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Macrophages are the major type of innate immune cells. They play important
requlatory roles in tissue homeostasis, immune defense, and pathological
progression across diverse diseases. Icariin (ICA), a bioactive flavonol glycoside
isolated from the genus Epimedium, exhibits extensive therapeutic potential by
targeting macrophages in various conditions. This review summarizes the
requlatory effect of ICA on macrophages and the underlying mechanisms.
Specifically, ICA exerts a context-dependent regulatory effect on macrophage
polarization, metabolic reprogramming, autophagy, and crosstalk with other
cells. Furthermore, the potential of ICA as a therapeutic agent for treating
inflammation, cancers, bone-related disorders, and fibrotic diseases is
discussed. The discussion focuses on macrophage-dependent mechanisms.
To address poor aqueous solubility and targetability of ICA, various delivery
systems have been developed. These systems include exosomes, hydrogels,
nanoparticles, scaffolds, and inhalable micelles. Their main purpose is to enhance
the macrophage-specific accumulation of ICA. Overall, this review provides a
comprehensive framework for understanding the modulatory effects of ICA on
macrophages. It may offer beneficial references for future research and
development of ICA as an immunomodulator. Specifically, it serves as a
reference for developing ICA to treat macrophage-mediated diseases.

KEYWORDS
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1 Introduction

Macrophages are evolutionarily conserved innate immune cells. They serve as critical
regulators of tissue homeostasis, immune defense, and pathological progression across diverse
diseases (1-3). Originating from BM-derived monocytes or tissue-resident progenitors,
macrophages exhibit remarkable heterogeneity. They showed distinct names and
functional specializations tailored to their tissue microenvironment (4). Macrophages are
termed Kupffer cells in the liver responsible for clearing pathogens and metabolic waste while
mediating hepatic inflammation in non-alcoholic steatohepatitis (5). In the central nervous
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system, microglia (the resident macrophage population) maintain
synaptic pruning and neuroprotection. Yet, their dysactivation drives
neuroinflammation in Alzheimer’s disease and multiple sclerosis (6).
Macrophages interact with osteoblasts and osteoclasts to regulate
bone remodeling in bone tissue (7). Tumor-associated macrophages
(TAMs) in the tumor microenvironment (TME) promote tumor
angiogenesis, immune suppression, and metastasis (8). This tissue-
specific functional adaptation underscores macrophages as crucial
therapeutic targets for diseases spanning inflammation, neoplasms,
and musculoskeletal disorders. A defining feature of macrophages is
their phenotypic plasticity, most prominently characterized by the
dichotomous M1/M2 polarization paradigm. M1 macrophages,
activated by lipopolysaccharide (LPS) or interferon-y (IFN-y), adopt
a pro-inflammatory phenotype. They secrete pro-inflammatory
cytokines, generate reactive oxygen species (ROS) via the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
pathway. M1 macrophages also upregulate glycolysis for rapid
energy production, which is critical for pathogen clearance but also
contributing to tissue damage in chronic inflammation (9). In
contrast, M2 macrophages, activated by interleukin-4 (IL-4) or IL-
13, exhibit anti-inflammatory and tissue-reparative properties. They
secrete IL-10 and transforming growth factor-f (TGF-P) to resolve
inflammation, enhance arginase-1 (Arg-1) activity for tissue
remodeling, and rely on oxidative phosphorylation for metabolism
(9). However, M2 polarization is not universally beneficial, M2-like
TAMs foster tumor immune evasion, while pro-fibrotic M2
macrophages drive extracellular matrix deposition in pulmonary or
renal fibrosis (10, 11). This context-dependent functional duality of
macrophages highlights the need for targeted regulators that can
modulate polarization to restore homeostasis in specific pathological
states. Dysregulated macrophage function is a common pathogenic
thread in numerous diseases (1-3). Synovial M1 macrophages release
matrix metalloproteinases (MMP) and pro-inflammatory cytokines
in rheumatic arthritis (RA), leading to synovitis and cartilage erosion
(12). Alveolar macrophages exhibit aberrant M1 polarization,
triggering airway hyperresponsiveness and eosinophil infiltration in
asthma (13). In atherosclerosis, macrophages accumulate oxidized
low-density lipoprotein to form foam cells, while M1 polarization
exacerbates plaque instability (14). Senescent macrophages (S-M®s)
and pro-osteoclastogenic macrophages disrupt the osteoblast-
osteoclast balance, promoting bone resorption in bone-related
disorders (15). TAMs suppress cytotoxic T cell activity via
programmed death-ligand 1 (PD-L1) expression and secrete
vascular endothelial growth factor (VEGF). This supports tumor
angiogenesis and makes them key mediators of treatment resistance
(16). Given these critical roles, modulating macrophage function has
emerged as a promising therapeutic strategy.

Icariin (ICA) is a bioactive flavonol glycoside isolated from the
genus Epimedium (commonly known as “Horny Goat Weed”) (17).
Chemically, ICA has a molecular formula of C;3H400;5 and a
molecular weight of 676.66 g/mol (Supplementary Figure 1). Its
structure is characterized by a flavonoid scaffold conjugated to sugar
moieties. Such features that contribute to its biological activities yet
limit its clinical utility due to poor aqueous solubility and low oral
bioavailability (18). Preclinically, ICA has demonstrated diverse

Frontiers in Immunology

10.3389/fimmu.2026.1765533

pharmacological effects, including anti-inflammatory, antioxidant,
osteoprotective, immunomodulatory, and anti-tumor properties
(19-22). While existing reviews have summarized the general
immunomodulatory roles of ICA or its effect in specific diseases.
Nevertheless, they lack a focused analysis of its interactions with
macrophages, a critical gap given the growing body of evidence
linking ICA’s therapeutic efficacy to macrophage regulation (23—
25). In recent years, significant advancements have been made in
this field. Novel mechanisms (e.g., ICA-mediated macrophage
metabolic reprogramming, or autophagy activation in S-M®s)
have been identified, and macrophage-targeted delivery systems
(e.g., adipose-derived stem cell exosomes, 3D-printed scaffolds)
have been developed to enhance the efficacy of ICA (12, 15, 26).
Additionally, the context-dependent regulation of macrophage
polarization by ICA has been uncovered, highlighting its unique
therapeutic potential (11, 12, 27). The present review focuses
exclusively on the regulatory effects of ICA on macrophages and
the underlying mechanisms. Furthermore, the therapeutic value of
ICA in inflammation, bone disorders, cancer, and fibrosis are
discussed, emphasizing macrophage-dependent mechanisms. This
review aims to provide a comprehensive framework for
understanding ICA’s macrophage-targeted potential and guiding
future translational research.

2 Mechanisms of ICA in regulating
macrophage function

2.1 Macrophage polarization regulated by
ICA

As a core functional characteristic of macrophages, polarization
determines their functional orientation in various pathological and
physiological processes. Therefore, macrophages are a key target for
natural active compounds represented by ICA to exert regulatory
effects. The regulatory effect of ICA on macrophage polarization
shows highly context-dependent features. In inflammatory
contexts, ICA suppresses M1 activation and promotes M1-to-M2
transition (Supplementary Figure 2 and Figure 1A). It suppressed
LPS + IFN-y-induced M1 proliferation by reducing tumor necrosis
factor-o. (TNF-ot)/IL-1f and upregulated M2 markers, Arg-1 and
IL-10. The mechanisms included inhibition of extracellular signal-
regulated kinase (ERK)/hypoxia-inducible factor-lo. (HIF-1o)/
glucose transporter 1 (GLUT1) and toll-like receptor 4 (TLR4)/
myeloid differentiation factor 88 (MyD88)/nuclear factor-kB (NF-
KB) (12, 27). ICA repressed alveolar macrophage M1 polarization
by regulating a series of target genes in asthma models (13). In
multiple sclerosis (MS), it mitigated cuprizone-induced
demyelination by suppressing microglial M1 polarization via
TLR4/nuclear factor-xB (NF-xB). Moreover, enhancement of
nuclear factor erythroid derived 2 (Nrf2)/heme oxygenase-1 (HO-
1)-mediated antioxidant effect was also involved (28). Similarly, the
promotion of M2 polarization by ICA could also be observed in
tissue repair progress. It activated bone morphogenetic protein 4
(BMP4)/mothers against decapentaplegic homolog 1/5 (Smadl/5),
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FIGURE 1

IL-13R: IL-13 receptor; IFN-y: interferon-vy; IFNGR: interferon-y receptor.

The mechanisms of icariin-mediated regulatory effect on macrophages. Icariin (ICA) exerts dual regulatory effects on M2 macrophage polarization to
mediate distinct biological outcomes. In the contexts of inflammation resolution and tissue regeneration, ICA facilitates M2 polarization by inhibiting
two key signaling cascades: the extracellular signal-regulated kinase (ERK)/hypoxia-inducible factor-1la (HIF-1a)/glucose transporter 1 (GLUT1)
pathway (glycolysis suppression) and the toll-like receptor 4 (TLR4)/myeloid differentiation factor 88 (MyD88)/nuclear factor-xB (NF-xB) pathway.
Moreover, ICA augments the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1)-driven antioxidative response and activates
the bone morphogenetic protein 4 (BMP4)/mothers against decapentaplegic homolog 1/5 (Smad1/5) axis to further induce M2 macrophage
differentiation. Conversely, in cancer and fibrotic pathologies, ICA restrains M2 macrophage polarization through targeted inhibition of the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway, mechanistic target of rapamycin (mTOR) (autophagy activation), and Spi-1
proto-oncogene (SPI1). LPS: lipopolysaccharide; BMPR: bone morphogenetic protein receptor; ROS: reactive oxygen species; IL-4R: IL-4 receptor;

inducing M2 polarization to reduce inflammation and promote hair
follicle neogenesis (29). In periodontitis, it drove M1-to-M2
transition and facilitated alveolar bone regeneration (30).
Conversely, in fibrotic settings, ICA targeted pro-fibrotic M2-like
macrophages (Figure 1B). The metabolite icariside II (ISE II) of ICA
inhibited the infiltration of M2 macrophages (downregulating
CD206/Arg-1 expression) via WNT/B-catenin suppression and
reducing inflammatory factors (IL-13, TNF-a) (10). An ICA-
containing effective-compound combination (ECC) further
inhibited M2 polarization via mechanistic target of rapamycin
(mTOR) suppression (31). Likewise, in tumor microenvironments
(TME), ICA could inhibit the generation of M2-like TAMs. It
inhibited Spi-1 proto-oncogene (SPII, also known as PU.1),
reducing CC motif chemokine ligand 5 (CCL5) secretion and
blocking CCL5/CCR5-mediated osteoclastogenesis in prostate
cancers with bone metastasis (11). For colorectal cancer (CRC),
ICA inhibited M2 polarization via phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT), reducing CRC cell proliferation/
migration in co-cultures and delaying tumor growth in
(AOM)/dextran sodium sulfate (DSS)-induced
(32). Therefore, ICA inhibits inflammation and
accelerates repair via M2 promotion, while blocks fibrosis and

azoxymethane
mouse models

resolves tumors through M2 suppression (Figure 1). However, the
molecular basis underlying this contradictory regulatory effect
remains unclear. Caution should be exercised when investigating
and interpreting the mechanism of action of ICA on macrophages
under distinct pathological microenvironments, such as hypoxic
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and inflammatory conditions. Specifically, hypoxia activates HIF-
1o, a key mediator that drives M2 macrophage polarization (e.g.,
within the tumor microenvironment), whereas inflammation
engages inflammatory signaling pathways to facilitate M1
macrophage polarization (e.g., during infectious diseases) (9, 33).
Nevertheless, these two microenvironmental factors may interact
synergistically to accelerate disease progression. For instance,
inflammatory cytokines can promote the expression of HIF-1o,
and conversely, HIF-1o. upregulates the secretion of inflammatory
cytokines, thereby amplifying the inflammatory response (34).
Thus, it warrants further in-depth investigation to clarify the key
molecules or microenvironmental cues that mediate this context-
dependent selectivity.

2.2 Metabolic reprogramming of
macrophages regulated by ICA

Macrophage polarization is closely coupled with metabolic
reprogramming, which provides energy and material basis for
their functional realization. Thus, the regulation of ICA on
macrophages also involves the modulation of metabolic pathways
(Supplementary Figure 2). Macrophages are metabolically plastic
immune cells which undergo dynamic metabolic reprogramming to
adapt to diverse microenvironmental factors and pathological roles
in diseases (12, 35). A central metabolic hallmark of M1
macrophages is their dependence on glycolysis for energy
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production, even under normoxic conditions. ICA suppressed M1
proliferation and promoted MI-to-M2 phenotypic transition by
suppressing glycolytic metabolism. The underlying mechanism was
mediated by reducing the expression of GLUT1 (a key glucose
transporter), thereby attenuating glucose uptake and glycolytic flux
in M1 macrophages (12). This metabolic reprogramming not only
diminished the secretion of pro-inflammatory cytokines, but also
enhanced functions of M2 macrophages (12). Iron metabolism is
also tightly regulated by ICA to affect macrophage function, and
they played a central role in systemic iron homeostasis by storing
and recycling iron. Dysregulated iron metabolism induced reactive
oxygen species (ROS) production via the Fenton reaction,
promoting osteoclast differentiation and bone loss (36). ICA
prevented iron overload-induced bone loss in mice by reducing
iron accumulation in the bone marrow (BM), inhibiting ROS
production, and protecting osteoblasts from iron-induced
apoptosis (35). Mechanistically, ICA regulated systemic iron
metabolism by increasing hepcidin (a key hormone that controls
iron absorption and release) expression through activation of signal
transducer and activator of transcription 3 (STAT3) and Smad1/5/8
signaling pathways (37). This hepcidin-dependent regulation
reduced iron availability to macrophages, suppressing their pro-
osteoclastogenic function and ROS-mediated inflammatory
responses (35, 37). Moreover, ICA was reported to inhibit
osteoclastogenesis in ovariectomized (OVX) rats by reducing
Cullin 3-mediated Nrf2 ubiquitination and degradation,
enhancing Nrf2 nuclear translocation and HO-1 expression to
scavenge ROS and suppress oxidative stress in macrophages (38).
In conclusion, ICA emerges as a promising natural compound that
regulates macrophage metabolic reprogramming to restore immune
and tissue homeostasis. Future studies should be conducted to
explore the crosstalk between different metabolic pathways
mediated by ICA and their tissue specificity.

2.3 Macrophage autophagy regulated by
ICA

In addition to polarization and metabolic remodeling,
programmed cellular processes such as autophagy are also crucial
for maintaining macrophage homeostasis and functional stability. It
has become another important pathway through which ICA regulates
macrophage function (Supplementary Figure 2). Autophagy is a
homeostatic mechanism for cellular clearance, whose dysregulation
contributes to the pathogenesis of age-related diseases, autoimmune
disorders, and fibrosis (15, 31). ICA-mediated autophagy activation
has been linked to anti-aging and anti-fibrotic effects. In the
development of osteoporosis, S-M®s in the BM secreted excessive
senescence-associated secretory phenotype (SASP) factors, creating
an inflamed microenvironment that impairs bone formation. ICA
activated autophagy in S-M®s, exerting a potent anti-inflammaging
effect by reducing SASP expression and rejuvenating the osteogenic
capacity of senescent BM mesenchymal stem cells (15).
Transcriptomic analysis identified the TNF-o. signaling pathway as
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a key mediator, with autophagy activation directly modulating TNF-
o-driven inflammatory responses in S-M®s, ultimately alleviating
bone loss in osteoporotic mice (15). Similarly, in pulmonary fibrosis,
an ECC containing ICA suppressed M2 polarization in IL-4-treated
macrophages by promoting autophagy (31). Mechanistically, ECC
inhibited the mTOR signaling pathway (a negative regulator of
autophagy), and an autophagy inhibitor abrogated the anti-fibrotic
effect of ECC, confirming autophagy as a central mediator (31). These
studies highlight that ICA regulates macrophage function through
modulation of autophagy.

2.4 Crosstalk between macrophages and
other cells regulated by ICA

Macrophages act as central regulators in tissue microenvironments
by engaging in intercellular crosstalk. The regulatory effect of ICA on
macrophages is ultimately manifested through modulating their
communication with surrounding cells (Supplementary Figure 2).
The underlying mechanisms involve the secretion of cytokines and
exosomes (39, 40). This paracrine regulation shapes the function of
neighboring cells (12, 41). In inflammatory contexts like arthritis, ICA
reduced the secretion of pro-inflammatory cytokines (TNF-o,, IL-1f3,
IL-6) while increasing anti-inflammatory factors (IL-10), which
mitigated synovitis mediated by inflammatory cells and preserved
chondrocytes (12). For bone metabolism, ICA modulated
macrophage cytokine secretion to rebalance osteoclast-osteoblast
activity. In RAW264.7 cells and BM macrophages, it suppressed
receptor activator of NF-xB ligand (RANKL)-induced macrophage
secretion of pro-osteoclastogenic cytokines via inhibiting NF-xB/
mitogen-activated protein kinase (MAPK) signaling. Additionally, it
targeted the estrogen receptoro. (ERt)/c-Src/RANK pathway to reduce
osteoclast differentiation- promoting factors. Nevertheless, in bone
tissue engineering scaffolds, ICA drove macrophages to secrete
cytokines that enhance BM mesenchymal stem cell (BMSC)
osteogenic differentiation and inhibit osteoclast activity (42-45). In
prostate cancer (PC) bone metastasis, ICA inhibited the secretion of the
chemokine CCL5 by TAMs, which not only blocked CCR5-mediated
osteoclast differentiation (alleviating bone destruction) but also
impaired cancer cell metastasis (11). Beyond soluble factors, ICA
modulated macrophage/osteoclast-derived exosomes to regulate
osteoblast function. In infected bone defects, ICA upregulated the
microphthalmia-associated transcription factor (MITF)/Ras-related
protein Rab27A pathway in osteoclasts to increase exosome release.
These exosomes were enriched in miR-331-3p, which targeted
fibroblast growth factor 23 (FGF23) in osteoblasts to reduce the Wnt
inhibitor DKK1 and upregulate alkaline phosphatase (ALP) (41). Even
in diabetic bone repair, ICA-loaded 3D scaffolds induced macrophages
to secrete pro-angiogenic cytokines and exosomes with osteogenic
miRNAs. They synergized to resolve chronic inflammation, promote
vascularization, and enhance BMSC osteogenesis, achieving complete
femoral defect repair in rats (46). Collectively, these findings highlight
that ICA’s effect converge on modulating macrophage paracrine
function to coordinate the function of target cells, underscoring
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macrophages as a central hub in ICA-mediated regulation of
pathological and regenerative processes.

3 Therapeutic potential of ICA via
regulating macrophages in various
diseases

3.1 Inflammatory diseases

Macrophages play a central role in the initiation, progression,
and resolution of various inflammatory diseases (47, 48). Many
studies have indicated that ICA emerges as a promising therapeutic
agent to treat inflammatory diseases via macrophage regulation (12,
13, 49-51). ICA exerted remarkable efficacy in rheumatoid arthritis
(RA) and osteoarthritis by targeting synovial macrophages
(Figure 2). For RA, it reduced cytokine levels, alleviated synovitis,
and preserved cartilage in collagen-induced arthritis (CIA) rats
(12). ICA could inhibit pro-inflammatory cytokines (IL-6, TNF-o)
and upregulating anti-inflammatory IL-10 in LPS-activated
macrophages. Intra-articular injection of ICA dose-dependently
protects against cartilage degradation in monosodium iodoacetate
(MIA)-induced osteoarthritis rats (49). Similarly, ICA suppressed
macrophage-mediated inflammation and enhanced chondrocyte
proliferation, supporting stable cartilage regeneration in a goat
model (50). In respiratory inflammatory diseases like asthma and
chronic obstructive pulmonary disease (COPD), ICA modulated
alveolar macrophage function to ameliorate airway inflammation.
In ovalbumin-induced asthmatic mice, ICA reduced M1 alveolar
macrophage polarization, restored asthma-disrupted targets, and

10.3389/fimmu.2026.1765533

alleviated airway hyperresponsiveness and inflammatory cell
infiltration, with its effects linked to metabolic reprogramming
(13). For respiratory syncytial virus (RSV)-induced asthma, ICA
ameliorated the sneezing and nose-scratching frequency and
decreased OVA-specific IgE levels in mice. Moreover, it notably
decreased the levels of inflammatory cytokine (IL-4, IL-5, IL-13)
and infiltration of macrophages in the bronchoalveolar lavage fluid
(BALF) (52). Jiang et al. developed a dry powder inhalation system
for targeted pulmonary delivery of ICA, and found enhanced
uptake of ICA-loaded micelles by RAW 264.7 macrophages and a
73% reduction in IL-4-induced CD206 expression. These results
support the potential applicability of this inhalable system for
modulating macrophage-mediated inflammation in COPD (51).
Additionally, ICA as part of an ECC ameliorated the symptoms of
COPD in rats by improving their lung function, reducing
pathological changes, and suppressing oxidative responses and
pro-inflammatory cytokine secretion (IL-1pB, IL-6, IL-17, and
TNF-o), while inhibiting inflammation in LPS-induced
macrophages (53). In a relapse-remission experimental
autoimmune encephalomyelitis (EAE) mouse model (SJL/] mice
immunized with PLP139-151), ICA lowered clinical scores, reduced
spinal cord microglial infiltration and demyelination, and
downregulated inflammation-related signaling pathways, while
suppressing pro-inflammatory markers (iNOS, TNF-a) (54). For
systemic lupus erythematosus (SLE)-associated lupus nephritis
(LN), ICA treatment reduced serum anti-dsDNA antibodies,
immune complex deposition, and CCL2-mediated macrophage
infiltration in MRL/Ipr mice (55). ICA prevented macrophage-
mediated lesion progression in atherosclerosis through two key
mechanisms: downregulating CX3CRI in macrophages to reduce
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FIGURE 2
The therapeutic potential of ICA in different diseases. Icariin (ICA) is a potential agent for treating inflammatory, bone-related, and fibrotic diseases,
as well as cancers. The underlying mechanisms include the modulation of macrophage polarization, metabolic reprogramming, inflammatory
cytokine secretion, autophagy activation, and interactions with other immune cells, as described.
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arterial wall macrophage infiltration and lesion area in Apoe null
mice (14). It also modulated scavenger receptors to suppress
oxidized low-density lipoprotein (oxLDL)-mediated foam cell
formation (56). Collectively, these studies demonstrate that ICA
could affect diverse macrophage subtypes via condition-dependent
mechanisms to treat distinct inflammatory diseases.

3.2 Bone-related diseases

Macrophages perform a crucial role in maintaining bone
homeostasis by regulating the balance between osteoblast-mediated
bone formation and osteoclast-driven bone resorption. Dysregulation
of macrophage function contributes to the pathogenesis of various
bone-related diseases, including osteoporosis, bone defects,
periprosthetic osteolysis, and post-replantation root resorption (15,
35, 38, 57). ICA is a potential agent for bone disorders via
macrophage regulation (Figure 2). For osteoporosis, regardless of
the etiology (estrogen deficiency, iron overload, glucocorticoid
exposure, or aging), ICA exhibited protective effects by suppressing
macrophage-mediated inflammaging and osteoclast differentiation.
In aged osteoporotic mice, ICA activated autophagy in S-M®s,
reducing their SASP and TNF-o. signaling to rejuvenate osteogenic
function of BMSC (15). For estrogen-deficient osteoporosis
(ovariectomized), ICA inhibited RANKL-induced osteoclast
differentiation from BM macrophages by targeting multiple
pathways (35). It stabilized Nrf2 via inhibiting Cullin 3-mediated
ubiquitination to reduce oxidative stress (38), and enhanced IGF-1-
ERo crosstalk to promote osteogenesis (58). In iron overload-induced
osteoporosis, ICA reduced macrophage-derived ROS production,
protecting osteoblasts from apoptosis and inhibiting osteoclast
activation (35). Similarly, in glucocorticoid-induced osteoporosis,
ICA upregulated miR-186 to suppress cathepsin K expression in
osteoclasts, reversing bone deterioration (57). For bone defect
repair (including infected, traumatic, diabetic, and critical-sized
defects), ICA modulated macrophage polarization to create a pro-
regenerative microenvironment while balancing osteogenesis and
osteoclastogenesis. Infected bone defects were ameliorated by ICA-
enhanced osteoclast-derived exosomes and osteoblast activity was
promoted (41). In diabetic bone defects, ICA induced M2
macrophage polarization, mitigating chronic inflammation and
enhancing angiogenesis and osteogenesis (46). For critical-sized
defects, ICA-loaded hydrogels and covalent organic framework
nanoparticles achieved sustained ICA release, promoting M2
macrophage polarization and stimulating BMSC osteogenic
differentiation (26, 45, 59). Additionally, ICA reduced root
resorption after tooth replantation by inhibiting osteoclast
differentiation from BM macrophages and human peripheral blood
monocytes, while enhancing periodontal ligament stem cell
osteogenesis (60). In periprosthetic osteolysis, a complication of
total joint arthroplasty driven by wear particle-induced macrophage
activation, ICA suppressed M1 macrophage polarization and pro-
inflammatory cytokine (TNF-c, IL-6) production (61). It also
reduced titanium particle-induced osteoclastogenesis, attenuated
bone resorption and promoted bone formation (62, 63).
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Collectively, these studies demonstrate that ICA could restore bone
homeostasis in various bone-related disease via modulating diverse
macrophage populations.

3.3 Cancers

TAMs play a pivotal role in promoting tumor progression,
metastasis, and immunosuppression (1). ICA and its derivative
icaritin exert potent antitumor effects across multiple cancer types
by targeting macrophage function (Figure 2), thereby disrupting
pro-tumorigenic TME crosstalk and boosting anti-tumor immunity
(32, 64). ICA inhibited the proliferation of cancer cells by
suppressing macrophage-mediated pro-tumor signals. In CRC, a
TME enriched with M2-polarized macrophages promoted CRC cell
malignancy, and ICA reversed this by inhibiting M2 polarization of
macrophages, as evidenced by decreased expression of M2 markers.
In CRC cell-M2 macrophage co-cultures, ICA significantly
suppressed CRC cell proliferation, migration, and invasion. In
AOM/DSS-induced CRC and syngeneic CT26-WT implantation
models, ICA attenuated tumor growth and reduced M2
macrophage infiltration (32). Similarly, in pancreatic cancer, ICA
exerted dual effects. It directly inhibited Panc02 cell proliferation
and migration while inducing apoptosis, and indirectly modulated
the TME by suppressing M2 polarization of RAW264.7 cells. ICA
also reduced infiltration of polymorphonuclear myeloid-derived
suppressor cells, collectively inhibiting pancreatic tumor
development (64). For tumor metastasis, ICA targeted
macrophage-driven bone microenvironment remodeling in PC, a
cancer with high bone metastasis rates. It suppressed PCa growth,
bone metastasis, and osteoclastogenesis in a mouse PCa bone
metastasis model. Mechanistically, ICA inhibited M2 polarization
of TAMs derived from Raw264.7 cells, transcriptionally reducing
their secretion of CCL5. Since CCL5 binds to its receptor CCR5 on
osteoclast precursors to promote their differentiation and
chemotaxis, ICA-mediated downregulation of the TAM/CCL5/
CCR5 axis blocked PCa-induced bone destruction. This effect was
validated by clinicopathological analysis showing a positive
correlation between this axis and osteoclastogenesis in PCa
patients (11). Moreover, ICA could enhance antitumor immunity.
ICA and icaritin (ICA’s hydrolytic derivative) boost macrophage-
dependent immune surveillance and T cell-mediated cytotoxicity.
In a P815 mouse mastocytoma model, ICA acted as an antigen
adjuvant. It combined with P815AB peptide to increase cytotoxic T
lymphocyte (CTL) responses, elevate the percentage of activated T
cells (CD4"CD8", CD3"CD69*, CD69"NKG2D™"), and enhance
peritoneal macrophage function. Furthermore, ICA upregulated
MHC-I-related molecules to improve tumor antigen presentation
(65). Icaritin further synergized with immunomodulators in
B16F10 melanoma models. Systemic icaritin plus intratumoral
CpG reversed immunosuppression by increasing recruitment of
functional dendritic cells (DCs) and TAMs, enhancing infiltration
of cytotoxic CD8" T cells, and augmenting the efficacy of anti-
programmed death-1 (PD-1)/cytotoxic T-Lymphocyte-associated
protein 4 (CTLA-4) checkpoint blockade (66). Notably, icaritin also
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showed promise in hepatocellular carcinoma (HCC), with clinical
trials demonstrating improved survival in advanced HCC patients
via modulating macrophage and other immune cell functions (67).
Collectively, these findings demonstrate that ICA and its derivative
icaritin modulate macrophages to exert multi-faceted antitumor
effects. A key strength is their ability to act both directly on tumor
cells and indirectly via TME modulation and crosstalk to other
immune cells, making them eftective across diverse cancers. Future
research should focus on exploring its synergies with other
immunotherapies (e.g., chimeric antigen receptor T cells). Such
efforts could position ICA as a versatile adjuvant in cancer
treatment, leveraging its ability to rewire the TME toward an
anti-tumor state.

3.4 Fibrotic diseases

Fibrotic diseases, characterized by excessive extracellular matrix
deposition, tissue remodeling, and progressive organ dysfunction,
represent a major clinical challenge (68). In pulmonary fibrosis
(PF), a leading fibrotic disorder, both ISE II and ICA-containing
combinations could mitigate fibrosis via modulating macrophage
polarization and function (Figure 2). ISE II, the key metabolite of
ICA, alleviated bleomycin-induced PF in mice by improving lung
function, reducing collagen deposition, and downregulating pro-
fibrotic cytokines (IL-1B, TNF-o, TGF-B1) in serum and BALF
(10). Similarly, an ECC containing ICA markedly suppressed
macrophage infiltration and inhibited inflammatory responses,
leading to reductions in lung injury. ECC treatment suppressed
bleomycin-induced collagen deposition and collagen I, collagen III,
and hydroxyproline levels (31). These findings demonstrate that
ICA and its metabolites exert broad anti-fibrotic effect, and future
research should explore the efficacy of ICA in other fibrotic models
(e.g., hepatic, cardiac fibrosis).

3.5 Other diseases

Macrophages serve as pivotal regulators in immune defense and
neuroprotection. In terms of antibacterial immunity, ICA rescued
sepsis-induced immunosuppression by enhancing macrophage-
mediated bacterial clearance. In a cecal ligation and puncture
(CLP)-induced sepsis mouse model with secondary Pseudomonas
aeruginosa infection, ICA significantly reduced organ damage and
bacterial load. It also boosted phagocytosis and bactericidal capacity
in vitro studies on endotoxin-tolerant BM-derived macrophages
(BMDM). Mechanistically, ICA bound to ribosomal S6 Kinase 2
(RSK2), promoting Yes-associated Protein (YAP) phosphorylation
and degradation to relieve YAP-mediated inhibition of cGAS,
leading to enhancement of macrophage antibacterial activity and
restoration of immune homeostasis (69). For neuroinflammation
alleviation, ICA modulated macrophage/microglia polarization to
suppress neurotoxicity. In a rat model of anterior ischemic optic
neuropathy, ICA inhibited macrophage infiltration and optic nerve
edema, preserved retinal ganglion cell density for one month, and
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activated the noncanonical NF-kB pathway via the CCAAT
enhancer binding protein 3 (CEBP-f)/granulocyte colony-
stimulating factor (G-CSF) axis. This drove M2 polarization of
microglia/macrophages and AKT1 activation, preventing
neuroinflammation and retinal ganglion cell apoptosis (70).
Moreover, in neurodegenerative disease contexts, ICA inhibited
the nucleotide-binding oligomerization domain-like receptor family
pyrin domain-containing 3 (NLRP3) inflammasome in microglia,
reducing pro-inflammatory cytokine release and microglial
neurotoxicity (71). Collectively, these findings indicate that ICA
modulates macrophage function in infection immunity
and neuroprotection.

4 Drug delivery systems for targeting
macrophages with ICA

Although ICA is a promising agent for treating various
disorders through orchestrating macrophage polarization and
function, its clinical translation is significantly hindered by poor
aqueous solubility, low permeability, and limited bioavailability. To
address these limitations, various targeted delivery systems have
been developed to improve its delivery efficiency aiming to enhance
the interaction between ICA and macrophages (Supplementary
Table 1). These systems are designed to leverage distinct carrier
properties, either through passive accumulation at inflammatory
sites or active interaction with macrophage-specific characteristics.

4.1 Exosome-based delivery systems

Exosomes derived from stem cells exhibit inherent
biocompatibility, low immunogenicity, and natural tropism for
inflammatory tissues, making them ideal carriers for macrophage
targeting. Adipose-derived stem cell exosomes (ADSCs-EXO)
loaded with ICA achieved high loading efficiencies (92.4 + 0.008%
and 92.7 + 0.010%) (12, 27). These exosomes actively targeted
macrophages in synovial tissue or inflammatory foci, facilitating
efficient ICA delivery to the intended cell type. Notably, ADSCs-
EXO-ICA demonstrated superior macrophage uptake compared to
free ICA or exosome-only treatments, enabling effective modulation
of macrophage behavior through sustained ICA release (27). These
findings underscore the potential value of exosome-based delivery
systems as a natural carrier for ICA delivery.

4.2 Hydrogel-based delivery systems

Hydrogels are widely used for local ICA delivery due to their
injectability, biodegradability, and ability to achieve controlled
sustained release. Thermosensitive PEG hydrogels (29), chitosan
(CTS) hydrogels (50), and silk fibroin-based double-network
hydrogels (45) are among the commonly employed formulations.
These hydrogels encapsulated ICA to prevent rapid degradation,
with sustained release profiles ranging from weeks to months (50).
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Their high biocompatibility and ability to conform to tissue defects
allowed localized accumulation at macrophage-rich sites (e.g.,
wound beds, bone defects), enhancing the accessibility of ICA to
target cells without systemic side effects. Moreover, gallic acid-
modified hydroxybutyl chitosan hydrogels encapsulating ICA-
loaded zinc-aluminum layered double hydroxide nanosheets (GA-
HBC-LIC) enabled sequential delivery, further optimizing
macrophage targeting at inflammatory sites (30). These results
indicate hydrogels are promising systems for local ICA delivery.

4.3 Nanoparticle-based delivery systems

Nanoparticle carriers leverage their small size to facilitate
macrophage phagocytosis, a key passive targeting mechanism. ICA-
loaded tannic acid-functionalized nanodiamonds (ICA/TA-NDs) (49)
and polydopamine-modified covalent organic framework
nanoparticles (ICA@PCOFs) (59) exhibited excellent colloidal
stability and high ICA encapsulation efficiency. These nanoparticles
were efficiently internalized by RAW 264.7 macrophages in vitro,
leveraging the cells’ inherent phagocytic capacity for targeted
delivery. Copper-doped mesoporous bioactive glass nanoparticles
(BGNPs) co-delivering ICA and copper ions also enhanced
macrophage uptake, with the nanoparticle structure enabling
controlled ICA release (72). Thus, nanoparticles are potential carriers
for loading ICA to target macrophages in different settings.

4.4 Scaffold-based delivery systems

3D-printed and surface-modified scaffolds are designed for
localized, long-term ICA delivery in tissue regeneration contexts,
targeting macrophages at defect sites. 3D-printed potassium sodium
niobate/nano-hydroxyapatite/polylactic acid (KNN/nHA/PLA)
scaffolds integrated with ICA-loaded GelMa hydrogel (26), poly
(lactide-co-glycolide)/hydroxyapatite (PLGA/HA) scaffolds
decorated with small intestine submucosa (46), and sulfonated
polyetheretherketone (SPEEK) scaffolds modified with
polydopamine (PDA)-ICA (73) provided mechanical support
while enabling sustained ICA release. TiO2 nanotube (TNT)
scaffolds functionalized with PDA-ICA (74) and hydroxyapatite/
alginate (HAA) porous scaffolds (44) also enhanced localized ICA
concentration at macrophage-rich implant sites, promoting
targeted delivery through surface adsorption and controlled release.

4.5 Micelle-in-microparticle delivery
systems

For pulmonary macrophage targeting, trehalose-stabilized
DSPE-PEG2000/DPPC micelle-in-microparticles have been
developed as powder inhalants (51). These formulations exhibited
favorable aerodynamic properties (mass median aerodynamic
diameter: 2.36 + 0.3 um; fine particle fraction: 44%), enabling
efficient deposition in the lower respiratory tract and targeted
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uptake by alveolar macrophages. The micellar structure preserved
ICA in an amorphous state, enhancing its solubility and
macrophage internalization (51). Additionally, PLGA@ICA
microspheres encapsulated in biomimetic scaffolds achieved high
encapsulation efficiency and sustained release, further improving
macrophage targeting at bone defect sites (75). Therefore, these
results suggest that micelle-in-microparticles are another useful
delivery system for local ICA delivery to regulate macrophages.

5 Summary and future perspectives

ICA displays broad therapeutic potential in a series of diseases by
targeting macrophage function. The underlying mechanisms
encompass regulating polarization, metabolic reprogramming, and
autophagy of macrophages. To address the poor aqueous solubility
and low bioavailability of ICA, diverse macrophage-targeted delivery
systems have been developed. These systems include exosomes,
hydrogels, nanoparticles, 3D scaffolds, and micelle-in-microparticles,
significantly enhancing its targeted accumulation and efficacy.
Substantial hurdles remain to fully exploit the therapeutic potential
of ICA. The precise molecular mechanisms governing ICA’s regulation
of tissue-specific macrophage subsets (e.g., TAMs, microglia, and
synovial macrophages) in vivo are not fully elucidated. There is a
lack of understanding regarding how ICA discriminates between
functionally overlapping subtypes (e.g., pro-repair M2 macrophages
versus pro-fibrotic M2-like macrophages) and the upstream signaling
molecules or transcription factors that mediate this subtype specificity,
with few studies leveraging in vivo dynamic tracking to capture real-
time regulatory processes. Currently, no studies have evaluated the
impact of ICA on macrophages in clinical patients. Only one clinical
trial has investigated the anti-cancer effect of icaritin in patients with
hepatocellular carcinoma. The results showed that icaritin treatment
was associated with a higher level of PD-L1" macrophages and a
tendency toward superior overall survival (76). Clinical translation is
impeded by the lack of direct clinical verification of macrophage-
modulating effect of ICA in patients, its poor aqueous solubility and
low bioavailability (which may compromise clinical efficacy), and the
lack of standardized macrophage function biomarkers for designing
trials in macrophage-mediated diseases. Additionally, macrophage-
targeted delivery systems require further refinement. Some carriers
may trigger unintended immune responses, while others suffer from
mismatched degradation rates and drug release kinetics. Scalability for
industrial production is another issue, as many advanced delivery
systems are currently limited to laboratory-scale synthesis, with poor
batch-to-batch consistency. Future research should strategically
address these challenges to advance the clinical utility of ICA.
Mechanistic investigations should integrate cutting-edge technologies
such as single-cell RNA sequencing, spatial transcriptomics, and
lineage tracing to dissect the subtype-specific regulatory effects of
ICA on tissue-resident macrophages. This approach will help map
disease-macrophage subtype-ICA mechanism relationships, and
identify key molecular targets that drive subtype specificity. In
combination therapy, exploring synergistic regimens tailored to
disease types holds great promise. The combination of ICA with
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immune checkpoint inhibitors (e.g., anti-PD-1/CTLA-4) to rewire
TAMs and enhance cytotoxic T cell infiltration in cancer, or pairing
ICA with anti-osteoporotic drugs to synergistically inhibit
osteoclastogenesis by regulating macrophages. Finally, optimizing the
structure-activity relationship (SAR) of ICA through molecular
docking and virtual screening is needed. Modification of its flavonoid
scaffold to increase binding affinity to macrophage-specific receptors or
introduction of hydrophilic moieties to improve solubility, will boost its
macrophage-regulatory potency and bioavailability. Thus, ICA is
promising agent for treating numerous disorders via regulating
macrophages, although further studies are needed to optimize its
utility and discover the precise mechanisms.
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