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Abstract
Redox balance is crucial for maintaining normal physiological functions. Its disruption by oxidative stress can trigger 
or exacerbate a series of pathological cascades, ultimately contributing to various chronic diseases, particularly 
inflammatory disorders. Inhibiting oxidative stress and its associated pathological cascades may alleviate these 
diseases, a process often linked to the activation of nuclear factor erythroid 2-related factor 2 (Nrf2). Initially 
characterized as a redox-sensitive transcription factor, Nrf2 is now recognized as a pivotal regulator of an extensive 
network of antioxidant genes, effectively counteracting oxidative stress and its detrimental effects. Consequently, 
advances in understanding Nrf2 activators and their regulatory mechanisms have accelerated the development 
of Nrf2-targeted therapies, demonstrating significant potential for preventing and treating chronic inflammation 
diseases. Many natural phytochemicals, particularly flavonoids, have been identified as Nrf2 activators that can 
ameliorate inflammatory responses. Furthermore, therapy with mesenchymal stromal/stem cells (MSCs) is a highly 
researched treatment approach with the potential to confer immunomodulatory, anti-inflammatory, anti-apoptotic 
and antimicrobial effects. Owing to their superior safety profile compared to conventional therapeutics, MSCs are 
gaining prominence as sustainable long-term treatment options, although their precise molecular mechanisms 
remain to be fully elucidated. This review focuses on the activation mechanisms of Nrf2 and its clinical and 
preclinical inducers, with particular emphasis on the mechanistic insights and therapeutic applications of natural 
flavonoids and MSCs in the prevention or treatment of inflammatory diseases. More importantly, it summarizes the 
profound role of flavonoid-MSCs combinatorial therapy in the intervention of inflammatory diseases, pointing out 
novel therapeutic strategies and future prospects for modulating the Nrf2 signaling pathway in the treatment of 
inflammatory disorders.
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Introduction
Organisms face a persistent threat from oxidative stress, 
a condition resulting from an imbalance between reactive 
oxygen species (ROS) production and cellular antioxidant 
defenses [1]. These ROS, including superoxide anions, 
hydrogen peroxide, and hydroxyl radicals, are gener-
ated as natural metabolic byproducts or are induced by 
environmental factors, such as pollution, radiation and 
toxins. While low levels of ROS are essential for cellular 
signaling and homeostasis, their excessive accumulation 
damages cellular components such as lipids, proteins, 
and DNA, leading to dysfunction and cell death [2]. This 
also triggers inflammation by activating pro-inflamma-
tory signaling pathways, such as nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) and 
mitogen-activated protein kinase (MAPK), ultimately 
promoting the expression of inflammatory cytokines 
(e.g., tumor necrosis factor-α (TNF-α), interleukin (IL)-
6, IL-1β) and chemokines [3]. This establishes a self-per-
petuating cycle in which inflammation further enhances 
ROS production, exacerbating oxidative stress and tissue 
damage [4, 5].

To mitigate the resulting oxidative damage, organisms 
have evolved sophisticated adaptive mechanisms to pre-
serve genomic integrity and maintain redox homeostasis. 
One of the most versatile mechanisms of adaptation is 
the Nrf2 antioxidant pathway [6]. Nrf2 is a critical tran-
scription factor that plays a central role in regulating cel-
lular defense mechanisms for mitigating inflammation, 
which are biological processes bidirectionally linked with 
oxidative stress [7, 8]. Emerging evidence from in vitro 
and in vivo studies indicates that dietary phytochemi-
cals, particularly natural flavonoids, can activate the 
Nrf2-dependent signaling pathway through alternative 
mechanisms. This activity suggests a cost-effective, safe 
and accessible strategy for mitigating various inflamma-
tion-related pathologies. And their protective potential 
has been demonstrated in several conditions, such as 
non-alcoholic fatty liver disease (NAFLD), diabetes and 
its complications, ischemia/reperfusion injury, cellular 
senescence, atherosclerosis, hepatotoxicity and other 
inflammatory diseases [9–11]. These findings under-
score the promise of flavonoids as therapeutic agents in 
the management of chronic inflammatory and metabolic 
diseases.

Mesenchymal stromal/stem cells (MSCs) are multipo-
tent stem cells that can be isolated from various tissues 
and differentiated into multiple lineages under appro-
priate conditions. Their functional repertoire includes 
immunomodulation, homing, and differentiation, which 

collectively help establish a balanced inflammatory and 
regenerative niche within damaged tissues during severe 
inflammation. Furthermore, accumulating evidence 
demonstrates that MSCs-derived extracellular vesicles 
(MSCs-EVs) and conditioned medium (MSCs-CM) play 
remarkable roles, exhibiting potent anti-inflammatory 
and antioxidant properties that offer novel therapeutic 
alternatives for inflammatory diseases [12].

Pharmacological activation or inhibition of Nrf2 can 
directly regulate the survival and function of MSCs under 
various stress conditions through multiple key intracel-
lular mechanisms [13, 14]. Thus, the integration of natu-
ral flavonoids with MSCs-based therapies offers a novel 
strategy to enhance the therapeutic potential of MSCs in 
inflammatory diseases.

As a result, this review systematically summarizes the 
therapeutic potential of Nrf2 as a treatment strategy for 
inflammation. It elucidates the mechanistic roles of Nrf2-
targeting agents in managing inflammation-related dis-
eases. Furthermore, this work explores the synergistic 
potential of combining natural flavonoids with MSCs as 
a drug delivery platform, aiming to establish a theoretical 
foundation for future research.

Materials and methods
Literature search strategy
The literature review for this study was conducted by 
searching Scopus, Science Direct, PubMed, and Google 
Scholar databases. The search was limited to articles pub-
lished in English between January 1995 and June 2025, 
with a specific focus on research progress in this field 
over the past three decades.

Keywords
The search was performed using the following keywords 
and their combinations: “Nrf2”, “mesenchymal stem/
stromal cells” or “MSCs”, “natural flavonoids”, “inflamma-
tory diseases”, “oxidative stress”, “Keap1”, “Nrf2 inducers”, 
“MSCs-derived exosomes/conditioned medium”, “syner-
gistic effects of flavonoids and MSCs”, as well as specific 
disease terms such as “rheumatoid arthritis”, “Alzheimer’s 
disease”, etc. or specific flavonoid such as “quercetin”, 
“luteolin”, etc.

Inclusion criteria

1.	 Original research articles and reviews focusing 
on Nrf2 activation by mesenchymal stem cells or 
flavonoids.

Keywords  Nuclear factor erythroid 2-related factor 2 (Nrf2), Natural flavonoids, Mesenchymal stromal/stem cells 
(MSCs), Inflammatory diseases
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2.	 Studies involving “in vivo”, “in vitro”, or clinical 
models of inflammatory diseases.

3.	 Studies elucidating molecular mechanisms, 
particularly those involving the Nrf2 signaling 
pathway.

Exclusion criteria

1.	 Non-English publications.
2.	 Studies not directly associated with Nrf2, 

mesenchymal stem cells, or flavonoids.
3.	 Articles lacking a clear description of mechanisms or 

disease relevance.

The regulator role of Nrf2
The Nrf2 research field has undergone remarkable 
advancements in the last 30 years, during which para-
digm-shifting discoveries have redefined our mechanis-
tic comprehension of Nrf2 as a master regulator vitally 
involved in the maintenance of cellular homeostasis. In 
1994, Nrf2 was identified as a member of the cap’n’collar 
(CNC) subfamily and was characterized by a bZIP struc-
ture containing seven functional domains (Neh1–Neh7) 
that regulate cellular defense genes (Fig. 1) [15, 16]. It 
was further validated through Nrf2 knockout (Nrf2 KO) 
mouse models in 1996 [17, 18], cementing its momen-
tous role in cellular oxidative stress responses and 
defense pathways. Between 1999 and 2009, significant 
progress revealed that Kelch-like ECH-associated protein 
1 (Keap1), as a substrate adaptor for the Cullin3-RBX1 E3 
ubiquitin ligase, maintains low Nrf2 levels under physi-
ological conditions. However, electrophilic compounds 
modify key cysteine residues in Keap1, particularly 
Cys151, disrupting the Nrf2-Keap1-Cullin3 complex, 
inhibiting Nrf2 ubiquitination, and promoting its sta-
bilization and activation [19–22]. Prior to this, antioxi-
dant response elements (AREs), located in the regulatory 
regions of phase II detoxification genes, were identi-
fied as key elements that facilitate the binding of Nrf2, 
which upregulates antioxidant and detoxifying enzymes 

such as NAD(P)H quinone oxidoreductase 1 (NQO1), 
glutamate-cysteine ligase catalytic subunit (GCLC), and 
heme oxygenase 1 (HO-1) in 1997 [23, 24]. Nrf2 miti-
gates excessive inflammatory responses by upregulating 
NQO1 and HO-1 expression in response to lipopolysac-
charide (LPS), which in turn protects against the exces-
sive production of inflammatory cytokines, such as TNF 
and IL-1β [25]. Therefore, as the master regulator of 
cellular defense mechanisms, the Nrf2-related pathway 
is essential for protecting against inflammatory tissue 
injury by upregulating antioxidant proteins and detoxify-
ing enzymes [26]. This positions it as a critical molecular 
target in human disease research.

Thus, Nrf2 was predominantly recognized as a cyto-
protective transcription factor that preserves cellular 
homeostasis and mitigates environmental toxin-induced 
damage between 1999 and 2009, however, a paradigm-
breaking discovery revealed its dual role in cancer via 
augmenting chemoresistance in 2008 [27]. Elevated Nrf2 
expression drives tumor progression and confers broad 
resistance to therapies including chemotherapy, radio-
therapy and targeted-immunotherapy. This overexpres-
sion is further associated with aggressive metastasis, 
higher rates of tumor recurrence, and worse prognoses 
[22]. Although the duality of Nrf2 exemplifies its Janus-
faced nature in oncogenesis, it exerts cytoprotective and 
tumor-suppressive functions in normal physiological 
contexts, which act as a gatekeeper to prevent cancer 
onset.

Pharmaceutical development of Nrf2 modulators
The identification of Nrf2 as a master regulator of cellular 
antioxidant defenses has revolutionized our understand-
ing of its pivotal role as a therapeutic target in the patho-
genesis of inflammatory diseases. This has driven the 
development of novel compounds designed to modulate 
Nrf2 for both disease prevention and targeted interven-
tion. Numerous experimental studies have demonstrated 
that the activation of Nrf2 constitutes an essential pre-
requisite for the suppression of inflammation. However, 

Fig. 1  Schematic representation of the basic structure and function of the Nrf2 protein. Neh Nrf2-ECH homology, CNC-bZIP Cap’n’Collar basic leucine 
zipper, NH2 N-terminal, COOH C-terminal, RXRα retinoid X receptor-alpha, β-TrCP beta-transducin repeat containing E3 ubiquitin protein ligase, ARE anti-
oxidant response element, CRBE Cyclic AMP response element-binding protein
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the development of Nrf2 modulators has progressed 
through distinct stages, each characterized by a hierarchy 
of evidence. This progression begins with mechanistic 
discoveries in in vitro systems and animal models, then 
advances from preclinical investigation to clinical tri-
als, and ultimately, aims to achieve clinical application. 
To date, three small-molecule Nrf2 activators (dimethyl 
fumarate [DMF], diroximel fumarate and omaveloxo-
lone) have already been approved by the US Food and 
Drug Administration for specific indications (multiple 
sclerosis, psoriasis and Friedreich’s ataxia), while numer-
ous others under preclinical investigation.

Nrf2 inducers in clinic
The prototypical Nrf2 inducers are cysteine-reactive 
small molecules that specifically target cysteine residues 
on KEAP1, notably Cys151, which consequently disrupts 
the KEAP1-CUL3 E3 ubiquitin ligase complex and thus 
prevents Nrf2 degradation. Currently, the strongest evi-
dence supporting Nrf2 activation as a therapeutic strat-
egy comes from three approved drugs (Table 1), whose 
efficacy and safety profiles have been rigorously validated 
through standardized clinical trial processes. DMF, the 
pioneering Nrf2 activator approved for clinical applica-
tions, is commercially available under multiple brand 
names including Tecfidera, Skilarence, and Fumaderm. 
Notably, Tecfidera (BG-12), an orally administered for-
mulation of DMF, is approved for relapsing-remitting 
multiple sclerosis (MS); Skilarence has received regula-
tory approval in the European Union, while Fumaderm, 
a combination of DMF and monoethyl fumarate salts, 
is specifically authorized in Germany for the treat-
ment of psoriasis [22, 28]. Complementing these clini-
cal advances, diroximel fumarate, with brand name as 
Vumerity, a structurally optimized derivative of DMF, 
has been approved for the management of MS [28]. 
These approved drugs highlight the significant clini-
cal efficacy of DMF in treating chronic inflammatory 
and autoimmune disorders by promoting a shift from 

pro-inflammatory to anti-inflammatory cytokine pro-
files through dual mechanisms. This shift is partially 
mediated by activating the Nrf2 pathway through Keap1 
modification, leading to Nrf2 accumulation and nuclear 
translocation, where it upregulates genes containing ARE 
to enhance the production of antioxidant and cytopro-
tective proteins. Additionally, Nrf2-independent actions 
contribute to this effect through the inhibition of NF-κB 
signaling and activation of the hydroxycarboxylic acid 
receptor 2 [29, 30]. However, both DMF and diroximel 
fumarate exhibit identical off-target interactions due to 
similar mechanistic pathways, resulting in overlapping 
adverse effects, though diroximel fumarate has been 
structurally optimized to mitigate gastrointestinal tox-
icity. A recent breakthrough in therapeutic innovation 
was achieved with the 2023 approval of omaveloxolone 
(commercially known as Skyclarys, also referred to as 
RTA 408), a synthetic oleanane triterpenoid derived from 
cyclic-28, 30-didehydro-28, 29-dimethyl-18β-oleano-12-
oleanoic acid (CDDO). Omaveloxolone and its analogues 
directly target Keap1, PPARγ and IKKβ, leading to broad 
anti-inflammatory effects [22]. This landmark approval 
marked the first targeted treatment specifically designed 
for Friedreich’s ataxia, addressing a critical unmet need 
in the management of this rare and debilitating neurode-
generative disorder.

Preclinical Nrf2 inducers
In contrast to the three clinically approved Nrf2 activa-
tors described above, the following compounds remain 
investigational and require further validation to transi-
tion from candidates to clinically approved therapeutics 
(Table 2). CDDO-IM (imidazole derivative of CDDO) 
and CDDO-Me (methylester derivative of CDDO), two 
prominent bardoxolone derivatives, effectively mitigate 
sepsis by suppressing LPS-triggered cytokine expression 
and oxidative stress [31, 32]. Carbon monoxide (CO)-
releaser/Nrf2 activator hybrids (HYCOs), a novel class of 
hybrid molecules, demonstrate their therapeutic efficacy 

Table 1  FDA approved pharmaceutical Nrf2 inducers
Inducer Structures Disease Brand names Refs.
Dimethyl fumarate Multiple sclerosis; Psoriasis Tecfidera, Skilarence, and Fumaderm [22, 28]

Diroximel fumarate Multiple sclerosis Vumerity [28]

Omaveloxolone Friedreich’s ataxia Skyclarys, RTA 408 [22]
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by simultaneously activating Nrf2 and enabling con-
trolled CO release, which collectively contribute to their 
potent anti-inflammatory effects and significant allevia-
tion of psoriatic symptoms [33]. Meanwhile, expression 
quantitative trait loci (eQTLs) linked to Nrf2-regulated 
pathways provide a deeper understanding of the intri-
cate relationship between Nrf2 and immune signaling 
within the skin compartment, shedding light on how 
genetic variations orchestrate the dynamic pathologi-
cal changes observed in psoriatic skin [34]. Dimerumic 
acid (DMA) effectively mitigates diabetes-related com-
plications by activating Nrf2. This activation suppresses 
inflammation and oxidative stress, enhances methylgly-
oxal (MGO) metabolism, and reduces the accumulation 
of advanced glycation end-product (AGEs) and inflam-
matory cytokines, thereby offering therapeutic benefits 

[35]. Supplementing hyperoxic lung injury mice with glu-
tathione (GSH) significantly restored their recovery abil-
ity, highlighting the critical role of Nrf2-regulated GSH 
synthesis in lung tissue repair and inflammation resolu-
tion [36]. In the therapeutic approach for managing met-
abolic dysfunction-associated steatohepatitis (MASH) 
and its progression, various compounds have demon-
strated significant efficacy by activating the Nrf2 signal-
ing pathway. 1-O-hexyl-2,3,5-trimethylhydroquinone 
(BTT-105), an Nrf2 activator, alleviates MASH fibrosis by 
enhancing antioxidant pathways and suppressing phos-
phatidylinositol 3-kinase/protein kinase B (PI3K/AKT) 
signaling in hepatic stellate cells [37]. Rather than target-
ing Keap1, PHAR ((1 S,3R,3aR,6aS)-5′-chloro-5-(2,3-
dihydro-1,4-benzodioxin-6-yl)-1-(1H-indol-3-ylmethyl)
spiro [1,2,3a,6a-tetrahydropyrrolo [3,4-c]pyrrole-3,3′-1 

Table 2  Preclinical pharmaceutical Nrf2 inducers targeting inflammatory diseases
Inducer Structures Disease Refs.
CDDO-Im and CDDO-Me Sepsis [31, 39]

HYCOs Psoriatic symptoms [33]

DMA Diabetes-related complications [35]

GSH Hyperoxic lung injury [36]

BTT-105 MASH [37]

PHAR NASH [38]
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H-indole]-2′,4,6-trione) presents a novel therapeutic 
approach by disrupting the Nrf2–β-TrCP–CULLIN1 E3 
ubiquitin ligase complex, effectively mitigating liver fat 
accumulation and fibrosis in non-alcoholic steatohepa-
titis (NASH) while circumventing the adverse effects 
commonly associated with other Keap1-targeting Nrf2 
activators [38].

While preclinical compounds show therapeutic prom-
ise, their development faces significant hurdles, as 
exemplified by CDDO-Me. This is illustrated by the ter-
mination of the BEACON (NCT01351675, Bardoxolone 
Methyl Evaluation in Patients with Advanced Chronic 
Kidney Disease and Type 2 Diabetes, 2011) and CAR-
DINAL (NCT03019185, Patients with Alport Syndrome, 
2017) trials due to cardiovascular safety concerns, despite 
achieving renal benefit-highlighting the imperative for 
rigorous long-term safety evaluation. An elevated rate of 
serious adverse events, including heart failure and other 
cardiovascular complications, prompted the trials’ ter-
mination, providing compelling evidence of a heightened 
risk associated with CDDO-Me in this patient popula-
tion [22]. Moreover, the anti-psoriatic effects attributed 
to other candidates such as HYCOs have not been inde-
pendently verified. Significant promiscuity in protein 
interactions has also been observed with CDDO deriva-
tives, which engage with over 500 proteins according to 
proteomic analyses, suggesting considerable off-target 
effects that may undermine their therapeutic utility. 
These challenges highlight the critical need to enhance 
both pharmacokinetic properties and target specificity in 
the ongoing development of Nrf2 modulators. Thus, pre-
clinical candidates show mechanistic promise but remain 
distant from clinical application, with their potential 
contingent upon overcoming efficacy-, specificity-, and 
safety-related hurdles in human trials. Future success will 
depend on leveraging strong preclinical evidence while 
prioritizing clinical trial designs that rigorously assess 
long-term outcomes.

Phytochemicals as Nrf2 inducers
Despite the clinical success of some Nrf2 activators, their 
broad electrophilic reactivity with proteins containing 
reactive cysteine residues leads to significant off-target 
effects and challenges in achieving precise therapeu-
tic outcomes, thereby presenting substantial barriers to 
clinical translation. These clinical setbacks underscore 
the complexities and challenges in future research in 
optimizing Nrf2 inducers by enhancing target specificity, 
reducing off-target toxicity, and refining their pharmaco-
logical profiles to achieve successful clinical outcomes. 
Therefore, advanced strategies to improve target specific-
ity and refine pharmacological properties are therefore 
warranted. Protein-protein interaction (PPI) disrupt-
ing activators represent a promising high-specificity 

alternative to Nrf2, however, their clinical translation 
remains hindered by pharmacokinetic constraints. Con-
sequently, ongoing research and refinement in the design 
of both PPI-based and conventional inducers are essential 
to maximize the therapeutic potential of Nrf2 activation.

In comparison to these strategies, a variety of medici-
nal materials containing bioactive small molecules, espe-
cially natural flavonoids derived from traditional Chinese 
medicine (TCM) and folk medicines, exhibit significant 
anti-inflammatory activity by effectively downregu-
lating key pro-inflammatory cytokines such as IL-1β, 
IL-6, MCP-1 and TNF-α, especially. Importantly, this 
cytokine-suppressing activity is mechanistically depen-
dent on the Nrf2 signaling pathway, as evidenced by the 
complete loss of anti-inflammatory efficacy upon genetic 
ablation or silencing of Nrf2 expression. Thus, the Nrf2-
mediated anti-inflammatory properties of these natu-
ral compounds position them as promising therapeutic 
candidates that may offer enhanced safety profiles and 
serve as cost-effective alternatives to currently prescribed 
pharmacological interventions.

Flavonoids targeting Nrf2
Numerous medicinal plants contain over five thousand 
known flavonoid compounds, many of which have been 
utilized for centuries as essential bioactive components 
in traditional medical practices across East Asia, par-
ticularly in China, Japan, Korea, and Mongolia. Structur-
ally characterized by a conserved three-ring (C6-C3-C6) 
skeleton, flavonoids exhibit a remarkable spectrum of 
biological activities and are classified into seven major 
subclasses (flavones, isoflavones, flavanols, flavanones, 
flavonols, anthocyanidins, and chalcones) based on dis-
tinct aromatic ring substitutions [40–43]. These struc-
tural variations confer the ability to modulate multiple 
pathological processes, with demonstrated efficacy in 
inflammatory disorders, predominantly through the acti-
vation of the Nrf2 signaling pathway. Here, the common 
chemical structure and sources of ten extensively stud-
ied flavonoid compounds with therapeutic potential in 
inflammatory diseases are depicted in Fig. 2. In addition, 
we summarize representative flavonoids (Table 3) and 
non-flavonoid phytochemicals (Table 4) to illustrate how 
these compounds target Nrf2 in the treatment of inflam-
mation-related disorders.

Flavones
Flavones, including hesperidin, baicalein, luteolin, and 
naringin, exert profound regulatory effects by activat-
ing Nrf2 to enhance cellular defense mechanisms and 
mitigate oxidative stress-induced damage. Specifically, 
hesperidin has been shown to augment Nrf2 phosphor-
ylation via the PI3K/AKT pathway, leading to elevated 
antioxidant capacity in HepG2 cells and hepatic tissues 
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[44]. Baicalein, a bioactive flavonoid isolated from Scu-
tellaria baicalensis, demonstrates efficacy in attenuating 
NAFLD in high-fat diet-fed rats by activating the Nrf2-
mediated antioxidant system through the PI3K/AKT 
signaling cascade [45]. Luteolin orchestrates dual mod-
ulation of Nrf2-mediated oxidative stress and NF-κB-
mediated inflammatory responses, conferring protection 
against high glucose-induced cardiac fibrosis, hypertro-
phy, and dysfunction [46]. Furthermore, luteolin upreg-
ulates Nrf2 by activating sestrin2, which reduces the 
release of lactate dehydrogenase (LDH) and malondialde-
hyde (MDA), ameliorates mitochondrial dysfunction, and 
thereby enhances cardiac performance and myocardial 
resilience to prevent the diabetic rat heart from ischemia/
reperfusion (I/R) injury [47]. Naringin inhibits strepto-
zotocin (STZ)-induced apoptosis in MIN6 pancreatic 
β-cells by activating Nrf2 and its downstream target 
genes, glutathione S-transferase (GST) and NQO1 [48].

Isoflavones
As a bioactive isoflavone, puerarin significantly upregu-
lated the mRNA expression of Nrf2 and HO-1, sup-
pressed IL-1β levels, and conferred substantial retinal 
protection in STZ-induced diabetic rats [49].

Flavonols
As prominent flavonols, quercetin and myricetin have 
been shown to significantly reduce the risk of diabetic 
cataract formation by modulating multiple molecu-
lar pathways, with a particularly notable impact on the 
Nrf2 signaling pathway [50]. Galangin exerts its anti-
senescence effects by activating the SIRT1/PGC-1α/Nrf2 
signaling pathway to prevent senescence in dermal fibro-
blasts [51].

Chalcones
Recent studies found that phytochemicals can regulate 
ferroptosis by promoting adenosine 5‘-monophosphate 
(AMP)-activated protein kinase (AMPK)-mediated Nrf2 
activation, which elevates the expression levels of fer-
ritin, SLC7A11, and glutathione peroxidase 4 (GPX4) 
thereby suppressing ferroptosis. Echinatin has been dem-
onstrated to upregulate the expression of glutamate-cys-
teine ligase (GCL), including both the catalytic subunit 
(GCLC) and the modulatory subunit (GCLM) in vascular 
smooth muscle cells (VSMCs), thereby maintaining the 
homeostasis of GSH metabolism. Adequate availability 
of GSH is critical for counteracting arterial stiffening. 
By regulating GSH synthesis, echinatin inhibits both fer-
roptosis and matrix remodeling, which are considered 
significant contributors to arterial stiffening and athero-
sclerosis [52]. Moreover, Licochalcone A, a compound 
derived from Xinjiang licorice (Glycyrrhiza inflata), ame-
liorated aflatoxin B1 (AFB1)-induced hepatotoxicity. Its 
primary mechanisms include the inhibition of oxidative 
stress, apoptosis, liver fibrosis, inflammation, and pyrop-
tosis, effects closely associated with activation of the Nrf2 
signaling pathway [53].

Beyond their established capacity to activate the Nrf2 
pathway, flavonoids also demonstrate significant anti-
inflammatory properties through alternative molecular 
mechanisms. In addition to the shared Nrf2 activation 
previously described, luteolin directly binds IKKα/IKKβ, 
thereby suppressing the NF-κB/TOM6/PINK1 mitoph-
agy axis and ameliorating vascular calcification [54]. 
Similarly, galangin exerts protective effects against vas-
cular aging by binding SMAD3 and activating PINK1/
LC3-mediated mitophagy, suggesting a novel therapeu-
tic mechanism [55]. In addition to its involvement in 
Nrf2-mediated signaling in LPS-stimulated RAW264.7 
cells, vitexin exerts multifaceted anti-inflammatory 
and lipid metabolic regulatory functions in NAFLD by 
coordinated downregulation of lipogenic pathways and 
selective inhibiting the TLR4/NF-κB signaling axis [56]. 
Apigenin significantly attenuates nitric oxide (NO) pro-
duction and inhibits the secretion of pro-inflammatory 
cytokines, including IL-6 and IL-1β, while downregu-
lating the protein expression of COX-2 and iNOS. Fur-
thermore, it suppresses the phosphorylation of ERK and 

Fig. 2  Main sources of ten representative flavonoids. Hesperidin pre-
dominantly comes from lemons and oranges. A key source of baicalein is 
Scutellarin baicalensis. Luteolin is most often found in carrots, green pep-
pers and chrysanthemum. Naringin commonly occurs in mint, parsley and 
broccoli. Puerarin is enriched in Pueraria. Quercetin mainly exists in apple 
peel. Myricetin is abundant in grape skins and wine. Galangal and propolis 
yield significant amounts of galangin. Echinatin and Licochalcone A are 
mainly extracted from Glycyrrhiza glabra and Xinjiang licorice (Glycyrrhiza 
inflata), respectively. Both Scutellaria baicalensis and Glycyrrhiza are well-
known traditional Chinese medicines
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JNK, key kinases within the MAPK signaling cascade in 
RAW264.7 cells [57]. In a dermal inflammation model, 
apigenin also exhibits remarkable protective effects 
against UVA-induced photodamage by substantially 
reducing metalloproteinase-1 expression. This protec-
tive mechanism is attributed to its interference with Ca2+ 
influx-dependent MAPK and AP-1 signaling pathways 
in HaCaT cells and normal human dermal fibroblasts 
[58]. Additionally, apigetrin exerts antioxidant and anti-
inflammatory effects in RAW264.7 cells by alleviating 
free radical-induced oxidative damage to DNA, proteins, 
and erythrocytes, primarily through suppression of ROS 
and downregulation of IL-6, TNF-α, and the NF-κB sig-
naling pathway [59]. In parallel with its ability to activate 
the Nrf2/HO-1 pathway [60], biochanin A contributes to 

vascular homeostasis and mitigates age-related vascular 
dysfunction by targeting the HDAC1/H3K4me3/NFKB1 
axis to inhibit NF-κB-mediated senescence-associated 
secretory phenotype (SASP) production [61]. Kaempferol 
ameliorates bone loss by directly binding Sp1 to promote 
FUNDC1-mediated mitophagy, thereby attenuating bone 
density attenuating caused by postmenopausal osteopo-
rosis and reducing senescence in BMSCs [62]. Baicalin 
alleviates ulcerative colitis (UC) through dual-targeting 
JAK2/STAT3 phosphorylation during Th17 differentia-
tion and IL-17 production, while suppressing IL-17RA 
expression in macrophages to inhibit NF-κB activation 
and M1 polarization, thereby disrupting IL-17-mediated 
inflammatory crosstalk between the Th17/M1 macro-
phage immune pathways [63]. Even extracts derived from 

Table 3  Subclass, chemical structure, biochemical properties and functions of representative flavonoids targeting Nrf2 in 
inflammation diseases
Subclasses Compounds Chemical Structure Signal Pathway Targeting Nrf2 Disease Refs.

Flavones

Hesperidin PI3K/AKT-Nrf2-ARE pathway NAFLD [44]

Baicalein [45]

Luteolin Nrf2- ARE Diabetic cardiomyopathy [46]

Sestrin2- Nrf2 Ischemia/reperfusion injury [47]

Naringin Nrf2- ARE Diabetes [48]

Isoflavones

Puerarin Nrf2- ARE [49]

Flavonols

Quercetin Nrf2- ARE Diabetic cataracts [50]

Myricetin

Galangin SIRT1-PGC-1α/Nrf2 Senescence [51]

Chalcones

Echinatin Nrf2-GSH-GPX4 Atherosclerosis [52]

Licochalcone A Nrf2- ARE Hepatotoxicity [53]
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P. nudicaule cultivars, which are rich in flavonoid-derived 
indole alkaloids, exert potent anti-inflammatory effects in 
RAW264.7 by attenuating LPS-induced NO production, 
and downregulating NO synthase 2 and cyclooxygenase 
2, through inhibiting the activation of NF-κB and STAT3 
signaling pathways [64, 65]. These findings collectively 
underscore the capacity of flavonoids to modulate inflam-
matory responses via coordinated regulation of multiple 
signaling networks across diverse pathological contexts 
and cell types. In summary, flavonoids, as a class of struc-
turally diverse natural small molecules, exhibit more 
direct actions and more specific targets, enabling them to 
rapidly exert a multi-target synergistic pharmacological 
network. They provide us with a “chemical toolbox” for 
regulating redox and inflammatory homeostasis, which 
also forms the basis for the synergistic effects between 
flavonoids and MSCs (“Natural flavonoids synergize with 
MSCs to enhance Nrf2 activation” section).

Other phytochemicals targeting Nrf2
Beyond flavonoids, many other natural compounds also 
potently activate the Nrf2 signaling pathway, demon-
strating considerable therapeutic promise for diverse 
pathologies. These non-flavonoid agents, derived from 
various natural sources, possess distinct structural 
characteristics that allow them to interact with cellu-
lar machinery and bolster antioxidant defenses. Their 
structural diversity enables specific interactions with key 
regulatory proteins, thereby facilitating the activation of 

Nrf2 and the subsequent upregulation of cytoprotective 
genes. Research has extensively detailed how these com-
pounds modulate oxidative stress pathways, particularly 
in inflammatory and degenerative diseases, underscoring 
their relevance to both traditional medicine and modern 
pharmacology.

Cardiovascular diseases
Nrf2-mediated HO-1 pathway modulation also exerts 
cardioprotective potential by mitigating oxidative damage 
in vascular endothelial cells, as demonstrated by hydroxy-
tyrosol, a bioactive compound derived from olives [66]. 
Ginkgo biloba extract [67] exhibits anti-atherogenic and 
vascular protective properties by upregulating HO-1 
expression in vascular tissues, a process mediated by the 
p38-Nrf2 signaling pathway. Also, a short-term dietary 
supplementation with broccoli sprouts provides robust 
cardioprotection against I/R-induced oxidative stress and 
cardiomyocyte apoptosis in rats, primarily through Nrf2 
pathway activation [68]. Tanshinone I [69] exerts anti-
apoptotic effects through Nrf2 pathway activation, which 
mitigates mitochondrial damage, alleviates myocardial 
oxidative stress, and ultimately improves cardiac function 
in mice .

Diabetes and diabetic complications
Ellagic acid [70, 71] and total sesquiterpenoid glycosides 
[70, 71] also activate Nrf2 by inhibiting Keap1 through 
upregulating miR-223 and enhancing IRS-1/GLUT4 

Inducer Structure Target signal pathway Disease Refs.
Hydroxytyrosol p38- Nrf2/HO-1 Cardiovascular diseases [66]

Ginkgo biloba extract – [67]

Broccoli sprouts – Nrf2-ARE [68]

Tanshinone I [69]

Ellagic acid miR-223/keap1-Nrf2 Type 2 diabetes mellitus [70]

Total sesquiterpenoid 
glycosides

SIRT6/Nrf2 [71]

Irisin – Nrf2-ARE Diabetic cardiac microvascular injury [72]

Table 4  Non-flavonoids phytochemicals acting on inflammatory diseases by targeting Nrf2
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Inducer Structure Target signal pathway Disease Refs.
Garlic sartan isopropyl ester – SIRT1/Nrf2/NF-κB Diabetic cardiomyopathy [73]

Honokiol SIRT1-Nrf2 [74]

Sulforaphane AMPK/Nrf2 [75]

Nrf2-ARE Diabetic nephropathy (DN) [76]

AMPK/Nrf2 Neurodegenerative diseases [77, 78]

Anthocyanins – PI3K/AKT/Nrf2/HO-1 [79]

Gastrodin Nrf2/HO-1 [80]

Resveratrol Nrf2/Keap1/SLC7A11 [81]

Forsythoside A Nrf2/GPX4 [82]Neuroinflammation

Salvianolic acid C AMPK/Nrf2-NF-κB [83]

Sinomenine Nrf2-NF-κB [84]

Chlorogenic acid Nrf2-ARE Cerebral ischemia/reperfusion injury [85]

EGCG Nrf2-NF-κB/NLRP3 
inflammasome

Lupus nephritis [86]

Fuzi – Nrf2-ARE Rheumatoid arthritis [87]

Polyphenol-rich grapes Obesity-induced inflammation [88]

Salidroside Liver injury [89]

Table 4  (continued) 
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signaling. They further activate AMPK and modu-
late TRPV1 and SIRT6/Nrf2 signaling to mitigate high 
glucose-induced insulin resistance in type 2 diabetes 
mellitus (T2DM). Irisin rescues diabetic cardiac micro-
vascular injury by stimulating the phosphorylation and 
nuclear translocation of extracellular signal-regulated 
kinase (ERK) 1/2 and Nrf2, while increasing the mRNA 
expression of HO-1, superoxide dismutase (SOD) 1, and 
SOD2 [72]. Garlic sartan isopropyl ester demonstrates 
therapeutic efficacy by activating the SIRT1/Nrf2 axis 
to inhibit the NF-κB signaling pathway and downregu-
late NF-κB p65 and pro-inflammatory cytokines TNF-α 
and IL-1β, thereby alleviating diabetes-associated oxi-
dative stress and inflammation in a high-fat diet and 
STZ-induced rat model [73]. Honokiol protects against 
myocardial I/R injury in type 1 diabetic rats by suppress-
ing oxidative stress and apoptosis through activation of 
the SIRT1-Nrf2 signaling pathway [74]. Moreover, sul-
foraphane, a key compound in broccoli sprouts, sup-
presses diabetic cardiomyocyte damage through the 
activation of the AMPK/Nrf2 pathways [75], and pro-
tects against diabetes-induced renal damage in mice and 
humans by activating Nrf2 [76].

Neurodegenerative & neuroinflammation diseases
In addition, SFN exhibits protective effects in neurode-
generative diseases including Alzheimer’s disease (AD), 
Parkinson’s disease (PD), and MS, all of which are closely 
related to neuroinflammation. Specifically, it offers neu-
roprotective effects in AD by activating Nrf2 to inhibit 
BACE1 and reduce Aβ production [77, 78]. Anthocya-
nins show protective effects against neurodegeneration 
and memory impairment in an AD mouse model by alle-
viating ROS and oxidative stress via the PI3K/AKT/Nrf2/
HO-1 pathway activation [79].

Moreover, gastrodin upregulates the Nrf2/HO-1 path-
way, inhibiting ferroptosis and providing neuroprotection 
[80]. In parallel, resveratrol mitigates rotenone-induced 
inflammation and oxidative stress by upregulating 
STAT1, Nrf2, and SLC7A11, leading to a marked sup-
pression of pro-inflammatory cytokine production, 
such as IL-6, IL-1β and TNF-α in a microglia cell line to 
attenuate PD [81]. Forsythoside A also activates the Nrf2/
GPX4 axis to inhibit iron deposition-mediated neuroin-
flammation and lipid peroxidation, preventing the IKK/
IκB/NF-κB signaling, reducing pro-inflammatory cyto-
kine secretion to improve memory and cognitive func-
tion in Alzheimer’s-like pathology [82]. Additionally, 
salvianolic acid C exerts anti-inflammatory effects by 
targeting the AMPK/Nrf2 pathway, which in turn inhibits 
the NF-κB pathway to mitigate LPS-stimulated neuroin-
flammation [83]. Sinomenine exerts anti-inflammatory 
effects by promoting Nrf2-dependent microglia M1/M2 
polarization and inhibiting the phosphorylation of IκBα 

as well as NF-κB nuclear translocation, contributing to 
the treatment of cerebral inflammatory disorders [84]. 
Moreover, chlorogenic acid has a similar effect in activat-
ing Nrf2 to regulate oxidative stress in cerebral I/R injury 
in rats [85].

Other inflammation disorders
Epigallocatechin gallate (EGCG), a green tea compound, 
alleviates lupus nephritis (LN) in mice by enhancing Nrf2 
signaling and inhibiting nucleotide-binding oligomer-
ization domain (NOD)-like receptor protein 3 (NLRP3) 
inflammasome activation, thereby reducing oxidative 
stress and inflammation, and improving renal func-
tion [86]. Fuzi, a traditional Chinese medicine derived 
from the lateral roots of Aconitum carmichaeli Debx, 
exerts beneficial effects on rheumatoid arthritis patients 
by modulating the Nrf2 pathway [87]. Additionally, the 
Nrf2-ARE pathway can be activated by polyphenol-rich 
grape compounds to target obesity-induced inflam-
mation and metabolic diseases [88]. Salidroside allevi-
ates hypoxia-induced hepatic injury by simultaneously 
modulating the JAK2/STAT3 pathway and enhancing 
Nrf2-driven antioxidant activation, thereby reducing 
inflammation and strengthening cellular antioxidant 
defenses [89].

MSCs and derivatives as potent activators of Nrf2 
in inflammatory diseases
Nrf2 serves as a master regulator of redox and metabolic 
homeostasis in MSCs, playing a crucial role in maintain-
ing their physiological integrity and functional proper-
ties. This positions Nrf2 as a valuable therapeutic target 
for MSCs-based regenerative medicine in inflammatory 
diseases. The therapeutic capacity of MSCs in inflam-
matory conditions is increasingly attributed to their 
potent paracrine activity rather than solely to their dif-
ferentiation potential. A key mechanism underlying this 
paracrine effect is the activation of the Nrf2 antioxidant 
pathway. MSCs and their secreted products including 
exosomes (Exos)/extracellular vehicles (EVs) and CM, 
activate Nrf2 through multi-dimensional/target mecha-
nisms, thereby enhancing cellular antioxidant defenses, 
modulating immune responses, and promoting tis-
sue repair (Fig.  3). It is noteworthy that the therapeutic 
efficacy of MSCs and their derivatives can be enhanced 
through external modulation, including pretreatment 
with natural compounds; these synergistic strategies are 
discussed in “Natural flavonoids synergize with MSCs to 
enhance Nrf2 activation” section. This section first sys-
tematically reviews the intrinsic mechanisms by which 
MSCs and their derivatives activate the Nrf2 pathway. It 
then explores natural strategies and other reinforcement 
approaches for alleviating inflammatory pathology.
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Different tissue derived MSCs as Nrf2 activators
Transplantation of MSCs derived from various human 
or animal sources-such as bone marrow (BM), umbili-
cal cord (UC), adipose tissue (AD), dental pulp (DP) 
and placenta-has demonstrated therapeutic efficacy in 
multiple models of inflammatory diseases. The primary 
mechanism underlying this effect involves the suppres-
sion of oxidative stress and inflammatory responses 
through direct or indirect activation of the Nrf2 signaling 
pathway.

Pulmonary diseases
In pulmonary diseases, the downstream effects regulated 
by Nrf2 form a multidimensional defense network that 
enables MSCs to combat inflammation and injury. This 
protection is founded on the ability of MSCs to alleviate 
tissue damage by coordinately regulating redox homeo-
stasis and programmed cell death via Nrf2. MSCs signifi-
cantly alleviate lung injury through activation of the Nrf2 
pathway. In a bleomycin-induced rat model of pulmo-
nary fibrosis, intravenous infusion of bone marrow MSCs 
(BMSCs) markedly reduced collagen deposition and 

hydroxyproline content in lung tissue via activation of 
the Nrf2/ARE signaling pathway, while increasing SOD 
activity and decreasing MDA levels, thereby effectively 
attenuating oxidative stress and tissue fibrosis [90]. In a 
model of ALI associated with severe acute pancreatitis 
(SAP), BMSCs similarly exerted protective effects by acti-
vating the Nrf2 transcription factor and suppressing fer-
roptosis in lung tissue. This was evidenced by decreased 
Fe²⁺, MDA, and ROS levels, along with increased GPX4 
and GSH levels [91]. Furthermore, Nrf2 activation acts as 
a critical hub through which MSCs achieve a synergistic 
anti-inflammatory and anti-fibrotic effect. In an a model 
of aging, BMSCs suppressed the expression of the endo-
plasmic reticulum stress marker-BiP via the PERK-Nrf2 
axis, thereby mitigating bleomycin-induced pulmonary 
inflammation and fibrosis [92]. In a LPS-induced acute 
lung injury (ALI) model, BMSCs transplantation allevi-
ated pulmonary edema and tissue damage, a protective 
effect linked to upregulation of the Nrf2/HO-1 pathway 
and inhibition of the NLRP3 inflammasome [93].

Investigations using different administration routes 
have yielded important insights into these mechanisms 
and their clinical translation. Positive outcomes have also 
been achieved through other routes of administration. 
Zhou et al. established a chronic obstructive pulmonary 
disease (COPD) model in mice through cigarette smoke 
and intranasal LPS administration. Their findings dem-
onstrated that airway delivery of MSCs alleviated COPD 
progression, primarily by modulating the Nrf2 pathway 
and reversing oxidative stress, thereby improving pulmo-
nary condition [94]. Notably, intranasal administration of 
human BMSCs also demonstrated therapeutic efficacy in 
an LPS-induced ALI mouse model, an effect mediated by 
the STC2 protein via the Nrf2/HO-1 pathway [95]. These 
findings significantly reinforce the generalizability of the 
Nrf2 pathway as a core effector mechanism for MSCs, 
which remain consistent across administration routes.

Neurological injuries
MSCs exert comprehensive neuroprotective effects in 
neurological disorders by modulating Nrf2-mediated 
redox homeostasis. Firstly, MSCs alleviate neuropatho-
logical damage and symptoms directly via an Nrf2-
mediated synergistic antioxidant and anti-inflammatory 
effect. In a model of oxaliplatin-induced sensory neu-
ropathy (OISN), a single intravenous injection of BMSCs 
completely reversed mechanical and cold allodynia, 
demonstrating a longer-lasting analgesic effect than gab-
apentin [96]. Mechanistically, BMSCs elevated the levels 
of anti-inflammatory cytokines IL-10 and transforming 
growth factor-beta (TGF-β) in the spinal cord and, more 
importantly, upregulated the gene expression of spinal 
Nrf2 and SOD. This reinforced the capacity to scavenge 
ROS, thereby reducing levels of oxidative stress markers 

Fig. 3  The epigenetic regulatory mechanism of MSCs and their deriva-
tives in activating Nrf2 for the treatment of inflammatory diseases. This 
figure provides an overview of the potential applications of MSCs derived 
from various tissues (such as bone, adipose tissue, umbilical cord, and den-
tal pulp) or MSCs-derived products (e.g., exosomes or conditioned me-
dium) in the treatment of inflammatory diseases across multiple organs 
(including the heart, liver, kidney, lung, brain, eye, skin, bladder and etc.) 
through the regulation of upstream and downstream signaling pathways 
of Nrf2. Pretreatment and engineering strategies-such as hypoxia mimet-
ics, small molecule compounds, laser irradiation, and genetic editing-can 
further enhance the regulatory efficiency of the Nrf2 pathway via either 
Keap1-dependent or Keap1-independent signaling pathways, underscor-
ing the multi-target and multi-directional regulatory role of the Nrf2 path-
way in the treatment of inflammation
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(nitrite and malondialdehyde, MDA) and reestablishing 
redox homeostasis. More profoundly, the precise Nrf2-
dependent regulation of microglial phenotype polariza-
tion by MSCs is particularly critical for neuroprotection 
and regeneration. In a chronic stress-induced depres-
sion model, transplantation of adipose-derived MSCs 
(ADSCs) significantly reversed depression-like behav-
iors. The central mechanism involves the activation of the 
Nrf2/HO-1 pathway and inhibition of the toll-like recep-
tor 4 (TLR4)/NF-κB pathway, which modulates microg-
lial polarization by suppressing the M1 phenotype while 
promoting the M2 phenotype. This regulation reduced 
the release of pro-inflammatory cytokines and restored 
the expression of brain-derived neurotrophic factor 
(BDNF) and its receptor TRKB expression in the brain. 
Knockdown and overexpression experiments confirmed 
that Nrf2 is a key molecule mediating the antidepressant 
effects of ADSCs [97]. In an AD model, human dental 
pulp stem cells (hDPSCs) transplanted into the hippo-
campus of 3xTg-AD mice promoted Nrf2 nuclear trans-
location via the AKT-GSK3β-Nrf2 pathway. This led to 
the upregulation of antioxidant enzymes, including HO-1 
and SOD1. Subsequently, M1 microglial polarization was 
inhibited, oxidative stress and neuronal apoptosis were 
alleviated, and ultimately, cognitive impairments and hip-
pocampal pathology in the mice improved [98]. However, 
the upstream activation mechanisms may vary depend-
ing on the cell source or disease context. This diversity in 
upstream signaling implies that MSCs adapt to distinct 
pathological microenvironments through specific factors, 
which ultimately converge to activate Nrf2.

Hepatic diseases
The hepatoprotective effect of MSCs depends on the acti-
vation of Nrf2, with its core mechanism residing in the 
coupled enhancement of hepatic antioxidant defenses 
and suppression of excessive inflammatory responses. 
In a model of LPS-induced acute liver injury during sep-
sis, transplantation of BMSCs significantly ameliorated 
hepatic pathological architecture. This protective effect 
was mediated by the upregulation of Nrf2 mRNA expres-
sion, which alleviated oxidative stress (restoring GSH and 
GPX levels) and inflammatory responses (reflected in 
reduced TNF-α and IL-6 levels) [99]. In a carbon tetra-
chloride (CCl₄)-induced model of chronic liver injury and 
fibrosis, BMSCs homed to the damaged liver and acti-
vated the Nrf2/HO-1 signaling pathway. This activation 
enhanced hepatic antioxidant capacity (reducing MDA 
and restoring GSH) and suppressed inflammation (via 
NF-κB downregulation) [100]. Studies further revealed 
that allogeneic (rat-derived) BMSCs conferred superior 
therapeutic efficacy compared to xenogeneic (mouse-
derived) BMSCs, suggesting that immunological com-
patibility may influence treatment outcomes [101]. This 

finding further suggests that the survival, paracrine activ-
ity, and host immune interactions of transplanted MSCs 
in vivo directly influence the capacity of host hepatocytes 
to activate the Nrf2 pathway, thereby offering an addi-
tional explanation for the observed variations in clinical 
efficacy. In a model of d-galactose-induced aging-associ-
ated liver injury, treatment with umbilical cord-derived 
MSCs (UC-MSCs) effectively mitigated mitochondrial 
dysfunction (restoring membrane potential and adenos-
ine triphosphate [ATP] levels while reducing ROS), alle-
viated histopathological damage, and reduced senescence 
markers. These benefits were achieved primarily through 
activation of the Nrf2/HO-1 pathway, rather than the 
FOXO3a pathway [102]. Unlike the mechanistic empha-
sis in acute or toxin-induced injury models, these find-
ings suggest that when confronting intrinsic programmed 
damage like cellular senescence, MSCs may use Nrf2 to 
prioritize repairing core organelle functions related to 
cellular energy metabolism.

Heart and kidney diseases
In high-metabolism terminal organs susceptible to oxida-
tive damage, such as the heart and kidneys, MSCs con-
fer protection by activating Nrf2. This Nrf2-mediated 
protection encompasses not only fundamental anti-
inflammatory, antioxidant, and anti-fibrotic actions but 
also, more profoundly, the regulation of programmed 
cell death and metabolic remodeling. In cardiac diseases, 
BMSCs exhibit protective effect against isoproterenol-
induced myocardial infarction, with efficacy even sur-
passing that of the clinical drug digoxin. Mechanistically, 
BMSCs home to the damaged myocardium and mitigate 
oxidative stress, inflammatory response, and apoptosis by 
upregulating Nrf2 while downregulating TLR-4 and p53 
[103]. In kidney disease, MSCs exert protective effects 
in various kidney injury models via the Nrf2 pathway. 
In a DN model, human UCMSCs promote Nrf2 nuclear 
translocation through the PI3K/AKT signaling path-
way, upregulate antioxidant factors such as HO-1 and 
SOD2, and consequently alleviate glomerulosclerosis and 
mesangial cell apoptosis [104]. Further studies reveal that 
hUCMSCs can also activate Nrf2 by inhibiting the JNK/
KEAP1 signaling pathway, thereby modulating ferropto-
sis-related proteins (downregulating ACSL4 and upregu-
lating GPX4 and FTH1, among others) and ultimately 
inhibiting ferroptosis in the diabetic kidney [105]. In LN, 
UCMSCs have similarly been shown to inhibit ferropto-
sis in glomerular podocytes by upregulating Nrf2 [106]. 
In a methotrexate (MTX)-induced nephrotoxicity model, 
both ADSCs and platelet-rich plasma (PRP) alleviated 
renal oxidative stress, inflammation, and apoptosis by 
activating the Nrf2/PPARγ/HO-1 pathway and inhibiting 
the NF-κB/Keap1/Caspase-3 pathway, with comparable 
efficacy observed between the two treatments [107]. In 
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both isoproterenol-induced myocardial infarction and 
kidney damage models induced by various factors (such 
as diabetes, lupus, and drugs), the core role of MSCs 
begins with the activation of Nrf2. And this activation 
directly enhances the organ’s fundamental defense capac-
ity. However, certain limitations remain. For instance, 
in studies claiming efficacy superior to that of digoxin, 
whether the dosing regimens and efficacy evaluation 
criteria are entirely fair and comparable requires careful 
assessment. More importantly, post-myocardial infarc-
tion repair involves multiple stages, including inflam-
mation resolution, angiogenesis, and fibrosis regulation. 
Current research has not yet provided a spatiotemporally 
resolved answer as to whether Nrf2 activation predomi-
nantly governs a specific stage or provides protection 
throughout the entire process.

Intestinal diseases
In studies on MSCs therapy for colitis, multiple lines of 
evidence have demonstrated that MSCs can exert anti-
oxidant, anti-inflammatory, and mucosal repair effects 
through activation of the Nrf2 pathway. Liu et al. [108] 
administered MSCs or MSCs-CM via rectal instillation 
and found that both treatments alleviated inflamma-
tion, improved intestinal barrier function, and enhanced 
antioxidant enzyme activity in a dextran sodium sul-
fate (DSS)-induced mouse colitis model. This protective 
effect was shown to depend on activation of the Nrf2/
Keap1/ARE pathway, as the therapeutic benefits were 
abolished upon administration of the inhibitor ML385. In 
another study [109], ADSCs were administered intraperi-
toneally in a rat model of acute colitis induced by acetic 
acid. The results showed a reduction in inflammatory 
factors (TNF-α, PTX-3) and oxidative indicators (MDA), 
along with an increase in the anti-inflammatory factor 
IL-10 and in Nrf2 expression, which collectively attenu-
ated intestinal tissue damage. However, this study lacked 
direct functional validation of the Nrf2/HO-1 pathway 
and did not clarify the effector mechanisms of MSCs. 
Collectively, these findings suggest that MSCs may alle-
viate colitis by modulating oxidative stress and immune 
responses through the Nrf2 pathway. Nevertheless, the 
specific mechanisms involved, long-term safety, and fea-
sibility of clinical translation require further systematic 
investigation.

Skeletal and metabolic diseases
In skeletal diseases, MSCs promote bone repair and 
counteract apoptosis via the Nrf2 pathway. In a rat model 
of finger amputation, human BMSCs mitigated inflam-
mation and oxidative stress by activating the SIRT1/Nrf2 
pathway, thereby promoting angiogenesis and osteogen-
esis [110]. In a glucocorticoid-induced osteonecrosis of 
the femoral head (GC-ONFH) model, human UCMSCs 

co-cultured with osteoblasts significantly alleviated dexa-
methasone (Dex)-induced oxidative stress and osteoblast 
apoptosis through activation of the Nrf2-ARE signaling 
pathway, while also enhancing osteogenic mineraliza-
tion potential. This protective effect was abolished upon 
administration of an Nrf2 inhibitor [111]. In metabolic 
diseases, specifically type 1 diabetes mellitus (T1DM), 
intravenous infusion of human UCMSCs has demon-
strated therapeutic potential. Studies have found that 
MSCs can migrate to the damaged pancreas, reduce the 
generation of ROS, inhibit β-cell apoptosis, and improve 
insulin secretion by activating the Nrf2/HO-1 pathway, 
ultimately ameliorate hyperglycemia [112]. Knockdown 
experiments have further confirmed the critical role of 
the Nrf2 pathway in this process. MSCs primarily allevi-
ate local inflammation and oxidative stress by activating 
Nrf2, which is consistent with the fundamental protective 
effects observed in other organs, aiming to create a clean 
microenvironment for tissue regeneration. However, dur-
ing bone repair, do the transplanted MSCs act as activa-
tors of Nrf2, or do they themselves differentiate into bone 
cells? Furthermore, how do systemically administered 
MSCs efficiently home to bone, and does local applica-
tion offer greater advantages? Addressing these questions 
may contribute to further enhancing therapeutic efficacy.

Other inflammatory conditions
The therapeutic efficacy of MSCs extends to other fields 
as well. In obstructive sleep apnea-hypopnea syndrome 
(OSAHS), intermittent hypoxia leads to oxidative damage 
in the genioglossus muscle. Human UCMSCs enhance 
the antioxidant capacity of the genioglossus by regulating 
upstream factors of DJ-1 and MEF2A, promoting the dis-
sociation of Nrf2 from Keap1, and activating downstream 
expression of HO-1 and NQO1. However, direct evidence 
is still required to confirm their functional improvement 
effects [113]. In a rat model of interstitial cystitis (IC), 
intrathecal injection of human UMSCs alleviates neu-
roinflammation and oxidative stress in the dorsal horn 
of the spinal cord via activation of the Sirt1/Nrf2/HO-1 
pathway, thereby improving pain, urinary function, and 
depression-like behaviors [114]. This contrasts with the 
aforementioned direct protective effects targeting the 
brain or spinal cord in neurological diseases, yet shares 
a consistent mechanistic core: upregulating Nrf2 at cen-
tral nervous system sites can significantly influence the 
pathological progression of systemic or multi-system 
diseases. And in the field of fat grafting, ADSCs signifi-
cantly improve the survival rate of transplanted fat by 
suppressing inflammation, reducing ROS, and promot-
ing angiogenesis through interactions between the Nrf2 
and TLR4/NF-κB pathways, highlighting their potential 
application in regenerative medicine [115]. It suggests 
that co-transplanting MSCs as a “biological adjuvant” 
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with tissue grafts, leveraging their Nrf2-mediated micro-
environment remodeling capacity, can effectively pro-
mote clinical tissue regeneration.

In a word, MSCs consistently exert therapeutic effects 
by activating the Nrf2 signaling pathway, thereby alleviat-
ing oxidative stress, suppressing inflammatory responses, 
and promoting tissue healing in various disease models. 
However, numerous challenges remain to be addressed 
in order to translate these promising preclinical findings 
into clinical practice. Future research should focus on the 
following aspects: (i) elucidating the precise upstream 
molecular mechanisms by which MSCs activate Nrf2; 
(ii) employing more clinically relevant chronic disor-
der models; (iii) systematically evaluating the long-term 
safety, optimal delivery strategies (including dosage and 
route of administration), and immunogenicity of MSCs-
based therapies; and (iv) validating the selection criteria 
(optimal source), quality control, batch-to-batch consis-
tency of MSCs, and addressing the regulatory and ethical 
barriers to clinical translation.

Cell-free therapy: harnessing MSCs-derived exos/EVs and 
CM
In contrast to flavonoids, which directly target Keap1 
or upstream kinases, MSCs can indirectly modulate the 
Nrf2 pathway in target cells through their secretome, 
for example via exosomes containing specific miR-
NAs. This paracrine mechanism represents a distinct, 
cell-derived strategy for Nrf2 activation. MSCs-derived 
products-particularly Exos/EVs and CM retain most of 
the therapeutic functions of MSCs while circumventing 
limitations associated with cell-based therapies, such as 
immune rejection, tumorigenic risks, and low cell sur-
vival rates. Exos/EVs are nano-sized extracellular vesicles 
secreted by MSCs and are enriched with bioactive mol-
ecules, including proteins, lipids, and nucleic acids (e.g., 
miRNA, lncRNA). They modulate recipient cell func-
tions via paracrine mechanisms. CM, on the other hand, 
comprises the full spectrum of soluble factors secreted 
by MSCs during in vitro culture, including cytokines, 
growth factors, and metabolites, and is characterized by 
multi-factor synergistic effects. Both Exos/EVs and CM 
can replicate the immunomodulatory, antioxidant, and 
anti-inflammatory effects of MSCs. These products have 
demonstrated considerable potential in modulating the 
Nrf2 signaling pathway, thereby offering novel therapeu-
tic avenues for the treatment of inflammatory diseases. 
This section will systematically review the mechanisms 
and research related to Exos/EVs and CM in treating var-
ious disease models via activation of the Nrf2 pathway, 
with a particular emphasis on their unique advantages as 
“cell-free therapy” strategies.

Pulmonary diseases
In recent years, studies have revealed that Exos/EVs and 
CM exert multifaceted protective effects in hyperoxia-, 
LPS-, or sulfur mustard (SM)-induced ALI, diabetes, and 
sepsis-associated lung injury through modulation of the 
Nrf2 signaling pathway. Across various ALI models, mul-
tiple MSCs-derived products have demonstrated signifi-
cant protective efficacy. For instance, exosomes derived 
from BMSCs (BMSCs-Exos) alleviate high glucose and 
LPS-induced dysfunction, inflammation, and ferropto-
sis in human pulmonary microvascular endothelial cells 
(HPMECs) via activation of the Nrf2/HO-1 pathway 
[116]. Further mechanistic studies have identified that 
human UCMSCs derived exosomes (hUCMSCs-Exos) 
are enriched with miR-199a-5p, which targets caveo-
lin-1 (CAV1), thereby relieving its inhibitory effect on 
Nrf2, promoting its nuclear translocation, and enhancing 
the expression of downstream antioxidant genes [117]. 
This cascade ultimately mitigates SM-induced oxidative 
stress and apoptosis. Moreover, both human UCMSCs-
CM and induced pluripotent stem cells conditioned 
medium (iPSCs-CM) have been shown to ameliorate 
LPS- or hyperoxia-induced ALI through activation of 
Nrf2 and suppression of the NF-κB pathway [118]. Spe-
cifically, iPSCs-CM enhances the Nrf2-mediated anti-
oxidant response, potentially through its key component 
α-Klotho [119]. Regarding administration routes, inhaled 
MSCs-EVs were found to be superior to tail vein injection 
in promoting macrophage M2 polarization, attenuating 
inflammation, and reducing oxidative damage, with these 
effects also dependent on the adaptive regulation of Nrf2 
[120]. This provides direct comparative evidence for the 
optimal delivery strategy of cell-free therapies, suggesting 
that local inhalation enables more efficient enrichment of 
effector molecules in lung tissues.

Beyond ALI, MSCs derivatives products also exhibit 
therapeutic potential in sepsis-associated acute respira-
tory distress syndrome (ARDS) and pulmonary fibrosis. 
BMSCs-Exos activate the Nrf2 pathway, reverse sepsis-
induced impairments in mitochondrial biogenesis and 
fission-fusion balance in alveolar epithelial type II cells, 
and consequently reduce apoptosis and decrease mor-
tality [121]. Notably, in a bleomycin-induced pulmonary 
fibrosis model, conditioned medium from human embry-
onic stem cell-derived stromal cells (hESC-MSC-IMRC-
CM) alleviated oxidative stress and fibrosis by 
suppressing the Nox4/Nrf2 signaling axis while concur-
rently antagonizing Tlr4/MyD88-mediated inflammation 
[122]. This suggests that Nrf2 may play context-depen-
dent roles across different pathological conditions. It 
also indicates that the regulation of Nrf2 requires precise 
spatiotemporal alignment with disease stages, and its 
“double-edged sword” role urgently warrants systematic 
investigation.
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In summary, both Exos/EVs and CM can effectively 
replicate the core functions of intact MSCs, including 
antioxidant, anti-inflammatory, anti-cell death (e.g., fer-
roptosis, apoptosis), and pro-repair effects, through acti-
vation of the Nrf2 pathway. This finding is of fundamental 
significance: it confirms that the paracrine mechanism, 
rather than direct cell replacement, is the primary route 
for the therapeutic efficacy of MSCs. Furthermore, com-
pared to the research model using intact cells, the study 
of MSC derivatives allows for a clearer dissection of the 
“signaling cascade” leading to Nrf2 activation, reflecting a 
refinement in mechanistic understanding.

Neurological injuries
In neurological disorders, Exos/EVs and CM demon-
strate broad neuroprotective potential by modulating 
a network of pathways centered around Nrf2. Studies 
have shown that human UCMSCs-derived Exos can alle-
viate LPS-induced neuroinflammation and microglial 
M1 polarization by activating Nrf2 and inhibiting the 
NF-κB/NLRP3 inflammasome [123]. In models of neu-
ronal damage and cognitive impairment induced by the 
chemotherapeutic agent MTX or surgical intervention, 
MSCs-Exos significantly ameliorated oxidative stress, fer-
roptosis, and neurological function through activation of 
the Nrf2-ARE or SIRT1/Nrf2/HO-1 pathways [124, 125]. 
In acute spinal cord injury (SCI), Exos derived from vari-
ous MSCs sources effectively inhibited microglial ferrop-
tosis, attenuated inflammation, promoted autophagy, and 
improved motor function by delivering specific miRNAs 
(e.g., miR-124, miR-219-5p) to target UBE2Z [126], by 
activating Nrf2 and its downstream effectors (e.g., HO-1, 
GCH1/BH4) [127, 128], and by reversing p62 accumula-
tion [129].

In traumatic and ischemic injuries, such as traumatic 
brain injury (TBI), cerebral ischemia‒reperfusion injury 
(CIRI), and hypoxic-ischemic brain damage (HIBD), 
MSCs-Exos activated Nrf2 downstream effectors (e.g., 
Lin28a), effectively suppressing microglial ferropto-
sis, reducing inflammation, and mitigating injury [130]. 
Ferroptosis was inhibited and inflammation alleviated 
through activation of the long non-coding RNA TUBB6/
Nrf2 axis [131], or via delivery of specific miRNAs (e.g., 
miR-653-3p) that targe the TRIM21/p62/Nrf2/CYLD 
axis, thereby suppressing the NF-κB signaling pathway 
and counteracting protein aggregation, oxidative stress, 
and neuroinflammation [132]. Furthermore, in an intra-
cerebral hemorrhage (ICH) model, neural stem cell 
secretions inhibited hemin-induced ferroptosis and cere-
bral edema via the Nrf2 pathway, with the key compo-
nent HSPE1 protein potentially mediating this protective 
effect [133]. In a PD model, miR-100-5p in trophoblast-
derived MSCs Exos protected dopaminergic neurons and 
improved behavioral performance by targeting NOX4 

and regulating the Nox4/ROS/Nrf2 axis [134]. Finally, in 
amyotrophic lateral sclerosis (ALS), conditioned medium 
exerted potent antioxidant effects by activating the Nrf2/
HO-1 signaling pathway, improving cell viability, and 
reducing cytoplasmic aggregation of TDP-43 M337V 
[135].

In summary, stem cell derivatives exhibit significant 
therapeutic potential in various neurological disease 
models owing to their favorable penetrability of the cen-
tral nervous system and multi-targeting regulatory capa-
bilities. These derivatives exert regulation over neuronal 
and glial cell fate, as well as their interactions, by a signal-
ing network centered on Nrf2. Their effects are mediated 
through Nrf2-associated antioxidant, anti-inflammatory 
and anti-cell death mechanisms, which together pro-
vide experimental foundation for clinical translation. 
While most studies have demonstrated effects at the tis-
sue level, several critical questions remain unclear. For 
instance, which neural cell types, for example, neurons, 
astrocytes, microglia, or oligodendrocytes, was served 
as the primary targets for the delivery of these acellular 
components and the activation of Nrf2? How can these 
components efficiently cross or evade the blood–brain 
barrier? Although specific miRNA or protein molecules 
have been identified as key mediators, do other compo-
nents act synergistically or antagonistically?

Hepatic diseases
In the field of chronic liver disease, MSCs-Exos, through 
the precise modulation of the Nrf2 network, not only 
retain the protective effects of intact cells but also dem-
onstrate unique mechanistic advantages in targeting core 
pathological processes of chronic liver disease, such as 
autophagy, cellular transdifferentiation, and metabolic 
dysregulation. In a CCl₄-induced liver fibrosis model, 
MSCs-Exos restored autophagy function, suppressed 
endothelial–mesenchymal transition (EMT), and modu-
lated the expression of multiple miRNAs (such as miR-
153-3p and miR-27a) through the non-canonical Nrf2/
Keap1/p62 signaling pathway, thereby reducing collagen 
deposition, apoptosis, and inflammatory responses [136]. 
In a nonalcoholic steatohepatitis (NASH) model, human 
UCMSCs derived Exos significantly alleviated hepatocel-
lular steatosis and suppressed inflammatory responses 
and oxidative stress by activating the Nrf2/NQO-1 path-
way [137]. Their action extends beyond merely address-
ing the consequences of lipid peroxidation (oxidative 
stress); they may also intervene in the intrinsic balance of 
lipid metabolism within hepatocytes via the Nrf2 down-
stream network (potentially involving lipid metabolism-
related genes).
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Heart and kidney diseases
In cardiac and renal diseases, MSCs derivatives demon-
strate significant therapeutic potential due to their potent 
antioxidant, anti-inflammatory and novel anti-ferroptosis 
properties. In the context of heart disease, Exos derived 
from iPSCs ameliorate myocardial injury induced by SAP 
in rats by activating the Akt/Nrf2/HO-1 signaling path-
way, thereby improving cardiac function and suppress-
ing oxidative stress [138]. In myocardial I/R injury, EVs 
from dexmedetomidine-pretreated human UCMSCs 
(hUC-MSC-EVs) deliver miR-24 to inhibit KEAP1, acti-
vate the Nrf2/HO-1 pathway, and promote macrophage 
M2 polarization, thereby enhancing cardioprotection 
[139]. Furthermore, MSCs-CM improves mitochon-
drial biogenesis and function in aged rats following I/R 
injury by upregulating the SIRT-1/PGC-1α/Nrf2 path-
way, reducing infarct size and suppressing inflammation 
[140]. Notably, although MSCs-CM does not protect 
against H₂O₂- and S-Nitroso-N-acetyl-DL-penicillamine 
(SNAP)-induced oxidative damage, it specifically coun-
teracts erastin- and RSL3-induced ferroptosis. This effect 
is closely associated with significant upregulation of iron 
metabolism-related genes (FPN), redox regulatory genes 
(GPX4, AIFM2), and key transcription factors (Nrf2, 
ATF4), offering new insights into stem cell derivative-
based therapies for ferroptosis-related cardiac diseases 
[141]. In kidney disease, MSCs-EVs alleviate oxidative 
stress and tubular damage in acute kidney injury (AKI) 
models by enhancing the activation of the Nrf2/ARE 
signaling pathway and the expression of its downstream 
antioxidant gene HO-1, a protective effect that appears 
to be cell source-specific [142]. Collectively, these studies 
indicate that therapeutic strategies employing stem cell 
derivatives to target the Nrf2 and its associated pathways 
provide novel avenues for the preventing and treating 
cardiac and renal diseases through the multidimensional 
regulation of redox balance, iron metabolism, and 
inflammatory responses. However, their clinical transla-
tion warrants further investigation.

Skin injuries
In dermatology, stem cell-derived exosomes also exert 
significant effects by modulating the Nrf2 pathway. 
Human UCMSCs-derived Exos mitigate ultraviolet (UV) 
A/B-induced skin oxidative damage, DNA damage, and 
inflammatory responses while improving mitochondrial 
function in mice through adaptive regulation of the Nrf2 
defense system [143]. ADSCs derived Exos effectively 
counteract UVB-induced photoaging in human dermal 
fibroblasts by synergistically activating the Nrf2 path-
way, inhibiting the MAPK/AP-1 pathway, and activating 
the TGF-β/Smad pathway to promote collagen synthe-
sis [144]. Furthermore, Exos have been extensively dem-
onstrated to modulate multiple key signaling pathways, 

such as TLR4 and PI3K/AKT, thereby comprehensively 
regulating macrophage polarization, oxidative stress, 
angiogenesis, and collagen synthesis, ultimately amelio-
rating various types of skin damage [145]. Despite prom-
ising prospects, research in this field has predominantly 
focused on preventive protection (e.g., against ultraviolet 
radiation) or cellular models, while validation of efficacy 
in complex pathological models remains insufficient. 
Furthermore, strategies for the effective penetration of 
the skin barrier and targeted delivery to specific skin lay-
ers (epidermis, dermis) by Exos represent a critical tech-
nological bottleneck that must be addressed for clinical 
translation.

Skeletal and metabolic diseases
In bone and metabolic diseases, Exos demonstrate novel 
therapeutic potential through precise modulation of 
the Nrf2 pathway. In the model of IVDD, studies have 
untangled the multi-layered and profound mechanisms 
by which Exos regulate Nrf2. For example, BMSCs-Exos 
can effectively neutralize excessive ROS by inhibiting 
Keap1 and promoting the expression and nuclear trans-
location of Nrf2, thereby alleviating inflammation, apop-
tosis, and extracellular matrix degradation in nucleus 
pulposus (NP) cells and ultimately delaying IVDD pro-
gression [146]. Furthermore, Exos specifically inhibit 
tert-butyl hydroperoxide (TBHP)- or RSL3-induced fer-
roptosis in NP cells via the p62/KEAP1/Nrf2 signaling 
axis, and animal studies have confirmed their efficacy 
in mitigating IVDD in rats [147]. More in-depth studies 
reveal that Exos can also stabilize Nrf2 through epigen-
etic mechanisms: Exos can upregulate the expression of 
the demethylase FTO by promoting H3K27ac modifica-
tion, which subsequently induces m⁶A demethylation of 
Nrf2 and reduces its recognition by YTHDF2. This ulti-
mately enhances the stability of Nrf2 expression, thereby 
inhibiting oxidative stress-induced lysosomal membrane 
permeabilization (LMP) and the senescence of nucleus 
pulposus cells (NPCs), offering a novel epigenetic strat-
egy for treating IVDD [148]. Collectively, these findings 
indicate that targeting the Nrf2 pathway represents a 
central mechanism by which stem cells-derived exo-
somes treat IVDD, laying a theoretical foundation for 
clinical translation.

In glucocorticoid-induced osteoporosis (GIOP), exo-
somes derived from adipose-derived mesenchymal stem 
cells (ADSCs-Exos) can reverse Dex-induced oxidative 
stress and mitochondrial dysfunction in osteoblasts by 
activating the Nrf2/HO-1 signaling pathway. They also 
upregulate the expression of osteogenic markers and 
improve bone microstructure in rats. This protective 
effect is attenuated upon silencing of Nrf2 [121]. In a 
T2DM model, hUCMSCs-Exos activated the AKT/ERK 
pathway by delivering functional proteins that promote 
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NRF2 phosphorylation and nuclear translocation, 
thereby inhibiting ferroptosis in β-cells and enhancing 
pancreatic islet function. To further improve targeting 
specificity, an aptamer-PEG-modified exosome system 
(Apt-EXO) was developed, which significantly prolongs 
circulation time and enriches within the pancreas, 
demonstrating superior protective effects compared to 
unmodified exosomes. This provides a novel strategy for 
cell-targeted therapy in T2DM [149]. This represents a 
direct technological innovation in moving from lever-
aging the natural tropism of Exos to rationally design-
ing targeted delivery tools, and the construction of an 
engineered exosome platform may emerge as a potential 
future research direction.

Reproductive system diseases
In reproductive system diseases, stem cell derivatives 
provide innovative therapeutic strategies for various 
refractory functional impairments by targeting the Nrf2 
signaling pathway. In premature ovarian insufficiency 
(POI), hUCMSCs-EVs carry insulin-like growth factor 1 
(IGF-1) to activate the Nrf2/HO-1 pathway, thereby sup-
pressing cyclophosphamide-induced excessive autophagy 
and damage in granulosa cells. This mechanism improves 
ovarian structure, regulates serum sex hormone levels, 
and restores ovarian function in mice [150].

In the context of male reproduction, the secretome 
derived from human amniotic mesenchymal stem cells 
(hAMSCs-secretome) significantly alleviates oxidative 
stress, inflammation, and spermatogenic cell apoptosis 
in mice following testicular torsion/detorsion by modu-
lating the SIRT1/NRF2/TNF-α pathway. It also elevates 
serum testosterone levels, improves sperm parameters, 
and effectively restores testicular structure and func-
tion [151]. As for diabetic erectile dysfunction (DMED), 
MSC-EVs, particularly engineered vesicles enriched 
with miR-200a-3p (EVs-200a), directly target and inhibit 
Keap1 through miR-200a-3p. This action relieves the 
suppression of Nrf2, activates the Nrf2/HO-1 antioxidant 
pathway, reduces oxidative stress in the corpus caverno-
sum, decreases smooth muscle cell apoptosis and fibrosis, 
and ultimately reverses erectile dysfunction in diabetic 
rats [152]. In the context of reproductive system diseases, 
stem cell derivatives offer an innovative perspective for 
treating traditionally intractable organ-specific func-
tional failure by targeting the Nrf2 pathway. These studies 
not only reaffirm the core mechanisms of antioxidant and 
anti-inflammatory actions but, more profoundly, untan-
gle the feasibility of precisely modulating Nrf2 activity 
within reproductive glands and accessory organs through 
the remote delivery of specific signaling molecules (e.g., 
proteins, miRNAs), thereby restoring their complex 
endocrine and physiological functions.

Other inflammatory conditions
In the fields of ophthalmology, surgery, and immunomod-
ulation, stem cell-derived exosomes also demonstrate 
multifaceted therapeutic potential through precise regu-
lation of the Nrf2 pathway. In diabetic retinopathy (DR), 
MSCs-Exos activate the PI3K/AKT signaling pathway to 
promote the expression of Nrf2 and its downstream tar-
get genes, thereby inhibiting high glucose-induced senes-
cence, apoptosis, and oxidative stress in retinal pigment 
epithelial cells and ultimately improving retinal structure 
and function in mice [153]. ADSCs-EVs, through their 
specific miRNA cargo, activate the Nrf2/HO-1/NQO1 
pathway, attenuate hydrogen peroxide-induced damage 
in ARPE-19 cells, and temporarily delay retinal degen-
eration in RCS rats [154]. In the context of flap surgery, 
intravenous administration of BMSCs-Exos significantly 
enhances the survival rate of random skin flaps in rats 
by activating the Keap1/Nrf2 signaling pathway. This 
mechanism is closely associated with the mitigation of 
oxidative stress, reduction of apoptosis, and promotion 
of angiogenesis [155]. Regarding immunosenescence reg-
ulation, human placental mesenchymal stem cell-derived 
exosomes (hPMSC-Exo) carry miR-21, which targets and 
inhibits PTEN, thereby activating the PTEN/PI3K-Nrf2 
axis. This enhances the antioxidant capacity of CD4⁺T 
cells in aged mice, reduces oxidative damage, and sup-
presses senescence-associated phenotypes [156].

In brief, MSCs derivatives activate the Nrf2 signaling 
pathway through multiple mechanisms and demonstrate 
significant antioxidant, anti-inflammatory and anti-cell 
death effects across various inflammatory disease mod-
els, including those affecting the skin, lung, nervous 
system, heart, and kidney. The protective effects are pri-
marily reflected in the alleviation of oxidative stress, inhi-
bition of inflammatory cytokine release, improvement of 
mitochondrial function, and promotion of tissue healing. 
However, current research still exhibits notable limita-
tions, including the unidentified nature of most active 
components (such as specific miRNAs or proteins), a 
reliance on ex vivo or murine models without clinical 
validation, insufficient long-term safety and pharmaco-
kinetic data, and a lack of standardization in adminis-
tration methods and dosages. These factors collectively 
hinder their translation into clinical applications.

Strategic enhancement: preconditioning and engineering 
for superior Nrf2 activation
Although MSCs and their derivatives demonstrate con-
siderable potential in the treating inflammation-related 
diseases, their clinical application is limited by several 
challenges, including low survival rates, poor homing 
efficiency, and functional suppression within inflamma-
tory microenvironments. To further enhance the Nrf2-
activation capacity and therapeutic efficacy of MSCs, 
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researchers have developed various external strategies, 
which can be broadly categorized into preconditioning 
and engineering modification. These approaches signifi-
cantly improve the antioxidant, anti-inflammatory and 
survival capabilities of MSCs, thereby boosting their 
effectiveness in treating inflammatory diseases.

Preconditioning strategies to enhance Nrf2 activation 
efficiency
Preconditioning refers to the brief treatment of MSCs 
or their derivatives with physical, chemical, or biologi-
cal factors prior to application, aiming to enhance their 
ability to counteract oxidative stress and improve their 
therapeutic efficacy. The effectiveness of precondition-
ing strategies has been validated in numerous studies. 
Ahmed et al. found that the combined application of 
BMSCs and indomethacin (IMC) ameliorated complete 
Freund’s adjuvant (CFA)-induced arthritis by upregulat-
ing IL-4 and suppressing IL-1β and rheumatoid factor 
(RF) through the Nrf2 pathway [157]. Esmaeilzade et al. 
[158] demonstrated that dimethyloxalylglycine (DMOG), 
a prolyl hydroxylase inhibitor enhanced the viability, 
migration, and antioxidant capacity of BMSCs by stabi-
lizing HIF-1α and upregulating migration-related genes 
(CXCR4, CCR2) and antioxidant genes (Nrf2). In Aβ-
treated rats, DMOG-preconditioned BMSCs elevated 
hippocampal BDNF levels and antioxidant capacity, 
thereby restoring cognitive function. Zhang et al. [159] 
pretreated BMSCs with a low concentration H₂O₂, which 
activated the Nrf2 pathway by relieving Keap1-mediated 
inhibition of Nrf2, promoted its nuclear translocation, 
and initiated the expression of antioxidant enzyme genes 
(e.g., SOD, CAT). This process reduced ROS levels and 
alleviated mitochondrial dysfunction and DNA damage. 
The pretreatment markedly improved the survival rate 
of BMSCs under post-transplantation oxidative stress 
induced by a high concentration H₂O₂. Liu et al. [160] 
showed that pretreatment with 25 µM H₂O₂ boosted 
the proliferation, migration, and survival of BMSCs. 
Conditioned medium from H₂O₂-pretreated BMSCs 
(H₂O₂-BMSCs-CM) also activated the Nrf2/Keap1/ARE 
pathway, enhanced antioxidant capacity, and promoted 
tissue repair in DSS-induced colitis model. Wang et al. 
[161] reported that low-level laser irradiation (LLLI; 
635 nm, 5.7 J/cm²) similarly enhanced the antioxidant 
capacity of UC-MSCs, thereby promoting hematopoietic 
recovery in mice with radiation-induced acute radiation 
syndrome (ARS).

Preconditioning of hair follicle mesenchymal stem 
cells (HFSCs) with valproic acid (VPA) and rapamycin 
(RAPA), either individually or in combination, enhanced 
Nrf2 nuclear translocation, upregulated NQO1 and GPx 
activity as well as GSH levels, and increased VEGF and 
BDNF mRNA expression. These effects improved MSCs 

survival and reparative potential in ischemic injury, 
thereby enhancing transplantation efficiency [162]. Addi-
tionally, Gai et al. showed that exosomes derived from 
NaHS-preconditioned MSCs (H₂S-EVs) mitigated oxi-
dative stress and mitochondrial dysfunction. Mecha-
nistically, NaHS triggered Parkinson’s disease protein 7 
(PARK7)-mediated Nrf2/Keap1 dissociation, leading to 
cytoplasmic accumulation of Nrf2. Subsequently, free 
Nrf2 was loaded into EVs via recognition of its KFERQ 
motif by 70-kDa heat shock proteins (HSP70) and lyso-
somal-associated membrane protein 2 A (LAMP2A). 
Intranasal delivery of H₂S-EVs reduced oxidative damage 
and mitochondrial impairment in HI brain injury [163].

Given that the microenvironment of injured tissues is 
often hypoxic, preconditioning MSCs-derived products 
with hypoxia or hypoxia- mimicking agents can enhance 
their adaptability and therapeutic efficacy in vivo. Rao 
et al. demonstrated that hypoxia-preconditioned small 
extracellular vesicles (H-sEVs) derived from MSCs 
reversed H₂O₂-induced oxidative damage in PC12 cells 
by activating the SIRT1/Nrf2/HO-1 signaling pathway 
[164].

Hypoxia-preconditioned exosomes derived from iPSCs 
were enriched with antioxidant proteins (e.g., PRDX1, 
PRDX6, GSTP1, HSP90B), which promoted Nrf2 nuclear 
translocation and upregulated antioxidant genes (e.g., 
HMOX1, SOD2), thereby reducing ROS generation 
[165]. Furthermore, Hong et al. discovered that hypoxia-
preconditioned ADSCs-CM exhibited enhanced Nrf2 
activation capacity, increased Nrf2 nuclear transloca-
tion, and upregulated expression of SOD, GPx, and CAT, 
accompanied by reduced ROS production. This interven-
tion significantly enhanced antioxidant enzyme activity 
and attenuated ROS toxicity in mice subjected to 70% 
hepatectomy [166]. Similarly, pretreatment of ADSCs 
with deferoxamine (DFX), a hypoxia-mimetic agent, 
yielded a secretory profile with comparable effects. Intra-
nasal administration of DFX-preconditioned ADSCs-CM 
was found to reverse hippocampal oxidative stress, miti-
gate neuroinflammation, reduce apoptosis, and mark-
edly improve neurobehavioral development (including 
righting reflex, negative geotaxis, and cliff avoidance), as 
well as motor coordination and memory function in neo-
natal rats [167]. The core logic of these strategies lies in 
simulating or inducing adaptive stress, such as employ-
ing specific chemical molecules or drug stimuli, or uti-
lizing physical/microenvironmental preconditioning to 
mimic specific physical conditions of the in vivo injury 
environment. This pre-activates defense and repair path-
ways, such as the Nrf2 pathway, within MSCs, thereby 
empowering the cells. Consequently, after implantation 
into a harsh pathological microenvironment, the cells can 
maintain enhanced viability, superior paracrine function, 
and greater therapeutic resilience.
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Engineered modification: precise modulation of the Nrf2 
pathway
Gene engineering and nanotechnology have provided 
novel strategies for developing MSCs and their deriva-
tives that target the Nrf2 pathway. The most straight-
forward strategy is the overexpression of Nrf2 or its key 
downstream effector molecules. Studies have demon-
strated that Nrf2-overexpressing HFSCs (Nrf2-HFSCs) 
exhibit enhanced migration to intestinal injury sites, 
thereby improving the disease activity index (DAI) and 
histopathology outcomes in DSS-induced ulcerative coli-
tis (UC) rats [168]. Similarly, Nrf2-overexpressing olfac-
tory mucosa mesenchymal stem cells (OM-MSCs Nrf2) 
displayed improved cell survival and angiogenic poten-
tial [169]. Chen et al. [170] reported that in HO-1-over-
expressing MSCs, Nrf2 and HO-1 synergistically inhibit 
the TLR4/MyD88 pathway, reduce the release of pro-
inflammatory cytokines (TNF-α, IL-1β), and promote 
macrophage polarization toward the anti-inflammatory 
M2 phenotype. Wang et al. [171] found that in S-ade-
nosylhomocysteine hydrolase (SAHH)-overexpressing 
MSCs, SAHH facilitates the dissociation of Nrf2 from 
Keap1, promotes Nrf2 nuclear translocation, and acti-
vates the Nrf2 pathway, thereby upregulating HO-1 and 
SOD1/2 expression, reducing ROS and MDA production, 
restoring paracrine functions (e.g., increased VEGF and 
IGF-1 secretion) in diabetic BMSCs, and ameliorating 
oxidative stress damage. And the exosomes derived from 
Nrf2-overexpressing BMSCs could suppress arrhythmias 
in atrial fibrillation models via the Nrf2/HO-1 path-
way. This effect was primarily attributed to the ability of 
EVs derived from Nrf2-overexpressing MSCs to inhibit 
inflammatory responses, apoptosis, and fibrosis through 
activation of the Nrf2/HO-1 pathway [172, 173]. Addi-
tionally, to address complex diseases, some studies also 
employ co-expression or fusion expression strategies. 
MSCs co-overexpressing CXCL10 and Nrf2 while carry-
ing the ferritin heavy chain (Fth) reporter gene (CXCL10-
Nrf2-FTH-MSCs) were demonstrated to enhance T 
lymphocyte recruitment capacity and oxidative stress 
resistance. Consequently, these modified MSCs pro-
moted T cell recruitment and induced iron accumula-
tion, thereby suppressing tumor growth in glioblastoma 
(GBM) [174]. Transfection of ADSCs with the pIRES2-
Nrf2-DKK1 plasmid, which enables co-expression of 
Nrf2/DKK1, significantly enhanced their anti-inflam-
matory/antioxidant capacity as well as paracrine effects. 
These genetically modified ADSCs demonstrated ben-
eficial effects that promoted liver regeneration in acute-
on-chronic liver failure (ACLF) mice [175]. Furthermore, 
a more refined and physiologically relevant regula-
tory approach involves the targeted inhibition of Keap1 
through the introduction or upregulation of specific miR-
NAs. Regarding lentivirus-mediated miR-200a-modified 

BMSCs, miR-200a suppresses the 3’ untranslated region 
activity of Keap1, thereby activating Nrf2 and strengthen-
ing antioxidant capacity. The miR-200a-modified BMSCs 
significantly promoted motor function recovery in rats 
with SCI [176]. Similarly, hsa-miR-532-3p enhances 
the antioxidant capacity of human decidual mesenchy-
mal stem cells (hDMSCs) by activating the Nrf2 signal-
ing pathway through targeting Keap1, thereby reducing 
the embryonic resorption rate in recurrent spontaneous 
abortion (RSA) [177]. The core logic of these strategies 
lies in simulating or inducing adaptive stress, such as 
employing specific chemical molecules or drug stimuli, or 
utilizing physical/microenvironmental preconditioning 
to mimic specific physical conditions of the in vivo injury 
environment. This pre-activates defense and repair path-
ways, such as the Nrf2 pathway, within MSCs, thereby 
empowering the cells. Consequently, after implantation 
into a harsh pathological microenvironment, the cells can 
maintain enhanced viability, superior paracrine function, 
and greater therapeutic resllience.

MSCs and their derivatives activate the Nrf2 signaling 
pathway through multiple mechanisms, exerting pro-
found antioxidant, anti-inflammatory, and anti-apoptotic 
effects in various inflammatory disease models of the 
nervous system, lungs, heart, liver, kidneys, and bone. 
These protective roles primarily involve mitigating oxi-
dative stress, suppressing the release of inflammatory 
factors, improving mitochondrial function, and pro-
moting tissue healing. However, the majority of exist-
ing studies remain at the level of observing correlations 
with Nrf2 upregulation, and there is still a lack of precise 
causal validation regarding the key upstream signals-
such as specific cytokines, miRNAs, or proteins-through 
which MSCs or derivatives initiate Nrf2 activation. Fur-
thermore, the mechanistic insights are predominantly 
derived from in vivo or rodent (mouse/rat) model experi-
ments, with a notable absence of clinical validation, insuf-
ficient long-term safety and pharmacokinetic data, and a 
lack of standardization in administration routes and dos-
ages, all of which hinder clinical translation. Finally, and 
most critically, the essential role of the Nrf2 pathway has 
not been rigorously confirmed, as most studies have not 
employed reverse genetic validation using Nrf2-knockout 
animals or specific inhibitors. Consequently, it remains 
unclear whether the therapeutic effects are necessarily 
and exclusively dependent on Nrf2, and potential syner-
gistic contributions from other pathways may have been 
overlooked. Therefore, future research must accomplish 
a triple transition: from descriptive phenomenology to 
mechanistic investigation, from short-term verifica-
tion to long-term evaluation, and from idealized models 
to clinical scenarios, in order to overcome the current 
bottlenecks.
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Moreover, the challenges in the clinical translation of 
MSCs and their derivatives cannot be overlooked. Firstly, 
regarding manufacturing processes, key bottlenecks 
include donor variability, maintenance of functional 
stability during large-scale expansion, batch-to-batch 
consistency, and the standardization of potency assays. 
These issues must be addressed through stringent donor 
screening, the use of animal component-free culture 
media, and unified functional testing standards. Long-
term safety concerns, particularly the risk of tumorige-
nicity, require evaluation via genomic monitoring and 
long-term follow-up.

In particular, as for pharmacokinetics, the absorption, 
distribution, metabolism, and excretion of MSCs dif-
fer significantly from those of conventional small-mol-
ecule drugs. Different administration routes also lead 
to distinct pharmacokinetic outcomes. For instance, 
intravenously infused MSCs are prone to entrapment in 
pulmonary capillaries, resulting in limited systemic dis-
tribution. Moreover, their homing relies on chemotactic 
signals, so their in vivo survival time is short, and their 
clearance mechanisms remain unclear. Conventional 
pharmacokinetic parameters are not directly applicable, 
underscoring the urgent need to develop cell kinetic 
models based on labeling and tracking technologies.

From a regulatory perspective, MSCs are classified as 
advanced therapy medicinal products (ATMPs). They 
must be manufactured under Good Manufacturing Prac-
tice (GMP) conditions, with comprehensive quality con-
trol and traceability systems established throughout the 
entire production process. Additionally, they are subject 
to rigorous ethical and clinical approval procedures. 
Ethically, emphasis is placed on non-embryonic origin, 
informed consent, and review of allogeneic use. Clinical 
applications require the submission of non-clinical safety 
and pharmacodynamic data, along with the implementa-
tion of long-term follow-up studies.

Natural flavonoids synergize with MSCs to enhance 
Nrf2 activation
Although MSCs and their derivatives act as effective 
“executors” of Nrf2-mediated cytoprotection (“MSCs 
and derivatives as potent activators of Nrf2 in inflam-
matory diseases” section), their clinical application is 
hampered by practical limitations such as poor survival, 
restricted homing, and functional suppression within 
hostile inflammatory microenvironments [178]. Natural 
flavonoids, in contrast, are established “inducers” of the 
Nrf2 pathway with broad-spectrum antioxidant and anti-
inflammatory activities (“Phytochemicals as Nrf2 induc-
ers” section), but their therapeutic use is often limited by 
low bioavailability and rapid metabolism [179]. A direct 
comparison of these two strategies is provided in Table 5. 
A dual strategy therefore presents a novel alternative, in 

which flavonoids serve not only as co-therapeutic agents 
but also as pharmacological modulators that prime, pro-
tect, and potentiate MSCs (Table 6). This synergistic 
approach seeks to overcome the individual limitations of 
each component, building a more effective therapeutic 
alliance founded on robust Nrf2 activation (Fig. 4). The 
following section examines how the natural flavonoid 
compounds characterized in “Phytochemicals as Nrf2 
inducers” section for the Nrf2-activating properties could 
be applied to pretreat or co-treat MSCs, thereby address-
ing key challenges in cell therapy. It presents a structured 
argument for this synergy: first, by explaining how fla-
vonoids improve MSCs viability; second, by analyzing 
how they remodel MSC paracrine efficacy; and finally, by 
demonstrating how the combined strategy yields supe-
rior therapeutic outcomes in preclinical disease models. 
The discussion will also critically assess the translational 
pathway and future challenges for this approach.

Augmented viability and functional potency of MSCs
Natural flavonoids can activate Nrf2 through direct or 
indirect mechanisms, thereby enhancing the antioxi-
dant, anti-apoptotic, and anti-aging capacities as well 
as the differentiation potential of MSCs. The primary 
mechanisms can be summarized into the following three 
categories:

1.	 Enhancing the intrinsic resistance of MSCs

Scutellarin (SCU), a bioactive flavonoid isolated from 
Scutellaria baicalensis, exhibits potent antioxidant and 
anti-inflammatory effects. Leptin receptor-positive 
(LepR+) BMSCs, key regulators of bone remodeling, 
undergo senescence in diabetic osteoporosis (DOP), 
exacerbating bone deterioration. Wang et al. [180] dem-
onstrated that SCU upregulates Ezh2 expression, enhanc-
ing H3K27me3 methylation at the Keap1 promoter to 
transcriptionally inhibit Keap1. This mechanism stabi-
lizes Nrf2, activating its signaling cascade and ultimately 
attenuating LepR+ BMSCs senescence in DOP. Based on 
its known Nrf2-activating properties (see “Phytochemi-
cals as Nrf2 inducers” section), the study found that 
EGCG could be used to pretreat MSCs. Another study 
[181] demonstrated that EGCG mitigates H₂O₂-induced 
oxidative stress and cellular senescence in BMSCs 
through Nrf2 activation and p53/p21 downregulation, 
with Nrf2 knockdown abolishing these protective effects. 
Simultaneously, EGCG potentiates the functional efficacy 
of ADSCs by orchestrating a dual-pronged enhancement 
of the antioxidant defense system [182]. Specifically, it 
not only antagonizes Keap1 to activate Nrf2, alleviating 
ROS-induced cellular damage, but also elevates cysta-
thionine γ-lyase (CTH) expression, thereby augmenting 
GSH biosynthesis and fortifying endogenous antioxidant 



Page 22 of 33Shang et al. Stem Cell Research & Therapy          (2026) 17:122 

mechanisms in ADSCs. EGCG synergistically enhances 
mitochondrial optimization through coordinated acti-
vation of the SIRT1/PGC-1α axis and AMP-dependent 
protein kinase (p-AMPKα) signaling, thereby augment-
ing cellular energetics. Concurrently, its paracrine mod-
ulation upregulates neurotrophic factor secretion and 

improves blood–brain barrier (BBB) permeability, sig-
nificantly amplifying the therapeutic efficacy of ADSCs 
in neurological restoration. EGCG orchestrates a syn-
ergistic interplay between the SIRT1 /PGC-1α axis and 
the p-AMPKα cascade, driving mitochondrial biogen-
esis and metabolic optimization to amplify the energetic 

Table 5  Comparative analysis of Nrf2 activation by natural flavonoids versus MSCs and their derivatives
Feature Natural flavonoids MSCs and their derivatives
Primary mode of action Direct pharmacological/chemical modulation Biological/paracrine signaling and cell-cell communication

Core molecular targets Keap1 (directly), upstream kinases such as PI3K/
AKT, AMPK, or other pathways (e.g., NF-κB)

Keap1 (indirectly), via regulation of its upstream (e.g., PI3K/
AKT, SIRT1) or downstream pathways through secreted factors 
(miRNAs, proteins)

Representative signaling 
pathway

Keap1-Nrf2-ARE(★★★★★), PI3K/AKT-
Nrf2(★★★★☆), AMPK-Nrf2(★★★☆☆)

Nrf2/ARE (★★★★★); PI3K/AKT-Nrf2 (★★★☆☆), SIRT1-
Nrf2 (★★☆☆☆), p62/Keap1/Nrf2 (★★★☆☆); miRNAs-Nrf2 
(★★★☆☆)

Primary advantages Well-defined structure, ease of chemical modifi-
cation, potential for oral administration, relatively 
low cost

Multi-targeting capability, intelligent responsiveness to the mi-
croenvironment, potent tissue healing and immunomodulatory 
capacities, high safety profile as an “acellular” therapy

Major limitations/challenges Low bioavailability, rapid metabolism, potential 
for off-target effects

Heterogeneity, low survival and homing rates, complex manufac-
turing and quality control, risk of immunogenicity (cell therapy)

Synergistic potential Preconditioning MSCs to enhance their antioxi-
dant, anti-apoptotic, and survival capabilities

Providing a protective niche during regeneration to amplify the 
long-term therapeutic efficacy of flavonoids.

Exemplary disease Diabetic complications, neurodegenerative 
diseases, metabolic syndrome.

Acute organ injury (lung, liver, kidney), autoimmune disorders, 
difficult-to-heal wounds

Key evidence gaps Low targeting efficiency and bioavailability, lack 
of long-term safety data

Specific miRNA or protein factor not yet identified, lack of long-
term safety data

Research maturity Experiment research Experiment research
★★★★☆ The rating is based on the depth and reproducibility of the mechanistic studies included in this review, with five stars representing the most thoroughly 
investigated mechanisms

Table 6  Natural flavonoids-MSCs synergy in Nrf2 pathway
Flavonoids MSCs Model Dosage Synergistic mechanism Refs.
Scutellarin 
(SCU)

LepR+BMSCs A high fat diet combined with 
low-dose STZ injections(35 mg/
kg,7 days) induced DOP

In vivo: 10 mg/kg, twice a 
week for 8 weeks; In vitro: 
50 µM SCU for 48 h

Ezh2↑-H3K27me3 methylation↑-Keap1↓-
Nrf2 in MSCs↑-cellular senescence↓

[180]

EGCG BMSCs 200 µM H2O2 induced cellular 
senescence

In vivo: EGCG (50/100 µM) 
for 6 h

Nrf2 in MSCs↑-p53/p21↓-cellular 
senescence↓

[181]

ADSCs Aging brain In vivo: 1 × 106 rats ADSCs 
(or pre-conditioned with 
10 µM EGCC for 2 h) by tail 
vein injection

CTH↑-GSH↑- antioxidant↑; SIRT1, PGC-
1α, p-AMPKα↑- mitochondrial function↑; 
Keap1↓-Nrf2↑- antioxidant↑; p-AKT↑-
survival↑; BDNF↑-TRKB↑-neurotrophy↑

[182]

7,8-DHF BMSCs Postmenopausal osteoporosis 
(PMO) mouse model with bilat-
eral ovariectomy (OVX) surgery

In vivo: 2 mg/kg or 4 mg/kg 
through gavage every day 
for 8 weeks;
In vitro: 0.5-25 µM

TRKB↑-PI3K/AKT↑-Nrf2↑-oxidative stress↓, 
osteogenic differentiation↑

[185]

Silibinin (SBN) skin wound – Keap1↓-Nrf2↑- survival↑ [183]

Chrysin BMSCs Calvarial bone defect in T1DM 
model induced by intraperitoneal
injections of streptozotocin 
(65 mg/kg)

In vitro: 0.2-5 µM PI3K↑-p-AKT↑-ROS↓, mitochondrial 
function↑-survival↑, apotosis↓, osteogenic 
differentiation↑

[186]

Baicalin BMSCs d-Galactosamine and lipopolysac-
charide (d-GaIN/LPS)-induced ALI 
model

In vivo: 150 µg/mice p62 in MSCs-Exos↑-p62 binds to 
Keap1↑-Nrf2↑-ferroptosis↓

[188]

Cyanidin C3H10T1/2 
MSCs

– In vitro: 10 µg/mL;20 µg/mL Nrf2↑-autophagy↓-chondrogenesis↓; 
p-IκBα/p-p65↓, autophagy↓-hypertrophic 
differentiation↓

[189]

Naringin ADSCs Cisplatin-induced nephrotoxicity In vivo: naringin 100 mg/kg, 
1 × 106 cells

Synergistic activation: SIRT-1↑-Nrf2↑HO-1↑-
antioxidant↑, anti-inflammation↑

[190]
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capacity of ADSCs. Concurrently, it recalibrates the 
ADSCs secretome, elevating neurotrophic factor out-
put and enhancing BBB permeability, thereby augment-
ing their neuroregenerative capacity. Furthermore, the 
study also demonstrated that ADSCs preconditioned 
with EGCG significantly ameliorated disorganization in 
cortical tissue of aged rats, enhanced tissue integrity, and 
exhibited notable neuroprotective effects [182]. Shen et 
al. [183] pioneered an advanced therapeutic strategy by 
functionalizing MSCs with silibinin (SBN)-encapsulated 
poly(lactic-co-glycolic acid) (PLGA) nanoparticles. Fol-
lowing efficient cellular internalization, the nanopar-
ticles enabled sustained SBN release, which robustly 
activated the Keap1/Nrf2 axis, culminating in a threefold 
reduction in ROS accumulation. This intervention sig-
nificantly enhanced MSCs survival under oxidative stress 
conditions. Notably, these modified cells demonstrated 
superior viability and retention post-transplantation, 
markedly accelerating wound healing and improving skin 
regeneration quality.

For the aforementioned flavonoids, the differences in 
their efficacy are essentially determined by their molec-
ular structures, binding affinity to target proteins, and 
pharmacokinetic properties in vivo [184]. Future studies 

could integrate molecular docking, ADMET (Absorption, 
Distribution, Metabolism, Excretion, Toxicity) predic-
tion, and in vitro and in vivo validation to further eluci-
date the regulatory effects of flavonoids and enhance the 
understanding of their mechanisms of action.7, 8-Dihy-
droxyflavone (7,8-DHF), a neurotrophic flavonoid, con-
fers cytoprotection against hydrogen peroxide-induced 
oxidative damage in BMSCs by attenuating apoptosis, 
enhancing proliferative capacity, and potentiating osteo-
genic differentiation, thereby promoting bone formation 
and alleviating bone loss in postmenopausal osteoporosis 
(PMO) mice. These pleiotropic effects are orchestrated 
through 7,8-DHF’s selective activation of TRKB, which 
subsequently activates Nrf2 via the TRKB/PI3K/AKT 
signaling pathway, thereby constituting a critical molecu-
lar defense mechanism against oxidative stress-mediated 
cellular dysfunction [185]. Chrysin (5,7-dihydroxy-2-phe-
nyl-4H-chromen-4-one) is a bioactive dihydroxyflavo-
noid predominantly found in plants such as Scutellaria 
baicalensis and Elaeagnus angustifolia. Under high-glu-
cose conditions, chrysin demonstrates significant cyto-
protective and proliferative-enhancing effects on BMSCs 
through activation of the PI3K/AKT/Nrf2 signaling 
pathway [186]. Furthermore, it enhances osteogenesis in 

Fig. 4  Schematic illustration of the synergistic mechanism by which natural flavonoids and MSCs treat inflammatory diseases through Nrf2 signaling 
pathway activation. This diagram summarizes how natural flavonoids enhance the therapeutic efficacy of MSCs by improving their survival, homing 
capacity, and resistance to oxidative stress and inflammation. Key signaling molecules involved include those associated with autophagy (p62), cellular 
senescence (p53, p21), ferroptosis (SLC7A11, SLC3A2), apoptosis (Bax, Caspase-3), and antioxidant response (HO-1, SOD, NQO-1, GPx), as well as factors 
related to inflammation and senescence. This combined treatment ameliorates pathological and functional changes in various inflammatory disease 
models, including cisplatin-induced nephrotoxicity, aging, diabetic osteoporosis (DOP) and postmenopausal osteoporosis (PMO). ↑indicates increase; 
↓indicates decrease
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calvarial defects of T1DM rats, suggesting a novel thera-
peutic strategy for diabetes-associated impairment of 
bone regeneration. Curcumin (CUR), the predominant 
polyphenolic curcuminoid derived from Curcuma longa, 
demonstrates remarkable cytoprotective efficacy against 
H2O2-induced lung mesenchymal stem cells (LMSCs) 
[187]. CUR exhibits concentration-dependent capabili-
ties in reducing apoptosis rates, decreasing ROS levels, 
and augmenting mitochondrial membrane potential. Its 
cytoprotective effects in LMSCs are primarily mediated 
through the activation of the Akt/Nrf2/HO-1 signaling 
pathway, leading to markedly higher potency compared 
to the conventional antioxidant N-Acetyl-l-cysteine 
(NAC).

2.	 Remodeling the MSCs secretome to achieve remote 
synergistic regulation

Pretreatment with flavonoids not only protects MSCs 
themselves but also optimizes their paracrine function, 
enabling the secretion of exosomes and cytokines with 
greater therapeutic potential. Zhao et al. [188] demon-
strated that baicalin pretreatment elevates p62 protein 
levels in MSCs-EVs. P62 competitively binds to Keap1, 
thereby relieving the latter’s inhibition of Nrf2 and facili-
tating Nrf2 nuclear translocation to activate antioxidant 
gene expression, ultimately enhancing cellular anti-
oxidant capacity. In the d-galactosamine/LPS (d-GaIN/
LPS)-induced ALI model, intervention with exosomes 
derived from baicalin-preconditioned MSCs-Exo (Ba-
Exo) yielded the following outcomes: Ba-Exo effectively 
reduced hepatic Fe²⁺ accumulation and MDA produc-
tion, increased GSH levels, and decreased ROS. Concur-
rently, it modulated key ferroptosis markers (inhibition of 
5-lipoxygenase [5-LOX] concurrently with upregulation 
of GPX4 and SLC7A11), leading to significant improve-
ments in hepatic function and inflammatory responses, 
thereby alleviating ALI. Supporting evidence reveals that 
cyanidin treatment during MSCs chondrogenesis mark-
edly increases Nrf2 and p62 protein expression while 
downregulating microtubule-associated protein 1 light 
chain 3B (LC3B) expression [189]. Notably, during chon-
drocyte hypertrophy, cyanidin effectively blocks both 
IκBα phosphorylation and LC3B activation.

Bidirectional synergistic activation of Nrf2 by natural 
flavonoids and MSCs
A multi-tiered positive feedback loop is established 
through the interaction between natural flavonoids and 
MSCs. Flavonoids precondition and prime MSCs via 
the direct Keap1-Nrf2 pathway or the indirect PI3K-
AKT pathway, which enhances cellular resilience to 
adverse conditions by reducing apoptosis and promot-
ing survival. The primed MSCs, in turn, remodel the 

microenvironment through an altered secretory profile, 
releasing bioactive factors that create more favorable 
conditions for their own persistence. These improve-
ments encompass attenuated oxidative stress, reduced 
inflammation, and decreased iron accumulation. Ulti-
mately, this cooperative interaction achieves a functional 
synergy, producing therapeutic effects that surpass those 
attainable by either component administered alone.

Naringin exhibits potent synergy with ADSCs in the 
Nrf2 signaling pathway. NAR enhances the survival and 
homing capacity of ADSCs, while ADSCs amplify the 
antioxidant effects of naringin. Together, they promote 
the cascade activation of the SIRT1/Nrf2/HO-1 pathway, 
achieving a dual synergistic response comprising antioxi-
dant and anti-inflammatory effects. The combined inter-
vention with naringin and ADSCs significantly reduces 
serum levels of BUN and creatinine, attenuates inflam-
matory reactions and oxidative stress, ameliorates cispl-
atin-induced immune cell infiltration, thereby alleviating 
structural renal damage, including glomerular atrophy 
and tubular dysfunction, in cisplatin-induced nephro-
toxicity models [190]. These findings collectively demon-
strate synergistic therapeutic efficacy at the whole‑animal 
level.

In addition to the aforementioned natural flavonoids 
with clearly defined compositions, certain flavonoid-
rich plant extracts also exhibit bidirectional synergistic 
effects with MSCs. In a study evaluating the combination 
of Rhus coriaria (sumac) extract with rat BMSCs against 
MTX-induced nephrotoxicity in rats, 22 phytochemi-
cal constituents, primarily flavonoids, were identified in 
the sumac extract. Network pharmacology analysis fur-
ther revealed that 7-O-methylcyanidin-3-O-(2″-galloyl)-
galactoside exhibited high binding affinity to Keap1 
[191]. The combined administration of sumac liposome 
via intraperitoneal injection and BMSCs via tail vein 
injection significantly ameliorated oxidative stress and 
inflammation, thereby attenuating MTX-induced kid-
ney damage. This protective effect was mediated through 
activation of the Nrf2/Keap1/HO-1 signaling pathway.

Current studies indicate that the combination of natu-
ral flavonoids with MSCs exhibits significant synergistic 
effects. This combination can activate the Nrf2 signaling 
pathway through multiple routes, thereby enhancing the 
survival rate, functional activity, and paracrine capacity 
of MSCs. This leads to superior therapeutic outcomes 
compared to single interventions in various disease 
models. The core mechanism of this synergy involves 
the activation of the Nrf2/HO-1 axis, which exerts anti-
inflammatory, antioxidant, and anti-apoptotic effects. 
Concurrently, it promotes tissue healing by inhibit-
ing ferroptosis, protecting mitochondrial function, and 
modulating cellular metabolism. However, few of the 
aforementioned studies simultaneously included both in 
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vitro mechanistic validation (e.g., gene knockdown/over-
expression, specific inhibitors) and in vivo disease model 
validation with adequate combined controls. Therefore, 
the synergistic mechanisms and efficacy between natural 
flavonoids and MSCs still require further investigation.

Translational potential of combination treatment
The synergistic interaction between natural flavonoids 
and MSCs represents a novel combination therapy para-
digm. By activating the Nrf2 pathway, flavonoids act as 
potentiators that comprehensively enhance the survival, 
functionality, and secretome of MSCs, thereby overcom-
ing the key bottlenecks in MSCs-based therapies. Sub-
stantial evidence indicates that this strategy has broad 
application prospects in various fields including meta-
bolic bone diseases, liver injury, neural damage, and 
reproductive system disorders. However, the clinical 
translation still faces optimization challenges concerning 
key parameters such as dosing regimens, administration 
strategy, delivery routes, and long-term safety. Systemati-
cally reviewing these parameters in existing research and 
analyzing their impact on efficacy and safety are crucial 
for advancing the practical application of this combina-
tion therapy.

1.	 Optimization and challenges of dosing regimens

Dosing strategies in current studies are primarily based 
on concentration-effect relationships from in vitro-pre-
conditioning and explorations of tolerability in animal 
models. For instance, EGCG is commonly used at con-
centrations below 100 µM to pretreat MSCs to enhance 
their resistance to oxidative stress [181], while SCU 
effectively inhibits Keap1 expression at 50 µM in vitro 
[180]. Naringin is administered at 100 mg/kg in combi-
nation with ADSCs [190], and 7,8-DHF is delivered via 
oral gavage at 2-4 mg/kg [185]. Although these doses are 
effective in specific models, their dose-dependency is sig-
nificant: flavonoid concentrations that are too low may be 
insufficient to adequately activate pathways such as Nrf2, 
while excessively high concentrations may induce cyto-
toxicity or interfere with normal physiological functions. 
Furthermore, the compatibility between the transplan-
tation dose of MSCs (typically 1 × 106 cells per rat) and 
different tissue sources or disease states lacks systematic 
investigation. Future studies require dose-matrix experi-
ments and pharmacodynamic modeling to precisely 
define the optimal molar ratio and absolute dose for the 
combination therapy.

2.	 Strategic selection of administration

The administration strategy is another critical variable 
affecting synergistic efficacy. The current mainstream 

strategy is pretreatment, involving short-term incubation 
(e.g., 2-6 h) of MSCs with flavonoids prior to transplan-
tation to pre-enhance their antioxidant, anti-apoptotic, 
and paracrine functions [182]. Additionally, a few studies 
have attempted co-administration or sequential adminis-
tration, suggesting that different strategies may influence 
the homing efficiency of MSCs and their dynamic regula-
tory capacity in the lesion microenvironment [185, 190]. 
Therefore, selecting an appropriate administration strat-
egy can maximize synergistic effects.

3.	 Exploration of delivery routes and novel delivery 
systems

The effective delivery of therapeutic components relies 
on a route that ensures their targeted accumulation. 
Common delivery routes for MSCs include tail vein 
injection (systemic distribution) and local injection (tar-
geted repair), with the choice depending on the lesion 
site and disease nature. However, most natural flavo-
noids face challenges such as low oral bioavailability, 
rapid metabolism, and poor targeting. Developing novel 
delivery systems, such as MSCs surface-modified PLGA 
nanoparticles loaded with silibinin, to improve targeting 
efficiency and reduce systemic toxicity represents a key 
future direction [183]. Furthermore, the combination 
of natural flavonoid active ingredients with Exos/EVs-
based delivery successfully overcomes the central chal-
lenge of low bioavailability for TCM components [192, 
193]. Exos/EVs effectively load and reprogram the bioac-
tive characteristics of natural flavonoids. By capitalizing 
on the inherent advantages of Exos/EVs as nanocarri-
ers, this method not only bypasses the poor bioavailabil-
ity resulting from low solubility and rapid clearance but 
also enables targeted delivery. And as a natural delivery 
system, Exos/EVs shield natural flavonoids from enzy-
matic degradation in vivo, which extends their duration 
of action. This approach establishes a novel paradigm for 
the modern application of TCM active ingredients.

4.	 Safety and toxicological considerations

Current preclinical studies have reported that combi-
nation therapies can repair damaged tissues and organs 
without causing additional injury. For example, the 
combination of naringin and ADSCs has been shown to 
improve renal function in cisplatin-induced nephropa-
thy models [190]. However, long-term safety data remain 
relatively scarce. Potential risks include: long-term or 
high-dose flavonoid intervention may disrupt cellular 
homeostasis through excessive activation of the Nrf2 
pathway and may even be potentially associated with 
tumorigenesis and progression; the immunomodulatory 
properties of MSCs may promote immunosuppression or 
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abnormal differentiation in specific microenvironments. 
Therefore, future studies should incorporate long-term 
toxicological evaluations to systematically assess the 
effects of combination regimens on major organs, the 
immune system, and potential tumorigenicity. Further 
in-depth mechanistic studies, such as elucidating the 
crosstalk between Nrf2 and critical signaling pathways 
including AMPK and mTOR in cellular metabolic repro-
gramming, as well as long-term evaluations of safety and 
efficacy, are essential to establish a more solid foundation 
for clinical application.

Conclusions and future perspectives
Over the past three decades of investigation, Nrf2 has 
been characterized as a pleiotropic core regulator of 
a broad functional spectrum, which reflects its physi-
ological indispensability and the highly complex and 
context-dependent nature of its regulatory effects [194]. 
Given its pivotal role in the regulation of multiple cellular 
processes, this review systematically summarizes three 
major therapeutic strategies for Nrf2 activation: clini-
cal and preclinical small-molecule agents with DMF and 
CDDO-Im as representative examples; natural product-
derived compounds, particularly flavonoids; and cell-
based and cell-free therapeutics utilizing MSCs and their 
derivatives. Although all these strategies converge on 
exerting anti-inflammatory and antioxidant effects via 
Nrf2-dependent signaling cascades, they exhibit distinct 
characteristics and confront unique challenges.

Yet the translation of Nrf2-targeted therapies from 
bench to clinic has progressed slowly, with only a few 
drugs, such as DMF, having been approved for clinical 
use to date. Notably, phytochemicals, especially flavo-
noids, that modulate the Nrf2 signaling pathway exhibit 
substantial potential for chemoprevention, thereby accel-
erating the development of plant-derived therapeutics 
characterized by low toxicity and high efficacy in the 
management of chronic diseases. Redox and metabolic 
processes constitute pivotal mechanisms governing 
MSCs’ activity and functionality. The Nrf2 transcrip-
tion factor plays a critical role in regulating MSCs redox 
balance and metabolic pathways, thereby influenc-
ing, to some extent, the therapeutic efficacy of MSCs in 
inflammatory disorders. Meanwhile, the Nrf2 transcrip-
tion factor critically influences the therapeutic efficacy 
of MSCs in inflammatory disorders by regulating their 
redox balance and metabolic pathways. Furthermore, 
evidence exists for the individual therapeutic effects of 
both flavonoids and MSCs across inflammatory disease 
models in multiple organ systems, and thus the syn-
ergistic strategy of combining them has demonstrated 
potential value in overcoming the limitations of mono-
therapies. Specifically, flavonoids can effectively “precon-
dition” or “empower” MSCs by directly targeting Keap1 

or activating upstream signals such as PI3K/Akt and 
SIRT1; on the other hand, MSCs and MSCs-Exos can 
act as delivery vehicles to improve the enrichment and 
retention efficiency of flavonoids in target tissues, while 
modulating the Nrf2 network through paracrine actions 
(e.g., delivering specific miRNAs). In vivo studies using 
diabetic osteoporosis and cisplatin-induced nephrotoxic-
ity models have confirmed that this synergistic effect can 
significantly enhance therapeutic efficacy.

However, current research in this field still has nota-
ble limitations. First, existing evidence is predominantly 
derived from in vitro and in vivo experiments with a lack 
of robust clinical data, which raises concerns regarding 
safety and efficacy. Second, the synergistic mechanisms 
remain insufficiently elucidated. Most studies are con-
fined to correlative observations and lack rigorous causal 
validation using reverse genetic approaches, such as Nrf2 
knockout models or specific inhibitors. Accordingly, it 
remains difficult to ascertain whether the observed thera-
peutic effects are necessarily and exclusively dependent 
on Nrf2 signaling. Furthermore, the high intrinsic het-
erogeneity of MSCs and variable efficacy across differ-
ent tissue sources pose significant challenges to verifying 
the reproducibility and generalizability of these syner-
gistic effects. Finally, systematic investigations into the 
dynamic regulatory mechanisms of Nrf2 across diverse 
pathophysiological contexts are still limited. In particu-
lar, the understanding of its bidirectional regulatory roles 
in various diseases and at different disease stages, as well 
as the environmental and time‑dependent influences on 
these roles, is still insufficient.

Previous studies have shown that pharmacologically 
induced activation of Nrf2 holds therapeutic potential 
in multiple diseases, yet this process exhibits significant 
complexity: prolonged or excessive activation of Nrf2 
may, through redox adaptation mechanisms, instead pro-
mote carcinogenesis and the development of multidrug 
resistance [195, 196]. Such complexity is also reflected in 
disease heterogeneity. For example, For instance, nuclear 
localization of Nrf2 is persistently elevated in the sub-
stantia nigra of PD patients [197], whereas Nrf2 protein 
levels are reduced in the primary motor cortex and spinal 
cord of ALS patients [198].

Thus, despite their certain translational potential, flavo-
noids-MSCs combination products may be categorized 
as complex ATMPs from a regulatory standpoint, and 
thus are required to comply with stringent GMP stan-
dards, standardized potency assessments, and compre-
hensive non-clinical safety data submissions. Specifically, 
systematic research on this therapy is urgently required 
for this therapy to determine the optimal flavonoid-to-
MSCs dose ratio and administration strategy and timing; 
clarify whether flavonoid preconditioning impacts the 
long-term genomic stability or differentiation propensity 
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of MSCs; and establish standardized, scalable produc-
tion processes for preconditioned MSCs, all of which 
constitute substantial bottlenecks hindering their clinical 
translation.

To advance this therapeutic strategy, future research 
should prioritize accelerating its clinical translation. On 
one hand, efforts should be directed toward deepening 
mechanistic insights. Advanced methodologies including 
AI-assisted screening and multi-omics analyse, could be 
leveraged to dissect the regulatory principles of micro-
environmental remodeling following flavonoid-MSCs 
combinatorial therapy. Identifying the key upstream 
and downstream Nrf2-mediated targets that orchestrate 
synergistic effects will lay the groundwork for elucidat-
ing the underlying mechanisms. On the other hand, a 
more rigorous framework for causal verification should 
be established (e.g., mandatory use of Nrf2 knockout 
models), while prioritizing efficacy and safety evalua-
tions in clinically relevant animal models, such as aged 
or comorbid models. Furthermore, breakthroughs should 
extend beyond the discovery of novel activating mole-
cules to focus on developing intelligent regulatory tools. 
For example, protein–protein interaction inhibitors or 
conditionally activated prodrugs could enable spatio-
temporal-specific regulation, as well as engineer MSCs 
or their Exos to enable targeted delivery and controlled 
release of Nrf2 modulators. Ultimately, a successful 
therapeutic paradigm will likely emerge as an integrated 
composite system that combines the pharmacologi-
cal optimization potential of natural products with the 
microenvironment-remodeling capabilities of cell-based 
therapies. This necessitates closer interdisciplinary col-
laboration across the field, alongside a commitment to 
collectively translate foundational insights into the Nrf2 
signaling pathway into safe, effective, and accessible novel 
anti-inflammatory therapies. In light of the foregoing 
considerations, the journey ahead remains arduous and 
thus sustained, concerted efforts are required.

Abbreviations
Aβ	� β-amyloid
ACLF	� Acute-on-chronic liver failure
ACSL4	� Acyl-CoA synthetase long-chain family member 4
AD	� Alzheimer’s disease
ADSCs	� Adipose-derived mesenchymal stem cells
AGEs	� Advanced glycation end-product
AIS	� Acute ischemic stroke
AKI	� Acute kidney injury
AKT	� Protein kinase
ALI	� Acute lung injury
ALS	� Amyotrophic lateral sclerosis
AREs	� Antioxidant response elements
ARS	� Acute radiation syndrome
ATP	� Adenosine triphosphate
BBB	� Blood-brain barrier
BDNF	� Brain-derived neurotrophic factor
BLM	� Bleomycin
BMSCs	� Bone marrow mesenchymal stem cells
BUN	� Blood urea nitrogen

CAT	� Catalase
CAV1	� Caveolin-1
CFA	� Complete Freund’s adjuvant
CMS	� Chronic mild stress
CNC	� Cap‘n’collar
CO	� Carbon monoxide
Cx43	� Connexin43
COPD	� Chronic obstructive pulmonary disease
CUR	� Curcumin
DAI	� Disease activity index
Dex	� Dexamethasone
DOP	� Diabetic osteoporosis
CTH	� Cystathionine γ-lyase
DFX	� Deferoxamine
d-Gal	� d-Galactose
DMA	� Dimerumic acid
DMF	� Dimethyl fumarate
DMOG	� Dimethyloxalylglycine
DN	� Diabetic nephropathy
dNCR	� Delayed neurocognitive recovery
DPSCs	� Dental pulp mesenchymal stem cells
DSS	� Dextran sodium sulfate
EGCG	� Epigallocatechin gallate
EMT	� Endothelial–mesenchymal transition
Exos	� Exosomes
EVs	� Extracellular vesicles
eQTLs	� Expression quantitative trait loci
FDA	� Food and Drug Administration
FGF	� Fibroblast growth factor
FTH	� Ferritin heavy chain
GBM	� Glioblastoma
GCL	� Glutamate-cysteine ligase
GCLC	� Glutamate-cysteine ligase catalytic subunit
GCLM	� Glutamate-cysteine ligase modulatory subunit
GC-ONFH	� Glucocorticoid-induced osteonecrosis of the femoral head
GCs	� Granulosa cells
GFAP	� Glial fibrillary acidic protein
GPX4	� Glutathione peroxidase 4
GSH	� Glutathione
GSH-Px	� Glutathione peroxidase
GSIS	� Glucose-stimulated insulin secretion
GST	� Glutathione S-transferase
hAMSCs	� Human amniotic mesenchymal stem cells
HAT	� Histone acetyltransferase
hDMSCs	� Human decidual mesenchymal stem cells
hDPSCs	� Human dental pulp stem cells
HFSCs	� Hair follicle mesenchymal stem cells
HO-1	� Heme oxygenase 1
HSP	� Heat shock protein
IC	� Interstitial cystitis
ICH	� Intracerebral hemorrhage
iPSCs	� Induced pluripotent stem cells
I/R	� Ischemia–reperfusion
IGF-1	� Insulin-like growth factor-1
IL	� Interleukin
IMC	� Indomethacin
IVDD	� Intervertebral disc degeneration
Keap1	� Kelch-like ECH-associated protein 1
LCA	� Licochalcone A
LDH	� Lactate dehydrogenase
LMSCs	� Lung mesenchymal stromal/stem cells
LN	� Lupus nephritis
LPS	� Lipopolysaccharide
MASH	� Metabolic dysfunction-associated steatohepatitis
MDA	� Malondialdehyde
MGO	� Methylglyoxal
miRNA	� MicroRNA
MS	� Multiple sclerosis
MSCs	� Mesenchymal stromal/stem cells
MSCs-CM	� MSCs-conditioned medium
MSCs-EVs	� MSCs-derived extracellular vesicles
MSCs-Exo	� MSCs-derived exosomes



Page 28 of 33Shang et al. Stem Cell Research & Therapy          (2026) 17:122 

MTX	� Methotrexate
NAFLD	� Nonalcoholic fatty liver disease
NASH	� Non-alcoholic steatohepatitis
NF-κB	� Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3	� Nucleotide-binding oligomerization domain (NOD)-like receptor 

protein 3
NO	� Nitric oxide
NQO1	� NAD(P)H quinone oxidoreductase 1
Nrf2	� Nuclear factor erythroid 2-related factor 2
OISN	� Oxaliplatin-induced sensory neuropathy
OGD/R	� Oxygen-glucose deprivation/reperfusion
OSAHS	� Obstructive sleep apnea-hypopnea syndrome
OXL	� Oxaliplatin
PAPK7	� Parkinson disease protein 7
PD	� Parkinson’s disease
PERK	� Protein kinase R-like endoplasmic reticulum kinase
PI3K	� Phosphatidylinositol 3-kinase
PKCα	� Protein kinase Cα
PLGA	� Poly(lactic-co-glycolic acid)
POI	� Premature ovarian insufficiency
PPI	� Protein–protein interaction
PRP	� Platelet-rich plasma
PUN	� Punicalagin
RAPA	� Rapamycin
RF	� Rheumatoid factor
ROS	� Reactive oxygen species
RSA	� Recurrent spontaneous abortion
SAHH	� S-adenosylhomocysteine hydrolase
SAP	� Severe acute pancreatitis
SASP	� Senescence-associated secretory phenotype
SBN	� Silibinin
SCI	� Spinal cord injury
Scr	� Serum creatinine
SCU	� Scutellarin
SIRT	� Sirtuin
SOD	� Superoxide dismutase
STZ	� Streptozotocin
T-AOC	� Total antioxidant capacity
TCM	� Traditional Chinese medicine
T1/2DM	� Type 1/2 diabetes mellitus
TLR4	� Toll-like receptor 4
TNF-α	� Tumor necrosis factor-α
TGF-β	� Transforming growth factor-beta
UCMSCs	� Umbilical cord mesenchymal stem cells
VEGF	� Vascular endothelial growth factor
VIM	� Vimentin
VPA	� Valproic acid
VSMCs	� Vascular smooth muscle cells
vWF	� von Willebrand factor
WT-1	� Wilms tumor protein 1

Acknowledgements
The authors declare that they have not use AI-generated work in this 
manuscript.

Author contributions
LS and LM conceived the review, designed the framework, and supervised the 
overall project. FS and YQ performed the literature search, selected relevant 
studies, extracted data, and drafted the initial manuscript. ZW, LD and AL 
contributed significantly to writing the preliminary draft and participated in 
its revision based on feedback. DZ, YG, QB and SG supported the literature 
search and data extraction process. All authors contributed substantially to 
revising  and approving the submitted version, and all read and approved the 
final manuscript.

Funding
This work was supported by grants from the National Natural Science 
Foundation of China (No. 82301029), China Postdoctoral Science Foundation 
(No. 2024M761343, 2025T180493), Postdoctoral Fellowship Program of 
CPSF under Grant Number GZC20240659, Guangdong Basic and Applied 
Basic Research Foundation (No. 2024A1515011487), Guangzhou Basic and 
Applied Basic Research Foundation (SL2023A04J02147), and Science Research 

Cultivation Program of Stomatological Hospital, Southern medical university 
(PY2024011).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Stomatological Hospital, School of Stomatology, Southern Medical 
University, Guangzhou 510280, Guangdong, China
2Shaanxi Zhonghong Kerui Regenerative Medicine Research Institute Co., 
Ltd., Xi’an 710003, Shaanxi, China
3Phase 1 Clinical Trial Research Ward, The Second Affiliated Hospital of 
Xi’an Jiaotong University, Xi’an 710000, Shaanxi, China

Received: 6 August 2025 / Accepted: 2 February 2026

References
1.	 Sies H, Jones DP. Reactive oxygen species (ROS) as pleiotropic physiological 

signalling agents. Nat Rev Mol Cell Biol. 2020;21(7):363–83.
2.	 Chen C, Liu Q, Chen W, Gong Z, Kang B, Sui M, Huang L, Wang YJ. PRODH 

safeguards human Naive pluripotency by limiting mitochondrial oxida-
tive phosphorylation and reactive oxygen species production. EMBO Rep. 
2024;25(4):2015–44.

3.	 Yuan J, Liang X, Zhou W, Feng J, Wang Z, Shen S, Guan X, Zhao L, Deng 
F. TRPA1 promotes cisplatin-induced nephrotoxicity through inflamma-
tion mediated by the MAPK/NF-κB signaling pathway. Ann Transl Med. 
2021;9(20):1578.

4.	 Bellanti F, Coda ARD, Trecca MI, Lo Buglio A, Serviddio G, Vendemiale G. Redox 
imbalance in inflammation: the interplay of oxidative and reductive stress. 
Antioxid (Basel). 2025;14(6):656.

5.	 Ivraghi MS, Zamanian MY, Gupta R, Achmad H, Alsaab HO, Hjazi A, Romero-
Parra RM, Alwaily ER, Hussien BM, Hakimizadeh E. Neuroprotective effects of 
gemfibrozil in neurological disorders: focus on inflammation and molecular 
mechanisms. CNS Neurosci Ther. 2024;30(3):e14473.

6.	 Sezgin Bayindir Z, Sova M, Yuksel N, Saso L. Delivery strategies to improve 
the pharmacological efficacy of NRF2 modulators: a review. RSC Med Chem. 
2025;16(10):4599–616.

7.	 Wardyn JD, Ponsford AH, Sanderson CM. Dissecting molecular cross-
talk between Nrf2 and NF-κB response pathways. Biochem Soc Trans. 
2015;43(4):621–6.

8.	 Bellezza I, Giambanco I, Minelli A, Donato R. Nrf2-Keap1 signaling in oxidative 
and reductive stress. Biochim Biophys Acta Mol Cell Res. 2018;1865(5):721–33.

9.	 Li L, Qin Y, Xin X, Wang S, Liu Z, Feng X. The great potential of flavonoids as 
candidate drugs for NAFLD. Biomed Pharmacother. 2023;164:114991.

10.	 Zamanian MY, Soltani A, Khodarahmi Z, Alameri AA, Alwan AMR, Ramírez-
Coronel AA, Obaid RF, Abosaooda M, Heidari M, Golmohammadi M, et al. Tar-
geting Nrf2 signaling pathway by Quercetin in the prevention and treatment 
of neurological disorders: an overview and update on new developments. 
Fundam Clin Pharmacol. 2023;37(6):1050–64.

11.	 Bhosale PB, Jeong SH, Kim HH, Heo JD, Hwang KH, Moon YG, Ahn M, Seong 
JK, Won C, Kim GS. Therapeutic potential and cancer cell death-inducing 
effects of apigenin and its derivatives. Int J Mol Sci. 2025;26(20):10084.

12.	 Wang S, Lei B, Zhang E, Gong P, Gu J, He L, Han L, Yuan Z. Targeted therapy 
for inflammatory diseases with mesenchymal stem cells and their derived 
exosomes: from basic to clinics. Int J Nanomed. 2022;17:1757–81.

13.	 Hammad M, Raftari M, Cesário R, Salma R, Godoy P, Emami SN, Hagh-
doost S. Roles of oxidative stress and Nrf2 signaling in pathogenic and 



Page 29 of 33Shang et al. Stem Cell Research & Therapy          (2026) 17:122 

non-pathogenic cells: a possible general mechanism of resistance to therapy. 
Antioxid (Basel). 2023;12(7):1371.

14.	 Dai X, Yan X, Wintergerst KA, Cai L, Keller BB, Tan Y. Nrf2: redox and 
metabolic regulator of stem cell state and function. Trends Mol Med. 
2020;26(2):185–200.

15.	 Moi P, Chan K, Asunis I, Cao A, Kan YW. Isolation of NF-E2-related factor 2 
(Nrf2), a NF-E2-like basic leucine zipper transcriptional activator that binds to 
the tandem NF-E2/AP1 repeat of the beta-globin locus control region. Proc 
Natl Acad Sci U S A. 1994;91(21):9926–30.

16.	 Itoh K, Igarashi K, Hayashi N, Nishizawa M, Yamamoto M. Cloning and 
characterization of a novel erythroid cell-derived CNC family transcription 
factor heterodimerizing with the small Maf family proteins. Mol Cell Biol. 
1995;15(8):4184–93.

17.	 Chan K, Lu R, Chang JC, Kan YW. NRF2, a member of the NFE2 family of 
transcription factors, is not essential for murine erythropoiesis, growth, and 
development. Proc Natl Acad Sci U S A. 1996;93(24):13943–8.

18.	 Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, Oyake T, Hayashi 
N, Satoh K, Hatayama I, et al. An Nrf2/small Maf heterodimer mediates 
the induction of phase II detoxifying enzyme genes through antioxidant 
response elements. Biochem Biophys Res Commun. 1997;236(2):313–22.

19.	 Zhang DD, Hannink M. Distinct cysteine residues in Keap1 are required for 
Keap1-dependent ubiquitination of Nrf2 and for stabilization of Nrf2 by che-
mopreventive agents and oxidative stress. Mol Cell Biol. 2003;23(22):8137–51.

20.	 Zhang DD, Lo SC, Cross JV, Templeton DJ, Hannink M. Keap1 is a redox-
regulated substrate adaptor protein for a Cul3-dependent ubiquitin ligase 
complex. Mol Cell Biol. 2004;24(24):10941–53.

21.	 Kobayashi A, Kang MI, Okawa H, Ohtsuji M, Zenke Y, Chiba T, Igarashi K, 
Yamamoto M. Oxidative stress sensor Keap1 functions as an adaptor for Cul3-
based E3 ligase to regulate proteasomal degradation of Nrf2. Mol Cell Biol. 
2004;24(16):7130–9.

22.	 Zhang DD. Thirty years of NRF2: advances and therapeutic challenges. Nat 
Rev Drug Discov. 2025;24(6):421–44.

23.	 Zhang DD. Mechanistic studies of the Nrf2-Keap1 signaling pathway. Drug 
Metab Rev. 2006;38(4):769–89.

24.	 Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory network provides an 
interface between redox and intermediary metabolism. Trends Biochem Sci. 
2014;39(4):199–218.

25.	 Rushworth SA, MacEwan DJ, O’Connell MA. Lipopolysaccharide-induced 
expression of NAD(P)H:quinone oxidoreductase 1 and Heme oxygenase-1 
protects against excessive inflammatory responses in human monocytes. J 
Immunol. 2008;181(10):6730–7.

26.	 Chen XL, Kunsch C. Induction of cytoprotective genes through Nrf2/anti-
oxidant response element pathway: A new therapeutic approach for the 
treatment of inflammatory diseases. Curr Pharm Des. 2004;10(8):879–91.

27.	 Wang XJ, Sun Z, Villeneuve NF, Zhang S, Zhao F, Li Y, Chen W, Yi X, Zheng W, 
Wondrak GT, et al. Nrf2 enhances resistance of cancer cells to chemothera-
peutic drugs. Dark Side Nrf2 Carcinog. 2008;29(6):1235–43.

28.	 Yagishita Y, Gatbonton-Schwager TN, McCallum ML, Kensler TW. Current 
landscape of Nrf2 biomarkers in clinical trials. Antioxid (Basel). 2020;9(8):716.

29.	 Majkutewicz I. Dimethyl fumarate: a review of preclinical efficacy in models of 
neurodegenerative diseases. Eur J Pharmacol. 2022;926:175025.

30.	 Brück J, Dringen R, Amasuno A, Pau-Charles I, Ghoreschi K. A review of the 
mechanisms of action of dimethylfumarate in the treatment of psoriasis. Exp 
Dermatol. 2018;27(6):611–24.

31.	 Thimmulappa RK, Fuchs RJ, Malhotra D, Scollick C, Traore K, Bream JH, Trush 
MA, Liby KT, Sporn MB, Kensler TW, et al. Preclinical evaluation of targeting 
the Nrf2 pathway by triterpenoids (CDDO-Im and CDDO-Me) for protection 
from LPS-induced inflammatory response and reactive oxygen species in 
human peripheral blood mononuclear cells and neutrophils. Antioxid Redox 
Signal. 2007;9(11):1963–70.

32.	 Uddin MJ, Kim EH, Hannan MA, Ha H. Pharmacotherapy against oxidative 
stress in chronic kidney disease: promising small molecule natural products 
targeting Nrf2-HO-1 signaling. Antioxid (Basel). 2021;10(2):258.

33.	 El Ali Z, Ollivier A, Manin S, Rivard M, Motterlini R, Foresti R. Therapeutic 
effects of CO-releaser/Nrf2 activator hybrids (HYCOs) in the treatment of skin 
wound, psoriasis and multiple sclerosis. Redox Biol. 2020;34:101521.

34.	 Xiao Q, Mears J, Nathan A, Ishigaki K, Baglaenko Y, Lim N, Cooney LA, Harris 
KM, Anderson MS, Fox DA, et al. Immunosuppression causes dynamic 
changes in expression QTLs in psoriatic skin. Nat Commun. 2023;14(1):6268.

35.	 Lee BH, Hsu WH, Hsu YW, Pan TM. Dimerumic acid attenuates receptor for 
advanced glycation endproducts signal to inhibit inflammation and diabetes 

mediated by Nrf2 activation and promotes Methylglyoxal metabolism into 
d-lactic acid. Free Radic Biol Med. 2013;60:7–16.

36.	 Reddy NM, Kleeberger SR, Kensler TW, Yamamoto M, Hassoun PM, Reddy SP. 
Disruption of Nrf2 impairs the resolution of hyperoxia-induced acute lung 
injury and inflammation in mice. J Immunol. 2009;182(11):7264–71.

37.	 Kim HY, Ahn SB, Hong JM, Oh JH, Saeed WK, Kim GS, Kim H, Kang JK, Kang 
S, Jun DW. BTT-105 ameliorates hepatic fibrosis in non-alcoholic fatty liver 
animal model. FASEB J. 2021;35(11):e21979.

38.	 Fernández-Ginés R, Encinar JA, Escoll M, Carnicero-Senabre D, Jiménez-Ville-
gas J, García-Yagüe ÁJ, González-Rodríguez Á, Garcia-Martinez I, Valverde ÁM, 
Rojo AI, et al. Specific targeting of the NRF2/β-TrCP axis promotes beneficial 
effects in NASH. Redox Biol. 2024;69:103027.

39.	 Thimmulappa RK, Scollick C, Traore K, Yates M, Trush MA, Liby KT, Sporn 
MB, Yamamoto M, Kensler TW, Biswal S. Nrf2-dependent protection from 
LPS induced inflammatory response and mortality by CDDO-Imidazolide. 
Biochem Biophys Res Commun. 2006;351(4):883–9.

40.	 Pallauf K, Duckstein N, Rimbach G. A literature review of flavonoids and 
lifespan in model organisms. Proc Nutr Soc. 2017;76(2):145–62.

41.	 Pallauf K, Duckstein N, Hasler M, Klotz LO, Rimbach G. Flavonoids as putative 
inducers of the transcription factors Nrf2, FoxO, and PPARγ. Oxid Med Cell 
Longev. 2017;2017:4397340.

42.	 Shen N, Wang T, Gan Q, Liu S, Wang L, Jin B. Plant flavonoids: classifica-
tion, distribution, biosynthesis, and antioxidant activity. Food Chem. 
2022;383:132531.

43.	 Mansour H, Slika H, Nasser SA, Pintus G, Khachab M, Sahebkar A, Eid AH. Fla-
vonoids, gut microbiota and cardiovascular disease: dynamics and interplay. 
Pharmacol Res. 2024;209:107452.

44.	 Li J, Wang T, Liu P, Yang F, Wang X, Zheng W, Sun W. Hesperetin amelio-
rates hepatic oxidative stress and inflammation via the PI3K/AKT-Nrf2-ARE 
pathway in oleic acid-induced HepG2 cells and a rat model of high-fat diet-
induced NAFLD. Food Funct. 2021;12(9):3898–918.

45.	 Fan H, Ma X, Lin P, Kang Q, Zhao Z, Wang L, Sun D, Cheng J, Li Y. Scutellarin 
prevents nonalcoholic fatty liver disease (NAFLD) and hyperlipidemia via 
PI3K/AKT-dependent activation of nuclear factor (erythroid-derived 2)-like 2 
(Nrf2) in rats. Med Sci Monit. 2017;23:5599–612.

46.	 Li L, Luo W, Qian Y, Zhu W, Qian J, Li J, Jin Y, Xu X, Liang G. Luteolin protects 
against diabetic cardiomyopathy by inhibiting NF-κB-mediated inflammation 
and activating the Nrf2-mediated antioxidant responses. Phytomedicine. 
2019;59:152774.

47.	 Zhou XR, Ru XC, Xiao C, Pan J, Lou YY, Tang LH, Yang JT, Qian LB. Sestrin2 is 
involved in the Nrf2-regulated antioxidative signaling pathway in luteolin-
induced prevention of the diabetic rat heart from ischemia/reperfusion 
injury. Food Funct. 2021;12(8):3562–71.

48.	 Rajappa R, Sireesh D, Salai MB, Ramkumar KM, Sarvajayakesavulu S, Madhu-
napantula SV. Treatment with naringenin elevates the activity of transcrip-
tion factor Nrf2 to protect pancreatic β-Cells from streptozotocin-induced 
diabetes in vitro and in vivo. Front Pharmacol. 2018;9:1562.

49.	 Tu Y, Li L, Zhu L, Guo Y, Du S, Zhang Y, Wang Z, Zhang Y, Zhu M. Geniposide 
attenuates hyperglycemia-induced oxidative stress and inflammation by 
activating the Nrf2 signaling pathway in experimental diabetic retinopathy. 
Oxid Med Cell Longev. 2021;2021:9247947.

50.	 Liu XF, Hao JL, Xie T, Malik TH, Lu CB, Liu C, Shu C, Lu CW, Zhou DD. Nrf2 as a 
target for prevention of age-related and diabetic cataracts by against oxida-
tive stress. Aging Cell. 2017;16(5):934–42.

51.	 Lee JJ, Ng SC, Hsu JY, Liu H, Chen CJ, Huang CY, Kuo WW. Galangin reverses 
H(2)O(2)-Induced dermal fibroblast senescence via SIRT1-PGC-1α/Nrf2 
signaling. Int J Mol Sci. 2022;23(3):1387.

52.	 Zhang J, Xie SA, Wang J, Liu J, Liu Y, Zhou S, Li X, Han L, Pang W, Yao W, et al. 
Echinatin maintains glutathione homeostasis in vascular smooth muscle 
cells to protect against matrix remodeling and arterial stiffening. Matrix Biol. 
2023;119:1–18.

53.	 Lv H, Liu J, He Y, Xia S, Qiao C, Xu C. The ameliorative role of lico a on aflatoxin 
b(1)-triggered hepatotoxicity partially by activating Nrf2 signal pathway. J 
Agric Food Chem. 2024;72(5):2741–55.

54.	 Li J, Liang Q, Li Y, Liang B, Liang J, Yan J, Zhou J. NF-κB/TOM6/PINK1-mediated 
mitophagy attenuates vascular calcification: luteolin as a therapeutic modu-
lator. Eur J Pharmacol. 2025;1008:178355.

55.	 Ding X-q, Li K-x, Liu J-w, Zhang R-e, Lei C-r, Saqirile, Yi Z-x, Li K, Liu P-x, Yang R, 
et al. Galangin alleviates vascular aging and endothelial cell senescence by 
targeting SMAD3 to initiate mitophagy. Phytomedicine. 2025;148:157466.



Page 30 of 33Shang et al. Stem Cell Research & Therapy          (2026) 17:122 

56.	 Mukhopadhyay P, Lu Y, Yu T, Liu J, Gu L. Vitexin attenuates lipopolysaccharide-
induced acute lung injury by controlling the Nrf2 pathway. PLoS ONE. 
2018;13(4):e0196405.

57.	 Park C-H, Min S-Y, Yu H-W, Kim K, Kim S, Lee H-J, Kim J-H, Park Y-J. Effects of 
apigenin on RBL-2H3, RAW264.7, and HaCaT cells: anti-allergic, anti-inflamma-
tory, and skin-protective activities. Int J Mol Sci. 2020;21(13):4620.

58.	 Choi S, Youn J, Kim K, Joo da H, Shin S, Lee J, Lee HK, An IS, Kwon S, Youn HJ, 
et al. Apigenin inhibits UVA-induced cytotoxicity in vitro and prevents signs 
of skin aging in vivo. Int J Mol Med. 2016;38(2):627–34.

59.	 Wang W, Yue R-F, Jin Z, He L-M, Shen R, Du D, Tang Y-Z. Efficiency comparison 
of apigenin-7-O-glucoside and trolox in antioxidative stress and anti-inflam-
matory properties. J Pharm Pharmacol. 2020;72(11):1645–56.

60.	 Sarfraz A, Javeed M, Shah MA, Hussain G, Shafiq N, Sarfraz I, Riaz A, Sadiqa 
A, Zara R, Zafar S, et al. Biochanin A: A novel bioactive multifunctional com-
pound from nature. Sci Total Environ. 2020;722:137907.

61.	 Wang X, Tu Q, Mao A, Meng K, Lv J, Li B, Zhang T, Zhang H, Ding Y, Cao Z. 
Biochanin A alleviates endothelial cell senescence via epigenetic regulation 
of the HDAC1/H3K4me3/NFKB1 axis. Phytomedicine. 2025;148:157385.

62.	 Wang L, Qu Y, Hu Z, Lei P, Tian X, Yang X, Chen S, Li C, Wei B, Li L. Kaemp-
ferol ameliorates BMSCs senescence in postmenopausal osteoporosis by 
targeting Sp1 to activate FUNDC1-mediated mitophagy. Phytomedicine. 
2025;148:157456.

63.	 Li M, Wu J, Li D, Lei J, Huang S, Mo P, Zhang S, Zhang F, Zheng X, Chen J, et al. 
Baicalin ameliorates dextran sulfate solidum-induced colitis by modulating 
Th17-macrophage immune network via JAK2/STAT3/IL-17/NF-κB pathway. 
Phytomedicine. 2025;148:157414.

64.	 Butnariu M, Quispe C, Herrera-Bravo J, Pentea M, Sarac I, Küşümler AS, Özçelik 
B, Painuli S, Semwal P, Imran M, et al. Papaver plants: current insights on 
phytochemical and nutritional composition along with biotechnological 
applications. Oxid Med Cell Longev. 2022;2022:2041769.

65.	 Oh J-H, Yun M, Park D, Ha IJ, Kim C-K, Kim D-W, Kim E-O, Lee S-G. Papaver 
nudicaule (Iceland poppy) alleviates lipopolysaccharide-induced inflamma-
tion through inactivating NF-κB and STAT3. BMC Complement Altern Med. 
2019;19(1):90.

66.	 Zrelli H, Matsuoka M, Kitazaki S, Araki M, Kusunoki M, Zarrouk M, Miyazaki H. 
Hydroxytyrosol induces proliferation and cytoprotection against oxidative 
injury in vascular endothelial cells: role of Nrf2 activation and HO-1 induction. 
J Agric Food Chem. 2011;59(9):4473–82.

67.	 Tsai HY, Huang PH, Lin FY, Chen JS, Lin SJ, Chen JW. Ginkgo Biloba extract 
reduces high-glucose-induced endothelial reactive oxygen species 
generation and cell adhesion molecule expression by enhancing HO-1 
expression via Akt/eNOS and p38 MAP kinase pathways. Eur J Pharm Sci. 
2013;48(4–5):803–11.

68.	 Akhlaghi M, Bandy B. Dietary broccoli sprouts protect against myocardial 
oxidative damage and cell death during ischemia-reperfusion. Plant Foods 
Hum Nutr. 2010;65(3):193–9.

69.	 Jiang Q, Chen X, Tian X, Zhang J, Xue S, Jiang Y, Liu T, Wang X, Sun Q, Hong Y, 
et al. Tanshinone I inhibits doxorubicin-induced cardiotoxicity by regulating 
Nrf2 signaling pathway. Phytomedicine. 2022;106:154439.

70.	 Ding X, Jian T, Wu Y, Zuo Y, Li J, Lv H, Ma L, Ren B, Zhao L, Li W, et al. Ellagic 
acid ameliorates oxidative stress and insulin resistance in high glucose-
treated HepG2 cells via miR-223/keap1-Nrf2 pathway. Biomed Pharmacother. 
2019;110:85–94.

71.	 Wu R, Jian T, Ding X, Lv H, Meng X, Ren B, Li J, Chen J, Li W. Total sesquiter-
pene glycosides from loquat leaves ameliorate HFD-induced insulin resis-
tance by modulating IRS-1/GLUT4, TRPV1, and SIRT6/Nrf2 signaling pathways. 
Oxid Med Cell Longev. 2021; 2021:4706410.

72.	 Zhu D, Zhang X, Wang F, Ye Q, Yang C, Liu D. Irisin rescues diabetic cardiac 
microvascular injury via ERK1/2/Nrf2/HO-1 mediated Inhibition of oxidative 
stress. Diabetes Res Clin Pract. 2022;183:109170.

73.	 Jin Q, Zhu Q, Wang K, Chen M, Li X. Allisartan isoproxil attenuates oxidative 
stress and inflammation through the SIRT1/Nrf2/NF–κB signalling pathway in 
diabetic cardiomyopathy rats. Mol Med Rep. 2021;23(3):215.

74.	 Zhang B, Zhai M, Li B, Liu Z, Li K, Jiang L, Zhang M, Yi W, Yang J, Yi D et al. 
Honokiol ameliorates myocardial ischemia/reperfusion injury in type 1 dia-
betic rats by reducing oxidative stress and apoptosis through activating the 
SIRT1-Nrf2 signaling pathway. Oxid Med Cell Longev. 2018; 2018:3159801.

75.	 Wang X, Chen X, Zhou W, Men H, Bao T, Sun Y, Wang Q, Tan Y, Keller BB, 
Tong Q, et al. Ferroptosis is essential for diabetic cardiomyopathy and is 
prevented by Sulforaphane via AMPK/NRF2 pathways. Acta Pharm Sin B. 
2022;12(2):708–22.

76.	 Cui W, Bai Y, Miao X, Luo P, Chen Q, Tan Y, Rane MJ, Miao L, Cai L. Prevention 
of diabetic nephropathy by sulforaphane: possible role of Nrf2 upregulation 
and activation. Oxid Med Cell Longev. 2012;2012:821936.

77.	 Schepici G, Bramanti P, Mazzon E. Efficacy of sulforaphane in neurodegenera-
tive diseases. Int J Mol Sci. 2020;21(22):8637.

78.	 Bahn G, Park JS, Yun UJ, Lee YJ, Choi Y, Park JS, Baek SH, Choi BY, Cho YS, Kim 
HK, et al. NRF2/ARE pathway negatively regulates BACE1 expression and 
ameliorates cognitive deficits in mouse alzheimer’s models. Proc Natl Acad 
Sci U S A. 2019;116(25):12516–23.

79.	 Ali T, Kim T, Rehman SU, Khan MS, Amin FU, Khan M, Ikram M, Kim MO. Natu-
ral dietary supplementation of anthocyanins via PI3K/Akt/Nrf2/HO-1 path-
ways mitigate oxidative stress, neurodegeneration, and memory impairment 
in a mouse model of alzheimer’s disease. Mol Neurobiol. 2018;55(7):6076–93.

80.	 Jiang T, Cheng H, Su J, Wang X, Wang Q, Chu J, Li Q. Gastrodin protects 
against glutamate-induced ferroptosis in HT-22 cells through Nrf2/HO-1 
signaling pathway. Toxicol Vitro. 2020;62:104715.

81.	 Li H, Shen Y, Xiao H, Sun W. Resveratrol attenuates rotenone-induced inflam-
mation and oxidative stress via STAT1 and Nrf2/Keap1/SLC7A11 pathway in a 
microglia cell line. Pathol Res Pract. 2021;225:153576.

82.	 Wang C, Chen S, Guo H, Jiang H, Liu H, Fu H, Wang D. Forsythoside a miti-
gates alzheimer’s-like pathology by inhibiting ferroptosis-mediated neuroin-
flammation via Nrf2/GPX4 axis activation. Int J Biol Sci. 2022;18(5):2075–90.

83.	 Song J, Zhang W, Wang J, Yang H, Zhao X, Zhou Q, Wang H, Li L, Du G. 
Activation of Nrf2 signaling by salvianolic acid C attenuates NF-κB mediated 
inflammatory response both in vivo and in vitro. Int Immunopharmacol. 
2018;63:299–310.

84.	 Bi F, Zhang Y, Liu W, Xie K. Sinomenine activation of Nrf2 signaling prevents 
inflammation and cerebral injury in a mouse model of ischemic stroke. Exp 
Ther Med. 2021;21(6):647.

85.	 Liu D, Wang H, Zhang Y, Zhang Z. Protective effects of chlorogenic acid on 
cerebral ischemia/reperfusion injury rats by regulating oxidative stress-
related Nrf2 pathway. Drug Des Devel Ther. 2020;14:51–60.

86.	 Tsai PY, Ka SM, Chang JM, Chen HC, Shui HA, Li CY, Hua KF, Chang WL, Huang 
JJ, Yang SS, et al. Epigallocatechin-3-gallate prevents lupus nephritis develop-
ment in mice via enhancing the Nrf2 antioxidant pathway and inhibiting 
NLRP3 inflammasome activation. Free Radic Biol Med. 2011;51(3):744–54.

87.	 van Wietmarschen H, Yuan K, Lu C, Gao P, Wang J, Xiao C, Yan X, Wang M, 
Schroën J, Lu A, et al. Systems biology guided by Chinese medicine reveals 
new markers for sub-typing rheumatoid arthritis patients. J Clin Rheumatol. 
2009;15(7):330–7.

88.	 Chuang CC, McIntosh MK. Potential mechanisms by which polyphenol-rich 
grapes prevent obesity-mediated inflammation and metabolic diseases. 
Annu Rev Nutr. 2011;31:155–76.

89.	 Xiong Y, Wang Y, Xiong Y, Teng L. Protective effect of Salidroside on hypoxia-
related liver oxidative stress and inflammation via Nrf2 and JAK2/STAT3 
signaling pathways. Food Sci Nutr. 2021;9(9):5060–9.

90.	 Ni S, Wang D, Qiu X, Pang L, Song Z, Guo K. Bone marrow mesenchymal stem 
cells protect against bleomycin-induced pulmonary fibrosis in rat by activat-
ing Nrf2 signaling. Int J Clin Exp Pathol. 2015;8(7):7752–61.

91.	 Yang H, Liu Y, Yao J, Wang Y, Wang L, Ren P, Bai B, Wen Q. Mesenchymal 
stem cells inhibit ferroptosis by activating the Nrf2 antioxidation pathway 
in severe acute pancreatitis-associated acute lung injury. Eur J Pharmacol. 
2024;967:176380.

92.	 Lee EJ, Cárdenes N, Álvarez D, Sellarés J, Sembrat J, Aranda P, Peng Y, Bullock 
J, Nouraie SM, Mora AL, et al. Mesenchymal stem cells reduce ER stress via 
PERK-Nrf2 pathway in an aged mouse model. Respirology. 2020;25(4):417–26.

93.	 Lei L, Guo Y, Lin J, Lin X, He S, Qin Z, Lin Q. Inhibition of endotoxin-induced 
acute lung injury in rats by bone marrow-derived mesenchymal stem cells: 
role of Nrf2/HO-1 signal axis in Inhibition of NLRP3 activation. Biochem 
Biophys Res Commun. 2021;551:7–13.

94.	 Zhou Y, Zhou W, Li Y, Zhang J. MSCs regulate oxidative stress through the Nrf2 
pathway to treat chronic obstructive pulmonary disease. BMC Pulm Med. 
2025;25(1):304.

95.	 Lv H, Liu Q, Sun Y, Yi X, Wei X, Liu W, Zhang Q, Yi H, Chen G. Mesenchymal 
stromal cells ameliorate acute lung injury induced by LPS mainly through 
stanniocalcin-2 mediating macrophage polarization. Ann Transl Med. 
2020;8(6):334.

96.	 Dos Santos GGL, Oliveira ALL, Santos DS, do Espírito Santo RF, Silva DN, Juiz 
PJL, Soares MBP, Villarreal CF. Mesenchymal stem cells reduce the oxaliplatin-
induced sensory neuropathy through the reestablishment of redox homeo-
stasis in the spinal cord. Life Sci. 2021;265:118755.



Page 31 of 33Shang et al. Stem Cell Research & Therapy          (2026) 17:122 

97.	 Huang X, Fei GQ, Liu WJ, Ding J, Wang Y, Wang H, Ji JL, Wang X. Adipose-
derived mesenchymal stem cells protect against CMS-induced depression-
like behaviors in mice via regulating the Nrf2/HO-1 and TLR4/NF-κB signaling 
pathways. Acta Pharmacol Sin. 2020;41(5):612–9.

98.	 Xiong W, Liu Y, Zhou H, Li J, Jing S, Jiang C, Li M, He Y, Ye Q. Human dental 
pulp stem cells mitigate the neuropathology and cognitive decline via AKT-
GSK3β-Nrf2 pathways in Alzheimer’s disease. Int J Oral Sci. 2024;16(1):40.

99.	 Selim SA, El-Baset SAA, Kattaia AAA, Askar EM, Elkader EA. Bone marrow-
derived mesenchymal stem cells ameliorate liver injury in a rat model of 
sepsis by activating Nrf2 signaling. Histochem Cell Biol. 2019;151(3):249–62.

100.	 Khadrawy SM, Mohamed HM, Mahmoud AM. Mesenchymal stem cells 
ameliorate oxidative stress, inflammation, and hepatic fibrosis via Nrf2/HO-1 
signaling pathway in rats. Environ Sci Pollut Res Int. 2021;28(2):2019–30.

101.	 Abdel Fattah AA, Abdul-Hamid M, Almanaa TN, Alhaber LA, Abdel-Kawi 
SH, Abdel Rahman FES, Ahmed OM. Ameliorative effects of allogeneic 
and xenogenic bone marrow-derived mesechymal stem cells on carbon 
tetrachloride-induced rat liver injury and cirrhosis via modulation of oxida-
tive stress, apoptosis, inflammation, and Nrf2 expression. Am J Transl Res. 
2023;15(11):6381–403.

102.	 Yan W, Li D, Chen T, Tian G, Zhou P, Ju X. Umbilical cord MSCs reverse 
D-galactose-induced hepatic mitochondrial dysfunction via activation of 
Nrf2/HO-1 pathway. Biol Pharm Bull. 2017;40(8):1174–82.

103.	 Kadry MO, Abdel-Megeed RM. Novel mesenchymal stem cell strategy in alle-
viating Toll-Like Receptor-4, p53 and Nrf2 signaling in Isoproterenol-Induced 
myocardial infarction in rat model. Cardiovasc Toxicol. 2018;18(3):232–41.

104.	 Nie P, Bai X, Lou Y, Zhu Y, Jiang S, Zhang L, Tian N, Luo P, Li B. Human umbilical 
cord mesenchymal stem cells reduce oxidative damage and apoptosis in 
diabetic nephropathy by activating Nrf2. Stem Cell Res Ther. 2021;12(1):450.

105.	 Zhu Y, Dong C, Xu Z, Lou Y, Tian N, Guan Y, Nie P, Luo M, Luo P. Human umbili-
cal cord mesenchymal stem cells alleviate diabetic nephropathy by inhibiting 
ferroptosis via the JNK/KEAP1/NRF2 signaling pathway. Antioxid Redox 
Signal. 2025;42(16–18):807–26.

106.	 Liu C, Liu X, Wang Y, Yu H, Li Q, Zheng Y, Fu Y, Yao G, Sun L. Mesenchymal 
stromal cells reduce ferroptosis of podocytes by activating the Nrf2/HO-1/
GPX4 pathway in lupus nephritis. Int Immunopharmacol. 2025;153:114537.

107.	 Wani FA, Ibrahim MA, Ameen SH, Farage AE, Ali ZA, Saleh K, Farag MM, Sayeed 
MU, Alruwaili MAY, Alruwaili AHF, et al. Platelet rich plasma and adipose-
derived mesenchymal stem cells mitigate methotrexate-induced nephro-
toxicity in rat via Nrf2/Pparγ/HO-1 and NF-Κb/Keap1/Caspase-3 signaling 
pathways: oxidative stress and apoptosis interplay. Toxics. 2023;11(5):398.

108.	 Liu P, Xie XR, Wu H, Li H, Chi JS, Liu XM, Luo J, Tang Y, Xu CX. Mesenchymal 
stem cells promote intestinal mucosal repair by positively regulating the 
Nrf2/Keap1/ARE signaling pathway in acute experimental colitis. Dig Dis Sci. 
2023;68(5):1835–46.

109.	 Bozkurt MF, Bhaya MN, Dibekoğlu C, Akat A, Ateş U, Erbaş O. Mesenchymal 
stem cells have ameliorative effect on the colitis model via Nrf2/HO-1 path-
way. Acta Cir Bras. 2022;37(7):e370704.

110.	 Wu H, Sun W, Cheng G, Zheng M, Zhao Y, Cao Z. Human mesenchymal 
stem cells improve angiogenesis and bone formation in severed finger rats 
through SIRT1/Nrf2 signaling. Curr Stem Cell Res Ther. 2024;19(3):389–99.

111.	 Qiu C, Li Z, Peng P. Human umbilical cord mesenchymal stem cells protect 
MC3T3-E1 osteoblasts from dexamethasone-induced apoptosis via induction 
of the Nrf2-ARE signaling pathway. Regen Ther. 2024;27:1–11.

112.	 Liu P, Cao B, Zhou Y, Zhang H, Wang C. Human umbilical cord-derived mesen-
chymal stem cells alleviate oxidative stress-induced islet impairment via the 
Nrf2/HO-1 axis. J Mol Cell Biol. 2023;15(5):mjad035.

113.	 Guo H, Liu Y, Yu X, Tian N, Liu Y, Yu D. Identifying key antioxidative stress 
factors regulating Nrf2 in the genioglossus with human umbilical cord 
mesenchymal stem-cell therapy. Sci Rep. 2024;14(1):5838.

114.	 Gao Q, Zhao Y, Luo R, Su M, Zhang C, Li C, Liu B, Zhou X. Intrathecal umbilical 
cord mesenchymal stem cells injection alleviates neuroinflammation and 
oxidative stress in the cyclophosphamide-induced interstitial cystitis rats 
through the Sirt1/Nrf2/HO-1 pathway. Life Sci. 2023;331:122045.

115.	 Chen X, Yan L, Guo Z, Chen Z, Chen Y, Li M, Huang C, Zhang X, Chen L. 
Adipose-derived mesenchymal stem cells promote the survival of fat 
grafts via crosstalk between the Nrf2 and TLR4 pathways. Cell Death Dis. 
2016;7(9):e2369.

116.	 Sun H, Lu S, Qu G, Li J, Song B. Mesenchymal stem cells-derived exosomes 
ameliorate high glucose and lipopolysaccharide-induced HPMECs injury 
through the Nrf2/HO-1 pathway. Autoimmunity. 2023;56(1):2290357.

117.	 Gong C, Gu Z, Zhang X, Xu Q, Mao G, Pei Z, Meng W, Cen J, Liu J, He X, et al. 
HMSCs exosome-derived miR-199a-5p attenuates sulfur mustard-associated 

oxidative stress via the CAV1/NRF2 signalling pathway. J Cell Mol Med. 
2023;27(15):2165–82.

118.	 Tang Y, Ding F, Wu C, Liu B. hucMSC conditioned medium ameliorate 
lipopolysaccharide-induced acute lung injury by suppressing oxidative stress 
and inflammation via Nrf2/NF-κB signaling pathway. Anal Cell Pathol (Amst). 
2021; 2021:6653681.

119.	 Gazdhar A, Ravikumar P, Pastor J, Heller M, Ye J, Zhang J, Moe OW, Geiser T, 
Hsia CCW. Alpha-Klotho enrichment in induced pluripotent stem cell secre-
tome contributes to antioxidative protection in acute lung injury. Stem Cells. 
2018;36(4):616–25.

120.	 Zhao R, Wang L, Wang T, Xian P, Wang H, Long Q. Inhalation of MSC-EVs is a 
noninvasive strategy for ameliorating acute lung injury. J Controlled Release. 
2022;345:214–30.

121.	 Li Z, Zheng B, Liu C, Zhao X, Zhao Y, Wang X, Hou L, Yang Z, Yuan S. BMSC-
derived exosomes alleviate sepsis-associated acute respiratory distress syn-
drome by activating the Nrf2 pathway to reverse mitochondrial dysfunction. 
Stem Cells Int. 2023;2023:1–15.

122.	 Hu W, Yang J, Xue J, Ma J, Wu S, Wang J, Xu R, Wei J, Wang Y, Wang S, et al. 
Secretome of hESC-Derived MSC-like immune and matrix regulatory cells 
mitigate pulmonary fibrosis through antioxidant and anti-inflammatory 
effects. Biomedicines. 2023;11(2):463.

123.	 Che J, Wang H, Dong J, Wu Y, Zhang H, Fu L, Zhang J. Human umbilical cord 
mesenchymal stem cell-derived exosomes attenuate neuroinflammation and 
oxidative stress through the NRF2/NF-κB/NLRP3 pathway. CNS Neurosci Ther. 
2024;30(3):e14454.

124.	 Huang T, Tong H, Zhou H, Wang J, Hu L, Wang Y, Huang Z. ADSC- exosomes 
alleviate MTX-induced rat neuronal damage by activating Nrf2-ARE pathway. 
J Mol Neurosci. 2022;72(6):1334–44.

125.	 Liu J, Huang J, Zhang Z, Zhang R, Sun Q, Zhang Z, Liu Y, Ma B. Mesenchymal 
stem cell-derived exosomes ameliorate delayed neurocognitive recovery in 
aged mice by inhibiting hippocampus ferroptosis via activating SIRT1/Nrf2/
HO-1 signaling pathway. Oxid Med Cell Longev. 2022;2022:3593294.

126.	 Dong J, Gong Z, Bi H, Yang J, Wang B, Du K, Zhang C, Chen L. BMSC-derived 
exosomal miR-219-5p alleviates ferroptosis in neuronal cells caused by spinal 
cord injury via the UBE2Z/NRF2 pathway. Neuroscience. 2024;556:73–85.

127.	 Chen Y, Li B, Quan J, Li Z, Li Y, Tang Y. Inhibition of ferroptosis by mesenchymal 
stem cell-derived exosomes in acute spinal cord injury: role of Nrf2/GCH1/
BH4 axis. Neurospine. 2024;21(2):642–55.

128.	 Luo Y, He YZ, Wang YF, Xu YX, Yang L. Adipose-derived mesenchymal stem 
cell exosomes ameliorate spinal cord injury in rats by activating the Nrf2/
HO-1 pathway and regulating microglial polarization. Folia Neuropathol. 
2023;61(3):326–35.

129.	 Fang C, Qian J, Tu BZ, Xia X, Jia CY, Shen CL. MiR-124 delivered by extracel-
lular vesicles from mesenchymal stem cell exerts neuroprotective effects by 
stabilizing the p62-Keap1-Nrf2 pathway after spinal cord injury in rats. Mol 
Neurobiol. 2025;62(7):8328–40.

130.	 Liu D, Song C, Lv C, Zhang A. Bone marrow mesenchymal stromal cell-
derived exosomal NRF2 ameliorates cerebral ischemia-reperfusion injury by 
transcriptionally activating LIN28A. Shock. 2024;62(1):85–94.

131.	 Zhang L, Bai W, Peng Y, Lin Y, Tian M. Human umbilical cord mesen-
chymal stem cell-derived exosomes provide neuroprotection in trau-
matic brain injury through the LncRNA TUBB6/Nrf2 pathway. Brain Res. 
2024;1824:148689.

132.	 Shu J, Jiang L, Wang R, Wang M, Peng Y, Zhu L, Gao C, Xia Z. Exosomal mir-
653-3p alleviates hypoxic-ischemic brain damage via the TRIM21/p62/Nrf2/
CYLD axis. Mol Neurobiol. 2025;62(3):3446–61.

133.	 Lv X, Ling Y, Niu D, Zeng Y, Qiu Y, Si Y, Guo T, Ni Y, Zhang J, Wang Z, et al. 
Human neural stem cell secretome inhibits neuron Heme uptake and fer-
roptosis in intracerebral hemorrhage through Nrf-2 signaling pathway. Stem 
Cells Dev. 2023;32(11–12):346–63.

134.	 He S, Wang Q, Chen L, He YJ, Wang X, Qu S. MiR-100a-5p-enriched exosomes 
derived from mesenchymal stem cells enhance the anti-oxidant effect in a 
parkinson’s disease model via regulation of Nox4/ROS/Nrf2 signaling. J Transl 
Med. 2023;21(1):747.

135.	 Lan J, Zhou Y, Wang H, Tang J, Kang Y, Wang P, Liu X, Peng Y. Protective effect 
of human umbilical cord mesenchymal stem cell derived conditioned 
medium in a mutant TDP-43 induced motoneuron-like cellular model of ALS. 
Brain Res Bull. 2023;193:106–16.

136.	 Al Saihati HA, Badr OA, Dessouky AA, Mostafa O, Samir Farid A, Aborayah NH, 
Abdullah Aljasir M, Baioumy B, Mahmoud Taha N, El-Sherbiny M, et al. Explor-
ing the cytoprotective role of mesenchymal stem cell-derived exosomes in 



Page 32 of 33Shang et al. Stem Cell Research & Therapy          (2026) 17:122 

chronic liver fibrosis: insights into the Nrf2/Keap1/p62 signaling pathway. Int 
Immunopharmacol. 2024;141:112934.

137.	 Kang Y, Song Y, Luo Y, Song J, Li C, Yang S, Guo J, Yu J, Zhang X. Exosomes 
derived from human umbilical cord mesenchymal stem cells ameliorate 
experimental non-alcoholic steatohepatitis via Nrf2/NQO-1 pathway. Free 
Radic Biol Med. 2022;192(9):25–36.

138.	 Chen M, Chen J, Huang W, Li C, Luo H, Xue Z, Xiao Y, Wu Q, Chen C. Exosomes 
from human induced pluripotent stem cells derived mesenchymal stem cells 
improved myocardial injury caused by severe acute pancreatitis through 
activating Akt/Nrf2/HO-1 axis. Cell Cycle. 2022;21(15):1578–89.

139.	 Hou Z, Yang F, Chen K, Wang Y, Qin J, Liang F. hUC-MSC-EV-miR-24 enhances 
the protective effect of Dexmedetomidine preconditioning against myo-
cardial ischemia-reperfusion injury through the KEAP1/Nrf2/HO-1 signaling. 
Drug Deliv Transl Res. 2024;14(1):143–57.

140.	 Nejati-Koshki K, Mokhtari B, Badalzadeh R, Arabzadeh A, Mohammadzadeh 
A, Wu H, Sun W, Cheng G, Zheng M, Zhao Y, et al. Mitoprotective effect of 
mesenchymal stem cells-derived conditioned medium in myocardial reper-
fusion injury of aged rats: role of SIRT-1/PGC-1α/NRF-2 network. Mol Biol Rep. 
2023;50(7):5655–65.

141.	 Yu Binliu LZ. Anti-oxidative activities and anti-ferroptosis of conditioned 
mediumfrom umbilical cord mesenchymal stem cells. Vitro Cell Dev Biol 
Anim. 2023;59(9):658–64.

142.	 Zhang G, Zou X, Huang Y, Wang F, Miao S, Liu G, Chen M, Zhu Y. Mesenchymal 
stromal cell-derived extracellular vesicles protect against acute kidney injury 
through anti-oxidation by enhancing Nrf2/ARE activation in rats. Kidney 
Blood Press Res. 2016;41(2):119–28.

143.	 Wang T, Jian Z, Baskys A, Yang J, Li J, Guo H, Hei Y, Xian P, He Z, Li Z, et al. 
MSC-derived exosomes protect against oxidative stress-induced skin 
injury via adaptive regulation of the NRF2 defense system. Biomaterials. 
2020;257:120264.

144.	 Gao W, Wang X, Si Y, Pang J, Liu H, Li S, Ding Q, Wang Y. Exosome derived 
from Adscs attenuates ultraviolet b-mediated Photoaging in human dermal 
fibroblasts. Photochem Photobiol. 2021;97(4):795–804.

145.	 Tienda-Vázquez MA, Hanel JM, Márquez-Arteaga EM, Salgado-Álvarez AP, 
Scheckhuber CQ, Alanis-Gómez JR, Espinoza-Silva JI, Ramos-Kuri M, Hernán-
dez-Rosas F, Melchor-Martínez EM, et al. Exosomes: a promising strategy for 
repair, regeneration and treatment of skin disorders. Cells. 2023;12(12):1625.

146.	 Xu G, Lu X, Liu S, Zhang Y, Xu S, Ma X, Xia X, Lu F, Zou F, Wang H, et al. MSC-
derived exosomes ameliorate intervertebral disc degeneration by regulating 
the Keap1/Nrf2 axis. Stem Cell Rev Rep. 2023;19(7):2465–80.

147.	 Chen C, Wang X, Zhao Y, Duan X, Hu Y, Lv Z, He Q, Yangyang Z, Wu G, Luo H, 
et al. Exosomes inhibit ferroptosis to alleviate intervertebral disc degenera-
tion via the p62-KEAP1-NRF2 pathway. Free Radic Biol Med. 2025;232:171–84.

148.	 Gao X, Jia S, Gao L, Chen S, Zhang Y, Liang X, Zhang L, Zhang B, Meng C. MSC-
derived exosomes alleviate oxidative stress-induced lysosomal membrane 
permeabilization damage in degenerated nucleus pulposus cells via promot-
ing m6A demethylation of Nrf2. Free Radic Biol Med. 2025;235:213–30.

149.	 Xia L, Yang M, Zang N, Song J, Chen J, Hu H, Wang K, Xiang Y, Yang J, Wang 
L, et al. PEGylated β-Cell-targeting exosomes from mesenchymal stem cells 
improve β cell function and quantity by suppressing NRF2-mediated fer-
roptosis. Int J Nanomed. 2024;19:9575–96.

150.	 Miao H, Miao C, Li N, Han J. Human umbilical cord mesenchymal stem cell-
derived extracellular vesicles harboring IGF-1 improve ovarian function of 
mice with premature ovarian insufficiency through the Nrf2/HO-1 pathway. J 
Ovarian Res. 2024;17(1):224.

151.	 Esfehani R, Khadivi F, Valipour J, Shabani M, Ramesh M, Javanbakht P, Zarini D, 
Mojaverrostami S, Hoseini M. Secretome of human amniotic membrane stem 
cells promote recovery and testicular functions through modulating SIRT1/
NRF2/TNF-α pathway in mice testicular torsion: an experimental study. Int J 
Reprod Biomed. 2024;22(10):821–36.

152.	 Zhang J, Zhao D, Zang Z, Ruan Z, Fu Q, Zhang K. MiR-200a-3p-enriched 
MSC-derived extracellular vesicles reverse erectile function in diabetic rats by 
targeting Keap1. Biomed Pharmacother. 2024;177:116964.

153.	 Bai L, Wang Y. Mesenchymal stem cells-derived exosomes alleviate senes-
cence of retinal pigment epithelial cells by activating PI3K/AKT-Nrf2 signaling 
pathway in early diabetic retinopathy. Exp Cell Res. 2024;441(2):114170.

154.	 Hwang JS, Song HB, Lee G, Jeong S, Ma DJ. Extracellular vesicles derived from 
adipose-derived mesenchymal stem cells alleviate apoptosis and oxidative 
stress of retinal pigment epithelial cells through activation of Nrf2 signaling 
pathway. J Ocul Pharmacol Ther. 2024;40(10):688–701.

155.	 Zhu L, Niu Q, Li D, Li M, Guo W, Han Z, Yang Y. Bone marrow mesenchy-
mal stem cells-derived exosomes promote survival of random flaps in 

rats through Nrf2-mediated antioxidative stress. J Reconstr Microsurg. 
2025;41(3):177–90.

156.	 Xiong Y, Xiong Y, Zhang H, Zhao Y, Han K, Zhang J, Zhao D, Yu Z, Geng Z, 
Wang L, et al. hPMSCs-derived Exosomal miRNA-21 protects against aging-
related oxidative damage of CD4(+) T cells by targeting the PTEN/PI3K-Nrf2 
axis. Front Immunol. 2021;12:780897.

157.	 Ahmed EA, Ahmed OM, Fahim HI, Mahdi EA, Ali TM, Elesawy BH, Ashour 
MB. Combinatory effects of bone marrow-derived mesenchymal stem 
cells and indomethacin on adjuvant-induced arthritis in Wistar rats: roles of 
IL-1β, IL-4, Nrf-2, and oxidative stress. Evid Based Complement Alternat Med. 
2021;2021:8899143.

158.	 Esmaeilzade B, Artimani T, Amiri I, Najafi R, Shahidi S, Sabec M, Farzadinia P, 
Zare M, Zahiri M, Soleimani Asl S. Dimethyloxalylglycine preconditioning 
enhances protective effects of bone marrow-derived mesenchymal stem 
cells in Aβ- induced alzheimer disease. Physiol Behav. 2019;199:265–72.

159.	 Zhang F, Peng W, Zhang J, Dong W, Yuan D, Zheng Y, Wang Z. New 
strategy of bone marrow mesenchymal stem cells against oxidative stress 
injury via Nrf2 pathway: oxidative stress preconditioning. J Cell Biochem. 
2019;120(12):19902–14.

160.	 Liu P, Xie X-r, Wu H, Li H, Chi J-s, Liu X-m, Luo J, Tang Y, Xu C.-x. Conditioned 
medium of mesenchymal stem cells pretreated with H2O2 promotes intesti-
nal mucosal repair in acute experimental colitis. Sci Rep. 2022;12(1):20772.

161.	 Wang H, Tu W-J, Xiao C, Dong M-X, Ye Y-T, Deng J, Wang Y, Sha H, Liu Q. 
Nrf2 played an important role in radiation protection effect of low-level 
laser exposed on umbilical cord mesenchymal stem cell. Tissue Cell. 
2020;63:101329.

162.	 Fatemeh Keshavarzi MSS, Sareh Pandamooz R, Zare M, Zamani. Zohreh 
Mostafavi-Pour, Pooneh mokarram: valproic acid and/or Rapamycin 
preconditioning protects hair follicle stem cells from oxygen glucose serum 
deprivationinduced oxidative injury via activating Nrf2 pathway. Mol Biol Res 
Commun. 2024;10(3):103–16.

163.	 Gai C, Li T, Zhao Y, Cheng Y, Song Y, Luo Q, Liu D, Wang Z. Mesenchymal 
stromal cells deliver H(2)S-enhanced Nrf2 via extracellular vesicles to mediate 
mitochondrial homeostasis for repairing hypoxia-ischemia brain damage. 
Free Radic Biol Med. 2024;225:528–45.

164.	 Rao J, Xie H, Liang Z, Yang Z, Chen P, Zhou M, Xu X, Lin Y, Lin F, Wang R, et al. 
Hypoxic-preconditioned mesenchymal stem cell-derived small extracellular 
vesicles inhibit neuronal death after spinal cord injury by regulating the 
SIRT1/Nrf2/HO-1 pathway. Front Pharmacol. 2024;15:1419390.

165.	 Bobis-Wozowicz S, Paw M, Sarna M, Kędracka-Krok S, Nit K, Błażowska N, 
Dobosz A, Hammad R, Cathomen T, Zuba-Surma E, et al. Hypoxic extracel-
lular vesicles from HiPSCs protect cardiomyocytes from oxidative damage by 
transferring antioxidant proteins and enhancing Akt/Erk/NRF2 signaling. Cell 
Commun Signal. 2024;22(1):356.

166.	 Hong H-E, Kim O-H, Kwak BJ, Choi HJ, im Ahn K-H, Kim J. Antioxidant action 
of hypoxic conditioned media from adipose-derived stem cells in the hepatic 
injury of expressing higher reactive oxygen species. Ann Surg Treat Res. 
2019;97(4):159–67.

167.	 Farfán N, Carril J, Redel M, Zamorano M, Araya M, Monzón E, Alvarado R, 
Contreras N, Tapia-Bustos A, Quintanilla ME, et al. Intranasal administration 
of mesenchymal stem cell secretome reduces hippocampal oxidative stress, 
neuroinflammation and cell death, improving the behavioral outcome fol-
lowing perinatal asphyxia. Int J Mol Sci. 2020;21(20):7800.

168.	 Zhou L, Yan F, Jiang R, Liu J, Cai L, Wang Y. Administration of Nrf-2-modified 
hair-follicle MSCs ameliorates Dss-induced ulcerative colitis in rats. Oxid Med 
Cell Longev. 2021;2021:9930187.

169.	 Chen Z, Zhang C, Fang Y, Zhang H, Luo J, Miao C, Li J, Peng J, Qiu Y, Xia Y, et al. 
Olfactory mucosa-mesenchymal stem cells with overexpressed Nrf2 modu-
late angiogenesis and exert anti-inflammation effect in an in vitro traumatic 
brain injury model. Eur J Med Res. 2025;30(1):80.

170.	 Chen X, Zhang Y, Wang W, Liu Z, Meng J, Han Z. Mesenchymal stem cells 
modified with Heme oxygenase-1 have enhanced paracrine function and 
attenuate lipopolysaccharide-induced inflammatory and oxidative dam-
age in pulmonary microvascular endothelial cells. Cell Physiol Biochem. 
2018;49(1):101–22.

171.	 Wang Y, Zhang Y, Chen K, Liu J, Wu D, Cheng Y, Wang H, Li Y. Insufficient 
S-adenosylhomocysteine hydrolase compromises the beneficial effect of dia-
betic BMSCs on diabetic cardiomyopathy. Stem Cell Res Ther. 2022;13(1):418.

172.	 Xu L, Fan Y, Wu L, Zhang C, Chu M, Wang Y, Zhuang W. Exosomes from bone 
marrow mesenchymal stem cells with overexpressed Nrf2 inhibit cardiac 
fibrosis in rats with atrial fibrillation. Cardiovasc Ther. 2022;2022:2687807.



Page 33 of 33Shang et al. Stem Cell Research & Therapy          (2026) 17:122 

173.	 Xu L, Zhu Y, Li C, Wang Q, Ma L, Wang J, Zhang S. Small extracellular vesicles 
derived from Nrf2-overexpressing human amniotic mesenchymal stem cells 
protect against lipopolysaccharide-induced acute lung injury by inhibiting 
NLRP3. Biol Direct. 2022;17(1):35.

174.	 Mao J, Li J, Chen J, Wen Q, Cao M, Zhang F, Li B, Zhang Q, Wang Z, Zhang 
J, et al. CXCL10 and Nrf2-upregulated mesenchymal stem cells reinvigo-
rate T lymphocytes for combating glioblastoma. J Immunother Cancer. 
2023;11(12):e007481.

175.	 Chen F, Che Z, Liu Y, Luo P, Xiao L, Song Y, Wang C, Dong Z, Li M, Tipoe GL, et 
al. Invigorating human MSCs for transplantation therapy via Nrf2/DKK1 co-
stimulation in an acute-on-chronic liver failure mouse model. Gastroenterol 
Rep (Oxf ). 2024;12:goae016.

176.	 Wang X, Ye L, Zhang K, Gao L, Xiao J, Zhang Y, Huang X, Fei GQ, Liu WJ, Ding 
J, et al. Upregulation of microRNA-200a in bone marrow mesenchymal stem 
cells enhances the repair of spinal cord injury in rats by reducing oxidative 
stress and regulating Keap1/Nrf2 pathway. Artif Organs. 2020;44(7):744–52.

177.	 Zhou H, Zhou J, Liu S, Niu J, Pan J, Li R. Hsa-miR-532-3p protects human 
decidual mesenchymal stem cells from oxidative stress in recurrent sponta-
neous abortion via targeting KEAP1. Redox Biol. 2025;80:103508.

178.	 Artamonov MY, Pyatakovich FA, Minenko IA. Synergistic antioxidant effects of 
molecular hydrogen and cold atmospheric plasma in enhancing mesenchy-
mal stem cell therapy. Antioxid (Basel). 2024;13(12):1584.

179.	 Hussain Y, Khan H, Alsharif KF, Hayat Khan A, Aschner M, Saso L. The therapeu-
tic potential of Kaemferol and other naturally occurring polyphenols might 
be modulated by Nrf2-ARE signaling pathway: current status and future 
direction. Molecules. 2022;27(13):4145.

180.	 Wang T, Chen J, Qu B, Zhou D, Hong Z. Scutellarin alleviates bone marrow 
mesenchymal stromal cellular senescence via the Ezh2-Nrf2 signalling axis in 
diabetes-induced bone loss. Cell Prolif. 2025;58(4):e13790.

181.	 Shin JH, Jeon HJ, Park J, Chang MS. Epigallocatechin-3-gallate prevents oxida-
tive stress-induced cellular senescence in human mesenchymal stem cells 
via Nrf2. Int J Mol Med. 2016;38(4):1075–82.

182.	 Hsieh DJ, Marte L, Kuo WW, Ju DT, Chen WS, Kuo CH, Day CH, Mahalakshmi 
B, Liao PH, Huang CY. Epigallocatechin-3-gallate preconditioned Adipose-
derived stem cells confer neuroprotection in aging rat brain. Int J Med Sci. 
2020;17(13):1916–26.

183.	 Shen N, Polyanskaya A, Qi X, Al Othman A, Permyakova A, Volkova M, 
Mezentsev A, Durymanov M. Modification of mesenchymal stromal cells with 
silibinin-loaded PLGA nanoparticles improves their therapeutic efficacy for 
cutaneous wound repair. Nanomedicine. 2024;61:102767.

184.	 Jhansi Lakshmi Y, Kranthi Kumar BUK, Suneetha Y. Comparative Docking and 
Pharmacokinetic insights into flavonoid modulation of antioxidant enzymes: 
A molecular basis for Nrf2 activation and oxidative stress mitigation. Biol 
Forum. 2025;17(6):113–21.

185.	 Li L, Zhao Z, Zhu Z, Feng H, Song J, Fu J, Li J, Chen Z, Fu H, Li D, et al. Corrigen-
dum to 7,8-DHF inhibits BMSC oxidative stress via the TRKB/PI3K/AKT/NRF2 
pathway to improve symptoms of postmenopausal osteoporosis [Free Radic. 
Biol. Med. 223 (2024) 413–429] 7,8-DHF inhibits BMSC oxidative stress via the 
TRKB/PI3K/AKT/NRF2 pathway to improve symptoms of postmenopausal 
osteoporosis. Free Radic Biol Med. 2025;228:405–6.

186.	 Li Y, Wang X. Chrysin attenuates high glucose-induced Bmsc dysfunction via 
the activation of the PI3K/AKT/Nrf2 signaling pathway. Drug Des Devel Ther. 
2022;16:165–82.

187.	 Ke S, Zhang Y, Lan Z, Li S, Zhu W, Liu L. Curcumin protects murine lung 
mesenchymal stem cells from H(2)O(2) by modulating the Akt/Nrf2/HO-1 
pathway. J Int Med Res. 2020;48(4):300060520910665.

188.	 Zhao S, Huang M, Yan L, Zhang H, Shi C, Liu J, Zhao S, Liu H, Wang B. Exo-
somes derived from baicalin-pretreated mesenchymal stem cells alleviate 
hepatocyte ferroptosis after acute liver injury via the Keap1-NRF2 pathway. 
Oxid Med Cell Longev. 2022;2022:8287227.

189.	 Cao Z, Huang S, Dou C, Xiang Q, Dong S. Cyanidin suppresses autophagic 
activity regulating chondrocyte hypertrophic differentiation. J Cell Physiol. 
2018;233(3):2332–42.

190.	 Amini N, Nejaddehbashi F, Badavi M, Bayati V, Zahra B. Combined effect of 
naringin and adipose tissue-derived mesenchymal stem cell on cisplatin 
nephrotoxicity through Sirtuin1/Nrf-2/HO-1 signaling pathway: a promising 
nephroprotective candidate. Cell Tissue Res. 2024;397(3):193–204.

191.	 Zahran EM, Mohyeldin RH, Refaat H, Abou-Zied HA, ElNaggar MH, Abbas 
GM, Maher SA, Saber EA, Zarka MA, Elrehany MA, et al. Sumac liposomes/
mesenchymal stem cells fight methotrexate-induced nephrotoxicity in rats 
via regulating Nrf-2/Keap-1/HO-1 and apoptotic signaling pathways. Arch 
Pharm (Weinheim). 2025;358(1):e2400684.

192.	 Lu M, Lou A, Gao J, Li S, He L, Fan W, Zhao L. Quercetin-primed MSC exo-
somes synergistically attenuate osteoarthritis progression. J Orthop Surg Res. 
2025;20(1):373.

193.	 Jiang X, Liu Z, You H, Tang Z, Ma Y, Nie R, Yang Z, Che N, Liu W. Quercetin-
primed BMSC-derived extracellular vesicles ameliorate chronic liver damage 
through miR-136-5p and GNAS/STAT3 signaling pathways. Int Immunophar-
macol. 2024;142(Pt B):113162.

194.	 Dodson M, de la Vega MR, Cholanians AB, Schmidlin CJ, Chapman E, Zhang 
DD. Modulating NRF2 in disease: timing is everything. Annu Rev Pharmacol 
Toxicol. 2019;59:555–75.

195.	 Wadowski P, Juszczak M, Woźniak K. NRF2 modulators of plant origin and 
their ability to overcome multidrug resistance in cancers. Int J Mol Sci. 
2024;25(21):11500.

196.	 Robledinos-Antón N, Fernández-Ginés R, Manda G, Cuadrado A. Activators 
and inhibitors of NRF2: a review of their potential for clinical development. 
Oxid Med Cell Longev. 2019;2019:2182.

197.	 Johnson DA, Johnson JA. Nrf2–a therapeutic target for the treatment of 
neurodegenerative diseases. Free Radic Biol Med. 2015;88(Pt B):253–67.

198.	 McBean GJ, López MG, Wallner FK. Redox-based therapeutics in neurodegen-
erative disease. Br J Pharmacol. 2017;174(12):1750–70.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Activation of Nrf2 with natural flavonoids and mesenchymal stromal/stem cells: mechanisms and therapeutic potential for inflammatory diseases
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Literature search strategy
	﻿Keywords
	﻿Inclusion criteria
	﻿Exclusion criteria

	﻿The regulator role of Nrf2
	﻿﻿Pharmaceutical development of Nrf2 modulators﻿
	﻿Nrf2 inducers in clinic
	﻿Preclinical Nrf2 inducers

	﻿﻿Phytochemicals as Nrf2 inducers
	﻿Flavonoids targeting Nrf2
	﻿Flavones
	﻿Isoflavones
	﻿Flavonols
	﻿Chalcones


	﻿Other phytochemicals targeting Nrf2
	﻿Cardiovascular diseases
	﻿Diabetes and diabetic complications
	﻿Neurodegenerative & neuroinflammation diseases
	﻿Other inflammation disorders

	﻿﻿MSCs and derivatives as potent activators of Nrf2 in inflammatory diseases
	﻿Different tissue derived MSCs as Nrf2 activators
	﻿Pulmonary diseases
	﻿Neurological injuries
	﻿Hepatic diseases
	﻿Heart and kidney diseases
	﻿Intestinal diseases
	﻿Skeletal and metabolic diseases
	﻿Other inflammatory conditions


	﻿Cell-free therapy: harnessing MSCs-derived exos/EVs and CM


