and one-half years of follow-up
of the participants in a study of Swedish men born in 1913. Diabetologia.
(1988) 31:798-805.

25. Vozarova B, Stefan N, Lindsay RS, Saremi A, Pratley RE, Bogardus C,
et al. High alanine aminotransferase is associated with decreased hepatic insulin
sensitivity and predicts the development of type 2 diabetes. Diabetes. (2002)
51:1889-95. doi: 10.2337/diabetes.51.6.1889

26. Goessling W, Massaro JM, Vasan RS, D’Agostino RB, Ellison
RC, Fox CS. Aminotransferase levels and 20-year risk of metabolic
syndrome, diabetes, and cardiovascular disease. Gastroenterology. (2008)
135:1935-44.e1. doi: 10.1053/j.gastro.2008.09.018

27. Sung K-C, Jeong W-S, Wild SH, Byrne CD. Combined influence of insulin
resistance, overweight/obesity, and fatty liver as risk factors for type 2 diabetes.
Diabetes Care. (2012) 35:717-22. doi: 10.2337/dc11-1853

28. Cohen JA, Kaplan MM. The SGOT/SGPT ratio: an indicator of alcoholic liver
disease. Dig Dis Sci. (1979) 24:835-8.

29. Peters T. Serum albumin. In: Anfinsen CB, Edsall JT, Richards FM, editors.
Advances in Protein Chemistry. New York, NY: Academic Press (1985). p. 161-245.

30. Doweiko JP, Nompleggi DJ. The role of albumin in human physiology and
pathophysiology, Part III: albumin and disease states. JPEN J Parent Enteral Nutr.
(1991) 15:476-83.

31. Bae ], Seo S, Yeon K, Lee M-S, Lee M, Lee WY, et al. Association
between serum albumin, insulin resistance, and incident diabetes in
nondiabetic subjects. Endocrinol Metabol. (2013) 28:26-32. doi: 10.3803/EnM.
2013.28.1.26

32. Schmidt MI, Duncan BB, Sharrett AR, Lindberg G, Savage PJ, Offenbacher
S, et al. Markers of inflammation and prediction of diabetes mellitus in
adults (atherosclerosis risk in communities study): a cohort study. Lancet.
(1999) 353:1649-52.

33. Chang DC, Xu X, Ferrante AW, Krakoff J. Reduced plasma albumin
predicts type 2 diabetes and is associated with greater adipose tissue

Frontiersin Public Health

10

10.3389/fpubh.2022.1081374

macrophage content and activation. Diabetol Metabol

11:14. doi: 10.1186/513098-019-0409-y

34. Whitfield JB. Gamma glutamyl transferase. Crit Rev Clin Lab Sci. (2001)
38:263-355. doi: 10.1080/20014091084227

35. Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Are oxidative stress-
activated signaling pathways mediators of insulin resistance and beta-cell
dysfunction? Diabetes. (2003) 52:1-8. doi: 10.2337/diabetes.52.1.1

Syndr.  (2019)

36. Sabanayagam C, Shankar A, Li ], Pollard C, Ducatman A. Serum gamma-
glutamyl transferase level and diabetes mellitus among US adults. Eur ] Epidemiol.
(2009) 24:369-73. doi: 10.1007/5s10654-009-9346-7

37. Nilssen O, Forde OH. Seven-year longitudinal population study of
change in gamma-glutamyltransferase: the tromse study. Am ] Epidemiol.
(1994) 139:787-92.

38. Serviddio G, Loverro G, Vicino M, Prigigallo F, Grattagliano I, Altomare
E, et al. Modulation of endometrial redox balance during the menstrual
cycle: relation with sex hormones. J Clin Endocrinol Metab. (2002) 87:2843-
8. doi: 10.1210/jcem.87.6.8543

39. Wang ], Zhang D, Huang R, Li X, Huang W. Gamma-glutamyltransferase
and risk of cardiovascular mortality: a dose-response meta-analysis of
prospective cohort studies. PLoS ONE. (2017) 12:e0172631. doi: 10.1371/journal.
pone.0172631

40. Hozawa A, Okamura T, Kadowaki T, Murakami Y, Nakamura K,
Hayakawa T, et al. Gamma-Glutamyltransferase predicts cardiovascular
death among Japanese women. Atherosclerosis.  (2007)  194:498-
504. doi: 10.1016/j.atherosclerosis.2006.08.058

41. Babali A, Cakal E, Purnak T, Biyikoglu I, Cakal B, Yiiksel O, et al.
Serum o-fetoprotein levels in liver steatosis. Hepatol Int. (2009) 3:551-
5. doi: 10.1007/s12072-009-9156-8

42. Wu JT, Book L, Sudar K. Serum alpha fetoprotein (AFP) levels in normal
infants. Pediat Res. (1981) 15:50-2.

43. Zhang B-H, Yang B-H, Tang Z-Y. Randomized controlled trial of
screening for hepatocellular carcinoma. J Cancer Res Clin Oncol. (2004) 130:417-
22. doi: 10.1007/500432-004-0552-0

44. Bredaki FE, Poon LCY, Birdir C, Escalante DM, Nicolaides KH. First-
trimester screening for neural tube defects using alpha-fetoprotein. Fetal Diagn
Therapy. (2012) 31:109-14. doi: 10.1159/000335677

45. Ali Kamkar MM, Ahmad R, Alsmadi O, Behbehani K. Insight into
the impact of diabetes mellitus on the increased risk of hepatocellular
carcinoma: mini-review. ] Diabetes Metab Disord. (2014) 13:57. doi: 10.1186/2251-
6581-13-57

46. Halliwell B, Chirico S. Lipid peroxidation: its mechanism, measurement, and
significance. Am J Clin Nutr. (1993) 57:7155-725S.

47. Kang R, Kroemer G, Tang D. The tumor suppressor protein
p53 and the ferroptosis network. Free Rad Biol Med. (2019) 133:162-
8. doi: 10.1016/j.freeradbiomed.2018.05.074

48. Wang XW, Hussain SP, Huo T-I, Wu C-G, Forgues M, Hofseth LJ,
Brechot C, Harris CC. Molecular pathogenesis of human hepatocellular
carcinoma.  Toxicology. (2002) 181-182:43-7. doi: 10.1016/S0300-483X
(02)00253-6

49. Wu J, Zhu AX. Targeting insulin-like growth factor axis in hepatocellular
carcinoma. ] Hematol Oncol. (2011) 4:30. doi: 10.1186/1756-8722-4-30

50. Matsuzaka T, Shimano H. Molecular mechanisms
in hepatic steatosis and insulin resistance. ] Diabet Invest.
2:170-5. doi: 10.1111/§.2040-1124.2011.00111.x

involved
(2011)

51. Fevery J. Bilirubin in clinical practice: A review. Liver Int. (2008) 28:592-
605. doi: 10.1111/j.1478-3231.2008.01716.x

52. Vitek L. The role of
syndrome, and cardiovascular
3:55. doi: 10.3389/fphar.2012.00055

53. Nano J, Muka T, Cepeda M, Voortman T, Dhana K, Brahimaj A, et al.
Association of circulating total bilirubin with the metabolic syndrome and type
2 diabetes: a systematic review and meta-analysis of observational evidence. Diabet
Metabol. (2016) 42:389-97. doi: 10.1016/j.diabet.2016.06.002

54. Kao TL, Chen YL, Kuan YP, Chang WC, Ho YC, Yeh S, et al. Estrogen-
estrogen receptor o signaling facilitates bilirubin metabolism in regenerating
liver through regulating cytochrome P450 2A6 expression. Cell Transp. (2017)
26:1822-9. doi: 10.1177/0963689717738258

metabolic
(2012)

diabetes,
Pharmacol.

bilirubin  in
diseases.  Front

55. Muraca M, de Groote J, Fevery J. Sex differences of hepatic conjugation of
bilirubin determine its maximal biliary excretion in non-anaesthetized male and
female rats. Clin Sci. (1983) 64:85-90.

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1081374
https://doi.org/10.1159/000143402
https://doi.org/10.2337/dc08-1870
https://doi.org/10.1016/j.annepidem.2014.09.001
https://doi.org/10.1007/s00125-015-3520-0
https://doi.org/10.1016/j.diabres.2019.04.033
https://doi.org/10.1093/hmg/ddw346
https://doi.org/10.1111/jlme.12322
https://doi.org/10.1002/dmrr.666
https://doi.org/10.3109/00365513.2010.486442
https://doi.org/10.2337/diabetes.51.6.1889
https://doi.org/10.1053/j.gastro.2008.09.018
https://doi.org/10.2337/dc11-1853
https://doi.org/10.3803/EnM.2013.28.1.26
https://doi.org/10.1186/s13098-019-0409-y
https://doi.org/10.1080/20014091084227
https://doi.org/10.2337/diabetes.52.1.1
https://doi.org/10.1007/s10654-009-9346-7
https://doi.org/10.1210/jcem.87.6.8543
https://doi.org/10.1371/journal.pone.0172631
https://doi.org/10.1016/j.atherosclerosis.2006.08.058
https://doi.org/10.1007/s12072-009-9156-8
https://doi.org/10.1007/s00432-004-0552-0
https://doi.org/10.1159/000335677
https://doi.org/10.1186/2251-6581-13-57
https://doi.org/10.1016/j.freeradbiomed.2018.05.074
https://doi.org/10.1016/S0300-483X(02)00253-6
https://doi.org/10.1186/1756-8722-4-30
https://doi.org/10.1111/j.2040-1124.2011.00111.x
https://doi.org/10.1111/j.1478-3231.2008.01716.x
https://doi.org/10.3389/fphar.2012.00055
https://doi.org/10.1016/j.diabet.2016.06.002
https://doi.org/10.1177/0963689717738258
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Chen et al.

56. Ryter SW, Alam J, Choi AM. Heme oxygenase-1/carbon monoxide:
from basic science to therapeutic applications. Physiol Rev. (2006) 86:583-
650. doi: 10.1152/physrev.00011.2005

57. Abraham NG, Kappas A. Pharmacological and clinical aspects of heme
oxygenase. Pharmacol Rev. (2008) 60:79-127. doi: 10.1124/pr.107.07104

58. Nicolai A, Li M, Kim DH, Peterson SJ,
V, et al. Heme oxygenase-1 induction

Vanella L, Positano
remodels adipose tissue

Frontiersin Public Health

11

10.3389/fpubh.2022.1081374

and improves insulin sensitivity in obesity-induced diabetic rats.
Hypertension. (2009) 53:508-15. doi: 10.1161/HYPERTENSIONAHA.108.
124701

59. Toth B, Yokoyama Y, Kuebler JE, Schwacha MG, Rue LW, Bland KI, et al. Sex
differences in hepatic heme oxygenase expression and activity following trauma
and hemorrhagic shock. Arch Surg. (2003) 138:1375-82. doi: 10.1001/archsurg.138.
12.1375

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1081374
https://doi.org/10.1152/physrev.00011.2005
https://doi.org/10.1124/pr.107.07104
https://doi.org/10.1161/HYPERTENSIONAHA.108.124701
https://doi.org/10.1001/archsurg.138.12.1375
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Sex difference in the associations among liver function parameters with incident diabetes mellitus in a large Taiwanese population follow-up study
	Introduction
	Materials and methods
	TWB
	Assessment of alcohol drinking and cigarette smoking history
	Participants
	Definition of incident DM
	Statistical analysis

	Results
	Characteristics of the with and without incident DM groups
	Comparisons of liver function parameters between the with and without incident DM groups in the male and female participants
	Associations among liver function parameters with incident DM in the male and female participants
	Interactions among liver function parameters and sex on incident DM
	Performance and predictive ability of the liver function parameters to identify incident DM

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


