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Abstract: Caffeine is a weak, nonselective adenosine receptor antagonist. At low-to-moderate doses,
caffeine has a stimulating effect, however, at higher doses, it can act as a depressant. It can act both
as a neuroprotectant and a neurotoxin. In experimental Traumatic Brain Injury (TBI), administration
of this psychoactive drug has been associated with beneficial or detrimental effects, depending on
the dose, model, and timing. In a healthy brain, it can boost alertness and promote wakefulness. On
the other hand, its consumption during late adolescence and early adulthood disrupts normal
pruning processes in the context of repetitive moderate TBI (mTBI), leading to changes in dendritic
spine morphology resulting in neurological and behavioral impairments. Caffeine has the potential
to reduce TBI-associated intracranial pressure, oxidative stress, lipid peroxidation, cytotoxic edema,
inflammation, and apoptosis. It can enhance alertness and reduce mental fatigue, which is critical
for the cognitive rehabilitation of TBI patients. It has positive effects on immune cells and recovery
post-TBI. It can improve cognitive function by antagonizing adenosine receptors involved in the
control of synaptic transmission, synaptic plasticity, and synapse toxicity. On the contrary, studies
have also reported caffeine consumers had significantly higher somatic discomfort compared to
non-consumers. Therefore, we bring forth this review with the objective of exploring various studies
and thoroughly examining the positive and negative role of caffeine in TBI.

Keywords: traumatic brain injury; caffeine; blunt trauma; penetrating trauma; clinical outcomes;
neuroprotectant; neurotoxin

1. Introduction to Traumatic Brain Injury (TBI)

Traumatic Brain Injury (TBI) is being acknowledged more and more as a substantial and
growing issue for public health, affecting millions worldwide. TBI is characterized by physiological
or structural disruption of cerebral homeostasis, resulting from either penetrating injury or blunt
force trauma to the cranium, as summarized in Figure 1-1A[1]. Head injuries can be stratified into
three primary categories: blunt head trauma, penetrating cranial injuries, and blast-related
neurotrauma.[1]. Blunt head injury represents the predominant etiology of TBI and typically arises
from direct blunt force trauma to the cranium, often resulting from falls, motor vehicle collisions, or
contact sports such as football.[2]. Penetrating cranial trauma occurs when a foreign object breaches
the cranial vault. This can happen due to gunshot wounds, physical assaults, or accidental head
injuries. Blast-induced neurotraumas are less common and result from high-pressure blast waves
typically seen in military conflict zones due to large-scale explosions.[2].

Pathophysiologically, TBI can be delineated into primary and secondary brain injuries,
contingent upon whether the initiating trauma induces a direct or indirect insult to cerebral
structures, as described in Figure 1-1B[3]. A primary brain injury is defined as the immediate damage
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inflicted at the moment of impact.[3]. Primary brain injuries are further stratified into focal and
diffuse categories[3]. Focal primary brain injuries encompass subarachnoid hemorrhages, subdural
hemorrhages, epidural hemorrhages, intracerebral hemorrhages, cerebral contusions, brain
parenchymal lacerations, coup-contrecoup injuries, and intracerebral and intracerebellar
hematomas[3]. Subarachnoid hemorrhage, predominantly precipitated by cranial trauma, is
classified as a type of intracranial hemorrhage characterized by hemorrhaging within the
subarachnoid space, situated between the pia mater and the arachnoid mater of the meninges[4] .
This pathological bleeding disrupts cerebrospinal fluid dynamics and can lead to elevated
intracranial pressure, cerebral vasospasm, and secondary ischemic injury[4]. Subdural hemorrhage,
typically induced by cranial trauma, is categorized as an intracranial hemorrhage involving the
accumulation of blood between the arachnoid membrane and the dura mater [5]. This condition arises
from the rupture of bridging veins traversing the subdural space, leading to hematoma formation
and potential subsequent increases in intracranial pressure, cerebral compression, and herniation
syndromes[5]. Epidural hemorrhage, predominantly resulting from head trauma, is classified as a
type of intracranial hemorrhage characterized by the accumulation of blood between the dura mater
and the inner table of the calvarium[6]. This condition is typically precipitated by a laceration of the
middle meningeal artery, leading to the rapid formation of an epidural hematoma[6]. The ensuing
mass effect can cause significant intracranial pressure elevation, brain tissue displacement, and
potentially life-threatening herniation[6].

Intracerebral hemorrhage, which can be precipitated by traumatic head injury, is defined as a
hemorrhagic insult occurring within the brain parenchyma [7]. This pathological condition involves
the extravasation of blood into the cerebral tissue, often resulting in focal neurological deficits,
increased intracranial pressure, and secondary injury mechanisms, such as edema and ischemia,
exacerbating the initial trauma.[7]. Cerebral contusion is characterized as a localized area of brain
injury that can range from a minor parenchymal bruise to a severe focal area of necrosis[8]. This
pathology involves the disruption of the neural tissue, which may include hemorrhage, edema, and
tissue infarction, often resulting in significant functional impairment and secondary complications
such as increased intracranial pressure and cerebral edema [8]. Brain parenchymal lacerations are
characterized by the physical disruption of brain parenchyma through cuts or tears resulting from
blunt or shearing forces [9]. Coup-contrecoup injuries can be delineated into coup and contrecoup
injuries[9]. Coup injuries occur at the site of initial impact, whereas contrecoup injuries manifest on
the contralateral side of the brain, opposite the point of impact [9]. Intracerebral and intracerebellar
hematomas are defined as localized collections of blood within the cerebrum or cerebellum,
respectively, leading to elevated intracranial pressure due to resultant swelling [9]. These hematomas
typically arise from the rupture of cerebral vessels secondary to TBI[9]. Examples of diffuse primary
brain injury encompass concussions, diffuse axonal injury (DAI), and cerebral edema[10].
Concussions are classified as mild TBI characterized by transient neurological dysfunction without
discernible focal deficits, typically stemming from rapid acceleration-deceleration forces or direct
head trauma [10]. Diffuse axonal injury (DAI), alternatively known as traumatic axonal injury, refers
to the biomechanical disruption and shearing of axons within the brain, stemming from traumatic
acceleration-deceleration or rotational forces applied to the cranium, often occurring in severe high-
impact vehicular collisions[11].This condition results in widespread axonal damage across multiple
brain regions, leading to profound neurological impairment and potential long-term cognitive
deficits[11,12] .Cerebral edema, medically termed brain swelling, denotes the pathological
accumulation of fluid within the brain parenchyma[13].This condition is commonly observed in the
initial phases following TBI contributing to increased intracranial pressure and potential secondary
brain damage [13]. A secondary brain injury is characterized by multifaceted disturbances in cerebral
homeostasis, encompassing alterations in systemic parameters such as blood pressure, oxygenation,
and intracranial pressure, which evolve after an initial acute insult to the brain or spinal cord[3].
Examples of secondary brain injury include hypoxic-ischemic encephalopathy, involving cerebral
ischemia due to inadequate oxygen supply, and disruption to the blood-brain barrier, exacerbating
neuronal vulnerability to systemic toxins and pathogens [3].
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Figure 1. It illustrates a comprehensive summary introducing traumatic brain injury (TBI) entailing
the following categories: types of head injury which can lead to TBI Figure 1-1A[1], pathophysiology
of TBI Figure 1-1B [3], signs and symptoms of TBI Figure 1-1C[11,12], statistics of TBI Figure 1-1D,
Figure 1-1E[16], risk factors associated with TBI Figure 1-1F [17], the lasting effect of TBI on the brain
Figure 1-1G[18], and the effect of TBI on the consciousness Figure 1-1H[19].

The clinical manifestations of TBI exhibit variability by the site, severity, and specific subtype of
TBI incurred by the patient [11,12]. General symptoms of TBI can be categorized into subgroups,
including global neurological symptoms, focal neurological deficits, signs indicative of heightened
intracranial pressure, and abnormal posturing, as summarized in Figure 1-1C [11,12]. Global
neurological symptoms encompass headache, amnesia, loss of consciousness, or altered
consciousness accompanied by disorientation, confusion, or potentially a lucid interval [11,12]. Focal
neurological deficits typically correlate with the specific anatomical region of brain involvement,
yielding symptoms such as ataxia, dysmetria, dysarthria, cranial nerve palsies affecting visual and
auditory acuity, sensory deficits, and hemiparesis or hemiplegia contingent on injury severity [11,12].
Symptoms indicative of heightened intracranial pressure encompass vertigo, emesis, Cushing’s triad,
alterations in affect or behavior, and potential manifestations of cerebral herniation syndromes
[11,12]. Symptoms of abnormal posturing are indicative of significant brain injury and typically
manifest as either decorticate or decerebrate posturing[11,12]. Decorticate posturing presents with
bilateral upper extremity flexion and lower extremity extension, reflecting corticospinal tract
dysfunction typically localized above the red nucleus [11,12]. Conversely, decerebrate posturing is
characterized by bilateral extension of both upper and lower extremities, suggesting more profound
damage involving structures below the red nucleus or brainstem [11,12]. In cases where head injury
leads to penetrating trauma, additional clinical signs and symptoms may arise, contingent upon the
specific anatomical site affected[14,15]. These may encompass periorbital ecchymosis (raccoon eyes),
cerebrospinal fluid (CSF) leakage from the nasal passages (CSF rhinorrhea) or ears (CSF otorrhea),
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epistaxis, hemotympanum, hematoma formation, and a palpable localized mass suggestive of an
expanding lesion [14,15]. These indicators are crucial in the diagnostic evaluation and management
of penetrating cranial injuries [14,15].

In the United States, TBI contribute to 30% of all injury-related fatalities, as summarized in
Figure 1-1D[16]. According to the Centers for Disease Control and Prevention (2023), approximately
2.8 million individuals sustain TBI annually, a figure comparable to the population of Mississippi
[16]. In 2020, there were 214,110 hospitalizations directly attributed to TBI, and in 2021, 69,473 deaths
were recorded due to TBI[16]. These statistics equate to an average of 586 TBI-related hospitalizations
and 190 TBI-related deaths each day, underscoring the significant public health burden associated
with TBI in the United States [16]. Individuals aged 75 and older exhibit the highest incidence of TBI-
related hospitalizations and mortality, primarily attributable to increased susceptibility to falls and
accidents inherent to this demographic, as summarized in Figure 1-1E [16]. Approximately 32% of all
TBI-related hospitalizations and 28% of TBl-related fatalities are reported within this age cohort,
highlighting age-associated vulnerabilities and the need for targeted preventive measures and
clinical management strategies [16]. Between genders, males exhibit a significantly higher propensity
for hospitalization (age-adjusted rate: 79.9 vs. 43.7) and mortality (age-adjusted rate: 28.3 vs. 8.4) due
to TBI, with a twofold and threefold greater likelihood, respectively, compared to females [16]. This
disparity is attributed to the greater engagement of males in high-risk activities predisposing them
to brain injury [16]. Globally, TBI impacts an estimated 69 million individuals annually, a figure
roughly equivalent to twice the population of California, underscoring the magnitude of this public
health concern worldwide [16].

Numerous risk factors are linked to TBI, encompassing demographic variables such as age and
gender, occupational hazards, substance abuse patterns, and engagement in high-contact sports or
hazardous activities, as summarized in Figure 1-1F[17]. These factors collectively contribute to the
varying incidence and severity of TBI observed across populations, highlighting the multifactorial
nature of TBI risk assessment and prevention strategies [17]. In terms of age demographics,
epidemiological data consistently indicate that elderly adults and very young children exhibit
heightened susceptibility to TBI[16,17], primarily attributable to increased incidences of falls and
accidents within these age brackets [17]. Regarding gender disparities, statistical analyses
demonstrate a higher incidence of TBI among males compared to females, largely influenced by
occupational factors involving physically demanding roles and participation in high-risk physical
activities [16,17]. Occupationally, individuals employed in military service, athletics (e.g., football),
transportation, or construction sectors exhibit heightened susceptibility to TBI, necessitating rigorous
adherence to safety protocols[16,17]. Substance abuse, encompassing both drug and alcohol misuse,
further escalates the risk of accidents predisposing individuals to TBI, underscoring the critical
importance of preventive measures and intervention strategies aimed at mitigating TBI incidence in
high-risk populations [16,17] .Finally, individuals engaged in high-contact sports, activities prone to
significant falls, or tasks involving heavy lifting inherently elevate their risk of experiencing TBI
[16,17].These pursuits necessitate heightened awareness of injury prevention strategies and
comprehensive management protocols to mitigate the incidence and severity of TBI associated with
such activities [17,18]

TBI exert profound and enduring impacts on cerebral function, as summarized in Figure 1-
1G[18]. Following brain injury, individuals may endure structural alterations within the brain
parenchyma or brainstem, encompassing physical trauma to blood vessels, neural tissue, nerves, and
the spinal cord, precipitating conditions such as hemorrhage, ischemia, and potentially fatal
outcomes [18]. These consequences underscore the critical need for comprehensive neuroprotective
strategies and rehabilitative interventions to mitigate long-term neurological sequelae associated
with TBI [18]. Another mechanism through which TBI impacts the brain involves biochemical
alterations [18]. These changes encompass disturbances in neurotransmitter dynamics, leading to
aberrant release of cytotoxic substances and harmful chemical byproducts secondary to the injury
[18]. These biochemical cascades contribute significantly to secondary injury mechanisms and
neuroinflammatory responses, highlighting their pivotal role in the pathophysiology of TBI and


https://doi.org/10.20944/preprints202412.0933.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 December 2024 d0i:10.20944/preprints202412.0933.v1

emphasizing the necessity for targeted therapeutic interventions to mitigate detrimental outcomes
[18]. TBI exerts additional detrimental effects on the brain through mechanisms such as neuronal cell
death induced by hypoxia or direct trauma [18]. Furthermore, TBI precipitates inflammatory
responses in the brain parenchyma, exacerbating neuronal damage and fostering a cascade of
secondary debilitating symptoms for affected individuals [18]. These inflammatory processes
underscore the critical need for targeted anti-inflammatory strategies and neuroprotective therapies
to mitigate the long-term consequences of TBI[18].

TBI exert profound effects on consciousness, categorizable into various severity levels, as
described in Figure 1-1G[19]. Following mild TBI, the initial altered consciousness state often
observed is the minimally conscious state (MCS), characterized by limited responsiveness where
individuals demonstrate the ability to inconsistently follow simple commands, respond with
affirmative or negative answers, and demonstrate fluctuating awareness of self and environment[19].
These individuals may experience transient periods of unconsciousness but retain the capacity for
appropriate responsiveness and demonstrate varying degrees of self-awareness concerning their
surroundings [19]. The second altered state of consciousness, often associated with moderate TBI, is
characterized by unresponsive wakefulness syndrome (UWS), clinically denoting a condition where
individuals exhibit wakefulness without awareness of their environment [19]. It is noteworthy that
individuals in this state may exhibit motor movements, vocalizations, or reflexive responses despite
their lack of responsiveness to external stimuli [19]. The third altered state of consciousness, typically
associated with severe TBI, manifests as a coma, characterized by profound unconsciousness,
complete unresponsiveness to external stimuli, and absence of environmental awareness [19]. For
these individuals, the duration of a coma can vary significantly, spanning days, weeks, months, or
even years [19]. Prognostically, the outcome following coma duration may entail emergence into
consciousness, transition into a vegetative state characterized by wakefulness without awareness, or
mortality [19].

To assess the level of consciousness following TBI, clinicians utilize the Glasgow Coma Scale
(GCS), a standardized tool categorized into several domains[20]. These domains encompass eye-
opening responses, verbal responses, and motor responses, providing a quantitative framework for
evaluating neurological status and guiding clinical management decisions [20]. Eye-opening is
graded according to a four-point scale: one signifies no response, two indicates a response to pain
stimuli, three denotes responsiveness to verbal commands, and four signifies spontaneous eye-
opening [20]. Verbal response is assessed using a five-point scale: one denotes no response, two
indicates incomprehensible sounds, three reflects inappropriate word usage, four indicates confused
responses, and five signifies orientation to person, place, and time [20]. The motor response is
assessed using a six-point scale: one signifies no response, two indicates decerebrate posturing
characterized by extension and rigidity of extremities, three denotes decorticate posturing marked
by flexion of upper extremities and extension of lower extremities, four indicates withdrawal from
painful stimuli, five signifies localization of pain, and six denotes the ability to follow complex
instructions [20]. The Glasgow Coma Scale (GCS) score is derived by summing the individual scores
from each category, with a minimum score of three indicating severe coma or brain death, and a
maximum score of fifteen signifying full consciousness[21]. TBI severity correlates closely with GCS
scores, reflecting the extent of neurological impairment and aiding in clinical stratification and
prognostication of patient outcomes [21]. The correlation involves categorizing TBI based on their
Glasgow Coma Scale (GCS) scores: mild TBI typically ranges from thirteen to fifteen, moderate TBI
ranges from nine to twelve, and severe TBI manifests with a GCS score of eight or less, necessitating
immediate consideration for intubation due to compromised airway protection and potential
respiratory compromise[21]. This classification system aids in clinical decision-making and
prioritization of therapeutic interventions based on the severity of neurological impairment following
TBI[21]. Finally, the fourth altered state of consciousness is brain death, defined as the irreversible
cessation of cerebral function, confirmed by the absence of measurable brain activity over an
extended period and validated through diagnostic tests demonstrating diminished cerebral blood
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flow [19]. Hence, in this review, we present a literature search that provides insights into both the
positive and negative roles of caffeine in traumatic brain injury (TBI).

2. Introduction to Caffeine

Caffeine (CsH1N4O2), also known as 1,3,7-trimethyl xanthine, is a naturally occurring alkaloid
that belongs to the methylxanthine class[22]. It is one of the most used psychoactive stimulants
worldwide and can be found in a variety of foods and beverages such as coffee, tea, cacao beans,
energy drinks, and soda, as well as some over-the-counter medications[23]. It is found to contain
stimulatory, antioxidant, anti-inflammatory, and pain management properties [24]. Caffeine has been
used since the 17th century, but caffeine was discovered by Ferdinand Runge when he first isolated
caffeine from coffee beans[25].

2.1. Mechanism of Action

Caffeine works by stimulating the central nervous system through multiple mechanisms. One
mechanism caffeine works by is acting as A1 and A2A adenosine receptor antagonists. Adenosine
and adenosine receptors regulate neurotransmitter release which plays a role in the regulation of
sleep, arousal, memory, cognition, and learning[24]. Another mechanism includes caffeine’s ability
to mobilize calcium within cells, which influences neurotransmitter release in the nervous system
through the endoplasmic reticulum and plasma membrane, with effects varying based on the caffeine
concentration [24]. Lastly, caffeine can work by inhibiting phosphodiesterase which leads to
increased cAMP and promotes the release of neurotransmitters like dopamine and adrenaline, which
affect mood, memory, alertness, and cognitive function [24].

2.2. Route of Administration

FDA-approved indications for caffeine include IV caffeine to treat apnea of maturity and oral
caffeine for restoring mental alertness or wakefulness [23]. For apnea, IV caffeine citrate is used which
contains 20mg of caffeine citrate per milliliter [26]. Orally, caffeine can be ingested in food and
beverages as well as in medication forms. A moderate daily caffeine intake of 300-400mg is
considered to not cause harm to healthy individuals [27]. Caffeine has also been used off-label for the
treatment of migraines as well as in athletes as a performance enhancer [23]. Since caffeine produces
a vasoconstrictive effect which leads to decreased cerebral blood flow, it may help in acute settings
of headaches [27]. Migraine sufferers should limit their caffeine intake to 200mg to avoid risking
worsening of symptoms [27].

2.3. Metabolism of Caffeine

Once orally ingested, caffeine is rapidly absorbed from the GI tract and reaches its peak plasma
concentration at 30-60 minutes[28]. Due to its lipophilic and hydrophilic nature, caffeine crosses cell
membranes including the blood-brain barrier, which gives rise to its CNS stimulant effects [28].
Caffeine metabolism in humans is done through the demethylation reaction of caffeine (1,3,7-
trimethyl xanthine) to paraxanthine (1,7-dimethylxanthine), theobromine (1-demethylated product),
and theophylline (7-demethylated product)[29]. This reaction takes place in the liver and is facilitated
by the activity of CYP1A2, a cytochrome p450 isoform.[8] The half-life and clearance of caffeine are
dependent on many outside factors including environment, genetics, age, medications, smoking
status, etc. [28]. In healthy adults, the half-life of caffeine ranges from about 3-5 hours [28]. Caffeine
increases the bioavailability of some drugs such as aspirin, ergotamine, and levodopa by decreasing
gastric pH, which helps accelerate the absorption rate of the drugs mentioned[30].

2.4. Caffeine Toxicity

When caffeine is consumed at 3-5mg/kg it has been associated with a lower risk of Alzheimer’s
disease and Parkinson’s Disease[31]. It has been shown that caffeine can protect cells by reducing
damage caused by oxidative stress and reactive oxygen species, giving it its antioxidant
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properties[32]. Studies in rats have demonstrated that caffeine can reverse oxidative stress and
inflammation caused by certain compounds[33]. In TBI a major concern is neuroinflammation and
toxicity, so by using nano coffee particles, significant improvements in behavior, proteins, and
dendritic cells can be seen during treatment for TBI[28].

3. Numerous Effects of Caffeine in TBI

3.1. Caffeine as a Neuroprotectant

Caffeine is a substance consumed globally and may have neuroprotective effects against
different brain injuries, including neurotrauma[34]. Caffeine (1,3,7-trimethyl xanthine) is a broad-
spectrum antagonist of adenosine receptors[35]. It may provide neuroprotection through long-term
upregulation of adenosine Al receptors or acute inhibition of A2a receptors[36]. Research on
adenosine receptor knockout (KO) mice indicates that many of caffeine’s acute effects might be
mediated by the adenosine A2a receptor (A2AR)[37]. Blocking the A2a receptor reduces brain
damage after a TBI (TBI)[38]. Under normal circumstances, adenosine levels are regulated for
receptor interaction, but during severe metabolic stress like TBI, adenosine surges and excessively
stimulates Al and A2A receptors[39]. Leading to prolonged apnea and suppressed respiratory and
cardiovascular function[40].

Administering caffeine after injury can entirely prevent fatal apnea associated with trauma[28].
Caffeine has also been demonstrated to play a significant role in protecting the brain against various
types of damage, including neurotoxicity, seizures, and cognitive dysfunction, through its
antioxidant mechanisms[38]. A single acute dose of caffeine administered after the injury can prevent
lethal apnea, regardless of prior chronic caffeine exposure [38]. In an experiment done by, Lusardi et
al 2012, involving the use of caffeine in adenosine receptor blockade and knockout mice, they found
that post-injury caffeine treatment quickly restored spontaneous breathing [38]. In another study
done by Lusardi et al 2020, administering a single acute bolus of caffeine (25 mg/kg) to rats 10 seconds
after a severe TBI nearly completely prevented lethal apnea, in conditions where 40% of the animals
would have otherwise succumbed [38].

While caffeine is a widely used psychoactive substance, and its chronic consumption is known
to impact adenosine receptor expression, long-term caffeine consumption is linked to positive
outcomes following TBI [38]. The favorable effects of chronic caffeine consumption might be due to
the upregulation of adenosine A1 receptor expression[41]. Activation of Al receptors plays a role in
neuroprotection by mediating neuronal excitability blood vessel dilation, decrease in heart rate, and
sleep induction[42]. In an experiment conducted by Ning et al 2019 where they studied the
contribution of different methods of caffeine application on outcomes in whole body blast injury
models (WBBI) in mice, it was found that the chronic caffeine group showed alleviated neurological
deficits and higher locomotor activity 24 hours post-trauma compared to the acute caffeine and water
groups [38]. In another preclinical study administering caffeine to mice for three weeks significantly
protected against neuro damage from a cortical contusion injury, whereas a single dose of caffeine in
the same model had no effect[38].

Caffeine administration has been shown to have beneficial effects on the central nervous system
against various cerebral insults, including acute brain damage such as TBI, in both experimental
animals and clinical patients [38]. Caffeine administered before injury is likely to impact the entire
brain, while caffeine perfusion into the injured brain may be concentrated in the most severely
affected areas[38]. In a rat model study treatment with caffeine, a combination of caffeine (3.3 mg/kg)
and ethanol (0.65 g/kg), administered 15 minutes post-TBI, improved working memory and reduced
contusion volume[43]. The dose-response results after diffuse injury show that a 25 mg/kg caffeine
treatment in rats significantly reduces acute mortality by 75% without impairing motor function,
indicating that quality of life can be maintained with caffeine intervention following diffuse injury
[38]. Clinical studies found that there is a significant association between a CSF caffeine concentration
of at least 1 mmol/L (194 ng/mL) and a favorable 6-month outcome [38].
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Another clinical study found that giving 2.5 mg/kg/day of caffeine for up to a month after injury
improved consciousness and performance in children and adolescents with moderate TBI[44]. In a
multicenter prospective study on patients with TBI and intracranial injury, a significant association
between serum caffeine concentrations of 0.01 to 1.66 pg/mL and favorable functional recovery at the
6-month follow-up was observed[45]. Data suggest that injecting coffee extracts after a TBI may
effectively reduce cognitive deficits and improve overall neuronal health and recovery[46]. Caffeine’s
stability at room temperature makes it suitable for emergency kits, and intramuscular delivery could
be a viable administration method in human trauma settings [38].

A2A Receptor is an inhibitory receptor,
e Caone Acute inhibition neurotransmitter release would have
Post TBI of A2a inhibitory affect on respiratory and
Receptors® cardiovascular function. This is
prevented by the acute blockade
preventing adenosine from binding.”
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Up-regulation of
Pre TBI Adenosine @1
Receptors

Chronic Caffeine

Figure 2. Effect of caffeine on the adenosine receptors to mediate neuroprotection in TBL

Caffeine as a Neurotoxin

Although caffeine can be neuroprotective, a study investigating the influence of caffeine on brain
function, swelling, and permeability found that it significantly worsens neurological deficits and
increases mortality in rats after induced head injury [38]. The harmful effects of immediate caffeine
consumption are likely due to the blockade of A1 receptors, supported by evidence showing that TBI
in mice lacking Al receptors resulted in fatal status epilepticus [38]. In an experiment conducted by
Ning et al 2019 where they studied the contribution of different methods of caffeine application on
outcomes in whole-body blast injury models (WBBI) in mice, they found that mortality was
significantly higher in mice with acute and chronic caffeine treatment than mice in the caffeine
withdrawal and water groups [38]. In vitro studies show that stretch injury of neurons reduces
caffeine’s impact on calcium-induced calcium release, implying that pre-injury caffeine in caffeine-
naive neurons adds to the injury [38]. In a 2020 study by Christensen et al., it was found that caffeine
consumption during late adolescence and early adulthood disrupts normal pruning processes in the
context of repetitive moderate TBI (mTBI), leading to changes in dendritic spine morphology
resulting in neurological and behavioral impairments[47]. In an animal model study conducted by
Al Moutaery et al 2003, caffeine-treated rats exhibited more severe hemorrhage and neuronal
degeneration in the injured hemisphere compared to rats in the injury-alone group [38]. This study’s
results showed that caffeine significantly worsens neurological deficits and increases mortality in
animals following head injury [38].

3.2. Effects of Caffeine on a Healthy Brain and an Injured Brain

3.2.1. Healthy Brain

Caffeine enhances cognitive performance, boosts alertness, and promotes wakefulness[48]. A 75
mg dose of caffeine can improve reaction time and enhance visual and sustained attention, especially
during long, demanding tasks[49]. Caffeine acts as a potent inhibitor of A: and Axa adenosine
receptors in the brain, particularly at low concentrations equivalent to those achieved after drinking
a single cup of coffee (a few mmol/L)[48]. This inhibition leads to the release of predominantly
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excitatory neurotransmitters, which are more strongly affected by adenosine compared to inhibitory
neurotransmitters[50]. A study done by Yang, ].-N et al, 2009 using knockout mice indicates that
blocking Azareceptors with caffeine affects sleep and motor activity while blocking both Arand Aza
receptors influences heart rate, body temperature, and oxygen consumption[51].

In a crossover study done by Powers, 2015, participants including men and women, were
evaluated across three conditions: supplementation (5.5 g of Jacked 3D, including caffeine and 1,3-
dimethylamylamine), placebo, and control, with each condition separated by one week[52]. Ingesting
a stimulant 30 minutes before testing led to enhancements in memory, visual processing speed, and
reaction time [52]. However, consumption of caffeine at higher doses can lead to anxiety[53]. Animal
models of anxiety have validated caffeine’s tendency to induce anxiety [48]. Two human studies have
reported that caffeine consumption increases self-ratings of anxiety[54]. Additionally, research has
found that a variant of the ADORA2A gene influences caffeine-induced anxiety. Regular caffeine
consumption can lead to tolerance to its anxiety-inducing effects through central mechanisms [48].

Caffeine influences sleep by delaying sleep onset, reducing total sleep time, and increasing light
sleep phases[55]. This occurs with doses as low as 100 mg [48]. These effects persist when caffeine is
consumed in the morning, leading to overall less sleep and a longer time to enter stage 2 sleep [48].
Habitual caffeine users may not experience these sleep disruptions as severely[55]. Individual
sensitivity to caffeine’s effects on sleep varies significantly[56]. This variability may be influenced by
genetic factors such as polymorphisms in the CYP1A2 enzyme and more crucially, variations in the
brain adenosine A2 receptor (ADORA2A)[56]. Sensitive individuals may experience nearly twice the
incidence of insomnia when consuming caffeine compared to those who do not[57].

3.2.2. Injured Brain

Caffeine, the most commonly consumed psychoactive substance, can have both positive and
negative effects following TBI[36]. Caffeine’s stimulant properties can help alleviate fatigue,
hypersomnia, and reduced energy levels commonly experienced by TBI[58,59]. An animal model by
Lusardi et al, 2020 of severe TBI revealed that caffeine treatment prevents lethal apnea and decreases
epileptiform EEG activity, while also demonstrating no adverse effects on neuromuscular behavior
or histological outcomes [39].

Stimulants such as caffeine improve cognitive performance, auditory vigilance, and reaction
times[60]. However, they can hinder the brain’s ability to adapt and disrupt normal sleep, two factors
that are critical for recovering from TBI[61]. An animal study done by Yamakawa et al, 2017, examined
the impact of adolescent caffeine use on recovery from repetitive mild TBI (RmTBI) and post-
traumatic symptoms[62]. In male rats, combining caffeine with RmTBI exacerbated negative
outcomes in tests like open field and forced swimming, compared to either alone [62]. Females
showed similar disruption from RmTBI and caffeine exposure in tests including open field [62].

Li et al, 2008 performed a study aimed to assess the impact of acute and chronic caffeine
treatment on TBI using the weight-dropped model in mice[63]. It revealed that chronic caffeine
treatment has been observed to decrease cell apoptosis in the brain following TBI[62]. A rat study
done by Lusardi et al, 2020 found that a single intraperitoneal dose of caffeine administered
immediately after severe TBI restored normal breathing patterns and prevented lethal injury-induced
apnea[40]. Researchers investigated the potential applicability of caffeine treatments in humans with
varying histories of caffeine consumption, testing acute administration post-injury with different
doses and patterns [62]. They found that administering a single dose of caffeine after TBI could
potentially prevent fatal outcomes in various scenarios [62].

3.3. Effect of Caffeine on Oxidative Stress and Mortality in TBI

Caffeine is a widely used stimulant[64]. Using mice models, the stimulatory effect of caffeine
was found to be primarily by the adenosine: and adenosineza receptors[65] . Adenosine receptors are
of interest in TBI because they are involved in various brain injury pathways [66,67]. Using mice
models, the adenosineza receptor has been linked to the neuroinflammation seen in TBI[68]. Li et al.
found that the inactivation of the adenosineza receptor in mice models protects against acute TBI by
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decreasing glutamate levels[69]. Caffeine has been shown to have a neuroprotective effect on
Parkinson’s Disease pathways in mouse models[70,71]. Further studies using mice models, found
benefits of chronic caffeine treatment, rather than acute treatment, before TBI through regulating
glutamate release and inflammatory cytokine production[63]. One study using rat models found
caffeine given 12 - 18 hours later after TBI was able to reduce intracranial pressure[72]. Early animal
studies found that adenosine antagonist was shown to decrease the extent of brain damage in
hypoxic-ischemic brain injuries[73]. A later study using rat models found similar results where
caffeine pre-treatment before hypoxic-ischemic brain injury decreased brain injury and improved
EEG activity [74]. Caffeine has also been shown to decrease neuronal apoptosis in hypoxic-ischemic
brain injuries in rat models[74]. A different study by Washington et al. found chronic caffeine
treatment was associated with decreased neuronal cell death in the hippocampus following TBI[75].
In a case study using two adolescent patients, one with acquired brain injury and another who had a
TBI, caffeine was shown to be a useful neuro-stimulant that improved the patient’s cognitive
impairments[76]. One study examined the effects of caffeine on GCS and GOSE scores in children
and adolescent patients with moderate brain trauma and found that it improved consciousness and
performance in these patients[44]. Blocking of the adenosineza receptor with caffeine or through gene
knockout was shown to improve cognitive function in TBI through inhibition of tau
hyperphosphorylation in mice models[77]. Yamakawa et al. observed behavioral and recovery
differences between genders in rat models following repetitive mild traumatic brain injuries (TBI)
when caffeine was administered [62]. Everson et al. found caffeine caused changes to microstructure
regions of gray and white matter regions following mild TBI in rat models [59]. A 2023 review article
found through reviewing clinical, experimental, and epidemiological studies, there were benefits of
treating patients with Parkinson’s Disease and TBI with caffeine specifically through targeting the
adenosine2a receptor[78].

Knockout of the adenosinea: receptor in mice models was shown to decrease post-traumatic
seizures and status epileptics after TBI[79]. Additional studies using mice models showed that
blocking the adenosinea: receptor after TBI leads to worsened neuroinflammation [80]. The effects of
caffeine on mortality in traumatic brain injury (TBI) show mixed results. Mountaery et al. discovered
increased mortality and microscopic brain injury in mouse models that were pre-treated with caffeine
before experiencing a concussive head injury[35]. Ning et al. found mixed results of caffeine on the
morality of blast-induced TBI in mice models[34] . Another study examining blast-induced TBI in
mice models found that caffeine treatment showed cognitive memory improvements [41]. Lusardi et
al. found that treatment of mice with caffeine one minute after TBI decreased mortality and did not
alter motor function in the recovery period[40]. A similar study found that an acute dose of caffeine
given 10 seconds after TBI decreased mortality and morbidity in mice models[40]. Sanjakdar et al.
discovered that both acute and chronic caffeine use before a penetrating ballistic-type injury provided
neuroprotective and motor benefits in rat models[81]. One multi-drug randomized control trial study
using neonate rat models with hypoxic-ischemic brain injury reported that caffeine did not have any
adverse effects like death and had high neuroprotection compared to other drugs tested[82]. Sachse
et al. found that patients who had increased CSF concentration of caffeine with TBI, specifically the
metabolites theobromine and paraxanthine, had more favorable 6-month outcomes [36]. A
prospective cohort study by Yoon et al. found that patients with TBI who had a serum caffeine
concentration between 0.01 to 1.66 pg/mL had better recovery after 6 months of injury compared to
the no-caffeine group [45].

A human research clinical trial found that one complication of TBI is acute lung injury (TBI-ALI)
is associated with high mortality [84]. Wei et al. using a mice model found that inhibition of the
adenosineza after TBI decreased the severity of TBI-ALI but further studies are needed to better
understand the role between adenosine:s, glutamate levels, and TBI-ABI[85]. An early study by
Strong et al. using rat models found that a combination of low-dose ethanol with caffeine right before
or 2 hours after brain ischemia had protective properties for the brain [43]. A later study by Dash et
al. found that caffeine with ethanol was able to decrease cognitive deficit and cortical tissue loss in
rat models [43]. A dosage of 8mg/kg caffeine and 0.4g/kg were associated with neuroprotective
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properties in human trials with ischemic stroke [86]. Kontos et al. are one of the first groups to
examine the pathophysiology of oxygen radicals in TBI using animal models [87]. Another clinical
study reported the potential role adenosine has on cerebral blood flow and oxidative metabolism
[88]. An early study using a rat model found evidence suggesting that caffeine made brain injury
worse through a free radical damage mechanism [74]. In a study blockage of the adenosine2a receptor
rather than the adenosine: receptor was shown to prevent mitochondrial damage by not inhibiting
the release of guanosine, a neuroprotective molecule[89]. White tea, which contains caffeine, was
shown to have neuroprotective effects in striatal cell cultures against oxidative stress cell death[90].
Caffeine in rat models has been shown to decrease oxidative stress and specifically decrease lipid
peroxidation in the hippocampus[91]. Rabbit models found that caffeine could protect against
oxidative stress and Alzheimer’s dementia-like pathology[92]. One study found positive neuronal
changes when treating mice with nano coffee injections after a TBI[46].

Various caffeine-associated preclinical and clinical findings for this section are shown in Table 1
of this paper.

Table 1. This table summarizes various caffeine-associated preclinical and clinical findings in
Traumatic Brain Injury (TBI).

Ref
elerence Study Model Findings
number
[64] N/A Caffeine acts as an adenosine antagonist, specifically the A1 and Aza
receptors.
[65] N/A Adenosine receptors are of interest in TBI because they are involved in
various brain injury pathways.
[66] Rodent Adenosine may have a protective role in recovery of TBI
[67] Rodent Caffeine may have a neuroprotective effect on Parkinson’s disease
pathways.
[68] Mixed Caffeine may have a neuroprqtective effect on neurodegenerative
diseases
Chronic caffeine treatment rather than acute caffeine treatment showed
[69] Rodent . .
better recovery from TBI in mice models.
Review article finding combined evidence of potential benefit of
[70] Mixed treating Parkinson’s Disease and TBI through targeting the adenosineza
receptor.
Pretreatment of rats with caffeine before TBI showed an increase in
[71] Rodent .
mortality
Chronic caffeine use may have some protective benefits in blast-
[63] Rodent induced TBI however chronic and acute caffeine use both increased
mortality.
[72] Rodent Caffeine injection given imm?diétely after TBI reduced TBI-induced
mortality in rat models.
An acute dose of caffeine given 10 seconds after TBI decreased
[73] Rodent . e .
mortality and morbidity in mice models.
An increase in CSF concentration of caffeine in patients with TBI was
[74] Humans . .
associated with more favorable outcomes.
Patients with TBI who had a serum caffeine concentration between 0.01
[74] Human  to 1.66 pg/mL had better recovery after 6 months of injury compared to
the no caffeine group.
One of the earliest studies that examined the pathophysiology of
[75] Cats . .
oxygen radicals in TBI
Found potential benefits of adenosine on cerebral blood flow and
[76] Humans

oxidative metabolism in patients with severe head injury
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Caffeine in female rats has been shown to decrease oxidative stress and

44 Rodent

[44] oden specifically decrease lipid peroxidation in the hippocampus.

(7] Rabbits Caffeine was seen to Pro.tect against ox.idative.stress and Alzheimer’s
dementia-like pathology in rabbit models.

[62] Rodent Positive neuronal changes were seen when treating mice with nano

coffee injections after a TBI.

1.1. Effect of Caffeine on Behavioral, Cognitive, and Motor outcomes in TBI

Caffeine primarily affects the central nervous system, including the brain[39] . Research has
shown the myriad of effects caffeine has on the brain. Caffeine works by blocking adenosine receptors
[39] . Adenosine and adenosine receptors regulate the release of neurotransmitters and also play an
important role in the regulation of sleep, arousal, cognition, memory, and learning[42]. Caffeine binds
to adenosine receptors, which does not allow for the binding of adenosine, particularly the A1 And
A2A receptors, indirectly affecting the release of dopamine, serotonin, glutamate, and other
neurotransmitters [39,93]. These neurotransmitters have been shown to alter mood, memory,
alertness, motor controls, and cognitive function[94]. Caffeine’s ability to block adenosine receptors
and modulate neurotransmitter release can have potential neuroprotective effects, which might be
beneficial in the context of TBI. TBI is associated with a large increase of adenosine in the brain[40].
Adenosine has a dual role in the brain, acting as a neuroprotective agent under normal conditions
but potentially contributing to neurodegeneration under pathological conditions such as TBI. By
blocking adenosine receptors, caffeine may reduce the negative effects of excessive adenosine
signaling following TBI, potentially mitigating neuronal damage. The effects of caffeine on TBI are
vast, but here we will discuss the cognitive, motor, and behavioral outcomes of TBL

Cognitive deficits, particularly in attention and alertness, are prevalent in TBI patients. Studies
have also shown that caffeine can enhance attention and reduce mental fatigue, which are critical for
the cognitive rehabilitation of TBI patients. To test cognitive performance, a 2019 animal study
evaluated the cognitive performance of mice with penetrating ballistic-like brain injuries testing acute
and chronic caffeine exposure. This study used a Morris water maze task, which tested for the
retention of a platform location after its removal, post-injury. There were observed cognitive deficits
in all injury groups[81]. Acute caffeine dosing did not alter the cognitive ability in the task, however
chronic caffeine exposure significantly increased the delay in performing the task at all injury levels
[81]. Therefore, caffeine pretreatment worsened cognitive outcomes. A 2020 human study, focused
on the effect of caffeine on adolescents and young adults in TBI. Adolescent and young adult age
groups exhibit the highest incidence of TBI[47]. Mild TBI and caffeine consumption are prevalent in
these age groups. During young adulthood caffeine consumption and repetitive mild TBI induced
the greatest impairments in males on cognitive tasks [47].

Motor impairments, including reduced coordination and strength, are common in TBI patients.
As mentioned earlier, caffeine influences neurotransmitter systems involved in motor control, such
as dopamine and glutamate. Adenosine Al and A2A receptors form functional heteromers with
dopamine D1 and D2 receptors. In the striatopallidal enkephalinergic neurons, D2 and A2A subtype
receptors for dopamine and adenosine form functional heteromers[95]. These interactions between
A2A and D2 receptors modulate the function of enkephalinergic neurons such that blocking
adenosine A2A receptors with caffeine directly enhances the excitatory activity of D2 receptors,
thereby increasing psychomotor activity in animals[96]. It has been shown that at low-to-moderate
doses, caffeine has a stimulating effect, however, at higher doses it has a depressive effect[97,98]. In
a 2021 animal study, twenty-four adult male mice were given caffeine in low doses, caffeine in high
doses, and water control daily for eight weeks. Then, motor function was assessed by open field, pole,
and inverted square grid tests. In the high-dose group, there was an increase in location, but not
muscular strength. In both low-dose and high-dose groups, cell density, dendrite length in the
sensorimotor cortex, and dendritic arborization increased. Overall, prolonged caffeine improved
motor function by increasing the number of neurons and advancing the growth of dendrites[99].
Specific to TBL, an animal 2019 study, previously mentioned, assessed the effect of caffeine on motor
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outcomes on penetrating ballistic-like brain injury. Rats were randomly assigned to pretreatment
groups, acute and chronic caffeine pretreatments. Motor coordination was evaluated using a rotarod
task. The animals were tested 7 to 10 days post-injury. The average latency decreased in all the
animals, regardless of treatment, compared to acute caffeine treatment. Even though acute caffeine
treatment did not show a significant decrease, chronic caffeine treatments significantly reduced the
average delay. Thus, the results suggested that chronic caffeine composition before brain injury
improved motor performance after brain injury [81]. An animal 2020 study, demonstrated the effects
of caffeine treatment pre-injury and post-injury. Regardless of pre-injury caffeine exposure,
administering an acute dose of caffeine immediately after the injury dose did not have detrimental
effects on motor performance following sublethal injuries. In conclusion, contrary to the 2019 study,
pre-exposure to caffeine did not have a major impact. Additionally, chronic caffeine treatment after
injury impairs motor function recovery, whereas caffeine withdrawal does not[40].

@y d > o>
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Significant Significant
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Figure 3. The Effects of Acute and Chronic Caffeine on Cognitive, Motor and Behavioral Outcomes in TBI.

Behavioral changes, including depression and apathy, are frequently observed in TBI patients.
Caffeine’s impact on serotonin and dopamine levels can enhance mood and motivation, potentially
alleviating depressive symptoms. As mentioned before, adolescents and children are at the highest
risk for mild TBI and repetitive mild TBI, which may lead to the development of long-term
psychological and neurological deficits. Longitudinal measurements of patients who have
experienced repetitive mild TBI showed poor executive function, depression scores, and cognitive
changes that were related to the number of injuries received[100]. In a 2017 animal study, male and
female rats were given either caffeinated or non-caffeinated drinking water and were then randomly
assigned to receive three mild brain injuries. Behavioral outcomes were assessed using a test battery
for post-concussion syndrome (PCS) symptoms, including balance, motor coordination, anxiety,
short-term working memory, and depressive-like behaviors. In the open field test, non-caffeinated
males increased the distance traveled after repetitive mild TBI, while chronic caffeine exposure
reduced it[62]. Non-caffeinated females showed reduced distance after repetitive mild TBI, with no
change in the caffeine group [62]. Short-term working memory was significantly affected by sex,
injury, and caffeine. Caffeine exacerbated memory deficits in males but mitigated them in females.
Rats exposed to repetitive mild TBI or caffeine had increased immobility in the forced swim task,
with the highest immobility in caffeine-exposed males with repetitive mild TBI. Poor behavioral
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regulation and performance on executive function tasks have been reported in adolescent
populations with high caffeine consumption rates[101]. The behavioral results from this study
suggest that adolescence may be a developmental period during which caffeine exposure is
particularly detrimental to recovery.

3.4. Effect of Caffeine on the Immune System in TBI

TBI has a high incidence of mortality and morbidity[39]. Caffeine has been found to possess
neuroprotective benefits in degenerative neurological disorders[45]. Caffeine is a widely consumed
stimulant[102]. It affects immune cells such as lymphocytes [102], natural killer cells[103],
mesenchymal stem cells, and neutrophils[104]. Caffeine also has been noted to play a role in TBI and
works as an antagonist on the A2A receptor, potentially aiding recovery [102]. In this review, we will
look at the effect of caffeine on the pathophysiology of an injured brain, its effects on immune cells
as well as dendritic changes in TBI. Caffeine exerts neuroprotective effects primarily through its
antagonism of adenosine A2A receptors. This action helps reduce neuroinflammation and oxidative
stress, both critical factors in neurodegenerative diseases [102]. A cohort study looked at serum
caffeine concentration in TBI patients who presented to the ED [45]. Caffeine levels within 4 hours of
injury were analyzed [45]. Patients with established caffeine levels were categorized into groups; low
(0.01-0.58 pg/mL), intermediate (0.59-1.66 pg/mL), and high (1.67-10.00 pg/mL) [45]. Recovery
function was looked at over 6 months [45]. A regression analysis was performed, the low- and
intermediate-caffeine groups corresponded to a higher likelihood of 6-month functional recovery
compared with the no-caffeine group [45]. Caffeine’s antioxidative properties play a significant role
in protecting neuronal cells from damage due to reactive oxygen species (ROS). It also modulates
inflammatory responses, further contributing to its neuroprotective effects [102] . By inhibiting
inflammatory pathways, caffeine lowers the production of pro-inflammatory cytokines [62]. It
promotes synaptic plasticity and neurogenesis, aiding in cognitive recovery [81,102]. Adult female
albino mice were used to investigate the impact of caffeine on immune cells and tumor growth [102].
Caffeine reduced the expression of PD1 on cytotoxic T lymphocytes, enhancing their ability to target
tumor cells [102]. Mice treated with caffeine showed a significant decrease in tumor size, indicating
enhanced anti-tumor immunity [102]. Caffeine also affects natural killer cells. A study looked at
fourteen male cyclists who ingested either 0, 2, or 6 mg/kg of caffeine before engaging in prolonged
cycling. Blood samples were collected to assess the activation of natural killer (NK) cells in response
to antigen stimulation post-exercise [103]. Results showed that both low (2 mg/kg) and high (6 mg/kg)
doses of caffeine significantly enhanced NK cell activation compared to the placebo [103]. No
significant differences were observed between the two caffeine doses, suggesting that even a low
dose is effective in boosting immune function during prolonged physical activity [103].

Another study analyzed the effects of caffeine on rats during development. It focused on how
caffeine affects dendritic spine density in the prefrontal cortex and hippocampus and examined the
behavioral and cognitive outcomes post-TBI[47]. Caffeine consumption during development resulted
in altered spine density in the prefrontal cortex and hippocampus of rats [47]. These structural
changes correlated with behavioral alterations, including impaired memory and cognitive function
[47]. Rats exposed to caffeine showed altered spine density, impaired cognitive functions, and
different recovery patterns from TBI compared to controls, indicating that developmental caffeine
exposure impacts brain structure and function [47]. In conclusion, caffeine demonstrates significant
neuroprotective and immune-modulating effects, aiding recovery in TBI and offering potential
benefits in neurodegenerative conditions. Studies in humans and animals demonstrate caffeine’s
positive effects on immune cells, cognitive function, and recovery post-TBI. Further research is
necessary to fully understand the long-term implications and optimal dosing for therapeutic use.

Table 2. This table summarizes the effects of caffeine on TBI, including its neuroprotective and
immune-modulating properties. Further research is necessary to fully understand the long-term
implications and optimal dosing for therapeutic use.
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Study/Experiment

Details

TBI Mortality and Morbidity

High incidence of mortality and morbidity in TBI patients [39]

Caffeine Neuroprotective
Effects

Caffeine has neuroprotective benefits in degenerative
neurological disorders, antagonizes A2A receptors [45]

Serum Caffeine in TBI

Caffeine levels analyzed within 4 hours of injury; and categorized

d0i:10.20944/preprints202412.0933.v1

into low, intermediate, and high levels; higher likelihood of 6-

Patients
month recovery in low- and intermediate-caffeine groups [45]

Caffeine Antioxidative Caffeine protects neuronal cells from ROS damage, modulates

. inflammatory responses, lowers pro-inflammatory cytokine
Properties Y TeSP P yey

production [62,102]

Impact on Cytotoxic T
Lymphocytes

Caffeine reduced PD1 expression on cytotoxic T lymphocytes,
enhanced tumor targeting, decreased tumor size [102]

Caffeine enhanced NK cell activation post-exercise in cyclists,

Eff 1 Kill 11
ect on Natural Killer Cells effective at low and high doses [103]

Developmental caffeine exposure in rats altered spine density,
impaired memory and cognitive function, different TBI recovery
patterns [47]

Developmental Exposure in
Rats

3.5. Effect of Caffeine on Various Physiological Proteins and Elements in TBI

Caffeine influences essential electrolytes, trace elements (iron, and specific amino acids as well
as proteins such as podoplanin and morphogens, particularly in the context of TBI. Understanding
these interactions is crucial for managing TBI patients, where metabolic and neurochemical balance
is critical for recovery. Caffeine can both affect and impair TBI recovery[105]. One pre-clinical study
examined how acute versus chronic caffeine treatment affects brain injury in a mouse model of TBI
[63]. The study showed that chronic caffeine treatment decreased glutamate release and
inflammatory cytokine production, therefore helping to mitigate brain injury through the Al
receptor-mediated mechanism [63]. Another pre-clinical study investigated the short-term effects of
caffeine on L-arginine metabolism in rat brains[106]. It demonstrated that caffeine modulates L-
arginine metabolism by decreasing arginase activity and increasing NO production, without affecting
TNEF-a levels [106].

Oxidative stress, a significant factor in neurotoxicity in TBI [107] and neurodegenerative
diseases, arises from an imbalance between the production of free radicals, such as reactive oxygen
species (ROS), and the body’s antioxidant defenses. The association between aluminum (Al) exposure
and oxidative stress is crucial for cognitive well-being, as Al exhibits strong prooxidant characteristics
[107]. A study designed an experimental model to investigate the effects of caffeinated coffee and
caffeine on the survival of PC12 cells and the generation of reactive oxygen species (ROS) when
exposed to neurotoxic agents such as aluminum maltolate (Almal) and/or hydrogen peroxide [107].
It concluded that caffeinated coffee can prevent Almal-induced neurotoxicity in PC12 cells, and
caffeine resulted in a higher than fivefold increase in the survival rate of PC12 cells[107] .

Caffeine has a diuretic effect, which can increase urine output [108]. This can lead to higher
excretion of both sodium and potassium[109]. A study found that high doses of caffeine significantly
increased urinary excretion of these electrolytes over 24 hours [107]. The balance of sodium and
potassium in the body is critical for nerve function and muscle contractions [107]. The northern
university, tertiary care hospital in Thailand found that in TBI, post-operative death increased with
high levels of blood glucose, hypernatremia, and acidosis[110], and hypokalemia was found to be the
most common electrolyte imbalance [107]. A fundamental mechanism contributing to neuronal injury
and death following TBI is the disruption of cellular calcium homeostasis, particularly involving
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intracellular calcium stores in the endoplasmic reticulum[111]. Using an in vitro model of stretch-
induced traumatic injury and fura-2 digital calcium imaging, the study investigated changes in
calcium-induced calcium release (CICR) and inositol (1,4,5)-trisphosphate (IP3)-linked signaling in
cultured rat cortical neurons [107]. Caffeine, which stimulates CICR, caused a rapid increase in
intracellular free calcium in 70% of uninjured neurons [107]. However, this response decreased to
30% fifteen minutes after injury[107]. These alterations could affect normal neurotransmission in the
brain and may contribute to some of the pathology of TBI[107].

3.6. Effect of Caffeine on Various Signaling Pathways, Genes, and Proteins in TBI

TBI is a significant health concern worldwide, often leading to long-term disability and cognitive
impairment[19]. Current therapeutic strategies focus on minimizing secondary injury mechanisms
and promoting neuroprotection to improve outcomes[112]. One emerging area of interest is the
potential neuroprotective effects of caffeine, a widely consumed psychoactive substance known for
its stimulant properties[45]. This review explores the current understanding of how caffeine
influences TBI pathophysiology and outcomes based on animal studies and preliminary human
research. Caffeine acts primarily by antagonizing adenosine receptors in the central nervous system
(CNS)[113]. Adenosine receptors play a crucial role in regulating neurotransmitter release, cerebral
blood flow, and inflammatory responses following TBI[114]. By blocking adenosine receptors,
caffeine modulates various signaling pathways involved in neuroinflammation and neuronal
survival [114].

In animal models of TBL caffeine has demonstrated multiple neuroprotective effects[115]. It
reduces cytotoxic edema caused by free radicals and mitigates inflammation and apoptosis through
its anti-inflammatory properties[116]. These effects contribute to a decrease in neuronal cell death
and an improvement in cognitive function post-injury [116]. Long-term blockade of adenosine
receptors by caffeine leads to a significant upregulation of these receptors, potentially enhancing its
neuroprotective benefits over time [116]. Caffeine also downregulates pro-inflammatory pathways
such as NF-kB and MAPK signaling, resulting in decreased expression of pro-inflammatory
cytokines like TNF-a and IL-1{3[117]. Additionally, it upregulates neurotrophic factors such as brain-
derived neurotrophic factor (BDNF) and nerve growth factor (NGF), promoting neuronal survival
and synaptic plasticity through cAMP/PKA signaling and calcium homeostasis[114,118]. Caffeine has
also been found to improve cognitive function by antagonizing adenosine receptors involved in the
control of synaptic transmission, synaptic plasticity, and synapse toxicity[119]. The impact of caffeine
on the different signaling pathways, genes, and proteins in animal studies is summarized in Table 1.

Studies in human subjects are beginning to explore caffeine’s impact on TBI outcomes[36]. Early
findings suggest a potential association between higher levels of caffeine and its metabolites in
cerebrospinal fluid (CSF) and improved outcomes six months post-TBI[36]. This association aligns
with observations in other neurodegenerative disorders, where caffeine consumption has been linked
to neuroprotection[32,120]. However, the existing data on the role of caffeine in TBI in humans is
limited and heterogeneous, emphasizing the need for larger-scale clinical trials to validate these
preliminary findings and establish robust evidence [36]. In summary, while the neuroprotective
effects of caffeine in animal models with TBI are well-documented, its impact on human TBI remains
an area of active investigation. Preliminary evidence in humans suggests that caffeine may offer
therapeutic benefits by modulating inflammatory responses, promoting neuronal survival, and
enhancing cognitive recovery post-injury. However, conclusive evidence from well-designed clinical
trials is necessary to fully understand caffeine’s potential in improving TBI outcomes and guiding
future therapeutic strategies.

Table 3. This table summarizes numerous impacts of caffeine on various signaling pathways, genes,
and proteins in TBI in animal studies.

Impact Mechanism Pathway Genes/Proteins

Reduces cell death Activates adenosine Modulates expression of

Neuroprotection[114
P [114] and improves receptors, leading to genes involved in



https://doi.org/10.20944/preprints202412.0933.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 December 2024 d0i:10.20944/preprints202412.0933.v1

17

cognitive function downstream inflammation like TNF-a and
post-injury [116]  neurotransmitter release IL-1(3 and neuronal survival
and neuroinflammatory like BDNF and NGF[117]
pathways[115]

Inhibits microelial
nhibits microglia Downregulates NF-kB

signaling and
modulates MAPK
pathways[117]

activation and reduces
Anti-inflammatory  the release of pro-
[116] inflammatory
cytokines [117]

Alters expression of
inflammatory mediators
(e.g., TNF-a, IL-103) [114,117]

Enhances synaptic

plasticity and

Improvement of Modulates cAMP/PKA  Upregulates neurotrophic

Cognitive Function ne;;?;ﬁ?i?gter signaling and calcium  factors (e.g., BDNF, NGF)
11 o h is[114,11 114,11
L9 acetylcholine)[119]  nomeostasis [114,118] [114,118]

3.7. How does Caffeine Interfere with Concussion and TBI Recovery?

According to the National Institute of Neurological Disorders and Stroke (NINDS), TBI is
defined as a form of acquired brain injury that occurs when a sudden trauma causes damage to the
brain and can result when the head suddenly and violently hits an object or when an object pierces
the skull and enters brain tissue[121].The association between caffeine and its role in concussion and
TBI recovery is contradictory. Pre-clinical studies have shown that chronic caffeine treatment can
alleviate blast-induced TBI in mice[34] and also chronic caffeine exposure can reduce the effects of
moderate blast wave-induced memory deficits in mice[41]. Another pre-clinical study on the effects
of caffeine has also demonstrated that the inflammatory cell infiltration at a 24-hour time point post-
TBI was significantly reduced in mice pretreated chronically with 0.25 g/L caffeine in drinking water,
suggesting a neuroprotective role of caffeine in TBI and thus concussion recovery[63]. Furthermore,
serum caffeine level has been identified as a biomarker to determine the likelihood of a positive TBI
outcome in some clinical studies[45].

The chronic effect of caffeine conducted in a clinical study for post-TBI injury recovery indicated
that it might provide beneficial effects to neurological recovery but may also worsen
outcomes|81].Caffeine produces metabolites (theobromine, paraxanthine, and theophylline) that can
be measured and are useful indicators to determine how it contributes to the pathophysiology and
clinical outcomes of patients with TBI[36].The exact dosage of caffeine, its rate, and form of
administration (intravenous, oral, etc.) should be studied further as this is presently not exact and
will be a novel discovery[72].The timing of caffeine administration before or after TBI can affect the
outcome. The chronic caffeine treatment after TBI can impair the recovery of motor function further
exacerbating the clinical outcomes of patients[40].One of the mechanisms of how caffeine affects TBI
recovery might be its effects on the brain’s microstructure in its gray and white matter regions[59]
but further study is needed to understand how caffeine causes the dynamic change among brain
structures and function. In conclusion, additional research is needed to recommend the amount of
caffeine consumption that can be prescribed to patients with TBI [122].

Table 4. This table summarizes various pre-Clinical and Clinical Studies of How Caffeine Interferes
with Concussion and TBI Recovery.

Type of Study Caffeine Treatment Conclusion

Chronic caffeine treatment alleviated cerebral
Pre-Clinical Study 0.25g/L injury at 24h post severe blast-induced TBI
(bTBI)[41]
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Chronic caffeine treatment represses the release

kg1 k
Pre-Clinical Study Smeg/ §E)n51n}i/ g and of glutamate and inhibits cytokine expression
8/%8 after TBI[63]
A statistically significant association between a
serum caffeine concentration of 0.01 to
Clinical Study 0.01 - 10.00 pg/mL 1.66 pg/mL and good functional recovery at 6

months after injury compared with the no-
caffeine group of patients with TBI with
intracranial injury[45]

Regular caffeine consumption before a
penetrating brain injury may moderately
Pre-Clinical Study  Oral bolus dose of 25mg/kg improve motor recovery but worsen the
neurocognitive sequelae associated with a
penetrating brain injury [81]

Caffeine may be neuroprotective by long-term
Clinical Study 21 umol/L (194 ng/mL) upregulation of adenosine Al receptors or
acute inhibition of A2a receptors[36]

Intracranial pressure decreased by 11% from
Pre-Clinical Study 20mg/kg baseline value which can improve clinical
outcomes post-TBI[72]

Chronic treatment initiated after TBI suggested
improved motor function with a nonspecific
Pre-Clinical Study 25mg/kg adenosine receptor agonist, but a slight
decrease in motor function after an A1 receptor
antagonist [40]

The interventions of caffeine, sleep deprivation,

sleep aids, and sedation during the acute post-
Pre-Clinical Study 36mg/kg mTBI period each changed the subclinical
characteristics of the brain after mTBI and

altered the return toward normal function[59].

3.8. Effect of Preinjury and Post-Injury Exposure to Caffeine

The effects of caffeine in rats with TBI have been studied extensively, focusing on motor
function, cognitive function, and mortality. In the 2012 article “Survival and Injury Outcome After
TBI: Influence of Pre- and Post-Exposure to Caffeine,” Sun et al. demonstrated that pre-exposure to
caffeine provided the most significant protective effect against mortality and injury severity
following TBI[123]. The study involved phases assessing chronic pre-injury caffeine use, the impact
of pre- and post-injury caffeine exposure, and the dose-dependency and efficacy of caffeine as a
rescue treatment [123]. The first phase sampled rats with chronic caffeine use before TBI and caffeine-
naive rats [123]. The second phase monitored the effects of pre-injury caffeine for three weeks and
post-injury caffeine use [123]. The third part examined if the caffeine rescue dosage was dose-
dependent, the bolus’s efficacy, and possible negative effects[123]. The findings concluded that pre-
exposure to caffeine was most beneficial, with post-injury and continuous exposure also offering
benefits, though to a lesser extent [123]. Further research by Lusardi et al. in the same year examined
the effects of caffeine on mortality and morbidity following TBI[39]. In the article “Caffeine prevents
acute mortality after TBI in rats without increased morbidity,” caffeine was administered
intraperitoneally at doses comparable to human consumption levels, both before and after injury [39]
. The study monitored the rats” mortality rates and various behavioral and histological outcomes to
assess morbidity [39]. The findings showed a significant reduction in acute mortality following TBI
in caffeine-treated rats compared to untreated controls, with no increase in morbidity [39]. Together,
these studies underscore caffeine’s potential neuroprotective benefits in managing TBI [39]. While
these studies highlighted the acute benefits of caffeine, it is crucial to consider the chronic impacts of
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caffeine on cognitive and motor functions, particularly in the context of TBIL In the 2017 article
“Behavioral and Pathophysiological Outcomes Associated with Caffeine Consumption in RmTBI in
Adolescent Rats,” Yamakawa et al. explored these chronic effects[62]. Adolescent rats were given
either caffeinated or non-caffeinated water and subjected to three mild brain injuries [62]. Behavioral
assessments included tests for balance and motor coordination, anxiety-like behaviors, short-term
working memory, and depressive-like behaviors [62]. The findings revealed that chronic caffeine
consumption during adolescence significantly altered normal developmental trajectories and the
recovery process from repeated mild TBI [62] Behavioral differences were noted in balance, motor
coordination, anxiety, memory, and depressive behaviors, influenced by the timing of caffeine
exposure and the occurrence of injury [62]. The study underscores the importance of monitoring
caffeine consumption in adolescents at high risk for repeated mild TBI due to its significant effects
on both behavioral and pathophysiological outcomes [62].

Building on these insights, in 2019, Sanjakdar et al. researched the impacts of caffeine on motor
and cognitive outcomes in rats with penetrating ballistic-like brain injury (PBBI). The study evaluated
the effects of moderate (7%-PBBI) and severe (10%-PBBI) injuries on cognitive and motor functions,
with rats receiving a 25 mg/kg caffeine bolus one hour before injury or no caffeine[81]. Results
indicated that caffeine-pre-treated rats showed improved motor recovery compared to controls [81].
However, cognitive outcomes were worsened by caffeine pre-treatment, suggesting that chronic
caffeine consumption before PBBI could enhance motor recovery but impair cognitive functions [81].
In 2020, Lusardi et al. expanded their research on the impacts of caffeine on motor and cognitive
outcomes in rats with TBI. The study examined the acute and chronic effects of caffeine on mortality
and morbidity following TBI[40]. Rats received either chronic caffeine pre-exposure or an acute dose
of caffeine immediately following the injury [40]. The findings indicated that a single acute dose of
caffeine administered immediately after TBI prevented lethal apnea, a significant cause of acute
mortality, without negatively impacting motor performance following sublethal injuries [40].
However, chronic caffeine treatment post-injury impaired recovery of motor function [40]. The study
also demonstrated that pre-exposure to caffeine did not significantly impact acute and delayed
outcome parameters [40]. Importantly, the study revealed that caffeine withdrawal did not have
detrimental effects on motor recovery, contrasting with the negative impact observed with chronic
caffeine treatment post-injury [40]. Overall, the study highlighted that the timing and duration of
caffeine exposure are critical factors in its effects on TBI outcomes [40].

Most recently, in 2023, Johnson et al. conducted an observational cohort study on the effects of
caffeine on adolescents with mild TBI (mTBI). The study included eighty adolescent caffeine
consumers (CAF+) and forty non-caffeine consumers (CAF-), averaging 15 years old[122]. Behavioral
outcomes were assessed using the Rivermead Post-Concussion Symptoms Questionnaire (RPQ), the
Depression subscale of the Beck Youth Inventories - Second Edition (BYI-D), and The Behavior Rating
Inventory of Executive Function (BRIEF), along with heart rate variability (HRV) measures [122].
Results showed that caffeine consumers had significantly higher RPQ scores for emotional health and
sleep, greater somatic discomfort, and higher depressive symptoms compared to non-consumers
[122]. There were no significant differences in executive function or HRV metrics between the groups
[122]. The study suggests that adolescent caffeine consumers with mTBI may experience poorer
emotional health, sleep quality, and greater somatic discomfort, highlighting the need for careful
management of caffeine consumption in this population [122]. Together, these studies provide a
comprehensive understanding of the complex role caffeine plays in both acute and chronic settings
following TBI. While acute caffeine administration can offer neuroprotective benefits and improve
motor recovery, chronic consumption poses risks, particularly in developmental contexts such as
adolescence. The findings emphasize the importance of tailored caffeine consumption guidelines for
individuals at risk of or recovering from TBIL

4. Conclusions and Future Perspectives

This review provides a comprehensive analysis of the emerging connection between TBI and
caffeine. Our primary objective was to comprehensively review all relevant preclinical and clinical
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studies with the highest degree of sensitivity. Caffeine has the potential to induce changes in various
TBl-associated cellular proteins, receptors, signaling pathways, and molecules. A more
comprehensive understanding of these interactions, beyond individual markers, could potentially
offer a new approach to tailoring TBI management. Furthermore, in the realm of molecular biology,
there remains a substantial need for further studies to decipher the specific mechanisms through
which caffeine operates and to elucidate its therapeutic effects in the treatment of TBI. Various
published findings demonstrating that caffeine can attenuate brain trauma may place personnel on
the battlefield at high risk of casualties. Thus, in some scenarios re-evaluating the therapeutic strategy
of caffeine application, particularly in multiple-organ-trauma settings should be thoroughly
considered. This exposition underscores the necessity for ongoing research, innovation, and the
establishment of standardized protocols to optimize the therapeutic potential of caffeine in the
context of TBIL. Such findings can enhance understanding of key developments that can improve
patient care and advance personalized medicine. Additionally, it will influence trauma quality
improvement practices both regionally and nationally.
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