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Purpose: Changes in transition from metabolically healthy overweight/obesity (MHO) to 
metabolically unhealthy overweight/obesity (MUO) are associated with the risk for cardio
metabolic complications. This study aims to investigate the effects of short-term dynamic 
changes in body mass index (BMI) and metabolic status on the risk of type 2 diabetes (T2D) 
and to identify biological predictors for the MHO-to-MUO transition.
Patients and Methods: A total of 4604 subjects from the REACTION study were included 
for a 3-year follow-up. Subjects were categorized based on their BMI and metabolic 
syndrome status. Overweight/obesity was defined as BMI ≥ 24 kg/m2. Metabolically healthy 
was defined as having two or fewer of the metabolic syndrome components proposed by the 
Chinese Diabetes Society. Thus, subjects were divided into four groups: metabolically 
healthy normal weight (MHNW), MHO, metabolically unhealthy normal weight (MUNW), 
and MUO.
Results: Compared with MHNW, MHO was not predisposed to an increased risk for T2D 
(OR 1.08, 95% CI 0.64–1.83, P = 0.762). However, a 3-year transition probability of 20.6% 
was identified for subjects who shifted from MHO to MUO; this conversion increased the 
risk of T2D by 3-fold (OR 3.04, 95% CI 1.21–7.68, P = 0.018). The fatty liver index 
independently predicted the MHO-to-MUO transition with an OR 3.14 (95% CI 1.56–7.46, 
P = 0.002) when comparing the fourth quartile to the first quartile.
Conclusion: This study reveals that metabolic changes affect the short-term susceptibility to 
T2D in the overweight/obese Chinese population, and the fatty liver index is an efficient 
clinical parameter for identifying those with a metabolic deterioration risk.
Keywords: overweight, obesity, metabolic syndrome, type 2 diabetes

Introduction
Overweight and obesity, which affect more than one third of the world’s 
population,1 are associated with the development of type 2 diabetes (T2D), cardi
ovascular disease, and many other chronic diseases.2 However, research remains to 
be done regarding the varying levels of exposure to cardiometabolic complications 
in the obese population. One of the specific interests explored in this study is 
a subgroup of overweight/obese subjects who experience a low risk for cardiometa
bolic abnormalities; this subgroup is defined as metabolically healthy overweight/ 
obesity (MHO).3

Little consensus has been made on the association between MHO and the 
incidence rate of T2D in the past decades. Some studies have found that MHO is 
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a safe phenotype as possessing no significant relevance in 
the risk for developing T2D than that of healthy lean 
subjects4,5 while other studies have reported a low but 
positive risk.6,7 Despite the inconsistent findings regarding 
the association between metabolic health and the risk for 
diabetes, the unstable nature of MHO may deteriorate to 
metabolically unhealthy overweight/obesity (MUO) over
time, and ultimately increase the risk for the development 
of diabetes.8–10 The Nurses’ Health Study delineated 
a decline of healthy metabolic profile with increased age 
after a 30-year follow-up and suggested an early interven
tion to impede the transition from healthy to unhealthy 
metabolic status in both overweight and obese 
populations.9 Thus, it is urgent to investigate the short- 
term MHO-to-MUO transition impact on the T2D risk and 
identify the predictors for this imminent transition. 
However, most studies address the long-term effects of 
MHO phenotype on diabetic risk without considering 
body mass index (BMI) across metabolic changes and its 
predictors, especially in Chinese adults.5,11–14

In this study, we aim to 1) examine the association of 
BMI-metabolic health categories and the risk for the 
development of T2D over a 3-year follow-up period by 
using data from the Risk Evaluation of cAncers in Chinese 
diabeTic Individuals (REACTION) study;15 2) investigate 
the effects of dynamic metabolic health status changes in 
the MHO phenotype on the risk of T2D; 3) explore the 
clinical parameters predicting the changes from metaboli
cally healthy to unhealthy state of MHO individuals during 
this period.

Patients and Methods
Study Population
The population studied was derived from the REACTION 
study in which investigators studied the association 
between glucose metabolism and risk for cancer in the 
Chinese population.15 The cohort profile being studied 
here is a subgroup of REACTION subjects, which were 
followed up for a 3-year period. 10,420 subjects residing 
in rural areas of Yichang city, Hubei province ranging 
from ages 35 to 91 years were enrolled in this study 
from October 2011 to January 2012. 6243 subjects com
pleted the follow-up examination between September 2014 
and October 2015. Baseline exclusionary criteria included 
subjects diagnosed with any of the following diseases: 
T2D, cardiovascular disease (CVD), stroke, pancreas dis
ease, kidney disease, and tumor. Additionally, baseline 

BMI was evaluated for exclusionary criteria. Ultimately, 
4604 subjects participated in the final analysis. This study 
adheres to the Principles of the Declaration of Helsinki 
and the study protocol was approved by the Ethics 
Committee of Tongji Medical College of Huazhong 
University of Science and Technology. All subjects were 
provided a verbal explanation of the study protocol and 
were also provided written details regarding their volun
tary participation in the study; all subjects provided written 
informed consent.

Measurement
Well-trained specialists collected the anthropometric data. 
Weight was measured to the nearest 0.1 kg with subjects 
wearing indoor clothes but no shoes. Height was measured 
to the nearest 0.1 cm without shoes. While wearing mini
mal clothing, waist and hip circumferences were measured 
to the nearest 0.1 cm. BMI was calculated as weight in 
kilograms divided by the square of the height in meters. 
Blood pressure was conducted two to three times, with 
each measurement taken after the subject was sedentary 
for a duration of 5 minutes, and the mean blood pressure 
was calculated for analysis. The International Physical 
Activity Questionnaire (IPAQ), a short list of questions 
used to determine activity level, was conducted to evaluate 
the physical activity of subjects.

The details of biochemical measurements are described 
in the REACTION study.15 All subjects fasted for 
a minimum of 8 hours prior to sample collection. During 
the 75-g oral glucose tolerance test (OGTT), a 2-hour 
blood sample was obtained for 2-hour plasma glucose 
(2hPG). HOMA-IR was calculated for the evaluation of 
insulin resistance.16 To represent ectopic fat distribution, 
we calculated fatty liver index (FLI)17 using the formula: 
FLI = (e 0.953 × loge (triglycerides) + 0.139 × BMI + 
0.718 × loge (GGT) + 0.053 × waist circumference- 
15.745)/(1 + e 0.953 × loge (triglycerides) + 0.139 × 
BMI + 0.718*loge (GGT) + 0.053 × waist circumfer
ence-15.745) × 100.

Definition of Metabolically Healthy, 
Overweight, and Obesity
Metabolism status was determined by five components of 
metabolic syndrome proposed by the Chinese Diabetes 
Society18 as follows: 1) waist circumference ≥90 cm for 
men and ≥85cm for women; 2) fasting plasma glucose 
(FPG) ≥6.1 mmol/L or OGTT 2hPG ≥7.8 mmol/L, or 
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confirmed diabetes that was under treatment; 3) blood 
pressure ≥130/85 mmHg, or diagnosed hypertension and 
on antihypertensive therapy; 4) fasting TG ≥ 1.70 mmol/ 
L; 5) fasting HDL-C <1.04 mmol/L. Metabolically healthy 
was defined as having two or fewer of these components. 
Metabolically unhealthy was defined as the presence of 
three or more of the five components of metabolic 
syndrome.

Obesity was determined based on the BMI criteria. 
Normal weight was defined as 18.5 ≤ BMI < 24 kg/m2; 
overweight was defined as 24 ≤ BMI < 28 kg/m2; obesity 
was defined as BMI ≥ 28 kg/m2 according to the Chinese 
guidelines on the prevention and control of obesity.19 

Underweight individuals, which were defined as subjects 
with a BMI < 18.5 kg/m2, were excluded.

Subjects were divided into four groups: 1) metaboli
cally healthy normal weight (MHNW); 2) metabolically 
healthy overweight/obesity (MHO); 3) metabolically 
unhealthy normal weight (MUNW); 4) metabolically 
unhealthy overweight/obesity (MUO).

Definition of Type 2 Diabetes
Type 2 diabetes was defined using the criteria proposed by 
the Chinese Diabetes Society18 in which a FPG ≥ 7.0 
mmol/L or 2hPG ≥11.1 mmol/L determines diabetes. We 
excluded other types of diabetes via medical history, 
family history, and physical examination.

Statistical Analysis
Continuous variables are expressed in mean ± SD or 
median (interquartile range 25–75%) while categorical 
variables are presented in frequency and percentages. 
The Student’s t-test, χ2 test, or ANOVA were used to 
compare the characteristics of this cohort classified by 
their metabolic health and BMI categories. Logistic regres
sion analysis was used to estimate the odds ratio (OR) and 
their 95% confidence interval (CI) of incident T2D during 
the 3-year follow-up. Three multivariate-adjusted models 
were fitted: Model 1 was adjusted for age and sex; Model 
2 was Model 1 plus the adjustment for smoking, physical 
activity, sitting MET, and family history (diabetes, CVD, 
and stroke); Model 3 was Model 2 plus the adjustment for 
FPG, BMI, and waist circumference.20 First, we analyzed 
the risk for developing T2D in the cohort by the BMI- 
metabolic status using MHNW phenotype as the reference 
category. We further analyzed the risk for T2D considering 
the transition from MHO to MUO during the 3-year fol
low-up period using the stable MHNW subgroup as the 

reference category. To evaluate the probability of transi
tion in the context of BMI-metabolic status within this 
follow-up period, we used a multiple regression model 
treating the baseline phenotype as the independent variable 
and age as a covariate.7 Finally, we conducted multivariate 
logistic regression analysis with backward stepwise selec
tion to determine the independent association between 
clinical and biochemical parameters and the MHO-to- 
MUO transition. Incidence MUO or non-MUO transition 
from baseline-MHO were treated as dependent variables. 
Sex, age, smoking, physical activity, sitting MET, BMI, 
waist circumference, systolic blood pressure (SBP), dia
stolic blood pressure (DBP), FPG, 2hPG, TG, HDL, LDL, 
HOMA-IR, and FLI were considered as variables initially. 
We considered a P value <0.05 to be statistically signifi
cant. All the analyses above were conducted using SPSS 
Statistics (version 23).

Results
Baseline Characteristics
Data from 4604 subjects (1554 men and 3050 women) with 
a mean age of 55.36 years for men and 53.35 years for 
women were analyzed. The anthropometric data, family 
history, and biochemical measurements classified by BMI- 
metabolic health status are summarized in Table 1.

At baseline, 1239 (26.9%) subjects were categorized as 
MHO, constituting 68.2% in the overweight/obese popula
tion and 32.2% in the metabolically healthy population. 
MHO subjects were characterized as being younger in age 
and having lower past smoking rates in comparison to other 
groups. Although both metabolically healthy, the MHO 
group yielded relatively worse 2hPG, blood pressure, and 
lipid profile and were more insulin resistant (HOMA-IR: 
1.88 ± 0.87) compared with metabolically healthy normal 
weight (MHNW) subjects (HOMA-IR: 1.34 ± 0.82), P < 
0.05 for all the variables mentioned above according to post 
hoc analysis; their FPG levels were comparable. FLI levels 
showed that the liver fat content in MHO (29.54 ± 16.95) 
was 3-fold higher than those in MHNW (10.51 ± 8.84). 
When compared with MUO, the MHO group displayed 
a better metabolic condition with half the FLI level. In 
another hand, although MUNW subjects were within normal 
BMI range, they presented higher levels of waist and hip 
circumference, and were more insulin resistant than MHNW 
subjects according to post hoc analysis. There were no 
significant differences between the four groups considering 
the characteristics of marital status, education, alcohol 
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Table 1 Baseline Characteristics of the Cohort

Total Metabolically Healthy Metabolically Unhealthy χ2 P

Normal 
Weight

Overweight/ 
Obese

Normal 
Weight

Overweight/ 
Obese

N 4604 2609 (56.7) 1239 (26.9) 179 (3.9) 577 (12.5)

Gender

Male 1554 (33.8) 942 (36.1) 374 (30.2) 45 (25.1) 193 (33.4) 19.473 <0.001
Female 3050 (66.2) 1667 (63.9) 865 (69.8) 134 (74.9) 384 (66.6)

Age, years 54.03 (8.43) 54.26 (8.65) 53.00 (8.12) 56.06 (8.51) 54.57 (7.80) <0.001

Marital Status
Married 4361 (95.4) 2480 (95.6) 1168 (94.8) 170 (96.6) 543 (95.3) 1.827 0.609
Unmarried 211 (4.6) 114 (4.4%) 64 (5.2) 6 (3.4) 27 (4.7)

Education

Illiterate/Semi-literate 424 (9.5) 247 (9.8) 100 (8.4) 20 (11.6) 57 (10.2) 9.257 0.160
Junior high and below 3463 (77.8) 1986 (78.5) 922 (77.3) 134 (77.5) 421 (75.6)

High and above 565 (12.7) 296 (11.7) 171 (14.3) 19 (11.0) 79 (14.2)

Smoke

Never 3316 (74.4) 1795 (71.2) 952 (79.5) 140 (80.5) 429 (76.5) 42.708 <0.001
Past 254 (5.7) 145 (5.8) 59 (4.9) 12 (6.9) 38 (6.8)
Current 884 (19.8) 581 (23.0) 187 (15.6) 22 (12.6) 94 (16.8)

Drinking

Never 3369 (73.2) 1876 (71.9) 935 (75.5) 135 (75.4) 423 (73.3) 6.767 <0.343
Past 193 (4.2) 110 (4.2) 48 (3.9) 8 (4.5) 27 (4.7)
Current 1042 (22.6) 623 (23.9) 256 (20.7) 36 (20.1) 127 (22.0)

PA
Low 563 (14.7) 310 (14.4) 157 (14.8) 21 (13.9) 75 (16.0) 5.382 <0.496
Moderate 443 (11.5) 230 (10.7) 133 (12.5) 18 (11.9) 62 (13.2)
High 2834 (73.8) 1618 (75.0) 771 (72.7) 112 (74.2) 333 (70.9)

Sitting MET, minutes/ 
week

1200 
[720, 1320]

1020 
[720,1320]

1320 
[720,1320]

1320 
[720,1320]

1320 
[720,1500]

<0.001

Family history
Diabetes 45 (1.1) 25 (1.1) 12 (1.1) 2 (1.3) 6 (1.2) 0.067 0.995

CVD 260 (5.6) 132 (5.1) 80 (6.5) 12 (6.7) 36 (6.2) 3.971 0.265

Stroke 195 (4.2) 103 (3.9) 58 (4.7) 11 (6.1) 23 (4.0) 2.837 0.417

Height, cm 156.72 (7.20) 156.83 (7.20) 156.23 (7.04) 156.02 (6.98) 157.52 (7.48) 0.002

Weight, cm 57.96 (9.21) 53.07 (6.10) 63.79 (7.33) 54.35 (6.02) 68.62 (9.15) <0.001

BMI, kg/m2 23.55 (3.03) 21.53 (1.48) 26.08 (1.90) 22.26 (1.39) 27.59 (2.50) <0.001

Waist, cm 78.48 (8.64) 73.70 (6.07) 83.18 (6.45) 78.67 (6.64) 89.93 (6.64) <0.001

Hip, cm 90.97 (6.52) 87.94 (4.88) 94.40 (5.49) 89.47 (6.03) 97.77 (6.46) <0.001

WHR 0.86 (0.07) 0.84 (0.06) 0.88 (0.06) 0.88 (0.06) 0.92 (0.06) <0.001

SBP, mmHg 137.18 (20.95) 134.06 (20.15) 136.52 (20.61) 149.20 (19.20) 148.93 (20.35) <0.001

DBP, mmHg 79.55 (12.16) 77.50 (11.74) 80.05 (11.84) 85.66 (11.03) 85.81 (12.14) <0.001

FPG, mmol/L 5.66 (0.53) 5.60 (0.52) 5.60 (0.49) 6.00 (0.53) 5.91 (0.54) <0.001

(Continued)
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consumption history, physical activity, sedentary status, 
family histories of diabetes, CVD, and stroke (P ≥ 0.05).

Risk of Incident T2D for the Cohort 
After 3-Year Follow-Up
Table 2 shows the distribution of subjects among the 4 groups 
MHNW, MHO, MUNW and MUO; and the risk of incident for 
T2D stratified by baseline metabolic health status and BMI. 
The overall cumulative incidence of T2D (4.20%) for the 
MHO group was one-third of those in the MUO group 
(14.73%) and was comparable to MHNW. Compared with 

MHNW, MHO subjects were not at an increased risk for the 
incident of T2D (OR 1.08, 95% CI 0.64–1.83, P = 0.762), 
MUO subjects had a 3-fold higher risk (OR 3.02, 95% CI 1.63– 
5.60, P < 0.001) when adjusted for age, sex, smoking, physical 
activity, sedentary time, FPG, BMI, waist circumference, and 
family history of diabetes, CVD, and stroke.

Changes in BMI Across Metabolic Status in 
the Cohort and Their Risk for Incident T2D
Table 3 shows the 3-year transition probabilities categor
ized by BMI-metabolic status. Four out of five subjects in 

Table 1 (Continued). 

Total Metabolically Healthy Metabolically Unhealthy χ2 P

Normal 
Weight

Overweight/ 
Obese

Normal 
Weight

Overweight/ 
Obese

2hPG, mmol/L 6.87 (1.64) 6.61 (1.58) 6.75 (1.47) 8.21 (1.63) 7.88 (1.65) <0.001

HbA1c, % 5.49 (0.43) 5.44 (0.41) 5.51 (0.41) 5.51 (0.53) 5.65 (0.45) <0.001

TG, mmol/L 1.45 (1.09) 1.18 (0.73) 1.38 (0.75) 2.93 (2.34) 2.40 (1.51) <0.001

CHOL, mmol/L 5.34 (0.98) 5.26 (0.94) 5.35 (0.93) 5.80 (1.48) 5.55 (1.00) <0.001

HDL, mmol/L 1.69 (0.39) 1.80 (0.39) 1.62 (0.33) 1.47 (0.35) 1.43 (0.31) <0.001

LDL, mmol/L 2.99 (0.81) 2.88 (0.78) 3.11 (0.80) 3.15 (1.00) 3.19 (0.82) <0.001

ALT, U/L 18.70 (12.02) 17.18 (10.91) 19.68 (12.65) 19.63 (12.76) 23.21 (13.72) <0.001

AST, U/L 26.25 (12.23) 26.11 (11.53) 25.46 (9.91) 29.66 (28.31) 27.48 (11.33) <0.001

GGT, U/L 27.46 (44.35) 23.17 (30.15) 27.37 (27.50) 52.95 (159.19) 39.17 (41.52) <0.001

CreaC, μmol/L 67.35 (12.78) 66.74 (11.61) 67.34 (13.81) 67.06 (10.39) 70.18 (15.50) <0.001

Fasting Insulin, mIU/L 6.58 (4.07) 5.34 (2.94) 7.49 (3.27) 7.69 (7.46) 9.93 (5.71) <0.001

HOMA-IR 1.68 (1.15) 1.34 (0.82) 1.88 (0.87) 2.09 (2.28) 2.62 (1.65) <0.001

FLI 21.97 (20.38) 10.51 (8.84) 29.54 (16.95) 29.20 (19.06) 55.24 (19.72) <0.001

Notes: Categorical variables were presented as count (percentages). Continuous variables were presented as mean (SD) or median [IQR]. 
Abbreviations: MET, metabolic equivalent of task; CVD, cardiovascular disease; BMI, body mass index; WHR, waist-hip ratio; SBP, systolic blood pressure; DBP, diastolic 
blood pressure; FLI, fatty liver index; PA, physical activity.

Table 2 Risk of Incident T2D by Categories of BMI and Metabolic Status

Events/n Incidence Model 1 Model 2 Model 3

OR (95% CI) OR (95% CI) OR (95% CI)

MHNW 101/2609 3.87% 1 (ref) 1 (ref) 1 (ref)
MHO 52/1239 4.20% 1.12 (0.79–1.58) 1.26 (0.85–1.85) 1.08 (0.64–1.83)

MUNW 20/179 11.17% 3.10 (1.86–5.14) *** 2.26 (1.16–4.41) * 1.75 (0.87–3.49)

MUO 85/577 14.73% 4.31 (3.18–5.84) *** 4.48 (3.12–6.43) *** 3.02 (1.63–5.60) ***

Notes: Model 1: Adjust for age and sex; Model 2: Model 1 plus the adjustment for smoking, physical activity, sitting MET, and family history (diabetes, CVD, and stroke); 
Model 3: Model 2 plus the adjustment for BMI, waist circumference, and FPG. * P < 0.05. *** P < 0.001.
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the MHNW group maintained their status of MHNW 
(stable MHNW), while only 2.3% of them converted to 
MUO (MHNW-to-MUO) during the 3-year follow-up. By 
comparison, two thirds of the baseline MHO subjects 
remained stable (stable MHO), and 20.6% of them transi
tioned to MUO (MHO-to-MUO). On the other hand, MUO 
also presented an unstable trait with 34.7% shifted to 
MHO (MUO-to-MHO).

Compared with the MHO subgroup, at baseline, the 
MHO-to-MUO subgroup presented an elevated level of 
systolic blood pressure, TG, LDL, and more insulin resis
tance but had equivalent FPG levels (Supplement Table 
S1). In addition, the FLI level in the MHO-to-MUO sub
group was almost 1.5-fold higher than that of the stable 
MHO subgroup (Supplement Table S1).

Table 4 shows adjusted ORs using multiple logistic 
analysis for incident T2D when considering the metabolic 
status changes in overweight/obese subjects in a 3-year 
follow-up. Compared with stable MHNW (MHNW-to- 
MHNW), subjects in the stable MHO subgroup (MHO-to- 
MHO) did not burden an increased T2D risk (OR 1.02, 
95% CI 0.45–2.33 P = 0.959) after adjusting variables. 
However, when metabolic health deteriorated (MHO-to- 
MUO), these subjects had a 3-fold increased risk for T2D 
(OR 3.04, 95% CI, 1.21–7.68, P = 0.018). To further 
investigate how metabolic improvement affected the risk 
for T2D in the short term, we did the same analysis in the 

baseline MUO subjects. Compared with stable MHNW 
subgroup, stable MUO subjects (MUO-to-MUO) suffered 
an 8-fold higher risk for T2D (OR 8.18, 95% CI 3.53– 
18.99, P < 0.001), but the subjects with metabolic 
improvement (MUO-to-MHO) showed insignificant 
change in the risk for T2D (OR 0.97, 95% CI 0.31–3.03, 
P = 0.961). We also compared the MHO-to-MUO with 
stable MHO subgroups and compared MUO-to-MHO with 
stable MUO subgroups (Supplement Table S2), reconfirm
ing that metabolic health shielded the overweight or obese 
subjects from increased diabetic risk even though their 
BMI remained consistent in this short-term follow-up.

Independent Predictors for the Transition 
from MHO to MUO Phenotype
To determine which parameters independently predict the 
metabolically healthy to unhealthy transition in the over
weight/obese population (MHO-to-MUO) during a 3-year 
follow-up, we generated a model using backward stepwise 
logistic regression (Table 5). Elevated levels of metabolic 
components such as waist circumference, systolic blood 
pressure, FPG, and TG, along with the female sex were 
predictors for transitioning from MHO to MUO. Moreover, 
increased FLI level independently predicted this transition 
with an OR of 3.14 (95% CI 1.56–7.46, P = 0.002) when 
comparing the fourth quartile with the first quartile.

Table 3 Transition Probabilities of BMI Cross Metabolic Status Changes from Baseline to Follow-Up

Baseline Follow-Up

MHNW MHO MUNW MUO

MHNW (n=2609) 0.783 (0.782–0.784) 0.146 (0.145–0.147) 0.049 (0.049–0.049) 0.023 (0.023–0.023)

MHO (n=1239) 0.111 (0.11–0.112) 0.671 (0.669–0.673) 0.012 (0.012–0.012) 0.206 (0.205–0.207)
MUNW (n=179) 0.433 (0.427–0.438) 0.169 (0.166–0.171) 0.247 (0.245–0.250) 0.152 (0.150–0.154)

MUO (n=577) 0.034 (0.033–0.034) 0.347 (0.345–0.350) 0.011 (0.011–0.011) 0.609 (0.606–0.611)

Note: Data are expected proportion (95% CI).

Table 4 Risk for Incident T2DM According to the BMI-Metabolic Status Changes in 3-Year Follow-Up

Baseline Events/n at Follow-Up Model 1 Model 2 Model 3

MHNW MHO MUO OR (95% CI) OR (95% CI) OR (95% CI)

MHNW 66/2030 - - 1 (ref) 1 (ref) 1 (ref)

MHO - 23/828 - 0.89 (0.55–1.44) 1.02 (0.61–1.73) 1.02 (0.45–2.33)
MHO - - 24/254 3.20 (1.96–5.22)*** 3.24 (1.83–5.73)*** 3.04 (1.21–7.68)*

MUO - 8/197 - 1.28 (0.60–2.70) 1.03 (0.40–2.63) 0.97 (0.31–3.03)

MUO - - 74/345 8.18 (5.73–11.69)*** 8.34 (5.48–12.70)*** 8.18 (3.53–18.99)***

Notes: Model 1: Adjust for age and sex; Model 2: Model 1 plus the adjustment for smoking, physical activity, sitting MET, and family history (diabetes, CVD, and stroke); 
Model 3: Model 2 plus the adjustment for BMI, waist circumference, and FPG. * P < 0.05 *** P < 0.001.
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Discussion
In this study we investigated the association of BMI cate
gories in the context of dynamical metabolic status 
changes and the risk for T2D. Our study found that meta
bolically healthy overweight/obese (MHO) subjects con
stituted for one-fourth of the rural Chinese adult 
population and were not predisposed to an increased risk 
for T2D than the lean healthy population (MHNW) within 
the 3-year follow-up. However, the MHO phenotype was 
unstable, and one-fifth of them progressed to 
a metabolically unhealthy state (MUO), consequently 
increasing their risk for T2D. The FLI was an independent 
clinical parameter for predicting this metabolic transition 
from MHO to MUO in the short-term of 3 years.

A limited number of studies have evaluated the stabi
lity of BMI-metabolic status changes and their effects on 
the development of T2D. In general, the transition prob
ability from metabolically healthy to unhealthy in obese 
individuals (MHO-to-MUO) increases over time. For 
instance, the Framingham Heart Study reported a 4-year 
transition probability of 40%,7 and the Nurses’ Health 
Study disclosed a 20-year conversion rate of 84% in 
women.9 In agreement with these studies, our results 
show a 20.6% transition probability for an even shorter 
prediction period (3 years) than the aforementioned stu
dies. Besides, MUO individuals also have the chance of 
reverting to MHO. Based on the instability of metabolism 
status, we indicated the effects of metabolic changes on 
the risk for T2D in the obese population beyond weight 

loss. On the one hand, deterioration of metabolic status 
facilitates the development of T2D in obese individuals. 
We observed that overweight/obese subjects who devel
oped a metabolically unhealthy status (MHO-to-MUO) 
had a 3-fold increased risk for incident T2D than the stable 
MHNW subgroup. By contrast, those who maintained 
a healthy metabolism status did not suffer the relevant 
risk even though they remained in the same BMI category. 
These results were consistent with another Chinese study 
that recorded a 3.5-fold increased risk for T2D in MHO-to 
-MUO transition within a longer follow-up (6 years).11 

This is also supported by studies that targeted other cardi
ovascular outcomes.21 On the other hand, improvement of 
metabolic status lowers the risk for developing diabetes in 
obese individuals. Compared to the obese subjects who 
maintained a status of metabolically unhealthy (stable 
MUO) and underwent a high diabetic risk during follow- 
up, those who restored metabolic health (MUO-to-MHO) 
were shielded from significant increased risk. Our study 
reveals the unstable attributes of metabolic status in the 
obese population and its effects on T2D development. 
More importantly, we indicate the short-term harmful con
sequences of transitioning from MHO to MUO, emphasiz
ing the importance of timely identification of the subset of 
MHO individuals who carry the risk for progression to an 
unhealthy metabolic state.

The most interesting finding of our study is that the FLI 
independently predicts a short-term MHO-to-MUO transi
tion. The FLI, which is based on metabolic-related para
meters and reflects the ectopic fat accumulation content in 
the liver, has been shown to predict fatty liver17 and is 
helpful in identifying nonalcoholic fatty liver disease 
(NAFLD) in the Chinese population.22 We illustrated that 
healthy overweight/obese subjects had only half the level 
of FLI than that of unhealthy subjects. Moreover, the 
higher the FLI level within these healthy overweight/ 
obese subjects, the higher the risk of progression to 
unhealthy status. These results verified the phenotypic 
traits of lower ectopic fat deposition (visceral, liver, and 
skeletal muscle) in MHO subjects versus in MUO sub
jects. MHO subjects have the expansion capacity of sub
cutaneous adipose tissue (especially in the lower body), 
decreasing the ectopic fat accumulation and protecting 
against insulin resistance.3,23,24 Ectopic fat deposition is 
positively associated with a decline in insulin sensitivity, 
an increase in adipocytokine level and proinflammatory 
activity in obese individuals.25 Less ectopic fat accumula
tion is one explanation for the relatively low risk for T2D 

Table 5 Multivariate Logistic Regression Analysis for the 
Transition from Metabolically Healthy to Unhealthy in 
Overweight/Obese Population

OR (95% CI) P

Women 1.75 (1.19–2.57) 0.004

Waist, cm 1.06 (1.02–1.09) 0.003
SBP, mmHg 1.02 (1.01–1.03) <0.001

FPG, mmol/L 1.64 (1.16–2.31) 0.005

TG, mmol/L 1.33 (1.05–1.70) 0.020
LDL, mmol/L 1.21 (0.98–1.48) 0.076

FLI Q1 1 (ref)

Q2 1.85 (0.97–3.50) 0.060

Q3 3.05 (1.58–5.87) 0.001
Q4 3.41 (1.56–7.46) 0.002

Notes: Age, smoking, physical activity, sitting MET, BMI, 2hPG, HDL, and HOMA-IR 
were excluded in the final model. 
Abbreviations: SBP, systolic blood pressure; FPG, fasting plasma glucose; FLI, fatty 
liver index; Q1, the first quartile; Q2, the second quartile; Q3, the third quartile; 
Q4, the fourth quartile.
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in MHO individuals, which is also in line with the adipose 
tissue expandability hypothesis that links obesity to 
T2D.26 Impressively, MUNW, which is characterized by 
lower leg fat mass and a 3-fold higher risk for cardiovas
cular events in comparison to that of MHNW, is consid
ered a lipodystrophy-like phenotype in this context.27 

Fatty liver confirmed by abdominal ultrasonography in 
one study has also been shown as a risk factor for progres
sion from MHNW to metabolic abnormal phenotype.28 

Along with these findings, waist circumference, which 
provides better characteristic information for the visceral 
fat accumulation than BMI,29 has been shown to more 
strongly associated with the risk of incident T2D than 
the latter in Chinese population.30,31 In our study, 
increased waist circumference is also a predictor for the 
MHO-to-MUO transition. Our results support this biologi
cal mechanism underlying MHO and, for the first time, 
show that the FLI is an independent clinical predictor for 
the short-term MHO-to-MUO transition, implicating that 
the relatively higher ectopic fat deposition in MHO pre
dispose subjects to an unhealthy metabolic status, 
which increase the susceptibility to cardiometabolic 
complications.

Both intrinsic and extrinsic factors that drive an unhealthy 
response to the excess fat accumulation could be implicated 
in the mechanism underly MHO-to-MUO transition. Apart 
from genetic predisposition, poor dietary habits (eg, increase 
total fat intake), less physical activity, disrupted circadian 
rhythm, and psychological unhealthy have also considered 
taking charge of this metabolic shift, which provide us the 
intervention targets for lifestyle and medical therapy.32,33 

Although we did not confirm the relationship between diet 
or exercise and the transition probability from MHO to 
MUO, other studies found that lifestyle interventions signifi
cantly improve metabolic conditions without weight loss, 
partly due to their anti-inflammation function. Polyphenols, 
which have been found beneficial for cardiovascular risk 
factors in T2D patients (the TOSCA.IT study),34 could also 
extend the lifespan with improved plasma lipid levels and 
endotoxemia and decreased immune cell infiltration to the 
adipose tissue in obese mice, which was independent of body 
weight.35,36 Further studies on the prevention factors of 
MHO-to-MUO transition are needed.

Whether a healthy metabolic profile protects obese 
individuals from the incidence of diabetes has been 
debated for decades. In our 3-year follow-up, there was 
no significant difference in the risk for development of 
T2D in the MHO group compared with MHNW, while the 

MUO subjects had a 3-fold higher risk. Our results were 
consistent with other studies which found that individuals 
with MHO phenotype might be protected or at a lower risk 
for obese-related metabolic complications, such as 
T2D.4,5,37 However, other studies have yielded different 
results which support that an abnormal BMI predisposes 
individuals to an elevated risk for T2D, independently of 
metabolic status.6,38 One explanation for this divergence 
may be due to the different duration of the follow-up 
periods. As we discussed before, subjects with MHO-to- 
MUO transition were more prone to cardiometabolic 
complications,8 and cardiometabolic complications were 
also age-related abnormalities. The longer the follow-up, 
the more susceptible to these chronic diseases. The other 
interpretation for results diversity ascribes to the discorded 
definitions of metabolic health. When other studies using 
metabolic syndrome defined by NCEP ATP-III or using 
insulin sensitivity to determine the metabolically healthy 
status,39 we preferred the definition of metabolic syndrome 
prescribed by the Chinese Diabetes Society, which adheres 
to NCEP ATP-III but is modified to fit the Chinese 
population.18,40 Although all the metabolic health stan
dards conclude the critical feature of MHO, which is the 
lack of insulin resistance,41 no unified metabolic health 
criteria result in the diverse association between MHO and 
cardiometabolic diseases. Hence, the standardized MHO 
criteria are needed.

One limitation of our study was that we did not employ 
imaging technologies to evaluate body fat composition, 
such as Dual-energy X-ray absorptiometry (DEXA) scan 
and computed tomography (CT) scan. CT scans may 
further verify our hypothesis that relatively higher ectopic 
fat deposition predisposes MHO individuals to an 
unstable, unhealthy metabolic condition in the Chinese 
population. It may also help to assess the efficacy of FLI 
in predicting the MHO-to-MUO transition. Additionally, 
we could also compare FLI with other clinical parameters 
that have also been shown to anticipate this shift.42–44

Identifying the MHO phenotype provides an insight 
into exploring preventative tools and treatment strategies 
in the obese population. First, not all obese individuals are 
the same in terms of risk for diabetes and other cardiovas
cular diseases. Categorizing obesity by the metabolic con
dition will reduce the adverse medical outcomes and 
socioeconomic bearings. Although MHO is not as naïve 
as we previously thought (such as when transitioning to 
the unhealthy status), it still presents a broad subgroup of 
the obese population with less risk for developing 
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cardiometabolic complications.20,45 According to a large 
meta-analysis that included 40 population-based studies 
worldwide, approximately 35% of all the obese individuals 
were metabolically healthy despite the variety of 
definitions.46 This result implicates that one-third of 
obese people could benefit from less aggressive anti- 
obese strategies (such as bariatric surgery), although they 
still need to be treated. Second, identifying MHO 
phenotype affords a substitute destination for anti-obese 
therapies. Obesity is a chronic relapsing disease in which 
long-term weight loss is hard to maintain due to compli
cated compensatory mechanisms.47 Matthias et al sug
gested that in addition to weight loss, sustaining 
a metabolically healthy status could be an alternative tar
get for obese individuals when considering cardiometa
bolic complications.41 In the specific obesity treatment 
program, individuals undergo metabolic health status 
changes accompanied by a series of weight loss and 
regain.3 Aiming to reach a status of metabolic health 
could lower the risk for cardiometabolic complications 
and encourage obese individuals to continue anti-obese 
treatments when they fail weight loss attempts or go 
through weight regain. As we discussed before, diet inter
ventions such as polyphenol-rich food supplements could 
be additional to anti-obese treatments to improve meta
bolic health in obese people. Undoubtedly, we should be 
aware that obesity also increases the risk for other diseases 
such as sleep apnea syndrome, asthma, depression, and 
cancer.48 Whether MHO could protect obese individuals 
from these diseases besides cardiometabolic complications 
requires further study beyond our discussion.

Conclusions
In conclusion, metabolic health shelters overweight or 
obese individuals with low T2D risk, but the dynamic 
change from metabolically healthy to unhealthy status 
increases this risk. Increased liver fat accumulation could 
predispose MHO individuals to a status of unhealthy meta
bolism, and FLI independently predicts this short-term 
healthy-to-unhealthy transition.
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