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Increased risk of incident
diabetes in patients with MAFLD
not meeting the criteria for NAFLD
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Janghyun Koh?3, Jae Hwan Jee?, Jae Hyeon Kim?, Mira Kang?“*‘ & Sang-Man Jin®*

We aimed to compare the risk of incident diabetes according to fatty liver disease (FLD) definition,
focusing on the comparison between those who met criteria for either metabolic dysfunction-
associated fatty liver disease (MAFLD) or nonalcoholic fatty liver disease (NAFLD) but not the other.
This was a 5.0-year (interquartile range, 2.4-8.2) retrospective longitudinal cohort study of 21,178
adults who underwent at least two serial health checkup examinations. The presence of hepatic
steatosis was determined by abdominal ultrasonography at the first health examination. Cox
proportional hazard analyses were used to compare the risk of incident diabetes among five groups.
Incident diabetes cases occurred in 1296 participants (6.1%). When non-FLD without metabolic
dysfunction (MD) group was set as a reference, the risk of incident diabetes increased in the order
of NAFLD-only, non-FLD with MD, both FLD, and MAFLD-only groups. The presence of excessive
alcohol consumption and/or hepatitis B virus (HBV)/hepatitis C virus (HCV) infection, FLD, and MD
synergistically increased the risk of incident diabetes. MAFLD-only group showed a greater increase
in incidence of diabetes than non-FLD with MD and NAFLD-only groups. The interaction among
excessive alcohol consumption, HBV/HCV infection, MD, and hepatic steatosis on the development of
diabetes should not be overlooked.

Abbreviations
NAFLD Nonalcoholic fatty liver disease
MAFLD Metabolic dysfunction-associated fatty liver disease

MD Metabolic dysfunction

HBV Hepatitis B virus

HCV Hepatitis C virus

FPG Fasting plasma glucose

HbAlc Glycosylated hemoglobin

FLD Fatty liver disease

BMI Body mass index

CKD Chronic kidney disease

HOMA-IR Homeostasis model assessment of insulin resistance
IRB Institutional review board

TG Triglyceride

LDL-C Low-density lipoprotein-cholesterol

HDL-C High-density lipoprotein-cholesterol

HR Hazard ratio

CI Confidence interval

wC Waist circumference

NES Nonalcoholic fatty liver disease fibrosis score
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eGFR Estimated glomerular filtration rate
uACR Urinary albumin-to-creatinine ratio
hs-CRP High-sensitivity C-reactive protein
ALT Alanine aminotransferase

AST Aspartate aminotransferase

Nonalcoholic fatty liver disease (NAFLD) is defined as a spectrum of progressive liver diseases, including stea-
tosis, steatohepatitis, fibrosis, and cirrhosis, that are not due to heavy alcohol consumption or other known
causes of liver disease’?. NAFLD is associated with increased risk of diabetes*™ in a complex and bidirectional
manner”?. Interactions among hepatic inflammation and fibrosis, atherogenic dyslipidemia, insulin resistance
induced by hepatic fat accumulation®'?, and systemic release of pro-inflammatory cytokines'' and hepatokines
such as fetuin A, fetuin B, selenoprotein, and fibroblast growth factor 21'>!? are involved in the bidirectional
association between diabetes and NAFLD'.

Metabolic dysfunction-associated fatty liver disease (MAFLD) is defined as evidence of hepatic steatosis
with at least one of the following conditions: overweight/obesity, diabetes or metabolic dysfunction (MD)".
While the definition of NAFLD excludes fatty liver disease with heavy alcohol consumption or hepatitis B virus
(HBV)/hepatitis C virus (HCV) infection'®, the definition of MAFLD includes patients with hepatic steatosis
combined with excessive alcohol consumption or HBV/HCYV infection’. This is an important distinction in terms
of the pathophysiology of fatty liver disease (FLD), allowing consideration of multiple etiologies that can exist
simultaneously'®. In fact, when the concept of MAFLD was initially introduced, excessive alcohol consumption
and HBV/HCYV infection were included to capture the notion of multiple etiologies. However, since those with
HBV/HCYV infection or excessive alcohol intake have been excluded from studies evaluating NAFLD, few studies
have addressed the association between HBV/HCYV infection- or excessive alcohol consumption-associated FLD
and extrahepatic outcomes such as cardiovascular diseases and diabetes'*-*.

Even without FLD, heavy alcohol consumption®-**, HBV?*?” and HCV infection? have been suggested as risk
factors for diabetes. In this context, it would be meaningful to evaluate the risk of diabetes in those who met the
criteria for MAFLD but not NAFLD, because most of them would have a second etiology for FLD such as HBV/
HCV infection or excessive alcohol consumption. Although there are few studies on the association between
MAFLD and incident diabetes'”?’, most of them explored the association between MAFLD as a conglomerate
and the risk of incident diabetes, rather than the association between each component of MAFLD and the risk
of incident diabetes. Unlike in NAFLD, the relative contributions of hepatic steatosis per se and of each compo-
nent of metabolic dysfunction included in the MAFLD definition to the risk of incident diabetes has not been
determined in those with HBV/HCYV infection- or excessive alcohol consumption-associated FLD.

Therefore, this study was conducted to compare the risk of incident diabetes according to FLD definition,
focusing on the comparison between those who met criteria for either MAFLD or NAFLD but not the other,
using a large-scale community-based dataset in which presence of hepatic steatosis was determined by abdominal
ultrasonography. In addition, the incidence of diabetes was investigated according to excessive alcohol consump-
tion, HBV/HCYV infection, MD, and hepatic steatosis to identify a synergistic effect of those components on
development of diabetes.

Results

Baseline characteristics of the study population. Among the 21,178 individuals in the total study
group, 10,505 (49.60%) did not have fatty liver and MD (non-FLD without MD group) and 3768 (17.79%) did
not have fatty liver and had MD (non-FLD with MD group). The remaining 6905 individuals had fatty liver, of
which 718 (3.39%) met only the MAFLD criteria (MAFLD-only group), 512 (2.42%) met only the NAFLD cri-
teria (NAFLD-only group), 5640 (26.63%) met both the MAFLD and NAFLD criteria (both FLD group), and 35
(0.17%) met neither the MAFLD nor NAFLD criteria. Baseline characteristics of the five groups are presented
in Table 1.

The non-FLD with MD, MAFLD-only, and both FLD groups tend to have a higher prevalence of males,
obesity, prediabetes, hypertension and chronic kidney disease (CKD) compared with the NAFLD-only and
non-FLD without MD groups. In addition, participants in the non-FLD with MD, MAFLD-only, and both FLD
groups had a lower estimated glomerular filtration rate (¢GFR) and higher urinary albumin-to-creatinine ratio
(uACR), fasting plasma glucose (FPG), glycosylated hemoglobin (HbA1c), homeostasis model assessment of
insulin resistance (HOMA-IR), triglycerides (TGs), high-sensitivity C-reactive protein (hs-CRP) and nonalco-
holic fatty liver disease fibrosis score (NFS) than the NAFLD-only group or the non-FLD without MD group.
In the MAFLD-only group and both-FLD group, the severity of the confirmed steatosis in ultrasonography was
worse than that of the NAFLD-only group. The MAFLD-only group had the greatest amount (g/day) and dura-
tion of alcohol consumption and the highest rates of HBV/HCYV infection and use of antiviral agents.

Association of MAFLD and NAFLD status with incident diabetes. During a median 5.0 years
(interquartile range, 2.4-8.2) of follow-up, 1296 incident diabetes cases occurred. The cumulative incidence of
diabetes in the five groups described previously was shown in the form of Kaplan-Meier curves (Fig. 1). When
the non-FLD without MD group was set as a reference, the risk of incident diabetes increased in the order of
NAFLD-only (adjusted hazard ratio [aHR] 2.68, 95% confidence interval [CI], 1.58-4.53), non-FLD with MD
(aHR 3.74, 95% CI 2.94-4.76), both FLD (aHR 6.17, 95% CI 4.96-7.68), and MAFLD-only (aHR 8.30, 95% CI
6.13-11.24) groups in fully adjusted model (Table 2). We also analyzed the risk of diabetes in participants with
NAFLD (both FLD plus NAFLD-only group) and MAFLD (both FLD plus MAFLD-only group) compared with
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Characteristics Non-FLD without MD | Non-FLD with MD | MAFLD-only | NAFLD-only | Both FLD p value
N (%) 10,505 (49.60) 3768 (17.79) 718 (3.39) 512 (2.42) 5640 (26.63)

Age, yrs 43+9.22 48+8.89 47+8.10 45+8.97 47 +8.59 <0.01
Male sex, n (%) 5713 (54.38) 2852 (75.69) 679 (94.57) 387 (75.59) 5063 (89.77) <0.01
BMI, kg/m? 22.04+2.37 24.41+£245 26.42+2.71 21.71+£1.09 25.95+2.44 <0.001
Excess drinker, n (%) 380 (3.62) 277 (7.35) 429 (59.75) 0(0) 0(0) <0.01
Alcohol amount, g/day 8.21+12.22 13.09+15.68 39.38+28.71 6.76£7.75 9.97+9.01 <0.01
Alcohol duration, yrs 19.66+9.47 24.50+9.59 25.52+8.80 23.26+9.15 24.27+8.51 <0.01
Hepatitis B, n (%) 512 (4.87) 208 (5.52) 275 (38.30) 0(0) 0(0) <0.01
Hepatitis C, n (%)' 58 (0.55) 24 (0.64) 31 (4.32) 0 (0) 0(0) <0.01
E?;}‘;fa“ti"“al agents, | 113 (1.08) 54 (1.43) 76 (10.58) 0(0) 0(0) <0.01
Current smoker, 7 (%) 2286 (21.76) 1112 (29.51) 310 (43.18) 142 (27.73) 1912 (33.90) <0.01
Comorbidities, 7 (%) <0.01
Prediabetes’ 975 (9.28) 1873 (49.71) 337 (46.94) 75 (14.65) 2321 (41.15)
Hypertension® 1407 (13.39) 2376 (63.06) 369 (51.39) 77 (15.04) 2752 (48.79)

CKD' 107 (1.02) 136 (3.61) 18 (2.51) 5(0.98) 154 (2.73)

WC, cm

Men 82.61+5.96 88.65+6.42 92.12£6.70 81.78+4.25 91.06 £6.42 <0.01
Women 72.91+6.05 80.30+6.51 87.63+6.96 73.67+5.26 83.81+7.56 <0.01
BUN, mg/dl 12.83+£3.28 13.46+3.51 13.71+3.15 13.13+3.06 13.79+£3.26 <0.01
Creatinine, mg/dl 0.88+0.18 0.95+0.19 0.97+0.14 0.92+0.16 0.99+0.17 <0.01
eGFR, ml/min/1.73m? 95.29+13.94 90.04+14.22 91.16+12.95 93.73+13.21 89.68+13.79 <0.01
uACR, pg/mgCr 7.94+43.62 15.02+£71.96 11.04+36.58 7.27+17.59 12.88+76.29 <0.01
AST, IU/L 20.95+11.89 22.95+13.44 30.55+25.99 22.66+18.53 26.02+£13.28 <0.01
ALT, IU/L 19.43+17.04 24.38+16.52 38.38+34.92 24.89+15.14 34.87+24.24 <0.01
FPG, mg/dl 87.41+7.60 94.63+9.55 96.14+10.24 89.49+7.78 94.43+9.65 <0.01
HbAlc, % 5.16+0.36 5.38+0.42 5.39+041 523+0.37 5.38+0.42 <0.01
HOMA-IR 1.34£0.68 2.01£1.03 2.47+1.42 1.49+0.72 2.38+1.29 <0.01
TGs, mg/dl 85.36+37.10 141.17 £78.66 167.65+116.35 | 107.36+49.55 | 162.63+89.36 <0.01
HDL-C, mg/dl 62.15+14.45 52.63+13.64 51.37+13.08 56.85+12.87 48.82+10.64 <0.01
hs-CRP, mg/dl 0.09+0.22 0.16+0.55 0.18+0.45 0.10+£0.16 0.17+0.54 <0.01
NES -2.83+0.98 —2.30+1.02 -2.26+1.02 -3.02+1.01 -2.51+1.04 <0.01
US steatosis severity, n (%)

Normal 10,505 (100) 3768 (100) 0(0) 0(0) 0(0)

Mild 0 (0) 0 (0) 446 (62.12) 414 (80.86) 3390 (60.11)

Moderate 0(0) 0(0) 251 (34.96) 94 (18.36) 2055 (36.44)

Severe 0(0) 0(0) 21 (2.92) 4(0.78) 195 (3.46) <0.01

Table 1. Baseline characteristics of patients included in the study. Data are shown as mean + standard
deviations or frequency as appropriate. P-value was calculated using one-way ANOVA test for continuous
variables and Chi-square test for categorical variables. The Scheffe test was used in post-hoc analysis.
Abbreviations: BMI Body mass index; CKD Chronic kidney disease; WC Waist circumference; eGFR Estimated
glomerular filtration rate; uACR Urinary albumin-to-creatinine ratio; AST aspartate aminotransferase; ALT
Alanine aminotransferase; FPG Fasting plasma glucose; HbA1c Glycated hemoglobin; HOMA-IR Homeostasis
model assessment of insulin resistance; TGs Triglycerides; HDL-C High-density lipoprotein-cholesterol;
hs-CRP High-sensitivity C-reactive protein; FLD Fatty liver disease; MD Metabolic dysfunction; MAFLD
Metabolic dysfunction-associated fatty liver disease; NAFLD Nonalcoholic fatty liver disease; NFS NAFLD
fibrosis score, US Ultrasonography; HBsAg Hepatitis B virus surface antigen; anti-HCV Ab Hepatitis C
antibody. "Overweight/obesity: BMI of 23.0 or greater; hypertension: blood pressure greater than or equal

to 130/85 mm Hg or specific drug treatment; prediabetes: fasting glucose 100 to 125 mg/dl or HbAlc 5.7%

to 6.4% in participants without a prior diabetes diagnosis; CKD: eGFR less than 60 mL/min/1.73 m? and/

or uACR greater than or equal to 30 mg/g; Excess drinker was defined as more than 30 g daily of alcohol
consumption in men and more than 20 g in women; Hepatitis B was defined as positive HBsAg or a history of
antiviral treatment; Hepatitis C was defined as positive anti-HCV antibody or a history of antiviral treatment.

the non-FLD, and the aHR and 95% CI was 2.88 (2.48-3.35) in those with NAFLD and 3.13 (2.70-3.63) in those
with MAFLD.

Scientific Reports |  (2023) 13:10677 | https://doi.org/10.1038/s41598-023-37858-8 nature portfolio



www.nature.com/scientificreports/

— Non-FLD without MD
—— Non-FLD with MD
== MAFLD-only

---- NAFLD-only

== Both FLD
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Culmulative incidence of diabetes

0 5 10 15 20
Time since baseline (years)

Number at risk
Non-FLD without MD 10505 5631 1855 482 0
Non-FLD with MD 3768 1862 580 146 0
MAFLD-only 718 323 87 19 0
NAFLD-only 512 273 79 21 0
Both FLD 5640 2669 797 214 0

Figure 1. Cumulative incidence of diabetes in five patient groups (non-FLD without MD, non-FLD with MD,
MAFLD-only, NAFLD-only, both FLD).

Hazard ratio (95% CI)
Cases, n Events, n Model 1" (95%CI) P Model 2* (95% CI) P Model 3¢ (95%CI) P
Non-FLD without MD? 10,505 175 Ref Ref Ref
Non-FLD with MD? 3768 305 5.21 (4.33-6.28) <0.01 4.17 (3.45-5.04) <0.01 3.74 (2.94-4.76) <0.01
Both FLD 5640 679 8.09 (6.85-9.55) <0.01 6.65 (5.59-7.91) <0.01 6.17 (4.96-7.68) <0.01
MAFLD—only 718 108 10.97 (8.63-13.95) <0.01 8.54 (6.68-10.93) <0.01 8.30 (6.13-11.24) <0.01
NAFLD-only 512 25 3.08 (2.02-4.68) <0.01 2.68 (1.76-4.08) <0.01 2.68 (1.58-4.53) <0.01

Table 2. Association of MAFLD and NAFLD status with incident DM. Abbreviations: CI Confidence interval;
DM Diabetes mellitus; CKD Chronic kidney disease; FLD Fatty liver disease; MAFLD Metabolic dysfunction-
associated fatty liver disease; MD Metabolic dysfunction; NAFLD Nonalcoholic fatty liver disease; HDL-C
High-density lipoprotein-cholesterol; FPG Fasting plasma glucose; HbA I¢ Glycated hemoglobin. "Model 1
was unadjusted. *Model 2 was adjusted for age and sex. *Model 3 was adjusted for age, sex, smoking, physical
activity, hypertension, CKD, and cardiovascular disease. ¥Metabolic dysfunction: the presence of two or

more of the following metabolic risk abnormalities: (i) waist circumference>90 cm in men and >80 cm

in women; (ii) blood pressure > 130/85 mmHg or specific drug treatment; (iii) triglycerides> 150 mg/dl;

(iv) HDL-C <40 mg/dl for men and < 50 mg/dl for women; (v) prediabetes (FPG 100-125 mg/dl or HbAlc
5.7-6.4%); (vi) homeostasis model assessment of insulin resistance > 2.5; and (vii) high-sensitivity C-reactive
protein>2 mg/L.

Because the lower limit of the 95% CI for the aHR in the MAFLD-only group exceeded the upper limit of the
95% CI for the aHR in the non-FLD with MD and NAFLD-only groups, we sought to identify main contributors
to this difference based on differences in the distribution of several risk factors for type 2 diabetes among groups
at baseline (Table 1). When we further adjusted the multivariable model for alanine aminotransferase (ALT),
aspartate aminotransferase (AST), low-density lipoprotein-cholesterol (LDL-C), high-density lipoprotein-cho-
lesterol (HDL-C), TGs, FPG, and body mass index (BMI), 95% CI for the aHR in the MAFLD-only group (aHR
2.33,95% CI 1.65-3.28) and the NAFLD-only group (aHR 2.48, 95% CI 1.47-4.21) became similar, indicating
that the dominant presence of these components of MD was responsible for the higher risk of incident diabetes
in the MAFLD-only group compared to the NAFLD-only group.

Next, we further analyzed the relative contributions of hepatic steatosis per se and of each component of
MD included in the MAFLD definition to the risk of incident diabetes among those with MD with or without
FLD (the MAFLD-only group and the non-FLD with MD group). In this analysis, the MAFLD-only group had
a higher risk of incident diabetes than the non-FLD with MD group even in the fully adjusted model in which
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prediabetes was a significant independent risk factor for incident diabetes (Table 3). This indicates that hepatic
steatosis per se contributed to the higher risk of incident diabetes in the MAFLD-only group compared to the
non-FLD with MD group.

Association between MAFLD and NAFLD status and incident diabetes according to BMI
category, presence of MD, alcohol intake and HBV/HCV infection. Participants with MAFLD
had a higher risk of developing diabetes than those without MAFLD regardless of overweight/obesity status
(BMI<23 kg/m? and 223 kg/m?). These results were also consistent when the participants with NAFLD were
stratified by overweight/obesity with those without NAFLD (Supplementary Table 1). We divided the partici-
pants with MAFLD into three subgroups according to the presence of excessive alcohol consumption and HBV/
HCV infection, and all three subgroups had a significantly increased risk of incident diabetes (MAFLD with
MD only, aHR 7.63, 95% CI 6.03-9.66; MAFLD with excessive alcohol consumption group, aHR 9.39, 95% CI
6.47-13.62; MAFLD with HBV/HCYV infection groups, HR 6.06, 95% CI 3.76-9.77) (Supplementary Table 2).

Synergistic effect among the presence of excessive alcohol consumption and/or HBV/HCV
infection, hepatic steatosis, and MD on the risk of incident diabetes. We further explored
whether there was a synergistic effect among the presence of excessive alcohol consumption, hepatic steatosis,
and MD on the risk of incident diabetes. Excessive alcohol intake itself did not increase the risk of incident dia-
betes when hepatic steatosis and MD were absent (aHR 0.65, 95% CI 0.21-2.06). However, the presence of both
excessive alcohol intake and MD (aHR 5.21, 95% CI 3.18-8.55) and of both hepatic steatosis and MD (aHR 7.88,
95% CI 6.22-9.98) significantly increased the risk of incident diabetes. The presence of all three components
(excessive alcohol consumption, hepatic steatosis, and MD) synergistically increased the risk of incident diabetes

Model 1 Model 2} Model 3° Model 4° Model 5

Non-FLD with MD Ref Ref Ref Ref Ref

MAFLD-only 2.01 (1.52-2.66) 2.01 (1.52-2.66) 2.36 (1.78-3.12) 2.24 (1.68-2.99) 2.25(1.68-3.01)
Age (in years) 1.03 (1.02-1.05) 1.03 (1.02-1.05) 1.02 (1.01-1.04) 1.02 (1.01-1.04) 1.02 (1.01-1.04)
Male sex 1.21 (0.85-1.74) 1.20 (0.83-1.73) 1.15 (0.79-1.66) 1.18 (0.81-1.70) 1.18 (0.82-1.71)
Current smoker 1.28 (0.99-1.66) 1.28 (0.98-1.66) 1.27 (0.98-1.65) 1.25 (0.96-1.63) 1.24 (0.95-1.62)
No exercise 1.23 (0.88-1.71) 1.23(0.88-1.71) 1.37 (0.98-1.92) 1.39 (0.99-1.94) 1.38 (0.99-1.93)
Hypertension 1.14 (0.89-1.46) 1.13 (0.88-1.46) 1.28 (0.99-1.64) 1.31 (1.01-1.69) 1.30 (1.01-1.68)
CKD 1.03 (0.58-1.83) 1.03 (0.58-1.82) 1.16 (0.65-2.07) 1.14 (0.64-2.02) 1.13 (0.63-2.02)
Cardiovascular disease 0.73 (0.32-1.64) 0.73 (0.32-1.66) 1.08 (0.48-2.46) 1.07 (0.47-2.43) 1.09 (0.48-2.47)
AST 0.99 (0.98-1.01) 0.99 (0.98-1.01) 1.00 (0.98-1.01) 1.00 (0.98-1.01) 1.00 (0.98-1.01)
ALT 1.01 (1.00-1.02) 1.01 (1.00-1.02) 1.00 (0.99-1.02) 1.00 (0.99-1.01) 1.00 (0.99-1.01)
TGs>150 mg/dl 1.03 (0.80-1.32) 1.21 (0.94-1.55) 1.21 (0.94-1.56) 1.21 (0.94-1.55)

HDL-C <40 mg/dl for men and < 50 mg/dl for
women

0.94 (0.70-1.27)

1.12 (0.83-1.52)

1.14 (0.85-1.55)

1.14 (0.84-1.54)

prediabetes

6.33 (4.60-8.71)

6.50 (4.72-8.97)

6.50 (4.71-8.97)

waist circumference > 90 cm in men and >80 cm
in women

1.20 (0.94-1.54)

1.20 (0.93-1.54)

hs-CRP>2 mg/L

0.48 (0.07-3.48)

HOMA-IR>2.5

1.00 (0.74-1.37)

Table 3. Contribution of each covariate to the risk of incident diabetes in the fully adjusted Cox regression
analysis model between non-FLD with MD and MAFLD-only groups. Data are presented as adjusted hazard
ratio (95% confidence interval). Abbreviations: CKD Chronic kidney disease; AST Aspartate aminotransferase;
ALT Alanine aminotransferase; TGs Triglycerides; HDL-C High-density lipoprotein-cholesterol; FPG Fasting
plasma glucose; HbA 1c Glycated hemoglobin; hs-CRP High-sensitivity C-reactive protein; HOMA-IR
Homeostasis model assessment of insulin resistance; FLD Fatty liver disease; MD Metabolic dysfunction;
MAFLD Metabolic dysfunction-associated fatty liver disease. "Model 1 was adjusted for age, sex, smoking,
physical activity, hypertension, CKD, cardiovascular disease, AST, and ALT. *Model 2 was adjusted for

age, sex, smoking, physical activity, hypertension, CKD, cardiovascular disease, AST, ALT, TGs> 150 mg/

dl, and HDL-C <40 mg/dl for men and < 50 mg/dl for women. Model 3 was adjusted for age, sex, smoking,
physical activity, hypertension, CKD, cardiovascular disease, AST, ALT, TGs > 150 mg/dl, HDL-C <40 mg/

dl for men and <50 mg/dl for women, and prediabetes (FPG 100-125 mg/dl or HbAlc 5.7-6.4%). YModel 4
was adjusted for age, sex, smoking, physical activity, hypertension, CKD, cardiovascular disease, AST, ALT,
TGs 2150 mg/dl, HDL-C <40 mg/dl for men and <50 mg/dl for women, prediabetes (FPG 100-125 mg/dl or
HbAlc 5.7-6.4%), and waist circumference =90 cm in men and >80 cm in women. *Model 5 was adjusted for
age, sex, smoking, physical activity, hypertension, CKD, cardiovascular disease, AST, ALT, TGs > 150 mg/dl,
HDL-C <40 mg/dl for men and <50 mg/dl for women, prediabetes (FPG 100-125 mg/dl or HbAlc 5.7-6.4%),
waist circumference >90 cm in men and > 80 cm in women, HOMA-IR > 2.5, and hs-CRP >2 mg/L.
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(aHR 11.92, 95% CI 8.39-16.95, Model 3, Table 4). The results were consistent when we adjusted the amount and
duration of alcohol consumption in each multivariable analysis model (Model 4, Table 4).

These results were similar when we explored the effects of HBV/HCYV infection, hepatic steatosis, and MD
on the risk of incident diabetes (Table 5). The results were consistent when we adjusted for use of antiviral agents
in each multivariable analysis model (Model 4, Table 5).

Discussion
In this retrospective longitudinal cohort study of 21,178 adults, the risk of incident diabetes increased in the
order of NAFLD-only, non-FLD with MD, both FLD, and MAFLD-only, using the non-FLD without MD group
as a reference. The lower limit of the 95% CI for HR of diabetes incidence rate in the both FLD or MAFLD-only
groups did not overlap the upper limit of the 95% CI for HR in the NAFLD-only or non-FLD with MD groups.
The MAFLD-only group, which included subjects with MD or excessive alcohol consumption, had a higher risk
of incident diabetes than the NAFLD-only group. In the subgroup analysis of the MAFLD group according to
the presence of MD only, excessive alcohol consumption, and HBV/HCYV infection, all three subgroups had a
significantly increased risk of incident diabetes. A synergistic effect of the presence of excessive alcohol intake
and/or HBV/HCYV infection, hepatic steatosis, and MD on the risk of incident diabetes was also identified.
After the MAFLD definition was proposed, researchers conducted studies to validate the performance of
the MAFLD and NAFLD criteria in terms of the prediction of the risk of extra-hepatic outcomes. Although a
few previous studies have shown a difference of diabetes prevalence in individuals with MAFLD and NAFLD,
most of the studies were cross-sectional and compared diabetes prevalence rather than incidence!”*°-32. One
longitudinal cohort study reported that both NAFLD and MAFLD increased the incidence of diabetes similarly
compared with non-FLD group’. In our study, however, we focused on the comparison of MAFLD-only or
NAFLD-only groups, in which the change in FLD definition would be clinically relevant, and revealed that the
MAFLD-only group had a higher risk for incident diabetes than the NAFLD-only group. This difference in the
study design, along with an improved power in the analyses in the MAFLD-only population compared with
previous studies'”*%-2, would explain the clearer difference between the two FLD definitions in the current study.
Moreover, our study revealed that the MAFLD-only group had a higher risk of developing diabetes than the
non-FLD with MD group, members of which have the same MD background as in the MAFLD-only group but
not in those with FLD. In addition, we investigated whether the higher risk in the MAFLD-only group was due
to FLD or the MD component. In this study, presence of FLD per se remained a significant contributor to the
increased risk of diabetes even after adjustment for all components of MD in the subgroup analysis restricted

Hazard ratio (95% CI)
Cases,n | Events,n | Model 1" (95%CI) | p Model 2* (95%CI) | p Model 3° (95%CI) | p Model 47 (95%CI) | p
Alcohol(-)MD(-)FLD(-) 10,125 169 Ref Ref Ref Ref
Alcohol(+)MD(-)ELD(-) | 380 6 1.12 (0.50-2.53) 0.78 | 0.98 (0.43-2.21) 0.95 | 0.65 (0.21-2.06) 0.47 | 0.90 (0.26-3.08) 0.87
Alcohol(+)MD(+)ELD(-) | 277 24 6.39 (4.16-9.79) <0.01 | 4.87 (3.15-7.52) <0.01 | 5.21 (3.18-8.55) <0.01 | 5.91 (2.91-12.00) <0.01
Alcohol(-)MD(+)ELD(+) | 4236 653 10.52 (8.89-12.47) <0.01 | 8.36 (6.98-10.03) <0.01 | 7.88 (6.22-9.98) <0.01 | 7.94 (6.00-10.51) <0.01
Alcohol(+)MD(+)ELD(+) | 347 68 1550 (11.69-20.55) | <0.01 | 11.78(8.80-15.78) | <0.01 |11.92(8.39-16.95) | <0.01 |13.06(7.13-23.91) | <0.01
Table 4. Association of excessive alcohol consumption, fatty liver disease, and metabolic dysfunction with
incident DM. Abbreviations: CI Confidence interval; CKD Chronic kidney disease; FLD Fatty liver disease;
DM, Diabetes mellitus; MD Metabolic dysfunction. "Model 1 was unadjusted. *Model 2 was adjusted for age
and sex. *Model 3 was adjusted for age, sex, smoking, physical activity, hypertension, CKD, and cardiovascular
disease. *Model 4 was adjusted for age, sex, smoking, physical activity, hypertension, CKD, cardiovascular
disease, and amount and duration of alcohol.
Hazard ratio (95% CI)
Cases,n | Events,n | Model 17 (95%CI) | p Model 2* (95%CI) | p Model 3° (95%CI) | p Model 47 (95%CI) | p
HBV/HCV(-)MD(-)ELD(-) | 9935 163 Ref Ref Ref Ref
HBV/HCV(+)MD(-)ELD(-) | 570 12 1.30 (0.72-2.34) 0.38 | 1.21 (0.67-2.18) 0.52 | 105 (0.49-2.27) 0.89 | 1.05 (0.48-2.29) 0.90
HBV/HCV(+)MD(+)FLD(-) | 232 26 7.04 (4.65-10.65) <0.01 | 5.65 (3.72-8.57) <0.01 | 6.11 (3.59-10.39) <0.01 | 6.09 (3.45-10.76) <0.01
HBV/HCV(-)MD(+)ELD(+) | 4381 686 1091 (9.19-12.94) | <0.01 | 8.64 (7.20-10.36) <0.01 | 8.42 (6.64-10.67) <0.01 | 8.42 (6.64-10.67) <0.01
HBV/HCV(+)MD(+)ELD(+) | 202 35 12.89 (8.94-18.58) | <0.01 | 10.08 (6.95-14.60) | <0.01 | 8.61 (5.28-14.03) <0.01 | 8.59 (5.07-14.56) <0.01

Table 5. Association of HBV/HCYV infection, fatty liver disease, and metabolic dysfunction with incident DM.
Abbreviations: CI Confidence interval; CKD Chronic kidney disease; FLD Fatty liver disease; DM Diabetes
mellitus; MD Metabolic dysfunction; HBV Hepatitis B virus; HCV Hepatitis C virus. "TModel 1 was unadjusted.
*Model 2 was adjusted for age and sex. *Model 3 was adjusted for age, sex, smoking, physical activity,
hypertension, CKD, and cardiovascular disease. YModel 4 was adjusted for age, sex, smoking, physical activity,
hypertension, CKD, cardiovascular disease, and use of antiviral agents.
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in those with MD (Table 3). This supports the hypothesis that FLD per se has a role in diabetes development
beyond the background MD in this subgroup. These results add on the findings of the interaction between
alcohol consumption, presence of FLD, and risk of diabetes observed in previous studies conducted in the
general population with or without MD?. These results are also in line with results from a recent longitudinal
cohort study reporting a higher HR for incident diabetes in the MAFLD group compared with simple FLD and
non-FLD with MD groups®. However, the previous study did not specifically explore the risk of diabetes in the
MAFLD-only group®.

The MAFLD-only group had a higher risk of diabetes than the non-FLD with MD group and the NAFLD-
only group, without overlapping of 95% CIs. When we confined the analysis to MAFLD with excessive alcohol
intake or MAFLD with HBV/HCYV infection, which would have been excluded from the NAFLD definition, the
increased risk of incident diabetes remained significant. Because previous studies have suggested that exces-
sive alcohol intake?*-** and HBV/HCYV infection?®-?8 are risk factors for diabetes, we questioned whether there
was a synergistic effect of the presence of excessive alcohol consumption and/or HBV/HCYV infection, hepatic
steatosis, and MD on the risk of incident diabetes. Indeed, the presence of excessive alcohol intake and/or HBV/
HCYV infection significantly increased the risk of incident diabetes only when MD and/or FLD were present.
The HRs showed a synergistic effect of MD and hepatic steatosis in the presence of excessive alcohol intake and/
or HBV/HCYV infection.

The mechanism of increased risk of diabetes in the both-FLD group may be similar to that of NAFLD, which
is associated with increased risk of diabetes?*7%143 However, less attention has been paid to the mechanism of
increased risk of diabetes in MAFLD-only patients, which included individuals with excessive alcohol consump-
tion or HBV/HCYV infection. A possible explanation is that alcohol intake** or HBV/HCV infection®¢ causes
liver injury and leads to advanced hepatic fibrosis, which is associated with impaired glucose tolerance. Indeed,
the MAFLD-only group in this study showed a higher NFS and increased severity of steatosis in ultrasound
compared with the NAFLD-only group.

The strength of this study was that all study subjects underwent standardized abdominal ultrasonography in
a large scale. Therefore, we evaluated the incidence of diabetes for the patients who had ultrasound-diagnosed
fatty liver. The relatively large sample size allowed us to examine the incidence of diabetes in stratified subgroup
analysis to evaluate the synergistic effects of alcohol or HBC/HCV infection and MD and FLD.

This study also had several limitations. First, this is an observational study, in which clarifying the causal
relationship is difficult to establish. Second, subjects with diabetes were excluded in the study because diabetes,
which was included in the MAFLD diagnostic criteria, was the outcome of study. Third, it may be difficult to
generalize the results of the study to the general population, because the majority of the study subjects were
Korean healthy male workers who had health check-up examinations at work annually or biannually. Finally,
hepatic steatosis was diagnosed by abdominal ultrasonography, not liver biopsy, which is the gold standard test.
However, ultrasonography has been recognized as a reliable non-invasive method for diagnosing fatty liver”.

In conclusion, the MAFLD-only group showed a greater increase in incidence of diabetes than the NAFLD-
only and non-FLD with MD groups. The presence of excessive alcohol consumption and/or HBV/HCYV infec-
tion, which excluded from NAFLD diagnostic criteria, along with hepatic steatosis and MD may synergistically
increase the risk of incident diabetes, indicating that hepatic steatosis in these categories should also be consid-
ered as an indicator of increased risk of incident diabetes.

Methods

Study population. This study included individuals (aged >20 years) who underwent at least two compre-
hensive health examinations including abdominal ultrasonography at the Health Promotion Center at Samsung
Medical Center (SMC, Seoul, Republic of Korea). Patients with FPG>126 mg/dl or HbAlc>6.5% or taking
anti-diabetic medications at baseline were excluded. Patients with any history of cancer or liver cirrhosis were
also excluded. Individuals with missing data such as laboratory or anthropometric measurements or health
questionnaires were excluded (Fig. 2).

A total of 21,178 adults were included in the study, of which 14,273 had no hepatic steatosis on abdominal
ultrasonography. Those without FLD were categorized into two groups according to the presence of MD: 1)
individuals without MD (non-FLD without MD) (n=10,505) and 2) individuals with MD (non-FLD with MD)
(n=3,768). Participants with FLD on abdominal ultrasonography were categorized into three groups: 1) individu-
als who met both MAFLD and NAFLD criteria (both FLD) (n =5,640), 2) individuals who were not previously
classified as NAFLD but met MAFLD criteria (MAFLD-only) (n=718), and 3) individuals who were previously
classified as NAFLD but did not meet MAFLD criteria (NAFLD-only) (n=512). In additional analyses, MAFLD
was further categorized into two groups according to body mass index (BMI) (<23 kg/m?* and >23 kg/m?) or
three groups according to presence of MD only, excessive alcohol intake, and HBV/HCYV infection (regardless
of MD in the latter two groups). To assess the interactions between excessive alcohol intake, HBV/HCV infec-
tion, MD, and FLD, individuals with excessive alcohol consumption or HBV/HCYV infection were divided into
groups according to MD and FLD.

The study protocol was approved by the Institutional Review Board (IRB) of SMC (no. 2021-05-025). The
informed consent requirement was waived by the IRB because the study information was de-identified. The
protocol for the study was in accordance with the guidelines of the Declaration of Helsinki.

Clinical variables, measurements, and definitions. The health checkup examination collected infor-
mation on medical history, smoking status, alcohol status, exercise status, medication, anthropometric data and
laboratory data. A self-administered questionnaire was used to collect data about medical history, prescribed
medications, alcohol consumption, smoking and exercise history. The study population were asked about aver-
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32,707 individuals (aged=20 years) underwent at least two comprehensive health
check-up examinations including abdominal ultrasonography. (First check-up between
January 2001 and July 2016)

11,529 were excluded from analysis
+ Fasting glucose=126 mg/dL (n = 283) and/or HbA1c26.5%
> (n=1,326)
» Prescriptions for oral hypoglycemic agent and/or insulin
at or before baseline (n = 217)
+ Self-reported history of liver cirrhosis (n = 79)
+ Self-reported history of cancer (n = 647)
» Missing laboratory data, incomplete anthropometric
measurements, health questionnaire (n = 8,977)

A 4

21,178 included in the analysis

Figure 2. Flow diagram of the study population.

age daily intake of alcohol, duration of lifetime alcohol intake. Excessive alcohol consumption was defined as
more than 30 g daily for men and more than 20 g daily for women. Smoking status was categorized as never,
former smoker, or current smoker. Exercise status was categorized as none, 1-2 days per week, 3-4 days per week
or>5 days per week. BMI was calculated as weight divided by height squared (kg/m?). Diabetes was defined
as FPG>126 mg/dl or HbAlc>6.5% or taking medication for diabetes. Hypertension was defined as blood
pressure >130/85 mmHg or taking medication for hypertension. CKD was defined as eGFR less than 60 mL/
min/1.73 m? calculated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula or
uACR greater than or equal to 30 mg/g. Venous blood samples were collected after an overnight fast of at least
12 h. Insulin level was measured using an immunoradiometric assay (DIAsource Co., Louvain-la-Neuve, Bel-
gium). HOMA-IR was calculated as FPG (mg/dl) x fasting plasma insulin (uIU/mL)/405%. HBV infection was
defined as positive hepatitis B virus surface antigen (HBsAg) or a history of antiviral treatment. HCV infection
was defined as positive hepatitis C antibody (anti-HCV Ab) or a history of antiviral treatment. An ultrasound-
based four-grade scale was used to evaluate liver steatosis. Fatty liver was categorized as normal, mild, moderate
or severe’”*. Abdominal ultrasonography was performed by experienced ultrasonographists.

Definition of MAFLD and NAFLD. MAFLD was diagnosed based on ultrasound evidence of fatty liver
with one of the following 3 criteria: overweight/obesity (defined as BMI>23.0 kg/m? for Asians), diabetes or
MD?". Since we excluded patients with pre-existing diabetes, MAFLD was defined as satisfying either category
of body weight or MD. MD was defined as the presence of at least 2 of the following metabolic abnormalities: 1)
waist circumference (WC) =90 cm in men and >80 cm in women; 2) blood pressure > 130/85 mmHg or specific
drug treatment; 3) plasma TGs level > 150 mg/dl or specific drug treatment; 4) plasma HDL-C level <40 mg/
dl for men and <50 mg/dl for women or specific drug treatment; 5) prediabetes (FPG level 100-125 mg/dl or
HbAlc 5.7%-6.4%; 6) HOMA-IR >2.5; or 7) plasma hs-CRP level >2 mg/L.

NAFLD was defined as the presence of hepatic steatosis in the absence of excessive alcohol consumption and
other causes of liver diseases**~*2.

Study outcome. The endpoint of this study was development of new-onset diabetes. New-onset diabe-
tes was defined by one of three conditions: 1) FPG>126 mg/dl, 2) HbAlc>6.5%, or 3) taking anti-diabetic
medication®>*,

Statistical analysis. Statistical analyses were performed using SPSS, version 27.0 (SPSS Inc.). The baseline
characteristics of the study population were compared in the five groups (non-FLD without MD, non-FLD with
MD, MAFLD-only, NAFLD-only, or both FLD). Continuous variables with normal distributions are shown as
the mean + standard deviation and categorical data are presented as frequencies and percentages.

Multivariate Cox regression analysis was performed to calculate the HRs and 95% ClIs for the outcome
incidence rates: unadjusted in model 1, adjusted for age and sex in model 2, and adjusted for age, sex, smoking
history, regular exercise and presence of HTN, CKD, cardiovascular disease in model 3. Kaplan-Meier curves
were used to compare the incidence of diabetes in the five groups (non-FLD without MD, non-FLD with MD,
MAFLD-only, NAFLD-only, both FLD).

To evaluate synergistic effects between excessive alcohol intake or HBV/HCV infection and MD and FLD,
two separate subgroup analyses were also conducted according to 1) excessive alcohol consumption and 2)
HBV/HCYV infection.
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