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Background: Epidemiologic evidence on body mass index (BMI)-metabolic status pheno-
types and diabetes risk remains controversial, especially for metabolically healthy obesity
(MHO). We aimed to examine the effect of metabolic health and obesity phenotype on
diabetes risk in the Chinese population.

Methods: A population-based cohort study was carried out. The baseline survey was
conducted in 2017, with two follow-up visits in 2018 and 2020. Diabetes was defined
based on the criteria of the World Health Organization. Robust generalized estimating
equation models with a binary distribution using a log link and exchange structure were
applied for the pooled analysis sample.

Results: A total sample of 9623 observations was pooled for the longitudinal data analysis.
The average follow-up time was 1.64 years per person and the overall incidence density of
diabetes was 6.94% person-years. Decreased diabetes risk was found in metabolically
healthy overweight phenotype (RR = 0.65; 95% CI = 0.47-0.90) and no significant associa-
tions were detected for the MHO individuals (RR = 0.99; 95% CI = 0.63—1.53) compared
with those of metabolically healthy normal weight, in contrast to metabolically unhealthy
normal weight (MU-NW) (RR = 1.81; 95% CI = 1.28-2.55), metabolically unhealthy over-
weight (MU-OW) (RR = 2.02; 95% CI = 1.57-2.61) and metabolically unhealthy obesity
(MUO) (RR = 2.48; 95% CI = 1.89-3.26) phenotypes. Significant associations between
BMI-metabolic status phenotypes and diabetes were found in both males and females.
Conclusion: The MUO phenotype needs to be accorded much more importance. MU-NW
and MU-OW are also important component for targeted prevention. Our findings can be
targeted for optimizing preventive strategies to mitigate the obviously increased prevalence
of diabetes.
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Introduction

Diabetes mellitus (DM), a collective term for heterogeneous metabolic disorders
whose main finding is chronic hyperglycemia, is a public health issue that has
caused burdens of morbidity, mortality, and economic impact on individuals,
families, health systems, and national economies.' > The global prevalence of
DM in 2019 was estimated to be 9.3% (463 million people), with a projection of
10.2% (578 million people) for 2030 and 10.9% (700 million people) for 20457,
Approximately, 90% of DM cases are attributed to type 2 diabetes mellitus
(T2DM).>* Remarkably, China has witnessed one of the most dramatic rises in
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the prevalence of DM anywhere in the world and accounts
for the largest number of individuals with 114 million
cases of DM, mainly T2DM.*® Given that the cause of
the rising prevalence of DM remains unclear, there is an
urgent need to identify “high-risk” individuals and to
implement targeted prevention to tackle diabetes.
Currently, obesity is a nearly global epidemic, affecting
more than 20% of the general population.””® Metabolic
syndrome and obesity frequently co-exist, allowing the
categorization of obesity into different body mass index
(BMI)-metabolic status phenotypes. It is suggested that
87% of overweight/obesity are not able to develop DM,
but obtain some degree of fat-induced insulin resistance,
which is not sufficient to cause diabetes.® In contrast to
metabolically unhealthy obesity (MUO), an estimated 15—
45% of individuals with obesity present insulin sensitivity,
favorable glucose, blood pressure, hormone, lipid profiles,
and inflammation levels despite excess adiposity; these are
classified as the metabolically healthy obese (MHO).”-'*!2
In contrast, 5-30% of normal weight individuals do not
present metabolically health, categorized as metabolically
unhealthy-normal weight (MU-NW), which is defined as

“metabolically obese of normal weight”.”

Obviously, tak-
ing the current epidemic of obesity and sub-phenotypes
into consideration, “one size fits all” approaches to tackle
obesity seem inappropriate.” The association between
BMI-metabolic status phenotypes and the risk of DM
remains controversial, especially for MHO.">™"° Several
studies have reported that MHO individuals were not at
increased risk for DM, in comparison with the metaboli-
cally healthy non-obese and may not benefit from lifestyle
interventions.'*'® However, some studies have provided
evidence that MHO is significantly associated with
increased risk of incident DM.'*!?

Overall, the evidence is inconsistent, especially for
different ethnicities. The results of extant research may
not be applicable to the Chinese population. Given that
there are no universally and uniformly accepted standards

to define obesity phenotypes,'’

it is necessary to notice
that BMI-metabolic status phenotypes can be identified by
geographic regions of the word and ethnicity
independently.” Additionally, the classification of obese
sub-phenotypes is not explicit, for some BMI categories of
obesity and overweight were always combined in previous
studies. Thus, to better understand the roles of different
BMI-metabolic status phenotypes for incident DM, we
measured the incidence density of DM by phenotypes

and investigated the effects of metabolic health and

obesity phenotypes on the risk of incident DM. We
focused on repeated observations of the same individual
at each follow-up examination in this longitudinal study to
identify the “high-risk” and “low-risk” BMI-metabolic
status phenotypes for early prevention of DM among the
Chinese population.

Materials and Methods
Study Design and Study Population

A population-based prospective cohort study was estab-
lished in Jiangsu province, China. The baseline survey was
conducted between April and July 2017, and samples were
selected using multistage-stratified sampling methods from
Jurong Zhengjiang and Yandu Yancheng, two cities in
Jiangsu province (Supplementary Figure S1). In the first

stage, three district/town-level units were randomly chosen
from Jurong and Yandu, respectively. Then eight to nine
neighborhood/village-level units were randomly selected
from every district/town-level unit and about 100 residents
per neighborhood/village-level units were randomly
sampled. Individuals aged 18 years and over at the time
of enrollment, without mental disorders, pregnancy or
a diagnosis of DM were eligible for this study. With the
help and support of local community councils, residents
living at their registered address and having permanent
living records of Chinese nationality were invited. The
final sample of 5318 participants fell within 50 neighbor-
hoods/villages; 5250 participants with written informed
consent were included with a response rate of 98.72%.
Overall, 5250 residents participated in the baseline survey
which consisted of a questionnaire, physical and laboratory
examination. Several participants with particular missing
values at baseline were excluded: uncompleted question-
naires (n = 36), physical examination not done (n = 32) and
no blood sample available (n = 36). We further excluded
participants who were migrant workers and moved from city
to city frequently (n = 71), those who had used antidiabetics
before (or had a self-reported history of DM) (n = 186), as
well as those who were newly diagnosed with diabetes at the
baseline survey (n=637). According to the criteria of The
Working Group on Obesity in China, the classification of
BMI was defined as follows:'® underweight (BMI < 18.5 kg/
m?), normal (18.5 < BMI < 24.0 kg/m?), overweight (24.0 <
BMI < 28.0 kg/m?) and obesity (BMI > 28.0 kg/m?). After
removing the underweight individuals (n = 57) from baseline
survey, 4195 participants were further classified into six
groups according to the BMI-metabolic status phenotypes
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and received follow-ups (Supplementary Figure SI).

Subsequently, two follow-up visits for data collection took
place from July to August 2018 (re-investigated n = 3043)
and from July to August, 2020 (re-investigated n = 3003),
respectively. After excluding those participants without at
least one follow-up examination and those who did not
complete the physical or laboratory examination, with miss-
ing data preventing definition of BMI-metabolic status phe-
notypes and outcomes during follow-up (n = 554), we pooled
data from the population study (baseline in April to July,
2017) which consisted of 3641 participants, and its two
follow-ups examination (July to August, 2018: n=3007;
July to August, 2020: n=2975) for our longitudinal data
analysis. This resulted in a final analysis sample of 9623
observations across three time points (Figure 1). Thus, we
obtained an analysis dataset with repeated observations,
including 2345 participants with three observations and
1292 with two observations.

This study was conducted in accordance with the
Declaration of Helsinki. The study was viewed and approved
by the Ethics Review Committee of Zhongda Hospital,
Southeast University and Jiangsu Provincial Centre for
and Prevention (JSJK2017-B003-02).
Every participant provided written informed consent.

Disease Control

Data Collection at Baseline and
Follow-Up Examinations (2018 and 2020)

All enrolled participants completed an interview con-
ducted by experienced local health workers using
a standardized questionnaire to collected information
regarding their demographic characteristics (age, gender,
education level and self-reported drug history, history of
chronic disease and family history of DM), as well as
behavioral characteristics (smoking status, drinking status
and regular physical activity). These characteristics were
further categorized as follows: education level (junior
high school or below/ senior high school or above), drug
history (no/yes/unclear), history of chronic disease (no/
yes) and family history of DM (no/yes/unclear). Smoking
status was divided as follows: never (non-smoker) and
ever (current smoker or ex-smoker), and drinking status
as (never/ever). Regular exercise was grouped as follows:
no and yes (recreational sports activities more than 30
minutes per time, more than three times a week). Weight
was measured with a digital scale to the nearest 0.1kg
with light clothes and height was measured to the nearest
0.1 cm using a wall-mounted stadiometer. BMI was

calculated from weight and height (BMI=weight/height?),
and normal weight, overweight and obesity were defined
as 18.5 < BMI < 24.0 kg/m?, 24.0 < BMI < 28.0 kg/m*
and BMI > 28 kg/m?, respectively.'® Participants were
asked to have at least a 5-min rest in a seated position
before their systolic blood pressure (SBP) and diastolic
blood pressure (DBP) were measured using electronic
sphygmomanometers. Waist circumference (WC) and
hip circumference were measured using a tape with
a metric scale under standardized procedures, with the
participants in a standing position. The thresholds for
WC were
Diabetes Foundation (IDF) for the Chinese populations
(WC > 80cm for females and WC > 90cm for males)."’
For detecting central obesity in the Chinese adult popula-

specified according to the International

tion, a waist-to-height ratio > 0.50 was considered as the
optimal cut-off value.?® According to the World Health
Organization (WHO), the cut-off values for metabolic
complications for waist-to—hip ratio are also defined
(0.85 in women and 0.90 in men)."” Forearm venous
blood samples were collected and measured for biochem-
ical characteristics after overnight fasting for more than 8
hours before examination. Subsequently, standard oral
glucose tolerance tests (OGTT) (75g anhydrous glucose)
were administered and conducted without eating break-
fast; 2 hours later, a second blood sample was taken for
2-hour plasma glucose (2hPG). Blood tests were all con-
ducted in the same central laboratory (Adicon, Nanjing
China) by the same method to maintain consistency, and
included fasting plasma glucose (FPG), 2hPG, glycosy-
lated hemoglobin (HbAlc), aspartate aminotransferase,
alanine transaminase, gamma glutamyl transferase,
serum total bilirubin, low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol (HDL-C), total cho-
lesterol and triglyceride (TG). The method of data collec-
tion and blood sample testing for the two follow-up
examinations was exactly as same as for the baseline
survey. All variables, including behavioral, anthropo-
metric and biochemical characteristics, were assessed
repeatedly at each follow-up examination (2018 and

2020).

Definitions of BMI-Metabolic Status

Phenotypes and Diabetes

The National Cholesterol Education Program Adult Treatment
Panel III (ATP III), a standard operating protocol, was applied
to define metabolic status.”?' Metabolically healthy was
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pregnancy were eligible

A population-based, prospective cohort study established and baseline survey conducted
from April to July, 2017 in Jiangsu Province, China

. Residents aged 18 and over at the time of enrollment, without a diagnosis of diabetes, mental disorder or

. Residents living in Jurong Zhenjiang City and Yandu Y ancheng City in Jiangsu province were invited

Multistage-stratified sampling

5,250 participants with informed consent participated in the baseline survey

Migrant workers who moved from city to city frequently (n=71)
Hypoglycemic agents used before (or a self-reported history of diabetes) (n=186)
Newly diagnosed diabetes from this baseline survey (n=637)

1,055 participants were excluded
*  Bodymassindex under 18.5 kg-"rn2 category (n=37)
. Standardized questionnaire uncompleted (n=36)
> No physical examination available (1=32)
. No blood sample available(n=36)

y

4,195 participant were suitable for the cohort and received two follow-ups
conducted from July to August, 2018 and from July to August, 2020

N 554 participant were excinded

. People without repeated or com plete observation and lost to follow-up later

Y

3,641 participants were included in the final analysis
A total sample of 9,623 observations (April to July, 2017:
Julyto August, 2020: r=2.973) were pooled for the longitudinal data analysis

n=3.641: July to August, 2018: 1=3.007:

Figure | Flowchart for selection of study participants.

defined as participants meeting fewer than three of the follow-
ing five criteria:*' (1) Elevated WC with population-specific
definitions (> 90 cm for men and > 80 cm for women);'? (2)
elevated FPG (> 100 mg/dl) or using glucose-lowering agents;
(3) reduced HDL-C (< 40 mg/dl for men or < 50 mg/dl for
women); (4) elevated TG (> 150 mg/dl) or using lipid-lowing
drugs; (5) elevated SBP (> 130 mmHg) or DBP (> 85 mmHg),
or using anti-hypertensive drugs. Based on criteria for BMI of
the Working Group on obesity in China, alongside the meta-
bolic status, participants were grouped according to the

following phenotypes:*> (1) metabolically healthy normal
weight (MH-NW); (2) metabolically healthy overweight
(MH-OW); (3) metabolically healthy obesity (MHO); (4)
metabolically unhealthy normal weight (MU-NW); (5) meta-
bolically unhealthy overweight (MU-OW); and (6) metaboli-
cally unhealthy obesity (MUO).

Diabetes was defined according to the diagnostic cri-
teria of the WHO:*?° an FPG level > 7.0mmol/L

(126mg/dl) and/or a 2hPG value > 11.1mmol/L (200mg/
dl) and/or an HbAlc > 6.5%.
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Statistical Analysis

We used meantstandard deviation(SD), median with inter
quartile range, or numbers with percentages to present baseline
characteristics of participants when appropriate. One-way ana-
lysis of variance, the Kruskal-Wallis tests for continuous vari-
ables or two-sided y° tests for categorical variables were
introduced for statistical evaluations of demographic and beha-
vioral characteristics, as well as anthropometric and biochem-
ical characteristics among the six BMlI-metabolic status
phenotypes at baseline. Bonferroni corrections were applied
for multiple comparisons. Person-year was calculated from the
baseline survey until participants were lost to follow-up or at
the end of the follow-up period (August, 2020), and the inci-
dence density of diabetes was calculated per 100 person-years.
Given the correlations between repetitive observations at each
follow-up examination in the longitudinal study, which vio-
lated independence assumptions required for traditional regres-
sion procedures,*® and to increase the analytical power, robust
generalized estimating equation (GEE) models with a binary
distribution using a log link and exchange structure were
applied for the pooled analysis sample. The correlation coeffi-
cients between two repetitive outcome measurements at each
follow-up times were approximately equal (Supplementary
Table S1). Risk ratios (RRs) and 95% confidence intervals
(Cls) were adopted to estimate associations of BMI-
metabolic status phenotypes with diabetes. We also carried
out several analyses adjusted for potential confounding vari-
ables in multivariable models sequentially. Model a was
adjusted for follow-up time, age, and gender. Model b was
adjusted for follow-up time, demographic characteristics (age,
gender, education level, drug history, history of chronic disease
and family history of diabetes) and behavioral characteristics
(smoking status, drinking status, and regular physical activity).
Additionally, baseline characteristics were compared between
participants in our cohort and those who were lost to follow-up
(Supplementary Table S2). Sensitivity analyses were also

undertaken to assess the stability and robustness of our find-
ings. We re-ran the analysis for patients with unmodified BMI-
metabolic status phenotype and we also excluded those with
prediabetes who showed impaired fasting glycaemia (IFG)
(6.1 mmol/L< FPG level<7.0 mmol/L. and/or 2hFPG
level<7.8 mmol/L) and impaired glucose tolerance (IGT)
(FPG level<7.0 mmol/L and/or 7.8< 2hFPG level<ll.1
mmol/L),>* to examine whether the results were consistent.
Stata software (version 15.1, College Station, Texas) was
applied for all the statistical analyses, with two-sided
P-values < 0.05 indicating the statistical significance level.

Results
Baseline Characteristics and Incidence

Density of Diabetes

Of 4195 participants invited to join the cohort, 3641
(86.79%) were included in our final analyses. Hence,
a total sample of 9623 observations (April to July, 2017:
n = 3641; July to August, 2018: n = 3007; July to August,
2020: n = 2975) were pooled for the longitudinal data
analysis (Figure 1). Briefly, the mean (SD) age of the
total 3641 individuals was 51.61 (8.75) years at study
entry. The distribution of ATP III criteria for metabolic
status between metabolic healthy and unhealthy was pre-
sent in Supplementary Figure S2. The prevalence of MH-
NW, MH-OW, MHO, MU-NW, MU-OW and MUO was
28.56%, 23.21%, 5.36%, 6.95%, 21.51% and 14.42% at
baseline, respectively. The baseline demographic and

behavioral characteristics, as well as anthropometric and
biochemical characteristics, were compared among six
BMI-metabolic status phenotypes and summarized in
Table 1. There were significant differences detected for
age, gender, drug history, history of chronic disease, drink-
ing status and regular physical activity among different
phenotypes (P < 0.05). Additionally, education level,
family history of diabetes and smoking status were com-
parable (P > 0.05). The MH-OW, MHO, MU-NW, MU-
OW and MUO phenotypes showed significantly higher
values of all the anthropometric characteristics than MH-
NW (Table 1). In terms of biochemical characteristics,
there were significant differences among different pheno-
types (P < 0.01) (Table 1).

The cohort with an average follow-up time of 1.64
years per person included 3641 participants and a total of
5982 person-years. During the follow-up period, 415 cases
of new-onset diabetes occurred and the overall incidence
density was 6.94% person-years. Among the six BMI-
status phenotypes defined at baseline, MUO showed the
highest incidence density of DM (12.08% person-years) at
the end of follow-up (Table 2). The incidence density of
DM increased with the BMI-metabolic status phenotypes
transformation to metabolically unhealthy and greater BMI
(Z=5.84, Pyeng < 0.001) (Table 2).

Association Between BMI-Metabolic
Status Phenotypes and Diabetes

In the GEE model, associations of ATP III components,
BMI categories and metabolic status with incident DM
were analyzed and presented respectively in Table 3. All
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Table | Baseline Characteristics of the Body Mass Index-Metabolic Status Phenotypes

Variables Metabolically Healthy (N=2080) Metabolically Unhealthy (N=1561) Fly*H P?
Normal Overweight Obesity Normal Overweight Obesity
Weight Weight
n=1040 n=845 n=195 n=253 n=783 n=525
Demographic characteristics
Age (y), n (%)
(meanzSD) 50.859.52 50.98+8.77 49.60£9.354 53.63£7.90% 52.91%7.58% 51.99+8.49 10.98 <0.00
<50 421 (40.48) 347 (41.07) 83 (42.56) 71 (28.06)* 243 (31.03)* 183 (34.86) 43.89 <0.001
50-59 382 (36.73) 318 (37.63) 82 (42.05) 108 (42.69)* 357 (45.59)* 221 (42.10)
=60 237 (22.79) 180 (21.30) 30 (15.38) 74 (29.25)* 183 (23.37)* 121 (23.05)
Gender, n (%)
Male 380 (36.54) 347 (41.07) 81 (41.54) 73 (28.85)* 284 (36.27) 208 (39.62) 15.83 0.007
Female 660 (63.46) 498 (58.93) 114 (58.46) 180 (71.15)4 499 (63.73) 317 (60.38)
Education level, n (%)
Junior high school or below 884 (85.00) 717 (84.85) 156 (80.00) 219 (86.56) 685 (87.48) 450 (85.71) 7.95 0.160
Senior high school or above 156 (15.00) 128 (15.15) 39 (20.00) 34 (13.44) 98 (12.52) 75 (14.29)
Drug history, n (%) ®
No 734 (70.58)* 568 (67.22)* 122 (62.56)* 152 (60.08)*4 448 (57.22)** 243 (46.29)* 140.36 <0.001
Yes 257 (24.71)* 234 (27.69)* 64 (32.82)* 89 (35.18)*4 314 (40.10)%4 268 (51.05)*
Unclear 49 (471 43 (5.09)* 9 (4.62)* 12 (4.74)4 21 (2.68)4 14 (2.67)*
History of chronic disease,
n (%) ©
No 709 (68.17)* 535 (63.31)% 107 (54.87)* 154 (60.87)* 401 (51.21)* 234 (44.57)* 108.97 <0.001
Yes 331 (31.83)% 310 (36.69)* 88 (45.13)* 99 (39.13)4 382 (48.79)* 291 (55.43)
Family history of diabetes,
n (%)
No 830 (79.81) 659 (77.99) 155 (79.49) 203 (80.24) 611 (78.03) 414 (78.86) 8.83 0.548
Yes 161 (15.48) 151 (17.87) 29 (14.87) 42 (16.60) 137 (17.50) 97 (18.48)
Unclear 49 (4.71) 35 (4.14) 11 (5.64) 8 (3.16) 35 (4.47) 14 (2.67)
Behavioral characteristics
Smoking status, n (%)
Never 785 (75.48) 637 (75.38) 142 (72.82) 203 (80.24) 623 (79.57) 404 (76.95) 8.72 0.12
Ever 255 (24.52) 208 (24.62) 53 (27.18) 50 (19.76) 160 (20.43) 121 (23.05)
Drinking status, n (%)
Never 790 (75.96) 617 (73.02) 144 (73.85) 205 (81.03) 558 (71.26) 394 (75.05) 12.19 0.032
Ever 250 (24.04) 228 (26.98) 51 (26.15) 48 (18.97) 225 (28.74) 131 (24.95)
Regular physical activity, n (%)
No 808 (77.69)* 603 (71.36)* 142 (72.82) 192 (75.89) 553 (70.63)* 369 (70.29)* 18.04 0.003
Yes 232 (22.31)* 242 (28.64)* 53 (27.18) 61 (24.11) 230 (29.37)* 156 (29.71)*
Anthropometric
characteristics
BMI (kg/cm?) (meanSD) 21.93£1.354 25.67+1.09%4 30.13£2.27+4 22.64%1.06%4 26.07£1.12%4 30.55+2.56* 2797.63 <0.001
SBP (mmHg) (meantSD) 127.91£1874% | 13054x17.21%4 | 131.82¢£19.014 139.84£17.49%4 | 14133£17.51% | 144.10£17.86% | 94.29 <0.00
DBP (mmHg) (mean+SD) 78.37+10.80% 80.39£10.53%4 | 82.03x12.81%4 | 84.28+10.78%4 85.97+10.60* 87.70+10.48* 79.36 <0.001
WC (cm) ¢
(meanxSD) 77.1616.72% 84.37+6.70%4 91.03+8.59*4 83.0416.17+4 88.0916.31%4 95.4718.10% 572.77 <0.00
Normal 902 (86.73)* 479 (56.69)** 55 (28.21)*4 101 (39.92)*4 159 (20.31)*4 39 (7.43)* 1300.00 | <0.001
Non-standard 138 (13.27)* 366 (43.31)¢4 140 (71.79)+4 152 (60.08)*4 624 (79.69)%4 486 (92.57)*
(Continued)
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Table | (Continued).

Variables Metabolically Healthy (N=2080) Metabolically Unhealthy (N=1561) Fly*H P?
Normal Overweight Obesity Normal Overweight Obesity
Weight Weight
n=1040 n=845 n=195 n=253 n=783 n=525

e

Waist-to-height ratio
<0.5 673 (64.71)% 179 (21.18)%4 17 (8.72)%* 71 (28.06)%4 57 (7.28)*4 5 (0.95)* 1100.00 <0.001
20.5 367 (35.29)* 666 (78.82)*4 178 (91.28)+4 182 (71.94)4 726 (92.72)%4 520 (99.05)*

Waist-to-hip ratio
Normal 626 (60.19)* 311 (36.80)%4 50 (25.64)%4 69 (27.27)+4 118 (15.07)* 54 (10.29)* 590.89 <0.001
Non-standard 414 (39.81)* 534 (63.20)%4 145 (74.36)%4 184 (72.73)+4 665 (84.93)* 471 (89.71)*

Biochemical characteristics

FPG (mmol/L) (meanSD) 5.55+0494 5.55+0.494 5.4410.43+4 5.87+0.47+ 5.8520.46* 5.8620.46* 81.40 <0.001
2hPG (mmol/L) (meanSD) 64421504 6.56x1.434 6.79¢1.49%4 7.02+1.60%4 7.1741.57+4 7.71%1.67* 62.49 <0.001
HbA ¢ (%) (meanSD) 5260404 5.3240.40%4 53240394 5340434 5.4120.39* 5.45+0.39* 2115 <0.001
AST (U/L) (meanSD) 24.88+14.43 252741557 27.09+15.46 25.3849.54 25.60£12.53 26.70£10.40 1.85 0.099
ALT (UIL) (median, IQR) 15 (12-21)4 18 (13-25)+4 20 (15-30)* 17(13-26)%4 20 (15-28)%4 | 23 (17-33)* | 25061 | <0.00IT
GGT (UIL) (median, IQR) 13 (9-19)4 15 (11-24y%4 19 (12-30)* 14 (10-23)+4 18 (12-29)+4 22 (15-35)% | 32695 | <0.001T
STB (umol/L) (meanSD) 14.9745.694 14.33£5.6 13.20+4.82% 14264642 14.29+5.34 13.705.12% 5.80 <0.001
TC (mmol/L) (meanSD) 4.68+0.904 475+0.954 472+0754 4.87+0.93* 4.97+0.94 5.0020.98* 14.46 <0.001
LDL-C (mmol/L) (mean+SD) 24740664 2.63£0.67+4 2.68+0.57* 2.65+0.66* 2.72+0.70% 2.77+0.71% 18.65 <0.001
HDL-C (mmol/L) (meantSD) 1680364 1.57£0.31%4 1.500.30%4 | 4240.42% 1.40£0.37* 1.380.34* 86.87 <0.001
TG (mmol/L) (median, IQR) 096 112 115 1.85 1.92 193 1063.16 | <0.001%
(0.74-129y+4 (0.85—1 44y+4 (091-1.49y+4 (1.27-2.56) (1.33-2.65)* (1.33-2.76)

Notes: Data was presented as mean+SD (standard deviation) or median (IQR) for continuous variables when appropriate; number (percentage) for categorical variables.
TThe Kruskal-Wallis H-test was used to examine the differences of ALT, GGT and TG among six body mass index-metabolic status phenotypes because of heterogeneity of
variance. *Multiple comparison with Bonferroni-adjusted P-value <0.05 when compared with metabolically healthy normal weight group. “Multiple comparison with
Bonferroni-adjusted P-value <0.05 when compared with metabolically unhealthy obese group. % test, One-way analysis of variance or Kruskal-Wallis H-test was used to
examine the difference of six groups (Metabolically healthy normal weight vs Metabolically healthy overweight vs Metabolically healthy obese vs Metabolically unhealthy
normal weight vs Metabolically unhealthy overweight vs Metabolically unhealthy obese) when appropriate. Drugs included antihypertensive agent, antilipemic agent,
antithrombotic agent, antineoplastic agent, steroid hormone drugs. “History of chronic disease included hypertension, coronary heart disease, dyslipidemia, stroke, kidney
disease, hepatic diseases, malignant tumor. *WC<80cm for female or WC<90cm for male was considered as normal. *Waist-to-height ratio=0.5 was considered as central
obesity. Waist-to-hip ratio<0.85 for female or Waist-to-hip ratio<0.90 for male was considered as normal.

Abbreviations: y, years; n, number; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; WC, waist circumference; FPG, fasting plasma
glucose;2hPG, 2-hour plasma glucose; HbAlc, glycosylated haemoglobin; AST, aspartate aminotransferase; ALT, alanine transaminase; GGT, gamma glutamyl transferase; STB,
serum total bilirubin; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride; IQR, inter-quartile range.

Table 2 Diabetes Incidence Density at the End of Follow-Up (Until August, 2020) Among Six Body Mass Index-Metabolic Status
Phenotypes at Baseline

BMI-Metabolic Status Follow-Up Time Events (n) Incidence Density (%)
(Person-Year)

Metabolically healthy normal weight 1688 90 5.33
Metabolically healthy overweight 1388 58 4.18
Metabolically healthy obesity 322 16 4.97
Metabolically unhealthy normal weight 414 35 8.45
Metabolically unhealthy overweight 1317 113 8.58
Metabolically unhealthy obesity 853 103 12.08

Total 5982 415 6.94

P for trend <0.001

Abbreviation: BMI, body mass index.
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Table 3 The Association of Body Mass Index, Metabolic Status and Adult Treatment Panel Il Components with Diabetes

Variables Crude RR (95% CI) P Adjusted RR (95% CI) * p? Adjusted RR (95% CI) ° p®
Adult Treatment Panel lll components
Waist circumference (WC)

Normal Reference Reference Reference

Elevated WC 1.47 (1.23-1.77) <0.001 1.63 (1.35-1.96) <0.001 1.46 (1.21-1.76) <0.001
Fasting plasma glucose (FPG)

Normal Reference Reference Reference

Elevated FPG or medication 3.20 (2.63-3.89) <0.001 4.57 (3.75-5.58) <0.001 4.23 (3.47-5.16) <0.001
Low-density lipoprotein cholesterol (LDL-C)

Normal Reference Reference Reference

Reduced HDL-C or medication 0.89 (0.71-1.13) 0.340 1.04 (0.83-1.31) 0.705 0.97 (0.78-1.22) 0819
Triglyceride (TG)

Normal Reference Reference Reference

Elevated TG or medication 1.59 (1.33-1.90) <0.001 1.67 (1.44-1.98) <0.001 1.51 (1.27-1.80) <0.001
Blood pressure

Normal Reference Reference Reference

Elevated blood pressure or mediation 2.15 (1.72-2.67) <0.001 1.89 (1.50-2.36) <0.001 1.55 (1.21-1.97) <0.001
Number of components (n)

0 Reference Reference Reference

| 1.09 (0.68-1.77) 0.711 1.1l (0.69-1.79) 0.671 1.05 (0.65-1.70) 0.836

2 1.83 (1.18-2.82) 0.007 1.93 (1.25-2.99) 0.003 1.74 (1.12-2.71) 0.014

3 3.07 (2.01-4.68) <0.001 3.50 (2.30-5.34) <0.001 2.98 (1.944.59) <0.001

4 4.16 (2.69-6.42) <0.001 5.04 (3.27-7.79) <0.001 4.11 (2.62-6.44) <0.001

5 4.87 (2.87-8.25) <0.001 8.53 (5.09-14.31) <0.001 6.74 (3.95-11.48) <0.001

P for trend <0.001
Body mass index

Normal weight Reference Reference Reference

Overweight 1.14 (0.92-1.42) 0.237 1.22 (0.98-1.51) 0.076 1.12 (0.90-1.38) 0318

Obese 1.85 (1.45-2.35) <0.001 2.03 (1.60-2.58) <0.001 1.70 (1.33-2.17) <0.001
Metabolic status

Healthy Reference Reference Reference

Unhealthy 2.45 (2.04-2.95) <0.001 2.82 (2.35-3.38) <0.001 2.48 (2.06-2.98) <0.001

P for multiplicative interaction 0.015

Notes: Results are based on a generalized estimating equation (GEE) with diabetes vs no diabetes as binary outcome (analysis sample n=9623). *Adjusted for follow-up time,
age (numeric) and gender. ®Adjusted for follow-up time, demographic characteristics (age (numeric), gender, education level, drug history, history of chronic disease and
family history of diabetes) and behavioral characteristics (smoking status, drinking status, regular physical activity).

ATP III components were significantly associated with
incident DM except LDL-C. Associations were detected
between the number of metabolic unhealthy components
found in an individual and DM (Table 3; Supplementary
Figure S3). The RR for DM risk gradually increased with
the increase in the number of components when compared
with participants without any metabolically unhealthy
components (Pieng < 0.001) (Table 3).

Compared with those of normal weight, only the obese
group (Adjusted RR = 1.70; 95% CI=1.33-2.17; P <
risk of DM. The

0.001) presented an increased

metabolically unhealthy group showed an increased risk
of incident DM when compared with metabolically
healthy individuals (Adjusted RR = 2.48; 95% CI =
2.06-2.98; P < 0.001). Interaction analysis showed that
BMI interacted multiplicatively with metabolic status to
contribute to DM risk (Pinteraction = 0.015) (Table 3).
Interaction analyses failed to detect any significant
association between BMI-metabolic status phenotypes
and follow-up time (Pipteraction = 0.649). As is shown in
Table 4, GEE analyses were further performed to detect
the associations between BMI-metabolic status phenotypes
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Table 4 The Association Between Body Mass Index-Metabolic Status Phenotypes and Diabetes
BMI-Metabolic Status Crude RR (95% P Adjusted RR (95% P? Adjusted RR (95% PP
(<)} cn? cn®
Metabolically healthy normal weight Reference Reference Reference
Metabolically healthy overweight 0.64 (0.46-0.89) 0.007 0.67 (0.49-0.93) 0.016 0.65 (0.47-0.90) 0.009
Metabolically healthy obesity 1.02 (0.65-1.61) 0.919 1.08 (0.69-1.68) 0.741 0.99 (0.63-1.53) 0.949
Metabolically unhealthy normal weight 1.63 (1.13-2.36) 0.009 1.99 (1.41-2.82) <0.001 1.81 (1.28-2.55) 0.001
Metabolically unhealthy overweight 2.01 (1.56-2.61) <0.001 2.34 (1.82-3.01) <0.001 2.02 (1.57-2.61) <0.001
Metabolically unhealthy obesity 2.55 (1.94-3.34) <0.001 2.95 (2.26-3.86) <0.001 2.48 (1.89-3.26) <0.001
P for trend <0.001

Notes: Results are based on a generalized estimating equation (GEE) with diabetes vs no diabetes as binary outcome (analysis sample n=9623). *Adjusted for follow-up time,
age (numeric) and gender. ®Adjusted for follow-up time, demographic characteristics (age (numeric), gender, education level, drug history, history of chronic disease and
family history of diabetes) and behavioral characteristics (smoking status, drinking status, regular physical activity).

Abbreviation: BMI, body mass index.

and DM risk. It revealed that the MH-OW group were at
a decreased risk of incident DM (Adjusted RR = 0.65;
95% CI = 0.47-0.90; P = 0.009) and no significant asso-
ciations were found for MHO (Adjusted RR = 0.99; 95%
CI = 0.63-1.53; P = 0.949) individuals when compared
with the MH-NW phenotype. However, the MU-NW
(Adjusted RR = 1.81; 95% CI = 1.28-2.55; P = 0.001),
MU-OW (Adjusted RR = 2.02; 95% CI = 1.57-2.61; P <
0.001) and MUO phenotypes (Adjusted RR = 2.48; 95%
CI =1.89-3.26; P < 0.001) were associated with increased
DM risk in comparison with MH-NW, among which the
MUO phenotype showed the highest RR (Pyeng < 0.001)
(Table 4).

Risk of Diabetes Stratified by Age and

Gender

In the stratified analyses, associations between BMI-
metabolic phenotypes and DM risk were evaluated based
on age and gender, separately. As is shown in Figure 2,
only MU-OW (Adjusted RR = 2.11; 95% CI = 1.20-3.73;
P =0.010) and MUO (Adjusted RR =2.37; 95% CI = 1.34—
4.18; P = 0.003) phenotypes showed an increased diabetes
risk in comparison with MH-NW among those individuals
with age < 50 years. Those in the MU-NW (Adjusted RR =
2.12; 95% CI = 1.32-3.42; P = 0.002) MU-OW (Adjusted
RR = 2.01; 95% CI = 1.35-2.99; P = 0.001) and MUO
(Adjusted RR =3.04; 95% CI =2.02-4.56; P <0.001) groups
seemed more likely to suffer DM across all phenotypes
among individuals aged 50 to 59 years. For the age groups
> 60, similar results were found to those for the main analysis
of the total sample and no significant association was
detected for the MU-NW phenotype
Supplementary Table S3). For male participants, MH-OW
(Adjusted RR = 0.54; 95% CI = 0.35-0.82; P = 0.004)

(Figure 2;

presented a decreased risk of DM compared with MH-NW,
while, only the MU-OW (Adjusted RR = 1.54; 95% CI =
1.06-2.24; P = 0.025) and MUO (Adjusted RR = 1.73; 95%
CI = 1.17-2.57; P = 0.006) phenotypes showed increased
risk. Meanwhile, the associations of MU-NW, MU-OW and
MUO with DM risk were more evident in female individuals
(P <0.001) (Figure 3; Supplementary Table S4).

Sensitivity Analysis

A series of sensitivity analyses were undertaken to exam-
ine the robustness of our findings. The results of the
analysis in patients with unmodified BMI-metabolic status
phenotype were similar to the main results except that it
failed to detect the association between MH-OW and DM
risk (Supplementary Table S5). After removing partici-

pants with IFG/IGT, the results of sensitivity analysis
were consistent with those outcomes reported in the main
analysis (Supplementary Table S6). We also conducted

sensitivity analyses of stratification based on age and gen-

der, and the results did not

(Supplementary Tables S7-S10).
Furthermore, comparison of baseline characteristics

essentially change

was also carried out between the participants who were
included in the analytic sample and those excluded
because of loss to follow-up (Supplementary Table S2).

No statistically significant difference was detected for the
distribution of BMI-metabolic status phenotypes at base-
line between the study population and individuals who
were lost to follow-up (P > 0.05) (Supplementary

Table S2).

Discussion
Diabetes is a serious, long-term condition, which is con-
and costly disease.”> An

sidered as burdensome
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BMI-metabolic status phenotypes Adjusted RR (95% Cl) P-value

<50 Year

Metabolically healthy normal weight
Metabolically healthy overweight
Metabolically healthy obesity
Metabolically unhealthy normal weight
Metabolically unhealthy overweight
Metabolically unhealthy obesity
50-59 Year

Metabolically healthy normal weight
Metabolically healthy overweight
Metabolically healthy obesity
Metabolically unhealthy normal weight
Metabolically unhealthy overweight
Metabolically unhealthy obesity

260 Years

Metabolically healthy normal weight
Metabolically healthy overweight
Metabolically healthy obesity
Metabolically unhealthy normal weight
Metabolically unhealthy overweight
Metabolically unhealthy obesity

Reference
0.61 (0.30-1.22) 0.164
1.18 (0.53-2.59) 0.685
0.81 (0.20-3.36) 0.772
2.11 (1.20-3.73) 0.010
2.37 (1.34-4.18) 0.003

Reference
0.78 (0.48-1.26) 0.309
0.98 (0.50-1.93) 0.958
2.12 (1.32-3.42) 0.002
2.01 (1.35-2.99) 0.001
3.04 (2.02-4.56) <0.001

Reference
0.53 (0.30-0.91) 0.022
0.84 (0.37-1.95) 0.690
1.54 (0.88-2.70) 0.134
1.98 (1.34-2.95) 0.001
1.71 (1.01-2.89) 0.046

Figure 2 The association of body mass index-metabolic status phenotypes with diabetes in an analysis stratified by age. Adjusted for follow-up time, demographic
characteristics (gender, education level, drug history, history of chronic disease and family history of diabetes) and behavioral characteristics (smoking status, drinking status,
regular physical activity).

Abbreviation: BMI, body mass index.

BMI-metabolic status phenotypes Adjusted RR (95% CI) P-value

mMae
Metabolically healthy normal weight Reference :

Metabolically healthy overweight 0.54 (0.35-0.82) 0.004 Ha—

Metabolically healthy obesity 0.85 (0.47-1.55) 0.602 -

Metabolically unhealthy normal weight 0.99 (0.47-2.08) 0.985 ——

Metabolically unhealthy overweight 1.54 (1.06-2.24) 0.025 —=—

Metabolically unhealthy obesity 1.73 (1.17-2.57) 0.006 —a—

Female

Metabolically healthy normal weight Reference :

Metabolically healthy overweight 0.78 (0.48-1.26) 0.306 e

Metabolically healthy obesity 1.07 (0.55-2.05) 0.851 —m—

Metabolically unhealthy normal weight 2.42 (1.58-3.73) <0.001 P
Metabolically unhealthy overweight 2.54 (1.76-3.68) <0.001 —a—
Metabolically unhealthy obesity 3.30 (2.21-4.92) <0.001 1 [ r—lil—il

Figure 3 The association of body mass index-metabolic status phenotypes with diabetes in an analysis stratified by gender. Adjusted for follow-up time, demographic
characteristics (age (numeric), education level, drug history, history of chronic disease and family history of diabetes) and behavioral characteristics (smoking status, drinking
status, regular physical activity).

Abbreviation: BMI, body mass index.
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epidemiological study reveals that 11% of Chinese people
have suffered from DM, with a significant proportion
remaining undiagnosed.” As a result, the challenges for
developing integrated care for DM and its complications
are numerous in China.”’ Hence, we should put emphasis
on early screening of the high-risk population in the pre-
vention of diabetes. In addition, obesity is expanding
worldwide, and it has also become a major public health
problem in China.”®**® A previous study suggested that
obesity is a condition which is related to multiple medical,
psychological and social problems, and the most harmful
could be DM.?" Considering that DM risk might vary

among obese sub-phenotypes,*®

stratification of obesity
could be used to identify and target people at risk effec-
tively, aiming at efficient distribution of limited financial
resources. However, current guidelines for obesity man-
agement are not adequately supported by evidence from
clinical studies among Chinese populations.** In our study,
we evaluated the effect of metabolic health status and
obesity phenotypes on the DM risk in the Chinese popula-
tion. MU-NW, MU-OW and MUO individuals were at
increased risk for DM, in contrast to MH-OW and MHO
phenotypes. As far as we know, this is the first study to use
a GEE model, which took repeated data obtained at each
follow-up in a longitudinal study into consideration, to
examine the effect of metabolic health alongside obesity
phenotypes on DM risk in the Chinese population.

The associations of obese phenotypes and DM risk
have been evaluated by several studies, but the results
remain controversial.'>'>3% Until now, available studies
have focused on prospective or retrospective cohort stu-
dies, analyzing MHO phenotype and DM by applying
a logistic regression model or Cox proportional hazards

. 13,14
regression model,'*:

which only take the baseline infor-
mation into consideration and cannot take advantage of the
data from repetitive measurements at each follow-up to
analyze changes in each variable. In addition, previous
studies put emphasis on MHO; the diabetes risk, especially
among MH-OW, MU-NW, MU-OW and MUO phenotypes
in comparison with MH-NW, remains less examined, espe-
cially for the Chinese population. Recently, a study con-
ducted by Barkas et al aimed to investigate the relationship
between MHO and T2DM risk in statin-treated patients
and suggested that the MHO phenotype might not signifi-
cantly increase the T2DM risk and that the metabolically
unhealthy non-obese presented an increased risk,'> which
were similar to the findings in our study. However, their
study focused on statin-treated patients and set non-obesity

as comparison. In our study, the participants were from
a community-based prospective cohort study and the cate-
gories of BMI-metabolic status phenotypes were explicit
and appropriate to detect the association. A study carried
out by Wang et al without a 2-h OGTT test suggested that
significantly increased risk of DM was detected for all the
individuals with baseline MHO, MU-NW, and MUO phe-
notypes, which was not consistent with our findings. No
significant association was found between MHO and DM
risk in our study.'> A recent network meta-analysis sug-
gested that MUO groups posed the highest risk for dia-
betes and MH-OW/ MHO/ MU-NW/ MU-OW individuals
also showed increased risk when compared with MH-
NW,** presenting partially similar results to our study.
Taken together, the inconsistency of studies mainly con-
centrates on the MHO/MH-OW phenotypes. Therefore,
the possible reasons for controversy may be as follows:
First, ethnicity and population were diverse. Second, in
our study, MH-NW was set as the comparison when
exploring the effect of BMI-metabolic status phenotypes
on DM risk instead of using overweight and normal
weight group as a combination. Third, the criteria of
BMI were inconsistent with our study and inappropriate
for the Chinese population. At present, the BMI ranges
recommend by WHO are mainly suitable for the Western
populations, among which the BMI range of 25-29.9 kg/
m? was defined as overweight and BMI>30 kg/m? as
obesity. Moreover, the BMI criteria proposed by scientists
in Asian countries (overweight: 23-24.9 kg/m?; obesity: >
25 kg/m?) are also inappropriate for the Chinese popula-
tion, because the Asian criteria did not include the data
from mainland China and Taiwan China.'®* It is impor-
tant and necessary to define the optimal range for over-
weight and obesity in DM prevention among the Chinese
population.'® Thus, the definition of BMI in our study was
in accordance with the criteria of The Working Group on
Obesity in China.'®

MHO is a novel concept obtained by stratifying indi-
viduals with obesity according to metabolic status.”® The
findings of our study highlighted the effect of metabolic
health status in predicting incident DM, as decreased risk
was found for MH-OW and no significant association was
detected for MHO phenotype.
abnormalities may play a much more important role in
developing DM rather than exclusively BMI, as MU-
NW, MU-OW and MUO all posed increased risk in our
study. Interestingly, our study also showed that only in the

Moreover, metabolic

older groups (more than 60 years) can the MH-OW
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phenotype be significantly associated with decreased risk
of DM. A study suggested that obesity might not be
diabetogenic, and not all metabolically healthy individuals
with obesity were at the same risk of diabetes onset.>* It
has been proposed that adipose tissue as an endocrine
organ produces different adipocytokines, which could be
associated with wide range of metabolic diseases.”’
Therefore, the diagnosis of “obesity phenotypes” should
remain an indication to initiate prevention, even though
the individuals with certain phenotypes without DM at the
time of diagnosis.” In recent years, studies have explored
the effectiveness of weight loss by stratifying individuals
according to obesity phenotypes.**2° A previous study
also suggested that MHO individuals could not benefit to
the same extent as those with unhealthy obesity from
interventions involving losing weight.” Given the fre-
quently unsuccessful anti-obesity interventions and limita-
tions of healthcare resources,”” it is a challenge of clinical
practice to identify which individuals with obesity may be
able to benefit the most from interventions, especially for
the prevention of DM. Nevertheless, current guidelines
recommended for weight loss are aimed at all obesity
with no distinction according to BMI-metabolic status
phenotypes.? Notably, DM poses a huge health burden
on China, and the substantial increase of diabetes-related
burden shows an uninterrupted challenge as well.*’
Therefore, novel strategies for targeted DM prevention
need to be developed. Given that the prevalence of obesity
continues to escalate, a strategy based on different obese
phenotypes is imperative to enhance the efficacy and
effectiveness of the prevention of DM,*® with promising
methods to prioritize and identify the “high-risk” indivi-
duals who could benefit greatly and be the most suitable
for intervention. It is worth mentioning that the MUO
phenotype presented the highest risk, and needs to be
accorded much more importance. Our findings highlighted
the MU-OW and MU-NW phenotypes are also important
groups for targeted prevention.

Several merits of this study deserve to be pointed
out. First, our findings were based on a longitudinal
study, making full use of repeated measurement data
obtained at each follow-up examinations, which clarified
the time sequence of correlation and took the time-
independent variables into account by using GEE mod-
els. Second, both demographic and behavioral character-
istics were adjusted to minimize potential confounding.
Sensitivity analyses also showed the consistency and
robustness of the results. Third, it is an advantage in

the delimitation of obesity phenotypes in our study that
the focus on BMI criteria for the Chinese population
and the use of ATP III criteria of metabolic status were
much more stringent and clinically relevant for the
Chinese population.

However, there are some limitations. First, potential
bias could not be avoided in our study, because the infor-
mation on behavioral characteristics, drug history, history
of chronic disease and family history of DM was self-
reported. Second, because of the lack of repetitive inves-
tigations on dietary habits and nutritional information dur-
ing follow-up examinations, we have not adjusted for them
in our present study. Additionally, lack of test item of
insulin resistance is also a limitation. Moreover, the major-
ity of participants in this study were rural inhabitants.
Thus, it may not be representative of the general popula-
tion of China, which limits the generalizability of our
findings.

Conclusion

In summary, in the Chinese population, the MH-OW and
MHO phenotypes did not show an increased risk of
incident diabetes. MU-NW, MU-OW and MUO were
found to show a significantly increased risk of DM.
Future studies are needed to extend the findings and
elucidate whether some BMI-metabolic status pheno-
types can be targeted for optimizing prevention and
therapeutic strategies to mitigate the obviously increased
prevalence of DM.
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