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Abstract
Background  Sarcopenia, the age-related loss of muscle mass and function, is closely associated and frequently concomitant 
with non-alcoholic fatty liver disease (NAFLD). We aimed to investigate the clinical features of the sarcopenic NAFLD 
patients from middle-aged and older people.
Methods  A total of 1305 patients with NAFLD from the Shanghai Changfeng Study were included for analysis. Sarcopenia 
was diagnosed based on the height-adjusted appendicular skeletal muscle mass (ASM/height2). We comprehensively analyzed 
the metabolic phenotype, carotid artery condition, liver fibrosis score, and serum metabolomic profile of each participant.
Results  Among the middle-aged and older population, 68.1% of patients with sarcopenia and NAFLD were lean. Sarcopenia 
was independently associated with increased risk of carotid plaque (OR, 2.22; 95%CI 1.23–4.02) and liver fibrosis (OR, 2.07; 
95%CI 1.24–3.44), and the sarcopenic lean NAFLD patients were characterized by a higher risk of carotid plaque (p = 0.008) 
and liver fibrosis (p = 0.001) than the non-sarcopenic lean NAFLD patients, despite their lower BMI and similar prevalence 
of metabolic syndrome and diabetes. Further serum metabolomic examination indicated that the sarcopenic lean NAFLD 
patients presented a distinct metabolomic profile prone to carotid plaque and liver fibrosis, with upregulated serum valine, 
N-acetylneuraminyl-glycoproteins, lactic acid, small LDL triglycerides and VLDL5 components, and reduced components 
of HDL4. A sarcopenic characterization score based on above metabolites was established and could also predict increased 
risk of carotid plaque and liver fibrosis.
Conclusion  The presence of sarcopenia identifies a special subgroup of lean NAFLD with increased risk of cardiovascular 
disease and liver fibrosis clinically.
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Abbreviations
ALT	� Alanine transaminase
ApoA1	� Apolipoprotein A1
ApoA2	� Apolipoprotein A2
ApoB	� Apolipoprotein B100

ASM/height2	� Height-adjusted appendicular skeletal 
muscle mass

AST	� Aspartate transaminase
AWGS	� Asian working group for sarcopenia
BMI	� Body mass index 

CE	� Cholesterol esters
DBP	� Diastolic blood pressure
DXA	� Dual-energy X-ray absorptiometry
FC	� Free cholesterol
FDR	� False discovery rate
FIB-4	� Fibrosis 4 score
FPG	� Fasting plasma glucose
HDL	� High-density lipoprotein
HOMA-IR	� Homeostasis model assessment for insulin 

resistance
hs-CRP	� High-sensitivity C-reactive protein
HR	� Hazard ratio
ICD-10	� The 10th revision of international clas-

sification of diseases
IDL	� Intermediate density lipoprotein
LDL	� Low-density lipoprotein
LFC	� Liver fat content
NAFLD	� Non-alcoholic fatty liver disease
NAG	� N-acetyl-glycoproteins
NAG1	� N-acetylglucosamine/

galactosamine-glycoproteins
NAG2	� N-acetylneuraminyl-glycoproteins
NASH	� Non-alcoholic steatohepatitis
NHANES III.	� Third National Health and Nutrition 

Examination Survey
OGTT​	� Oral glucose tolerance test
OR	� Odds ratio

PPG	� Post-load plasma glucose
PL	� Phospholipids
SBP	� Systolic blood pressure
TC	� Total cholesterol
TG	� Triglycerides
VLDL	� Very low-density lipoprotein
1H-NMR	� 1-H nuclear magnetic resonance 

spectroscopy
95%CI	� 95% Confidence interval

Introduction

Non-alcoholic fatty liver disease (NAFLD) is currently the 
most common liver disease worldwide, with a global preva-
lence of approximately 25% [1]. Usually, NAFLD arises in 
the context of obesity and its related metabolic diseases [2]. 
As the prevalence of obesity doubles during the last 30 years 
in the US, the prevalence of NAFLD also increases from 
20 to 32% [3], and is estimated to continuously increase by 
18.3% in 2030 [4].

Population aging is another important risk factor driving 
the rapidly increasing trend of NAFLD. The prevalence of 
NAFLD is lower than 30% in the Asian adults aged less than 
40 years, and higher than 50% in those older than 60 years 
[5]. According to the National Health and Nutrition Exami-
nation Survey III (NHANES III) database, the prevalence of 
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NAFLD doubles in adults aged over 45 years in the United 
States [6]. Although body weight starts to fall after the age 
of 50, the proportion of NAFLD with normal weight, also 
called “lean NAFLD”, is remarkably increased in the older 
patients (40.9% if  ≥ 65 vs. 24.2% if  < 65 years) [7]. As the 
population ages globally, the prevalence of lean NAFLD 
has also increased from 5.6% before 2000 to 12.6% after 
2011 [8]. Usually, lean NAFLD is associated with a more 
favorable metabolic and histological feature compared with 
non-lean NAFLD [9]. However, studies also reported that 
patients with lean NAFLD had a higher all-cause and car-
diovascular mortality, most of whom died over the age of 
55 [10]. Therefore, NAFLD in the older population, with 
a high proportion of lean people, may have some special 
pathophysiological features.

Sarcopenia is a progressive skeletal muscle disorder char-
acterized by the accelerated loss of muscle mass and it is a 
common feature of human aging. Previous studies from our 
study population [11] and the Korean and European popu-
lations [12–14] have found that sarcopenia was associated 
with NAFLD, non-alcoholic steatohepatitis (NASH) and 
liver fibrosis, independent of insulin resistance and obesity. 
Thus, it is highly possible that the presence of sarcopenia 
may influence the clinical features of NAFLD in the middle-
aged and older population.

In the current study, we analyzed the hepatic and meta-
bolic features of the NAFLD patients aged over 45 divided 
by adiposity and sarcopenia status from Shanghai Changfeng 
Study. Inspired from our previous study on the outstanding 
changes in the metabolomic profiles in two genes (PNPLA3 
and TM6SF2) associated NAFLD [15], we further investi-
gated the metabolomic characterization of the sarcopenic 
NAFLD patients and analyzed its correlation with their 
clinical features.

Patients and methods

Patients selection

A total of 6595 participants aged over 45 years were enrolled 
from the Shanghai Changfeng Study, a community-based 
prospective cohort study of multiple chronic diseases in a 
middle-aged and older Chinese population, from June 2009 
to December 2012. The inclusion criteria of participants 
were (1) aged over 45 years old and (2) lived in the Shang-
hai Changfeng community for at least 5 years. As shown in 
the participant flow diagram (Figure S1), 969 participants 
enrolled from June 2009 to May 2010 had no schedule for 
liver ultrasound examination and were excluded from analy-
sis. Among the remaining 5626 participants, 2669 partici-
pants without fatty liver were excluded and 1652 partici-
pants with fatty liver were excluded due to excessive alcohol 

consumption (N = 653), self-reported or physician-recorded 
previous history of known liver disease, including hepatitis 
B (N = 163) and hepatitis C (N = 3), and missing data of liver 
ultrasound examination (N = 515), body composition meas-
ured by dual-energy X-ray absorptiometry (DXA) (N = 275) 
and serum biochemical or metabolomic data (N = 43). Even-
tually, a total of 1305 NAFLD patients were included for 
analysis.

Anthropometric and biochemical measurements

The past history of diseases and medication use of each 
participant was collected in a face-to-face interview with 
a trained investigator using a standardized questionnaire. 
Height and weight were measured without shoes or outer 
clothing. Body mass index (BMI) was calculated as the 
weight in kilograms divided by the square of height in 
meters (kg/m2). Resting systolic blood pressure (SBP) and 
diastolic blood pressure (DBP) were measured using an elec-
tronic blood pressure monitor (OMRON Model HEM-752 
FUZZY, Omron Co., Dalian, China). Serum biochemical 
parameters, including serum alanine transaminase (ALT), 
aspartate transaminase (AST), fasting plasma glucose 
(FPG), oral glucose tolerance test (OGTT) 2-h post-load 
plasma glucose (PPG), total cholesterol (TC), triglycerides 
(TG), high-density lipoprotein (HDL) cholesterol, were 
measured after a 12 h overnight fasting using an automated 
bio-analyzer (HITACHI 7600, Tokyo, Japan). Low-density 
lipoprotein (LDL) cholesterol was calculated using the 
Friedewald equation. Fasting insulin was measured using 
an electrochemiluminescence immunoassay. Homeostasis 
model assessment for insulin resistance (HOMA-IR) was 
calculated as FPG (mmol/L) × fasting insulin (mU/L)/22.5.

Liver and carotid artery ultrasonography

The hepatic and carotid artery ultrasound examinations 
were performed using a GE LOGIQ P5 machine (GE 
Healthcare, Milwaukee, USA). Liver fat content (LFC) 
was quantified using an ultrasound quantitative method, 
and hepatic steatosis was diagnosed by liver ultrasonog-
raphy [16]. Carotid plaque was defined as the presence 
of focal wall thickening at least 50% greater than that of 
the surrounding vessel wall or as a focal region with a 
carotid intima-media thickness greater than 1.5 mm that 
protrudes into the lumen that is distinct from the adjacent 
boundary [17].

DXA measurements of body composition

Lean mass, fat mass and bone mass at the whole body, trunk, 
and limbs sites, as well as bone mineral density (BMD) (g/
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cm2) at the lumbar spine (L1–L4) and total hips were meas-
ured by a single, trained technician using dual-energy X-ray 
absorptiometry (Lunar iDXA, GE Healthcare). The appen-
dicular skeletal muscle mass (ASM) in kilograms, calculated 
as the sum of the lean mass in the bilateral upper and lower 
limbs, was divided by the square of height in meters and 
expressed as ASM/height2.

Serum metabolomic measurements by 1H nuclear 
magnetic resonance spectroscopy (1H‑NMR)

The 1H-NMR analysis was conducted on a 600 MHz NMR 
spectrometer equipped with a BBI probe (Bruker Biospin, 
Germany) as reported previously [18]. The procedure of 
metabolomic examination was detailed previously [19]. 
Among the 178 metabolites initially measured, the metabo-
lites with a missing rate greater than 20% were excluded, 
and the remaining missing values were filled with half of 
the minimum value for that metabolite. Ultimately, a total 
of 158 quantitative parameters were entered into analysis, 
including 130 lipoprotein parameters, 6 ratio parameters for 
saturated, unsaturated, monounsaturated, and polyunsatu-
rated fatty acids, 22 small metabolites such as amino acids, 
ketone bodies, glucose, carboxylic acids and acute-phase 
N-acetyl-glycoproteins (NAG). The units of the metabolites 
were mg/dL for the lipoprotein parameters and mmol/L for 
other metabolomic parameters.

Causes of mortality

The vital status of all participants was determined according 
to registration data from the Shanghai Center for Disease 
Control. The causes of death were coded according to the 
10th Revision of International Classification of Diseases 
(ICD-10). The main endpoints during the follow-up included 
deaths due to cardiovascular diseases (ICD-10 codes I00-
I99), liver disease (ICD-10 codes C22.0, C22.2–C22.9, and 
K70–K76), and other causes, as detailed previously [19].

Definitions

A BMI over 23 kg/m2 and 27 kg/m2 were diagnosed as 
overweight and obesity according to the optimal cut-
off for Asians. Metabolic syndrome was defined if three 
or more of the following five components are met: (1) 
waist circumference  ≥ 90 cm for male and  ≥ 80 cm for 
female; (2) TG  ≥ 1.7  mmol/L or receiving drug treat-
ment for elevated triglycerides; (3) HDL cholesterol lev-
els  < 1.03 mmol/L in male or  < 1.29 mmol/L in female 
or receiving drug treatment for reduced HDL cholesterol; 
(4) SBP/ DBP  ≥ 130/85 mmHg or antihypertensive drug 

treatment in a patient with a history of hypertension; (5) 
FPG  ≥ 5.6 mmol/L, or drug treatment for elevated glucose; 
according to the updated NCEP ATPIII criteria. Central obe-
sity was defined as waist circumference ≥ 90 cm for male 
and  ≥ 80 cm for female. Diabetes was diagnosed if FPG lev-
els ≥ 7.0 mmol/L or OGTT 2-h PPG levels  ≥ 11.1 mmol/L 
or self-reported history of diabetes or antidiabetic medi-
cation use according to the 1999 WHO criteria. Hypertri-
glyceridemia was diagnosed if serum TG  ≥ 1.7 mmol/L, 
and hypertension was diagnosed as SBP ≥ 140 mmHg 
or DBP ≥ 90 mmHg or antihypertensive drug treatment. 
Fatty liver was diagnosed when LFC by ultrasonography 
exceeded the cut-off value of 9.15% [16]. The fibrosis 4 
score (FIB-4) was used to evaluate liver fibrosis grades: 
FIB-4 = age (years) × AST (U/L)/[platelets (109/L) × √ALT 
(U/L)]. All the NAFLD patients were stratified as low-risk 
(FIB-4 < 1.30), intermediate-risk (FIB-4 1.30–2.67) and 
high-risk (FIB-4 ≥ 2.67) of advanced liver fibrosis, based on 
the values of FIB-4 [20]. Since the data of young reference 
group were not available, the sex-specific lower quintiles of 
ASM/height2 of all participants from the Shanghai Chang-
feng Study (6.88 kg/m2 in male and 5.67 kg/m2 in female) 
were used as the cutoff values for diagnosis of sarcopenia 
according to the consensus of Asian Working Group for 
Sarcopenia (AWGS) [21]. The cutoff values of 7.0 kg/m2 
in male and 5.4 kg/m2 in female, recommended in previous 
Asian studies [21], were also used to test the stability of the 
study results under different definitions of sarcopenia.

Statistical analysis

All statistical analyses were performed using the R software 
version 3.6.2 and SPSS software version 15.0. The continu-
ous parameters with normal distribution are presented as 
the means ± SD and skewed parameters are presented as 
the median with the interquartile range (25–75%) given in 
parentheses. The patients with NAFLD were divided into 
the following four groups according to their adiposity and 
sarcopenia status: lean NAFLD (N = 85), sarcopenic lean 
NAFLD (N = 177), overweight/obese NAFLD (N = 960) 
and sarcopenic overweight/obese NAFLD (N = 83). All 
the skewed parameters were log transformed to normality 
or approximately normality before analysis. The continu-
ous variables were compared using the one-way analysis of 
variance (ANOVA) and the categorical variables using the 
chi-square test. The prevalence of metabolic syndrome and 
its constituent disorders (central obesity, diabetes, hyper-
triglyceridemia and hypertension), carotid plaque and liver 
fibrosis were compared using multivariate logistic or ordinal 
regression models and the all-cause and cause-specific mor-
talities were compared using Cox regression models among 
the lean, sarcopenic lean, overweight/obese and sarcopenic 
overweight/obese NAFLD patients, after adjustment for 
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age and sex. The standardized z-score of each component 
of their metabolomic profiles was compared using gener-
alized linear models after adjustment for age and sex and 
false discovery rate (FDR) correction. We also analyzed the 
association of sarcopenia, overweight/obesity as well as each 
1H-NMR-based metabolite with the risk of carotid plaque, 
liver fibrosis, diabetes, metabolic syndrome and hypertri-
glyceridemia using logistic or ordinal regression models, 
with multiple adjustment and false discovery rate (FDR) cor-
rection. The interactive effect of adiposity and sarcopenia 
on liver fibrosis and metabolic diseases was investigated by 
entering their interactive item into the statistical models.

A sarcopenic characterization score was calculated 
on the basis of the basic anthropometric parameters and 
metabolites associated with sarcopenia in all patients using 
a forward stepwise logistic regression model. The internal 
cross-validation of the sarcopenic characterization score was 
tested by a tenfold cross-validation technique and repeated 
200 times with the R program. The receiver operating char-
acteristic curve analyses were used to evaluate the diagnostic 
performance of the sarcopenic characterization score and the 
diagnostic cutoff of the sarcopenic characterization score 
was obtained from the maximal Youden index. The risks 
of carotid plaque and liver fibrosis were further compared 
among the NAFLD patients divided by the sarcopenic char-
acterization score and adiposity status.

All statistical analyses were two-sided and p < 0.05 was 
considered statistically significant unless otherwise stated.

Results

Baseline characteristics

Among the 3974 participants aged over 45 years from the 
Shanghai Changfeng Study, 1305 (32.8%) had NAFLD. Sar-
copenia can be diagnosed in 260 NAFLD patients, includ-
ing 177 (68.1%) sarcopenic lean and 83 (31.9%) sarcopenic 
overweight/obese patients (Fig. 1A). As shown in Table 1, 
the sarcopenic NAFLD patients were older and had lower 
BMI and lean mass, but their fat mass and bone mass were 
similar to the non-sarcopenic patients, regardless of their 
adiposity status. The overweight/obese NAFLD patients had 
higher levels of BMI, waist circumference, fat mass, SBP, 
DBP, FPG, PPG, HbA1c, HOMA-IR, serum TG and liver 
enzymes and lower levels of HDL cholesterol than the lean 
NAFLD patients as expected, but all the common clinical 
metabolic parameters had no significant difference between 
the sarcopenic and non-sarcopenic NAFLD patients either 
in the lean or overweight/obese status.

Clinical features of the subgroups of NAFLD divided 
by adiposity and sarcopenia status

We further investigated the hepatic and metabolic compli-
cations of the sarcopenic NAFLD patients. As shown in 
Fig. 1 and Figure S2, the prevalence of metabolic syndrome 
(Fig. 1B), central obesity (Figure S2A), diabetes (Figure 
S2B), hypertriglyceridemia (Figure S2C) and hyperten-
sion (Figure S2D) was similar between the sarcopenic and 
non-sarcopenic lean NAFLD patients (all p > 0.05), but the 
risk of carotid plaque (p = 0.008, Fig. 1C) and liver fibrosis 
(p = 0.001, Fig. 1D) was significantly higher in the sarco-
penic lean NAFLD patients. In contrast, the overweight/
obese NAFLD patients had increased risk of all metabolic 
diseases, including metabolic syndrome (Fig. 1B), central 
obesity (Figure S2A), diabetes (Figure S2B), hypertriglyc-
eridemia (Figure S2C), hypertension (Figure S2D) and 
carotid plaque (Fig. 1C) (all p < 0.05). However, the pres-
ence of sarcopenia was not associated with additional risk 
of metabolic disorders or liver fibrosis in the overweight/
obese NAFLD patients (Fig. 1B–D). Since different defini-
tions of sarcopenia existed currently, to test the stability of 
the study results under different definitions of sarcopenia, 
the cutoffs of ASM/height2 used in previous Asian studies 
were also used to define sarcopenia in our current study. As 
shown in Figure S3, the presence of sarcopenia diagnosed by 
another criterion recommended by AWGS was also associ-
ated with increased risk of carotid plaque (Figure S3E) and 
liver fibrosis (Figure S3F) under preserved metabolic status 
(Figure S3B-D) in the lean NAFLD patients. After a median 
of 5.2 year follow-up, the cardiovascular mortality was sig-
nificantly increased in the groups with either sarcopenia or 
overweight/obesity or both (Fig. 1F), although the all-cause 
mortality and liver-specific mortality showed no difference 
among the lean and overweight/obese patients with and 
without sarcopenia (Fig. 1E and Figure S4).

Sarcopenia and adiposity differentially influenced 
the hepatic and metabolic complications of NAFLD

The special phenotype of sarcopenic NAFLD patients 
indicated that sarcopenia might have unique effects on the 
hepatic and metabolic complications that differ from the 
conventional metabolic risk factors such as obesity. As 
shown in Fig. 2, after adjustment for age and sex, over-
weight/obesity status was independently associated with 
increased risk of diabetes (odds ratio [OR], 3.35; 95%CI 
1.70–6.59), metabolic syndrome (OR, 3.82; 95%CI 
2.38–6.11), and hypertriglyceridemia (OR, 2.26; 95%CI 
1.42–3.57) as expected, while the presence of sarcopenia 
was associated with increased risk of carotid plaque (OR, 
2.22; 95%CI 1.23–4.02) and liver fibrosis (OR, 2.07; 95%CI 
1.24–3.44) but not diabetes or metabolic syndrome. No 



318	 Hepatology International (2023) 17:313–325

1 3

interaction between overweight/obesity status and sarco-
penia was found, except for an interactive effect of sarco-
penia and overweight/obesity on the risk of carotid plaque 
(Pinteraction = 0.044). The association between sarcopenia 
and carotid plaque remained significant even after further 
adjustment of the risk of liver fibrosis (OR, 1.97; 95%CI 
1.08–3.59) (Figure S5). Since the presence of sarcopenia 
had no significant association with the components of meta-
bolic syndrome in the NAFLD patients, the correlation of 

sarcopenia with carotid plaque and liver fibrosis seemed to 
be mediated by other circulating substances independent of 
the effect of conventional metabolic risk factors.

Metabolomic profiles of the subgroups of NAFLD 
divided by adiposity and sarcopenia status

The use of metabolomic examination has enabled us to 
identify the differences in baseline concentrations of large 

Fig. 1   Clinical features of the subgroups of NAFLD patients divided 
by adiposity and sarcopenia status. a The prevalence of NAFLD and 
proportion of sarcopenic and non-sarcopenic lean and overweight/
obese NAFLD patients. The prevalence of b metabolic syndrome, c 
carotid plaque, d intermediate- and high-risk advanced liver fibrosis, 
as well as e all-cause mortality and f cardiovascular mortality were 

compared among the lean, sarcopenic lean, overweight/obese and 
sarcopenic overweight/obese NAFLD patients. Level of significance: 
p < 0.05 (multivariate logistic/ordinal/Cox regression models adjust-
ing for age and sex). *Sarcopenia was diagnosed by the lower quintile 
of height-adjusted appendicular skeletal muscle mass



319Hepatology International (2023) 17:313–325	

1 3

VLDL (VLDL1) particles in PNPLA3 gene variants carri-
ers with NAFLD, which well explained the protective effect 
of PNPLA3 rs738409 C > G variant against cardiovascu-
lar disease [19]. Inspired from our previous study on the 
metabolomic profiles in two genes (PNPLA3 and TM6SF2) 
associated with NAFLD [15], serum metabolomic profiles 
were further analyzed in NAFLD patients divided by adi-
posity and sarcopenia status in our current study. As shown 
in Fig. 3, the overweight/obese NAFLD was featured with 
a metabolomic profile prone to metabolic and cardiovas-
cular disease, including increased serum VLDL2-VLDL4 
components, reduced HDL2-HDL4 components and 
upregulated levels of several essential amino acids (valine, 
leucine, isoleucine, phenylalanine and tyrosine), inflam-
matory metabolites (N-acetylglucosamine/galactosamine-
glycoproteins [NAG1]) (all p < 0.05 after FDR correc-
tion), no matter whether it is concomitant with sarcopenia 

or not. Intriguingly, the sarcopenic lean NAFLD patients 
presented a unique metabolomic profile distinct from the 
non-sarcopenic lean NAFLD and the overweight/obese 
NAFLD. Compared with the non-sarcopenic lean NAFLD 
patients, the sarcopenic lean NAFLD patients had a char-
acterized lipoprotein profile with increased VLDL5 com-
ponents, TG in LDL4 and LDL5, and reduced cholesterol 
esters (CE), cholesterol, free cholesterol (FC) and apolipo-
protein A2 (ApoA2) in HDL4. Moreover, serum valine and 
phenylalanine, ketone bodies (β-hydroxybutyric acid and 
acetoacetate), lactic acid and the inflammation biomarker 
N-acetylneuraminyl-glycoproteins (NAG2) were signifi-
cantly elevated, and the serum creatinine was reduced in 
the sarcopenic lean NAFLD patients (all p < 0.05 after FDR 
correction) (Fig. 3).

Table 1   Baseline characteristics of the study participants with NAFLD (N = 1305)

The continuous parameters with normal distribution were presented as the means ± SD and skewed parameters were presented as the median 
with the interquartile range (25–75%) given in parentheses
NAFLD non-alcoholic fatty liver disease, BMI body mass index, OGTT​ oral glucose tolerance test, HOMA-IR homeostasis model assessment for 
insulin resistance, ALT alanine transaminase, AST aspartate transaminase
a p < 0.05 compared with non-sarcopenic lean NAFLD patients
b p < 0.05 compared with sarcopenic lean NAFLD patients
c p < 0.05 compared with non-sarcopenic overweight/obese NAFLD patients

Total Lean Overweight/obesity

Non-sarcopenia Sarcopenia Non-sarcopenia Sarcopenia

No. of participants 1305 85 177 960 83
Male, n (%) 432 (33.1%) 15 (17.6%) 49 (27.7%) 331 (34.5%)a 37 (44.6%)a

Age, year 62.6 ± 8.9 59.3 ± 7.9 63.4 ± 9.3 a 62.6 ± 8.7a 64.8 ± 9.9a,c

BMI, kg/m2 25.7 ± 3.2 22.2 ± 0.7 21.3 ± 1.4 a 26.9 ± 2.7a,b 24.4 ± 1.2a,b,c

Waist circumference, cm 87.8 ± 9.0 78.4 ± 4.8 77.9 ± 5.6 90.5 ± 8.1a,b 86.9 ± 7.2a,b,c

Lean mass, kg 40.4 ± 8.4 37.3 ± 5.6 34.6 ± 5.5 a 42.1 ± 7.3a,b 37.2 ± 6.6b,c

Fat mass, kg 22.9 ± 5.5 17.6 ± 3.0 17.3 ± 3.4 24.5 ± 5.0a,b 21.8 ± 4.0a,b,c

Bone mass, kg 2.2 ± 0.4 2.1 ± 0.4 1.9 ± 0.4 2.2 ± 0.4a,b 2.1 ± 0.5b

ASM/height2, kg/m2 6.7 ± 1.0 6.2 ± 0.6 5.6 ± 0.6 a 7.1 ± 0.9a,b 5.8 ± 0.9a,b,c

Systolic blood pressure, mmHg 137 ± 19 128 ± 19 129 ± 18 139 ± 18a,b 136 ± 17a,b

Diastolic blood pressure, mmHg 78 ± 10 73 ± 10 72 ± 9 79 ± 10a,b 78 ± 9a,b

Fasting plasma glucose, mmol/L 5.9 ± 1.7 5.4 ± 1.2 5.5 ± 1.5 6.0 ± 1.7a,b 6.2 ± 2.4a,b

OGTT 2 h plasma glucose, mmol/L 8.6 ± 3.5 7.3 ± 2.8 7.5 ± 3.4 8.9 ± 3.5a,b 8.7 ± 3.4a,b

HbA1c, % 6.1 ± 1.0 5.8 ± 0.7 5.9 ± 1.0 6.1 ± 1.0a,b 6.3 ± 1.6a,b

HOMA-IR 2.7 (1.9–4.0) 2.0 (1.4–2.8) 1.8 (1.2–2.3) 3.0 (2.1–4.3)a,b 2.7 (1.8–4.1)a,b

Triglycerides, mmol/L 1.8 (1.3–2.5) 1.5 (1.0–2.2) 1.6 (1.1–2.3) 1.8 (1.4–2.5)b 1.9 (1.4–2.8)
Cholesterol, mmol/L 5.2 ± 1.0 5.2 ± 0.8 5.3 ± 1.0 5.2 ± 1.0 5.1 ± 0.9
HDL cholesterol, mmol/L 1.34 ± 0.33 1.50 ± 0.41 1.51 ± 0.37 1.30 ± 0.30a,b 1.28 ± 0.30a,b

LDL cholesterol, mmol/L 2.92 ± 0.84 2.86 ± 0.80 2.95 ± 0.79 2.92 ± 0.85 2.90 ± 0.85
ALT, U/L 18 (14–26) 16 (12–24) 16 (12–22) 20 (14–28)a,b 18 (12–24)b

AST, U/L 21 (18–25) 20 (17–24) 20 (17–23) 21 (18–25) 20 (17–24)
Liver fat conrent, % 15 (12–19) 13 (11–17) 13 (11–17) 15 (12–19)a,b 14 (11–19)
Fibrosis 4 score 1.55 ± 0.85 1.42 ± 0.52 1.65 ± 0.74a 1.53 ± 0.90 1.58 ± 0.66
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The metabolomic characterization of sarcopenic 
lean NAFLD was correlated with the risk of liver 
fibrosis and carotid plaque

The associations of all metabolomic components with liver 
fibrosis and carotid plaque were analyzed as shown in Tables 
S1&2. Among the differentially expressed serum metabo-
lites in the sarcopenic lean NAFLD patients, the reduced 
CE, FC, CH and ApoA2 in HDL4, and increased branched-
chain amino acid valine were significantly associated with 
increased risk of liver fibrosis (Fig. 4A), while the increased 
TG in LDL4 and LDL5, valine, lactic acid and NAG2 were 
associated with increased carotid plaque (Fig. 4B), after 
adjustment for age, sex and BMI (all p < 0.05).

In a multivariate logistic regression model, which 
included all common anthropometric and metabolomic 
parameters significantly associated with the presence of 
sarcopenia in all participants (Fig. 3), we identified the 
variables that were independently associated with sarcope-
nia, and obtained the sarcopenic characterization score by 
applying forward multivariate regression analyses as follows 
(Table S3).

Sarcopenic characterization score = eγ/(1 + eγ).
Where γ = 15.625 + 0.042 × Age (year).
 + 0.469 × Sex (Male = 1, Female = 0).
−0.824 × BMI (kg/m2).
 + 3.088 × Valine (mmol/L).

 + 0.173 × VLDL5-CE (mg/dL).
−11.658 × Creatinine (mmol/L).
The area under the ROC curve (AUROC) of sarcopenic 

characterization score for diagnosis of sarcopenia was 0.92 
(0.86–0.97) in NAFLD patients after 200 times internal 
cross-validation by a tenfold cross-validation technique 
(Fig. 5A). The optimal cutoff was 0.365 with sensitivity 
of 83% and specificity of 82%. We further divided all the 
NAFLD patients into two groups according to the cutoff 
of the sarcopenic characterization score. Consistent with 
the clinical features of the sarcopenic NAFLD patients, the 
prevalence of liver fibrosis and carotid plaque was signifi-
cantly higher in the groups with either high sarcopenic char-
acterization score or overweight/obesity, or both, as shown 
in Fig. 5B, C.

Discussion

Both sarcopenia and NAFLD are great health threats in the 
aging society. Previous studies have demonstrated that the 
presence of sarcopenia is associated with NAFLD, NASH 
and liver fibrosis [11–14]. As the skeletal muscle mass 
decreases, the prevalence of NAFLD is increasing in the 
aging populations in the absence of obesity. In the current 
study among Chinese adults, we found that sarcopenic lean 
NAFLD accounted for 13.6% of NAFLD patients aged over 
45 years. Different from the overweight/obese NAFLD 
patients who had increased risk of all metabolic diseases and 
carotid plaque, the sarcopenic lean NAFLD patients were 
characterized with increased risk of atherosclerotic carotid 
plaque and liver fibrosis, with relatively good metabolic sta-
tus, and sarcopenia and adiposity jointly contributed to the 
increased risk of cardiovascular mortality. Further metabo-
lomic examination revealed that the sarcopenic lean NAFLD 
patients were characterized by a metabolomic profile distinct 
from the non-sarcopenic lean NAFLD and the overweight/
obese NAFLD. The reduced serum components of HDL4 
and elevated LDL4 and LDL5 triglycerides, branched-
chain amino acid valine, glycolysis product lactic acid and 
acute inflammation biomarker NAG2 in the sarcopenic lean 
NAFLD patients might be responsible for their increased 
risk of atherosclerotic carotid plaque and liver fibrosis.

Sarcopenia, an age-dependent progressive skeletal muscle 
disorder involving the loss of muscle mass and function, is 
a common age-related disease in the middle-aged and older 
population [22]. Previous studies found the prevalence of 
sarcopenia in older Chinese were 12.3% in male and 7.6% 
female [21]. Consistently, the male participants were more 
likely to suffer from sarcopenia in our results, and the age-
related decrease in testosterone, a major hormone regulating 
skeletal muscle anabolism, might correlate with the acceler-
ated loss of muscle mass in men. Caused by the imbalance 

Fig. 2   Associations of adiposity and sarcopenia with risks of liver 
fibrosis and metabolic diseases in NAFLD patients. The odds ratios 
for liver fibrosis, diabetes, metabolic syndrome, hypertriglyceridemia 
and carotid plaque related to the presence of adiposity or sarcopenia 
were calculated. Level of significance: p < 0.05 (multivariate logistic/
ordinal regression models adjusting for age and sex, and the interac-
tive effect of adiposity and sarcopenia was investigated by entering 
their interactive item into the statistical models)
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between muscle protein anabolic and catabolic pathways, 
sarcopenia has been recognized to be associated with insu-
lin resistance, increased systemic inflammation, altered 
myokine secretion and deficiency of trace elements and vita-
mins [23]. In our current study, a coexistence of NAFLD 
and sarcopenia was frequently observed in the lean middle-
aged and older adults. The crosstalk between the skeletal 
muscle and liver provides the possibility that sarcopenia 
and NAFLD can mutually contribute to the development 
of each other. On one hand, sarcopenia increases hepatic 
lipogenesis and inhibits fatty acid beta-oxidation by causing 
insulin resistance and decreasing the secretion of hepatopro-
tective myokines (interleukin-6, irisin, et al.). On the other 
hand, liver steatosis promotes skeletal muscle loss through 
the effect of hepatic insulin resistance and altered serum 
levels of several hepatokines (fibroblast growth factor-21, 
leukocyte cell-derived chemotaxin 2, et al.) [24]. In our 
current study, we found the sarcopenic patients developed 
NAFLD at lower level of BMI (Table 1), and consistent with 
previous studies [13, 14], sarcopenia specifically correlated 
with the risk of liver fibrosis independent of adiposity and 
insulin resistance, especially in the lean NAFLD patients 
[14]. The mechanism underlying the association between 
sarcopenia and liver fibrosis is still unclear, and reduction 
of circulating hepatoprotective myokines, such as irisin [24], 
might contribute to the progression of sarcopenic NAFLD, 
according to previous studies. The metabolomic analysis in 
our study further indicated that reduced serum HDL4 com-
ponents and increased branched-chain amino acid valine in 
the sarcopenic lean NAFLD patients was associated with 
liver fibrosis. The HDL4 subfraction (1.125–1.21 g/ml) is 
intestine-derived HDL that functions to prevent lipopolysac-
charide binding to and activation of liver macrophages [25], 
and the reduction of HDL4 components in the sarcopenic 
lean NAFLD patients might impair individual protective 
ability against liver fibrosis. Serum valine was found to be 
associated with advanced liver fibrosis in patients with hepa-
titis B viral infection previously [26], and reducing valine 
rapidly restores liver metabolic health in diet-induced obese 
mice [27]. However, the mechanism underlying the effect of 
valine on liver fibrosis is still to be elucidated.

Intriguingly, the sarcopenic lean NAFLD had signifi-
cantly higher risk of carotid plaque than the non-sarcopenic 
lean NAFLD patients, despite their similar metabolic status 
and prevalence of diabetes and metabolic syndrome. Previ-
ous studies from our and other groups have found that the 
presence of sarcopenia was associated with increased risk 
of carotid atherosclerosis [28], and coronary artery disease 
[29]. Further prospective studies showed that sarcopenia 
was associated with increased risk of cardiovascular mor-
tality, regardless of adiposity status [30]. The mechanism 
underlying the deleterious effect of sarcopenia on carotid 
atherosclerosis has not been fully understood, and systemic 

inflammation is thought to be causal for the development of 
cardiovascular disease in sarcopenia. In our current study, 
1H-NMR-based metabolomic examination showed that in 
the lean NAFLD patients with sarcopenia, the TGs in the 
deleterious small dense LDLs (LDL4 and LDL5), valine, 
lactic acid and NAG2 were significantly elevated. Small 
dense LDLs are well recognized risk factors of cardiovas-
cular disease. Recent studies also indicated that branched-
chain amino acid, including valine, promotes thrombosis 
risk [31]. The serum lactic acid and NAG2 might reflect 
human anaerobic respiration and inflammation status. All 
the metabolites could correlate with the development of ath-
erosclerotic carotid plaque clinically.

In our current study, a sarcopenic characterization score 
was established to identify potential sarcopenic patients. 
The sarcopenic characterization score was composed of 
age, sex, BMI and three metabolites (VLDL5-CE, valine 
and creatinine). It has been well recognized that age, sex 
and BMI were risk factors of sarcopenia [22]. Creatinine 
is directly produced by the breakdown of creatine in mus-
cle, and branched-chain amino acids were associated with 
increased risk of sarcopenia in older Chinese adults accord-
ing to several previous studies [32]. VLDL5 is also called 
small VLDL, and it has been proven to play a crucial role 
in residual cardiovascular risk [33], and negatively associ-
ated with skeletal muscle mass [34]. Thus, the metabolomic 
profile could well reflect the metabolic feature of sarcopenia 
and be used to identify sarcopenic patients in middle-aged 
and elderly population.

The clinical features of sarcopenic lean NAFLD were not 
simply a combination of lean NAFLD and sarcopenia. Sar-
copenia was usually associated with insulin resistance and 
risks of diabetes, metabolic syndrome and visceral obesity, 
in addition to its association with cardiovascular disease and 
mortality. However, in the sarcopenic lean NAFLD patients, 
NAFLD developed at lower levels of BMI and almost nor-
mal metabolic status, and instead of the conventional risk 
factors, their unique metabolome might contribute to the 
increased risk of liver fibrosis and cardiovascular disease as 
shown in our current study.

Several limitations are associated with our current study. 
First, the information of physical activity, handgrip strength 
or gait speed and liver histological fibrosis was not avail-
able. Thus, our study results only represented the relation-
ship of sarcopenia defined by skeletal muscle mass with 
liver fibrosis defined by non-invasive prediction score in 
the NAFLD patients. Further studies focusing on the rela-
tionship of muscle function and mass with NAFLD-related 
liver histological fibrosis and metabolic complications are 
still needed. Second, we excluded the patients with other 
known chronic liver diseases based on the self-reported or 
physician-recorded history of hepatitis, medication use and 
other chronic liver diseases, so a few patients with positive 
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serologic markers for hepatitis B or C virus but no previ-
ous histology of hepatitis were not completely excluded 
from our current study. Third, the proportion of sarcopenic 
overweight/obese NAFLD patients was very low (6.3%) and 
might preclude analysis of the association of sarcopenia with 
liver fibrosis and metabolic diseases in the overweight/obese 
NAFLD patients. Finally, this study investigated the features 
of sarcopenic lean NAFLD in a Chinese population, and 
further studies were required to expand the conclusion to 
participants from different ethnicities.

Conclusion

Both sarcopenia and NAFLD are important age-related met-
abolic diseases. NAFLD in the middle-aged and older popu-
lation was characterized by a high proportion of sarcopenic 
lean patients. These sarcopenic lean NAFLD patients had 
significantly increased risk of atherosclerotic carotid plaque 
and liver fibrosis, which was correlated with a characteris-
tic metabolomic profile distinct from non-sarcopenic lean 
NAFLD and overweight/obese NAFLD patients. Therefore, 
our study supported the necessity to screen sarcopenia in 
the middle-aged and older NAFLD patients, which might 
facilitate the risk stratification and personalized prediction 
of clinical outcomes in the middle-aged and older NAFLD 
patients.

Fig. 3   Serum metabolomic profile of the subgroups of NAFLD 
patients divided by adiposity and sarcopenia status. All components 
of the metabolomic profile were standardized to their z scores before 
analysis. Level of significance: p < 0.05 after FDR correction (gener-
alized linear models adjusting for age and sex). *p < 0.05 compared 
with non-sarcopenic lean NAFLD patients

◂

Fig. 4   Sarcopenia-related 
metabolomic profile related 
to the risk of liver fibrosis and 
carotid plaque. The odds ratios 
and 95%CIs for a liver fibrosis 
and (carotid plaque per SD 
metabolomic component were 
estimated. Level of significance: 
p < 0.05 after FDR correction 
(multivariate logistic models 
adjusting for age, sex and BMI)
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