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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the 
most common type of chronic liver disease worldwide, 

with an estimated prevalence of 20%–30% in the 
general population 1). Fatty liver is caused by 
accumulation of triglycerides that subsequently form 
lipid droplets in the liver. Fat accumulation has been 
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optional examination items in these programs are 
provided depending on the facility. This cross-
sectional study included 1,491 participants who 
received the health check-up provided by Tsuruoka 
City in the facility where CAVI and abdominal 
ultrasound examination were performed at baseline. 
Among them, 563 were excluded due to missing data 
(n=7), history of cardiovascular disease (CVD) 
(n=57), history of cancer (n=153), hepatitis B or C 
virus (n=30), liver cirrhosis (n=1), nonfasting state on 
blood sampling (n=7), alcohol consumption beyond 
the NAFLD criteria (30 and 20 g/day in men and 
women, respectively; n=300)14), and ankle brachial 
index (ABI) ＜0.9 (n=8) 15). Ultimately, 928 
participants (306 men and 622 women) were included 
in the final analysis.

Examinations
Body mass index (BMI) was calculated by 

dividing weight (kg) by height (m2). Blood pressure 
was measured twice in the sitting position using an 
automated sphygmomanometer (Omron HBP-
T105S-N). Blood samples were collected in a fasted 
state 10 h after the participants’ last meal. Serum total 
cholesterol (TC) and triglycerides (TG) were measured 
enzymatically, whereas high-density lipoprotein 
cholesterol (HDL-C) was measured using a direct 
enzymatic method. Non-HDL-C was calculated by 
subtracting HDL-C from TC. Smoking and drinking 
status, medication, and disease history were evaluated 
using standard self-report questionnaires and validated 
by well-trained interviewers. The levels of fasting 
plasma glucose and hemoglobin A1c (HbA1c) were 
measured employing enzymatic methods and high-
performance liquid chromatography, respectively. 
Furthermore, gamma-glutamyl transpeptidase (γ
-GTP) was measured via colorimetry, whereas 
aspartate and alanine aminotransferases were measured 
employing ultraviolet spectrophotometry and the 
Japanese Society of Clinical Chemistry standardization 
method.

Hypertension was defined as systolic blood 
pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 
mmHg, or taking antihypertensive medications16). 
Diabetes was defined as HbA1c (NGSP) ≥ 6.5%, 
fasting plasma glucose ≥ 126 mg/dL, or taking 
medications for diabetes17). Dyslipidemia was defined 
as TG ≥ 150 mg/dL, non-HDL-C ≥ 170 mg/dL, 
HDL-C ＜40 mg/dL, or taking lipid-lowering 
medications18).

NAFLD was defined as fatty liver detected via 
ultrasonography (ProSound SSD-5500 or ProSound 
Alpha 5, ALOKA, Tokyo, Japan) in the absence of 
other causes of chronic liver disease (i.e., no history of 

associated with enhanced free fatty acid flux to the 
liver, increased hepatic de novo lipogenesis, impaired 
mitochondrial β-oxidation, and decreased hepatic 
lipid secretion via very-low-density lipoprotein2, 3). 
Increased accumulation of these lipids in the liver 
contributes to lipotoxicity, hepatic insulin resistance 
(IR), increased inflammatory response, and oxidative 
stress2, 3).

NAFLD has been closely associated with the 
development of cardiometabolic risk factors, such as 
diabetes and hypertension4, 5). Furthermore, previous 
studies have reported that NAFLD was associated 
with subclinical atherosclerosis, such as carotid artery 
atherosclerosis and arterial stiffness6). Although several 
possible mechanisms are caused by fat accumulation, 
as aforementioned, they remain poorly understood. 
Given that the liver plays a pivotal role in multiple 
metabolic pathways, it is essential to perceive changes 
as early as possible to predict subsequent disease for 
the prevention. For this reason, previous metabolomics 
studies have identified metabolites related to 
NAFLD7).

Few studies have explored the metabolites 
involved in the association between NAFLD and 
atherosclerosis within the context of one study while 
performing metabolic profiling, a comprehensive 
assessment of metabolites, to speculate upstream 
changes in the process by which NAFLD leads to 
atherosclerosis. This cross-sectional study was 
conducted in Japanese community-dwellers to confirm 
the association between NAFLD and cardio-ankle 
vascular index (CAVI), an indicator of subclinical 
atherosclerosis8), and to explore metabolites involved 
in both by assessing 94 plasma polar metabolites via 
capillary electrophoresis–mass spectrometry (CE-MS).

Methods

Study Participants
The Tsuruoka Metabolomics Cohort Study 

(TMCS) is a population-based observational study in 
Tsuruoka City, Yamagata Prefecture, Japan. The study 
participants were recruited from individuals involved 
in health check-up programs implemented by 
Tsuruoka City or employers. The baseline survey was 
conducted between fiscal years 2012 and 2015, which 
included 11,002 participants aged 35–74 years. 
Details regarding the TMCS have been described 
elsewhere9-13). The study protocol was approved by the 
Medical Ethics Committee of the School of Medicine, 
Keio University, Tokyo, Japan (approval no. 
20110264).

Health check-up programs are implemented by 
Tsuruoka City at several facilities in the city, and some 
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respectively. Each batch included an average of 80.1 
samples (maximum 164) for cations and 83.2 samples 
(maximum 168) for anions, respectively. To monitor 
the stability of the metabolomics analysis, quality 
control (QC) samples were measured every 10 samples 
and evaluated at the beginning of the analysis and at 
intervals throughout the analysis. QC samples were 
obtained from 150 mL of serum collected in advance 
from 20 individuals among the same population, 
extracted for metabolomic analysis immediately after 
collection, divided into 50-μL aliquots, and stored at 
－80℃. QC aliquots stored at －80℃ were thawed 
and used for daily monitoring throughout the study 
period. The mean concentration of each metabolite in 
the QC samples previously analyzed in 70 sequences 
was calculated. If the concentration of each metabolite 
in a QC sample exceeded the mean concentration ±2 
standard deviations (SDs) for more than half of the 
metabolites consecutively (more than twofold), the 
samples in subsequent sequences were reanalyzed. The 
reliability of these metabolite measurements has been 
validated25).

Statistical Analysis
The study participants were divided into two 

groups according to the presence or absence of 
NAFLD. Continuous variables with a normal 
distribution were expressed as mean values and SDs, 
whereas those with a skewed distribution were 
presented as medians and interquartile ranges. 
Categorical variables were expressed as numbers and 
proportions according to groups. In addition, these 
were presented similarly according to the participants 
who did or did not undergo CAVI measurement and 
ultrasound among the overall TMCS population after 
excluding those with missing data. Continuous 
variables were compared in the two populations using 
the unpaired t-test or the Mann–Whitney U test. On 
the other hand, categorical variables were compared 
using the χ2 test.

Multivariable regression analysis was conducted 
to determine the association between NAFLD and 
increased CAVI values. In addition, multivariable 
logistic analysis was conducted to estimate the odds 
ratio of NAFLD for arterial stiffness (CAVI ≥ 9.0). In 
these analyses, Model 1 was adjusted for sex and age; 
Model 2, for the variables in Model 1 plus BMI, 
smoking status (never, past, and current smokers), and 
alcohol-drinking status (never, past, and current 
drinkers); and Model 3, for the variables in Model 2 
plus diabetes, hypertension, and dyslipidemia.

To identify metabolites commonly related to 
NAFLD and CAVI, analysis was conducted as follows, 
with all metabolites being log-transformed. First, the 

hepatitis C and B virus infection, alcohol 
consumption ＜30 g/day for men and ＜20 g/day for 
women 14)). In ultrasonography, fatty liver was 
diagnosed based on the following findings: bright 
liver, increased liver–kidney (spleen) contrast, blurring 
of blood vessels, and deep attenuation of the liver19). 
Furthermore, metabolic dysfunction-associated fatty 
liver disease (MAFLD) was defined as fatty liver with 
diabetes, fatty liver with BMI ≥ 23 kg/m2, or fatty 
liver with BMI ＜23 kg/m2 and the presence of at 
least two metabolic risk abnormalities from the 
following: 1) waist circumference ≥ 90 cm for men 
and ≥ 80 cm for women, 2) blood pressure ≥ 130/85 
mmHg or taking medication for hypertension, 3) 
HDL-C ＜40 mg/dL for men and ＜50 mg/dL for 
women or taking specific medication, 4) TG ≥ 150 
mg/Dl or taking specific medication, 5) prediabetes: 
fasting glucose 100–125 mg/dL or HbA1c 5.7% to 
6.4%20). CAVI was measured in the supine position 
using a VaSera (VS-1500AN) CAVI instrument 
(Fukuda Denshi Co. Ltd., Tokyo, Japan), and the 
value was obtained by measuring blood pressure and 
pulse-wave velocity. Arterial stiffness was defined as 
CAVI ≥ 9.0 21, 22). Simultaneously, ABI was estimated 
by measuring the blood pressure of the branchial and 
tibial arteries.

Sample Collection and Measurement of Metabolites
To prepare optimal samples for the CE-MS 

metabolomics platform, appropriate protocols were 
followed as previously reported9, 23). Briefly, blood 
samples were collected in the morning after a 12-h 
overnight fast. Plasma was stored at 4℃ immediately 
after collection using ethylenediaminetetraacetic acid-
2Na as the anticoagulant. Samples were then 
centrifuged (1,500 g, 4℃) for 15 min within 3 h after 
collection, divided into aliquots, and stored at 4℃ 
until metabolite extraction. Metabolite extraction 
from plasma was completed within 6 h after collection 
to reduce metabolic reactions in the plasma, after 
which the extracts were stored at －80℃. For the 
sample extraction, 50 μL of plasma was used. Details 
regarding the extraction method have been described 
elsewhere24).

Metabolomic profiling was performed using 
capillary electrophoresis time-of-flight mass 
spectrometry (CE-TOFMS). CE-TOFMS analysis of 
cationic and anionic metabolites was conducted. 
Details regarding the profiling method have been 
described elsewhere25-28). For all samples, the absolute 
concentrations of 94 metabolites (54 cations and 40 
anions) expected to be detected in at least 20% of the 
plasma samples were measured. These data consist of 
105 and 99 running batches of cations and anions, 
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increased CAVI values, mediation analysis based on a 
multivariable regression model adjusting for sex, age, 
BMI, smoking status (never, past, and current 
smokers), and alcohol-drinking status (never, past, and 
current drinkers) was conducted using the Stata 
procedures proposed by R. Hicks and D. Tingley31). 
In the analysis, coefficients for indirect and total 
effects and the percentage of the total effect mediated 
by metabolites in the association between NAFLD 
and CAVI values were estimated.

Confidence intervals (CIs) were estimated at the 
95% level. Statistical analyses were conducted using 
STATA/SE 17 data analysis and statistical software 
(Stata Corp LP, College Station, TX, USA).

Results

The characteristics of the study participants with 
and without NAFLD are presented in Table 1. BMI, 
liver enzyme levels, and prevalence of cardiometabolic 
risk factors, such as diabetes, hypertension, and 
dyslipidemia, were higher in the NAFLD group than 
in the non-NAFLD group. The proportion of current 
smokers and drinkers seemed to be slightly higher in 
the NAFLD group than in the non-NAFLD group. 
The characteristics of participants who did or did not 
undergo CAVI measurement and abdominal 

coefficients of metabolites from non-NAFLD to 
NAFLD calculated using a linear mixed-effects model 
with log-transformed metabolites as the dependent 
variable and batch numbers of metabolite 
measurements as a random-effects variable were back 
transformed to estimate the fold changes in 
metabolites from non-NAFLD to NAFLD. False 
discovery rate (FDR)-adjusted p-values were calculated 
to control for the proportion of false-positive results. 
The fold change represents the ratio of metabolite 
concentrations from non-NAFLD to NAFLD9-11, 29, 30). 
Thereafter, for metabolites with FDR-adjusted 
p-values ＜0.05 in the previous analysis, coefficients 
per 1 SD of log-transformed metabolites for increased 
CAVI values were estimated using linear mixed-effects 
models with batch numbers of metabolite 
measurements as a random-effects variable. In these 
analyses, sex, age, BMI, smoking status (never, past, 
and current smokers), and alcohol-drinking status 
(never, past, and current drinkers) were included as 
adjustment variables, and the FDR-adjusted p-values 
were calculated. Further analyses were conducted, 
adding diabetes, hypertension, and dyslipidemia as 
adjustment variables.

To determine the extent to which metabolites 
observed both in NAFLD and increased CAVI values 
mediated the association between NAFLD and 

Table 1. Characteristics of the study participants

 Non-NAFLD NAFLD Total

No. of participants 671 257 928
Men, n (%) 192 (28.6%) 114 (44.3%) 306 (32.9%)
Age, years 65.1±6.2 64.3±7.1 64.9±6.4
Body mass index, kg/m2 22.5±2.9 26.0±3.3 23.5±3.4
AST, U/L 21 [18–24] 23 [19–29] 21 [18–25]
ALT, U/L 16 [13–20] 24 [18–35] 18 [14–23]
γ-GTP, U/L 19 [14–27] 29 [19–44] 21 [15–33]
Hypertension, n (%) 278 (41.4%) 137 (53.3%) 415 (44.7%)
Diabetes, n (%) 45 (6.7%) 52 (20.2%) 97 (10.4%)
Dyslipidemia, n (%) 257 (38.3%) 151 (58.7%) 408 (43.9%)
Smoking status, n (%)

Never smoker 496 (73.9%) 159 (61.9%) 655 (70.6%)
Ex-smoker 136 (20.3%) 80 (31.1%) 216 (23.3%)
Current smoker 39 (5.8%) 18 (7.0%) 57 (6.1%)

Alcohol-drinking status, n (%)
Never drinker 413 (61.6%) 151 (58.8%) 564 (60.8%)
Ex-drinker 52 (7.7%) 19 (7.3%) 71 (7.7%)
Current drinker 206 (30.7%) 87 (33.9%) 293 (31.5%)

MAFLD, n (%) - 242 (94.1%) 242 (26.0%)

Data are presented as mean±standard deviation for continuous variables or median [interquartile range].
NAFLD, nonalcoholic fatty liver disease; ALT, alanine aminotransferase; AST, aspartate aminotransferase; γ-GTP, γ-glutamyltransferase; MAFLD, 
metabolic dysfunction-associated fatty liver disease
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with CAVI values. The odds ratios for arterial stiffness 
were higher in NAFLD. These results were observed 
even after adjusting for cardiometabolic risk factors.

The fold changes in metabolites from non-
NAFLD to NAFLD are detailed in Fig. 1 (the results 
for all metabolites are presented in Supplemental 
Table 2). Among the 94 metabolites analyzed, 31 
exhibited an FDR-adjusted p-value ＜0.05. The 
metabolites associated with NAFLD were branched-
chain amino acids (BCAAs; valine, leucine, and 

ultrasound examination among the overall TMCS 
population are presented in Supplemental Table 1. 
Participants who underwent these examinations were 
older and had a higher prevalence of hypertension and 
diabetes than those who did not.

The coefficients and odds ratios for the 
association between NAFLD and CAVI values and 
arterial stiffness (CAVI ≥ 9.0), respectively, are 
presented in Table 2. After adjusting for confounders, 
including BMI, NAFLD was positively associated 

Fig. 1. Association between NAFLD and metabolites
FDR, false discovery rate; NAFLD, nonalcoholic fatty liver disease
All metabolites were log-transformed. Fold changes in metabolites from non-NAFLD to NAFLD were estimated using linear mixed-effects 
model with batch numbers of metabolite measurements as a random-effects variable. The model was adjusted for sex, age, body mass index, 
smoking status (never, past, and current smokers), and alcohol-drinking status (never, past, and current drinkers). Metabolites with FDR-
adjusted p-values ＜0.05 are shown.

Table 2. Association between NAFLD and CAVI values and arterial stiffness

CAVI values  Arterial stiffness

Coefficient (95% CI) p value Odds ratio (95% CI) p value

Model 1 0.08 (−0.04–0.20) 0.21 1.71 (1.17–2.50) 0.005
Model 2 0.23 (0.09–0.37) 0.001 2.30 (1.49–3.55) ＜0.001
Model 3 0.19 (0.05–0.33) 0.007  2.07 (1.31–3.27) 0.002

NAFLD, nonalcoholic fatty liver disease; CAVI, Cardiac Ankle Vascular Index; 95% CI, 95% confidence interval
Coefficients were calculated using multivariable regression models with NAFLD as an explanatory variable and CAVI as an objective variable. Odds 
ratios were calculated using multivariable logistic models with NAFLD as an explanatory variable and arterial stiffness as an objective variable. 
Arterial stiffness was defined as CAVI ≥ 9.0. Model 1 was adjusted for sex and age. Model 2 was adjusted for sex, age, body mass index, smoking 
status, and alcohol-drinking status. Model 3 was adjusted for sex, age, body mass index, smoking status, alcohol-drinking status, diabetes, 
hypertension, and dyslipidemia. 
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the percentage of total effect mediated by metabolites 
in the association between NAFLD and CAVI during 
the mediation analysis are presented in Table 3. BCAAs 
were observed to mediate over 20% of the total effect 
in the association between NAFLD and CAVI. 
Glutamic acid had the highest mediated effect (37.0%).

Discussion

The present study demonstrated that NAFLD 
was associated with increased CAVI values, which 
serves as an indicator of arterial stiffness. This result is 
consistent with the findings of previous studies6). In 
addition, detailed metabolomic profiling revealed that 
NAFLD was associated with 31 metabolites. Among 
them, elevated concentrations of BCAAs (valine, 
leucine, and isoleucine); AAAs (tyrosine and 
tryptophan); proline; glutamic acid, which is produced 
as the primary decomposition reaction of BCAA; and 
4-methyl-2-oxopentanoate, which is synthesized from 
leucine in the reaction, were also found to be involved 
in CAVI values. Mediation analysis revealed that these 
BCAAs and AAAs, as well as the related metabolites, 
may mediate the association between NAFLD and 
atherosclerosis.

Previous studies have also demonstrated that 

isoleucine), aromatic amino acids (AAAs; phenylalanine, 
tryptophan, and tyrosine), and substances related to 
the metabolism. Metabolites related to glutathione 
metabolism, the glycolytic pathway, and the 
tricarboxylic acid cycle were also detected.

Among the metabolites detected in NAFLD, 
those associated with CAVI values are presented in 
Fig. 2 (the results for the 31 metabolites detected in 
the previous analysis are presented in Supplemental 
Table 3). Coefficients per 1 SD of log-transformed 
metabolites were presented. Overall, 10 metabolites 
exhibited an FDR-adjusted p-value ＜0.05. The 
observed metabolites included BCAAs (valine, leucine, 
and isoleucine), AAAs (tyrosine and tryptophane), 
alanine, proline, glutamic acid, glycerophosphorylcholine, 
and 4-methyl-2-oxopentanoate

Supplemental Tables 4 and 5 present the fold 
changes in metaboli tes from non-NAFLD to NAFLD 
and coefficients of metabolites associated with CAVI, 
respectively, after adding diabetes, hypertension, and 
d yslipidemia to the adjustment variables. Among the 
94 metabolites analyzed, 20 exhibited an FDR-
adjusted p-value ＜0.05, and of these 20 metabolites, 
8, including BCAA and AAA, were associated with 
CAVI values.

The coefficients for indirect and total effects and 

Fig. 2. Association between metabolites and the cardio-ankle vascular index
FDR, false discovery rate
For 31 metabolites with FDR-adjusted p-values ＜0.05 in the previous analysis, coefficients per 1 SD of log-transformed metabolites for 
increased CAVI values were estimated using linear mixed-effects model with batch numbers of metabolite measurements as a random-effects 
variable. The model was adjusted for sex, age, body mass index, smoking status (never, past, and current smokers), and alcohol-drinking status 
(never, past, and current drinkers). Metabolites with FDR-adjusted p-values ＜0.05 are shown.
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on glycemic status and the presence of diabetes. A 
previous study reported that plasma BCAAs were 
positively associated with carotid intima-media 
thickness among individuals with HbA1c ≥ 5.6% but 
not  among those  with HbA1c ＜5.6% 39). 
Furthermore, the Women’s Health Study found that 
BCAAs were positively associated with CVD during a 
mean follow-up period of 18.6 years (hazard ratio per 
1 SD: 1.13 [95% CI 1.08–1.18]) and that an 
interaction existed between BCAAs and the presence 
of diabetes for incident CVD (p for interaction 
=0.036; women with diabetes: HR per 1 SD, 1.20 
[95% CI 1.08–1.32]; women without diabetes: HR 
per 1 SD, 1.08 [95% CI 1.03–1.14])40). Furthermore, 
a Mendelian randomization study reported that 
elevated levels of BCAAs caused IR and diabetes41). As 
for the mechanism, elevated BCAA levels are known 
to generate inflammation and oxidative stress in 
endothelial cells, promoting inflammatory cell 
adhesion and endothelial dysfunction42, 43). Given the 
findings of these previous observational studies, 
BCAAs and AAAs in NAFLD may be considered 
upstream markers of atherosclerosis prior to IR or 
diabetes. In particular, the fact that 94% of patients 
with NAFLD in the present study met the MAFLD 
criteria suggests that some metabolic abnormalities 
related to IR might have already occurred among most 
of those with NAFLD. Accordingly, the present study 
found that these preceding changes may be present in 
the process by which NAFLD leads to atherosclerosis.

The present study demonstrated that individuals 
with NAFLD had alterations in several amino acids, 
such as BCAAs, AAAs, glutamic acid, proline, alanine, 
and glycine. The level of cysteine-glutathione 
disulfide, a product of glutathione and cysteine 

BCAAs and AAAs were elevated in NAFLD7, 32, 33) and 
that these substances were associated with IR. Notably, 
previous interventional studies have reported that 
BCAA intake from diet and supplements often 
improves IR, diabetes risk, and liver disease risk34). 
Meanwhile, observational studies have demonstrated 
that elevated levels of BCAAs increase the risk of 
developing IR and diabetes35). The multiethnic Insulin 
Resistance Atherosclerosis Study, for instance, suggests 
that elevated plasma BCAAs were inversely associated 
with insulin sensitivity and metabolic clearance of 
insulin and positively associated with incident 
d iabete s .  Simi la r ly,  the  popula t ion-based 
Cardiovascular Risk in Young Finns Study reported 
that BCAAs and AAAs predict 6-year IR in young 
adults36). Unfortunately, the underlying molecular 
mechanism for the causal association of BCAAs and 
AAAs with IR remains unclear. Nonetheless, two 
possible mechanisms have been proposed. One is that 
increases in BCAAs due to impaired catabolism 
activate the mammalian target of the rapamycin 
complex 1 (mTORC1) signaling pathway, and 
persistent signaling might cause IR through serine 
phosphorylation of insulin receptor substrate (IRS)-1 
and IRS-2 37). The other proposed mechanism is that 
BCAAs do not directly cause IR but that metabolic 
intermediates produced by elevated BCAAs induce 
mitochondrial dysfunction and mitochondrial 
oxidative stress, leading to IR37, 38). These mechanisms 
might explain the findings obtained in the present 
study.

The present study also demonstrated that BCAAs 
were associated with increased CAVI values. The 
association between BCAAs and subclinical 
atherosclerosis and CVD could be determined based 

Table 3. Mediation analysis of the association between non-alcoholic fatty liver disease and the Cardiac Ankle Vascular Index

Mediator Mediated effect
Coefficient (95%CI)

Direct effect
coefficient (95%CI)

Proportion of total effect 
mediated % (95%CI)

4-Methyl-2-oxopentanoate 0.02 (0.01–0.05) 0.20 (0.06–0.34) 12.5 (7.7–29.3)
Alanine 0.02 (0.01–0.05) 0.20 (0.06–0.34) 12.0 (7.4–28.0)
Glutamic acid 0.08 (0.04–0.12) 0.14 (0.01–0.28) 37.0 (22.3–85.8)
Glycerophosphorylcholine 0.01 (–0.001–0.03) 0.21 (0.08–0.35) 5.4 (3.4–12.6)
Isoleucine 0.05 (0.01–0.09) 0.17 (0.03–0.32) 23.2 (14.0–54.8)
Leucine 0.05 (0.02–0.09) 0.17 (0.03–0.31) 25.0 (15.2–59.6)
Proline 0.03 (0.01–0.06) 0.19 (0.06–0.33) 15.3 (9.4–35.7)
Tryptophan 0.01 (0.001–0.03) 0.21 (0.08–0.35) 6.8 (4.2–16.1)
Tyrosine 0.04 (0.02–0.08) 0.18 (0.04–0.32) 21.3 (13.0–50.1)
Valine 0.04 (0.01–0.08) 0.18 (0.04–0.32) 21.4 (13.0–51.0)

Mediation analysis based on a multivariable regression model was performed adjusting for sex, age, body mass index, smoking status (never, past, 
and current smokers), and alcohol-drinking status (never, past, and current drinkers). Coefficient for indirect and total effects and the percentage of 
the total effect mediated by each metabolite in the association between NAFLD and CAVI values were estimated.



1038

Hirata et al.

Acknowledgements

We thank all the residents of Tsuruoka City who 
participated in this study and the members of the 
Tsuruoka Metabolomics Cohort Study team for their 
assistance.

Funding Information

This study was supported by research funds from 
the Yamagata Prefectural Government (http://www.
pref.yamagata.jp/) and the city of Tsuruoka (https://
www.city.tsuruoka.lg.jp/), a Grant-in-Aid for Scientific 
Research (A) (JSPS KAKENHI Grant Number JP 
21H04854), a Grant-in-Aid for Scientific Research 
(B) (JSPS KAKENHI Grant Number JP24390168 
and JP15H04778) , Grant-in-Aid for Research 
Activity Start-up (JSPS KAKENHI Grant Number 
JP19K24174), Health Labour Sciences Research 
Grant from the Ministry of Health, Labor and Welfare 
(22FA1006 and 22FA1007), and AMED under Grant 
Number JP23rea522009 and JP23rea522010.

Conflict of Interest

The authors have no conflicts of interest to 
declare.

References
1) Kojima S ichiro, Watanabe N, Numata M, Ogawa T, 

Matsuzaki S. Increase in the prevalence of fatty liver in 
Japan over the past 12 years: analysis of clinical 
background. J Gastroenterol, 2003; 38: 954-961

2) Geng Y, Faber KN, de Meijer VE, Blokzijl H, Moshage H. 
How does hepatic lipid accumulation lead to lipotoxicity 
in non-alcoholic fatty liver disease? Hepatol Int, 2021; 15: 
21-35

3) Watt MJ, Miotto PM, De Nardo W, Montgomery MK. 
The Liver as an Endocrine Organ—Linking NAFLD and 
Insulin Resistance. Endocr Rev, 2019; 40: 1367-1393

4) Mantovani A, Petracca G, Beatrice G, Tilg H, Byrne CD, 
Targher G. Non-alcoholic fatty liver disease and risk of 
incident diabetes mellitus: an updated meta-analysis of 
501 022 adult individuals. Gut, 2021; 70: 962-969

5) Ciardullo S, Grassi G, Mancia G, Perseghin G. 
Nonalcoholic fatty liver disease and risk of incident 
hypertension: a systematic review and meta-analysis. Eur J 
Gastroenterol Hepatol, 2022; 34: 365-371

6) Zhou YY, Zhou XD, Wu SJ, Fan DH, Van Poucke S, 
Chen YP, Fu SW, Zheng MH. Nonalcoholic fatty liver 
disease contributes to subclinical atherosclerosis: A 
systematic review and meta‐analysis. Hepatol Commun, 
2018; 2: 376-392

7) Masoodi M, Gastaldelli A, Hyötyläinen T, Arretxe E, 
Alonso C, Gaggini M, Brosnan J, Anstee QM, Millet O, 
Ortiz P, Mato JM, Dufour JF, Orešič M. Metabolomics 

conjugate, was found to decrease in the NAFLD 
group. The levels of glycine and serine, which are used 
in the synthesis of glutathione, also decreased in the 
same group. These findings are consistent with those 
of previous studies7, 44). As aforementioned, BCAAs 
and AAAs are strongly associated with IR 35). 
Meanwhile, glutathione is the major antioxidant in 
the liver that is biosynthesized in response to oxidative 
stress. In NAFLD, fat accumulation in the liver causes 
oxidative stress, leading to the generation of reactive 
oxygen species that could potentially exhaust the 
supply of antioxidants, such as glutathione. This could 
result in a decrease in the concentration of cysteine-
glutathione disulfide, an oxidation product of 
glutathione 44, 45). Such dysregulated glutathione 
homeostasis in NAFLD could also be associated with 
the regulation of signaling pathways involved in 
inflammation46). Thus, the decrease in cysteine-
glutathione disulfide levels in NAFLD may contribute 
to the development and progression of liver 
inflammation and damage. The present study found 
changes in metabolites associated with these NAFLD-
specific biological responses

This study has some limitations. First, given the 
cross-sectional design of this study, causal relationships 
could not be definitively confirmed. However, 
previous studies have also suggested a causal 
relationship between fatty liver and atherosclerosis, 
which could support our findings on causality. 
Second, some factors can affect the measurement 
variability of metabolomic analysis, leading to the 
misclassification of metabolomics data. To minimize 
these variations, the fasting conditions for participants 
and the QC procedures for metabolomics analysis 
were standardized. Finally, generalizability was limited 
as the study population consisted of residents from 
only one region in Japan. In addition, the prevalence 
of atherosclerosis due to aging and diabetes may have 
been higher in this study population than in the 
overall TMCS population. For this reason, the 
association between fatty liver and atherosclerosis in 
the study population may have been more apparent 
than the association in the overall TMCS population.

In conclusion, the present study found an 
association between NAFLD and subclinical 
atherosclerosis in Japanese community-dwellers. 
Furthermore, we found that metabolites associated 
with IR might be involved in the relationship. This 
finding suggests that alterations in these metabolites 
may indicate upstream changes in the association 
between NAFLD and atherosclerosis, indicating that 
early management of IR in NAFLD could prevent the 
development of atherosclerosis.



1039

Metabolomic Profi ling of NAFLD and CAVI

Nursing; TransAtlantic Inter-Society Consensus; Vascular 
Disease Foundation. ACC/AHA 2005 Practice Guidelines 
for the management of patients with peripheral arterial 
disease (lower extremity, renal, mesenteric, and abdominal 
aortic): a collaborative report from the American 
Association for Vascular Surgery/Society for Vascular 
Surgery, Society for Cardiovascular Angiography and 
Interventions, Society for Vascular Medicine and Biology, 
Society of Interventional Radiology, and the ACC/AHA 
Task Force on Practice Guidelines (Writing Committee to 
Develop Guidelines for the Management of Patients With 
Peripheral Arterial Disease): endorsed by the American 
Association of Cardiovascular and Pulmonary 
Rehabilitation; National Heart, Lung, and Blood 
Institute; Society for Vascular Nursing; TransAtlantic 
Inter-Society Consensus; and Vascular Disease 
Foundation. Circulation, 2006; 113: e463-654

16) Umemura S, Arima H, Arima S, Asayama K, Dohi Y, 
Hirooka Y, Horio T, Hoshide S, Ikeda S, Ishimitsu T, Ito 
M, Ito S, Iwashima Y, Kai H, Kamide K, Kanno Y, 
Kashihara N, Kawano Y, Kikuchi T, Kitamura K, 
Kitazono T, Kohara K, Kudo M, Kumagai H, Matsumura 
K, Matsuura H, Miura K, Mukoyama M, Nakamura S, 
Ohkubo T, Ohya Y, Okura T, Rakugi H, Saitoh S, Shibata 
H, Shimosawa T, Suzuki H, Takahashi S, Tamura K, 
Tomiyama H, Tsuchihashi T, Ueda S, Uehara Y, Urata H, 
Hirawa N. The Japanese Society of Hypertension 
Guidelines for the Management of Hypertension (JSH 
2019). Hypertens Res, 2019; 42: 1235-1481

17) Araki E, Goto A, Kondo T, Noda M, Noto H, Origasa H, 
Osawa H, Taguchi A, Tanizawa Y, Tobe K, Yoshioka N. 
Japanese Clinical Practice Guideline for Diabetes 2019. 
Diabetol Int, 2020; 11: 165-223

18) Kinoshita M, Yokote K, Arai H, Iida M, Ishigaki Y, 
Ishibashi S, Umemoto S, Egusa G, Ohmura H, Okamura 
T, Kihara S, Koba S, Saito I, Shoji T, Daida H, 
Tsukamoto K, Deguchi J, Dohi S, Dobashi K, 
Hamaguchi H, Hara M, Hiro T, Biro S, Fujioka Y, 
Maruyama C, Miyamoto Y, Murakami Y, Yokode M, 
Yoshida H, Rakugi H, Wakatsuki A, Yamashita S; 
Committee for Epidemiology and Clinical Management 
of Atherosclerosis. Japan Atherosclerosis Society (JAS) 
Guidel ines for Prevention of  Atherosclerotic 
Cardiovascular Diseases 2017. J Atheroscler Thromb, 
2018; 25: 846-984

19) Okaniwa S, Hirai T, Ogawa M, Tanaka S, Inui K, Wada T, 
Matsumoto N, Nishimura S, Chiba Y, Onodera H, 
Kumada T, Kojima M, Nakajima M, Mizuma Y, Tanaka S, 
Nishikawa T, Mihara S, Yoda Y, Adachi M, Atarashi T; 
Working Group on Revision of the Manual for 
Abdominal Ultrasound in Cancer Screening and Health 
Checkups, Ultrasound Screening Committee of the 
Japanese Society of Gastrointestinal Cancer Screening. 
Manual for abdominal ultrasound in cancer screening and 
health checkups, revised edition (2021). J Med Ultrason, 
2023; 50: 5-49

20) Eslam M, Newsome PN, Sarin SK, Anstee QM, Targher 
G, Romero-Gomez M, Zelber-Sagi S, Wai-Sun Wong V, 
Dufour JF, Schattenberg JM, Kawaguchi T, Arrese M, 
Valenti L, Shiha G, Tiribelli C, Yki-Järvinen H, Fan JG, 
Grønbæk H, Yilmaz Y, Cortez-Pinto H, Oliveira CP, 

and lipidomics in NAFLD: biomarkers and non-invasive 
diagnostic tests. Nat Rev Gastroenterol Hepatol, 2021; 
18: 835-856

8) Asmar R. Principles and usefulness of the cardio-ankle 
vascular index (CAVI): a new global arterial stiffness 
index. Eur Heart J Suppl, 2017; 19(suppl_B): B4-10

9) Harada S, Takebayashi T, Kurihara A, Akiyama M, Suzuki 
A, Hatakeyama Y, Sugiyama D, Kuwabara K, Takeuchi A, 
Okamura T, Nishiwaki Y, Tanaka T, Hirayama A, 
Sugimoto M, Soga T, Tomita M. Metabolomic profiling 
reveals novel biomarkers of alcohol intake and alcohol-
induced liver injury in community-dwelling men. 
Environ Health Prev Med, 2016; 21: 18-26

10) Iida M, Harada S, Kurihara A, Fukai K, Kuwabara K, 
Sugiyama D, Takeuchi A, Okamura T, Akiyama M, 
Nishiwaki Y, Suzuki A, Hirayama A, Sugimoto M, Soga T, 
Tomita M, Banno K, Aoki D, Takebayashi T. Profiling of 
plasma metabolites in postmenopausal women with 
metabolic syndrome. Menopause, 2016; 23: 749-758

11) Fukai K, Harada S, Iida M, Kurihara A, Takeuchi A, 
Kuwabara K, Sugiyama D, Okamura T, Akiyama M, 
Nishiwaki Y, Oguma Y, Suzuki A, Suzuki C, Hirayama A, 
Sugimoto M, Soga T, Tomita M, Takebayashi T. 
Metabolic Profiling of Total Physical Activity and 
Sedentary Behavior in Community-Dwelling Men. Motta 
A, editor. PLoS One, 2016; 11: e0164877

12) Ishibashi Y, Harada S, Takeuchi A, Iida M, Kurihara A, 
Kato S, Kuwabara K, Hirata A, Shibuki T, Okamura T, 
Sugiyama D, Sato A, Amano K, Hirayama A, Sugimoto 
M, Soga T, Tomita M, Takebayashi T. Reliability of 
urinary charged metabolite concentrations in a large-scale 
cohort study using capillary electrophoresis-mass 
spectrometry. Sci Rep, 2021; 11: 7407

13) Fukushima K, Harada S, Takeuchi A, Kurihara A, Iida M, 
Fukai K, Kuwabara K, Kato S, Matsumoto M, Hirata A, 
Akiyama M, Tomita M, Hirayama A, Sato A, Suzuki C, 
Sugimoto M, Soga T, Sugiyama D, Okamura T, 
Takebayashi T. Association between dyslipidemia and 
plasma levels of branched-chain amino acids in the 
Japanese population without diabetes mellitus. J Clin 
Lipidol, 2019; 13: 932-939.e2

14) Ratziu V, Bellentani S, Cortez-Pinto H, Day C, 
Marchesini G. A position statement on NAFLD/NASH 
based on the EASL 2009 special conference. J Hepatol, 
2010; 53: 372-384

15) Hirsch AT, Haskal ZJ, Hertzer NR, Bakal CW, Creager 
MA, Halperin JL, Hiratzka LF, Murphy WR, Olin JW, 
Puschett JB, Rosenfield KA, Sacks D, Stanley JC, Taylor 
LM Jr, White CJ, White J, White RA, Antman EM, 
Smith SC Jr, Adams CD, Anderson JL, Faxon DP, Fuster 
V, Gibbons RJ, Hunt SA, Jacobs AK, Nishimura R, 
Ornato JP, Page RL, Riegel B; American Association for 
Vascular Surgery; Society for Vascular Surgery; Society for 
Cardiovascular Angiography and Interventions; Society 
for Vascular Medicine and Biology; Society of 
Interventional Radiology; ACC/AHA Task Force on 
Practice Guidelines Writing Committee to Develop 
Guidelines for the Management of Patients With 
Peripheral Arterial Disease; American Association of 
Cardiovascular and Pulmonary Rehabilitation; National 
Heart, Lung, and Blood Institute; Society for Vascular 



1040

Hirata et al.

2018; 8: 17
34) Rietman A, Schwarz J, Tomé D, Kok FJ, Mensink M. 

High dietary protein intake, reducing or eliciting insulin 
resistance? Eur J Clin Nutr, 2014; 68: 973-979

35) Guasch-Ferré M, Hruby A, Toledo E, Clish CB, Martínez-
González MA, Salas-Salvadó J, Hu FB. Metabolomics in 
Prediabetes and Diabetes: A Systematic Review and Meta-
analysis. Diabetes Care, 2016; 39: 833-846

36) Würtz P, Soininen P, Kangas AJ, Rönnemaa T, Lehtimäki 
T, Kähönen M, Viikari JS, Raitakari OT, Ala-Korpela M. 
Branched-Chain and Aromatic Amino Acids Are 
Predictors of Insulin Resistance in Young Adults. Diabetes 
Care, 2013; 36: 648-655

37) Lynch CJ, Adams SH. Branched-chain amino acids in 
metabolic signaling and insulin resistance. Nat Rev 
Endocrinol, 2014; 10: 723-736

38) Yang Q, Vijayakumar A, Kahn BB. Metabolites as 
regulators of insulin sensitivity and metabolism. Nat Rev 
Mol Cell Biol, 2018; 19: 654-672

39) Mels CM, Schutte AE, Schutte R, Huisman HW, Smith 
W, Fourie CM, Kruger R, van Rooyen JM, Malan NT, 
Malan L. The link between vascular deterioration and 
branched chain amino acids in a population with high 
glycated haemoglobin: the SABPA study. Amino Acids, 
2013; 45: 1405-1413

40) Tobias DK, Lawler PR, Harada PH, Demler OV, Ridker 
PM, Manson JE, Cheng S, Mora S. Circulating 
Branched-Chain  Amino Ac ids  and Inc ident 
Cardiovascular Disease in a Prospective Cohort of US 
Women. Circ Genomic Precis Med, 2018; 11: e002157

41) Lotta LA, Scott RA, Sharp SJ, Burgess S, Luan J, Tillin T, 
Schmidt AF, Imamura F, Stewart ID, Perry JR, Marney L, 
Koulman A, Karoly ED, Forouhi NG, Sjögren RJ, 
Näslund E, Zierath JR, Krook A, Savage DB, Griffin JL, 
Chaturvedi N, Hingorani AD, Khaw KT, Barroso I, 
McCarthy MI, O’Rahilly S, Wareham NJ, Langenberg C. 
Genetic Predisposition to an Impaired Metabolism of the 
Branched-Chain Amino Acids and Risk of Type 2 
Diabetes: A Mendelian Randomisation Analysis. Minelli 
C, editor. Plos Med, 2016; 13: e1002179

42) Zhenyukh O, González-Amor M, Rodrigues-Diez RR, 
Esteban V, Ruiz-Ortega M, Salaices M, Mas S, Briones 
AM, Egido J. Branched‐chain amino acids promote 
endothelial dysfunction through increased reactive oxygen 
species generation and inflammation. J Cell Mol Med, 
2018; 22: 4948-4962

43) McGarrah RW, White PJ. Branched-chain amino acids in 
cardiovascular disease. Nat Rev Cardiol, 2023; 20: 77-89

44) Kalhan SC, Guo L, Edmison J, Dasarathy S, McCullough 
AJ, Hanson RW, Milburn M. Plasma metabolomic profile 
in nonalcoholic fatty liver disease. Metabolism, 2011; 60: 
404-413

45) Gaucher C, Boudier A, Bonetti J, Clarot I, Leroy P, Parent 
M. Glutathione: Antioxidant Properties Dedicated to 
Nanotechnologies. Antioxidants (Basel), 2018; 7: 62

46) Dou X, Li S, Hu L, Ding L, Ma Y, Ma W, Chai H, Song 
Z. Glutathione disulfide sensitizes hepatocytes to TNFα
-mediated cytotoxicity via IKK-β S-glutathionylation: a 
potential mechanism underlying non-alcoholic fatty liver 
disease. Exp Mol Med, 2018; 50: 1-16

Bedossa P, Adams LA, Zheng MH, Fouad Y, Chan WK, 
Mendez-Sanchez N, Ahn SH, Castera L, Bugianesi E, 
Ratziu V, George J. A new definition for metabolic 
dysfunction-associated fatty liver disease: An international 
expert consensus statement. J Hepatol, 2020; 73: 202-209

21) Izuhara M, Shioji K, Kadota S, Baba O, Takeuchi Y, 
Uegaito T, Mutsuo S, Matsuda M. Relationship of 
Cardio-Ankle Vascular Index (CAVI) to Carotid and 
Coronary Arteriosclerosis. Circ J, 2008; 72: 1762-1767

22) Nakamura K, Tomaru T, Yamamura S, Miyashita Y, Shirai 
K, Noike H. Cardio-Ankle Vascular Index is a Candidate 
Predictor of Coronary Atherosclerosis. Circ J, 2007; 72: 
598-604

23) Hirayama A, Sugimoto M, Suzuki A, Hatakeyama Y, 
Enomoto A, Harada S, Soga T, Tomita M, Takebayashi T. 
Effects of processing and storage conditions on charged 
metabolomic profiles in blood. Electrophoresis, 2015; 36: 
2148-2155

24) Hirayama A, Nakashima E, Sugimoto M, Akiyama S, 
Sato W, Maruyama S, Matsuo S, Tomita M, Yuzawa Y, 
Soga T. Metabolic profiling reveals new serum biomarkers 
for differentiating diabetic nephropathy. Anal Bioanal 
Chem, 2012; 404: 3101-3109

25) Harada S, Hirayama A, Chan Q, Kurihara A, Fukai K, 
Iida M, Kato S, Sugiyama D, Kuwabara K, Takeuchi A, 
Akiyama M, Okamura T, Ebbels TMD, Elliott P, Tomita 
M, Sato A, Suzuki C, Sugimoto M, Soga T, Takebayashi T. 
Reliability of plasma polar metabolite concentrations in a 
large-scale cohort study using capillary electrophoresis-mass 
spectrometry. Motta A, editor. Plos One, 2018; 13: e0191230

26) Hirayama A, Tomita M, Soga T. Sheathless capillary 
electrophoresis-mass spectrometry with a high-sensitivity 
porous sprayer for cationic metabolome analysis. The 
Analyst, 2012; 137: 5026-5033

27) Ramautar R, Somsen GW, de Jong GJ. CE-MS in 
metabolomics. Electrophoresis, 2009; 30: 276-291

28) Sugimoto M, Wong DT, Hirayama A, Soga T, Tomita M. 
Capillary electrophoresis mass spectrometry-based saliva 
metabolomics identified oral, breast and pancreatic 
cancer-specific profiles. Metabolomics Off J Metabolomic 
Soc, 2010; 6: 78-95

29) Ho JE, Larson MG, Vasan RS, Ghorbani A, Cheng S, 
Rhee EP, Florez JC, Clish CB, Gerszten RE, Wang TJ. 
Metabolite profiles during oral glucose challenge. 
Diabetes, 2013; 62: 2689-2698

30) Li L, Zheng X, Zhou Q, Villanueva N, Nian W, Liu X, 
Huan T. Metabolomics-Based Discovery of Molecular 
Signatures for Triple Negative Breast Cancer in Asian 
Female Population. Sci Rep, 2020; 10: 370

31) R. Hicks, D. Tingley. Causal mediation analysis. The 
Stata Journal, 2022; 11: 605-619

32) Kaikkonen JE, Würtz P, Suomela E, Lehtovirta M, Kangas 
AJ, Jula A, Mikkilä V, Viikari JS, Juonala M, Rönnemaa T, 
Hutri-Kähönen N, Kähönen M, Lehtimäki T, Soininen P, 
Ala-Korpela M, Raitakari OT. Metabolic profiling of fatty 
liver in young and middle‐aged adults: Cross‐sectional 
and prospective analyses of the Young Finns Study. 
Hepatology, 2017; 65: 491-500

33) Gitto S, Schepis F, Andreone P, Villa E. Study of the 
Serum Metabolomic Profile in Nonalcoholic Fatty Liver 
Disease: Research and Clinical Perspectives. Metabolites, 



1041

Metabolomic Profi ling of NAFLD and CAVI

Supplemental Table 1.  Characteristics of participants with and without receiving CAVI and abdominal ultrasound examination
among the overall TMCS population

 Participants with receiving 
CAVI and abdominal 
ultrasound (n =1,489)

Participants without receiving 
CAVI and abdominal 
ultrasound (n =9,436)

Total (n =10,925) p-value

Men, n (%) 717 (48.1%) 4,376 (46.3%) 5,093 (46.6%) 0.20 
Age, years 64.9±6.6 58.7±10.2 59.6±10.1 ＜0.001
Body mass index, kg/m2 23.4±3.3 23.2±3.3 23.2±3.3 0.005
AST, U/L 22 [19-26] 22 [18-26] 22 [18-26] 0.02
ALT, U/L 19 [14-25] 18 [14-25] 18 [14-25] 0.12
γ-GTP, U/L 24 [16-42] 24 [16-42] 24 [16-42] 0.77
Hypertension, n (%) 753 (50.5%) 4,046 (42.8%) 4,799 (43.9%) ＜0.001
Diabetes, n (%) 196 (13.1%) 961 (10.1%) 1,157 (10.5%) 0.001
Dyslipidemia, n (%) 645 (43.3%) 3,978 (42.1%) 4,623 (42.3%) 0.40 
Smoking status, n (%)

Never-smoker 844 (56.7%) 5,275 (55.9%) 6,119 (56.0%) ＜0.001
Ex-smoker 504 (33.8%) 2,653 (28.1%) 3,157 (28.9%)
Current-smoker 141 (9.5%) 1,508 (16.0%) 1,649 (15.1%)

Alcohol-drinking status, n (%)
Never-drinker 675 (45.3%) 4,142 (43.9%) 4,817 (44.1%) 0.20 
Ex-drinker 92 (6.2%) 512 (5.4%) 604 (5.5%)
Current-drinker 722 (48.5%) 4,782 (50.7%) 5,504 (50.4%)

Individuals who had missing data of the variables presented in this table were excluded.
Continuous variables were compared in the population that received CAVI and abdominal ultrasound versus the population that did not using the 
unpaired t-test or the Mann-Whitney U test. Categorical variables were compared using the χ2 test.
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Supplemental Table 2. Association between NAFLD and metabolites (results for all metabolites)

Metabolites Fold change
95%confidence interval

p-value FDR-adjusted
p-valuelower upper

Isoleucine 1.12 1.09 1.15 1.07E-14＊ 1.00E-12＊

Glutamic Acid 1.24 1.17 1.32 9.85E-14＊ 4.63E-12＊

Valine 1.09 1.06 1.11 6.11E-13＊ 1.92E-11＊

Leucine 1.09 1.06 1.11 8.49E-13＊ 1.99E-11＊

4-Methyl-2-oxopentanoate 1.10 1.07 1.14 8.90E-10＊ 1.67E-08＊

Tyrosine 1.07 1.05 1.10 9.40E-08＊ 1.47E-06＊

Alanine 1.08 1.05 1.11 2.96E-06＊ 3.83E-05＊

Proline 1.10 1.05 1.14 3.26E-06＊ 3.83E-05＊

2-Oxoisopentanoate 1.07 1.04 1.10 5.95E-06＊ 6.22E-05＊

Lactate 1.09 1.05 1.13 1.98E-05＊ 1.86E-04＊

Glycine 0.92 0.89 0.96 6.30E-05＊ 5.38E-04＊

Isocitrate 1.08 1.04 1.12 6.98E-05＊ 5.47E-04＊

2-Hydroxybutyrate 1.12 1.06 1.18 8.65E-05＊ 6.25E-04＊

Cysteine-glutathione disulphide -Divalent 0.79 0.70 0.89 1.38E-04＊ 9.28E-04＊

Betaine 0.93 0.90 0.97 1.86E-04＊ 1.09E-03＊

Citrulline 0.94 0.91 0.97 1.84E-04＊ 1.09E-03＊

Serine 0.95 0.92 0.98 2.59E-04＊ 1.43E-03＊

Pyruvate 1.13 1.05 1.21 4.61E-04＊ 2.41E-03＊

Tryptophan 1.04 1.02 1.06 1.15E-03＊ 5.70E-03＊

Urate 1.06 1.02 1.10 2.99E-03＊ 1.41E-02＊

Hippurate 0.71 0.56 0.91 7.38E-03＊ 3.30E-02＊

Lysine 1.03 1.01 1.05 1.15E-02＊ 4.45E-02＊

Carnitine 1.03 1.01 1.06 1.13E-02＊ 4.45E-02＊

Glycerophosphorylcholine 0.81 0.69 0.95 1.12E-02＊ 4.45E-02＊

Malonate 0.84 0.73 0.96 1.23E-02＊ 4.45E-02＊

Glycerophosphate 1.10 1.02 1.18 1.22E-02＊ 4.45E-02＊

Asparagine 0.97 0.95 0.99 1.33E-02＊ 4.47E-02＊

Phenylalanine 1.03 1.01 1.05 1.43E-02＊ 4.47E-02＊

Guanidinosuccinate 0.79 0.66 0.95 1.41E-02＊ 4.47E-02＊

cis-Aconitate 1.05 1.01 1.09 1.41E-02＊ 4.47E-02＊

Succinate 0.96 0.93 0.99 1.51E-02＊ 4.57E-02＊

Mucate 0.96 0.92 1.00 4.05E-02＊ 1.19E-01
gamma-Butyrobetaine 0.97 0.94 1.00 4.30E-02＊ 1.22E-01
Choline 0.97 0.94 1.00 4.44E-02＊ 1.23E-01
Histidine 1.02 1.00 1.04 5.33E-02 1.43E-01
Creatine 1.06 0.99 1.13 8.79E-02 2.18E-01
trans-Aconitate 0.89 0.78 1.02 8.80E-02 2.18E-01
Glucuronate 1.07 0.99 1.16 8.37E-02 2.18E-01
Threonine 0.98 0.95 1.00 1.01E-01 2.44E-01
N-Acetylaspartate 0.97 0.92 1.01 1.14E-01 2.61E-01
Citrate 0.97 0.94 1.01 1.12E-01 2.61E-01
Trimethylamine N-oxide 0.90 0.78 1.04 1.44E-01 2.88E-01
Sarcosine 0.90 0.78 1.04 1.44E-01 2.88E-01
Trigonelline 0.81 0.61 1.08 1.47E-01 2.88E-01
proline betaine 0.88 0.74 1.04 1.42E-01 2.88E-01
Methionine 1.02 0.99 1.06 1.42E-01 2.88E-01
2-Oxobutyrate 0.88 0.73 1.04 1.38E-01 2.88E-01
threonate 0.97 0.94 1.01 1.45E-01 2.88E-01
Quinate 0.85 0.67 1.07 1.62E-01 3.11E-01
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(Cont. Supplemental Table 2)

Metabolites Fold change
95%confidence interval

p-value FDR-adjusted
p-valuelower upper

3-Indoxyl sulfate 1.09 0.96 1.22 1.85E-01 3.47E-01
o-Acetylcarnitine 1.07 0.96 1.19 2.00E-01 3.69E-01
alpha-Aminoadipate 1.09 0.95 1.26 2.23E-01 4.00E-01
4-Acetylbutyrate 1.09 0.95 1.26 2.26E-01 4.00E-01
Guanidinoacetate 0.98 0.94 1.02 2.49E-01 4.12E-01
Aspartic acid 1.06 0.96 1.16 2.55E-01 4.12E-01
Glutamine 1.01 0.99 1.03 2.49E-01 4.12E-01
Cystine 1.01 0.99 1.04 2.45E-01 4.12E-01
Isethionate 0.97 0.91 1.02 2.52E-01 4.12E-01
3-Methylhistidine 1.05 0.96 1.15 3.06E-01 4.87E-01
3-Hydroxybutyrate 0.95 0.85 1.05 3.17E-01 4.88E-01
Fumarate 1.04 0.96 1.12 3.15E-01 4.88E-01
Pipecolate 0.97 0.90 1.04 3.47E-01 5.27E-01
Arginine 0.99 0.96 1.02 4.01E-01 5.98E-01
Citraconate 0.93 0.76 1.14 4.70E-01 6.90E-01
ADMA 0.95 0.83 1.09 5.01E-01 7.20E-01
Uridine 0.99 0.97 1.01 5.05E-01 7.20E-01
Creatinine 0.99 0.97 1.02 5.13E-01 7.20E-01
Pelargonate 1.01 0.97 1.06 5.23E-01 7.23E-01
Ornithine 1.01 0.98 1.05 5.34E-01 7.28E-01
Glutarate 1.02 0.95 1.09 5.63E-01 7.56E-01
5-Oxoproline 0.99 0.97 1.02 5.94E-01 7.87E-01
Heptanoate 0.97 0.86 1.09 6.11E-01 7.98E-01
SDMA 0.98 0.86 1.11 7.10E-01 9.02E-01
Cysteine S-sulfate 0.98 0.90 1.07 7.06E-01 9.02E-01
beta-Ala 1.01 0.94 1.09 7.50E-01 9.41E-01
3-Aminoisobutyrate 0.99 0.83 1.17 8.72E-01 9.50E-01
2AB 1.00 0.95 1.04 8.53E-01 9.50E-01
N,N-Dimethylglycine 1.00 0.95 1.06 8.77E-01 9.50E-01
Hydroxyproline 1.01 0.96 1.06 7.94E-01 9.50E-01
Triethanolamine 0.97 0.77 1.21 7.78E-01 9.50E-01
Indole-3-acetate 0.98 0.82 1.17 8.44E-01 9.50E-01
Kynurenine 1.01 0.92 1.11 8.40E-01 9.50E-01
Malate 1.00 0.96 1.04 8.89E-01 9.50E-01
Octanoate 0.99 0.88 1.12 8.79E-01 9.50E-01
2-Oxoglutarate 0.99 0.93 1.05 8.08E-01 9.50E-01
Terephthalate 1.00 0.96 1.05 8.87E-01 9.50E-01
Decanoate 1.01 0.94 1.08 8.22E-01 9.50E-01
Azelate 0.99 0.94 1.05 7.77E-01 9.50E-01
Taurine 1.00 0.97 1.03 9.12E-01 9.53E-01
1-Methylnicotinamide 0.99 0.83 1.18 9.13E-01 9.53E-01
Hexanoate 1.00 0.94 1.07 9.53E-01 9.63E-01
Ethanolamine phosphate 1.01 0.87 1.16 9.41E-01 9.63E-01
Homovanillate 1.00 0.89 1.14 9.53E-01 9.63E-01
Hypoxanthine 1.00 0.86 1.17 9.76E-01 9.76E-01

FDR, false discovery rate; NAFLD, nonalcoholic fatty liver disease
＊p＜0.05
All metabolites were log-transformed. Fold changes of metabolites from non-NAFLD to NAFLD were estimated using linear mixed-effects model 
with batch numbers of metabolite measurements as a random effect variable. The model was adjusted for sex, age, body mass index, smoking status 
(never, past, and current smokers), and alcohol-drinking status (never, past, and current drinkers).
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Supplemental Table 3. Association between metabolites and CAVI values (results for all metabolites examined)

Metabolites Coefficients
95% confidence interval

p-value FDR-adjusted
p-valuelower upper

Glutamic Acid 0.19 0.12 0.26 3.45E-08＊ 1.07E-06＊

Tyrosine 0.15 0.08 0.21 6.39E-06＊ 9.90E-05＊

Leucine 0.16 0.09 0.24 2.65E-05＊ 2.74E-04＊

Proline 0.13 0.06 0.20 1.31E-04＊ 8.92E-04＊

Valine 0.13 0.06 0.20 1.73E-04＊ 8.92E-04＊

Isoleucine 0.14 0.07 0.22 1.67E-04＊ 8.92E-04＊

Alanine 0.10 0.04 0.17 1.17E-03＊ 5.20E-03＊

Glycerophosphorylcholine -0.09 -0.15 -0.04 1.47E-03＊ 5.70E-03＊

4-Methyl-2-oxopentanoate 0.10 0.03 0.17 4.88E-03＊ 1.68E-02＊

Tryptophan 0.08 0.02 0.15 1.49E-02＊ 4.62E-02＊

2-Oxoisopentanoate 0.07 0.01 0.14 1.87E-02＊ 5.27E-02
Lactate 0.07 0.01 0.14 3.14E-02＊ 8.12E-02
Phenylalanine 0.06 0.00 0.12 5.52E-02 1.32E-01
Carnitine 0.06 -0.01 0.12 9.39E-02 2.08E-01
Glycerophosphate -0.05 -0.10 0.01 1.07E-01 2.22E-01
Lysine 0.05 -0.01 0.12 1.22E-01 2.24E-01
Citrulline 0.05 -0.01 0.12 1.23E-01 2.24E-01
Malonate -0.04 -0.11 0.02 1.64E-01 2.83E-01
Urate 0.04 -0.02 0.11 2.02E-01 3.30E-01
Pyruvate 0.03 -0.02 0.09 2.38E-01 3.69E-01
Asparagine 0.03 -0.03 0.09 3.32E-01 4.90E-01
Succinate -0.03 -0.10 0.04 3.67E-01 5.17E-01
Serine 0.02 -0.04 0.08 4.28E-01 5.53E-01
Cysteine-glutathione disulphide -Divalent -0.02 -0.08 0.04 4.22E-01 5.53E-01
Hippurate -0.02 -0.08 0.04 4.79E-01 5.93E-01
Isocitrate 0.02 -0.05 0.08 5.81E-01 6.92E-01
2-Hydroxybutyrate 0.02 -0.05 0.08 6.04E-01 6.94E-01
cis-Aconitate 0.01 -0.05 0.08 6.42E-01 7.10E-01
Guanidinosuccinate -0.01 -0.07 0.05 8.11E-01 8.67E-01
Betaine 0.004 -0.06 0.07 9.08E-01 9.38E-01
Glycine -0.001 -0.06 0.06 9.85E-01 9.85E-01

FDR, false discovery rate
＊p＜0.05
For 31 metabolites with FDR-adjusted p values ＜0.05 in the prior analysis, coefficients per 1 SD of log-transformed metabolites for increased 
CAVI values were estimated using linear mixed-effects model with batch numbers of metabolite measurements as a random effect variable. The 
model was adjusted for sex, age, body mass index, smoking status (never, past, and current smokers), and alcohol-drinking status (never, past, and 
current drinkers). 



1045

Metabolomic Profi ling of NAFLD and CAVI

Supplemental Table 4.  Association between NAFLD and metabolites after adding diabetes, hypertension, and dyslipidemia to
adjustment variables (results for all metabolites)

Metabolites Fold change
95% confidence interval

p-value FDR-adjusted
p-valuelower upper

Isoleucine 1.10 1.07 1.13 5.77E-12＊ 4.56E-10＊

Glutamic Acid 1.22 1.15 1.29 9.71E-12＊ 4.56E-10＊

Valine 1.08 1.05 1.10 7.09E-11＊ 2.22E-09＊

Leucine 1.08 1.05 1.10 1.68E-10＊ 3.94E-09＊

4-Methyl-2-oxopentanoate 1.09 1.06 1.12 6.36E-08＊ 1.20E-06＊

Tyrosine 1.07 1.04 1.10 5.75E-07＊ 9.01E-06＊

Proline 1.09 1.05 1.13 1.99E-05＊ 2.68E-04＊

2-Oxoisopentanoate 1.06 1.03 1.10 4.09E-05＊ 4.80E-04＊

Alanine 1.07 1.03 1.10 8.81E-05＊ 9.21E-04＊

Glycine 0.93 0.89 0.97 2.24E-04＊ 2.11E-03＊

Citrulline 0.94 0.91 0.97 2.72E-04＊ 2.33E-03＊

Serine 0.95 0.92 0.98 4.07E-04＊ 2.82E-03＊

Cysteine-glutathione disulphide -Divalent 0.80 0.71 0.90 3.71E-04＊ 2.82E-03＊

2-Hydroxybutyrate 1.11 1.05 1.17 4.20E-04＊ 2.82E-03＊

Betaine 0.93 0.90 0.97 5.44E-04＊ 3.01E-03＊

Lactate 1.07 1.03 1.11 5.05E-04＊ 3.01E-03＊

Isocitrate 1.07 1.03 1.11 5.35E-04＊ 3.01E-03＊

Pyruvate 1.11 1.04 1.19 2.30E-03＊ 1.20E-02＊

Tryptophan 1.04 1.01 1.06 3.10E-03＊ 1.54E-02＊

Urate 1.05 1.02 1.09 4.90E-03＊ 2.30E-02＊

Malonate 0.84 0.73 0.96 1.19E-02＊ 5.34E-02
Hippurate 0.73 0.57 0.94 1.38E-02＊ 5.89E-02
Asparagine 0.97 0.95 0.99 1.45E-02＊ 5.93E-02
Lysine 1.03 1.00 1.05 2.13E-02＊ 7.90E-02
Phenylalanine 1.03 1.00 1.05 2.03E-02＊ 7.90E-02
Glycerophosphate 1.09 1.01 1.17 2.18E-02＊ 7.90E-02
Succinate 0.96 0.93 0.99 2.34E-02＊ 8.16E-02
Glycerophosphorylcholine 0.83 0.70 0.98 2.46E-02＊ 8.27E-02
Guanidinosuccinate 0.81 0.67 0.97 2.55E-02＊ 8.28E-02
Choline 0.97 0.94 1.00 2.80E-02＊ 8.77E-02
Carnitine 1.03 1.00 1.05 4.01E-02＊ 1.22E-01
Threonine 0.97 0.94 1.00 4.95E-02＊ 1.44E-01
gamma-Butyrobetaine 0.97 0.94 1.00 5.25E-02 1.44E-01
Histidine 1.02 1.00 1.04 5.38E-02 1.44E-01
cis-Aconitate 1.04 1.00 1.08 5.20E-02 1.44E-01
Glucuronate 1.07 0.99 1.16 7.40E-02 1.93E-01
trans-Aconitate 0.89 0.77 1.02 8.44E-02 2.14E-01
N-Acetylaspartate 0.96 0.92 1.01 1.00E-01 2.42E-01
Mucate 0.96 0.92 1.01 9.94E-02 2.42E-01
Creatine 1.05 0.99 1.12 1.15E-01 2.71E-01
Sarcosine 0.90 0.78 1.03 1.33E-01 3.04E-01
proline betaine 0.88 0.74 1.05 1.46E-01 3.08E-01
2-Oxobutyrate 0.88 0.74 1.05 1.48E-01 3.08E-01
threonate 0.97 0.94 1.01 1.44E-01 3.08E-01
Citrate 0.98 0.95 1.01 1.41E-01 3.08E-01
Glutamine 1.01 0.99 1.03 1.70E-01 3.47E-01
Trigonelline 0.82 0.62 1.10 1.83E-01 3.66E-01
Trimethylamine N-oxide 0.91 0.78 1.05 1.93E-01 3.69E-01
Quinate 0.85 0.67 1.08 1.89E-01 3.69E-01
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(Cont. Supplemental Table 4)

Metabolites Fold change
95% confidence interval

p-value FDR-adjusted
p-valuelower upper

Methionine 1.02 0.99 1.06 2.15E-01 4.04E-01
3-Indoxyl sulfate 1.08 0.95 1.22 2.35E-01 4.33E-01
3-Methylhistidine 1.05 0.96 1.16 2.69E-01 4.73E-01
Isethionate 0.97 0.91 1.03 2.71E-01 4.73E-01
4-Acetylbutyrate 1.09 0.94 1.26 2.70E-01 4.73E-01
Guanidinoacetate 0.98 0.94 1.02 2.85E-01 4.86E-01
Pipecolate 0.97 0.90 1.04 3.46E-01 5.80E-01
alpha-Aminoadipate 1.07 0.93 1.24 3.58E-01 5.91E-01
Arginine 0.99 0.96 1.01 3.78E-01 5.92E-01
o-Acetylcarnitine 1.05 0.94 1.17 3.90E-01 5.92E-01
Cystine 1.01 0.99 1.03 3.90E-01 5.92E-01
3-Hydroxybutyrate 0.95 0.86 1.06 3.91E-01 5.92E-01
Fumarate 1.03 0.96 1.12 3.84E-01 5.92E-01
Pelargonate 1.02 0.97 1.07 4.10E-01 6.12E-01
Creatinine 0.99 0.96 1.02 4.36E-01 6.35E-01
Aspartic acid 1.04 0.94 1.14 4.39E-01 6.35E-01
Glutarate 1.03 0.96 1.10 4.57E-01 6.51E-01
Uridine 0.99 0.97 1.01 4.88E-01 6.77E-01
Heptanoate 0.96 0.85 1.08 4.90E-01 6.77E-01
Citraconate 0.94 0.76 1.15 5.25E-01 7.15E-01
Kynurenine 1.03 0.93 1.13 5.70E-01 7.66E-01
ADMA 0.97 0.84 1.11 6.19E-01 8.11E-01
2-Oxoglutarate 0.98 0.93 1.05 6.21E-01 8.11E-01
beta-Ala 1.02 0.94 1.10 6.64E-01 8.38E-01
Ornithine 1.01 0.97 1.04 6.57E-01 8.38E-01
Cysteine S-sulfate 0.98 0.90 1.07 6.68E-01 8.38E-01
Azelate 0.99 0.93 1.05 6.84E-01 8.46E-01
5-Oxoproline 0.99 0.97 1.02 6.96E-01 8.50E-01
Hydroxyproline 1.01 0.96 1.06 7.37E-01 8.81E-01
Malate 0.99 0.95 1.03 7.41E-01 8.81E-01
2AB 0.99 0.95 1.04 7.81E-01 9.02E-01
Hypoxanthine 0.98 0.84 1.15 8.16E-01 9.02E-01
SDMA 0.98 0.86 1.12 8.14E-01 9.02E-01
Hexanoate 1.01 0.94 1.08 7.91E-01 9.02E-01
Decanoate 1.01 0.94 1.08 8.02E-01 9.02E-01
Homovanillate 0.98 0.87 1.12 7.95E-01 9.02E-01
N,N-Dimethylglycine 1.00 0.94 1.05 8.68E-01 9.08E-01
Taurine 1.00 0.98 1.03 8.32E-01 9.08E-01
Triethanolamine 0.98 0.78 1.23 8.59E-01 9.08E-01
Ethanolamine phosphate 0.99 0.85 1.14 8.64E-01 9.08E-01
Octanoate 1.01 0.89 1.14 8.79E-01 9.08E-01
Terephthalate 1.00 0.96 1.05 8.79E-01 9.08E-01
Indole-3-acetate 0.99 0.83 1.19 9.37E-01 9.57E-01
1-Methylnicotinamide 1.00 0.84 1.20 9.74E-01 9.84E-01
3-Aminoisobutyrate 1.00 0.84 1.19 9.92E-01 9.92E-01

FDR, false discovery rate; NAFLD, nonalcoholic fatty liver disease
＊p＜0.05
All metabolites were log-transformed. Fold changes of metabolites from non-NAFLD to NAFLD were estimated using linear mixed-effects model 
with batch numbers of metabolite measurements as a random effect variable. The model was adjusted for sex, age, body mass index, smoking status 
(never, past, and current smokers), alcohol-drinking status (never, past, and current drinkers), diabetes, hypertension, and dyslipidemia.
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Supplemental Table 5.  Association between metabolites and CAVI values after adding diabetes, hypertension, and dyslipidemia to
adjustment variables (results for all metabolites examined)

Metabolites Coefficients
95% confidence interval

p-value FDR-adjusted
p-valuelower upper

Glutamic Acid 0.16 0.10 0.23 1.93E-06＊ 3.87E-05＊

Tyrosine 0.14 0.08 0.20 1.31E-05＊ 1.31E-04＊

Leucine 0.14 0.07 0.22 1.95E-04＊ 1.30E-03＊

Valine 0.12 0.05 0.18 7.97E-04＊ 3.98E-03＊

Proline 0.11 0.04 0.17 1.59E-03＊ 6.38E-03＊

Isoleucine 0.11 0.03 0.18 5.22E-03＊ 1.74E-02＊

Alanine 0.08 0.02 0.14 1.37E-02＊ 3.91E-02＊

Tryptophan 0.08 0.01 0.14 1.85E-02＊ 4.62E-02＊

4-Methyl-2-oxopentanoate 0.08 0.01 0.14 2.90E-02＊ 6.44E-02
2-Oxoisopentanoate 0.06 0.00 0.12 5.27E-02 1.05E-01
Lactate 0.04 -0.02 0.10 2.31E-01 4.03E-01
Citrulline 0.04 -0.03 0.10 2.42E-01 4.03E-01
Serine 0.03 -0.03 0.09 2.98E-01 4.59E-01
Pyruvate 0.02 -0.04 0.07 5.87E-01 8.29E-01
Urate 0.01 -0.05 0.08 6.64E-01 8.29E-01
Betaine 0.01 -0.05 0.08 6.62E-01 8.29E-01
Isocitrate -0.01 -0.07 0.06 8.15E-01 8.58E-01
Glycine 0.01 -0.05 0.06 7.40E-01 8.58E-01
Cysteine-glutathione disulphide -Divalent -0.01 -0.07 0.05 7.92E-01 8.58E-01
2-Hydroxybutyrate 0.001 -0.06 0.06 9.74E-01 9.74E-01

FDR, false discovery rate
＊p＜0.05
For 20 metabolites with FDR-adjusted p values ＜0.05 in the prior analysis, coefficients per 1 SD of log-transformed metabolites for increased 
CAVI values were estimated using linear mixed-effects model with batch numbers of metabolite measurements as a random effect variable. The 
model was adjusted for sex, age, body mass index, smoking status (never, past, and current smokers), and alcohol-drinking status (never, past, and 
current drinkers), diabetes, hypertension, and dyslipidemia
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