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Oxidative stress refers to an imbalance between oxidative capacity and
antioxidant capacity, leading to oxidative damage to proteins, lipids, and DNA,
which can result in cell senescence or death. It is closely associated with the
occurrence and development of various diseases, including cardiovascular
diseases, nephropathy, malignant tumors, neurodegenerative diseases,
hypertension, diabetes, and inflammatory diseases. Curcumin is a natural
polyphenol compound of β-diketone, which has a wide range of
pharmacological activities such as anti-inflammatory, antibacterial, anti-
oxidative stress, anti-tumor, anti-fibrosis, and hypolipidemic, demonstrating
broad research and development value. It has a wide range of biological
targets and can bind to various endogenous biomolecules. Additionally, it
maintains the redox balance primarily by scavenging ROS, enhancing the
activity of antioxidant enzymes, inhibiting lipid peroxidation, and chelating
metal ions. This paper systematically describes the antioxidative stress
mechanisms of curcumin from the perspective of signaling pathways,
focusing on the Keap1-Nrf2/ARE, NF-κB, NOX, MAPK and other pathways. The
study also discusses potential pathway targets and the complex crosstalk among
these pathways, aiming to provide insights for further research on curcumin’s
antioxidant mechanisms and its clinical applications.
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1 Introduction

Oxidative stress refers to an imbalance between oxidative capacity and antioxidant
capacity, primarily due to the disruption of redox signaling. This condition is closely
associated with either the excessive production of reactive oxygen species (ROS) or the
diminished efficacy of the body’s antioxidant defense mechanisms (Ji and Yeo, 2021).
ROS are derivatives of oxygen molecules produced during aerobic metabolism. Normal
levels of ROS play an important role in intracellular signal transduction, immunity,
metabolism, hypoxia response and transcriptional regulation, and participate in various
cellular functions based on redox regulation (Rhee, 2006; Kishi et al., 2024; Forrester
et al., 2018). Excessive ROS is pathological and prone to oxidative damage to proteins,
lipids and DNA, resulting in cell senescence or death. Among them, protein is the main
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damage target, which may change its structure, function and
turnover rate, resulting in loss or occasional increase in its
activity (Hawkins and Davies, 2019). Furthermore, high levels
of ROS can activate inflammation-related transcription factors
such as NF-κB and AP-1, promoting the expression of
inflammatory mediators and triggering inflammatory
responses (Schieber and Chandel, 2014). During the
inflammatory process, neutrophils and other immune cells
activate a powerful oxidative burst, producing a large number
of superoxide radicals. This further aggravates oxidative stress,
forming a vicious cycle that exacerbates disease progression.
(Winterbourn et al., 2016). There are many factors that cause
cellular oxidative stress. Endogenous processes mainly focus on
resistance to pathogens and enzymatic reactions, while
exogenous factors include radiation, pollutants, drugs or
chemicals (Hawkins and Davies, 2019), which are conducive
to the occurrence and development of chronic diseases such as
cardiovascular diseases, nephropathy, malignant tumors,
neurodegenerative diseases, hypertension, diabetes and
inflammatory diseases (Forrester et al., 2018; Sies et al., 2017).

At present, a series of natural plant active ingredients have
been studied and developed into mature antioxidant drugs, such
as ginsenosides (Zhou et al., 2022), astragaloside (Xing et al.,
2021), notoginsenoside (Li X. et al., 2021) etc., all of which have

shown good therapeutic effects. Curcumin, a natural polyphenol
compound, is primarily extracted from the roots of turmeric
(Curcuma longa). While also found in smaller amounts in
other Curcuma species like zedoary and calamus, turmeric
remains the primary source. It tastes slightly bitter and is
insoluble in water. Its chemical structure is shown in Figure 1.
It has a wide range of pharmacological activities such as anti-
inflammation, antibacterial, anti-oxidative stress, anti-tumor,
anti-fibrosis, lowering blood lipids, etc., showing broad
research and development value (Patel et al., 2020). It is highly
efficient and low toxic, and its β-dione and phenyl polyconjugated
structures contribute to electron delocalization above the
hydroxyl oxygen atom of phenol or provide H atoms to
directly neutralize reactive oxygen species. It has a wide range
of biological targets and can bind to a variety of endogenous
biomolecules, including enzymes, receptors, signaling molecules,
metals, transcription factors, and even some proteins located in
cell membranes (Hatamipour et al., 2018). It maintains the redox
balance of the system primarily by scavenging ROS, enhancing the
activity of antioxidant enzymes, inhibiting lipid peroxidation, and
chelating metal ions (Farzaei et al., 2018). Moreover, curcumin
interacts with a variety of metabolic processes to exert its
extensive biological effects. In glucose metabolism, it improves
insulin sensitivity and inhibits gluconeogenesis, thereby reducing
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blood sugar levels (Ren et al., 2020). In lipid metabolism, it
promotes the oxidation of fatty acids and reduces blood lipids
(Silva-Gaona et al., 2022). In energy metabolism, it improves
mitochondrial function and enhances ATP production (Chen
et al., 2019). Finally, it regulates intestinal microbial
composition, promotes the production of short-chain fatty
acids, and improves intestinal health (Chang et al., 2023). The
aim of this paper is to systematically elucidate the molecular
mechanism of curcumin anti-oxidative stress from the perspective
of signaling pathway, and discuss the potential pathway targets.

2 Keap1-Nrf2/ARE signaling pathway

Nuclear factor-E2-related factor-2 (Nrf2) is a major regulatory
transcription factor of antioxidant genes, controlling the expression
of a series of antioxidant enzymes, detoxification enzymes and other
cellular defense and repair proteins. Its activation is beneficial to
enhance the endogenous antioxidant system of tissues, inhibit the
inflammatory signaling cascade and gene-induced apoptosis
pathway (Hamdy et al., 2024). The anti-oxidant stress
mechanism of curcumin based on this signaling pathway is
illustrated in Figure 2. In homeostatic equilibrium state,
Nrf2 binds to Kelch-like epichlorohydrin-associated protein
1(Keap1) in cytoplasm to form a stable complex, and relies on
ubiquitination and proteasomal degradation to maintain its low
expression level. Under the stimulation of oxidative stressors, the
stability of Nrf2 in the cytoplasm is enhanced and transferred into
the nucleus, where it binds to antioxidant response elements (ARE)
in the promoter region of antioxidant oxidase gene Ⅱ to initiate the
transcription of corresponding target genes (Niture et al., 2010),
induce the production of antioxidant enzymes such as heme
oxygenase-1 (HO-1), NADPH quinone reductase-1 (NQO1),
glutathione (GSH), superoxide dismutase (SOD) and catalase
(CAT), and maintain the system’s redox homeostasis (Yang
et al., 2019).

Keap1-Nrf2/ARE signaling pathway is currently the most
critical endogenous antioxidant stress pathway, and it is generally
believed that curcumin promotes Nrf2 nuclear translocation
through four pathways: (1) Curcumin directly induces the
phosphorylation of threonine (Thr) and serine (Ser) of Nrf2,
promotes the release of Nrf2 from the stable complex, and
accelerates its nuclear translocation (Pulido-Moran et al., 2016);
(2) α, β unsaturated carbonyl of curcumin covalently binds to
Keap1 cysteine residue through Michael addition, causing
conformation changes in Keap1, resulting in Nrf2 dissociation
from the stable complex and transfer into the nucleus. However,
Shin et al. (2020) believe that the increase of nuclear expression of
Nrf2 does not depend on complex dissociation, but blocks the

ubiquitin-mediated degradation pathway of Keap1 effectively
targeting Nrf2 by changing the conformation of Keap1, thus
promoting the newly synthesized Nrf2 to enter the nucleus. (3)
p62 is an adapter protein in the ubiquitination system, and
curcumin induces its accumulation and its interaction with
Keap1 to promote the nuclear translocation of Nrf2 (Li et al.,
2023); (4) There is a negative feedback regulation between
glycogen synthase kinase 3β (GSK3β) and Nrf2, Curcumin can
promote the dissociation of Nrf2 from the complex by inhibiting
the activity of GSK3β, and then transfers into the nucleus (Li
et al., 2020b).

The loss of neurons caused by oxidative stress is a key factor in
the increased disability rate of cerebral hemorrhage (ICH). Duan
et al. (2022) established a rat ICH model by intracavity injection of
autologous blood, which was accompanied by severe intracranial
oxidative stress and secondary nerve function injury. Curcumin
treatment effectively activated Nrf2 signaling pathway, upregulated
the expression of HO-1, NQO1, Gpx4 and other antioxidant
proteins, significantly reduced the ROS and malonaldehyde
(MDA) levels in the surrounding tissue of intracranial hematoma
in rats, and effectively promoted the clearance of intracranial
hematoma in rats. Moreover, the inhibitory effect of
Nrf2 inhibitor ML385 on neural function recovery confirmed the
key role of Nrf2/HO-1 pathway in curcumin’s prevention and
treatment of ICH. Diabetic cardiomyopathy is one of the most
common complications of diabetes mellitus, mainly manifested by
cardiac microvascular disease and metabolic dysfunction. Wu et al.
(2022) found that curcumin treatment significantly alleviated the
decline in the viability of H9C2 cardiocytes induced by high glucose
stimulation, promoted the nuclear accumulation of Nrf2 protein,
enhanced the activities of antioxidant enzymes HO-1, SOD and
Gpx, and inhibited the production of ROS. The inhibitory effect of
shRNA-Nrf2 on the above functions further verified the key role of
curcumin in activating Nrf2/HO-1 pathway in myocardial
protection, and curcumin intervention significantly reduced the
lipid accumulation in myocardium of streptozotocin (STZ)
-induced rats with type 2 diabetes, inhibited myocardial

FIGURE 1
Chemical structure of curcumin.

FIGURE 2
Keap1-Nrf2/ARE signaling pathway: curcumin promotes
Nrf2 nuclear translocation by inducing threonine and serine
phosphorylation of Nrf2, changing Keap1 conformation, promoting
p62 accumulation, and inhibiting GSK3β activity.
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remodeling and apoptosis, and improved lipid metabolism and
myocardial function. Epithelial-mesenchymal transition (EMT) is
one of the important mechanisms of myocardial fibrosis. Chen et al.
(2022) showed that in a rat model of cardiac fibrosis induced by
subcutaneous injection of isoproterenol, Curcumin treatment
effectively activated the Nrf2-NO pathway, significantly enhanced
the activity of nitric oxide synthase (eNOS), upregulated the
expression of endothelial cell markers, but downregulated the
expression of interstitial cell markers α-SMA and vimentin,
significantly restored endothelial cell function, improved
cardiomyocyte hyperplasia and inhibited the EMT process of
cardiac fibrosis. In a mouse model of kidney injury induced by
aflatoxin B1(AFB1) (Wang et al., 2022), oral curcumin can
significantly increase the expression levels of Nrf2 and its
downstream genes CAT, SOD1, NQO1 and glutamate-cysteine
ligase (GCLC), inhibit the apoptosis mediated by Bax/Bcl-2-Cyt-c
signaling cascade, and antagonize the renal toxicity caused by AFB1.
Xu et al. (2024) found in a mouse model of lung injury induced by
water-based arsenic poisoning that curcumin could not only
accelerate the metabolism of arsenic and significantly improve
lung tissue morphology, but also promote the expression and
nuclear translocation of Nrf2 protein, increase the expression of
its downstream related proteins such as NQO1, GCLC and HO-1,
enhance the body’s endogenous antioxidant capacity and promote
cell survival. Guo et al. (2021) found that curcumin intervention
alleviated T-BHP-induced oxidative damage of human corneal
endothelial cells (CECs), maintaining the original form of the
cells and promoting their proliferation and differentiation. It is
worth noting that high concentrations of curcumin (>50 μM) will
induce the production of a large number of ROS and even cause
DNA damage. Dysregulation of the Nrf2 pathway is a contributor to
depression/neurodegenerative diseases. Long-term curcumin
administration can activate Nrf2 nuclear translocation and its
downstream pathway, effectively reduce MDA, 4-hydroxynonenal
(4-HNE) and serum corticosterone levels, successfully reverse the
increased expression of 8-hydroxy-2 ′-deoxyguanosine (8-OHDG)
under chronic and unpredictable mild stress, reduce DNA oxidative
damage, and significantly improved depression-like behavior in rats
(Liao et al., 2020).

3 NF-κB signaling pathway

Nuclear factor kappa-B (NF-κB) is a family of transcription
factors with five members: p65 (RelA), RelB, c-Rel, p105/p50, and
p100/p52. The NF-κB pathway is one of the core pathways that
regulate inflammatory response and immune homeostasis.
Abnormal activation of this pathway may produce a large
number of ROS, which is a key factor leading to a variety of
malignant diseases (Song et al., 2019; Taniguchi and Karin, 2018;
Barreca et al., 2023; Mukherjee et al., 2024). The anti-oxidant stress
mechanism of curcumin based on this signaling pathway is
illustrated in Figure 3. Yu H. et al. (2020) suggested that the NF-
κB pathway includes both classical and non-classical activation
modes: (1) The classical NF-κB pathway is fast and transient,
and is a key mediator of inflammation and immune response.
Under steady-state conditions, p65 and p50 form heterodimers
and are fixed in the cytoplasm by NF-κB inhibitors (IκB). Under

the stimulation of radiation and pathogens, IκB protein is
phosphorylated by IKKs(IκB kinase) and degraded by ubiquitination
and proteasome, which promotes the transport of NF-κB dimer to the
nucleus and initiates the transcription and expression of pro-
inflammatory cytokines, growth factors, chemokines, transcription
factors and other genes.(2) The non-classical NF-κB pathway is slow
and persistent, and its activation is associated with only a few TNF
superfamily receptors. RelB/p52 heterodimer is the key transcription
factor of this non-classical pathway and exists in cytoplasm in the form
of RelB/p100 under homeostasis. p100 is a precursor of p52 that
functions similarly to the IκB protein. Exogenous stimulation causes
the accumulation of NIK(NF-κB binding kinase), which co-interacts
with IKKα to promote the phosphorylation of p100 and further
processing into p52, promoting RelB/p52 heterodimer to enter the
nucleus and activate related target genes, thus accelerating the
development of multilayer immune cells.

Overexpression of transforming growth factor β-activated
kinase-1 (TAK1) and its adaptor TAB1 triggers the activation of
NF-κB, which is a key kinase in activating this signaling pathway.
Curcumin and its metabolites can reduce the interaction between
TAK1 and TAB1, downregulate the phosphorylation levels of TAK1,
IKKβ and IκBα, block the ubiquitin-mediated degradation pathway
of IκBα, and control the activation of this signaling pathway (Zhang
et al., 2018). Curcumin exerts its antioxidant function directly on the
NF-κB pathway by inhibiting the degradation of IκBα in the
cytoplasm and reducing the phosphorylation level of p65 in the
nucleus (Chen et al., 2019), thereby reducing the oxidative stress
driven by inflammatory cytokines. Its indirect action is related to the
Keap1-Nrf2/ARE signaling pathway. NF-kB activation is inhibited
by upregulation of antioxidant gene expression regulated by
Nrf2 activation, and this crosstalk mechanism helps cells
maintain redox homeostasis (Daverey and Agrawal, 2020).

Structural and functional recovery after myocardial infarction is
a key factor in the risk of recurrent cardiovascular events. Moulin
et al. (2020) studied the preventive effect of curcumin on myocardial
injury caused by chronic intermittent hypoxia (IH). The results
showed that the expressions of hypoxia-inducing factor 1α(HIF-1α),

FIGURE 3
NF-κB signaling pathway: curcumin can reduce the interaction
between TAK1 and TAB1, inhibit the degradation of IκBα in cytoplasm,
and up-regulate antioxidant gene expression regulation, thus
alleviating the oxidative stress driven by inflammatory factors.
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O·−
2 , NF-κBp65 and endoplasmic reticulum stress markers

(Grp78 and CHOP) in myocardial tissue of mice exposed to IH
were significantly decreased after receiving drug treatment. The
infarct size and apoptosis index were significantly decreased after IH
induced myocardial ischemia-reperfusion (I/R). Sepsis is an organ
dysfunction caused by the host’s dysfunctional response to infection,
and its complication septic cardiomyopathy seriously increases the
mortality of patients. Chen et al. (2023) used lipopolysaccharide
(LPS) to establish sepsis H9C2 cells and rat models to induce
myocardial injury. Studies have shown that curcumin therapy
downregulates toll-like receptor 1(TLR1)mRNA expression in a
dose-dependent manner, inhibits NF-κB phosphorylation by
blocking dimerization, effectively downregulates the expression of
tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), and
upregulates the expression of anti-inflammatory factor IL-10.
Moreover, the contents of cardiac troponin I(cTnI) and creatine
kinase-MB (CK-MB) in serum were significantly decreased, and the
cardiac function and survival rate were improved. Chen et al. (2019)
established a mouse model of acute gout stimulated by sodium urate
(MSU) to study the therapeutic effect of curcumin on acute gout
induced by MSU deposition. The results showed that curcumin
could inhibit the degradation of IκBα protein in THP-1 cells, control
the expression levels of p-p65, p-p50, p65, p50, and block the
activation of NF-κB pathway. In addition, the mRNA expressions
of inflammatory cytokines IL-1β, IL-6, TNF-a and cyclooxygenase-2
(COX-2) were downregulated in a dose-dependent manner, ROS
accumulation in mitochondria was significantly reduced, and the
swelling symptoms of ankle joint and foot ball of model mice were
alleviated. In the LPS-induced bovine mammary epithelial cell
(MAC-T) inflammation model (Li et al., 2021), 10 µM curcumin
significantly reduced ROS andMDA accumulation in the 100 µg/mL
induced model, increased the viability of MAC-T cells in a dose-
dependent manner, enhanced the activity of T-SOD and GSH,
inhibited the levels of NF-κB subunits p65 and p50, downregulated
the expression of IL-8, IL-1β, IL-6 and TNF-a, and alleviated the cell
membrane damage caused by LPS. Cypermethrin (Cyp) is hydrophobic
and can easily disturb the cell membrane structure to induce liver injury.
Nano-LiposomesDouble LoadedwithCurcumin significantly enhances
SOD,CAT activities and GSH levels in rats, and the high levels of
expression of oxidative stress markers (4-HNE), inflammatory markers
(NF-κB) and apoptotic markers (Bax and Apaf-1) under Cyp were
successfully reversed, thus increasing cell membrane permeability and
significantly improving CyP-induced liver dysfunction (Hussain et al.,
2023). The organic pesticide malathion tends to cause an increase in
acetylcholine, leading to a variety of clinical diseases including renal
dysfunction. Curcumin administration significantly decreased serum
creatinine concentration, blocked the activation of NF-κB pathway by
regulating the endogenous antioxidant oxidase defense system (HO-1,
TAC and GSH), by inhibiting the degradation of IκBα and the nuclear
translocation of NF-κB, decreased the expression levels of IL-1, IL-6 and
TNF-a, and protects renal tissue from malathion induced oxidative
stress (Eldesoqui et al., 2023).

4 NADPH oxidase signaling pathway

Nicotinamide adenine dinucleotide phosphate oxidase (NOX)
and mitochondrial electron transport chain is the main source of

ROS. The former catalyzes the reduction of O2 to O·−
2 or H2O2 by

transmembrane electron transfer and is coupled to the oxidation of
NADPH (Vermot et al., 2021). The enzyme was first discovered on
the surface of phagocytes and is a multi-subunit complex enzyme. Its
catalytic core Nox2 (also known as gp91phox) and p22phox are stable in
the form of heterodimer on the cell membrane. The phosphorylation
signal of cytoplasmic subunits (p47phox, p67phox, p40phox) promotes
their aggregation to the Nox2 membrane binding site, and recruits
Rac-GDP isolated in the cytoplasm. Rac-GTP can be generated after
conversion, and finally the connection with p67phox leads to the
activation of Nox2. There are seven types of NOX in mammals
(NOX1-5, DUOX1-2), all of which contain a six-way
transmembrane helical domain (TM) and cytoplasmic
dehydrogenase domain (DH). The TM domain chelates two
heme groups to form an electron channel within the cell
membrane. The DH domain consists of an N-terminal lobe that
binds the FAD cofactor and a C-terminal NADPH-binding lobe
(Ogboo et al., 2022). Its transmembrane electron transfer function
depends on the reducibility of NADPH, which provides two
electrons to FAD to reduce it to FADH2. The first electron is
quickly transferred from the proximal heme of NOX to the distal
heme, and then to O2 to form O·−

2 . The second electron carried by
semi-quinone FAD is transferred in the same way, promoting ROS
production.

The anti-oxidant stress mechanism of curcumin based on this
signaling pathway is illustrated in Figure 4. It is generally believed
that curcumin regulates this signaling pathway by two mechanisms.
Curcumin, as a natural agonist of peroxisome proliferator-activated
receptor-γ (PPAR-γ), inhibits hypoxia-induced NF-κB nuclear
translocation by enhancing PPAR-γ activity and indirectly
controls NF-κB-driven cytoplasmic subunit transcription to
regulate this signaling pathway (Wu et al., 2016). Silencing
information regulatory factor 1(SIRT1) is an NAD+ dependent
histone deacetylase, which can deacetylate Rac1 and significantly
reduce the binding potential of Rac1 and p67phox (Xia et al., 2021).
Curcumin has the ability to promote the expression of SIRT1,
thereby blocking this signaling pathway (Feng et al., 2019).

Bioaccumulation of lead and cadmium in the food chain is
potentially harmful to human health and can significantly increase
the risk of cardiovascular disease. Tubsakul et al. (2021)
continuously exposed SD male rats to low levels of lead acetate,
cadmium chloride or their combination in drinking water to build a
hypertensive rat model induced by heavy metal exposure, which
showed increased intravasal superoxide formation and significant
increases in systolic and diastolic blood pressure. It was found that
curcumin therapy reversed the upregulation of gp91phox expression
under metal exposure, partially prevented the increase of MDA and
protein carbonyl levels, increased intracellular GSH levels and their
redox ratio, significantly alleviated oxidative stress responses, and
reduced blood pressure. Abnormal proliferation and migration of
vascular smooth muscle cells (VSMCs) is a key factor in the
initiation of atherosclerosis and hypertension. Panthiya et al.
(2023a) studied the effects of curcumin metabolites on
angiotensin II (AngII)-induced proliferation and migration of
aortic VSMCs in rats. The results showed that pretreatment with
hexahydrocurcumin significantly reversed the upregulation of
NOX1 and NOX4 expression in AngII-induced state, enhanced
the activity of PPAR-γ and its coactivator 1α(PGC-1α),
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downregulated cell cycle regulatory protein (cyclinD1), enhanced
the expression of p21, inhibited NOX-mediated ROS production
and the phenotypic transformation and abnormal proliferation of
VSMCs, suggesting the potential of curcumin in the prevention and
treatment of arteriosclerosis. Zhai et al. (2015) explored the
protective function of curcumin against LPS-induced VSMCs
injury based on TLR4/NOX/ROS signaling pathway and the
release of inflammatory factors. The results showed that
curcumin pretreatment could effectively control the
overexpression of TLR4 and the activation of downstream
NOX signaling pathway, significantly inhibit the upregulated
expression of p22phox mRNA and the increased secretion of
TNF-α and IL-1 under the induction of LPS, thus alleviating
the oxidative stress and inflammation caused by endotoxin.
Gupta et al. (2021) established a human intestinal cell line
injury model induced by wheat gluten. Treatment with olysin
and H2O2 significantly increased the expression of p47phox and
stressed the transfer of NF-κB protein from cytoplasm to nucleus.
Curcumin pretreatment can reduce NOX activity by about 34%,
block nuclear translocation of NF-κB, inhibit transcription and
translation levels of multiple pro-inflammatory cytokines, and
maintain cellular redox and immune homeostasis. Li et al. (2017)
exposed H9C2 embryonic rat cardiogenic cells to 0.2 mM
palmitate (PA) medium. Nano curcumin treatment
significantly inhibited the increase of Rac1 activity and the
expression of p22phox, p47phox, p67phox and gp91phox induced by
PA exposure. The intracellular ROS levels and lipid peroxidation
were strongly decreased, and the decrease of Bcl-2/Bax ratio in
PA state was completely reversed, alleviating myocardial
apoptosis and myocardial injury lipid toxicity. Sharma and
Nehru (2018) injected LPS into the substantia nigra of rats to
establish an animal model of Parkinson’s disease. Curcumin
treatment significantly reversed the upregulation of p47phox,
p67phox and gp91phox in the pathological state, significantly
reduced the activity of NF-κB protein and the expression of
pro-inflammatory cytokines, and increased the level of GSH and
its redox ratio. Moreover, it inhibits the aggregation of α-

synuclein in dopaminergic neurons and exerts its antioxidant
and neuroprotective functions.

5 MAPK signaling pathway

Mitogen-activated protein kinase (MAPK) belong to the family
of serine/threonine kinase, mainly including extracellular signal-
regulated kinases (ERK1/2), p38 kinase, c-Jun N-terminal
kinase(JNK) and ERK5 four family. Each pathway branch
consists of at least three cascades and involves three core kinases:
MAPKKK(MAPK kinase kinase), MAPK (MAPK kinase) and
MAPK. The basic mode of this signaling pathway is to release
signaling factors to phosphorylate the three core kinases
successively, thereby regulating the expression of downstream
transcription factors and cell behavior (Leyane et al., 2021).

The regulatory network of the MAPK signaling pathway is
illustrated in Figure 5. ERK signaling pathway, also known as the
classical pathway, is involved in cell proliferation, apoptosis,
invasion and migration, and its dysfunction is very common in
cancer. This pathway gradually activates RAF kinase to initiate
signaling cascade through growth factor binding to cell surface
receptors, recruitment of SOS to activate RAS protein and other
pathways, which causes serine phosphorylation of MEK1 or MEK2,
resulting in tyrosine and threonine (Tyr, Thr) of ERK protein
phosphorylation and transfer into the nucleus. Ultimately,
phosphorylation of multiple transcription factors regulates gene
expression (Kciuk et al., 2022). Unlike the ERK pathway,
p38 kinase and JNK pathways are poorly responsive to mitogen
and are usually activated by environmental stress and inflammatory
factors (Canovas and Nebreda, 2021). p38 kinases exist in four
subtypes: P38α, p38β, p38γ, and p38δ, which have high amino acid
homology but differ in downstream targets. p38α has the highest
expression level (except in some brain regions) and is the most
widely studied. p38/MAPK is almost ubiquitous throughout the
body and can be activated by cellular stress such as radiation, cellular
inflammatory factors, osmosis, and heat shock (Leyane et al., 2021).
There are dozens of MAPKKK(TAK1, MTK1, etc.) participating in
its upstream cascade. MAPKK(MKK3/6) is highly specific to
p38 kinase and activates Thr and Tyr double phosphorylation in
the ring (Thr180 and Tyr182 in P38α) (Canovas and Nebreda,
2021). The activation of the JNK pathway also depends on the
expression of MAPKKK(MEKK1, ASK), inducing the activation of
MAPKK(MKK4/7/6) and ultimately promoting the dual
phosphorylation of Thr183 and Tyr18 in the ring (Cicenas et al.,
2017). ERK5, which has been less studied, has the same Thr-Glu-Tyr
activation sequence as ERK1/2. The core kinases in this pathway
mainly include MAPKKK(MEKK3) and MAPKK(MEK5), which
play an important role in regulating cell proliferation and
differentiation (Cicenas et al., 2017; Tubita et al., 2020).

Vascular remodeling in hypertensive patients involves a variety
of complex mechanisms such as vascular wall thickening, oxidative
stress and fibrosis, which can seriously increase the risk of stroke and
cardiovascular disease. Panthiya et al. (2022b) used nitric oxide
synthase inhibitor (L-NAME) to construct a hypertensive rat model,
which showed an increase in main artery wall thickness, cross-
sectional area and collagen deposition, accompanied by an increase
in markers of oxidative stress. Studies have shown that

FIGURE 4
NADPH oxidase signaling pathway: curcumin can enhance
PPAR-γ activity to inhibit hypoxia-induced NF-κB nuclear
translocation, or promote SIRT1 expression to reduce Rac1 binding
potential to p67phox, thereby blocking this signaling pathway.
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hexahydrocurcumin treatment significantly enhances the activities
of eNOS, p-eNOS and SOD, inhibits the expression of p-ERK1/2,
p-JNK and p-p38 proteins, significantly reduces the production of
vascular ROS and plasma MDA levels, and weakens vascular
hypertrophy and remodeling mediated by MAPK activation.
Moreover, by inhibiting the expression of fibrinogene-related
proteins, the vascular fibrosis of rats was alleviated, the
phenotypic transformation of VSMCs in aortic tissue was
inhibited, and the vascular dysfunction and vascular remodeling
were effectively improved, providing a theoretical basis for curcumin
as a treatment drug for hypertension. Oxidative damage caused by
myocardial reperfusion is an important cause of morbidity and
death in patients with ischemic cardiomyopathy. Wei et al. (2019)
established the hypoxia/reoxidation (H/R) injury model of
H9c2 cells, and the study showed that curcumin significantly
reversed the increase of lactate dehydrogenase (LDH) and MDA
levels and the decrease of SOD activity under the injury condition,
significantly downregulated the expression levels of p-ERK1/2,
p-JNK and endoplasmic reticulum stress markers (GRP78,
CHOP), effectively alleviated H/R-induced ROS accumulation,
endoplasmic reticulum stress and cell apoptosis, providing a basis
for the clinical application of curcumin in cardiac ischemia-
reperfusion injury. Exposure to high concentrations of copper
can cause cardiotoxicity and significantly increase the incidence
of cardiovascular disease in humans. Sarawi et al. (2021) used rat
gavage of CuSO4 to construct a heart injury model. The study
showed that curcumin and nanocurcumin treatment effectively
enhanced the activities of GSH, SOD and CAT, decreased the
phosphorylation levels of p38MAPK, JNK and ERK1/2,
upregulated anti-apoptotic factors Bcl-2 and BAG-1, and
inhibited Bax and caspase-3. The levels of cTnI, CK-MB, LDH,
MDA and pro-inflammatory mediators in rat myocardium were
significantly decreased, and the heavy metal-induced apoptosis of
cardiomyocytes was protected by regulating oxidative stress and
inflammatory response. Buccarello et al. (2020) explored the
modification effect of curcumin on the acylation of small

ubiquitin-like modifier (SUMO) in the H2O2-induced oxidative
stress model of SHSY5Y cells and the cross-talk mechanism
between SUMO-1 and JNK. The results showed that low
concentration of curcumin (5 μM) could control the
phosphorylation of SUMO-1 at normal level, significantly reduce
the phosphorylation levels of JNK and ERK proteins, reduce the
release of LDH, and completely counteract the toxic side effects of
0.5 mMH2O2 induced oxidative stress. Moreover, H2O2 stimulation
induces SUMO-1 accumulation in nucleosomes, recruiting p-JNK
from cytoplasm to intracellular clusters and perinuclear. This co-
localization effect of P-JNK-SUMO-1, which causes abnormal
protein aggregation, can be destroyed by curcumin, preventing
cells from initiating the death cascade and preventing cell
disorders caused by oxidative stress. Fallahnezhad et al. (2023)
showed that curcumin nanoparticles reversed the increased levels
of ROS, MDA, TNF-α, IL-6 and IL-1β in hippocampus and cortex of
rats treated with BPA, significantly upregulated the expression of
p-AKT and p-ERK1/2 in tissues, and downregulated the expression
of p-P38 and p-JNK. Moreover, the increased expression of
glutamate receptors and memory-related proteins may have a
potential protective effect on subacute neurotoxicity and learning
and memory impairment of BPA in hippocampus and cortex of rats.

6 PI3K/Akt signaling pathway

Phosphatidylinositol3-kinase/protein kinase B (PI3K/Akt)
signaling pathway plays an important role in the recruitment of
inflammatory factors and angiogenesis, and is one of the core
pathways regulating cell proliferation, metabolism, movement
and survival. Three classes of PI3K have been identified: Class I,
Class II and Class III. In addition to the common substrate Akt, each
kinase class has specific substrates and effectors. Class I PI3K is the
most widely studied heterodimer composed of catalytic subunit
p110 and regulatory subunit P85. The binding of a cytokine or
growth factor to the corresponding receptor causes
autophosphorylation of the tyrosine, which recruits PI3K to the
cell membrane for activation, and its catalytic subunit p110 induces
phosphorylation of the phosphatidylinositol 4,5-bisphosphate
(PIP2), converting it to phosphatidylinositol 3,4,5-triphosphate
(PIP3). PIP3 acts as a second messenger to recruit Akt and 3-
phosphoinositide-dependent kinase 1 (PDK1), and allows PDK1 to
phosphorylate Akt’s kinase domain (Thr308). After its regulatory
domain (Ser473) is activated by mTORC2, the enzyme activity can
be fully released (Wong et al., 2021; He et al., 2021). This pathway
has crosstalk with multiple signal networks such as MAPK and NF-
κB, and inhibition of key molecular targets can control the
aggregation of inflammatory cells to the inflammatory site and
alleviate the resulting oxidative stress response (He et al., 2021).

The anti-oxidant stress mechanism of curcumin based on this
signaling pathway is illustrated in Figure 6. According to molecular
docking model analysis (Zhang et al., 2023), curcumin tightly binds
Akt1 through four hydrogen bonds in the binding pocket,
controlling the phosphorylation level of Akt. Curcumin can also
negatively regulates this signaling pathway through phosphatase and
tensin homology (PTEN), which inhibits downstream kinase
activation by dephosphorylation of PIP3 to PIP2 (Zhuang et al.,
2019). There are more than 100 Akt substrates, mainly including

FIGURE 5
MAPK signaling pathway: ERK pathway dysfunction is very
common in cancer, p38 kinase and JNK pathway are often activated
by environmental stress and inflammatory factors, and ERK5 pathway
plays an important role in regulating cell proliferation and
differentiation.
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mammalian target of rapamycin (mTOR), multifunctional serine
and threonine protein kinase glycogen synthase kinase 3(GSK3),
forkhead transcription factor (FOXOs), tuberous sclerosis Complex
2(TSC2), etc. Akt phosphorylates Thr and Ser in a sequentially
dependent manner, thus activating downstream effectors (He et al.,
2021; Mossmann et al., 2018).

Coronary artery recirculation is an effective treatment for
ischemic heart disease, but blood perfusion of ischemic
myocardium may further aggravate the damage of myocardial
structure and function. Wu et al. (2021) constructed a rat model
of myocardial ischemia-reperfusion injury (MIRI) to explore the
molecular mechanism of the protective effect of curcumin on
myocardium based on PI3K/Akt/mTOR signaling pathway. The
results showed that curcumin could significantly reduce the
myocardial infarction area, upregulate the expression of mTOR,
PI3K and p-Akt, increase the expression of Bcl-2/Bax, decrease the
level of autophagy, significantly increase the activity of GSH and SOD,
and decrease the level of serum marker enzymes CK-MB, LDH and
MDA. MIRI can be effectively combated by enhancing myocardial
antioxidant capacity and inhibiting myocardial cell apoptosis.
Doxorubicin (DOX) is one of the most effective antitumor agents,
but long-term high doses can induce oxidative stress and pyroptosis of
cardiomyocytes, which can seriously increase the risk of left
ventricular dysfunction, dilated cardiomyopathy, and even
congestive heart failure. Yu W. et al. (2020) used DOX to build a
mouse heart injury model. Studies showed that curcumin treatment
significantly enhanced SOD activity, reduced O·−

2 and MDA levels,
and offset the DOX-induced decline in AKT and mTOR
phosphorylation levels, partially reversing the NLRP3 inflammator-
mediated changes in pyrogenic protein markers. By enhancing
antioxidant capacity and inhibiting autophagy and pyrodeath of
cardiomyocytes, the dysfunction of cardiomyocytes was effectively
alleviated. Oxidative stress, apoptosis and autophagy are the key
molecular mechanisms of MIRI after acute myocardial infarction.
Chen et al. (2021) explored the cardioprotective effects of
tetrahydrocurcumin in vivo and in vitro based on the PI3K/AKT/
mTOR pathway. The results showed that tetrahydrocurcumin

treatment significantly reversed the H/R-induced increase in Bax/
Bcl-2 expression, enhanced intracellular SOD and CAT activities,
decreased the ratio of LC3-II/LC3-I in cardiomyocytes,
downregulated the expression of Beclin-1, effectively enhanced the
antioxidant capacity of cells and inhibited the apoptosis and
autophagy events of cardiomyocytes. The reversal of these
functions by PI3K inhibitors and mTOR inhibitors further
confirms the key role of this signaling pathway in the cardiac
protection of tetrahydrocurcumin. Abuelezz et al. (2020) induced a
rat model of polycystic ovary syndrome with letrozole, resulting in
significant disturbance of oxidative stress markers, sex hormone levels
and dyslipidemia in the body. Enzyme-linked immunosorbent assay
(ELISA) and pancreatic tissue homogenate detection showed that
nanomorcumin alleviated insulin resistance and pancreatic functional
deficit in a dose-dependent manner. PI3K/AKT/mTOR were
successfully restored to normal levels, MDA levels were
significantly decreased, GSH and SOD activities were increased,
and oxidative stress damage induced by letrozole was significantly
improved. Abnormal methylation of the PTEN promoter causes cell
fibrosis, resulting in joint contracture. Zhuang et al. (2019) believe that
curcumin can effectively promote the demethylation of PTEN and
upregulate its expression, significantly control its phosphorylation
level, further inhibit the PI3K/Akt signaling pathway, and impede the
proliferation and migration of myofibroblasts.

7 AMPK signaling pathway

Amp-activated protein kinase (AMPK) is a core controller that
regulates cellular energy homeostasis, and a large change in ATP/
AMP ratio will promote its activation. The energy balance between
anabolism and catabolism is maintained by regulating the
phosphorylation of key proteins in lipid homeostasis, glycolysis
and mitochondrial homeostasis. AMPK is a heterotrimeric
complex composed of catalytic α-subunits and regulatory β, γ-
subunits. The α-subunit contains a key kinase domain (KD) in

FIGURE 6
PI3K/Akt signaling pathway: curcumin not only binds tightly to
Akt1 by binding the four hydrogen bonds in the pocket, but also
negatively regulates this signaling pathway through PTEN, which
inhibits downstream kinase activation by dephosphorylation of
PIP3 to PIP2.

FIGURE 7
AMPK signaling pathway: curcumin can bind directly to AMPK at
its allosteric regulatory site through hydrogen bonding and π-π
stacking interactions to form a stable CUR-AMPK complex that
promotes allosteric activation or activates it by increasing
cAMP levels.
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which thr172 can be phosphorylated by liver kinase B1(LKB1),
calcium/calmodulin-dependent kinase kinase 2 (CaMKK2) and
related upstream kinases, and this is necessary to stimulate
AMPK activity. The carbohydrate binding module (CBM) of the
β-subunit can be linked to glycogen, and it has four tandem
cystathione-β-synthase (CBS) domains, which can directly bind
AMP or ATP, so it has the ability to rapidly respond to changes
in the ATP/AMP ratio in tissues, and can lead to allosteric activation
of phosphorylated AMPK after binding (Herzig and Shaw, 2018).
The interface between KD and CBM forms a unique interaction
pocket, which has become a major binding site for many small
molecule activators, which is independent of the activation potential
of AMPK outside of LKB1, CaMKK2 and upstream kinases (Trefts
and Shaw, 2021).

The anti-oxidant stress mechanism of curcumin based on this
signaling pathway is illustrated in Figure 7. Curcumin has been
reported to bind directly to AMPK at its allosteric regulatory site
through hydrogen bonding and π-π stacking interactions to form a
stable CUR-AMPK complex that promotes allosteric activation (Liu
et al., 2017) or activates it by increasing cAMP levels (Iside et al.,
2020). Activated AMPK functions primarily by phosphorylating
specific downstream signals. Firstly, Ser79 of acetyl-CoA carboxylase
(ACC) can be phosphorylated to inhibit the biosynthesis of
cholesterol and fatty acids, which also has an inhibitory effect on
ferroptosis (Trefts and Shaw, 2021). The second classic function is
achieved by blocking mTORC1 activation. AMPK inhibits the
activity of Ras homolog (Rheb) by directly phosphorylating Ser
residues of Raptor, a key scaffold protein, or by promoting the
formation of complexes between TSC2 and TSC1, thereby
preventing mTORC1 from recruiting substrates to regulate cell
metabolism (Peng et al., 2022). The third classical function is the
activation of autophagy. AMPK regulates the catalytic activity of
UNC-51-like autophagy activating kinase 1(ULK1) by directly
phosphorylating multiple sites and inhibiting the inhibition of
ULK1 by mTORC1, thereby promoting the initiation and
execution of autophagy (Trefts and Shaw, 2021).

Lipotoxicity is an important cause of clinical heart disease,
which may be closely related to lipid deposition and ROS
accumulation in cardiac tissue (Zhang et al., 2019). H9C2 cells
were co-incubated with PA to construct a lipopotoxic cardiocyte
injury model, and the study showed that the intervention of nano-
curcumin significantly inhibited ROS levels in the injured cells, and
restored MDA content and SOD activity to normal levels. The
decreased level of p-AMPK and the increased levels of downstream
targets p-mTORC1 and p-p70S6K in PA-induced state were
significantly reversed, which greatly reduced the ratio of Bcl-2/
Bax, alleviated myocardial oxidative stress and apoptosis,
suggesting the potential of curcumin in preventing myocardial
lipid toxic injury. Restoring endothelial cell function is an
effective treatment strategy for atherosclerosis. Zhao et al. (2021)
studied the protective mechanism of curcumin in lipotoxic injury of
human umbilical vein endothelial cells (HUVECs) induced by
oxidized low-density lipoprotein (ox-LDL). The results showed
that curcumin treatment significantly restored cell viability,
enhanced the ability of cell to form independent tubular
structures and migration, reduced ROS levels and the release of
inflammatory factors, reversed the decline of p-AMPK and the
increase of p-mTOR and p-p70S6K in ox-LDL -induced state,
and upregulated the expression of LC3-II protein. Thus,
autophagy flux was restored and lipid toxicity of endothelial cells
was reduced. Kong et al. (2020) constructed two BNLCL.2 cell
models in vitro: normal autophagy model (siCTR) and autophagy
deficiency model (siBECN1). It was found that curcumin can restore
the expression of peroxisome proliferator-activated receptor-α
(PPAR-α) to the physiological level, upregulate AMPK mRNA
expression, downregulate mTOR mRNA expression, enhance
GSH activity in a dose-dependent manner, and significantly
reduce ROS levels and oxidative stress in hepatocytes. This may
be achieved by activating the upstream autophagy signal of AMPK/
PI3K/AKT/mTOR mediated by PPAR-α to enhance autophagy and
inhibit the EMT process, providing a new idea for the treatment of
liver fibrosis. Sadek et al. (2024) induced experimental autoimmune
encephalomyelitis (EAE) in mice with spinal cord homogenate
(SCH) and Freund’s adjuvant, and simulated multiple sclerosis to

FIGURE 8
Wnt/β-Catenin signaling pathway: Curcumin directly stimulates
GSK3β activity, uses the negative feedback relationship between
PPAR-γ and Wnt/β-Catenin pathway, or induces DNA demethylation
to upregulate NKD2 expression, thus negatively regulating this
signaling pathway.

FIGURE 9
Notch signaling pathway: curcumin can bind Notch-1 protein
and the bHLH domain of Hes1. This interaction helps curcumin
effectively control this signaling pathway.
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TABLE 1 curcumin anti-oxidative stress mechanism in vivo studies.

Signal pathways Diseases model Mechanism in vivo studies References

Keap1-Nrf2/ARE ICH upregulated the expression of HO-1, NQO1, Gpx4 and other
antioxidant proteins

Duan et al. (2022)

cardiac fibrosis significantly enhanced the activity of eNOS, upregulated the
expression of endothelial cell markers

Chen et al. (2022)

kidney injury increased the expression levels of Nrf2 and its downstream
genes CAT, SOD1, NQO1 and GCLC

Wang et al. (2022)

lung injury promoted the expression and nuclear translocation of
Nrf2 protein, and increased the expression of its downstream

related proteins such as NQO1, GCLC and HO-1

Xu et al. (2024)

depression reduced MDA, 4-hydroxynonenal (4-HNE) and serum
corticosterone levels, and reduced DNA oxidative damage

Liao et al. (2020)

NF-κB myocardial injury decreased the expressions of HIF-1α, O·−
2 , NF-κB p65 and

endoplasmic reticulum stress markers (Grp78 and CHOP) in
myocardial tissue of mice exposed to IH

Moulin et al. (2020)

myocardial injury decreased the contents of cTnI and CK-MB in serum Chen et al. (2023)

acute gout downregulated the mRNA expressions of inflammatory
cytokines IL-1β, IL-6, TNF-a and COX-2

Chen et al. (2019)

liver injury enhanced SOD,CAT activities and GSH levels in rats, and the
high levels of expression of 4-HNE, NF-κB, Bax and Apaf-1

under Cyp were reversed

Hussain et al. (2023)

renal dysfunction blocked the activation of NF-κB pathway, and decreased the
expression levels of IL-1, IL-6 and TNF-a

Eldesoqui et al. (2023)

NOX hypertensive reversed the upregulation of gp91phox expression under metal
exposure, intracellular GSH levels and their redox ratio

increased

Tubsakul et al. (2021)

Parkinson’s disease reversed the upregulation of p47phox, p67phox and gp91phox,
reduced the activity of NF-κB protein, and increased the level

of GSH and its redox ratio

Sharma and Nehru, (2018)

MAPK hypertensive hexahydrocurcumin enhanced the activities of eNOS, p-eNOS
and SOD, inhibited the expression of p-ERK1/2, p-JNK and

p-p38 proteins

Panthiya et al. (2022b)

heart injury enhanced the activities of GSH, SOD and CAT, decreased the
phosphorylation levels of p38MAPK, JNK and ERK1/2,
upregulated anti-apoptotic factors Bcl-2 and BAG-1

Sarawi et al. (2021)

PI3K/Akt MIRI upregulated the expression of mTOR, PI3K and p-Akt,
increased the expression of Bcl-2/Bax, decreased the level of
autophagy, and significantly increased the activity of GSH

and SOD

Wu et al. (2021)

heart injury enhanced SOD activity, reduced O·−
2 and MDA levels, and

offset the DOX-induced decline in AKT and mTOR
phosphorylation levels

Yu et al. (2020b)

polycystic ovary syndrome nanomorcumin restored PI3K/AKT/mTOR to normal levels,
and increased GSH and SOD activities

Abuelezz et al. (2020)

AMPK autoimmune encephalomyelitis increased the levels of p-AMPK Thr172 and SIRT1 Sadek et al. (2024)

Wnt/β-Catenin I/R reversed the increase of β-Catenin and p-GSK3β, increased the
activity of SOD and GSH-Px

Zhu et al. (2024)

diabetic glomerular injury restored the inhibitory effect of high glucose on the expression
of Wnt5a and nuclear β-catenin protein, inhibited the

increased expression of TGF-β1 and fibronectin

Ho et al. (2016)

JAK/STAT diabetic myocardial injury reduced JAK2 and STAT3 phosphorylation levels, alleviated
the increased levels of NF-κB and IL-6, reduced cTnI, CK-MB

and TGF-β1 levels

Abdelsamia et al. (2019)

I/R Liao et al. (2021)

(Continued on following page)
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evaluate the therapeutic effect of curcumin on EAE-induced
autonomic, motor, cognitive, and sensory disorders. The results
showed that curcumin intervention significantly increased the levels
of p-AMPK Thr172 and SIRT1, alleviating neuronal demyelination
and death induced by EAE. In addition, the neuroprotective axis
AMPK/SIRT1 can activate Nrf2, enhance the activity of endogenous
antioxidant enzymes to repair EAE induced oxidative stress, and
significantly reduce the hippocampal tissue changes in mice. Tanaka
et al. (2023) knocked out AMPKα1 gene to analyze whether AMPK
regulated osteoclast differentiation through oxidative stress and
maintained the dynamic balance between osteoclast bone
resorption and osteoblast bone formation. It was found that in
RAW264.7 cells that silted AMPK gene, the expression of
inflammatory genes was upregulated, resulting in the expression
defects of Nrf2 and HO-1. Moreover, NF-κB ligand (RANKL)
induced osteoclast differentiation and osteoclast gene expression
were significantly enhanced, bone mass decreased. Curcumin
treatment significantly improved oxidative stress and negatively
regulated the expression of osteoclast genes to protect bone loss.

8 Wnt/β-catenin signaling pathway

Wnt proteins are secreted glycoproteins rich in cysteine, and
their biological activity depends on the protein acylation
modification of porcupine O-acyltransferase PORCN (Nile and
Hannoush, 2016). At rest, β-catenin in the cytoplasm is isolated
in a “destruction complex” co-formed with AXIN, Adenomatous
Polyposis Coli (APC), casein kinase 1α(CK1α), and GSK3β. CK1α
and GSK3β phosphorylate respectively Ser45 and Ser33, 37 and
Thr41 of β-Catenin, and rely on ubiquitination and proteasomal
degradation pathways to maintain them at low levels. It also allows
transcription co-suppressor (GROUCHO protein) to bind to T-cell
factor/lymphoid enhancer factor (TCF/LEF) in the nucleus, thereby
blocking the transcription of Wnt target genes (Russell and Monga,
2018). Stimulated by oxidative stress sources, ROS accumulates and
promotes the production and release of Wnt proteins through
multiple pathways (Vallée and Lecarpentier, 2018a; Vallée et al.,
2019b). Wnt proteins bind to the frizzled receptor (Fzd) and low-
density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) on
the receiving cell membrane and causes the phosphorylation of the
latter, inducing the recruitment of signal transducers (DVL) and
AXIN to this site, thereby inhibiting the activity of GSK3β and
blocking the phosphorylation and degradation pathway of β-
Catenin. It causes the cytoplasmic accumulation of β-Catenin
and promotes its nuclear translocation. Subsequently, β-Catenin
binds to TCF/LEF to activate Wnt target genes, thus regulating

various biological processes such as cell proliferation, differentiation
and migration. It can induce cell proliferation and at the same time
give specific growth tissue shape, indicating the orderly growth of
new cells and complete distribution (Rim et al., 2022; Nusse and
Clevers, 2017).

The anti-oxidant stress mechanism of curcumin based on this
signaling pathway is illustrated in Figure 8. Curcumin, as a natural
agonist of PPAR-γ, uses the negative feedback relationship between
PPAR-γ and Wnt/β-Catenin pathway (Vallée and Lecarpentier,
2018a), or directly stimulates GSK3β activity to disrupt the
nuclear translocation of β-Catenin (Wang et al., 2018; He et al.,
2014) and inhibit this signaling pathway. Methylation of the gene
promoter region leads to the stable silencing of naked cuticle
homolog 2 (NKD2), resulting in abnormal activation of the Wnt
signaling pathway. It has been reported that curcumin can induce
DNA demethylation to upregulate the expression of NKD2 and
negatively regulate this signaling pathway (Zhu et al., 2024).

Zhu et al. (2024) established an I/Rmodel of superior mesenteric
artery occlusion in SD rats to explore the intestinal protective effect
of curcumin based on Wnt/β-Catenin signaling. The results showed
that curcumin could reverse the increase of β-Catenin and p-GSK3β,
significantly increase the activity of SOD and GSH-Px and decrease
the content of MDA. The experiment of transfecting Caco-2 cells
with oe-NKD2 loaded by lentivirus before H/R injury confirmed
that curcumin upregulated the expression of NKD2 through DNA
demethylation to inhibit the signaling pathway and play a protective
role in intestinal tract. Wang et al. (2018) cultured non-small cell
lung cancer (NSCLC) cell line A549, and found that curcumin
intervention could reduce the ROS level of A549 cells and increase
the activities of SOD and γ-glutamylcysteine synthetase (γ-GCS).
Moreover, curcumin strongly inhibited the expression of β-Catenin,
p-GSK3β and its downstream targets cyclinD1 and c-Myc, decreased
cell viability in a dose-dependent manner, and controlled NSCLC
proliferation induced by upregulation of Wnt/β-Catenin pathway
mediated by oxidative stress. Zhao et al. (2022) pretreated rat
osteoblasts with curcumin with a concentration gradient, and
established a oxidative stress model induced by 50 μmol/L H2O2

to explore the mechanism of curcumin’s protective function of
osteoblasts. Studies have shown that curcumin pretreatment can
increase the activity of SOD, CAT and T-AOC and decrease the
content of MDA in cells, reverse the down expression of Wnt5a and
β-Catenin induced by H2O2, significantly upregulate the expression
of alkaline phosphatase (ALP), promote the formation of calcium
mineralization nodules, and alleviate the inhibition of osteogenesis
under oxidative stress. Ho et al. (2016) found that curcumin
pretreatment significantly restored the inhibitory effect of high
glucose on the expression of Wnt5a and nuclear β-catenin

TABLE 1 (Continued) curcumin anti-oxidative stress mechanism in vivo studies.

Signal pathways Diseases model Mechanism in vivo studies References

curcumin hydrogel enhanced the activities of SOD, CAT, GPX
and GR, and restored the activities of Ca2+ -ATPase and Na+-

K+ -ATPase in rat myocardium

SIRT/FOXO diabetes reversed the decrease of the phosphorylation levels of Sirt1,
PI3K and Akt and the increase of the acetylation level of

Foxo1 in cardiomyocytes

Ren et al. (2020)
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TABLE 2 curcumin anti-oxidative stress mechanism in vitro studies.

Signal pathways Cell categories Mechanism in vitro studies Reference

Keap1-Nrf2/ARE H9C2 cardiocytes enhanced the activities of antioxidant enzymes HO-1, SOD
and Gpx, and inhibited the production of ROS

Wu et al. (2022)

human corneal endothelial cells maintained the original form of the cells and promoted
their proliferation and differentiation

Guo et al. (2021)

NF-κB sepsis H9C2 cells inhibited NF-κB phosphorylation by blocking dimerization,
downregulated the expression of TNF-α and IL-6

Chen et al. (2023)

THP-1 cells inhibited the degradation of IκBα protein, and controlled
the expression levels of p-p65, p-p50, p65, p50

Chen et al. (2019)

bovine mammary epithelial cell enhanced the activity of T-SOD and GSH, inhibited the
levels of NF-κB subunits p65 and p50, and downregulated

the expression of IL-8, IL-1β, IL-6 and TNF-a

Li et al. (2021)

NOX aortic VSMCs hexahydrocurcumin reversed the upregulation of
NOX1 and NOX4 expression, enhanced the activity of

PPAR-γ and its coactivator 1α(PGC-1α)

Panthiya et al. (2023a)

VSMCs controlled the overexpression of TLR4 and the activation of
downstream NOX signaling pathway, inhibited the
upregulated expression of p22phox mRNA and the

increased secretion of TNF-α and IL-1

Zhai et al. (2015)

human intestinal cell reduced NOX activity, blocked nuclear translocation of NF-
κB, and inhibited transcription and translation levels of

multiple pro-inflammatory cytokines

Gupta et al. (2021)

H9C2 embryonic rat cardiogenic cells inhibited the increase of Rac1 activity and the expression of
p22phox, p47phox, p67phox and gp91phox induced by PA

exposure

Li et al. (2017)

MAPK H9c2 cells downregulated the expression levels of p-ERK1/2, p-JNK
and endoplasmic reticulum stress markers (GRP78, CHOP)

Wei et al. (2019)

SHSY5Y cells reduced the phosphorylation levels of JNK and ERK
proteins, and destroyed co-localization effect of P-JNK-

SUMO-1

Buccarello et al. (2020)

PI3K/Akt Cardiomyocytes tetrahydrocurcumin reversed the H/R-induced increase in
Bax/Bcl-2 expression, downregulated the expression of
Beclin-1, and enhanced intracellular SOD and CAT

activities

Chen et al. (2021)

myofibroblasts promoted the demethylation of PTEN and upregulated its
expression, further inhibited the signaling pathway

Zhuang et al. (2019)

AMPK H9C2 cells nano-curcumin reversed the decreased level of p-AMPK
and the increased levels of downstream targets p-mTORC1

and p-p70S6K in PA-induced state

Zhang et al. (2019)

human umbilical vein endothelial cells reversed the decline of p-AMPK and the increase of
p-mTOR and p-p70S6K in ox-LDL -induced state, and

upregulated the expression of LC3-II protein

Zhao et al. (2021)

BNLCL.2 cell restored the expression of PPAR-α to the physiological
level, upregulated AMPK mRNA expression,

downregulated mTOR mRNA expression, and enhanced
GSH activity

Kong et al. (2020)

RAW264.7 cells negatively regulated the expression of osteoclast genes to
protect bone loss

Tanaka et al. (2023)

Wnt/β-Catenin Caco-2 cells upregulated the expression of NKD2 through DNA
demethylation to inhibit the signaling pathway

Zhu et al. (2024)

non-small cell lung cancer cell line A549 inhibited the expression of β-Catenin, p-GSK3β and its
downstream targets cyclinD1 and c-Myc

Wang et al. (2018)

rat osteoblasts reversed the down expression of Wnt5a and β-Catenin, and
upregulated the expression of alkaline phosphatase

Zhao et al. (2022)

Notch astrocytes decreased the expression of Notch1, Hes1 and Bax proteins Gao et al. (2019)

(Continued on following page)
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protein, inhibited the increased expression reversed the increase of
β-Catenin and p-GSK3βof transforming growth factor (TGF-β1)
and fibronectin, and downregulated the expression of 8-OHDG.
Improve diabetic glomerular injury by repairing superoxid-
mediated Wnt5a/β-catenin signaling pathway and alleviating
oxidative stress.

9 Notch signaling pathway

Notch receptors are large single-pass type I transmembrane
protein that mediates signal transduction of extracellular ligand and
is mainly involved in immune regulation, cell proliferation,
differentiation, apoptosis and other biological processes. There
are four Notch analogues in mammals, each with four cutting
sites. In Golgi, Furin-like convertase attacks the S1 site of the
protein, transforming its polypeptide structure into heterodimer
structures linked by non-covalent interaction, forming mature
Notch receptors in the ligand-free state, and being transported to
the surface of the cell membrane (Kopan and Ilagan, 2009). The cell
surface receptor (Notch1-4) effectively binds to the DSL ligands
(Jag1, Jag2 and triangle ligands Dll1, Dll3, Dll4, etc.) present on the
surface of adjacent cells after 11–12 repeated trans-interactions,
changing the cis-conformation of the receptor and exposing the
S2 cleavage site. This site is attacked by a disintegrin and
metalloproteases (ADAM), which divides the Notch receptor into
extracellular, transmembrane, and intracellular domains. Ligand-
expressing cells take the former away through endocytosis. And the
latter continues to be attacked at the S3 site by a γ-secretase complex,
which cleaves multiple cleavable bonds and continues to split
towards the S4 site until the β-polypeptide escapes the
phospholipid bilayer and releases the intracellular domain
(NICD) structure into the nucleus (Kopan and Ilagan, 2009;
Kovall et al., 2017; Meurette and Mehlen, 2018). NICD does not
directly bind to DNA to affect gene transcription, but competes with
ubiquitous corepressor (Co-R) proteins and histone deacetylases
(HDACs) for DNA-binding protein CSL to be released from the
complex. The interaction between NICD and CSL induces the
recruitment of transcription coactivators (Co-A, MAML, Co-As,
etc.) to this site to regulate the transcription of corresponding target
genes (Meurette and Mehlen, 2018).

The function of this signaling pathway in anti-oxidative stress
has been confirmed in several studies (Xuan et al., 2020; Luo et al.,
2021; Song C. et al., 2022). Its mechanism is illustrated in Figure 9. In
addition, molecular docking studies have shown (Tandon et al.,
2020) that curcumin can bind Notch-1 protein through 7 hydrogen
bonding interactions, and form 7 electrostatic interactions with its
active site residues, and bind to the bHLH domain of Hes1 through

2 hydrogen bonding interactions, 11 electrostatic interactions and
2 hydrophobic interactions. This interaction helps curcumin
effectively control this signaling pathway. Among them, hair-
division related enhancers (Hes1, Hes5, Hes6, Hes7, and Hey1,
Hey2, HeyL) are key downstream targets of the Notch signaling
pathway. They have high structural homology and share the same
bHLH domain, allowing homodimerization or heterodimerization
of both or other transcriptional regulators containing this domain,
which determines their specificity in binding to DNA (Zanotti and
Canalis, 2016).

Gao et al. (2019) used different concentrations of H2O2 to
construct astrocyte spinal cord injury models, and the contents of
ROS, IL-6 and TNF-α in the cells showed abnormal increases.
Compared with H2O2 group, curcumin treatment group
significantly decreased the expression of Notch1, Hes1 and Bax
proteins, significantly decreased ROS levels and inhibited astrocyte
apoptosis. Its protective effect on spinal cord injury may be achieved
by down-regulating Notch pathway to relieve oxidative stress and
inflammatory response. Zhu et al. (2019) induced the injury of
H9C2 cardiomyocytes by H/R method, resulting in the
accumulation of LDH and MDA and the decrease of SOD
activity. Curcumin intervention significantly downregulated the
transcription of NICD and the mRNA levels of its downstream
signals (Hes-1, Hes-5, Hey-1, etc.), reversing the increase of ROS
levels and decrease of antioxidant enzyme activity induced by H/R.
In addition, Notch signaling activator (Jagged1) has a destructive
effect on curcumin in alleviating H/R-induced cardiomyocyte
injury, confirming that curcumin can play a myocardial
protective role by inhibiting Notch signaling pathway.

10 Other signal pathways

Janus kinase/signal transduction and transcriptional activation
factor (JAK/STAT) signals regulate communication between
transmembrane receptors and the nucleus. There are more than
50 kinds of cytokines involved in the signal transduction, which play
an important role in cell homeostasis, survival metabolism and
immune response. Binding of the receptor to the extracellular ligand
activates tyrosine phosphorylation of the JAK receptor and recruits
STAT proteins, promoting phosphorylated STATs dimerization and
translocation into the nucleus to regulate transcription of related
target genes (Xue et al., 2023). Abdelsamia et al. (2019) injected STZ
intraperitoneally into rats to establish a diabetic myocardial injury
model. Curcumin treatment significantly reduced JAK2 and
STAT3 phosphorylation levels in diabetic rats, alleviated the
increased levels of NF-κB and IL-6, respectively reduced cTnI,
CK-MB and TGF-β1 levels by 68.88%, 32.06% and 35.33%, and

TABLE 2 (Continued) curcumin anti-oxidative stress mechanism in vitro studies.

Signal pathways Cell categories Mechanism in vitro studies Reference

H9C2 cardiomyocytes downregulated the transcription of NICD and the mRNA
levels of its downstream signals (Hes-1, Hes-5, Hey-1, etc.)

Zhu et al. (2019)

SIRT/FOXO porcine renal epithelial cells inhibited the decrease of SIRT1 mRNA expression and the
increase of FOXO1 mRNA expression, and increased the

activity of SOD and CAT in cells

Cui et al. (2023)
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significantly improved STZ-induced cardiac injury in type 1 diabetic
rats. Liao et al. (2021) established an I/R rat model by means of
coronary artery ligation. Studies have shown that curcumin hydrogel
inhibits ROS levels by enhancing the activities of SOD, CAT, GPX
and GR, and significantly restores the activities of Ca2+ -ATPase and
Na+-K+ -ATPase in rat myocardium. The JAK2/STAT3 inhibitor
AG490 completely reversed the above changes, confirming the key
role of JAK/STAT signaling pathway in the myocardial protection
function of curcumin.

Silent information adjustment factor1 (SIRT)/FOXO signaling
pathways are involved in the regulation of cell metabolism,
apoptosis, autophagy, and oxidative stress, and other important
biological processes. They play a protective function of
cardiovascular, nervous and endocrine systems (Orea-Soufi et al.,
2022; Singh and Ubaid, 2020; Ding et al., 2024). In the oxidative
stress model of porcine renal epithelial cells (PK-15) constructed using
zealenone (ZEA) induction (Cui et al., 2023), ZEA inhibited PK-15 cell
viability and induced ROS overproduction in a concentration-
dependent manner. Curcumin treatment significantly reversed the
above changes, strongly inhibited the decrease of SIRT1 mRNA
expression and the increase of FOXO1 mRNA expression,
significantly increased the activity of SOD and CAT in cells,
and effectively alleviated ZEA-induced oxidative stress. Ren
et al. (2020) used STZ combined with high-sugar and high-fat
diet to construct a rat diabetes model. The results showed that
curcumin intervention significantly improved the collagen
deposition around the cardiovascular system, enhanced the
pumping ability of the heart, significantly upregulated the
expression of SOD, NQO1 and Nrf2, inhibited the decrease of
the ratio of Bcl-2/Bax, reversed the decrease of the phosphorylation
levels of Sirt1, PI3K and Akt and the increase of the acetylation
level of Foxo1 in cardiomyocytes. Moreover, the specific inhibitors
EX527(Sirt1 inhibitor) and LY294002(PI3K inhibitor) partially
reversed the above changes, further confirming the key role of
SIRT/FOXO and PI3K/Akt signaling pathways in curcumin’s
regulation of oxidative stress and apoptosis in diabetic
cardiomyopathy.

11 Conclusion and perspectives

Oxidative stress is easy to cause damage to biological
macromolecules, which is a key factor in inducing many
malignant diseases such as atherosclerosis, chronic obstructive
pulmonary disease, Alzheimer’s disease and cancer, and seriously
affects the quality of life and survival rate of human beings (Forman
and Zhang, 2021). At present, a series of natural plant active
ingredients have been studied and developed into mature
antioxidant drugs. Curcumin has demonstrated significant
research and development potential, and its anti-oxidative stress
mechanisms, both in vivo and in vitro, are presented in Tables 1, 2.
This paper systematically describes its antioxidant mechanism from
the perspective of signaling pathways, mainly including Keap1-
Nrf2/ARE, NF-κB, NOX and other pathways. However, the
specific regulatory mechanisms of curcumin for some pathways
and the complex crosstalk mechanism between signaling pathways
are not fully understood, and most of them remain in the detection
stage of gene or protein expression. It is still necessary to use gene

knockout, molecular docking and other technical means, and use
genomics, transcriptomics, proteomics, metabolomics or multi-
omics analysis to further study the anti-oxidative stress target
and the complex potential relationship between signaling
pathways or between pathways and diseases. Curcumin acts
synergistically with a variety of natural antioxidants. For instance,
when combined with vitamin C, curcumin enhances the activity of
endogenous antioxidant enzymes, which collectively scavenge free
radicals and reduce immunosuppressant-induced hepatotoxicity
(Hasan Khudhair et al., 2022). Curcumin, polydatin, and quercetin
can counteract pro-inflammatory and pro-oxidative signals induced
by both hyperglycemic and senescence conditions (Matacchione et al.,
2022). Curcumin and resveratrol exhibit strong synergistic
antioxidant effects, which offering potential for developing new
combination therapies for endothelial dysfunction and other
oxidative stress-related conditions (Zhou et al., 2021). Compared
to conventional therapies, the combined use of curcumin with
other natural antioxidants offers multiple advantages, including
enhanced therapeutic efficacy, reduced side effects, overcoming
drug resistance, and improved metabolic and immune regulation.
These benefits address the limitations of single-target drugs and
demonstrate broad potential for clinical applications. However,
curcumin has poor water solubility, poor stability and low
bioavailability, which seriously limits its potential for drug
development and clinical application. At present, various methods
have been adopted to solve these problems, such as constructing a
curcumin nano drug delivery system (Chang et al., 2023), curcumin
solid dispersion (Song W. et al., 2022) and curcumin metal complex
(Prasad et al., 2021), or using curcumin as a lead compound to study
its derivatives and analogues (Moetlediwa et al., 2023; Noureddin
et al., 2019), thereby enhancing its performance and ensuring stable
metabolism, which provides scientific guarantee for the research and
development of curcumin and the expansion of its clinical application.
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