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ABSTRACT

Intracerebral hemorrhage (ICH) is one of the most devastating subtypes of stroke, with limited preventive options and a challeng-
ing recovery process. This study presents a translational framework that integrates tea polyphenols (TPPs) and exercise-induced
metabolites as dual modulators of neurovascular stability, with a focus on patient education for enhancing post-stroke recovery. By
synthesizing preclinical and clinical evidence, we demonstrate how TPPs, particularly epigallocatechin gallate (EGCG), and key
exercise metabolites such as lactate, §-hydroxybutyrate, and short-chain fatty acids (SCFAs) interact with shared redox-sensitive
and inflammatory signaling pathways (Nrf2/NF-kB/AMPK axis) to reinforce endothelial integrity, preserve blood-brain barrier
function, and maintain cerebral perfusion. These interventions also reshape the gut microbiota, promoting an SCFA-enriched,
anti-inflammatory profile that fosters bidirectional gut-brain communication, further stabilizing vascular homeostasis. Multi-
omics evidence suggests that TPPs and exercise metabolites may jointly regulate metabolic and immune pathways, enhancing
resilience against oxidative and inflammatory injuries in the vasculature. We propose a mechanistic model in which TPPs and
exercise-derived metabolites synergistically support neurovascular function and reduce neurovascular vulnerability associated
with ICH, while promoting cognitive recovery and metabolic health. Incorporating these findings into patient rehabilitation
education may help individuals make informed decisions about lifestyle changes that enhance vascular health. Future research
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should explore the dose-response relationship, the optimal timing between tea and exercise, and individual variations, using

metabolomic, microbiomic, and imaging biomarkers to personalize cerebrovascular prevention strategies.

1 | Introduction

Tea, the world's second most consumed beverage, is enriched
with diverse bioactive compounds that contribute to the pre-
vention of obesity, diabetes, hypertension, and other chronic
diseases (Das et al. 2022). A growing body of experimental and
clinical studies suggests that tea extracts exert protective effects
on metabolic disorders, primarily through antioxidative and anti-
inflammatory mechanisms mediated by Nrf2/NF-xB signaling
(Talebi et al. 2021). Different tea varieties, including green, oolong,
and black tea, exhibit distinct fermentation levels and chemical
profiles, resulting in differential health benefits (Tang et al. 2019).
Beyond the independent benefits of tea or physical activity alone,
increasing attention has been directed toward the synergistic ef-
fects between tea polyphenols (TPPs) and exercise, which represent
a promising and integrated lifestyle-based strategy for cerebrovas-
cular protection (Cheng et al. 2026). Recent studies suggest that
this combined intervention may exert greater protective effects
than either modality alone by coordinately regulating redox ho-
meostasis, modulating inflammatory responses, improving gut-
brain communication, and preserving vascular integrity, thereby
enhancing neurovascular resilience (Figure 1). Importantly, TPPs
and exercise metabolites provide complementary and interactive
vascular benefits, and their integration offers synergistic protec-
tion against cerebrovascular damage (Figure 1; Table 1) (Nobari
et al. 2021; Rojano-Ortega 2021).

Among tea constituents, epigallocatechin gallate (EGCG) is the
most representative polyphenol with potent antioxidative and
vascular-protective properties (Li, Fang, et al. 2025). Emerging evi-
dence suggests that EGCG may actin concert with exercise-induced
metabolic adaptations, thereby reinforcing cerebrovascular resil-
ience through amplified antioxidant and endothelial responses
(Sugita et al. 2016). Preclinical studies demonstrate that the com-
bination of green tea and moderate-intensity aerobic exercise im-
proves vasodilation and vascular elasticity, thereby potentially
reducing cerebrovascular vulnerability (Schimidt et al. 2014). For
instance, aerobic interval training increased cerebral vasodilation
by 29%, indicating a dose-dependent relationship between exercise
intensity and vascular benefits (Moir et al. 2024). Furthermore,
EGCG can also work in conjunction with other plant-derived bio-
active compounds through a multi-targeted synergy mechanism,
thereby jointly enhancing vascular protection (Xu et al. 2024). In
parallel, TPPs directly enhance endothelial function and reduce
platelet aggregation, while exercise optimizes hemodynamics and
shear stress, together conferring comprehensive cerebrovascular
protection. Furthermore, lifestyle interventions that integrate
green tea intake with healthy dietary habits and structured ex-
ercise have been shown to lower the incidence of cardiovascular
disease and diabetes. Green tea, which is rich in EGCG, is gener-
ally considered safe and well tolerated, with long-term daily intake
equivalent to 8-16 cups of tea reported to be well tolerated in hu-
mans (Hu et al. 2018). At the molecular level, the health-promoting
effects of polyphenols are largely attributed to their antioxidant
and anti-inflammatory properties. Polyphenols not only directly
scavenge free radicals but also enhance endogenous antioxidant

defense systems. They are broadly classified into flavonoids and
non-flavonoids, with flavonoids being the most extensively stud-
ied for their antioxidative, immunomodulatory, and circulatory
effects (Lee et al. 2015). Notably, their bioavailability is strongly
influenced by gut microbiota composition, highlighting inter-
individual variability in therapeutic outcomes.

Recent studies further demonstrate that polyphenol supplementa-
tion provides significant health benefits in athletes by optimizing
recovery and performance. Antioxidants help maintain immune
function by lowering reactive oxygen species (ROS) levels and
modulating calcium signaling and redox reactions in skeletal
muscle fibers during exercise. Building on these findings, the com-
bined application of green TPPs and exercise has been proposed
as an innovative non-pharmacological model that leverages their
synergistic molecular and physiological interactions (Peternelj and
Coombes 2011). Importantly, accumulating evidence indicates
that TPPs and exercise metabolites converge on the Nrf2-NF-
xB pathway to jointly enhance cerebrovascular health (Bentley
et al. 2014). Taken together, existing studies provide a plausible
mechanistic framework for the synergistic neurovascular pro-
tective effects of TPPs and exercise, supporting their potential
role in cerebrovascular protection. Importantly, while metabolic
disorders such as obesity, hypertension, and diabetes are dis-
cussed throughout this review, they are considered primarily as
upstream contributors to cerebral small vessel dysfunction and
BBB vulnerability. Accordingly, the central focus of this review is
on intracerebral hemorrhage (ICH), cerebral small vessel disease,
and neurovascular integrity, with metabolic and systemic factors
incorporated mainly to contextualize mechanistic pathways rele-
vant to hemorrhagic risk and vascular fragility.

2 | Protective Effects of Tea
2.1 | Active Compounds in Tea

Green tea, widely consumed especially in Eastern countries,
exerts multiple health benefits largely attributed to its cate-
chins, particularly EGCG (Reygaert 2017). Together with
other bioactive constituents such as caffeine and amino
acids, these compounds enhance antioxidant defenses, sup-
port exercise recovery, and improve vascular health (Nobari
et al. 2021; Braschi et al. 2023). EGCG, the predominant cat-
echin in green tea, demonstrates potent metabolic and vascu-
lar protective effects. These include enhanced fat oxidation,
reduced cholesterol, and improved antioxidant and anti-
inflammatory responses (Quan et al. 2025). Other tea-derived
bioactive compounds also contribute to gut microbiota mod-
ulation and systemic health (Suzuki et al. 2016). TPPs atten-
uate inflammation by suppressing myeloperoxidase (MPO)
in neutrophils, thereby protecting the intestinal barrier and
regulating immune responses. Network pharmacology sug-
gests that the PI3K/Akt/mTOR targets of TPPs overlap with
exercise metabolites, indicating convergent regulation of ce-
rebral blood flow. In contrast, tea polysaccharides (TPS) and
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theaflavins (TFs) exert weaker effects on MPO and cytokine
inhibition, while tea anthocyanins (TA) display only modest
anti-inflammatory activity (Xu et al. 2023). Collectively, these
bioactive components suppress pro-inflammatory mediators

such as COX2, IL-1f3, TNF-a, and iNOS by activating Nrf2/
ARE and inhibiting TLR4/MyD88/NF-«xB signaling, thereby
reinforcing intestinal antioxidant and anti-inflammatory de-
fenses. The active compounds in tea also play a critical role

The Protective Role of Tea Consumption and Exercise Metabolites in
Preventing Cerebral Hemorrhage Risk and Enhancing Brain—Heart—-Gut Health
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FIGURE1 | The protective role of tea consumption and exercise metabolites in preventing cerebral hemorrhage risk and enhancing brain-heart-
gut health. (A) Cardiovascular protective effects of tea consumption and exercise: This section highlights the combined impact of tea consumption
and regular exercise on reducing the risk of cerebral hemorrhage. The figure shows how tea consumption and exercise help mitigate oxidative stress,
inflammation, vascular wall fragility, and metabolic disorders, which are risk factors for stroke. A combination of tea polyphenols and lactate from
exercise is shown as beneficial in preventing cerebral hemorrhage. (B) The mechanisms of action of active components in tea leaves: This part ex-
plains the role of the major categories of tea (green, white, yellow, oolong, black, and dark tea) and their active components, including theanine,
caffeine, and polyphenols. It outlines how these components work together to reduce free radicals, regulate neural conduction, relieve stress and
anxiety, and help reduce disease risk through anti-inflammatory pathways and improvements in energy metabolism. (C) The impact of tea on cere-
bral vascular health: This section illustrates the protective effects of tea on cerebral vascular health, specifically through its polyphenolic compounds.
Regular tea consumption, combined with exercise, enhances immune cell function, reduces the generation of free radicals, and promotes healthy
cerebrovascular function. This section emphasizes the direct effects of tea polyphenols on neurotransmitter regulation, cardiovascular health, and
overall health. (D) The regulation of the gut-brain axis by tea: The final part of the figure presents the interaction between tea and the gut-brain axis.
It shows how tea polyphenols, catechins, and gallic acid regulate gastrointestinal function, gut microbiota, and the blood-brain barrier. Tea enhances
the abundance of beneficial bacteria while inhibiting harmful bacterial growth, contributing to the alleviation of mental fatigue and improved brain

health.

in regulating obesity and metabolic syndrome. Green tea
extracts modulate gut microbiota in high-fat diet (HFD)-fed
mice, alleviating metabolic disorders and preventing obesity
(Hodgson et al. 2013). For example, green TPPs improve glu-
cose tolerance, reduce fatty liver, and enhance the abundance
of beneficial gut bacteria. They also mitigate HFD-induced
intestinal inflammation and barrier dysfunction, which has
systemic metabolic implications (Suzuki et al. 2012). Green
tea catechins additionally display broad antioxidant proper-
ties. Mechanistically, they induce antioxidant enzymes such
as superoxide dismutase (SOD), catalase (CAT), and glutathi-
one peroxidase (GPx), scavenge ROS, and inhibit lipid peroxi-
dation. Previous systematic reviews have reported that green
tea supplementation enhances total antioxidant capacity and
dose-dependently reduces lipid peroxidation markers such as
malondialdehyde (MDA). While some studies found no signif-
icant effect on total antioxidant capacity and MDA in type 2
diabetes patients, reductions in C-reactive protein (CRP) sug-
gest potential regulation of systemic inflammation. Moreover,
findings from published meta-analyses suggest significant as-
sociations between green tea supplementation and reductions
in body weight and body mass index (BMI), supporting its role
in weight management and functional food development.

2.1.1 | Tea Polyphenols

TPPs, including catechins, flavonoids, anthocyanins, and
phenolic acids, exert multifaceted antioxidative and anti-
inflammatory effects (Feng et al. 2024). EGCG, the most abun-
dant catechin, scavenges ROS, reduces lipid peroxidation, and
activates the Nrf2/ARE pathway (Xu et al. 2024). This induces
antioxidant enzymes such as SOD, CAT, HO-1, and NQO-1,
while suppressing inflammatory mediators including IL-1f,
TNF-a, and COX-2 (Mao et al. 2019). Flavonoids like quercetin
and kaempferol inhibit NF-xB signaling, reducing cytokine re-
lease, strengthening intestinal barrier integrity, and alleviat-
ing inflammation, including exercise-induced intestinal stress
(Long et al. 2023). TPPs also preserve mitochondrial function
by reversing ROS-induced damage, stabilizing membranes,
upregulating Bcl-2, and downregulating Cytc/caspase-3 sig-
naling, thereby supporting neuronal survival and immune

regulation (Jia et al. 2021). In the nervous system, polyphe-
nols enhance synaptic plasticity and cognition via BDNF and
CREB signaling, providing neuroprotection after cerebrovas-
cular injury (Rebas et al. 2020; Campos-Esparza and Torres-
Ramos 2010). In addition, they regulate bile acid metabolism
and reshape gut microbiota composition, thereby supporting
the gut-brain axis and reducing intestinal inflammation (Wu
et al. 2024). Different tea varieties display distinct polyphe-
nol profiles. Green tea extract (GTE), rich in EGCG, scavenges
ROS and inhibits lipid peroxidation, enhancing antioxidant
status in metabolic syndrome and obesity. In contrast, steeped
tea extracts (STE) and Pu-erh tea contain anthocyanins, fla-
vonoids, tannins, and TFs, which act synergistically to reduce
oxidative stress and strengthen endogenous antioxidant de-
fenses (Chen et al. 2024; Zhao et al. 2025). Clinical studies
further demonstrate that catechins promote fat oxidation,
prevent hepatic steatosis, improve insulin sensitivity, and al-
leviate NAFLD. Moreover, EGCG supplementation reduces
inflammation and fibrosis, lowering the risk of hepatocellular
carcinoma (Sojoodi et al. 2020). In summary, TPPs, particu-
larly EGCG, exert comprehensive protective effects by modu-
lating oxidative stress, inhibiting NF-xB signaling, preserving
mitochondrial and endothelial function, and regulating the
gut-brain axis. These mechanisms provide a strong molecular
basis for potential applications in the prevention and manage-
ment of cerebrovascular and metabolic diseases.

2.1.2 | Theanine and Caffeine

L-theanine, a non-protein amino acid abundant in tea, exerts
neuroprotective, anti-inflammatory, and gut-barrier regulatory
effects. It reduces IL-6 and NF-xB activation in LPS-induced
models while maintaining glutamate-GABA balance, thereby
preventing excitotoxicity (Chandrasekhar et al. 2017). In addi-
tion, L-theanine strengthens intestinal barrier integrity by up-
regulating tight junction proteins such as ZO-1 and claudin-1
and lowering circulating LPS, mitigating systemic inflamma-
tion (Wang et al. 2024). Pu-erh tea, rich in theanine derivatives,
further protects the blood-brain barrier and suppresses hip-
pocampal TLR4/MyD88/NF-xB signaling, alleviating stress-
induced neuroinflammation (Jeong et al. 2020). Caffeine,
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another major tea component, enhances energy metabolism,
promotes lipolysis, and supports vascular function. In high-fat
diet-induced NASH models, caffeine combined with EGCG im-
proves hepatic lipid accumulation, inflammation, and fibrosis.
Mechanistically, caffeine elevates adipose tissue cCAMP, stimu-
lating triglyceride hydrolysis and reducing fat storage. It also
limits endothelial-to-osteoblast transition and immune cell pro-
liferation, thereby preserving vascular integrity (Kakuda 2011).
When used together, L-theanine and caffeine impart beneficial
effects. While the former inhibits neurotransmission and pro-
motes gut barrier function, the latter enhances lipid metabolism
and vascular function. Collectively, they enhance tea’s broad
protective effects against neuroinflammation, metabolic disor-
ders and vascular dysfunction (Higdon and Frei 2003).

2.1.3 | Other Bioactive Compounds

Flavonoids such as kaempferol (KMP) represent another
important class of tea-derived bioactive compounds. KMP
exhibits antioxidant, anti-inflammatory, and antimicrobial
properties, and preclinical studies show it improves metabolic
health by reducing body and liver weight, lowering glucose and
cholesterol, and restoring gut microbiota diversity in HFD-fed
mice (Wang et al. 2020). KMP also reinforces intestinal bar-
rier integrity and suppresses TLR4/NF-xB signaling, while
increasing SCFA-producing or microbiota-associated bacte-
ria such as Butyrivibrio (Periferakis et al. 2022). TPS, another
significant group of bioactive compounds, reach the colon
largely intact and are metabolized into SCFAs. These me-
tabolites regulate gut homeostasis and systemic metabolism.
Flavonoids and TPS derivatives modulate lipid metabolism via
hormone-sensitive lipase, acetyl-CoA carboxylase, carnitine
acyltransferase, and peroxisome proliferator-activated recep-
tors (PPARs), enhancing lipid utilization and energy expendi-
ture (Mulvihill and Huff 2012). Experimental studies confirm
that anthocyanins, catechins, and TPS improve gut barrier
function, reduce oxidative stress, and alleviate inflammation
in models of HFD-induced or exercise-induced barrier disrup-
tion (Kung et al. 2020, 2022). Other tea compounds, including
theabrownins (TB) and YLGT from Pu-erh tea, also support
gut health by reducing fat accumulation and improving intes-
tinal pathology (Tian et al. 2024). Together, flavonoids, poly-
saccharides, and other tea-derived compounds act through
antioxidative, anti-inflammatory, and microbiota-modulating
pathways to enhance gut barrier integrity, reduce low-grade
inflammation, and support systemic metabolic and neurologi-
cal health (Dong et al. 2025).

2.2 | Effects of Tea on Cerebrovascular Health

Tea flavonoids confer cardiovascular and neuroprotective ben-
efits beyond their antioxidant and anti-inflammatory activities.
In vitro and animal studies suggest potential improvements in
vascular function and cognition, as well as attenuation of met-
abolic syndrome, allergies, asthma, and IBD. Clinical data in-
dicate that quercetin supplementation reduces systolic blood
pressure and inflammatory markers in patients with metabolic
syndrome, though optimal doses require validation in random-
ized controlled trials (Debnath et al. 2025).

2.21 | Tea and Improvement of Cerebrovascular
Hemodynamics

TPPs act synergistically with exercise-induced metabolic re-
sponses to enhance cardiovascular and cerebrovascular re-
silience (Table 1; Figure 2) (Ghosh et al. 2012). Habitual tea
consumption, particularly of flavan-3-ols and flavonols, is con-
sistently associated with reduced incidence of and mortality from
atherosclerotic cardiovascular diseases. Benefits are most pro-
nounced at 2-4 cups daily, while higher intake correlates with
reduced digestive disease mortality. These dose-dependent ef-
fects underscore tea's protective role in cardiovascular outcomes.

2.2.2 | Tea's Neurovascular Protective Effects
and Vascular Repair

TPPs enhance neuronal survival by preserving mitochon-
drial function, reducing neuroinflammation, and scaveng-
ing ROS (Figure 2) (Sandoval-Acuna et al. 2014). They cross
the blood-brain barrier, modulate neurotrophic factors such
as BDNF, and improve cognition (Qi et al. 2017). Advanced
delivery systems, including lipid nanoparticles, further im-
prove their bioavailability. In addition, polyphenols regulate
neurotransmitters such as dopamine, GABA, and glutamate,
mitigating neuroinflammation-related deficits and potentially
contributing to neurovascular protection (Nabavi et al. 2014).
In Alzheimer's disease and other protein misfolding disorders,
polyphenols inhibit toxic fibril formation, promote non-toxic
aggregates, and reduce membrane toxicity, inflammation, and
apoptosis. Quercetin protects diabetic cerebrovascular endo-
thelial cells via VCAM1 modulation, while tea-derived bioac-
tive compounds may support endothelial repair and vascular
homeostasis (Huang et al. 2022).

2.2.3 | Tea's Regulation of the Gut-Brain Axis

The human gut microbiota, dominated by Bacteroidetes and
Firmicutes, plays a central role in metabolic and immune ho-
meostasis (Yang et al. 2022). Dysbiosis promotes inflamma-
tion and contributes to systemic and neurological disorders,
whereas probiotics such as Lactobacillus and Bifidobacterium
generate SCFAs, enhance barrier integrity, and modulate ox-
idative stress (Westfall et al. 2017). Bidirectional communi-
cation between the gut and brain occurs through immune,
endocrine, and metabolic pathways. Microbial metabolites,
including SCFAs and neurotransmitter-related compounds, as
well as host factors such as brain-derived neurotrophic factor
(BDNF), play a crucial role in regulating cognition and behav-
ior (Liu et al. 2023). For example, butyrate has been shown
to enhance BDNF expression and facilitate memory consoli-
dation, whereas dysbiosis has been associated with various
mood and cognitive disorders. TPPs such as epicatechin (EC)
and EGCG modulate gut microbiota by suppressing patho-
gens and enriching beneficial species including Lactobacillus,
Bifidobacterium, and Akkermansia. These interactions en-
hance SCFA production, strengthen barrier integrity, and facil-
itate gut-brain communication, thereby exerting antioxidant,
anti-inflammatory, and neuroprotective effects. EGCG also

6 of 28

Food Science & Nutrition, 2026



J . Oxidative Stress

f.\ff;v\ Exercise o ” 2
(ol 2 @
[ S
«

Inflammatory Conditions Tea polyphenols

\ Ho,
ROS © Lysosome i / y

:’ 0, \ ) ARE

— Gut-brain axis

Nrf2 EpRE

Improved cardiovascular

and cerebral function

/7 \  Antioxidant T
Keap1
Enzyme
£
f |
0} &y : ‘ v
Autophagosome Free radicals O ¥
”y
Intestine

S > . Keap1-Nrf2
Modification Nrf2 > Kea p1 complex
“w" - dissociation
> ~

Keap1 -
; / \
ROS ~ ,ctvation . = Nrf2 ;w

Autophagosome \\,,
o Lysosome 5 4
EOO © o

Autophagy Activation p €2 Nuclear

Synergistically enhanced antioxidant
and anti-inflammatory effects

Translocation

o1
! on

O )- on "A
R
on -
-
> € o
Activation
Enhanced
N ) antioxidant
. 4 enzyme activity
P o
Before <
.
e ARt
e
D Improved Reduced
Synergistic antioxidant capacity » neuroinflammation
'\ anti-inflammatory Afte
| and antioxidant i -
effects e

FIGURE2 | Synergistic effects of tea polyphenols and exercise on oxidative stress, antioxidant capacity, and inflammatory responses. This figure

illustrates the synergistic effects of tea polyphenols and exercise in enhancing antioxidant capacity and reducing inflammation, particularly under

inflammatory conditions. Exercise-induced reactive oxygen species (ROS) activate the Nrf2-Keapl signaling pathway, leading to the upregulation

of antioxidant genes and the enhancement of antioxidant enzyme activity. Tea polyphenols may further strengthen these effects and promote au-
tophagy, during which autophagosomes fuse with lysosomes to remove cellular waste and reduce oxidative damage. The figure also highlights the
influence of this combination on the brain-gut axis, thereby improving both cardiovascular and cerebral function while exerting anti-inflammatory
and antioxidant effects in the brain and intestine. The before-and-after comparison shows reduced inflammatory markers, enhanced antioxidant
capacity, and attenuated inflammation, emphasizing the beneficial effects of the combined intervention of tea and exercise.

mitigates brain aging via antioxidant enzyme activation and
HPA-axis modulation, while its metabolites, including acetate,
propionate, and butyrate, further support energy metabolism
and immune regulation (Luo et al. 2022; Pervin et al. 2019). In
addition, polyphenols regulate neurotransmitter balance and
fatigue by enhancing energy metabolism. They also reshape
gut microbiota by suppressing harmful species and promoting
polyphenol-metabolizing bacteria, which in turn strengthens
gut barrier function and cerebrovascular resilience (Truyens
et al. 2024). When combined with exercise, TPPs enhance mi-
tochondrial biogenesis in perivascular cells, increase cerebral
blood flow, and promote neuroplasticity and cognition (Lang
et al. 2024). SCFAs contribute to gut and vascular health by
regulating immunity, reducing inflammation, and maintain-
ing BBB integrity. TPPs and polysaccharides enhance these
effects, preserving gut-brain axis function and cognitive
performance (Martin et al. 2018; Petra et al. 2015). Dysbiosis

compromises BBB integrity, but SCFAs and tea-derived phy-
tochemicals counteract this by reducing neuroinflamma-
tion (Hu et al. 2023). In summary, tea-derived polyphenols,
polysaccharides, and other bioactives exert multifaceted
cerebrovascular protection by improving hemodynamics, re-
ducing neuroinflammation, promoting vascular repair, and
regulating the gut-brain axis. These mechanisms complement
exercise-derived metabolites, setting the stage for synergistic
neurovascular protection discussed in the next section.

3 | Cerebrovascular Protection by Exercise
Metabolites

Physical exercise functions as a potent immunomodulator, pro-
tecting the body from pathogens and facilitating tissue repair
after injury. Skeletal muscle stress or damage triggers a delicate
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balance between pro- and anti-inflammatory responses, which
is essential for effective regeneration; prolonged or excessive
inflammation, however, impairs recovery and tissue homeo-
stasis (Dufresne et al. 2016). Nutritional and metabolite-based

strategies have therefore been proposed to enhance recovery
and optimize immune regulation. During exercise, circulating
leukocytes transiently increase as immune cells are mobilized
from lymphoid tissues, vessel walls, and the spleen (Figure 3)

The Effects of Tea Consumption and Exercise Metabolites on Cerebral Hemorrhage Risk Prevention
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FIGURE 3 | The synergistic effects of tea consumption and exercise metabolites in preventing cerebral hemorrhage risk and promoting cardio-
vascular health. (A) Cerebrovascular protective effects of exercise metabolites: This panel highlights the role of different exercise intensities, particu-
larly moderate and high-intensity exercise, in enhancing immune function and modulating cellular responses. It illustrates that moderate and high-
intensity exercise may induce mild muscle microdamage, which can trigger adaptive immune responses and cellular remodeling. Exercise-induced
metabolites, such as lactate, may further promote immune regulation and support vascular health. (B) Types and functions of exercise metabolites:
This section shows the relationship between exercise metabolites, such as lactate, short-chain fatty acids (SCFAs), 3-hydroxybutyrate, and inosine,
and tea components, particularly tea polyphenols, including catechins such as epigallocatechin gallate (EGCG). Together, these factors may support
the growth of beneficial gut bacteria, regulate oxidative stress, enhance metabolic function, and improve vascular health. It further illustrates how
these combinations may modulate pathways such as AMPK, reduce inflammation, and attenuate endothelial cell apoptosis, thereby improving vas-
cular function and reducing the risk of cerebrovascular injury. (C) Anti-inflammatory and antioxidative mechanisms of exercise metabolites: This
part highlights how physical exercise increases reactive oxygen species (ROS) production, thereby triggering antioxidant responses and modulating
inflammatory pathways. Exercise-induced antioxidant defenses help counteract oxidative stress and reduce the production of pro-inflammatory
cytokines, thereby limiting damage to lipids, DNA, and proteins while enhancing anti-inflammatory responses. (D) Vascular-stabilizing effects of
exercise metabolites: Long-term aerobic exercise is associated with a lower risk of cardiovascular disease, increased cardiac output, and improved
lipid metabolism. This section also emphasizes that exercise helps reduce visceral fat and maintain metabolic homeostasis, thereby supporting vas-
cular stability and overall cardiovascular health. (E) Synergistic effects of green tea and exercise: This section illustrates how drinking green tea in
combination with exercise may enhance antioxidant and anti-inflammatory activities. The interaction of tea polyphenols with exercise-induced sig-
naling and antioxidant enzymes may help reduce oxidative damage, regulate the gut microbiota, and lower the risk of cerebrovascular dysfunction,

thereby contributing to improved vascular health.

(Adams et al. 2011). Moderate exercise strengthens immune
function by improving antigen recognition, presentation, and
effector responses, thereby reducing infection severity and short-
ening recovery time (Simpson et al. 2015). Conversely, prolonged
or high-intensity exercise, such as marathon running, can sup-
press immunity, decreasing the numbers or activity of T cells,
NK cells, neutrophils, and salivary IgA, thus illustrating the
dual immunomodulatory effects of exercise. Exercise-induced
muscle microtrauma provokes an inflammatory cascade that
activates satellite cells and stimulates new muscle fiber forma-
tion (Bazgir et al. 2017). While critical for regeneration, excessive
microtrauma or sustained inflammation limits performance and
delays recovery. Consequently, approaches that attenuate inflam-
mation or accelerate recovery through metabolites or nutrition
may amplify the adaptive benefits of exercise (Chazaud 2016).
Polyphenolic compounds, abundant in tea and other plant-
derived foods, have gained attention for their immunometabolic
and antioxidant effects. Although their role in post-exercise mus-
cle recovery remains under investigation, mounting evidence
suggests they interact with exercise-induced metabolites to syn-
ergistically enhance vascular and neuroprotective functions.

3.1 | Effects of Exercise Metabolites on Brain
Vasculature

Exercise not only strengthens muscle performance but also
induces systemic metabolic and immune adaptations that re-
store homeostasis and reinforce vascular resilience (Figure 3)
(Ashcroft et al. 2024; Qiu et al. 2023). A variety of metabolites
produced during physical activity, including lactate, SCFAs, 3-
hydroxybutyrate (BHB), and myo-inositol, serve dual roles as
both energy substrates and signaling molecules. Collectively,
these metabolites regulate oxidative stress, immune balance,
mitochondrial activity, and vascular stability (Table 2) (Jang
et al. 2023). Regular, moderate-intensity exercise amplifies their
production, thereby improving metabolic efficiency, enhancing
antioxidant defenses, and supporting long-term cerebrovascular
health (Yang and Kwon 2020; Shi et al. 2025).

3.1.1 | Brain Vascular Protection of Lactate

Lactate, a hallmark product of anaerobic glycolysis, acts not
only as an energy substrate but also as a signaling molecule in-
fluencing vascular and metabolic health. Lactic acid can also
regulate the expression of related genes by inducing a novel
epigenetic modification called lactylation, thereby influencing
inflammatory responses, metabolic reprogramming, and vas-
cular homeostasis (Tang et al. 2025). By activating the AMPK
pathway, lactate alleviates oxidative stress, enhances endothe-
lial resilience, and supports cerebrovascular protection (Huang
etal. 2021). Exercise-induced lactate also promotes the growth of
SCFA-producing gut bacteria, linking muscular activity to gut-
derived metabolic benefits and further reducing cerebrovascular
risk through the gut-brain axis (Figure 4) (Huang et al. 2021).
Excessive lactate accumulation during intense exercise con-
tributes to fatigue; therefore, enhancing lactate clearance, often
monitored by lactate dehydrogenase (LDH) activity, is critical
for recovery (Lee et al. 2023). Experimental evidence shows
that TPPs and wolfberry extract enhance LDH activity, accel-
erate lactate metabolism, and lower circulating lactate levels,
thereby improving performance and recovery (Bi et al. 2023).
Beyond these effects, lactate protects mitochondria and main-
tains energy balance via AMPK-SIRT1 signaling, while SCFA/
GPR41/43 activation further optimizes lipid and glucose metab-
olism. Together, these pathways contribute to vascular resilience
and muscle repair (Fang et al. 2018; Bongiovanni et al. 2021).

3.1.2 | Brain Vascular Protection by Short-Chain
Fatty Acids

SCFAs, primarily acetate, propionate, and butyrate, are pro-
duced by microbial fermentation of dietary polysaccharides
(Kasubuchi et al. 2015). Although SCFAs are classically regarded
as gut microbiota-derived metabolites, accumulating evidence
indicates that physical exercise modulates SCFA production in-
directly by reshaping gut microbial composition and metabolic
activity, thereby linking these metabolites to exercise-responsive
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TABLE 2 | Classification and cerebrovascular protective functions of exercise-related metabolites and signaling mediators.

Metabolite Core mechanism Target/pathway Cerebrovascular protective effects
Lactate Activates AMPXK signaling, AMPK, NAD+/SIRT1 Improves vascular function,
reduces ROS, promotes reduces oxidative stress
endothelial repair
SCFAs Inhibit inflammation via GPR41/GPR43, Reduces systemic inflammation,
GPR41/GPR43 and enhance HDAC inhibition improves cerebrovascular health

gut barrier function

Enhances antioxidant
enzyme activity, inhibits
endothelial apoptosis

-Hydroxybutyrate

Enhances mitochondrial
function and ATP production

Inosine

Reactive oxygen Activates Nrf2/ARE pathway,

species (ROS) enhances antioxidant
enzyme expression
Nitric oxide (NO) Improves vasodilation
via eNOS/NO pathway

SIRT1 and antioxidant
enzymes, including
SOD and CAT

Mitochondrial respiratory

chain, ATP synthase

Nrf2/ARE, NF-xB

eNOS/NO, cGMP

Reduces oxidative stress and
protects endothelial integrity

Supports cerebrovascular
energy metabolism and may
reduce vascular fragility

Moderate ROS triggers adaptive
antioxidant responses and may
reduce oxidative damage

Enhances vascular elasticity and
supports blood pressure regulation

Note: Key exercise-induced metabolites, including lactate, SCFAs, $-hydroxybutyrate, Myo-inositol, ROS, and NO, collectively support cerebrovascular health by
improving vascular function, reducing oxidative stress, maintaining endothelial integrity, and modulating inflammation.

Abbreviations: AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; BHB, $-hydroxybutyrate; CAT, catalase; cGMP, cyclic guanosine monophosphate;
eNOS, endothelial nitric oxide synthase; GPR41/GPR43, G protein-coupled receptors 41/43; HDAC, histone deacetylase; NAD+, nicotinamide adenine dinucleotide;
NF-xB, nuclear factor kappa B; NO, nitric oxide; Nrf2/ARE, nuclear factor erythroid 2-related factor 2/antioxidant response element; ROS, reactive oxygen species;

SCFAs, short-chain fatty acids; SIRT1, sirtuin 1; SOD, superoxide dismutase.

metabolic pathways relevant to brain vascular health (Cullen
et al. 2023). While Lactobacillus and Bifidobacterium are recog-
nized contributors to SCFA biosynthesis in the gut, recent studies
emphasize that exercise-induced alterations in microbial diversity
and substrate utilization significantly enhance circulating SCFA
availability, which in turn affects systemic and cerebrovascular
function. Their typical ratio is approximately 60:20:20, with propi-
onate and butyrate exerting the strongest anti-inflammatory and
barrier-protective effects (Liu et al. 2021). Individuals adhering
to WHO dietary and activity guidelines display higher microbial
diversity and greater SCFA production compared with sedentary
individuals. Furthermore, exercise-associated increases in SCFA
levels have been shown to attenuate endothelial inflammation,
suppress pro-inflammatory cytokine release, and enhance cere-
brovascular resilience, suggesting that SCFAs function as down-
stream mediators of exercise-induced vascular protection rather
than independent microbial by-products. Acetate promotes IgA
secretion through GPR43, whereas butyrate inhibits HDAC ac-
tivity to enhance Foxp3+ Treg differentiation while strengthen-
ing the integrity of the epithelial barrier (Xu et al. 2018). Beyond
immunity, SCFAs function as signaling molecules that modulate
glucose and lipid metabolism across colon, liver, and brain tissues
(Table 2). Propionate contributes to hepatic gluconeogenesis and
insulin sensitivity, while butyrate supports mitochondrial me-
tabolism and upregulates BDNF, promoting neurogenesis and
memory (Yu et al. 2020; Weitkunat et al. 2016). Through these
mechanisms, exercise-modulated SCFA signaling indirectly sup-
ports cerebrovascular homeostasis and neurovascular coupling.
Synergistically, TPS and polyphenols further potentiate exercise-
related increases in butyrate production, suppressing ROS and
NF-xB-mediated inflammation while reinforcing intestinal
barrier function (Shen et al. 2023; Ghosh et al. 2021). Pu-erh tea

further remodels the gut microbiota, increasing acetate and propi-
onate, thereby conferring anti-inflammatory and neuroprotective
benefits. Although SCFAs reach the brain at relatively low con-
centrations, their exercise-responsive systemic actions contribute
substantially to cerebrovascular protection via gut-brain axis sig-
naling and neurotrophic support.

3.1.3 | Brain Vascular Protection by f-Hydroxybutyrate

BHB, a key ketone body elevated during exercise, exerts strong
cerebrovascular protective effects (Li, Qiu, et al. 2025). Unlike
lactate and SCFAs, which primarily act through gut microbiota
and AMPK pathways, BHB directly enhances endogenous anti-
oxidant defenses by increasing SOD and CAT activity, inhibiting
endothelial apoptosis, and maintaining vascular integrity. In the
brain, BHB serves as both an energy substrate and a signaling
molecule, improving mitochondrial efficiency, up-regulating
BDNF, modulating neurotransmitters such as serotonin, and
attenuating neuroinflammation (Lima Giacobbo et al. 2019).
These properties make BHB a potent complement to lactate and
SCFAs, adding a distinct layer of cerebrovascular protection.

3.1.4 | Brain Vascular Protection by Myo-Inositol

Myo-inositol, another exercise-derived metabolite, contributes
to cerebrovascular protection by enhancing mitochondrial
function and ATP production, thereby reducing vascular fra-
gility and risk of rupture. Moderate exercise-induced ROS also
activate endogenous antioxidant defenses, but excessive ROS
may drive NF-xB-mediated inflammation and vascular injury
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FIGURE 4 | Synergistic effects of tea polyphenols and exercise on gut microbiota, antioxidant pathways, vascular function, and cognitive health.

(A) Regulation of gut microbiota: Tea polyphenols promote beneficial bacteria, such as Lactobacillus and Bifidobacterium, and SCFA production.

(B) Activation of antioxidant and anti-inflammatory pathways: Tea and exercise may activate Nrf2-related signaling, enhancing antioxidant defens-

es. (C) Stabilization of vascular function: SCFAs and exercise metabolites support endothelial integrity. (D) Neuroendocrine and cognitive benefits:

Their synergistic effects may support neuronal repair and cognitive function.

(Gomez-Cabrera et al. 2008; Chen et al. 2018). In this context,
TPPs, and especially EGCG, can work in synergy by scaveng-
ing free radical species, stabilizing mitochondria, and inhibiting
matrix metalloproteinases, thereby helping to preserve vascular
function (Tipoe et al. 2007). Collectively, lactate, SCFAs, BHB,
and myo-inositol extend the protective effects of exercise beyond
energy metabolism, conferring systemic vascular and neuropro-
tective benefits. Their actions converge with TPPs to strengthen
mitochondrial function, redox homeostasis, and cerebrovascu-
lar integrity (Figure 2) (Nobari et al. 2021).

3.2 | Mechanisms of Exercise Metabolites in Brain
Vascular Protection

3.2.1 | Anti-Inflammatory and Antioxidant
Mechanisms of Exercise Metabolites

Exercise inevitably elevates the production of ROS. While
moderate exercise activates adaptive antioxidant defenses by
upregulating GPx and glutathione reductase (GR), thereby

reducing inflammation, excessive or prolonged intensity can
disrupt redox balance and lead to tissue injury (Done and
Traustadéttir 2016). ROS function as signaling molecules reg-
ulating growth and apoptosis, but uncontrolled accumulation
damages proteins, lipids, and DNA, driving cancer, cardio-
vascular, and neurodegenerative diseases (Kruk et al. 2019).
Diet also modulates redox responses. The Mediterranean diet,
enriched in MUFAs, polyphenols, and n-3 PUFAs, improves
insulin sensitivity, suppresses cytokines, reduces adipose ox-
idative stress, and increases SCFA production, thereby rein-
forcing gut-brain axis function (Haro et al. 2016). Exercise
and TPPs act synergistically to maintain redox balance.
Both activate the Nrf2/ARE pathway and suppress NF-xB,
enhancing antioxidant enzyme activity (SOD, GPx), stabi-
lizing endothelial function, and reducing the risk of related
diseases (Figure 4). Tea and its active components, such as
catechins, anthocyanins, and polyphenols, can enhance mi-
tochondrial efficiency. Meanwhile, the metabolic products
generated by exercise (such as lactic acid and short-chain fatty
acids) can inhibit TNF-a and IL-6, thereby jointly reducing
brain vascular damage (Haghighatdoost and Hariri 2019;
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Rojano-Ortega 2021; Liu et al. 2025). The hormetic interaction
between ROS and nitric oxide (NO) in the endothelium may
explain a wider range of benefits. Intermediate concentrations
of ROS enhance the bioavailability of NO and promote vas-
cular adaptation, whilst high concentrations of ROS can gen-
erate peroxynitrite and eliminate NO's hormetic effects or its
further downstream protective effects. Regular moderate ex-
ercise thus reduces the incidence of ROS-related disorders, in-
cluding cardiovascular diseases, stroke, Alzheimer's disease,
diabetes, and certain types of cancer (Campbell et al. 2019;
Quan et al. 2020; Liu et al. 2024).

3.2.2 | The Vascular Stabilizing Effects of Exercise
Metabolites

Chroniclow-grade inflammation underlies many cardiovascular
diseases, including atherosclerosis, NAFLD, hypertension, and
type 2 diabetes (Cifuentes et al. 2025). Dysregulated interactions
between metabolic tissues and immune cells, exacerbated by
gut dysbiosis, further promote systemic inflammation through
PRRsrecognizing LPS and other pathogen-associated molecules
(Belizario et al. 2018). Among microbial metabolites, trimethyl-
amine N-oxide (TMAO) has emerged as a pathogenic mediator
of vascular injury. By activating NF-xB, inflammasomes, and
oxidative stress, TMAO accelerates atherosclerosis and increases
stroke and CAD risk. Elevated TMAO levels correlate strongly
with adverse cardiovascular outcomes, making it a biomarker
of vascular risk. Similarly, phenylacetylglutamine (PAGIn)
promotes adrenergic receptor-mediated thrombogenesis, serv-
ing as both a diagnostic marker and predictor of 3-blocker re-
sponsiveness (Krishnamoorthy et al. 2024). Protective factors
counterbalance these risks. Plant-derived polyphenols regulate
microbiome-bile acid metabolism, improving lipid homeostasis
and suppressing inflammation, thereby reducing diet-induced
cerebrovascular injury (Jiang et al. 2025). Exercise further en-
hances vascular stability by improving cardiac output, endothe-
lial function, and vascular elasticity, while lowering visceral fat
and optimizing lipid profiles. Through antioxidant effects, ex-
ercise reduces vascular oxidative stress, preserves endothelial
integrity, and promotes vasodilation. Notably, exercise remodels
the gut microbiome, enriching Bifidobacterium and Lactobacillus
while reducing pro-inflammatory species. This promotes SCFA
production, particularly butyrate, which strengthens the intesti-
nal barrier, attenuates inflammation, and prevents cerebrovas-
cular lesions. Circulating miR-210 has also been identified as a
biomarker of cerebrovascular oxidative stress, offering diagnos-
tic value for monitoring exercise-mediated vascular protection
(Bei et al. 2024). Together, exercise metabolites enhance vascular
resilience by regulating oxidative stress, immune responses, and
microbiota composition. These effects not only protect against
cerebrovascular injury but also complement the actions of TPPs,
laying the groundwork for synergistic neurovascular protection
discussed in the following section. Although exercise metabo-
lites are rarely examined in ICH-specific models, convergent
evidence supports their relevance to hemorrhagic vulnerability
through shared neurovascular mechanisms. Exercise-derived
metabolites enhance endothelial and mitochondrial function,
suppress inflammation, and preserve blood-brain barrier in-
tegrity, thereby indirectly stabilizing cerebral small vessels and
potentially reducing hemorrhagic vulnerability.

4 | Mechanistic Basis of Tea Polyphenols and
Exercise in Brain Vascular Protection

The synergy between TPPs and exercise is framed within an
integrated perspective encompassing mechanistic, pheno-
typic, and temporal dimensions. Mechanistically, both inter-
ventions converge on key neurovascular pathways, including
Nrf2-ARE-mediated antioxidant defense, suppression of NF-
xB-driven inflammation, enhancement of eNOS/NO bioavail-
ability, preservation of mitochondrial function, maintenance
of tight-junction integrity, and stabilization of the microvas-
culature. Although exercise and TPPs act through distinct up-
stream stimuli, their coordinated regulation of these shared
targets supports endothelial function, blood-brain barrier
integrity, and cerebral perfusion. At the phenotypic level,
combined interventions consistently demonstrate greater im-
provements than either intervention alone in oxidative stress
and inflammatory markers, endothelial-dependent vasodila-
tion, metabolic regulation, blood-brain barrier integrity, and
resistance to microvascular injury, particularly under condi-
tions of metabolic stress and aging. In addition, a temporal
dimension of synergy is evident, whereby regular exercise es-
tablishes an adaptive physiological and microbial milieu that
enhances the efficacy and durability of polyphenol-mediated
effects, while sustained polyphenol intake facilitates recov-
ery and adaptive remodeling following exercise-induced oxi-
dative or inflammatory challenges. Together, this integrated
framework provides a coherent basis for interpreting the syn-
ergistic neurovascular benefits of TPPs and exercise discussed
throughout this chapter.

4.1 | Synergistic Mechanisms of Tea Polyphenols
and Exercise in Neurovascular Protection

4.1.1 | Synergistic Regulation of Oxidative Stress by Tea
Polyphenols and Exercise

Controlled ROS production and inflammatory responses are
fundamental protective mechanisms, eliminating pathogens
and initiating tissue repair (Weavers et al. 2019). However, ex-
cessive or persistent ROS production disrupts cellular homeo-
stasis, damages proteins, lipids, and DNA, and promotes chronic
inflammation and metabolic dysfunction (Fan et al. 2019;
Milkovic et al. 2019). Under pathological conditions, such as
hyperglycemia, ROS accumulation further impairs endogenous
antioxidant defenses (Sun et al. 2020). Nrf2 serves as a master
regulator of redox homeostasis. Moderate activation of Nrf2 en-
hances antioxidant capacity, whereas overwhelming stress may
compromise adaptive responses (Dai et al. 2024). Exercise and
polyphenolic compounds activate Nrf2 via distinct yet conver-
gent molecular triggers. Exercise-induced transient ROS and
redox-active TPPs can modulate cysteine residues on KEAPI,
facilitating Nrf2 dissociation and transcriptional activation
of antioxidant genes (Andrés et al. 2024). Importantly, pheno-
typic evidence from both animal and human studies supports
the notion that combined interventions can exceed the effects
of single-component interventions. In rats, treadmill running
combined with curcumin supplementation significantly up-
regulated Nrf2 protein levels beyond either intervention alone
(Sahin et al. 2021). In humans, polyphenol-rich tart cherry juice
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consumed during exercise modulated oxidative stress markers,
suggesting potential translational relevance. Plant-derived poly-
phenols, including tea polyphenols and extracts from Rutaceae
fruits, enhance endogenous antioxidant defenses, mitigating
exercise-induced oxidative injury. Rodent studies show in-
creased serum SOD activity and decreased LDH levels follow-
ing tea polyphenol supplementation during exhaustive exercise
(Bi et al. 2023; Berilli et al. 2022; Yang et al. 2020). Moderate
exercise itself promotes cardiovascular and neuromuscular ad-
aptation and upregulates antioxidant systems, whereas high-
intensity or unaccustomed exercise may induce mitochondrial
stress, membrane damage, and excessive ROS production (Da
Rocha et al. 2019; StoZer et al. 2020). Polyphenols counter-
act these effects by limiting oxidative damage and supporting
post-exercise recovery (D'Angelo 2019; Gongalves et al. 2022).
Combined interventions of exercise with polyphenols further
reinforce antioxidant defenses. GTE supplementation alongside
exercise reduces hepatic lipid accumulation and promotes mito-
chondrial biogenesis in non-alcoholic fatty liver disease models
(Sun et al. 2022). Catechins in GTE, including EGCG, ECG, CG,
and GCG, exhibit cooperative antioxidant activity (Colon and
Nerin 2012). Co-administration of EGCG with curcumin, vita-
min C, quercetin, folic acid, or Osmanthus extracts enhances
absorption and metabolic regulation (Pandit et al. 2019; Xie
et al. 2022; Mao et al. 2017). These multi-component interven-
tions synergistically enhance enzymatic (SOD, CAT, GPx) and
non-enzymatic (vitamins C and E, glutathione) antioxidant de-
fenses via the Nrf2-ARE pathway, promoting lipid oxidation,
energy utilization, and protection against metabolic syndrome
(Malaguti et al. 2013; Esmaeilpanah et al. 2021). Long-term in-
tegration of tea polyphenol intake with regular exercise further
illustrates temporal synergy, whereby exercise-induced adap-
tive priming enhances the durability of polyphenol-mediated
antioxidant responses, contributing to improved mitochondrial
function, endurance capacity, and healthy aging (Figure 5)
(Derbyshire et al. 2021; Hoseini et al. 2016).

4.1.2 | Synergistic Anti-Inflammatory Effects of Tea
Polyphenols and Exercise

Clinical studies provide phenotypic evidence of synergy, as com-
bined interventions reduce inflammatory markers to a greater
extent than exercise alone. This effect is partly mediated by
convergent suppression of NF-xB signaling. Oxidative stress
impairs endothelial NO bioavailability and exacerbates vas-
cular inflammation, whereas combined tea polyphenol intake
and exercise reduce ROS generation, inhibit NF-xB activation,
and downregulate pro-inflammatory mediators such as IL-13,
TNF-a, and COX-2 (Hussain et al. 2016). Compared with TPS
or pigments, total TPPs exhibit stronger anti-inflammatory
efficacy, protecting mitochondrial integrity and preventing
ROS-induced apoptosis via modulation of Bcl-2 and caspase-3
pathways (Wei et al. 2023). Novel enzyme-treated green tea ex-
tracts (YLGT) additionally modulate gut microbiota, enhance
SCFA production, activate FFAR2/3, and suppress TLR4/NF-
xB signaling, restoring gut barrier integrity (Tian et al. 2024).
EGCG inhibits intestinal and systemic inflammation by sup-
pressing NF-xB, MAPK, and NLRP3 inflammasome activa-
tion, reducing cytokine release, and preserving tight junction
integrity (Byun et al. 2018). Polyphenols from lychee, thyme,

and Pu-erh tea similarly inhibit TLR4-mediated NF-xB signal-
ing and promote SCFA-mediated epithelial repair, while also
modulating the gut-brain axis to attenuate blood-brain barrier
(BBB) disruption and neuroinflammation (Hu et al. 2023). In
addition, exercise-derived metabolites such as lactate contribute
to temporal synergy by maintaining endothelial and BBB integ-
rity during inflammatory stress, thereby prolonging and am-
plifying the anti-inflammatory effects of TPPs (Liu et al. 2017).
Exercise combined with polyphenols or other bioactive extracts,
such as aloe or matcha, may enhance NX cell activity, reduce
IL-1B, IL-6, and TNF-a, and improve glucose and lipid metab-
olism more effectively than exercise alone (Serrano et al. 2018).
Collectively, these findings demonstrate that TPPs and exercise
synergistically suppress inflammatory signaling, limit adi-
pose tissue inflammation, and improve metabolic homeostasis
(Farhan 2023; Joo et al. 2012).

4.1.3 | Synergistic Modulation of the Gut-Brain Axis by
Tea Polyphenols and Exercise

The gut microbiota plays a pivotal role in brain health, and its
dysregulation has been implicated in neurodevelopmental and
neurodegenerative disorders (Yahya Alkinani and Westwood
Clini 2024). For instance, Klebsiella overgrowth in preterm in-
fants predicts brain injury and elicits pro-inflammatory immune
responses. Exercise positively influences microbial composition
and function (Zheng et al. 2025). Specifically, aerobic training en-
hances the abundance of Bifidobacterium and improves microbial
diversity, whereas resistance training enriches butyrate-producing
taxa, such as Faecalibacterium and Lachnospiraceae, thereby in-
creasing SCFA production (Barzak et al. 2022). These adaptations
support intestinal barrier integrity, anti-inflammatory signaling,
and energy metabolism. TPPs, particularly EGCG, synergize with
exercise by selectively promoting SCFA-producing bacteria, in-
cluding Akkermansia, Lactobacillus, and Bifidobacterium, thereby
reinforcing tight junctions and maintaining barrier function
(Truong and Jeong 2022; Tang 2023). Polyphenol-rich teas, such
as green, black, and enzyme-treated varieties, counteract dysbi-
osis induced by high-fat diets or colitis, suppressing pathogenic
genera like Desulfovibrio, Escherichia, and Clostridium while en-
riching beneficial taxa such as A. muciniphila, Allobaculum, and
Muribaculaceae (Xu 2024; Gao et al. 2020). Mechanistically, SCFAs
serve as enterocyte energy substrates, inhibit histone deacetylases,
and modulate TLR4/NF-xB signaling, thereby reducing pro-
inflammatory cytokine production (Tang 2023). The gut-brain
axis represents a convergent biological interface through which
TPPs and exercise exert synergistic effects. Exercise primarily en-
hances microbial diversity and SCFA availability, whereas TPPs
selectively enrich SCFA-producing taxa and suppress pathobionts.
Together, these interventions generate phenotypic synergy, re-
flected by improved intestinal barrier integrity, reduced systemic
inflammation, and preserved BBB function (Parada Venegas
et al. 2019; Xu 2024; Seki et al. 2021). These outcomes exceed
those typically observed with either intervention alone. SCFAs
and polyphenol metabolites may influence the brain directly or
indirectly through blood-brain barrier-related and systemic sig-
naling mechanisms, mitigating neuroinflammation, preserving
neuronal function, and supporting cognitive processes such as
memory, attention, and learning. In parallel, TPPs directly inhibit
TLR4/NF-xB and MAPK pathways while activating Nrf2/ARE,
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enhancing antioxidant defenses (Parada Venegas et al. 2019; Kim
et al. 2014). Beyond neuroprotection, the combined intervention
improves lipid and glucose metabolism, promotes M2 macrophage
polarization, and reduces oxidative stress, collectively supporting

systemic and gut-brain health (Hong et al. 2022). Taken together,
these findings highlight the gut-brain axis as a convergent target
of dietary and lifestyle interventions, underscoring the therapeutic
potential of integrating tea consumption with regular exercise to
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FIGURE 5 | Synergistic effects of tea consumption and exercise on metabolic health, neurological diseases, and long-term health outcomes. (A)
Personalized dietary and exercise interventions: This panel outlines the synergistic effects of drinking tea and engaging in exercise on various health
outcomes. The Mediterranean diet pyramid highlights the importance of a balanced diet, with an emphasis on tea rich in catechins, theanine, and
other polyphenols, and regular physical exercise. These lifestyle factors improve insulin sensitivity, regulate appetite, maintain glucose and lipid
metabolism, and modulate neuroinflammation, benefiting overall gastrointestinal and brain health. (B) Long-term effects and clinical translation:
This panel details the effects of tea consumption, particularly EGCG, and exercise on metabolic processes and health conditions. It shows how EGCG
influences fat oxidation, metabolism, and blood sugar levels, while regulating inflammatory markers like TNF-a and IL-6. The figure also demon-
strates how these interventions benefit specific populations, such as those with obesity, diabetes, cardiovascular diseases, and dementia, as well as
improving exercise endurance and brain health. Postpartum metabolism is also addressed, with a focus on the positive effects on insulin regulation.
(C) Impact of tea and exercise on neurological diseases: This section highlights the neuroprotective benefits of tea and exercise. It shows how tea com-
pounds, including EGCG, other catechins, and theanine, reduce free radicals, enhance antioxidant capacity, and promote brain health by inhibiting
a-synuclein filament formation and reducing amyloid 8 (A8) deposition. Additionally, these compounds help regulate neurotransmitter release and

protect neuronal health, offering potential supportive benefits for neurological diseases such as Parkinson's and Alzheimer's.

optimize cognitive resilience and metabolic homeostasis (Stevens
and Maier 2016; Jayatunga et al. 2022).

4.2 | Synergistic Improvements in Cerebral Blood
Flow and Vascular Function

TPPs and exercise metabolites exert mechanistically convergent
yet functionally complementary effects on cerebral blood flow and
vascular function (Table 3). TPPs reduce platelet aggregation, pro-
mote endothelial repair, and enhance vascular elasticity, thereby
increasing resistance to hemodynamic stress. Concurrently,
exercise-derived metabolites such as lactate activate endothelial
nitric oxide synthase (eNOS), elevating NO production and pro-
moting vasodilation (Siamwala et al. 2013). Notably, combined
interventions outperform single treatments by improving vas-
cular barrier integrity, reducing ischemic injury, and potentially
reducing microvascular fragility and hemorrhagic vulnerability.
Machine learning-based analyses further support the association
with these cardiovascular benefits, including enhanced lipid regu-
lation, vascular remodeling, and cardiac performance. Aging and
hypoxia exacerbate vascular dysfunction through elevated oxida-
tive stress and impaired repair mechanisms. In this context, TPPs,
particularly EGCG, restore endothelial function by enhancing NO
synthesis, reducing MDA accumulation, and activating antioxidant
enzymes such as SOD and GPx (Arabzadeh et al. 2022). Exercise
complements these effects by improving cardiac output, modulat-
ing the Bax/Bcl-2 ratio, and attenuating cardiomyocyte apoptosis.
Animal studies show that aerobic training down-regulates HIF-1ot
via FIH-1 and sirtuin activation, thereby alleviating hypoxia-
induced cardiac injury. When combined, tea and exercise syn-
ergistically reduce caspase-3 and Bax expression, increase Bcl-2
levels, and strengthen vascular and myocardial resilience against
oxidative stress and apoptosis. Beyond vascular protection, TPPs
and exercise jointly improve metabolic health. EGCG enhances
insulin sensitivity, suppresses hepatic fat accumulation, and in-
hibits adipogenesis, whereas exercise promotes fatty acid oxida-
tion and glucose utilization. Their combination markedly lowers
fasting glucose, insulin, and lipid levels, emphasizing a protective
role against metabolic syndrome (Sae-Tan et al. 2014). In metabolic
disease models, EGCG reduces systemic inflammation via TNF-a
and IL-6 suppression, while exercise metabolites activate AMPK
signaling to limit visceral fat accumulation. The MMP-9/TIMP-1
axis has been identified as a potential molecular mediator of these
effects, and certain traditional Chinese medicine formulas, such

as Si Miao Wan, demonstrate comparable synergy with exercise
by enhancing SCFA production and lowering blood pressure (Jin
et al. 2023). In conclusion, TPPs and exercise synergistically en-
hance vascular function, mitigate oxidative stress, and improve
metabolic homeostasis. Their combined effects on endothelial
repair, redox balance, and inflammatory regulation may help
reduce vulnerability to stroke, atherosclerosis, and cerebral hem-
orrhage, while also alleviating systemic metabolic dysfunctions
such as NAFLD. This integrated strategy represents a promising
avenue for cardiovascular protection and the prevention of cere-
brovascular complications (Liu, De Bruijn, et al. 2020; Edward and
Cornwell 2022). Although direct evidence in ICH models remains
limited, the convergence of effects on BBB integrity, endothelial
repair, redox balance, and inflammatory regulation supports a
plausible synergistic protective role against cerebrovascular fragil-
ity and spontaneous ICH.

5 | Potential Mechanism Model

5.1 | Regulation of Gut Microbiota
and Metabolites by Tea Consumption and Exercise

The gut microbiota represents a central upstream regulatory hub
through which tea consumption and exercise exert coordinated
neurovascular effects. Rather than acting through isolated biolog-
ical pathways, these lifestyle interventions reshape microbial ecol-
ogy and metabolic output in a complementary manner, thereby
influencing systemic inflammation, metabolic homeostasis, and
brain vascular health (Table 3) (Yang et al. 2024). TPPs predom-
inantly exert selective pressure on microbial composition and
intestinal barrier integrity, whereas exercise primarily enhances
microbial diversity and metabolic activity. Together, these effects
converge to optimize the production of gut-derived metabolites,
particularly SCFAs, while limiting endotoxin translocation. The
coordinated remodeling of gut microbiota contributes to reduced
systemic inflammatory tone, improved lipid and glucose metab-
olism, and enhanced energy utilization. Over time, combined tea
consumption and regular exercise synergistically decrease ab-
dominal adiposity, improve lipid profiles, and enhance skeletal
muscle endurance (Angelina Faraldo Corréa et al. 2021; Liu, Luo,
et al. 2020). Beyond metabolic regulation, gut microbiota-derived
signals also support the gut-brain axis by modulating immune,
endocrine, and neural communication. This integrated microbial-
metabolic framework provides a foundational mechanism linking
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TABLE 3 | Core integrated mechanistic framework of tea polyphenols and exercise in neurovascular protection.
Mechanistic Synergistic actions of System-level
domain Key pathways/targets tea and exercise outcomes
Antioxidant & Nrf2/Keapl, TLR4/ Moderate exercise-induced Reduced oxidative
anti-inflammatory MyD88/NF-xB ROS promotes Nrf2 nuclear stress and systemic/
regulation translocation, while EGCG enhances neuroinflammation

Gut microbiota—
metabolite axis

Vascular structure
and function

Metabolic
reprogramming

Neurocognitive
protection

Microbiota-immune

SCFAs, GPR41/43, Z0-1/
occludin/claudin-1

eNOS/NO/cGMP, MMP-9-related
extracellular matrix remodeling

AMPK/SIRT1, PGC-1«,
mitochondrial biogenesis

BDNF, BBB integrity,
neuroinflammatory signaling

7Z0-1, occludin, claudin-1, LPS

antioxidant enzyme activity; jointly
suppress TLR4/MyD88/NF-xB
signaling and may promote anti-
inflammatory cytokine responses

Tea polyphenols promotes the
growth of beneficial taxa such as
Akkermansia and Bifidobacterium;
exercise increases SCFA production
and reduces LPS translocation

EGCG preserves endothelial
mitochondrial function, while
exercise enhances shear stress—
induced eNOS phosphorylation;
jointly inhibit MMP-9 activity

Exercise activates AMPK-driven

fatty acid oxidation; EGCG may

improve insulin sensitivity and
support mitochondrial homeostasis

Tea polyphenols upregulate
neurotrophic factors, while exercise
enhances cerebral blood flow and
suppresses BBB inflammation

Tea polysaccharides may strengthen

Enhanced gut barrier
integrity and immune
homeostasis

Improved
cerebrovascular
perfusion and
vascular stability

Improved glucose-
lipid homeostasis

Cognitive resilience
and reduced
neuronal apoptosis

Strengthened mucosal

interaction

epithelial tight junctions, while exercise
may limit endotoxin translocation

immune barrier

Note: Tea polyphenols, particularly EGCG, and exercise may exert coordinated protective effects on systemic and cerebrovascular health through coordinated
regulation of antioxidant defense, inflammation, gut microbiota, vascular function, metabolism, and cognitive resilience.

Abbreviations: AMPK, AMP-activated protein kinase; BBB, blood-brain barrier; BDNF, brain-derived neurotrophic factor; DPP4, dipeptidyl peptidase-4; EGCG,
epigallocatechin gallate; eNOS, endothelial nitric oxide synthase; GPR41/43, G protein-coupled receptors 41/43; IL, interleukin; KEAP1, Kelch-like ECH-associated
protein 1; LPS, lipopolysaccharide; MMP-9, matrix metalloproteinase-9; NF-xB, nuclear factor kappa B; NO, nitric oxide; NRF2, nuclear factor erythroid 2-related
factor 2; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; ROS, reactive oxygen species; SCFAs, short-chain fatty acids; SIRT1, sirtuin 1;

TLR4, Toll-like receptor 4; ZO-1, zonula occludens-1.

dietary and physical activity interventions to sustained neurovas-
cular resilience (Wu et al. 2021; Zhang et al. 2022).

5.2 | Activation of Antioxidant
and Anti-Inflammatory Pathways by Tea
and Exercise

Oxidative stress and inflammation constitute shared pathologi-
cal drivers underlying neurovascular dysfunction. TPPs and ex-
ercise converge on these processes by targeting interconnected
redox- and inflammation-sensitive signaling networks. Rather
than duplicating individual molecular pathways, their com-
bined actions reinforce endogenous antioxidant defenses while
promoting the resolution of chronic low-grade inflammation
(Tu et al. 2019). Tea-derived bioactive compounds contribute
to redox balance by scavenging reactive species and supporting
cellular antioxidant capacity, whereas exercise-induced redox
signaling enhances adaptive stress responses and metabolic

efficiency. When integrated, these interventions amplify en-
dogenous defense systems, attenuate lipid peroxidation, and
stabilize cellular homeostasis across multiple organs (Ellinger
et al. 2011). Importantly, this convergence also extends to met-
abolic tissues, where coordinated regulation of oxidative stress
and inflammation supports hepatic lipid handling, insulin
sensitivity, and mitochondrial function (Hodges et al. 2020).
Collectively, these effects establish a systemic environment
that is resistant to oxidative injury and inflammatory overload,
thereby supporting long-term neurovascular protection.

5.3 | Stabilization of Vascular Structure
and Function Through Tea and Exercise

From a vascular systems perspective, tea consumption and
exercise jointly contribute to the stabilization of endothelial
structure and function. This integrated regulation preserves vas-
cular elasticity, limits maladaptive remodeling, and enhances
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resistance to hemodynamic and metabolic stressors. TPPs sup-
port endothelial integrity and vascular adaptability, while exer-
cise improves cardiac output, vascular responsiveness, and lipid
handling (Larson et al. 2006; Oliviero et al. 2013). The syner-
gistic effects of these interventions may reduce susceptibility to
vascular calcification, atherosclerosis, and microvascular in-
jury. By maintaining redox balance and inflammatory control
within the vascular microenvironment, combined tea and exer-
cise interventions promote long-term vascular resilience. This
structural stabilization may help lower cardiovascular risk and
protect cerebral microcirculation, thereby potentially reducing
the likelihood of cerebrovascular events and age-related vascu-
lar decline (Cheng et al. 2017; Du et al. 2023; Vossen et al. 2019).

5.4 | Cognitive Enhancements Through Tea
and Exercise

At the functional outcome level, the combined effects of tea con-
sumption and regular exercise extend beyond vascular protec-
tion to encompass cognitive resilience and brain health. Through
integrated regulation of vascular function, metabolic homeo-
stasis, and inflammatory balance, this lifestyle-based strategy
supports sustained cerebral perfusion and neuronal integrity
(Tran et al. 2023; Mancini et al. 2017). Over the long term, these
adaptations contribute to improved cognitive performance, par-
ticularly in domains sensitive to aging and metabolic stress. By
reinforcing neurovascular coupling and preserving the integrity
of brain-supporting systems, the combination of tea intake and
exercise may represent a promising non-pharmacological ap-
proach to delaying cognitive decline and reducing vulnerability
to neurodegenerative processes (Feng et al. 2012; Yu et al. 2024).
Collectively, this integrative mechanistic model highlights how
coordinated dietary and physical activity interventions can
promote brain vascular health, cognitive longevity, and overall
metabolic stability. The combined effects of TPPs and exercise
on gut microbiota, oxidative stress, and inflammation have im-
portant implications for reducing hemorrhagic vulnerability.
Both interventions synergistically preserve blood-brain bar-
rier (BBB) integrity, enhance endothelial function, and regulate
redox homeostasis, all of which are critical for maintaining ce-
rebral small vessel stability and potentially reducing suscepti-
bility to spontaneous ICH. Furthermore, the gut-brain axis and
metabolic regulation facilitated by tea and exercise contribute
to long-term neurovascular resilience, which may help reduce
vulnerability to cerebrovascular events, including hemorrhagic
stroke. By stabilizing vascular structure and function, these in-
terventions may reduce vascular fragility and provide a plausi-
ble protective framework against ICH.

6 | Clinical Translation and Future Perspectives of
Tea and Exercise Interventions

With the advancement of personalized and preventive med-
icine, integrating tea consumption with structured exercise
programs represents a promising clinically translatable, non-
pharmacological strategy for the prevention and management of
cerebrovascular diseases. From a translational perspective, in-
dividualized interventions based on metabolic profiles, lifestyle

patterns, genetic background, and disease risk stratification
may maximize therapeutic efficacy while minimizing adverse
effects. Longitudinal clinical trials and real-world cohort stud-
ies are essential to validate mechanistic findings derived from
preclinical models, particularly regarding stroke rehabilitation,
vascular repair, metabolic regulation, and neuroprotection. Such
evidence will facilitate the translation of tea-exercise synergy
into clinical guidelines and public health strategies. In addition,
the development of functional foods or supplements enriched
with TPPs and exercise-induced metabolites may further en-
hance clinical applicability in high-risk populations (Gonzalez-
Sarrias et al. 2017).

6.1 | Translational Potential of Personalized
Dietary and Exercise Interventions

Personalized dietary and exercise interventions have substantial
translational value across diverse clinical populations, includ-
ing older adults, individuals with obesity, athletes, and patients
with metabolic or inflammatory disorders. Clinically appli-
cable dietary patterns, such as the Mediterranean diet (MD)
and low-FODMAP strategies, have demonstrated feasibility in
optimizing gut health while reducing exercise-induced gastro-
intestinal symptoms (Parnell et al. 2020; Lis et al. 2016). The
integration of nutritional supplementation with genomics, me-
tabolomics, and microbiomics enables precision health strate-
gies that can be implemented in clinical and preventive settings
(Lagoumintzis and Patrinos 2023). Adjusting green tea intake,
polyphenol dosage, and exercise modality or intensity allows
for targeted modulation of lipid metabolism, antioxidant de-
fense, inflammatory pathways, and gut-brain axis signaling
(Yan et al. 2020). Matcha, a clinically relevant form of green tea
powder rich in catechins, has shown benefits in improving in-
sulin resistance, serum antioxidant enzymes, lipid metabolism,
and hypothalamic BMP-SMAD signaling, particularly when
combined with exercise (Zhou et al. 2024). Regular intake is
associated with improvements in neurological, cardiovascular,
and metabolic functions, supporting its potential inclusion in di-
etary recommendations for metabolic and cerebrovascular risk
management. Catechins and theanine further alleviate fatigue
and psychological stress, supporting metabolic recovery, while
vitamins (C, D, E) and minerals (magnesium, zinc, selenium)
synergistically protect telomere integrity, DNA stability, redox
balance, and vascular health (Hoseini et al. 2016; Cai et al. 2023).
MUFAs and polyphenols in extra virgin olive oil, core compo-
nents of the MD, enhance endothelial function, reduce LDL oxi-
dation, improve gut microbiota, and promote SCFA production,
thereby potentially contributing to cerebrovascular risk reduc-
tion (Raparthi et al. 2022). Genetic polymorphisms and meta-
bolic phenotypes highlight the necessity of personalized clinical
protocols rather than uniform recommendations. Dietary anti-
oxidants, encompassing polyphenols, vitamins, and minerals,
play a significant role in mitigating inflammation and oxidative
stress. Concurrently, physical activity, which includes both oc-
cupational and recreational forms, contributes to maintaining a
balance between pro-inflammatory and anti-inflammatory pro-
cesses, thereby enhancing cardiovascular, metabolic, cognitive,
and mental health (Holtermann et al. 2018). Given the limited
stability and bioavailability of tea bioactives such as EGCG and
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TFs, advanced delivery systems and stabilized catechin deriva-
tives represent important translational innovations to enhance
clinical efficacy (Bakun et al. 2023).

6.2 | Clinical Evidence and Long-Term
Translational Outcomes

6.2.1 | Long-Term Clinical Effects Across Different
Populations

Accumulating clinical and translational evidence supports
the long-term protective effects of combined tea consump-
tion and exercise across multiple populations. GTE promotes
glutathione biosynthesis, enhancing endogenous antioxidant
capacity in individuals with metabolic syndrome (Blumberg
et al. 2015). While GTE does not markedly reduce cumulative
exercise-induced muscle damage, it preserves neuromuscular
performance and mitigates oxidative stress in untrained males
(Bowtell and Kelly 2019). Catechins improve obesity, glucose
and lipid metabolism, inflammation, and gut microbiota (Ohishi
et al. 2016). Combining green tea with exercise enhances cardio-
vascular function, cardiac output, vascular endothelial health,
and elasticity, reducing hypertension and atherosclerotic risk.
Studies suggest that older adults who undergo these combined
interventions may show improvements in cognitive domains, in-
cluding memory and learning (Walker et al. 2015). In obese and
diabetic populations, TPPs with exercise increase fat oxidation,
regulate lipid metabolism, decrease visceral fat, lower TNF-a
and IL-6, enhance insulin sensitivity, protect pancreatic -cells,
and support long-term glycemic control (Langlois et al. 2021). In
patients with cardiovascular diseases, green TPPs reduce blood
pressure and lipid levels, while exercise improves cardiac output
and vascular adaptability, collectively lowering cardiovascular
risk (Figure 5) (Nystoriak and Bhatnagar 2018). In athletes,
polyphenols mitigate exercise-induced oxidative stress, sup-
porting recovery and endurance, while exercise optimizes per-
formance and cardiovascular health (Kuo et al. 2015). Elderly
individuals with dementia and pregnant/postpartum women
benefit from neuroprotective, anti-inflammatory, and meta-
bolic effects of combined interventions. Animal studies indicate
green tea alleviates tissue damage and cardiovascular risk under
environmental stress, hypoxia, and intense exercise, partly via
antioxidant and vasodilatory mechanisms (Jowko et al. 2015).
Pu-erh tea, rich in antioxidants and microbiota-modulating
compounds, affects tryptophan metabolism, serotonin levels,
and neuroprotection, potentially helping to alleviate depres-
sive symptoms (Savitz 2016). EGCG reduces hepatic lipid ac-
cumulation and improves serum lipid profiles through HIF1a
and LDLR regulation, consistent with PCSK9-targeted mecha-
nisms (Singh et al. 2011). High-fat diets impair BBB integrity,
leptin signaling, and hypothalamic energy regulation (Timper
and Briining 2017). Matcha combined with voluntary exercise
improves insulin resistance, glucose metabolism, serum CAT,
NAD-related pathways, lipid metabolism, and hypothalamic
BMP-SMAD signaling, demonstrating systemic and central
regulatory potential (Zhou et al. 2024, 2020). Theanine sup-
ports central and peripheral nervous system recovery, muscle
adaptation, protein synthesis, and resistance training outcomes
(Kochman et al. 2020; Kika et al. 2024; Unno et al. 2018; Shigeta
et al. 2023). Fermented beverages such as kombucha provide

beneficial microbes and bioactives, counteracting diet-induced
gut dysbiosis and inflammation (Costa et al. 2022). Endurance
training with catechin supplementation improves mitochondrial
function and muscle strength in older adults and sarcopenic
populations (Haramizu et al. 2011). These findings collectively
indicate that tea—exercise interventions have broad translational
relevance across preventive, rehabilitative, and performance-
oriented clinical settings.

6.2.2 | Development of Clinically Functional Products

Functional foods and beverages containing TPPs, exercise-
derived metabolites, probiotics, prebiotics, dietary fiber,
vitamins, minerals, and amino acids are increasingly used to pro-
mote health and prevent disease (Temple 2022). Combining tea
and exercise metabolites presents opportunities in translational
medicine, with potential to reduce cerebrovascular disease risk
in high-risk populations (Zhang et al. 2016). Catechins enhance
mitochondrial function, increase fat oxidation, reduce oxidative
stress, and support recovery, particularly in athletes engaged
in prolonged aerobic or strength training (Sugita et al. 2016).
Polyphenols exert integrated antioxidant, anti-inflammatory,
anti-mutagenic, and vasodilatory effects, improving immune
function, metabolic regulation, muscle strength, aerobic perfor-
mance, and mitigating exercise-induced oxidative stress (Ferreira
et al. 2016). Functional foods such as matcha, combined with
exercise, activate hippocampal signaling, promote insulin secre-
tion, enhance metabolic regulation, modulate BMP-SMAD path-
ways implicated in obesity and T2DM, and support CNS-specific
metabolic and neuroprotective roles (Table 4) (Zhou et al. 2024).
Dietary modulation also impacts gut microbiota composition.
High-fat, high-fructose diets increase pathogenic taxa such
as Proteobacteria, while healthier diets and fermented bever-
ages enhance propionate production and the beneficial genus
Adlercreutzia (Costa et al. 2022). Functional compounds, includ-
ing turmeric, soy protein, and ginseng, improve skeletal muscle
function. Catechins and oligophenols suppress circulating cyto-
kines, inhibit NF-xB signaling, activate longevity factors such as
sirtuinl, and delay age-related decline. Long-term EGCG supple-
mentation extends lifespan in animal models, while inhibition
of NF-xB-mediated muscle protein degradation reduces sarcope-
nia (Onishi et al. 2018). Taken together, polyphenols represent
promising natural interventions that, when combined with ex-
ercise, optimize antioxidant and anti-inflammatory defenses,
metabolic regulation, cardiovascular function, neuroprotection,
muscle performance, and gut-brain axis integrity. Evidence sup-
ports their use as functional nutritional strategies for enhancing
exercise outcomes, promoting recovery, and reducing the risk of
chronic diseases (Deley et al. 2017; D'Angelo 2019).

6.3 | Clinical Implications for Neurological
and Cerebrovascular Disorders

Green tea combined with regular exercise exerts potentially
synergistic protective effects on cerebrovascular and neu-
rological health. TPPs enhance endothelial function, reduce
vascular sclerosis, and decrease platelet aggregation, while ex-
ercise improves circulation, hemodynamics, and cardiovascu-
lar adaptability, thereby potentially reducing cerebrovascular
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TABLE 4 | Translational research directions for tea and exercise synergy.

Research focus Intervention strategy

Core mechanism Target population

Genomic/metabolomic-
guided tea-exercise design

Personalized metabolic
regulation

Functional food
development

Matcha-based sports
supplements

Neurodegenerative disease
intervention

EGCG/tea polyphenols +
regular physical activity

Precision cardiovascular
protection

Tea polyphenols +
Endurance training

Pu-erh tea +
Periodized exercise

Gut-brain axis optimization

Musculoskeletal health
maintenance

Catechin supplementation
+ Resistance training

Optimizes AMPK/lipolysis,
modulates gut microbiota

function, vascular elasticity,

Boosts SCFAs production,

Metabolic disorders/
Obese populations

Athletes/Fitness enthusiasts;
metabolic-risk populations

Activates hippocampal
signaling, promotes
insulin secretion,
modulates BMP-SMAD
and metabolic regulation

Inhibits a-synuclein
aggregation,
upregulates BDNF

Neurodegenerative disease
patients, especially Parkinson's
disease and Alzheimer's disease

Improves endothelial Hypertensive/Atherosclerosis
populations

and eNOS/NO signaling

Depression/IBS patients;

reshapes gut microbiota gut dysbiosis populations

Inhibits NF-xB-mediated
proteolysis and supports
mitochondrial function
and muscle strength

Sarcopenia/Elderly populations

Note: Tea compounds and exercise may synergistically support metabolic, cardiovascular, neurological, gut-brain, and musculoskeletal health via key signaling and

microbiota-related pathways.

Abbreviations: AMPK, AMP-activated protein kinase; BDNF, brain-derived neurotrophic factor; BMP-SMAD, bone morphogenetic protein-SMAD signaling pathway;
EGCG, epigallocatechin gallate; eNOS, endothelial nitric oxide synthase; IBS, irritable bowel syndrome; NF-xB, nuclear factor kappa B; NO, nitric oxide; SCFAs, short-

chain fatty acids.

vulnerability (Green et al. 2017). In line with these vascular
benefits, prospective cohort evidence indicates that higher tea
consumption is associated with a reduced risk of vascular de-
mentia, highlighting tea intake as a modifiable dietary factor
relevant to cerebrovascular-related cognitive decline (Griffiths
etal. 2024). Moderate-intensity aerobic exercise combined with
tea intake enhances cerebrovascular dilation and elasticity,
while epigenetic regulators such as miR-210 further support
neuroprotection by modulating myocardial and neural cell
proliferation. From a broader aging and neurodegeneration
perspective, lifestyle-based multi-target strategies integrating
physical activity with dietary bioactives have gained increas-
ing attention. Green tea catechin polyphenols, long regarded
as dietary antioxidants, are now recognized for their diverse
pharmacological activities that may complement exercise-
induced neuroplasticity and stress resilience, thereby contrib-
uting to the attenuation of age-related cognitive decline and
neurodegenerative processes (Mandel and Bh Youdim 2012).
Among TPPs, EGCG has shown neuroprotective potential
in models of Alzheimer's disease, Parkinson's disease, and
multiple sclerosis by scavenging ROS, inhibiting lipid perox-
idation, modulating blood-brain barrier-related processes,
preserving neuronal morphology, and supporting cognitive
function. EGCG also attenuates amyloid-beta accumulation
and increases BDNF expression in vascular dementia and
Alzheimer's models (Williams et al. 2016). Notably, emerging
clinical evidence suggests that adding EGCG to multimodal
lifestyle interventions that include guided physical activity
may enhance cognitive outcomes in older adults at elevated
risk of cognitive impairment, thereby supporting a potential

role for green TPPs as adjuncts to exercise based interventions
(Forcano et al. 2025). Consistent with these findings, observa-
tional evidence further supports the association between green
tea consumption and cognitive health (Zheng et al. 2023). A
recent systematic review and meta-analysis demonstrated that
green tea intake is inversely associated with cognitive impair-
ment, including dementia and mild cognitive impairment,
across diverse populations, reinforcing the relevance of ha-
bitual tea consumption in cognitive health and healthy-aging
strategies (Zhou et al. 2025). Notably, matcha combined with
exercise amplifies hippocampal activation, insulin secretion,
and metabolic regulation compared with exercise alone (Sae-
Tan et al. 2014). At the molecular level, multiple signaling
pathways mediate these effects. EGCG modulates the EGFR/
PI3K/Akt/AP-1 axis to reduce lipid accumulation and protect
neurons from oxidative stress, prevents a-synuclein aggrega-
tion, and suppresses pro-inflammatory cytokine expression
in high-fat diet and insulin-resistant models. BMP-SMAD
signaling in the CNS regulates appetite, neuroinflammation,
and metabolic homeostasis, with BMP7 acting on hypotha-
lamic POMC neurons, BMP6 modulating microglial activity,
and Smad3 influencing glucose-lipid metabolism. TPPs may
interact with these pathways, though CNS-specific mecha-
nisms require further investigation. Polyphenol-rich diets
combined with exercise may help mitigate ischemia-reper-
fusion injury by reducing ROS bursts, enhancing antioxidant
enzyme activity, and modulating inflammatory mediators,
thereby potentially limiting microthrombi formation and neu-
rological damage (Kassan et al. 2023). Animal studies demon-
strate that pre-ischemia green tea supplementation enhances
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resilience, while Pu-erh tea increases BDNF levels and allevi-
ates depression-like behaviors (Schimidt et al. 2014; Noguchi-
Shinohara et al. 2014). In parallel, physical exercise alone has
been extensively documented to reduce the risk of Parkinson's
disease and to improve both motor and non-motor symptoms
through mechanisms involving enhanced neurogenesis, syn-
aptogenesis, mitochondrial function, and angiogenesis, pro-
viding a complementary biological foundation for combined
lifestyle interventions (Xu et al. 2019). Collectively, evidence
from mechanistic studies, animal models, observational co-
horts, and emerging multimodal intervention trials suggests
that tea consumption and physical exercise act on overlapping
vascular, metabolic, and neuroplastic pathways relevant to
neurodegeneration. Although direct clinical trials specifically
designed to test their combined effects remain limited, current
findings support the integration of tea-derived polyphenols
and regular physical activity as promising complementary
strategies for the prevention and management of cerebrovas-
cular and neurodegenerative disorders (Li et al. 2022).

6.4 | Translationally Relevant Readouts
and Measurable Clinical Endpoints

To enhance the translational relevance of tea-exercise inter-
ventions, it is essential to link proposed molecular and physio-
logical mechanisms with clinically accessible and quantifiable
endpoints. Several candidate readouts can be incorporated into
future clinical trials and cohort studies to validate preclinical
findings and mechanistic hypotheses. Cerebrovascular protec-
tion attributed to TPPs and exercise can be evaluated using es-
tablished markers of endothelial and BBB integrity. Circulating
biomarkers such as soluble ICAM-1, VCAM-1, E-selectin, and
von Willebrand factor reflect endothelial activation and vas-
cular inflammation (Jaime Garcia et al. 2023). Tight-junction-
associated proteins, including claudin-5, occludin, and zonula
occludens-1, can be assessed indirectly through circulating ex-
tracellular vesicles or cerebrospinal fluid measurements in clin-
ical settings (Sun et al. 2021). Functional vascular assessments,
such as flow-mediated dilation (FMD), pulse wave velocity, and
endothelial-dependent vasodilation tests, provide non-invasive
measures of endothelial function relevant to stroke and small
vessel disease risk (Thijssen et al. 2019). Neuroimaging offers
robust translational endpoints linking vascular mechanisms to
clinical outcomes. Magnetic resonance imaging (MRI) mark-
ers, including white matter hyperintensities (WMH), cerebral
microbleeds, lacunes, and enlarged perivascular spaces, serve
as validated indicators of cerebral small vessel disease progres-
sion (Sun and Liu 2025; Voorter et al. 2024). Advanced MRI
techniques, such as diffusion tensor imaging and arterial spin
labeling, further enable assessment of microstructural integrity
and cerebral perfusion changes in response to lifestyle inter-
ventions (Jaafar and Alsop 2024; Meoded and Huisman 2019).
In addition to imaging indicators, metabolic readouts may also
serve as potential translational endpoints. Given that abnormal
lipid metabolism is an important risk factor for cardiovascular
and cerebrovascular diseases, NMR-based metabolomic profil-
ing has been shown to predict cardiovascular and all-cause mor-
tality risk. These metabolomic indicators help to depict vascular
risk profiles and provide quantitative tools for risk stratification
and for evaluating the long-term effects of tea consumption and

exercise on cardiovascular and cerebrovascular health (Huang
et al. 2025). In addition to endogenous metabolic indicators, non-
invasive biomarkers detectable on the body surface also deserve
attention. As a non-invasive surface-based indicator related to
systemic oxidative stress, autofluorescence patterns may serve
as potential biomarkers for stroke risk assessment, providing
supplementary translational indicators for constructing a multi-
level stroke risk assessment system (Wu et al. 2025). Systemic
and central inflammatory responses can be monitored through
circulating cytokines, oxidative stress markers, and neurotrophic
factors such as BDNF (Grabska-Kobytecka et al. 2023). Exercise-
and polyphenol-induced neuroplasticity may also be indirectly
reflected by cognitive performance metrics and functional imag-
ing readouts (Tari et al. 2025). Overall, integrating biochemical,
vascular, and imaging endpoints, molecular and metabolomic
markers, as well as emerging non-invasive biological indicators,
provides a feasible translational research framework for evalu-
ating the synergistic effects of tea consumption and exercise on
cerebrovascular and neurodegenerative risk reduction.

7 | Conclusion

Cerebrovascular diseases remain major contributors to mor-
bidity and mortality, highlighting the need for safe and ac-
cessible non-pharmacological strategies. Current evidence
suggests that tea polyphenols (TPPs) and exercise-derived
metabolites may support neurovascular resilience through
complementary mechanisms, including regulation of oxi-
dative stress, inflammatory signaling, endothelial function,
vascular stability, and gut-brain axis homeostasis. When
combined, tea consumption and physical exercise may gener-
ate additive or synergistic benefits in selected contexts by en-
hancing endogenous antioxidant capacity, reducing systemic
inflammation and neuroinflammation, stabilizing vascular
structures, and promoting gut microbiota balance. These
coordinated effects may help reduce neurovascular vulnera-
bility and support long-term cognitive and metabolic health.
However, the magnitude and consistency of these benefits
vary across studies and populations. Factors such as age, met-
abolic status, baseline physical activity, tea type, polyphenol
composition, dosage, bioavailability, and exercise intensity
may influence intervention outcomes. Importantly, direct evi-
dence supporting the prevention of spontaneous intracerebral
hemorrhage by tea-exercise interventions remains limited.
Therefore, the proposed framework should be interpreted as
a biologically plausible and translational model for reducing
vascular fragility rather than as a confirmed preventive or
therapeutic strategy for ICH. Personalized approaches, includ-
ing EGCG-enriched beverages, matcha combined with struc-
tured exercise, and polyphenol-supported dietary patterns,
may hold promise for high-risk populations. Nevertheless,
current evidence is still limited by reliance on observational
studies, preclinical models, and heterogeneous intervention
designs. Future studies should prioritize long-term random-
ized controlled trials, standardized characterization of tea
preparations and exercise protocols, stratified analyses across
diverse populations, and clinically relevant endpoints, includ-
ing vascular imaging, metabolomic, microbiomic, inflamma-
tory, and cognitive markers. Such research will be essential to
clarify the efficacy, safety, and translational applicability of
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integrating tea consumption with regular physical activity for
cerebrovascular and neurological health.

Author Contributions

Yazhen Zhang: conceptualization, investigation, funding acquisition,
visualization, validation, methodology, software, formal analysis, proj-
ect administration, data curation, supervision, resources, writing — orig-
inal draft. Yisheng Chen: writing - review and editing, visualization,
validation, investigation, funding acquisition, supervision, resources,
conceptualization, methodology. Qing Yang: writing — review and ed-
iting, validation, visualization, investigation, supervision, software,
resources. Zhaoyuan Huang: visualization, validation, methodology,
conceptualization, software, formal analysis, data curation, resources,
investigation, writing — original draft. Shiwei He: validation, visualiza-
tion, formal analysis, data curation, writing — original draft, resources,
software. Chengwan Shen: data curation, formal analysis, validation,
visualization, software, resources, methodology, writing — original draft.
Zijin Sun: validation, supervision, investigation. Hua Chen: valida-
tion, visualization, software, formal analysis, data curation, resources,
writing - original draft. Qiangqiang Wang: methodology, validation,
visualization, software, formal analysis, data curation, resources, writ-
ing - original draft. Yuzhen Xu: validation, investigation, supervision.
John H. Zhang: validation, writing - review and editing, investigation,
supervision. Guanghui Wu: writing - review and editing, investigation,
validation, visualization, supervision. Zemin Ou: supervision, software,
investigation, validation, visualization, writing - review and editing. Zui
Zou: writing - review and editing, validation, investigation, supervision.
Wangzheqi Zhang: writing - review and editing, validation, investi-
gation, supervision. Lei Huang: writing - review and editing, visual-
ization, investigation, supervision. Shaocong Zhao: conceptualization,
investigation, funding acquisition, visualization, validation, method-
ology, software, formal analysis, project administration, data curation,
resources, supervision, writing — original draft. Shizhong Zheng: con-
ceptualization, investigation, methodology, validation, visualization, for-
mal analysis, software, data curation, writing — original draft.

Funding

This research was supported by the 2025 Fujian Province Education
Research Program for Young and Middle-aged Teachers (Science &
Technology, grant number JAT251181), the Fujian Province 2025
Undergraduate University Education Research Program (grant number
FBJY20250072), and the National Social Science Fund Project (grant
number 23XTY007, Silver Age Sports Science Literacy Promotion
Program). Additionally, this project was funded by the Fujian Province
Key Social Science Project (grant number FJ2024A016). Moreover, the
work received support from the Ningde City 2024 Talent Introduction
Research Start-up Project (grant number 2024Y08) and the Fujian
Province Young Scientific and Technological Talent Development
Program (grant numbers Min Cai Zhi [2025] 0724 and 25110100011).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

This study is a literature-based review. All data analyzed and presented
in this review are sourced from previously published studies, publicly
available datasets, and references cited within the article. No new ex-
perimental or patient data were generated in this study.

References

Adams, G. R,, F. P. Zaldivar, D. M. Nance, E. Kodesh, S. Radom-Aizik,
and D. M. Cooper. 2011. “Exercise and Leukocyte Interchange Among

Central Circulation, Lung, Spleen, and Muscle.” Brain, Behavior, and
Immunity 25: 658-666. https://doi.org/10.1016/j.bbi.2011.01.002.

Andrés, C. M. C., J. M. Pérez De La Lastra, E. Bustamante Munguira,
C. A.Juan, F. J. Plou, and L. E. Pérez. 2024. “Electrophilic Compounds
in the Human Diet and Their Role in the Induction of the Transcription
Factor NRF2.” International Journal of Molecular Sciences 25: 3521.
https://doi.org/10.3390/ijms25063521.

Angelina Faraldo Corréa, T., A. Campos Rozenbaum, and M. Macedo
Rogero. 2021. “Role of Tea Polyphenols in Metabolic Syndrome.” In
Bioactive Compounds in Nutraceutical and Functional Food for Good
Human Health, edited by K. Sharma, K. Mishra, K. Kamal Senapati,
and C. Danciu. IntechOpen. https://doi.org/10.5772/intechopen.
92888.

Arabzadeh, E., M. Norouzi Kamareh, R. Ramirez-Campillo, R.
Mirnejad, Y. Masti, and H. Shirvani. 2022. “Twelve Weeks of Treadmill
Exercise Training With Green Tea Extract Reduces Myocardial
Oxidative Stress and Alleviates Cardiomyocyte Apoptosis in Aging Rat:
The Emerging Role of BNIP3 and HIF-1a/IGFBP3 Pathway.” Journal of
Food Biochemistry 46: e14397. https://doi.org/10.1111/jfbc.14397.

Ashcroft, S. P., B. Stocks, B. Egan, and J. R. Zierath. 2024. “Exercise
Induces Tissue-Specific Adaptations to Enhance Cardiometabolic
Health.” Cell Metabolism 36: 278-300. https://doi.org/10.1016/j.cmet.
2023.12.008.

Bakun, P., D. T. Mlynarczyk, T. Koczorowski, et al. 2023. “Tea-Break
With Epigallocatechin Gallate Derivatives - Powerful Polyphenols of
Great Potential for Medicine.” European Journal of Medicinal Chemistry
261:115820. https://doi.org/10.1016/j.ejmech.2023.115820.

Barzak, B., K. Hankus, S. Parmar, and S. Wozniak. 2022. “The Effect of
Physical Activity on Gut Microbiota. A Review.” Medical Journal of Cell
Biology 10: 138-143. https://doi.org/10.2478/acb-2022-0021.

Bazgir, B., R. Fathi, M. Rezazadeh Valojerdi, P. Mozdziak, and A.
Asgari. 2017. “Satellite Cells Contribution to Exercise Mediated Muscle
Hypertrophy and Repair.” Cell Journal 18: 473-484. https://doi.org/10.
22074/cellj.2016.4714.

Bei, Y., H. Wang, Y. Liu, et al. 2024. “Exercise-Induced miR-210
Promotes Cardiomyocyte Proliferation and Survival and Mediates
Exercise-Induced Cardiac Protection Against Ischemia/Reperfusion
Injury.” Research 7: 327. https://doi.org/10.34133/research.0327.

Belizério, J. E., J. Faintuch, and M. Garay-Malpartida. 2018. “Gut
Microbiome Dysbiosis and Immunometabolism: New Frontiers for
Treatment of Metabolic Diseases.” Mediators of Inflammation 2018:
1-12. https://doi.org/10.1155/2018/2037838.

Bentley, D. J., J. Ackerman, T. Clifford, and K. S. Slattery. 2014. “Acute
and Chronic Effects of Antioxidant Supplementation on Exercise
Performance.” In Antioxidants in Sport Nutrition, 141-154. CRC Press.
https://doi.org/10.1201/b17442-9.

Berilli, P., G. B. Fanaro, J. P. Santos, et al. 2022. “White Tea Modulates
Antioxidant Defense of Endurance-Trained Rats.” Current Research in
Physiology 5: 256-264. https://doi.org/10.1016/j.crphys.2022.06.002.

Bi, Y., X. Liu, Y. Liu, et al. 2023. “Molecular and Biochemical
Investigations of the Anti-Fatigue Effects of Tea Polyphenols and Fruit
Extracts of Lycium Ruthenicum Murr. On Mice With Exercise-Induced
Fatigue.” Frontiers in Molecular Biosciences 10: 1223411. https://doi.org/
10.3389/fmolb.2023.1223411.

Blumberg, J., B. Bolling, C. Chen, and H. Xiao. 2015. “Review and
Perspective on the Composition and Safety of Green Tea Extracts.”
European Journal of Nutrition & Food Safety 5: 1-31. https://doi.org/10.
9734/EJINFS/2015/12712.

Bongiovanni, T., M. O. L. Yin, and L. M. Heaney. 2021. “The Athlete and
Gut Microbiome: Short-Chain Fatty Acids as Potential Ergogenic Aids
for Exercise and Training.” International Journal of Sports Medicine 42:
1143-1158. https://doi.org/10.1055/a-1524-2095.

Food Science & Nutrition, 2026

21 of 28


https://doi.org/10.1016/j.bbi.2011.01.002
https://doi.org/10.3390/ijms25063521
https://doi.org/10.5772/intechopen.92888
https://doi.org/10.5772/intechopen.92888
https://doi.org/10.1111/jfbc.14397
https://doi.org/10.1016/j.cmet.2023.12.008
https://doi.org/10.1016/j.cmet.2023.12.008
https://doi.org/10.1016/j.ejmech.2023.115820
https://doi.org/10.2478/acb-2022-0021
https://doi.org/10.22074/cellj.2016.4714
https://doi.org/10.22074/cellj.2016.4714
https://doi.org/10.34133/research.0327
https://doi.org/10.1155/2018/2037838
https://doi.org/10.1201/b17442-9
https://doi.org/10.1016/j.crphys.2022.06.002
https://doi.org/10.3389/fmolb.2023.1223411
https://doi.org/10.3389/fmolb.2023.1223411
https://doi.org/10.9734/EJNFS/2015/12712
https://doi.org/10.9734/EJNFS/2015/12712
https://doi.org/10.1055/a-1524-2095

Bowtell, J., and V. Kelly. 2019. “Fruit-Derived Polyphenol
Supplementation for Athlete Recovery and Performance.” Sports
Medicine 49: 3-23. https://doi.org/10.1007/s40279-018-0998-x.

Braschi, A., R. Lo Presti, M. G. Abrignani, V. Abrignani, and M. Traina.
2023. “Effects of Green Tea Catechins and Exercise Training on Body
Composition Parameters.” International Journal of Food Sciences and
Nutrition 74: 3-21. https://doi.org/10.1080/09637486.2022.2150152.

Byun, E.-B., W. S. Kim, N.Y. Sung, and E.-H. Byun. 2018.
“Epigallocatechin-3-Gallate Regulates Anti-Inflammatory Action
Through 67-kDa Laminin Receptor-Mediated Tollip Signaling Induction
in Lipopolysaccharide-Stimulated Human Intestinal Epithelial Cells.”
Cellular Physiology and Biochemistry 46: 2072-2081. https://doi.org/10.
1159/000489447.

Cai, Y., Y. Zhong, H. Zhang, et al. 2023. “Association Between Dietary
Vitamin C and Telomere Length: A Cross-Sectional Study.” Frontiers in
Nutrition 10: 1025936. https://doi.org/10.3389/fnut.2023.1025936.

Campbell, K. L., K. M. Winters-Stone, A. V. Patel, et al. 2019. “An
Executive Summary of Reports From an International Multidisciplinary
Roundtable on Exercise and Cancer: Evidence, Guidelines, and
Implementation.” Rehabilitation Oncology 37: 144-152. https://doi.org/
10.1097/01.RE0O.0000000000000186.

Campos-Esparza, M. d. R.,, and M. A. Torres-Ramos. 2010.
“Neuroprotection by Natural Polyphenols: Molecular Mechanisms.”
Central Nervous System Agents in Medicinal Chemistry 10: 269-277.
https://doi.org/10.2174/187152410793429728.

Chandrasekhar, B. V. S., P. Elango, S. Uma Maheswari, and D.
Rajukumar. 2017. “A Focus on the Effect of L-Theanine on Improving
Depression and Cognition in C57BL/J Male Mice Subjected for Chronic
Stress Induced Neuroinflammation.” Biomedical & Pharmacology
Journal 10: 1015-1027. https://doi.org/10.13005/bpj/1199.

Chazaud, B. 2016. “Inflammation During Skeletal Muscle Regeneration
and Tissue Remodeling: Application to Exercise-Induced Muscle
Damage Management.” Immunology and Cell Biology 94: 140-145.
https://doi.org/10.1038/icb.2015.97.

Chen, Q., Q. Wang, J. Zhu, Q. Xiao, and L. Zhang. 2018. “Reactive
Oxygen Species: Key Regulators in Vascular Health and Diseases.”
British Journal of Pharmacology 175: 1279-1292. https://doi.org/10.
1111/bph.13828.

Chen, X., Y. Wang, Y. Chen, J. Dai, S. Cheng, and X. Chen. 2024.
“Formation, Physicochemical Properties, and Biological Activities of
Theabrownins.” Food Chemistry 448: 139140. https://doi.org/10.1016/j.
foodchem.2024.139140.

Cheng, M., X. Zhang, X.-J. Guo, Z.-F. Wu, and P.-F. Weng. 2017.
“The Interaction Effect and Mechanism Between Tea Polyphenols
and Intestinal Microbiota: Role in Human Health.” Journal of Food
Biochemistry 41: e12415. https://doi.org/10.1111/jfbc.12415.

Cheng, R., X. Yang, H. Su, X. Wei, H. Ji, and D. Song. 2026. “Synergistic
Effects of Exercise and Dietary Polyphenols on Cognitive Function and
Neuroprotection in Aging: A Focus on Spatial Learning and Memory.”
Phytotherapy Research: 1-27. https://doi.org/10.1002/ptr.70341.

Cifuentes, M., H. E. Verdejo, P. F. Castro, et al. 2025. “Low-Grade
Chronic Inflammation: A Shared Mechanism for Chronic Diseases.”
Physiology 40: 4-25. https://doi.org/10.1152/physiol.00021.2024.

Colon, M., and C. Nerin. 2012. “Role of Catechins in the Antioxidant
Capacity of an Active Film Containing Green Tea, Green Coffee, and
Grapefruit Extracts.” Journal of Agricultural and Food Chemistry 60:
9842-9849. https://doi.org/10.1021/jf302477y.

Costa, M. A. D. C., L. D. P. Dias Moreira, V. D. S. Duarte, et al. 2022.
“Kombuchas From Green and Black Tea Modulate the Gut Microbiota
and Improve the Intestinal Health of Wistar Rats Fed a High-Fat High-
Fructose Diet.” Nutrients 14: 5234. https://doi.org/10.3390/nu14245234.

Cullen, J. M. A., S. Shahzad, and J. Dhillon. 2023. “A Systematic Review
on the Effects of Exercise on Gut Microbial Diversity, Taxonomic
Composition, and Microbial Metabolites: Identifying Research Gaps
and Future Directions.” Frontiers in Physiology 14: 1292673. https://doi.
org/10.3389/fphys.2023.1292673.

Da Rocha, A. L., A. P. Pinto, E. B. Kohama, et al. 2019. “The
Proinflammatory Effects of Chronic Excessive Exercise.” Cytokine 119:
57-61. https://doi.org/10.1016/j.cyt0.2019.02.016.

Dai, T., Y. Xiao, H. Zhang, Y. Shi, and F. Wu. 2024. “Chlorogenic Acid
Alleviates High Glucose-Induced HK-2 Cell Oxidative Damage Through
Activation of KEAP1/NRF2/ARE Signaling Pathway.” Discovery
Medicine 36: 1378-1385. https://doi.org/10.24976/Discov.Med.20243
6186.128.

D'Angelo, S. 2019. “Polyphenols and Athletic Performance: A Review on
Human Data.” In Plant Physiological Aspects of Phenolic Compounds, ed-
ited by M. Soto-Herndndez, R. Garcia-Mateos, and M. Palma-Tenango.
IntechOpen. https://doi.org/10.5772/intechopen.85031.

Das, C., A. Banerjee, M. Saha, and S. Chatterjee. 2022. “A Review of the
Health Benefits of Tea: Implications of the Biochemical Properties of the
Bioactive Constituents.” Current Research in Nutrition and Food Science
Journal 10: 458-475. https://doi.org/10.12944/CRNFSJ.10.2.5.

Debnath, I., S. Ghosh, S. K. Jha, et al. 2025. “Mechanistic Insights
and Therapeutic Potential of Quercetin in Neuroprotection: A
Comprehensive Review of Pathways and Clinical Perspectives.” BIO
Integration 6: 22. https://doi.org/10.15212/bioi-2025-0073.

Deley, G., D. Guillemet, F.-A. Allaert, and N. Babault. 2017. “An Acute
Dose of Specific Grape and Apple Polyphenols Improves Endurance
Performance: A Randomized, Crossover, Double-Blind Versus Placebo
Controlled Study.” Nutrients 9: 917. https://doi.org/10.3390/nu9080917.

Derbyshire, E., T. Bond, and G. Jenkins. 2021. “Tea for Sport and
Fitness: A Scoping Review.” Nutrition and Food Technology Open Access
7:1-10. https://doi.org/10.16966/2470-6086.174.

Done, A. J.,, and T. Traustadottir. 2016. “Nrf2 Mediates Redox
Adaptations to Exercise.” Redox Biology 10: 191-199. https://doi.org/10.
1016/j.redox.2016.10.003.

Dong, X., G. Pei, Z. Yang, and S. Huang. 2025. “Flavonoid Chrysin
Activates Both TrkB and FGFR1 Receptors While Upregulates Their
Endogenous Ligands Such as Brain Derived Neurotrophic Factor to
Promote Human Neurogenesis.” Cell Proliferation 58: e13732. https://
doi.org/10.1111/cpr.13732.

Du, H., S. Li, J. Lu, et al. 2023. “Single-Cell RNA-Seq and Bulk-Seq
Identify RAB17 as a Potential Regulator of Angiogenesis by Human
Dermal Microvascular Endothelial Cells in Diabetic Foot Ulcers.”
Burns & Trauma 11: tkad020. https://doi.org/10.1093/burnst/tkad020.

Dufresne, S. S., J. Frenette, and N. A. Dumont. 2016. “Inflammation et
régénération musculaire: Une arme a double tranchant.” Medical Science
(Paris) 32: 591-597. https://doi.org/10.1051/medsci/20163206022.

Edward, J. A., and W. K. Cornwell. 2022. “Impact of Exercise on
Cerebrovascular Physiology and Risk of Stroke.” Stroke 53: 2404-2410.
https://doi.org/10.1161/STROKEAHA.121.037343.

Ellinger, S., N. Miiller, P. Stehle, and G. Ulrich-Merzenich. 2011.
“Consumption of Green Tea or Green Tea Products: Is There an
Evidence for Antioxidant Effects From Controlled Interventional
Studies?” Phytomedicine 18: 903-915. https://doi.org/10.1016/j.phymed.
2011.06.006.

Esmaeilpanah, E., B. M. Razavi, and H. Hosseinzadeh. 2021. “Green
Tea and Metabolic Syndrome: A 10-Year Research Update Review.”
Iranian Journal of Basic Medical Sciences 24: 1159-1172. https://doi.org/
10.22038/ijbms.2021.52980.11943.

Fan, P., X.-H. Xie, C.-H. Chen, et al. 2019. “Molecular Regulation
Mechanisms and Interactions Between Reactive Oxygen Species and

22 of 28

Food Science & Nutrition, 2026


https://doi.org/10.1007/s40279-018-0998-x
https://doi.org/10.1080/09637486.2022.2150152
https://doi.org/10.1159/000489447
https://doi.org/10.1159/000489447
https://doi.org/10.3389/fnut.2023.1025936
https://doi.org/10.1097/01.REO.0000000000000186
https://doi.org/10.1097/01.REO.0000000000000186
https://doi.org/10.2174/187152410793429728
https://doi.org/10.13005/bpj/1199
https://doi.org/10.1038/icb.2015.97
https://doi.org/10.1111/bph.13828
https://doi.org/10.1111/bph.13828
https://doi.org/10.1016/j.foodchem.2024.139140
https://doi.org/10.1016/j.foodchem.2024.139140
https://doi.org/10.1111/jfbc.12415
https://doi.org/10.1002/ptr.70341
https://doi.org/10.1152/physiol.00021.2024
https://doi.org/10.1021/jf302477y
https://doi.org/10.3390/nu14245234
https://doi.org/10.3389/fphys.2023.1292673
https://doi.org/10.3389/fphys.2023.1292673
https://doi.org/10.1016/j.cyto.2019.02.016
https://doi.org/10.24976/Discov.Med.202436186.128
https://doi.org/10.24976/Discov.Med.202436186.128
https://doi.org/10.5772/intechopen.85031
https://doi.org/10.12944/CRNFSJ.10.2.5
https://doi.org/10.15212/bioi-2025-0073
https://doi.org/10.3390/nu9080917
https://doi.org/10.16966/2470-6086.174
https://doi.org/10.1016/j.redox.2016.10.003
https://doi.org/10.1016/j.redox.2016.10.003
https://doi.org/10.1111/cpr.13732
https://doi.org/10.1111/cpr.13732
https://doi.org/10.1093/burnst/tkad020
https://doi.org/10.1051/medsci/20163206022
https://doi.org/10.1161/STROKEAHA.121.037343
https://doi.org/10.1016/j.phymed.2011.06.006
https://doi.org/10.1016/j.phymed.2011.06.006
https://doi.org/10.22038/ijbms.2021.52980.11943
https://doi.org/10.22038/ijbms.2021.52980.11943

Mitophagy.” DNA and Cell Biology 38: 10-22. https://doi.org/10.1089/
dna.2018.4348.

Fang, M. M., P. K. Barman, M. Thiruppathi, et al. 2018. “Oxidant
Signaling Mediated by Nox2 in Neutrophils Promotes Regenerative
Myelopoiesis and Tissue Recovery Following Ischemic Damage.”
Journal of Immunology 201: 2414-2426. https://doi.org/10.4049/jimmu
nol.1800252.

Farhan, M. 2023. “Insights on the Role of Polyphenols in Combating
Cancer Drug Resistance.” Biomedicine 11: 1709. https://doi.org/10.3390/
biomedicines11061709.

Feng, G., H. Zhang, H. Liu, et al. 2024. “Natural Flavonoid-Derived
Enzyme Mimics DHKNase Balance the Two-Edged Reactive Oxygen
Species Function for Wound Healing and Inflammatory Bowel Disease
Therapy.” Research 7: 464. https://doi.org/10.34133/research.0464.

Feng, L., J. Li, T.-P. Ng, T.-S. Lee, E.-H. Kua, and Y. Zeng. 2012. “Tea
Drinking and Cognitive Function in Oldest-Old Chinese.” Journal of
Nutrition, Health & Aging 16: 754-758. https://doi.org/10.1007/s1260
3-012-0077-1.

Ferreira, M. A., D. M. Silva, A. C. De Morais, J. F. Mota, and P. B.
Botelho. 2016. “Therapeutic Potential of Green Tea on Risk Factors for
Type 2 Diabetes in Obese Adults — A Review.” Obesity Reviews 17: 1316—
1328. https://doi.org/10.1111/0br.12452.

Forcano, L., N. Soldevila-Domenech, A. Boronat, et al. 2025. “A
Multimodal Lifestyle Intervention Complemented With Epigallocatechin
Gallate to Prevent Cognitive Decline in APOE- &4 Carriers With
Subjective Cognitive Decline: A Randomized, Double-Blinded Clinical
Trial (PENSA Study).” Journal of Prevention of Alzheimer’s Disease 12:
100271. https://doi.org/10.1016/j.tjpad.2025.100271.

Gao, Y., Y. Xu, and J. Yin. 2020. “Black Tea Benefits Short-Chain Fatty
Acid Producers but Inhibits Genus Lactobacillus in the Gut of Healthy
Sprague-Dawley Rats.” Journal of the Science of Food and Agriculture
100: 5466-5475. https://doi.org/10.1002/jsfa.10598.

Ghosh, P., A. K. Misra, A. K. Bhattacharya, et al. 2012. “The Effect of
Tea in Cerebrovascular Disease.” Studies on Ethno-Medicine 6: 161-166.
https://doi.org/10.1080/09735070.2012.11886434.

Ghosh, S., C. S. Whitley, B. Haribabu, and V. R. Jala. 2021. “Regulation
of Intestinal Barrier Function by Microbial Metabolites.” Cellular and
Molecular Gastroenterology and Hepatology 11: 1463-1482. https://doi.
org/10.1016/j.jcmgh.2021.02.007.

Gomez-Cabrera, M.-C., E. Domenech, and J. Vifia. 2008. “Moderate
Exercise Is an Antioxidant: Upregulation of Antioxidant Genes by
Training.” Free Radical Biology and Medicine 44: 126-131. https://doi.
org/10.1016/j.freeradbiomed.2007.02.001.

Gongalves, A. C., D. Gaspar, J. D. Flores-Félix, A. Falcdo, G. Alves,
and L. R. Silva. 2022. “Effects of Functional Phenolics Dietary
Supplementation on Athletes' Performance and Recovery: A Review.”
International Journal of Molecular Sciences 23: 4652. https://doi.org/10.
3390/ijms23094652.

Gonzalez-Sarrias, A., M. A. Nufiez-Sanchez, F. A. Tomas-Barberan, and
J. C. Espin. 2017. “Neuroprotective Effects of Bioavailable Polyphenol-
Derived Metabolites Against Oxidative Stress-Induced Cytotoxicity in
Human Neuroblastoma SH-SYSY Cells.” Journal of Agricultural and
Food Chemistry 65: 752-758. https://doi.org/10.1021/acs.jafc.6b04538.

Grabska-Kobylecka, I., P. Szpakowski, A. Krol, et al. 2023. “Polyphenols
and Their Impact on the Prevention of Neurodegenerative Diseases and
Development.” Nutrients 15: 3454. https://doi.org/10.3390/nu15153454.

Green, D. J.,, M. T. E. Hopman, J. Padilla, M. H. Laughlin, and D. H. J.
Thijssen. 2017. “Vascular Adaptation to Exercise in Humans: Role of
Hemodynamic Stimuli.” Physiological Reviews 97: 495-528. https://doi.
org/10.1152/physrev.00014.2016.

Griffiths, A., J. Matu, E. Y. H. Tang, et al. 2024. “Foods, Dietary
Patterns, and Risk of Vascular Dementia: A Systematic Review.”

Nutrition & Metabolism (London) 21: 105. https://doi.org/10.1186/s1298
6-024-00880-2.

Haghighatdoost, F., and M. Hariri. 2019. “The Effect of Green Tea on
Inflammatory Mediators: A Systematic Review and Meta-Analysis of
Randomized Clinical Trials.” Phytotherapy Research 33: 2274-2287.
https://doi.org/10.1002/ptr.6432.

Haramizu, S., N. Ota, T. Hase, and T. Murase. 2011. “Catechins
Attenuate Eccentric Exercise-Induced Inflammation and Loss of Force
Production in Muscle in Senescence-Accelerated Mice.” Journal of
Applied Physiology 111: 1654-1663. https://doi.org/10.1152/japplphysi
01.01434.2010.

Haro, C., M. Montes-Borrego, O. A. Rangel-Zuiiga, et al. 2016. “Two
Healthy Diets Modulate Gut Microbial Community Improving
Insulin Sensitivity in a Human Obese Population.” Journal of Clinical
Endocrinology and Metabolism 101: 233-242. https://doi.org/10.1210/jc.
2015-3351.

Higdon, J. V., and B. Frei. 2003. “Tea Catechins and Polyphenols: Health
Effects, Metabolism, and Antioxidant Functions.” Critical Reviews in
Food Science and Nutrition 43: 89-143. https://doi.org/10.1080/10408
690390826464.

Hodges, J. K., G. Y. Sasaki, and R. S. Bruno. 2020. “Anti-Inflammatory
Activities of Green Tea Catechins Along the Gut-Liver Axis in
Nonalcoholic Fatty Liver Disease: Lessons Learned From Preclinical
and Human Studies.” Journal of Nutritional Biochemistry 85: 108478.
https://doi.org/10.1016/j.jnutbio.2020.108478.

Hodgson, A. B., R. K. Randell, N. Boon, et al. 2013. “Metabolic Response
to Green Tea Extract During Rest and Moderate-Intensity Exercise.”
Journal of Nutritional Biochemistry 24: 325-334. https://doi.org/10.
1016/j.jnutbio.2012.06.017.

Holtermann, A., N. Krause, A. J. Van Der Beek, and L. Straker. 2018.
“The Physical Activity Paradox: Six Reasons Why Occupational Physical
Activity (OPA) Does Not Confer the Cardiovascular Health Benefits
That Leisure Time Physical Activity Does.” British Journal of Sports
Medicine 52: 149-150. https://doi.org/10.1136/bjsports-2017-097965.

Hong, M., R. Zhang, Y. Liu, Z. Wu, and P. Weng. 2022. “The Interaction
Effect Between Tea Polyphenols and Intestinal Microbiota: Role in
Ameliorating Neurological Diseases.” Journal of Food Biochemistry 46:
€13870. https://doi.org/10.1111/jfbc.13870.

Hoseini, S., P. Nazarali, P. Hanachi, N. Khosravi, and M. Konstantaki.
2016. “Combining Green Tea With Aerobic Exercise Reduces Central
Adiposity and Serum Lipid in Sedentary Women.” Athens Journal of
Sports 3: 253-266. https://doi.org/10.30958/ajspo.3.4.2.

Hu, J., D. Webster, J. Cao, and A. Shao. 2018. “The Safety of Green Tea
and Green Tea Extract Consumption in Adults - Results of a Systematic
Review.” Regulatory Toxicology and Pharmacology 95: 412-433. https://
doi.org/10.1016/j.yrtph.2018.03.019.

Hu, S.,Z. Lin, S. Zhao, B. Zhang, L. Luo, and L. Zeng. 2023. “Pu-Erh Tea
Alleviated Colitis-Mediated Brain Dysfunction by Promoting Butyric
Acid Production.” Food and Chemical Toxicology 172: 113594. https://
doi.org/10.1016/j.fct.2022.113594.

Huang, J., W. Lin, Y. Sun, et al. 2022. “Quercetin Targets VCAM1 to
Prevent Diabetic Cerebrovascular Endothelial Cell Injury.” Frontiers
in Aging Neuroscience 14: 944195. https://doi.org/10.3389/fnagi.2022.
944195.

Huang, Q., H. Zhang, Z. Shen, et al. 2025. “Lipoprotein Subfractions
Predict All-Cause and Cardiovascular Mortality in CKD Patients
Undergoing Hemodialysis: A Prospective Cohort Study Based on NMR
Metabolomics.” Phenomics 5: 361-373. https://doi.org/10.1007/s43657-
024-00179-5.

Huang, Z., Y. Zhang, R. Zhou, L. Yang, and H. Pan. 2021. “Lactate
as Potential Mediators for Exercise-Induced Positive Effects on
Neuroplasticity and Cerebrovascular Plasticity.” Frontiers in Physiology
12: 656455. https://doi.org/10.3389/fphys.2021.656455.

Food Science & Nutrition, 2026

23 of 28


https://doi.org/10.1089/dna.2018.4348
https://doi.org/10.1089/dna.2018.4348
https://doi.org/10.4049/jimmunol.1800252
https://doi.org/10.4049/jimmunol.1800252
https://doi.org/10.3390/biomedicines11061709
https://doi.org/10.3390/biomedicines11061709
https://doi.org/10.34133/research.0464
https://doi.org/10.1007/s12603-012-0077-1
https://doi.org/10.1007/s12603-012-0077-1
https://doi.org/10.1111/obr.12452
https://doi.org/10.1016/j.tjpad.2025.100271
https://doi.org/10.1002/jsfa.10598
https://doi.org/10.1080/09735070.2012.11886434
https://doi.org/10.1016/j.jcmgh.2021.02.007
https://doi.org/10.1016/j.jcmgh.2021.02.007
https://doi.org/10.1016/j.freeradbiomed.2007.02.001
https://doi.org/10.1016/j.freeradbiomed.2007.02.001
https://doi.org/10.3390/ijms23094652
https://doi.org/10.3390/ijms23094652
https://doi.org/10.1021/acs.jafc.6b04538
https://doi.org/10.3390/nu15153454
https://doi.org/10.1152/physrev.00014.2016
https://doi.org/10.1152/physrev.00014.2016
https://doi.org/10.1186/s12986-024-00880-2
https://doi.org/10.1186/s12986-024-00880-2
https://doi.org/10.1002/ptr.6432
https://doi.org/10.1152/japplphysiol.01434.2010
https://doi.org/10.1152/japplphysiol.01434.2010
https://doi.org/10.1210/jc.2015-3351
https://doi.org/10.1210/jc.2015-3351
https://doi.org/10.1080/10408690390826464
https://doi.org/10.1080/10408690390826464
https://doi.org/10.1016/j.jnutbio.2020.108478
https://doi.org/10.1016/j.jnutbio.2012.06.017
https://doi.org/10.1016/j.jnutbio.2012.06.017
https://doi.org/10.1136/bjsports-2017-097965
https://doi.org/10.1111/jfbc.13870
https://doi.org/10.30958/ajspo.3.4.2
https://doi.org/10.1016/j.yrtph.2018.03.019
https://doi.org/10.1016/j.yrtph.2018.03.019
https://doi.org/10.1016/j.fct.2022.113594
https://doi.org/10.1016/j.fct.2022.113594
https://doi.org/10.3389/fnagi.2022.944195
https://doi.org/10.3389/fnagi.2022.944195
https://doi.org/10.1007/s43657-024-00179-5
https://doi.org/10.1007/s43657-024-00179-5
https://doi.org/10.3389/fphys.2021.656455

Hussain, T., B. Tan, Y. Yin, F. Blachier, M. C. B. Tossou, and N. Rahu.
2016. “Oxidative Stress and Inflammation: What Polyphenols Can
do for us?” Oxidative Medicine and Cellular Longevity 2016: 7432797.
https://doi.org/10.1155/2016/7432797.

Jaafar, N., and D. C. Alsop. 2024. “Arterial Spin Labeling: Key Concepts
and Progress Towards Use as a Clinical Tool.” Magnetic Resonance
in Medical Sciences 23: 352-366. https://doi.org/10.2463/mrms.rev.
2024-0013.

Jaime Garcia, D., A. Chagnot, J. M. Wardlaw, and A. Montagne. 2023.
“A Scoping Review on Biomarkers of Endothelial Dysfunction in Small
Vessel Disease: Molecular Insights From Human Studies.” International
Journal of Molecular Sciences 24: 13114. https://doi.org/10.3390/ijms2
41713114.

Jang, J., S. R. Kim, J. E. Lee, et al. 2023. “Molecular Mechanisms of
Neuroprotection by Ketone Bodies and Ketogenic Diet in Cerebral
Ischemia and Neurodegenerative Diseases.” International Journal of
Molecular Sciences 25: 124. https://doi.org/10.3390/ijms25010124.

Jayatunga, D. P. W., E. Hone, W. M. A. D. B. Fernando, M. L. Garg, G.
Verdile, and R. N. Martins. 2022. “A Synergistic Combination of DHA,
Luteolin, and Urolithin A Against Alzheimer's Disease.” Frontiers in
Aging Neuroscience 14: 780602. https://doi.org/10.3389/fnagi.2022.
780602.

Jeong,Y.H.,Y.-C.Oh,M.E.Pak, W.Li,Y.Go,andJ.-J. Lee. 2020. “Pu’er Tea
Water Extract Protects Against Cognitive Impairment in a Mouse Model
of Lipopolysaccharide-Induced Neuroinflammation.” Phytomedicine 79:
153338. https://doi.org/10.1016/j.phymed.2020.153338.

Jia, C.-M., F.-W. Zhang, S.-J. Wang, W. Wang, and Y. Li. 2021. “Tea
Polyphenols Prevent Sepsis-Induced Lung Injury via Promoting
Translocation of DJ-1 to Mitochondria.” Frontiers in Cell and
Development Biology 9: 622507. https://doi.org/10.3389/fcell.2021.
622507.

Jiang, K., Y. Bai, R. Hou, et al. 2025. “Advances in Dietary Polyphenols:
Regulation of Inflammatory Bowel Disease (IBD) via Bile Acid
Metabolism and the Gut-Brain Axis.” Food Chemistry 472: 142932.
https://doi.org/10.1016/j.foodchem.2025.142932.

Jin, J., Y.-Y. Xu, W.-P. Liu, K.-H. Hu, N. Xue, and Z.-G. Zheng. 2023.
“Simiao  Wan Alleviates Obesity-Associated Insulin Resistance
via PKCe/IRS-1/PI3K/Akt Signaling Pathway Based on Network
Pharmacology Analysis and Experimental Validation.” Traditional
Medicine Research 8: 60. https://doi.org/10.53388/TMR20230512002.

Joo, S.-Y., Y.-A. Song, Y.-L. Park, et al. 2012. “Epigallocatechin-3-Gallate
Inhibits LPS-Induced NF-xB and MAPK Signaling Pathways in Bone
Marrow-Derived Macrophages.” Gut and Liver 6: 188-196. https://doi.
org/10.5009/gnl.2012.6.2.188.

Jéwko, E., B. Dlugotecka, B. Makaruk, and I. Cieslinski. 2015. “The
Effect of Green Tea Extract Supplementation on Exercise-Induced
Oxidative Stress Parameters in Male Sprinters.” European Journal of
Nutrition 54: 783-791. https://doi.org/10.1007/s00394-014-0757-1.

Kakuda, T. 2011. “Neuroprotective Effects of Theanine and Its
Preventive Effects on Cognitive Dysfunction.” Pharmacological
Research 64:162-168. https://doi.org/10.1016/j.phrs.2011.03.010.

Kassan, M., Y. Kwon, U. Munkhsaikhan, et al. 2023. “Protective Role
of Short-Chain Fatty Acids Against Ang- II-Induced Mitochondrial
Dysfunction in Brain Endothelial Cells: A Potential Role of Heme
Oxygenase 2.” Antioxidants (Basel, Switzerland) 12: 160. https://doi.
org/10.3390/antiox12010160.

Kasubuchi, M., S. Hasegawa, T. Hiramatsu, A. Ichimura, and I. Kimura.
2015. “Dietary Gut Microbial Metabolites, Short-Chain Fatty Acids, and
Host Metabolic Regulation.” Nutrients 7: 2839-2849. https://doi.org/10.
3390/nu7042839.

Kika, J., K. Jakubczyk, A. Ligenza, D. Maciejewska-Markiewicz,
K. Szymczykowska, and K. Janda-Milczarek. 2024. “Matcha Green

Tea: Chemical Composition, Phenolic Acids, Caffeine and Fatty Acid
Profile.” Foods 13: 1167. https://doi.org/10.3390/foods13081167.

Kim, J., C. Auger, and V. Schini-Kerth. 2014. “Activation of eNOS by
Polyphenol-Rich Products and Polyphenolic Compounds.” Current
Pharmaceutical Design 20: 3521-3529. https://doi.org/10.2174/13816
128113196660751.

Kochman, J., K. Jakubczyk, J. Antoniewicz, H. Mruk, and K. Janda.
2020. “Health Benefits and Chemical Composition of Matcha Green
Tea: A Review.” Molecules 26: 85. https://doi.org/10.3390/molecules2
6010085.

Krishnamoorthy, N. K., M. Kalyan, T. A. Hediyal, et al. 2024. “Role of
the Gut Bacteria-Derived Metabolite Phenylacetylglutamine in Health
and Diseases.” ACS Omega 9: 3164-3172. https://doi.org/10.1021/acsom
ega.3c08184.

Kruk, J., H. Y. Aboul-Enein, A. Kladna, and J. E. Bowser. 2019.
“Oxidative Stress in Biological Systems and Its Relation With
Pathophysiological Functions: The Effect of Physical Activity on
Cellular Redox Homeostasis.” Free Radical Research 53: 497-521.
https://doi.org/10.1080/10715762.2019.1612059.

Kung, S., K. Hintze, and R. Ward. 2020. “Effect of a High Flavonoid
Supplement on Intestinal Inflammation, Short Chain Fatty Acids,
and the Gut Microbiome.” Current Developments in Nutrition 4:
nzaa045_053. https://doi.org/10.1093/cdn/nzaa045_053.

Kung, S., M. N. Vakula, Y. Kim, et al. 2022. “No Effect of a Dairy-Based,
High Flavonoid Pre-Workout Beverage on Exercise-Induced Intestinal
Injury, Permeability, and Inflammation in Recreational Cyclists: A
Randomized Controlled Crossover Trial.” PLoS One 17: e0277453.
https://doi.org/10.1371/journal.pone.0277453.

Kuo, Y.-C., J.-C. Lin, J. R. Bernard, and Y.-H. Liao. 2015. “Green Tea
Extract Supplementation Does Not Hamper Endurance-Training
Adaptation but Improves Antioxidant Capacity in Sedentary Men.”
Applied Physiology, Nutrition, and Metabolism 40: 990-996. https://doi.
org/10.1139/apnm-2014-0538.

Lagoumintzis, G., and G. P. Patrinos. 2023. “Triangulating
Nutrigenomics, Metabolomics and Microbiomics Toward Personalized
Nutrition and Healthy Living.” Human Genomics 17: 109. https://doi.
0rg/10.1186/s40246-023-00561-w.

Lang, L., S. McArthur, A. S. Lazar, et al. 2024. “Dietary (Poly)phenols
and the Gut-Brain Axis in Ageing.” Nutrients 16: 1500. https://doi.org/
10.3390/nu16101500.

Langlois, A., A. Forterre, M. Pinget, and K. Bouzakri. 2021. “Impact of
Moderate Exercise on Fatty Acid Oxidation in Pancreatic 3-Cells and
Skeletal Muscle.” Journal of Endocrinological Investigation 44: 1815-
1825. https://doi.org/10.1007/s40618-021-01551-2.

Larson, E. B., L. Wang, J. D. Bowen, et al. 2006. “Exercise Is Associated
With Reduced Risk for Incident Dementia Among Persons 65 Years of
Age and Older.” Annals of Internal Medicine 144: 73-81. https://doi.org/
10.7326/0003-4819-144-2-200601170-00004.

Lee, S., Y. Choi, E. Jeong, et al. 2023. “Physiological Significance of
Elevated Levels of Lactate by Exercise Training in the Brain and Body.”
Journal of Bioscience and Bioengineering 135: 167-175. https://doi.org/
10.1016/j.jbiosc.2022.12.001.

Lee, S.-M., N.-K. Choi, B.-W. Yoon, J.-M. Park, M.-K. Han, and B.-J.
Park. 2015. “The Impact of Green Tea Consumption on the Prevention
of Hemorrhagic Stroke.” Neuroepidemiology 44: 215-220. https://doi.
0rg/10.1159/000381267.

Li, T., F. Fang, H. Yin, et al. 2025. “EGCG Alleviates Vascular
Calcification via the MAPK/JunB Signaling Pathway.” Genes & Diseases
12:101237. https://doi.org/10.1016/j.gendis.2024.101237.

Li, W., L. Yue, and S. Xiao. 2022. “Prospective Associations of Tea
Consumption With Risk of Cognitive Decline in the Elderly: A 1-Year

24 of 28

Food Science & Nutrition, 2026


https://doi.org/10.1155/2016/7432797
https://doi.org/10.2463/mrms.rev.2024-0013
https://doi.org/10.2463/mrms.rev.2024-0013
https://doi.org/10.3390/ijms241713114
https://doi.org/10.3390/ijms241713114
https://doi.org/10.3390/ijms25010124
https://doi.org/10.3389/fnagi.2022.780602
https://doi.org/10.3389/fnagi.2022.780602
https://doi.org/10.1016/j.phymed.2020.153338
https://doi.org/10.3389/fcell.2021.622507
https://doi.org/10.3389/fcell.2021.622507
https://doi.org/10.1016/j.foodchem.2025.142932
https://doi.org/10.53388/TMR20230512002
https://doi.org/10.5009/gnl.2012.6.2.188
https://doi.org/10.5009/gnl.2012.6.2.188
https://doi.org/10.1007/s00394-014-0757-1
https://doi.org/10.1016/j.phrs.2011.03.010
https://doi.org/10.3390/antiox12010160
https://doi.org/10.3390/antiox12010160
https://doi.org/10.3390/nu7042839
https://doi.org/10.3390/nu7042839
https://doi.org/10.3390/foods13081167
https://doi.org/10.2174/13816128113196660751
https://doi.org/10.2174/13816128113196660751
https://doi.org/10.3390/molecules26010085
https://doi.org/10.3390/molecules26010085
https://doi.org/10.1021/acsomega.3c08184
https://doi.org/10.1021/acsomega.3c08184
https://doi.org/10.1080/10715762.2019.1612059
https://doi.org/10.1093/cdn/nzaa045_053
https://doi.org/10.1371/journal.pone.0277453
https://doi.org/10.1139/apnm-2014-0538
https://doi.org/10.1139/apnm-2014-0538
https://doi.org/10.1186/s40246-023-00561-w
https://doi.org/10.1186/s40246-023-00561-w
https://doi.org/10.3390/nu16101500
https://doi.org/10.3390/nu16101500
https://doi.org/10.1007/s40618-021-01551-2
https://doi.org/10.7326/0003-4819-144-2-200601170-00004
https://doi.org/10.7326/0003-4819-144-2-200601170-00004
https://doi.org/10.1016/j.jbiosc.2022.12.001
https://doi.org/10.1016/j.jbiosc.2022.12.001
https://doi.org/10.1159/000381267
https://doi.org/10.1159/000381267
https://doi.org/10.1016/j.gendis.2024.101237

Follow-Up Study in China.” Frontiers in Nutrition 9: 752833. https://doi.
org/10.3389/fnut.2022.752833.

Li, X., X. Qiu, L. Zheng, Y. Liu, and J. Qi. 2025. “D-f-Hydroxybutyrate
Upregulates  Tight Junction Protein Zonula  Occludens-1
Attenuating Lipopolysaccharide-Stimulated Cerebral Microvascular
Hyperpermeability.” Tissue and Cell 96: 102998. https://doi.org/10.
1016/j.tice.2025.102998.

Lima Giacobbo, B., J. Doorduin, H. C. Klein, R. A. J. O. Dierckx, E.
Bromberg, and E. F. J. De Vries. 2019. “Brain-Derived Neurotrophic
Factor in Brain Disorders: Focus on Neuroinflammation.” Molecular
Neurobiology 56: 3295-3312. https://doi.org/10.1007/s1203
5-018-1283-6.

Lis, D, K. D. K. Ahuja, T. Stellingwerff, C. M. Kitic, and J. Fell. 2016.
“Case Study: Utilizing a Low FODMAP Diet to Combat Exercise-
Induced Gastrointestinal Symptoms.” International Journal of Sport
Nutrition and Exercise Metabolism 26: 481-487. https://doi.org/10.1123/
ijsnem.2015-0293.

Liu, L., X. Wu, B. Zhang, et al. 2017. “Protective Effects of Tea
Polyphenols on Exhaustive Exercise-Induced Fatigue, Inflammation
and Tissue Damage.” Food & Nutrition Research 61: 1333390. https://
doi.org/10.1080/16546628.2017.1333390.

Liu, P, Y. Wang, G. Yang, et al. 2021. “The Role of Short-Chain Fatty
Acids in Intestinal Barrier Function, Inflammation, Oxidative Stress,
and Colonic Carcinogenesis.” Pharmacological Research 165: 105420.
https://doi.org/10.1016/j.phrs.2021.105420.

Liu, X., Y. Su, J. Liu, D. Liu, and C. Yu. 2024. “Inhibition of Th17 Cell
Differentiation by Aerobic Exercise Improves Vasodilatation in Diabetic
Mice.” Clinical and Experimental Hypertension 46: 2373467. https://doi.
0rg/10.1080/10641963.2024.2373467.

Liu, X., X. Tan, Y. Su, L. Zou, W. Yuan, and C. Yu. 2025. “Anthocyanin
Attenuates Pulmonary Arterial Hypertension and Associated Heart
Failure via Improving Mitochondrial Function Through Nrf2-
Dependent Mechanism.” Clinical and Experimental Hypertension 47:
2503805. https://doi.org/10.1080/10641963.2025.2503805.

Liu, Y., Y. Luo, X. Wang, L. Luo, K. Sun, and L. Zeng. 2020. “Gut
Microbiome and Metabolome Response of Pu-Erh Tea on Metabolism
Disorder Induced by Chronic Alcohol Consumption.” Journal of
Agricultural and Food Chemistry 68: 6615-6627. https://doi.org/10.
1021/acs.jafc.0c01947.

Liu, Y., W. Zhong, X. Li, et al. 2023. “Diets, Gut Microbiota and
Metabolites.” Phenomics 3: 268-284. https://doi.org/10.1007/s43657-
023-00095-0.

Liu, Z., W. J. C. De Bruijn, M. E. Bruins, and J.-P. Vincken. 2020.
“Reciprocal Interactions Between Epigallocatechin-3-Gallate
(EGCG) and Human Gut Microbiota in Vitro.” Journal of Agricultural
and Food Chemistry 68: 9804-9815. https://doi.org/10.1021/acs.jafc.
0c03587.

Long, P., K. Rakariyatham, C.-T. Ho, and L. Zhang. 2023. “Thearubigins:
Formation, Structure, Health Benefit and Sensory Property.” Trends in
Food Science & Technology 133: 37-48. https://doi.org/10.1016/j.tifs.
2023.01.013.

Luo, Y.-P.,, X.-F. Tang, Y.-C. Zhang, S.-M. Chen, Q. Wu, and W.-J. Li.
2022. “Epigallocatechin-3-Gallate Alleviates Galactose-Induced Aging
Impairment via Gut-Brain Communication.” Food & Function 13:
11200-11209. https://doi.org/10.1039/D2F000994C.

Malaguti, M., C. Angeloni, and S. Hrelia. 2013. “Polyphenols in Exercise
Performance and Prevention of Exercise-Induced Muscle Damage.”
Oxidative Medicine and Cellular Longevity 2013: 1-9. https://doi.org/10.
1155/2013/825928.

Mancini, E., C. Beglinger, J. Drewe, D. Zanchi, U. E. Lang, and S.
Borgwardt. 2017. “Green Tea Effects on Cognition, Mood and Human
Brain Function: A Systematic Review.” Phytomedicine 34: 26-37. https://
doi.org/10.1016/j.phymed.2017.07.008.

Mandel, S. A., and M. Bh Youdim. 2012. “In the Rush for Green Gold:
Can Green Tea Delay Age-Progressive Brain Neurodegeneration?”
Recent Patents on CNS Drug Discovery 7: 205-217. https://doi.org/10.
2174/157488912803252005.

Mao, S., K. Wang, Y. Lei, S. Yao, B. Lu, and W. Huang. 2017. “Antioxidant
Synergistic Effects of Osmanthus Fragrans Flowers With Green Tea and
Their Major Contributed Antioxidant Compounds.” Scientific Reports 7:
46501. https://doi.org/10.1038/srep46501.

Mao, X., X. Xiao, D. Chen, B. Yu, and J. He. 2019. “Tea and Its
Components Prevent Cancer: A Review of the Redox-Related
Mechanism.” International Journal of Molecular Sciences 20: 5249.
https://doi.org/10.3390/ijms20215249.

Martin, C. R., V. Osadchiy, A. Kalani, and E. A. Mayer. 2018. “The
Brain-Gut-Microbiome Axis.” Cellular and Molecular Gastroenterology
and Hepatology 6:133-148. https://doi.org/10.1016/j.jcmgh.2018.04.003.

Meoded, A., and T. A. G. M. Huisman. 2019. “Diffusion Tensor Imaging
of Brain Malformations.” Neuroimaging Clinics of North America 29:
423-434. https://doi.org/10.1016/j.nic.2019.03.004.

Milkovic, L., A. Cipak Gasparovic, M. Cindric, P.-A. Mouthuy, and N.
Zarkovic. 2019. “Short Overview of ROS as Cell Function Regulators
and Their Implications in Therapy Concepts.” Cells 8: 793. https://doi.
0rg/10.3390/cells8080793.

Moir, M. E., A. T. Corkery, K. B. Miller, et al. 2024. “The Independent
and Combined Effects of Aerobic Exercise Intensity and Dose
Differentially Increase Post-Exercise Cerebral Shear Stress and Blood
Flow.” Experimental Physiology 109: 1796-1805. https://doi.org/10.
1113/EP091856.

Mulvihill, E. E., and M. W. Huff. 2012. “Protection From Metabolic
Dysregulation, Obesity, and Atherosclerosis by Citrus Flavonoids:
Activation of Hepatic PGCla-Mediated Fatty Acid Oxidation.” PPAR
Research 2012: 1-9. https://doi.org/10.1155/2012/857142.

Nabavi, S., M. Daglia, A. Moghaddam, S. Nabavi, and V. Curti. 2014.
“Tea Consumption and Risk of Ischemic Stroke: A Brief Review of the
Literature.” Current Pharmaceutical Biotechnology 15: 298-303. https://
doi.org/10.2174/1389201015666140617100945.

Nobari, H., S. Saedmocheshi, L. H. Chung, K. Suzuki, M. Maynar-
Marifio, and J. Pérez-Gomez. 2021. “An Overview on How Exercise
With Green Tea Consumption Can Prevent the Production of Reactive
Oxygen Species and Improve Sports Performance.” International
Journal of Environmental Research and Public Health 19: 218. https://
doi.org/10.3390/ijerph19010218.

Noguchi-Shinohara, M., S. Yuki, C. Dohmoto, et al. 2014. “Consumption
of Green Tea, but Not Black Tea or Coffee, Is Associated With Reduced
Risk of Cognitive Decline.” PLoS One 9: €96013. https://doi.org/10.1371/
journal.pone.0096013.

Nystoriak, M. A., and A. Bhatnagar. 2018. “Cardiovascular Effects
and Benefits of Exercise.” Frontiers in Cardiovascular Medicine 5: 135.
https://doi.org/10.3389/fcvm.2018.00135.

Ohishi, T., S. Goto, P. Monira, M. Isemura, and Y. Nakamura. 2016.
“Anti-Inflammatory Action of Green Tea.” Anti-Inflammatory & Anti-
Allergy Agents in Medicinal Chemistry 15: 74-90. https://doi.org/10.
2174/1871523015666160915154443.

Oliviero, F., P. Sfriso, A. Scanu, U. Fiocco, P. Spinella, and L. Punzi.
2013. “Epigallocatechin-3-Gallate Reduces Inflammation Induced by
Calcium Pyrophosphate Crystals In Vitro.” Frontiers in Pharmacology
4: 51. https://doi.org/10.3389/fphar.2013.00051.

Onishi, S., M. Ishino, H. Kitazawa, et al. 2018. “Green Tea Extracts
Ameliorate High-Fat Diet-Induced Muscle Atrophy in Senescence-
Accelerated Mouse Prone-8 Mice.” PLoS One 13: e0195753. https://doi.
org/10.1371/journal.pone.0195753.

Pandit, A. P., S. R. Joshi, P. S. Dalal, and V. C. Patole. 2019. “Curcumin
as a Permeability Enhancer Enhanced the Antihyperlipidemic Activity

Food Science & Nutrition, 2026

250f 28


https://doi.org/10.3389/fnut.2022.752833
https://doi.org/10.3389/fnut.2022.752833
https://doi.org/10.1016/j.tice.2025.102998
https://doi.org/10.1016/j.tice.2025.102998
https://doi.org/10.1007/s12035-018-1283-6
https://doi.org/10.1007/s12035-018-1283-6
https://doi.org/10.1123/ijsnem.2015-0293
https://doi.org/10.1123/ijsnem.2015-0293
https://doi.org/10.1080/16546628.2017.1333390
https://doi.org/10.1080/16546628.2017.1333390
https://doi.org/10.1016/j.phrs.2021.105420
https://doi.org/10.1080/10641963.2024.2373467
https://doi.org/10.1080/10641963.2024.2373467
https://doi.org/10.1080/10641963.2025.2503805
https://doi.org/10.1021/acs.jafc.0c01947
https://doi.org/10.1021/acs.jafc.0c01947
https://doi.org/10.1007/s43657-023-00095-0
https://doi.org/10.1007/s43657-023-00095-0
https://doi.org/10.1021/acs.jafc.0c03587
https://doi.org/10.1021/acs.jafc.0c03587
https://doi.org/10.1016/j.tifs.2023.01.013
https://doi.org/10.1016/j.tifs.2023.01.013
https://doi.org/10.1039/D2FO00994C
https://doi.org/10.1155/2013/825928
https://doi.org/10.1155/2013/825928
https://doi.org/10.1016/j.phymed.2017.07.008
https://doi.org/10.1016/j.phymed.2017.07.008
https://doi.org/10.2174/157488912803252005
https://doi.org/10.2174/157488912803252005
https://doi.org/10.1038/srep46501
https://doi.org/10.3390/ijms20215249
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1016/j.nic.2019.03.004
https://doi.org/10.3390/cells8080793
https://doi.org/10.3390/cells8080793
https://doi.org/10.1113/EP091856
https://doi.org/10.1113/EP091856
https://doi.org/10.1155/2012/857142
https://doi.org/10.2174/1389201015666140617100945
https://doi.org/10.2174/1389201015666140617100945
https://doi.org/10.3390/ijerph19010218
https://doi.org/10.3390/ijerph19010218
https://doi.org/10.1371/journal.pone.0096013
https://doi.org/10.1371/journal.pone.0096013
https://doi.org/10.3389/fcvm.2018.00135
https://doi.org/10.2174/1871523015666160915154443
https://doi.org/10.2174/1871523015666160915154443
https://doi.org/10.3389/fphar.2013.00051
https://doi.org/10.1371/journal.pone.0195753
https://doi.org/10.1371/journal.pone.0195753

of Dietary Green Tea Extract.” BMC Complementary and Alternative
Medicine 19: 129. https://doi.org/10.1186/s12906-019-2545-1.

Parada Venegas, D., M. K. De La Fuente, G. Landskron, et al. 2019.
“Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune
Regulation and Its Relevance for Inflammatory Bowel Diseases.”
Frontiers in Immunology 10: 277. https://doi.org/10.3389/fimmu.2019.
00277.

Parnell, J. A, K. Wagner-Jones, R. F. Madden, and K. A. Erdman. 2020.
“Dietary Restrictions in Endurance Runners to Mitigate Exercise-
Induced Gastrointestinal Symptoms.” Journal of the International Society
of Sports Nutrition 17: 32. https://doi.org/10.1186/s12970-020-00361-w.

Periferakis, A., K. Periferakis, I. A. Badarau, et al. 2022. “Kaempferol:
Antimicrobial Properties, Sources, Clinical, and Traditional
Applications.” International Journal of Molecular Sciences 23: 15054.
https://doi.org/10.3390/ijms232315054.

Pervin, M., K. Unno, A. Takagaki, M. Isemura, and Y. Nakamura.
2019. “Function of Green Tea Catechins in the Brain: Epigallocatechin
Gallate and Its Metabolites.” International Journal of Molecular Sciences
20: 3630. https://doi.org/10.3390/ijms20153630.

Peternelj, T.-T., and J. S. Coombes. 2011. “Antioxidant Supplementation
During Exercise Training: Beneficial or Detrimental?” Sports Medicine
41:1043-1069. https://doi.org/10.2165/11594400-000000000-00000.

Petra, A. L., S. Panagiotidou, E. Hatziagelaki, J. M. Stewart, P. Conti, and
T. C. Theoharides. 2015. “Gut-Microbiota-Brain Axis and Its Effect on
Neuropsychiatric Disorders With Suspected Immune Dysregulation.”
Clinical Therapeutics 37: 984-995. https://doi.org/10.1016/j.clinthera.
2015.04.002.

Qi, G., Y. Mi, Y. Wang, et al. 2017. “Neuroprotective Action of Tea
Polyphenols on Oxidative Stress-Induced Apoptosis Through the
Activation of the TrkB/CREB/BDNF Pathway and Keapl/Nrf2
Signaling Pathway in SH-SY5Y Cells and Mice Brain.” Food & Function
8: 4421-4432. https://doi.org/10.1039/C7FO00991G.

Qiu, Y., B. Fernandez-Garcia, H. I. Lehmann, et al. 2023. “Exercise
Sustains the Hallmarks of Health.” Journal of Sport and Health Science
12: 8-35. https://doi.org/10.1016/j.jshs.2022.10.003.

Quan, H., E. Koltai, K. Suzuki, et al. 2020. “Exercise, Redox System
and Neurodegenerative Diseases.” Biochimica et Biophysica Acta (BBA)
- Molecular Basis of Disease 1866: 165778. https://doi.org/10.1016/j.bba-
dis.2020.165778.

Quan, J., Z. Jia, L. Liu, and J. Tian. 2025. “The Effect of Long-Term
Administration of Green Tea Catechins on Aging-Related Cardiac
Diastolic Dysfunction and Decline of Troponin 1.” Genes & Diseases 12:
101284. https://doi.org/10.1016/j.gendis.2024.101284.

Raparthi, M., S. Maruthi, S. B. Dodda, and S. R. B. Reddy. 2022.
“Al-Driven Metabolmics for Precision Nutrition: Tailoring Dietary
Recommendations Based on Individual Health Profiles.” European
Economic Letters 12: 172-179. https://doi.org/10.52783/eel.v12i2.972.

Rebas, E., J. Rzajew, T. Radzik, and L. Zylinska. 2020. “Neuroprotective
Polyphenols: A Modulatory Action on Neurotransmitter Pathways.”
Current Neuropharmacology 18: 431-445. https://doi.org/10.2174/15701
59X18666200106155127.

Reygaert, W. 2017. “An Update on the Health Benefits of Green Tea.”
Beverages 3: 6. https://doi.org/10.3390/beverages3010006.

Rojano-Ortega, D. 2021. “Regular, but Not Acute, Green Tea
Supplementation Increases Total Antioxidant Status and Reduces
Exercise-Induced Oxidative Stress: A Systematic Review.” Nutrition
Research 94: 34-43. https://doi.org/10.1016/j.nutres.2021.08.004.

Sae-Tan, S., C. J. Rogers, and J. D. Lambert. 2014. “Voluntary Exercise
and Green Tea Enhance the Expression of Genes Related to Energy
Utilization and Attenuate Metabolic Syndrome in High Fat Fed Mice.”
Molecular Nutrition & Food Research 58: 1156-1159. https://doi.org/10.
1002/mnfr.201300621.

Sahin, E., C. Orhan, F. Erten, et al. 2021. “Next-Generation Ultrasol
Curcumin Boosts Muscle Endurance and Reduces Muscle Damage in
Treadmill-Exhausted Rats.” Antioxidants 10: 1692. https://doi.org/10.
3390/antiox10111692.

Sandoval-Acufia, C., J. Ferreira, and H. Speisky. 2014. “Polyphenols
and Mitochondria: An Update on Their Increasingly Emerging ROS-
Scavenging Independent Actions.” Archives of Biochemistry and
Biophysics 559: 75-90. https://doi.org/10.1016/j.abb.2014.05.017.

Savitz, J. 2016. “Role of Kynurenine Metabolism Pathway Activation in
Major Depressive Disorders.” In Inflammation-Associated Depression:
Evidence, Mechanisms and Implications. Current Topics in Behavioral
Neurosciences, edited by R. Dantzer and L. Capuron, 249-267. Springer
International Publishing. https://doi.org/10.1007/7854_2016_12.

Schimidt, H. L., A. Vieira, C. Altermann, et al. 2014. “Memory Deficits
and Oxidative Stressin Cerebral Ischemia-Reperfusion: Neuroprotective
Role of Physical Exercise and Green Tea Supplementation.” Neurobiology
of Learning and Memory 114: 242-250. https://doi.org/10.1016/j.nlm.
2014.07.005.

Seki, D., M. Mayer, B. Hausmann, et al. 2021. “Aberrant Gut-Microbiota-
Immune-Brain Axis Development in Premature Neonates With Brain
Damage.” Cell Host & Microbe 29: 1558-1572.e6. https://doi.org/10.
1016/j.chom.2021.08.004.

Serrano, A., G. Ros, and G. Nieto. 2018. “Bioactive Compounds
and Extracts From Traditional Herbs and Their Potential Anti-
Inflammatory Health Effects.” Medicine 5: 76. https://doi.org/10.3390/
medicines5030076.

Shen, S., W. Yang, L. Li, et al. 2023. “In Vitro Fermentation of Seaweed
Polysaccharides and Tea Polyphenol Blends by Human Intestinal Flora
and Their Effects on Intestinal Inflammation.” Food & Function 14:
1133-1147. https://doi.org/10.1039/D2FO03390A.

Shi, H., L. Huang, Q. Wang, et al. 2025. “The Role of Exercise in
Enhancing Brain and Cerebrovascular Health via the Bone-Brain Axis:
Implications for Surgical and Clinical Interventions.” International
Journal of Surgery 111: 8363-8401. https://doi.org/10.1097/JS9.00000
00000003030.

Shigeta, M., W. Aoi, C. Morita, et al. 2023. “Matcha Green Tea Beverage
Moderates Fatigue and Supports Resistance Training-Induced
Adaptation.” Nutrition Journal 22: 32. https://doi.org/10.1186/512937-
023-00859-4.

Siamwala, J. H., P. M. Dias, S. Majumder, et al. 2013. “L-Theanine
Promotes Nitric Oxide Production in Endothelial Cells Through eNOS
Phosphorylation.” Journal of Nutritional Biochemistry 24: 595-605.
https://doi.org/10.1016/j.jnutbio.2012.02.016.

Simpson, R. J., H. Kunz, N. Agha, and R. Graff. 2015. “Exercise and the
Regulation of Immune Functions.” Progress in Molecular Biology and
Translational Science 135: 355-380. https://doi.org/10.1016/bs.pmbts.
2015.08.001.

Singh, B.N.,S. Shankar, and R. K. Srivastava. 2011. “Green Tea Catechin,
Epigallocatechin-3-Gallate (EGCG): Mechanisms, Perspectives and
Clinical Applications.” Biochemical Pharmacology 82: 1807-1821.
https://doi.org/10.1016/j.bcp.2011.07.093.

Sojoodi, M., L. Wei, D. J. Erstad, et al. 2020. “Epigallocatechin Gallate
Induces Hepatic Stellate Cell Senescence and Attenuates Development
of Hepatocellular Carcinoma.” Cancer Prevention Research 13: 497-508.
https://doi.org/10.1158/1940-6207.CAPR-19-0383.

Stevens, J. F., and C. S. Maier. 2016. “The Chemistry of Gut Microbial
Metabolism of Polyphenols.” Phytochemistry Reviews 15: 425-444.
https://doi.org/10.1007/s11101-016-9459-z.

Stozer, A.,P.Vodopivc,and L. Krizan¢i¢ Bombek. 2020. “Pathophysiology
of Exercise-Induced Muscle Damage and Its Structural, Functional,
Metabolic, and Clinical Consequences.” Physiological Research 69: 565—
598. https://doi.org/10.33549/physiolres.934371.

26 of 28

Food Science & Nutrition, 2026


https://doi.org/10.1186/s12906-019-2545-1
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1186/s12970-020-00361-w
https://doi.org/10.3390/ijms232315054
https://doi.org/10.3390/ijms20153630
https://doi.org/10.2165/11594400-000000000-00000
https://doi.org/10.1016/j.clinthera.2015.04.002
https://doi.org/10.1016/j.clinthera.2015.04.002
https://doi.org/10.1039/C7FO00991G
https://doi.org/10.1016/j.jshs.2022.10.003
https://doi.org/10.1016/j.bbadis.2020.165778
https://doi.org/10.1016/j.bbadis.2020.165778
https://doi.org/10.1016/j.gendis.2024.101284
https://doi.org/10.52783/eel.v12i2.972
https://doi.org/10.2174/1570159X18666200106155127
https://doi.org/10.2174/1570159X18666200106155127
https://doi.org/10.3390/beverages3010006
https://doi.org/10.1016/j.nutres.2021.08.004
https://doi.org/10.1002/mnfr.201300621
https://doi.org/10.1002/mnfr.201300621
https://doi.org/10.3390/antiox10111692
https://doi.org/10.3390/antiox10111692
https://doi.org/10.1016/j.abb.2014.05.017
https://doi.org/10.1007/7854_2016_12
https://doi.org/10.1016/j.nlm.2014.07.005
https://doi.org/10.1016/j.nlm.2014.07.005
https://doi.org/10.1016/j.chom.2021.08.004
https://doi.org/10.1016/j.chom.2021.08.004
https://doi.org/10.3390/medicines5030076
https://doi.org/10.3390/medicines5030076
https://doi.org/10.1039/D2FO03390A
https://doi.org/10.1097/JS9.0000000000003030
https://doi.org/10.1097/JS9.0000000000003030
https://doi.org/10.1186/s12937-023-00859-4
https://doi.org/10.1186/s12937-023-00859-4
https://doi.org/10.1016/j.jnutbio.2012.02.016
https://doi.org/10.1016/bs.pmbts.2015.08.001
https://doi.org/10.1016/bs.pmbts.2015.08.001
https://doi.org/10.1016/j.bcp.2011.07.093
https://doi.org/10.1158/1940-6207.CAPR-19-0383
https://doi.org/10.1007/s11101-016-9459-z
https://doi.org/10.33549/physiolres.934371

Sugita, M., M. P. Kapoor, A. Nishimura, and T. Okubo. 2016. “Influence
of Green Tea Catechins on Oxidative Stress Metabolites at Rest and
During Exercise in Healthy Humans.” Nutrition 32: 321-331. https://
doi.org/10.1016/j.nut.2015.09.005.

Sun, H., H. Hu, C. Liu, N. Sun, and C. Duan. 2021. “Methods Used for
the Measurement of Blood-Brain Barrier Integrity.” Metabolic Brain
Disease 36: 723-735. https://doi.org/10.1007/s11011-021-00694-8.

Sun, K., and H. Liu. 2025. “Emerging Biomarkers and Frontier
Therapies: Unveiling the Role of Endothelial Dysfunction in Cerebral
Small Vessel Disease.” Frontiers in Neurology 16: 1615883. https://doi.
org/10.3389/fneur.2025.1615883.

Sun, X., P. Dey, R. S. Bruno, and J. Zhu. 2022. “EGCG and Catechin
Relative to Green Tea Extract Differentially Modulate the Gut Microbial
Metabolome and Liver Metabolome to Prevent Obesity in Mice Fed a
High-Fat Diet.” Journal of Nutritional Biochemistry 109: 109094. https://
doi.org/10.1016/j.jnutbio.2022.109094.

Sun, Y., Y. Lu, J. Saredy, et al. 2020. “ROS Systems Are a New Integrated
Network for Sensing Homeostasis and Alarming Stresses in Organelle
Metabolic Processes.” Redox Biology 37: 101696. https://doi.org/10.
1016/j.redox.2020.101696.

Suzuki, T., M. Pervin, S. Goto, M. Isemura, and Y. Nakamura. 2016.
“Beneficial Effects of Tea and the Green Tea Catechin Epigallocatechin-
3-Gallate on Obesity.” Molecules 21: 1305. https://doi.org/10.3390/molec
ules21101305.

Suzuki, Y., N. Miyoshi, and M. Isemura. 2012. “Health-Promoting
Effects of Green Tea.” Proceedings of the Japan Academy. Series B,
Physical and Biological Sciences 88: 88-101. https://doi.org/10.2183/
pjab.88.88.

Talebi, M., M. Talebi, T. Farkhondeh, G. Mishra, S. Ilgiin, and S.
Samarghandian. 2021. “New Insights Into the Role of the Nrf2 Signaling
Pathway in Green Tea Catechin Applications.” Phytotherapy Research
35:3078-3112. https://doi.org/10.1002/ptr.7033.

Tang, G.-Y., X. Meng, R.-Y. Gan, et al. 2019. “Health Functions and
Related Molecular Mechanisms of Tea Components: An Update
Review.” International Journal of Molecular Sciences 20: 6196. https://
doi.org/10.3390/ijms20246196.

Tang, J. 2023. “Mechanisms of Action of Tea Polyphenols in the
Modulation of Obesity Through Gut Microbiota.” Theoretical and
Natural Science 15: 1-6. https://doi.org/10.54254/2753-8818/15/
20240380.

Tang, M., Y. Mo, Z. Ling, et al. 2025. “Non-Histone Lactylation: A New
Frontier in Cerebral Ischemia-Reperfusion Injury.” Med Research 2:
4-21. https://doi.org/10.1002/mdr2.70029.

Tari, A. R., T. L. Walker, A. M. Huuha, S. B. Sando, and U. Wisloff.
2025. “Neuroprotective Mechanisms of Exercise and the Importance of
Fitness for Healthy Brain Ageing.” Lancet 405: 1093-1118. https://doi.
0rg/10.1016/S0140-6736(25)00184-9.

Temple, N. J. 2022. “A Rational Definition for Functional Foods: A
Perspective.” Frontiers in Nutrition 9: 957516. https://doi.org/10.3389/
fnut.2022.957516.

Thijssen, D. H. J., R. M. Bruno, A. C. C. M. Van Mil, et al. 2019. “Expert
Consensus and Evidence-Based Recommendations for the Assessment
of Flow-Mediated Dilation in Humans.” European Heart Journal 40:
2534-2547. https://doi.org/10.1093/eurheartj/ehz350.

Tian, B., Y. Pan, X. Zhou, et al. 2024. “Yellow Leaf Green Tea Modulates
the AMPK/ACC/SREBPIC Signaling Pathway and Gut Microbiota in
High-Fat Diet-Induced Mice to Alleviate Obesity.” Journal of the Science
of Food and Agriculture 104: 5882-5895. https://doi.org/10.1002/jsfa.
13413.

Timper, K., and J. C. Briining. 2017. “Hypothalamic Circuits Regulating
Appetite and Energy Homeostasis: Pathways to Obesity.” Disease Models
& Mechanisms 10: 679-689. https://doi.org/10.1242/dmm.026609.

Tipoe, G., T.-M. Leung, M.-W. Hung, and M.-L. Fung. 2007. “Green
Tea Polyphenols as an Anti-Oxidant and Anti-Inflammatory Agent
for Cardiovascular Protection.” Cardiovascular & Hematological
Disorders Drug Targets 7: 135-144. https://doi.org/10.2174/1871529077
80830905.

Tran, H. H.-V,, M. Mansoor, S. R. R. Butt, et al. 2023. “Impact of Green
Tea Consumption on the Prevalence of Cardiovascular Outcomes: A
Systematic Review.” Cureus 15: e49775. https://doi.org/10.7759/cureus.
49775.

Truong, V.-L., and W.-S. Jeong. 2022. “Antioxidant and Anti-
Inflammatory Roles of Tea Polyphenols in Inflammatory Bowel
Diseases.” Food Science and Human Wellness 11: 502-511. https://doi.
0rg/10.1016/j.fshw.2021.12.008.

Truyens, M., H. Lernout, M. De Vos, D. Laukens, and T. Lobaton. 2024.
“Unraveling the Fatigue Puzzle: Insights Into the Pathogenesis and
Management of IBD-Related Fatigue Including the Role of the Gut-
Brain Axis.” Frontiers in Medicine 11: 1424926. https://doi.org/10.3389/
fmed.2024.1424926.

Tu, W.,H. Wang, S. Li, Q. Liu, and H. Sha. 2019. “The Anti-Inflammatory
and Anti-Oxidant Mechanisms of the Keapl/Nrf2/ARE Signaling
Pathway in Chronic Diseases.” Aging and Disease 10: 637-651. https://
doi.org/10.14336/AD.2018.0513.

Unno, K., D. Furushima, S. Hamamoto, et al. 2018. “Stress-Reducing
Function of Matcha Green Tea in Animal Experiments and Clinical
Trials.” Nutrients 10: 1468. https://doi.org/10.3390/nu10101468.

Voorter, P. H. M., M. Van Dinther, W. J. Jansen, et al. 2024. “Blood-Brain
Barrier Disruption and Perivascular Spaces in Small Vessel Disease and
Neurodegenerative Diseases: A Review on MRI Methods and Insights.”
Magnetic Resonance Imaging 59: 397-411. https://doi.org/10.1002/jmri.
28989.

Vossen, L. M., A. A. Kroon, L. J. Schurgers, and P. W. De Leeuw.
2019. “Pharmacological and Nutritional Modulation of Vascular
Calcification.” Nutrients 12: 100. https://doi.org/10.3390/nu12010100.

Walker, J. M., D. Klakotskaia, D. Ajit, et al. 2015. “Beneficial Effects of
Dietary EGCG and Voluntary Exercise on Behavior in an Alzheimer's
Disease Mouse Model.” Journal of Alzheimer's Disease: JAD 44: 561-572.
https://doi.org/10.3233/JAD-140981.

Wang, B., S. Liu, L. Lin, W. Xu, Z. Gong, and W. Xiao. 2024. “The
Protective Effect of L -Theanine on the Intestinal Barrier in Heat-
Stressed Organisms.” Food & Function 15: 3036-3049. https://doi.org/
10.1039/D3F004459A.

Wang, T., Q. Wu, and T. Zhao. 2020. “Preventive Effects of Kaempferol
on High-Fat Diet-Induced Obesity Complications in C57BL/6 Mice.”
BioMed Research International 2020: 4532482. https://doi.org/10.1155/
2020/4532482.

Weavers, H., W. Wood, and P. Martin. 2019. “Injury Activates a Dynamic
Cytoprotective Network to Confer Stress Resilience and Drive Repair.”
Current Biology 29: 3851-3862.e4. https://doi.org/10.1016/j.cub.2019.
09.035.

Wei, K., Y. Wei, Y. Wang, and X. Wei. 2023. “Amelioration Effects and
Regulatory Mechanisms of Different Tea Active Ingredients on DSS-
Induced Colitis.” Journal of Agricultural and Food Chemistry 71: 16604—
16617. https://doi.org/10.1021/acs.jafc.3c04524.

Weitkunat, K., S. Schumann, D. Nickel, et al. 2016. “Importance of
Propionate for the Repression of Hepatic Lipogenesis and Improvement
of Insulin Sensitivity in High-Fat Diet-Induced Obesity.” Molecular
Nutrition & Food Research 60: 2611-2621. https://doi.org/10.1002/mnfTr.
201600305.

Westfall, S., N. Lomis, I. Kahouli, S. Y. Dia, S. P. Singh, and S. Prakash.
2017. “Microbiome, Probiotics and Neurodegenerative Diseases:
Deciphering the Gut Brain Axis.” Cellular and Molecular Life Sciences
74: 3769-3787. https://doi.org/10.1007/s00018-017-2550-9.

Food Science & Nutrition, 2026

27 of 28


https://doi.org/10.1016/j.nut.2015.09.005
https://doi.org/10.1016/j.nut.2015.09.005
https://doi.org/10.1007/s11011-021-00694-8
https://doi.org/10.3389/fneur.2025.1615883
https://doi.org/10.3389/fneur.2025.1615883
https://doi.org/10.1016/j.jnutbio.2022.109094
https://doi.org/10.1016/j.jnutbio.2022.109094
https://doi.org/10.1016/j.redox.2020.101696
https://doi.org/10.1016/j.redox.2020.101696
https://doi.org/10.3390/molecules21101305
https://doi.org/10.3390/molecules21101305
https://doi.org/10.2183/pjab.88.88
https://doi.org/10.2183/pjab.88.88
https://doi.org/10.1002/ptr.7033
https://doi.org/10.3390/ijms20246196
https://doi.org/10.3390/ijms20246196
https://doi.org/10.54254/2753-8818/15/20240380
https://doi.org/10.54254/2753-8818/15/20240380
https://doi.org/10.1002/mdr2.70029
https://doi.org/10.1016/S0140-6736(25)00184-9
https://doi.org/10.1016/S0140-6736(25)00184-9
https://doi.org/10.3389/fnut.2022.957516
https://doi.org/10.3389/fnut.2022.957516
https://doi.org/10.1093/eurheartj/ehz350
https://doi.org/10.1002/jsfa.13413
https://doi.org/10.1002/jsfa.13413
https://doi.org/10.1242/dmm.026609
https://doi.org/10.2174/187152907780830905
https://doi.org/10.2174/187152907780830905
https://doi.org/10.7759/cureus.49775
https://doi.org/10.7759/cureus.49775
https://doi.org/10.1016/j.fshw.2021.12.008
https://doi.org/10.1016/j.fshw.2021.12.008
https://doi.org/10.3389/fmed.2024.1424926
https://doi.org/10.3389/fmed.2024.1424926
https://doi.org/10.14336/AD.2018.0513
https://doi.org/10.14336/AD.2018.0513
https://doi.org/10.3390/nu10101468
https://doi.org/10.1002/jmri.28989
https://doi.org/10.1002/jmri.28989
https://doi.org/10.3390/nu12010100
https://doi.org/10.3233/JAD-140981
https://doi.org/10.1039/D3FO04459A
https://doi.org/10.1039/D3FO04459A
https://doi.org/10.1155/2020/4532482
https://doi.org/10.1155/2020/4532482
https://doi.org/10.1016/j.cub.2019.09.035
https://doi.org/10.1016/j.cub.2019.09.035
https://doi.org/10.1021/acs.jafc.3c04524
https://doi.org/10.1002/mnfr.201600305
https://doi.org/10.1002/mnfr.201600305
https://doi.org/10.1007/s00018-017-2550-9

Williams, J., J. Kellett, P. Roach, et al. 2016. “L-Theanine as a Functional
Food Additive: Its Role in Disease Prevention and Health Promotion.”
Beverages 2: 13. https://doi.org/10.3390/beverages2020013.

Wu, D., M. Zhang, Y. Tao, et al. 2025. “Characteristic ‘Pattern of
Autofluorescence’ of the Fingernails and Certain Skin's Positions Is a
Novel Diagnostic Biomarker for Acute Ischemic Stroke: A Preliminary
Study.” Phenomics 5: 681-696. https://doi.org/10.1007/s43657-024-
00209-2.

Wu, X., Y. Zhou, Y. Xi, et al. 2024. “Polyphenols: Natural Food-Grade
Biomolecules for the Treatment of Nervous System Diseases From a
Multi-Target Perspective.” Pharmaceuticals 17: 775. https://doi.org/10.
3390/ph17060775.

Wu, Z., S. Huang, T. Li, et al. 2021. “Gut Microbiota From Green Tea
Polyphenol-Dosed Mice Improves Intestinal Epithelial Homeostasis
and Ameliorates Experimental Colitis.” Microbiome 9: 184. https://doi.
org/10.1186/s40168-021-01115-9.

Xie, X., J. Wan, X. Zheng, et al. 2022. “Synergistic Effects of
Epigallocatechin Gallate and I-Theanine in Nerve Repair and
Regeneration by Anti-Amyloid Damage, Promoting Metabolism, and
Nourishing Nerve Cells.” Frontiers in Nutrition 9: 951415. https://doi.
org/10.3389/fnut.2022.951415.

Xu, L., C. Ma, X. Huang, et al. 2018. “Microbiota Metabolites Short-
Chain Fatty Acid Butyrate Conditions Intestinal Epithelial Cells to
Promote Development of Treg Cells and T Cell IL-10 Production.”
Journal of Immunology 200: 53.16. https://doi.org/10.4049/jimmunol.
200.Supp.53.16.

Xu, X., Z. Fu, and W. Le. 2019. “Exercise and Parkinson's Disease.” In
International Review of Neurobiology, 45-74. Elsevier. https://doi.org/
10.1016/bs.irn.2019.06.003.

Xu, X. 2024. “Health Benefits of Tea Polyphenols and Mechanisms via
Regulating Gut Microbiota.” Transactions on Materials, Biotechnology
and Life Sciences 3: 491-497. https://doi.org/10.62051/qv11as62.

Xu, X.-Y., C.-N. Zhao, B.-Y. Li, et al. 2023. “Effects and Mechanisms
of Tea on Obesity.” Critical Reviews in Food Science and Nutrition 63:
3716-3733. https://doi.org/10.1080/10408398.2021.1992748.

Xu, Y., J. Zhang, T. Zhang, M. Zi, and Q. Zhang. 2024. “Mangiferin and
EGCG Compounds Fight Against Hyperlipidemia by Promoting FFA
Oxidation via AMPK/PPAR a.” PPAR Research 2024: 7178801. https://
doi.org/10.1155/ppar/7178801.

Yahya Alkinani, A., and W. J. P. Westwood Clini. 2024. “Investigating
Gut-Brain Interaction: Connection Between Gut Microbes and
Neurological Health.” International Journal of Innovative Science and
Research Technology (IJISRT) 9: 947-954. https://doi.org/10.38124/
ijisrt/IJISRT24MAY1166.

Yan, R, C. Ho, and X. Zhang. 2020. “Interaction Between Tea
Polyphenols and Intestinal Microbiota in Host Metabolic Diseases From
the Perspective of the Gut-Brain Axis.” Molecular Nutrition & Food
Research 64: 2000187. https://doi.org/10.1002/mnfr.202000187.

Yang, D. K., S.-J. Lee, G. O. Adam, and S.-J. Kim. 2020. “Aralia
Continentalis Kitagawa Extract Attenuates the Fatigue Induced
by Exhaustive Exercise Through Inhibition of Oxidative Stress.”
Antioxidants 9: 379. https://doi.org/10.3390/antiox9050379.

Yang, J., X. Li, C. Dai, et al. 2024. “Living Conditions Alter Ketogenic
Diet-Induced Metabolic Consequences in Mice Through Modulating
Gut Microbiota.” Phenomics 4: 313-326. https://doi.org/10.1007/s4365
7-024-00161-1.

Yang, L., L. Y. Hung, Y. Zhu, S. Ding, K. G. Margolis, and K. W. Leong.
2022. “Material Engineering in Gut Microbiome and Human Health.”
Research 2022: 9804014. https://doi.org/10.34133/2022/9804014.

Yang, Y. R., and K.-S. Kwon. 2020. “Potential Roles of Exercise-Induced
Plasma Metabolites Linking Exercise to Health Benefits.” Frontiers in
Physiology 11: 602748. https://doi.org/10.3389/fphys.2020.602748.

Yu, L., M. Yang, K. X. Ye, et al. 2024. “Investigating the Impact of
Tea Consumption on Cognitive Function and Exploring Tea-Genetic
Interactions in Older Adults Aged 65-105Years: Findings From the
2002-2018 CLHLS Data.” Journal of Prevention of Alzheimer's Disease
11: 769-779. https://doi.org/10.14283/jpad.2024.22.

Yu, L., X. Zhong, Y. He, and Y. Shi. 2020. “Butyrate, but Not Propionate,
Reverses Maternal Diet-Induced Neurocognitive Deficits in Offspring.”
Pharmacological Research 160: 105082. https://doi.org/10.1016/.phrs.
2020.105082.

Zhang, S., M. Xu, X. Sun, H. Shi, and J. Zhu. 2022. “Green Tea Extract
Alters Gut Microbiota and Their Metabolism of Adults With Metabolic
Syndrome in a Host-Free Human Colonic Model.” Food Research
International 160: 111762. https://doi.org/10.1016/j.foodres.2022.
111762.

Zhang, Z., H. Wu, and H. Huang. 2016. “Epicatechin Plus Treadmill
Exercise Are Neuroprotective Against Moderate-Stage Amyloid
Precursor Protein/Presenilin 1 Mice.” Pharmacognosy Magazine 12:
S139-S146. https://doi.org/10.4103/0973-1296.182174.

Zhao, S., Y. Tan, H. Xie, C. Huang, F. Wang, and X. Xiao. 2025. “From
Molecular Mechanisms to Translational Applications: A Parallel
Assessment of Green and Black Tea Modulation of Oxidative Stress.”
Nutrition & Metabolism (London) 22: 147. https://doi.org/10.1186/s1298
6-025-01047-3.

Zheng, H., H. Li, L. Kong, et al. 2023. “Association of Dietary Patterns
With Cognitive Function in Older People: Results From the Chinese
Longitudinal Healthy Longevity Survey.” Medicine Advances 1: 246-
259. https://doi.org/10.1002/med4.35.

Zheng, Y.,J.Ke,J. Song, et al. 2025. “Correlation Between Daily Physical
Activity and Intestinal Microbiota in Perimenopausal Women.” Sports
Medicine and Health Science 7: 230-236. https://doi.org/10.1016/j.smhs.
2024.02.005.

Zhou, J., L. Ding, W. Chen, Y. Tan, D. Xie, and Y. Wang. 2024. “Matcha
and Exercise Synergy: Elucidating Mechanisms and Central Signaling
Pathways Modulating Glycolipid Metabolism in High-Fat Diet-Induced
Obese Mice.” Food Frontiers 5: 2766-2781. https://doi.org/10.1002/
fft2.465.

Zhou, J., H. Lin, P. Xu, et al. 2020. “Matcha Green Tea Prevents Obesity-
Induced Hypothalamic Inflammation via Suppressing the JAK2/STAT3
Signaling Pathway.” Food & Function 11: 8987-8995. https://doi.org/10.
1039/DOFO01500H.

Zhou, S., Y. Zhu, N. Ren, M. Wu, and Y. Liu. 2025. “The Association
Between Green Tea Consumption and Cognitive Function: A Meta-
Analysis of Current Evidence.” Neuroepidemiology 60: 178-199. https://
doi.org/10.1159/000543784.

28 of 28

Food Science & Nutrition, 2026


https://doi.org/10.3390/beverages2020013
https://doi.org/10.1007/s43657-024-00209-2
https://doi.org/10.1007/s43657-024-00209-2
https://doi.org/10.3390/ph17060775
https://doi.org/10.3390/ph17060775
https://doi.org/10.1186/s40168-021-01115-9
https://doi.org/10.1186/s40168-021-01115-9
https://doi.org/10.3389/fnut.2022.951415
https://doi.org/10.3389/fnut.2022.951415
https://doi.org/10.4049/jimmunol.200.Supp.53.16
https://doi.org/10.4049/jimmunol.200.Supp.53.16
https://doi.org/10.1016/bs.irn.2019.06.003
https://doi.org/10.1016/bs.irn.2019.06.003
https://doi.org/10.62051/qv11as62
https://doi.org/10.1080/10408398.2021.1992748
https://doi.org/10.1155/ppar/7178801
https://doi.org/10.1155/ppar/7178801
https://doi.org/10.38124/ijisrt/IJISRT24MAY1166
https://doi.org/10.38124/ijisrt/IJISRT24MAY1166
https://doi.org/10.1002/mnfr.202000187
https://doi.org/10.3390/antiox9050379
https://doi.org/10.1007/s43657-024-00161-1
https://doi.org/10.1007/s43657-024-00161-1
https://doi.org/10.34133/2022/9804014
https://doi.org/10.3389/fphys.2020.602748
https://doi.org/10.14283/jpad.2024.22
https://doi.org/10.1016/j.phrs.2020.105082
https://doi.org/10.1016/j.phrs.2020.105082
https://doi.org/10.1016/j.foodres.2022.111762
https://doi.org/10.1016/j.foodres.2022.111762
https://doi.org/10.4103/0973-1296.182174
https://doi.org/10.1186/s12986-025-01047-3
https://doi.org/10.1186/s12986-025-01047-3
https://doi.org/10.1002/med4.35
https://doi.org/10.1016/j.smhs.2024.02.005
https://doi.org/10.1016/j.smhs.2024.02.005
https://doi.org/10.1002/fft2.465
https://doi.org/10.1002/fft2.465
https://doi.org/10.1039/D0FO01500H
https://doi.org/10.1039/D0FO01500H
https://doi.org/10.1159/000543784
https://doi.org/10.1159/000543784

	Integrating Bone-Brain Axis Modulation and Tea Consumption for Enhancing Neurovascular Resilience and Patient Rehabilitation Education
	ABSTRACT
	1   |   Introduction
	2   |   Protective Effects of Tea
	2.1   |   Active Compounds in Tea
	2.1.1   |   Tea Polyphenols
	2.1.2   |   Theanine and Caffeine
	2.1.3   |   Other Bioactive Compounds

	2.2   |   Effects of Tea on Cerebrovascular Health
	2.2.1   |   Tea and Improvement of Cerebrovascular Hemodynamics
	2.2.2   |   Tea's Neurovascular Protective Effects and Vascular Repair
	2.2.3   |   Tea's Regulation of the Gut-Brain Axis


	3   |   Cerebrovascular Protection by Exercise Metabolites
	3.1   |   Effects of Exercise Metabolites on Brain Vasculature
	3.1.1   |   Brain Vascular Protection of Lactate
	3.1.2   |   Brain Vascular Protection by Short-Chain Fatty Acids
	3.1.3   |   Brain Vascular Protection by β-Hydroxybutyrate
	3.1.4   |   Brain Vascular Protection by Myo-Inositol

	3.2   |   Mechanisms of Exercise Metabolites in Brain Vascular Protection
	3.2.1   |   Anti-Inflammatory and Antioxidant Mechanisms of Exercise Metabolites
	3.2.2   |   The Vascular Stabilizing Effects of Exercise Metabolites


	4   |   Mechanistic Basis of Tea Polyphenols and Exercise in Brain Vascular Protection
	4.1   |   Synergistic Mechanisms of Tea Polyphenols and Exercise in Neurovascular Protection
	4.1.1   |   Synergistic Regulation of Oxidative Stress by Tea Polyphenols and Exercise
	4.1.2   |   Synergistic Anti-Inflammatory Effects of Tea Polyphenols and Exercise
	4.1.3   |   Synergistic Modulation of the Gut-Brain Axis by Tea Polyphenols and Exercise

	4.2   |   Synergistic Improvements in Cerebral Blood Flow and Vascular Function

	5   |   Potential Mechanism Model
	5.1   |   Regulation of Gut Microbiota and Metabolites by Tea Consumption and Exercise
	5.2   |   Activation of Antioxidant and Anti-Inflammatory Pathways by Tea and Exercise
	5.3   |   Stabilization of Vascular Structure and Function Through Tea and Exercise
	5.4   |   Cognitive Enhancements Through Tea and Exercise

	6   |   Clinical Translation and Future Perspectives of Tea and Exercise Interventions
	6.1   |   Translational Potential of Personalized Dietary and Exercise Interventions
	6.2   |   Clinical Evidence and Long-Term Translational Outcomes
	6.2.1   |   Long-Term Clinical Effects Across Different Populations
	6.2.2   |   Development of Clinically Functional Products

	6.3   |   Clinical Implications for Neurological and Cerebrovascular Disorders
	6.4   |   Translationally Relevant Readouts and Measurable Clinical Endpoints

	7   |   Conclusion
	Author Contributions
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


