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development of chronic cardiovascular diseases and asso-
ciated risk factors, particularly in individuals exposed to 
repeated or single brain injuries. This link adds another 
layer of complexity to the already devastating impact of 
TBI, which significantly contributes to mortality rates and 
long-term physical, cognitive, and behavioral impairments, 
especially among young adults in economically developed 
nations [1, 2]. Considering that young adults (aged 20–30) 

Introduction

Traumatic brain injury (TBI) poses a significant threat to 
public health, impacting individuals across various demo-
graphics, including civilians, military personnel, and 
athletes. While the neurological and psychiatric conse-
quences of TBI are well-established, recent research sug-
gests a potentially understudied link between TBI and the 
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Abstract
Traumatic brain injury (TBI) is a leading cause of disability worldwide, with an estimated annual incidence of 27–69 mil-
lion. TBI is a severe condition that can lead to high mortality rates and long-term cognitive, behavioral, and physical 
impairments in young adults. It is a significant public health concern due to the lack of effective treatments available. 
Quercetin, a natural flavonoid found in various fruits and vegetables, has demonstrated therapeutic potential with anti-
inflammatory, antioxidant, and neuroprotective properties. Recently, some evidence has accentuated the ameliorating 
effects of quercetin on TBI. This review discusses quercetin’s ability to reduce TBI-related damage by regulating many 
cellular and molecular pathways. Quercetin in vitro and in vivo studies exhibit promise in reducing inflammation, oxida-
tive stress, apoptosis, and enhancing cognitive function post-TBI. Further clinical investigation into quercetin’s therapeutic 
potential as a readily available adjuvant in the treatment of TBI is warranted in light of these findings. This review adds 
to our knowledge of quercetin’s potential in treating TBI by clarifying its mechanisms of action.
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often constitute the primary workforce and driving force 
behind economic and social progress, the societal burden of 
TBI becomes even more concerning [3]. Epidemiological 
studies estimate that around 5% of the US population lives 
with TBI, while global projections suggest over 60 million 
individuals may experience permanent disability due to 
TBIs of varying severity [4, 5]. Despite advancements in 
diagnosis, neurosurgical care, and cognitive rehabilitation, 
a definitive cure for TBI remains elusive [6]. Current treat-
ment strategies primarily focus on minimizing secondary 
damage and its consequences, reducing inflammation, and 
promoting neuroprotection [7].

Herbal medicine has emerged as a complementary 
approach to conventional treatments, offering potential ben-
efits such as enhancing efficacy, mitigating side effects, and 
addressing limitations in conventional therapies, even in 
TBI [8]. Studies suggest that herbal medicines may alleviate 
symptoms by improving blood-brain barrier permeability, 
reducing brain water content, and potentially downregu-
lating the expression of inflammatory markers like tumor 
necrosis factor-α and nitric oxide [8]. Notably, the antioxi-
dant properties of certain flavonoids are also being investi-
gated for their potential neuroprotective effects [4].

Quercetin, a naturally occurring flavonoid widely found 
in fruits and vegetables, has garnered significant attention 
due to its diverse medicinal properties [9]. Its Latin name, 
“quercetum,” meaning “oak forest,” reflects its classifica-
tion as a flavonol—one of the six subgroups of flavonoid 
compounds [10]. This bioactive compound boasts a range 
of health benefits, including antioxidant, anti-inflammatory, 
anti-proliferative, anti-carcinogenic, anti-diabetic, and anti-
viral capabilities [11]. However, it is crucial to acknowledge 
that quercetin’s efficacy may be limited by its short half-life 
and rapid metabolism in the body [12]. Additionally, studies 
have shown that it may suppress the function of immunos-
timulatory dendritic cells [10].

Despite these limitations, preliminary data suggests that 
quercetin possesses potential neuroprotective benefits in the 
context of TBI, warranting further exploration [13]. This 
review aims to shed light on quercetin’s therapeutic poten-
tial as an adjunctive therapy for TBI by comprehensively 
examining published research and delving into the molecu-
lar mechanisms underlying its antioxidant, anti-inflamma-
tory, and neuroprotective properties.

The pathogenesis of traumatic brain injury

TBI is a leading cause of disability and death, particularly 
among individuals under 45 years old [14]. The Global 
Burden of Disease (GBD) projections anticipate a rise in 
TBI prevalence due to population growth and increased use 

of motorized vehicles. Notably, TBI can contribute to the 
development of neurodegenerative disorders like demen-
tia, Parkinson’s disease, and Alzheimer’s disease [15]. The 
diverse pathophysiology of TBI presents a challenge in 
establishing standardized treatment approaches. The extent, 
location, and individual characteristics of TBI can vary sig-
nificantly. Injuries can be categorized as either primary (e.g., 
bleeding, contusion) or secondary (e.g., edema, increased 
intracranial pressure) based on the mechanism of injury 
[16]. However, cellular and molecular processes involved 
in TBI pathogenesis are broadly classified into primary and 
secondary damage mechanisms [17]. Another classifica-
tion system differentiates between local (focal) and diffuse 
(global) damage, with the latter demonstrating a stronger 
clinical-pathological association (Fig. 1) [17].

Tissue damage and cellular processes

Following TBI, a complex cascade of molecular and cellu-
lar events unfolds, involving neurotransmitters, inflamma-
tory mediators, cytokines, and genetic abnormalities [18], 
as indicated below:

Primary injury

The immediate impact of a collision results in primary 
mechanical damage to the brain, leading to localized or dif-
fuse injuries such as contusions, hematomas, and axonal 
shearing [17]. These injuries can disrupt the blood-brain 
barrier (BBB), causing cerebral edema and altered blood 
flow [15, 19].

Secondary injury

Secondary injury processes, lasting for varying durations, 
follow the initial impact. Mechanisms contributing to neu-
ronal injury and death include oxidative stress, neuroinflam-
mation, excitotoxicity, BBB disruption, and apoptosis [15, 
16, 18].

Oxidative stress TBI triggers the generation of reactive 
oxygen species (ROS) and reactive nitrogen species (RNS), 
leading to lipid peroxidation, worsening neuroinflamma-
tion, and synaptic dysfunction [20]. The brain’s compro-
mised antioxidant defense mechanisms exacerbate oxidative 
stress, contributing to continued secondary brain damage 
[20]. Mitochondrial dysfunction and oxidative stress are 
tightly linked in TBI, with mitochondrial oxidative stress 
playing a role in various types of brain damage [21]. Exac-
erbating oxidative damage, neuronal impairment, and mito-
chondrial dysfunction post-TBI can cause increased ROS 
generation [21]. Recent research suggests that antioxidant 
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therapies may offer a new treatment option for preventing 
further damage by reducing oxidative stress in TBI, dem-
onstrating potential in both laboratory and human studies to 
improve cognitive and functional abilities [20, 22].

Neuroinflammation Neuroinflammation, a complex and 
multifaceted process, plays crucial role in secondary injury 
following TBI [23]. This response, characterized by a series 
of immunological events, can be beneficial or detrimental, 
acting as a double-edged sword [23]. While acute neuro-
inflammation, initiated by release danger signals and acti-
vation the innate immune system, is essential for post-TBI 
healing, an unchecked immune response can turn destruc-
tive, exacerbating tissue damage [24]. Microglial and 
astrocyte activation, combined with infiltration of periph-
eral immune cells, results in a pro-inflammatory environ-
ment characterized by the production of damage-associated 
molecular patterns (DAMPs) and pro-inflammatory media-
tors [25]. This inflammatory environment further activates 
immune cells, leading to tissue damage and exacerbating 
the overall injury [24].

Chronic neuroinflammation following TBI is closely 
linked to the development of long-term cognitive impair-
ments and even chronic neurodegenerative diseases [23, 

26]. This chronic phase is characterized by sustained glial 
cell activation, continued production of inflammatory medi-
ators within the brain, and ongoing recruitment of peripheral 
immune cells [26]. Therefore, targeting and regulating neu-
roinflammation after TBI presents a promising avenue for 
developing new treatment strategies. By understanding the 
intricate mechanisms involved, including the roles of resi-
dent glia, inflammatory mediators, and peripheral immune 
cell recruitment, we can identify potential intervention tar-
gets and advance translational and clinical research in TBI 
management [26]. Additionally, the development of precise 
proteomic and transcriptomic tools has opened doors to 
discovering novel inflammatory pathways with therapeutic 
potential [23]. Ultimately, the goal is to minimize secondary 
injury, enhance healing processes, and harness the power of 
inflammation in a personalized manner to improve patient 
outcomes [24].

Excitotoxicity A surge in extracellular glutamate lev-
els following TBI triggers excitotoxic processes, sig-
nificantly contributing to secondary brain injury [27]. 
Understanding and addressing this disruption of gluta-
mate homeostasis and subsequent excitotoxicity is cru-
cial for developing effective therapeutic strategies. While 
glutamate receptor antagonists have shown limited suc-
cess in TBI treatment, the need for alternative approaches 

Fig. 1 Classification of ethology 
of TBI (adopted and redisgned 
from Al-Sarraj, 2016 [17]), 
Created with biorender (https://
biorender.com/)
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injury [30]. Understanding the long-term alterations in neu-
ronal calcium dynamics and the underlying causes of this 
disruption is crucial for developing new therapeutic strate-
gies to alleviate the debilitating effects of TBI [30].

BBB disruption Disruption of the BBB is a hallmark of 
severe TBI and plays a critical role in the neuroinflamma-
tory processes that lead to brain swelling and cell death 
[33]. The BBB acts as a highly selective gatekeeper, 
meticulously controlling the exchange of substances 
between the bloodstream and the brain, maintaining a 
stable and healthy brain environment. Following TBI, the 
BBB becomes compromised, increasing its permeability 
and allowing the influx of harmful elements like immune 
cells, toxins, and other substances into the delicate brain 
tissue. This disruption exacerbates and prolongs the cas-
cade of secondary damage [34]. Studies show that BBB 
breakdown occurs within hours of TBI and can persist for 
extended periods [34]. This disruption triggers a devastat-
ing chain reaction, including:

 ● Tissue destruction: Leaked harmful substances directly 
damage brain tissue.

 ● Edema (fluid buildup): Increased permeability allows 
fluid to accumulate in the brain, causing swelling and 
pressure.

 ● Inflammation: Immune cells infiltrate the brain, con-
tributing to further tissue damage.

 ● Neuronal dysfunction: Disrupted communication and 
function of brain cells.

The leakage of specific proteins like fibrinogen and immu-
noglobulin G into the brain parenchyma is a marker of 
BBB damage and is associated with poor outcomes in TBI 
patients [34]. Additionally, the heightened permeability can 
lead to cerebral edema, further amplifying the damage and 
jeopardizing recovery.

Apoptosis Apoptosis, or programmed cell death, plays a 
critical role in the devastating cascade of secondary brain 
injury following traumatic brain injury (TBI). Extensive 
research, from laboratory models to human studies, has 
solidified its significance in the pathogenesis of TBI. Exten-
sive research, from laboratory models to human studies, 
has solidified its importance in the pathogenesis of TBI 
[35]. Detecting apoptotic cell death in both contusional 
brain lesions (directly impacted areas) and distant regions 
highlights a dynamic mechanism contributing to progres-
sive neuronal deterioration over time [36]. Understanding 
and targeting this process is crucial, as neuronal apoptosis 
is critical in TBI management. This includes identifying its 

to effectively control excitotoxicity and minimize its 
detrimental impact on neuronal survival and function is 
increasingly recognized [27]. Excitotoxicity is character-
ized by neuronal death triggered by excessive stimula-
tion of excitatory neurotransmitters, primarily glutamate 
[16, 18]. Research suggests that elevated glutamate lev-
els can overstimulate NMDA receptors, particularly syn-
aptic NMDA receptors, leading to an influx of calcium 
and sodium ions into neuronal compartments [28]. This 
abnormal glutamate release from both neurons and glial 
cells further exacerbates the situation. The influx of cal-
cium ions through various glutamate receptors ultimately 
activates programmed cell death pathways, contributing 
to neuronal damage [28]. Following TBI, a decrease in 
astrocytic glutamate transporters, responsible for regu-
lating glutamate levels in the extracellular space, further 
contributes to excitotoxicity [27].

Calcium dysregulation Calcium dysregulation plays a 
central role in the devastating cascade of secondary dam-
age following TBI [29, 30]. This disruption is charac-
terized by abnormal calcium signaling and persistently 
elevated intracellular calcium levels within neurons, 
upsetting the delicate balance essential for their proper 
function [29, 30]. This imbalance triggers a chain reaction 
of detrimental events, including the activation of degra-
dative enzymes, impairment of normal cellular functions, 
and ultimately, the initiation of cell death pathways [29]. 
Several mechanisms contribute to calcium dysregulation 
in TBI:

 ● Increased expression of calcium sensor proteins: Pro-
teins like stromal interactive molecule 2 (STIM2) act as 
calcium sensors, and their increased expression in TBI 
amplifies the calcium imbalance [31].

 ● Hyperactive voltage-gated calcium channels: L- and 
N-type calcium channels, responsible for regulating cal-
cium influx into cells, become hyperactive after TBI, 
leading to excessive calcium entry and worsening the 
injury [32].

 ● BBB disruption: the BBB breakdown allows activated 
white blood cells to infiltrate the damaged brain tissue. 
These cells can generate harmful reactive oxygen spe-
cies and inflammatory substances, further contributing 
to calcium-induced neuronal damage [32].

The consequences of disrupted calcium homeostasis in 
TBI survivors are far-reaching and long-lasting. Cognitive 
impairments, behavioral issues, and even post-traumatic 
stress disorder (PTSD) can persist for years after the initial 
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tools that can provide valuable information for guiding 
clinical decisions [42]. As our understanding of TBI, par-
ticularly its neuroinflammatory aspects, continues to evolve, 
these biomarkers hold immense potential for developing 
novel therapeutic strategies.

Quercetin, an herbal compound with wide 
benefits

Quercetin, with the chemical formula C15H10O7, is classi-
fied as an aglycone due to its absence of a sugar moiety. This 
compound presents a vivid citron-yellow coloration in the 
form of needle-shaped crystals and is entirely insoluble in 
cold water [44]. Quercetin constitutes approximately 75% 
of the flavonoids consumed [11]. Dietary intake of quercetin 
varies across countries, accounting for a significant portion 
of daily flavonoid intake, estimated to range from 50 to 800 
mg [44]. Research studies have unveiled various potential 
benefits of quercetin across diverse health domains. Da et al. 
reported that quercetin increased bone density and strength 
in mice that underwent orchiectomy. This suggests that it 
may be used in the osteoporosis treatment [45]. Hu et al. 
demonstrated that quercetin’s inhibition of breast cancer 
might be linked to promoting TFEB-mediated lysosomal 
activation and subsequent ferritin degradation [46]. A recent 
study by Hogaboam et al. indicated that quercetin suppressed 
lung fibrosis progression, decreased senescent cell markers, 
and enhanced health outcomes in mice with experimental 
fibrosis [47]. Additionally, quercetin has been identified as 
an inhibitor of LPS-induced microglial activation, a signifi-
cant contributor to neuronal apoptosis [48]. Quercetin’s sup-
pression of PI3K/AKT in renal tissue has been associated 
with increased pro-apoptotic gene expression and decreased 
anti-apoptotic gene expression, indicating its potential to 
mitigate renal fibrosis and apoptosis in animals with chronic 
renal failure [49]. Kuang and colleagues (2021) investigated 
the function of the PI3K signaling pathway in ovarian func-
tion, revealing that quercetin inhibited follicle activation via 
the PI3K/Akt/Foxo3a pathway, a known protein phosphory-
lation target [10]. The versatile herbal compound quercetin 
manifests a broad spectrum of benefits, positioning it as a 
promising candidate for diverse applications in health and 
wellness. This section delves into its well-established anti-
oxidant, anti-inflammatory, and neuroprotective properties.

Antioxidant properties

Antioxidants protect cells by neutralizing free radicals, 
which could otherwise cause cell injury. The accumula-
tion of free radicals in the body causes oxidative stress, 
which may lead to many chronic diseases; therefore, the 

initiators, modulators (e.g., the Bcl-2 family), and executors 
(e.g., the caspase family) [35].

Histological and experimental evidence reveals that vari-
ous types of brain cells undergo apoptosis after TBI [36]. 
While neuronal apoptosis can act as a protective mechanism 
by eliminating damaged neurons, its overactivation can be 
detrimental, especially in situations like TBI [32]. Therefore, 
targeting apoptotic pathways presents a promising thera-
peutic approach for improving outcomes in TBI patients. 
By halting the excessive degeneration of neurons and glial 
cells, we can potentially mitigate the damage caused by this 
process [32]. Additionally, encouraging evidence suggests 
that apoptotic markers in cerebrospinal fluid could be valu-
able biomarkers for predicting patient prognosis after TBI 
[37]. Glutamate, acting on N-methyl-D-aspartate (NMDA), 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA), and kainate receptors, plays a crucial role in trig-
gering neurochemical changes following TBI [38]. When 
glutamate concentration in the synaptic cleft remains ele-
vated due to impaired clearance mechanisms, it can trigger 
neuronal apoptosis [38]. This excitotoxic process is further 
exacerbated by the overstimulation of NMDA receptors, 
leading to calcium influx, mitochondrial dysfunction, and 
ultimately increased oxidative damage through mechanisms 
like reactive oxygen species production and lipid peroxida-
tion [39, 40]. Astrocytes, a type of glial cell in the brain, 
play a complex role in neuronal survival and inflammation 
after TBI. While they can produce various substances that 
support neuronal health, reactive astrocytes, often associ-
ated with TBI, can also contribute to neurodegenerative pro-
cesses [41].

TBI is a dynamic condition characterized by time-depen-
dent alterations following the initial injury [42]. This neces-
sitates the evaluation of diagnostic and prognostic tools that 
can adapt to this evolving context. Biomarkers, measurable 
indicators of biological processes, have emerged as valuable 
tools for understanding TBI and guiding clinical decision-
making [42, 43]. Several biomarkers, including GFAP, tau, 
neurofilament light chain, S100B, and ubiquitin carboxy-
terminal hydrolase-L1, are under extensive research for 
their potential in TBI diagnosis, prognosis, and treatment 
monitoring [43]. Blood tests for these biomarkers can offer 
valuable insights into the severity of neuronal injury and the 
extent of BBB disruption [42, 43].

Despite the promise of these biomarkers, significant 
knowledge gaps still need to be discovered regarding their 
optimal application. A deeper understanding of their kinet-
ics, the pathways they take from the brain to the blood, is 
crucial for maximizing their effectiveness [43]. It is impor-
tant to remember that biomarkers are not replacements for 
clinical evaluation and imaging tests but complementary 
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However, persistent inflammation can lead to various health 
complications, including cardiovascular diseases, cancers, 
and neurological disorders. The remarkable antioxidant 
and anti-inflammatory properties of quercetin contribute 
to its ability to mitigate inflammation [44, 60, 61]. Quer-
cetin’s anti-inflammatory properties have been shown to 
reduce inflammation and support the immune system [44]. 
In human hepatocyte-derived cell lines, it has been dem-
onstrated to inhibit the production of inflammatory media-
tors, including nitric oxide synthase, cyclooxygenase-2, and 
C-reactive protein [60]. Its anti-inflammatory actions are 
linked to its ability to inhibit enzymes like lipoxygenase 
and cyclooxygenase (COX-2), which are responsible for 
the body’s inflammatory responses [62]. Quercetin exerts 
potent anti-inflammatory effects by suppressing COX-2 pro-
tein expression and associated pathways [63]. Furthermore, 
quercetin has been found to decrease nitric oxide produc-
tion and the secretion of tumor necrosis factor-alpha (TNF-
α) by LPS-stimulated macrophages, further supporting its 
anti-inflammatory potential [64, 65]. In a study involving 
diabetic rats treated with quercetin at 25 mg/kg, accelerated 
wound healing was observed, attributed to reduced synthe-
sis of prostaglandin E-2, IL-1, and leukotriene B-4 [66].

Quercetin’s potential impact on obesity and athero-
sclerosis, two conditions closely associated with chronic 
low-grade inflammation, has been explored [67]. Querce-
tin shows promise in alleviating insulin resistance, a com-
mon feature in obesity, by reducing the generation and/or 
expression of proinflammatory cytokines and enzymes [67]. 
Moreover, research has provided insights into the therapeu-
tic potential of quercetin in atherosclerosis, an inflammatory 
disorder of artery walls, and its molecular and cellular regu-
lation [67]. Despite these promising findings, further studies 
are necessary to fully understand the mechanisms of action 
and address challenges related to quercetin’s bioavailability 
and potential interactions with other compounds when used 
for anti-inflammatory therapy [68].

Neuroprotective activity

As previously mentioned, quercetin, a naturally occurring 
flavonoid found in various fruits and vegetables, has numer-
ous health benefits, including a potential role in address-
ing neurodegenerative disorders [69, 70]. The progressive 
loss of neuronal structure and function, characteristic of 
neurodegenerative illnesses, leads to significant cogni-
tive impairments [69]. Quercetin’s effective antioxidant 
and anti-inflammatory properties may contribute to low-
ering the risk of certain diseases [69]. Quercetin has dem-
onstrated neuroprotective properties and offers protection 
against neurodegenerative diseases by downregulating two 
significant contributors to their development—oxidative 

antioxidant properties of quercetin may contribute to their 
prevention and treatment [50]. Quercetin’s reputation as a 
potent antioxidant capable of combating oxidative stress 
and neutralizing free radicals has garnered significant sci-
entific interest [51]. Both in vitro and in vivo studies have 
highlighted quercetin’s antioxidant prowess, highlighting 
its potential in mitigating age-related ailments and diseases 
[11]. However, its oxidative byproducts, such as semiqui-
none radicals and quinones, must be considered when inves-
tigating its medicinal potential [52]. Research by Smith et 
al. revealed that quercetin primarily exerts its antioxidant 
activity through its effects on glutathione (GSH), enzymatic 
activity, signal transduction pathways, and ROS resulting 
from toxicological and environmental exposures. GSH, a 
potent intracellular antioxidant composed of cysteine, glu-
tamic acid, and glycine, has crucial role in immune func-
tion and body detoxification [53]. Animal and cell studies 
have demonstrated that quercetin induces GSH synthesis, 
enhancing the antioxidant capacity of cells and prevent-
ing oxidative damage [54]. Furthermore, Erkasap and col-
leagues conducted an in vivo investigation to explore how 
quercetin affected kidney ischemia/reperfusion damage. 
The results showed that renal tissues treated with quercetin 
had significantly elevated GSH levels and decreased oxida-
tive stress and inflammatory events compared to the control 
group [55].

Cellular damage and oxidative stress can be caused by 
ROS and RNS, both generated during enzyme activity. In 
the neurological system, acetylcholinesterase and butyryl-
cholinesterase degrade the neurotransmitter acetylcholine. 
Quercetin can bind to other compounds with its -OH group 
on the lateral benzene ring [56, 57]. Quercetin’s ability to 
attach to the active sites of these enzymes has been asso-
ciated with its capacity to suppress their oxidative activi-
ties. This property suggests potential benefits for conditions 
like Alzheimer’s disease and other neurodegenerative dis-
orders linked to acetylcholine breakdown [58]. Research 
conducted by Odbayar et al. indicates that quercetin can 
stimulate the production of antioxidant enzymes such as 
glutathione S-transferase (GST) and aldose reductase. In 
their study, mice fed a quercetin-enriched diet for two weeks 
showed increased liver GST and reductase enzyme activity. 
Moreover, indicators of inflammation and oxidative stress 
decreased [59].

Anti-inflammatory properties

Quercetin has been extensively studied for its health ben-
efits, particularly its capacity to reduce inflammation [44, 
60]. Inflammation is a natural response to harmful stimuli, 
such as infections, cellular damage, or irritants, and it plays 
a crucial role in the body’s immune defense mechanisms. 
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pathway has been implicated in cancer development and 
prognosis. Suppression of PI3K and/or AKT results in can-
cer cells undergoing apoptosis and growth inhibition [78]. 
Du et al. (2016) investigated Akt phosphorylation following 
TBI using Western blotting and immunofluorescence, deter-
mining that quercetin’s action against neuronal autophagy is 
primarily linked to Akt activation [77]. Their findings indi-
cated that the PI3K inhibitor LY294002 or the TrkB recep-
tor antagonist K252a countered quercetin’s neuroprotective 
effects, highlighting the mediation of quercetin’s protective 
effects on neurons through the PI3K/Akt signaling pathway. 
The results suggest that quercetin can alleviate neuronal 
apoptosis and autophagy in rat TBI models by enhancing 
the PI3K/Akt signaling pathway [77]. Autophagy, a con-
served mechanism that degrades proteins and organelles in 
stressed cells [79], was shown by Zubčić et al. (2020) to be 
positively influenced by quercetin. It enhances P19 neuron 
survival in oxidative stress induced by hydrogen peroxide 
through regulation of Akt and ERK1/2 signaling. Given the 
multifaceted contributions of the PI3K/Akt and the ERK1/2 
pathways to neuronal function, these pathways present 
potential therapeutic targets in neurodegeneration [80].

Quercetin’s neuroprotective effects in TBI are attributed 
to its activation of the Nrf2 pathway, a critical regulator of 
the cellular response to oxidative stress [81, 82]. This path-
way plays a pivotal role in orchestrating various cellular 
processes, including synthesis of antioxidant enzymes that 
combat oxidative damage and inflammation [82]. Notably, 
Nrf2 emerges as key target of quercetin, as it regulates the 
expression of these cytoprotective enzymes, thereby exert-
ing neuroprotective, detoxifying, and antioxidative effects 
[81]. Studies have demonstrated that quercetin treatment not 
only increases Nrf2 expression but also prevents neuronal 
death and structural alterations in the hippocampus, further 
highlighting its potential in mitigating TBI-induced damage 
[81]. Moreover, the Nrf2 pathway has been implicated in 
improving mitochondrial function and biogenesis, which 
are often compromised after TBI [82]. Some therapeutic 
potentials of quercetin are illustrated in Fig. 2.

As a key regulator of cellular metabolism and energy 
balance, AMPK phosphorylates and modulates the activ-
ity of downstream targets in mitochondrial biogenesis, 
autophagy, glucose and lipid metabolism, and autophagy. 
There is evidence that quercetin can enhance cellular 
energy generation, decrease oxidative stress, and inhibit 
the release of pro-inflammatory cytokines via activating 
AMPK. By blocking NF-kB and NLRP3 inflammasome 
pathway activation, quercetin achieves neuroprotective 
effects [83] (Fig. 2). A study by Lee et al., showed that 
quercetin reduced localized ischemia-induced BBB break-
down by inhibiting MMP-9 activity [84]. Building upon 
previous findings, Song et al. revealed that quercetin’s 

stress and inflammation [69, 71] in neurons by significantly 
restoring p53 and downstream apoptotic markers, such as 
Cyto C, Bax, and caspase cascades. Moreover, quercetin 
restores the elements that activate p53. Therefore, neuro-
protection may have a substantial impact by reducing levels 
of apoptotic markers in brain tissue [71]. Quercetin reduces 
inflammation in the neurological system by decreasing the 
levels of mediators and proinflammatory cytokines (TNF, 
ILs, IFN, etc.) [71]. Specifically, quercetin has been found 
to shield neurons from damage induced by oxidative stress 
[72]. Additionally, it serves as an effective natural antioxi-
dant and anti-inflammatory agent, reducing inflammatory 
markers, minimizing microgliosis and astrogliosis, and 
contributing to overall homeostasis [71]. In the context 
of specific neurodegenerative disorders, researchers have 
explored quercetin’s potential role in Alzheimer’s disease 
and Parkinson’s disease. In Alzheimer’s disease, quercetin 
has demonstrated the ability to defend against Aβ(1–42), 
a peptide responsible for forming plaques in the brains of 
Alzheimer’s patients [71]. In Parkinson’s disease, querce-
tin has been found to possess therapeutic potential, shed-
ding light on its molecular and cellular regulation [69, 70]. 
However, despite these promising findings, the therapeutic 
potential of quercetin in treating neurodegenerative diseases 
is significantly constrained by the BBB [72]. To address this 
limitation, researchers have investigated quercetin nanopar-
ticle formulations, which enhance quercetin accumulation 
in brain tissue and yield more substantial effects at the tis-
sue and cellular levels [72]. Given its potent antioxidant 
and anti-inflammatory qualities, quercetin holds significant 
promise as a potential therapeutic agent in neurodegenera-
tive disorders.

Quercetin and traumatic brain injury: 
therapeutic aspects with focus on 
mechanisms

The impact of quercetin on TBI has been discussed, as out-
lines in Table 1. The research reveals its ability to reduce 
oxidative-nitrosative stress in both periodontal and cerebral 
tissues post-TBI in rats [73]. Additionally, it has demon-
strated efficacy in preserving nerve cells and preventing a 
decline in erythropoietin (EPO) levels after acute severe TBI 
in rodent models [74]. As a result, quercetin demonstrates 
promise in addressing various neurological disorders [75] 
due to its neuroprotective mechanisms [76]. Its role in neu-
roprotection following TBI may be attributed to its capacity 
to diminish neuronal autophagy and apoptosis by enhancing 
the PI3K/Akt signaling pathway [77]. Elevated PIP3 levels 
may activate AKT in a feedback loop, influencing metasta-
sis. Moreover, in various studies the PI3K/AKT signaling 
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have shown that quercetin treatment upregulates PGC-1α 
expression and restores levels of key mitochondrial mark-
ers, including cytochrome c, malondialdehyde (MDA), 
and superoxide dismutase (SOD) [13]. These findings sug-
gest that quercetin may enhance PGC-1α activity, poten-
tially improving mitochondrial function and mitigating 
oxidative stress in the brain following TBI. This further 
highlights the multifaceted mechanisms underlying quer-
cetin’s protective effects against traumatic brain injury, as 
detailed in Table 1.

Further supporting quercetin’s neuroprotective potential, 
various studies have documented its multifaceted effects 
in TBI models [73, 74, 88]. One study observed a signifi-
cant reduction in superoxide radical production, increased 
nitric oxide synthase activity, and decreased superoxide 
anion production upon quercetin administration [73]. Addi-
tionally, Kalmeci et al. demonstrated that both quercetin 
and mannitol effectively reduced malondialdehyde levels, 
increased antioxidant enzyme activity (catalase and gluta-
thione peroxidase), and did not significantly impact erythro-
poietin levels. However, mannitol administration transiently 
lowered hematocrit levels [74]. Furthermore, Yang et al. 
reported that quercetin treatment enhanced antioxidant 

neuroprotective effects involve the activation of Nrf2/
HO-1, leading to reduced cortical neuroinflammation and 
oxidative stress following TBI [85]. Notably, TBI triggers 
the translocation of Nrf2 from the cytoplasm to the nucleus, 
a process further enhanced by quercetin treatment. This 
observation aligns with the established mechanism of Nrf2 
activation, where cytoplasmic Nrf2 protein levels decrease 
significantly after TBI, with an even more significant 
reduction observed with quercetin therapy. Interestingly, 
the total Nrf2 protein levels remain relatively unchanged. 
These findings suggest that quercetin primarily influences 
Nrf2 activity by promoting its translocation to the nucleus 
rather than increasing protein expression. This aligns with 
previously reported post-translational Nrf2 regulatory 
mechanisms [82]. Figure 3 depicts the potential quercetin 
action mechanism in TBI.

Quercetin’s neuroprotective effects extend beyond Nrf2 
activation and encompass the peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α) 
pathway, which plays a crucial role in regulating mito-
chondrial function [13]. PGC-1α, the first member of the 
PGC1 family, is implicated in various neurological dis-
orders [13]. Studies employing a mouse model of TBI 

Fig. 2 The influence of quercetin on TBI, Created with biorender (https://biorender.com/)
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Its antioxidant and anti-inflammatory properties position 
it as a potential candidate for neuroprotection in TBI, 
paving the way for exploring new therapeutic strategies. 
Although the potential of quercetin as a TBI interven-
tion is promising and merits further investigation, recent 
studies have started to unveil some molecular pathways 
associated with its protective effects, yet the underlying 
processes remain unclear. Nevertheless, quercetin has 
demonstrated efficacy in diminishing inflammation, neu-
ronal apoptosis, and oxidative stress in animal models of 
TBI. The challenge for the future is to delve deeper into 
quercetin’s optimal advantages, especially considering 
suggestions for prolonged consumption. However, fur-
ther research is imperative to comprehend the underlying 
mechanisms and optimize their benefits.

enzyme activity, reduced oxidative stress and inflammation, 
and improved cognitive function in rats with TBI, suggest-
ing potential cognitive recovery benefits [88]. It is essen-
tial to acknowledge that while these preclinical studies are 
encouraging, further clinical trials are necessary to estab-
lish the safety and efficacy of quercetin for treating TBI in 
humans [89].

Conclusion

In conclusion, research on quercetin suggests its poten-
tial therapeutic benefits in treating TBI. Quercetin exhib-
its promise in reducing inflammation, oxidative stress, 
apoptosis, and enhancing cognitive function post-TBI. 

Fig. 3 The possible action mechanism of quercetin in traumatic brain 
injury. TrkB, Tropomyosin-related kinase B; PI3K, Phosphatidylino-
sitol-3-kinase; PARP, PARP, Poly ADP-ribose polymerase; ERK, 
Extracellular signal-regulated kinase; mTOR, Mammalian target of 
rapamycin; MEK, Mitogen-activated protein kinase kinase; AMPK, 

AMP-activated protein kinase; LKB1, Liver kinase B1; Bax, Bcl-2 
Associated X-protein; Nrf2, Nuclear factor erythroid 2-related fac-
tor 2; SIRT1, Sirtuin 1; Keap1, kelch like ECH associated protein 1; 
HO-1, Heme oxygenase-1
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