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Abstract 

Non-Alcoholic Fatty Liver Disease (NAFLD) is a spectrum of liver diseases from sim-

ple steatosis to the most severe form of hepatocellular carcinoma. Liver injuries result-

ing from various factors, including viral infections, alcohol consumption, and metabolic 

disorders, trigger the activation of resident immune cells and the recruitment of circulat-

ing immune cells to the liver. This chronic inflammatory environment leads to tissue 

damage and the progression of liver fibrosis. Macrophages are highly versatile immune 

cells that play a dual role in fibrosis: they contribute to the progression of fibrosis (M1 

and Ly6chigh macrophages) and its resolution (M2 and Ly6clow macrophages). M1 mac-

rophages and those with high surface expression of Ly6C exhibit pro-inflammatory 

characteristics, while M2 macrophages and myeloid cells with low expression of Ly6C 

mitigate inflammation and inhibit fibrosis progression. Environmental stimuli influence 

the complex mechanisms hepatic macrophages regulate the fibrosis they encounter. 

Kupffer cells initiate the inflammatory cascade and recruit monocyte-derived macro-

phages, which modulate the propagation of fibrosis and promote fibrinolysis. Addition-

ally, hepatic macrophages interact with other cell types through exosomes, facilitating 

the transfer of cellular components that influence the outcome of liver fibrosis. In this 

review, the critical role of macrophages in inflammation-induced fibrosis and tissue res-

toration is discussed. 
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Introduction 
 

Non-Alcoholic Fatty Liver Disease (NAFLD) is a 

long-lasting liver disease characterized by the accumu-

lation of huge amounts of fat in the liver which can 

lead to liver-related death, especially among steatone-

crosis and fibrosis-afflicted patients. NAFLD may pro-

gress to a more severe liver condition termed fibrosis 1. 

Liver fibrosis is the accumulation of extracellular ma-

trix in response to repeated liver damage. It takes place 

when the capacity of the liver to substitute hepatocytes 

is overwhelmed and fibrillar collagen is abundantly 

accumulated 2. Cellular mechanisms contributing to the 

progression of liver fibrosis include the activation of 

Hepatic Stellate Cells (HSCs) and their trans-differen-

tiation into myofibroblast-like cells, which produce 

large amounts of extracellular collagen and facilitate 

fibrosis progression 3.  

 

 

 

 
Immune cells and liver fibrosis 

Macrophages play contradictory roles in regulating 

liver fibrosis; they promote it through the production of 

IL-1β and TNF-α by M1 macrophages, while M2 mac-

rophages can reverse liver fibrosis 4-7. Different subsets 

of T cells also influence the outcome of fibrosis: Th1 

cells exhibit pro-inflammatory characteristics, Th2 

cells release IL-13 and IL-4 to promote fibrogenesis, 

and Th17 cells produce IL-17, which activates HSCs 

and macrophages. In cases of chronic hepatic damage, 

despite the early apoptosis-inducing effects of Natural 

Killer (NK) cells on HSCs, these cells are ultimately 

considered to promote fibrosis. The changes in the 

number of immune cells in the context of liver fibrosis 

determine the persistence of inflammation. A decrease 

in NK cells and CD8+ cytotoxic T cells, along with an 
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increase in CD4+ memory T cells, underscores the ne-

cessity of inflammation for the continuation of liver 

fibrosis 8. Hepatocytes secrete IL-8, CXCL1, and 

CXCL2 to promote the recruitment of neutrophils, 

which is followed by increased myeloperoxidase ac-

tivity, reactive oxygen species production, and the 

formation of neutrophil extracellular traps, all contrib-

uting to the progression of inflammation. Dendritic 

cells, which perform antigen presentation to naïve T 

cells, play paradoxical roles in NASH, they release 

TNF-α, MCP-1, and IL-6 during the initial phases of 

liver damage to promote inflammation, but in the re-

gression phases of liver injury, they facilitate fibrosis 

regression. Natural Killer T (NKT) cells, a component 

of acquired immunity, drive fibrosis progression 

through the secretion of IFN-γ, IL-4, IL-15, VCAM-1, 

CXCL16, and osteopontin, as well as through an over-

active Hedgehog pathway. B cells exhibit dual roles in 

regulating liver inflammation by presenting oxidative 

stress-derived epitopes to CD4+ helper T cells and re-

leasing IL-10 to inhibit CD8+ T cell-mediated inflam-

mation. However, they also produce anti-oxidative 

stress epitopes, such as IgG, to mitigate inflammation 9. 

Dysregulation of matrix metalloproteinases, which 

promote matrix degradation, and tissue inhibitors of 

matrix metalloproteinases govern extracellular matrix 

remodeling, leading to the deposition of extracellular 

matrix components. Another contributing mechanism 

to liver inflammation and fibrosis is the disruption of 

immune tolerance mediated by regulatory T cells and 

dendritic cells, which instigate liver fibrosis 10. Despite 

the complex involvement of the immune system in 

liver inflammation, this study aims to briefly discuss 

the roles of macrophages. Kupffer cells, the resident 

macrophages of the liver, are responsible for maintain-

ing liver homeostasis through the phagocytosis of 

apoptotic cells and pathogens. They mediate the liver's 

homeostatic state through immune regulation via IL-10 

production, phagocytosis of gut-derived invading sub-

strates and facilitating hepatic repair and regeneration. 

The production of TGF-β and PDGF by Kupffer cells 

leads to HSC activation. Furthermore, Kupffer cell-

derived IL-6 and TNF-α contribute to the persistence of 

inflammation. Additionally, Kupffer cells are activated 

through the sensing of apoptotic hepatocyte signaling 

and NF-κB activation, promoting inflammation 4,5,7,11-

13. 

Liver macrophages, including Kupffer cells and 

monocyte-derived macrophages, constitute the hepatic 

macrophage pool. However, in response to chronic 

liver injury and inflammation, these macrophages 

adopt ambivalent functions, including those of M1 and 

Ly6chigh (lymphocyte antigen 6 complex, locus C1) 

monocytes. Following the cessation of the inflammato-

ry response, macrophages acquire M2 and Ly6clow phe-

notypes to promote tissue repair 14. In mice, Ly6Chigh 

monocytes, which correspond to CD14high CD16low 

human monocytes, are considered pro-inflammatory. 

In contrast, Ly6Clow monocytes and their human coun-

terparts, as CD14low CD16high monocytes, patrol along 

blood vessels and promote fibrosis regression due to 

their elevated expression of matrix metalloproteinases, 

phagocytosis-associated genes, and growth factors, 

extending beyond the M1 and M2 phenotypes 15. Tradi-

tionally, macrophage polarization states were catego-

rized as M1 or M2. M1 macrophages (classically acti-

vated macrophages) are pro-inflammatory and contrib-

ute to tissue injury, while M2 macrophages (non-

classically activated macrophages) are involved in tis-

sue remodeling and efferocytosis, thereby inhibiting 

inflammation 16. 

HSCs are non-parenchymal liver cells residing in 

the sub-endothelial space of Disse (also known as the 

perisinusoidal space) and interact with liver macro-

phages upon activation 17. Following we provide an 

update on the critical role of macrophages in liver fi-

brosis, as well as their interactions with other liver 

cells. 
 

NAFLD spectrum and prevalence 

NAFLD is a spectrum of liver disorders, ranging 

from Non-Alcoholic Fatty Liver (NAFL), and Non-

Alcoholic Steatohepatitis (NASH) to liver fibrosis, 

cirrhosis, and Hepatocellular Carcinoma (HCC). Due 

to the strong association between NAFLD and type 2 

diabetes, hyperlipidemia, obesity, and hypertension, 

NAFLD is considered a metabolic syndrome 18. NAFL 

is distinguished when the liver contains ≥5% steatosis 

without the presence of fibrosis. NAFL is usually be-

nign and without significant risk of mortality. NAFL 

can progress to NASH (non-alcoholic steatohepatitis), 

characterized by at least 5% hepatic steatosis, accom-

panied by hepatocyte ballooning and liver inflamma-

tion. NASH may be followed by more advanced com-

plications including liver fibrosis, cirrhosis, and HCC. 

When defining NAFLD, it must be considered that 

people who consume abundant quantities of alcohol 

must be excluded from this spectrum 19,20.  

NAFLD imposes a great health burden on societies 

worldwide. Based on a research study conducted by Ge 

et al, it was estimated that NAFLD prevalence would 

increase dramatically from 1990 to 2017 with the high-

est prevalence observed in many territories including 

East Asia and the Middle East 21. Furthermore, 

NAFLD prevalence and mortality highly increased in 

the United States 22,23. These findings underscore the 

critical need for healthcare professionals to implement 

thorough measurements in managing this disease. 
 

Inflammation initiation  

Diverse innate and adaptive immune cells are impli-

cated in liver fibrosis. The innate immune cells of the 

liver serve as the first line of defense against invading 

injuries. However, when chronic damage takes place, 

Endoplasmic Reticulum (ER) stress (unfolded protein 

response), Reactive Oxygen Species (ROS), and lipid 

overload especially free fatty acids, induce liver in-
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flammation initiation. A disruption occurring in the 

equilibrium of ROS production and antioxidant mech-

anisms causes molecular damage and leads to fibrosis 

development 24-27. The main instigators of liver in-

flammation are attributed to several factors including 

Free Fatty Acids (FFAs) and bacterial-derived lipopol-

ysaccharide that activate immune cells through interac-

tion with Damage-Associated Molecular Patterns 

(DAMPs) and Pathogen-Associated Molecular Patterns 

(PAMPs), respectively leading to initiation of liver 

inflammation. Gut dysbiosis and adipose tissue dys-

function accelerate inflammation progression 28,29. Fur-

thermore, leukocytes recruitment (macrophages, neu-

trophils, T cells) trigger tissue damage in NAFLD 30-32. 

Hepatocyte cell death is mediated by oxidative stress 

and FFAs deposition which are a result of mitochon-

drial dysfunction observed in NAFLD 28,30. In addition, 

an inequity between reactive nitrogen species and reac-

tive oxygen species leads to fibrosis 33. 

The liver resident macrophages termed Kupffer cells 

are the most abundant resident macrophages in this 

organ. They are hepatic sentinels against exogenous 

and endogenous danger signals. They are characterized 

as F4/80+, CD11bintermediate, CD45+, and C-type lectin 

domain family 4, member f (CLEC4F) positive cells. 

They become activated after recognizing Lipopolysac-

charide (LPS) by toll-like receptor 4 (TLR4) and 

transmitting signals through myeloid differentiation 

primary response protein 88 (MyD88) dependent or 

MyD88 independent pathways, thereby initiating the 

inflammatory cascade and activation of HSCs 14,24. 

Macrophages acquire the pro-inflammatory phenotype 

by ROS production, phagocytosis, elevated expression 

of adhesion molecules, and cytokines to decrease dan-

ger signals. Macrophages' anti-inflammatory pheno-

type secrete TGF-ꞵ, and IL-10 and accomplish apoptot-

ic cell phagocytosis to decrease inflammation. Howev-

er, as a result of persistent inflammation, inflammatory 

monocytes secrete TGF-ꞵ to mediate the activation of 

fibroblasts. M2 macrophages are fibrogenic subsets 

driving fibrosis perpetuation via profibrotic mediators 

and matrix metalloproteinases prevention (Figure 1) 34-

36.  

In addition, other metabolites such as adipokines, 

and cholesterol through scavenger receptors A and 

CD36, and DAMPs e.g., ATP, mitochondrial DNA, 

and high mobility group box 1 originated from injured 

hepatocytes and free fatty acids via TLRs induce the 

activation of Kupffer cells 37,38. Activated Kupffer cells 

produce transforming growth factor-ꞵ1 (TGF-ꞵ1), 

platelet-derived growth factor (PDGF), interleukin-1 

(IL-1), monocyte chemoattractant protein 1 (MCP1), 

IL-12 and tumor necrosis factor-alpha (TNF-α) essen-

tial for HSCs proliferation and recruitment. Kupffer 

cells gelatinases and chitotriosidase expression also 

induce collagen type I production and HSCs activation, 

respectively. Kupffer cells-derived TGF-ꞵ1 also stimu-

lates the differentiation and activation of fibroblasts 39. 

In addition, activated Kupffer cells also serve as a 

source of IL-6 and inducible Nitric Oxide Synthase 

Figure 1. Monocyte and macrophage of the liver in the progression and restoration of fibrosis. 

Kupffer cells become activated after recognizing LPS, adipokines, cholesterol, DAMPs, and free fatty acids. Activated Kupffer cells produce TGF-ꞵ1, 
PDGF, IL-1, MCP1, IL-12, and TNF-α essential for HSCs proliferation and recruitment. Kupffer cells-derived TGF-ꞵ1 also stimulates the differentia-

tion and activation of fibroblasts. The reciprocal interplay between hepatic macrophages and HSCs perpetuates fibrosis. Indeed, Kupffer cells assist 

HSCs activation, survival, and pro-fibrogenic phenotype maintenance through TGF-ꞵ, oncostatin M, PDGF, TNF-a, IL-1ꞵ, TNFSF12A, and EGFR 
ligand secretion. In turn, activated HSCs release CCL2, hyaluronan, IL-6, and TGF-ꞵ which are essential for monocytes recruitment, activation, and 

polarization. Furthermore, Kupffer cells-derived CCL2 and CCL5 contribute to Ly6chigh monocytes infiltration to the liver that promotes hepatic in-

flammation. In normal conditions, Ly6clow monocytes have been shown to contribute to fibrosis regression by matrix metalloproteinases MMP9 and 
MMP12 expression and induction of phagocytosis of cellular debris namely efferocytosis. M2 macrophages are stimulated by IL-13, IL-10, and IL-4. 

Matrix metalloproteases expression by M2 macrophages facilitates wound healing. TGF-ꞵ, arginase-1 (Arg1), and IL-10 produced by M2 macrophag-
es contribute to anti-inflammatory characteristics. 
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(iNOS) expression. Indeed, iNOS stimulates Nitric 

Oxide (NO) production which together with ROS pro-

duce Reactive Nitrogen Species (RNS) and stimulates 

the HSCs activation 40. The reciprocal interplay be-

tween hepatic macrophages and HSCs perpetuates fi-

brosis. Indeed, Kupffer cells assist HSCs activation, 

survival, and pro-fibrogenic phenotype maintenance 

through TGF-ꞵ, oncostatin M, PDGF, TNF-a, IL-1ꞵ, 

TNF superfamily member 12 (TNFSF12A) and Epi-

dermal Growth Factor Receptor (EGFR) ligand secre-

tion. In turn, activated HSCs release C-C motif chemo-

kine ligand 2 (CCL2), hyaluronan, IL-6, and TGF-ꞵ 

which are essential for monocytes recruitment, activa-

tion, and polarization. Activated HSCs also contribute 

to inflammation persistence through secreting CCL21 

and IL-1ꞵ. CCL21 helps to recruit immune cells to 

sites of inflammation. In addition, NLRP3 inflam-

masome activation leads to IL-1ꞵ secretion that assists 

inflammation perpetuation 41,42. This positive feedback 

loop preserves hepatic inflammation and fibrosis 43. 

Furthermore, Kupffer cells-derived CCL2 and CCL5 

contribute to Ly6chigh monocytes infiltration to the liver 

that promotes hepatic inflammation (Figure 1) 13. 
 

Inflammatory monocytes/macrophages in fibrosis progres-

sion 

Kupffer cells TLR signaling, and activation cause 

upregulated levels of CCL2 or MCP1 production. 

These mediators induce the recruitment of Monocyte-

derived Macrophages (MoMFs) which are character-

ized by Ly6c, C-X3-C motif chemokine receptor 1 

(CX3CR1), C-C chemokine receptor 2 (CCR2), and 

CD11b expression and accomplish macrophage replen-

ishment upon injury. Based on their Ly6c expression, 

Ly6chigh monocytes equal to CD14high CD16low human 

monocytes contribute to inflammation propagation 44,45. 

A research study conducted by Baeck et al deduced 

CCL2 as a chemokine indispensable for Ly6chigh pro-

fibrogenic monocytes infiltration that hinders fibrosis 

resolution 46. This subset is crucial for determining 

fibrosis fate; because they are characterized as the main 

proliferative macrophage subset expressing iNOS 47. 

Macrophages adopt different phenotypes depending 

on their microenvironmental stimuli. Interferon-Ƴ 

(IFN-Ƴ), LPS, and IL-12 induce M1 macrophages po-

larization which is characterized by the production of 

iNOS, TNF-a, IL-1ꞵ, IL-6, IL-12, IL-8, and IL-15 and 

participate in pathogen elimination and inflammation 

propagation. These macrophages, also known as classi-

cally activated macrophages, are distinguished by their 

cell surface expression markers, including CD86, 

CD80, TLR4, TLR2, Interleukin-1 Receptor (IL-1R), 

and major histocompatibility complex class II (MHC-

II). In addition, they secrete chemokines like CCL5, 

CCL2, CCL3, CCL4, C-X-C motif ligand 8 (CXCL8), 

CXCL9, CXCL10 and CXCL11. M1 macrophages also 

trigger HSC activation by secreting TGF-ꞵ and facili-

tating fibrosis progression 48-51.  
 

Restorative monocytes/macrophages in fibrosis regression 

Macrophages are highly plastic immune cells capa-

ble of both promoting and reversing liver inflammation 

and fibrosis. Ly6chigh monocytes can polarize to 

Ly6clow monocytes equal to CD14low CD16high human 

monocytes that are implicated in fibrosis regression 44. 

These monocytes have been shown to contribute to 

fibrosis regression by matrix metalloproteinases 

MMP9 and MMP12 expression and induction of phag-

ocytosis of cellular debris namely efferocytosis. 

Ly6clow monocytes exhibit anti-fibrotic characteristics 

corroborated by the observation that they express 

CD47/Macrophage Migration Inhibitory Factor (MIF) 

and Insulin-like Growth Factor 1 (IGF1) 15. 

M2 macrophages also known as non-classically ac-

tivated macrophages are stimulated by IL-13, IL-10, 

and IL-4. M2 macrophages express CD163, CD206, 

dectin-1, scavenger receptors and CCR2. Matrix metal-

loproteases expression by M2 macrophages facilitates 

wound healing. TGF-ꞵ, arginase-1 (Arg1), and IL-10 

produced by M2 macrophages contribute to anti-

inflammatory characteristics 48. In addition, in a re-

search study conducted by Wan and colleagues, it was 

reported that M2-polarized Kupffer cells induce M1 

Kupffer cells apoptosis to inhibit inflammation 52. In 

general, M2 macrophages are anti-inflammatory due to 

IL-13, IL-4, IL-10, and TGF-ꞵ secretion, and assist 

wound healing 50. Due to the high versatility of M2 

macrophages, they are further subdivided into M2a, 

M2b, M2c, and M2d. M2a and M2b macrophages reg-

ulate immune responses, and M2c macrophages pro-

mote wound healing and tissue remodeling. In addi-

tion, this subgroup of macrophages suppresses immune 

responses. M2d macrophages are implicated in angio-

genesis and assist tumor development 49. Due to the 

aforementioned dual paradoxical characteristics of 

macrophages in exacerbating and ameliorating liver 

inflammation and fibrosis, an approach that targets 

inflammatory macrophages or promotes the polariza-

tion of restorative macrophages holds great potential in 

mitigating the disease. 
 

Macrophages therapeutic targeting 

There have been several strategies proposed to miti-

gate liver fibrosis. The primary therapeutic approaches 

focus on reducing the activation of Kupffer cells 

through modulation of the gut-liver axis. These strate-

gies include preventing monocyte recruitment via 

CCL2-CCR2 inhibition, directing macrophage polari-

zation from a pro-inflammatory to a restorative pheno-

type, and the transplantation of autologous monocyte-

derived macrophages as well as bone marrow-derived 

macrophages. All of these strategies aim to alleviate 

liver inflammation and fibrosis 6,13,45,53,54. 

Macrophages are compelling targets for liver in-

flammation, as they play crucial roles in the progres-

sion and regression of liver fibrosis. Therefore, any 

agent that targets macrophages may have the potential 
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to alleviate liver fibrosis. A summary of some pharma-

cological interventions is presented in table 1. 
 

Exosomes-mediated cellular crosstalk in liver fibrosis  

The interaction between monocytes/macrophages 

and other cell types plays a crucial role in determining 

the fate of fibrosis. Liver sinusoidal endothelial cells 

express delta-like canonical Notch ligand 4 (DLL4), 

and the signaling pathways involving Notch, TGF-β, 

and LXR promote the trans differentiation of mono-

cytes into Kupffer cells, which are recruited to the in-

jured liver to expedite fibrosis progression. Further-

more, HSC-derived IL-1β and TNF-α enhance the dif-

ferentiation of monocytes into Kupffer cells. Macro-

phages release PDGF, TGF-β, and ROS, which induce 

HSC activation. In turn, HSCs release CCL2 to pro-

mote the infiltration and activation of macrophages. 

This creates a positive feedback loop in which macro-

phages support HSC survival, while HSCs inhibit mac-

rophage phagocytosis, thereby perpetuating inflamma-

tion 43,65. Additionally, macrophages facilitate Endothe-

lial-to-Mesenchymal Transition (EndMT) in endotheli-

al cells, a process characterized by increased invasive-

ness and migration, cytoskeletal reorganization, and 

loss of cellular adhesion, all of which contribute to 

HSC activation. Endothelial cells upregulate Vascular 

Adhesion Protein-1 (VAP1) and the integrin α4 subunit 

VLA-4, further stimulating monocyte recruitment. 

Macrophages, in turn, mediate endothelial disruption  

 

43,65. Despite the complex interplay between macro-

phages and various immune cells that govern inflam-

mation, the following section aims to elucidate macro-

phage-mediated communication through exosomes. 

Reason: Improved clarity, vocabulary, and technical 

accuracy while correcting grammatical and punctuation 

errors.  

Due to the importance of secreted exosomes in cell-

cell communications, in the following section, the ef-

fect of exosomes derived from either macrophages or 

other cellular sources on liver fibrosis outcome will be 

explained. Exosomes are types of extracellular vesicles 

ranging in size from 30-100 nm which contain multiple 

types of cargo including proteins, lipids, and nucleic 

acids, and assist intercellular communication. Exosome  
 

cargoes (e.g., miRNAs) influence the recipient cells 

and may stimulate or inhibit liver fibrosis 66-68. Chen et 

al showed that exosomes derived from THP-1 (human 

leukemia monocytic cell line) macrophages treated 

with LPS altered miR-103-3p and could therefore  
 

stimulate HSCs activation and proliferation 69. Jiayi et 

al observed that LPS-mediated stimulation of THP-1 

cells promotes exosomes secretion rich in miR-155-5p 

which elevates oxidative stress, collagen synthesis as 

well as migration and proliferation of HSCs 70. These 

studies corroborate macrophage-derived exosomes in 

the progression of hepatic fibrosis. In another study by 

Wan et al, they showed that miR-411-5p in M2 macro- 

 

Table 1. Therapeutic agents targeting macrophages 
 

Pharmacological agent 
Type of impact on 

macrophages 
Result Reference 

GR-MD-02 Direct 
Macrophage Galectin 3 antagonist, Improvement in liver  

stiffness 
(55) 

Cenicriviroc Direct Monocyte CCR2/CCR5 antagonist, Improvement in liver fibrosis (56) 

Anti-CD163–IgG– 

dexamethasone 
Direct 

Corticoid delivery to macrophages, Diminution of hepatocyte  

ballooning, inflammation and fibrosis 
(57) 

Curcumin Direct 
NF-κB inhibitor, Hepatic inflammation, fat accumulation, fibrosis, 

and insulin resistance decrease 
(6) 

1,25-dihydroxy-vitamin D3 Direct 
NF-κB inhibitor, Hepatic inflammation, fat accumulation, fibrosis, 

and insulin resistance decrease 
(6) 

Emricasan Direct Pan-caspase inhibitor (58) 

Antibiotics, probiotics, fecal microbiota 

transfer, sequestration of bile acids 
Direct Kupffer cells inhibitor (6) 

Liraglutide Indirect Glucagon-like peptide 1 agonist, NASH improvement (59) 

Pioglitazone Indirect 
Peroxisome proliferator-activated receptor Ƴ agonist, Inflammation, 

hepatocyte ballooning, and fibrosis improvement 
(60) 

Obeticholic acid Indirect 
Farnesoid X receptor agonist, NASH resolution, improvement in 

liver fibrosis 
(61) 

Pentoxifylline Indirect 
Phosphodiesterase Inhibitor, Improvement in steatosis,  

inflammation, hepatocyte ballooning and fibrosis 
(62) 

Selonsertib Indirect 
Apoptosis signal-regulating kinase 1 antagonist, Fibrosis  

alleviation 
(63) 

Elafibranor Indirect 
Peroxisome proliferator-activated receptor a and Ꝺ agonist, NASH 

improvement 
(64) 

Pirfenidone Indirect Decreasing effects on TGF-β (58) 

Sorafenib Indirect 
Multi-kinase inhibitor inhibits the TGF-β1/Smad3 pathway and  

targets the Raf/Mek/Erk pathway 
(58) 
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phages-derived exosomes impeded HSC activation 

through Calmodulin-regulated spectrin-associated pro-

tein 1 (CAMSAP1) inhibition and the ensuing down-

regulation of collagen and α-smooth muscle actin (α-

SMA) in HSCs 71. Liu and coworkers reported that 

miR-192-5p expression in exosomes originated from 

lipotoxic hepatocytes stimulated pro-inflammatory M1 

macrophages polarization via Rictor (rapamycin-insen-

sitive companion of mammalian target of rapamycin)/ 

Akt/FoxO1 (forkhead box transcription factor O1) 

pathway 72. It has been shown that lipids-mediated 

death receptor 5 induction in hepatocytes assists extra-

cellular vesicles secretion which in turn instigates pro-

inflammatory macrophage polarization 73. Lysosomal 

dysfunction caused by cholesterol mediates hepato-

cytes exosomal miR-122-5p release that induces M1 

macrophages polarization and increases inflammation 
74. 

According to Chen and co-workers research study, 

LPS-induced macrophage activation and exosomal 

miR-500 release led to HSCs activation and prolifera-

tion in CCl4 (carbon tetrachloride)-induced mice liver 

fibrosis model through MFN2 targeting 75. Benbow and 

colleagues also confirmed that exosomes derived from 

activated HSCs stimulated macrophages' inflammatory 

TNF-α and IL-6 expression and migration 76. Moreo-

ver, miR-148a in mesenchymal stem cells-derived exo-

somes facilitates macrophage phenotype switching 

from the pro-inflammatory M1 to anti-inflammatory 

M2 subset by Kruppel-Like Factor 6 (KLF6) and signal 

transducer and activator of transcription 3 (STAT3) 

inhibition transcription factors 77. In conclusion, the 

source of exosome-producing cells in different micro-

environments causes the alteration of miRNAs contents 

which induces fibrosis induction or restoration.  

 

Conclusion 
 

Macrophages are regarded as the most critical im-

mune cells in the regulation of liver fibrosis. Different 

subsets of pro-inflammatory and anti-inflammatory 

macrophages play opposing roles in the progression 

and resolution of liver fibrosis. Therefore, strategies 

that inhibit the harmful effects of inflammatory mono-

cytes, while promoting restorative monocytes or target-

ing their intercellular communication, could be promis-

ing avenues for alleviating the disease. However, fur-

ther in-depth studies are necessary to identify the vari-

ous monocyte subsets and the cellular pathways in-

volved in fibrosis. 

 

Acknowledgement 
 

This work was financially supported by Shahid Be-

heshti University of Medical Sciences (grant number: 

43008191).  

 

Conflict of Interest 
 

Authors declare no conflict of interest. 

References 
 

1. Matteoni CA, Younossi ZM, Gramlich T, Boparai N, Liu 

YC, McCullough AJ. Nonalcoholic fatty liver disease: a 

spectrum of clinical and pathological severity. Gastro-

enterology 1999;116(6):1413-9.  
 

2. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest 

2005;115(2):209-18.  
 

3. Yi Q, Yang J, Wu Y, Wang Y, Cao Q, Wen W. Immune 

microenvironment changes of liver cirrhosis: emerging 

role of mesenchymal stromal cells. Front Immunol 2023; 

14:1204524.  
 

4. Li W, Chang N, Li L. Heterogeneity and function of kup-

ffer cells in liver injury. Front Immunol 2022;13:940867.  
 

5. Li W, Yang Y, Yang L, Chang N, Li L. Monocyte-derived 

Kupffer cells dominate in the Kupffer cell pool during 

liver injury. Cell Rep 2023;42(10):113164.  
 

6. van der Heide D, Weiskirchen R, Bansal R. Therapeutic 

targeting of hepatic macrophages for the treatment of 

liver diseases. Front Immunol 2019;10:2852.  
 

7. Dixon LJ, Barnes M, Tang H, Pritchard MT, Nagy LE. 

Kupffer cells in the liver. Compr Physiol 2013;3(2):785.  
 

8. Sun R, Xiang Z, Wu B. T cells and liver fibrosis. Potal 

Hypertension & Cirrhosis 2022;1(02):125-32. 
 

9. Gregory SN, Perati SR, Brown ZJ. Alteration in immune 

function in patients with fatty liver disease. Hepatoma 

Res 2022;8(31):10-20517. 
 

10. Robinson MW, Harmon C, O’Farrelly C. Liver immuno-

logy and its role in inflammation and homeostasis. Cell 

Mol Immunol 2016;13(3):267-76.  
 

11. Chen J, Deng X, Liu Y, Tan Q, Huang G, Che Q, et al. 

Kupffer cells in non-alcoholic fatty liver disease: friend 

or foe? Int J Biol Sci 2020;16(13):2367.  
 

12. Ma YY, Yang MQ, He ZG, Wei Q, Li JY. The biological 

function of kupffer cells in liver disease. London: Intech-

Open; 2017 May 10. 
 

13. Ju C, Tacke F. Hepatic macrophages in homeostasis and 

liver diseases: from pathogenesis to novel therapeutic 

strategies. Cell Mol Immunol 2016;13(3):316-27.  
 

14. Cheng D, Chai J, Wang H, Fu L, Peng S, Ni X. Hepatic 

macrophages: Key players in the development and pro-

gression of liver fibrosis. Liver Int 2021;41(10):2279-94.  
 

15. Ramachandran P, Pellicoro A, Vernon MA, Boulter L, 

Aucott RL, Ali A, et al. Differential Ly-6C expression 

identifies the recruited macrophage phenotype, which 

orchestrates the regression of murine liver fibrosis. Proc 

Natl Acad Sci USA 2012;109(46):E3186-E95.  
 

16. Alisi A, Carpino G, Oliveira FL, Panera N, Nobili V, 

Gaudio E. The role of tissue macrophage‐mediated in-

flammation on NAFLD pathogenesis and its clinical 

implications. Mediators Inflamm 2017;2017(1):8162421.  
 

17. Gupta G, Khadem F, Uzonna JE. Role of hepatic stellate 

cell (HSC)-derived cytokines in hepatic inflammation 

and immunity. Cytokine 2019;124:154542.  
 

18. Younossi ZM, Henry L, Bush H, Mishra A. Clinical and 

economic burden of nonalcoholic fatty liver disease and 

nonalcoholic steatohepatitis. Clin Liver Dis 2018;22(1): 

1-10.  



104 

Monocytes and Macrophages in Non-Alcoholic Fatty Liver Disease and Inflammation 

Avicenna Journal of Medical Biotechnology, Vol. 17, No. 2, April-June 2025     104 

19. Sharma P, Arora A. Clinical presentation of alcoholic 

liver disease and non-alcoholic fatty liver disease: spec-

trum and diagnosis. Transl Gastroenterol Hepatol 2020;5.  
 

20. De A, Duseja A. Natural history of simple steatosis or 

nonalcoholic fatty liver. J Clin Exp Hepatol 2020;10(3): 

255-62.  
 

21. Ge X, Zheng L, Wang M, Du Y, Jiang J. Prevalence 

trends in non-alcoholic fatty liver disease at the global, 

regional and national levels, 1990–2017: a population-

based observational study. BMJ Open 2020;10(8): 

e036663.  
 

22. Estes C, Razavi H, Loomba R, Younossi Z, Sanyal AJ. 

Modeling the epidemic of nonalcoholic fatty liver disease 

demonstrates an exponential increase in burden of dis-

ease. Hepatology 2018;67(1):123-33.  
 

23. Younossi ZM, Stepanova M, Younossi Y, Golabi P, 

Mishra A, Rafiq N, Henry L. Epidemiology of chronic 

liver diseases in the USA in the past three decades. Gut 

2020;69(3):564-8.  
 

24. Hernandez-Gea V, Friedman SL. Pathogenesis of liver 

fibrosis. Annu Rev Pathol 2011;6:425-56.  
 

25. Mooli RGR, Mukhi D, Ramakrishnan SK. Oxidative 

stress and redox signaling in the pathophysiology of liver 

diseases. Compr Physiol 2022;12(2):3167-92.  
 

26. Zhang J, Guo J, Yang N, Huang Y, Hu T, Rao C. Endo-

plasmic reticulum stress-mediated cell death in liver in-

jury. Cell Death Dis 2022;13(12):1051.  
 

27. Wobser H, Dorn C, Weiss TS, Amann T, Bollheimer C, 

Büttner R, et al. Lipid accumulation in hepatocytes in-

duces fibrogenic activation of hepatic stellate cells. Cell 

Res 2009;19(8):996-1005.  
 

28. Song C, Long X, He J, Huang Y. Recent evaluation about 

inflammatory mechanisms in nonalcoholic fatty liver 

disease. Front Pharmacol 2023;14:1081334.  
 

29. Ganz M, Szabo G. Immune and inflammatory pathways 

in NASH. Hepatol Int 2013;7 Suppl 2(Suppl 2):771-81.  
 

30. Guo Z, Wu Q, Xie P, Wang J, Lv W. Immunomodulation 

in non-alcoholic fatty liver disease: exploring mecha-

nisms and applications. Front Immunol 2024;15: 

1336493.  
 

31. Wang H, Mehal W, Nagy LE, Rotman Y. Immunological 

mechanisms and therapeutic targets of fatty liver 

diseases. Cell Mol Immunol 2021;18(1):73-91.  
 

32. Peiseler M, Tacke F. Inflammatory mechanisms under-

lying nonalcoholic steatohepatitis and the transition to 

hepatocellular carcinoma. Cancers (Basel) 2021;13(4): 

730.  
 

33. Ortiz-Lopez N, Fuenzalida C, Dufeu MS, Pinto-Leon A, 

Escobar A, Poniachik J, et al. The immune response as a 

therapeutic target in non-alcoholic fatty liver disease. 

Front Immunol 2022;13:954869.  
 

34. Wermuth PJ, Jimenez SA. The significance of macro-

phage polarization subtypes for animal models of tissue 

fibrosis and human fibrotic diseases. Clin Transl Med 

2015;4:1-19.  
 

35. Austermann J, Roth J, Barczyk-Kahlert K. The good and 

the bad: Monocytes’ and macrophages’ diverse functions 

in inflammation. Cells 2022;11(12):1979.  

36. Ma W-T, Gao F, Gu K, Chen D-K. The role of monocytes 

and macrophages in autoimmune diseases: a comprehen-

sive review. Front Immunol 2019;10:1140.  
 

37. Kazankov K, Jørgensen SMD, Thomsen KL, Møller HJ, 

Vilstrup H, George J, et al. The role of macrophages in 

nonalcoholic fatty liver disease and nonalcoholic steato-

hepatitis. Nat Rev Gastroenterol Hepatol 2019;16(3): 

145-59.  
 

38. Wen Y, Lambrecht J, Ju C, Tacke F. Hepatic macro-

phages in liver homeostasis and diseases-diversity, plas-

ticity and therapeutic opportunities. Cell Mol Immunol 

2021;18(1):45-56.  
 

39. Nguyen-Lefebvre AT, Horuzsko A. Kupffer cell meta-

bolism and function. J Enzymol Metab 2015;1(1).  
 

40. Iwakiri Y. Nitric oxide in liver fibrosis: The role of in-

ducible nitric oxide synthase. Clin Mol Hepatol 2015;21 

(4):319.  
 

41. Garbuzenko DV. Pathophysiological mechanisms of 

hepatic stellate cells activation in liver fibrosis. World J 

Clin Cases 2022;10(12):3662.  
 

42. Poulsen KL, Cajigas-Du Ross CK, Chaney JK, Nagy LE. 

Role of the chemokine system in liver fibrosis: a 

narrative review. Dig Med Res 2022;5:30.  
 

43. Matsuda M, Seki E. Hepatic Stellate Cell-Macrophage 

Crosstalk in Liver Fibrosis and Carcinogenesis. Semin 

Liver Dis 2020 Aug;40(3):307-320.  
 

44. Kaur KK, Allahbadia G, Singh M. How do we apply 

advances in knowledge of Hepatic Macrophages in 

treating Liver Diseases especially non alcoholic fatty 

liver disease (NAFLD), non alcoholic steatohepapititis 

(NASH), with the increasing incidence of Diabesity-A 

Systematic Review. EC Endocrinology and Metabolic 

Research published in2020. 2020. 
 

45. Binatti E, Gerussi A, Barisani D, Invernizzi P. The role of 

macrophages in liver fibrosis: new therapeutic oppor-

tunities.  Int J Mol Sci 2022;23(12):6649.  
 

46. Baeck C, Wei X, Bartneck M, Fech V, Heymann F, 

Gassler N, et al. Pharmacological inhibition of the 

chemokine C‐C motif chemokine ligand 2 (monocyte 

chemoattractant protein 1) accelerates liver fibrosis re-

gression by suppressing Ly‐6C+ macrophage infiltration 

in mice. Hepatology 2014;59(3):1060-72.  
 

47. Pellicoro A, Ramachandran P, Iredale JP, Fallowfield JA. 

Liver fibrosis and repair: immune regulation of wound 

healing in a solid organ. Nat Rev Immunol 2014;14(3): 

181-94.  
 

48. Alisi A, Carpino G, Oliveira FL, Panera N, Nobili V, 

Gaudio E. The role of tissue macrophage-mediated in-

flammation on NAFLD pathogenesis and its clinical 

implications. Mediators Inflamm 2017;2017.  
 

49. Wang C, Ma C, Gong L, Guo Y, Fu K, Zhang Y, et al. 

Macrophage polarization and its role in liver disease. 

Front Immunol 2021;12:803037.  
 

50. Liang W, Huang X, Shi J. Macrophages serve as bidirec-

tional regulators and potential therapeutic targets for liver 

fibrosis. Cell Biochem Biophys 2023;81(4):659-71.  
 

51. Tugal D, Liao X, Jain MK. Transcriptional control of 

macrophage polarization. Arterioscler Thromb Vasc Biol 

2013;33(6):1135-44.  



Hemmatian Gh, et al 

 Avicenna Journal of Medical Biotechnology, Vol. 17, No. 2, April-June 2025  105 

52. Wan J, Benkdane M, Teixeira-Clerc F, Bonnafous S, 

Louvet A, Lafdil F, et al. M2 Kupffer cells promote M1 

Kupffer cell apoptosis: a protective mechanism against 

alcoholic and nonalcoholic fatty liver disease. Hepato-

logy 2014;59(1):130-42.  
 

53. Ping D, Peng Y, Hu X, Liu C. Macrophage cytotherapy 

on liver cirrhosis. Front Pharmacol 2023;14:1265935.  
 

54. Liu R, Scimeca M, Sun Q, Melino G, Mauriello A, Shao 

C, et al. Harnessing metabolism of hepatic macrophages 

to aid liver regeneration. Cell Death Dis 2023;14(8):574.  
 

55. Harrison S, Marri S, Chalasani N, Kohli R, Aronstein W, 

Thompson G, et al. Randomised clinical study: GR‐ 

MD‐02, a galectin‐3 inhibitor, vs. placebo in patients 

having non‐alcoholic steatohepatitis with advanced fibro-

sis. Aliment Pharmacol Ther 2016;44(11-12):1183-98.  
 

56. Friedman SL, Ratziu V, Harrison SA, Abdelmalek MF, 

Aithal GP, Caballeria J, et al. A randomized, placebo‐ 

controlled trial of cenicriviroc for treatment of nonalco-

holic steatohepatitis with fibrosis. Hepatology 2018;67 

(5):1754-67.  
 

57. Svendsen P, Graversen JH, Etzerodt A, Hager H, Røge R, 

Grønbæk H, et al. Antibody-directed glucocorticoid 

targeting to CD163 in M2-type macrophages attenuates 

fructose-induced liver inflammatory changes. Mol Ther 

Methods Clin Dev 2017;4:50-61.  
 

58. Shan L, Wang F, Zhai D, Meng X, Liu J, Lv X. New 

drugs for hepatic fibrosis. Front Pharmacol 2022;13: 

874408.  
 

59. Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D, 

Parker R, et al. Liraglutide safety and efficacy in patients 

with non-alcoholic steatohepatitis (LEAN): a multi-

centre, double-blind, randomised, placebo-controlled 

phase 2 study. Lancet 2016;387(10019):679-90.  
 

60. Boettcher E, Csako G, Pucino F, Wesley R, Loomba R. 

Meta‐analysis: pioglitazone improves liver histology and 

fibrosis in patients with non‐alcoholic steatohepatitis. 

Aliment Pharmacol Ther 2012;35(1):66-75.  
 

61. Neuschwander-Tetri BA, Loomba R, Sanyal AJ, Lavine 

JE, Van Natta ML, Abdelmalek MF, et al. Farnesoid X 

nuclear receptor ligand obeticholic acid for non-cirrhotic, 

non-alcoholic steatohepatitis (FLINT): a multicentre, 

randomised, placebo-controlled trial. Lancet 2015;385 

(9972):956-65.  
 

62. Zeng T, Zhang C-L, Zhao X-L, Xie K-Q. Pentoxifylline 

for the treatment of nonalcoholic fatty liver disease: a 

meta-analysis of randomized double-blind, placebo-con-

trolled studies. Eur J Gastroenterol Hepatol 2014;26(6): 

646-53.  
 

63. Loomba R, Lawitz E, Mantry PS, Jayakumar S, Caldwell 

SH, Arnold H, et al. The ASK1 inhibitor selonsertib in 

patients with nonalcoholic steatohepatitis: a randomized, 

phase 2 trial. Hepatology 2018;67(2):549-59.  
 

64. Ratziu V, Harrison SA, Francque S, Bedossa P, Lehert P, 

Serfaty L, et al. Elafibranor, an agonist of the peroxisome 

proliferator− activated receptor− α and− δ, induces  

 

 

 

resolution of nonalcoholic steatohepatitis without fibrosis 

worsening. Gastroenterology. 2016;150(5):1147-59. e5.  
 

65. Coelho I, Duarte N, Macedo MP, Penha-Gonçalves C. 

Insights into Macrophage/Monocyte-endothelial cell 

crosstalk in the liver: a role for trem-2. J Clin Med 

2021;10(6):1248.  
 

66. Wang C, Liu J, Yan Y, Tan Y. Role of exosomes in 

chronic liver disease development and their potential 

clinical applications. J Immunol Res 2022;2022.  
 

67. Chen L, Brenner DA, Kisseleva T. Combatting fibrosis: 

exosome‐based therapies in the regression of liver 

fibrosis. Hepatol Commun 2019;3(2):180-92.  
 

68. Valencia K, Montuenga LM. Exosomes in liquid biopsy: 

the nanometric world in the pursuit of precision 

oncology. Cancers (Basel) 2021;13(9):2147.  
 

69. Chen L, Yao X, Yao H, Ji Q, Ding G, Liu X. Exosomal 

miR‐103‐3p from LPS‐activated THP‐1 macrophage 

contributes to the activation of hepatic stellate cells. 

FASEB J 2020;34(4):5178-92.  
 

70. Lin J, Lou A, Li X. [Lipopolysaccharide stimulates 

macrophages to secrete exosomes containing miR-155-

5p to promote activation and migration of hepatic stellate 

cells]. Nan Fang Yi Ke Da Xue Xue Bao 2023 Jun 

20;43(6):994-1001. Chinese.  
 

71. Wan Z, Yang X, Liu X, Sun Y, Yu P, Xu F, Deng H. M2 

macrophage-derived exosomal microRNA-411-5p 

impedes the activation of hepatic stellate cells by targe-

ting CAMSAP1 in NASH model. iScience. 2022;25(7).  
 

72. Liu X-L, Pan Q, Cao H-X, Xin F-Z, Zhao Z-H, Yang R-

X, et al. Lipotoxic hepatocyte-derived exosomal miR-

192–5p activates macrophages via Rictor/Akt/FoxO1 

signaling in NAFLD. Hepatology 2020;72(2):454-69.  
 

73. Hirsova P, Ibrahim SH, Krishnan A, Verma VK, Bronk 

SF, Werneburg NW, et al. Lipid-induced signaling causes 

release of inflammatory extracellular vesicles from 

hepatocytes. Gastroenterology 2016;150(4):956-67.  
 

74. Zhao Z, Zhong L, Li P, He K, Qiu C, Zhao L, Gong J. 

Cholesterol impairs hepatocyte lysosomal function caus-

ing M1 polarization of macrophages via exosomal miR-

122-5p. Exp Cell Res 2020;387(1):111738.  
 

75. Chen L, Huang Y, Duan Z, Huang P, Yao H, Zhou Y, et 

al. Exosomal miR-500 derived from lipopolysaccharide-

treated macrophage accelerates liver fibrosis by suppres-

sing MFN2. Front Cell Dev Biol 2021;9:716209.  
 

76. Benbow JH, Marrero E, McGee RM, Brandon-Warner E, 

Attal N, Feilen NA, et al. Hepatic stellate cell-derived 

exosomes modulate macrophage inflammatory response. 

Exp Cell Res 2021;405(1):112663.  
 

77. Tian S, Zhou X, Zhang M, Cui L, Li B, Liu Y, et al. 

Mesenchymal stem cell-derived exosomes protect against 

liver fibrosis via delivering miR-148a to target KLF6/ 

STAT3 pathway in macrophages. Stem Cell Res Ther 

2022;13(1):330.  


