Shao et al. BMC Gastroenterology ~ (2025) 25:772 BMC Gastroente ro|ogy
https://doi.org/10.1186/512876-025-04361-5

Check for
updates

Early elevation of complement-related
proteins in metabolic dysfunction-associated
steatotic liver disease (MASLD) with normal
liver enzymes

Li Shao'#", Binbin Zhang'", Jing Liu®, Zhe Lyu*, Weishi Zhang®, Wenjun Yang?, Jinlong Fu'®, Weijie Wu®,
Xueqing Zhong®, Jie Li”" and Junping Shi'#389"

Abstract

Background Metabolic dysfunction-associated steatotic liver disease (MASLD) affects a quarter of the population.
Although multiple studies have investigated the mechanisms underlying steatohepatitis and MASLD progression,
little attention has been paid to milder cases, particularly those with normal enzyme levels. Our objective was to
evaluate the molecular events in patients with MASLD and normal enzyme levels.

Methods We performed a proteomic analysis on serum samples from 83 healthy controls and 50 patients with
MASLD. The major findings were then validated in serum samples from 35 controls and 60 patients with MASLD and
normal liver enzyme levels (MASLD-NLE), as well as a male mouse model with metabolic dysfunction-associated liver
steatosis and normal liver enzymes (mice-NLE) induced by a high-fat diet (HFD).

Results Despite having normal enzyme levels, patients with MASLD-NLE exhibited significantly higher levels of ALT,
AST, YGGT, hs-CRP, uric acid and creatine compared to controls. Serum proteomics indicated elevated complement-
related proteins in patients with MASLD-NLE, evidenced by elevated protein levels of C3 and CFH in both cases using
different cutoffs for normal ALT levels. C3 and CFH also showed positive correlations with yGGT, hs-CRP, ALT, and uric
acid levels. Additionally, the elevation of C3 and CFH was confirmed in another set of human serum samples, as well
as in serum and liver samples of mice-NLE using ELISA.

Conclusions Our study provides novel evidence that the complement system is already activated in patients with
MASLD-NLE, potentially offering new avenues for treating MASLD at an early stage.
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Introduction

Metabolic dysfunction-associated steatotic liver dis-
ease (MASLD), formerly known as nonalcoholic fatty
liver disease, is the most common chronic liver dis-
ease worldwide, affecting approximately one-third of
the adult population [1, 2]. In 2023, major liver associa-
tions endorsed MASLD, substituting ‘steatotic’ for ‘fatty’
to improve scientific precision and reduce stigma [3].
MASLD reverts to mutually exclusive subcategories (e.g.,
MASLD-alcohol, MASLD-viral), restoring etiology-spe-
cific subclassification [4]. If left untreated, MASLD can
progress from simple steatosis to metabolic dysfunction-
associated steatohepatitis (MASH), fibrosis, cirrhosis,
and even hepatocellular carcinoma (HCC). A nationwide
cohort study based on biopsy-confirmed patients with
MASLD showed an increased overall mortality rate in
patients with MASLD compared to controls (28.6 versus
16.9/1000 person-year) caused by extra-hepatic cancers,
cirrhosis, cardiovascular diseases, and HCC [5]. Conse-
quently, timely treatment and disease control are crucial
for improving the prognosis of patients with MASLD.
However, despite the urgent need, no drugs have received
approval from the Food and Drug Administration for
MASLD treatment, largely due to limited understanding
of the underlying pathophysiology. Therefore, it is imper-
ative to elucidate the biological mechanisms involved in
the onset and progression of MASLD.

Numerous studies have investigated the biological pro-
cesses linked to the progression of MASLD. It has been
observed that insulin resistance in various tissues, result-
ing from an imbalance in energy intake and expenditure,
leads to fat accumulation in the liver. This, combined
with intracellular damage and hepatic insulin resistance,
potentiates further liver inflammation, fibrosis, and car-
cinogenesis [6]. Additionally, mitochondrial dysfunction,
including impaired mitochondrial fatty acid oxidation
and reduced mitochondrial quality, has been suggested to
play a significant role in the development and progression
of MASLD [7]. Furthermore, injured hepatocytes secrete
extracellular vehicles (EVs). EVs can induce the migration
of bone marrow-derived monocytes and activate liver
macrophages. These EVs carry bioactive cargoes such as
nucleic acids, proteins, and lipids packed in membrane-
bound particles. EVs secreted by other cells can also
regulate the activation of hepatic stellate cells that give
rise to liver fibrosis [8]. An analysis of liver biopsies from
NASH patients using single-cell transcriptomics revealed
an upregulation of macrophage subpopulations and
abnormalities in the complement system [9]. Aside from
the focus on the host, several studies have indicated that
gut microbial dysbiosis contributes to the pathogenesis of
MASLD through mechanisms such as increased muco-
sal permeability and bacterial translocation [10]. Small
intestinal bacterial overgrowth has also been reported
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to induce hepatic injury [11]. Moreover, gut-derived
metabolites have been found to promote liver inflamma-
tion [12], and microbial-derived exosomes from the gut
have been proposed to play potential roles in MASLD
progression [13]. Overall, various dysfunctions have been
associated with the progression of MASLD. However,
limited attention has been paid to less severe cases of
MASLD, particularly those before the onset of progres-
sion. Understanding the events preceding MASLD pro-
gression can lay the foundation for developing early-stage
disease control protocols. Therefore, there is an urgent
need to evaluate the events associated with less severe
cases of MASLD.

Proteomics, which can detect large numbers and mul-
tiple types of proteins in a single run, has been success-
fully applied to explore the possible mechanisms of liver
diseases and metabolic syndromes [14]. Montgomery
et al. described the overall changes in hepatokine secre-
tion in NASH and identified arylsulfatase A as a regula-
tor of liver-to-muscle communication through in-depth
proteomic profiling [15]. Mocciaro et al. suggested that
metabolic syndrome is associated with impaired phos-
pholipid metabolism in high-density lipoprotein choles-
terol using untargeted whole-serum lipidomics, targeted
proteomics, and lipoprotein lipidomics [16]. Sehgal et
al. revealed that the malfunctioning of neutrophils in
decompensated cirrhosis patients with sepsis could be
attributed to autophagy proteins, such as DnaJ homolog
subfamily C member 13 (DNAJC13) and alpha 2-HS gly-
coprotein (AHSG), based on plasma proteomic analysis.
These proteins may serve as potential therapeutic tar-
gets [17]. Therefore, proteomics is an ideal approach for
investigating the underlying mechanisms of MASLD.

In this study, we conducted a proteomic analysis to
evaluate the molecular events in patients with MASLD
and normal enzyme levels using serum samples obtained
from healthy controls and patients with MASLD. The
major findings were then validated in another set of
serum samples from 35 controls and 60 patients with
MASLD-NLE, as well as mice-NLE induced by a high-fat
diet (HED).

Materials and methods

Study design

Figure 1la presented the schema of the study design. This
study involved proteomic analysis of serum samples
obtained from a discovery set, including 83 healthy con-
trols, 38 MASLD patients with normal liver enzyme lev-
els (MASLD-NLE), and 12 patients with increased liver
enzyme levels (MASLD-ILE). Initially, the focus was on
evaluating the proteins that were perturbed in patients
with MASLD-NLE compared to controls. The dynamics
of these differentially expressed proteins during MASLD
progression were also investigated using serum samples
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Fig. 1 a A schema of study design. Levels of (b) ALT, (c) AST, (d) TG, (e) TCHO, (f) Uric acid, (g) y-GGT, (h) LDL-C, and (i) HDL-C in controls, patients with
MASLD-NLE and MASLD-ILE. Error bars represent means+ SEs. * and ** represents P values less than 0.05 and 0.01, respectively

from patients with MASLD-ILE. Then, we examined the
potential roles of the differentially expressed proteins
associated with MASLD-NLE in driving the develop-
ment of MASLD. Another set of serum samples from
35 controls and 60 patients with MASLD-NLE (vali-
dation set) was further collected to validate the main
findings of the discovery set. Additionally, we induced
metabolic dysfunctions in model mice using HFD, and
further confirmed the main findings from human stud-
ies. The human study was approved by the Medical Ethics
Committee of the Affiliated Hospital of Hangzhou Nor-
mal University (2021(E2)-KS-049), and written consent
was obtained from the participants before enrollment.
All animal procedures complied with the guidelines

approved by the Committee on the Use of Live Animals
in Teaching and Research at the Laboratory Animal Cen-
ter, Hangzhou Normal University (HSD20220801).

Study participants and sample collection

All patients with MASLD and healthy volunteers in
discovery and validation sets were recruited from the
Affiliated Hospital of Hangzhou Normal University. The
diagnosis of MASLD was based on criteria endorsed by
an international expert panel [2, 18]. Concisely, liver ste-
atosis is measured with controlled attenuation param-
eter (CAP) on an equipped FibroScan. In the presence
of hepatic steatosis, the finding of any cardiometabolic
risk factors such as BMI>25 [23 Asia], fasting serum
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glucose>5.6 mmol/L, blood pressure>130/85 mmHg,
and plasma triglyceride>1.70 mmol/L would confer
a diagnosis of MASLD if there are no other causes of
hepatic steatosis [2]. Patients with liver steatosis caused
by other factors, such as viruses, autoimmunity, genetics,
alcohol, or drugs, were excluded from the study. Patients
with a history of liver surgery or severe diseases such as
renal, liver failure and malignancy were also excluded.
The patients with MASLD were further divided into sub-
groups based on their alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels. Those with
ALT and AST levels below the upper limit of normal
(ULN) (40 U/L) were classified as MASLD-NLE, while
those with ALT or AST levels exceeding the ULN were
classified as MASLD-ILE [19]. Considering that a true
healthy normal ALT level ranges from 29 to 33 IU/L for
males and 19 to 25 IU/L for females [20], we also uti-
lized an alternative cutoff for normal ALT levels (less
than19 and 30 IU/L for females and males, respectively)
[21]. For clarity, patients defined by the alternative cut-
off were labeled as MASLD-NLE(new) and MASLD-
ILE(new). Clinical information was collected at the time
of sample collection. Blood samples were obtained from
all recruited patients with MASLD and controls after a
12-h fast and with informed consent. Participants were
instructed not to take any medications or dietary sup-
plements for 48 h prior to blood collection. The blood
samples were centrifuged at 3500 X g for 10 min at 4 °C,
and the resulting serum samples were transferred to fresh
Eppendorf tubes (subpackaged), and stored at -80 °C
until analysis without freeze—thaw cycles.

Serum proteomic analysis

For each sample, 4 pL of serum was initially depleted of
14 high-abundant proteins including albumin, IgA, IgD,
IgE, IgG, IgG (light chains), IgM, alpha-1-acid glycopro-
tein, alpha-1l-antitrypsin, alpha-2-macroglobulin, apo-
lipoprotein Al, fibrinogen, haptoglobin, and transferrin
using a human affinity depletion resin (Thermo Fisher
Scientific™, San Jose, USA). The depleted samples were
then concentrated to 50 pL using a 3 K MWCO filter-
ing unit (Thermo Fisher Scientific™, San Jose, USA) fol-
lowing the manufacturer’s instructions. As previously
described, the resulting serum samples were prepared
and utilized for proteomic analysis [22]. All samples were
analyzed using a liquid chromatography-coupled tandem
mass spectrometer (LC/MS/MS) with a data-dependent
acquisition mode on an Orbitrap 480 (Thermo Fisher Sci-
entific, San Jose, CA, USA) using parameters described
elsewhere [22]. The resulting spectrometric data were
analyzed using Proteome Discoverer (version 2.4.0.305,
Thermo Fisher Scientific). A database search was per-
formed using the Homo sapiens protein database con-
taining 20,301 reviewed protein sequences downloaded
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from UniProtKB along with the previously described
parameters [22]. The data were normalized based on the
total peptide amount. For the ‘Total Peptide Amount’
mode, it first summed the peptide group abundances for
each sample and determined the maximum sum for all
files. The normalization factor was the factor of the sum
of the sample and the maximum sum in all files.

Differential expression analysis

Proteins that exhibited differential expression between
controls and patients with MASLD-NLE were selected
according to the log, (fold change) (log,FC>1.5) and the
P values (-log;, (P value)>1.3). FC was calculated using
the mean values of each protein in each group, while P
values were calculated using MaAslin2 [23], a method
that determines the multivariable associations between
MASLD and serum proteins while controlling for fixed
effects such as Body Mass Index (BMI), and age. MaAs-
lin2 was selected due to its high performance in pre-
serving statistical power in the presence of repeated
measures and multiple covariates, while accounting from
the nuances of meta-omics features and controlling false
discovery [23]. MaAslin2 was performed using the R
package Maaslin2.

Functional enrichment analysis

To perform functional enrichment analysis, which
included enriched pathways and protein—protein inter-
action networks, we utilized STRING [24]. Proteins dif-
ferentially expressed between control and patients with
MASLD-NLE were imported into STRING [24] to iden-
tify enriched Gene Oncology (GO) terms and KEGG
pathways.

Animal experiment

Healthy eight-week-old male wild-type C57BL/6 ] mice
(n=48) weighing 22.13+0.70 g were used in this study
to avoid confounding effects of sexual dimorphism in
MASLD progression. The mice were purchased from
GemPharmatech Co., Ltd (Jiangsu, China), and main-
tained at the Animal Experiment Center of Hangzhou
Normal University. All mice (four mice per cage) were
housed under specific pathogen-free (SPF) conditions
with a controlled environment (24 + 2 °C, 12-h light/
dark cycle, 40—-60 humidity), and had free access to food
and drinking water. Based on a preliminary study using 5
animals per group, we calculated the sample size using R
packages ‘pwr’ It was revealed that the serum ALT level
can be observed significantly increased in HFD-fed mice
after intervention for 8 weeks with a statistical power 0.9
when 8 mice were involved in each group. After one week
of acclimatization, all mice were randomly divided into
two groups based on a random number generator: a con-
trol group (control, n=24) (fed a control diet, AIN-93G,
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15.8% kcal fat, 63.9% kcal carbohydrate, and 20.3% kcal
protein from Dyets) and a model group (model, n=24)
(fed a high-fat diet, AMLN, 40% kcal fat, 40% kcal car-
bohydrate, and 20% kcal protein, Dyets). During the ran-
domization procedures, the investigators were blinded
of outcome assessments. Moreover, all investigators
were blinded to group assignments during data collec-
tion and analysis. The spatial arrangement of the mice
within the same group was randomized. At the end of
the 4-week, 6-week and 8-week interventions, following
overnight fasting, eight mice in each group were anaes-
thetized with sodium pentobarbital (60 mg/kg) intraperi-
toneally and then killed by cervical dislocation [25, 26].
The sample size in each group was determined based
on previous researches [27, 28]. Samples of serum and
liver were collected, subpackaged, immediately frozen
in liquid nitrogen, and stored at —80 °C for subsequent
analyses without freeze—thaw cycles. The levels of ALT
and AST in the serum were determined using ALT kits
(Nanjing Jiancheng Biotechnology, #C009-2—1) and AST
kits (Nanjing Jiancheng Biotechnology, #C010-2-1),
respectively.

Histological analysis

Mice liver specimens (approximately 5 mm X
5 mmx5 mm) were obtained from the right lobe near
the portal vein. The specimens were then fixed with 4%
(w/v) paraformaldehyde, dehydrated, embedded in paraf-
fin, and sectioned into 5-um-thick slices. Hematoxylin—
eosin (H&E; Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) staining was performed on the sections
following the manufacturer’s instructions. The histologi-
cal liver damage was evaluated using the NAFLD activity
score (NAS) system [29], which assesses steatosis, lobular
inflammation, and hepatocellular ballooning.

ELISA assays

The levels of C3 (cat#RX201786, RUIXIN BIOTECH,
China) and component factor H (CFH) (cat#RX203360,
RUIXIN BIOTECH, China) in serum and liver samples
were assessed using the corresponding ELISA kits. All
reagents, samples, and standards were prepared accord-
ing to the instructions. The procedure involved the fol-
lowing steps: Transfer 50 pL of each standard or sample
to their respective wells; Add 50 pL of Antibody Cock-
tail to all the wells; Incubate the plate at room tempera-
ture for 1 h; Aspirate the contents of each well and wash
three times with 350 pL of 1X Wash Buffer PT; Add 100
uL of TMB Development Solution to each well and incu-
bate for 10 min; Finally, add 100 pL of Stop Solution and
measure the absorbance at 450 nm. The standards were
utilized for quality control, and assessing inter- and intra-
assay variability.
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Statistical analysis

The univariate clinical data were presented using dif-
ferent measures depending on the variable type. The
median and inter quantile range (IQR) were reported for
continuous variables, while categorical variables were
presented as frequencies. The Wilcoxon rank-sum test
assessed differences between groups for univariate vari-
ables, and Chi-square test was employed for categorical
clinical variables. Permutational multivariate analysis
of variance (PERMANOVA) based on Bray—Curtis dis-
tance measures were conducted using the R package
‘vegan’ to examine overall differences in the proteomic
compositions between groups, while considering mul-
tiple variables simultaneously. Correlation analysis
among proteins was performed using the Python module
SparCC [30], specifically designed to estimate correla-
tion values from compositional data. Association analysis
between proteins and clinical indicators was carried out
using Spearman’s correlation analysis. Correlations with
P values after Benjamin-Hochberg correction less than
0.05 were considered statistically significant. Unless oth-
erwise specified, all statistical analyses were conducted
using R software (version 4.0.2).

Results

Characteristics of patients with MASLD

Table 1 summarized the median and IQR values for
various clinical indices in controls, patients with
MASLD-NLE and MASLD-ILE in discovery set. P val-
ues illustrating the differences between controls and
patients with MASLD-NLE for each clinical index were
also provided. Surprisingly, despite ALT and AST lev-
els being below the ULN in patients with MASLD-
NLE, their levels were significantly higher than those
in controls (Figs. 1b-c). Apart from BMI, patients with
MASLD-NLE exhibited significantly higher levels of
clinical indices such and triglyceride (TG, Fig. 1d), total
cholesterol (TCHO, Fig. le), hyper-sensitive C reactive
protein (hs-CRP), creatine, alkaline phosphatase (ALP),
uric acid (Fig. 1f), hemoglobin, and y-glutamyl transfer-
ase (YGGT, Fig. 1g). Furthermore, patients with MASLD-
NLE displayed increased levels of low-density lipoprotein
cholesterol (LDL-C, Fig. 1h) and decreased levels of high-
density lipoprotein cholesterol (HDL-C, Fig. 1i). Then, we
utilized an alternative cutoff for normal ALT levels (less
than19 and 30 IU/L for females and males, respectively)
[21], and re-assessed the median and IQR values for the
aforementioned clinical indices in controls and MASLD
patients (Table S1). Based on the alternative cutoff, 26
patients were classified as MASLD-NLE(new), and 24
were labeled MASLD-ILE(new). In this case, the same
conclusions were reached. Such results indicated that
metabolic disorders were already present in patients with
MASLD and normal liver enzyme levels.
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Table 1 Characteristics of Controls, MASLD-NLE patients (ALT and AST less than 40 U/L), and MASLD-ILE patients (ALT or AST higher

than 40 U/L)

Controls

MASLD-NLE patients

MASLD-ILE patients

Test of significance (MASLD-NLE vs control)

Age (y) 39.00 (26.00, 47.00) 45.00 (38.00, 50.00)
Sex (male/female) 17/66 22/16

BMI (kg/m2) 22.07 (2045, 24.54) 26.37 (25.02, 27.95)
SBP (mmHg) 119.00(113.00,127.00) ~ 130.00 (120.25, 137.00)
DBP (mmHg) 73.00 (67.00, 80.00) 80.50 (74.25, 85.75)

Hemoglobin (g/L)
Urid acid (umol/L)

136.00 (132.00, 145.00)
266.00 (242.50, 301.50)

153.00 (138.25, 159.75)
322,00 (273.75,398.75)

YGGT (U/L) 14.00 (12.00, 19.00) 22.50(18.00, 30.50)
DBIL (umol/L) 4.10(3.25,5.10) 3.65(2.53,4.58)
IBIL (Lmol/L) 15.40 (12.70,19.75) 14.40 (11.50, 16.88)
TBIL (umol/L) 19.60 (15.70, 23.75) 18.30 (14.55, 20.85)
ALP (U/L) 62.00 (51.00, 73.00) 70.00 (60.25, 83.25)
LDL-C (mmol/L) 2.93(2.53,3.38) 3.35(2.84,3.90)
HDL-C (mmol/L) 143(1.21,1.62) 1.20 (1.06, 1.34)
TCHO (mmol/L) 4.80(4.22,5.21) 5.16 (4.56,5.74)
TG (mmol/L) 0.750 (0.575, 0.955) 1.15(0.80, 1.71)
Glucose (mmol/L) 3.86(3.57,4.24) 4.05 (3.61,4.57)
Alb (g/L) 48.00 (46.55,49.30) 4840 (46.63, 50.40)

hs-CRP (mg/L)
Creatine (umol/L)
ALT (U/L)

AST (U/L)

0.51(0.33,1.04)
54.00 (48.50, 60.50)
1140 (9.20, 17.30)
16.50 (14.35, 21.20)

1.09 (0.58, 1.61)

64.50 (56.00, 76.25)
19.70 (13.93, 26.65)
19.50 (17.60, 23.03)

34.50 (29.75, 45.00)
8/4
2691 (24.62,29.61)

127.00 (121.50, 135.25)

83.00 (74.25, 87.50)

160.50 (141.00, 165.25)
429.00 (351.25, 462.25)

42.50 (35.50, 71.50)
4.70(3.13,6.33)
15.20(11.23,17.53)
21.15(18.13,22.93)
74.50 (69.00, 77.25)
320(2.69,351)

W=1133.50(P=0.01)
x2=15.04 (P<0.01)
W=500.00 (P<0.01
W=2883.50 (P<0.01
W=953.50 (P<0.01
W=879.00 (P<0.01
W=910.50 (P<0.01
W=816.50 (P<0.01
W=1879.50 (P=0.09)
W=1809.50 (P= 020)
W=1839.50 (P=0.14)
W=1165.50 (P= OOZ)
( )

( )

)

)
)
)
)
)
)

W=1066.50 (P<0.01

06 (0.98, 1.22) W=2302.50 (P<0.01
4.85 (4.35,5.48) W=1162.00 (P=0.02
52(1.33,252) W=770.00 (P<0.01)

3.78 (3.43,4.09)
49.20 (47.75, 49.85)
221(1.31,3.69)
66.50 (56.75, 74.75)
56.45 (46.80, 88.00)
39.50 (32.95, 46.65)

W=1313.50 (P=0.14)
W=1405.50 (P=0.34)
W=1017.00 (P<0.01)

W=1023.50 (P<0.01)
W=712.00 (P<0.01)
W=1059.50 (P<0.01)

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, yGGT y-glutamyl transferase, DBIL direct bilirubin, IBIL indirect bilirubin, TBIL total
bilirubin, ALP alkaline phosphatase, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, TCHO total cholesterol, TG triglyceride,
Alb albumin;, hs-CRP hyper-sensitive C reactive protein, ALT alanine transaminase, AST aspartate aminotransferase

Perturbation of serum proteins in patients with MASLD-
NLE

To probe the proteomic dysregulations associated with
MASLD-NLE, we firstly compared the serum proteomic
profiles of patients with MASLD-NLE and all controls.
The volcano plot revealed that 39 proteins were sig-
nificantly upregulated, and 15 were downregulated in
patients with MASLD-NLE (Fig. 2a). Considering the
demographic differences between patients with MASLD-
NLE and controls in terms of sample size, age, sex and
BMI, we further sampled a subset of 38 controls from
the original 83 controls. For the new set of 38 controls
(sub-control), they demonstrated comparable sex ratio,
age and BMI with those of patients with MASLD-NLE
(Figure Sla-c). After re-evaluating the perturbations of
the above 54 proteins between sub-controls and patients
with MASLD-NLE using Wilcoxon rank-sum test, a final
set of 30 proteins were confirmed to be associated with
MASLD-NLE. The mean relative abundances of these
proteins clearly demonstrated a noticeable distinction
between patients with MASLD-NLE and controls before
and after resampling (Fig. 2b, Figure S1d). To further
assess the differences between controls and patients with
MASLD-NLE based on the expression of all differential
proteins, we performed principal component analysis
(PCA) in both cases (Fig. 2c and Figure Sle). The results

from PERMANOVA confirmed a significant perturba-
tion in serum proteins between patients with MASLD-
NLE and controls (P=0.001, Fig. 2c), as well as between
patients with MASLD-NLE and sub-controls (P=0.001,
Figure Sle).

We then conducted correlation analyses to assess the
potential cross talks among differentially expressed
proteins in controls (Fig. 2d) and patients with
MASLD-NLE (Figure S1f), respectively. P values and
fold change values about the proteins between con-
trols and patients with MASLD-NLE, as well as the
correlation networks in controls, were provided in
Table S2. Overall, we observed sophisticated yet dis-
tinct correlation patterns. For instance, in the control
group, C3 showed positive correlations with gluta-
mine synthetase (GLU), CD14, and component factor I
(CFI), afamin (AFM), contactin 1 (CNTN1). However,
in patients with MASLD-NLE, C3 exhibited positive
correlations with attractin (ATRN), lipopolysaccha-
ride-binding protein (LBP), glutathione S-transferase
omega 1 (GSTO1), inter-alpha-trypsin inhibitor heavy
chain 4 (ITIH4), and negative correlations with apoli-
poprotein L1 (APOL1), Q92954, transferrin (TF), sex
hormone-binding globulin (SHBG). Furthermore, CFH
demonstrated positive correlations with inter-alpha-
trypsin inhibitor heavy chain 3 (ITIH3), and negative
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Fig. 2 aVolcano plot of serum proteins between healthy controls and patients with MASLD-NLE. b Heatmap of differential proteins between controls
and patients with MASLD-NLE. ¢ The PCA score plot for healthy controls and patients with MASLD-NLE based on differential serum proteins. d Associa-
tions among differential proteins in controls. Lines colored ‘peru’and ‘steelblue’ represent positive and negative correlations, respectively

correlations with GLU, leucine-rich a2-glycoprotein-1
(LRG1), CD14 in the control group. In patients with
MASLD-NLE, CFH exhibited positive correlations
with apolipoprotein B (APOB), serpin family A mem-
ber 5 (SERPIO5), actin-related protein 3 (ACTR3),
and negative correlations with LBP, SHBG. Addition-
ally, CFI displayed positive correlations with GSTO1,
and ITIH3, and negative correlations with C3 and TF
in the control group. In patients with MASLD-NLE,
CFI demonstrated positive correlations with endoglin
(ENG), LBP, LRG1, and negative correlations with Fac-
tor IX (F9), GLI pathogenesis related 2 (GLIPR2). In

summary, the expression pattern of serum proteins, as
well as the potential protein—protein cross talks, was
already perturbed in patients with MASLD-NLE. We
further compared their relative abundances between
patients with MASLD-NLE and MASLD-ILE, with the
seven proteins that were differed during MASLD pro-
gression shown in Figure S1g. The behavior of all pro-
teins that differ between healthy controls and patients
with MASLD-NLE in patients with MASLD-ILE was
provided in Table S3.
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Elevated complement-related proteins in patients with
MASLD-NLE

To understand the molecular events occurring in patients
with MASLD-NLE, we conducted functional analyses on
the 30 differential proteins. The proteins upregulated in
patients with MASLD-NLE were significantly enriched
to several KEGG pathways including ‘Complement and
coagulation cascades’ and ‘Staphylococcus aureus infec-
tion, as well as Reactome pathways such as ‘Regula-
tion of complement cascade, ‘Post-translational protein
phosphorylation; ‘Innate immune system’ and ‘Immune
system’ (Fig. 3a). Notably, the KEGG pathway ‘comple-
ment and coagulation cascades’ showed the most sig-
nificant enrichment with a false discovery rate (FDR) less
than 0.0001. We also evaluated the GO terms enriched
with the upregulated proteins (Fig. 3b). Besides meta-
bolic pathways ‘Regulation of lipid storage, the proteins
were most significantly enriched to ‘Complement activa-
tion, alternative pathway’ and ‘Complement activation’
We then evaluated the expression of proteins enriched

(a)
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in complement activation, as well as the associations
between them and clinical indices. Figure 3c illustrated
the elevated expression of proteins C3 and CFH in
patients with MASLD-NLE compared to controls. After
applying an alternative cutoff for normal ALT levels (less
than 19 and 30 IU/L for females and males, respectively)
[21] for patients with MASLD, the re-evaluation con-
firmed the elevated expression of proteins C3 and CFH
in patients with MASLD-NLE(new) compared to con-
trols (Fig. 3d, P<0.01). Moreover, the correlation analy-
sis revealed that both C3 and CFH correlated positively
with uric acid, y-GGT, ALP, TG, hs-CRP and ALT, while
negatively with HDL-C (Fig. 3e). Such results indicated
the activation of complement system in patients with
MASLD-NLE, in addition to the presence of metabolic
dysfunctions.

Additionally, we evaluated the protein—protein inter-
action network among the downregulated proteins in
patients with MASLD-NLE. Functional enrichment
analysis revealed that the downregulated proteins were

(b)
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enriched in GO terms ‘positive regulation of epithelial to
mesenchymal transition; and ‘Cell migration involved in
endocardial cushion formation. Such results suggested a
potential association between MASLD and cardiac dis-
ease in its early stages.

Confirmation of elevated complement-related proteins in
patients with MASLD-NLE and model mice

The elevation of proteins C3 and CFH in patients with
MASLD-NLE and MASLD-NLE(new) were confirmed
in a validation set containing serum samples from 35
controls and 60 patients with MASLD-NLE (Fig. 4a and
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4b). For further confirmation, we developed a MASLD
mice model using HFD and collected serum and liver
samples at weeks 4, 6, and 8 during MASLD progres-
sion. Figure 4c and 4d presented the body weight, ratio
of liver weight to body weight of the model mice and cor-
responding controls at weeks 4, 6, and 8. Figure 4e and 4f
displayed the serum ALT, AST levels. At week 8, the liver
to body weight ratio and ALT and AST levels showed sig-
nificant increases compared to corresponding controls.
Figure S2 illustrates the H&E staining results of the liver
samples obtained from the control and model mice at
weeks 4, 6, and 8, along with corresponding NAS scores.
The mouse liver pathology aligned with the serum bio-
chemical results. The mouse liver steatosis was assessed
using the NAS and total scores (steatosis, lobular inflam-
mation, and ballooning scores). The NAS score results
indicated that only a few mice exhibited liver steatosis at
week 4. At week 6, the model mice had an average NAS
score of approximately two, representing the MASLD
stage predominantly. At week 8, the model mice achieved
an average NAS score of approximately 4, meeting the
criteria for MASH diagnosis (Figure S2). Combined
with the serum ALT levels, these findings indicated that
the model mice at week 6 developed MASLD with nor-
mal liver enzyme levels (mice-NLE), whereas the model
mice at week 8 developed MASLD with increased liver
enzyme levels (mice-ILE).

Based on the serum and liver samples obtained from
model mice at weeks 4, 6, and 8, we further evaluated the
expression of C3 and CFH in serum (Fig. 4g and 4i) and
liver samples (Fig. 4h and 4j) using ELISA. The serum
and liver contents of C3, and CFH in mice-NLE (week
6) and mice-ILE (week 8) were significantly higher than
those in the corresponding controls. Moreover, serum
and liver CFH content elevation was significant in the
model mice at week 4, and persisted until weeks 6 and 8.
Although the elevation of serum C3 content was not as
prominent as that at week 4, liver C3 content increased
in the mouse model at that time point (P=0.09). Addi-
tionally, we observed that the liver contents of C3 and
CFH exhibited a positive correlation with their levels in
the serum samples (Fig. 4k and 41). In a word, both the
human validation samples and mice model confirmed
that, besides metabolic dysfunction, complement-related
proteins were elevated in MASLD stage with normal
enzyme levels.

Discussion

Based on serum proteomic data from controls, patients
with MASLD-NLE and MASLD-ILE, we found that
complement-related proteins were elevated in patients
with MASLD-NLE. The findings were further confirmed
by human serum samples in a validation set, and by
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serum and liver samples from MASLD mice with normal
enzyme levels.

There has been increasing focus on patients with
MASLD and elevated liver enzyme levels as they are at
a higher risk of developing MASH. However, this study
revealed that although the serum levels of ALT and AST
were still under ULN in patients with MASLD-NLE,
their significant elevation of ALP and yGGT, compared
to controls, implied the presence of liver injury in these
patients. Hemoglobin, uric acid, and hs-CRP levels also
increased prominently in patients with MASLD-NLE.
Elevated hemoglobin levels were associated with the
incidence of metabolic syndrome [31] and advanced
fibrosis in pediatric non-alcoholic fatty liver disease [32].
A higher serum uric acid level was found to be signifi-
cantly associated with a higher risk of cardiovascular dis-
ease (CVD) among patients with MASLD [33], whereas
elevated hs-CRP levels were correlated with the severity
of MASLD and risk of CVD [34, 35]. Given the signifi-
cant abnormalities observed in patients with MASLD-
NLE, it is crucial to devote more attention to these
patients in future studies and clinical treatments. On the
other hand, there is still no effective drug treatment for
MASLD. Although multiple efforts have shown poten-
tial impacts in improving liver histology and biochemical
indices such as insulin resistance and liver inflammation
in MASLD, especially in MASH patients [36—38], only a
minority of patients achieve a treatment response [39].
Furthermore, Elhoseeny et al. found a high frequency of
MASLD among young, ostensibly healthy medical stu-
dents in Egypt, and supported that metabolic dysfunc-
tion and MASLD began early, often silently, in a young
demographic [40]. Thus, considering the drastic meta-
bolic abnormalities in patients with MASH that are diffi-
cult to reverse, developing treatment options for patients
with MASLD-NLE to delay and/or prevent MASLD pro-
gression may be a better solution. In this situation, mul-
tiple studies have demonstrated that the presence of an
elevated ALT has been associated with increased liver-
related mortality [20]. Moreover, the degree of elevation
of ALT and or AST in the clinical setting helps guide
the evaluation. For example, minimal elevations may
be approached by a history and examination, discon-
tinuation of hepatotoxic medicines, all alcohol assump-
tion, as well as an evaluation of hemochromatosis, fatty
liver and viral hepatitis [20]. Higher degrees of elevation
(5—-15 times the upper limit) should be approached with
an evaluation of viral hepatitis A, B, and C, autoimmune
markers and so on [20]. Thus, a true healthy normal ALT
levels ranging from 29 to 33 IU/I for males, 19 to 25 IU/I
for females proposed in ACG clinical guidance might be
more appropriate for clinical applications.

Complement activation has been reported in human
MASLD [41]. However, we reported for the first time that
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complement-related proteins were elevated in patients
with MASLD-NLE. This finding was confirmed using
human serum samples from a validation set, as well as
serum and liver samples from MASLD mice with normal
liver enzyme levels. The complement system is tradition-
ally considered a component of innate immunity [42, 43],
but it is now recognized as a central component of innate
and adaptive immunity. The complement system plays a
key role in the development of MASLD, with particular
attention given to the component C3. Complement acti-
vation through the classical, alternative, and lectin path-
ways converges in the formation of fraction C3. Higher
serum C3 levels were associated with MASLD, and
patients with MASLD and higher serum C3 levels were
more likely to have increased liver enzyme levels [41, 44].
Histological studies have confirmed the link between the
component system and MASLD, showing the deposi-
tion of activated forms of C3 in most MASLD patients.
Furthermore, MASH is more prevalent in activated
C3-positive patients [41]. These results suggest a posi-
tive relationship between complement activation and the
prevalence and severity of MASLD, including MASH [45,
46]. However, patients with MASLD exhibit high hetero-
geneity due to differences in their natural histories and
interindividual disease courses. The initiation of comple-
ment activation during MASLD progression remains
unknown. The discovery that complement-related pro-
teins were elevated in patients with MASLD-NLE fills
a critical gap in the association between complement
activation and MASLD, and it may serve as a founda-
tion for developing novel therapeutic strategies that tar-
get the complement system in early stages of MASLD
progression.

Serum fatty acids, adipose tissue-derived cytokines and
gut derived endotoxin are reported to take part in com-
plement activation [47]. Hepatocytes are confirmed to
be the predominant origin of complement components,
although adipose tissue can also produce certain com-
ponents, such as C3 [48]. This study revealed that there
was a significant correlation between the C3 and CFH in
serum and liver samples. These findings suggest that the
serum levels of C3 and CFH in patients with MASLD-
NLE and MASLD mice are likely derived from the liver
with a high probability. Nowadays, the underlying mech-
anism by which complement C3 in NAFLD remained
elusive. However, C3 is hypothesized to play an impor-
tant role in regulating lipid metabolism and the oxidative
stress in hepatocytes with excessive fat accumulation. The
large number of inflammatory cytokines secreted in the
liver due to the response of hepatocytes to oxidative
stress, further causes the second hit in hepatocytes [49].
Then, activated complement system immediately recog-
nizes and cleans the apoptotic pathological liver cells,
thus maintaining the homeostasis in liver [50]. In brief,
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there is a potential balance in the pathogenesis of NAFLD
between complement system activation and hepatocyte
lipid metabolism signaling, which maintains the stability
of liver internal environment. C3 was reported to con-
tribute to the accumulation of triglycerides in the liver
and adipose tissue of alcoholic fatty liver disease (ALD)
[51]. Hepatitis B virus can downregulate the synthesis
and secretion of C3 and C4 both in vitro and in vivo [52],
while C3 knockout led to accelerated hepatic triglycer-
ide accumulation and impaired lipophagy in hepatocytes
[53]. Increased production of C3 and C4 in hepatocytes
was also observed in patients with autoimmune hepatitis,
although the roles of complement was limited [54]. Such
results further indicated the importance of balanced
complement system in liver diseases. Once the balance
is broken, the process of hepatocyte lipid metabolism
will enter a vicious circle, which exacerbates irreversibly
hepatic steatosis as a consequence. Actually, our study
found that serum C3 levels in patients with MASLD-NLE
exhibited a significant correlation with clinical features,
such as YGGT, hs-CRP, uric acid and ALT. Complement
C3 was found to promote islet B-cell dedifferentiation
via activation of Wnt/B-catenin pathway, a key step in
the progression of diabetes [55]. Uric acid can stimulate
the expression of C-reactive protein and complement
C3 in a dose-dependent fashion, and finally induced the
expression of hepatic inflammatory molecules by activat-
ing the NF-«B signaling cascades [56]. In other words,
in patients with MASLD-NLE, the elevation of serum
complement C3 might act as a protective response with a
delicate balance. Such results indicated that targeting the
complement system in the liver might be a potential early
treatment option for MASLD. Nowadays, complement-
targeted therapies have demonstrated safety and efficacy
in conditions characterized by hemolysis and certain
autoimmune diseases [57], ongoing researches and devel-
opments in this field are still crucial for the advancement
of therapies to broader applications, since the pathogenic
mechanisms of diseases such as MASLD and autoim-
mune diseases are multifaceted and quite complex, and
any dysregulation of the complement system may lead to
a spectrum of diseases, as well as individual differences
[41]. In a word, further studies with longitudinal design
and more validated patients with MASLD-NLE are still
required to confirm the findings of this study. Consider-
ing the heterogeneity of MASLD patients, subtype analy-
sis of patients with MASLD-NLE is also required.

Conclusion

In summary, we reported that although ALT and AST
levels were within the UNL, patients with MASLD-NLE
were accompanied by a series of metabolic abnormalities
that should not be overlooked clinically. Moreover, we
revealed for the first time that the complement-related
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proteins were already elevated in patients with MASLD-
NLE, which we further confirmed using human serum
samples from a validation set, as well as serum and liver
samples from MASLD mice with normal liver enzyme
levels. The significant correlations between C3 and clini-
cal indices such as ALT, hs-CRP, and uric acid, as well as
between serum and liver contents of C3 and CFH, fur-
ther implied the potential value of targeting complement
activation in the liver for the early treatment of MASLD.
Although further studies are required to characterize
detailed aspects of the early stage of MASLD, our study
paves the way for the development of optimal clinical
treatment and management protocols aimed at early dis-
ease control.
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