:' frontiers ‘ Frontiers in Cell and Developmental Biology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Muhammad Nadeem Aslam,

The University of Michigan Medical School,
United States

REVIEWED BY
Sangam Rajak,

Sanjay Gandhi Post Graduate Institute of
Medical Sciences (SGPGI), India

Arion Kennedy,

North Carolina State University, United States

*CORRESPONDENCE

Mingmei Zhou,
zhoumm368@163.com

Cheng Zhao,
chengzhao_79@163.com

These authors have contributed equally to
this work

RECEIVED 06 June 2024
ACCEPTED 26 August 2024
PUBLISHED 05 September 2024

CITATION
TianY,NiY, Zhang T, Cao Y, Zhou M and Zhao C
(2024) Targeting hepatic macrophages for non-
alcoholic fatty liver disease therapy.

Front. Cell Dev. Biol. 12:1444198.

doi: 10.3389/fcell.2024.1444198

COPYRIGHT

© 2024 Tian, Ni, Zhang, Cao, Zhou and Zhao.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Cell and Developmental Biology

TYPE Review
PUBLISHED 05 September 2024
Dol 10.3389/fcell.2024.1444198

Targeting hepatic macrophages
for non-alcoholic fatty liver
disease therapy

Yingxin Tian*#3', Yiming Ni'?!, Ting Zhang?, Yemin Cao’,
Mingmei Zhou®?* and Cheng Zhao*

'Shanghai Traditional Chinese Medicine Integrated Hospital, Shanghai University of Traditional Chinese
Medicine, Shanghai, China, 2Institute of Interdisciplinary Integrative Medicine Research, Shanghai
University of Traditional Chinese Medicine, Shanghai, China, *School of Pharmacy, Shanghai University of
Traditional Chinese Medicine, Shanghai, China

Non-alcoholic fatty liver disease (NAFLD) and its more advanced form, non-
alcoholic steatohepatitis (NASH), have become global health challenges with
significant morbidity and mortality rates. NAFLD encompasses several liver
diseases, ranging from simple steatosis to more severe inflammatory and
fibrotic forms. Ultimately, this can lead to liver cirrhosis and hepatocellular
carcinoma. The intricate role of hepatic macrophages, particularly Kupffer cells
(KCs) and monocyte-derived macrophages (MoMFs), in the pathogenesis of NAFLD
and NASH, has received increasing attention. Hepatic macrophages can interact
with hepatocytes, hepatic stellate cells, and endothelial cells, playing a crucial role
in maintaining homeostasis. Paradoxically, they also participate in the pathogenesis
of some liver diseases. This review highlights the fundamental role of hepatic
macrophages in the pathogenesis of NAFLD and NASH, emphasizing their plasticity
and contribution to inflammation and fibrosis, and hopes to provide ideas for
subsequent experimental research and clinical treatment.
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1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is recognized worldwide as a rapidly evolving
manifestation of the metabolic syndrome (Quek et al., 2023). Non-alcoholic steatohepatitis
(NASH) is an evolving form of NAFLD characterized by excessive triglyceride accumulation
(steatosis), inflammation, injury, and hepatocyte apoptosis leading to fibrosis, cirrhosis, and
hepatocellular carcinoma. The progression of NASH is currently a major cause of liver
transplantation (Younossi et al.,, 2018). In 2023, three major multinational liver associations
recommended substituting the term NAFLD with metabolic dysfunction-associated steatotic
liver disease (MASLD) and replacing NASH with metabolic dysfunction-associated
steatohepatitis (Rinella et al, 2023; Targher et al, 2024). Recent epidemiological data
indicates a high degree of agreement between NAFLD and MASLD definitions, with
approximately 99% of NAFLD cases meeting MASLD criteria (Hagstrom et al., 2024).
Nevertheless, MASLD’s greater emphasis on the complex relationship between hepatic fat
deposition and metabolic dysfunction results in some differences between MASLD and
NAFLD (He et al., 2024). As there is still limited experimental evidence and research to
validate the definition and diagnostic criteria of MASLD, this paper continues to use the
definitions of NAFLD and NASH for the overview (Cusi et al., 2024).
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The important role of hepatic macrophages in the development
and recovery of NAFLD and NASH has been well documented
(Rinella et al.,, 2023; Targher et al., 2024). Hepatic macrophages
incorporate Kupffer cells (KCs), which are derived embryonically,
and circulating monocyte-derived macrophages (MoMFs) (Tacke
and Zimmermann, 2014). As an essential cellular constituent of the
liver, hepatic macrophages are central in promoting repairment after
hepatic injury and regulating tissue homeostasis in physiological
conditions and pathology (Igarashi et al., 2024). From early animal
models and human clinical trials, it can be reasonably concluded
that targeted pathogenic hepatic macrophages offer a promising
avenue for the treatment of NAFLD and NASH (Xu et al., 2022).

This review will focus on recent developments in hepatic
macrophages in NAFLD and NASH and their potential for
innovative treatment approaches.

2 Pathogenesis of NAFLD/NASH

NAFLD is a multifaceted disorder encompassing a wide range of
liver conditions. The spectrum of NAFLD ranges from the
accumulation of fat in over 5% of hepatocytes (simple steatosis) to
NASH, which is distinguished by the presence of necro-inflammation,
hepatocyte injury, and progressive fibrosis (Friedman et al., 2018). In
physiological states, lipids play crucial roles in intracellular
metabolism, intercellular signaling, the regulation of inflammation,
and the structural integrity of membranes. In hepatocytes,
triglycerides are typically stored properly as lipid droplets to
mitigate lipotoxicity by reducing extracellular free fatty acids
(FFAs). Conversely, erroneous deposition or mobilization of lipid
droplets and alterations in protein expression can exacerbate
hepatocyte lipotoxicity, thereby contributing to the progression of
NAFLD (Yamaguchi et al.,, 2007; Su et al., 2014). When the uptake and
synthesis of fatty acids exceed the rate at which they are eliminated, it
initiates cellular stress and lipid toxicity. This, in turn, causes cellular
damage by disrupting the function and structure of intracellular
organelles such as the endoplasmic reticulum and mitochondria.
Additionally, it interferes with intracellular pathways and interacts
with specific pro-inflammatory cell kinases, which can be located on
the cell surface or within the cytoplasm. Ultimately, these are
responsible for the development and progression of NAFLD to
NASH (Moayedfard et al., 2022).

3 Main components of hepatic
macrophages in NAFLD

The liver contains two major classes of macrophages: resident
macrophages, also known as KCs, and MoMFs (Hagstrom et al.,
2024). Both KCs and MoMFs can play a role in both the
development and inflammation and

repair of injury in

hepatic disease.

3.1 KCs

KCs represent approximately 15% of the total liver cell
population. They account for 80%-90% of the total macrophage
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population in the body and are essential for maintaining hepatic
tolerance. A high abundance of KCs indicates their crucial role in
maintaining hepatic function and balancing the microenvironment
(Han M. et al., 2023).

While both KCs and recruited macrophages express some
common markers, they also exhibit distinct surface proteins that
allow for their differentiation. KCs, which are resident macrophages
in the liver, express high levels of scavenger receptors such as
scavenger receptor A and MARCO. These receptors are involved
in the recognition and clearance of modified lipoproteins and
pathogens (Li et al, 2014). Furthermore, they express Fcy
receptors (e.g., CD64) (Rolot et al., 2019) for antibody-mediated
phagocytosis, and T-cell immunoglobulin domain and mucin
domain-4 (TIM-4), which is involved in the binding and
clearance of apoptotic cells (Ni et al, 2021). Additionally, KCs
are characterized by the expression of C-X3-C motif receptor 1, a
chemokine receptor linked to patrolling functions (Wang J. et al,
2020). In contrast, recruited macrophages frequently express CC-
chemokine receptor-2 (CCR2), a chemokine receptor that is
essential for the migration of monocytes from the bone marrow
to sites of inflammation (Mulder et al., 2017). These cells also
express the receptor for macrophage colony-stimulating factor,
which regulates their proliferation and survival (Stadler et al,
2021). Other markers include CD14 (Roedig et al., 2019), which
is involved in the response to bacterial lipopolysaccharide, and
CD163 (Xi et al, 2021), a hemoglobin scavenger receptor linked
to iron metabolism and anti-inflammatory functions (Guo
et al.,, 2018).

Specific surface markers, such as F4/80hi (mouse) and CD11bint
(human), are expressed by KCs, facilitating their identification.
Mouse Kupffer cells (KCs) are hepatic macrophages that
specifically express C-type lectin domain family 4 member F,
irrespective of their origin (Scott et al, 2016). Additionally,
C-type lectin domain family 2 (Tran et al, 2020), TIM4 (Ni
et al,, 2021), and V-set and immunoglobulin domain-containing
4 (Guilliams et al., 2022) are additional surface markers of mouse
KCs. While human KCs do not express a direct equivalent of F4/80",
but they express CD14, a co-receptor for lipopolysaccharide
(Tkarashi et al, 2013). CDI163, a hemoglobin
scavenger receptor, is highly expressed in human Kupffer cells

recognition

and is involved in iron metabolism and anti-inflammatory
functions (Li X. et al., 2022). Both mouse and human KCs
express CD11b and TIM-4 (Wu et al,, 2020; Ni et al,, 2021).
Additionally, high densities of scavenger receptors (Zhang et al.,
2019), complement receptors (Sun et al., 2019), Toll-like receptors
(Labiano et al., 2022), Nod-like receptors (Yu et al., 2017), and
mannose receptors (Maeda et al., 2022) are also enriched in the
surface of KCs. Furthermore, KCs are capable of secreting cytokines
that regulate the inflammatory response and other bioactive
molecules through pattern recognition receptors (Yao et al., 2023).

3.1.1 The sources of KCs

Yona et al. proposed that hepatic KCs are formed before birth
and maintained in adulthood through self-renewal. During the early
stages of hepatic injury, the number of KCs decreases, and
subsequently, they are replenished through their proliferation,
with
replenishment of KCs during the injury process (Yona et al., 2013).

infiltrating macrophages not participating in the
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Hepatic macrophages in NAFLD. There are six principal pathways by which KCs are involved in the pathogenesis of NAFLD: 1) the entry of gut-
derived endotoxins into the circulation due to enhanced intestinal permeability and their binding with toll-like receptors; 2) via molecules associated with
hepatocyte damage such as histidine-rich glycoprotein (HRG) and DAMPs; 3) via FFAs acting through TLRs and adipokines such as leptin binding with the
leptin receptor (LEPR) from adipose tissue; 4) via cholesterol and its metabolites, including oxidized low-density lipoprotein (oxLDL), which act
through CD36 and scavenger receptor A; 5) via the direct action of adipocyte extracellular vesicles (EVs) and hepatocyte EVs to KCs; 6) and the rise of TNF
and IL-10 caused by inflammation after the activation can also activate KCs. Subsequently, KCs will release pro-inflammatory cytokines, such as TNF and
IL-1p, to assist monocytes through the CCL2-CCR2 interaction. Monocytes differentiate into MoMFs to exacerbate hepatic inflammation and contribute
to fibrosis through stimulation of HSCs by TGF-p and IL-1B. Created with BioRender.com.

However, recent research indicates that the origin of hepatic resident
macrophages, including KCs, may be more complex and diverse than
previously thought. During the early stages of hepatic injury, the
population of KCs declines, yet they are subsequently replenished
through proliferation to restore the KC pool (Li et al, 2023). In
addition, in certain circumstances, hepatic resident macrophages,
including KCs, may originate from both embryonic precursor cells and
other exogenous cell populations (Hoeffel et al., 2015). For instance,
peripheral blood monocytes and monocytes in the bone marrow can enter
the liver through the circulatory system and differentiate into hepatic
resident macrophages (Tran et al, 2020; Wang and Gao, 2021).

In NASH mice, monocytes (TIM"™$ macrophages) also
contribute to the replenishment of the KCs pool. The results of
immunolabeling studies have demonstrated that monocyte-derived
KCs are present in the hepatic sinusoids, in a manner analogous to
that observed in embryonically derived KCs. The production of
monocyte-derived KCs in NASH patients is a response to increased
embryonically derived macrophage death and aims to maintain the
population of KCs (Seidman et al., 2020; Daemen et al., 2021).
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3.1.2 The activation of KCs in NAFLD and NASH

Elevated levels of FFAs and triglycerides can result in increased
lipid oxidation, reactive oxygen species generation, and lipotoxicity,
collectively contributing to cellular injury. This, in turn, can lead to
the release of cytokines that trigger the activation of KCs and attract
monocytes and other immune cells from the bloodstream (Xu G.-X.
et al.,, 2023).

After KCs activation, the participation of KCs, and MoMFs in
NAFLD is shown in Figure 1. This cascade then leads to the
apoptosis of the hepatocytes and the subsequent mobilization of
the hepatic stellate cells (HSCs). Ultimately, it causes the deposition
of the extracellular matrix, which, if excessive, can lead to fibrosis
(Caoetal., 2022). The progression of KCs in NAFLD and cell-to-cell
signaling is shown in Figure 2.

Given the association between the functional activity of KCs and
the development of pathological states, the inability of KCs to
regulate the inflammatory response with precision would result
in hepatic chronic inflammation, including NAFLD and NASH,
by increasing the expression of proinflammatory factors and genes
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The process of KCs and cell-to-cell signaling in different hepatic environments. In a healthy organism, there exists intercellular communication

between monocytes and KCs mediated by IL-1f and programmed cell death ligand 1 (PDL-1). This communication regulates inflammation and immune
responses. IL-10 is an anti-inflammatory cytokine produced by monocytes, which acts as a signaling molecule to communicate with KCs. It inhibits the
production and release of various inflammatory cytokines, thereby reducing inflammation. In contrast, KCs employ the surface molecule PDL-1 to
modulate T-cell activation, thereby regulating immune responses and restraining excessive inflammatory reactions. Furthermore, prostaglandin E2
(PGE2) can be produced by both monocytes and KCs and acts as a signaling molecule that affects the immune response. PGE2 can influence the function
of KCs and monocytes by regulating their activation, cytokine production, and migration. Upon detecting abnormalities in the body, KCs become
activated and transmit signals to activate HSCs, which in turn promote the phagocytosis and apoptosis of damaged cells. Monocytes can also infiltrate the
Disse space, where they participate in inflammatory responses and tissue repair. The interaction between endotoxins and KCs can trigger an immune
inflammatory response. KCs recognize endotoxins and release pro-inflammatory cytokines, which lead to liver inflammation. In addition, in NAFLD,
damaged liver cells release signaling molecules known as DAMPs. The release of DAMPs can activate KCs, leading to the secretion of pro-inflammatory
cytokines such as TNF-a and IL-1p. Both KCs and macrophage-derived cytokines can induce the activation of HSCs and the deposition of extracellular
matrix, leading to the formation of fibrous septa. Created with BioRender.com.

related to fibrosis and oxidative damage (Dixon et al,, 2013; Chen
etal., 2020). During chronic inflammation, KCs undergo a transition
from a tolerogenic phenotype to a pathologically activated status,
causing liver injury (Chen et al., 2020). A wealth of clinical evidence
and experimental data has demonstrated that KC activation is a
crucial initial step in hepatic injury (Lucey et al., 2009; Sakaguchi
et al, 2011; Wan et al., 2014). The subsequent enhanced release of
M1 mediators derived from KCs will then lead to the pathogenesis of
various liver lesions, including steatosis, apoptosis, inflammatory
cell recruitment, and fibrosis (Reid et al., 2016; Zhang Y. et al., 2023).

The gut microbiota, a diverse community of microorganisms in
the digestive tract, has been demonstrated to profoundly impact
human health, including immunity, metabolism, and inflammation.
Recent findings suggest that it affects KCs, hepatic cells’ function,
and behavior. Microbes’ components absorbed from the intestines
influence the liver, forming a “gut-liver axis” (Kamiya and Ohtani,
2022). Gut bacteria-derived lipopolysaccharides (LPS) can enter the
liver through the portal vein, activating KCs’ immune responses.
This results in the production of inflammatory cytokines and the
initiation of hepatic inflammation (Cani et al., 2007; Siebler et al.,
2008). Gut microbiota-generated metabolites, such as short-chain
fatty acids, which are derived from the fermentation of dietary fiber,
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have anti-inflammatory effects. They influence the activation of
KCs, promoting an anti-inflammatory role (Beaumont et al., 2018).
According to the pathological processes of NAFLD, this article here
divides the pathological processes of NAFLD into three parts
steatosis, inflammation, and fibrosis (Friedman et al., 2018; Chen
et al., 2020).

3.1.3 KCs in the progression of hepatic steatosis
in NAFLD

Hepatic steatosis represents the initial stage of NAFLD. Initial
research has indicated that decreased hepatic enhancement is
positively correlated with the attenuated phagocytic function of
KCs as evidenced by superparamagnetic iron oxide magnetic
resonance imaging of patients with NAFLD. This research
addresses a significant gap in our understanding of the
pathogenesis of human NAFLD, as animal models cannot fully
reflect the disease (Asanuma et al, 2010). The development of
NASH is mediated by KCs and HSCs and relates to congenital
immunity. Toll-like receptor 9 (TLR9) is a pattern-recognizing
that
bacteria, activating the innate immune system. Previous research

receptor recognizes  cytosine-phosphate-guanine from

has shown that TLR9 signaling promotes KC production of
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interleukin-1f (IL-1P) in a mouse model of NASH, contributing to
steatosis, inflammation, and fibrosis (Shepard, 2020). It is
noteworthy that the inhibition of TLR-9 expression in mouse
models fed a high-fat diet has been demonstrated to result in a
reduction in the NASH phenotype and a significant shift towards the
M2 phenotype in KCs, accompanied by a notable control of
M1 activation (Mridha et al., 2017a). These experiments shed
light on the mechanism by which KCs activation in NAFLD
leads to steatosis and hepatic damage.

The degree of hepatic steatosis is influenced by the cumulant of
triglycerides, and the accumulation of other lipids such as phospholipid
and cholesterol in the liver could also cause lipotoxicity and
proinflammatory factor secretion of KCs (Manne et al, 2018).
Excessive cellular lipid accumulation inevitably activates hepatic
macrophages, promoting the formation and progression of NASH
(Zhang et al,, 2024). Consequently, a potential therapeutic approach
is to prevent the accumulation of lipotoxic lipids in the liver.
Concerning dietary intervention, lycopene has been demonstrated to
inhibit the development of hepatic steatosis induced by a high-fat diet.
Conversely, a low-lycopene condition may result in the progression of
NAFLD (Bahcecioglu et al., 2010; Erhardt et al., 2011). Additionally, B-
carotene, astaxanthin, and (-cryptoxanthin were demonstrated to
exhibit analogous effects (Kobori et al., 2014; Ni et al,, 2015; Yilmaz
et al, 2015). It is of particular note that astaxanthin represents a
promising therapeutic option for NAFLD. This is due to its capacity
to inhibit lipid accumulation and proinflammatory signaling, as well as
its ability to act directly on KCs to promote the activation of
M2 macrophages (Ni et al., 2015).

Glucose is converted into pyruvate through glycolysis in the
cytoplasm, and pyruvate is subsequently oxidized in the
mitochondria to generate ATP through the tricarboxylic acid cycle
and oxidative phosphorylation. In the fed state, glycolytic products are
utilized for the synthesis of fatty acids through de novo lipogenesis (Rui,
2014). G protein-coupled receptors play a pivotal role in the
pathogenesis of metabolic disorders, functioning as receptors for
metabolites and fatty acids. It has been demonstrated that the
activation of G-protein coupled receptor 3 in KCs stimulates
glycolysis and protects mice from obesity and fatty liver disease.
This process involves the interaction of G-protein coupled receptor
3 with B-arrestin2, pyruvate kinase M2, and the c-Myc pathway, which
plays a crucial role in metabolic reprogramming in macrophages. The
activation of this pathway in KCs represents a promising approach for
the treatment of NAFLD (Dong et al., 2024).

3.1.4 KCs in the inflammatory process of NAFLD

In NAFLD, KCs can be activated by a variety of stimuli, including
lipids and inflammatory cytokines. This activation leads to the secretion
of pro-inflammatory mediators and the initiation of an inflammatory
response (Maeda et al., 2022). Normally, triglyceride deposits in hepatic
cells in the form of lipid droplets serve to mitigate lipotoxicity and hold
back the progression of NAFLD. For many years, it has long been
widely accepted that inflammation represents a pivotal link between
NAFLD and NASH. TLRs are cytoplasmic pattern recognition
receptors with potent inflammatory effects in hepatic cells. Upon
sensing their corresponding ligands and metabolites, TLRs can
exacerbate local inflammation (Baumann et al., 2021).

There are several mechanisms by which KCs contribute to the
progression of NAFLD. Firstly, they release pro-inflammatory

Frontiers in Cell and Developmental Biology

10.3389/fcell.2024.1444198

cytokines,
domain, leucine-rich repeat-containing receptor (NLR) family

including the nucleotide-binding oligomerization
pyrin domain-containing 3 (NLRP3), tumor necrosis factor-a
(TNF-a), IL-1B, IL-6, IL-10, IL-12, IL-18, which promote hepatic
inflammation and injury after intestinal LPS reaches the liver. These
cytokines stimulate the recruitment and activation of other immune
cells, which can exacerbate the inflammatory response (Tacke, 2017;
Maeda et al,, 2022). Inflammasomes, including NLRP-1, NLRP-3,
NLRP-4, and absent in melanoma 2, recognize endogenous or
exogenous pathogen-associated molecular patterns or danger-
associated molecular patterns (DAMPs) and induce the release of
inflammatory cytokines, such as pro-IL-1f and pro-IL-18 (Liu et al.,
2023). The NLRP3 inflammasome is a crucial factor in processing key
pro-inflammatory cytokines, making it a potential target for the
prevention and treatment of NAFLD/NASH (Cao et al, 2022). In
recent years, numerous studies using NLRP3 inflammasome-related
drugs and inhibitors in experimental models have supported the
therapeutic approach for treating NAFLD/NASH, demonstrating
positive effects. Translating these findings into therapeutic support
may represent a novel approach to treating inflammatory hepatic
diseases (Wang et al., 2022; Ma et al,, 2023). The researchers also
identified MCC950 as a highly effective and selective NLRP3 inhibitor,
demonstrating the ability to mitigate hepatic injury and fibrotic
progression of NASH by inhibiting NLRP3 activation (Mridha
et al, 2017b). However, due to the lack of clarity regarding the
oral dose of MCC950, the full potential of inflammasome
inhibition remains untapped. In contrast to MCC950, CY-09, a
novel selective and direct NLRP3 inhibitor, has the potential to
treat NAFLD and NASH by inhibiting weight gain and visceral
lipid deposition in NAFLD mice. While the mode of action differs
from that of MCC950 and requires further investigation, CY-09
represents a promising avenue for the treatment of NAFLD and
NASH (Wang et al,, 2021). A study conducted several years ago
revealed that the Yes-associated protein in KCs has the capacity to
enhance the generation of pro-inflammatory factors and facilitate the
development of NASH (Song et al., 2020).

Secondly, activated KCs can release reactive oxygen species to
circumambient hepatocytes and stellate cells by the activation of
NADPH oxidase 2 and TLR signaling pathways, leading to oxidative
stress and cellular damage. The increased oxidative stress
contributes to hepatocyte injury and promotes the progression of
hepatic inflammation in NAFLD (Maeda et al, 2022; Zhang
et al., 2024).

KCs are also responsible for producing chemokines and
adhesion molecules that are critical for recruiting inflammatory
cells into the liver. For instance, chemokines such as CC-chemokine
ligand 2 (CCL2) and chemokines including chemokine ligand 10 are
produced by KCs and facilitate the recruitment of monocytes and
T cells to the site of inflammation in the liver. Adhesion molecules,
including ICAM-1 and VCAM-1, are expressed on the surface of
KCs, which enables the adhesion and migration of inflammatory
cells into liver tissue. The recruitment and activation of
inflammatory cells contribute to the perpetuation of hepatic
inflammation in conditions such as NAFLD (Tacke, 2017).

3.1.5 KCs in the fibrosis of NAFLD
The
consequence of the actions of HSCs, which produce excessive

intensification of inflammation and fibrosis is a
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extracellular matrix and inflammatory mediators. This is due to the
activation of these cells that is caused by apoptotic hepatocytes and
KCs (Cao et al., 2022; Liu et al., 2023). TLR-2, TLR-4, and TLR-9,
which are predominantly expressed in KCs, are critical in the
pathogenesis of steatosis, inflammation, and fibrosis in several
diet-induced mouse models of NAFLD and NASH (Miura et al,
2010; Nakamoto and Kanai, 2014; Yin et al., 2014). In contrast, TLR-
5 has been shown to exert an opposing effect, namely, by resisting
the entry of circulating gut bacteria and high-fat diet-induced
steatosis and fibrosis (Etienne-Mesmin et al,, 2016). Despite the
considerable functions of TLRs, extensive activation or suppression
of inflammatory signals appears to be an unfeasible therapeutic
approach. Recently, 44 miRNAs were identified as being abnormally
expressed in NAFLD livers in comparison to normal livers. This
discovery has led to research investigating the pathomechanism of
NAFLD and NASH through miRNA analysis (Ying et al.,, 2017;
Gjorgjieva et al.,, 2019; Mahmoudi et al., 2022). The majority of
miRNAs are secreted from cells via microvesicles as a result of active,
energy-consuming processes. In NAFLD, damaged and dead cells
shed circulating miRNAs, which may reflect molecular events in the
liver (Mahmoudi et al., 2022). In addition, susceptibility to fibrosis in
NAFLD can be predicted using miRNA-based diagnostic tools.
Although the accurate and detailed diagnosis and treatment of
NAFLD and hepatic fibrosis are still in the early stages of clinical
trials, there is a great potential for targeting miRNA-based treatment
to realize personalized remedies and management for patients with
NAFLD and hepatic fibrosis.

The expression of N6-methyladenosine methyltransferase
(METTL14) was shown to be significantly diminished in the
livers of both patient samples and multiple murine models of
MAFLD. Hepatocyte-specific depletion of this methyltransferase
was observed to exacerbate lipid accumulation, liver injury, and
fibrosis. METTL14 downregulation resulted in a reduction in the
level of GLS2, which was found to be mediated by YTHDFI and
dependent on m6A modification. This may result in the formation
of an oxidative stress microenvironment, which in turn facilitates
the recruitment of Cx3crl*Ccr2® MoMfs. Specifically, these
activated MoMfs express S100A4, which further activates HSCs
to promote liver fibrosis. Further experiments demonstrated that
CX3CRI can activate the transcription of S100A4 via the CX3CR1/
MyD88/NF-«B signaling pathway in Cx3cr1*Ccr2* MoMfs (Wang
et al., 2024).

In conclusion, KCs exhibit a spectrum of functions in NAFLD
and NASH, and their phenotype is influenced by the local metabolic
and immune environment. They can adopt a range of polarized
phenotypes, from a pro-inflammatory M1 type to an M2 type (Reid
et al,, 2016). These findings offer new insights into the potential of
manipulating KCs to promote inflammation resolution and wound
healing in hepatic disorders.

3.2 MoMFs

MoMEFs represent a discrete subset of macrophages that exhibit
remarkable plasticity and functional diversity. These cells are
capable of undergoing a phenotypic switch between M1-like and
M2-like phenotypes, contingent upon the surrounding milieu. This
phenotypic plasticity is accompanied by corresponding functional
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and phenotypic changes. In the context of NAFLD, the activation
and polarization of MoMFs play a crucial role in inflammatory
responses, fibrosis processes, and pathological progression (Li
et al., 2020).

3.2.1 Polarization and phenotypic transitions of
MoMFs in NAFLD

In the early stages of NAFLD, MoMFs exhibit characteristics of
MIl-like macrophages, releasing inflammatory cytokines and
chemokines that contribute to hepatic inflammation and cellular
damage. As the disease progresses, MoMFs may transition into M2-
like macrophages, displaying anti-inflammatory and reparative
properties, and participating in tissue repair and fibrosis
processes (Keirsse et al., 2018). For example, transforming
growth factor-p (TGE-B) is known to induce the polarization of
MoMFs towards the M2-like phenotype, while cytokines including
IL-4 and IL-13 also have an impact on M2 polarization (Rahal et al.,
2018; Liu et al., 2019; Yang B. et al., 2022; Vadevoo et al., 2024).

The balance between the regulation of activation and polarization
of MoMFs may have a critical role in the development and
progression of NAFLD. Excessive M1 polarization may contribute
to liver inflammation and disease progression through the release of
cytokines. shift
M2 polarization and the secretion of anti-inflammatory and

pro-inflammatory Conversely, a towards
reparative factors may promote tissue repair and attenuate
inflammation (Wen et al, 2021). To maintain tissue homeostasis
and prevent excessive inflammation in NAFLD, it is essential to
achieve a balanced polarization state of MoMFs, wherein both the

M1 and M2 populations are appropriately regulated.

3.2.2 Chemokine produced by MoMFs in the
pathogenesis of NAFLD and NASH

The regulation of monocyte flux to the liver is primarily
controlled by the chemokine CCL2, which can interact with its
homologous receptor, CCR2, to mediate the migration of monocytes
from the bone marrow to inflammatory sites. It has been
demonstrated that the expression of CCL2 and CCR2 is inversely
correlated in proinflammatory and anti-inflammatory MoMFs. This
indicates that the CCL2-CCR2 pair influences macrophage
polarization at the transcriptomic and functional levels in human
and murine macrophages (Sierra-Filardi et al., 2014).

Despite the lack of understanding surrounding the mechanisms
underlying the NAFLD-to-NASH transition, the identification of
novel molecules related to this process could help elucidate its
underlying molecular mechanisms and facilitate the development
of potential therapeutic avenues and strategies. A recent study
demonstrated that plasma Sparcll levels
correlated with pathological features of the liver, including

were  positively

steatosis, ballooning, and lobular inflammation. Sparcll levels
were significantly higher in patients with NASH compared to
those with NAFLD. This suggests that Sparcll has the potential
to accurately identify NASH in NAFLD patients. Moreover,
regulate  CCL2 to activate an
inflammatory response, filling the gap in the field of
glycoproteins in NASH (Liu B. et al,, 2021). CD44 provides new
insights and research avenues into the pathogenesis of NAFLD and

Sparcll can induce and

NASH. In addition to accommodating the infiltration of monocytes
and macrophages into the liver, CD44 deficiency can modify the
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characteristics of macrophages, rendering them more susceptible to
anti-inflammatory M2 polarization and less susceptible to M1 upon
activation. The functions of these novel molecules require further
investigation and could be a potential therapeutic strategy for
correcting NAFLD and NASH.

Macrophage accumulation in fat tissue is an important factor in
inflammation associated with obesity and contributes to insulin
resistance and fatty liver. A guess that it is higher CCL2 levels in
obese patients that cause insulin resistance instead of the accumulation
of macrophages has been proved to be correct by some relevant
experiments (Tateya et al, 2010; Marra and Tacke, 2014).
Additionally, CCR2 plays a vital role in recruiting immune cells to
white adipose tissue and hepatic cells, thereby promoting inflammation
in NASH. The CCL2/CCR2 axis is critical for the recruitment of
monocytes and macrophages, which are associated with several
aspects of hepatic disease (Moragrega et al., 2023). Cenicriviroc is an
oral dual chemokine receptor CCR2/CCR5 antagonist that is currently
under clinical evaluation. It has been demonstrated to inhibit CCR2*
monocyte recruitment and improve insulin resistance, hepatic
inflammation, and fibrosis. This treatment strategy, which involves
initiating therapeutic intervention for NASH at an early stage, has been
demonstrated to be effective (Mulder et al., 2017; Tacke, 2017).

In NASH and liver fibrosis, both CCR2 and CCR5 are targets.
However, it is possible that targeting CCR2 is more effective than
targeting CCL2 because this receptor also binds the ligands CCL7,
CCLS8, and CCL13 (Lefere et al., 2020).

3.2.3 Interaction between MoMFs and other
hepatic cells in NAFLD and NASH

Infiltrative MoMFs are divided into two major subpopulations:
pro-inflammatory Ly-6C" macrophages and pro-resolving Ly-6C"
macrophages. Previous research has shown that MoMFs activate
HSCs by secreting TGE-f, IL-1f, and CCL2, thereby amplifying the
fibrotic response (Ramachandran et al., 2019). However, recent
studies have indicated that in the presence of other soluble
factors, the primacy of TGF-p in promoting fibrosis is reduced,
suggesting that TGF-f is not the sole factor driving HSC activation
(Sauer et al, 2024). On the other hand, pro-resolving Ly-6C"
macrophages facilitate HSCs apoptosis and expedite extracellular
matrix degradation by upregulating the expression of matrix
metalloproteinase 9 (MMP9), MMP12, MMP13, and insulin-like
growth factor 1 (Li et al., 2020). Future research could investigate the
specific signaling pathways and molecular mechanisms underlying
the pro-inflammatory and pro-resolving functions of MoMFs.

MoMFs were found to be intimately associated with a broad range
of T-cell populations in the development of NAFLD, through their
secretion of interleukins IL-6, IL-1f, IL-12, IL-23 (Van Herck et al,
2019). In the context of NAFLD, T helper 17 (Th17) cells and their
secretion of IL-17 played a pivotal role in advancing the progression
from mere steatosis to steatohepatitis. They promoted an enhanced
activation of monocytes, triggering a cascade of pro-inflammatory
cytokine which  consequently
inflammation (Guo et al, 2024). Both innate and adaptive

releases, intensified  hepatic
immunity contribute to the progression of NASH. T-cell activation
requires antigen presentation by professional antigen-presenting cells,
including liver macrophages, dendritic cells, and B cells. Among these,
CD4" T cells play a crucial role in the pathogenesis and progression of
NASH. Different subsets of CD4" T cells have varying effects on liver
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fibrosis (Zhou et al., 2022). Th1 and Th17 cells exert pro-inflammatory
and pro-fibrotic effects, while the role of Th2 cells in liver fibrosis is
more complex. Th22 and Treg cells may have dual roles in anti-fibrotic
and/or pro-fibrotic effects, depending on the disease environment and
stage (Van Herck et al,, 2019; Zhou et al., 2022). Further insights into
the immune dysregulation in NAFLD/NASH progression may be
gained by exploring the crosstalk between MoMFs and other immune
cell populations, such as natural killer cells and regulatory T-cells.

In the early stages of NAFLD, hepatic sinusoidal endothelial cells
lose their ability to produce vasodilators, leading to increased
hepatic angiogenesis and inflammation. In the NASH stage, liver
sinusoidal endothelial cells exhibit an enhanced pro-inflammatory
phenotype, characterized by increased production of the chemokine
CCL2, which promotes the recruitment of monocytes to the liver
(Miyao et al,, 2015; Gao et al,, 2021). Understanding the dynamic
changes in LSEC phenotype and function throughout disease
progression could unveil novel therapeutic targets for intervention.

It is noteworthy that the aforementioned interactions between
MoMFs and other hepatic cells are predominantly observed in
mouse models and mediated through cytokine signaling. The
core intracellular pathways and complex cellular networks
through which MoMFs mediate intercellular signaling in human
NAFLD and NASH remain unclear.

4 Hepatic macrophage polarization
in NAFLD °

Under homeostatic conditions, KCs are the main macrophage
population in the liver, primarily responsible for clearing apoptotic
cells and microbes and maintaining immune homeostasis. While
activated macrophages differentiate or polarize into two distinct
subgroups, namely M1 and M2. KCs exhibit remarkable plasticity, as
they can adapt their phenotype based on local signals within the hepatic
microenvironment. Specifically, in NAFLD, DAMPs released from
damaged hepatocytes bind to DAMP receptors on liver macrophages
and hematopoietic stem cells, leading to the activation of KCs, which then
produce chemokines and cytokines such as TNF-a, IL-1p, and CCL2
(Zwicker et al,, 2021; Rajak, 2024). KCs also play a crucial role in the
fibrotic stage of NAFLD. They secrete TGF-B and other pro-fibrotic
factors, activate HSCs, and promote extracellular matrix deposition and
progression of liver fibrosis (Carter and Friedman, 2022; Wallace et al,,
2022). The figure below illustrates the plasticity of KCs in the liver and
how they are influenced by other liver cells (Figure 3).

The influence of different local microenvironments allows KCs to
be activated into distinct phenotypes, which are primarily classified as
classical activation (M1) and alternative activation (M2). KCs with an
M1 phenotype secrete pro-inflammatory cytokines, present antigens,
and actively regulate immune responses. In contrast, KCs with an
M2 phenotype primarily contribute to the secretion of anti-
inflammatory factors and negatively regulate immune reactions
(Muntjewerff et al., 2020).

4.1 M1 macrophages

M1 macrophages, also known as classically activated macrophages,
play a pivotal role in the pathogenesis of NAFLD and NASH. The
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The plasticity of KCs and other hepatic cells in NAFLD. KCs are the main macrophage population in the liver under homeostasis. Upon sensing
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polarization towards the M1 phenotype is of particular significance.
Activated M1 macrophages can release a plethora of pro-inflammatory
factors including TNF-a, IL-1p, IL-6, IL-12, IL-18, and IL-23, as well as
type I interferons and a multitude of CXCL 1, CXCL3, and CXCL5.
These factors induce the activation of Type 1 Helper T Cell (Th-1)
responses and promote complement-mediated phagocytosis and type I
inflammation, exerting pro-inflammatory effects and impeding tissue
regeneration ultimately (Sutti et al., 2014). Furthermore, M1-polarized
macrophages also contribute to the development of NAFLD and NASH
by participating in oxidative stress responses and lipid metabolism
abnormalities (Seth et al., 2015; Zhang et al,, 2019; Li X.-Y. et al., 2022).

The interaction of the “gut-liver axis” can be exacerbated by LPS
and inflammatory mediators, which can lead to the development of
hepatic diseases (Odegaard et al., 2008; Yunna et al, 2020).
Pathogens bind to KCs under the influence of LPS, leading to the
production of proinflammatory cytokines including IL-6, IL-12, and
IL-18. This process causes liver injury and inflammation (Casari
et al.,, 2023).

4.2 M2 macrophages

In contrast, M2 macrophages are induced by Th2 cytokines
and are referred to as “alternative” M2 macrophages. Following
the initial polarization of macrophages to the M1 phenotype to
resist pathogen invasion, these cells undergo a second
polarization and participate in the anti-inflammatory response
of the M2 phenotype.
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The activation of the “alternative” M2 macrophages has been
demonstrated to ameliorate hepatic steatosis and insulin resistance
(Odegaard et al., 2008). M2 macrophages are capable of clearing
tissue debris and apoptotic cells, as well as promoting angiogenesis
and fibrosis. They also control the development of inflammation,
repair damaged tissue, and boost insulin sensitivity (Yunna et al.,
2020; Casari et al., 2023).

Upon activation by Th2 cytokines such as IL-4 and IL-13,
M2 macrophages produce anti-inflammatory cytokines, including
IL-10 and TGF-, to help suppress inflammatory responses, inhibit
fibrosis, and promote tissue repair (Bouhlel et al., 2007; Casari et al.,
2023). Based the they
M2 macrophages are typically divided into three subgroups in

on activation markers express,
response to a variety of stimulating factors: M2a macrophages
are induced by IL-4 or IL-13, M2b macrophages are induced by
Fc receptors and immune complexes, and M2c macrophages are
triggered by IL-10, TGF-B, and glucocorticoids (Odegaard et al.,
2008; Friedman et al,

inflammatory response and the promotion of tissue repair and

2018). Each subtype is involved in the

injury. M2a is engaged in anti-inflammatory processes, repair,
inflammation inhibition, tissue repair, and the promotion of
fibrosis. M2c may regulate inflammatory responses and inhibit
2020). Previous studies
have revealed that the expression levels of M2-related markers

fibrosis processes (Muntjewerff et al,

are elevated in MASH patients, suggesting that these hepatic

macrophages may participate in liver remodeling after
hepatocellular injury by promoting tissue repair. However, this

also increases the risk of fibrosis development (Rensen et al,
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2009). This appears to be at odds with the anti-inflammatory and
cell-repairing functions typically associated with M2 macrophages.
Interestingly, M2c macrophages can secrete numerous cytokines,
chemokines, and proteases, which promote tumor angiogenesis,
growth, suppression,
contributing to hepatic fibrosis (Kwon et al., 2020).

metastasis, and immune thereby
In addition to the conventional classifications previously

mentioned, ongoing research continues to unveil novel
subpopulations of macrophages. These subpopulations may
exhibit functional characteristics that fall within the M1-M2
spectrum or display significant phenotypic variations compared
to previously identified groups. For example, recent discoveries
have identified a novel subpopulation of macrophages, Trem2+
lipid-associated macrophages, which were first described in
adipose tissue. In the context of NAFLD, lipid-associated
macrophages are known to reside in fibrotic regions, macrophage
clusters, or hepatic crown-like structures. It is noteworthy that they
have been demonstrated to ameliorate hepatic fibrosis and limit
NASH (Hendrikx et al., 2022). Additionally, TREM2 is a single-pass
transmembrane receptor belonging to the immunoglobulin
discovered that TREM2 was

undetectable in KCs, but predominantly expressed in MoMfs.

superfamily. It was almost
The expression of TREM2 was induced by the release of
sphingosine-1 phosphate by apoptotic hepatocytes, and its high
expression ensured that macrophages could effectively and
promptly clear apoptotic hepatocytes (Wang X. et al., 2023).
Ubiquitin-specific protease 19 (USP19) is a deubiquitinating
enzyme that is anchored in the endoplasmic reticulum (ER) and
plays a role in regulating ER-associated protein degradation and
DNA damage repair. It was inhibit
NLRP3 inflammasome activation by increasing autophagy flux

observed  to

and decreasing the generation of mitochondrial reactive oxygen
species. Additionally, USP19 demonstrated the capacity to inhibit
the proteasomal degradation of inflammasome-independent
NLRP3 by cleaving its polyubiquitin chains, thereby acting as an
anti-inflammatory switch that inhibits inflammatory responses
while promoting M2-like macrophage polarization (Liu T.

et al., 2021).

4.3 The shift from M1 to M2 polarization of
hepatic macrophages in NAFLD

Macrophages can undergo functional changes in response to the
local cytokine environment. These changes are reversible and can be
influenced by appropriate stimuli, leading to macrophage plasticity
and reprogramming (Lee et al,, 2022; Ni Y. et al,, 2022).

To limit tissue inflammation and maintain internal homeostasis,
it is essential to utilize effective anti-inflammatory mechanisms.
Macrophages induce inflammatory responses and release pro-
inflammatory mediators including cytokines, chemokines, and
reactive oxygen and nitrogen intermediates during the acute
phase of inflammation when they initially polarize into classical
M1 types. This process activates multiple anti-microbial pathways
that aid in the clearance of causative agents and the resolution of
inflammation. However, to prevent tissue damage to the host, it is
The
essential for the

essential to control this response. polarization of

M2 macrophages is proper initiation,
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development, and elimination of inflammation. M2 macrophages
produce anti-inflammatory cytokines, mediators, cytokines, and
chemokines that modulate M1 macrophages, attenuate the
inflammation response, and promote and expedite the process of
wound repair and tissue regeneration. The equilibrium and
polarization status of M1 and M2 macrophages are critical for
the proper initiation, development, and elimination of
inflammation (Chen et al., 2021).

Previous research has demonstrated the significant role of the
transition between M1 and M2 polarization of hepatic macrophages
in NAFLD (Ni Y. et al.,, 2022). This transition is linked to a reduction
in M1 indicators and a rise in M2 indicators. Research has shown
that switching liver macrophages from M1 to M2 polarization can
help reduce inflammation and promote tissue repair in NAFLD.
This is associated with a decrease in the secretion of pro-
inflammatory cytokines and an increase in anti-inflammatory
and reparative factors. This ultimately influences the progression
and outcome of NAFLD (Fan et al., 2022; Lee et al.,, 2022; Pant
et al.,, 2023).

Research conducted on NAFLD mice has highlighted the
involvement of the long non-coding RNA SNHG20 in NAFLD
advancement. Inhibiting SNHG20 hindered KCs polarization, thus
preventing NAFLD. RNA silencing resulted in a reduction in
M1 polarization, whereas overexpression led to M2 polarization.
Overexpression of SNHG20 was found to activate STAT6, a key
player in promoting M2 macrophages. These findings suggest that
the progression from NAFLD to hepatocellular carcinoma (HCC) is
reliant on this STAT6 activation (Wang B. et al., 2019).

Hepatic resident macrophages may play an important role in the
inhibition of inflammation and fibrosis associated with NAFLD
through the expression of peroxisome proliferator-activated
receptor-y (PPAR-y). PPAR-y is involved in regulating various
to NAFLD,
inflammation, insulin resistance, and fibrosis. With potent anti-

processes related including hepatic steatosis,
inflammatory properties, PPAR-y has been identified as a crucial
regulator of M2 polarization in previous studies (Chinetti et al,
2003; Bouhlel et al., 2007). In NAFLD, there is a disruption of PPAR-
y activity, which results in impaired lipid metabolism and increased
inflammation in the liver (Wang Y. et al., 2020). Wenjing Luo has
proposed further study of the specific role of PPAR-y and the
relationship between PPAR-y and the transition from M1 to
M2 polarization. The upregulated expression of PPAR-y can shift
lipid-induced macrophage polarization from M1 to M2 phenotype
(Luo et al., 2017).

In NAFLD model mice, macrophage-specific PPAR-y deficiency
leads to enhanced metabolic activation of macrophages, which
promote the migration and activation of HSCs through the
secretion of IL-1p and CCL2, thereby exacerbating the
progression of NASH (Ni X. X. et al., 2022). In PPAR-y-deficient
NASH
predominant macrophage type, accompanied by strong activation
of HSCs and exacerbated NASH. These findings indicate that by
the M1/
M2 phenotype of metabolically activated macrophages, thus

livers, monocyte-derived macrophages became the

regulating PPAR-y in macrophages to balance
affecting their interaction with HSCs, it may influence hepatic
oxidative stress, steatosis, inflammation, and fibrosis during
NAFLD progression (Kratz et al, 2014). Therefore, targeting

PPAR-y in macrophages may offer a promising strategy for

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1444198

Tian et al.

TABLE 1 Biomarkers that predict activation of KCs in NAFLD and NASH.

Polarization Activator Biomarkers

type

M1 LPS, GM-CSF, TNF-q, IL-1, IL-6, iNOST
IENG

M2a 1L-4, IL-13 IL-10, TGF-B, CCL17,

CCL18, CCL22T

M2b immune complex, TNF-a, IL-14, IL-6, IL-10T
IL-1p

M2c Glucocorticoid, TGF-p, CCL16, CCL18,
IL-10 MerTKT]

treating NAFLD. One potential avenue for intervention is to regulate
PPAR-y activity to restrain M1 polarization. This approach has the
potential to halt the progression of NAFLD and subsequently repair
hepatic cells from inflammatory injury. For instance, PPAR-y
agonists, such as thiazolidinediones, have been identified as
promising therapeutic agents for NAFLD. PPAR-y agonists have
been shown to activate and improve lipid metabolism and insulin
sensitivity, as well as reduce inflammation in the liver. However, the
use of these drugs to treat NAFLD remains controversial, and
further research will be needed to determine their long-term safety.

To gain a deeper understanding of the activation process of
hepatic macrophages, we have gathered information on several
biomarkers. These biomarkers are utilized to predict the
activation status and polarization forms of macrophages (Table 1).

5 The macrophage autophagy in NAFLD

Autophagy represents a critical protein degradation system that
is mediated by lysosomes (Xu J. et al., 2023). The role of autophagy
in the development of NAFLD and NASH is complex. In the initial
stages of NAFLD, autophagy is frequently elevated as a defensive
mechanism to eliminate surplus lipids and damaged cellular
components (Yang Y. et al, 2022). Autophagy plays a pivotal
role in the degradation of lipid droplets, which is vital for
preventing the excessive accumulation of lipids, a defining feature
of NAFLD (Robichaud et al,, 2021; Yang et al.,, 2023). Autophagy
also facilitates the clearance of damaged mitochondria, thereby
reducing the production of reactive oxygen species and
consequently alleviating oxidative stress. The accumulation of
oxygen species a of autophagy
dysfunction, which in turn exacerbates oxidative stress (Liu et al.,

reactive is consequence
2020). As NAFLD progresses, autophagic synthesis and degradation
are initially activated but then gradually inhibited. This indicates
that while the formation of autophagosomes is increased, the
subsequent degradation process may be impeded (Jin et al,
2023). Autophagy plays a role in the clearance of damaged
organelles and inflammatory mediators, thereby reducing the
level of inflammation. The dysfunction of autophagy has been
demonstrated to result in the exacerbation of inflammation,
which is a pivotal factor in the pathogenesis of NASH (Wang X.
etal, 2019). In the advanced stages of NASH, autophagy is typically
inhibited. This can lead to the accumulation of damaged organelles
further oxidative stress and

and proteins, exacerbating
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inflammation. Chaperone-mediated autophagy is a form of
autophagy that selectively delivers soluble proteins for lysosomal
degradation. MoMfs were the dominant macrophage population in
NASH, and the function of chaperone-mediated autophagy was
found to be impaired in these cells. Nup85 is a cytoplasmic protein
that interacts with CCR2. Macrophage chaperone-mediated
the of
Nup85 degradation, promoting liver inflammation and disease
progression of NASH (Zhang M. et al., 2023). The latest research
has revealed that a high-fat diet induces oxidative stress, which in
turn activates the STING and YAP pathways in hepatic
macrophages. STING interacts with YAP to regulate the
expression of the TMEM205 gene, which affects the autophagic

autophagy  dysfunction  induced inhibition

degradation of lipid droplets. Consequently, activation of the
STING-YAP axis can promote lipid degradation (Yang et al., 2023).

6 Discussion

In the ever-evolving landscape of NAFLD and NASH, the role of
hepatic macrophages has emerged as a pioneering field of study with
far-reaching implications. This review has illuminated the remarkable
versatility of hepatic macrophages in modulating the intricate dance of
inflammation, fibrosis, and metabolic perturbations within the liver.
The innovative discoveries we've explored here underscore several key
takeaways. Firstly, the complexity of NAFLD and NASH stems from
their diverse manifestations and the multitude of pathophysiological
metabolic and inflammatory processes involved. This complexity is
further reflected in the heterogeneously regulated populations of
macrophages found in the liver. These macrophage populations
coexist at various stages of liver injury, either promoting or
inhibiting disease progression. However, the interplay between these
hepatic macrophage populations and their communication with other
cells in the liver environment remains inadequately understood.
Secondly, hepatic macrophages, whether they be the resident KCs or
infiltrating MoMFs, exhibit remarkable plasticity. Their ability to
transition between M1 and M2 phenotypes based on local cues
presents a remarkable opportunity for therapeutic interventions
aimed at fine-tuning their activities. Thirdly, we elucidate the
dynamic interactions among MoMFs, HSCs, T cells, and liver
sinusoidal endothelial cells, expanding our understanding of the
immune pathogenesis of NAFLD and NASH, and providing
potential avenues for therapeutic intervention targeting immune
dysregulation and hepatic inflammation.
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Additionally, various natural products and drugs have been
explored as potential therapeutic agents targeting KCs or
macrophages to treat NAFLD, including CCR2/CCR5 antagonists
the
interventions are currently limited to in vivo animal studies, which
highlights the necessity for additional clinical trials to assess their
efficacy and safety in treating NAFLD patients. Fortunately, recent

and galectin-3  inhibitors. However, majority of these

advancements in biomedical research techniques offer opportunities to
reclassify macrophage subsets based on their transcriptomic and
proteomic profiles, spatial organization, dynamic behavior, and
functional capacity in different disease stages (Han H. et al,, 2023).
Moreover, the integration of knowledge from extrahepatic signals (such
as those from the gut and adipose tissue) and patient-specific factors
(including nutrition, genetics, and comorbidities) is facilitated by
progress in bioinformatics and data science. This integration holds
promise for tailoring therapeutic strategies to modify macrophages in
NAFLD progression. The enigma of NAFLD and NASH, intricately
woven into the cellular dialogues of the liver, continues to be unraveled.

Author contributions

YT: Writing-original draft, Writing-review and editing,

YN:
editing,

TZ:
Writing-review and editing, Investigation. YC: Writing-review
MZ: draft,
Writing-review and editing, Supervision. CZ: Writing-original

Conceptualization, Investigation, Visualization.
draft,

Investigation,

Writing-original Writing-review  and

Conceptualization, Visualization.

and editing, Investigation. Writing-original

draft, Writing-review and editing, Funding acquisition.

References

Asanuma, T., Ono, M., Kubota, K., Hirose, A., Hayashi, Y., Saibara, T., et al. (2010).
Super paramagnetic iron oxide MRI shows defective Kupffer cell uptake function in
non-alcoholic fatty liver disease. Gut 59, 258-266. doi:10.1136/gut.2009.176651

Bahcecioglu, I. H., Kuzu, N., Metin, K., Ozercan, I. H., Ustiindag, B., Sahin, K,, et al.
(2010). Lycopene prevents development of steatohepatitis in experimental nonalcoholic
steatohepatitis model induced by high-fat diet. Vet. Med. Int. 2010, 262179. doi:10.4061/
2010/262179

Baumann, A., Nier, A., Herndndez-Arriaga, A., Brandt, A., Lorenzo Pisarello, M. J.,
Jin, C.J., et al. (2021). Toll-like receptor 1 as a possible target in non-alcoholic fatty liver
disease. Sci. Rep. 11, 17815. doi:10.1038/s41598-021-97346-9

Beaumont, M., Neyrinck, A. M., Olivares, M., Rodriguez, J., de Rocca Serra, A.,
Roumain, M., et al. (2018). The gut microbiota metabolite indole alleviates liver
inflammation in mice. FASEB J. 32, £j201800544. doi:10.1096/1j.201800544

Bouhlel, M. A., Derudas, B., Rigamonti, E., Diévart, R., Brozek, J., Haulon, S., et al.
(2007). PPARgamma activation primes human monocytes into alternative
M2 macrophages with anti-inflammatory properties. Cell Metab. 6, 137-143. doi:10.
1016/j.cmet.2007.06.010

Cani, P. D., Amar, |, Iglesias, M. A., Poggi, M., Knauf, C., Bastelica, D., et al. (2007).
Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 56, 1761-1772.
doi:10.2337/db06-1491

Cao, Y., Mai, W,, Li, R, Deng, S., Li, L., Zhou, Y., et al. (2022). Macrophages evoke
autophagy of hepatic stellate cells to promote liver fibrosis in NAFLD mice via the
PGE2/EP4 pathway. Cell Mol. Life Sci. 79, 303. doi:10.1007/s00018-022-04319-w

Carter, J. K, and Friedman, S. L. (2022). Hepatic stellate cell-immune interactions in
NASH. Front. Endocrinol. 13, 867940. doi:10.3389/fendo.2022.867940

Casari, M., Siegl, D., Deppermann, C., and Schuppan, D. (2023). Macrophages and
platelets in liver fibrosis and hepatocellular carcinoma. Front. Immunol. 14, 1277808.
doi:10.3389/fimmu.2023.1277808

Chen, J., Deng, X, Liu, Y., Tan, Q,, Huang, G., Che, Q,, et al. (2020). Kupffer cells in
non-alcoholic fatty liver disease: friend or foe? Int. J. Biol. Sci. 16, 2367-2378. doi:10.
7150/ijbs.47143

Frontiers in Cell and Developmental Biology

11

10.3389/fcell.2024.1444198

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by Shanghai Science and Technology Commission,
National Natural Science Foundation of Shanghai (23ZR1460300);
Shanghai Municipal Science and Technology Commission, Medical
Innovation Research Project (22Y11922700); Shanghai Municipal
Health Commission, General Program (202240386); Shanghai
Science and Technology Development Fund, Science and
Technology Innovation Project (AXZ-1); Shanghai Municipal
Science and Technology Commission, Science and Technology
Support Project of Biomedicine (21521900100).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Chen, W, Liu, Y., Chen, J., Ma, Y., Song, Y., Cen, Y., et al. (2021). The Notch signaling
pathway regulates macrophage polarization in liver diseases. Int. Immunopharmacol.
99, 107938. doi:10.1016/j.intimp.2021.107938

Chen, Y., Gan, Y., Zhong, H,, Liu, Y., Huang, J., Wang, W., et al. (2023). Gut microbe
and hepatic macrophage polarization in non-alcoholic fatty liver disease. Front.
Microbiol. 14, 1285473. doi:10.3389/fmicb.2023.1285473

Chinetti, G., Fruchart, J. C., and Staels, B. (2003). Peroxisome proliferator-activated
receptors: new targets for the pharmacological modulation of macrophage gene
expression and function. Curr. Opin. Lipidol. 14, 459-468. doi:10.1097/00041433-
200310000-00006

Cusi, K., Younossi, Z., and Roden, M. (2024). From NAFLD to MASLD: promise and
pitfalls of a new definition . Hepatol. Baltim. Md. 79, E13-E15. doi:10.1097/HEP.
0000000000000706

Daemen, S., Gainullina, A., Kalugotla, G., He, L., Chan, M. M., Beals, J. W, et al.
(2021). Dynamic shifts in the composition of resident and recruited macrophages
influence tissue remodeling in NASH. Cell Rep. 34, 108626. doi:10.1016/j.celrep.2020.
108626

Dixon, L. J., Barnes, M., Tang, H., Pritchard, M. T., and Nagy, L. E. (2013). Kupffer
cells in the liver. Compr. Physiol. 3, 785-797. doi:10.1002/cphy.c120026

Dong, T., Hu, G, Fan, Z., Wang, H., Gao, Y., Wang, S,, et al. (2024). Activation of

GPR3-B-arrestin2-PKM2 pathway in Kupffer cells stimulates glycolysis and inhibits
obesity and liver pathogenesis. Nat. Commun. 15, 807. doi:10.1038/s41467-024-45167-5

Erhardt, A., Stahl, W., Sies, H., Lirussi, F., Donner, A., and Haussinger, D. (2011).
Plasma levels of vitamin E and carotenoids are decreased in patients with Nonalcoholic
Steatohepatitis (NASH). Eur. J. Med. Res. 16, 76-78. doi:10.1186/2047-783x-16-2-76

Etienne-Mesmin, L., Vijay-Kumar, M., Gewirtz, A. T., and Chassaing, B. (2016).
Hepatocyte toll-like receptor 5 promotes bacterial clearance and protects mice against
high-fat diet-induced liver disease. Cell Mol. Gastroenterol. Hepatol. 2, 584-604. doi:10.
1016/j.jemgh.2016.04.007

Fan, N., Zhang, X., Zhao, W., Zhao, J., Luo, D., Sun, Y., et al. (2022). Covalent
inhibition of pyruvate kinase M2 reprograms metabolic and inflammatory pathways in

frontiersin.org


https://doi.org/10.1136/gut.2009.176651
https://doi.org/10.4061/2010/262179
https://doi.org/10.4061/2010/262179
https://doi.org/10.1038/s41598-021-97346-9
https://doi.org/10.1096/fj.201800544
https://doi.org/10.1016/j.cmet.2007.06.010
https://doi.org/10.1016/j.cmet.2007.06.010
https://doi.org/10.2337/db06-1491
https://doi.org/10.1007/s00018-022-04319-w
https://doi.org/10.3389/fendo.2022.867940
https://doi.org/10.3389/fimmu.2023.1277808
https://doi.org/10.7150/ijbs.47143
https://doi.org/10.7150/ijbs.47143
https://doi.org/10.1016/j.intimp.2021.107938
https://doi.org/10.3389/fmicb.2023.1285473
https://doi.org/10.1097/00041433-200310000-00006
https://doi.org/10.1097/00041433-200310000-00006
https://doi.org/10.1097/HEP.0000000000000706
https://doi.org/10.1097/HEP.0000000000000706
https://doi.org/10.1016/j.celrep.2020.108626
https://doi.org/10.1016/j.celrep.2020.108626
https://doi.org/10.1002/cphy.c120026
https://doi.org/10.1038/s41467-024-45167-5
https://doi.org/10.1186/2047-783x-16-2-76
https://doi.org/10.1016/j.jcmgh.2016.04.007
https://doi.org/10.1016/j.jcmgh.2016.04.007
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1444198

Tian et al.

hepatic macrophages against non-alcoholic fatty liver disease. Int. . Biol. Sci. 18,
5260-5275. doi:10.7150/ijbs.73890

Friedman, S. L., Neuschwander-Tetri, B. A., Rinella, M., and Sanyal, A. J. (2018).
Mechanisms of NAFLD development and therapeutic strategies. Nat. Med. 24, 908-922.
doi:10.1038/s41591-018-0104-9

Gao, J., Wei, B., Liu, M., Hirsova, P., Sehrawat, T. S., Cao, S., et al. (2021). Endothelial
p300 promotes portal hypertension and hepatic fibrosis through C-C motif chemokine
ligand 2-mediated angiocrine signaling. Hepatol. Baltim. Md. 73, 2468-2483. doi:10.
1002/hep.31617

Gjorgjieva, M., Sobolewski, C., Dolicka, D., Correia de Sousa, M., and Foti, M. (2019).
miRNAs and NAFLD: from pathophysiology to therapy. Gut 68, 2065-2079. doi:10.
1136/gutjnl-2018-318146

Guilliams, M., Bonnardel, J., Haest, B., Vanderborght, B., Wagner, C., Remmerie, A.,
et al. (2022). Spatial proteogenomics reveals distinct and evolutionarily conserved
hepatic macrophage niches. Cell 185, 379-396.e38. doi:10.1016/j.cell.2021.12.018

Guo, L., Akahori, H., Harari, E., Smith, S. L., Polavarapu, R., Karmali, V., et al. (2018).
CD163+ macrophages promote angiogenesis and vascular permeability accompanied
by inflammation in atherosclerosis. J. Clin. Investigation 128, 1106-1124. doi:10.1172/
JCI93025

Guo, Z., Wu, Q., Xie, P., Wang, J., and Lv, W. (2024). Immunomodulation in non-
alcoholic fatty liver disease: exploring mechanisms and applications. Front. Immunol.
15, 1336493. doi:10.3389/fimmu.2024.1336493

Hagstrom, H., Vessby, J., Ekstedt, M., and Shang, Y. (2024). 99% of patients with
NAFLD meet MASLD criteria and natural history is therefore identical. J. Hepatology
80, e76-e77. d0i:10.1016/j.jhep.2023.08.026

Han, H.,, Ge, X,, Komakula, S. S. B., Desert, R, Das, S., Song, Z., et al. (2023a).
Macrophage-derived osteopontin (SPP1) protects from nonalcoholic steatohepatitis.
Gastroenterology 165, 201-217. doi:10.1053/j.gastro.2023.03.228

Han, M., Geng, J., Zhang, S., Rao, J., Zhu, Y., Xu, S., et al. (2023b). Invariant natural
killer T cells drive hepatic homeostasis in nonalcoholic fatty liver disease via sustained
IL-10 expression in CD170+ Kupffer cells. Eur. J. Immunol. 53, €2350474. doi:10.1002/
€ji.202350474

He, L., Zheng, W., Qiu, K., Kong, W, and Zeng, T. (2024). Changing from NAFLD to
MASLD: the new definition can more accurately identify individuals at higher risk for
diabetes. J. Hepatology 80, e85-¢87. doi:10.1016/j.jhep.2023.09.035

Hendrikx, T., Porsch, F., Kiss, M. G., Rajcic, D., Papac-Mili¢evi¢, N., Hoebinger, C.,
et al. (2022). Soluble TREM2 levels reflect the recruitment and expansion of TREM2+
macrophages that localize to fibrotic areas and limit NASH. J. Hepatology 77,
1373-1385. doi:10.1016/j.jhep.2022.06.004

Hoeffel, G., Chen, J., Lavin, Y., Low, D., Almeida, F. F,, See, P., et al. (2015). C-Myb(+)
erythro-myeloid progenitor-derived fetal monocytes give rise to adult tissue-resident
macrophages. Immunity 42, 665-678. doi:10.1016/j.immuni.2015.03.011

Igarashi, N, Kasai, K., Tada, Y., Kani, K., Kato, M., Takano, S., et al. (2024). Impacts of
liver macrophages, gut microbiota, and bile acid metabolism on the differences in iHFC
diet-induced MASH progression between TSNO and TSOD mice. Inflamm. Res. 73,
1081-1098. doi:10.1007/s00011-024-01884-7

Ikarashi, M., Nakashima, H., Kinoshita, M., Sato, A., Nakashima, M., Miyazaki,
H., et al. (2013). Distinct development and functions of resident and recruited
liver Kupffer cells/macrophages. J. Leukoc. Biol. 94, 1325-1336. doi:10.1189/jlb.
0313144

Jin, K, Shi, Y., Zhang, H., Zhangyuan, G., Wang, F., Li, S, et al. (2023). A TNFa/Miz1-
positive feedback loop inhibits mitophagy in hepatocytes and propagates non-alcoholic
steatohepatitis. J. Hepatology 79, 403-416. doi:10.1016/j.jhep.2023.03.039

Kamiya, T., and Ohtani, N. (2022). The role of immune cells in the liver tumor
microenvironment: an involvement of gut microbiota-derived factors. Int. Immunol. 34,
467-474. doi:10.1093/intimm/dxac020

Keirsse, J., Van Damme, H., Geeraerts, X., Beschin, A., Raes, G., and Van
Ginderachter, J. A. (2018). The role of hepatic macrophages in liver metastasis. Cell.
Immunol. 330, 202-215. doi:10.1016/j.cellimm.2018.03.010

Kobori, M., Ni, Y., Takahashi, Y., Watanabe, N., Sugiura, M., Ogawa, K., et al. (2014).
B-Cryptoxanthin alleviates diet-induced nonalcoholic steatohepatitis by suppressing
inflammatory gene expression in mice. PLoS One 9, €98294. doi:10.1371/journal.pone.
0098294

Kratz, M., Coats, B. R,, Hisert, K. B., Hagman, D., Mutskov, V., Peris, E., et al. (2014).
Metabolic dysfunction drives a mechanistically distinct proinflammatory phenotype in
adipose tissue macrophages. Cell Metab. 20, 614-625. doi:10.1016/j.cmet.2014.08.010

Kwon, Y., Kim, M., Kim, Y, Jung, H. S., and Jeoung, D. (2020). Exosomal MicroRNAs
as mediators of cellular interactions between cancer cells and macrophages. Front.
Immunol. 11, 1167. doi:10.3389/fimmu.2020.01167

Labiano, I, Agirre-Lizaso, A., Olaizola, P., Echebarria, A., Huici-Izagirre, M., Olaizola,
L, et al. (2022). TREM-2 plays a protective role in cholestasis by acting as a negative
regulator of inflammation. J. Hepatology 77, 991-1004. doi:10.1016/j.jhep.2022.05.044

Lee, S., Usman, T. O., Yamauchi, J., Chhetri, G., Wang, X., Coudriet, G. M., et al.

(2022). Myeloid FoxO1 depletion attenuates hepatic inflammation and prevents
nonalcoholic steatohepatitis. J. Clin. Investigation 132, e154333. doi:10.1172/JCI154333

Frontiers in Cell and Developmental Biology

12

10.3389/fcell.2024.1444198

Lefere, S., Devisscher, L., and Tacke, F. (2020). Targeting CCR2/5 in the treatment of
nonalcoholic steatohepatitis (NASH) and fibrosis: opportunities and challenges. Expert
Opin. Investigational Drugs 29, 89-92. doi:10.1080/13543784.2020.1718106

Li, B,, Yu, M., Pan, X, Ren, C,, Peng, W., Li, X,, et al. (2014). Artesunate reduces serum
lipopolysaccharide in cecal ligation/puncture mice via enhanced LPS internalization by
macrophages through increased mRNA expression of scavenger receptors. Int. J. Mol.
Sci. 15, 1143-1161. doi:10.3390/ijms15011143

Li, H., Zhou, Y., Wang, H., Zhang, M., Qiu, P., Zhang, M,, et al. (2020). Crosstalk
between liver macrophages and surrounding cells in nonalcoholic steatohepatitis. Front.
Immunol. 11, 1169. doi:10.3389/fimmu.2020.01169

Li, W., Yang, Y., Yang, L., Chang, N., and Li, L. (2023). Monocyte-derived Kupffer
cells dominate in the Kupffer cell pool during liver injury. Cell Rep. 42, 113164. doi:10.
1016/j.celrep.2023.113164

Li, X, Li, S., Wu, B,, Xu, Q., Teng, D., Yang, T., et al. (2022b). Landscape of immune
cells heterogeneity in liver transplantation by single-cell RNA sequencing analysis.
Front. Immunol. 13, 890019. doi:10.3389/fimmu.2022.890019

Li, X.-Y,, Ji, P.-X,, Ni, X.-X,, Chen, Y.-X,, Sheng, L., Lian, M., et al. (2022a). Regulation
of PPAR-y activity in lipid-laden hepatocytes affects macrophage polarization and
inflammation in nonalcoholic fatty liver disease. World J. Hepatology 14, 1365-1381.
doi:10.4254/wjh.v14.i7.1365

Liu, B., Deng, X,, Jiang, Q., Li, G., Zhang, J., Zhang, N, et al. (2020). Scoparone
improves hepatic inflammation and autophagy in mice with nonalcoholic
steatohepatitis by regulating the ROS/P38/Nrf2 axis and PI3K/AKT/mTOR pathway
in macrophages. Biomed. and Pharmacother. = Biomedecine and Pharmacother. 125,
109895. doi:10.1016/j.biopha.2020.109895

Liu, B, Xiang, L., Ji, J., Liu, W., Chen, Y., Xia, M., et al. (2021a). Sparcll promotes
nonalcoholic steatohepatitis progression in mice through upregulation of CCL2. J. Clin.
Invest. 131, €144801. doi:10.1172/jci144801

Liu, F,, Qiu, H,, Xue, M., Zhang, S., Zhang, X., Xu, ., et al. (2019). MSC-secreted TGF-
B regulates lipopolysaccharide-stimulated macrophage M2-like polarization via the Akt/
FoxOl pathway. Stem Cell Res. and Ther. 10, 345. doi:10.1186/s13287-019-1447-y

Liu, T., Wang, L., Liang, P., Wang, X, Liu, Y., Cai, J., et al. (2021b). USP19 suppresses
inflammation and promotes M2-like macrophage polarization by manipulating
NLRP3 function via autophagy. Cell Mol. Immunol. 18, 2431-2442. doi:10.1038/
541423-020-00567-7

Liu, Y., Zheng, Y., Yang, Y., Liu, K., Wu, J,, Gao, P,, et al. (2023). Exosomes in liver
fibrosis: the role of modulating hepatic stellate cells and immune cells, and prospects for
clinical applications. Front. Immunol. 14, 1133297. doi:10.3389/fimmu.2023.1133297

Lucey, M. R., Mathurin, P., and Morgan, T. R. (2009). Alcoholic hepatitis. N. Engl.
J. Med. 360, 2758-2769. doi:10.1056/NEJMra0805786

Luo, W., Xu, Q., Wang, Q., Wu, H., and Hua, J. (2017). Effect of modulation of PPAR-
y activity on Kupffer cells M1/M2 polarization in the development of non-alcoholic
fatty liver disease. Sci. Rep. 7, 44612. doi:10.1038/srep44612

Ma, J,, Li, M., Yang, T., Deng, Y., Ding, Y., Guo, T., et al. (2023). Isoquercitrin
attenuates steatohepatitis by inhibition of the activated NLRP3 inflammasome through
HSP90. Int. J. Mol. Sci. 24, 8795. doi:10.3390/ijms24108795

Maeda, H., Ishima, Y., Saruwatari, J., Mizuta, Y., Minayoshi, Y., Ichimizu, S., et al.
(2022). Nitric oxide facilitates the targeting Kupffer cells of a nano-antioxidant for the
treatment of NASH. J. Control. Release 341, 457-474. doi:10.1016/j.jconrel.2021.11.039

Mahmoudi, A., Butler, A. E., Jamialahmadi, T., and Sahebkar, A. (2022). The role of
exosomal miRNA in nonalcoholic fatty liver disease. J. Cell Physiol. 237, 2078-2094.
doi:10.1002/jcp.30699

Manne, V., Handa, P., and Kowdley, K. V. (2018). Pathophysiology of nonalcoholic
fatty liver disease/nonalcoholic steatohepatitis. Clin. Liver Dis. 22, 23-37. doi:10.1016/j.
cld.2017.08.007

Marra, F., and Tacke, F. (2014). Roles for chemokines in liver disease.
Gastroenterology 147, 577-594. doi:10.1053/j.gastro.2014.06.043

Miura, K., Kodama, Y., Inokuchi, S., Schnabl, B., Aoyama, T., Ohnishi, H., et al.
(2010). Toll-like receptor 9 promotes steatohepatitis by induction of interleukin-1beta
in mice. Gastroenterology 139, 323-334. doi:10.1053/j.gastro.2010.03.052

Miyao, M., Kotani, H., Ishida, T., Kawai, C., Manabe, S., Abiru, H., et al. (2015).
Pivotal role of liver sinusoidal endothelial cells in NAFLD/NASH progression. Lab.
Investig. 95, 1130-1144. doi:10.1038/labinvest.2015.95

Moayedfard, Z., Sani, F., Alizadeh, A., Bagheri Lankarani, K., Zarei, M., and Azarpira,
N. (2022). The role of the immune system in the pathogenesis of NAFLD and potential
therapeutic impacts of mesenchymal stem cell-derived extracellular vesicles. Stem Cell
Res. Ther. 13, 242. doi:10.1186/s13287-022-02929-6

Moragrega, A. B., Gruevska, A., Fuster-Martinez, 1., Benedicto, A. M., Tosca, J.,
Montén, C., et al. (2023). Anti-inflammatory and immunomodulating effects of
rilpivirine: relevance for the therapeutics of chronic liver disease. Biomed.
Pharmacother. 167, 115537. doi:10.1016/j.biopha.2023.115537

Mridha, A. R., Haczeyni, F., Yeh, M. M., Haigh, W. G., Ioannou, G. N., Barn, V., et al.
(2017a). TLRY is up-regulated in human and murine NASH: pivotal role in
inflammatory recruitment and cell survival. Clin. Sci. (Lond). 131, 2145-2159.
doi:10.1042/cs20160838

frontiersin.org


https://doi.org/10.7150/ijbs.73890
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1002/hep.31617
https://doi.org/10.1002/hep.31617
https://doi.org/10.1136/gutjnl-2018-318146
https://doi.org/10.1136/gutjnl-2018-318146
https://doi.org/10.1016/j.cell.2021.12.018
https://doi.org/10.1172/JCI93025
https://doi.org/10.1172/JCI93025
https://doi.org/10.3389/fimmu.2024.1336493
https://doi.org/10.1016/j.jhep.2023.08.026
https://doi.org/10.1053/j.gastro.2023.03.228
https://doi.org/10.1002/eji.202350474
https://doi.org/10.1002/eji.202350474
https://doi.org/10.1016/j.jhep.2023.09.035
https://doi.org/10.1016/j.jhep.2022.06.004
https://doi.org/10.1016/j.immuni.2015.03.011
https://doi.org/10.1007/s00011-024-01884-7
https://doi.org/10.1189/jlb.0313144
https://doi.org/10.1189/jlb.0313144
https://doi.org/10.1016/j.jhep.2023.03.039
https://doi.org/10.1093/intimm/dxac020
https://doi.org/10.1016/j.cellimm.2018.03.010
https://doi.org/10.1371/journal.pone.0098294
https://doi.org/10.1371/journal.pone.0098294
https://doi.org/10.1016/j.cmet.2014.08.010
https://doi.org/10.3389/fimmu.2020.01167
https://doi.org/10.1016/j.jhep.2022.05.044
https://doi.org/10.1172/JCI154333
https://doi.org/10.1080/13543784.2020.1718106
https://doi.org/10.3390/ijms15011143
https://doi.org/10.3389/fimmu.2020.01169
https://doi.org/10.1016/j.celrep.2023.113164
https://doi.org/10.1016/j.celrep.2023.113164
https://doi.org/10.3389/fimmu.2022.890019
https://doi.org/10.4254/wjh.v14.i7.1365
https://doi.org/10.1016/j.biopha.2020.109895
https://doi.org/10.1172/jci144801
https://doi.org/10.1186/s13287-019-1447-y
https://doi.org/10.1038/s41423-020-00567-7
https://doi.org/10.1038/s41423-020-00567-7
https://doi.org/10.3389/fimmu.2023.1133297
https://doi.org/10.1056/NEJMra0805786
https://doi.org/10.1038/srep44612
https://doi.org/10.3390/ijms24108795
https://doi.org/10.1016/j.jconrel.2021.11.039
https://doi.org/10.1002/jcp.30699
https://doi.org/10.1016/j.cld.2017.08.007
https://doi.org/10.1016/j.cld.2017.08.007
https://doi.org/10.1053/j.gastro.2014.06.043
https://doi.org/10.1053/j.gastro.2010.03.052
https://doi.org/10.1038/labinvest.2015.95
https://doi.org/10.1186/s13287-022-02929-6
https://doi.org/10.1016/j.biopha.2023.115537
https://doi.org/10.1042/cs20160838
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1444198

Tian et al.

Mridha, A. R., Wree, A, Robertson, A. A. B., Yeh, M. M., Johnson, C. D., Van Rooyen,
D. M, et al. (2017b). NLRP3 inflammasome blockade reduces liver inflammation and
fibrosis in experimental NASH in mice. J. Hepatol. 66, 1037-1046. doi:10.1016/j.jhep.
2017.01.022

Mulder, P., van den Hoek, A. M., and Kleemann, R. (2017). The CCR2 inhibitor
propagermanium  attenuates diet-induced insulin resistance, adipose tissue
inflammation and non-alcoholic steatohepatitis. PLoS One 12, e0169740. doi:10.
1371/journal.pone.0169740

Muntjewerff, E. M., Meesters, L. D., and van den Bogaart, G. (2020). Antigen cross-
presentation by macrophages. Front. Immunol. 11, 1276. doi:10.3389/fimmu.2020.
01276

Nagashimada, M., and Honda, M. (2021). Effect of microbiome on non-alcoholic
fatty liver disease and the role of probiotics, prebiotics, and biogenics. Int. J. Mol. Sci. 22,
8008. doi:10.3390/ijms22158008

Nakamoto, N., and Kanai, T. (2014). Role of toll-like receptors in immune activation
and tolerance in the liver. Front. Immunol. 5, 221. d0i:10.3389/fimmu.2014.00221

Ni, M., Zhang, J., Sosa, R.,, Zhang, H., Wang, H., Jin, D., et al. (2021). T-cell
immunoglobulin and mucin domain-containing protein-4 is critical for kupffer cell
homeostatic function in the activation and resolution of liver ischemia reperfusion
injury. Hepatol. Baltim. Md. 74, 2118-2132. doi:10.1002/hep.31906

Ni, X. X, Ji, P. X,, Chen, Y. X,, Li, X. Y., Sheng, L., Lian, M., et al. (2022a). Regulation of
the macrophage-hepatic stellate cell interaction by targeting macrophage peroxisome
proliferator-activated receptor gamma to prevent non-alcoholic steatohepatitis
progression in mice. Liver Int. 42, 2696-2712. doi:10.1111/liv.15441

Ni, Y., Nagashimada, M., Zhuge, F., Zhan, L., Nagata, N., Tsutsui, A., et al. (2015).
Astaxanthin prevents and reverses diet-induced insulin resistance and steatohepatitis in
mice: a comparison with vitamin E. Sci. Rep. 5, 17192. doi:10.1038/srep17192

Ni, Y., Zhuge, F., Ni, L., Nagata, N., Yamashita, T., Mukaida, N., et al. (2022b).
CX3CL1/CX3CRI interaction protects against lipotoxicity-induced nonalcoholic
steatohepatitis by regulating macrophage migration and M1/M2 status. Metabolism
Clin. Exp. 136, 155272. doi:10.1016/j.metabol.2022.155272

Odegaard, J. L, Ricardo-Gonzalez, R. R., Red Eagle, A., Vats, D., Morel, C. R., Goforth,
M. H,, et al. (2008). Alternative M2 activation of Kupffer cells by PPARdelta ameliorates
obesity-induced insulin resistance. Cell Metab. 7, 496-507. doi:10.1016/j.cmet.2008.
04.003

Pant, R., Kabeer, S. W., Sharma, S., Kumar, V., Patra, D., Pal, D., et al. (2023).
Pharmacological inhibition of DNMT1 restores macrophage autophagy and
M2 polarization in Western diet-induced nonalcoholic fatty liver disease. J. Biol.
Chem. 299, 104779. doi:10.1016/j.jbc.2023.104779

Pastore, M., Grimaudo, S., Pipitone, R. M., Lori, G., Raggi, C., Petta, S., et al. (2019).
Role of myeloid-epithelial-reproductive tyrosine kinase and macrophage polarization in
the progression of atherosclerotic lesions associated with nonalcoholic fatty liver
disease. Front. Pharmacol. 10, 604. doi:10.3389/fphar.2019.00604

Quek, J., Chan, K. E., Wong, Z. Y., Tan, C,, Tan, B,, Lim, W. H,, et al. (2023). Global
prevalence of non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in the
overweight and obese population: a systematic review and meta-analysis. Lancet
Gastroenterol. Hepatol. 8, 20-30. doi:10.1016/52468-1253(22)00317-X

Rahal, O. M., Wolfe, A. R., Mandal, P. K., Larson, R,, Tin, S., Jimenez, C., et al. (2018).
Blocking interleukin (IL)4- and IL13-mediated phosphorylation of STAT6 (Tyr641)
decreases M2 polarization of macrophages and protects against macrophage-mediated
radioresistance of inflammatory breast cancer. Int. J. Radiat. Oncol. Biol. Phys. 100,
1034-1043. doi:10.1016/j.ijrobp.2017.11.043

Rajak, S. (2024). Dynamics of cellular plasticity in non-alcoholic steatohepatitis
(NASH). Biochimica Biophysica Acta. Mol. Basis Dis. 1870, 167102. doi:10.1016/j.
bbadis.2024.167102

Ramachandran, P., Dobie, R., Wilson-Kanamori, J. R., Dora, E. F., Henderson, B. E.
P., Luu, N. T,, et al. (2019). Resolving the fibrotic niche of human liver cirrhosis at
single-cell level. Nature 575, 512-518. doi:10.1038/s41586-019-1631-3

Reid, D. T., Reyes, J. L., McDonald, B. A, Vo, T., Reimer, R. A., and Eksteen, B. (2016).
Kupffer cells undergo fundamental changes during the development of experimental
NASH and are critical in initiating liver damage and inflammation. PLoS One 11,
€0159524. doi:10.1371/journal.pone.0159524

Rensen, S. S., Slaats, Y., Nijhuis, J., Jans, A., Bieghs, V., Driessen, A., et al. (2009).
Increased hepatic myeloperoxidase activity in obese subjects with nonalcoholic
steatohepatitis. Am. J. Pathology 175, 1473-1482. doi:10.2353/ajpath.2009.080999

Rinella, M. E., Lazarus, J. V., Ratziu, V., Francque, S. M., Sanyal, A. J., Kanwal, F., et al.
(2023). A multisociety Delphi consensus statement on new fatty liver disease
nomenclature.  Hepatol. ~ Baltim. Md. 78, 1966-1986. doi:10.1097/HEP.
0000000000000520

Robichaud, S., Fairman, G., Vijithakumar, V., Mak, E., Cook, D. P., Pelletier, A. R,,
et al. (2021). Identification of novel lipid droplet factors that regulate lipophagy and
cholesterol efflux in macrophage foam cells. Autophagy 17, 3671-3689. doi:10.1080/
15548627.2021.1886839

Roedig, H., Nastase, M. V., Frey, H., Moreth, K., Zeng-Brouwers, J., Poluzzi, C., et al.
(2019). Biglycan is a new high-affinity ligand for CD14 in macrophages. Matrix Biol. 77,
4-22. doi:10.1016/j.matbio.2018.05.006

Frontiers in Cell and Developmental Biology

13

10.3389/fcell.2024.1444198

Rolot, M., M Dougall, A., Javaux, J., Lallemand, F., Machiels, B., Martinive, P., et al.
(2019). Recruitment of hepatic macrophages from monocytes is independent of IL-4Ra
but is associated with ablation of resident macrophages in schistosomiasis. Eur.
J. Immunol. 49, 1067-1081. doi:10.1002/eji.201847796

Rui, L. (2014). Energy metabolism in the liver. Compr. Physiol. 4, 177-197. doi:10.
1002/cphy.c130024

Sakaguchi, S., Takahashi, S., Sasaki, T., Kumagai, T., and Nagata, K. (2011).
Progression of alcoholic and non-alcoholic = steatohepatitis: common metabolic
aspects of innate immune system and oxidative stress. Drug Metab. Pharmacokinet.
26, 30-46. doi:10.2133/dmpk.dmpk-10-rv-087

Sauer, J., Steixner-Kumar, A. A., Gabler, S., Motyka, M., Rippmann, J. F., Brosa, S.,
et al. (2024). Diverse potential of secretome from natural killer cells and monocyte-
derived macrophages in activating stellate cells. Front. Immunol. 15, 1232070. doi:10.
3389/fimmu.2024.1232070

Scott, C. L., Zheng, F., De Baetselier, P., Martens, L., Saeys, Y., De Prijck, S., et al.
(2016). Bone marrow-derived monocytes give rise to self-renewing and fully
differentiated Kupffer cells. Nat. Commun. 7, 10321. doi:10.1038/ncomms10321

Seidman, J. S., Troutman, T. D., Sakai, M., Gola, A., Spann, N. J., Bennett, H., et al.
(2020). Niche-specific reprogramming of epigenetic landscapes drives myeloid cell
diversity in nonalcoholic steatohepatitis. Immunity 52, 1057-1074. doi:10.1016/j.
immuni.2020.04.001

Seth, R. K,, Das, S., Pourhoseini, S., Dattaroy, D., Igwe, S., Ray, J. B,, et al. (2015).
M1 polarization bias and subsequent nonalcoholic steatohepatitis progression is
attenuated by nitric oxide donor DETA NONOate via inhibition of CYP2E1-
induced oxidative stress in obese mice. J. Pharmacol. Exp. Ther. 352, 77-89. doi:10.
1124/jpet.114.218131

Shepard, C. R. (2020). TLR9 in MAFLD and NASH: at the intersection of
inflammation and metabolism. Front. Endocrinol. 11, 613639. doi:10.3389/fendo.
2020.613639

Siebler, J., Galle, P. R,, and Weber, M. M. (2008). The gut-liver-axis: endotoxemia,
inflammation, insulin resistance and NASH. J. Hepatology 48, 1032-1034. doi:10.1016/j.
jhep.2008.03.007

Sierra-Filardi, E., Nieto, C., Dominguez-Soto, A., Barroso, R., Sdnchez-Mateos, P.,
Puig-Kroger, A, et al. (2014). CCL2 shapes macrophage polarization by GM-CSF and
M-CSF: identification of CCL2/CCR2-dependent gene expression profile. J. Immunol.
192, 3858-3867. doi:10.4049/jimmunol.1302821

Song, K., Kwon, H., Han, C., Chen, W., Zhang, J., Ma, W, et al. (2020). Yes-associated
protein in kupffer cells enhances the production of proinflammatory cytokines and
promotes the development of nonalcoholic steatohepatitis. Hepatology 72, 72-87.
doi:10.1002/hep.30990

Stadler, M., Pudelko, K., Biermeier, A., Walterskirchen, N., Gaigneaux, A.,
Weindorfer, C., et al. (2021). Stromal fibroblasts shape the myeloid phenotype in
normal colon and colorectal cancer and induce CD163 and CCL2 expression in
macmphage& Cancer Lett. 520, 184-200. doi:10.1016/j.canlet.2021.07.006

Su, Q., Baker, C,, Christian, P., Naples, M., Tong, X., Zhang, K., et al. (2014). Hepatic
mitochondrial and ER stress induced by defective PPARa signaling in the pathogenesis
of hepatic steatosis. Am. J. Physiology. Endocrinol. Metabolism 306, E1264-E1273.
doi:10.1152/ajpendo.00438.2013

Sun, D, Sun, P, Li, H, Zhang, M,, Liu, G,, Strickland, A. B., et al. (2019). Fungal
dissemination is limited by liver macrophage filtration of the blood. Nat. Commun. 10,
4566. doi:10.1038/s41467-019-12381-5

Sutti, S., Jindal, A., Locatelli, I, Vacchiano, M., Gigliotti, L., Bozzola, C., et al. (2014).
Adaptive immune responses triggered by oxidative stress contribute to hepatic
inflammation in NASH. Hepatol. Baltim. Md. 59, 886-897. doi:10.1002/hep.26749

Tacke, F. (2017). Targeting hepatic macrophages to treat liver diseases. . Hepatology
66, 1300-1312. doi:10.1016/j.jhep.2017.02.026

Tacke, F., and Zimmermann, H. W. (2014). Macrophage heterogeneity in liver injury
and fibrosis. J. Hepatology 60, 1090-1096. doi:10.1016/j.jhep.2013.12.025

Targher, G., Byrne, C. D., and Tilg, H. (2024). MASLD: a systemic metabolic disorder
with cardiovascular and malignant complications. Gut 73, 691-702. doi:10.1136/gutjnl-
2023-330595

Tateya, S., Tamori, Y., Kawaguchi, T, Kanda, H., and Kasuga, M. (2010). An increase
in the circulating concentration of monocyte chemoattractant protein-1 elicits systemic
insulin resistance irrespective of adipose tissue inflammation in mice. Endocrinology
151, 971-979. doi:10.1210/en.2009-0926

Tran, S., Baba, L, Poupel, L., Dussaud, S., Moreau, M., Gélineau, A., et al. (2020).
Impaired kupffer cell self-renewal alters the liver response to lipid overload during non-
alcoholic steatohepatitis. Immunity 53, 627-640. doi:10.1016/j.immuni.2020.06.003

Vadevoo, S. M. P, Kang, Y., Gunassekaran, G. R, Lee, S.-M., Park, M.-S,, Jo, D. G,, et al.
(2024). IL4 receptor targeting enables nab-paclitaxel to enhance reprogramming of M2-type
macrophages into M1-like phenotype via ROS-HMGBI1-TLR4 axis and inhibition of tumor
growth and metastasis. Theranostics 14, 2605-2621. doi:10.7150/thno.92672

Van Herck, M. A,, Weyler, J., Kwanten, W. J., Dirinck, E. L., De Winter, B. Y.,
Francque, S. M, et al. (2019). The differential roles of T cells in non-alcoholic fatty liver
disease and obesity. Front. Immunol. 10, 82. doi:10.3389/fimmu.2019.00082

frontiersin.org


https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.1371/journal.pone.0169740
https://doi.org/10.1371/journal.pone.0169740
https://doi.org/10.3389/fimmu.2020.01276
https://doi.org/10.3389/fimmu.2020.01276
https://doi.org/10.3390/ijms22158008
https://doi.org/10.3389/fimmu.2014.00221
https://doi.org/10.1002/hep.31906
https://doi.org/10.1111/liv.15441
https://doi.org/10.1038/srep17192
https://doi.org/10.1016/j.metabol.2022.155272
https://doi.org/10.1016/j.cmet.2008.04.003
https://doi.org/10.1016/j.cmet.2008.04.003
https://doi.org/10.1016/j.jbc.2023.104779
https://doi.org/10.3389/fphar.2019.00604
https://doi.org/10.1016/S2468-1253(22)00317-X
https://doi.org/10.1016/j.ijrobp.2017.11.043
https://doi.org/10.1016/j.bbadis.2024.167102
https://doi.org/10.1016/j.bbadis.2024.167102
https://doi.org/10.1038/s41586-019-1631-3
https://doi.org/10.1371/journal.pone.0159524
https://doi.org/10.2353/ajpath.2009.080999
https://doi.org/10.1097/HEP.0000000000000520
https://doi.org/10.1097/HEP.0000000000000520
https://doi.org/10.1080/15548627.2021.1886839
https://doi.org/10.1080/15548627.2021.1886839
https://doi.org/10.1016/j.matbio.2018.05.006
https://doi.org/10.1002/eji.201847796
https://doi.org/10.1002/cphy.c130024
https://doi.org/10.1002/cphy.c130024
https://doi.org/10.2133/dmpk.dmpk-10-rv-087
https://doi.org/10.3389/fimmu.2024.1232070
https://doi.org/10.3389/fimmu.2024.1232070
https://doi.org/10.1038/ncomms10321
https://doi.org/10.1016/j.immuni.2020.04.001
https://doi.org/10.1016/j.immuni.2020.04.001
https://doi.org/10.1124/jpet.114.218131
https://doi.org/10.1124/jpet.114.218131
https://doi.org/10.3389/fendo.2020.613639
https://doi.org/10.3389/fendo.2020.613639
https://doi.org/10.1016/j.jhep.2008.03.007
https://doi.org/10.1016/j.jhep.2008.03.007
https://doi.org/10.4049/jimmunol.1302821
https://doi.org/10.1002/hep.30990
https://doi.org/10.1016/j.canlet.2021.07.006
https://doi.org/10.1152/ajpendo.00438.2013
https://doi.org/10.1038/s41467-019-12381-5
https://doi.org/10.1002/hep.26749
https://doi.org/10.1016/j.jhep.2017.02.026
https://doi.org/10.1016/j.jhep.2013.12.025
https://doi.org/10.1136/gutjnl-2023-330595
https://doi.org/10.1136/gutjnl-2023-330595
https://doi.org/10.1210/en.2009-0926
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.7150/thno.92672
https://doi.org/10.3389/fimmu.2019.00082
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1444198

Tian et al.

Wallace, S. J., Tacke, F., Schwabe, R. F., and Henderson, N. C. (2022). Understanding
the cellular interactome of non-alcoholic fatty liver disease. JHEP Rep. Innovation
Hepatology 4, 100524. doi:10.1016/j.jhepr.2022.100524

Wan, J., Benkdane, M., Teixeira-Clerc, F., Bonnafous, S., Louvet, A., Lafdil, F., et al.
(2014). M2 Kupffer cells promote M1 Kupffer cell apoptosis: a protective mechanism
against alcoholic and nonalcoholic fatty liver disease. Hepatol. Baltim. Md. 59, 130-142.
doi:10.1002/hep.26607

Wang, B., Li, X, Hu, W.,, Zhou, Y., and Din, Y. (2019a). Silencing of IncRNA
SNHG20 delays the progression of nonalcoholic fatty liver disease to hepatocellular
carcinoma via regulating liver Kupffer cells polarization. [UBMB Life 71, 1952-1961.
doi:10.1002/iub.2137

Wang, J., Xu, Y., Chen, Z, Liang, J., Lin, Z,, Liang, H., et al. (2020a). Liver immune
profiling reveals pathogenesis and therapeutics for biliary atresia. Cell 183,
1867-1883.€26. doi:10.1016/j.cell.2020.10.048

Wang, Q., Bu, Q,, Liu, M., Zhang, R, Gu, J,, Li, L., et al. (2022). XBP1-mediated
activation of the STING signalling pathway in macrophages contributes to liver fibrosis
progression. JHEP Rep. Innovation Hepatology 4, 100555. doi:10.1016/j.jhepr.2022.
100555

Wang, X., de Carvalho Ribeiro, M., Iracheta-Vellve, A., Lowe, P., Ambade, A.,
Satishchandran, A., et al. (2019b). Macrophage-specific hypoxia-inducible factor-la
contributes to impaired autophagic flux in nonalcoholic steatohepatitis. Hepatol.
Baltim. Md. 69, 545-563. doi:10.1002/hep.30215

Wang, X, He, Q., Zhou, C,, Xu, Y., Liu, D., Fujiwara, N,, et al. (2023a). Prolonged
hypernutrition impairs TREM2-dependent efferocytosis to license chronic liver
inflammation and NASH development. Immunity 56, 58-77.ell. doi:10.1016/j.
immuni.2022.11.013

Wang, X, Sun, K, Zhou, Y, Wang, H, Zhou, Y, Liu, S, et al. (2021).
NLRP3 inflammasome inhibitor CY-09 reduces hepatic steatosis in experimental
NAFLD mice. Biochem. Biophys. Res. Commun. 534, 734-739. doi:10.1016/j.bbrc.
2020.11.009

Wang, Y., and Gao, L. (2021). Monocyte-derived KCs (MoKCs) contribute to the KC
pool in NASH. Cell. and Mol. Immunol. 18, 518-519. doi:10.1038/s41423-020-00606-3

Wang, Y., Nakajima, T., Gonzalez, F. ]., and Tanaka, N. (2020b). PPARs as metabolic
regulators in the liver: lessons from liver-specific PPAR-null mice. Int. J. Mol. Sci. 21,
2061. doi:10.3390/ijms21062061

Wang, Y. F, Zhang, W. L,, Li, Z. X,, Liu, Y,, Tan, J., Yin, H. Z,, et al. (2024).
METTL14 downregulation drives S100A4(+) monocyte-derived macrophages via
MyD88/NF-kB pathway to promote MAFLD progression. Signal Transduct. Target
Ther. 9, 91. doi:10.1038/s41392-024-01797-1

Wang, Z., Kim, S. Y., Tu, W., Kim, ], Xu, A,, Yang, Y. M,, et al. (2023b). Extracellular
vesicles in fatty liver promote a metastatic tumor microenvironment. Cell Metab. 35,
1209-1226.e13. doi:10.1016/j.cmet.2023.04.013

Wen, Y., Lambrecht, J., Ju, C., and Tacke, F. (2021). Hepatic macrophages in liver
homeostasis and diseases-diversity, plasticity and therapeutic opportunities. Cell. and
Mol. Immunol. 18, 45-56. do0i:10.1038/s41423-020-00558-8

Wu, X,, Hollingshead, N., Roberto, J., Knupp, A., Kenerson, H., Chen, A., et al. (2020).
Human liver macrophage subsets defined by CD32. Front. Immunol. 11, 2108. doi:10.
3389/fimmu.2020.02108

Xi, S., Zheng, X, Li, X,, Jiang, Y., Wu, Y., Gong, J., et al. (2021). Activated hepatic
stellate cells induce infiltration and formation of CD163+ macrophages via CCL2/
CCR2 pathway. Front. Med. 8, 627927. doi:10.3389/fmed.2021.627927

Xu, G.-X,, Wei, S, Yu, C,, Zhao, S.-Q., Yang, W.-]., Feng, Y.-H,, et al. (2023a).
Activation of Kupffer cells in NAFLD and NASH: mechanisms and therapeutic
interventions. Front. Cell Dev. Biol. 11, 1199519. doi:10.3389/fcell.2023.1199519

Xu, J.,, Kong, L., Oliver, B. A,, Li, B,, Creasey, E. A., Guzman, G., et al. (2023b).
Constitutively active autophagy in macrophages dampens inflammation through
metabolic and post-transcriptional regulation of cytokine production. Cell Rep. 42,
112708. doi:10.1016/j.celrep.2023.112708

Xu, X, Poulsen, K. L., Wu, L, Liu, S., Miyata, T., Song, Q., et al. (2022). Targeted
therapeutics and novel signaling pathways in non-alcohol-associated fatty liver/

Frontiers in Cell and Developmental Biology

14

10.3389/fcell.2024.1444198

steatohepatitis (NAFL/NASH). Signal Transduct. Target. Ther. 7, 287. doi:10.1038/
541392-022-01119-3

Yamaguchi, K., Yang, L., McCall, S., Huang, J., Yu, X. X,, Pandey, S. K,, et al. (2007).
Inhibiting triglyceride synthesis improves hepatic steatosis but exacerbates liver damage
and fibrosis in obese mice with nonalcoholic steatohepatitis. Hepatol. Baltim. Md. 45,
1366-1374. doi:10.1002/hep.21655

Yang, B., Luo, W., Wang, M., Tang, Y., Zhu, W., Jin, L,, et al. (2022a). Macrophage-
specific MyD88 deletion and pharmacological inhibition prevents liver damage in non-
alcoholic fatty liver disease via reducing inflammatory response. Biochimica Biophysica
Acta. Mol. Basis Dis. 1868, 166480. doi:10.1016/j.bbadis.2022.166480

Yang, T., Qu, X., Wang, X, Xu, D., Sheng, M, Lin, Y., et al. (2023). The macrophage
STING-YAP axis controls hepatic steatosis by promoting the autophagic degradation of
lipid droplets. Hepatol. Baltim. Md. doi:10.1097/HEP.0000000000000638

Yang, Y., Li, X,, Liu, Z., Ruan, X., Wang, H., Zhang, Q., et al. (2022b). Moderate
treadmill exercise alleviates NAFLD by regulating the biogenesis and autophagy of lipid
droplet. Nutrients 14, 4910. doi:10.3390/nu14224910

Yao, J.-M., Ying, H.-Z., Zhang, H.-H., Qiu, F.-S., Wu, J.-Q,, and Yu, C.-H. (2023).
Exosomal RBP4 potentiated hepatic lipid accumulation and inflammation in high-fat-
diet-fed mice by promoting M1 polarization of Kupffer cells. Free Radic. Biol. and Med.
195, 58-73. doi:10.1016/j.freeradbiomed.2022.12.085

Yilmaz, B., Sahin, K., Bilen, H., Bahcecioglu, I. H., Bilir, B., Ashraf, S., et al. (2015).
Carotenoids and non-alcoholic fatty liver disease. Hepatobiliary Surg. Nutr. 4, 161-171.
doi:10.3978/j.issn.2304-3881.2015.01.11

Yin, J., Peng, Y., Wu, J., Wang, Y., and Yao, L. (2014). Toll-like receptor 2/4 links to
free fatty acid-induced inflammation and {-cell dysfunction. J. Leukoc. Biol. 95, 47-52.
doi:10.1189/j1b.0313143

Ying, W., Riopel, M., Bandyopadhyay, G., Dong, Y., Birmingham, A., Seo, J. B., et al.
(2017). Adipose tissue macrophage-derived exosomal miRNAs can modulate in vivo
and in vitro insulin sensitivity. Cell 171, 372-384. doi:10.1016/j.cell.2017.08.035

Yona, S., Kim, K.-W., Wolf, Y., Mildner, A., Varol, D., Breker, M., et al. (2013). Fate
mapping reveals origins and dynamics of monocytes and tissue macrophages under
homeostasis. Immunity 38, 79-91. doi:10.1016/j.immuni.2012.12.001

Younossi, Z., Anstee, Q. M., Marietti, M., Hardy, T., Henry, L., Eslam, M., et al. (2018).
Global burden of NAFLD and NASH: trends, predictions, risk factors and prevention.
Nat. Rev. Gastroenterology and Hepatology 15, 11-20. doi:10.1038/nrgastro.2017.109

Yu, X,, Lan, P., Hou, X,, Han, Q., Lu, N, Li, T., et al. (2017). HBV inhibits LPS-
induced NLRP3 inflammasome activation and IL-1p production via suppressing the
NF-«B pathway and ROS production. J. Hepatology 66, 693-702. doi:10.1016/j.jhep.
2016.12.018

Yunna, C, Mengru, H., Lei, W., and Weidong, C. (2020). Macrophage M1/
M2 polarization. Eur. J. Pharmacol. 877, 173090. doi:10.1016/j.ejphar.2020.173090

Zhang, J., Wang, Y., Fan, M., Guan, Y., Zhang, W., Huang, F., et al. (2024). Reactive
oxygen species regulation by NCF1 governs ferroptosis susceptibility of Kupffer cells to
MASH. Cell Metab. 36, 1745-1763.e6. doi:10.1016/j.cmet.2024.05.008

Zhang, M., Tian, S. Y., Ma, S. Y., Zhou, X,, Zheng, X. H., Li, B,, et al. (2023a). Deficient
chaperone-mediated autophagy in macrophage aggravates inflammation of
nonalcoholic steatohepatitis by targeting Nup85. Liver Int. 43, 1021-1034. doi:10.
1111/liv.15547

Zhang, X., Fan, L., Wu, J., Xu, H., Leung, W. Y., Fu, K,, et al. (2019). Macrophage p38a
promotes nutritional steatohepatitis through M1 polarization. J. Hepatology 71,
163-174. doi:10.1016/j.jhep.2019.03.014

Zhang, Y., Hong, L., Li, X,, Li, Y., Zhang, X,, Jiang, J., et al. (2023b). M1 macrophage-
derived exosomes promote autoimmune liver injury by transferring long noncoding
RNA H19 to hepatocytes. MedComm 4, €303. doi:10.1002/mc02.303

Zhou, Y., Zhang, H,, Yao, Y., Zhang, X., Guan, Y., and Zheng, F. (2022). CD4" T cell
activation and inflammation in NASH-related fibrosis. Front. Immunol. 13, 967410.
doi:10.3389/fimmu.2022.967410

Zwicker, C., Bujko, A., and Scott, C. L. (2021). Hepatic macrophage responses in
inflammation, a function of plasticity, heterogeneity or both? Front. Immunol. 12,
690813. doi:10.3389/fimmu.2021.690813

frontiersin.org


https://doi.org/10.1016/j.jhepr.2022.100524
https://doi.org/10.1002/hep.26607
https://doi.org/10.1002/iub.2137
https://doi.org/10.1016/j.cell.2020.10.048
https://doi.org/10.1016/j.jhepr.2022.100555
https://doi.org/10.1016/j.jhepr.2022.100555
https://doi.org/10.1002/hep.30215
https://doi.org/10.1016/j.immuni.2022.11.013
https://doi.org/10.1016/j.immuni.2022.11.013
https://doi.org/10.1016/j.bbrc.2020.11.009
https://doi.org/10.1016/j.bbrc.2020.11.009
https://doi.org/10.1038/s41423-020-00606-3
https://doi.org/10.3390/ijms21062061
https://doi.org/10.1038/s41392-024-01797-1
https://doi.org/10.1016/j.cmet.2023.04.013
https://doi.org/10.1038/s41423-020-00558-8
https://doi.org/10.3389/fimmu.2020.02108
https://doi.org/10.3389/fimmu.2020.02108
https://doi.org/10.3389/fmed.2021.627927
https://doi.org/10.3389/fcell.2023.1199519
https://doi.org/10.1016/j.celrep.2023.112708
https://doi.org/10.1038/s41392-022-01119-3
https://doi.org/10.1038/s41392-022-01119-3
https://doi.org/10.1002/hep.21655
https://doi.org/10.1016/j.bbadis.2022.166480
https://doi.org/10.1097/HEP.0000000000000638
https://doi.org/10.3390/nu14224910
https://doi.org/10.1016/j.freeradbiomed.2022.12.085
https://doi.org/10.3978/j.issn.2304-3881.2015.01.11
https://doi.org/10.1189/jlb.0313143
https://doi.org/10.1016/j.cell.2017.08.035
https://doi.org/10.1016/j.immuni.2012.12.001
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1016/j.jhep.2016.12.018
https://doi.org/10.1016/j.jhep.2016.12.018
https://doi.org/10.1016/j.ejphar.2020.173090
https://doi.org/10.1016/j.cmet.2024.05.008
https://doi.org/10.1111/liv.15547
https://doi.org/10.1111/liv.15547
https://doi.org/10.1016/j.jhep.2019.03.014
https://doi.org/10.1002/mco2.303
https://doi.org/10.3389/fimmu.2022.967410
https://doi.org/10.3389/fimmu.2021.690813
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1444198

	Targeting hepatic macrophages for non-alcoholic fatty liver disease therapy
	1 Introduction
	2 Pathogenesis of NAFLD/NASH
	3 Main components of hepatic macrophages in NAFLD
	3.1 KCs
	3.1.1 The sources of KCs
	3.1.2 The activation of KCs in NAFLD and NASH
	3.1.3 KCs in the progression of hepatic steatosis in NAFLD
	3.1.4 KCs in the inflammatory process of NAFLD
	3.1.5 KCs in the fibrosis of NAFLD

	3.2 MoMFs
	3.2.1 Polarization and phenotypic transitions of MoMFs in NAFLD
	3.2.2 Chemokine produced by MoMFs in the pathogenesis of NAFLD and NASH
	3.2.3 Interaction between MoMFs and other hepatic cells in NAFLD and NASH


	4 Hepatic macrophage polarization in NAFLD
	4.1 M1 macrophages
	4.2 M2 macrophages
	4.3 The shift from M1 to M2 polarization of hepatic macrophages in NAFLD

	5 The macrophage autophagy in NAFLD
	6 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


