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Introduction: Obesity has been historically associated with nonalcoholic fatty
liver disease (NAFLD), but it can also occur in lean individuals. However, limited
data is available on this special group. To investigate the clinical and proteomic
characteristics of lean subjects with NAFLD, and to identify potential clinical
variables and plasma proteins for diagnosing NAFLD in lean individuals, we
collected clinical data from a large cohort of 2,236 subjects.

Methods: Diagnosis of NAFLD relied on detecting pronounced hepatic steatosis
through abdominal ultrasonography. Participants were categorized into four
groups based on body mass index: overweight NAFLD, overweight control, lean
NAFLD, and lean control. Plasma proteomic profiling was performed on samples
from 20 subjects in each group. The lean NAFLD group was compared to both
lean healthy and obese NAFLD groups across all data.

Results and discussion: The results indicated that the lean NAFLD group exhibited
intermediate metabolic profiles, falling between those of the lean healthy and
overweight NAFLD groups. Proteomic profiling of plasma in lean subjects with or
without NAFLD revealed 45 statistically significant changes in proteins, of which 37
showed high diagnostic value (AUC > 0.7) for lean NAFLD. These potential
biomarkers primarily involved lipid metabolism, the immune and complement
systems, and platelet degranulation. Furthermore, AFM, GSN, CFH, HGFAC, MMP2,
and MMP9 have been previously associated with NAFLD or NAFLD-related factors
such as liver damage, insulin resistance, metabolic syndromes, and extracellular
homeostasis. Overall, lean individuals with NAFLD exhibit distinct clinical profiles
compared to overweight individuals with NAFLD. Despite having worse metabolic
profiles than their healthy counterparts, lean NAFLD patients generally experience
milder systemic metabolic disturbances compared to obese NAFLD patients.
Additionally, the plasma proteomic profile is significantly altered in lean NAFLD,
highlighting the potential of differentially expressed proteins as valuable biomarkers
or therapeutic targets for diagnosing and treating NAFLD in this population.
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1 Introduction

Nonalcoholic fatty liver disease (NAFLD) is a condition
characterized by significant lipid deposition in the liver
parenchyma without history of excessive alcohol consumption.
The prevalence of NAFLD has reached high levels worldwide
(~25%). Around 10-30% of people with NAFLD may develop a
more serious condition called nonalcoholic steatohepatitis (NASH),
which is characterized by hepatic inflammation and fibrosis. In
some cases, patients with NASH may even progress to cirrhosis and
develop various liver-related complications due to ongoing
liver injury.

NAFLD is a pathogenically complex and clinically heterogeneous
disease. It is strongly linked with metabolic syndrome (MetS)
components such as obesity, diabetes, dyslipidemia, and
hypertension (1). Although NAFLD is more common in the obese,
a small but significant subset of patients are lean, which is defined as
lean or non-obese NAFLD (2, 3). The definition of lean NAFLD
commonly involves ethnic-specific BMI cut-offs, such as 25 kg/m” for
Caucasians and 23 kg/m? for Asians (4).

Non-obese NAFLD is becoming increasingly prevalent
worldwide. There is a strong ethnic difference in BMI and risk of
NAFLD (5). It is noteworthy that Chinese populations have similar
rates of NAFLD as western populations, even at much lower BMI
levels (4). Lean NAFLD patients generally experience a less severe
phenotype with better histologic and biochemical profile compared
to those with a higher BMI. However, they may still exhibit full
range of histopathological characteristics of NASH, including
steatosis, lobular inflammation, hepatocyte ballooning, and/or
fibrosis (6-8). Additionally, lean NAFLD subjects are prone to
similar health issues and associated diseases as their obese
counterparts, such as type 2 diabetes, cardiovascular disease, and
hepatocellular carcinoma. Multiple studies have demonstrated that
fibrosis progression is more rapid in this population, placing them
at a higher risk for the development of severe liver disease in the
future. Several studies have shown that fibrosis progression is faster
in this group, putting them at higher risk for severe liver disease in
the future (9, 10). In fact, there is accumulating evidence to suggest

Abbreviations: WBC, white blood cells; RBC, red blood cells; HGB, haemoglobin;
HCT, haematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular
haemoglobin; MCHC, mean corpuscular haemoglobin concentration; PLT, platelet;
RDW, red blood cell distribution width; MPV, mean platelet volume; N, neutrophil;
LY, lymphocyte; MO, monocyte; EO, eosinophil; BASO, basophils; TBA, total bile
acid; CHE, cholinesterase; TB, total Bilirubin; DB, direct bilirubin; TP, total protein;
ALB, albumin; y-GT, y-glutamyl transferase; AKP, alkaline phosphatase; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; GA, glycated
albumin; HbAlc— hemoglobin Al HDL, high density lipoprotein; LDL, low
density lipoprotein; TC, total cholesterol; TG, triglyceride; FBG —fasting blood
glucose; Lp(a), lipoprotein a; BUN, blood urea nitrogen; Cr, creatinine; UA, uric
acid; GFR, glomercular filtration rate; TgAb, thyroglobulin antibodies; TPOAb,
thyroid peroxidase antibodies; TG-AB, thyroglobulin antibody; TR-Ab, thyrotropin
receptor antibody; T3, 3,5,3’-L-triiodo-thyronine; T4, 3,5,3’,5-L-tetraiodo-
thyronine; FT3, free T3; FT4, free T4; TSH, thyroid stimulating hormone.
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that lean NAFLD might be a distinct pathophysiological entity, with
approximately 47%-65% cases resulting in NASH. The underlying
pathophysiology is not well understood.

The early diagnosis and intervention of NAFLD is critical due to
its progressive nature. The current gold standard for NAFLD
diagnosis remains histological examination of liver biopsy
specimen despite it is an invasive procedure with inevitable
sampling bias and interobserver variability. It is also unlikely to
be widely accepted in the real life. Instead, noninvasive methods,
such as biomarker panels and imaging, are widely applied for
diagnosing NAFLD in clinical practice. Radiologic modalities like
ultrasonography are useful screening tools widely available and
relatively accurate in diagnosing of fatty liver disease, although
ultrasonography is operator dependent and cannot stage liver
damage progression, such as hepatic fibrosis in NAFLD patients
(11). Blood-based tests for liver diseases have gained attention in
recent years (12), particularly the comparison of proteomes between
disease and control blood samples to discover blood biomarkers of
NAFLD. Blood indicators such as alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) may not elevate until
histological liver injury occurs. Given that ALT levels may remain
normal or only intermittently elevated in many patients with
NAFLD, even those with advanced fibrosis, it is urgent to find
better ways to evaluate NAFLD patients. This is particularly
important for identifying individuals at risk for non-obese
NAFLD, who lack the typical obesity phenotype and may not
seek medical attention for NAFLD diagnosis. On the other hand,
despite some progress in better understanding the disease, there has
been little research on lean NAFLD due to the close relationship
between obesity and NAFLD.

Mass spectrometry-based proteomics technology has
revolutionized our ability to explore the complex and dynamic
world of proteins. This cutting-edge technology holds great
potential to provide new insights into disease mechanism and
biomarker discovery (13-15). In this study, we aim to identify
possible clinical variables and plasma proteins that offer potential
application for diagnosing NAFLD in lean subjects. Additionally,
we aim to discover novel biomarkers for lean NAFLD diagnosis. We
hope to identify a panel of dependable protein biomarkers, instead
of relying on a single marker, which could also improve the early
detection of disease among at-risk group.

2 Materials and methods
2.1 Participants

Participants were recruited from Putuo Hospital Affiliated to
Shanghai University of Traditional Chinese Medicine, Shanghai,
China, between March 2019 and November 2021. The inclusion
criteria were 16-75 years of age, non-alcoholic people (alcohol
intake < 210 g/week for men, <140 g/week for women), the
availability of liver ultrasound data, and the availability of
relevant demographic, clinical and examination information.
Exclusion criteria were 1) laboratory or clinical evidence of
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autoimmune, viral, inherited causes of liver disease or of drug
induced liver injury; 2) in combination with extrahepatic fibrotic
diseases including systemic lupus erythematosus, rheumatic
diseases, renal failure, chronic obstructive pulmonary disease, and
so on;3) malignant tumors, significant cardiovascular and
cerebrovascular, urinary, kidney, hematopoietic system and other
severe primary diseases or complications; 4) mental illness; 5)
patients with type 1 diabetes or uncontrolled type 2 diabetes
mellitus (defined as HbAlc> 9.5%), those who have adjusted
hypoglycemic drugs 2 months before enrollment, or who have
experienced severe hypoglycemic events; 6) thyroid dysfunction,
including hyperthyroidism, hypothyroidism, subclinical
hypothyroidism, Hashimoto’s thyroiditis;

In total, 2,236 subjects meeting the criteria were recruited for
this study. In line with the Guideline of prevention and treatment of
nonalcoholic fatty liver disease (2018, China) formulated by the
National Workshop on Fatty Liver and Alcoholic Liver Disease od
Chinese Medical Association and Fatty Liver Disease Expert
Committee of Chinese Medical Doctor Association (16), in the
absence of other causes of fatty liver disease, NAFLD was diagnosed
based on the detection of significant hepatic steatosis on abdominal
ultrasonography. To minimize the subjective influence of different
doctors on the results, each examination of included patients in this
study was conducted by two ultrasound physicians. The protocol
received approval from the Medical Ethics Committee. All
participants have signed informed consent.

Ethnic-specific BMI cut-offs of 25 kg/m2 for Caucasians and 23
kg/m2 for Asians are typically used to define the “lean” population.
For our study, only Chinese participants were included, and we used
the Asian-specific BMI criteria to classify individuals as “lean” (BMI
<23) or “overweight” (BMI = 23). Controls were healthy volunteers
with no signs of liver disease or other chronic diseases. Participants
were divided into two cohorts. The overweight cohort included
overweight NAFLD group (n=1,100) and overweight control group
(n=312), the lean cohort consisted of lean NAFLD group (n=403)
and lean control group (n=421). Samples of 20 subjects in each
group were used for plasma proteomic profiling.

2.2 Clinical and laboratory assessment

Venous blood was collected after overnight fasting for a
minimum of 12 h. Participants underwent a standard physical
examination that included blood pressure, height, weight, and
waist circumference and hip circumference. Body mass index
(BMI) was measured as the body weight in kilograms divided by
the square of the height of the body in meters (kg/m?). Detailed
medical histories were obtained via questionnaire. Laboratory
investigations included measurement of routine blood
examination, fasting plasma glucose, lipid panel, liver
biochemistry, and renal biochemistry, thyroid function tests were
carried out on an automated chemistry analyzer (Hitachi 7600d-
210, Japan).

The FIB-4 index was employed to assess the likelihood of
significant liver fibrosis in participants. A higher FIB-4 score
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indicates a greater likelihood of fibrosis. FIB-4 scores are interpreted
as below: scores below 1.30 indicate a low risk of significant fibrosis;
scores between 1.30 and 2.67 indicate an indeterminate risk of
significant fibrosis, requiring further evaluation; scores equal to or
above 2.67 indicate a high risk of significant fibrosis (17-19)

2.3 Peptides preparation for MS analysis
(high abundant protein depletion, protein
extraction and digestion)

Removal of high abundant plasma proteins was performed
using a High-SelectTM Topl4 Abundant Protein Depletion Spin
Column (Thermo Fisher Scientific) in accordance with the
manufacturer’s instructions. In brief, 10 UL of plasma sample was
loaded onto the column and incubated at room temperature with
gentle end-over-end mixing for 10 min. The filtrate was then
collected by centrifuging at 1,000 g for 2 min. The resulting
depleted protein sample was precipitated with acetone at -20°C
for 2 h, followed by dissolution in 6 M guanidine hydrochloride and
50 mM ammonium bicarbonate (NH,;HCOj3, pH 8.0). The protein
concentration was determined using BCA protein assay.

Dithiothreitol (final concentration of 20 mM) was added to the
solution and incubate at 57°C for 30 min to reduce disulfide bonds,
then iodoacetamide (final concentration of 80 mM) for alkylation of
the free thiol group was added and incubated at room temperature
for 30 min in the dark. To exchange the buffer and digest the
protein, we employed filter-aided sample preparation (FASP)
method developed by Wisniewski et al. (20) Briefly, proteins were
loaded in 10 kDa centrifugal filter tubes (Merck) and washed with
50 mM NH,HCO; for three times. Afterwards, samples were
treated with sequence-level trypsin (Promega, Madison, MI) at an
enzyme substrate ratio of 1:50 for 16 h at 37°C in 50 mM
NH4HCO;. The peptides were eluted by centrifugation and
desalted using a MonoSpin C18 column (GL Science,
Tokyo, Japan).

2.4 LC-MS/MS proteomic analysis

Peptide samples were analyzed on an Easy-nLC 1000 system
(Thermo Fisher Scientific) coupled with an Orbitrap Fusion Lumos
mass spectrometer (Thermo Fisher Scientific). Separation of the
peptide mixture was achieved using a PepMap C18 column (2um,
75um*250mm) at a flow rate of 300 nL/min over a 120 min gradient
(mobile phase A was 0.1% formic acid in water; mobile phase B was
0.1% formic acid in acetonitrile). The analytical column
temperature was set at 50°C during the experiments. The elution
gradient was as follows: 0-2 min, 2 to 8% B; 2-82 min, 8 to 28% B;
82-102 min, 28 to 32% B; 102-120 min, 32 to 95% B.

Mass spectrometry was operated under a data-dependent
acquisition (DDA) mode. The spray voltage was set at 2,200 V in
positive ion mode and the ion transfer tube temperature was set to
275°C. For the MSI full scan, ions with m/z ranging from 350 to
1,800 were acquired by Orbitrap mass analyzer at a resolution of
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120,000. The automatic gain control (AGC) target was set as le6
and the maximum ion injection time was 50 ms. For the
MS2 acquisition, a top-speed mode was employed with a duty
cycle time of 3 s. Precursor ions were selected and fragmented with
higher energy collision dissociation (HCD) of 30%. The resulting
fragment ions were analyzed by Orbitrap mass analyzer, with the
MS2 scan resolution set to 15,000 and an isolation window of 1.6 m/
z. The AGC and maximal ion injection time for MS2 were set at 1e5
and 22 ms, respectively. A dynamic exclusion time of 60 s
was applied.

2.5 MS database searching and differential
protein analysis

MS raw data were processed using Proteome Discoverer 2.4 and
searched against Swissprot human proteome database (released on
June 20, 2021). Trypsin was set as the protease. The maximum
number of missing cleavage site was set to 2 with a minimum
peptide length of 7. The false discovery rates (FDR) of peptide,
protein and site were all < 0.01. Carbamidomethyl (C)
was considered as a fixed modification, and oxidized methionine,
protein N-term acetylation, asparagine and glutamine deamidation
were set as variable modifications.

A label-free quantification algorithm was used for protein
quantitation. The protein abundance in each sample was
determined as the sum of all normalized peptide areas for a given
protein. For statistical analysis, proteins with valid values in at least
70% of the samples in one experimental group were further
considered. Proteins with altered expression in NAFLD compared
to healthy controls were identified by a two-sided t-test (P value <
0.05) and were defined as upregulated or downregulated if the N/H
ratio was greater than 1.20 or less than 0.833, respectively. The top
Gene Ontology (GO)/annotation terms were enriched using
Cytoscape plug-in ClueGO and DAVID Bioinformatics
Resource 6.8.

2.6 Statistical analysis

Statistical analysis was carried out using the statistical software
SPSS 25.0 (SPSS Inc. Chicago, United States). Chicago, United
States). The Pearson 2 test was applied to categorical variables
based on the sample size and theoretical frequency, the continuous
correction formula of chi-square test or Fisher’s exact probability
method was used if necessary. Continuous normally distributed
variables were compared between groups using Student’s T test,
expressed as mean + standard deviation (SD), t-test for
homogeneity of variance, and t’ test for unequal variance.
Continuous variables that were not normally distributed were
compared between groups using the Mann-Whitney U test and
reported as M (P25, P75). A p value less than 0.05 was considered
statistically significant in all cases. To assess the diagnostic power of
each potential biomarker in NAFLD, we used the area under the
receiver operating characteristic (ROC) (AUC) curve.
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3 Results
3.1 Clinical and biochemical characteristics

We collected clinical data from a large cohort of 2,236 subjects
and used samples from 20 subjects in each group for plasma
proteomic profiling. Figure 1 illustrates the overall study design.
To exclude the influence of BMI, we initially compared the clinical
characteristics and proteome profiles of subjects within each cohort,
i.e., overweight NAFLD vs. overweight control, lean NAFLD vs.
lean control. To better understand the differences in the
pathogenesis of NAFLD between lean and overweight individuals,
we then compared the data of lean NAFLD patients to that of
overweight NAFLD patients. The demographic, clinical and
biochemical characteristics are shown in Table 1.

The results show that middle-aged subjects have a higher
prevalence of NAFLD. The overweight NAFLD group included
636 males (57.8%) and 464 females (42.2%), while the lean NAFLD
group had a higher proportion of females (66.5%). Both the lean and
overweight NAFLD groups had slightly higher BMIs than
their respective healthy counterparts. Although the mean
aminotransferase levels in lean NAFLD fall within the normal
range, NAFLD patients in both lean and overweight cohorts
exhibited elevated levels of ALT and AST, as well as AKP, y-GT
and CHE compared to their healthy counterparts.

Significant differences in almost all blood lipid indices,
including HDL, LDL, TC, TG, APOB, and APOA1, were
observed in both cohorts. While this study did not include
subjects with hyperlipidemia or hypertriglyceridemia, both the
overweight and lean NAFLD groups showed significantly higher
levels of serum LDL, TC, TG, APOB, and lower levels of HDL and
APOAI1 than their healthy counterparts. These findings emphasize
that a disorder of lipid metabolism can be present and may
contribute to fatty liver disease in individuals with a normal weight.

As for the complete blood count test, significant higher levels of
HGB, HCT, RBC and WBC were observed in both lean and
overweight NAFLD groups when compared to their respective
control groups. The overweight NAFLD patients exhibited the
highest levels of HGB, HCT, RBC, and WBC. In addition,
NAFLD patients also had significant raised fasting blood glucose,
indicating a worse metabolic profile. According to research, an
elevated platelet count might be linked to NASH (21), but this
correlation was only found among overweight individuals with
NAFLD compared to overweight controls. Lean NAFLD patients
exhibited even significantly lower platelet count compared to their
healthy counterparts.

The thyroid hormones are essential regulators of metabolism
including lipid metabolism in the liver. Our findings in the
overweight cohort were consistent with previous reports, showing
a direct relationship between NAFLD and decreasing levels of FT4
(22). However, there was no significant difference in FT4 levels
between the two lean groups. Both overweight and lean NAFLD
patients showed increased levels of TSH, which is positively linearly
associated with NAFLD risk, even within the euthyroid reference
range (23). Notably, we found that lean NAFLD subjects had
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FIGURE 1

Study outline and proteomic workflow. Using BMI of 23 as the cut-off value, eligible NAFLD patients and healthy individuals were divided into
overweight NAFLD group, overweight control group, lean NAFLD group and lean control group. The clinical data were collected from a large cohort

of 2,236 subjects, with the number of subjects in each group indicated (A).

Samples of 20 subjects in each group were used for plasma proteomic

profiling (B). Fasting plasma was collected and analyzed using a MS-based proteomics strategy, including protein extraction, high abundant protein
depletion, protein digestion, LC-MS/MS analysis, database search, and further computational analysis (C).

significantly higher TSH levels than overweight NAFLD subjects
(P<0.01).Numerous observational studies suggest that individuals
with NAFLD have a significantly higher incidence of CKD
compared to those without NAFLD (24-26). Uric acid (UA) and
blood urea nitrogen (BUN) levels were notably elevated in both lean
and overweight NAFLD patients compared to their matched
healthy controls, with the highest levels of these indicators
observed in overweight NAFLD. While creatinine has been
reported as a factor associated with NAFLD in several studies (8)
(27), we did not observe statistically significant differences in
creatinine levels between NAFLD patients and controls in both
overweight and lean cohorts.

3.2 Plasma proteome profiling

3.2.1 Overview

Label-free quantitative proteomics was conducted on plasma
samples from 40 NAFLD patients and 40 healthy controls. The
clinical characteristics of these subjects are shown in Table 1. After
depletion of high-abundant blood proteins, a total of 959 proteins
were identified, with 677 of these proteins being identified with > 2
unique peptides. We quantified on average 621 proteins per
individual. The dataset was filtered to ensure a 70% data
completeness in at least one experimental group. Proteins that
show a significant change >20% (with fold changes of > 1.20 or <
0.83) between any two groups (p<0.05) were considered as
differentially expressed proteins (DEPs).
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We first compared the proteome profiles of lean and overweight
NAFLD patients and found that 54 proteins were significantly
different between the two groups (Table S2). This suggests that
lean NAFLD might be a distinct pathophysiological entity. Volcano
plots were used to illustrate variations in the proteome profile,
showing the ratio of mean protein concentrations of lean NAFLD to
overweight NAFLD subjects (Figure 2A). In addition, a heat map
was generated by hierarchically clustering the variables that
effectively discriminating between the two groups with fold
change > 1.20 or < 0.83 (Figure 2D).

When comparing the plasma proteome profiles of lean NAFLD
to that of lean healthy controls, we identified 62 proteins that differ
significantly between the two groups, with 34 proteins were
upregulated and 28 were downregulated (Table 2 and Figures 2A,
B). To validate the biological relevance of this dataset, pathway
annotation was conducted using the ClueGO plug-in in Cytoscape
and DAVID Bioinformatic Resource. The results suggest that these
62 candidate proteins are mainly involved in biological processes
such as complement activation, platelet degranulation, neutrophil
degranulation, cell adhesion, and immune and inflammatory
response (Figure 2E).

In the comparison between overweight NAFLD and overweight
healthy controls, significant changes were observed in the levels of
59 proteins, of which 30 and 29 were up- and down-regulated,
respectively (Table S1 and Figures 2A, B). GO enrichment of DEPs
associated with overweight NAFLD in term of biological process is
shown in Figure S1. As shown in Venn diagram (Figure 2C), among
the DEPs identified in the overweight cohort, 9 proteins also
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TABLE 1 Demographic, clinical, anthropometrical and laboratory characteristics of the study population.

Variables

Lean NAFLD
(n=403)

Lean control
(n=421)

Demographic data & physical characteristics

Overweight NAFLD

(n=1100)

Overweight
control
(n=312)

10.3389/fendo.2023.1171397

Gender (M/F) 135/268 78/343 636/464 145/167 <0001 | <0.001 <0.001
Age (year) 48.00(37.00,58.00) 42.00(31.00,51.00) 53.00(44.00,65.00) 50.00(39.25,58.75) <0001 | <0.001 <0.001
Height (cm) 163.00 162.00 167.00(160.00,173.00) 164.00(157.00,172.00)  <0.001 | 0.009 <0.001
(158.00,172.00) (157.00,167.00)
Weight (kg) 58.00(54.00,64.00) 54.00(51.00,59.00) 74.00(66.00,82.00) 68.00(61.25,75.00) <0001 | <0.001 <0.001
BMI (kg/m?) 22.10(21.00,22.80) 20.90(19.80,21.90) 26.60(25.10,28.50) 24.71(23.84,26.23) <0001 | <0.001 <0.001
FIB4 index 0.96(0.65,1.39) 0.90(0.57,1.31) 0.93(0.30,1.51) 0.99(0.55,1.44) <005 | 0370 0.189
Blood routine examination
FBG (mmol/L)  4.90(4.60,5.40) 4.80(4.50,5.10) 5.30(4.80,5.90) 5.00(4.70,5.40) <0001 | <0.001 <0.001
WBC (x109/L) | 6.10(5.10,7.15) 5.70(4.80,6.70) 6.50(5.60,7.50) 6.00(5.20,7.00) <0001 | <0.001 <0.001
RBC (%) 453(4.26,4.87) 434(4.10,4.64) 4.77(4.47,5.09) 4.61(4.33,4.89) <0001 | <0.001 <0.001
Haemoglobin 137.00 130.00
. (126.00.145.00) (125.00.140.00) 145.00(134.00,155.00) 140.00(128.25,150.00)  <0.001 | <0.001 <0.001
Haematocrit (%)  40.80(38.00,43.70) 38.80(36.70,41.40) 42.90(40.20,45.50) 41.20(38.40,44.20) <0001 | <0.001 <0.001
MCV (fL) 89.40(87.05,92.10) 89.60(87.30,92.30) 90.00(87.30,92.20) 89.70(87.20,92.60) 0.513 0.801 0.126
MCH (pg) 30.20(29.10,31.10) 30.30(29.20,31.10) 30.50(29.50,31.40) 30.50(29.60,31.40) 0576 | 0.824 <0.001
MCHC (g/L) (33336(']‘_):0)342.00) ?3325;_)30)342'00) 337.00(331.00,344.00) 338.00(331.00,343.00) 0294 0533 0.008
Platelet (x100/) 22020 240.00 243.00(206.00,284.00) 228.00(195.00,270.00)  0.894 <0.001 0.629
(206.00,285.00) (206.00,281.00)
RDW (x1012/L)  12.40(12.10,13.10) 12.50(12.00,13.10) 12.50(12.10,13.00) 12.50(12.10,13.00) 0768 | 0.758 0.881
MPV (fL) 10.60(10.00,11.20) 10.60(10.10,11.20) 10.42(9.90,11.20) 10.60(10.00,11.20) 0549 | 0.031 0.040
Neutrophil (%) | 55.70(50.60,61.60) 54.40(49.10,60.40) 55.70(50.30,61.00) 55.90(50.00,60.70) 0.031 0.837 0.770
Lymphocyte (%)  34.30(28.65,39.60) 35.40(30.10,40.90) 33.80(28.60,38.80) 33.50(29.00,38.90) 0025 | 0.901 0315
Monocyte (%) 6.80(6.00,8.10) 6.90(6.00,7.80) 7.00(6.10,8.30) 7.30(6.20,8.50) 0797 | 0.142 0.070
Eosinophil (%) 1.70(1.10,2.80) 1.70(1.00,2.80) 2.10(1.30,3.30) 1.80(1.20,3.30) 0970 | 0.068 <0.001
Basophils (%) 0.50(0.30,0.70) 0.50(0.30,0.70) 0.50(0.40,0.70) 0.50(0.40,0.70) 0044 0.838 <0.001
Renal function tests
BUN (mmolL)  5.10(4.30,5.95) 4.80(4.10,5.60) 5.30(4.50,6.20) 5.10(4.30,6.00) 0004 | 0.008 <0.001
gz;‘;;g’e 62.00(55.00,73.00) 60.00(55.00,68.00) 70.00(59.00,81.00) 68.00(57.00,79.00) 0111 | 0.079 <0.001
Bﬂc acid (mol/ (321;(.):0)374‘50) 23;(.)(?0,331.00) 380.00(322.00,447.00) 334.00(276.00,406.00) <0001 | <0.001 <0.001
GFR (mL/min)  101.61(89.02,112.46)  100.39(87.20,117.95) | 99.96(87.47,113.70) 93.17(76.56,109.40) 0815  0.108 0.879
Liver function tests
TB (wmol/L) 13.00(10.00,18.00) 13.00(10.25,16.75) 14.00(11.00,18.00) 14.00(10.00,18.00) 0722 | 0426 0317
DB (umol/L) 2.45(1.80,3.30) 2.60(1.90,3.20) 2.50(1.90,3.30) 2.50(1.78,3.20) 0506 | 0.363 0172
AKP (U/L) 68.00(57.00,86.00) 62.00(51.00,74.75) 78.00(65.00,92.00) 70.00(56.00,82.00) <0001 | <0.001 <0.001
(Continued)
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Variables :_rffzol\é,)o\FLD :.ne_a22c1<)>ntrol 8\ie1r1v(v)%i)ght NAFLD Sgﬁ{gﬁ'ght

» » » (n=312)
TP (g/L) 74.00(70.00,76.00) 74.00(71.00,76.00) 74.00(71.00,76.00) 72.00(70.00,75.00) 0.795 0.001 0.545
Albumin (g/L) 43.00(40.00,45.50) 45.00(43.00,46.00) 44.00(43.00,46.00) 44.00(42.00,45.00) <0.001 | 0.042 <0.001
¥-GT (U/L) 21.00(14.00,32.00) 15.00(12.00,21.00) 31.00(20.75,47.00) 21.00(15.00,36.00) <0.001 | <0.001 <0.001
CHE (U/L) ?7772;(_);)5’ 9824.00) (7:;)32;_)30) §712.00) 9123.00(8311.00,10124.00) ?;315;;5)92%.00) <0.001 <0.001 0.003
ALT (U/L) 13.00(9.00,19.00) 10.00(7.00,13.00) 18.00(13.00,26.00) 14.00(10.00,18.00) <0.001 | <0.001 <0.001
AST (U/L) 21.00(17.00,25.00) 20.00(17.00,23.00) 24.00(19.00,29.00) 21.00(17.75,26.00) <0.001 | <0.001 <0.001
TBA (umol/L) 3.00(2.00,6.00) 3.00(2.00,4.00) 3.00(2.00,5.00) 3.00(2.00,5.00) 0.072 0.312 0.723
Lipid panel
HDL-C (mmol/
D 1.27(1.08,1.47) 1.44(1.28,1.66) 1.13(1.00,1.30) 1.25(1.07,1.48) <0.001 | <0.001 <0.001
LDL-C (mmol/
D 3.34(2.75,3.87) 3.11(2.70,3.63) 3.50(2.99,3.97) 3.30(2.82, 3.89) 0.007 0.006 <0.001
TC (mmol/L) 5.11(4.47,5.91) 4.91(4.40,5.68) 5.23(4.63,5.93) 5.07(4.34,5.86) 0.008 0.004 0.102
TG (mmol/L) 1.35(0.90,1.99) 0.91(0.71,1.27) 1.70(1.24,2.43) 1.23(0.92,1.69) <0.001 | <0.001 <0.001
ApoALl (g/L) 1.39(1.26,1.63) 1.52(1.34,1.75) 1.32(1.18,1.48) 1.38(1.23,1.60) <0.001 | <0.001 <0.001
ApoB (g/L) 0.91(0.76,1.09) 0.81(0.69,0.95) 1.00(0.84,1.16) 0.91(0.78,1.06) <0.001 | <0.001 <0.001
Lp(a) (mg/L) 60.00(35.00,124.00) 69.00(38.00,142.25) 59.50(34.00,132.75) 78.00(40.00,185.75) 0.362 0.010 0.910
Thyroid function tests
TgAb (1U/mL) 1.74(1.00,15.30) 1.89(1.00,25.00) 1.32(1.00,4.48) 1.14(1.00,3.09) 0.242 0.349 0.052
TPOAb (IU/mL) = 1.00(1.00,3.70) 1.00(1.00,3.99) 1.00(1.00,2.21) 1.30(1.00,5.70) 0.713 0.008 0.085
Tg (ng/mL) 5.41(3.39,8.24) 5.20(3.02,8.08) 5.16(3.14,8.46) 5.39(3.05,8.52) 0.166 0.976 0.328
TRAb (IU/L) 0.10(0.10,0.10) 0.10(0.10,0.35) 0.10(0.10,0.10) 0.34(0.10,0.66) 0.016 <0.001 0.220
T3(nmol/L) 1.90(1.69,2.10) 1.81(1.66,1.98) 1.95(1.75,2.20) 1.85(1.69,2.04) 0.019 0.006 0.063
T4(nmol/L) 101.00(92.70,113.00) = 99.40(91.55,109.00) 101.00(91.70,114.00) 102.00(88.75,112.00) 0.280 0.517 0.629
FT3 (pmol/L) 5.05(4.68,5.41) 4.80(4.61,5.28) 5.04(4.71,5.43) 5.03(4.70,5.42) 0.041 0.875 0.788
FT4 (pmol/L) 11.10(10.20,12.00) 10.90(10.00,11.85) 10.70(10.00,11.70) 11.20(10.20,12.60) 0.274 0.003 0.035
TSH (UIU/L) 2.90(1.99,3.81) 2.64(1.86,3.81) 2.53(1.91,3.34) 2.11(1.64,3.12) 0.155 0.005 0.006

All variables are expressed as median (interquartile range) unless otherwise indicated. P -value assessed by Mann-Whitney U-test.

LN, lean NAFLD; LC, lean control; ON, overweight NAFLD; OH, overweight healthy; FBG, fasting blood glucose; WBC, white blood cells; RBC, red blood cells; MCV, mean corpuscular volume;
MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; RDW, red blood cell distribution width; MPV, mean platelet volume; BUN, blood urea nitrogen;
GFR, glomercular filtration rate; TB, total Bilirubin; DB, direct bilirubin; AKP, alkaline phosphatase; TP, total protein; y-GT, y-glutamyl transferase; CHE, cholinesterase; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; TBA, total bile acid; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; TC, total cholesterol; TG,
triglyceride; ApoAl, apolipoprotein Al; ApoB, apolipoprotein B; Lp(a), lipoprotein(a); TgAb, thyroglobulin antibody; TPOADb, thyroid peroxidase antibody; TgAb, thyroglobulin antibody; Tg,

thyroglobulin; TRAD, thyrotropin receptor antibody; T3, triiodothyronine; T4, thyroxine; FT3, free T3; FT4, free T4; TSH, thyroid stimulating hormone.

differed significantly in abundance by NAFLD status within the lean
cohort. Of note, these 9 overlapped DEPs displayed similar up-/
down-regulated trend (APOF, GOLM1, IGHV3-7, MMP9, THBSI1,
S100A8, S100A12, TXN, LCN2) in both comparisons. Moreover, in
the comparison of lean NAFLD and overweight NAFLD with their
corresponding healthy controls, most of the DEPs were annotated
as liver-specific or liver-enriched, indicating dysregulated hepatic
protein synthesis and secretion in patients with NAFLD.
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3.2.2 Potential biomarkers for diagnosing lean
NAFLD

As mentioned above, 59 and 62 DEPs were identified in the
overweight and lean cohorts, respectively. We then assessed the
diagnostic power of each candidate biomarkers for NAFLD within
each cohort by identifying classifiers/components with an area
under the ROC curve (AUC) > 0.7. Tables 2, S1 shows a total of
39 and 43 proteins fulfill the criterion and could serve as biomarkers

frontiersin.org


https://doi.org/10.3389/fendo.2023.1171397
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Jiang et al. 10.3389/fendo.2023.1171397
A
Lean NAFLD vs. Overweight NAFLD Lean NAFLD vs. Lean control Overweight NAFLD vs. Overweight control
i 5 H o Not significant
o Up-regulated
© Down-regulated
° @
2 2
g S
< <
2 2
T T T T T T T T T
6 4 -2 0 4 6 6 4 2 0 2 4 6
log, (Fold change) log, (Fold change) log, (Fold change)
B C
! up
Overweight NAFLD/
Overweight control 30 29 I down
Lean NAFLD/ | Overweight NAFLD/ Lean NAFLD/
Lean control Overweight control S0 9 53 Lean control
Lean NAFLD/ 27 28
Overweight NAFLD '
I T T T
0 20 40 60
D E
Overweight NAFLD Lean NAFLD
10 Regulation of complement activation Count
08 . 12
06 Platelet degranulation
0' 4 Cellular protein metabolic process 8
02 Neutrophil degranulation [ ]
0.0 Complement activation {4
Chylomicron assembly [ ]
Complement activation, classical pathway Ratio %
Complement activation, alternative pathway [ ] ® 48
Post-translational protein modification ® 100
Innate immune response{ @210
Negative regulation of endopeptidase activity 1
Receptor-mediated endocytosis
Chylomicron remnant clearance { ®
Peptide cross-linking{ ©
Chylomicron remodeling { ®
Positive regulation of protein kinase B signaling
Leukocyte migration
Proteolysis
Chronic inflammatory response { ®
Cytokine-mediated signaling pathway
4 6 8
-1g (P-value)
FIGURE 2
Statistical and bioinformatic analysis of the identified proteins reveled proteomic alterations associated with lean NAFLD and overweight NAFLD. (A) Volcano
plots of identified proteins in the comparisons between lean NAFLD group vs. lean control group, overweight NAFLD group vs. overweight control group,
and lean NAFLD group vs. overweight control group (cut-off value of fold-change >1.2; P-value (t-test) <0.05). (B) Bar chart shows the numbers of
significantly up- and down-regulated proteins in the between- group comparisons. (C) Venn diagram shows the overlap of significantly differently expressed
proteins found in lean and overweight cohort. (D) Hierarchical clustering heatmap of DEPs between lean NAFLD group and overweight control group. (E)
GO enrichment of differentially expressed proteins associated with lean NAFLD in term of biological process.

for diagnosing NAFLD among lean and overweight cohorts,
respectively. Among these, APOF, GOLMI, IGHV3-7 and THBS1
were found in both cohorts.

Table 2 provides a detailed summary of the AUCs, as well as the
lower and upper limit of the 95% CI, sensitivities and specificities of
the identified plasma proteins Hierarchical clustering was used to
group all candidate biomarkers by similarities in their expression
patterns (mean log2 intensities) among both cohorts (Figure 3A).
ROC curves for proteins with high diagnostic power for NAFLD
(AUC >0.8) in both lean and overweight individuals were also
shown (Figures 3B, S2). After excluded the overlapped proteins
which are statistically significantly different in both cohorts, a panel
of 35 proteins that exclusively identified in lean cohort were
considered as specific biomarkers for diagnosing lean NAFLD.

Frontiers in Endocrinology

3.2.3 Plasma proteins highly associated with
NAFLD observed in overweight cohort

Of the 55 proteins that exhibited significant changes in the
comparison of overweight NAFLD with overweight healthy
controls, 43 proteins reached an AUC > 0.7 (Table S1). As
expected, some of these proteins have already been linked to
NAFLD, such as RBP4, CETP, APCS, CD5L, and MMP9.

Retinol-binding protein 4 (RBP4) is synthesized in the liver that
responsible for the transport of retinol to peripheral tissues.
Available studies have described the correlation between RBP4
and NAFLD demonstrated that elevated RBP4 levels may
contribute to the development of this condition (28-30). Our
findings are consistent with these reports, as we observed
significantly higher RBP4 levels in overweight NAFLD patients
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TABLE 2 List of proteins found to be significantly differentially abundant between lean NAFLD patients and lean controls, with efficiency comparison
of diagnostic indicators.

Protein E(\:/)alue (LN vs. S
lower upper
APOF Apolipoprotein F 0.0000 0.47 0.959 0.903 1.000
C9 Complement component C9 0.0000 0.45 0.944 0.873 1.000
CA2 Carbonic anhydrase 2 0.0000 0.56 0.895 0.797 0.992
C8B Complement component C8 beta chain 0.0001 0.67 0.880 0.765 0.995
GSN Gelsolin 0.0000 0.59 0.871 0.759 0.983
APOH Beta-2-glycoprotein 1 0.0003 1.31 0.863 0.744 0.981
VWE von Willebrand factor 0.0001 0.68 0.857 0.736 0.978
ATRN Attractin 0.0001 1.28 0.854 0.706 1.000
ITTH3 Inter-alpha-trypsin inhibitor heavy chain H3 0.0001 0.61 0.845 0.718 0.972
CD163 Scavenger receptor cysteine-rich type 1 protein M130 0.0001 1.53 0.842 0.712 0.972
CFH Complement factor H 0.0003 1.26 0.836 0.711 0.962
PON3 Serum paraoxonase/lactonase 3 0.0001 0.53 0.836 0.706 0.967
ITIH1 Inter-alpha-trypsin inhibitor heavy chain H1 0.0003 0.78 0.827 0.692 0.963
MMP2 72 kDa type IV collagenase 0.0006 0.52 0.825 0.687 0.963
C4BPA C4b-binding protein alpha chain 0.0005 1.23 0.822 0.689 0.955
ARHGDIB Rho GDP-dissociation inhibitor 2 0.0003 0.61 0.819 0.684 0.954
LTF Lactotransferrin 0.0010 1.71 0.810 0.660 0.959
VNNI1 Pantetheinase 0.0012 0.64 0.810 0.666 0.954
QSOX1 Sulthydryl oxidase 1 0.0016 0.62 0.804 0.657 0.952
CTSZ Cathepsin Z 0.0036 0.59 0.789 0.643 0.936
ITTH2 Inter-alpha-trypsin inhibitor heavy chain H2 0.0018 0.68 0.787 0.640 0.933
PTPR] Receptor-type tyrosine-protein phosphatase eta 0.0066 1.28 0.787 0.637 0.936
F13A1 Coagulation factor XIII A chain 0.0075 0.73 0.781 0.629 0.933
$SC5D :glcl:l:ll)e scavenger receptor cysteine-rich domain-containing protein 0.0009 Led 0.781 0,630 0931
THBS1 Thrombospondin-1 0.0011 0.69 0.781 0.627 0.935
ICAM2 Intercellular adhesion molecule 2 0.0064 1.53 0.769 0.610 0.928
APOB Apolipoprotein B-100 0.0044 0.69 0.763 0.610 0.916
BTD Biotinidase 0.0034 1.32 0.757 0.604 0.911
CAP1 Adenylyl cyclase-associated protein 1 0.0015 0.33 0.754 0.589 0.920
CNTN1 Contactin-1 0.0049 0.68 0.754 0.592 0.917
IGFBP3 Insulin-like growth factor-binding protein 3 0.0081 1.31 0.751 0.584 0.919
AFM Afamin 0.0074 1.24 0.749 0.588 0.909
HGFAC Hepatocyte growth factor activator 0.0185 0.77 0.746 0.586 0.905
OLFM1 Noelin 0.0056 1.41 0.743 0.582 0.904
SPP2 Secreted phosphoprotein 24 0.0306 0.67 0.725 0.552 0.898
SERPINA7 Thyroxine-binding globulin 0.0270 0.79 0.722 0.558 0.886
(Continued)
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Cl (95%)

P value (LN vs.

LC)

lower upper

GOLM1 Golgi membrane protein 1 0.0249 0.67 0.716 0.548 0.884
IGHV3-7 Immunoglobulin heavy variable 3-7 0.0121 0.72 0.716 0.551 0.882
SERPINF1 Pigment epithelium-derived facto 0.0065 1.43 0.711 0.544 0.877
S100A12 Protein S100-A12 0.0007 0.34
TXN Thioredoxin 0.0009 1.63
FLNA Filamin-A 0.0013 1.47
LCN2 Neutrophil gelatinase-associated lipocalin 0.0027 1.71
IGKV3D-20 Immunoglobulin kappa variable 3D-20 0.0036 1.56
IGKV2-30 Immunoglobulin kappa variable 2-30 0.0039 0.51
ANPEP Aminopeptidase N 0.0067 1.41
FAM3C Protein FAM3C 0.0077 3.54
APOC3 Apolipoprotein C-IIT 0.0101 1.83
CFI Complement factor I 0.0119 1.24
ENO1 Alpha-enolase 0.0119 1.72
P4HB Protein disulfide-isomerase 0.0143 2.10
IGFBP7 Insulin-like growth factor-binding protein 7 0.0180 2.17
APOC2 Apolipoprotein C-II 0.0199 2.20
KIT Mast/stem cell growth factor receptor Kit 0.0202 1.79
MMP9 Matrix metalloproteinase-9 0.0209 1.63
ITGB1 Integrin beta-1 0.0226 0.68
ENG Endoglin 0.0267 1.89
CFP Properdin 0.0310 1.32
FCGBP IgGFc-binding protein 0.0335 1.47
KRT5 Keratin, type II cytoskeletal 5 0.0363 1.52
S100A8 Protein S100-A8 0.0444 2.59
PODXL Podocalyxin 0.0483 1.27

LN, lean NAFLD; LC, lean control; ON, overweight NAFLD; OC, overweight control; FC, fold change; AUC, area under the receiver operating characteristic (ROC) curve.

compared to the healthy control group. By moving HDL-associated
cholesterol to other lipoproteins, cholesteryl ester transfer protein
(CETP) can affect the transport of peripheral tissue cholesterol,
ultimately altering the levels of LDL and HDL cholesterol. We
observed significantly decreased plasma CETP level in the
overweight NAFLD group compared to healthy controls may
support the reported finding that CETP plays a protective role in
lipid and lipoprotein metabolism in obesity (31).Acute phase
proteins, which play a crucial role in the innate defense of the
liver, are immediately involved in hepatocyte injury. The differential
expression of two acute phase proteins, serum amyloid P-
component (APCS) and CD5 antigen-like protein (CD5L),
between two overweight groups, suggests their potential as
predictive markers for NAFLD in obese patients, as they regulate
the innate and adaptive immune systems (15, 32).

Frontiers in Endocrinology

3.2.4 Dysregulated lipid metabolism in lean
NAFLD

Our proteomic data uncovered dysregulation of multiple
apolipoproteins, including APOB, APOC2, APOC3, APOF, and
APOH, in lean individuals with NAFLD compared to healthy
lean individuals.

We found that apolipoprotein F (APOF) and apolipoprotein H
(APOH) had significant diagnostic value for lean NAFLD, with
AUC values of 0.959 and 0.863, respectively. Current data support
that APOF preferentially blocks CETP activity when it is bound to
LDL, thus reducing the flow of HDL-derived cholesteryl ester
derived from HDL through this pathway (33). We found down-
regulated plasma levels of APOF in both lean and overweight
NAFLD groups compared to their matched healthy subjects, with
the lowest level observed in lean NAFLD patients. Along this line, it
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(A) Clustering heatmap of signature proteins that were differentially expressed in NAFLD and control groups (proteins with AUCs above 0.7 are
shown). Clustering heatmap of proteins significantly differentially expressed in NAFLD and control groups in lean and obese cohorts, respectively
(proteins with AUCs above 0.7 are shown). (B) Receiver operating characteristic (ROC) curves for potential diagnostic markers of lean NAFLD with

AUC values above 0.8.

is not surprising that the lean NAFLD group exhibited significantly
higher levels of CETP than the overweight NAFLD group.
Additionally, elevated levels of APOH, APOC2, and APOC3 have
been linked to clinically apparent arteriosclerosis and components
of metabolic syndrome (MetS) (34-36). Our study also observed
that plasma levels of APOH, APOC2 and APOC3 were significantly
higher in lean individuals with NAFLD compared to those without,
indicating a potential association between lean NAFLD with
metabolic imbalance.

Along the same lines, when comparing lean NAFLD with
overweight NALFD, increased levels of APOC2, APOC3, APOC4
and CETP were found in the former. This observation aligns with
previous studies suggesting that lean NAFLD individuals tend to
exhibit higher visceral adiposity index scores, which is an indicator
of visceral fat function associated with cardio metabolic risk, than
those who are overweight or obese.

3.2.5 Proteins involved in complement system
and immune regulation in lean NAFLD

The complement system, a vital component of innate
immunity, is predominantly produced in the liver, appears to be
dysregulated in lean NAFLD patients. Specifically, the levels of C8B,
C9, C4BPA, CFH, CFP, IGHV3-7, and THBSI, which are involved
in complement system and immune regulation, were found to be
significantly differently expressed in lean NAFLD group compared
to lean healthy controls. C8B, C9, C4BPA and CFH were of high
diagnosis value of lean NAFLD (AUC > 0.8). These results may
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indicate liver damage in lean NAFLD patients. Notably, the lean
NAFLD group exhibited significantly elevated levels of plasma
CFH, which has been implicated in insulin resistance and the
pathophysiology of various inflammation-mediated diseases.

Other proteins related to immune and complement system,
such as inter-o-trypsin inhibitor that has been identified as
complement factors-interacting molecule and inhibit complement
activation through the classical and alternative pathways, were also
identified as potential biomarkers for lean NAFLD (37).

3.2.6 Plasma proteins highly associated with lean
NAFLD

Platelet activation is known to increase in patients with MetS and
obesity, likely reflecting the alterations in the platelet membrane
component. The plasma proteomics data showed that 7 of 8 DEPs
involved in platelet degranulation (APOH, CAP1, F13A1, ITIH3,
QSOX1, SPP2, THBSI, and VWF) were downregulated in lean
NAFLD patients. Among these, von Willebrand factor (VWE),
which is known to mediate platelet adhesion and aggregation and
is elevated in NAFLD patients, however, was significantly decreased
in the lean NAFLD group.

A significant association was also found between lean NAFLD
and several plasma proteins linked to liver injury and MetS,
including afamin (AFM), insulin-like growth factor binding
protein (IGFBP), gelsolin, and hepatocyte growth factor activator
(HGFACQC). In NAFLD, IGFBP3 levels are believed to be reduced,
while elevated IGFBP3 levels correlate with atherosclerosis (38). In
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this study, plasma level of IGFBP3 was significantly higher in lean
NAFLD and performs well as a potential biomarker (AUC > 0.7).
AFM has already been proposed as potential markers for NAFLD,
with a closer association to hepatic lipid accumulation, liver
damage, and insulin resistance than to obesity (39). This aligns
with our observation, that the lean NAFLD group had notably
higher levels of AFM. The plasma levels of gelsolin were found
significantly decreased in lean NAFLD patients may suggest
secondary inflammation and liver injury. On the other hand, lean
NAFLD patients had obviously lower levels of HGFAC than lean
healthy individuals, which should retard repair of damaged livers.

Matrix metalloproteinases (MMPs) involved in the turnover of
fibrosis were also differently expressed in lean NAFLD patients. In
comparison to the lean control group, we observed increased
plasma levels of MMP9 but decreased levels of MMP2 in the lean
NAFLD group. Coagulation factors would be expected to decrease
when liver functions are impaired (40), even though in lean NAFLD
patients, we only observed reductions in plasma coagulation factor
XIIT A chain (F13A1) levels.

4 Discussion

Within a metabolic continuum there is a normal weight
classification of metabolically obese, defined as lean individuals
who present with insulin resistance, hyperinsulinemia and
atherogenic dyslipidaemia. Asians have been shown to develop
significant metabolic disease outcomes at a lower BMI than other
ethnic groups. The reason is not entirely clear. However, several
factors have been proposed, including differences in body
composition, genetics, and environmental factors such as diet and
physical activity. As NAFLD is believed to be a hepatic
manifestation of MetS, it is not surprising that the incidence of
lean NAFLD in Chinese populations is significantly higher than in
Western populations for a given BMI value. On the other, in a
clinical retrospective study where the relationship between NAFLD
and BMI as a risk factor was investigated, the study revealed that the
occurrence of NAFLD is linked to lipid deposition, rather than
BMI (41).

Despite the generally better histological and biochemical profile
oflean NAFLD patients compared with NAFLD patients and higher
BMI, clearly, lean NAFLD is a neglected and underappreciated
subtype. In fact, compared with obese individuals, NAFLD in lean
populations that do not have the readily recognizable phenotype of
obesity are at increased risk for future severe liver disease. It is
suggested that lean individuals with NAFLD can develop advanced
liver disease, metabolic comorbidities, cardiovascular disease, and
even mortality related to the liver. Despite lower fibrosis stages, the
lean cohort had a higher risk of severe liver disease compared to
overweight or obese NAFLD patients (10). In this context, early
diagnosis of lean NAFLD is of great clinical significance. In this
work, we aim to investigate the clinical and proteomic profiles of
lean NAFLD. Our four study groups, namely lean NAFLD, lean
control, overweight NAFLD, and overweight NAFLD, were defined
based on BMI, as this is the most used tool for assessing normal and
abnormal weight as part of the clinical routine.
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We first cross-compared the clinical characteristics of the four
groups. Both the lean and overweight NAFLD groups had slightly
higher BMIs than their respective healthy counterparts. Despite all
clinical parameters of the enrolled NAFLD patients being within
normal ranges, we found that lean NAFLD patients were more
likely to have components of the MetS and worse liver function tests
compared to lean controls. Notably, lean NAFLD patients had
significantly higher levels of liver enzymes, such as ALT and AST.
Moreover, we observed that lean NAFLD patients had high LDL-C,
hypertriglyceridemia, and higher levels of fasting blood glucose.
Several blood indicators, including RBC, WBC, HGB, and HCT,
were also higher in lean NAFLD patients. Although metabolic
disorders may not directly affect blood cell counts, a complete
blood cell count test can provide essential clinical information about
the patient’s overall health status and the presence of any
underlying medical conditions. Research has shown that RBC and
WBC counts are associated with MetS and insulin resistance.
Furthermore, elevated levels of HGB and HCT values are often
seen in overweight patients with predominant insulin resistance,
and people with a raised HGB level are at a higher risk of developing
abnormal liver function (42). Another study has suggested that
WBC count is related to the occurrence of NAFLD (43).

Consistent with other reports, we also found that for the
aforementioned clinical variables, lean NAFLD patients were in
between overweight NAFLD and lean healthy controls, suggesting
that lean NAFLD subjects may have favorable metabolic and
pathological profiles than overweight NAFLD subjects. Of note,
our lean NAFLD subjects had significant higher level of TSH than
overweight NAFLD. TSH is an important hormone that regulates
metabolism, including lipid metabolism in the liver. Higher levels of
TSH within the normal range have also been linked to dyslipidemia.
A large cross-sectional study involving 20,783 subjects in Spain
demonstrated that TSH levels were positively associated with total
cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C)
levels and negatively associated with high-density lipoprotein
cholesterol (HDL-C) levels (23). Recent systematic reviews and
meta-analyses suggested that, elevated TSH levels may be associated
with the development and progression of NAFLD (44). Although
previous studies on the relationship between thyroid function and
NAFLD risk have been inconsistent and controversial, our clinical
data poorer thyroid function may be closely related to dyslipidemia
in lean individuals with NAFLD. Additional prospective research is
needed to address these underlying mechanisms of thyroid function
in lean NAFLD.

NAFLD has been consistently associated with a higher
prevalence of chronic kidney disease (CKD) in numerous
observational studies, indicating that individuals with NAFLD are
at a significantly greater risk of developing CKD compared to those
without the condition (24-26). Uric acid (UA), the end product of
the breakdown of unwanted purines in humans, has been associated
with a number of metabolic disorders. Consistent with our data,
Zheng et al. demonstrated positive associations between high serum
UA concentrations and the risk of lean NAFLD in Chinese adults,
independent of the other metabolic factors (45). Based on these
findings, serum UA could be considered as a simple and non-
invasive marker for follow-up of patients with lean-NAFLD. In an
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earlier study in which the diagnosis of NAFLD was based on blood
tests, ultrasound imaging, and the liver/spleen ratio of computed
tomography values, they showed that patients with NAFLD had
significantly higher levels of BUN compared with control subjects.
Creatinine has been reported as a factor associated with NAFLD in
several studies (37), whereas we did not observe statistically
significant differences between NAFLD patients and controls in
both overweight and lean cohorts.

Platelets are well-known to play a role in the vascular
complications of MetS and atherosclerosis, and emerging
evidence suggests that they may also be involved in NAFLD.
Many studies have investigated the relationship between platelets
and NAFLD, with findings suggesting that NAFLD patients often
have an elevated mean platelet volume (MPV), which is a reliable
indicator of platelet activation (21). Some studies have reported
lower platelet counts and higher MPV in NAFLD patients,
nonetheless other researchers did not confirm these alterations
(46, 47). In contrast to the above studies, our comparison of
overweight NAFLD patients and overweight controls revealed
that NAFLD patients had significantly higher platelet counts and
significantly lower MPV. In the lean cohort, there was no significant
difference in either MPV or platelet count between NAFLD patients
and controls. In our large-scale samples, we observed significant
lower platelet counts only in the comparison of lean NAFLD
patients to lean controls. However, we found no statistical
difference in MPV in both lean and obese NAFLD patients,
despite previous reports that it is directly correlated with
histological severity of hepatic inflammation and fibrosis.

These clinical findings underscore the importance of
investigating NAFLD in lean subjects. On the other hand,
currently established non-invasive methods in clinical practice for
the diagnosis and NAFLD prognosis has some limitations; for
example, it may not be sufficiently sensitive in the early stages of
the disease, especially for lean subjects. To address this gap, mass
spectrometry-based proteomics technology holds great potential in
gain novel insights into disease mechanism and discovering new
biomarkers. Therefore, we conducted a discovery proteomics
analysis on 20 samples from each study group, with the aim of
identifying novel proteins associated with lean NAFLD and
understanding plasma protein changes in this condition among
lean subjects. Based on pairwise comparisons of the proteomic data,
we found that lean NAFLD and overweight NAFLD exhibit distinct
proteomic profiles, and the two NAFLD entities may have different
pathogenesis. We identified 62 DEPs that could predict the
occurrence of NAFLD in lean subjects, which may provide a rich
biomarker pool for lean NAFLD diagnosis. A considerable
proportion of the DEPs are liver-specific or liver-enriched.

Apolipoproteins are structurally and functionally important
lipid-transporting proteins in the blood circulation. As NAFLD
bears strong associations with insulin resistance and dyslipidemia,
we would expect plasma apolipoprotein concentrations to be altered
in patients with chronic liver disease. APOF and APOH were found
to have significant diagnostic value for lean NAFLD. APOF
concentrations are considerably higher in individuals with high
cholesterol levels but lower in those with high triglyceride levels. It
has been notes that the response of APOF to plasma triglyceride
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levels is sex-varied. In male with high triglyceride levels, APOF
levels are approximately half that of normolipidemic plasma,
whereas in females, APOF levels have an upward trend. Despite
The relationship between APOF and blood lipids remains
controversial, nearly all of the reported data support the
relationship between APOH and lipid metabolism, thrombosis,
and inflammation. Increased levels of APOH were also associated
with the presence of clinically evident components of
arteriosclerosis and MetS (34). Previous studies have reported
that serum levels of APOC2 and APOC3 were significantly higher
in patients with MetS compared to those without (35, 36). We
found only NAFLD patients within the lean cohort showed
dysregulated apolipoproteins such as APOH, APOB, APOC2, and
APOCS3, implying that their lipid metabolism problems may differ
from those of overweight or obese populations.

An important arm of the immune system is the complement
cascade, which is controlled by a balance of activator and regulator
proteins (48). Over-activation or dysregulation of the complement
system can have far reaching clinical consequences. The
complement system has been shown to be involved in NAFLD
progression (49). The mechanisms of complement activation and
regulation within the liver are incompletely understood. A
considerable number of the significantly changed proteins in lean
NAFLD patients are associated with complement and immune
system. Among these, CFH has been implicated in insulin
resistance, as well as pathophysiology of various inflammation-
mediated diseases. It is reported that increased circulating CFH
concentrations were observed in subjects with altered glucose
tolerance, which could reflect the decreased insulin sensitivity and
metabolic disturbances (50). Given that insulin resistance is an
independent risk factor for NAFLD, it is not surprising that the lean
NAFLD group exhibited significantly elevated levels of
plasma CFH.

Platelets play a pivotal role in both hepatic homeostasis and the
liver’s response to injury. As mentioned above, in lean cohort, no
significant differences in platelet count were observed between
NAFLD patients and their healthy counterparts. However, the
plasma proteomics data showed that 7 of 8 DEPs involved in
platelet degranulation were downregulated in lean NAFLD
patients. Of these, von Willebrand factor (VWF), a mediator of
platelet adhesion and aggregation that has been shown to be
elevated in patients with NAFLD, however, was found to be
significantly decreased in the lean NAFLD group.

In addition to above proteins, we also observed a significant
association between lean NAFLD and certain plasma proteins
related to liver injury and MetS, represented by AFM, IGFBP,
gelsolin, and HGFAC. The role of IGFBP3 in NAFLD is
multifaceted. IGFBP3 is the major insulin binding protein such as
growth factor 1 (IGF1) which is a stimulator of the production of
IGFBP3. IGF1 is secreted by hepatocytes under growth hormone
stimulation and has been shown to be protective in ischemic heart
disease as well as in atherosclerosis. In NAFLD, IGFBP3 levels are
believed to be reduced, while elevated IGFBP3 levels correlate with
atherosclerosis (38). In this study, plasma level of IGFBP3 was
significantly higher in lean NAFLD and performs well as a potential
biomarker (AUC > 0.7). AFM is predominantly expressed in liver
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and secreted into circulation. The Studies published to date
demonstrate an increased AFM rate in patients with components
of the MetS (51, 52), NAFLD (53), and alcoholic liver disease
(ALD). It has previously been suggested that AFM may be a marker
for NAFLD, since AFM was more closely linked to hepatic lipid
accumulation, hepatic injury and insulin resistance than obesity
(39). This is consistent with our observation that significantly
higher AFM levels were found in the lean NAFLD group. Plasma
gelsolin (GSN) has multiple physiological functions, such as being
a substrate for extracellular matrix modulating enzymes,
participating in the extracellular actin sensor system, and
presenting inflammatory mediators to their receptors (54, 55).
Consequently, gelsolin levels significantly may decrease after
tissue injury in various conditions, including acute respiratory
distress syndrome, acute injury to the lungs and liver, sepsis,
major trauma, prolonged hyperoxia, and malaria (56, 57).
Gelsolin could not be considered as a specific marker of lean
NAFLD, however, the significantly decreased levels of plasma
gelsolin in lean NAFLD patients may suggest secondary
inflammation and liver injury. The growth factor activator
Hepatocyte (HGFAC) is a primary activator of proHGF (the
precursor form of hepatocyte growth factor) at the site of tissue
damage, promoting accelerated healing of injured tissue, HGFAC
deficiency can significantly disrupt subsequent tissue regeneration
and repair (58). HGFAC is mainly synthesized by hepatocytes and
circulates in the plasma. Lean NAFLD patients had obviously lower
levels of HGFAC than lean healthy individuals, which should
attenuated proHFG activation, thereby retarding repair of
damaged livers.

5 Conclusions

Previous studies have shown several distinct proteins or
patterns that differentiate end-stage liver diseases, particularly
hepatocellular carcinoma. However, early-stage NAFLD may be
overlooked. On the other hand, lean-type NAFLD, which lacks the
typical obesity phenotype, is usually asymptomatic and may not
seek medical advice. Due to the progressive nature of NAFLD, the
early diagnosis and early intervention of lean NAFLD is of great
clinical interest.

In this work, the large-scale clinical data revealed individuals
with NAFLD who are lean have a distinct clinical profile from those
who are overweight. Lean NAFLD patients exhibit worse metabolic
profiles compared to their healthy counterparts, but generally
experience fewer systemic metabolic issues than NAFLD subjects
who are additionally obese.

By mass spectrometry-based proteomics technology, we were
able to identify dozens of differentially expressed plasma proteins
that could predict the occurrence of NAFLD in lean subjects, which
may provide a novel biomarker pool for lean NAFLD diagnosis. The
observed protein alterations in lean NAFLD indicate changes in
lipid metabolism and inflammatory processes and complement
activation, processes known to be associated with NAFLD. To the
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best of our knowledge, this study represents the first investigation
into plasma proteomics of lean patients suffering from NAFLD.

Even though informative, our study also has limitations that
need to be addressed. To validate the diagnostic biomarkers, a
targeted mass spectrometry approach should be performed on a
separate cohort for further refinement. While BMI is commonly
used as a surrogate for body fat content, its utility in determining
true body composition, especially in the lean population, may be
insufficient. It is essential to investigate the importance of body fat
distribution and specific genetic polymorphisms associated with a
lean NAFLD, such as PNPLA3 and TM6SF2. Moreover, in this
study, NAFLD diagnosis relied on ultrasonography, which can only
estimate the prevalence of the disease, but not disease severity.
Therefore, efforts should also made to explore effective biomarkers
for assessing the progressive stages of lean NAFLD.
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