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Background: Non-alcoholic fatty liver disease (NAFLD) is a manifestation of metabolic
syndrome in the liver with varying severity. Heterogeneity in terms of molecules and
immune cell infiltration drives NAFLD from one stage to the next. However, a precise
molecular classification of NAFLD is still lacking, and the effects of complex clinical
phenotypes on the efficacy of drugs are usually ignored.

Methods: We introduced multiple omics data to differentiate NAFLD subtypes via
consensus clustering, and a weighted gene co-expression network analysis was used
to identify eight co-expression modules. Further, eigengenes of eight modules were
analyzed with regard to Gene Ontology enrichment and Kyoto Encyclopedia of Genes and
Genomes pathways. Furthermore, the infiltration rates of 22 immune cell types were
calculated with CIBERSORT and the ESTIMATE algorithm.

Results: In total, 111 NAFLD patients from three independent GEO datasets were
divided into four molecular subtypes, and the corresponding clinical features and
immune cell infiltration traits were determined. Based on high gene expression
correlations, four molecular subtypes were further divided into eight co-expression
modules. We also demonstrated a significant correlation between gene modules and
clinical phenotypes. Moreover, we integrated phenotypic, immunologic, and genetic
data to assess the potential for progression of different molecular subtypes.
Furthermore, the efficacy of drugs against various NAFLD molecular subtypes was
discussed to aid in individualized therapy.

Conclusion: Overall, this study could provide new insights into the underlying
pathogenesis of and drug targets for NAFLD.

Keywords: molecular subtypes, bioinformatics, non-alcoholic fatty liver disease, inflammation, immune
cell infiltration
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INTRODUCTION

With the growing incidence of non-alcoholic fatty liver disease
(NAFLD), a corresponding increase in attention has been given to
its classification in clinical practice. Traditionally, liver biopsy is
considered the gold standard for the diagnosis and subtyping of
NAFLD, but methodological challenges and evaluation
uncertainties related to histological classifications could result in
errors. Molecular subtypes are an effective supplement and an
improvement to traditional histological classifications (1), and
comprehensive considerations of histological patterns and
molecular subtypes can be a realistic option for clinical assessments.

NAFLD is a manifestation of metabolic syndrome in the liver
and a combination of hepatic and extrahepatic symptoms with
different severity, but its complex clinical phenotypes with
respect to the efficacy of drugs are usually ignored. Some
clinical trials have not obtained satisfactory results. Some new
drugs, for example, are effective for some phenotypes but
ineftective or even harmful for others. The principal reason for
this is the heterogeneity in NAFLD, and drug sensitivity among
different subtypes has not been well differentiated. Further,
current treatments for NAFLD are mainly based on lifestyle
interventions, which is largely due to the lack of accurate studies
from molecular and immunological perspectives. A new NAFLD
classification should be precise in terms of dividing populations
and defining the disease.

In summary, heterogeneity in terms of molecules and
immune cell infiltration drives NAFLD from one stage to the
next. This study focused on integrating phenotypes, immune cell
infiltration, and genetic data to identify subpopulations with
distinct pathogenic mechanisms and eigengenes. In addition, our
work aimed to match specific treatment strategies with specific
disease-driving factors and to evaluate the potential for
progression of different NAFLD molecular subtypes to aid in
individualized therapy.

MATERIALS AND METHODS

Acquisition of NAFLD Datasets and
Removal of Batch Effects

In total, datasets of 197 liver tissue samples (111 NAFLD,
including 57 steatosis (SS) and 54 non-alcoholic steatohepatitis
(NASH), as well as 86 healthy controls (HCs)) were collected
from three Gene Expression Omnibus (GEO, https://www.ncbi.
nlm.nih.gov/geo/) datasets (GSE48452 (2), GSE89632 (3),
GSE151158 (4)) (5), which consisted of probe sets, clinical
features, and gene expression profiles. The GSE48452 dataset
(platform: GPL11532) consisted of 14 HC, 27 healthy obese, 14
SS, and 18 NASH cases. The GSE89632 dataset (platform:
GPL14951) consisted of 24 HC, 20 SS, and 19 NASH cases.
The GSE151158 dataset (platform: GPL28577) consisted of 21
HC, 23 SS, and 17 NASH cases. The datasets were integrated by
surrogate variable analysis to reduce batch effects owing to the
great batch differences between datasets from different platforms.
The combat function was used to reduce the influence of known

batch effects and other unknown variables (6), so that only the
biological differences could be considered in the downstream
analysis. Moreover, principal component analysis (PCA) was
conducted to verify the results of the correction. The two factors
that differed the most were selected as principal component 1
(PC1) and principal component 2 (PC2). Finally, the samples
were mapped back to their own coordinates based on the selected
PCIl and PC2 to obtain a dimensionality reduced image
(PCA plot).

Consensus Clustering of NAFLD Samples
The ConsensusClusterPlus R package was used to identify
molecular subtypes of 111 NAFLD samples. Consensus
clustering is a common method for the classification of cancer
subtypes based on different omics datasets through a resampling
method, specifying the number of clusters (k) and calculating the
rationality of different numbers of clusters. For each cluster,
the paired consensus values were calculated according to the
occurrence rates of two samples in the same subsample of
the same cluster, which were then stored in a consensus
matrix. The consensus matrices were summarized in several
graphs to help determine a reasonable number and the
membership of clusters. Here, the K-means algorithm in the
ConsensusClusterPlus R package was introduced to perform
consensus clustering based on the Euclidean distance among
NAFLD samples (7). The clustering processes were performed
500 times, with each iteration containing 80% of the samples.
Finally, the consensus matrix, the consensus cumulative
distribution function (CDF) plot, the delta area, the tracking
plot, and the cluster-consensus plot were obtained. An optimal
cluster number was determined based on these plots.

Comparison of Clinical Characteristics
Among Four Molecular Subtypes

A pairwise comparison based on arithmetic utilization was used
to test the differences among the subgroups with regard to the
clinical characteristics (Supplemental Table 1).

Identification of Gene Co-Expression
Patterns in Each Molecular Subtype

The differential gene expression analysis was performed among
four NAFLD molecular subtypes and normal controls. For the
identification of an upregulated differentially expressed gene
(DEG), the average expression value of genes between two
groups was set to be more than 0.2 with an adjusted p-value
less than 0.05.

Gene Set Enrichment Analysis

To sort DEGs in the four subgroups, gene set enrichment
analysis (GSEA) was conducted by utilizing the predefined set
of genes from those subgroups (8). Then, the predetermined set
of genes was concentrated at the top or bottom of the list. When
it appeared at the top of the list, the expression of this gene set
was regarded as upregulated in general, whereas it was regarded
as downregulated when it appeared at the bottom.
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Weighted Gene Co-Expression

Network Analysis

Weighed gene co-expression network analysis (WCGNA) was
performed on all NAFLD samples based on the DEGs in the four
molecular subtypes (9) and the co-expression modules
corresponding to the upregulated genes of each molecular
subtype. Then, the relationships between the gene sets and
sample phenotypes were analyzed, followed by the mapping of
regulatory networks among genes in the gene set and the
identification of key regulatory genes. Finally, a heat map was
constructed using the genes of the eight co-expression modules
(vertical axis) acquired from WGCNA in each molecular subtype
and HC samples (horizontal axis).

Analysis of the Correlation Between
Module Characteristic Genes and

Clinical Characteristics

The relationships among the characteristic genes of eight co-
expressed modules, the NAFLD activity score, and the body mass
index (BMI) in NAFLD patients were systematically analyzed.

Gene Ontology Enrichment Analysis of
Genes in Four Molecular Subtypes

After the acquisition of eight co-expression modules from
WCGNA, eigengenes in the eight co-expression modules were
analyzed for enrichment to visualize biological processes, and the
most significantly enriched processes in each module
were demonstrated.

Functional Enrichment Analysis of Genes
in Each Co-Expression Module

The MSigDB database (10) was used to obtain all gene sets
related to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, and the eigengenes in the co-expression
modules were enriched in relation to the KEGG pathway. The
pathways showing the most significant enrichment in each
module were selected for display.

Immune Cell Infiltration in the Liver
Tissues of NAFLD Patients

The rates of infiltration of 22 types of immune cells in each
NAFLD sample were calculated using the CIBERSORT
algorithm and the expression data of 22 immune infiltrating
cells, namely, the LM22 data (11). The ESTIMATE algorithm
was employed to infer immune cell infiltration based on the
transcriptome data and the scores of the immune
microenvironment (12). These scores include the stromal
score, the immune score, and the estimate score. In addition,
the immune microenvironment scores and the corrplot R
package were used to generate a correlation coefficient
heatmap to visualize the prevalence of immune cell
interactions in the immune microenvironment. The workflow
of this study is shown in Figure 1.

RESULTS

Collection of NAFLD Patient

Clinical Information

In total, 197 samples were collected from three separate studies,
including 57 SS, 54 NASH, and 86 HC cases. The clinical
characteristics of each dataset are shown in Supplemental Table 1.

Integration of Chip Data From Different
Batches and Removal of Sample

Batch Effects

PCA plots with or without the elimination of batch effects are
shown in Figure 2, in which the dots of different colors represent
samples from different platforms. Samples were clearly divided
into four groups. The results revealed that the influence of the
data sources on the sample tests was greater than that on the
sample types, indicating the presence of batch effects
(Figure 2A). However, when the samples from three platforms
were combined, the overall expression in the samples was
distributed uniformly, indicating that the sample batch effects
that influenced the calculation of molecular biological differences
were eliminated (Figure 2B).

Development of NAFLD Molecular
Subtypes Using Consensus Clustering
Figure 3A shows the clustering consistency scores of each
subgroup with different cluster numbers. When the number of
clusters was four, the clustering consistency scores of each
subgroup were all greater than 0.7 (Figure 3A), and the
consensus CDF plot (Figure 3B), delta area plot (Figure 3C),
tracking plot (Figure 3D), and consensus matrix (Figure 3E) all
showed stable results. Therefore, 111 total patients with NAFLD
were divided into four clusters, namely, molecular subtype I (n =
67, including 38 NASH and 29 SS), molecular subtype II (n =
10, including 5 NASH and 5 SS), molecular subtype III (n = 21,
including 8 NASH and 13 SS), and molecular subtype IV (n =13,
including 3 NASH and 10 SS).

Analysis of Differences in Clinical

Features Among Different NAFLD
Molecular Subtypes

An analysis of clinical features among the four molecular
subtypes was conducted (Figure 4). Lobular inflammation
indicated the severity of the lesion, hepatocyte ballooning
represented the intensity of the lesion, and fibrosis represented
the stage of the lesion. According to the histological traits,
molecular subtype I had the highest intensity and most
advanced stage of the lesion. Molecular subtype II had the
highest NAFLD activity score and the most fat deposition. The
severity, intensity, and stage of molecular subtype IIT were mild.
Molecular subtype IV had the lowest lesion intensity, the mildest
severity, and the lowest lesion stage.

The NAFLD activity score and BMI were significantly
different among molecular subtypes (P < 0.001). Furthermore,
multiway ANOVA was used to compare the interaction between
the two main effects, subgroups of the NAFLD activity score and
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Acquisition of transcriptome data of liver tissues from 111 NAFLD patients and
86 normal controls
(GSE48452, GSE89632, GSE151158)
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FIGURE 1 | Flowchart of the integrated analysis.
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BMI, as well as the interaction effect of the two variables on the
NAFLD activity score (Table 1). This proved that the NAFLD
activity score in this study was independent of BMI. These results
not only suggested that the classification of patients based on
gene expression profiles could distinguish between NAFLD
activity scores but also demonstrated that BMI was an
indicator of the severity of NAFLD. All of these results
indicated the existence of significant heterogeneity among
NAFLD patients.
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FIGURE 2 | Principal component analysis (PCA) plots with or without the elimination of batch effects. (A) PCA plot without batch effect elimination; (B) PCA plot with

Identification of Gene Co-Expression
Patterns in Each Molecular Subtype

In the differential expression analysis among the four molecular
subtypes, 46 DEGs were upregulated in subtype I, 130 DEGs
were upregulated in subtype II, 52 DEGs were upregulated in
subtype III, and 99 DEGs were upregulated in subtype IV. In
addition, GSEA was conducted, and the results showed that
those genes were significantly enriched in their respective
molecular subtypes.
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FIGURE 3 | Results of consensus clustering analysis. (A) Cluster-consensus plot. Cluster-consensus plot showing the cluster-consensus value (the mean value of
the pairwise consensus values of each subtype) with different k values. The higher the value, the more stable the subtype. (B) Cumulative distribution function (CDF)
plot. The CDF plot shows the CDF of each cluster (K values corresponding to different clusters) for the selection of K, and the subtype is stable when the CDF
descent has a small slope. (C) Delta area plot. The delta area plot shows the relative changes in the area under the CDF curve between K and K-1. When the area
under the curve increases slightly, the K value is appropriate, and the classification is stable. (D) Tracking plot. The black stripes below the tracking plot represent the
samples, which shows the classification of the samples at different k values, whereas the blocks of different colors represent different classifications. The classification
is stable when colors of samples are scarcely changed at different K values. (E) Consensus matrix. The values of the consensus matrix are shown in white to dark
blue from O (impossible to be clustered together) to 1 (always clustered together), and the consensus matrix was arranged according to the consensus clustering

(dendrogram above the heatmap). The bars between the dendrogram and the heatmap represent the molecular subtypes. All results indicate that the sample
clustering was stable and robust when the boundary of the consensus matrix was clear.

WCGNA

WCGNA was performed based on 327 total genes that were
differentially expressed among the four molecular subtypes of
NAFLD as described. First, the soft threshold function of
WGCNA was utilized to calculate the soft threshold, and a
scale-free topological model was established (Figure 5A).
Then, the dynamic hierarchical tree cutting algorithm was used
to detect the co-expression modules (Figure 5B). The eight

co-expression modules were compared with the two most
varied clinical phenotypes among the four molecular subtypes,
specifically the NAFLD activity score and BMI (Figure 5C).
Gene modules that were highly correlated with the traits could be
used for subsequent analysis to explore their biological functions.
Finally, the expression patterns of specific upregulated genes
from each molecular subtype were mapped using the pheatmap
R package (Figure 5D).

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 857892


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Liu Features of NAFLD Molecular Subtypes

Subgroup B v B8 1 88w B 0 Suboroup 3 1 88 v B8 1 B Subgroup 63 1 88 v B8 B
125 L. 5 . - e r
H — = ——
4 —_— Ts . 2. e —
Z 75 H g
g N 52 . 3
2o . 3
H H Y —— s
. :
25
D - E F

G Subgroup B3 v EE 1 B8 | B8 H I Subgroup B3 v B8 1 EE | EE 1
ns o2 ns
.
£ 5 ns 010 ns.
E H | —1 "
13l 315 2
J T N =
J FN——— K g B R L E——

}

—= JE——

J

3
LDL chlesteal (mmall)
ot cholsterl (ol

—o——*_

] T 0 W T ] O

M — N e s o
e o
) 400 m o
E s — 5
g0
%"’ H %wn
: o g
= 5 . 200-
-
. — . o
- 7 : T 5 T W T
P e
I
o
- _ R g
. 3° 3
B H 5
3 H
; H
: § L
i
[
H
¥ g B 7 ; % 7 : T 7 % ;

S Suorup B8 1B 1 A

LT

FIGURE 4 | Clinical features of non-alcoholic fatty liver disease (NAFLD). The comparisons of clinical features among four molecular subtypes were conducted
based on a pairwise Wilcoxon’s rank sum-test. (A) Difference in NAFLD activity score. (B) Difference in lobular inflammation. (C) Difference in ballooning. (D)
Difference in steatosis. (E) Difference in fibrosis. (F) Difference in body mass index. (G) Difference in waist circumference. (H) Difference in fasting glucose.

(1) Difference in HbA1c. (J) Difference in homa-insulin resistance. (K) Difference in LDL cholesterol. (L) Difference in total cholesterol. (M) Difference in triglycerides.
(N) Difference in AST. (O) Difference in ALT. (P) Difference in alkaline phosphatase. (Q) Difference in liver arachidonic acid. (R) Difference in liver docosahexaenoic
acid. (S) Difference in liver eicosapentaenoic acid. (*P < 0.05; **P < 0.01; **P < 0.001; ns, not significant).
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TABLE 1 | The statistical results of the two main effects based on the multiway ANOVA.

Degree of freedom

NAFLD activity score classification 3
BMI 1
NAFLD activity score classification and BMI 3

0

Residuals 100

Sum square Mean square F value Pr (>F)
36.92 12.308 4.702 0.00411
2.69 2.689 1.027 0.31323
7.24 2413 0.922 0.43325
261.78 2.618

NAFLD, non-alcoholic fatty liver disease; BMI, body mass index.

GO Enrichment Analysis of Genes Related
to Molecular Typing and Co-Expression
Modules in NAFLD

To further explore the relationships between gene modules and
biological processes, protein—protein interaction (PPI) analysis
and Gene Ontology (GO) enrichment analysis were performed
using the STRING online tool (Supplemental Table 2). In
addition, pathways for which all modules were enriched
together were selected for display (Figure 6).

Functional Enrichment Analysis of Genes
in Each Co-Expression Module

To further explore the signaling pathways associated with the
gene modules that regulate the clinical phenotypes, KEGG
enrichment analysis was performed using the eigengenes in the
co-expression modules, and the pathways that were most
significantly enriched were selected for display (Figure 7).
Pathways including cytokine-cytokine receptor interaction,
Th17 cell differentiation, JAK-STAT signaling pathway, and
inflammatory bowel disease were significantly enriched in
more than six gene modules.

Molecular Biological Characteristics of
Four Molecular Subtypes

The Kruskal-Wallis test was used to compare the expression
levels of characteristic genes among the four different molecular
subtypes (Figure 8). The associations between the expression
levels of those genes and clinical traits are presented in the
discussion section.

Immune Cell Infiltration in the Liver
Tissues of Patients With NAFLD

The results showed that the panorama of immune cells varied greatly
among patients (Figure 9A). Further, a correlation coefficient
heatmap was prepared to visualize the associations among 22
immune cells in the immune microenvironment (Figure 9B).

Comparisons of Immune Cell Subsets
Among NAFLD Molecular Subtypes

To compare the differences in the distribution among the four
molecular subtypes, the genotyping results and immune
microenvironment scores were applied. The CIBERSORT
algorithm was used to evaluate the 22 immune cell populations
in each molecular subtype with a threshold of P < 0.05
(Figure 10). According to the immune score, the severity of
the inflammatory response from mild to severe was ranked as
follows: subtype IV < III < I < IL. Through the analysis of immune

cell infiltration, the immune characteristics of each molecular
subtype were determined.

DISCUSSION

Based on gene expression profiles, 111 NAFLD patients from
three independent GEO datasets were divided into four
molecular subtypes, and the corresponding clinical features
and immune cell infiltration traits were determined. In
addition, based on the good correlation for gene expression
results, four molecular subtypes were further subdivided into
eight co-expression modules. The modules belonging to the same
molecular subtype had similar clinical phenotypes and
immunological characteristics. In addition, the significant
correlations between gene modules and clinical phenotypes
were also demonstrated. Furthermore, phenotypic,
immunological, and genetic data were integrated to assess the
potential for progression among the different molecular
subtypes. In addition, the efficacy of drugs against different
molecular subtypes of NAFLD was analyzed to aid in
individualized therapy.

Characteristics of Molecular

Subtype | NAFLD

The histological features of molecular subtype I were significant
fibrosis and a wide range of hepatocyte ballooning, with the
greatest intensity and highest stage of the lesion. Molecular
subtype I was clinically characterized by high levels of ALT,
AST, and ALP, indicating that the degree of liver cell injury
associated with molecular subtype I was serious, and its lesions
influencing the hepatic parenchyma were the largest among the
four molecular subtypes, which is consistent with the results of
the histological analysis. The infiltration of M1 macrophages and
CD8 T cells in molecular subtype I was significantly greater than
that in the other molecular subtypes. The cytokine network
produced by CD8+ lymphocytes is a potent activator of M1
macrophages. Oxidative damage via activated M1 macrophages
accelerates the progression of NASH fibrosis (13). GO analysis
showed that the turquoise module belonging to molecular
subtype I was involved in the positive regulation of amyloid
fibril formation, a biological process closely related to fibrosis. In
conclusion, the histological characteristics (significant fibrosis),
enrichment analysis, and immune cell infiltration results
(marked infiltration of M1 macrophages and CD8 T cells) all
indicated that molecular subtype I was associated with significant
fibrosis, and thus, molecular subtype I was named fibrotic NAFLD.
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Further, collagen type I alpha 1 chain (COL1A1l) (14) and
thrombospondin 2 (TSP2) (15) exhibited the highest expression
levels in molecular subtype I as biomarkers of the advanced fibrosis
stage of NAFLD (Figures 8A, B), demonstrating that molecular
subtype I had the most significant fibrosis. The treatment of
molecular subtype I NAFLD should focus on decreasing liver
collagen deposition and increasing fibrinolysis.

Inflammation is an important factor driving liver fibrosis, and
anti-inflammatory approaches and oxidative stress suppression
are ideal methods to relieve liver fibrosis. C-C motif chemokine
ligand 2 (CCL2) can recruit monocytes for infiltration and further

promote inflammatory mediator production and oxidative
damage by inducing differentiation into activated M1
macrophages (16). Clinical trials on cenicriviroc, a CC-
chemokine receptor 2 (CCR2) antagonist, as a means to block
CCL2 signaling, have shown significant improvements in relieving
fibrosis progression with NASH (17). CCR2 expression was most
significantly increased in molecular subtype I compared with that
in other molecular subtypes (Figure 8C), indicating that
cenicriviroc could have better fibrosis-attenuating effects on
molecular subtype I and would be therefore more suitable for
patients with this molecular subtype.
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Characteristics of Molecular

Subtype Il NAFLD

The histological characteristics of molecular subtype II included
a high NAFLD activity score and large amounts of steatosis.
Patients with molecular subtype II had a high BMI as the main
clinical feature, and it was the only molecular subtype with a
mean BMI greater than 40 kg/m> It was suggested that weight
loss measures are particularly important for this molecular
subtype. The immune score of molecular subtype II was
significantly higher than that of the other molecular subtypes,
indicating that the inflammatory response in molecular subtype
II was the most intense. The microflora promotes NAFLD
through y8 T cells, which are a subgroup with pro-
inflammatory and anti-infection functions (18). Y3 T cells and

monocytes were significantly more abundant in molecular
subtype II. Consistently, GO analysis showed that the brown
module of molecular subtype II involved several biological
processes closely related to microbial infection, such as
detection of lipopolysaccharide (LPS) and peptide antigen
assembly with major histocompatibility complex class II
protein. In addition, elevated bacterial LPS levels could activate
Toll-like receptor 4 (TLR4) and lead to NAFLD (19). Therefore,
we examined TLR4 expression and found that it was significantly
higher in molecular subtype II than in the other molecular
subtypes (Figure 8D). In summary, the results of immune cell
infiltration, gene enrichment, and molecular expression data all
suggested that molecular subtype II was closely associated with
microbial infection. Microbial infection is an underlying cause of
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NAFLD, and treatment options based on targeting the
microbiota comprise a recent hot topic in this field (20). Our
study showed that microbiologically induced NAFLD belongs to
molecular subtype II.

DNA damage-inducible transcript 3 (CHOP), a major gene
involved in the NAFLD stress response, can trigger inflammatory
responses by activating nuclear factor-kB (NF-kB) signaling in
saturated fat cells (21). The expression levels of CHOP and NF-
kB, two major genes involved in the stress response, were
significantly higher in molecular subtype II than in the other
three molecular subtypes (Figures 8E, F). Activating
transcription factor 6 (ATF6), as one of the three sensor
proteins of the unfolded protein response (a key link between
cell stress and inflammation), is an important regulator of the
endoplasmic reticulum stress pathway (22), and ATF6
expression was significantly higher in molecular subtype II
than in the other molecular subtypes (Figure 8G). The high
expression of a series of genes promoting the stress response
indicated that the stress response in molecular subtype II was
more intense than that in the other molecular subtypes.
Moreover, a significantly high expression of some genes closely
related to inflammatory responses (IL-6 and IL8) was discovered
in molecular subtype II (Figure 8H, I), indicating that its
inflammatory response was more intense than that of the other
molecular subtypes. Fat accumulation could promote
inflammation and the stress response (19), and those
processes, found to have a significant role in molecular subtype
II, are continuous and closely related. In conclusion, molecular
subtype II was named the fat accumulation-inflammation-stress
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FIGURE 10 | Immune cell infiltration in molecular subtypes |, II, lll, and IV. Eosinophils, neutrophils, and monocytes of molecular subtype Il were significantly more
abundant than those in the other molecular subtypes. The ratio of M1 macrophages to M2 macrophages was ranked as follows: subtypes IV < Il < lll < I. (*P < 0.05;
P < 0.01; **P < 0.001; ns, not significant).

type of NAFLD. The treatment of molecular subtype II should
thus focus more on improving insulin sensitivity, inhibiting fat
deposition and inflammatory cell aggregation, blocking
inflammatory signal transduction, and reducing the
stress response.

Selonsertib is a potent and selective apoptotic signaling
regulated kinase-1 (ASK1) inhibitor that ameliorates liver
steatosis and inflammation (23). ASK1 expression was
significantly higher in molecular subtype II than in the other
molecular subtypes (Figure 8K), suggesting that selonsertib
could achieve better therapeutic efficacy for patients with
molecular subtype II. Further, the TLR4 antagonist JKB-121 is
a long-acting small molecule and an effective treatment for the
prevention of inflammatory injury and liver fibrosis in NAFLD
patients (23). According to the high expression of TLR4 in
molecular subtype II (Figure 8D), JKB-121 appears to be more
effective for patients with this subtype.

Characteristics of Molecular

Subtype Il NAFLD

The severity, intensity, and stage of molecular subtype III were
mild. Its histological features were minor fibrosis, a small range
of steatosis, and mild lobular inflammation. Clinical indexes,
including AST, ALT, and ALP, were lower than those in
molecular subtype I, suggesting that liver damage in molecular
subtype IIT was less severe than that with subtype I. In molecular
subtype III, plasma cells infiltrated redundantly. Under the
stimulation of oxidative stress, liver B2 lymphocytes mature
into plasma cells (24) that produce oxidative stress epitope
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(OSE) IgGs (13), resulting in the onset of NAFLD. As an early
event in the evolution of NAFLD (24), the infiltration of plasma
cells could help to identify molecular subtype III, which was
named plasmacyte-infiltrating NAFLD according to its immune
cell infiltration traits. In addition, the expression of TNF
receptor-associated factor 2 (TRAF2), the central regulator of
the cell response to stress (25), was significantly higher in
molecular subtype III than in the other molecular subtypes
(Figure 8L). In terms of cell stress, this is consistent with the
immune cell infiltration results showing that plasma cell
infiltration was abundant in molecular subtype III, which
verifies the validity of our conclusion from a different
perspective. Th2 cells have a high potential for promoting
fibrosis via IL-13 (26). The production of cytokines by Th2
cells, as well as the production and secretion of IL-13, was
negatively regulated in the black module of molecular subtype
III (Supplemental Table 2), indicating that the progression of
fibrosis in the early stage of NAFLD is inhibited.

Obeticholic acid is a potent farnitol X receptor (FXR) agonist
that reduces liver enzymes and improves the degree of liver
fibrosis. FXR expression was significantly higher in the molecular
subtype III than in the other molecular subtypes (Figure 8M),
indicating that patients with molecular subtype III would be
more sensitive to FXR and that obeticholic acid is more suitable
for these patients. Liraglutide is a glucagon-like peptide 1
receptor (GLP-1R) agonist that can effectively control blood
glucose and improve metabolism, and it has a significant effect
on reducing liver inflammation, steatosis, and fibrosis. The
expression of GLP-1R in molecular subtype III was
significantly higher than that in the other molecular subtypes
(Figure 8N), indicating that liraglutide would be more suitable
for patients with molecular subtype III. GS-0976, an inhibitor of
acetyl-CoA carboxylase (ACC), can significantly reduce liver fat
content and TIMP-1 (a serum marker associated with fibrosis)
(23). ACC expression was significantly higher in molecular
subtype III (Figure 80), indicating that GS-0976 would be
more suitable for patients with this subtype. Sodium-
dependent glucose transporter 2 (SGLT2) inhibitors
(canagliflozin (27), luseogliflozin (28)) are promising drugs
that can reduce ALT levels and alleviate hepatic steatosis and
fibrosis (29). SGLT2 expression was significantly higher in
molecular subtype III than in the other molecular subtypes
(Figure 8P), suggesting that SGLT2 inhibitors are more
suitable for patients with molecular subtype III.

Characteristics of Molecular

Subtype IV NAFLD

Molecular subtype IV had the smallest lesion intensity, the
mildest severity, and the lowest lesion stage. Except for a small
range of steatosis, other indicators of NAFLD grading were low.
According to its histological characteristics, molecular subtype
IV was named primary NAFLD. Levels of clinical indictors,
including ALP, BMI, HbAlc, and low-density lipoprotein
cholesterol, were all lower in molecular subtype IV than in the
other molecular subtypes, indicating that molecular subtype IV
had the mildest clinical manifestation. Further, molecular

subtype IV had the lowest immune score. The ratio of M1 to
M2 macrophages was also lowest among all molecular subtypes,
which indicated that molecular subtype IV exhibits the mildest
inflammatory response. The gray module of molecular subtype
IV was involved in the apoptotic process of B cells, as well as the
negative regulation of T-cell cytokine production (Supplemental
Table 2). This suggested that immunity in molecular subtype IV
is negatively regulated, which verifies the results of immune cell
infiltration from the perspective of gene enrichment.

Pioglitazone is an insulin sensitizer that acts on the
peroxisome proliferator-activated receptor y (PPARY) to reduce
steatosis by increasing lipid oxidation, thereby preventing NASH
(23). PPARY expression in molecular subtype IV was found to be
significantly higher relative to that in the other molecular
subtypes (Figure 8]), indicating that this subtype is the most
responsive to pioglitazone. Inhibitors of hepatic glutaminase 1
(GLS1) reduce NASH steatosis by increasing very low-density
lipoprotein export, and inhibiting GLS1 can reduce oxidative
stress in NASH. GLSI hepatic targeting has been shown to be a
valuable therapeutic method (30), and GLSI expression was
higher in molecular subtype IV than in the other molecular
subtypes (Figure 8Q). This suggested that this novel therapeutic
method for NAFLD might be more suitable for patients with
molecular subtype IV.

Analysis of NAFLD Clinical Indicators

Among the Four Molecular Subtypes

Combined with the characteristics of each molecular subtype
analyzed previously herein, four clinical indicators were used to
verify the reliability of typing. BMI showed a decreasing trend
among subtypes in the following order: II, L, III, IV (Figure 4F).
Meanwhile, triglycerides (TGs) showed an increasing trend
among subtypes in the following order: II, I, III, IV
(Figure 4M). The changing trends in BMI and TGs were
opposite, and thus, we speculate that TG, BMI, and NAFLD
might be related. Studies have shown that the effect of BMI on
NAFLD is mediated by TGs (31). This corroborates the
conjecture based on our results. Significant differences in waist
circumference and insulin resistance (IR) were found between
the most severe phenotype (molecular subtype I) and the least
severe phenotype (molecular subtype IV) (Figures 4G, J).
According to one study (32) with results consistent with our
findings, the waist circumference is closely related to chronic
inflammation and IR, and it might contribute to the
development of NAFLD. Omega-6 (n-6) polyunsaturated fatty
acids (PUFAs; e.g., arachidonic acid (AA)) and omega-3 (n-3)
polyunsaturated fatty acids (e.g., eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA)) are precursors of lipid-
mediated signaling molecules, and they play an important role
in the regulation of inflammation. In general, eicosanes derived
from n-6 PUFAs have pro-inflammatory effects, whereas
eicosanes derived from n-3 PUFAs have anti-inflammatory
effects (33). AA was relatively increased in molecular subtype
IV (Figure 4Q), which represents the initial stage of NAFLD,
indicating that AA increases at the initial stage of NAFLD and
that it might be an early predictor of the disease, which is
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consistent with the results of a previous study (34). Both DHA
and EPA can reduce hepatic lipid homeostasis damage, oxidative
stress, and the inflammatory response (35) and inhibit the
progression of NAFLD (36, 37). In our study, the DHA/EPA
ratio in molecular subtypes II and III was lower than that in
subtypes I and IV (Figures 4R, S). According to the immune
score, the inflammatory response associated with molecular
subtypes II and III was more severe than that with subtypes I
and IV. Therefore, we speculate that DHA has a more inhibitory
effect on the progression of NAFLD than EPA, which has been
confirmed previously (38, 39).

CONCLUSIONS

In this study, we present the following results: 1) we identified
four molecular subtypes of NAFLD with unique pathogenic
mechanisms and eigengenes; 2) we matched specific treatment
strategies to specific disease-driving factors for specific patients;
3) we also evaluated the differences in drug efficacy among the
four molecular subtypes. Moreover, these results could provide
new insights into the underlying pathogenesis of and drug targets
for NAFLD.
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