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Abstract

Formononetin (FMN) is a kind of flavonoid compound extracted from

Astragalus membranaceus, Radix Puerariae and other plants. Extensive

research has demonstrated that FMN possesses various biological activities,

including anti-tumor, antioxidant, anti-inflammatory, immunomodulatory,

estrogen-like and other biological activities, indicating a broad application

prospect in many fields, such as tumor, osteoporosis, diabetes,

cardiovascular and cerebrovascular diseases, and perimenopausal

syndrome. Recent studies have extensively investigated the roles of FMN

in different organ injuries and the regeneration and repair of these organs.

And found that it has protective and regenerative repair effects on multiple

organ injuries, including the hematopoietic immune system,

cardiovascular system, nervous system, digestive system, respiratory

system, urogenital system, and skeletal system. This study reviewed the

impact and mechanism of FMN in the repair of multi-organ injuries,

providing a theoretical basis for further elucidating the medicinal value of

FMN and guiding its rational development and application.
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1 Introduction

With the ongoing shift in Traditional Chinese Medicine

(TCM) from qualitative to quantitative research [1],

the properties of some active ingredients in Chinese

herbs are being precisely elucidated. One such

compound is formononetin (FMN). FMN, also known

as 7-hydroxy, 4’-methoxyisoflavone or biochanin B, is

a kind of isoflavone compound extracted from Chinese

medicine such as Astragalus membranaceus, Radix

Puerariae, Trifolium pratense L., and Caragana jubata

(Pall.) Poir., which shares a similar chemical structure

with diethylstilbestrol. FMN, a natural phytoestrogen,

possessing anti-tumor [2-4], anti-oxidant [5,6],

anti-inflammatory [7-9] immunomodulatory [10-12],

and estrogen-like properties [13,14].

Organ injuries are common concerns globally, and

every year, millions of patients suffer from pain and

damage due to organ injuries to different degrees.

Various acute injuries, chronic diseases and natural

aging are universal inducers of organ injuries, and

thus tissue repair and regeneration after organ injury

have constantly received attention. Due to the

involvement of free radical formation and

inflammatory response in the occurrence of various

diseases in the human body, the antioxidant activity

and anti-inflammatory effects of FMN have been

widely studied by scholars domestically and

internationally [15]. However, the protective

properties of FMN against organ damage and the

mechanism by which it promotes repair are not yet

fully understood. To address this knowledge gap, this

review systematically examines FMN's therapeutic

potential across multiple organ systems including the

hematopoietic/immune, cardiovascular, nervous,

digestive, respiratory, urogenital, and skeletal systems,

aiming to provide a comprehensive foundation for

future research into FMN's clinical applications for

organ protection and regeneration.

2 Hematopoietic immune system

Bone marrow is the main hematopoietic organ of

mammals and also one of the central immune organs

of the human body.Bone marrow dysfunction not only

severely impairs hematopoiesis but also leads to great

deficiency in immune function. Aplastic anemia (AA),

an autoimmune disease characterized by bone

marrow hematopoietic failure, clinically manifests as

anemia, infection, and bleeding. Natural products

show great potential in alleviating hematopoietic

injury. The existing study revealed that FMN can

improve hematopoiesis and bone marrow injury in

mice with immunity-mediated bone marrow

hematopoietic failure, inhibit inflammatory cytokines

expression, such as interferon- γ (IFN- γ ), tumor

necrosis factor-α (TNF-α) and interleukin-12 (IL-12),

and restore CD8+/CD4+ T and T-regulatory (Treg)/T

helper 17 (Th17) cell balance, thus improving

immunologic derangement. The mechanism may be

related to the regulation of proteins in the

phosphoinositide 3-kinases (PI3K)/ protein kinase B

(Akt) pathway [16].

Blood cells produced by the hematopoietic system are

crucial to the immune system. FMN has

immunomodulatory effects and can repair immune

organs and functions. Mao TT et al. [17] discovered

that FMN significantly improves the recovery of small

intestinal mucosal immune function in

immunosuppressed mice, as evidenced by promoting

growth of the thymus and spleen, repairing

ultrastructural damage in intestinal villi and mucosal

epithelial cells, increasing villus height and the

villus/crypt ratio, and maintaining the integrity and

continuity of small intestinal mucosal epithelial cells.

Retinoic acid receptor-related orphan receptor- α

(RORα) and receptor-γ (RORγ) are key regulators of

Th17 cell differentiation, participating in the innate

immune system and autoimmune diseases. Kojima H

et al. [18] confirmed that FMN, as a dual agonist of

ROR α / γ , mediates Th17 cell function, thereby

potentially impacting the immune system. FMN also
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regulates the activity of mouse peritoneal

macrophages (PMs) and Kupffer cells (KCs) via the

toll-like receptor 4/nuclear factor- κB (TLR4/NF- κB)

pathway, and strengthens the regulation of the

immune system function of the body [10]. Besides,

FMN can promote lymphocyte proliferation and

specific cytokine release, enhance humoral and

cellular immunity, boost proliferation of liver intrinsic

phagocyte KCs and enhance autoimmune function

[11]. Meanwhile, FMN has immune-activating effects

on antigen-presenting cells (APCs) [12].

3 Cardiovascular system

Cardiovascular system diseases have relatively high

mortality among non-communicable diseases

currently and are severe health problems at home and

abroad. In the research field of cardiocerebral vascular

system, FMN has been proved to exert various

pharmacological effects, which can significantly

ameliorate atherosclerosis and cardiac fibrosis, reduce

blood pressure, and optimize the condition of the

cardiovascular and cerebrovascular systems by

increasing cardiomyocytes and adjusting various

influencing factors.

Atherosclerosis (AS) is a pathological process based

on the injury of vascular endothelial cells and

characterized by lipid infiltration and vascular wall

inflammation. Zhang BH et al. [5] exposed human

umbilical vein endothelial cells (HUVECs) to oxidized

low-density lipoprotein (ox-LDL) to create an in vitro

AS model. The results indicated FMN could protect

HUVECs from ox-LDL-induced inflammation, oxidative

stress, and apoptosis, and protect vascular endothelial

cells via attenuating ox-LDL-mediated peroxisome

proliferator-activated receptor gamma (PPARγ) signal

inactivation. Moreover, FMN can impact the interaction

between Krüppel-like factor 4 (KLF4) and steroid

receptor RNA activator 1 (SRA1) to decrease

monocyte adhesion in apolipoprotein E dual deficient

(ApoE–/–) AS model mice, inhibit the formation of foam

cells derived from vascular smooth muscle cells

(VSMCs) and macrophages, dampen inflammatory

responses and alleviate AS development [19].

Furthermore, FMN can further reduce the damaging

effects of inflammation on blood vessels and enhance

the body's ability to repair atherosclerotic lesions by

influencing macrophage polarization, blocking the

JAK/STAT signaling pathway, and increasing the

expression of α7nAChR [20].

Myocardial ischemia-reperfusion injury (MIRI) can

induce cardiac dysfunction and inflammatory

responses, particularly the activation of the NOD-like

receptor pyridin domain containing 3 (NLRP3)

inflammasome. FMN exerts significant myocardial

protective effects. It can downregulate the levels of

myocardial injury markers and inflammatory factors in

MIRI model rats, reduce myocardial infarct size,

improve left ventricular systolic function, inhibit

cardiomyocyte apoptosis, and simultaneously

suppress the activation of the NLRP3 inflammasome

and pyroptosis [21]. Additionally, FMN can alleviate

myocardial ischemia-reperfusion injury by reducing

MIRI-induced platelet activation and NETs formation

through the platelet CD36-mediated ERK5 signaling

pathway, without increasing the risk of bleeding [22].

Depression is a common complication of myocardial

infarction (MI), and the generation of IL-6 and

interleukin-17A (IL-17A) post-MI triggers

neuroinflammation, severely impacting the prognosis

of MI. The immune system serves as a bridge between

depression and MI. FMN ameliorates myocardial cell

apoptosis, cardiac dysfunction, and depressive

symptoms in post-MI depressed mice by targeting

glycogen synthase kinase-3 β (GSK-3β ) to regulate

macrophage/microglial polarization [23]. FMN

positively affects energy metabolism and cardiac

function in mice with heart failure with preserved

ejection fraction (HFpEF). Xu H et al. [24]

demonstrated that FMN improves HFpEF-induced left
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ventricular hypertrophy and diastolic dysfunction,

enhance the expression of peroxisome

proliferator-activated receptor alpha (PPAR α ),

peroxisome proliferator-activated receptor gamma

coactivator-1 (PGC-1), and fatty acid

metabolism-related genes, and suppresses the

expression of glucose metabolism-related genes,

which contributes to improving the ability to utilize

fatty acids and enhance mitochondrial function.

Reportedly, FMN at different dosages protects against

dilated cardiomyopathy-induced heart failure, reduces

cardiomyocyte apoptosis, and improves cardiac tissue

fibrosis [25]. Mitochondrial dysfunction is a key

feature of cardiac fibrosis. Upon mitochondrial

dysfunction, the energy supply to myocardial cells is

insufficient, and oxidative stress levels are increased,

thereby promoting excessive deposition of

extracellular matrix in myocardial cells and causing or

exacerbating myocardial fibrosis [26]. It has been

documented that FMN mitigates mitochondrial

dysfunction and reduces β -adrenergic-induced

cardiac fibrosis by regulating the expression of

aldehyde dehydrogenase 2 (ALDH2), hydroxyacyl-CoA

dehydrogenase (HADH), and monoamine oxidase B

(MAOB) in cardiomyocytes [27], demonstrating

potential cardioprotective effects.

4 Nervous system

Alzheimer's disease (AD) is a global

neurodegenerative disorder characterized by impaired

memory and cognitive function. Its core pathological

mechanisms include hippocampal neuronal apoptosis,

mitochondrial dysfunction induced by A β 42

aggregation, and chronic neuroinflammation leading

to A β plaque deposition, oxidative stress, and

neuronal degeneration [28]. Studies have

demonstrated that FMN extracted from Pueraria

lobata exerts certain preventive and ameliorative

effects on AD. Specifically, FMN prevents neuronal

apoptosis by inhibiting the Bcl-2 asociated X potein

(Bax)/ B-cell lymphoma/leukemia 2 (Bcl-2) pathway,

reducing oxidative stress, and stabilizing

mitochondrial membranes [6]. A study by Fu et al. [7]

indicated that FMN can significantly alleviate learning

and memory impairments in mice induced by a

high-fat diet, reverse the excessive phosphorylation of

hippocampal Tau protein, and decrease the levels of

pro-inflammatory cytokines IL-1 β and TNF- α . The

underlying mechanism is related to the ability of FMN

to inhibit the pro-inflammatory NF-κB and enhance

the nuclear factor erythroid 2-related factor 2 (Nrf-2)/

heme oxygenase-1 (HO-1) pathway.

Ischemic stroke is a leading cause of death and adult

disability worldwide. Studies have shown that FMN

exerts a significant protective effect on neurological

deficits following ischemic stroke [29]. FMN can

improve the neurobehavioral performance of model

rats, increase the number of dendritic spines in

neurons, upregulate the expression of β III-tubulin,

growth-associated protein 43 (GAP-43), and other

related proteins, elevate the levels of nerve growth

factor (NGF) and brain-derived neurotrophic factor

(BDNF), activate the PI3K/AKT/ERK signaling pathway,

and simultaneously exert anti-apoptotic and

anti-inflammatory effects, thereby promoting the

regeneration and repair of nerves [30].

FMN exhibits significant neuroprotective effects in

both ischemic brain injury and reperfusion injury.

During the ischemic phase, Chen et al. [31]

demonstrated that FMN effectively suppresses the

TLR4/NF- κ B signaling pathway, reducing nuclear

translocation of NF- κ B p65 and consequently

downregulating the expression of pro-inflammatory

cytokines including IL-1 β and TNF- α . Importantly,

FMN facilitates the phenotypic shift of microglia from

pro-inflammatory M1 to anti-inflammatory M2

polarization. This modulatory effect appears to

synergize with its PARP1/PARG-mediated upregulation

of Iduna [32], collectively attenuating
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neuroinflammation-induced neuronal damage.

Regarding reperfusion injury, FMN exerts protective

effects through multiple mechanisms: (1) modulating

the Bcl-2/Bax balance via activation of the

ER-PI3K-Akt pathway to inhibit Caspase-3 activation;

(2) alleviating oxidative stress by reducing NO/NOS

levels; and (3) preserving mitochondrial membrane

potential while improving ultrastructural integrity,

thereby inhibiting PARP1/AIF-mediated apoptotic

pathways [33-36]. Animal studies have confirmed

FMN's capacity to significantly reduce cerebral infarct

volume and improve neurological function [33,34].

These findings collectively demonstrate that FMN

provides multi-target neuroprotection against cerebral

ischemic injury through synergistic anti-inflammatory,

antioxidant, and anti-apoptotic mechanisms, though

further research is warranted to explore its clinical

applications.

Spinal cord injury (SCI) is a severe traumatic disorder

that leads to sensory and motor dysfunction. Recent

studies have confirmed the critical role of

inflammatory processes in mediating tissue damage

following SCI, which may contribute to neuronal loss

and demyelination. Microglia participate in the process

after SCI and the occurrence of neuroinflammation

[37]. They can be activated and secrete considerable

pro-inflammatory cytokines and chemokines to

exacerbate microglial inflammation [8]. Inhibiting the

activation of microglia can mitigate spinal cord tissue

injury. Research found that FMN can curb the

activation of microglia, reduce microglial inflammatory

response, and improve spinal cord tissue injury and

functional recovery by suppressing the epidermal

growth factor receptor (EGFR)/ mitogen-activated

protein kinase (MAPK) signaling pathway [38].

5 Digestive system

Digestive system diseases have emerged as a major

global public health challenge, representing a primary

contributor to the societal disease burden and posing

severe threats to human health. Research indicates

that dysfunction, loss, and apoptosis of intestinal

epithelial cells accelerate the pathogenesis of

inflammatory bowel disease (IBD) [39]. Furthermore,

excessive intestinal immune activation and elevated

levels of inflammatory mediators are closely

associated with the onset and progression of IBD [40],

whereas gut microbiota dysbiosis is a pivotal factor

driving inflammatory and immune dysregulation. A

study demonstrated that FMN can partially improve

the symptoms and inflammatory factors of dextran

sulfate sodium-induced colitis in mice and has a

restorative effect on gut microbiota [41]. Wu et al. [42]

found that FMN can protect against dextran sulfate

sodium-induced acute colitis in mice by inhibiting the

activation of the NLRP3 inflammasome pathway. FMN

also can reduce oxidative stress, restore gut

homeostasis, and strengthen the intestinal barrier

function to exert certain therapeutic effects on acute

pancreatitis [43]. Research findings indicate that FMN

suppresses the Hippo/Yes-associated protein (YAP)

signaling pathway, upregulates YAP expression, and

attenuates intestinal epithelial cell apoptosis,

demonstrating protective effects against

2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced

IBD in rat models [44]. Separate investigations reveal

that pregnancy-induced gut microbiota dysbiosis

triggers heterogeneous nuclear ribonucleoprotein U

like 2 (hnRNPUL2) nuclear accumulation and

macrophage pyroptosis, ultimately leading to immune

dysregulation. Importantly, FMN was shown to

mitigate this process by inhibiting hnRNPUL2 nuclear

translocation and its subsequent binding to the NLRP3

promoter, thereby suppressing macrophage

pyroptosis [9].

The liver serves as a crucial hub that is intricately

involved in various physiological processes within the

body. FMN plays an important role in regulating lipid

metabolism and reducing hepatic steatosis. FMN

improves hyperlipidemia and hepatic steatosis in
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high-fat diet (HFD) mice by promoting transcription

factor EB (TFEB) mediated lysosomal biogenesis and

lipophagy [45]. FMN reduces serum triglycerides (TG),

total cholesterol (TC), and low-density lipoprotein

cholesterol (LDL-C) levels in HFD mice, improve

autophagy flow, induce hepatic cell lipid autophagy,

reduce hepatic cell lipid deposition, and mitigate

non-alcoholic fatty liver disease [46]. FMN promotes

fatty acid β -oxidation and mediates liver lipid

metabolism by activating the silencing regulatory

protein 1 (SIRT1)/PPAR γ coactivator-1 α (PGC-1

α )/PPAR α pathway, ultimately improving hepatic

steatosis in non-alcoholic steatohepatitis (NASH) mice

[47].

Hepatic fibrosis is a chronic pathological process

characterized by excessive deposition of extracellular

matrix (ECM) induced by various pathogenic factors

[48,49]. Oxidative stress, as a key pathogenic

mechanism, promotes abnormal secretion of α

-smooth muscle actin ( α -SMA) and collagen by

activating hepatic stellate cells (HSCs), thereby

accelerating fibrotic progression [50,51]. Studies

indicate that targeted regulation of oxidative stress,

inhibition of HSC activation, and modulation of ECM

degradation represent effective strategies for

reversing hepatic fibrosis. The research team led by

Xie N [52] discovered that FMN can significantly

enhance antioxidant enzyme activity by activating the

Nrf2/NOX4 pathway, thereby alleviating oxidative

stress-induced HSC activation and excessive ECM

deposition. Further investigations revealed that FMN

also downregulates H3K27me3 epigenetic

modification by inhibiting the EZH2/YAP signaling axis,

inducing HSC senescence, thus providing dual

regulation of HSC activation and ECM metabolism [53].

These findings provide important theoretical evidence

for developing FMN as a multi-target anti-fibrotic drug.

6 Respiratory system

Acute lung injury is a disease characterized by

respiratory failure, pulmonary edema,

alveolar-capillary membrane barrier disruption, and

immune/inflammatory responses. FMN displays

protective effects on acute lung injury through

enhancing the immune function of rats, and the

mechanism may involve regulation of the

high-mobility group box 1 (HMGB1)/ receptor for

advanced glycation end products (RAGE)/NF-κB

signaling pathway to reduce the production and

release of inflammatory factors and attenuate the

inflammatory response and damage in lung tissue

[54]. Cell pyroptosis is a pro-inflammatory form of

programmed cell death (PCD). It results from the

activation of caspase-1 in inflammasome complexes

and intracellular lipopolysaccharid (LPS) recognition.

This process is closely related to lung injury and

fibrosis [55]. FMN can block the activation and

pyroptosis of NLRP3 inflammasome in macrophages

by regulating lipid metabolism, reducing inflammation

and fibrosis, and restoring lung function [56].

Acute pulmonary embolism (APE) occurs when

various emboli block the pulmonary artery, leading to

respiratory and pulmonary circulation dysfunction.

The blockage of the pulmonary artery by emboli can

obstruct blood flow and trigger oxidative stress

damage, resulting in pulmonary hypertension, while

stimulating the vascular endothelium and inducing

inflammatory responses to further exacerbate the

disease. In APE rat models, FMN evidently alleviates

lung tissue lesions. It increases arterial blood oxygen

partial pressure and oxygenation index, and reduces

serum inflammatory factor levels. Meanwhile, it

elevates the expression levels of SOD, Nrf2, and HO-1

in lung tissue, and decreases MDA and p-NF-κB/NF-κ

B levels. Its mechanism may involve activating the

Nrf2/HO-1 signaling pathway to protect lung tissue in

APE rats [57].

Asthma is a chronic respiratory disease.

Dexamethasone treatment for asthma can exacerbate
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epithelial damage, accompanied by reduced

proliferation and increased death of airway epithelial

cells, while FMN can maintain epithelial integrity

through the G protein-coupled estrogen receptor

(GPER) and effectively reduce dust mite-induced

allergic asthma [58]. Airway inflammation and

remodeling are fundamental elements of asthma,

which cause histological changes in airway structure,

including thickening of the airway basement

membrane, smooth muscle hyperplasia, and

increased fibrosis, leading to decreased lung function

[59]. In the ovalbumin (OVA)-induced mouse asthma

model, FMN sodium sulfonate can significantly reduce

asthma symptom scores, decrease the number of

inflammatory cells in bronchoalveolar lavage fluid, and

mitigate pathological changes in lung tissue. In

addition, FMN sodium sulfonate can also increase the

activity of SOD, reduce the levels of inflammatory

mediators (such as TNF-α, IL-1β, IL-6, and MDA) and

oxidative stress products. Its mechanism may be

related to the inhibition of inflammation, the

prevention of oxidative damage, and the regulation of

the MAPK signaling pathway [60]. FMN promotes the

proliferation and migration of LPS-induced bronchial

epithelial cells (16HBE), inhibits apoptosis, repairs the

epithelial barrier, reduces the content of inflammatory

cytokines [interleukin-4 (IL-4), IL-6, interleukin-10

(IL-10), and IL-17A)] in house dust mite

(HDM)-induced mouse asthma, and alleviates airway

inflammation. The relevant mechanism involves the

suppression of estrogen Receptor 1

(ESR1)/NLRP3/Caspase-1 signaling pathway [61]. Yi L

et al. [62] demonstrated that by inhibiting NF-κB and

c-jun n-terminal kinase (JNK) signaling transduction

and enhancing Nrf2 signaling transduction, FMN

dampens the expression of Th2-related inflammatory

cytokines [(such as IL-4, interleukin-5 (IL-5), and

interleukin-13 (IL-13)] and IgE in OVA-induced

asthma models, alleviating OVA-induced airway

inflammation and remodeling.

7 Urinary and reproductive systems

FMN is a type of isoflavone phytoestrogen with weak

estrogenic activity and bidirectional regulatory effects

[63]. Studies have shown that FMN can significantly

improve ovarian and uterine weight in mice [64]. At

high doses, it promotes endometrial hyperplasia and

induces vaginal epithelial keratinization in

ovariectomized rats, yet exhibits minimal effects on

the human reproductive system [65]. Its protective

mechanisms include:Inhibiting the TLR4/MyD88/NF-κ

B pathway to reduce inflammatory damage in

endometrial epithelial cells [66]; Regulating the

expression of p27, pSTAT3, and other key molecules

to treat endometriosis [67]; Mitigating benign

prostatic hyperplasia via estrogen receptor signaling

[13].

In terms of renal protection, FMN exerts its effects

through multiple mechanisms: Enhancing antioxidant

enzymes (SOD, GSH, etc.) to alleviate oxidative stress

and metabolic disorders in diabetic nephropathy [68];

Activating the SIRT1/Nrf2 pathway to reduce high

glucose-induced renal fibrosis [69]; Modulating the

Smad3/ATF3/SLC7A11 signaling axis to suppress

tubular epithelial cell fibrosis and apoptosis [70].

Additionally, FMN has been shown to improve acute

kidney injury in sepsis [71] and diabetes-related

cognitive dysfunction [14].

These findings collectively suggest FMN as a promising

multi-target agent for hormone-related disorders and

kidney diseases, though further clinical investigations

are required to verify its therapeutic efficacy.

8 Skeletal system

FMN demonstrates multifaceted therapeutic potential

for skeletal system disorders. In osteoporosis (OP),

FMN (10-6 mol/L) significantly promotes the

proliferation and differentiation of MC3T3-E1

osteoblasts by activating the Wnt/β-catenin signaling

pathway, suggesting its potential to improve bone loss

https://doi.org/10.62767/jecacm603.3920
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and microstructural damage through enhanced bone

formation [72].

For osteoarthritis (OA) treatment, FMN exhibits

multi-target effects: it reduces levels of

pro-inflammatory factors including TNF-α, IL-1β, and

IL-6 by inhibiting the NF- κ B signaling pathway,

thereby alleviating cartilage inflammation [73];

meanwhile, it regulates the MAPK/NF-κB pathway to

downregulate the expression of catabolic proteins

such as MMP13, p-ERK, p-JNK, and p-p38 while

promoting type II collagen synthesis to protect

cartilage matrix [74]. Furthermore, FMN specifically

inhibits Th17 cell differentiation and IL-26 secretion,

blocking the chronic inflammatory process mediated

by Th17 cells [75-77]. These findings indicate that

FMN exerts multiple pharmacological effects including

"bone formation promotion, anti-inflammation, and

cartilage protection" in skeletal system diseases

through coordinated regulation of the Wnt/β-catenin,

NF-κB and MAPK signaling networks, demonstrating

significant clinical application value.

9 Other organs

FMN also has antibacterial, wound healing-promoting,

blood glucose levels-controlling, and depression- and

anxiety-alleviating properties, and shows positive

effects on damaged skin, metabolic injuries, and

emotional regulation. In antimicrobial applications,

FMN effectively inhibits Streptococcus suis infection

both in vivo and in vitro by targeting hemolysin [78].

Its anti-inflammatory mechanisms include: alleviating

atopic dermatitis through GPER-mediated

upregulation of TNFAIP3 expression [79]; and

suppressing LPS-induced NF-κB signaling activation,

reducing pro-inflammatory cytokines (e.g., TNF- α ,

IL-1 β ), while enhancing tight junction protein

expression to protect blood-milk barrier integrity,

thereby mitigating mastitis.

Regarding metabolic regulation, FMN exhibits

hypoglycemic effects in alloxan-induced type 1

diabetic mice by inhibiting pancreatic β-cell apoptosis,

promoting regeneration and insulin secretion, as well

as enhancing hepatic glycogen synthesis and

glycolysis [80]. Furthermore, FMN modulates

neuroinflammation in chronic unpredictable mild

stress (CUMS)-induced depressive rats by

downregulating the TLR4/MyD88/NF- κ B pathway,

ameliorating cognitive dysfunction and depressive

behaviors [81].

In reproductive health, FMN counteracts oxidative

stress in gestational diabetic rats by elevating GSH,

SOD, and total antioxidant capacity (TAC) levels,

restoring placental ultrastructure and improving

pregnancy outcomes [82]. FMN also demonstrates

therapeutic potential for allergic rhinitis by inhibiting

IL-13-induced airway inflammation and mucus

hypersecretion via the SIRT1/Nrf2 pathway [83].

Notably, FMN accelerates endothelial repair and

wound healing through ERK1/2 and p38

MAPK-mediated EGR-1 overexpression [84],

highlighting its applicability in tissue regeneration.

The mechanisms by which FMN protects against organ

injury and promotes tissue regeneration/repair are

illustrated in Figure 1 and Table 1.
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Table 1 The mechanism of FMN protecting organ injuries and promoting regeneration and repair.

System
Injuried organ/

Diseases
Protective effects/Mechanism References

Hematopoietic

immune

system

Aplastic anemia
Reverse Treg/Th17 imbalance through regulating the PI3K/Akt

signaling pathway
[16]

Immunosuppression
Improve and promote the recovery of intestinal mucosal immune

function
[17]

Immunity

dysfunction

Modulate immunity via RORα/γ dual agonism regulating Th17

cells
[18]

Cardiovascular

system

Atherosclerosis

Protect endothelial function via PPAR-γ activation against

ox-LDL
[5]

Regulate the KLF4-SRA interaction, which encompasses

reducing foam cell formation, inhibiting monocyte adhesion and

inflammation, and stabilizing plaques

[19]

Regulate macrophage polarization, inhibit JAK/STAT signaling,

upregulate α7nAChR, reduce inflammation, and lower lipid

levels

[20]

Myocardial

ischemia-reperfusion

injury

Mitigate myocardial ischemia/reperfusion injury through

ROS-TXNIP-NLRP3 pathway inhibition
[21]

Mitigate myocardial ischemia/reperfusion injury through platelet

CD36-mediated ERK5 signaling
[22]

Model of myocardial

infarction combin

Modulate macrophage/glial cell polarization through GSK-3β

targeting
[23]

Heart failure with

preserved ejection

fraction

Activate PPARα/PGC-1 pathway and regulate energy metabolism [24]

Heart failure
Modulate HSP90/AKT pathway by inhibiting HSP90, promoting

AKT phosphorylation, and reducing CASP3
[25]

Cardiac fibrosis
Improve mitochondrial dysfunction by regulating the expressions

of cardiomyocyte ALDH2, HADH, and MAOB
[27]
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Nervous

system

Alzheimer's disease

Prevent neuronal apoptosis via Bax/Bcl-2 pathway inhibition,

oxidative stress reduction, and mitochondrial membrane

stabilization

[6]

Cognitive disorde

Modulate metabolism, suppress neuroinflammation and Tau

hyperphosphorylation through PGC-1α pathway modulation,

NF-κB inhibition, and Nrf-2/HO-1 activation

[7]

Ischemic stroke

Enhanced neurobehavior, increased dendritic spine density,

upregulated neurotrophic factor expression, activated

PI3K/AKT/ERK signaling, and exerted

anti-apoptotic/anti-inflammatory effects

[30]

Inhibit PARP1/PARG activity, promote the expression of the

neuroprotective factor Iduna, and inhibit NF-κB transcription as

well as the secretion of pro-inflammatory factors

[32]

Alleviate neuroinflammation by inhibiting the TLR4/NF-κB

pathway, reducing nuclear translocation of NF-κB p65,

downregulating pro-inflammatory factors, and promoting

microglial polarization from the M1 to M2 phenotype

[31]

Cerebral

ischemia/reperfusio

n injury

Anti-oxidative stress, anti-inflammation, inhibition of neuronal

apoptosis, and improvement of mitochondrial ultrastructural

damage

[33-36]

Spinal cord injury
Curb microglial activation and reduce microglial inflammatory

responses by suppressing the EGFR/MAPK signaling pathway
[38]

Digestive

system

Inflammatory bowel

disease

Inhibit activation of the NLRP3 inflammasome pathway, block the

Hippo/YAP signaling pathway, promote YAP expression, and

reduce intestinal epithelial cell apoptosis

[41,42,44]

Disorder of intestinal

flora

Dampen macrophage pyroptosis by inhibiting nuclear

accumulation of hnRNPUL2 and its subsequent binding to the

NLRP3 promoter

[9]

Fatty liver

Activate TFEB-mediated lysosomal biogenesis, improve

hepatocyte autophagy function, activate the SIRT1/PGC-1α

/PPARα pathway, and promote hepatic fatty acid β-oxidation

[45,47]

Hepatic fibrosis

Enhance the activity of antioxidant enzymes, weaken

inflammatory responses and excessive expression of

extracellular matrix, and regulate the Nrf2/NOX4 signaling

pathway to inhibit oxidative stress

[52]

Suppress the EZH2/YAP axis enhancer, downregulate EZH2 and

its catalytic product H3K27me3, induce HSC senescence, and

thereby inhibit HSC activation and extracellular matrix

accumulation

[53]
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Respiratory

system

Acute lung injury

Regulate the HMGB1/RAGE/NF-κB signaling pathway, reduce the

degree of inflammation and damage in lung tissue, and improve

immune function

[54]

Pulmonary fibrosis

Block macrophage NLRP3 inflammasome activation and

pyroptosis via mediating lipid metabolism, thereby reducing

inflammatory responses and alleviating fibrosis

[56]

Acute pulmonary

embolism

Activate the Nrf2/HO-1 signaling pathway to inhibit oxidative

stress and reduce inflammatory responses
[57]

Asthma
Inhibit the MAPKS and ESR1/NLRP3/Caspase-1 signaling

pathways to attenuate inflammatory responses
[60,61]

Urogenital

system

Pelvic inflammatory

disease

Inhibit activation of the TLR4/MyD88/NF-κB pathway and reduce

levels of TNF-α, IL-1β, and IL-6 in endometrial epithelial cells
[66]

Endometriosis
Regulate the expressions of key molecules such as p27, pSTAT3,

and progesterone receptors
[67]

Benign prostatic

hyperplasia

Act on estrogen receptors such as ER-α and ER-β, and regulate

cell cycle-related genes including CDK1, cyclin A2, CDK2, and

cyclin B1

[13]

Renal fibrosis
Activate the Nrf2/ARE signaling pathway via Sirt1 and suppress

the Smad3/ATF3/SLC7A11 signaling pathway
[69,70]

Skeletal

system

Osteoporosis Activation and upregulation of the Wnt/β-catenin pathway [72]

Osteoarthritis
Downregulate Th17 cell differentiation in OA rats and inhibit the

Th17/IL-26 inflammatory axis to alleviate inflammation
[77]

Figure 1 The mechanism of FMN protecting organ injuries and promoting regeneration and repair.
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10 Conclusion

FMN, as the primary active component in Astragalus

membranaceus, Radix Puerariae, and other traditional

Chinese medicine materials (TCM), has been

confirmed in substantial studies to exert protective

effects on multiple organ injuries in the hematopoietic

immune system, cardiovascular system, and nervous

system. The anti-inflammatory, anti-oxidative and

immune-regulatory properties of FMN can promote

regeneration and repair of damaged tissues, and FMN

is a potent active ingredient of TCM with great

potential for clinical application and development.

However, these experiments still remain at the

experimental research stage, and the positive effects

of FMN on protecting organ injury and promoting

regeneration and repair need to be further validated in

clinical studies. Meanwhile, FMN is a weakly polar

molecule that is almost insoluble in water. Oral

administration has unsatisfactory effects, while

continuous high-concentration administration often

leads to serious adverse reactions. Therefore, new

methods such as changing the structure of FMN,

effectively improving water solubility, and enhancing

bioavailability still require further studies, and further

exploration is needed to improve clinical application

value.
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