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Abstract: Caffeine is the most widely used psychoactive substance in the world, is present in various beverages 

such as coffee, tea, and energy drinks. Its basic chemical structure contains methylxanthine active components. As 

a non-selective central adenosine receptor antagonist, caffeine exerts a broad range of pharmacological effects, 

including antioxidant, anti-inflammatory, and neuroprotective functions. Epidemiological studies and clinical 

reports suggest that caffeine consumption is closely associated with a reduced risk of neurodegenerative diseases 

including Alzheimer’s disease, Parkinson’s disease, and dementia. Additionally, caffeine has shown potential 

benefits in regulating cognitive function, improving depressive symptoms, and reducing the risk of stroke. 

Although the neuroprotective mechanisms of caffeine remain unclear, current research has revealed that it exerts 

its effects through multiple signaling pathways, including the inhibition of adenosine A2A receptors, the 

suppression of neuroinflammation, and the modulation of synaptic plasticity. This paper discusses the recent 

advancements in research on the neuroprotective effects of caffeine and explores its potential mechanisms and 

applications in Alzheimer’s disease, Parkinson’s disease, stroke, and depression. 
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1. Introduction 

Caffeine is the most popular and widely consumed psychoactive substance globally. Commonly found in 

foods such as coffee, tea, and chocolate, and is also frequently added to various foods and beverages, including 

sodas and energy drinks, to enhance alertness and improve work efficiency. In the United States, 85% of adults 

consume caffeine daily, with an average intake of 135 milligrams per day [1]. Caffeine has been extensively 

studied and proven to have potential protective effects against various diseases [2]. Clinically, it is primarily used 

for the treatment of apnea in premature infants [3] and pain management [4]. Recent studies suggests that caffeine 

can reduce the risk of coronary heart disease [5], cancer [6], type 2 diabetes [7], cirrhosis and hepatocellular 

carcinoma [8,9], In the central nervous system, caffeine has demonstrated neuroprotective effects, including 

improvements in Alzheimer’s disease(AD) [10,11], Parkinson’s disease(PD) [12], stroke, depression and other 

neurodegenerative diseases [13]. Although caffeine is widely consumed worldwide, its potential therapeutic value 

in AD, PD, and other cognitive disorders has only recently been studied in detail. In this review, we aim to explore 

the neuroprotective effects of caffeine in neurodegenerative diseases such as AD, PD, stroke, and depression. We 

systematically reviewed the literature to highlight the mechanisms through which caffeine exerts its potential 

therapeutic effects. A comprehensive search was conducted using the following databases: PubMed, Scopus, Web 

of Science and Google Scholar. The search was performed using key terms such as ‘Caffeine’, ‘Alzheimer’s 

Disease’, ‘Parkinson’s Disease’, ‘Depression’, ‘Stroke’, ‘Neuroprotection’ and ‘Central Nervous System Injury’. 

After screening abstracts and titles for relevance and removing duplicates, 97 studies were included in this review. 

2. Metabolism of Caffeine 

Caffeine, chemically known as 1,3,7-trimethylxanthine, is a commonly occurring xanthine alkaloid. Pure 

caffeine is a white, intensely bitter powder [14]. After oral ingestion of 5–8 mg/kg by adults, it is rapidly and 

completely absorbed in the gastrointestinal tract, reaching peak plasma concentrations within 30 to 60 min. The 

peak levels can persist for up to 120 min, and caffeine is quickly distributed throughout all body fluids (including 
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plasma, saliva, bile, cerebrospinal fluid, breast milk, semen, and umbilical cord blood) and all tissues and organs 

[15]. Caffeine’s high lipid solubility enables it to cross the blood-brain barrier. The concentration of caffeine in 

the brain begins to increase within 5 min of ingestion, reaching nearly the same peak concentration as in plasma 

[16]. Caffeine is primarily metabolized in the liver, producing various purine and uric acid derivatives, including 

paraxanthine (about 80%), theophylline (approximately 7%), and theobromine (around 12%) [17]. These 

metabolites are further broken down into uric acid and are eventually excreted in the urine. “Several cytochrome 

P450 enzymes participate in caffeine metabolism, including CYP1A2, CYP1A1, CYP2E1, and CYP3A, but 

hepatic CYP1A2 is primarily responsible for its clearance. CYP1A2 exhibits genetic polymorphism, meaning 

individual variations or exposure to its inducers can influence caffeine metabolism [18,19]. 

3. Caffeine’s Antagonistic Effect on Central Adenosine Receptors 

Caffeine’s primary pharmacological effects, such as mental stimulation, heightened bodily sensitivity, and 

its protective effects on cognitive function and neurological diseases, are primarily attributed to its non-specific 

antagonism of central adenosine receptors (AR) [20,21]. Adenosine, a precursor and metabolite of adenine 

nucleotides, is an important neuromodulator. ARs are a group of G protein-coupled receptors, which are classified 

into A1R, A2AR, A2BR and A3R subtypes based on their affinity for adenosine [22]. Adenosine is widely present 

in the body, and its receptors are broadly expressed. By either activating or inhibiting adenylate cyclase, adenosine 

influences cyclic adenosine monophosphate (cAMP) levels and subsequent phosphorylation of related target 

proteins. However, the complex actions of adenosine signaling remain incompletely understood [23]. Caffeine’s 

antagonistic effect occurs only when ARs are activated. A3R has significantly lower affinity for caffeine compared 

to the other three subtypes, and A2BR is only activated under pathological conditions with high adenosine 

concentrations. Therefore, A1R and A2AR are generally regarded as caffeine’s primary targets within the central 

nervous system (CNS) [24]. The development of tolerance to long-term caffeine consumption is also thought to 

be related to A1R [25]. Adenosine A2AR receptors are predominantly located in the striatum, hippocampus, and 

basal ganglia, and they act on neurons, astrocytes, and microglia to achieve neuroprotective effects through several 

mechanisms: (1). Involvement in the release of neurotransmitters such as glutamate [26], γ-aminobutyric acid 

(GABA) [27], acetylcholine, and dopamine [28]; (2). Regulation of synaptic plasticity [29]; (3). Participation in 

various activation signaling pathways that influence memory and cognitive function [30]; (4). Involvement in 

neuroinflammation, oxidative stress [31], and cell death. 

4. Caffeine and Alzheimer’s Disease (AD) 

Dementia is characterized by acquired chronic or progressive cognitive impairment, with causes including 

AD, vascular dementia, Lewy body dementia, and mixed dementia, with AD accounting for over 70% of cases. 

Dietary alkaloids like caffeine have been shown to improve memory in behavioral models and modulate the 

mechanisms underlying the cognitive benefits, such as glucose metabolism, gut microbiota, vasculopathy, 

neuroinflammation, and oxidative stress [32]. A case-control study by Maia and de Mendonça found that increased 

caffeine consumption was associated with a 60% reduction in AD risk (the average caffeine intake of healthy 

individuals was 199–136 mg/day, compared to 74–98 mg/day for Alzheimer’s patients) [33]. Prospective studies 

have reached similar conclusions. In the Cardiovascular Risk Factors, Aging, and Dementia (CAIDE) study, 

Eskelinen and colleagues followed 1409 individuals aged 65–79 years (534 men and 875 women) for an average 

of 21 years. They found that moderate coffee drinkers (3–5 cups per day) had a significantly lower risk of 

developing AD and dementia compared to low coffee consumers (0 to 2 cups per day), with a risk reduction of 

62–64% for AD and 65–70% for dementia. These findings suggest that coffee consumption in midlife may reduce 

the risk of developing dementia or AD later in life [34]. Several meta-analyses have been conducted, including a 

large-scale prospective study from France involving 4197 women and 2820 men aged 65 and older, examining the 

relationship between caffeine intake, cognitive ability, and dementia. The results showed no association between 

caffeine intake and cognitive decline in men. However, women with higher caffeine intake showed a smaller 

decline in visuospatial memory over four years compared to women with lower intake, with the protective effect 

of caffeine increasing with age [35]. A 2022 Mendelian randomization study, using data from the International 

Genomics of Alzheimer’s Project (IGAP), reported a non-significant reduction in AD risk associated with 

genetically predicted high plasma caffeine levels [36]. In summary, numerous studies support the AD risk 

associated with genetically predicted high plasma caffeine levels beneficial role of caffeine in AD risk associated 

with genetically predicted high plasma caffeine levels AD. 

AD is a neurodegenerative disease that predominantly affects the elderly, with pathological features, 

including β-amyloid (Aβ) deposition and neurofibrillary tangles formed by hyperphosphorylated Tau protein. 
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Research has demonstrated that cognitive impairment in AD patients is related to synaptic and axonal damage in 

the neocortex, basal forebrain, and limbic system [37]. This has also been confirmed in animal models, where 

intracerebroventricular injection of Aβ in mice induces cognitive impairment and neurotoxicity. Administration 

of caffeine or the selective A2AR antagonist SCH58261 both prevented Aβ-induced cognitive impairment [38]. 

Arendash’s research demonstrated that, after long-term moderate caffeine consumption, the working memory of 

elderly APPsw mice with Alzheimer’s disease significantly improved compared to the control group. Moreover, 

there was a marked reduction in Aβ deposition in the hippocampus and entorhinal cortex, accompanied by a 

decrease in soluble Aβ levels in the brain. Mechanistic studies have shown that caffeine’s inhibitory effect on 

BACE1 involves the c-Raf/NF-κB pathway, and physiologically relevant concentrations of caffeine effectively 

reduce the levels of glycogen synthase kinase 3 in N2a neuroblastoma cells [39]. Giunta also confirmed that 

caffeine can prevent neuroblastoma cell death caused by the combined effects of Aβ and aluminum chloride (AlCl3) 

through the non-selective blockade of A1 and A2A adenosine receptors [40]. The pathological hyperphosphorylation 

of Tau in Alzheimer’s disease is crucial for cognitive decline. Laurent et al. found that long-term caffeine 

administration (0.3 g/L) could prevent the development of spatial memory deficits in THY-Tau22 AD mice [41]. 

The improvement in memory was associated with a reduction in hippocampal Tau phosphorylation and proteolytic 

fragments. Additionally, caffeine was observed to alleviate the upregulation of pro-inflammatory and oxidative 

stress markers (such as CD45, TLR2, CCL4, and TNF-α) in the hippocampus of AD mice. 

Basic research suggests that oxidative stress may be a key factor in the pathogenesis of AD [42]. The brain 

contains a high concentration of polyunsaturated fatty acids, which are highly susceptible to attack by reactive 

oxygen species (ROS), leading to lipid peroxidation. Leite et al. investigated the effects of caffeine and SCH58261, 

a selective A2AR antagonist, on age-related memory impairment and oxidative stress in rats. The results showed 

that caffeine and SCH58261 treatment effectively reversed memory deficits associated with aging. Additionally, 

both treatments significantly reduced elevated levels of reactive oxygen and nitrogen species in the brains of aged 

rats. Furthermore, CAF and SCH58261 restored Na⁺/K⁺-ATPase activity, which was inhibited in the brains of aged 

rats [43]. Ullah et al. further highlighted the antioxidant-like properties of long-term caffeine consumption, 

demonstrating its protective effects against memory deficits, neuroinflammation, and neurodegeneration induced 

by D-galactose treatment. Potential mechanisms include: (1) Reversing oxidative stress by reducing 8-oxoguanine; 

(2) Reducing the phosphorylation of key stress response kinases, such as c-Jun N-terminal kinase (p-JNK); (3) 

Normalizing the levels of inflammatory mediators, such as cyclooxygenase-2 (COX-2), nitric oxide synthase-2 

(NOS-2), tumor necrosis factor (TNF-α), and interleukin-1 (IL-1); (4) Preventing apoptosis and neurodegeneration 

(by reducing cytochrome C levels, lowering the Bax/Bcl2 ratio, and decreasing caspase-9, caspase-3, and PARP-

1 levels); (5) Increasing the levels of presynaptic protein synaptophysin and postsynaptic density protein (PSD95) 

[44]. Prasanthi et al. also confirmed the protective effects of caffeine against oxidative stress and Alzheimer’s-like 

conditions. They found that caffeine treatment could partially reverse sporadic AD induced by a high-cholesterol 

diet. Their study demonstrated that caffeine reduced ROS production, glutathione depletion, and Aβ synthesis, 

while increasing the concentration of adenosine A1Rs in the hippocampus. In addition, increased cerebrospinal 

fluid (CSF) production is also considered a potential mechanism for caffeine’s protective effects against AD. This 

study showed that long-term caffeine consumption increases CSF production and is associated with increased 

expression of Na⁺/K⁺-ATPase and improved cerebral blood flow [45]. This, in turn, promotes better clearance of 

Aβ. 

In summary, caffeine exerts neuroprotective effects in AD mainly by inhibiting adenosine A2AR, which helps 

reduce amyloid-beta (Aβ) accumulation and tau hyperphosphorylation. Additionally, it mitigates 

neuroinflammation and oxidative stress, thereby preserving synaptic plasticity and cognitive function. These 

mechanisms indicate that caffeine may have a potential role in delaying or preventing the progression of AD. 

5. Caffeine and Parkinson’s Disease (PD) 

Since the 1970s, research on the relationship between PD risk and caffeine consumption has been continuous 

[46]. Studies have consistently shown a significant inverse relationship between caffeine intake and the risk of PD 

[47,48]. Studies have shown a linear relationship between tea and caffeine intake and overall PD risk, with the 

association being stronger in andropause than in postmenopausal women [49]. These findings suggest that caffeine 

consumption is associated with a lower risk of PD. The large 27-year prospective study using data on the incidence 

of PD from the Cancer Prevention Study II Nutrition Cohort (CPS II-Nutrition) also confirmed this association: 

after adjusting for age, smoking, and alcohol consumption, higher caffeine intake was associated with a reduced 

PD risk. Drinking decaffeinated coffee was not associated with the PD risk, and the protective effect was weakened 

in women using estrogen replacement therapy [50]. Another study, using data from the International PD Genomics 
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Consortium, did not find a significant association between caffeine and PD [36]. Altman et al. found that the 

maximum tolerated dose of caffeine in PD patients was 200–400 mg/day, with caffeine potentially providing 

benefits for certain motor and non-motor symptoms in PD patients [51]. Postuma et al. conducted a 6-week 

randomized controlled trial of caffeine in PD to evaluate its effects on daytime sleepiness, motor severity, and 

other non-motor functions. Caffeine was administered at a dose of 200 mg/day for 3 weeks, followed by 400 

mg/day for another 3 weeks. Caffeine reduced the total score on the PD Rating Scale and improved the objective 

motor components [52]. However, these findings contrast with a recent randomized trial, which indicated that 

caffeine did not provide significant clinical improvement in motor performance in PD [53]. This suggests that the 

epidemiological link between caffeine and reduced PD risk may not be explained by symptom effects. More 

clinical data are needed to with caffeine potentially providing benefits for certain motor and non-motor symptoms 

in PD patients assess the potential motor benefits of caffeine in PD. 

A key pathological mechanism of PD is the degeneration and loss of dopaminergic neurons in the nigrostriatal 

pathway in the brain, leading to dysregulation of dopamine in the control of extrapyramidal motor functions. This 

dysfunction results in motor abnormalities, a primary characteristic of the disease, with cognitive changes 

occurring in both early and late stages of the disease. In addition to the high density of dopamine receptors, the 

striatum also contains a large number of A2ARs. These A2ARs coexist with dopamine receptors in 

GABA/enkephalinergic neurons and are involved in the pathological processes of basal ganglia dysfunction. In 

recent years, adenosine A2ARs have emerged as a new target for treating both motor and non-motor symptoms of 

PD [54,55]. Animal models have also confirmed that caffeine can prevent PD by inhibiting adenosine A2ARs, with 

the mechanism possibly through the inhibition of dopaminergic neurotoxicity and neurodegeneration in the 

nigrostriatal pathway [56]. Caffeine pretreatment has been shown to reduce neuronal damage in the substantia 

nigra, improve motor function [57], decrease dopamine loss [58], and reduce microglial activation [59]. Sonsalla 

et al. recorded that oral caffeine reduced the loss of substantia nigra cells by 94% and 69% at one week and three 

weeks, respectively, after MPTP infusion, which models early and late stages of striatal dopamine reduction. They 

also observed reduced loss of nigrostriatal dopaminergic neurons in the rats. Long-term caffeine consumption not 

only elevates dopamine levels but also enhances hippocampal neuronal viability, increases tyrosine hydroxylase 

immunoreactivity in the striatum [59]. Xu et al. observed that the caffeine’s neuroprotective effect on 

dopaminergic neurons is dose-dependent, with the maximum neuroprotective effect achieved at a daily dose of 10 

mg/kg. Additionally, the effect was more pronounced in younger mice (10 weeks old) compared to older mice (6–

9 months old) [58]. In addition, caffeine’s metabolites, theophylline and paraxanthine, can also significantly reduce 

MPTP-induced dopamine reduction in mice, demonstrating neuroprotective effects [60]. It is generally believed 

that caffeine and its methylxanthine metabolites exert their effects by blocking adenosine A2A receptors, inhibiting 

the activation of adenylate cyclase, thereby suppressing protein kinase A and reducing the release of excitatory 

glutamate in the CNS [61]. Recent neurochemical and immunohistochemical studies have shown that, in animal 

models of PD [59], long-term caffeine consumption reduces the number of histone deacetylase immunopositive 

cells, and lowers the levels of inflammatory cytokines [62]. The abnormal aggregation of α-synuclein and its 

interaction with neuroinflammation is a core pathological feature of PD. One research demonstrated that chronic 

caffeine treatment attenuated a cascade of pathological events leading to α-synucleinopathy, including pSer129α-

Syn-rich aggregates, apoptotic neuronal cell death, microglia, and astroglia reactivation [63]. Whether caffeine 

can directly alleviate neuroinflammation caused by α-synuclein remains to be further explored. The A2A KO 

completely prevented the loss of dopamine and dopaminergic neurons caused by the mutant α-synuclein transgene 

without altering levels of its expression. The adenosine A2AR appears required for neurotoxicity in a mutant alpha-

synuclein model of PD [64]. Together with prior studies, these findings indirectly support the neuroprotective 

potential of caffeine and more specific A2A antagonists. Therefore, caffeine may reduce neuroinflammation 

through this possible mechanism. 

In summary, caffeine has been shown to exert neuroprotective effects in Parkinson’s disease primarily 

through the inhibition of adenosine A2AR, which modulates dopaminergic signaling and reduces 

neuroinflammation. Additionally, caffeine can decrease microglial activation and oxidative stress, both of which 

contribute to neurodegeneration in PD. Some studies suggest that caffeine may also affect the degradation of alpha-

synuclein, a key pathological protein in PD. Together, these mechanisms highlight caffeine’s potential in 

preventing dopaminergic neuron loss and mitigating disease progression in PD. 

6. Caffeine and Stroke 

Until recently, coffee was still classified as a potential risk factor for cardiovascular disease [65], largely due 

to caffeine’s ability to increase peripheral vascular resistance and raise blood pressure. However, some studies 
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suggest that moderate coffee consumption, equivalent to 2–3 cups per day, may improve metabolic syndrome and 

offer protective effects against cardiovascular disease [66]. Therefore, the relationship between caffeine and stroke 

has been controversial, with some studies indicating that caffeine is not associated with an increased risk of 

cardiovascular disease or mortality [67]. A meta-analysis by Ding et al. in 2014 evaluated the dose-response 

relationship between long-term coffee consumption and cardiovascular disease risk. This analysis found that 

moderate coffee consumption was inversely associated with cardiovascular disease risk, with the lowest risk 

observed at 3–5 cups per day. High coffee consumption did not appear to increase cardiovascular disease risk [68]. 

To further assess the relationship between caffeine and stroke, Lopez-Garcia evaluated coffee intake and stroke 

risk in women over 24 years of follow-up. The study found that long-term coffee consumption was not associated 

with an increased risk of stroke in women [69]. In animal experiments, the co-administration of low-dose ethanol 

and caffeine has been shown to protect against ischemic brain damage. Studies by Piriyawat on stroke patients 

using a combination of caffeine and ethanol also confirmed its neuroprotective effects [70]. A cross-sectional study 

based on data from the China National Health and Nutrition Examination Survey (NHANES) 2009–2014 

examined the relationship between urinary caffeine and its metabolite levels and stroke risk. The results showed 

that higher urinary caffeine levels may be associated with a reduced risk of stroke, with 1-methylxanthine (1-MU) 

showing a particularly significant protective effect [71]. 

Ischemic brain disease can lead to neuronal cell death, with the specific mechanisms involving multiple 

factors. Glutamate-mediated excitotoxicity and calcium influx play important roles in the pathophysiology of 

cerebral ischemia. During ischemia, ATP depletion occurs, which is accompanied by the release of large amounts 

of endogenous adenosine. When brain injury approaches the threshold and lasts for a short duration, A1R is 

triggered to initiate preconditioning, inhibiting excessive glutamate release and providing neuroprotection. Brain 

injury also upregulates A2AR, possibly to promote adaptive changes, but this upregulation enhances the release of 

excitatory neurotransmitters, exacerbating brain damage. The use of A2AR antagonists can provide neuroprotection 

[72]. Sutherland et al. used magnetic resonance imaging (MRI) and histopathological examinations to study the 

effects of caffeine pretreatment on ischemic neuronal injury in rats. Chronic caffeine-treated rodents showed 

significantly less neuronal damage in sensitive brain areas, including the cerebral cortex, striatum, and 

hippocampus, compared to the control group. Although MRI scans provided evidence of accelerated damage in 

acutely caffeine-treated rats, quantitative analysis of the 72-h histopathological data showed no significant 

difference compared to the control group. Therefore, it is believed that the accelerated ischemic damage in acutely 

caffeine-treated rats may be due to the antagonistic effects on adenosine receptors, whereas the neuroprotective 

effects of chronic caffeine administration may result from the upregulation of adenosine receptors [73]. Rudolphi 

et al. administered oral caffeine (0.2% in drinking water) to Mongolian gerbils, and after four weeks, they observed 

upregulation of adenosine receptors along with a significant reduction in ischemic necrosis of pyramidal cells in 

the CA1 region of the hippocampus following bilateral carotid artery occlusion. This supports the neuroprotective 

role of caffeine during cerebral ischemia [74]. Similarly, Potter’s study also supports caffeine as a neuroprotective 

agent for neonatal hypoxic-ischemic encephalopathy, showing improvements in cognitive behavior in the P6 HI 

rat model [75]. Evans examined the effect of injecting caffeine (70 mM) into the cortex 60 min before inducing a 

cerebral ischemia model in rats. The response to ischemia was evaluated by recording the reduction in 

somatosensory evoked potential (SSEP) amplitude and the recovery rate of SSEP during reperfusion. Results 

found that caffeine significantly reduced the ischemia-induced attenuation of SSEP [76]. 

In conclusion, Ischemic brain disease leads to neuronal death through mechanisms such as glutamate-

mediated excitotoxicity and calcium influx, which are exacerbated by ATP depletion and excessive adenosine 

release. Caffeine’s neuroprotective effects are mediated by antagonism of adenosine A2AR, which helps reduce 

excitotoxic neurotransmitter release, while preconditioning via A1R inhibits glutamate release and provides 

protection. Chronic caffeine treatment upregulates adenosine receptors, contributing to reduced neuronal damage 

in sensitive brain regions during ischemia, as shown in various animal studies. 

7. Caffeine and Diabetes-Related Nerve Damage 

A meta-analysis of multiple cohort studies concluded that habitual coffee consumption is significantly 

associated with a reduced risk of type 2 diabetes [77]. A review in 2024 also suggested that dietary alkaloid 

compounds, such as caffeine, can help regulate cognitive disorders in diabetic patients [32]. A cohort study from 

China, which included 553 community patients with type 2 diabetes, found that individuals with diabetes and 

hypoglycemia exhibited significant impairments in visuospatial and executive functions. Serum metabolomics 

analysis revealed that caffeine and its major downstream metabolites (theophylline and paraxanthine) were 
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significantly reduced in the diabetes-hypoglycemia group. These findings suggest that the combination of caffeine 

and its metabolites could serve as a reliable predictive biomarker for hypoglycemia (AUC = 0.88) [78]. 

Patients with type 2 diabetes frequently experience cognitive dysfunction, with mechanisms involving 

vascular dysfunction, glucotoxicity, hypoglycemic events, and disrupted brain insulin signaling. This dysfunction 

is particularly related to hippocampal atrophy, which affects learning and memory processes [79]. Duarte et al. 

found that the expression and density of adenosine receptors in the hippocampus of diabetic rats were altered [80]. 

Caffeine intake has been shown to prevent synaptic and astrocyte degeneration induced by streptozotocin, 

exhibiting potential neuroprotective effects [81]. Duarte et al. also developed a type 2 diabetes animal model to 

observe whether caffeine intake could prevent the behavioral, neurochemical, and morphological changes in the 

hippocampus caused by diabetes. Their findings revealed that, compared to wild-type mice, diabetic mice showed 

upregulation of A2AR expression, downregulation of A1R expression, reduced spontaneous alternation in the Y-

maze, decreased density of presynaptic markers (synaptophysin, SNAP25), increased glutamatergic activity 

(vesicular glutamate transporter), and astrocyte proliferation (GFAP immunoreactivity). Caffeine intake restored 

memory function and reversed the loss of presynaptic terminals and astrocyte pathology induced by diabetes. 

These findings suggest that caffeine intake can prevent synaptic dysfunction, astrocyte proliferation, and memory 

impairment in patients with type 2 diabetes [82]. 

In summary, caffeine consumption is associated with a reduced risk of type 2 diabetes and may help regulate 

cognitive dysfunction in diabetic patients. In diabetic animal models, caffeine intake has been shown to prevent 

synaptic and astrocyte degeneration, and restore memory function by modulating adenosine receptor expression 

(upregulating A2AR and downregulating A1R), glutamatergic activity, and astrocyte proliferation. These findings 

suggest that caffeine may offer neuroprotective effects, preventing synaptic dysfunction, astrocyte proliferation, 

and memory impairment in patients with type 2 diabetes. 

8. Caffeine and Depression 

Tea, coffee, or caffeine may reduce the incidence of depression [83], and this has become a popular research 

topic in recent years [84–86]. One study found that long-term intake of low-dose caffeine (60 mg/day), in 

conjunction with antidepressant treatment, could reduce depression scores, improve cognitive ability, and have no 

adverse effect on sleep. These findings suggest the potential benefits of supplementing caffeine to reverse the 

progression of depression and enhance the effectiveness of antidepressant treatment in major depressive disorder 

[87]. Data from the UK Biobank, which included a total of 146,566 participants who completed a touchscreen 

questionnaire between 2006 and 2010, Found a J-shaped association between coffee consumption and depression 

and anxiety. The lowest risk of mental disorders was observed in individuals who drank 2–3 cups of coffee per 

day [88]. A meta-analysis included 12 studies with 23 datasets, covering a total of 346,913 individuals and 8146 

cases of depression. found that those with higher coffee intake had a pooled relative risk (RR) of depression of 

0.76 (95% CI: 0.64, 0.91) compared to individuals with lower coffee consumption. A dose-response analysis 

indicated a nonlinear J-shaped relationship between coffee consumption and the risk of depression, with the 

greatest protective effect observed at 400 mL/day [89]. Another study based on NHANES data from 2007 to 2018, 

which included 821 participants, found that consuming more than three cups of caffeinated coffee per day may 

reduce the risk of postpartum depression, especially in the 1 to 2 year postpartum period and among non-

breastfeeding women [90]. However, some research has shown no significant association between the severity of 

depression, anxiety, and stress and daily caffeine consumption among university students, which contradicts the 

theory that high levels of caffeine intake are associated with increased levels of depression, stress, and anxiety 

[91]. One possible explanation could be the complexity of the relationship between caffeine consumption and 

mental health. Factors such as individual differences in caffeine metabolism, tolerance levels, lifestyle factors, 

genetic predispositions, and varying psychological and physiological responses to caffeine may influence the 

outcomes, making it difficult to establish a direct link between caffeine intake and mental health issues like 

depression, anxiety, and stress. Additionally, confounding variables such as diet, sleep patterns, and stress 

management practices may also play a role, potentially masking any significant effects of caffeine. 

Some studies suggest the role of A2AR in central nervous system intervention in depression. Adult male rats 

overexpressing human A2AR under the control of the CaMKII promoter [Tg(CaMKII-hA2AR)], exhibit depressive-

like behaviors, hyperlocomotion, and altered exploratory activity [92]. A study suggests that the lateral septum 

(LS) plays a key role in the regulation of depression. Activation of A2AR in the LS increased the spiking frequency 

of A2AR-positive neurons, which led to reduced activation of surrounding neurons. The bidirectional manipulation 

of LS-A2AR activity demonstrated that LS-A2AR s are both necessary and sufficient to trigger depressive 

phenotypes. Moreover, A2AR expression was upregulated in the LS in two male mouse models of stress-induced 
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depression, providing neurophysiological and circuit-based support for the antidepressant potential of A2AR 

antagonists and encouraging their clinical translation [93]. These studies suggest that caffeine may exert central 

intervention effects on depression through A2AR. Chronic paradoxical sleep deprivation (PSD) can induce rat 

depression-like behaviors and lead to microbial changes in the gut microbiota. Both regular and decaffeinated 

coffee significantly improved these depression-like behaviors. Additionally, serum levels of interleukin-6 (IL-6) 

and tumor necrosis factor alpha (TNF-α) were reduced in both the coffee and decaffeinated coffee groups, while 

levels of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) were elevated. Gut microbiota 

analysis showed that the abundance of S24-7, Lachnospiraceae, Oscillospira, and Parabacteroides was 

significantly increased in PSD rats, while the abundance of Akkermansia and Klebsiella was significantly 

decreased. These findings suggest that caffeine may not be the only active substance in coffee responsible for 

regulating gut microbiota [94]. One study investigated the effects of caffeinated coffee on lipopolysaccharide 

(LPS)-induced depression-like behaviors and inflammatory biomarkers in rats. Caffeine downregulated the 

expression of p-AKT and NF-κB in the cortex of LPS-induced Sprague-Dawley rats [95]. The group treated with 

caffeine plus duloxetine showed the greatest reduction in immobility and an increase in norepinephrine, dopamine, 

and serotonin levels in the hippocampi, cerebral cortices, and the whole brain compared to their respective 

monotherapy-treated groups. These combination approaches may help in reducing the dose of duloxetine or 

bupropion, thereby minimizing the associated side effects [96]. 

In summary, caffeine can reduce the incidence of depression through various mechanisms, including 

enhancing the effects of antidepressants, improving cognitive function, and regulating mood-related 

neurotransmitters. Caffeine may also modulate inflammation by reducing IL-6, TNF-α, and NF-κB levels, as well 

as improving oxidative stress markers such as SOD and GSH-Px. Additionally, caffeine may help alleviate 

depression by influencing gut microbiota. 

9. Conclusion and Prospective 

In summary, caffeine, as a commonly used stimulant and food additive, exhibits a broad and complex range 

of pharmacological effects and is closely related to diseases such as AD, dementia, PD, stroke, and diabetes (Table 

1). Its neuroprotective effects on various central nervous system diseases have been demonstrated, although further 

research is necessary to fully understand its long-term impact. There are potential limitations in clinical studies on 

caffeine. Since the human body can develop tolerance to caffeine, the long-term effects of caffeine still remain to 

be observed. Additionally, despite recent studies controlling for certain confounding factors, epidemiological 

research is often affected by other lifestyle factors. The estimation of caffeine intake is influenced by various 

factors (such as cup size, brewing methods, and additives). Genetic polymorphisms in caffeine metabolism means 

that caffeine intake may not fully represent circulating caffeine levels [97], which could be somewhat misleading. 

As research on caffeine continues to advance, there is hope for identifying new potential targets for the treatment 

of PD, AD, and ischemic-hypoxic brain diseases. However, excessive coffee consumption may be associated with 

certain unpleasant symptoms, such as anxiety, headaches, elevated blood pressure, nausea, and restlessness. While 

the effects of caffeine on human health remain a topic of debate, moderate caffeine intake could be considered a 

beneficial component of a healthy lifestyle for preventing nervous system diseases. 

Table 1. Mechanisms of Caffeine in Neurological Diseases. 

Disease Caffeine Target Site 
Affected Signaling 

Molecules 
Specific Effects Caffeine Content 

Alzheimer’s 
Disease (AD) 

A1R and A2AR 

β-amyloid (Aβ) 

[37,38,40], Tau protein 

[41], NF-κB [39], 
BACE1, ROS [43,45], 

PSD95 [44] 

Reduces Aβ accumulation, 

inhibits Tau 

hyperphosphorylation, 
decreases 

neuroinflammation 

200–400 mg per 

day, or about 2–3 
cups of coffee 

Parkinson’s 

Disease (PD) 
A2AR 

Dopamine [59,60], 

oxidative stress markers, 

excitatory glutamate 

[61], cytokines (e.g., 

TNF-α) [62] 

Protects dopaminergic 

neurons, improves motor 

function, reduces 

neuroinflammation 

300–400 mg per 

day, or about 3–4 

cups of coff 

Stroke A1R and A2AR 

cAMP, excitatory amino 

acids (e.g., glutamate) 

[72] 

Protects against ischemic 

brain injury, reduces 

glutamate release, improves 

neuron survival 

200–300 mg per 

day, or about 2–3 

cups of coffee 
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Depression A2AR 

IL-6,TNF-α [94], p-

AKT and NF-Κb [95], 

Serotonin (5-HT), 

dopamine [96], 

Increases neurotransmitter 

levels, reduces 

neuroinflammation, 

improves depression-like 

behavior 

60–200 mg per day, 

or as low as 1–2 

cups of coffee 

Diabetes-

Related 

Neuropathy 

A1R and A2AR 

Synaptophysin 

(SNAP25), glutamate 

[79], GFAP [82],  

Restores memory function, 

prevents synaptic damage, 

reduces astrocyte 

proliferation 

200–300 mg per 

day, or about 2–3 

cups of coffee 
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