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Introduction: Body composition is closely related to metabolic health status. Visceral
adipose tissue (VAT) dysfunction contributes to metabolic syndrome. However, results
regarding subcutaneous adipose tissue (SAT) and skeletal muscle are controversial. We
aimed to determine the association of indices of body composition with abnormal
metabolic phenotype in China.

Methods: A total of 3, 954 subjects (age 50.2 ± 11.7 years) with body mass index (BMI)
more than 18.5 kg/m2 from Pinggu Metabolic Disease Study were analyzed. Quantitative
computed tomography (QCT) was performed to measure total adipose tissue (TAT), VAT,
SAT area, and lumbar skeletal muscle area (SMA). Participants were divided into six
groups on the basis of BMI category (normal weight/overweight/obesity) and metabolic
status (healthy/unhealthy), as defined by the presence or absence of components of the
metabolic syndrome by Chinese Diabetes Society criteria.

Results: 63.4%, 39.5%, and 23.3% participants were classified as metabolically healthy
phenotype in individuals with normal weight, overweight and obese, respectively. Individuals
in the highest TAT, VAT, and VAT/TAT ratio category had higher risk of being metabolically
unhealthy than individuals in the lowest group (all p<0.01). While, risk for metabolically
unhealthy was reduced significantly in the highest SMA/TAT ratio category when compared
with the lowest category in individuals with normal wight and overweight (both p<0.05). Risk
for metabolically unhealthy was reduced significantly in the highest SAT category when
compared with the lowest category (OR=0.555, 95%CI: 0.360-0.856, p=0.008) in
individuals with obese after adjustment for age, sex and BMI. However, skeletal muscle
index (SMI) showed no significant association with the metabolically healthy status in
different BMI categories (p>0.05). The VAT and VAT/TAT ratio were better diagnostic values
of indicators to differentiate metabolically unhealthy subjects from controls compared with
other indicators, such as TAT, SAT, SMI, SMA/TAT ratio.
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Conclusions: Higher visceral adipose tissue was closely associated with metabolically
unhealthy phenotype in Chinese adults. Subcutaneous adipose tissue might be a
protective factor for metabolic health status only in obese individuals.
Keywords: visceral adipose, subcutaneous adipose, skeletal muscle, metabolically healthy, obesity
INTRODUCTION

Obesity is a serious health problem, which alters the state of
metabolism, leading to dyslipidemia, insulin resistance, and
inflammation, and is therefore an important risk factor for
cardiovascular diseases (CVD) and type 2 diabetes (T2D) (1).
However, individuals in the same body mass index (BMI)
category can have substantial heterogeneity of metabolic
features. Individuals of “metabolically healthy obesity” (MHO)
phenotype may not be at an increased risk for cardiovascular
complications, and have a favorable lipid and glucose profiles (2,
3). In contrast, not all non-obese individuals present with a
healthy metabolic profile, and were described to have
“metabolically unhealthy non-obesity (MUNO)” (3, 4). If
people with different healthy status could be identified, this
could mean great benefits both for the individual and the
health care system.

Body composition is closely related to metabolic health status.
Previous studies indicated that MHO individuals were
characterized by lower visceral fat mass, less fat accumulation
in liver and skeletal muscle as compared to metabolically
unhealthy obese (MUO) individuals (5–7), emphasizing the
role of adipose tissue function in metabolic health. The effects
of subcutaneous adipose tissue on metabolic health status are
complex. Some studies supported beneficial effects of
subcutaneous adipose tissue on metabolic health status while
others not (8–13). Moreover, abdominal subcutaneous adipose
tissue mass and gluteofemoral fat mass might have different
effects on metabolic health status. German Tübingen diabetes
family study showed that more metabolically unhealthy patients
had a high percentage of subcutaneous abdominal fat mass, and a
low percentage of subcutaneous gluteofemoral and leg fat mass,
than did metabolically healthy patients (12, 13). However, the
Dallas Heart Study did not show that subcutaneous abdominal
fat mass was significantly associated with an increased risk (10).
Meanwhile, previous studies showed conflicting results on the
contribution of skeletal muscle mass to the pathogenesis of
insulin resistance and metabolic status (14–17). Abdominal fat
distribution and skeletal muscle mass vary significantly between
racial and ethnic groups (18), however, few studies have
investigated the abdominal fat distribution and skeletal muscle
mass in different metabolic phenotypes in a population-based
study with a large sample size in China.

The aim of this study was to investigate the characteristics of
abdominal fat distribution and skeletal muscle measured by
using quantitative computed tomography (QCT) in different
metabolic status in Chinese participants. We explored whether
higher abdominal visceral adipose tissue (VAT) and lower
abdominal subcutaneous adipose tissue (SAT) and skeletal
n.org 2
muscle index (SMI) were associated with an increased risk of
metabolically unhealthy phenotype. We also assessed the ability
of abdominal fat distribution and skeletal muscle mass to identify
subjects with different metabolically phenotypes.
METHODS

Study Design and Population
The population of the present cross-sectional study was retrieved
from Pinggu Metabolic Disease Study (PMDS). Participants were
recruited using a stratified random two-stage cluster sampling
process according to sex and age. In the first stage of sampling,
five rural towns and one street were first randomly selected. Five
villages and seven neighborhood communities were then
randomly drawn from each selected rural town and the street.
In total, 5004 individuals who had lived in their registered
address for >5 years were invited to participate, and 3350
accepted. In the second round, the 5004 originally selected
residents were invited again to participate, and an additional
1579 residents were invited between September 2013 and July
2014 for a total of 6583 invited residents. A total of 4002 people
aged 26–77 years were enrolled, which gave a response rate of
60.8%. Details including study enrollment and procedure about
this study can be found elsewhere (19, 20). Participants with a
BMI less than 18.5 kg/m2 (underweight) were excluded from our
study. Finally, 3, 954 participants were included in our analysis.

Ethical approval was obtained from Peking University Health
Science Center (ethical review approval number: 2021PHB441-
001). All participants provided written informed consent
before enrollment.
Questionnaire and Physical Examination
All participants accepted face-to-face interview and standardized
questionnaires as described in detail previously. Height and
weight were measured using a height-weight scale that had
been calibrated before use, with the subject standing on their
bare feet and in light clothing. BMI was calculated as weight
divided by height squared (kg/m2). Waist circumference (WC)
was measured using a tape measure at the midpoint between the
lower rib margin and the iliac crest to the nearest 0.1 cm. Hip
circumference (HC) was measured at the midpoint of the iliac
crest and the most lateral projecting points of the greater
trochanter to the nearest 0.1 cm. The waist-to-hip ratio
(WHR) was calculated as the ratio of waist circumference to
hip circumference. Blood pressure (BP) was measured three
times with subjects seated after at least 5 min of rest, the mean
value of the three measurements was recorded.
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Biochemical and Hormone Assays
Fasting blood samples from participants were collected after 8-
hour fasting. Fasting serum alanine aminotransferase (ALT),
aspartate aminotransferase (AST), total cholesterol (TC),
triglyceride (TG), high-density lipoprotein cholesterol (HDL-
C), low-density lipoprotein cholesterol (LDL-C), and creatinine
(Cr) levels and the uric acid (UA) were measured using the
automated biochemical instrument (Coulter UniCel DxC 800,
Beckman, Miami, FL, USA).

Participants without known diabetes underwent a 75g 2-h
oral glucose tolerance test (OGTT) to evaluate the status of
glucose tolerance and those with diabetes had fasting plasma
glucose (FPG) measured. Plasma glucose was measured by
hexokinase method. Hemoglobin A1c (HbA1c) was measured
by cation-exchange high-pressure liquid chromatography
(HPLC) method (Adams A1c HA-8160; Arkray, Kyoto, Japan).
Serum insulin was tested by a radioimmunoassay method (China
Institute of Atomic Energy, Beijing, China). Homeostasis model
assessment of insulin resistance (HOMA-IR) was calculated as
follows: fasting insulin (FINS) (mU/ml) × fasting glucose (mmol/
l)/22.5.

QCT Measurements
A routine abdominal plain CT scan was performed with a GE 64-
slice CT scanner (LightSpeed VCT, GE, USA). The CT scan
acquired continuous 5-mm thick slices (120 kVp, 120–150 mA)
from the lung base to the pubic symphysis in the supine position.

The quantification of abdominal fat was detected at the level
of the lumbar vertebrae 4–5 intervertebral disc space. Abdominal
total adipose tissue (TAT) and visceral adipose tissue (VAT) area
(cm2) were semi-automatically measured by the Tissue
Composition Module of the software (Mindways, Austin, TX,
USA). Subcutaneous adipose tissue (SAT) was calculated as
TAT–VAT. The third lumbar vertebrae (L3) was selected as a
standard landmark to measure skeletal muscle area (SMA). The
L3 region contains the psoas, paraspinal, and abdominal wall
muscles. The cross-sectional SMAs were measured according to
attenuation thresholds of -29 to +150 Hounsfield units. We
calculated skeletal muscle indexes (SMI; cm2/m2) by
normalizing the total skeletal muscle surface area by the height
in square metres. Abdominal fat was also detected at the level of
L3, and skeletal muscle was also detected at the level of L4-5
using same methods as exploratory indicators.

Definition
Subjects were classified as normal weight (18.5–23.9 kg/m2),
overweight (24.0–27.9 kg/m2), and obese (≥28.0 kg/m2)
according to BMI recommended by the Working Group on
Obesity in China (21). The absence of the metabolic syndrome
(MS) in obesity has commonly been used to define MHO.
According to the diagnostic criteria for MS of the Chinese
Diabetes Society (CDS) (22), participants who met <2 of the
following 4 criteria were considered metabolically healthy: (1)
FPG≥6.1mmol/L or 2hPG≥7.8mmol/L or taking anti-diabetic
medications; (2) systolic blood pressure (SBP) ≥ 130 mmHg or
diastolic blood pressure (DBP) ≥ 85 mmHg or a history of taking
Frontiers in Endocrinology | www.frontiersin.org 3
anti-hypertensive medication; (3) triglyceride (TG) ≥ 1.7 mmol/
L; (4) high-density lipoprotein cholesterol (HDL-C) < 1.04
mmol/L or on any medication(s) for these conditions.
According to previous related studies, waist circumference was
not used to define these phenotypes due to its colinearity
with BMI.

We divided participants into the following six groups on the
basis of BMI and metabolic health status: (1) metabolically
healthy normal weight (MHNW); (2) metabolically unhealthy
normal weight (MUNW); (3) metabolically healthy overweight
(MHOW); (4) metabolically unhealthy overweight (MUOW);
(5) metabolically healthy obese (MHO); and (6) metabolically
unhealthy obese (MUO).

Statistical Analysis
Clinical characteristics were shown as mean ± standard deviation
(SD) or numbers and percentages, as appropriate. Shapiro-Wilk
tests were used to verify the normal or skewed distributions of
continuous variables. Student’s t test was conducted to compare
normally distributed continuous variables, while Mann–Whitney
U test or Kruskal–Wallis H test were conducted to compare non-
parametric continuous variables between different groups. Chi-
squared test or Fisher’s exact test were performed to assess
differences in categorical variables between groups. All
participants were divided into tertiles based on the levels of
above indices. Logistic regression analysis was employed to test
the odds ratio (OR) and 95% confidence intervals (CI) of indices
of body composition for metabolically unhealthy risks with the
lowest group as the referent group after adjustment for age, sex
and BMI. The receiver operating characteristic curve (ROC)
analysis was used to explore the capability of indices of body
composition, such as TAT, VAT, SAT, VAT and TAT ratio (at
L4-5), SMI (at L3), SMA and TAT ratio (at L3 and L4-5) to
differentiate metabolically unhealthy subjects from controls.

All statistical analysis were performed by SPSS version 23.0
software for windows (SPSS Inc., Chicago, IL, USA). A p value <0.05
was considered to be statistically significant.
RESULTS

General Characteristics
Totally, 3, 954 participants with a mean age of 50.2 ± 11.7 years
were included in final analysis. 63.4%, 39.5% and 23.3%
participants with normal weight, overweight and obese were
classified as metabolically healthy, respectively. The levels of
BMI, WC, WHR, FPG, FINS, HbA1c, HOMA-IR, SBP, DBP,
cholesterol, and triglyceride were higher, the levels of HDL-C
were lower in participants with metabolically unhealthy
phenotypes (MUNW, WUOW and MUO) (all p <0.001),
when compared with participants with metabolically healthy
phenotypes (MHNW, MHOW and MHO). In participants
with overweight and obese, the levels of LDL-C were similar
between metabolically healthy and unhealthy groups (p=0.178
and 0.664, respectively). Individuals with metabolically
unhealthy phenotype had a higher proportion of individuals
May 2022 | Volume 13 | Article 891327
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with non-alcoholic fatty liver disease (NAFLD) and diabetes.
More men were included into metabolically unhealthy
phenotypes (Table 1).

Abdominal Fat Distribution and Skeletal
Muscle in Different Metabolically
Phenotypes
Compared with individuals with metabolically unhealthy
phenotypes, the levels of abdominal TAT, VAT, VAT/TAT
ratio, and SMA were lower, while the levels of SAT were
higher in individuals with metabolically healthy phenotypes
(all p <0.001) in different BMI categories (normal weight,
overweight, and obese). However, the levels of SMI and SMA/
TAT ratio were similar in metabolically healthy and unhealthy
groups (all p>0.05) (Figures 1, 2).

We further analyzed the abdominal fat distribution and
skeletal muscle in males and females, respectively. The levels of
TAT, VAT, and SAT were higher in MUNW group than that in
MHNW group in both men and women (all p <0.001). However,
the levels of SMI were lower in MUNW group than that in
MHNW group in women (p=0.003) but not in men (p=0.275).
The levels of TAT, and VAT were higher in both men and
women, while the levels of SAT were only higher in men in
MUOW group than that in MHOW group (all p <0.001). There
were no significant difference of SMI between the two groups
(both p>0.05). The levels of VAT were higher in both men and
women, while the levels of TAT were only higher in men with
MUO phenotype than that with MHO phenotype (all p <0.001).
However, the levels of SAT was higher in women in individuals
with MHO phenotype when compared with MUO phenotype
(p=0.016). There were no significant difference of SMI between
the two groups (both p>0.05) (Supplemental Table 1).

Associations of Abdominal Fat Distribution
and Skeletal Muscle With Metabolic Status
In individuals with normal weight, the highest abdominal TAT,
VAT, and VAT/TAT ratio category were associated with a 2.093
times (95%CI: 1.043-3.123), 2.669 times (95%CI: 1.864-3.821),
and 2.077 times (95%CI: 1.345-3.209) higher risk of MUNW
when compared with the lowest category, respectively (all
p<0.01). Risk of MUNW was reduced significantly in the
highest SMA/TAT ratio category (L3: OR 0.437, 95%CI: 0.290-
0.658, p<0.001; L4-5: OR 0.498, 95%CI: 0.323-0.767, p=0.002)
when compared with the lowest category.

In individuals with overweight, the highest abdominal TAT,
VAT, and VAT/TAT ratio category were associated with a 1.739
times (95%CI: 1.295-2.335), 3.275 times (95%CI: 2.427-4.421),
and 2.676 times (95%CI: 1.925-3.720) higher risk of MUOW
when compared with the lowest category, respectively (all
p<0.01). Risk of MUOW was reduced significantly in the
highest SMA/TAT ratio category (L3: OR 0.505, 95%CI: 0.369-
0.689, p<0.001; L4-5: OR 0.681, 95%CI: 0.486-0.953, p=0.025)
when compared with the lowest category.

In individuals with obese, the highest abdominal VAT, VAT/
TAT ratio, and SMA/TAT ratio category were associated with a
2.322 times (95%CI: 1.469-3.670), 3.187 times (95%CI: 2.024-
Frontiers in Endocrinology | www.frontiersin.org 4
5.019), and 1.640 (95%CI: 1.024-2.626) times higher risk of
metabolically unhealthy when compared with the lowest
category, respectively (all p<0.05). While, in individuals with
obese, risk of MUO was reduced significantly in the highest SAT
category (OR=0.555, 95%CI: 0.360-0.856, p=0.008) when
compared with the lowest category. However, the levels of SMI
did not have significant association with metabolic status in
different BMI categories (Table 2).

Diagnostic Values of Indices of Body
Composition for Metabolically Unhealthy
We assessed the diagnostic values of indices of body
composition, such as abdominal TAT, VAT, SAT, VAT and
TAT ratio (at L4-5), SMI (at L3), SMA and TAT ratio (at L3 and
L4-5), for metabolically unhealthy (Table 3). In individuals with
normal weight, VAT and VAT/TAT ratio were the two best
indicators to differentiate MHNW and MUNW with the area
under ROC curve (AUC) of 0.653 (95% CI: 0.619-0.687,
p<0.001), and 0.652 (95% CI: 0.620-0.685, p<0.001). The
optimal cutoff value for VAT and VAT/TAT ratio were 89.23
cm2, and 0.455, respectively. The sensitivity and specificity were
59.11% and 67.28% for VAT, and 64.04% and 62.36% for VAT/
TAT ratio.

In individuals with overweight, abdominal VAT andVAT/TAT
ratio were the two best indicators to differentiate MHOW and
MUOWwith theAUCof0.682 (95%CI: 0.654-0.711,p<0.001), and
0.651 (95% CI: 0.622-0.680, p<0.001). The optimal cutoff value for
VAT and VAT/TAT ratio were 127.3 cm2, and 0.455, respectively.
The sensitivity and specificity were 59.24% and 67.91% for VAT,
and 57.13% and 64.53% for VAT/TAT ratio.

In individuals with obese, VAT/TAT ratio and VAT were the
two best indicators to differentiate MHO and MUO with the
AUC of 0.687 (95% CI: 0.645-0.728, p<0.001), and 0.668 (95%
CI: 0.627-0.710, p<0.001), respectively. The optimal cutoff value
for VAT/TAT ratio and VAT were 0.415, and 155.8 cm2,
respectively. The sensitivity and specificity were 67.11% and
62.61% for VAT/TAT ratio, and 57.56% and 69.57% for
VAT (Figure 3).
DISCUSSION

In this population-based study using CT techniques to ascertain
body composition and its relation with metabolically healthy
status in a large sample of Chinese population, we found 63.4%,
39.5%, and 23.3% participants were classified as MHNW,
MHOW, and MHO, respectively. Higher levels of abdominal
visceral adipose tissue were closely associated with metabolically
unhealthy phenotype in Chinese adults with different BMI
categories. Abdominal subcutaneous adipose tissue might be a
protective factor for metabolic health status only in obese
individuals. However, there was no significant association
between the levels of SMI and metabolic status in different
BMI categories.

The mechanisms underlying metabolic health status are
complex. The different impact of specific fat compartments on
May 2022 | Volume 13 | Article 891327
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TABLE 1 | Demographic and clinical characteristics of study population.

Obese

Metabolically
healthy N=267

Metabolically
unhealthy N=880

P
value

46.7 ± 10.7 50.6 ± 11.5 <0.001

36.0 53.2 <0.001

146 (54.7) 411 (46.7) 0.021

91 (34.0) 331 (37.6) 0.311

30 (11.2) 138 (15.7) 0.076

31 (11.6) 192 (21.8) <0.001

191 (71.6) 572 (65.0) 0.054

45 (16.9) 116 (13.2) 0.132

30.40 ± 2.35 30.86 ± 2.57 0.003

94.7 ± 7.7 98.9 ± 7.5 <0.001

105.0 ± 6.3 105.4 ± 6.0 <0.001

0.90 ± 0.06 0.94 ± 0.06 <0.001

50 (18.7) 356 (40.5) <0.001

22.4 ± 10.6 30.3 ± 18.7 <0.001

21.4 ± 6.0 25.4 ± 12.9 <0.001

58.5 ± 13.6 63.3 ± 14.7 <0.001

278.1 ± 74.7 319.9 ± 85.1 <0.001

238 (89.1) 235 (26.7) <0.001

21 (7.9) 388 (44.1) <0.001

8 (3.0) 257 (29.2) <0.001

5.55 ± 0.68 6.64 ± 1.91 <0.001

11.07 ± 5.03 14.79 ± 8.09 <0.001

5.58 ± 0.43 6.21 ± 1.11 <0.001

2.77 ± 1.51 4.45 ± 3.10 <0.001

127 ± 16 137 ± 17 <0.001

78 ± 10 84 ± 11 <0.001

4.81 ± 0.80 5.11 ± 1.09 <0.001

1.10 ± 0.46 2.39 ± 1.81 <0.001

2.98 ± 0.69 2.96 ± 0.88 0.664

1.19 ± 0.29 1.01 ± 0.24 <0.001

re e; WHR, waist-to-hip ratio; FPG, Fasting plasma glucose; FINS,
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Normal weight Overweight

Variables Total
N=3954

Metabolically
healthy N=742

Metabolically
unhealthy N=428

P
value

Metabolically
healthy N=647

Metabolically
unhealthy N=989

P
value

Age (years) 50.2 ± 11.7 47.4 ± 12.4 53.3 ± 11.9 <0.001 48.7 ± 11.4 52.8 ± 10.7 <0.001

Men (%) 49.1 38.7 62.9 <0.001 41.9 55.7 <0.001

Annual household
income (n, %)

<¥50,000 1988 (50.3) 370 (49.9) 245 (57.2) 0.015 334 (51.6) 482 (48.7) 0.266

¥50,000–99,000 1426 (36.1) 280 (37.8) 133 (31.0) <0.001 226 (34.9) 365 (36.8) 0.461

≥¥100,000 540 (13.7) 92 (12.4) 50 (11.7) 0.781 87 (13.5) 143 (14.4) 0.662

Education (n, %)

Elementary school
or lower

750 (19) 121 (16.3) 117 (27.3) <0.001 92 (14.2) 197 (19.9) 0.003

Middle school 2601 (65.8) 475 (64.0) 265 (62.0) 0.529 446 (68.9) 652 (65.9) 0.216

College or higher 603 (15.3) 146 (19.7) 46 (10.7) <0.001 109 (16.8) 141 (14.2) 0.160

BMI (kg/m2) 26.21 ± 3.74 21.93 ± 1.38 22.34 ± 1.28 <0.001 25.79 ± 1.12 26.10 ± 1.12 <0.001

WC (cm) 87.0 ± 10.6 75.1 ± 6.1 78.9 ± 5.7 <0.001 84.5 ± 6.2 88.5 ± 6.0 <0.001

HC (cm) 98.5 ± 7.1 92.4 ± 4.7 92.6 ± 4.8 0.788 97.9 ± 4.5 98.3 ± 4.5 0.300

WHR 0.88 ± 0.07 0.81 ± 0.06 0.85 ± 0.05 <0.001 0.86 ± 0.06 0.90 ± 0.06 <0.001

NAFLD (n, %) 88.2 (22.3) 75 (10.1) 73 (17.1) <0.001 76 (11.7) 252 (25.5) <0.001

ALT (U/L) 23.9 ± 18.6 18.5 ± 11.0 22.3 ± 36.4 <0.001 22.0 ± 13.2 24.6 ± 14.4 <0.001

AST (U/L) 23.2 ± 11.4 21.5 ± 8.1 23.7 ± 18.6 <0.001 22.7 ± 10.8 22.9 ± 9.1 0.201

Cr (mmol/L) 61.5 ± 25.7 57.6 ± 26.6 65.3 ± 46.7 <0.001 58.8 ± 12.6 64.0 ± 28.0 <0.001

UA (mmol/L) 285.9 ± 80.5 246.5 ± 60.9 283.7 ± 79.4 <0.001 272.7 ± 76.2 297.0 ± 79.0 <0.001

Glucose tolerance

Normal (n, %) 2172 (54.9) 667 (89.9) 147 (34.3) <0.001 564 (88.7) 311 (31.4) <0.001

IGT/IFG (n, %) 1154 (29.2) 57 (7.7) 194 (45.3) <0.001 52 (8.0) 442 (44.6) <0.001

Diabetes (n, %) 628 (15.9) 18 (2.4) 87 (20.3) <0.001 21 (3.2) 237 (23.9) <0.001

FPG (mmol/L) 6.09 ± 1.64 5.41 ± 0.91 6.46 ± 2.28 <0.001 5.5 ± 0.8 6.5 ± 1.7 <0.001

FINS (uIU/ml) 9.78 ± 6.61 5.82 ± 2.83 6.95 ± 6.06 <0.001 7.82 ± 3.67 10.44 ± 6.18 <0.001

HbA1c (%) 5.84 ± 0.94 5.49 ± 0.64 5.91 ± 1.16 <0.001 5.52 ± 0.44 6.00 ± 1.02 <0.001

HOMA-IR 2.74 ± 2.39 1.40 ± 0.72 2.02 ± 2.44 <0.001 1.94 ± 1.06 3.04 ± 2.30 <0.001

SBP (mmHg) 130 ± 18 120 ± 10 134 ± 19 <0.001 125 ± 15 135 ± 17 <0.001

DBP (mmHg) 79 ± 11 72 ± 10 79 ± 11 <0.001 76 ± 10 81 ± 11 <0.001

Cholesterol (mmol/l) 4.93 ± 0.99 4.70 ± 0.84 5.00 ± 1.10 <0.001 4.89 ± 0.90 4.97 ± 0.99 0.042

Triglyceride (mmol/l) 1.60 ± 1.47 0.81 ± 0.44 1.64 ± 1.63 <0.001 0.99 ± 0.51 2.02 ± 1.63 <0.001

LDL-C (mmol/l) 2.88 ± 0.81 2.70 ± 0.71 2.86 ± 0.87 0.002 2.96 ± 0.80 2.89 ± 0.82 0.178

HDL-C (mmol/l) 1.16 ± 0.31 1.36 ± 0.29 1.19 ± 0.40 <0.001 1.27 ± 0.29 1.06 ± 0.24 <0.001

Data are expressed as means ± SD for continuous data or as n (%) for categorical data. Bold italics indicate statistical differences. WC,Waist circumference; HC, Hip circumf
Fasting insulin; HOMA-IR, homeostasis model assessment of insulin resistance.
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FIGURE 1 | Abdominal fat distribution in different metabolically phenotypes. (A) TAT in different metabolically phenotypes. (B) VAT in different metabolically
phenotypes. (C) SAT in different metabolically phenotypes. (D) VAT/TAT ratio in different metabolically phenotypes. *p value < 0.05.
TABLE 2 | Odds ratio of abdominal fat distribution and skeletal muscle category for metabolically unhealthy according to BMI category.

Normal weight Overweight Obese
OR, 95%CI p value OR, 95%CI p value OR, 95%CI p value

TAT at L4-5
Lowest tertile 1.00 (reference) 1.00 (reference) 1.00 (reference)
Median tertile 1.591 (1.114, 2.272) 0.011 1.519 (1.160, 1.989) 0.002 0.817 (0.561, 1.189) 0.290
Highest tertile 2.093 (1.043, 3.123) <0.001 1.739 (1.295, 2.335) <0.001 1.298 (0.838, 2.011) 0.243
VAT at L4-5
Lowest tertile 1.00 (reference) 1.00 (reference) 1.00 (reference)
Median tertile 1.491 (1.052, 2.113) 0.025 1.669 (1.283, 2.169) <0.001 1.258 (0.877, 1.805) 0.213
Highest tertile 2.669 (1.864, 3.821) <0.001 3.275 (2.427, 4.421) <0.001 2.322 (1.469, 3.670) <0.001
SAT at L4-5
Lowest tertile 1.00 (reference) 1.00 (reference) 1.00 (reference)
Median tertile 1.055 (0.736, 1.511) 0.772 0.875 (0.660, 1.161) 0.355 0.792 (0.527, 1.191) 0.262
Highest tertile 1.192 (0.766, 1.857) 0.436 0.805 (0.582, 1.113) 0.189 0.555 (0.360, 0.856) 0.008
VAT/TAT at L4-5
Lowest tertile 1.00 (reference) 1.00 (reference) 1.00 (reference)
Median tertile 1.556 (1.083, 2.237) 0.017 1.588 (1.200, 2.101) 0.001 2.261 (1.546, 3.306) <0.001
Highest tertile 2.077 (1.345, 3.209) 0.001 2.676 (1.925, 3.720) <0.001 3.187 (2.024, 5.019) <0.001
SMI at L3
Lowest tertile 1.00 (reference) 1.00 (reference) 1.00 (reference)
Median tertile 0.946 (0.679, 1.318) 0.743 0.965 (0.736, 1.265) 0.797 0.779 (0.527, 1.151) 0.210
Highest tertile 0.705 (0.493, 1.007) 0.705 0.897 (0.673, 1.195) 0.457 0.980 (0.634, 1.517) 0.929
SMA/TAT at L3
Lowest tertile 1.00 (reference) 1.00 (reference) 1.00 (reference)
Median tertile 0.604 (0.427, 0.853) 0.004 0.875 (0.660, 1.159) 0.352 0.903 (0.597, 1.368) 0.631
Highest tertile 0.437 (0.290, 0.658) <0.001 0.505 (0.369, 0.689) <0.001 0.683 (0.430, 1.084) 0.106
SMA/TAT at L4-5
Lowest tertile 1.00 (reference) 1.00 (reference) 1.00 (reference)
Median tertile 0.555 (0.385, 0.801) 0.002 1.124 (0.841, 1.502) 0.430 1.189 (0.794, 1.782) 0.401
Highest tertile 0.498 (0.323, 0.767) 0.002 0.681 (0.486, 0.953) 0.025 1.640 (1.024, 2.626) 0.040
Frontiers in Endocrinology |
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Bold italics indicate statistical differences. TAT, total adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; SMI, skeletal muscle index. Adjusted for age, sex and BMI.
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insulin sensitivity and lipid levels was well described, with excess
abdominal VAT imparting a greater risk of metabolic syndrome
than excess abdominal SAT. Visceral adipose tissue acted not
only as a fat-deposit site, but also as a highly secretory organ with
a differential production of adipokines capable of regulating lipid
metabolism, insulin sensitivity, and inflammation (23). Previous
Frontiers in Endocrinology | www.frontiersin.org 7
studies found MHO individuals had significantly lower levels of
visceral fat than postmenopausal women with MUO phenotype
(7, 24). In our study, we used QCT, an accurate method, to assess
abdominal fat area, and we found abdominal VAT was closely
associated with metabolically unhealthy phenotype in different
BMI categories. These findings supported the opinion that a
TABLE 3 | ROC curves of indices of body composition for metabolically unhealthy.

Normal weight Overweight Obese
AUC (95%CI) p value AUC (95%CI) p value AUC (95%CI) p value

TAT 0.547 (0.512, 0.583) 0.009 0.574 (0.544, 0.605) <0.001 0.546 (0.503, 0.590) 0.045
VAT 0.653 (0.619, 0.687) <0.001 0.682 (0.654, 0.711) <0.001 0.668 (0.627, 0.710) <0.001
SAT 0.537 (0.502, 0.572) 0.005 0.549 (0.518, 0.580) 0.002 0.583 (0.627, 0.539) <0.001
VAT/TAT ratio 0.652 (0.620, 0.685) <0.001 0.651 (0.622, 0.680) <0.001 0.687 (0.645, 0.728) <0.001
SMI 0.530 (0.494, 0.565) 1.000 0.504 (0.474, 0.535) 0.775 0.536 (0.491, 0.580) 0.122
SMA/TAT ratio at L3 0.553 (0.518, 0.589) 0.003 0.565 (0.535, 0.596) <0.001 0.523 (0.479, 0.567) 0.321
SMA/TAT ratio at L4-5 0.513 (0.477, 0.527) 0.473 0.509 (0.478, 0.540) 0.573 0.532 (0.487, 0.577) 0.162
M
ay 2022 | Volume 13 | Article
TAT, total adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; SMI, skeletal muscle index.
A B C

FIGURE 3 | ROC curves of VAT and VAT/TAT ratio for metabolically unhealthy in individuals with normal weight (A), overweight (B), and obese (C).
A B

DC

FIGURE 2 | Skeletal muscle in different metabolically phenotypes. (A) SMA in different metabolically phenotypes. (B) SMI in different metabolically phenotypes. (C) SMA/
TAT ratio at L3 in different metabolically phenotypes. (D) SMA/TAT ratio at L4-5 in different metabolically phenotypes. *p value<0.05.
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smaller amount of abdominal VAT was a protective factor in the
maintenance of the favorable metabolic profile.

Some evidence indicated ectopic fat accumulation was a
plausible mechanism for metabolic syndrome (25). The liver
was an important location for ectopic fat deposition. Norbert
Stefan et al. found ectopic fat in the liver may be more important
than visceral fat in the determination of a beneficial phenotype in
obesity (13). Though we did not assess ectopic fat accumulation
in the liver, lower concentrations of hepatic enzymes in
metabolically healthy individuals may reflect lower hepatic
insulin resistance and lower liver fat content (23). However, we
also need to emphasize that liver fat content is high but insulin
resistance and the risk of diabetes are not in patients with fatty
liver disease with a strong hepatic genetic component (ie, the
148Met allele in PNPLA3 and the 167Lys allele in TM6SF2) (26,
27). Future studies will be required to unravel underlying
mechanisms of ectopic fat accumulation and its contribution
to metabolic unhealthy phenotype in Chinese population.

Massive expansion and remodeling of adipose tissue during
obesity differentially affects specific adipose tissue depots and
significantly contributes to metabolic unhealth status (28).
Subcutaneous adipocytes have distinctly different gene
expression patterns (higher adiponectin expression and lower
expression of proinflammatory adipokines), are better
differentiated, and have increased adipogenesis and browning
potential compared with visceral adipocytes (29, 30). In most
obese individuals, the SAT might fail to expand to store energy
surplus, and lipids might accumulate ectopically in VAT, liver,
and skeletal muscle; whereas in healthy obese individuals, SAT
had the intrinsic ability to expand, leading to preserved insulin
sensitivity (31, 32). Observations of Framingham Heart Study
showed that the inability to store fat in subcutaneous adipose
tissue depot increases the propensity for visceral fat storage (33).
It was found that regulation of lipid storage-related genes was
defective in the SAT of subjects exhibiting the largest fat
accumulation in the VAT of non-obese subjects when overfed
for 56 days (32). In our study, abdominal SAT might be a
protective factor for MHO, which might be explained by a
greater ability of MHO individuals to store free-fatty acids in
the SAT instead of in ectopic fat depot. However, the levels of
abdominal SAT were similar in metabolically healthy and
metabolically unhealthy individuals with normal weight and
overweight. This finding was not consistent with previous
studies in Caucasians. A low percentage subcutaneous leg fat
mass can be found with high prevalence in both unhealthy
normal weight subjects and overweight and obese subjects
(12). In addition, low percentage leg fat mass, followed by fatty
liver, is the strongest independent predictor of metabolic risk in
normal weight subjects, however, it is not a significant
determinant of metabolic risk in obese subjects (12). The
associations between subcutaneous fat at different sites and
metabolic status warrant further investigation.

Muscle mass and strength were protective factors against
cardiometabolic risk and metabolic syndrome, although the
conclusions were inconsistent (34, 35). Protective effects of
muscle mass were likely due to mechanisms involving glucose
Frontiers in Endocrinology | www.frontiersin.org 8
utilization, myokines secretion and ectopic fat accumulation (36,
37). However, in this study, we did not find significant
association between the levels of SMI and metabolic status. In
addition, muscle and fat ratio (SMA/TAT ratio) was not a more
useful indicator than VAT or VAT/TAT ratio for screening
metabolic syndrome. Further studies on potential associations
and mechanisms underlying skeletal muscle and metabolic status
were needed.

In our study, we found MHO individuals represent 23.3% of
the adult obese population, with higher prevalence in women,
which was similar to previous studies (38–40). Though, MHO
individuals present a favorable blood lipid profile, favorable
hepatic enzyme profile, lower blood pressure and lower insulin
resistance compared with MUO individuals, MHO individuals
have an intermediate-stage of cardiovascular risk profile that is
between MUO and non-obese phenotypes, and might shift to an
MUO phenotype with time (41–43). Hwang et al. demonstrated
that a higher conversion to MUO was associated with greater
visceral abdominal fat, female gender, higher fasting insulin
levels, and lower baseline HDL-C levels (44). Some researchers
even suggested that using the label ‘metabolically healthy’ to
describe this group in clinical medicine might be misleading (43).
Therefore, a more profound understanding of the underlying
metabolic regulation in MHO and MUO needed further
research. Importantly, it was necessary to encourage exercise
and weight control for MHO population to prevent metabolic
related disorders due to its transitory state.

Our findings had important clinical implications and public
health importance. We found that patients within the same BMI
range had heterogeneous phenotypes. We also found that obese
subjects or normal weight subjects ran different risks of
complications. Therefore, stratification of individuals, based on
metabolic health status, would help to identify high-risk subjects
and to optimize prevention and treatment strategies in order to
bring benefits to the individual, and lessen the burden on the
health care system. According to this study, the analysis of ROC
curves demonstrated that abdominal VAT and VAT/TAT ratio
might help to predict metabolic healthy status. It meant that
patients with normal weight and overweight might have
metabolic syndrome if the VAT and VAT/TAT ratio exceeded
cut-off levels, and screening interim might be shortened for risk
prevention of complications in these patients. More importantly,
there might be metabolism healthy subjects if the VAT and VAT/
TAT ratio was below cut-off levels for obese individuals. In these
subjects, the intensity of treatment and the frequency of
screening might be weakened.

There were several strengths of our study. Firstly, this was the
first large population-based study focusing on the associations of
adipose distributions and muscle mass measured by QCT with
the relation of metabolic status in different BMI category among
Chinese adults. Secondly, most previous studies used waist to
height ratio, waist to hip ratio or indices measured by
bioelectrical impedance analyzer or dual-energy x-ray
absorptiometry as measures of body composition (23, 45). In
our study, we used QCT, which was considered as the gold
standard for quantifying and comparing regional fat distribution
May 2022 | Volume 13 | Article 891327
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and skeletal muscle. Thirdly, most previous studies evaluated
characteristic of MHO and MUO (41). In our study, we
evaluated not only obese individuals, but also normal weight
and overweight participants according to metabolic status.

However, our study has several limitations. Firstly, given the
inconsistency of metabolically healthy definitions, there was high
degree of variability surrounding the estimated prevalence of
different phenotypes. Secondly, we did not measure hepatic fat
content, and only used serum activities of hepatic enzymes to
represent hepatic fat content. Gluteofemoral fat mass had effects
on metabolic health status, however, we did not measure lower-
body fat mass in our study. In addition, we measured skeletal
muscle mass without considering the muscle quality. Good-
quality muscle and poor-quality muscle might have different
contributions to metabolic status. Thirdly, chronic or acute
diseases might influence BMI and metabolic health status.
However, comorbidity and associated pharmacological
treatment were not described in detail in this study. Fourthly,
human obesity is associated with an imbalance in adipokines,
which could act as classic hormones affecting the metabolism of
tissues and organs. What is more, adipokines may decrease the
insulin sensitivity of tissues and induce inflammation and
development of chronic complications. However, we did not
measure adipokines in our study. Fifthly, the cross-sectional
design did not allow us to elucidate the causal relationship
between abdominal fat distribution and skeletal muscle and the
metabolically phenotypes.

In conclusion, metabolically healthy individuals were
relatively protected against metabolic disease as compared to
metabolically unhealthy individuals, which was at least partly
due to a better adipose tissue function and less ectopic fat storage.
Measurement of abdominal fat distribution and skeletal muscle
may provide a more complete understanding of metabolic risk.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
Frontiers in Endocrinology | www.frontiersin.org 9
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Peking University Health Science Center. Written
informed consent for participation was not required for this
study in accordance with the national legislation and the
institutional requirements.
AUTHOR CONTRIBUTIONS

LJ and XC conceptualized this study and designed the systematic
review protocol. FL, YL, XYZ, XH, XHZ, and ZF performed the
study selection and data extraction. FL and XC performed the
statistical analyses. FL and XC prepared the outlines and wrote
the manuscript. All authors contributed to the critical revision of
manuscript drafts.
FUNDING

This work was supported by National Natural Science
Foundation of China (No.81970698, No.81970708, and
No.81900805), and Beijing Natural Science Foundation
(No.7202216). The funding agencies had no roles in the study
design, data collection or analysis, decision to publish or
preparation of the manuscript.
ACKNOWLEDGMENTS

We thank all the staff who did work in Pinggu Metabolic
Disease Study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.891327/
full#supplementary-material
REFERENCES
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