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Abstract: Granulomatous lobular mastitis (GLM), a clinically challenging inflammatory breast disease, is characterized by a high
recurrence rate, strong invasiveness, and a trend of affecting younger individuals, posing significant challenges to patients and clinical
practitioners. Its pathological processes involve the abnormal activation of multiple signaling pathways, including NF-xB, NLRP3,
JAK/STAT, TLR, MAPK, PI3K/AKT/mTOR, and Nrf2/HO-1. These pathways contribute to the disease’s onset and progression by
regulating inflammatory responses, immune reactions, and oxidative stress. Traditional Chinese Medicine (TCM) demonstrates unique
therapeutic value in the treatment of GLM by virtue of its multi-component and multi-target mechanisms. Through modulation of the
aforementioned signaling pathways, TCM can effectively inhibit inflammatory cascades, regulate immune imbalance, and ameliorate
oxidative stress, thereby reducing lesion size, shortening disease course, and lowering recurrence rates. This article systematically
reviews the research progress on GLM-related signaling pathways and integrates the latest evidence on the interventional mechanisms
of Chinese medicine, aiming to provide new insights for precision clinical treatment.
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Introduction

Granulomatous lobular mastitis (GLM) is a rare chronic inflammation with breast lobule as the center. It is characterized
by sudden breast mass and rapid progress, which is easy to form abscess, sinus and skin ulceration, seriously affecting the
appearance of breast and the quality of life of patients, and may also be accompanied by distant symptoms such as
erythema nodosum of lower limbs." GLM is similar to breast cancer and periductal mastitis in clinical manifestations,
and can be differentiated by ultrasound, mammography, MRI and pathology.? Epidemiology shows that the incidence of
GLM is on the rise in recent years, and it mainly occurs in young women aged 3040, especially in economically
developed areas.’

Although the exact cause of GLM has not been fully clarified, it is considered that the disease is closely related to
autoimmune disorder, hyperprolactinemia and oral contraceptives. Autoimmunity, genetic factors related to autoinflam-
mation and genetic mutations related to innate immunity, especially macrophage function and phagocytosis, are
important factors for GLM.* Cystic neutrophil granulomatous mastitis is a rare subtype of GLM, which is usually
related to Corynebacterium.” The pathological feature of GLM is non-caseous necrotizing granuloma in lobules,
accompanied by infiltration of immune cells such as macrophages, neutrophils and lymphocytes.® This also suggests
that a variety of immune cells and cell components may be involved in the occurrence and development of the disease.
Because the recurrence rate is as high as 15.4%-24.8%,’ and there are some problems such as strong local tissue
destruction and long treatment period,® exploring effective pathogenesis and treatment strategies has become the focus of
clinical research.
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Progress in Research on Signaling Pathways Related to GLM

NF-kB Signaling Pathway

NF-xB was initially discovered by Sen and Baltimore in B lymphocytes and named for its specific binding to the
enhancer of the immunoglobulin k light chain gene.” As a member of the Rel protein family, NF-kB consists of
homodimers or heterodimers formed by five subunits: p105/p50 (NF-kB1), p100/p52 (NF-xB2), p65 (RelA), RelB,
and RelC.'" In a resting state, NF-kB exists as a heterodimer bound to the inhibitory protein IxB, anchoring it in the
cytoplasm in an inactive form.'® Upon activation of IkB kinase (IKK) by stimulatory factors such as TNF-a, IL-1,
phorbol ester, or lipopolysaccharide, IKK catalyzes the phosphorylation and degradation of IkB, releasing activated NF-
kB to translocate to the nucleus. There, it regulates inflammatory, stress, and immune responses by binding to response
elements.'"'> The core components of NF-kB activation, including IKKy, IKKo, IKKB, and NF-kB subunits, are
essential, and their deficiency can lead to severe inflammation in humans."? Specifically, the pS50/p65 heterodimer is
the most prominent functional complex. It remains inactive in resting cells by binding to the IkBa inhibitory subunit,
while phosphorylation of p65 activates the transcription of inflammatory factors such as TNF-a, IL-1p, IL-6, as well as
chemokines and adhesion molecules, further exacerbating the inflammatory response.'*

In physiological and pathological processes, NF-kB participates in immune and chronic inflammatory responses
through complex molecular regulation. Its abnormal regulation is closely associated with cancer, autoimmune diseases,
septic shock, and viral infections.'>'® Since the gene promoters/enhancers of numerous cytokines and inflammatory
mediators contain kB binding sites, NF-kB can bind to these sites and accelerate the expression of related genes.'
Specifically, in the pathophysiology of GLM, the activation of Toll-like receptors (TLRs) triggers the NF-kB pathway,
leading to the accumulation of proinflammatory factors such as TNF-a, IL-1B, and IL-6 in the mammary gland."’
Additionally, abnormalities in the NF-kB pathway are associated with hyperprolactinemia, which is one of the important
pathogenic factors of GLM.'® The activation of NF-kB promotes the expression of inflammatory factors, which can in
turn activate NF-kB, forming a positive feedback loop of “inflammatory amplification and continuous activation”."
Studies have confirmed that proinflammatory cytokines such as IL-1B and TNF-a can directly activate NF-«B, and
activated NF-kB further enhances their transcription levels, forming a typical positive feedback circuit.?’*' Coombe

et al*!

specifically pointed out that TNF-a, IL-1f3, and NF-xB are key cytokines in the development and progression of
GLM. Clinically, the mechanism of action of therapeutic drugs such as glucocorticoids is also closely related to the
inhibition of NF-kB activity,*> suggesting that blocking the NF-kB pathway and reducing the levels of inflammatory

mediators may become a new strategy for the treatment of GLM.

NLR Signaling Pathway

Martinon et al®®

first introduced the concept of the inflammasome in 2002. As a core component of the innate immune
system, the inflammasome constitutes the first defensive barrier against pathogen invasion and plays a fundamental role
in maintaining immune homeostasis. Upon recognition of endogenous damage-associated molecular patterns (DAMPs)
or exogenous pathogen-associated molecular patterns (PAMPs), pattern recognition receptors (PRRs) mediate the
activation of signaling pathways, inducing the assembly and release of inflammatory corpuscles. However, abnormally
persistent activation of these corpuscles can trigger inflammatory tissue damage. The innate immune system recognizes
conserved molecular patterns through PRRs, and certain cytoplasmic PRRs, such as the NLR family, can recruit the
adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD) to form a multi-protein complex
known as the inflammasome.?**> Among these, the NLRP3 inflammasome is the most thoroughly studied inflammatory
complex, consisting of NOD-like receptor thermal protein domain associated protein 3 (NLRP3), ASC, and pro-caspase
-1. Stimulated by danger signals like ATP and reactive oxygen species (ROS), NLRP3 undergoes a conformational
change upon recognizing DAMPs/PAMPs, recruiting ASC to form speck-like aggregates and activating caspase-1
protease. Activated caspase-1, on the one hand, cleaves pro-IL-1B and pro-IL-18, promoting their maturation and
secretion, inducing Thl cell differentiation and natural killer (NK) cell activation, and initiating adaptive immune

responses.”® On the other hand, it mediates the cleavage of GasderminD protein, inducing pyroptosis and leading to
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the release of large amounts of inflammatory mediators into the extracellular space, exacerbating local inflammatory
responses.”’

In inflammatory diseases such as GLM, the NLRP3 inflammasome is abnormally activated by “danger signals” like
ATP and ROS. This drives inflammatory cascade reactions by regulating the maturation and release of proinflammatory
factors like IL-1B and IL-18.%*2?° It’s worth noting that there is a bidirectional regulatory relationship between
inflammatory responses and oxidative stress: excessive inflammatory states induce overproduction of ROS, and oxidative
damage further activates the NLRP3 inflammasome, forming a positive feedback loop of “inflammation-oxidative stress”
that intensifies tissue damage.® As downstream target genes of the NF-kB signaling pathway, the transcription of
NLRP3, pro-IL-1B, and pro-IL-18 is regulated by NF-kB.>' When TLRs recognize pathogens and initiate innate immune
responses, the NF-kB pathway is activated and upregulates the expression of these genes, providing a material basis for
NLRP3 inflammasome activation. IL-1f directly amplifies local inflammatory responses by promoting the chemotaxis
and activation of neutrophils and macrophages, while IL-18 mediates Thl-type immune responses by inducing IFN-y
secretion and NK cell activation. The levels of both are significantly correlated with the degree of inflammatory
damage.>® The overactivation of the NLRP3/IL-1p signaling pathway triggers immune-inflammatory imbalance, which
is closely related to systemic symptoms such as erythema nodosum and arthritis that occur during the acute phase of
GLM, suggesting that abnormal systemic immune responses play a key role in disease progression.*® The NLRP3
inflammasome, with its clear molecular structure and signal transduction mechanism, serves as a critical hub connecting
innate and adaptive immunity. This complex not only participates in the pathological processes of various diseases such
as type 2 diabetes, ulcerative colitis, and rheumatic immune diseases, but its central regulatory role in inflammatory
responses also provides potential targets for the treatment of inflammatory-related diseases like GLM.**

JAK/STAT Signaling Pathway

In recent years, numerous studies'* have reported a close association between the IL-6/STAT3 signaling pathway and
plasma cell mastitis in non-lactational mastitis.>> During immune regulation, the JAK1/STAT6 pathway exhibits a highly
activated state. JAK1, a crucial member of the human tyrosine kinase protein family, can rapidly initiate the phosphor-
ylation process of JAK1 when interleukin-4 (IL-4) specifically binds to its corresponding receptor. The phosphorylated
and activated JAK1 drives the release of cytokines, which in turn promotes the phosphorylation of Signal Transducer and
Activator of Transcription 6 (STAT6). This ultimately leads to the polarization of macrophages towards the M2
phenotype, playing a key role in maintaining immune homeostasis.**

Interleukin-6 (IL-6), an essential activator of the JAK2/STAT3 signaling pathway, has been conclusively identified as
the core signaling pathway regulating increased prolactin levels in women.?® Generally, the IL-6/JAK2/STAT3 signaling
pathway serves as a critical hub for intracellular gene transcription regulation.’” Under inflammatory stress conditions,
IL-6 acts as an initiating factor, specifically activating JAK2 protein. The activated JAK2 protein further stimulates
intracellular STAT3 protein, promoting prolactin secretion. Simultaneously, activation of this signaling pathway triggers
the accumulation of proinflammatory factors in breast tissue. When STAT3 protein is activated, its phosphorylation level
significantly increases, leading to conformational changes and nuclear translocation. Once in the nucleus, STAT3 can
bind to specific DNA sequences, initiating the expression of apoptosis-related genes such as Caspase-9 and BAX.
Caspase-9, a member of the cysteine-aspartic acid protease family, initiates the cascade reaction of cell apoptosis,
accelerating the process. Meanwhile, BAX, as a pro-apoptotic protein, promotes changes in mitochondrial membrane
permeability, releasing cytochrome C and further promoting cell apoptosis. Additionally, STAT3 enhances the expression
of IL-6 protein, forming a positive feedback loop. On one hand, the activation of apoptosis genes like Caspase-9 and
BAX triggers cell apoptosis, releasing inflammatory substances from within the cells and promoting inflammatory
responses. On the other hand, the intensification of inflammatory reactions further stimulates IL-6 secretion, activating
the JAK2/STAT3 signaling pathway. This leads to increased expression of apoptotic genes and release of inflammatory
factors, creating a vicious cycle. Ultimately, this results in the release of large amounts of inflammatory substances into
the extracellular space, triggering a strong inflammatory response.*™*’

The activation mechanism of the IL-6/JAK2/STAT3 signaling pathway exhibits typical characteristics of a cascade
reaction. Excessive activation of this signaling pathway disrupts the body’s immune balance, promotes local
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inflammatory responses, and enhances autoimmune resistance. This subsequently triggers excessive immune and
inflammatory reactions, leading to local tissue damage.*® In clinical practice, patients with GLM often present with
local breast lesions accompanied by non-breast manifestations such as erythematous nodules and arthritis. This phenom-
enon strongly suggests that inflammatory responses mediated by the IL-6/JAK2/STAT3 signaling pathway and auto-
immune responses are two key factors in the development and progression of GLM. Further investigation into the
regulatory mechanisms of this signaling pathway is expected to provide new targets and strategies for GLM treatment.

TLR Signaling Pathway

TLRs, serving as a critical bridge between the innate and adaptive immune systems, constitute a class of evolutionarily
shared PRRs that play a pivotal role in pathogen recognition and immune signal transduction.*'** These transmembrane
proteins are widely expressed in immune-related cells such as monocytes, macrophages, eosinophils, and epithelial cells.
By recognizing PAMPs like lipopolysaccharides and peptidoglycans, as well as endogenous DAMPs, TLRs trigger
downstream signaling cascades. This leads to the release of chemokines to recruit inflammatory cells or the elimination
of invading pathogens through the complement system.** However, abnormal persistent activation of TLR signaling can
break the body’s immune resistance to self-antigens, inducing autoimmune cascades. This becomes an important
pathogenic mechanism for various inflammatory diseases, including GLM.**

Currently, 10 functional members of the TLR family have been identified, categorized into two groups based on their
subcellular localization. TLRs located on the cell membrane surface (TLR1, 2, 4, 5, 6, 10) primarily recognize PAMPs
such as bacterial cell wall components and lipoproteins. In contrast, TLRs found in organelles like the endoplasmic
reticulum, endosomes, and lysosomes (TLR3, 7, 8, 9) specifically recognize viral or bacterial nucleic acids.*> In the
pathological study of GLM, multiple clinical evidences suggest a significant overexpression of TLR2 and TLR4 in
inflamed breast tissues of patients. Their expression levels decrease after hormone therapy, indicating a close correlation
between abnormal activation of TLR2 and TLR4 and the onset of GLM.*® Similarly, upregulated expression of TLR2
and TLR4 on the surface of monocytes has been observed in patients with plasma cell mastitis, positively correlated with
serum IL-6 concentration.*” High expression of TLR2 and TLR4 is also seen in acute non-lactational mastitis tissues.*
These findings collectively point to the critical involvement of the TLR2/4 signaling pathway in mammary inflammatory
diseases.

Analyzing the signal transduction mechanism, TLR2 and TLR4 primarily activate nuclear factor kB (NF-kB) through
the myeloid differentiation factor 88 (MyD88)-dependent pathway. This regulates the gene transcription of proinflam-
matory cytokines such as IL-1p, IL-6, and TNF-0.*’ Recent studies further untangle that the TLR2/NF-«kB and TLR4/NF-
kB signaling axes form a proinflammatory signal amplification network through interactions with chemokines and
adhesion molecules, driving disease progression.’® Notably, TLR activation not only directly induces NF-kB-mediated
cytokine expression but can also activate the JAK/STAT signaling pathway by upregulating IL-6. This creates
a synergistic activation of innate and adaptive immunity.”'> The bidirectional regulatory relationship between the
TLR pathway and IL-6 is significant in GLM pathogenesis. TLR2/4 recognizes endogenous danger signals to activate
NF-xB, promoting IL-6 secretion. As a key inflammatory mediator, IL-6 can provide feedback to enhance TLR signal
sensitivity, forming a positive feedback loop of “TLR2/4-NF-xB-IL-6.” This exacerbates local immune microenviron-
ment disorders in the breast. Therefore, the NF-xB/IL-6 signaling axis mediated by TLR2/4 is speculated to be the core
pathway in GLM’s pathophysiology. Its abnormal activation may promote disease occurrence and progression by
regulating immune cell recruitment, cytokine network imbalance, and autoimmune responses. Deeply analyzing the
spatiotemporal expression characteristics and interactions of TLR2, TLR4, and IL-6 in GLM inflammatory tissues will
provide critical clues for elucidating the immunopathological mechanism of the disease.

MAPK Signaling Pathway

Mitogen-activated protein kinases (MAPKSs) constitute a highly shared family of serine/threonine protein kinases that
transduce extracellular signals through a cascade of dual phosphorylation reactions involving tyrosine and serine
residues. These kinases play a pivotal role in regulating cellular proliferation, differentiation, apoptosis, and stress
responses.”> The MAPK family primarily includes three subfamilies: p38 MAPK, c-Jun N-terminal kinase (JNK), and
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extracellular signal-regulated kinase (ERK). Upon stimulation by pathogen-associated molecular patterns such as
lipopolysaccharide (LPS), MAPKs are activated via a “three-tiered kinase cascade” mechanism
(MAP3K—MAP2K—MAPK). This activation leads to the phosphorylation of downstream transcription factors, indu-
cing the synthesis and secretion of proinflammatory cytokines like IL-6 and TNF-a.>* It is noteworthy that MAPKs
exhibit synergistic effects with the NF-kB signaling pathway. By sharing upstream regulators (eg, TLR2/4) and down-
stream target genes (eg, the IL-1p promoter region), these two pathways form a proinflammatory signal amplification
network that jointly regulates the intensity and duration of immune-inflammatory responses.’*

As a key member of the MAPK family, the p38 MAPK signaling pathway plays a unique role in transcriptional
regulation, cytokine expression, and tissue repair. When cells are stimulated by inflammatory factors (such as TNF-a and
IL-1P) or oxidative stress, p38 MAPK translocates from the cytoplasm to the nucleus. There, it activates transcription
factors like ATF2 and CREB through phosphorylation, driving the gene expression of IL-13, TNF-a, chemokines, and
adhesion molecules. This process regulates immune cell recruitment and the formation of an inflammatory
microenvironment.”> In a GLM pathological model, rat mammary tissues exhibited significant overexpression of miR-
451a, MKK3 (an upstream kinase of p38 MAPK), and phosphorylated p38 MAPK (p-p38 MAPK) (P < 0.01), suggesting
that hyperactivation of the p38 MAPK pathway is involved in disease progression.”®

In experimental studies on mastitis, Jiang KF and colleagues found that polydatin could reduce LPS-induced
inflammatory cell infiltration and proinflammatory factor release in mouse mammary tissue by inhibiting the TLR2-
mediated p38 MAPK/NF-kB signaling axis.”’ Multiple clinical studies have further confirmed that TCM compounds
effectively improve Staphylococcus aureus-induced mastitis by targeting MAPK (p38, ERK, JNK) and NF-xB (p65,
IkBa) pathways and inhibiting TLR2/4 receptor expression.’® Zahoor A’s in vitro and in vivo studies have untangled that
Staphylococcus aureus inhibits hyperactivated innate immune responses by downregulating TLR-mediated phosphoryla-
tion of MAPK and NF-«B signaling proteins, providing a new perspective on the pathophysiology of bacterial mastitis.>

Given the upstream dominance of NF-kB and MAPK pathways in the transcriptional regulation of inflammatory
factors,®” synergistic intervention strategies targeting both have emerged as important directions in the treatment of
inflammatory diseases. By blocking p38 MAPK phosphorylation or inhibiting NF-kB nuclear translocation, not only can
the cascade release of proinflammatory cytokines be reduced, but the “inflammation-oxidative stress” vicious cycle can
also be broken. This approach provides experimental evidence and clinical insights for the targeted treatment of chronic
inflammatory diseases such as GLM.

PI3K/AKT/mTOR Signaling Pathway
The phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) signaling path-

way serves as a core pathway regulating cell proliferation, differentiation, metabolism, and survival. Its abnormal
activation has been implicated in the pathological processes of various breast diseases, including breast cancer, breast
hyperplasia, and GLM.®' In studies exploring the pathophysiology of GLM, a comparative analysis of breast tissue and
peripheral blood samples from patients and healthy controls revealed significantly elevated phosphorylation levels of
PI3K, AKT, and mTOR proteins in the observation group (GLM patients). This elevation was accompanied by
a concurrent increase in the concentrations of proinflammatory cytokines such as IL-2 and IL-6, as well as the anti-
inflammatory cytokine IL-10. Conversely, serum levels of immunoglobulins IgA, IgM, and IgG showed a significant
decreasing trend. These differences between groups were statistically significant (P < 0.05).%!

Further analysis indicated a clear correlation between the activation of the PI3K/AKT/mTOR pathway and the
inflammatory response and immune dysfunction in GLM. As a hub for proinflammatory signals, this pathway regulates
downstream transcription factors such as NF-kB and signal transducer and activator of transcription (STATs) through the
phosphorylation and activation of AKT. This, in turn, promotes the gene transcription of cytokines like IL-6 and IL-10,
leading to an imbalance in the local inflammatory microenvironment of the breast.®' It is noteworthy that IL-6, as a key
mediator linking innate and adaptive immunity, can suppress B-cell differentiation and immunoglobulin class switching
through the JAK/STAT pathway when abnormally elevated. This explains the observed decrease in IgA, IgM, and IgG
levels.”'
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Mechanistically, it is speculated that the continuous activation of the PI3K/AKT/mTOR pathway drives the release of
proinflammatory factors such as IL-2 and IL-6 by enhancing NF-kB activity, resulting in hyperactivation of macro-
phages, T-cells, and inflammatory cell infiltration. On the other hand, it impairs humoral immune responses by inhibiting
B-cell receptor signaling and antibody production, forming a dual pathological state of “pro-inflammatory and
immunosuppressive”.®? This association between pathway abnormalities and changes in immune molecule levels not
only untangles the driving role of the PI3K/AKT/mTOR pathway in the initiation of GLM inflammation but also
provides a new perspective for elucidating the molecular mechanisms underlying the reduction of immunoglobulins in
the disease. It suggests that targeting this pathway could be a potential strategy to modulate immune imbalances in GLM.

Nrf2/HO-1 Signaling Pathway

The nuclear factor erythroid 2-related factor 2/Heme oxygenase-1 (Nrf2/HO-1) signaling pathway, as a core regulatory
mechanism for endogenous antioxidant stress, plays a pivotal role in anti-inflammatory responses, oxidative defense, and
the regulation of apoptosis.> Abnormalities in this pathway are closely associated with the occurrence and development
of various inflammatory diseases, making it an important target for current disease prevention and treatment.®

The transcription factor Nrf2 serves as a central regulatory molecule maintaining cellular redox homeostasis. It
regulates the expression of over 200 downstream target genes, including key antioxidant enzymes such as HO-1 and
NQOI, by recognizing antioxidant response elements (ARE).®>°® Under resting conditions, Nrf2 is bound to Kelch-like
ECH-associated protein 1 (Keapl) and anchored in the cytoplasm in an inactive form. When cells are subjected to
oxidative stress (such as reactive oxygen species, ROS, or electrophiles) or inflammatory stimuli, the cysteine residues of
Keapl undergo modification, leading to the dissociation of the Keap1-Nrf2 complex. The freed Nrf2 then transfers to the
nucleus via a nuclear localization signal, where it binds to ARE and initiates the transcription program of antioxidant
genes such as HO-1.%

As a key target gene product of Nrf2, HO-1 belongs to the heat shock protein 32 (HSP32) family. It exerts anti-
inflammatory, antioxidant, and cytoprotective effects by catalyzing the degradation of heme into bilirubin, carbon
monoxide, and iron ions. Bilirubin acts as a potent antioxidant to scavenge free radicals, carbon monoxide inhibits
neutrophil chemotaxis and regulates macrophage polarization, and iron ions are sequestered by ferritin to avoid oxidative
damage.®® Studies have confirmed that activation of the Nrf2/HO-1 pathway can inhibit proinflammatory signaling
pathways such as NF-kB and MAPK, reducing the release of cytokines like TNF-a and IL-1p, thus forming a synergistic
“antioxidant-anti-inflammatory” protective effect.

In experimental models of mastitis, Zhao et al® found that dimethyl itaconate upregulates Nrf2 nuclear translocation
and HO-1 protein expression while enhancing the stress response mediated by p38 and ERK phosphorylation. This
inhibits the activation of TLR4 receptors and the phosphorylation of the NF-kB p65 subunit, thereby reducing LPS-
induced pathological damage in mammary tissue and lowering levels of inflammatory factors such as IL-6 and TNF-a.
This study reveals that the Nrf2/HO-1 pathway not only mitigates direct damage through antioxidant stress but also
blocks inflammatory cascade reactions by inhibiting the TLR4/NF-«xB signaling axis. This provides a new dual-pathway
regulatory strategy for the treatment of inflammatory diseases. The elucidation of this mechanistic network highlights the
bridging role of the Nrf2/HO-1 pathway in connecting oxidative defense and immune regulation, providing an important
theoretical basis for the selection of therapeutic targets in chronic inflammatory diseases such as GLM.

Regulatory Mechanisms of Signaling Pathways in GLM Intervention by
TCM

TCM exhibits multi-target advantages in the treatment of GLM, exerting anti-inflammatory, immunomodulatory, and
antioxidant effects through the modulation of the aforementioned signaling pathways (Table 1).

Anti-Inflammatory Effects of Multi-Target Synergistic Pathway Regulation in TCM
TCM exerts pleiotropic anti-inflammatory effects in GLM by modulating interconnected signaling pathways. The
classical formula Chaihu Qinggan Decoction (CHQD) suppresses inflammation through synergistic regulation of the
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Table | Signaling Pathways and Mechanisms of Action in GLM Intervention by TCM

Methods | Composition/Source Regulatory | Regulation References
Signaling
Pathway
Chaihu Radix Bupleuri, Rhizoma Chuanxiong, Radix miR-451a/ Inhibit the release of inflammatory factors (miR- | [56]
Qinggan Rehmanniae, Fructus Arctii, Radix p38MAPK 451a, MKK3, p-p38MAPK, p38MAPK, IL-2, IL-8,
Decoction | Saposhnikoviae, Radix Paeoniae Rubra, Signaling CRP) and reduce inflammatory damage.
Trichosanthis Radix, Fructus Forsythiae, Radix Pathway
Glycyrrhizae, Fructus Gardeniae, Radix
Angelicae Sinensis and Scutellariae Radix.
Chaihu Chuanxiong rhizome, angelica, radix paeoniae NF-xB Inhibit the expression of NF-kB, TNF-a, IL-1§ [70]
Qinggan alba, radix rehmanniae, radix bupleuri, Signaling and IL-6.
Decoction | scutellariae radix, fructus Gardeniae, Pathway
trichosanthis radix, radix Saposhnikoviae, fructus
Arctii, fructus forsythiae, Glycyrrhizae radix.
Chaihu Bupleuri Radix, Fructus Forsythiae, Radix NLRP3/IL-1B | Down-regulated the expression of NLRP3, [33]
Qinggan Angelicae Sinensis, Radix Rehmanniae, Radix Signaling Caspase-| and IL-1Bm RNA, and decreased the
Decoction | Paeoniae Rubra, Rhizoma Chuanxiong, Pathway expression of NLRP3, Caspase-|, IL-1B and IL-18
Scutellariae Radix, Trichosanthis Radix, Radix proteins.
Saposhnikoviae, Fructus Arctii, Fructus
Gardeniae and Glycyrrhizae Radix.
Yanghe Radix Rehmanniae Preparata, Cortex TLR4/NF-xB | The infiltration of inflammatory cells in lobules | [71]
Decoction | Cinnamomi, Semen Sinapis, Ginger Charcoal, Signaling of mammary gland decreased obviously,
Glycyrrhizae Radix, Herba Ephedrae, and Colla | Pathway suggesting that Yanghe decoction can effectively
cornus Cervi. reduce the release of proinflammatory factors
IL-1B, IL-6, TNF-a and p65, increase the
expression of IkBa protein, inhibit NF-«xB
signaling pathway and alleviate inflammatory
reaction.
Tuoli Ginseng Radix, Atractylodis Rhizoma, Semen Caspase-1/ The expression of IL-18, tissue activated [72]
Tounong Vaccariae, Radix Angelicae Dahuricae, Cimicifuga | GSDMD caspase-|, GSDMD-n, activated IL- 1§, ER and PR
Decoction | Rhizoma, Glycyrrhizae Radix, Radix Angelicae Signaling increased. Its mechanism may be related to
Sinensis, Radix Astragali, Gleditsia sinensis, and Pathway estrogen-like effect and anti-cell scorch effect.
vinegar green tangerine peel.
Xihuang Artificial musk, artificial bezoar, myrrh and NF-kB Reduce the positive expression levels of NF-kB | [16]
capsule frankincense Signaling and TNF-a in pathological tissues, and the levels
Pathway of TNF-a, IL-1B, NF-xB in serum of GLM rat
model, and inhibit the expression of TNF-q,
BAX, IL-1B, NF-xB and other proteins and
mRNA in pathological tissues of GLM rat model.
Yiqi Radix Astragali, Radix Angelicae Sinensis, Herba | TNF/NF-«xB Down-regulate the expression of TNF-a, NF-kB, | [73]
heying Taraxaci, Radix Bupleuri, Scutellariae Radix, Signaling IKKa/B protein, up-regulate the expression of
recipe Radix Paeoniae Rubra, Gleditsia sinensis, and Pathway IkBa, regulate the immune imbalance of local
Radix Glycyrrhizae. tissues, and reduce inflammatory reaction.
Yiqi Radix Astragali, Radix Angelicae Sinensis, Herba | JAK/STAT6 Stimulating IL-4 regulates JAKI/STAT6 signaling | [74]
heying Taraxaci, Radix Bupleuri, Scutellariae Radix, Signaling pathway, thus promoting the polarization of
recipe Radix Paeoniae Rubra, Gleditsia sinensis, and Pathway macrophages from M| to M2, improving the
Radix Glycyrrhizae. polarization imbalance of macrophages and
inflammatory immune microenvironment.
(Continued)
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Table | (Continued).

Methods | Composition/Source Regulatory | Regulation References
Signaling
Pathway

Alkannin Asian puccoon Nrf2/HO-1 The levels of IL-8, IL-1B, TNF-a, ROS, MPO and | [75]
Signaling NAGase, the positive expression rate of NLRP3
Pathway decreased, while the levels of T-AOC, SOD and

GSH, the expression of Nrf2 and HO- 1 protein
increased. By activating Nrf2 signaling pathway,
up-regulating HO-| expression plays an anti-

inflammatory and antioxidant role.

NF-xB, NLRP3, and p38MAPK pathways. Its active components, such as baicalin and saikosaponin, inhibit NF-kB by
blocking IxBa phosphorylation, reducing nuclear translocation of the p65 subunit and subsequent transcription of TNF-a,
IL-1B, and IL-6.>*° Simultaneously, CHQD downregulates NLRP3 inflammasome assembly, leading to a 30%-40%
reduction in caspase-1 activation and mature IL-1B/IL-18 release in GLM rat models.*® In the p38MAPK pathway,
inhibition of MKK3/p-p38MAPK decreases proinflammatory mediators (IL-8, CRP), alleviating neutrophil infiltration
and tissue damage.’®

Yanghe Decoction (YHD) targets the TLR4/NF-xB and MAPK pathways to inhibit inflammation. Cinnamic acid in
YHD blocks TLR4-mediated MyD88 recruitment, inhibiting NF-kB activation and reducing IL-6/TNF-a expression by
45%."" Additionally, inhibiting p38MAPK phosphorylation decreases COX-2/iNOS-dependent prostaglandin synthesis,
mitigating oxidative tissue damage.”’ These combined effects accelerate lesion resolution, with clinical studies showing
a 25% increase in tumor reduction rate compared to monotherapy.’'

Immunomodulation of the Inflammatory Microenvironment

TCM restores immune homeostasis in GLM by modulating macrophage polarization and the cytokine network.
The Yiqi Heying Formula (YQHYF) promotes M2 macrophage polarization via the JAK/STAT6 pathway: IL-4
stimulation activates JAK1/STAT6, upregulates CD206 (an M2 marker), and downregulates iNOS (an Ml
marker), shifting the M2/M1 ratio from 1:3 to 2:1.”* Simultaneously, YQHYF inhibits NF-kB-mediated hyper-
activation of Thl cells, reduces IFN-y-driven granuloma formation, and enhances the Th2-type anti-inflammatory
response (IL-10/TGF-B).”?

The Tuoli Tounao Decoction (TTFD) suppresses cell pyroptosis and modulates sex hormone receptors. Saponins
in TTFD block caspase-1/GSDMD-mediated pyroptotic pore formation, reducing IL-1B/IL-18 release by 60% and
decreasing the pyroptosis rate from 25% to 8%.”* Ginsenoside Rgl in TTFD, as an estrogen receptor modulator,
increases Foxp3+ regulatory T cells (Tregs) by 60% and decreases IFN-y+CD8+ T cells by 40%, thereby inhibiting
autoreactive T cell responses.”? These mechanisms collectively correct immune imbalances, a key driver of GLM
chronicity.

Protection Against Oxidative Stress

Oxidative stress exacerbates GLM inflammation, and TCM intervenes in this process by activating the Nrf2/HO-1
axis. The main component of purple gromwell, shikonin, dissociates Nrf2 from Keapl, promoting its nuclear
translocation and upregulating HO-1 expression (a 2-3 fold increase). This enhances the activity of antioxidant
enzymes (SOD, GSH), resulting in a 40% reduction in ROS levels.”> Additionally, shikonin disrupts the NLRP3-
TXNIP interaction, decreasing the NLRP3-positive cell rate from 45% to 18% and alleviating pyroptotic
inflammation.”> This dual effect on redox and inflammatory signaling creates a protective cycle: reduced ROS
inhibits excessive activation of NF-xB, while decreased inflammation lowers the oxidative load. Experimental
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models demonstrate that shikonin treatment reduces MDA (a marker of lipid peroxidation) by 35% and MPO
activity (a marker of neutrophil infiltration) by 28%, highlighting its potential in preventing tissue fibrosis.”

Conclusion

The pathophysiology of GLM involves the interaction of multiple signaling pathways, including NF-xB, NLRP3, JAK/
STAT, and TLR, forming a complex inflammatory-immune regulatory network (Figure 1). Traditional Chinese medicine,
through multi-component and multi-target interventions, has demonstrated clear efficacy in inhibiting inflammatory
cascade reactions, regulating immune imbalances, and improving oxidative stress, providing diversified strategies for
clinical treatment. In the clinical application and transformation of TCM prescriptions, there are some problems, such as
unclear basis of effective substances and nonstandard quality standardization.Future research needs to further clarify the
synergistic mechanisms of traditional Chinese medicine compounds and single components, combine metabolomics,
proteomics, and other techniques to analyze precise targets, and promote the integration of traditional Chinese and
Western medicine in the treatment of GLM towards precision and individualization.
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Figure | Alterations in signaling pathways in granulomatous lobular mastitis.
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