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Abstract
A metabolically healthy status, whether obese or not, is a transient stage with the potential to develop into metabolic disor-
ders during the course of life. We investigated the incidence of metabolic disorders in 1078 metabolically healthy Chinese 
adults from the Shanghai Changfeng Study and looked for metabolites that discriminated the participants who would develop 
metabolic disorders in the future. Participants were divided into metabolically healthy overweight/obesity (MHO) and meta-
bolically healthy normal weight (MHNW) groups according to their body mass index (BMI) and metabolic status. Their 
serum metabolomic profile was measured using a 1H nuclear magnetic resonance spectrometer (1H-NMR). The prevalence 
of diabetes, hypertriglyceridemia, hypercholesterolemia and metabolic syndrome was similar between the MHNW and MHO 
participants at baseline. After a median of 4.2 years of follow-up, more MHO participants became metabolically unhealthy 
than MHNW participants. However, a subgroup of MHO participants who remained metabolically healthy (MHO → MHO) 
had a similar prevalence of metabolic disorders as the MHNW participants at the follow-up examination, despite a signifi-
cant reduction in their serum concentrations of high-density lipoprotein (HDL) and an elevation in valine, leucine, alanine 
and tyrosine. Further correlation analysis indicated that serum intermediate-density lipoprotein (IDL) and very low-density 
lipoprotein cholesterol (VLDL-CH) might be involved in the transition from metabolically healthy to unhealthy status and 
could be valuable to identify the MHNW and MHO with increased metabolic risks.

Keywords Metabolically healthy normal weight (MHNW) · Metabolically healthy overweight/obesity (MHO) · 1H nuclear 
magnetic resonance spectrometer (1H-NMR) · Metabolic disorders · Very low-density lipoprotein cholesterol (VLDL-CH) · 
Intermediate-density lipoprotein (IDL)

Abbreviations
MHO  Metabolically healthy overweight/

obesity
MUO  Metabolically unhealthy overweight/

obesity
MHNW  Metabolically healthy normal weight
MUNW  Metabolically unhealthy normal 

weight
MHNW → MHNW  Remaining in MHNW
MHNW → MHO  MHNW transition to MUO
MHNW → MUNW  MHNW transition to MUNW
MHNW → MUO  MHNW transition to MUO
MHO → MHNW  MHO transition to MHNW
MHO → MHO  Remaining in MHO
MHO → MUNW  MHO transition to MUNW
MHO → MUO  MHO transition to MUO
BMI  Body mass index
BP  Blood pressure
SBP  Systolic blood pressure
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DBP  Diastolic blood pressure
FBG  Fasting blood glucose
TC  Total cholesterol
TG  Triglycerides
HDL-C  High-density lipoprotein cholesterol
LDL-C  Low-density lipoprotein cholesterol
2hPG  2-H Post-challenge plasma glucose
OGTT   Oral glucose tolerance test
VLDL-PN  Very low-density lipoprotein particle 

numbers
VLDL-CH  Very low-density lipoprotein 

cholesterol
VLDL-CE  Very low-density lipoprotein choles-

teryl ester
VLDL-FC  Very low-density lipoprotein free 

cholesterol
VLDL-AB  Very low-density lipoprotein apoli-

poprotein B-100
VLDL-PL  Very low-density lipoprotein 

phospholipid
VLDL-TG  Very low-density lipoprotein 

triglycerides
IDL-PN  Intermediate-density lipoprotein 

particle numbers
IDL-CH  Intermediate-density lipoprotein 

cholesterol
IDL-CE  Intermediate-density lipoprotein 

cholesteryl ester
IDL-FC  Intermediate-density lipoprotein free 

cholesterol
IDL-AB  Intermediate-density lipoprotein 

apolipoprotein B-100
IDL-PL  Intermediate-density lipoprotein 

phospholipid
IDL-TG  Intermediate-density lipoprotein 

triglyceride
HDL-CH  High-density lipoprotein cholesterol
HDL-CE  High-density lipoprotein cholesteryl 

ester
HDL-FC  High-density lipoprotein free 

cholesterol
HDL-PL  High-density lipoprotein 

phospholipid
HDL-TG  High-density lipoprotein 

triglycerides
AA  Amino acid
VLDL1-CH  Very low-density lipoprotein-1 

cholesterol
VLDL1-CE  Very low-density lipoprotein-1 cho-

lesteryl ester
VLDL1-FC  Very low-density lipoprotein-1 free 

cholesterol

VLDL1-PL  Very low-density lipoprotein-1 
phospholipid

VLDL1-TG  Very low-density lipoprotein-1 
triglycerides

VLDL2-CH  Very low-density lipoprotein-2 
cholesterol

VLDL2-CE  Very low-density lipoprotein-2 cho-
lesteryl ester

VLDL2-FC  Very low-density lipoprotein-2 free 
cholesterol

VLDL2-PL  Very low-density lipoprotein-2 
phospholipid

VLDL2-TG  Very low-density lipoprotein-2 
triglycerides

VLDL3-CH  Very low-density lipoprotein-3 
cholesterol

VLDL3-CE  Very low-density lipoprotein-3 cho-
lesteryl ester

VLDL3-FC  Very low-density lipoprotein-3 free 
cholesterol

VLDL3-PL  Very low-density lipoprotein-3 
phospholipid

VLDL3-TG  Very low-density lipoprotein-3 
triglycerides

VLDL4-CH  Very low-density lipoprotein-4 
cholesterol

VLDL4-CE  Very low-density lipoprotein-4 cho-
lesteryl ester

VLDL4-FC  Very low-density lipoprotein-4 free 
cholesterol

VLDL4-PL  Very low-density lipoprotein-4 
phospholipid

VLDL4-TG  Very low-density lipoprotein-4 
triglycerides

VLDL5-CH  Very low-density lipoprotein-5 
cholesterol

VLDL5-CE  Very low-density lipoprotein-5 cho-
lesteryl ester

VLDL5-FC  Very low-density lipoprotein-5 free 
cholesterol

VLDL5-PL  Very low-density lipoprotein-5 
phospholipid

VLDL5-TG  Very low-density lipoprotein-5 
triglycerides

Introduction

Each metabolically healthy individual could develop a meta-
bolic disorder in the course of their lifetime. Some meta-
bolically healthy participants might become metabolically 
unhealthy individuals over time, while others might remain 
metabolically healthy (Feng et al. 2020; Mongraw-Chaffin 
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et al. 2016). Obesity is universally believed to be an impor-
tant risk factor for metabolic disorders and type 2 diabetes 
mellitus (T2DM). Even a moderate weight loss of 5–10% 
of body weight has been proven to improve blood pressure, 
fasting blood glucose, serum triglycerides, HDL cholesterol 
and HbA1c, and more weight loss is associated with greater 
improvements (Wing et al. 2011). An excessive accumula-
tion of fat in adipocytes and the release of cytokines trig-
ger a network of signaling pathways that can induce dif-
ferent levels of inflammation reactions in the human body, 
which ultimately contributes to insulin resistance, which is 
involved in the pathophysiology of multiple metabolic dis-
orders in the end (Charles et al. 2011; Saltiel and Olefsky 
2017). However, recent studies have indicated that some 
obese individuals retain insulin sensitivity and are regarded 
as metabolically healthy obesity individuals. Some studies 
have shown that insulin sensitivity was relatively preserved 
in comparison to a group of metabolically unhealthy patients 
with obesity or metabolic syndrome (Ctoi et al. 2018). Other 
studies indicated that an increased waist circumference 
(Feng et al. 2020), fatty liver index (Jung et al. 2016), and 
a sedentary lifestyle (Navarro-Gonzalez et al. 2016) were 
related to the risk of metabolic disorders among metaboli-
cally healthy obese people. However, there is still a lack of 
reliable parameters to discriminate among the people with 
an increased risk of metabolic disorders in the future.

The current methods used for metabolic evaluation and 
the definitions of metabolic health are not sufficient to dis-
tinguish true metabolically healthy people from the people 
with a tendency to develop metabolic disorders in the future. 
Several previous studies have indicated that an increased 
high waist circumference, hepatic fat content and weight 
gain during follow-up might suggest the potential to develop 
a metabolically unhealthy status (Espinosa De Ycaza et al. 
2018; Hashimoto et al. 2017; Hwang et al. 2019, 2015; Mon-
graw-Chaffin et al. 2016). However, none of these traditional 
metabolic parameters could satisfactorily predict the occur-
rence of all metabolic disorders.

Serum metabolites might be sensitive metabolic biomark-
ers and be altered prior to the development of metabolic 
disorders in metabolically healthy people, as indicated in 
one study reporting that apolipoprotein B-100 and apolipo-
protein A4 (Doumatey et al. 2016) were potential prognos-
tic markers of metabolically healthy people. Until now, few 
studies have systemically compared the serum metabolomic 
profiles between metabolically healthy people with sustained 
metabolic healthy status and those with the potential to 
develop metabolic disorders.

In the current study, we developed a new detection 
method named 1H nuclear magnetic resonance spectrom-
etry (1H-NMR) which could detect the main fractions, 
subclasses, and compositional components of all serum 
lipoproteins and 41 small metabolites involved in different 

metabolic pathways. Using this novel metabolomics tech-
nology, we attempted to find crucial serum metabolites that 
might be used to discriminate metabolically healthy people 
with the potential to develop metabolic disorders from tra-
ditionally defined “metabolically healthy” people.

Materials and Methods

Participants

The participants came from Shanghai Changfeng Study 
which was a prospective community-based cohort study 
focusing on multiple chronic diseases among middle-aged 
and elderly individuals in Shanghai, China (Gao et al. 2010). 
Among the Shanghai Changfeng Study population, a total 
of 1078 metabolically healthy participants at baseline fin-
ished a median of 4.2-year follow-up and were enrolled for 
analysis. Participants were recruited to receive a face-to-
face interview using a standard questionnaire on lifestyle, 
medical history, and demographic characteristics, and they 
were required to undergo anthropometric measurements and 
biochemical examinations. The study was approved by the 
Research Ethics Committee of Zhongshan Hospital, Fudan 
University. Written informed consent was obtained from 
each participant.

Anthropometric Measurement and Biochemical 
Examination

The information of age, gender, history of cigarette smoking, 
alcohol drinking, and medication use was collected through 
face-to-face interviews using a questionnaire. Blood pres-
sure (BP) was tested three times after taking a rest for at 
least 5 min every time in the same arm with an electronic 
blood pressure monitor (OMRON Model HEM-752 FUZZY, 
Omron Co., Dalian, China), and the mean value was cal-
culated. Height and weight were measured without shoes 
and outer clothes. Body mass index (BMI) was calculated 
as weight in kilograms divided by the square of height in 
meters (kg/m2). Waist circumference (WC) was measured 
in a standing position using a soft tape midway between the 
lowest rib and iliac crest.

Fasting blood samples were collected after an overnight 
fast of at least 12 h, and all samples are stored at − 80 °C. 
Serum cholesterol (TC), high-density lipoprotein cholesterol 
(HDL-C), low-density lipoprotein cholesterol (LDL-C), 
triglycerides (TG), fasting plasma glucose (FPG) and 2-h 
post-challenge glucose (2 h-PG) levels were measured using 
an automated bioanalyzer (HITACHI 7600, Tokyo, Japan). 
Low-density lipoprotein cholesterol (LDL-C) was calculated 
using the Friedewald equation.
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Metabolomics Examination

Serum metabolomics was examined on a 600  MHz 
AVANCE III NMR spectrometer equipped with a BBI probe 
(Bruker Biospin GmbH, Germany) using the same methods 
reported previously (Jimenez et al. 2018). In brief, serum 
samples stored at − 80 °C were thawed at 24 °C within 
30  min, and all subsequent operations were performed 
upon the ice. 350 μL of each serum sample was mixed with 
350 μL phosphate buffer (0.085 M, pH 7.4) containing 10% 
 D2O (Jiang et al. 2012), and 600 μL of such mixture was 
transferred into a 5 mm diameter NMR tube. Samples were 
automatically handled by a SampleJet™ (Bruker Biospin) 
sample changer at 4 °C before inserting into an NMR spec-
trometer for metabolomic analysis. All NMR spectra were 
recorded with a standard NOESYGPPR1D pulse sequence 
into 98 k data points at 310 K with 32 transients. Following 
the Fourier transform, a total of 112 lipoprotein parameters 
(including particle number, main fractions, subclasses, and 
compositional components therein) were quantified using 
the Bruker IVDr Lipoprotein Subclass Analysis B.I.LISA™ 
software package (Bruker Biospin). Cholesteryl ester in 
lipoproteins was calculated by subtracting the free choles-
terol component from the total cholesterol in lipoproteins. 
41 small metabolites including amino acids, ketone bodies, 
glucose, carboxylic acids, and ethanol were also quantified 
from the same spectra using the Bruker IVDr Quantification 
in Plasma/Serum B.I.Quant-PS™ software package (Bruker 
Biospin).

Definitions

Metabolic health status was defined if the participants 
have no more than one metabolic abnormality as follows: 
(1) waist circumference (WC) ≥ 90 cm in men or ≥ 80 cm 
in women; (2) systolic blood pressure (SBP) ≥ 130 mmHg 
and/or diastolic blood pressure (DBP) ≥ 85 mmHg or spe-
cific drug treatment; (3) serum triglycerides ≥ 150 mg/dL 
(1.7 mmol/L) or specific drug treatment; (4) fasting plasma 
glucose ≥ 100 mg/dL (5.6 mmol/L) or 2-h post-load plasma 
glucose levels ≥ 140 mg/dL (7.8 mmol/L) or specific drug 
treatment; (5) serum high-density lipoprotein cholesterol 
(HDL-C) < 40 mg/dL (1.04 mmol/L) in men or < 50 mg/dL 
(1.29 mmol/L) in women or specific drug treatment; and (6) 
homeostasis model assessment insulin resistance (HOMA-
IR) score ≥ 2.5 with reference to the diagnostic criteria of 
metabolic associated fatty liver disease (MAFLD) (Eslam 
et al. 2020). Metabolically, unhealthy status was defined 
as if more than 2 above metabolic abnormalities compo-
nents existed. Normal weight was defined as a BMI of 
18.5 to < 23.0 kg/m2, and overweight/obesity was defined 
as a BMI of ≥ 23.0 kg/m2 to the threshold for Asians (Wen 
et al. 2009). Individuals were categorized into four groups 

according to their BMI and metabolic health status: (1) meta-
bolically healthy normal weight (MHNW): BMI < 23 kg/m2, 
with ≤ 1 metabolic abnormality; (2) metabolically unhealthy 
normal weight (MUNW): BMI < 23 kg/m2, with > 1 meta-
bolic abnormalities; (3) metabolically healthy overweight/
obesity (MHO): BMI ≥ 23 kg/m2, with ≤ 1 metabolic abnor-
mality; (4) metabolically unhealthy overweight/obesity 
(MUO): BMI ≥ 23 kg/m2, with > 1 metabolic abnormalities.

Diabetes was diagnosed as fasting plasma glucose lev-
els ≥ 7.0 mmol/L, or an OGTT 2-h plasma glucose lev-
els ≥ 11.1 mmol/L, or a previous diagnosis or self-reported 
current treatment for diabetes with hypoglycemic drugs. 
Prediabetes was diagnosed as fasting plasma glucose at 
6.1–7.0 mmol/L or OGTT 2-h plasma glucose at the level of 
7.8–11.1 mmol/L, according to 1999 WHO criteria (Alberti 
and Zimmet 1998). Metabolic syndrome was defined as 
central obesity (waist circumference ≥ 90  cm for males 
and ≥ 80 cm for females) plus two or more of the following 
conditions: blood pressure ≥ 130/85 mmHg or antihyper-
tensive treatment, FPG ≥ 5.6 mmol/L or antidiabetic treat-
ment, TG ≥ 1.7 mmol/L or antilipidemic treatment, and HDL 
cholesterol < 1.03 mmol/L for males and < 1.29 mmol/L for 
females (Alberti et al. 2006). Hypertension was defined as 
SBP ≥ 140 mmHg or DBP ≥ 90 mmHg or current use of anti-
hypertensive medications (Whelton et al. 2018). Hypertri-
glyceridemia was defined as serum triglycerides ≥ 200 mg/
dL (2.3 mmol/L) or specific drug treatment; and hypercho-
lesterolemia was defined as serum cholesterol ≥ 240 mg/dL 
(6.2 mmol/L) or LDL-C ≥ 160 mg/dL (4.1 mmol/L) or spe-
cific drug treatment (Zhu et al. 2017).

Statistical Analysis

All statistical analyses were performed using SPSS version 
18.0 software. The data were presented as mean ± standard 
deviation (SD). The continuous data were compared using 
the Student’s t test, whereas the χ2 test was used for com-
parisons of categorical variables. The prevalence of dia-
betes, hypertension, hypertriglyceridemia, hypercholester-
olemia, and metabolic syndrome in the MHNW → MUNW, 
MHO → MHO, and MHO → MUO participants was com-
pared with their prevalence in the MHNW → MHNW par-
ticipants using the χ2 test. The proportion of participants 
transitioning from metabolically healthy to unhealthy sta-
tus was also calculated and compared between the MHNW 
and MHO participants using the χ2 test. Continuous cor-
rection was applied when small numbers in the subgroups 
indicated that this was appropriate. A heatmap was used 
to represent the value of each serum metabolite in the 
MHNW → MUNW, MHO → MHO, and MHO → MUO 
groups relative to those in the MHNW → MHNW group. All 
metabolites were log-transformed to approximate normal-
ity before the analysis and entered into a one-way analysis 
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of variance (ANOVA) to show the differentiated metabo-
lites among the MHNW → MHNW, MHNW → MUNW, 
MHO → MHO, and MHO → MUO groups. Univariate and 
multivariate logistic regression models were used to estimate 
the odds ratios and 95% confidence intervals (CIs) of the risk 
of transition from MHNW to MUNW or MHO to MUO per-
SD increase of each selected metabolite. Age, sex, cigarette 
smoking, alcohol consumption, BMI, waist circumference, 
FPG, SBP, serum triglycerides, cholesterol, HDL-C, and 
LDL-C were adjusted in the multivariate regression model. 
Finally, the transition rates from metabolically healthy to 
unhealthy status in the metabolomics-determined high meta-
bolic risk MHNW and low metabolic risk MHO were cal-
culated and compared with the whole MHNW and MHO 
participants, respectively. All statistical analyses were two-
sided, and a value of P < 0.05 was considered statistically 
significant.

Results

Characteristics of the Baseline Population

The baseline characteristics of the study subjects are shown 
in Table 1. A total of 701 MHNW and 377 MHO participants 
who completed the follow-up examination were enrolled 
for analysis. MHO was more common in male participants, 
and consistently the proportion of cigarette smoking was 
higher in MHO. Compared with the MHNW participants, 
MHO participants had a significantly higher body weight, 
BMI, waist circumference, and blood pressure levels and 
lower serum HDL-C levels (all P < 0.001). However, the 
prevalence of diabetes, hypertriglyceridemia, hypercholes-
terolemia and metabolic syndrome was similar between the 
MHO and MHNW.

Metabolic Health Status of the MHNW and MHO 
at Follow‑up

As shown in Fig. 1A, more MHO participants developed a 
metabolically unhealthy status than comparing to MHNW 
participants (53.58% vs 33.38%, P < 0.001) after a median 
of 4.2 years of follow-up. Although MHNW and MHO 
participants had a similar prevalence of diabetes, meta-
bolic syndrome, and hyperlipidemia (hypertriglyceridemia 
and hypercholesterolemia) at baseline, MHO had a higher 
prevalence of metabolic syndrome and hypertriglyceridemia 
at follow-up (not shown). Compared with the MHNW par-
ticipants who remained metabolically healthy at follow-up 
(MHNW → MHNW), those who developed metabolic disor-
ders (MHNW → MUNW) had a significantly higher preva-
lence of diabetes, hypertension, hypertriglyceridemia, and 
hypercholesterolemia at baseline and a higher prevalence of 

diabetes, hypertension, hypertriglyceridemia and metabolic 
syndrome at follow-up (all P < 0.05) (Fig. 1B, left). There 
seemed to be two subgroups of MHO, including the MHO 
with and without the occurrence of metabolic disorders dur-
ing the longitudinal follow-up. For the MHO participants 
who remained metabolically healthy (MHO → MHO), the 
prevalence of all metabolic diseases was similar to that of 
MHNW participants at both the baseline and follow-up 
examination (all P > 0.05), but for those who became meta-
bolically unhealthy overweight/obesity (MHO → MUO), the 
prevalence of diabetes, hypertension, hypertriglyceridemia 
and metabolic syndrome at follow-up examination was sig-
nificantly higher than that of the MHNW participants (all 
P < 0.05) (Fig. 1B, middle and right panels).

Predictors of the Development of Metabolic 
Disorders in MHNW and MHO

To investigate the clinical predictors of the transition from 
the metabolically healthy status to metabolically unhealthy 
status, the baseline metabolic parameters were compared 
between the participants with MHNW → MHNW and 
MHNW → MUNW and the participants with MHO → MHO 
and MHO → MUO (Table 2). Compared with the MHNW 

Table 1  Metabolic parameters of the participants at baseline

MHNW, metabolically healthy normal weight; MHO, metabolically 
healthy overweight/obesity; BMI, body mass index; BP, blood pres-
sure; FPG, fasting plasma glucose; OGTT 2hPG, oral glucose toler-
ance test 2-h plasma glucose; TG, triglyceride; TC, total cholesterol; 
HDL, high-density lipoprotein; LDL, low-density lipoprotein

MHNW MHO P value

No. of participants 701 377 –
Male, n (%) 237 (33.8%) 193 (51.2%)  < 0.001
Age, year 60.2 ± 8.4 60.6 ± 7.8 0.452
Cigarette Smoking, n (%) 124 (17.7%) 91 (24.1%) 0.012
Alcohol drinking, n (%) 71 (10.1%) 69 (18.3%)  < 0.001
Body weight, kg 54.5 ± 6.7 65.4 ± 7.1  < 0.001
BMI, kg/m2 20.8 ± 1.5 24.8 ± 1.7  < 0.001
Waist circumference, cm 74 ± 6 83 ± 6  < 0.001
Systolic BP, mmHg 122 ± 16 127 ± 16  < 0.001
Diastolic BP, mmHg 71 ± 9 74 ± 9  < 0.001
FPG, mmol/L 5.0 ± 0.9 5.0 ± 0.6 0.853
OGTT 2hPG, mmol/L 5.8 ± 1.5 6.1 ± 1.4 0.004
TG, mmol/L 1.1 ± 0.7 1.2 ± 0.4 0.741
TC, mmol/L 5.1 ± 0.9 5.0 ± 0.9 0.058
HDL cholesterol, mmol/L 1.7 ± 0.4 1.5 ± 0.3  < 0.001
LDL cholesterol, mmol/L 2.9 ± 0.8 2.9 ± 0.7 0.498
Diabetes, n(%) 22(3.1%) 12(3.2%) 0.892
Hypertension, n(%) 83(11.8%) 70(18.6%) 0.003
Hypertriglyceridemia, n(%) 19(2.7%) 4(1.1%) 0.074
Hypercholesterolemia, n(%) 79(11.3%) 33(8.8%) 0.197
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participants who remained metabolically healthy at follow-
up, the baseline prevalence of diabetes and hypertension was 
significantly higher in the MHNW → MHUW participants. 
However, for the MHO participants, there was no significant 

difference in the baseline metabolic disorders between the 
MHO → MHO and MHO → MUO subgroups (Table 2).

The serum metabolomic profiles were examined and 
compared among MHNW → NHNW, MHNW → MUNW, 

Fig. 1  A Metabolic health status of MHNW and MHO patients 
at follow-up examination and B Comparison of the prevalence 
of multiple metabolic diseases between MHNW → MHNW and 
MHNW → MUNW (left), MHNW → MHNW and MHO → MHO 
(middle), and MHNW → MHNW and MHO → MUO (right) par-
ticipants, repectively. *P < 0.05 compared with MHNW → MHNW 
group. MHNW, metabolically healthy normal weight; MUNW, met-
abolically unhealthy normal weight; MHO, metabolically healthy 

overweight/obesity; MUO, metabolically unhealthy overweight/
obesity; MHNW→MHNW, remaining in MHNW; MHNW→MHO, 
MHNW transition to MHO; MHNW→MUNW, MHNW transi-
tion to MUNW; MHNW→MUO, MHNW transition to MUO; 
MHO→MHNW, MHO transition to MHNW; MHO→MHO, 
remaining in MHO; MHO→MUNW, MHO transition to MUNW; 
MHO→MUO, MHO transition to MUO

Table 2  Baseline metabolic status of the MHO participants divided by follow-up metabolic status

MHNW, metabolically healthy normal weight; MUNW, metabolically unhealthy normal weight; MHO, metabolically healthy overweight/obe-
sity; MUO, metabolically unhealthy overweight/obesity; MHNW→MHNW,  remaining in MHNW;  MHNW→MUNW, MHNW transition to 
MUNW; MHO→MHO, remaining in MHO; MHO→MUO, MHO transition to MUO

MHNW → MHNW MHNW → MUNW P value MHO → MHO MHO → MUO P value

Diabetes, n(%) 6 (1.5%) 10 (6.5%) 0.004 3 (1.9%) 6 (3.0%) 0.738
Hypertension, n(%) 32 (8.1%) 33 (21.3%)  < 0.001 21 (13.3%) 42 (21.2%) 0.052
Hypertriglyceridemia, n(%) 6 (1.5%) 7 (4.5%) 0.077 1 (0.6%) 3 (1.5%) 0.781
Hypercholesterolemia, n(%) 29 (7.3%) 23 (14.8%) 0.007 15 (9.5%) 16 (8.1%) 0.774
Metabolic syndrome, n(%) 0 (0.0%) 0 (0.0%) – 0 (0.0%) 0 (0.0%) –
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MHO → MHO, and MHO → MUO participants, as shown in 
Fig. 2. Compared with the MHNW → MHNW participants, 
the MHO participants, whether they developed MUO or not, 
had significantly lower concentrations of HDL components 

and glycine and higher concentrations of other aliphatic 
amino acids (valine, leucine, isoleucine, alanine) and tyros-
ine, which indicated that HDL components and aliphatic 
amino acids might be directly correlated with adiposity, 

Fig. 2  The heatmap represents the relative value of each 
serum metabolite in the MHNW → MUNW, MHO → MHO, 
and MHO → MUO groups in comparison to that in the 
MHNW → MHNW group. *P < 0.05, **P < 0.01, ***P < 0.001 com-
pared with MHNW → MHNW participants. MHNW, metabolically 
healthy normal weight; MUNW, metabolically unhealthy normal 
weight; MHO, metabolically healthy overweight/obesity; MUO, met-
abolically unhealthy overweight/obesity; MHNW→MHNW,  remain-
ing in MHNW;  MHNW→MUNW, MHNW transition to MUNW; 
MHO→MHO, remaining in MHO; MHO→MUO, MHO transition 
to MUO; VLDL-PN, very low-density lipoprotein particle numbers; 
VLDL-CH, very low-density lipoprotein cholesterol; VLDL-CE, very 
low-density lipoprotein cholesteryl ester; VLDL-FC, very low-density 
lipoprotein free cholesterol; VLDL-AB, very low-density lipopro-
tein apolipoprotein B-100; VLDL-PL, very low-density lipoprotein 
phospholipid; VLDL-TG, very low-density lipoprotein triglycerides; 
IDL-PN, intermediate-density lipoprotein particle numbers; IDL-CH, 
intermediate-density lipoprotein cholesterol; IDL-CE, intermediate-
density lipoprotein cholesteryl ester; IDL-FC, intermediate-density 
lipoprotein free cholesterol; IDL-AB, intermediate-density lipopro-
tein apolipoprotein B-100; IDL-PL, intermediate-density lipoprotein 
phospholipid; IDL-TG, intermediate-density lipoprotein triglyceride; 
HDL-CH, high-density lipoprotein cholesterol; HDL-CE, high-den-
sity lipoprotein cholesteryl ester; HDL-FC, high-density lipoprotein 

free cholesterol; HDL-PL, high-density lipoprotein phospholipid; 
HDL-TG, high-density lipoprotein triglycerides; AA, amino acid; 
VLDL1-CH, very low-density lipoprotein-1 cholesterol; VLDL1-CE, 
very low-density lipoprotein-1 cholesteryl ester; VLDL1-FC, very 
low-density lipoprotein-1 free cholesterol; VLDL1-PL, very low-den-
sity lipoprotein-1 phospholipid; VLDL1-TG, very low-density lipo-
protein-1 triglycerides; VLDL2-CH, very low-density lipoprotein-2 
cholesterol; VLDL2-CE, very low-density lipoprotein-2 cholesteryl 
ester; VLDL2-FC, very low-density lipoprotein-2 free cholesterol; 
VLDL2-PL, very low-density lipoprotein-2 phospholipid; VLDL2-
TG, very low-density lipoprotein-2 triglycerides; VLDL3-CH, very 
low-density lipoprotein-3 cholesterol; VLDL3-CE, very low-density 
lipoprotein-3 cholesteryl ester; VLDL3-FC, very low-density lipo-
protein-3 free cholesterol; VLDL3-PL, very low-density lipopro-
tein-3 phospholipid; VLDL3-TG, very low-density lipoprotein-3 
triglycerides; VLDL4-CH, very low-density lipoprotein-4 choles-
terol; VLDL4-CE, very low-density lipoprotein-4 cholesteryl ester; 
VLDL4-FC, very low-density lipoprotein-4 free cholesterol; VLDL4-
PL, very low-density lipoprotein-4 phospholipid; VLDL4-TG, very 
low-density lipoprotein-4 triglycerides; VLDL5-CH, very low-density 
lipoprotein-5 cholesterol; VLDL5-CE, very low-density lipoprotein-5 
cholesteryl ester; VLDL5-FC, very low-density lipoprotein-5 free 
cholesterol; VLDL5-PL, very low-density lipoprotein-5 phospholipid; 
VLDL5-TG, very low-density lipoprotein-5 triglycerides
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independent of metabolic status. Moreover, compared with 
the participants with a sustained metabolically healthy sta-
tus, both the MHNW and MHO participants who developed 
two or more metabolic disorders at follow-up had higher 
VLDL and IDL particle numbers and components at the 
baseline examination. Further analysis of the relationship 
between the different subtypes of VLDLs (VLDL1–VLDL5) 
and the metabolic status at follow-up indicated that all 
subtypes of VLDL at baseline were positively associated 
with the development of metabolic disorders at follow-up. 
The strength of the correlation gradually weakened from 
VLDL1 to VLDL5. Moreover, the concentrations of several 
amino acids (valine, glycine, tyrosine, and threonine) were 
significantly different between the MHNW → MHNW and 
MHNW → MUNW participants.

Considering the significant alterations of VLDL, IDL, 
and several amino acids in individuals with a transition from 
metabolically healthy to unhealthy status, the independent 
predictive values of these metabolites for the development of 
metabolic disorders were further detected using multivariate 
logistic regression models. As shown in Table 3, univariate 
analysis showed that the baseline serum VLDL and IDL 
particle number and components were consistently posi-
tively associated with the risk of a transition from metaboli-
cally healthy to unhealthy status in both in the MHNW and 
MHO participants. After multivariate adjustment for age, 

sex, cigarette smoking, alcohol consumption, BMI, waist 
circumference, FPG, SBP, serum triglycerides, cholesterol, 
HDL-C and LDL-C, the IDL but not the VLDL compo-
nents remained significantly associated with a metabolically 
unhealthy phenotype at follow-up in MHNW participants. 
The multivariate ORs and 95% CIs for the metabolically 
unhealthy phenotype at follow-up per-SD increase in IDL 
particle number were 2.28 (1.51–3.44) in the MUNW par-
ticipants. However, in the MHO participants, the VLDL but 
not the IDL components that were independently associ-
ated with a metabolically unhealthy phenotype at follow-up 
after multiple adjustments. Among all the VLDL compo-
nents, VLDL-CH showed the strongest association with the 
transition from metabolically healthy to unhealthy status 
(multivariate OR: 6.36, 95% CI 1.77–22.81, P = 0.005). In 
addition, all the selected serum amino acids showed no sig-
nificant association with the metabolically unhealthy pheno-
type at follow-up after multiple adjustments.

As shown in Fig. 3, if we further divided the MHNW and 
MHO participants into quartiles according to their baseline 
IDL particle number and VLDL-CH, respectively, we found 
that the MHNW participants with an IDL particle number 
above the 75th percentile had a risk of developing meta-
bolic disorders that was 1.7 times higher than those with an 
IDL particle number below the 75th percentile (47.43% vs 
28.63%, P < 0.001), and the metabolic risk was similar to 

Table 3  Predictive value of lipidomics components for the transition from metabolically healthy to unhealthy status

Adjusted for age, sex, smoking, alcohol drinking, BMI, waist circumference, FPG, SBP, serum triglycerides, cholesterol, HDL cholesterol, LDL 
cholesterol

MHNW → MUNW MHO → MUO

Univariate OR per 
SD

P value Multivariate OR per 
SD

P value Univariate OR per 
SD

P value Multivariate OR per 
SD

P value

VLDL-PN 1.41 (1.19–1.68)  < 0.001 1.40 (0.75–2.61) 0.286 1.66 (1.28–2.15)  < 0.001 3.67 (1.24–10.83) 0.019
VLDL-CH 1.38 (1.16–1.64)  < 0.001 1.38 (0.57–3.32) 0.479 1.60 (1.23–2.08)  < 0.001 6.36 (1.77–22.81) 0.005
VLDL-CE 1.36 (1.15–1.61)  < 0.001 1.26 (0.58–2.75) 0.556 1.56 (1.20–2.03) 0.001 3.70 (1.22–11.28) 0.021
VLDL-FC 1.40 (1.17–1.66)  < 0.001 1.37 (0.61–3.09) 0.448 1.62 (1.25–2.10)  < 0.001 3.66 (1.21–11.07) 0.022
VLDL-AB 1.41 (1.19–1.68)  < 0.001 1.40 (0.75–2.61) 0.286 1.66 (1.28–2.15)  < 0.001 3.67 (1.24–10.84) 0.019
VLDL-PL 1.39 (1.16–1.65)  < 0.001 1.25 (0.64–2.44) 0.516 1.56 (1.21–2.01) 0.001 1.60 (0.68–3.73) 0.281
VLDL-TG 1.34 (1.11–1.61) 0.002 0.48 (0.18–1.25) 0.130 1.63 (1.24–2.14)  < 0.001 1.20 (0.37–3.89) 0.761
IDL-PN 1.65 (1.36–1.99)  < 0.001 2.28 (1.51–3.44)  < 0.001 1.42 (1.08–1.88) 0.013 1.48 (0.90–2.42) 0.122
IDL-CH 1.55 (1.29–1.88)  < 0.001 2.46 (1.38–4.37) 0.002 1.49 (1.13–1.97) 0.005 2.02 (1.01–4.04) 0.046
IDL-CE 1.56 (1.29–1.88)  < 0.001 2.40 (1.38–4.16) 0.002 1.48 (1.12–1.95) 0.006 2.02 (1.03–3.95) 0.041
IDL-FC 1.54 (1.28–1.86)  < 0.001 2.49 (1.34–4.62) 0.004 1.51 (1.14–2.01) 0.004 1.97 (0.95–4.12) 0.070
IDL-AB 1.65 (1.36–1.99)  < 0.001 2.28 (1.51–3.44)  < 0.001 1.42 (1.08–1.88) 0.012 1.48 (0.90–2.42) 0.122
IDL-PL 1.47 (1.21–1.78)  < 0.001 1.88 (0.68–5.22) 0.227 1.51 (1.15–1.98) 0.003 1.80 (0.51–6.44) 0.364
IDL-TG 1.38 (1.12–1.71) 0.003 0.77 (0.26–2.27) 0.638 1.67 (1.23–2.28) 0.001 0.11 (0.02–0.87) 0.036
Valine 1.27 (1.05–1.53) 0.014 1.25 (0.99–1.58) 0.063 1.05 (0.85–1.30) 0.651 1.08 (0.83–1.41) 0.564
Glycine 0.80 (0.66–0.98) 0.030 0.87 (0.70–1.08) 0.212 0.80 (0.64–0.99) 0.041 0.85 (0.66–1.09) 0.206
Tyrosine 1.21 (1.01–1.46) 0.044 1.13 (0.91–1.39) 0.271 1.08 (0.88–1.31) 0.463 1.02 (0.83–1.26) 0.840
Threonine 1.37 (1.09–1.73) 0.007 1.29 (1.00–1.68) 0.054 1.16 (0.91–1.47) 0.230 1.17 (0.88–1.55) 0.281
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that of the MHO (47.43% vs 53.58%, P = 0.170). Meanwhile, 
the MHO participants with VLDL-CH below the 25th per-
centile showed a significantly lower risk of developing meta-
bolic disorders than those with VLDL-CH above the 25th 
percentile (38.3% vs 58.8%, P < 0.001), which was similar 
to the MHNW participants (38.3% vs 33.38%, P = 0.359).

Discussion

The main findings of this study are as follows: (1) Not all 
“metabolically healthy” people are truly healthy. A signifi-
cant proportion of metabolically healthy people will acquire 
metabolically unhealthy phenotypes in the course of their 

lifetime; (2) Traditional metabolic parameters are not accu-
rate enough to predict the development of metabolic disor-
ders in metabolically healthy people, especially MHO; (3) 
Serum metabolomic examination indicated that IDL com-
ponents and VLDL-CH might be valuable in discriminating 
MHNW and MHO people with the potential to transition to 
metabolically unhealthy status.

It is of great importance to investigate the predictors of 
the development of metabolic disorders in the metaboli-
cally healthy population. Conventionally, obesity is thought 
to be a reliable and direct predictor of metabolic disorders 
in “metabolically healthy” people. It has been fully demon-
strated that obesity is an independent risk factor for meta-
bolic disorders in metabolically healthy populations (Eckel 

Fig. 3  A Size and structure of VLDL and IDL. B Metabolic health 
status of MHNW with IDL-PN below the 75th percentile (n = 526) 
and above the 75th percentile (n = 175) at the follow-up examina-
tion. C Metabolic health status of MHO with VLDL-CH below the 
25th percentile (n = 92) and above the 25th percentile (n = 285) at 
the follow-up examination. IDL, intermediate-density lipoprotein; 
VLDL, very low-density lipoprotein; SM, sphingomyelin; PC, phos-
phatidylcholine; Lyso-PC, lysophosphatidylcholine; TG, triglyceride; 
CE, cholesteryl ester; FC, free cholesteryl; MHNW,  metabolically 
healthy normal weight; MUNW, metabolically unhealthy normal 

weight; MHO, metabolically healthy overweight/obesity; MUO, met-
abolically unhealthy overweight/obesity; MHNW→MHNW, remain-
ing in MHNW; MHNW→MHO, MHNW transition to MHO; 
MHNW→MUNW, MHNW transition to MUNW; MHNW→MUO, 
MHNW transition to MUO; MHO→MHNW, MHO transition to 
MHNW; MHO→MHO, remaining in MHO; MHO→MUNW, MHO 
transition to MUNW; MHO→MUO, MHO transition to MUO; 
IDL-PN,  intermediate-density lipoprotein particle numbers; VLDL-
CH, very low-density lipoprotein cholesterol
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et al. 2018; Espinosa De Ycaza et al. 2018). The presence 
of obesity in metabolically healthy people is associated with 
a 44% risk of transitioning to a metabolically unhealthy 
phenotype over the 6-years follow-up, and the proportion 
increased to 62% over a 12-year follow-up (Gilardini et al. 
2018). MHO was not a permanent situation, just a transient 
state, and the increased risk of diabetes in MHO is attributed 
to its progression to an unhealthier state (Navarro-Gonzalez 
et al. 2016; Wang et al. 2018). Several researchers even held 
the opinion that all MHO individuals have an increased risk 
of developing metabolic disorders at some point during the 
follow-up (Chang et al. 2016; Feng et al. 2020).

However, there are exceptions for the relationship 
between BMI and the risk of incident metabolic disorders. 
The MUNW and MHO individuals accounted for a non-
negligible proportion of the population, with an estimated 
prevalence ranging from 10 to 37% in lean individuals and 
13–29% in obese individuals (Badoud et al. 2015). Despite 
their normal body weight, MUNW people have a greater 
than threefold higher risk of all-cause mortality or cardio-
vascular events (Kramer et al. 2013). Insulin resistance, non-
alcoholic fatty liver disease, visceral adiposity, and increased 
carotid intima-media thickness have been used to distinguish 
MHNW people with sustained metabolic health status and 
with a potential risk for developing metabolic abnormalities 
(Stefan et al. 2017). A low percentage of subcutaneous leg 
fat mass has also been found in MUNW people (Karpe and 
Pinnick 2015).

In the current study, we found that MHNW → MUNW 
patients had higher blood glucose, blood pressure, and 
serum cholesterol than MHNW → MHNW patients, which 
might contribute to the development of metabolic disorders 
at follow-up. Intriguingly, we also found that serum IDL and 
its components could predict a metabolically unhealthy phe-
notype after a 4.2-year follow-up, and the prediction effect 
was independent of all conventional metabolic parameters 
(including BMI, waist circumference, serum triglycerides, 
cholesterol, HDL-C, and LDL-C). IDL is generated from 
the degradation of VLDL and HDL, cleared in the liver 
through the LDL receptor or further degraded to form LDL 
particles. The independent association of a metabolically 
unhealthy phenotype with IDL but not VLDL or HDL indi-
cated that the elevation of IDL in MHNW → MUNW partici-
pants might be related to its reduced clearance in the liver. 
Since serum IDL and its components are rarely measured in 
routine examinations, the causal relationship between IDL 
and metabolic diseases as well as its underlying mecha-
nism have not been fully investigated and it requires further 
investigation.

Compared with the MHNW participants, the predic-
tors of the metabolically unhealthy phenotype in MHO 
participants seem to be more important clinically, because 
none of the conventional metabolic parameters could be 

used to predict the transition from MHO to MUO. We 
found that although the majority of individuals with MHO 
would transition to a metabolically unhealthy status, there 
was still a nonnegligible portion (approximately 40%) of 
MHO with sustained metabolically healthy status, and 
their risk of multiple metabolic diseases was similar to that 
of the MHNW participants during the longitudinal follow-
up. Consistent with our findings, Bell et al. reported that 
among 66 healthy obese adults, 68.2% of these subjects 
remained metabolically healthy after 5 years, and 59.1%, 
34.8%, and 48.5% of them were healthy obese after 10, 
15, and 20 years, respectively (Bell et al. 2015). Another 
study found that MHO showed a similar risk to MHNW 
for developing cardiovascular diseases throughout life 
(Mongraw-Chaffin et al. 2018). However, the current cri-
teria for metabolically healthy status were not sufficient 
to discriminate true MHO from MHO with the potential 
to turn into MUO. By taking a large number of “MHOs” 
into consideration, it will be interesting to explore novel 
predictors for the transition from MHO to MUO in a large 
number of MHO participants.

Several previous studies have investigated clinical predic-
tors of the transition from MHO to MUO during longitudi-
nal follow-up. They reported that the transition from MHO 
to MUO and the subsequent development of diabetes was 
linked to having a higher baseline BMI as well as being 
male and a smoker (Heianza et al. 2014). Body composi-
tion was another factor resulting in an increased risk for 
MUO. The body fat mass, arm fat mass, and total fat mass 
measured by DEXA were critically higher among individu-
als with the MUO phenotype than among those with the 
MHO phenotype in Korean women (Kang and Yim 2019). 
Lifestyle, including various levels of physical activity and 
dietary habits, were associated with this as well, with sed-
entary habits and unhealthier eating having a higher risk 
of developing metabolically unhealthy status (Kanagasabai 
et al. 2015; Kang and Yim 2019; Slagter et al. 2018). It 
was found that weight gain could increase the risk of devel-
oping cardiometabolic complications in the MHO group if 
individuals with the MHO phenotype gained > 15% of their 
body weight (Espinosa De Ycaza et al. 2018). A favora-
ble lifestyle also benefited MHO through weight loss, as 
one study among adolescents showed that the difference in 
sedentary habits between the MHO and MUO phenotypes 
was absent after adjusting for BMI (Cadenas-Sanchez et al. 
2017). Intensive lifestyle modification inducing clinically 
significant weight loss in the MHO phenotype could lead to 
a reduction of serum adipokines and inflammatory biomark-
ers, which play important roles in the pathological mecha-
nism of obesity and insulin resistance (Gomez-Huelgas et al. 
2019). However, none of these body mass-related metabolic 
parameters is sufficient to discriminate MHO with or with-
out an increased risk of MHO to MUO transition.
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Conventional serum biochemical parameters have also 
been evaluated for the possibility of predicting the transi-
tion from MHO to MUO. Gilardini et al. (2018) found that 
LDL-C was an independent factor that predicted the transi-
tion to metabolically unhealthy status. Another study also 
found that ApoB-100 might predict the conversion from 
MHO to the MUO phenotype (Doumatey et al. 2016). How-
ever, their prediction value was limited due to either their 
small sample size or the relatively weak correlation of MHO 
to MUO, and few previous studies have systemically inves-
tigated novel metabolomic biomarkers for the prediction of 
the development of metabolic disorders in MHO.

In our current study, we investigated the association 
between hundreds of serum metabolites and the clinical 
transition from MHO to MUO through a large-scale Chi-
nese community cohort. We found that most metabolites 
related to VLDL, especially VLDL-CH, showed a consistent 
and remarkable relationship with the MHO–MUO transi-
tion in MHO participants. VLDL represents the influence 
of hepatic lipid metabolism on whole-body metabolism. 
Al-Mrabeh et al. (2020) found that VLDL could directly 
regulate insulin secretion. In addition, VLDL reflects the 
hepatic steatosis grades and insulin resistance level. While 
in a state of hepatic insulin resistance, the serum VLDL 
concentration would increase by stimulating VLDL assem-
bly, enlarging the VLDL particle size, increasing VLDL 
secretion, and decreasing VLDL catabolism (Hirano 2018). 
Thus, our study agreed well with previous studies on the 
function of VLDL and indicated that VLDL might be a use-
ful serum biomarker for the prediction of MHO to MUO. 
Unexpectedly, we found that VLDL-CH had the strongest 
predictive value for the development of metabolic disorders 
among all VLDL components. The effect of VLDL-TG was 
adjusted and masked by the effect of serum triglycerides, but 
the independent strong correlation between VLDL-CH and 
metabolic disorders is still worthy of further study.

Conclusion

Current criteria for metabolic health will lead to the missed 
identification of a nonnegligible proportion of people with 
an increased risk of metabolic disorders from the perspective 
of long-term follow-up. Measurement of serum IDL compo-
nents and VLDL-CH might help to identify MHNW/MHO 
with the potential to develop a metabolically unhealthy sta-
tus. It might also be worthwhile to test the effect of a phar-
maceutical reduction of serum VLDL-CH and IDL on the 
risk of transitioning from metabolically healthy to unhealthy 
status.
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