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Abstract

Background/aims Nonobese metabolic dysfunction-associated fatty liver disease (MAFLD) is paradoxically associ-
ated with improved metabolic and pathological features at diagnosis but similar cardiovascular diseases (CVD) prog-
nosis to obese MAFLD. We aimed to utilize the metabolomics to identify the potential metabolite profiles accounting
for this phenomenon.

Methods This prospective multicenter cross-sectional study was conducted in China enrolling derivation and valida-
tion cohorts. Liquid chromatography coupled with mass spectrometry and gas chromatography-mass spectrometry
were applied to perform a metabolomics measurement.

Results The study involved 120 MAFLD patients and 60 non-MAFLD controls in the derivation cohort. Controls were
divided into two groups according to the presence of carotid atherosclerosis (CAS). The MAFLD group was further
divided into nonobese MAFLD with/without CAS groups and obese MAFLD with/without CAS groups. Fifty-six metab-
olites were statistically significant for discriminating the six groups. Among the top 10 metabolites related to CAS in
nonobese MAFLD, only phosphatidylethanolamine (PE 20:2/16:0), phosphatidylglycerol (PG 18:0/20:4) and de novo
lipogenesis (16:0/18:2n-6) achieved significant areas under the ROC curve (AUCs, 0.67, p=0.03; 0.79, p=0.02; 0.63,
p=0.03, respectively). The combination of these three metabolites and liver stiffness achieved a significantly higher
AUC (0.92, p<0.01). In obese MAFLD patients, cystine was found to be significant with an AUC of 0.69 (p=0.015),
followed by sphingomyelin (SM 16:1/18:1) (0.71, p=0.004) and de novo lipogenesis (16:0/18:2n-6) (0.73, p =0.004).
The combination of these three metabolites, liver fat content and age attained a significantly higher AUC of 0.91
(p<0.001). The AUCs of these metabolites remained highly significant in the independent validation cohorts involving
200 MAFLD patients and 90 controls.

Conclusions Diagnostic models combining different metabolites according to BMI categories could raise the accu-
racy of identifying subclinical CAS.
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Trial registration The study protocol was approved by the local ethics committee and all the participants have pro-
vided written informed consent (Approval number: [2014] No. 112, registered at the Chinese Clinical Trial Registry,
ChiCTR-ChiCTR2000034197)

Keywords Cardiovascular disease, Carotid atherosclerosis, Metabolomics, Metabolic dysfunction-associated fatty

liver disease, Nonobese

Graphical Abstract

D ( Derivation cohort J
Control without MAFLD ~ NOB-MAFLD OBMAFLD

""" » &) Prediction model of CAS )

|

9 {__Multicenter-Validation cohort

Control without MAFLD  NOB-MAFLD

Metabolomics identified novel markers of carotid atherosclerosis in nonobese MAFLD

OB-MAFLD

; PE (20:2/16:0)

if

Without CAS  With CAS  Without CAS ~ With CAS  Without CAS  With CAS
N=30 N=30 N=4t N=19 N=40 N=20
e—————
78 patients with liver biopsy,

102 patients with MRI-PDFF and 20-SWE

11

Extraction of Serum samples (N=180)
Acetonitrile/Methanol/Water

Non-Targeted metabolomics

N=60 N=30 N=T2 N=28 N=68

. ROC

@

o 8 ITIIIRNL A
o (o

Without CAS  With CAS ~ Without CAS  WithCAS  Without CAS  With CAS

N=32

; PG (18:0/20:4) (

Extraction of Serum samples (N=290)
Acetonitrle/MethanolWater

6 — U

UHPLC-QTOF-LCMS oS

L

@ Detecting significant metabolies)

Non-Targeted
metabolomics Validation

Building combined model to predict CAS in NOB-MAFLD

Targeted
metabolomics Validation

ﬁ} { } i }3““*;:?  Performance of prediction Model |
| A Fooss QOSHE) I
(—_ Topf0metabolies__ J - -~~~
Background carotid atherosclerosis and evaluate the future risk of

Metabolic dysfunction-associated fatty liver disease
(MAFLD) continues to be regarded as the leading cause
of chronic liver disease, with an estimated prevalence of
29.8% worldwide and 29.2% in China [1, 2]. The rapid
increase in MAFLD prevalence poses tremendous inde-
pendent increases in the risk of cardiovascular disease
(CVD), which is the top cause of mortality in MAFLD
patients, with an incidence rate of 4.8 per 1000-person
years [3, 4]. From a Korean nationwide health screen-
ing database involving 9,584,399 participants with a
median of 10.1 follow-up years, multivariable-adjusted
hazard ratios (95% confidence interval) for CVD events
were 1.43 (1.41-1.45) in the MAFLD group using healthy
control as reference [5]. Furthermore, a recent meta-
analysis, consisting of 16 observational prospective and
retrospective studies, reported a 64% increased risk in
both fatal and nonfatal cardiovascular events over 7 years
in patients with MAFLD [4]. Increased carotid intimal-
medial thickness (CIMT) and carotid plaques measured
by carotid ultrasound were used to detect subclinical

CVD [6]. However, it is not practical to use these fac-
tors for patients worldwide due to the high prevalence
of MAFLD. Therefore, establishing a precise strategy
for screening carotid atherosclerosis (CAS) is urgently
needed to prevent the development of CVD in MAFLD.
Although the links between MAFLD and CVD/CAS
have been mostly attributed to their shared risk fac-
tors, such as obesity [7], it has been reported that the
prevalence and accumulated incident percentages of
CVD among lean MAFLD patients [body mass indexes
(BMI)<23 kg/m?] were not lower than those among
overweight patients in both cross-sectional and long-
term longitudinal studies [8]. More importantly, two
meta-analyses demonstrated that nonobese patients pre-
sented similar metabolic characteristics to obese individ-
uals but with lower levels of anthropometric and routine
metabolic indices, including BMI, waist circumstance
(WCQC), triglycerides (TG), total cholesterol (CHOL),
fasting blood glucose (FBG), alanine aminotransferase
(ALT), which suggests that the value of screening for
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CAS by using these traditional metabolic markers is lim-
ited [8—10].

Metabolic dysregulation plays a critical role in different
stages of MAFLD, which is also highly associated with
CVD development [11]. Serum metabolomics analysis as
a high-throughput method, provides data on the detailed
metabolic changes in MAFLD and emerging studies
have identified specific metabolites involved in stea-
tosis, inflammation and fibrosis progression including
free fatty acids, bile acids, saccharides, amino acids, and
phospholipids, making this method promising in identi-
fying biomarkers for assessing MAFLD [12, 13]. Indeed,
some of these metabolic markers were also been shown
to have additional prognostic value for CVD according
to a recently published meta-analysis including 19 stud-
ies (45,420 subjects, 5954 events) [14]. Thus, the changes
in metabolites derived from omics approaches are likely
to reflect specific pathways of CAS and MAFLD, making
them effective candidates for distinguishing the CAS in
the nonobese individuals with MAFLD [10].

In the present study, both ultrahigh-performance liquid
chromatography coupled with quadrupole time-of-flight
mass spectrometry (UHPLC-QTOF-MS) and gas chro-
matography-mass spectrometry (GC-MS) were utilized
to identify the different metabolite profiles between non-
obese and obese MAFLD patients with and without CAS.
We aimed to investigate whether a combination of serum
metabolites could accurately predict the presence of CAS
with further prospective independent validation.

Methods

This cross-sectional study was conducted at three
MAFLD centers in Southern China including the first
affiliated hospital, Sun Yat-sen University, Guangdong
provincial people’s hospital and Shenzhen Songgang Dis-
trict People’s Hospital. The study protocol was approved
by the local ethics committee and all the participants
have provided written informed consent (Approval
number: [2014] No. 112, registered at the Chinese Clini-
cal Trial Registry, ChiCTR-ChiCTR2000034197). The
derivation cohort of this study involved 120 MAFLD
patients and 60 controls consecutively recruited from the
first affiliated hospital, Sun Yat-sen University between
October 2015 and May 2017. The diagnosis of MAFLD
is based on the detection of liver steatosis together with
the presence of at least one of three criteria that include
overweight or obesity, type 2 diabetes mellitus (T2DM)
or clinical evidence of metabolic dysfunction [15, 16].
For the derivation study, liver steatosis was defined as
the liver fat content (LFC) of more than 5% estimated via
magnetic resonance imaging-based proton density fat
fraction (MRI-PDFF) [17]. The prospective independent
validation cohort consecutively included 200 MAFLD
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patients and 90 controls from the first affiliated hospital,
Sun Yat-sen University, Guangdong provincial people’s
hospital and Shenzhen Songgang District People’s Hos-
pital from June 2017 to December 2021. For the valida-
tion cohort, liver steatosis was detected via FibroScan
in Guangdong provincial people’s hospital and Shenz-
hen Songgang District People’s Hospital. Fatty liver was
defined as the controlled attenuation parameter (CAP)
with FibroScan of more than 254 dB/m [18].

All the participants were at least 18 years old with
complete anthropometric measurements as well as the
laboratory and imaging examination results. Partici-
pants were excluded if they met any of the followings:
habitual alcohol consumption or significant alcohol
intake (> 70 g/week in women and > 140 g/week in men);
positive hepatitis B surface antigen or positive antibody
against hepatitis C virus; autoimmune liver disease;
endocrine disorders (e.g., hypothyroidism); competing
etiologies of liver disease inducing hepatic steatosis (e.g.,
consumption of tamoxifen and amiodarone); being a
trained athlete with a hypertrophic muscle mass; malig-
nancies; pregnancy.

Clinical assessment

Patients were required to fill in a structured question-
naire involving the alcohol intake, smoking and past
medical history. A standard physical examination was
conducted by specialized doctors to obtain the anthro-
pometric data, including weight, height, waist circumfer-
ence (WC) and hip circumference, and blood pressure.
Based on the recommendation of WHO expert consulta-
tion, the MAFLD patients with a BMI lower than 25 kg/
m? were regarded as nonobese MAFLD. The increased
WC was defined by the cutoff value of 90 cm and 80 cm
in men and women, respectively [18, 19].

After an overnight fast, the venous blood was drawn.
Blood was centrifuged and plasma was analyzed for
liver biochemistry, lipids, biochemistry and insulin. The
homeostatic model assessment of insulin resistance
(HOMA-IR), calculated as fasting blood glucose (FBG,
mmol/L) x fasting insulin (FINS, pU/mL)/22.5, was uti-
lized to evaluate the insulin resistance (IR). The cutoff
value of 2.5 was defined as IR [15].

Quantification of liver fat content via MRI-PDFF

During the initial clinical assessment, MRI-PDFF was
conducted via 3.0-T scanner (Siemens 3.0T MAG-
NETOM Verio). The sequence parameter setting and
operation procedure were in accordance with that
reported in our previous studies [20-22]. In brief,
TE1 2.5 ms, TE2 3.7 ms, 5.47 ms for repetition; 5 flip
angles; +504.0 kHz per pixel receiver bandwidth and a
slice thickness of 3.0 mm. After the images of fat-water
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separation were attained, data concerning LFC, pancreas
fat content (PFC) and abdominal subcutaneous fat thick-
ness (ASFT) were estimated. In addition, consistent with
the previous clinical trials, we classified fatty liver into
mild, moderate and severe with the LFC of 5.36-15.36%,
15.36-20.35% and > 20.35%, respectively [23].

Measurement of CAP and liver stiffness

CAP and liver stiffness measurements were conducted
via transient elastography (FibroScan-402, Echosens,
France) with either an M- or an XL-probe along with the
instructions. Patients were placed in a supine position
with the right arm elevated above the head and extended
to the maximum. A success rate of >60% and> 10 eli-
gible acquisitions were adopted as valid measurement
results. Based on our previous study, the cutoff value of
6.1 kPa was applied to define the presence of fibrosis.
A cutoff value of 254 dB/m was utilized to define fatty
liver [17]. A preliminary study for 50 NAFLD patients
in three centers showed that the kappa statistic of inter-
observer and interobserver reliability for CAP were 0.89
and 0.91, respectively, and 0.88 and 0.87 for liver stiffness
measurement.

Histological assessment

Seventy-eight patients underwent liver biopsy to con-
firm the diagnosis of fatty liver. The details of liver biopsy
and histological assessment were listed in the Additional
file 1.

Evaluation of carotid atherosclerosis

Two specialized sonographers, with more than 10 years
of experience, performed the high-resolution B-mode
ultrasonography examination to measure the CIMT
and detect the presence of CAS. Three measurements
were performed to gain the average of CIMT for fur-
ther analysis. CIMT >1.0 mm was regarded as carotid
intima-media thickening. Besides, a plaque was defined
as focal thickening of intima-media>0.5 mm or 50% of
surrounding intima-media into the arterial lumen, or a
focal thickening > 1.5 mm [24, 25]. We conducted a pre-
liminary study involving 100 NAFLD patients recruited
from our center. The results showed that the kappa
statistic of interobserver and interobserver reliability
for carotid intima-media thickness and carotid plaque
between the two sonographers were 0.92 and 0.96,
respectively.

Metabolomics

Samples preparations and detailed parameter settings
were shown in the Additional file 1. For UHPLC-QTOEF-
MS, liquid chromatographic analysis was performed on
a Waters ACQUITY UPLC Iclass system (Waters Ltd.
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USA) coupled with an ACQUITY UPLC BEH C18 col-
umn. The original data was imported into the Progenesis
QI (Nonlinear Dynamics Waters, UK) software to extract
the matched peak of filtering noise peak and EZinfo 3.0
for Waters (Umetrics, Sweden) software was utilized for
statistical analysis.

Phospholipid compound identification and analysis
based on the phospholipid cleavage law and online data-
bases METLIN metabolite MSMS database and Lipid-
Maps. The identification results were further confirmed
by accurate mass number and secondary ion fragments
collected by high resolution mass spectrometry.

For GC-MS, An Agilent 7890 GC system equipped
with a 5977-quadrupole mass selective detector (MSD,
Agilent, Santa Clara, CA) and a HP-5MS column
(40 m x 0.25 mm inner diameter x 0.25 pm film thick-
ness, Agilent, Santa Clara, CA) was employed to acquire
metabolic profiles of the derivatized products. The mass
spectrum was acquired in full-scan mode from 50 to
550 m/z. Recorded mass spectra were compared with
those stored in the National Institute of Standards and
Technology (NIST) US Government library. Quantitative
analysis was performed by measuring total ion current
chromatographic peak areas. Detailed parameter settings
of targeted metabonomics were shown in the Additional
file 1. All the metabonomics analysis were conducted in
instrumental analysis and research center of Sun Yat-sen
University.

Statistical analysis

Statistical analysis was performed via SPSS 25.0 soft-
ware (IBM, Chicago, IL, USA) and R language version
3.3.3. Normally distributed data were expressed as the
mean =+ standard deviation (SD) while the non-normally
distributed variables were expressed as the median with
interquartile ranges (IQR). The Kruskal-Wallis test was
used to analyse continuous variables and categorical
variables were compared via Chi-squared test. Partial
least squares-discriminant analysis (PLS-DA) was per-
formed on samples to determine the overall metabolic
differences. LASSO Cox regression and backward step-
wise logistic regressions were utilized to explore the
factors that were associated with CAS among nonobese
patients and obese patients in the derivation cohort and
validation cohort. The receiver operating characteristic
(ROC) curve analysis was performed for the predic-
tive factors of CAS. KEGG pathway enrichment analy-
sis revealed the main differential metabolic pathways.
Pearson correlation analysis was conducted to test the
correlation between different metabolites and meta-
bolic indexes and histological indexes, respectively. A
two-sided P value of <0.05 was considered statistically
significant.
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Results

Clinical characteristics of the derivation cohort

As presented in Fig. 1A, a total of 180 individuals were
recruited in the derivation cohort, which consisted of
120 (66.7%) MAFLD patients and 60 (33.3%) controls.
Controls were classified into two groups based on the
presence of CAS. The MAFLD patients were further cat-
egorized into groups of nonobese MAFLD patients with/
without CAS and obese MAFLD patients with/without
CAS. The clinical characteristics, including anthropo-
metrical data, metabolomics and imaging examination
results are displayed in Table 1. No significant differences
were found in age, gender or blood pressure among the
six groups. Regarding hepatic markers and metabolic
characteristics, alanine transaminase (ALT), high-density
lipoprotein-cholesterol (HDL-C), fasting insulin (FINS)
and uric acid (UA) showed significant differences, while
there was no significant difference among the groups in
aspartate transaminase (AST), total cholesterol (CHOL),
triglycerides (TG), low-density lipoprotein-cholesterol
(LDL-C), fasting blood glucose (FBG) and homeostatic
model assessment of insulin resistance (HOMA-IR). In
addition, concerning the imaging examination results,
significant differences were found in LFC, PFC and
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abdominal subcutaneous fat thickness (ASFT) among
the six groups. However, the groups did not differ in liver
stiffness.

Metabolic characteristics of the derivation cohort
PLSDA was performed on samples to determine the
overall metabolic differences between the six groups
(Fig. 1B). From the UHPLC-QTOEF-MS analysis, among
573 serum metabolites identified, 36 metabolites were
found to significantly differentiate the groups (variable
importance in the projection, VIP>1 and p <0.05). From
the GC-MS analysis, among the 152 serum metabolites
analyzed, 20 metabolites were statistically significant
for discriminating among the six groups (VIP>1 and
p<0.05). These serum metabolites were amino acids,
carbohydrates, vitamins and lipids. Taken these 56 sig-
nificant metabolites together, the serum metabolites with
the top 10 VIP values were shown in Table 2 and Fig. 1C.
A schematic scheme of proposed metabolic path-
ways was presented to visualize the interaction between
the differential metabolites (Fig. 2A). The metabolites
with significant changes were mapped onto several bio-
chemical processes including phospholipid metabolism,
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Table 1 Clinical characteristics of deviation cohort

Characteristics Non-MAFLD Nonobese MAFLD Obese MAFLD Non-MAFLD P
without CAS with CAS
(n=30) Without CAS With CAS (n=19) Without CAS With CAS (1=20) (n—30)
(n=41) (n=40)
Age (year) 446+119 436+11.7 424+117 4524108 441+£12.1 445499 0.82
Male, n (%) 18 (60.0) 28 (66.9) 13 (68.4) 26 (65.0) 14 (70.0) 19 (63.3) 0.53
Body mass index 236+£38 231+£22 23.1£17 284+£26 31.1£51 275+£24 <0.001
(kg/m?) bcdef adef adef abce abcdf abce
Waist circumstance 81.7474 822+ .64 81.7£6.2 938+69 95.1+£6.3 915£6.0 <0.001
(cm) def def def abc abc abc
Waist-hip-ratio 0.87£0.05 0.87£0.05 0.87£0.05 091£0.05 0.94+£0.05 0.90£0.06 <0.001
def def def abc abc abc
SBP (mmHg) 127413 129412 132423 130+17 133415 128+12 0.71
DBP (mmHg) 8610 8611 85+£15 89+13 91+£14 85411 0.44
ALT (U/L)? 28 (18-34) 40 (21-81) 30 (20-52) 42 (22-97) 36 (31-73) 34 (24-54) 0.031
bd a a
AST (U/L)? 25 (20-28) 30 (20-40) 28 (23-52) 31 (20-97) 31 (25-50) 29 (25-75) 0.26
Total cholesterol 514+10 54411 50409 52409 53408 51406 0.55
(mmol/L)
Triglycerides 16408 21407 21405 23409 24407 21405 0.23
(mmol/L)
HDL-cholesterol 12+02 13+£04 12+03 1.1+£07 1.0£05 1.1£05 0.017
(mmol/L) df def ab b ab
LDL-cholesterol 3.1+£08 33+08 34+07 36109 3.7+05 36108 0.16
(mmol/L)
FBG (mmol/L) 49407 5014 53+1.1 54409 54+04 52408 0.22
Fasting insulin (uU/ 9.0+£29 88+29 90+13 94428 193438 91421 0.001
mL) e e e e abcdf e
HOMA-IR? 1.54 (0.90-2.36) 161 (1.18-2.23) 1.77 (1.38-2.67) 1.60 (0.96-2.40) 2.69 (143-6.76) 1.70 (1.25-2.56) 0.08
Uric acid (umol/L)  372+92 400115 394479 458+97 475+133 4324101 0.001
def def def abc abc abc
Liver fat content 38(3.1-43) 108 (6.7-17.1) 93(6.8-174) 15.1(10.5-233) 16.0(11.1-24.6) 3.6 (3.0-4.5) 0.001
(%)° bcde adef adef abcf abcf bcde
Pancreas fat con- 1.7 (1.2-2.3) 1.8(1.3-2.5) 19(1.1-2.9) 26(1.8-4.3) 3.6(1.5-6.9) 16(1.1-2.2) 0.002
tent (%)° cde de adef abcf abcf cde
ASFT (mm) 228482 193+68 20.14+6.9 235462 26046.5 204470 0.01
bf ade e bf bcf ade
Liver stiffness (kPa) 5.6=42.3 58+13 65+22 6.1+£10 77125 58+£18 0.08

a, b, ¢, d, e, f-refer to statistic significant after post-hoc multiple comparisons with Bonferroni adjustments when compared with Non-MAFLD without CAS(a),

Nonobese MAFLD without (b) or with (c) carotid atherosclerosis, obese MAFLD without (d) or with (e) carotid atherosclerosis, and non-MAFLD with CAS (f)

MAFLD, metabolic dysfunction-associated fatty liver disease; CAS, carotid atherosclerosis; SBP, systolic blood pressure; DBP, diastolic blood pressure; ALT, alanine
aminotransferase, AST, aspartate aminotransferase; HDL, high-density lipoprotein-cholesterol; LDL, low-density lipoprotein-cholesterol; FBG, fasting blood glucose;
HOMA-IR, homeostasis model assessment of insulin resistance; ASFT, abdominal subcutaneous fat thickness

2 Continuous variables are expressed as median with IQR for non-Gaussian distribution

glucose metabolism, amino acid metabolism, urea cycle
and tricarboxylic acid cycle.

Factors associated with carotid atherosclerosis

obese MAFLD, the KEGG pathway enrichment analysis

revealed that the main differential metabolic pathways
were glycolipid metabolism, phospholipid biosynthesis,
fatty biosynthesis and metabolism, arginine and proline

in nonobese and obese MAFLD patients of deviation

cohort

We performed the LASSO Cox regression model to
explore the association between CAS and metabolites
(Fig. 2B). The mass spectrograms of these statistically dif-
ferent metabolites were shown in Fig. 2C. Compared to

Metabolomics validation
We further evaluated the diagnostic performance of the
significant metabolites and their combinations in an
independent validation cohort involving 200 MAFLD

metabolism, and glycine and serine metabolism (Fig. 2D).
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Table 2 Top 10 metabolites differentially expressed among five

groups

Metabolites VIP-value (PLS-DA) P

Alpha tocopherol 2.68 <0.001
PE (20:2/16:0) 2.55 <0.001
L-glutamine 251 <0.001
PC(18:2/20:2) 244 <0.001
SM (16:1/18:1) 2.36 <0.001
p-threitol 2.28 <0.001
PG (18:0/20:4) 2.22 <0.001
De novo lipogenesis (16:0/18:2n-6) 2.07 0.001
L-leucine 1.99 0.001
Cystine 1.95 0.002

VIP Values for the variable importance in the project

patients and 90 non-MAFLD controls. The clinical char-
acteristics are shown in Table 3. The comparison between
six subgroups had similar trends to those in the deviation
cohort. Targeted metabolomics analysis was performed
for the serum metabolites with the top 10 VIP and the
chromatograms of these metabolites were shown in
Additional file 1: Fig. S1, respectively. All the metabolites
distributed differently among the six groups (Fig. 3A). In
the untargeted metabolomics, there were various correla-
tions among main differential metabolites (Fig. 3B).

Factors associated with carotid atherosclerosis

in the validation cohort

The univariate analysis in nonobese patients revealed that
liver stiffness, PE (20:2/16:0), PG (18:0/20:4) and De novo
lipogenesis (16:0/18:2n-6) were associated with CAS
(Table 4). After multivariate analysis, liver stiffness (OR
2.85, 95% CI 1.33-5.75, p=0.009), PE (20:2/16:0) (OR
0.77, 95%CI 0.54-0.91, p=0.029), PG (18:0/20:4) (OR
0.81, 95%CI 0.63-0.90, p=0.012) and de novo lipogen-
esis (16:0/18:2n-6) (OR 2.70, 95%CI 1.17-3.26, p =0.020)
remained significant factors (Fig. 3C). For obese patients,
age increased per 10 years, LFC, SM (16:1/18:1), de novo
lipogenesis (16:0/18:2n-6) and cystine were significantly
associated with CAS. Multivariate analysis showed that
age increased per 10 years (OR 3.95; 95% CI 1.98-5.23,
»<0.001), LFC (OR 1.83; 95% CI 1.21-2.58, p=0.01),
SM (16:1/18:1) (OR 0.82; 95% CI 0.73-0.94, p<0.001),de
novo lipogenesis (16:0/18:2n-6) (OR 2.01; 95% CI 1.12—
3.41, p=0.012) and cystine (OR 1.73; 95% CI 1.52—1.88,
p=0.003) were independent predictors of CAS (Fig. 3C).

Correlation between the predictive metabolites of CAS,
and metabolic and pathological index

In nonobese MAFLD with CAS, PG (18:0/20:4) was mod-
erately correlated with de novo lipogenesis (16:0/18:2n-6)
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(r=— 0.487, p=0.044, Additional file 1: Fig. S2). There
was no correlation between predictive metabolites and
metabolic index. As was shown in Additional file 1: Fig.
S3, de novo lipogenesis (16:0/18:2n-6) was found to have
a negative correlation with pathological index, includ-
ing steatosis, ballooning, NAS and SAF in MAFLD
patients without CAS. For obese MAFLD without CAS,
the correlation coefficients between de novo lipogen-
esis (16:0/18:2n-6) and L-cystine were 0.603 (p <0.001) in
the Pearson’s correlation test. SM (16:1/18:1) was posi-
tively correlated with de novo lipogenesis (16:0/18:2n-6)
(r=— 0.474, p=0.035) and TG (r=— 0.593, p=0.006,
Additional file 1: Fig. S4). There was no correlation
between predictive metabolites and pathological index
(Additional file 1: Fig. S5).

Prediction of carotid atherosclerosis with a serum
metabolite panel in nonobese and obese MAFLD patients
Based on the results of logistics analysis, ROC curve
analysis was further conducted to evaluate the pre-
dictive value of metabolites for CAS. For nonobese
MAFLD patients in deviation cohort, PE (14:1/24:1),
PG (18:0/20:4), de novo lipogenesis (16:0/18:2n-6) and
liver stiffness achieved significant area under the ROC
curves (AUC, 0.67, p=0.03; 0.63, p=0.03; 0.79, p =0.02;
p=0.75, p=0.02, respectively). The combination of these
four indexes resulted in a statistically higher AUC (0.92,
p<0.01, Fig. 3D). Likewise, in obese MAFLD patients of
deviation cohort, age was found to be significant with an
AUC of 0.84 (p<0.001) followed by LFC (0.80, p <0.001),
de novo lipogenesis (16:0/18:2n-6) (0.73, p=0.004), SM
(16:1/18:1) (0.71, p=0.004) and cystine (0.69, p=0.015).
The combination of these indexes attained a higher AUC
of 0.91 (p<0.001, Fig. 3D).

We further utilized the validation cohort to evalu-
ate the value of the predictive models. In nonobese
patients, PE (14:1/24:1), PG (18:0/20:4), de novo lipogen-
esis (16:0/18:2n-6) and liver stiffness exhibited significant
AUCs (0.61, p=0.03; 0.71, p=0.013; 0.76, p=0.02; 0.71,
p=0.004, respectively). Besides, the combination of these
indexes attained an AUC of 0.94 (p <0.001, Fig. 3D). With
regard to obese patients, age resulted in an AUC of 0.81
(p<0.001), followed by liver fat content (0.80, p <0.001),
de novo lipogenesis (16:0/18:2n-6) (0.76, p<0.001), SM
(16:1/18:1) (0.70, p=0.007) and cystine (0.64, p=0.02).
The combination had a significant AUC of 0.89 (p <0.001,
Fig. 3D).

Discussion

In this study, we revealed that metabolic profiles differed
in nonobese and obese MAFLD patients with or without
CAS. This is the first study to compare the metabonomic
predictors of CAS among nonobese and obese MAFLD
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patients. Our study identified that the PG (18:0/20:4) was
independently associated with CAS in nonobese MAFLD
but not the obese ones, and the panel of PE (20:2/16:0),
de novo lipogenesis (16:0/18:2n-6), PG (18:0/20:4) and
liver stiffness were useful in the diagnosis of CAS in
nonobese MAFLD patients with higher AUCs than the
individual significant metabolites. Therefore, our study
generated a novel non-invasive diagnostic modality for
early CAS screening in nonobese MAFLD patients using
metabolomics.

Several studies have indicated that alterations in phos-
pholipid metabolism are related to the development of
MAFLD and CVD. Circulating phospholipid patterns
have been proven to be associated with metabolic risk
factors, hepatic steatosis and inflammation severity in
MAFLD [26, 27]. Some phospholipid classes, including
lysophosphatidylcholines (lyso-PC C18:0, lyso-PC C17:0)
and phosphatidylcholines (PCaa C36:3), have been
shown a potential role in the pathogenesis of nonobese
MAFLD. Such phospholipid species were also involved
in CVD occurrence. Stegemann et al. had analysed 685
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Table 3 Clinical characteristics of validation cohort
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Characteristics Non-MAFLD Nonobese MAFLD Obese MAFLD Non-MAFLD P
without CAS with CAS
(n=60) Without CAS With CAS (n=28) Without CAS With CAS (1=32) (n—30)

(n=72) (n=68)

Age (year) 42.6+10.1 446498 4344103 442+10.2 451499 443492 0.58

Male, n (%) 40 (66.7%) 42 (61.1%) 17 (60.7%) 44 (64.7%) 20 (62.5%) 18 (60.0%) 0.64

Body mass index 229+22 235+£28 236+£27 288+£3.1 322+£2.1 31.5£25 <0.001

(kg/m?) bcdef acdef adef abcef abcdf abcde

Waist circumstance 81.747.5 822+ .64 838+72 925£69 938+72 922470 <0.001

(cm) def def def abc abc abc

Waist-hip- ratio 0.85+£0.04 0.87£0.03 0.88£0.04 0.92+£0.06 0.94+£0.05 0.9240.04 <0.001
def def def abc abc abc

SBP (mmHg) 1254+ 11 126+13 132421 133+ 15 1354+ 11 131+12 0.68

DBP (mmHg) 85+11 87+9 8612 91£12 92+10 93+38 047

ALT (UL 22 (15-31) 42 (21-59) 45 (28-72) 39(22-77) 48 (32-83) 46 (31-86) 0025
bcdef aef a aef abd abd

AST (U/L)? 25 (18-27) 32(21-39) 33 (22-49) 31 (21-77) 31 (24-52) 30 (20-53) 031

Total cholesterol 49408 52412 51409 53+1.0 53407 51409 0.79

(mmol/L)

Triglycerides 15407 22407 22408 24405 244+04 22+06 0.34

(mmol/L)

HDL-cholesterol 13+£04 13+£0.2 12+03 1.1+£07 09+06 1.0+£0.7 0.008

(mmol/L) d def ef ab bc bc

LDL-cholesterol 30+£07 32+09 35+06 36109 38+04 36107 0.13

(mmol/L)

FBG (mmol/L) 44408 52+10 53+09 54+10 55+08 55409 0.045
bcdef a a a a a

FINS (uU/mL)? 89+15 90+£19 93+13 94+17 154428 139418 0.008
def ef ef aef abcd abcd

HOMA-IR® 1.56 (1.0-2.25) 1.65(1.28-2.11) 1.68 (1.38-2.89) 1.70(0.96-2.40) 2.39(1.83-5.62) 2.09(1.13-2.62) 0.14

Uric acid (umol/L)  368+72 389+£95 414479 475487 496494 478477 0.001
def def def abc abc abc

CAP (dB/m) 203+ 14 278427 285422 310422 313428 215+17 <0.001
bcde adef adef abcf abcf bcde

Liver stiffness (kPa) 59418 52408 57411 66+13 80423 53406 0.038
e de de bcf abcdf de

a, b, ¢, d, e, f, g-refer to statistic significant after post-hoc multiple comparisons with Bonferroni adjustments when compared with Non-MAFLD without CAS (a),
Nonobese MAFLD without (b) or with (c) carotid atherosclerosis, obese MAFLD without (d) or with (e) carotid atherosclerosis and non-MAFLD with CAS (f).

MAFLD, metabolic dysfunction-associated fatty liver disease; CAS, carotid atherosclerosis; SBP, systolic blood pressure; DBP, diastolic blood pressure; ALT, alanine
aminotransferase, AST, aspartate aminotransferase, HDL, high-density lipoprotein-cholesterol; LDL, low-density lipoprotein-cholesterol; FBG, fasting blood glucose;
HOMA-IR, homeostasis model assessment of insulin resistance; CAP, controlled attenuation parameter

2 Continuous variables are expressed as median with IQR for non-Gaussian distribution

plasma samples of prospective study and revealed that
levels of lysophosphatidylcholines (lyso-PC), cholesterol
esters (CE), PC, PE, SM and triacylglycerols (TAGs)
were associated with CVD and the strongest predictive
metabolites were PE (16:1) and PE (36:5) over a 10-year
observation [28]. Roe et al. further performed a sec-
ondary analysis of a cross-sectional study involving 296
older adults demonstrated that higher concentrations of
PC were associated with a favourable cardiometabolic
risk-factor profile (higher HDL-C, lower BMI, lower
WC, and lower odds of hypertension and diabetes) [29].
Paapstel et al. conducted a study including 52 patients

with coronary artery disease, 32 patients with peripheral
arterial disease, and 40 healthy individuals revealed that
significantly decreased serum levels of phosphatidylcho-
line (PC) and lysoPC species (e.g., PC aa C28:1, PC aa
C30:0, PC aa C32:2, PC ae C30:0 and PC ae C34:2, lysoPC
a C18:2) were observed in the patient groups compared
with the healthy subjects [30]. PG was found to have
positive genetic correlations (r: 0.64—0.82) with CVD
from the Busselton Family Heart Study consisting of
4492 individuals from Western Australia [31]. However,
phospholipid markers of MAFLD-associated CVD have
not been reported yet. Our data found that a set of PC
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Table 4 Serum  metabolites  associated  with  carotid
atherosclerosis in the nonobese and obese MAFLD patients

Factors Nonobese MAFLD Obese MAFLD
Univariate Univariate
OR (95%Cl) P OR (95%Cl) P

Male 0.99 (0.31-3.20) 0.99 1.71(0.34-8.69) 0.52
Age increased per 095 (067-134) 0.76  3.32(1.57-4.85) <0.001
10 years
Body mass index 02(0.78-134) 0.88 1.03(0.95-1.11) 0.46
Increased WC 0.98(0.90-1.08) 0.76  1.03(0.97-1.12) 0.56
Hypertension 02 (0.98-1.05) 032 1.01 (0.98-1.04) 0.60
ALT>40 U/L 0.98 (0.96-1.01) 0.07  0.99(0.98-1.01) 0.51
CHOL>5.7 mmol/L  0.89 (O 53-1.48) 0.65 1.10 (0.59-2.06) 0.77
Triglycer- 222(061-8.08) 0.23 1.56 (0.83-2.92) 0.17
ides> 1.7 mmol/L
LDL-C>3.4 mmol/L 02 (0.50-2. 09) 096  1.40(0.57-3.40) 0.46
HOMA-IR>2.5 2(0.77-162) 057 097 (046-2.05) 0.95
Liver stiffness 2.59(1.21-5. 54) 0.014 1.52(0.95-2.42) 0.08
Liver fat content 0.97 (0.90-1.05) 052 1.52(1.08-2.14) 0.016
Pancreas fat content  1.27 (0.75-2.17) 037  1.05 (0.89-1.25) 057
Alpha tocophereol 1.62(0.52-2.43) 031 1.35(0.92-1.94) 0.15
PE (20:2/16:0) 0.68 (045-0.98) 0.038 1.26(0.83-1.49) 031
-glutamine 0.73(0.29-1.83) 0.50 03 (0.98-1.06) 0.81
PC (18:2/20:2) 0.59(042-0.86) 044  0.97(0.89-1.05) 0.89

M (16:1/18:1) 1.59(0.58-2.69) 022 0.79 (058 096) 0.025
p-threitol 1.22 (0.42-2.49) 0.65 2(0.73-2.63) 0.62

G (18:0/20:4) 0.76 (0.58-0.92) 0.019 202 (O 93-2.99) 0.54
DNL (16:0/18:2n-6) 242 (1.08- 340) 0.032 253(1.23-3.98) 0.020
Cystine 068(0.22-1.72) 048 1 69( 44-193)  0.008
L-leucine 1.12(0.92-1 24) 0.53 5(0.91-259) 0.29

ALT, alanine aminotransferase; CHOL, total cholesterol; LDL, low-density
lipoprotein-cholesterol; HOMA-IR, homeostasis model assessment of insulin
resistance; FBG, fasting blood glucose; PE, phosphatidylethanolamine; PC,
phosphatidylcholine; SM, sphingomyelin; PG, phosphatidylglycerol; DNL, De
novo lipogenesis

(18:2/20:2) and PE (20:2/16:0) were associated with CAS
both in nonobese and obese MAFLD patients, while PG
(18:0/20:4) was independently associated with CAS only
in nonobese patients with MAFLD. PG is a glycerophos-
pholipid that functions as a precursor for cardiolipin
production, which participates in forming the mitochon-
drial inner membrane and maintaining mitochondrial
transmembrane potential. Lower PG levels might reflect
the defective CL remodelling. CAS may be explained by
the disruption of the endothelial protective roles of CL in
mitochondrial bioenergetics, autophagy/mitophagy, and
mitogen-activated protein kinase (MAPK) pathway acti-
vation [32]. Thus our results verified the previous find-
ings and suggested a potential role of PG as a marker for
CVD in nonobese patients with MAFLD.
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Increased de novo lipogenesis is a distinct characteris-
tic of individuals with MAFLD [33]. Our results further
revealed that increased de novo lipogenesis (the ratio
of 16:0/18:2n-6 fatty acids) was a significant predictor
of CAS in both nonobese and obese MAFLD patients,
with AUCs of 0.75 and 0.64 respectively. It suggested that
increased de novo lipogenesis might be an important
cause of lipid metabolism disorder in both MAFLD and
CVD. It has been further supported by a recent longi-
tudinal prospective study conducted by Lai et al. which
demonstrated that long-term levels of 16:0, 16:1n-7, and
18:1n-9 were each positively associated with incident
total mortality and CVD-related mortality, whereas an
inverse relationship existed with 18:0 fatty acids during
a median follow-up of 13 years [34]. Furthermore, fatty
acid synthase (FAS), the key de novo lipogenesis enzyme,
has increased activity in the setting of diabetes and was
proven to contribute to atheroprogression in carotid
arteries of patients by changing lipid species levels [35].
Therefore, targeting liver lipid synthesis is of great signifi-
cance for estimating the risks of progression to CVD in
MAFLD.

Previous studies have shown that obesity and insu-
lin resistance could lead to the increment of branched-
chain amino acid (BCAAs) in serum. BCAAs have been
regarded as the risk predictor of IR and CVD, and are
correlated with the fat accumulation in the liver [36—38].
Zhang et al. hypothesized that in the liver, BCAAs acti-
vate mTOR, which inhibits autophagy and the FFA to
triglycerides conversion, blocking the hepatic outflow
pathway of FFAs and thus intensifying the lipotoxicity of
FFAs. Furthermore, the blockade of autophagy increased
cell death via apoptosis [39]. Elevation in BCAAs can
result in the accumulation of catabolic intermediates, and
incomplete oxidation of fatty acids and glucose contrib-
uting to mitochondrial dysfunction of pancreatic B-cells.
BCAASs are essential to mediate the transport of carbon
substrates for oxidation through the mitochondrial tricar-
boxylic acid cycle (TCA). Besides, an impaired upregula-
tion of BCAA-mediated TCA is regarded as a significant
contributor to mitochondrial dysfunction in liver steato-
sis. Acylcarnitine C3 and C5, generated by the catabolism
of BCAAs in the liver and skeletal muscle were associated
with the direct onset of obesity and IR [40]. Therefore, a
high concentration of circulating BCAAs may account
for the presence of lean MAFLD [39]. It has been found
that dietary essential amino acids could ameliorate liver
steatosis by inducing polyubiquitination of Plin2, a lipid
droplet-stabilizing protein. Leucine and isoleucine, two
BCAAs, were strongly associated with the activation of
E3 ubiquitin ligase Ubrl, targeting Plin2 for degradation.
It was demonstrated that the amino acid-induced Ubrl
activity was necessary to prevent steatosis in mouse livers
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and cultured human hepatocytes [41]. Furthermore, a
previous cross-sectional study of 102 subjects indicated
that elevated plasma glutamate levels were associated
with increased CIMT, independently of established CVD
risk factors [42]. Our study further demonstrated that
cystine and L-leucine differentially expressed among six
groups and cystine was associated with CAS only in the
obese MAFLD patients.

Vitamins, including vitamin B, C, D and E, were found
significantly associated with CAS and have been regarded
as protective factors for CVD in the previous studies [43—
46]. Besides, it is noteworthy that Vitamin E, an impor-
tant antioxidant, was recommended by many guidelines
as one of the medicines with potential therapeutic effects
on liver steatosis [47, 48]. Up to now, no relevant evi-
dence has been found about the association between
vitamin deficiencies and CAS in nonobese MAFLD.
However, our present study found that the serum level of
a-tocopherol, the hydrolysate of vitamin E, had the revise
relationship with CAS in nonobese MAFLD.

Although those pathways that are directly associated
with CAS in nonobese MAFLD remain unclear, there
is a distinct pathway correlated with inflammation in
nonobese MAFLD; namely, dysfunctional visceral adi-
pose tissue that leads to activating sterol regulatory ele-
ment binding protein cleavage-activating protein (SCAP)
nuclear factor kappa B (NFxB) pathway in macrophage
inflammatory response, which induced increased fibrosis
severity in the liver and which has been demonstrated as
the independent progression markers of CAS [49-51].

There are several strengths in the present study. Firstly,
we utilized HPLC-QTOF-MS and GC-MS to com-
pare the entire metabolic profiles among nonobese and
obese MAFLD patients with/without CAS. Secondly, a
derivation cohort and a validation cohort were recruited
to explore and test the performance of the predictive
metabolites of CAS. The results indicated that the com-
bination of several metabolites was considerably effective
in predicting the presence of CAS. Thirdly, we utilized
MRI-PDFF to quantify LFC and 2D-SWE to perform liver
stiffness measurements. MRI-PDFF has been regarded
as a novel non-invasive assessment of fat content in the
whole liver and pancreas, while 2D-SWE has the high-
est diagnostic accuracy for staging fibrosis in MAFLD
patients.

The main limitation of the present study is that we did
not perform a long-term follow-up with the involved
patients to validate whether these predictors can longi-
tudinally detect changes in MAFLD patients with CAS.
Additionally, the number of patients in the two cohorts
was limited, although we confirmed that the number was
sufficient to attain statistical significance. Also, we mainly
focused on the comparison of metabolic characteristics
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via HPLC-QTOF-MS and GC-MS without performing
metabolic pathway analysis or investigating gene poly-
morphisms that predispose those with MAFLD to the
presence of CAS.

Conclusions

Fifty-six metabolites belonging to amino acids, carbo-
hydrates, vitamins, and lipid families were found to be
significant in discriminating among nonobese and obese
MAFLD patients with/without CAS and healthy individ-
uals. The combination of PE (20:2/16:0), de novo lipogen-
esis (16:0/18:2n-6), PG (18:0/20:4) and liver stiffness were
strong predictors of CAS in nonobese MAFLD patients.
While for obese patients, the combination of cystine,
SM (16:1/18:1), de novo lipogenesis (16:0/18:2n-6), age
and LFC were correlated with CAS. Based on our find-
ings, diagnostic models combining different metabolites
according to BMI categories could improve the accu-
racy of identifying subclinical CAS, which highlights the
necessity of establishing metabolic and individualized
CAS screening among MAFLD patients with different
BMIs.
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MAFLD Metabolic dysfunction-associated fatty liver disease
CVD Cardiovascular disease

CIMT Carotid intimal-medial thickness
CAS Carotid atherosclerosis

BMI Body mass index
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FBG Fasting blood glucose

ALT Alanine aminotransferase
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GC-MS Gas chromatography-mass spectrometry
LFC Liver fat content
PFC Pancreas fat content
MRI-PDFF  Magnetic resonance imaging-based proton density fat fraction
CAP Controlled attenuation parameter
HOMA-IR  Homeostatic model assessment of insulin resistance
ASFT Abdominal subcutaneous fat thickness
PLS-DA Partial least squares-discriminant analysis

VIP Variable importance in the projection
BCAAs Branched-chain amino acid
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