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Sialic acid is a common terminal monosaccharide residue on glycan chains, and
desialylation of glycoproteins is considered an important biological signal. In
the liver and other cell types, asialoglycoprotein receptor 1 (ASGR1) specifically
recognizes and binds to exposed galactose or N-acetylgalactosamine (Gal/
GalNAc) residues on desialylated glycoproteins, and activates downstream
signaling pathways through receptor-mediated endocytosis (RME), thereby
playing important roles in various physiological and pathological processes such
as immune regulation, viral infection, hepatocellular carcinoma progression, and
lipid metabolism. In addition, ASGR1 is regarded as a key target for liver-specific
drug delivery. This review systematically describes the molecular structure and
physiological functions of ASGRY, its roles in pathological processes, and its
potential functions in extrahepatic tissues. It provides essential background
information for a comprehensive understanding of ASGR1 and offers novel
insights into future research directions.

KEYWORDS
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1 Introduction

The central role of the liver in body metabolism frequently exposes hepatocytes to drugs,
microbes, and toxins that may cause various liver diseases (1). Asialoglycoprotein Receptor 1
(ASGR1) was discovered in the 1960s and was initially regarded as a clearance-type hepatic
receptor. It has since been extensively studied due to its ability to recognize glycoproteins with
terminal galactose (Gal) or N-acetylgalactosamine (GalNAc) residues (2, 3). However, recent
studies have revealed that ASGR1 functions extend far beyond traditional understanding,
emerging as a critical molecule linking immune regulation (4), viral infection (5), tumor
progression (6), lipid metabolism (7), and targeted drug delivery (8). Currently, the molecular
mechanisms and precise modes of action for these functions remain incompletely understood.
Particularly unclear are the differential roles of ASGR1 across various tissues and pathological
states, and its potential in drug delivery applications. Therefore, this review systematically
summarizes the latest research progress on ASGRI, providing a comprehensive overview of
its molecular structure and biological functions, physiological roles, pathological mechanisms,
and future research directions.
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2 The structure and biological
functions of ASGR1

2.1 Protein structure of ASGR1

The Asialoglycoprotein Receptor (ASGPR) was the first
mammalian lectin discovered, initially identified by Ashwell and
Morell and colleagues through their research on mammalian plasma
glycoprotein metabolism (2, 3). The human ASGPR gene is located on
chromosome 17 (9) and consists of a hetero-oligomeric complex of
two homologous but structurally distinct subunits, named ASGR1
(H1 subunit, approximately 46 kDa) and ASGR2 (H2 subunit,
approximately 50 kDa). Each subunit is a type II single-pass
transmembrane protein, composed of a short N-terminal cytoplasmic
domain (~40 amino acids), a transmembrane region (~20 amino
acids), an extracellular stalk region (~80 amino acids), and a calcium-
dependent Carbohydrate Recognition Domain (CRD, ~140 amino
acids) (10, 11). Among the two subunits, ASGRI (H1 subunit) is
widely regarded as the primary functional subunit, mainly responsible
for ligand recognition and mediating the endocytosis process (12-14).
H2 itself lacks the ability to bind glycan ligands and is unstable when
expressed alone, leading to rapid degradation (15). However, the H2
subunit is not redundant; rather, it plays a crucial role in high-affinity
ligand binding. It is thought to act as a structural scaffold or bridge
that helps organize multiple CRDs into an optimally spaced
recognition platform for ligand binding (13) (Figure 1). ASGRI and
ASGR2 can form various receptor complexes, including ASGR1-
ASGR2 heterooligomers, ASGR1 homooligomers, and ASGR2
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homooligomers. These different oligomeric forms on the plasma
membrane provide the structural basis for substrate recognition and
endocytosis (16). Each form exhibits distinct ligand-binding
specificities, suggesting that modulation of ASGPR oligomerization
may be a potential strategy to diversify its ligand recognition
capabilities and enable targeted therapeutic applications for related
diseases (13, 16).

ASGRI1 is primarily expressed on the surface of hepatic
parenchymal cells, with each cell containing about (1-5) x10°
binding sites (17-19). Its classical physiological function is to
recognize terminal galactose (Gal) and N-acetylgalactosamine
(GalNAc) residues in a calcium-dependent manner through its
extracellular CRD (2, 3). The high-affinity binding between ASGR1
and glycoproteins depends on calcium ions (Ca**), which enhance
the thermal stability of ASGR1 and prevent denaturation (3, 20, 21).
Structural studies have shown that calcium ions coordinate with
conserved amino acid residues (such as glutamate and asparagine)
within the CRD, stabilizing carbohydrate binding. These interactions
enable ASGRI to form hydrogen bonds and coordination bonds
with the 3- and 4-hydroxyl groups of Gal/GalNAc, thereby
conferring high specificity (22). However, the affinity between a
single CRD and a monosaccharide is relatively weak. Therefore,
multivalent ligands, by simultaneously engaging multiple CRDs, can
significantly enhance binding strength and increase overall affinity
(23, 24). An important feature of protein-glycan interactions is
multivalency (23). In addition to enhancing binding affinity (25),
multivalency can also greatly improve binding selectivity. So-called
super-selective binding occurs when the density of the target ligand
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FIGURE 1

ASGPR receptor structure (Left) and ASGR1-mediated endocytosis process and its biological functions (Right). The left panel illustrates the schematic
structure of ASGPR, highlighting its heterooligomeric composition consisting of two H1 subunits and one H2 subunit. Each subunit consists of four
domains: a short N-terminal cytoplasmic domain, a transmembrane region, an extracellular stalk region, and a calcium-dependent CRD. The right
panel depicts the ASGR1 endocytosis and recycling process, along with its biological functions in viral infection, platelet clearance, and immune
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on the cell surface exceeds a certain threshold (26, 27), enabling
discrimination between target cell types that display different
numbers of specific glycans or lectins, and laying the foundation for
the exceptional liver-targeting specificity of GalNAc-conjugated
therapeutics (28).

Multivalency has also been shown to influence the mechanism of
ligand internalization. Nanoparticles with low ligand density tend to
enter cells via caveolae-mediated endocytosis, which directs them
toward perinuclear compartments such as the Golgi apparatus and
endoplasmic reticulum, thereby avoiding lysosomal degradation. In
contrast, nanoparticles with high ligand density predominantly enter
cells via clathrin-mediated endocytosis and are delivered to lysosomes
for degradation (29, 30).

2.2 Receptor-mediated endocytosis of
ASGR1

For ASGRI, its endocytic mechanism specifically belongs to
receptor-mediated endocytosis (RME) and is classified as clathrin-
mediated endocytosis (31, 32). Notably, neither H1 nor H2 subunit
alone is sufficient for ligand binding or internalization; co-expression
is essential (15). ASGR1-mediated endocytosis is extensively studied,
with receptor internalization half-life of approximately 5-6 min
without ligands, accelerated to 2.5-3 min in the presence of ligands,
followed by receptor recycling to the cell surface within 5-7 min (33).
This efficient cycle involves clathrin-coated pits-mediated endocytosis,
ligand dissociation in early endosomes, receptor recycling to the
plasma membrane, and ligand degradation in lysosomes, a process
known as RME (31, 32, 34). ASGR1 surface levels are regulated by
endocytosis and recycling efficiency (35, 36) (Figure 1).

2.3 Physiological functions of ASGR1

The ligands recognized by ASGR1 possess specific glycan features.
ASGR1 belongs to the C-type lectin family, which typically recognizes
sugar residues such as mannose or galactose; however, ASGR1
binds to (Gal) and
N-acetylgalactosamine (GalNAc) residues (37, 38). Glycans are crucial

specifically terminal  galactose
components for endogenous glycoprotein homeostasis and circulating
clearance. Modulating glycan patterns can alter glycoprotein
concentration and half-life, thereby changing their clearance rate from
circulation (39). A key factor in plasma glycoprotein clearance is
desialylation, where sialic acid residues are removed by circulating
sialidases (NEU1, NEU3, NEU4) (40). This process exposes terminal
Gal or GalNAc residues, making them recognizable by ASGR1, thus
initiating glycoprotein clearance (41). Interestingly, a2,3-sialylation
abolishes ASGR1 affinity, whereas o2,6-sialylation does not (42).
O-acetylation of sialic acids protects them from desialylation by
reducing sialidase activity (43, 44).

Although the role of ASGRI in clearing desialylated glycoproteins
is confirmed, its overall impact on circulating glycoprotein metabolism
remains debated (45). A mouse glycomics study revealed no significant
accumulation of terminally desialylated or galactose-exposed
glycoproteins in ASGRI deficiency, suggesting compensatory
regulatory mechanisms (46). Thus, the critical role of ASGR1 in
glycoprotein homeostasis remains inconclusive.
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Beyond these classical functions, recent studies indicate the
involvement of ASGR1 in various biological processes. For example,
ASGRI may play roles in immune regulation (47). Moreover, recent
studies have revealed that ASGR1 also participates in lipid metabolism
regulation (48, 49).

Several studies have identified ASGRI1 homologs in various
non-hepatic cell types, such as DC-ASGPR and Rat Hepatic Lectin-1
(RHL-1) (50, 51). These proteins exhibit a certain degree of
structural or functional similarity to hepatic ASGR1 (52, 53). It
should be noted that the hepatic-type ASGPR expressed in Caco-2
cells (54), the ASGPR-like receptor in human renal proximal tubular
epithelial cells (RPTEC) (55), and RTG-r in rat testis (which is
antigenically related to RHL-2/3) (56) currently lack comprehensive
amino acid sequence comparisons. Therefore, whether these proteins
ASGR1 remains to

are truly homologous to hepatic

be further investigated.

3 Pathophysiological roles of ASGR1

3.1 Multifaceted roles of ASGR1 in immune
regulation

C-type lectin receptors (CLRs) play a crucial role in the activation
of innate immunity (38). Acting as pattern recognition receptors
(PRRs) and endocytic receptors, CLRs recognize pathogen-associated
glycan structures, facilitating pathogen-receptor complex
internalization and activating innate immune responses (57). ASGR1,
as a C-type lectin receptor, is expressed in DCs (38). Studies have
shown that the expression and function of glycan-recognizing
receptors differ between immature and mature DCs, DC-ASGRI is
highly expressed only in immature DCs and is rapidly downregulated
upon maturation, indicating a close association between DC-ASGR1
and the maturation status of DCs. However, whether DC-ASGR1
directly regulates dendritic cell maturation requires further
investigation (52).

Studies have shown that ASGR1 mediates the differentiation of
monocytes into macrophages (58). In the LPS (Lipopolysaccharide)-
induced septic mouse model, ASGR1 promotes the phosphorylation
of NF-kB (Nuclear Factor kappa-light-chain-enhancer of activated B
cells) and IkBa (Inhibitor of kappa B alpha). After the phosphorylation
of P65 enters the nucleus, it increases the expression of ATF5
(Activating Transcription Factor 5), thereby promoting the
differentiation of monocytes into macrophages, elevating the levels of
pro-inflammatory cytokines (such as TNF-a, IL-6, IL-1B), and
exacerbating liver inflammation (58). Current studies suggest that
ASGRI1 may act as an upstream regulatory factor promoting the
thereby

contributing to the onset and progression of inflammatory liver injury.

differentiation of pro-inflammatory macrophages,
Moreover, in nonalcoholic steatohepatitis (NASH) and other chronic
liver diseases, sustained macrophage-driven inflammation is
considered a key driver of fibrosis progression (59). The ASGRI1-
mediated monocyte-to-macrophage differentiation mechanism may
also play a pathological role in such conditions. Therefore, targeting
ASGRI1 or its associated signaling axis holds promise as a novel
strategy for controlling hepatic inflammatory responses and blocking
macrophage polarization, and warrants further investigation in
broader models of inflammatory liver disease.
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Apart from its role in immune cells, ASGR1 is closely related to
endoplasmic reticulum (ER) stress during liver injury (60). ASGR1
binds to the circulating liver disease biomarker Golgi Protein 73
(GP73) and mediates its endocytosis for subsequent lysosomal
degradation. In the absence of ASGR1, elevated levels of GP73 interact
with the ER stress marker immunoglobulin heavy chain binding
protein (BIP), leading to the activation of ER stress pathways and
ultimately exacerbating liver injury (60). Under non-stress conditions,
the endoplasmic reticulum (ER) stress marker BIP forms complexes
with the three major sensors—inositol-requiring enzyme 1 (IREL),
protein kinase RNA-like endoplasmic reticulum kinase (PERK), and
activating transcription factor 6 (ATF6)—thereby maintaining these
signaling factors in an inactive state (61, 62). Upon cellular stress, BIP
dissociates from these sensors, leading to the activation of the
unfolded protein response (UPR) (62, 63). This suggests that GP73 is
no longer merely a traditional liver disease biomarker (64), but may
also act as a pathogenic contributor and potential therapeutic target.
As a key regulatory pathway of cellular stress and injury, the UPR
plays a critical role in the progression of various liver diseases (65).
Targeting the UPR pathway may offer a novel approach for precision
therapy in chronic liver diseases.

In addition to its roles in immune cell function and stress
regulation, ASGR1 also mediates the clearance and rebalancing of
blood components, highlighting its unique contribution to the
regulation of blood immune homeostasis. ASGR1 recognizes and
clears desialylated platelets, a process that not only participates in
platelet clearance but also stimulates hepatic thrombopoietin (TPO)
synthesis via the janus kinase/signal transducer and activator of
transcription 3 (JAK2/STAT3) pathway, maintaining platelet

10.3389/fmed.2025.1653452

homeostasis (66). Clinically, thrombocytopenia is a common
complication in patients with chronic liver disease (67). ASGR1
agonists or multivalent GalNAc ligands may be used to enhance TPO
thereby
thrombocytopenia. Meanwhile, the expression level or functional

expression, improving  liver  disease-associated
status of ASGR1 may also serve as a potential biomarker for predicting
platelet production capacity. Additionally, studies in pig models
indicate ASGR1 expression beyond the liver, such as peripheral
vascular endothelial cells (e.g., aorta, femoral artery), recognizing
human platelet surface-exposed Gal/GalNAc residues, leading to
platelet phagocytosis. This mechanism may contribute to severe
thrombocytopenia  in  xenotransplantation  (human-to-pig
transplantation) (68) (Figure 2).

In addition, ASGR1 is involved in the clearance of adaptive
immune products, highlighting its unique role in maintaining
humoral immune homeostasis. Studies have shown that ASGRI1
participates in the clearance of circulating IgA; however, it remains
controversial whether this process is primarily mediated through the
recognition of N-glycans or O-glycans on the IgA1 subtype (69, 70).
ASGRI is also involved in the clearance of circulating low-density
lipoprotein (LDL) (71, 72), chylomicron remnants (73), and cellular

fibronectin (74).

3.2 The role of ASGR1 in viral infections

Early studies indicated ASGR1 specifically binds hepatitis B virus
(HBV) particles, mediating hepatic endocytosis and potentially
facilitating hepatocyte infection by HBV (75). Numerous studies
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FIGURE 2

through the JAK2-STAT3 signaling pathway.

The role of ASGR1 in relevant immune responses. The left panel shows how ASGR1 regulates the differentiation of monocytes into macrophages
through the NF-KB/ATF5 pathway, leading to elevated levels of pro-inflammatory cytokines (such as TNF-a, IL-6, IL-1p) and exacerbating liver
inflammation. The middle panel demonstrates the role of ASGR1 in ER stress, where ASGR1 deficiency increases GP73-mediated liver ER stress,
promoting liver injury. The right panel shows the regulatory role of ASGR1 in thrombopoiesis, where ASGR1 modulates liver thrombopoietin production
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confirm that ASGR1 enhances HBV infectivity by binding to the viral
preS1 region, facilitating viral uptake into hepatocytes. This interaction
represents a key mechanism in liver-specific HBV infection,
underscoring the role of ASGR1 in viral entry (76, 77). Similarly,
ASGRI1 facilitates hepatitis E virus (HEV) infection through
interaction with viral open reading frame 2 (ORF2) protein, enhancing
hepatocyte entry (78).

After the emergence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), further research revealed that ASGR1
mediates viral entry into various tissues, including liver and lungs
(79). Multiple independent groups confirmed ASGR1 as an alternative
receptor to Angiotensin-Converting Enzyme 2 (ACE2), mediating
SARS-CoV-2 entry through interactions with the receptor-binding
domain (RBD) and N-terminal domain (NTD) of the spike
glycoprotein, promoting ACE2-independent cellular entry and
resistance to certain antibodies (5, 80, 81). Particularly in hepatocytes,
high ASGR1 expression markedly enhances SARS-CoV-2 binding and
infection, suggesting ASGRI-mediated pathways contribute
significantly to viral infection and pathogenic mechanisms (82).
ASGRI also participates in virus-induced inflammation and immune
modulation, potentially collaborating with other CLRs to exacerbate
inflammation, enhancing viral-induced immunopathological damage
(83) (Figure 3).

Studies have found that HBV, hepatitis C virus (HCV), and SARS-
CoV-2 can partially rely on ASGR1-mediated glycan recognition to
facilitate their attachment to and entry into hepatocytes (76, 78, 82).
This mechanism may provide important insights into the molecular
basis of viral hepatotropism, inform the development of glycan-
targeted antiviral strategies, and guide the design of ASGR1-based
liver-targeting viral vectors. Given that multiple viruses can exploit
ASGRI1 to mediate cellular entry, future research may explore the

10.3389/fmed.2025.1653452

development of broad-spectrum ASGRI inhibitors to block diverse
viral infection pathways. Moreover, from the perspective of genetic
polymorphism, identifying expression variations or splicing isoforms
of ASGRI1 through techniques such as single-cell RNA sequencing
(84) and long-read transcriptome analysis (85) may help predict
individual susceptibility to viral infections, offering new insights for
precision prevention and control strategies.

3.3 The role of ASGR1 in tumors

Hepatocellular carcinoma (HCC) is one of the most common
primary liver malignancies, characterized by high invasiveness and
poor prognosis, representing a significant global health burden. The
primary risk factors for HCC vary by region. In most high-risk areas,
chronic HBV infection is the main contributor. In regions with lower
HCC incidence, the rising number of cirrhosis patients largely
explains the increasing HCC rates, driven by factors such as higher
HCV-related cirrhosis incidence, HBV-related cirrhosis (to a lesser
extent), and improved overall survival among cirrhosis patients (86).

Tumor cells typically exhibit highly sialylated glycan structures on
their surfaces, a feature that facilitates immune evasion by preventing
recognition and clearance by the immune system (87). In most tumor
tissues, truncated O-glycans are abnormally overexpressed (88). The
Tn antigen, a type of immature O-glycan, consists of a single
N-acetylgalactosamine (GalNAc) residue attached to the serine (Ser)
or threonine (Thr) residue of a protein, and is classified as one of the
truncated O-glycans (88, 89). The Tn antigen promotes immune
tolerance by engaging with immunosuppressive receptors, thereby
contributing to tumor immune evasion (90). Notably, its structural
characteristics closely resemble the ligand recognition pattern of

SARS-COV-2

RBD and NTD

FIGURE 3

!

Binding sites of ASGR1 with viruses. The figure shows the binding sites of HBV, HEV and SARS-CoV-2 viral particles to ASGR1 during entry into the
human body. HBV binds to ASGR1 through the preS1 region of its large surface protein; HEV interacts with ASGR1 via its capsid protein ORF2; and
SARS-CoV-2 engages ASGR1 through either the RBD or the NTD of its spike protein.
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ASGR1 (2, 3). Whether ASGRI can effectively recognize the Tn
antigen and mediate relevant biological functions remains to be further
investigated. It is worth noting that the antigenicity of Tn has been
validated in mice; antibodies induced by Tn-modified glycopeptides
have been shown to effectively inhibit the growth of transplanted
tumor cells, thereby exerting protective anti-tumor effects (91).

Research indicates that ASGRI1 exerts tumor-suppressive effects
by inhibiting phosphorylation of the STAT3 signaling pathway.
Specifically, ASGRI interacts with Nemo-like kinase (NLK) to inhibit
glycoprotein 130/janus kinase 1 (GP130/JAK1)-mediated STAT3
phosphorylation, thereby blocking the activation of STAT3-related
pro-tumor signaling pathways (92). Additionally, ASGRI interacts
with longevity assurance homolog 2 (LASS2) to suppress vacuolar-
type H'-ATPase (V-ATPase) activity, reducing HCC cell migration
and invasion, further supporting the role of ASGR1 as a metastasis
suppressor in liver cancer (93). Multiple studies have reported
significant downregulation of ASGR1 expression in HCC tissues, with
expression levels decreasing further as tumor progression and grading
advance (94). ASGR1 mRNA and protein levels are markedly reduced
in Edmondson grade III-IV HCC tissues (95).

In addition, based on liquid biopsy technology, recent studies have
analyzed the phenotypic and genetic markers of ASGR1 expression in
circulating epithelial cells (CECs) from the peripheral blood of patients
with liver cirrhosis (LC) and HCC. Findings reveal that ASGR1-
negative CECs significantly increase the risk of developing HCC,
particularly strong predictive power in patients with pre-existing
LC. Further analysis revealed that ASGR1 expression in CECs remains
detectable in the early stages of HCC, such as in LC patients with lower
Child-Pugh scores, suggesting its potential as a non-invasive tool for
early tumor monitoring. In addition, the combined loss of ASGR1 and
miR-122-5p in CECs indicates a dedifferentiation tendency of tumor
cells and is closely associated with poorer progression-free survival
(PES). Collectively, this study proposes that ASGR1 holds promise as a
precise biomarker for early risk stratification and prognostic assessment
in HCC, with potential application in cancer interception (96).

Meanwhile, ASGR1* tumor-associated microparticles (taMPs) are
significantly elevated in the peripheral blood of patients with HCC
and cholangiocarcinoma, suggesting their potential as a novel
non-invasive diagnostic tool for distinguishing liver cancer from liver
cirrhosis (94). ASGRI expression is also closely associated with
immune cell infiltration, including B cells, CD8* T cells, and DCs,
indicating its role in tumor microenvironment immune modulation.
A low methylation level in the promoter region is positively correlated
with low ASGRI1 expression, suggesting that its expression is
influenced by epigenetic regulation (6).

Collectively, these findings underscore the potential of ASGR1 as
a biomarker for HCC diagnosis and prognosis. Beyond acting as a
tumor suppressor during HCC development, ASGR1 expression on
circulating cells may serve as an effective liquid biopsy marker for
early screening, risk stratification, and treatment monitoring. Future
large-scale cohort studies are needed to validate its clinical
translational value (Figure 4).

3.4 The role of ASGR1 in lipid metabolism

The clearance of low-density lipoprotein cholesterol (LDL-C)
from plasma is primarily mediated by low-density lipoprotein
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receptors (LDLR) on hepatocyte surfaces (97). Proprotein convertase
subtilisin/kexin type 9 (PCSK9), highly expressed in the liver, binds
LDLR non-enzymatically after being secreted into the plasma,
promoting LDLR degradation within cells, thereby reducing LDLR
levels on hepatocyte surfaces and ultimately increasing plasma LDL-C
levels (98-100). Interestingly, like PCSK9, ASGR1 can also directly
target LDLR. Both proteins independently interact with LDLR and
promote its degradation, thus regulating the number of LDLRs on
hepatocyte surfaces and influencing plasma LDL-C levels (101).
Studies have shown that in ASGR1-deficient conditions, PCSK9
expression at both mRNA and protein levels is significantly reduced
(102). Further research indicates that the increased LDL uptake in
ASGRI1-deficient hepatocytes is associated with decreased PCSK9
levels, suggesting that the enhanced LDL uptake may result from
stabilized LDLR due to reduced PCSK9 (102, 103). However, it is
currently only known that ASGR1 may indirectly affect LDLR stability,
while its precise regulatory mechanisms on PCSK9 expression,
secretion, or function have not been fully elucidated and require
further scientific investigation.

Studies have shown that ASGRI deficiency increases the
expression of insulin-induced gene 1 (INSIG1), thereby inhibiting
sterol regulatory element-binding proteins (SREBPs) and reducing
cholesterol synthesis (102). Similarly, a study by the team of Song
Baoliang at Wuhan University reported comparable findings.
Specifically, they demonstrated that ASGR1 deficiency suppresses
mechanistic Target of Rapamycin Complex 1 (mTORCI1) activity and
activates 5-AMP-activated protein kinase (AMPK), leading to
reduced expression of the liver X receptor alpha (LXRa) ubiquitin
ligase complex breast cancer type 1 susceptibility protein/BRCA1
associated ring domain protein 1 (BRCA1/BARD1). This reduction
decreases the ubiquitination and degradation of LXRa, resulting in
elevated LXRa levels. The upregulation of LXRa subsequently
increases the expression of cholesterol transport-related genes such as
ATP-binding cassette transporter A1 (ABCA1) and ATP-binding
cassette sub-family G members 5 and 8 (ABCG5/G8), promoting
cholesterol efflux and reducing plasma and hepatic lipid levels. In
addition, ASGRI deficiency suppresses SREBP1-mediated fatty acid
synthesis, thereby reducing triglyceride (TG) production and hepatic
lipid accumulation, contributing to the maintenance of liver metabolic
homeostasis. Furthermore, ASGRI is also involved in lipoprotein
metabolism. It may play a role in high-density lipoprotein (HDL)-
mediated cholesterol efflux, and its deficiency appears to enhance
HDL-mediated cholesterol uptake and promote bile acid synthesis
(48) (Figure 5).

Beyond regulating lipid metabolism, ASGR1 is also closely
associated with lipid redistribution and transport. ASGR1 deficiency
affects lipid distribution in adipose tissue. In obesity, ASGR1-deficient
mice show increased visceral adipose tissue (VAT) lipid accumulation
but decreased plasma lipid levels, potentially due to ASGR1-mediated
lipid redistribution (104).

The role of ASGRI1 in lipid regulation may have profound
implications for atherosclerosis (AS) and cardiovascular disease
(CVD) (7, 105). Independent studies conducted by multiple research
groups have consistently demonstrated that ASGR1 knockout
effectively reduces LDL levels and improves lipid profiles, indicating
high reproducibility and mutual support of these findings (48, 49,
106). Moreover, studies in both pig and mouse models have
consistently shown that ASGR1 deficiency improves lipid metabolism
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and attenuates atherosclerotic phenotypes, further confirming the
cross-species consistency of these results (106, 107). Given its multiple
roles in lipid regulation, ASGR1 may represent a novel therapeutic
target for cardiovascular disease. Since ASGR1 deficiency can reduce
non-HDL-C and lower CVD risk, small molecules or antibodies that
inhibit ASGR1 may serve as promising new lipid-lowering agents (48).

However, some studies have shown that ASGRI deficiency in
ApoE"/~ mice leads to reductions in plasma cholesterol and
triglyceride levels and alleviates atherosclerotic lesions. Nevertheless,
this is also accompanied by an increase in immune cell populations
and widespread alterations in hepatic metabolic pathways, despite the
absence of overt liver morphological abnormalities (106). Similarly,
ASGRI-deficient pigs fed a high-fat diet exhibit reduced non-HDL-C
levels and attenuated atherosclerosis, with underlying mechanisms
involving downregulation of cholesterol synthesis and enhanced
clearance. However, mild to moderate liver injury was also
observed (107).

Therefore, during the development of ASGRI-targeted
therapeutics, close attention must be paid to the potential systemic
metabolic remodeling and associated toxic effects, with comprehensive
assessments of safety and tolerability (108). Although no apparent
organ-specific lesions have been observed in current ASGR1-deficient
animal models (106), the predominant hepatic expression of ASGR1
suggests that its loss of function may impair glycoprotein clearance
and the stability of bile components (108, 109), potentially increasing
the burden on the hepatobiliary system. Hence, as ASGRI
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inhibitors—whether antibody-based or nucleic acid-based—progress
toward clinical translation, their multisystem effects should
be thoroughly evaluated to ensure effective lipid-lowering and anti-
atherosclerotic activity while maintaining a favorable safety margin
and therapeutic window.

4 ASGR1-based liver-targeted drug
delivery

In the 1980s, studies on binding specificity laid the foundation for
ASGP-R-targeted design (2, 3). Baenziger and Lee independently
discovered that ASGP-R exhibits significantly higher affinity for
GalNAc than for galactose (110, 111). In 1995, Lee and Tso first
reported the successful conjugation of trivalent GalNAc to
oligonucleotides, which effectively inhibited viral DNA expression—
marking a key breakthrough in GalNAc-targeted delivery technology
(112, 113).

GalNAc-siRNA and GalNAc-ASO are liver-targeted nucleic acid
drug platforms developed based on N-acetylgalactosamine (GalNAc)
conjugation technology. They achieve gene silencing through RNA
interference (RNAi) and antisense mechanisms, respectively, and are
used to treat various liver-related diseases (114, 115). Currently, a
variety of GalNAc-conjugated therapeutics are under development
(Table 1), with a substantial number having entered clinical trials or
even reached market approval. These include nucleic acid-based
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drugs, liposomal formulations, and antibody-based therapies, among
others (Table 2).

Owing to the highly specific expression of ASGR1 on the surface
of hepatocytes and its efficient endocytic capability, this receptor has
been extensively utilized in the development of targeted therapeutic
strategies for viral infections, particularly for the precision treatment
of chronic hepatitis B (CHB) (116).

The GalNAc-siRNA platform, notably VIR-2218, effectively
reduces hepatitis B virus surface antigen (HBsAg) expression,
exhibiting strong antiviral potential (116). Several GalNAc-ASO
drugs, such as Bepirovirsen and RO7062931, have advanced to
clinical trials for chronic hepatitis B (CHB), demonstrating effective
HBsAg clearance (117, 118). Building on this, recent studies have
further explored the delivery of ASO drugs featuring a bivalent bile
acid structure via the ASGRI1 pathway. This strategy significantly
enhances liver-targeted drug delivery and holds promise for
improved clinical efficacy (119). GalNAc-LNA-SSO, leveraging the
locked nucleic acid (LNA) and gapmer design, can effectively reduce
HBV mRNA and HBsAg expression levels. It is recommended to
combine this strategy with immune enhancers or polymerase
inhibitors to achieve complete viral clearance (120). Moreover, the
design of pan-genotypic targets for different HBV genotypes may
represent a key advantage and a promising future direction for
this approach.

Frontiers in Medicine

Beyond viral infections, the therapeutic potential of ASGR1 in
cancer treatment is also gradually emerging. For instance, small-
molecule drugs conjugated with Gal or GalNAg, such as betulin,
can specifically recognize and enter ASGRI-expressing liver cancer
cells, exerting targeted anti-tumor effects through mechanisms like
(121). Additionally, glycopolymer-based
nanocarriers mediated by ASGR1 have been designed to precisely
with
chemotherapeutic drugs, effectively inhibiting liver cancer cell

oxidative stress

deliver suicide gene therapies in combination
growth and showing promising clinical potential (122). For
example, using Gal/GalNAc-mediated delivery, chemotherapeutic
agents like doxorubicin or paclitaxel are encapsulated in nanoscale
extracellular vesicles (exosomes) that are specifically taken up by
hepatocytes through ASGR1-mediated endocytosis (123). This
strategy enhances drug specificity and stability, reduces systemic
toxicity and side effects associated with traditional chemotherapy,
and increases drug accumulation in liver cancer cells, thereby
improving anti-tumor efficacy. Moreover, a carrier-free self-
assembling nanomedicine strategy using celastrol-galactose
nanoparticles (CE-Gal-NPs) has been proposed. This approach
utilizes the galactose recognition capability of ASGRI to achieve
liver cancer cell targeting and exerts potent anti-cancer effects by
inducing ferroptosis while significantly reducing toxicity (124).

Considering the variability of ASGRI expression among liver
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TABLE 1 Preclinical-stage therapeutic candidates based on GalNAc-conjugation technology.

Main technology
types

Drug name

Indication/
application

Current stage

10.3389/fmed.2025.1653452

References

membrane proteins

GalNAc-siRNA Not specified Xor HUA Preclinical (mouse Sun et al. (134)
models)
Not specified TKT MAFLD Preclinical (mouse Tong et al. (135)
models)
GalNAc-ASO Not specified TMPRSS6 (Matriptase-2) | MASLD Preclinical (MASLD Pettinato et al. (136)
mouse model)
Not specified SAB JNK-dependent liver injury | Preclinical (mouse Win et al. (137)
model)
GalNAc-SSO Not specified SLC25A13 c.469- CD Preclinical (mouse Ow etal. (138)
2922G>T model)
Not specified PAH mis-splicing PKU Preclinical (CRISPR/ Martinez-Pizarro et al.
variants Cas9-edited cell (139)
model)
GalNAc-liposome Tn-Lipo-PTX ASGRI1 HCC Preclinical (cellular Lietal. (140)
validation)
GalNAc-antibody Alirocumab-tri- PCSK9 CVD Preclinical (cell-based) | Donahue et al. (125)
GalNAc
Cetuximab-tri-GalNAc = EGFR Targeted degradation of Preclinical (cell-based)

Xor, Xanthine oxidoreductase; HUA, Hyperuricemia; TKT, Transketolase; MAFLD, Metabolic dysfunction-associated fatty liver disease; MASLD, Metabolic dysfunction-associated steatotic

liver disease; SAB, SH3 domain-binding protein 5; CD, Citrin deficiency; PAH mis-splicing variants, phenylalanine hydroxylase gene mis-splicing variants; PKU, Phenylketonuria; PTX,

PEGylated paclitaxel; HCC, Hepatocellular carcinoma; PCSK9, Proprotein Convertase Subtilisin/Kexin Type 9; CVD, Cardiovascular diseases; EGFR, Epidermal Growth Factor Receptor.

TABLE 2 Overview of GalNAc-conjugated nucleic acid drugs and their clinical indications.

Main technology

types

Drug name

Originator
company

Target disease

References

collaboration with NCNP)

GalNAc-siRNA Inclisiran Alnylam Pharmaceuticals Launched PH, FH, HC, ASCVD, | Lamb (141), Soffer et al.
Inc. HeFH (142), Al Shaer et al. (143)
Givosiran Alnylam Pharmaceuticals Launched AHP Scott (144)
Inc.
Lumasiran Alnylam Pharmaceuticals Launched PH1 Scott and Keam (145)
Inc.
Vutrisiran Alnylam Pharmaceuticals Launched FAP, SD Keam (146)
Inc.
Nedosiran Dicerna Pharmaceuticals Inc. | Launched PH1 Syed (147)
VIR-2218 Vir Biotechnology Inc. Phase II clinical trial | CHB Yuen et al. (148)
GalNAc-ASO Bepirovirsen GlaxoSmithKline/Ionis Phase II clinical trial CHB Yuen et al. (149)
Pharmaceuticals Inc.
Olezarsen Tonis Pharmaceuticals Inc. Launched FCS Syed (150)
Volanesorsen Akcea Therapeutics, Inc. Launched FCS, FPL Paik and Duggan (151)
GalNAc-SSO Casimersen Sarepta Therapeutics, Inc. Launched DMD Shirley (152)
Viltolarsen Nippon Shinyaku, Inc. (in Launched DMD Dhillon (153)

PH, Primary Hypercholesterolemia; FH, Familial Hypercholesterolemia; HC, Hypercholesterolemia; ASCVD, Atherosclerotic Cardiovascular Disease; HeFH, Heterozygous Familial
Hypercholesterolemia; AHP, Acute Hepatic Porphyria; PH1, Primary Hyperoxaluria; FAP, Familial amyloid neuropathy; SD, Stargardt disease; CHB, Chronic Hepatitis B; FCS, Familial

Chylomicronemia Syndrome; FPL, hypertriglyceridemia and familial partial lipodystrophy; DMD, Duchenne muscular dystrophy; NCNP, National Center of Neurology and Psychiatry.

disease patients, it is recommended to use companion diagnostics

to stratify patients during clinical application of ASGR1-targeted

therapies, thereby improving therapeutic outcomes (95).
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Furthermore, with the advancement of targeted protein

degradation technologies, ASGR1, as a key endocytic receptor, enables

the selective degradation of extracellular or membrane proteins,

09

frontiersin.org


https://doi.org/10.3389/fmed.2025.1653452
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Xiao et al.

thereby
medicine (125).

expanding its application potential in precision

Targeted protein degradation (TPD) has become an important
strategy for studying protein degradation mechanisms and developing
new treatments for diseases (126). Most current TPD platforms, such
as immunomodulatory imide drugs (IMiDs) (127, 128) and
proteolysis targeting chimeras (PROTACs) (129, 130), rely on the
intracellular ubiquitin-proteasome system (UPS), making it difficult
to target membrane-bound or extracellular proteins. To address this
limitation, RME has been introduced into TPD design.

ASGR1, a highly expressed endocytic receptor in hepatocytes,
recognizes specific glycans and efficiently mediates endocytosis,
making it a critical component of lysosome-targeting chimeras
(LYTAC:). LYTAC: link trivalent GalNAc ligands to target proteins,
enabling ASGRI1 to recognize and deliver them to lysosomes for
degradation, thereby allowing selective regulation of extracellular or
membrane proteins (131).

In addition, the emerging EndoTags (endocytosis-triggering
binding proteins) technology utilizes engineered protein modules to
induce endocytosis without relying on natural ligands, offering greater
flexibility in target selection and broader applicability (132). However,
ASGRI, being naturally expressed and highly liver-specific, may offer
advantages in minimizing immunogenicity and off-target effects.

Looking ahead, integrating the functional properties of ASGR1
with tools from synthetic biology to achieve multilevel regulation may
enable the precise identification and degradation of liver disease—
related proteins, thus expanding the therapeutic potential of ASGR1-
based strategies in liver disorders.

5 Extrahepatic functions of ASGR1

Multiple studies have identified ASGR1 homologs or functionally
similar receptors in various non-hepatic cell types, suggesting that the
biological roles of ASGRI may be far more extensive than previously
understood (50, 51).

Studies have identified a human dendritic cell isoform of ASGR1
(DC-ASGPR) with a lectin domain structurally similar to hepatic
ASGRI. Its expression decreases during DC maturation, suggesting a
role in antigen uptake and immune regulation. Functional assays
confirm its endocytic capability, extending the expression of ASGR1
beyond hepatocytes to include DCs involved in immune uptake (52).

Caco-2 cells endogenously express a functional hepatic-type
ASGRI receptor, with both HI and H2 subunits specifically recognized
by subunit-specific antibodies. The receptor is primarily localized to the
basolateral membrane, similar to its distribution in hepatocytes.
Compared to HepG2 cells, ASGRI in Caco-2 cells exhibits slight
differences in glycosylation patterns, although the mRNA size remains
identical, indicating no significant transcript variation. The H1 subunit
is the predominant component in both cell types. These findings suggest
that Caco-2 cells not only resemble hepatocytes in structure but also
functionally mimic hepatic ASGR1 behavior (54). Human RPTEC
endogenously express functional ASGR1, with both H1 and H2
subunits detected at the mRNA and protein levels, primarily localized
to the cytoplasm and basolateral membrane. In contrast, the human
renal epithelial cell line human kidney-2 (HK2) expresses only ASGR1
H1 subunit mRNA, suggesting limited functional capacity. Functional
assays demonstrated that RPTEC specifically bind and internalize the
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ASGR1 ligand, asialofetuin, confirming the receptor’s characteristic
ligand recognition and endocytic activity, and providing strong
evidence for the presence and functionality of ASGR1 in the kidney (55).

The expression of ASGRI in human testis is significantly lower
than in the liver, with primary localization in the seminiferous tubules
and interstitial regions. It is specifically expressed in Sertoli cells and
Leydig cells, while expression in spermatogonia is minimal. Multiplex
immunohistochemical staining revealed co-localization of ASGR1
with vimentin, confirming its presence in Sertoli cells, while no
co-localization was observed with the spermatogonial marker
proliferating cell nuclear antigen (PCNA), suggesting weak expression
of ASGRI in germ cells (133). However, no further investigation has
been conducted on the functional role of ASGR1 in the testis, such as
whether it mediates endocytosis or glycoprotein clearance. Whether
ASGR1 is directly involved in the HBV entry process remains
speculative and lacks functional validation. Rat testes express a cell
surface galactosyl receptor (RT'G-r) that is antigenically similar to the
minor hepatic ASGR isoforms RHL-2/3, but shows no cross-reactivity
with the major isoform RHL-1. Affinity chromatography and
SDS-PAGE analyses revealed that RTG-r shares the same
electrophoretic mobility as RHL-2/3. RTG-r is consistently expressed
throughout testicular development, localized in the seminiferous
tubules, cultured Sertoli cells, and spermatogenic cells, and is also
present on the surface of epididymal sperm, particularly concentrated
on the dorsal region of the sperm head plasma membrane. Given its
galactose-binding ability and distribution in meiotic and post-meiotic
spermatogenic cells as well as the acrosomal region of sperm, RTG-r
is suggested to play a role in spermatogenesis and sperm-egg
recognition (56).

The major subunit of the rat hepatic ASGPR, RHL-1, is not only
highly expressed on the basolateral membrane of hepatocytes, but is
also present in thyroid tissue and differentiated thyroid cell lines. Its
expression can be upregulated by thyroid-stimulating hormone
(TSH), whereas neoplastic transformation leads to its downregulation.
Immunohistochemical analysis shows that RHL-1 is localized to the
apical membrane of thyroid cells, contrasting with its basolateral
localization in hepatocytes, suggesting tissue-specific membrane
distribution. Although its expression level in the thyroid is relatively
low, RHL-1 is still capable of binding asialoorosomucoid (ASOR) and
thyroglobulin (Tg), and mediating their endocytosis, indicating a
potential role in Tg lysosomal trafficking and regulation of thyroid
hormone processing (53). However, no further explanation has been
provided as to why RHL-1 in the thyroid, compared to the liver,
appears to be more specialized in handling Tg, and whether structural
or post-translational modifications contribute to this functional
difference remains unknown.

These findings on extrahepatic ASGR1 largely lack systematic
comparisons of structural, functional, or regulatory mechanisms
between hepatic and extrahepatic ASGRI, and comprehensive
functional validation is still needed. Therefore, the physiological
ASGRI remains controversial

significance of extrahepatic

and uncertain.

6 Conclusion

From the initial receptor-ligand recognition to the activation of
downstream ASGRI signaling, from receptor-mediated pathogen
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endocytosis to lipid metabolism regulation, and from hepatic to
extrahepatic functions, the understanding of the biological functions
of ASGR1 has evolved over a long journey. At present, the roles and
mechanisms of ASGR1 in the development of viral infectious diseases,
tumors, atherosclerosis, and other diseases have been well recognized.
Clinical intervention strategies based on ASGR1, such as liver-targeted
drug delivery and lipid-lowering treatments, are gradually showing
trends toward clinical translation. Referring to the past exploration of
the biological functions of lectin receptors, further investigation of the
intrahepatic and extrahepatic functions of ASGR1 is the future
direction of this research field.

Author contributions

XX: Writing - original draft, Writing - review & editing. YN:
Writing - review & editing. YL: Funding acquisition, Writing — review
& editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
in part by the National Science Foundation of China (NSFC) Projects

References

1. Trefts E, Gannon M, Wasserman DH. The liver. Curr Biol. (2017) 27:R1147-51. doi:
10AlOlG/j.Cub42017.09.019

2. Ashwell G, Morell AG. The role of surface carbohydrates in the hepatic recognition
and transport of circulating glycoproteins. Adv Enzymol Relat Areas Mol Biol. (1974)
41:99-128. doi: 10.1002/9780470122860.ch3

3. Ashwell G, Harford J. Carbohydrate-specific receptors of the liver. Annu Rev
Biochem. (1982) 51:531-54. doi: 10.1146/annurev.bi.51.070182.002531

4. Grewal PK, Uchiyama S, Ditto D, Varki N, Le DT, Nizet V, et al. The Ashwell
receptor mitigates the lethal coagulopathy of Sepsis. Nat Med. (2008) 14:648-55. doi:
10.1038/nm1760

5. GuY, CaoJ, Zhang X, Gao H, Wang Y, Wang J, et al. Receptome profiling identifies
Kremen1 and Asgrl as alternative functional receptors of Sars-Cov-2. Cell Res. (2021)
32:24-37. doi: 10.1038/s41422-021-00595-6

6. Zhang Y, Wei H, Fan L, Fang M, He X, Lu B, et al. Clec4s as potential therapeutic
targets in hepatocellular carcinoma microenvironment. Front Cell Dev Biol. (2021) 9:9.
doi: 10.3389/fcell.2021.681372

7. Huynh K. Asgr1 inhibition stimulates cholesterol excretion. Nat Rev Cardiol. (2022)
19:642. doi: 10.1038/s41569-022-00768-9

8. Cui H, Zhu X, Li S, Wang P, Fang J. Liver-targeted delivery of oligonucleotides with
N-Acetylgalactosamine conjugation. ACS Omega. (2021) 6:16259-65. doi:
10.1021/acsomega.1c01755

9. Sanford JP, Eddy RL, Doyle D, Shows TB. Assignment of human Asialoglycoprotein
receptor gene (Asgrl) to chromosome 17p11-13. Genomics. (1991) 11:779-81. doi:
10.1016/0888-7543(91)90093-t

10. Chiacchia KB, Drickamer K. Direct evidence for the transmembrane orientation
of the hepatic glycoprotein receptors. J Biol Chem. (1984) 259:15440-6. doi:
10.1016/50021-9258(17)42568-3

11. Stefanescu R, Born R, Moise A, Ernst B, Przybylski M. Epitope structure of the
carbohydrate recognition domain of Asialoglycoprotein receptor to a monoclonal
antibody revealed by high-resolution proteolytic excision mass spectrometry. J Am Soc
Mass Spectrom. (2011) 22:148-57. doi: 10.1007/s13361-010-0010-y

12. Henis YI, Katzir Z, Shia MA, Lodish HE. Oligomeric structure of the human
Asialoglycoprotein receptor: nature and stoichiometry of mutual complexes containing
HI and H2 polypeptides assessed by fluorescence Photobleaching recovery. J Cell Biol.
(1990) 111:1409-18. doi: 10.1083/jcb.111.4.1409

13.Saxena A, Yik JHN, Weigel PH. H2, the minor subunit of the human
Asialoglycoprotein receptor, Trafficks intracellularly and forms Homo-oligomers, but

Frontiers in Medicine

11

10.3389/fmed.2025.1653452

82170475, the science and technology innovation Program of Hunan
Province 2021SK53408, Scientific Research Project of Hunan
Provincial Health Commission B202303016916.

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.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

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.

does not bind Asialo-Orosomucoid. J Biol Chem. (2002) 277:35297-304. doi:
1041074/jbc.M205653200

14. Huang X, Leroux J-C, Castagner B. Well-defined multivalent ligands for
hepatocytes targeting via asialoglycoprotein receptor. Bioconjug Chem. (2016)
28:283-95. doi: 10.1021/acs.bioconjchem.6b00651

15. Shia MA, Lodish HE The two subunits of the human Asialoglycoprotein receptor
have different fates when expressed alone in fibroblasts. Proc Natl Acad Sci USA. (1989)
86:1158-62. doi: 10.1073/pnas.86.4.1158

16. Renz M, Daniels BR, Vamosi G, Arias IM, Lippincott-Schwartz J. Plasticity of the
Asialoglycoprotein receptor deciphered by ensemble fret imaging and single-molecule
counting palm imaging. Proc Natl Acad Sci. (2012) 109:E2989-97. doi:
10.1073/pnas.1211753109

17. Hubbard AL, Wilson G, Ashwell G, Stukenbrok H. An Electron microscope
autoradiographic study of the carbohydrate recognition Systems in rat Liver. I.
Distribution of 125i-ligands among the liver cell types. J Cell Biol. (1979) 83:47-64. doi:
10.1083/jcb.83.1.47

18. Weigel PH, Oka JA. The large intracellular Pool of Asialoglycoprotein receptors
functions during the endocytosis of Asialoglycoproteins by isolated rat hepatocytes. J
Biol Chem. (1983) 258:5095-102. doi: 10.1016/s0021-9258(18)32543-2

19. Monroe RS, Huber BE. The major form of the murine asialoglycoprotein receptor:
Cdna sequence and expression in liver, testis and epididymis. Gene. (1994) 148:237-44.
doi: 10.1016/0378-1119(94)90694-7

20. Weigel PH, Yik JH. Glycans as endocytosis signals: the cases of the
Asialoglycoprotein and Hyaluronan/chondroitin sulfate receptors. Biochim Biophys Acta.
(2002) 1572:341-63. doi: 10.1016/s0304-4165(02)00318-5

21. Schwartz AL, Ciechanover A, Merritt S, Turkewitz A. Antibody-induced receptor
loss. Different fates for asialoglycoproteins and the asialoglycoprotein receptor in Hepg2
cells. ] Biol Chem. (1986) 261:15225-32. doi: 10.1016/s0021-9258(18)66857-7

22. Drickamer K. Ca2+-dependent sugar recognition by animal lectins. Biochem Soc
Trans. (1996) 24:146-50. doi: 10.1042/bst0240146

23. Mathai Mammen S-KC, George M. Whitesides. Polyvalent interactions in
biological systems: implications for design and use of multivalent ligands and inhibitors.
Angew Chem Int Ed. (1998) 37:2754-94. doi:
10.1002/(SICI)1521-3773(19981102)37:20<2754::AID-ANIE2754>3.0.CO;2-3

24. Stokmaier D, Khorev O, Cutting B, Born R, Ricklin D, Ernst TOG, et al. Design,
synthesis and evaluation of monovalent ligands for the Asialoglycoprotein receptor
(Asgp-R). Bioorg Med Chem. (2009) 17:7254-64. doi: 10.1016/j.bmc.2009.08.049

frontiersin.org


https://doi.org/10.3389/fmed.2025.1653452
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.cub.2017.09.019
https://doi.org/10.1002/9780470122860.ch3
https://doi.org/10.1146/annurev.bi.51.070182.002531
https://doi.org/10.1038/nm1760
https://doi.org/10.1038/s41422-021-00595-6
https://doi.org/10.3389/fcell.2021.681372
https://doi.org/10.1038/s41569-022-00768-9
https://doi.org/10.1021/acsomega.1c01755
https://doi.org/10.1016/0888-7543(91)90093-t
https://doi.org/10.1016/s0021-9258(17)42568-3
https://doi.org/10.1007/s13361-010-0010-y
https://doi.org/10.1083/jcb.111.4.1409
https://doi.org/10.1074/jbc.M205653200
https://doi.org/10.1021/acs.bioconjchem.6b00651
https://doi.org/10.1073/pnas.86.4.1158
https://doi.org/10.1073/pnas.1211753109
https://doi.org/10.1083/jcb.83.1.47
https://doi.org/10.1016/s0021-9258(18)32543-2
https://doi.org/10.1016/0378-1119(94)90694-7
https://doi.org/10.1016/s0304-4165(02)00318-5
https://doi.org/10.1016/s0021-9258(18)66857-7
https://doi.org/10.1042/bst0240146
https://doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2754::AID-ANIE2754>3.0.CO;2-3
https://doi.org/10.1016/j.bmc.2009.08.049

Xiao et al.

25. Kitov PI, Bundle DR. On the nature of the Multivalency effect: a thermodynamic
model. ] Am Chem Soc. (2003) 125:16271-84. doi: 10.1021/ja038223n

26. Morzy D, Bastings M. Significance of receptor mobility in multivalent binding on lipid
membranes. Angew Chem Int Ed. (2022) 61:¢202114167. doi: 10.1002/anie.202114167

27. Dubacheva GV, Curk T, Frenkel D, Richter RP. Multivalent recognition at fluid
surfaces: the interplay of receptor clustering and Superselectivity. ] Am Chem Soc. (2019)
141:2577-88. doi: 10.1021/jacs.8b12553

28. Kumar V, Turnbull WB. Targeted delivery of oligonucleotides using multivalent
protein—carbohydrate interactions. Chem Soc Rev. (2023) 52:1273-87. doi:
10.1039/d2cs00788f

29. Sahay G, Alakhova DY, Kabanov AV. Endocytosis of nanomedicines. J Control
Release. (2010) 145:182-95. doi: 10.1016/j.jconrel.2010.01.036

30. Sahay G, Batrakova EV, Kabanov AV. Different internalization pathways of
polymeric micelles and Unimers and their effects on vesicular transport. Bioconjug
Chem. (2008) 19:2023-9. doi: 10.1021/bc8002315

31. Mettlen M, Chen P-H, Srinivasan S, Danuser G, Schmid SL. Regulation of
Clathrin-mediated endocytosis. Annu Rev Biochem. (2018) 87:871-96. doi:
10.1146/annurev-biochem-062917-012644

32. Geuze HJ, Slot JW, Strous GJ, Lodish HE, Schwartz AL. Intracellular site of
asialoglycoprotein receptor-ligand uncoupling: double-label immunoelectron
microscopy during receptor-mediated endocytosis. Cell. (1983) 32:277-87. doi:
10.1016/0092-8674(83)90518-4

33. Schwartz AL, Bolognesi A, Fridovich SE. Recycling of the Asialoglycoprotein
receptor and the effect of Lysosomotropic amines in hepatoma cells. J Cell Biol. (1984)
98:732-8. doi: 10.1083/jcb.98.2.732

34. Ciechanover A, Schwartz AL, Lodish HE Sorting and recycling of cell surface
receptors and endocytosed ligands: the Asialoglycoprotein and transferrin receptors. J
Cell Biochem. (1983) 23:107-30. doi: 10.1002/jcb.240230111

35.Schwartz AL, Marshak-Rothstein A, Rup D, Lodish HF. Identification and
quantification of the rat hepatocyte Asialoglycoprotein receptor. Proc Natl Acad Sci USA.
(1981) 78:3348-52. doi: 10.1073/pnas.78.6.3348

36. Schwartz AL, Fridovich SE, Lodish HF. Kinetics of internalization and recycling
of the Asialoglycoprotein receptor in a hepatoma cell line. J Biol Chem. (1982)
257:4230-7. doi: 10.1016/s0021-9258(18)34710-0

37. Gauthier L, Chevallet M, Bulteau F, Thépaut M, Delangle P, Fieschi F, et al. Lectin
recognition and hepatocyte endocytosis of GalNac-decorated nanostructured lipid
carriers. ] Drug Target. (2020) 29:99-107. doi: 10.1080/1061186x.2020.1806286

38.Brown GD, Willment JA, Whitehead L. C-type lectins in immunity and
homeostasis. Nat Rev Immunol. (2018) 18:374-89. doi: 10.1038/s41577-018-0004-8

39. Moremen KW, Tiemeyer M, Nairn AV. Vertebrate protein glycosylation: diversity,
synthesis and function. Nat Rev Mol Cell Biol. (2012) 13:448-62. doi: 10.1038/nrm3383

40. Miyagi T, Yamaguchi K. Mammalian Sialidases: physiological and pathological
roles in cellular functions. Glycobiology. (2012) 22:880-96. doi: 10.1093/glycob/cws057

41. Rigopoulou EI, Roggenbuck D, Smyk DS, Liaskos C, Mytilinaiou MG, Feist E, et al.
Asialoglycoprotein receptor (Asgpr) as target autoantigen in liver autoimmunity: lost
and found. Autoimmun Rev. (2012) 12:260-9. doi: 10.1016/j.autrev.2012.04.005

42.Park EI, Mi Y, Unverzagt C, Gabius HJ, Baenziger JU. The asialoglycoprotein
receptor clears glycoconjugates terminating with sialic acid alpha 2,6galnac. Proc Natl
Acad Sci USA. (2005) 102:17125-9. doi: 10.1073/pnas.0508537102

43. Visser EA, Moons S], Timmermans SBPE, de Jong H, Boltje TJ, Biill C. Sialic acid
O-acetylation: from biosynthesis to roles in health and disease. J Biol Chem. (2021)
297:100906. doi: 10.1016/j.jbc.2021.100906

44.Li W, Xiao A, Li Y, Yu H, Chen X. Chemoenzymatic synthesis of Neu 5ac9nac-
containing A2-3- and A2-6-linked sialosides and their use for sialidase substrate
specificity studies. Carbohydr Res. (2017) 451:51-8. doi: 10.1016/j.carres.2017.09.003

45. Yang WH, Aziz PV, Heithoff DM, Mahan MJ, Smith JW, Marth JD. An intrinsic
mechanism of secreted protein aging and turnover. Proc Natl Acad Sci. (2015)
112:13657-62. doi: 10.1073/pnas.1515464112

46. Svecla M, Nour J, Bladergroen MR, Nicolardi S, Zhang T, Beretta G, et al. Impact of
Asialoglycoprotein receptor and mannose receptor deficiency on murine plasma N-Glycome
profiles. Mol Cell Proteomics. (2023) 22:100615. doi: 10.1016/j.mcpro.2023.100615

47. Cheng CC, Yang WY, Hsiao MC, Lin KH, Lee HW, Yuh CH. Transcriptomically
revealed oligo-Fucoidan enhances the immune system and protects hepatocytes via the
Asgpr/Stat3/Hnf4a Axis. Biomolecules. (2020) 10:898. doi: 10.3390/biom 10060898

48. Wang J-Q, Li L-L, Hu A, Deng G, Wei ], Li Y-F, et al. Inhibition of Asgr1 decreases
lipid levels by promoting cholesterol excretion. Nature. (2022) 608:413-20. doi:
10.1038/s41586-022-05006-3

49. Zhang Y, Jiang X, Wang W, Lei L, Sheng R, Li S, et al. Asgr1 deficiency inhibits
atherosclerosis in Western diet-fed Apoe —/— mice by regulating lipoprotein
metabolism and promoting cholesterol efflux. Arterioscler Thromb Vasc Biol. (2024)
44:2428-49. doi: 10.1161/atvbaha.124.321076

50. Spiess M, Schwartz AL, Lodish HE. Sequence of human Asialoglycoprotein
receptor Cdna. An internal signal sequence for membrane insertion. J Biol Chem. (1985)
260:1979-82. doi: 10.1016/50021-9258(18)89497-2

Frontiers in Medicine

10.3389/fmed.2025.1653452

51. Hoober JK. Asgrl and its enigmatic relative, Clec 10a. Int ] Mol Sci. (2020) 21:4818.
doi: 10.3390/ijms21144818

52. Valladeau J, Duvert-Frances V, Pin J-J, Kleijmeer MJ, Ait-Yahia S, Ravel O, et al.
Immature human dendritic cells express asialoglycoprotein receptor isoforms for
efficient receptor-mediated endocytosis. J Immunol. (2001) 167:5767-74. doi:
10.4049/jimmur101.167.10.5767

53. Pacifico E. The Rhl-1 subunit of the Asialoglycoprotein receptor of thyroid cells:
cellular localization and its role in thyroglobulin endocytosis. Mol Cell Endocrinol.
(2003) 208:51-9. doi: 10.1016/j.mce.2003.06.001

54. Mu JZ, Fallon RJ, Swanson PE, Carroll SB, Danaher M, Alpers DH. Expression of
an endogenous Asialoglycoprotein receptor in a human intestinal epithelial cell line,
Caco-2. Biochim Biophys Acta. (1994) 1222:483-91. doi: 10.1016/0167-4889(94)90058-2

55. Seow YY, Tan MG, Woo KT. Expression of a functional asialoglycoprotein receptor
in human renal proximal tubular epithelial cells. Nephron. (2002) 91:431-8. doi:
10.1159/000064283

56. Abdullah M, Kierszenbaum AL. Identification of rat testis Galactosyl receptor
using antibodies to liver Asialoglycoprotein receptor: purification and localization on
surfaces of Spermatogenic cells and sperm. J Cell Biol. (1989) 108:367-75. doi:
10.1083/jcb.108.2.367

57.Sancho D, Reis e Sousa C. Signaling by myeloid C-type lectin receptors in
immunity and homeostasis. Annu Rev Immunol. (2012) 30:491-529. doi:
10.1146/annurev-immunol-031210-101352

58. Shi R, Wang ], Zhang Z, Leng Y, Chen AFE. Asgrl promotes liver injury in Sepsis
by modulating monocyte-to-macrophage differentiation via Nf-Kb/Atf 5 pathway. Life
Sci. (2023) 315:121339. doi: 10.1016/j.1fs.2022.121339

59. Wen Y, Lambrecht ], Ju C, Tacke F. Hepatic macrophages in liver homeostasis and
diseases-diversity, plasticity and therapeutic opportunities. Cell Mol Immunol. (2020)
18:45-56. doi: 10.1038/s41423-020-00558-8

60. Zhang Z, Leng XK, Zhai YY, Zhang X, Sun ZW, Xiao JY, et al. Deficiency of Asgrl
promotes liver injury by increasing Gp73-mediated hepatic endoplasmic reticulum
stress. Nat Commun. (2024) 15:1908. doi: 10.1038/s41467-024-46135-9

61. Han CY, Lim SW, Koo JH, Kim W, Kim SG. Phlda3 overexpression in hepatocytes
by endoplasmic reticulum stress via Ire1-Xbp1s pathway expedites liver injury. Gut.
(2016) 65:1377-88. doi: 10.1136/gutjnl-2014-308506

62.Lei X, Lin H, Wang J, Ou Z, Ruan Y, Sadagopan A, et al. Mitochondrial fission
induces immunoescape in solid tumors through decreasing MHC-I surface expression.
Nat Commun. (2022) 13:3882. doi: 10.1038/s41467-022-31417-x

63. Ron D, Walter P. Signal integration in the endoplasmic reticulum unfolded protein
response. Nat Rev Mol Cell Biol. (2007) 8:519-29. doi: 10.1038/nrm2199

64. Yao M, Wang L, Leung PSC, Li Y, Liu S, Wang L, et al. The clinical significance of
Gp73 in immunologically mediated chronic liver diseases: experimental data and
literature  review. Clin Rev Allergy Immunol. (2017) 54:282-94. doi:
10.1007/s12016-017-8655-y

65. Ajoolabady A, Kaplowitz N, Lebeaupin C, Kroemer G, Kaufman R], Malhi H, et al.
Endoplasmic reticulum stress in liver diseases. Hepatology. (2023) 77:619-39. doi:
10.1002/hep.32562

66. Grozovsky R, Begonja AJ, Liu K, Visner G, Hartwig JH, Falet H, et al. The Ashwell-
Morell receptor regulates hepatic thrombopoietin production via Jak 2-Stat3 signaling.
Nat Med. (2014) 21:47-54. doi: 10.1038/nm.3770

67. Kurokawa T, Ohkohchi N. Platelets in liver disease, Cancer and regeneration.
World ] Gastroenterol. (2017) 23:3228-39. doi: 10.3748/wjg.v23.i18.3228

68. Bongoni AK, Kiermeir D, Denoyelle J, Jenni H, Burlak C, Seebach JD, et al. Porcine
extrahepatic vascular endothelial Asialoglycoprotein receptor 1 mediates xenogeneic
platelet phagocytosis in vitro and in human-to-pig ex vivo Xenoperfusion.
Transplantation. (2015) 99:693-701. doi: 10.1097/tp.0000000000000553

69. Rifai A, Fadden K, Morrison SL, Chintalacharuvu KR. The N-Glycans determine
the differential blood clearance and hepatic uptake of human immunoglobulin (Ig)A1
and Iga2 isotypes. ] Exp Med. (2000) 191:2171-82. doi: 10.1084/jem.191.12.2171

70. Stockert RJ, Kressner MS, Collins JC, Sternlieb I, Morell AG. Iga interaction with
the Asialoglycoprotein receptor. Proc Natl Acad Sci USA. (1982) 79:6229-31. doi:
10.1073/pnas.79.20.6229

71. Pirillo A, Svecla M, Catapano AL, Holleboom AG, Norata GD. Impact of protein
glycosylation on lipoprotein metabolism and atherosclerosis. Cardiovasc Res. (2021)
117:1033-45. doi: 10.1093/cvr/cvaa252

72. Windler E, Greeve J, Levkau B, Kolb-Bachofen V, Daerr W, Greten H. The human
asialoglycoprotein receptor is a possible binding site for low-density lipoproteins and
chylomicron remnants. Biochem J. (1991) 276:79-87. doi: 10.1042/bj2760079

73. Ishibashi S, Perrey S, Chen Z, Osuga J, Shimada M, Ohashi K, et al. Role of the low
density lipoprotein (LDL) receptor pathway in the metabolism of chylomicron remnants.
A quantitative study in knockout mice lacking the LDL receptor, apolipoprotein E, or
both. J Biol Chem. (1996) 271:22422-7. doi: 10.1074/jbc.271.37.22422

74.Rotundo RF, Rebres RA, McKeown-Longo PJ, Blumenstock FA, Saba TM.
Circulating cellular fibronectin may be a natural ligand for the hepatic asialoglycoprotein
receptor: possible pathway for fibronectin deposition and turnover in the rat liver.
Hepatology. (1998) 28:475-85. doi: 10.1002/hep.510280227

frontiersin.org


https://doi.org/10.3389/fmed.2025.1653452
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1021/ja038223n
https://doi.org/10.1002/anie.202114167
https://doi.org/10.1021/jacs.8b12553
https://doi.org/10.1039/d2cs00788f
https://doi.org/10.1016/j.jconrel.2010.01.036
https://doi.org/10.1021/bc8002315
https://doi.org/10.1146/annurev-biochem-062917-012644
https://doi.org/10.1016/0092-8674(83)90518-4
https://doi.org/10.1083/jcb.98.2.732
https://doi.org/10.1002/jcb.240230111
https://doi.org/10.1073/pnas.78.6.3348
https://doi.org/10.1016/s0021-9258(18)34710-0
https://doi.org/10.1080/1061186x.2020.1806286
https://doi.org/10.1038/s41577-018-0004-8
https://doi.org/10.1038/nrm3383
https://doi.org/10.1093/glycob/cws057
https://doi.org/10.1016/j.autrev.2012.04.005
https://doi.org/10.1073/pnas.0508537102
https://doi.org/10.1016/j.jbc.2021.100906
https://doi.org/10.1016/j.carres.2017.09.003
https://doi.org/10.1073/pnas.1515464112
https://doi.org/10.1016/j.mcpro.2023.100615
https://doi.org/10.3390/biom10060898
https://doi.org/10.1038/s41586-022-05006-3
https://doi.org/10.1161/atvbaha.124.321076
https://doi.org/10.1016/s0021-9258(18)89497-2
https://doi.org/10.3390/ijms21144818
https://doi.org/10.4049/jimmunol.167.10.5767
https://doi.org/10.1016/j.mce.2003.06.001
https://doi.org/10.1016/0167-4889(94)90058-2
https://doi.org/10.1159/000064283
https://doi.org/10.1083/jcb.108.2.367
https://doi.org/10.1146/annurev-immunol-031210-101352
https://doi.org/10.1016/j.lfs.2022.121339
https://doi.org/10.1038/s41423-020-00558-8
https://doi.org/10.1038/s41467-024-46135-9
https://doi.org/10.1136/gutjnl-2014-308506
https://doi.org/10.1038/s41467-022-31417-x
https://doi.org/10.1038/nrm2199
https://doi.org/10.1007/s12016-017-8655-y
https://doi.org/10.1002/hep.32562
https://doi.org/10.1038/nm.3770
https://doi.org/10.3748/wjg.v23.i18.3228
https://doi.org/10.1097/tp.0000000000000553
https://doi.org/10.1084/jem.191.12.2171
https://doi.org/10.1073/pnas.79.20.6229
https://doi.org/10.1093/cvr/cvaa252
https://doi.org/10.1042/bj2760079
https://doi.org/10.1074/jbc.271.37.22422
https://doi.org/10.1002/hep.510280227

Xiao et al.

75. Treichel U, Meyer zum Buschenfelde KH, Dienes HP, Gerken G. Receptor-
mediated entry of hepatitis B virus particles into liver cells. Arch Virol. (1997) 142:493-8.
doi: 10.1007/s007050050095

76. Treichel U, Meyer zum Buschenfelde KH, Stockert R], Poralla T, Gerken G. The
asialoglycoprotein receptor mediates hepatic binding and uptake of natural hepatitis B
virus particles derived from viraemic carriers. ] Gen Virol. (1994) 75:3021-9. doi:
10.1099/0022-1317-75-11-3021

77.Zhang X, Lin SM, Chen TY, Liu M, Ye F Chen YR, et al. Asialoglycoprotein
receptor interacts with the Pres1 domain of hepatitis B virus in vivo and in vitro. Arch
Virol. (2011) 156:637-45. doi: 10.1007/s00705-010-0903-x

78.Zhang L, Tian Y, Wen Z, Zhang E Qi Y, Huang W, et al. Asialoglycoprotein
receptor facilitates infection of plc/Prf/5 cells by Hev through interaction with Orf2.
Med Virol. (2016) 88:2186-95. doi: 10.1002/jmv.24570

79. Luxenburger H, Thimme R. Sars-Cov-2 and the liver: clinical and immunological
features in chronic liver disease. Gut. (2023) 72:1783-94. doi: 10.1136/gutjnl-2023-329623

80. Hoffmann M, Péhlmann S. Novel Sars-Cov-2 receptors: Asgrl and Kremen1. Cell
Res. (2021) 32:1-2. doi: 10.1038/s41422-021-00603-9

81. Arora P, Zhang L, Nehlmeier I, Kempf A, Graichen L, Kreitz E, et al. Host cell
lectins Asgrl and dc-sign jointly with Tmem106b confer Ace2 Independence and
Imdevimab resistance to Sars-Cov-2 Pseudovirus with spike mutation E484d. J Virol.
(2025) 99:¢0123024. doi: 10.1128/jvi.01230-24

82.Yang X, Zheng X, Zhu Y, Zhao X, Liu J, Xun J, et al. Asialoglycoprotein receptor 1
promotes Sars-Cov-2 infection of human normal hepatocytes. Signal Transduct Target
Ther. (2024) 9:42. doi: 10.1038/s41392-024-01754-y

83.Lu Q, LiuJ, Zhao S, Gomez Castro MF, Laurent-Rolle M, Dong J, et al. Sars-Cov-2
exacerbates Proinflammatory responses in myeloid cells through C-type lectin receptors
and Tweety family member 2. Immunity. (2021) 54:1304-19.¢9. doi:
10.1016/j.immuni.2021.05.006

84. Cheng C, Chen W, Jin H, Chen X. A review of single-cell RNA-Seq annotation,
integration, and cell-cell communication. Cells. (2023) 12:1970. doi:
10.3390/cells12151970

85.van Dijk EL, Naquin D, Gorrichon K, Jaszczyszyn Y, Ouazahrou R, Thermes C,
et al. Genomics in the Long-read sequencing era. Trends Genet. (2023) 39:649-71. doi:
10.1016/j.tig.2023.04.006

86. El-Serag HB, Rudolph KL. Hepatocellular carcinoma: epidemiology and
molecular  carcinogenesis.  Gastroenterology. ~ (2007)  132:2557-76.  doi:
10.1053/j.gastro.2007.04.061

87. Pinho SS, Macauley MS, Laubli H. Tumor glyco-immunology, glyco-immune
checkpoints and immunotherapy. J Immunother Cancer. (2025) 13:e012391. doi:
10.1136/jitc-2025-012391

88. Pinho SS, Reis CA. Glycosylation in Cancer: mechanisms and clinical implications.
Nat Rev Cancer. (2015) 15:540-55. doi: 10.1038/nrc3982

89. Zheng J, Xiao H, Wu R. Specific identification of glycoproteins bearing the Tn
antigen in human cells. Angew Chem Int Ed. (2017) 56:7107-11. doi:
10.1002/anie.201702191

90. Ju T, Otto VI, Cummings RD. The Tn antigen—structural simplicity and biological
complexity. Angew Chem Int Ed. (2011) 50:1770-91. doi: 10.1002/anie.201002313

91. Freire T, Zhang X, Dériaud E, Ganneau C, Vichier-Guerre S, Azria E, et al.
Glycosidic Tn-based vaccines targeting dermal dendritic cells favor germinal center
B-cell development and potent antibody response in the absence of adjuvant. Blood.
(2010) 116:3526-36. doi: 10.1182/blood-2010-04-279133

92. Zhu X, Song G, Zhang S, Chen J, Hu X, Zhu H, et al. Asialoglycoprotein receptor
1 functions as a tumor suppressor in liver Cancer via inhibition of Stat3. Cancer Res.
(2022) 82:3987-4000. doi: 10.1158/0008-5472.CAN-21-4337

93.GuD, Jin H, Jin G, Wang C, Wang N, Hu E, et al. The Asialoglycoprotein receptor
suppresses the metastasis of hepatocellular carcinoma via Lass2-mediated inhibition of
V-Atpase activity. Cancer Lett. (2016) 379:107-16. doi: 10.1016/j.canlet.2016.05.030

94. Julich-Haertel H, Urban SK, Krawczyk M, Willms A, Jankowski K, Patkowski W,
et al. Cancer-associated circulating large extracellular vesicles in cholangiocarcinoma
and  hepatocellular  carcinoma. ]  Hepatol. (2017)  67:282-92.  doi:
10.1016/j.jhep.2017.02.024

95. Witzigmann D, Quagliata L, Schenk SH, Quintavalle C, Terracciano LM, Huwyler
J. Variable asialoglycoprotein receptor 1 expression in liver disease: implications for
therapeutic intervention. Hepatol Res. (2015) 46:686-96. doi: 10.1111/hepr.12599

96. Roa-Colomo A, Lépez Garrido MA, Molina-Vallejo P, Rojas A, Sanchez MG,
Aranda-Garcia V, et al. Hepatocellular carcinoma risk-stratification based on Asgrl in
circulating epithelial cells for Cancer interception. Front Mol Biosci. (2022) 9:9. doi:
10.3389/fmolb.2022.1074277

97. Guan Y, Liu X, Yang Z, Zhu X, Liu M, Du M, et al. Pcsk9 promotes Ldlr degradation
by preventing Snx17-mediated Ldlr recycling. Circulation. (2025) 151:1512-26. doi:
10.1161/circulationaha.124.072336

98. Seidah NG, Benjannet S, Wickham L, Marcinkiewicz J, Jasmin SB, Stifani S, et al.
The secretory Proprotein convertase neural apoptosis-regulated convertase 1 (Narc-1):
liver regeneration and neuronal differentiation. Proc Natl Acad Sci USA. (2003)
100:928-33. doi: 10.1073/pnas.0335507100

Frontiers in Medicine

13

10.3389/fmed.2025.1653452

99. Maxwell KN, Breslow JL. Adenoviral-mediated expression of Pcsk9 in mice results
in a low-density lipoprotein receptor knockout phenotype. Proc Natl Acad Sci USA.
(2004) 101:7100-5. doi: 10.1073/pnas.0402133101

100. McNutt MC, Lagace TA, Horton JD. Catalytic activity is not required for secreted
Pcsk9 to reduce low density lipoprotein receptors in Hepg2 cells. J Biol Chem. (2007)
282:20799-803. doi: 10.1074/jbc.C700095200

101. Susan-Resiga D, Girard E, Essalmani R, Roubtsova A, Marcinkiewicz J, Derbali
RM, et al. Asialoglycoprotein receptor 1 is a novel Pcsk9-independent ligand of liver Ldlr
cleaved by Furin. J Biol Chem. (2021) 297:101177. doi: 10.1016/.jbc.2021.101177

102. Xu Y, Tao J, Yu X, Wu Y, Chen Y, You K, et al. Hypomorphic Asgrl modulates
lipid homeostasis via Insig 1-mediated Srebp signaling suppression. JCI Insight. (2021)
6:¢147038. doi: 10.1172/jci.insight.147038

103. Maxwell KN, Fisher EA, Breslow JL. Overexpression of Pcsk9 accelerates the
degradation of the Ldlr in a post-endoplasmic reticulum compartment. Proc Natl Acad
Sci USA. (2005) 102:2069-74. doi: 10.1073/pnas.0409736102

104. Svecla M, Da Dalt L, Moregola A, Nour J, Baragetti A, Uboldi P, et al. Asgrl
deficiency diverts lipids toward adipose tissue but results in liver damage during obesity.
Cardiovasc Diabetol. (2024) 23:42. doi: 10.1186/512933-023-02099-6

105. Kingwell K. Inhibiting Asgrl boosts cholesterol removal. Nat Rev Drug Discov.
(2022) 21:712. doi: 10.1038/d41573-022-00153-8

106. Svecla M, Moregola A, Dalt LD, Nour J, Baragetti A, Uboldi P, et al. Asgrl
deficiency improves atherosclerosis but alters liver metabolism in Apoe—/— mice.
Cardiovasc Diabetol. (2024) 23:428. doi: 10.1186/5s12933-024-02507-5

107. Barsh GS, Xie B, Shi X, Li Y, Xia B, Zhou J, et al. Deficiency of Asgrl in pigs
recapitulates reduced risk factor for cardiovascular disease in humans. PLoS Genet.
(2021) 17:¢1009891. doi: 10.1371/journal.pgen.1009891

108. Rader DJ. Targeting Asgr1 to lower cholesterol. Nat Metab. (2022) 4:967-9. doi:
10.1038/542255-022-00623-8

109. Yang G, Schooling CM. Genetically mimicked effects of Asgrl inhibitors on all-
cause mortality and health outcomes: a drug-target Mendelian randomization study and
a  phenome-wide association study. BMC Med. (2023) 21:235. doi:
10.1186/512916-023-02903-w

110. Baenziger JU, Maynard Y. Human hepatic lectin. Physiochemical properties and
specificity. J Biol Chem. (1980) 255:4607-13. doi: 10.1016/s0021-9258(19)85538-2

111. Connolly DT, Townsend RR, Kawaguchi K, Bell WR, Lee YC. Binding and
endocytosis of cluster glycosides by rabbit hepatocytes. Evidence for a short-circuit
pathway that does not Lead to degradation. J Biol Chem. (1982) 257:939-45. doi:
10.1016/50021-9258(19)68290-6

112. Hangeland JJ, Levis JT, Lee YC, Tso POP. Cell-type specific and ligand specific
enhancement of cellular uptake of oligodeoxynucleoside methylphosphonates covalently
linked with a neoglycopeptide, Yee (ah-Galnac)3. Bioconjug Chem. (2002) 6:695-701.
doi: 10.1021/bc000362006

113.Dr J, Ds E R C, Z Y. TsoPop. Intrabody tissue-specific delivery of antisense
conjugates in animals: ligand-linker-antisense oligomer conjugates. Methods Enzymol.
(2000) 313:297-321. doi: 10.1016/s0076-6879(00)13019-8

114. Foster DJ, Brown CR, Shaikh S, Trapp C, Schlegel MK, Qian K, et al. Advanced
Sirna designs further improve in vivo performance of Galnac-Sirna conjugates. Mol Ther.
(2018) 26:708-17. doi: 10.1016/j.ymthe.2017.12.021

115. Engelhardt D, Nordberg P, Knerr L, Malins LR. Accessing therapeutically-
relevant multifunctional antisense oligonucleotide conjugates using native chemical
ligation. Angew Chem Int Ed. (2024) 63:¢202409440. doi: 10.1002/anie.202409440

116. Gane E, Lim Y-S, Kim JB, Jadhav V, Shen L, Bakardjiev Al et al. Evaluation of
Rnai therapeutics Vir-2218 and Aln-Hbv for chronic hepatitis B: results from
randomized clinical trials. ] Hepatol. (2023) 79:924-32. doi: 10.1016/j.jhep.2023.05.023

117. Yuen M-FE, Lim S-G, Plesniak R, Tsuji K, Janssen HLA, Pojoga C, et al. Efficacy
and safety of Bepirovirsen in chronic hepatitis B infection. N Engl ] Med. (2022)
387:1957-68. doi: 10.1056/NEJM0a2210027

118. Gane E, Yuen ME Kim DJ, Chan HLY, Surujbally B, Pavlovic V, et al. Clinical
study of single-stranded oligonucleotide Ro7062931 in healthy volunteers and patients
with chronic hepatitis B. Hepatology. (2021) 74:1795-808. doi: 10.1002/hep.31920

119. Lu L, Cong D, Lv T, Wang H, Wang X. Novel Ntcp ligand dimeric bile acid
conjugated with Aso reduce hepatitis B virus surface antigen in vivo. Eur ] Med Chem.
(2024) 280:116955. doi: 10.1016/j.ejmech.2024.116955

120. Javanbakht H, Mueller H, Walther J, Zhou X, Lopez A, Pattupara T, et al. Liver-
targeted anti-Hbv single-stranded oligonucleotides with locked nucleic acid potently
reduce Hbv gene expression in vivo. Mol Ther Nucl Acids. (2018) 11:441-54. doi:
10.1016/j.0mtn.2018.02.005

121. Yamansarov EY, Lopatukhina EV, Evteev SA, Skvortsov DA, Lopukhov AV,
Kovalev SV, et al. Discovery of bivalent Galnac-conjugated Betulin as a potent Asgpr-
directed agent against hepatocellular carcinoma. Bioconjug Chem. (2021) 32:763-81. doi:
10.1021/acs.bioconjchem.1c00042

122. Santo D, Cordeiro RA, Mendonga PV, Serra AC, Coelho JFJ, Faneca H.
Glycopolymers mediate suicide gene therapy in Asgpr-expressing hepatocellular
carcinoma cells in tandem with docetaxel. Biomacromolecules. (2023) 24:1274-86. doi:
10.1021/acs.biomac.2c01329

frontiersin.org


https://doi.org/10.3389/fmed.2025.1653452
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/s007050050095
https://doi.org/10.1099/0022-1317-75-11-3021
https://doi.org/10.1007/s00705-010-0903-x
https://doi.org/10.1002/jmv.24570
https://doi.org/10.1136/gutjnl-2023-329623
https://doi.org/10.1038/s41422-021-00603-9
https://doi.org/10.1128/jvi.01230-24
https://doi.org/10.1038/s41392-024-01754-y
https://doi.org/10.1016/j.immuni.2021.05.006
https://doi.org/10.3390/cells12151970
https://doi.org/10.1016/j.tig.2023.04.006
https://doi.org/10.1053/j.gastro.2007.04.061
https://doi.org/10.1136/jitc-2025-012391
https://doi.org/10.1038/nrc3982
https://doi.org/10.1002/anie.201702191
https://doi.org/10.1002/anie.201002313
https://doi.org/10.1182/blood-2010-04-279133
https://doi.org/10.1158/0008-5472.CAN-21-4337
https://doi.org/10.1016/j.canlet.2016.05.030
https://doi.org/10.1016/j.jhep.2017.02.024
https://doi.org/10.1111/hepr.12599
https://doi.org/10.3389/fmolb.2022.1074277
https://doi.org/10.1161/circulationaha.124.072336
https://doi.org/10.1073/pnas.0335507100
https://doi.org/10.1073/pnas.0402133101
https://doi.org/10.1074/jbc.C700095200
https://doi.org/10.1016/j.jbc.2021.101177
https://doi.org/10.1172/jci.insight.147038
https://doi.org/10.1073/pnas.0409736102
https://doi.org/10.1186/s12933-023-02099-6
https://doi.org/10.1038/d41573-022-00153-8
https://doi.org/10.1186/s12933-024-02507-5
https://doi.org/10.1371/journal.pgen.1009891
https://doi.org/10.1038/s42255-022-00623-8
https://doi.org/10.1186/s12916-023-02903-w
https://doi.org/10.1016/s0021-9258(19)85538-2
https://doi.org/10.1016/s0021-9258(19)68290-6
https://doi.org/10.1021/bc00036a006
https://doi.org/10.1016/s0076-6879(00)13019-8
https://doi.org/10.1016/j.ymthe.2017.12.021
https://doi.org/10.1002/anie.202409440
https://doi.org/10.1016/j.jhep.2023.05.023
https://doi.org/10.1056/NEJMoa2210027
https://doi.org/10.1002/hep.31920
https://doi.org/10.1016/j.ejmech.2024.116955
https://doi.org/10.1016/j.omtn.2018.02.005
https://doi.org/10.1021/acs.bioconjchem.1c00042
https://doi.org/10.1021/acs.biomac.2c01329

Xiao et al.

123. Ellipilli S, Wang H, Binzel DW, Shu D, Guo P. Ligand-displaying-exosomes using
Rna nanotechnology for targeted delivery of multi-specific drugs for liver Cancer
regression. Nanomedicine. (2023) 50:50. doi: 10.1016/j.nano.2023.102667

124. Zhang X, Chen Y, Li X, Xu H, Yang ], Wang C, et al. Carrier-free self-assembled
nanomedicine based on Celastrol and galactose for targeting therapy of hepatocellular
carcinoma via inducing Ferroptosis. Eur ] Med Chem. (2024) 267:267. doi:
10.1016/j.ejmech.2024.116183

125. Donahue TC, Ou C, Yang Q, Flinko R, Zhang X, Zong G, et al. Synthetic site-
specific antibody-ligand conjugates promote Asialoglycoprotein receptor-mediated
degradation of extracellular human Pcsk9. ACS Chem Biol. (2023) 18:1611-23. doi:
10.1021/acschembio.3c00229

126. Zhao L, Zhao ], Zhong K, Tong A, Jia D. Targeted protein degradation:
mechanisms, strategies and application. Signal Transduct Target Ther. (2022) 7:113. doi:
10.1038/541392-022-00966-4

127. Kronke J, Udeshi ND, Narla A, Grauman P, Hurst SN, McConkey M, et al.
Lenalidomide causes selective degradation of Tkzf1 and Ikzf3 in multiple myeloma cells.
Science. (2014) 343:301-5. doi: 10.1126/science.1244851

128. Lu G, Middleton RE, Sun H, Naniong M, Ott CJ, Mitsiades CS, et al. The
myeloma drug Lenalidomide promotes the Cereblon-dependent destruction of Ikaros
proteins. Science. (2014) 343:305-9. doi: 10.1126/science.1244917

129. Sakamoto KM, Kim KB, Kumagai A, Mercurio F, Crews CM, Deshaies R].
Protacs: chimeric molecules that target proteins to the Skp1-Cullin-F box complex
for ubiquitination and degradation. Proc Natl Acad Sci USA. (2001) 98:8554-9. doi:
10.1073/pnas.141230798

130. Winter GE, Buckley DL, Paulk J, Roberts JM, Souza A, Dhe-Paganon S, et al.
Phthalimide conjugation as a strategy for in vivo target protein degradation. Science.
(2015) 348:1376-81. doi: 10.1126/science.aab1433

131. Ahn G, Banik SM, Miller CL, Riley NM, Cochran JR, Bertozzi CR. Lytacs that
engage the Asialoglycoprotein receptor for targeted protein degradation. Nat Chem Biol.
(2021) 17:937-46. doi: 10.1038/s41589-021-00770-1

132. Huang B, Abedi M, Ahn G, Coventry B, Sappington I, Tang C, et al. Designed
endocytosis-inducing proteins degrade targets and amplify signals. Nature. (2024)
638:796-804. doi: 10.1038/541586-024-07948-2

133. Sun P, Zheng J, She G, Wei X, Zhang X, Shi H, et al. Expression pattern of
Asialoglycoprotein receptor in human testis. Cell Tissue Res. (2013) 352:761-8. doi:
10.1007/s00441-013-1616-8

134. Sun H, Wang X, Li Y, Shen Y, Zhang L, Xu Y, et al. Targeting liver Xor by Galnac-
Sirna is an effective strategy for hyperuricemia therapy. Pharmaceutics. (2024) 16:938.
doi: 10.3390/pharmaceutics16070938

135. Tong L, Chen Z, Li Y, Wang X, Yang C, Li Y, et al. Transketolase promotes Mafld
by limiting inosine-induced mitochondrial activity. Cell Metab. (2024) 36:1013-29.e5.
doi: 10.1016/j.cmet.2024.03.003

136. Pettinato M, Furiosi V, Carleo R, Bavuso Volpe L, Guo S, Mannella V, et al.
Targeting the liver serine protease Tmprss6 ameliorates steatosis and attenuates fibrosis
in experimental Masld. Liver Int. (2025) 45:¢70163. doi: 10.1111/1iv.70163

Frontiers in Medicine

14

10.3389/fmed.2025.1653452

137. Win S, Min RWM, Chen CQ, Zhang J, Chen Y, Li M, et al. Expression of
mitochondrial membrane-linked sab determines severity of sex-dependent acute liver
injury. J Clin Invest. (2019) 129:5278-93. doi: 10.1172/jci128289

138. Ow JR, Imagawa E, Chen E Cher WY, Chan SYT, Gurrampati RR, et al. Developing
splice-switching oligonucleotides for urea cycle disorder using an integrated diagnostic and
therapeutic platform. J Hepatol. (2025) 83:411-25. doi: 10.1016/j.,jhep.2025.02.007

139. Martinez-Pizarro A, Alvarez M, Dembic M, Lindegaard CA, Castro M, Richard
E, et al. Splice-switching antisense oligonucleotides correct phenylalanine hydroxylase
exon 11 skipping defects and rescue enzyme activity in phenylketonuria. Nucl Acid
Therapeut. (2024) 34:134-42. doi: 10.1089/nat.2024.0014

140. Li T, Yu P, Chen Y, Sun B, Dong P, Zhu T, et al. N-Acetylgalactosamine-decorated
Nanoliposomes for targeted delivery of paclitaxel to hepatocellular carcinoma. Eur ] Med
Chem. (2021) 222:222. doi: 10.1016/j.ejmech.2021.113605

141. Lamb YN. Inclisiran: first approval. Drugs. (2021) 81:389-95. doi:

10.1007/s40265-021-01473-6
142. Soffer D, Stoekenbroek R, Plakogiannis R. Small interfering ribonucleic acid for
cholesterollowering - Inclisiran. J Clin Lipidol. (2022) 16:574-82. doi: 10.1016/.jacl.2022.06.009

143. Al Shaer D, Al Musaimi O, Albericio F, de la Torre BG. 2021 Fda tides
(peptides and oligonucleotides) harvest. Pharmaceuticals. (2022) 15:222. doi:
10.3390/ph15020222

144. Scott LJ. Givosiran:
10.1007/540265-020-01269-0

145. Scott L], Keam SJ. Lumasiran: first approval. Drugs. (2021) 81:277-82. doi:
10.1007/s40265-020-01463-0

146. Keam SJ]. Vutrisiran: first approval. Drugs. (2022) 82:1419-25. doi:
10.1007/s40265-022-01765-5

First Approval. Drugs. (2020) 80:335-9. doi:

147.Syed YY. Nedosiran: First Approval. Drugs. (2023) 83:1729-33. doi:
10.1007/s40265-023-01976-4

148. Yuen M-E Lim Y-S, Yoon KT, Lim T-H, Heo J, Tangkijvanich P, et al. Vir-2218
(Elebsiran) plus Pegylated interferon-alfa-2a in participants with chronic hepatitis B
virus infection: a phase 2 study. Lancet Gastroenterol Hepatol. (2024) 9:1121-32. doi:
10.1016/52468-1253(24)00237-1

149. Yuen M-E Heo J, Jang J-W, Yoon J-H, Kweon Y-O, Park S-J, et al. Safety,
tolerability and antiviral activity of the antisense oligonucleotide Bepirovirsen in patients
with chronic hepatitis B: a phase 2 randomized controlled trial. Nat Med. (2021)
27:1725-34. doi: 10.1038/s41591-021-01513-4

150. Syed YY. Olezarsen:
10.1007/s40265-025-02166-0

151. Paik J, Duggan S. Volanesorsen: First Global Approval. Drugs. (2019) 79:1349-54.
doi: 10.1007/s40265-019-01168-z

First Approval. Drugs. (2025) 85:571-6. doi:

152. Shirley M. Casimersen: first approval. Drugs. (2021) 81:875-9. doi:
10.1007/s40265-021-01512-2

153. Dhillon S. Viltolarsen: First Approval. Drugs. (2020) 80:1027-31. doi:
10.1007/s40265-020-01339-3

frontiersin.org


https://doi.org/10.3389/fmed.2025.1653452
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.nano.2023.102667
https://doi.org/10.1016/j.ejmech.2024.116183
https://doi.org/10.1021/acschembio.3c00229
https://doi.org/10.1038/s41392-022-00966-4
https://doi.org/10.1126/science.1244851
https://doi.org/10.1126/science.1244917
https://doi.org/10.1073/pnas.141230798
https://doi.org/10.1126/science.aab1433
https://doi.org/10.1038/s41589-021-00770-1
https://doi.org/10.1038/s41586-024-07948-2
https://doi.org/10.1007/s00441-013-1616-8
https://doi.org/10.3390/pharmaceutics16070938
https://doi.org/10.1016/j.cmet.2024.03.003
https://doi.org/10.1111/liv.70163
https://doi.org/10.1172/jci128289
https://doi.org/10.1016/j.jhep.2025.02.007
https://doi.org/10.1089/nat.2024.0014
https://doi.org/10.1016/j.ejmech.2021.113605
https://doi.org/10.1007/s40265-021-01473-6
https://doi.org/10.1016/j.jacl.2022.06.009
https://doi.org/10.3390/ph15020222
https://doi.org/10.1007/s40265-020-01269-0
https://doi.org/10.1007/s40265-020-01463-0
https://doi.org/10.1007/s40265-022-01765-5
https://doi.org/10.1007/s40265-023-01976-4
https://doi.org/10.1016/s2468-1253(24)00237-1
https://doi.org/10.1038/s41591-021-01513-4
https://doi.org/10.1007/s40265-025-02166-0
https://doi.org/10.1007/s40265-019-01168-z
https://doi.org/10.1007/s40265-021-01512-2
https://doi.org/10.1007/s40265-020-01339-3

	Asialoglycoprotein receptor 1: a multifaceted receptor in the liver and cardiovascular system
	1 Introduction
	2 The structure and biological functions of ASGR1
	2.1 Protein structure of ASGR1
	2.2 Receptor-mediated endocytosis of ASGR1
	2.3 Physiological functions of ASGR1

	3 Pathophysiological roles of ASGR1
	3.1 Multifaceted roles of ASGR1 in immune regulation
	3.2 The role of ASGR1 in viral infections
	3.3 The role of ASGR1 in tumors
	3.4 The role of ASGR1 in lipid metabolism

	4 ASGR1-based liver-targeted drug delivery
	5 Extrahepatic functions of ASGR1
	6 Conclusion

	References

