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ABSTRACT
Aims/Introduction: Asians develop type 2 diabetes at a lower body mass index (BMI)
compared with other races, which is partly because of Asian-specific fat depots. Sex plays
a role in fat deposition, regardless of race. This retrospective cohort study aimed to investi-
gate the association among fatty liver, sex and type 2 diabetes in non-obese Japanese.
Materials and Methods: The participants in this study (13,596 men and 6,037
women) were aged 30–64 years, and had undergone health checkups between 2013 and
2015, in Aichi, Japan. Baseline BMI was categorized as follows: <18.5, 18.5–19.9, 20–22.9,
23–24.9, 25–27.4 and ≥27.5 kg/m2. Fatty liver was diagnosed by abdominal ultrasonogra-
phy. The joint effect of BMI and fatty liver on the incidence of type 2 diabetes was
assessed, stratified by sex.
Results: During follow up, 738 men and 138 women developed type 2 diabetes. Com-
pared with the BMI of 20–22.9 kg/m2 without fatty liver group, the BMI of 20–22.9 kg/m2

with fatty liver was associated with a higher risk of type 2 diabetes in men, but not in
women. Furthermore, men with a BMI of 23–24.9 and 25–27.4 kg/m2 without fatty liver
had no significant type 2 diabetes risk, whereas women with a BMI of 23–24.9 and 25–
27.4 kg/m2, regardless of fatty liver, had an increased risk.
Conclusions: These results suggest the association between fatty liver and type 2 dia-
betes in non-obese Asians is different by sex; fatty liver increases diabetes risk among
male, not female, non-obese Asians.

INTRODUCTION
Prevention and control of type 2 diabetes among Asians has
become an important public health issue due to its increasing
prevalence worldwide1,2. Type 2 diabetes prevalence among
Asian Americans is approximately twice that among non-His-
panic White Americans in the USA3. The International Dia-
betes Federation estimated that there were 231 million cases of
diabetes in 2017 in Asian countries, and projected that Asia
would have 334 million cases, approximately 53% of all cases
worldwide, by 20454.
Asians develop type 2 diabetes at a lower body mass index

(BMI) partly due to racial differences in body fat distribution;
Asians easily develop visceral and ectopic fat obesity, and have
a higher percentage of the trunk, visceral or ectopic fat than

white people with a similar BMI or waist circumference5,6.
Ectopic fat is defined as extra lipids stored in skeletal muscle,
the liver and other (e.g., cardiomyocytes) organs, which are
locations not originally associated with adipose tissue storage,
and causes insulin resistance7. An epidemiological study showed
that Japanese people with ectopic fat obesity, defined as fatty
liver, were at a far higher risk of type 2 diabetes compared with
those who had other obesity phenotypes – obesity (BMI
≥25 kg/m2) and visceral fat (abdominal) obesity8. This suggests
that fatty liver might be the important factor for type 2 diabetes
prevention in non-obese Asians.
Sex plays a role in fat deposition. Sex hormones (i.e., estro-

gen) regulate fat deposition and, thereby, also cardiometabolic
risk, throughout the entire lifespan, and predominantly during
puberty and early adulthood9. Men typically have more ectopic
fat (fatty liver), as well as visceral fat, than women of the same
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age and BMI, a feature associated with an increased risk of
type 2 diabetes among men10,11. However, several cross-sec-
tional studies12,13, some of which were carried out in Asian
countries, suggested that the association of visceral and ectopic
fat with diabetes risk among non-obesity was stronger in
women than man. For effective type 2 diabetes prevention in
non-obese Asian people, longitudinal design research is require
to assess these interrelationships. Thus, the aim of the present
cohort study was to investigate the associations among fatty
liver with the incidence of type 2 diabetes stratified by sex in
non-obese Japanese.

MATERIALS AND METHODS
Study population
We used data from the 2013 to 2019 health checkups of a
working-age cohort enrolled in the Aichi Health Promotion
Study. The Aichi Health Promotion Study is a retrospective
cohort study involving participants enrolled in a medical
health checkup program at the Aichi Health Promotion
Foundation, Aichi, Japan. Participants included full-time and
part-time employees, self-employed individuals, and home-
based and retired workers who receive health checkups to
promote health through the early detection of disease or are
required by Japanese law (Industry Safe and Health Act14) to
receive an annual health examination. The study enrolled
41,460 participants of mean age 47.8 – 8.5 years (range 30–
64 years), consisting of 29.8% women, between April 2013
and March 2015 at baseline, and followed them up until
March 2019. The study design was explained to participants
through an intranet homepage. Participants were able to
choose whether to participate in the study or not through a
written consent form. The study protocol was approved by
the ethics committee of the Aichi Medical University School
of Medicine, and the study was carried out in accordance
with the Declaration of Helsinki and the Japanese Govern-
ment’s Ethical Guidelines for Medical and Health Research
Involving Human Subjects15.

Procedures
All participants received annual health checkups, including
questionnaires, anthropometric measurements, physiological
and radiological examinations, and a blood test. The question-
naire was self-reported and included items about receiving
antidiabetic treatment (‘Are you taking medication to reduce
blood glucose or insulin injection?’14), family history, lifestyle
habits, and current or past medical history of heart disease and
stroke. All blood tests involved measurements of plasma glucose
and glycated hemoglobin levels. Fasting plasma glucose (FPG)
was defined as plasma glucose levels after at least 10 h of fast-
ing and random plasma glucose as those taken at all other
times. Some participants received an abdominal ultrasonogra-
phy examination, either paying for it out of pocket or the cost
was covered by insurance through their employer; a cross-sec-
tion of workers underwent this examination.

Exposure
BMI was calculated as weight in kilograms divided by squared
height in meters. Based on the World Health Organization
BMI criteria for Asians16, we classified participants into six cat-
egories according to their baseline BMI: <18.5, 18.5–19.9, 20–
22.9, 23–24.9, 25–27.4 and ≥27.5 kg/m2.
Fatty liver, the proxy index of ectopic fat, was detected using

abdominal ultrasonography carried out by trained techni-
cians8,17. Participants whose ultrasonograms showed liver con-
trast and liver brightness from among the four known criteria
(hepatorenal echo contrast, liver brightness, deep attenuation
and vascular blurring, which has been reported to be 96.4%
sensitive and 97.8% specific for detecting hepatic fat 20%18,19)
were diagnosed as having fatty liver8,17.
To investigate the role of fatty liver among participants with

lower BMI, participants with BMIs of 20–22.9, 23–24.9 and
25–27.5 kg/m2 were grouped into two subcategories: those with
and without fatty liver.
In additional analyses, the role of visceral fat obesity was

investigated instead of ectopic fat (Table S2). Visceral fat obe-
sity was defined as waist circumference ≥85 cm in men or
≥90 cm in women20.

Outcome
Using health checkup data, we identified incident type 2 dia-
betes. We defined type 2 diabetes as either glycated hemoglobin
levels ≥6.5%, random plasma glucose ≥200 mg/dL, FPG
≥126 mg/dL or self-reported receipt of antidiabetic treatment.
Participants that met any of the aforementioned conditions
during follow up were considered incident type2 diabetes
cases21.

Covariates
Past and current medical history, family history of diabetes,
smoking habits, alcohol consumption and physical activity were
recorded using a self-report questionnaire14. A family history of
diabetes was defined as a positive history reported in first-de-
gree relatives. Participants were classified by smoking status into
current smokers, past smokers or never smokers. Alcohol
drinking was defined as consuming ≥150 g of alcohol per week.
Physical activity was defined as exercising >30 min twice or
more per week.
Hypertension was defined as either systolic blood pressure

≥140 mmHg, diastolic blood pressure ≥90 mmHg or self-re-
ported receipt of antihypertensive treatment. Dyslipidemia was
defined as either high-density lipoprotein cholesterol <40 mg/
dL, triglycerides ≥140 mg/dL or self-reported receipt of treat-
ment for dyslipidemia22.

Statistical analysis
All analyses were carried out separately for male and female
participants. Differences in the baseline characteristics of partici-
pants by sex were analyzed using a v2-test for categorical vari-
ables and Student’s t-test or Mann–Whitney U-test for
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continuous variables. The joint effect of BMI and fatty liver on
the incidence of type 2 diabetes was assessed using Cox pro-
portional hazards models; that is, a specific BMI category (BMI
of 20–22.9, 23–24.9 and 25–27.4 kg/m2) with or without fatty
liver. Adjusted hazard ratios (HRs) were calculated using the
BMI category of 20–22.9 kg/m2 without fatty liver as the refer-
ence group. A three-step analysis was carried out in addition to
the crude model (model 0): model 1 was adjusted for age.
Model 2 was additionally adjusted for physical activity, smoking
status and alcohol consumption to exclude the possibility that
BMI was associated with type 2 diabetes because of basic life-
style habits. Model 3 additionally adjusted for family history of
diabetes and medication for hypertension and dyslipidemia,
which were considered as potential genetic and medical con-
founders. Finally, model 4 additionally adjusted for FPG value
at baseline to adjust for the effects of baseline diabetes status19.
We also evaluated the effect of BMI with type 2 diabetes.

We calculated three-step (as mentioned above) and multivari-
able-adjusted HRs, using the BMI category of 20–22.9 kg/m2.
In addition, the joint effect of BMI and visceral fat, instead of
fatty liver (ectopic fat), with type 2 diabetes using similar Cox
proportional hazards models; that is, a specific BMI category
with or without visceral fat obesity. Finally, we evaluated the
joint effect of BMI and fatty liver on type 2 diabetes indepen-
dently of visceral fat using the Cox model additionally adjusted
for visceral fat obesity.
Furthermore, we carried out several additional analyses. First,

we investigated whether the association of fatty liver with
type 2 diabetes in women changed before and after menopause.
Menopause was defined as women aged >50 years (the median
age of menopause in Japanese23), because our data did not
include it. We carried out subanalyses in women stratified by
age ≤50 years and age >50 years. Second, instead of Japanese
criteria (high-density lipoprotein cholesterol <40 mg/dL), we
carried out analyses in women using the definition of dyslipi-
demia in ‘metabolic health’ proposed by Smiths et al.24; that is,
high-density lipoprotein cholesterol <50 mg/dL for women.

RESULTS
Of 41,460 participants who received health checkups during the
baseline period, we excluded the following participants: 47 par-
ticipants (32 men and 15 women) whose glucose measurements
were not taken at baseline; 1,023 participants (733 men and
290 women) without data on FPG; 2,808 participants (2,484
men and 324 women) who had diabetes at baseline; 228 partic-
ipants (141 men and 87 women) without waist circumference
data; 14,413 participants (10,173 men and 4,246 women) who
did not take an abdominal ultrasonography examination; 483
participants (233 men and 250 women) who were undergoing
treatment for cancer at baseline; 1,397 participants (1,158 men
and 239 women) who had a current or past history of vascular
diseases; and 243 participants (149 men and 94 women) who
had missing information on covariates including alcohol con-
sumption, exercise and smoking status.

We also excluded 170 female participants that reported being
pregnant during follow up and participants who did not attend
any subsequent health checkups (2,396 men and 1,194 women).
Thus, 19,633 participants (13,596 men and 6,037 women; mean
age 47.9 – 7.9 years; mean BMI 22.9 – 3.4 kg/m2) were
included in the analyses (Figure S1). Of these, 1,402 (7.1%) par-
ticipants had BMI <18.5 kg/m2 (underweight), 2,316 participants
(11.8%) had BMI 18.5–19.9 kg/m2, 7,113 (36.2%) participants
had BMI 20–22.9 kg/m2, 4,238 participants (21.6%) had BMI
23–24.9 kg/m2, 2,789 (14.2%) participants had 25–27.4 kg/m2

and 1,775 participants (9.0%) had BMI ≥ 27.5 kg/m2.
Table 1 shows the characteristics of participants according to

sex. The proportions of BMI <18.5, 18.5–19.9 and 20–22.9 kg/m2

categories were smaller in men than in women, whereas those
of BMI 23–24.9, 25–27.4 and ≥27.5 kg/m2 were larger in men
than in women. Fatty liver was diagnosed in 4,131 (30.4%)
male and 560 (9.3%) female participants. In all BMI categories,
the prevalence of fatty liver was higher in men than in women
(Table S1).
During the median 4.8-year follow-up duration for men (in-

terquartile range 3.0–5.0 years) and 4.7-year follow-up duration
for women (interquartile range 3.1–5.0 years), 876 participants
(738 men and 138 women) were diagnosed with newly incident
type 2 diabetes (incidence rates were 13.6 and 5.7 per 1,000
person-years in men and women, respectively). In the analyses,
which did not take into account fatty liver (Table S2), partici-
pants with a BMI 23–24.9 kg/m2, as well as BMI 25–27.4 kg/
m2 or more, had an increased risk of type 2 diabetes compared
with those with a BMI 20–22.9 kg/m2 among both men (HR
1.32, 95% confidence interval [CI] 1.05–1.67) and women (HR
2.49, 95% CI 1.53–4.06).
Table 2 shows the combined association of BMI category

and fatty liver with type 2 diabetes. The associations between
fatty liver and type 2 diabetes in non-obesity differed by sex
(Figure 1). Compared with a BMI of 20–22.9 kg/m2 without
fatty liver, men with a BMI of 20–22.9 kg/m2 with fatty liver
had an increased risk of type 2 diabetes (HR 1.57, 95% CI
1.04–2.36), but women with a BMI of 20–22.9 kg/m2 with fatty
liver did not (HR 1.52, 95% CI 0.53–4.40).
Men in the 23–24.9 kg/m2 BMI categories with fatty liver

were associated with a higher risk of type 2 diabetes (HR 2.03,
95% CI 1.52–2.73), although men with a BMI of 23–24.9 kg/m2

without fatty liver were not (HR 1.11, 95% CI 0.83–1.50). In
contrast, women with a BMI of 23–24.9 kg/m2 both with and
without fatty liver had an increased risk of type 2 diabetes (HR
5.07, 95% CI 2.69–9.57 and HR 1.85, 95% CI 1.03–3.35, respec-
tively).
Furthermore, men with a BMI of 25–27.4 kg/m2 with fatty

liver had an increased risk of type 2 diabetes (HR 2.51, 95% CI
1.92–3.27), but men without fatty liver did not (HR 1.19, 95%
CI 0.84–1.70). By contrast, a BMI of 25–27.4 kg/m2, regardless
of the presence of ectopic fat, was associated with a higher risk
of diabetes in female participants (HR 2.30, 95% CI 1.13–4.66
and HR 2.13, 95% CI 1.10–4.12, respectively).

1482 J Diabetes Investig Vol. 12 No. 8 August 2021 ª 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

O R I G I N A L A R T I C L E

Narisada et al. http://wileyonlinelibrary.com/journal/jdi



In addition to fatty liver, we further investigated the com-
bined association of BMI category and visceral fat (assessed by
measuring waist circumstance)20 with type 2 diabetes (Table S3;
Figure S2). The results showed, almost similar to fatty liver, that
BMI 23–24.9 kg/m2 without visceral fat did not increase the
risk of diabetes among men (HR 1.11, 95% CI 0.81–1.53), but
did increase risk among women (HR 2.42,; 95% CI 1.46–4.02).
Finally, we assessed whether fatty liver was independently asso-
ciated with type 2 diabetes in non-obese Asians (Table S4). We
found almost similar results: a BMI of 23–24.9 kg/m2 without
fatty liver tended to have an increased risk of type 2 diabetes
in women (HR 1.77, 95% CI 0.98–3.20), but not in men (HR
1.03, 95% CI 0.75–1.41), although those with fatty liver had
increased risks in both men and women (HR 1.83, 95% CI
1.53–2.33 and HR 4.77, 95% CI 2.52–9.00, respectively).
Subgroup analyses for women stratified by age of 50 years,

the surrogate index for menopause, are shown in Table S5. The

results showed that the association among fatty liver and type 2
diabetes in non-obesity women were different between those
aged ≤50 and >50 years. A BMI of 23–24.9 kg/m2 without fatty
liver did increase the risk of type 2 diabetes in women aged
≤50 years (HR 3.97, 95% CI 1.15–13.77), but not women aged
>50 years (HR 1.42, 95% CI 0.70–2.88).
Sensitivity analyses using different cut-off for dyslipidemia in

women showed consistent findings (Table S6).

DISCUSSION
In the present cohort study, we investigated the combined
effects of fatty liver and several BMI categories with the devel-
opment of type 2 diabetes stratified by sex to assess how ecto-
pic fat (fatty liver) affects the incidence of type 2 diabetes
according to sex among non-obese Asians. The results showed
that fatty liver plays different roles between men and women
(Table 2; Figure 1). In men, a BMI of 23–24.9 and 25–27.4 kg/m2

Table 1 | Characteristics of participants according to sex

Men Women P

No. participants 13,596 6,037
Mean (SD) Mean (SD)

Age (years) 47.8 (8.0) 48.2 (7.7) <0.001
Average BMI (kg/m2) 23.5 (3.2) 21.4 (3.3) <0.001
Waist circumference (cm) 83.3 (8.6) 76.3 (8.6) <0.001
Fasting plasma glucose (mg/dL) 98.5 (8.8) 93.0 (8.4) <0.001
AST (IU/L) 23.1 (10.6) 20.1 (21.0) <0.001
ALT (IU/L) 27.2 (19.7) 17.0 (12.9) <0.001
cGTP (IU/L) 46.6 (49.6) 22.4 (24.2) <0.001

n (%) n (%)
Age categories
30–39 years 1,853 (13.6%) 791 (13.1%) 0.319
40–49 years 6,141 (45.2%) 2,589 (42.9%) <0.001
50–59 years 4,255 (31.3%) 2,114 (35.0%) <0.001
60–64 years 1,347 (9.9%) 543 (9.0%) 0.045

BMI categories
BMI <18.5 kg/m2 459 (3.4%) 943 (15.6%) <0.001
BMI of 18.5–19.9 kg/m2 1,052 (7.7%) 1,264 (20.9%) <0.001
BMI of 20–22.9 kg/m2 4,832 (35.5%) 2,281 (37.8%) 0.003
BMI of 23–24.9 kg/m2 3,459 (25.4%) 779 (12.9%) <0.001
BMI of 25–27.4 kg/m2 2,349 (17.3%) 440 (7.3%) <0.001
BMI ≥ 27.5 kg/m2 1,445 (10.6%) 330 (5.5%) <0.001

Visceral fat obesity 5,646 (41.5%) 422 (7.0%) <0.001
Fatty liver 4,131 (30.4%) 560 (9.3%) <0.001
Current smoking 4,923 (36.2%) 546 (9.0%) <0.001
Past smoking 3,245 (23.9%) 426 (7.1%) <0.001
Alcohol drinking 4,912 (36.1%) 693 (11.5%) <0.001
Physical activity 2,507 (18.4%) 933 (15.5%) <0.001
Medication for hypertension 1,272 (9.4%) 322 (5.3%) <0.001
Hypertension 3,074 (22.6%) 738 (12.2%) <0.001
Medication for dyslipidemia 680 (5.0%) 305 (5.1%) <0.001
Dyslipidemia 3,932 (28.9%) 601 (10.0%) <0.001
Family history of diabetes mellitus 1,509 (11.1%) 834 (13.8%) <0.001

cGTP, c-glutamyl transpeptidase; ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index.
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with fatty liver had increased risk of type 2 diabetes, whereas
those without fatty liver did not. In women, in contrast, a BMI
of 23–24.9 and 25–27.4 kg/m2 had higher risk of type 2 dia-
betes regardless of fatty liver. In addition, male participants
with a BMI of 20–22.9 kg/m2 and fatty liver were associated
with a higher risk of type 2 diabetes, whereas female partici-
pants with a BMI of 20–22.9 kg/m2 and fatty liver were not.
These results suggest that fatty liver (ectopic fat) plays a more
important role in type 2 diabetes among non-obese male
Asians than among female Asians; in other words, the weight
itself plays an important role among female Asians, but not
male Asians.
Asians have an increased risk of diabetes, as well as other

lifestyle-related diseases, at a lower BMI than do non-Asians.
The present results, based on a specific Japanese population
sample, as well as those from other Japanese studies25,26, are in
line with this evidence; even people with a BMI of 23–24.9 kg/
m2 have an increased risk of type 2 diabetes (Table S2).
Increased risk of type 2 diabetes at a lower BMI among

Asians is thought to be partly due to race-specific characteris-
tics of body fat distribution; there is a propensity for Asians to
develop visceral versus peripheral adiposity, which is more clo-
sely associated with insulin resistance and type 2 diabetes than
overall adiposity5,6,27–30. There has been evidence to suggest that
ectopic fat accumulation (such as that observed in the non-al-
coholic fatty liver) presents a risk of type 2 diabetes31, and that

non-obese people can also have fatty liver32, although it is clo-
sely associated with obesity. Okamura et al. reported in a recent
cohort study that ectopic fat obesity (obesity with fatty liver)
presented the greatest risk of incident type 2 diabetes among
Japanese people8.
In contrast, fat deposit differs by sex regardless of race; men

feature more visceral and ectopic fat (fatty liver) compared with
women of the same age and BMI, which might be associated
with an increased risk of type 2 diabetes among men10,11. Simi-
larly, the present study found a higher prevalence of fatty liver
among men compared to women in all BMI categories, also in
the case of lower BMI (i.e., BMI 23–24.9 kg/m2: 30.6 vs 15.3%,
P < 0.001; Table S1).
To our knowledge, this is the first cohort study to investigate

whether fatty liver (ectopic fat) plays a different role in the
development of type 2 diabetes among non-obese Asians
depending on sex, and the results are indicative of this. Having
a BMI of 23–24.9 and 25–27.4 kg/m2 without fatty liver did
not increase the risk of type 2 diabetes among men, although it
did increase risk among women. In contrast, having a BMI of
20–22.9 kg/m2 with fatty liver increased the risk of diabetes
among men, but not women (Table 2; Figure 1). These results
suggest that ectopic fat might play an important role in the
development of diabetes at a lower BMI among male, but not
female, Asians. For type 2 diabetes prevention among Asians
with a lower BMI, who have more type 2 diabetes risk than

BMI < 18.5 kg/m2

BMI 18.5 – 19.9 kg/m2

BMI 20 – 22.9 kg/m2

BMI 23 – 24.9 kg/m2

BMI 25 – 27.4 kg/m2
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Figure 1 | Association of type 2 diabetes with three body mass index categories (20–22.9, 23–24.9 and 25–27.4 kg/m2) combined with fatty liver
(FL) among male and female Japanese participants. (a) Male (n = 13,596); (b) female (n = 6,037).
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other race, the presence of fatty liver might be a useful indica-
tor, especially in men.
Several studies showed that visceral fat was correlated with

more diabetes risk factors among non-obese women than
among men12,13. Zhang et al. also reported in a recent Chinese
population-based study that, despite involving obesity, visceral
fat was more sensitive in predicting hyperglycemic risk in
women than in men33. The present study suggested the oppo-
site: visceral fat was correlated with a higher type 2 diabetes
risk in non-obese men than in women. This inconsistency
might be due to several differences between the present study
and previous studies. First, the present study used a longitudi-
nal design, whereas previous studies used a cross-sectional
design. Thus, the present study examined the combined effects
of fat and sex on type 2 diabetes more causally than previous
studies. Second, the outcome in the present study was a direct
incidence of type 2 diabetes, whereas previous studies used
indirect proxy indices (risk factors) associated with type 2 dia-
betes, such as metabolic syndrome12 and homeostatic model
assessment as an index of insulin resistance13. Third, the pre-
sent study focused on those with a BMI of 23–24.9 kg/m2,
whereas previous studies assessed outcomes in a broader range
of non-obese participants. Although ectopic fat was correlated
with increased type 2 diabetes risk among men, but not among
women, even in the BMI category of 20–22.9 kg/m2, the pre-
sent sample did not include participants with BMI <20 kg/m2.
Finally, in our study, fat was measured indirectly according to
abdominal ultrasonography findings and waist circumstance,
whereas previous studies measured fat directly with computed
tomography assessment of the adipose tissue area.
Another possible reason might be a preference for leaner

appearance among Japanese women. A Japanese national sur-
vey suggested that women might be more likely to avoid obe-
sity or obesity-related diseases in Japan34. A recent Japanese
study also reported that remission of fatty liver is associated
with remission of diabetes35. Taken together, women diagnosed
as fatty liver might have modified their lifestyle more aggres-
sively, resulting in the low incidence of type 2 diabetes. The
interrelationships between sex, fat and type 2 diabetes might be
multidimensional10. There might be not only biological, but
also behavioral, psychological- and social pathway-related (i.e.,
lifestyle-related36, occupational37–39, psychological stress37,38 or
socioeconomic status-related factors40–42) among them. Further
studies accounting for these factors are required. These factors
also might be useful for type 2 diabetes prevention among
Asians.
There is increasing attention on ‘metabolic health’9,24 and

growing evidence that ‘metabolically unhealthy normal weight’
is associated with cardiometabolic risk, including type 2 dia-
betes43. In a review, Stefan reported that sex hormones played
an important role in ‘metabolically unhealthy normal weight’
and its related unhealthy fat distribution9. The present results
suggesting that associations among fatty liver, non-obesity and
type 2 diabetes might be different by menopause are consistent

with this review (Table S5). Although it is important to investi-
gate the relationship between fatty liver and type 2 diabetes in
lean participants, we could not do due to the small sample size.
Further studies are required.
A strength of the present study was the relatively large sam-

ple size and cross-section of several occupations, allowing us to
assess the impacts of the specific BMI categories, ectopic fat (or
visceral fat) and sex.
The present study had several limitations. First, the partici-

pants were workers. Therefore, our results might be explained
in part by the ‘healthy worker effect.’ Second, fatty liver in this
study was defined according to abdominal ultrasonography
findings. Liver biopsy is the gold standard for diagnosis; how-
ever, ultrasonography has been shown to have high sensitivity
and specificity for diagnosing fatty liver17. Third, some of our
participants might have been receiving lifestyle interventions
from occupational health professionals. In particular, partici-
pants aged >40 years with metabolic syndrome might receive
specific health-related guidelines from their employer, as
required by the Japanese Act14,44. The present study did not
include data about lifestyle interventions. Therefore, the
reported risks for type 2 diabetes might have been underesti-
mated. Fourth, the participants who did not take an abdominal
ultrasonography examination and who did not attend any sub-
sequent health checkups were excluded from analyses. These
participants might have less health awareness than analytic
samples, despite the fact there were no differences in baseline
characteristics between them. Thus, the reported risks might
have been underestimated. Fifth, in women, the CIs were larger
owing to a smaller sample size. This might have contributed to
the sex difference in the association of fatty liver with type 2
diabetes, especially in participants with a BMI of 20–22.9 kg/
m2. Finally, we could not discriminate between type 1 and
type 2 diabetes. Adult-onset type 1 diabetes is rare in Japan45,
and we expect that virtually all new cases in this cohort were
type 2 diabetes.
In conclusion, fatty liver (ectopic fat) played different roles in

the development of incident type 2 diabetes among non-obese
Japanese people depending on sex; ectopic fat played a role in
men, but not in women. To prevent type 2 diabetes in non-
obese Asians, we should focus on those with ectopic fat in,
especially men, but not in women.
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Table S1 | Characteristics of male and female participants according to Body Mass Index (BMI) category.

Table S2 | Association of Body Mass Index (BMI) category with the risk of type 2 diabetes among male and female Japanese.

Table S3 | Association of the risk of type 2 diabetes (T2D) with three body mass index (BMI) categories (20–22.9, 23–24.9, and
25–27.4 kg/m2) combined with visceral fat obesity (VFO) among male and female Japanese.

Table S4 | Association of the risk of type 2 diabetes with three body mass index (BMI) categories (20–22.9, 23–24.9, and 25–27.4
kg/m2) combined with fatty liver additionally adjusted for visceral fat obesity among male and female Japanese.

Table S5 | Association of the risk of type 2 diabetes with three body mass index (BMI) categories (20–22.9, 23–24.9, and 25–27.4
kg/m2) combined with fatty liver among female Japanese stratified by age ≤ 50 years and age > 50 years.
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Table S6 | Association of the risk of type 2 diabetes with three body mass index (BMI) categories (20–22.9, 23–24.9, and 25–27.4
kg/m2) combined with fatty liver using dyslipidemia different cut-offs (high-density lipoprotein [HDL] cholesterol <50 mg/dl)
among female Japanese (n = 6,037).

Figure S1 | Flow diagram of study participants in this study.

Figure S2 | Association of the risk of type 2 (T2D) diabetes with three body mass index (BMI) categories (20–22.9, 23–24.9 and
25–27.4 kg/m2) combined with visceral fat obesity (VFO) among male and female Japanese participants. (a) Males (n = 13,596).
(b) Female (n = 6,037).
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