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Abstract: Caffeine is one of the predominant dietary components and psychostimulants present in
coffee, a widely appreciated beverage. Corroborating epidemiological and laboratory evidence have
suggested an inverse association between the dietary intakes of coffee and the risk of Parkinson’s
Disease (PD). Growing attention has been paid to the impact of coffee consumption and genetic
susceptibility to PD pathogenesis. Coffee is believed to play prominent roles in mediating the
gene makeup and influencing the onset and progression of PD. The current review documents
a current discovery of the coffee × gene interaction for the protective management of PD. The
evidence underlying its potent impacts on the adenosine receptors (A2AR), estrogen receptors (ESR),
heme oxygenase (HO), toxicant responsive genes, nitric oxide synthase (NOS), cytochrome oxidase
(Cox), familial parkinsonism genetic susceptibility loci, bone marrow stromal cell antigen 1 (BST1),
glutamate receptor gene and apolipoprotein E (APOE) genotype expressions is outlined. Furthermore,
the neuroprotective mechanisms of coffee for the amelioration of PD are elucidated.

Keywords: caffeine; coffee; complementary medicine; gene expressions; nutrigenomic; Parkin-
son’s disease

1. Introduction

Coffee, an infusion of ground, roasted coffee beans, is the most frequently consumed
beverage worldwide [1]. It is an important economic crop and the second-largest traded
commodity worldwide after petroleum [2]. Coffee is known for its stimulatory effects and
aroma, while the caffeine, the central nervous system stimulant, probably has a multitude of
potential health effects [3]. Caffeine (1,3,7-trimethylxanthine) is the most intriguing and in-
vestigated purine alkaloid that occurs naturally in coffee beans [4]. This biologically active
compound is appreciated as a neuromodulator, with documented impacts on information
processing, motor behavior and cognitive performance [5]. Recently, epidemiological stud-
ies have suggested the health beneficial implications of antioxidants in coffee for protection
against Parkinson’s Disease (PD) [6–8]. Coffee contributes to a number of bioactive com-
pounds in daily consumption. The antioxidant property is mostly attributed to its phenolic
compounds (chlorogenic acids, cafestol and kahweol), diterpenes (cafestol and kahweol),
other secondary metabolites and alkaloids (caffeine and trigonellin) [9]. These compounds
play pivotal roles in various ways, as they exhibit antioxidant, chemoprotective effects,
anti-inflammatory and anticancer activities [10].

PD is a neurodegenerative disorder, affecting approximately 1–2% of individuals older
than 60 years [11]. It is physically marked by tremor, bradykinesia, muscular rigidity
and postural instability [12]. The neuropathologic changes involve the loss of pigmented
dopamine-containing neurons of the substantia nigra pars compacta and the presence of
Lewy bodies, the intracytoplasmic eosinophilic inclusions [13]. The underlying PD etiology
is still relatively unknown. Nevertheless, a combination of genetic predisposition, advanc-
ing age and environmental exposures have emerged as the independent risk factors [12].
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At present, providing symptomatic relief is the recognized therapeutic method to treat
PD. Advanced pharmacological strategies have been evident to provide only a transient
benefit. Thus, putative neuroprotective agents, preferably with a natural origin, have been
developed as better complementary therapies with minimal side effects.

In the past few decades, coffee consumption has been proposed to demonstrate a
protective effect on PD risk [14–16]. Although the beneficial effects of coffee have not been
thoroughly discovered, its protecting influence in mediating the gene expressions of PD has
received certain concern. Hence, this narrative review attempts to outline a fundamental
platform to alert the specific implications of coffee for the complementary treatment of PD.
The current work is aimed at suggesting a current scenario for the promising roles of coffee
and caffeine for the modulation of adenosine receptors, estrogen receptors (ESR), heme oxy-
genase (HO), toxicant responsive genes, nitric oxide synthase (NOS), cytochrome oxidase
(Cox), familial parkinsonism genetic susceptibility loci, bone marrow stromal cell antigen 1
(BST1) polymorphisms, glutamate receptor gene and apolipoprotein E (APOE) genotype
expressions. The literature has been demonstrated to inform readers with key points
regarding the use of caffeine and other phenolic compounds from coffee as alternative
neuroprotective agents for PD.

2. Coffee as Potent Antioxidant

Coffee is rich in bioactive compounds, namely caffeine, phenolic compounds, diter-
penes, trigonelline and soluble fiber [9]. The most studied antioxidants present in the coffee
are phenolic compounds (Figure 1), the chlorogenic acids, while cafestol and kahweol are
often found in diterpenes, of which the levels are highly dependent to the degree of roasting.
Table 1 shows a variety of phenolic compounds present in different types of coffee [17].
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Table 1. Phenolic compound content in different types of coffee (expressed in g/100 g).

Coffee Type Caffeoylquinic Acid
(CQA)

Feruloylquinic Acid
(FQA)

Dikaoylquinic Acid
(diCQA)

Total Chlorogenic
Acids

Green coffee 3.26–7.66 0.19–1.43 0.45–2.31 4.10–11.30
Roasted coffee 0.38–3.23 0.06–0.34 0.03–0.24 0.47–2.66

Decaffeinated coffee a 5.19–6.14 0.32–0.45 0.61–0.77 6.13–7.47
Instant regular coffee 0.63–5.28 0.06–1.16 0.03–0.53 0.72–6.97

Instant decaffeinated coffee 3.33–4.73 0.60–0.84 0.17–0.28 4.10–5.85
a For Arabica coffee.

2.1. Coffee Roasting and Phenolic Compounds

Scientific research has revealed that standard coffee-roasting procedures modify its
chemical composition. Souza and colleagues [18] detailed the effects of the roasting process
on dried coffee extracts. The study reported minimal variation in total phenolic content
comparing both the green and light-roast coffees. Surprisingly, an over double reduc-
tion in the amount of these compounds was reported for dark-roasted coffee, indirectly
demonstrating an inverse relationship between the content of phenolic compounds with
roasting degree.

In vitro studies have revealed promising results to support the role of coffee polyphe-
nols as potential anticancer agents [18,19]. The same team assessed the antiproliferative ac-
tivity of coffee extracts, together with the effects on cell cycle and apoptosis using metastatic
cancer cell lines. Dark-roasted coffee depicted the lowest levels of caffeine, chlorogenic
acids and caffeic acids, while both the green and light-coffee extracts showed elevated
antioxidant activity and induced cytotoxicity, S-phase cell cycle arrest and apoptosis in the
bone (PC-3) cell line.

2.2. Chlorogenic Acid

Chlorogenic acid (CGA), a family of esters formed of quinic and coffee acids, is
classified into caffeoylquinic (CQA), feruloylquinic (FQA) and dikaoylquinic (diCQA)
acids [20]. In humans, CGAs are hydrolyzed in the intestine with the presence of hepatic
enzymes to form phenolic metabolites, primarily the derivatives of caffeic and ferulic
acids [9]. High CGA content functions as a potent free radical scavenger and an inducer of
the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway [21].

CGA has the potential to capture superoxide anions or hydroxyl radicals. An in vitro
study revealed that CGA was capable of inhibiting the formation of free radicals and
preventing oxidative process expansion [22]. The evidence was further confirmed by
Lemos and team [23], where CGA was found superior to perform antioxidant profiles and
recorded an IR50 below 7.0 µg/mL. Recently, in an effort to reveal the antioxidant effects of
CGA-derived circulating metabolites, an activation of the Nrf2/ARE pathway was demon-
strated among coffee drinkers [24]. Consumption of coffee phytoextracts incremented
nuclear localization and HO-1 expression. The presence of quinic acid derivatives works
as a powerful reactive oxygen species (ROS) scavenger against TBHP-mediated oxidative
stress, with procyanidins demonstrating potent functions to suppress the intracellular
inflammatory mechanisms [21].

2.3. Kahweol

Kahweol, a coffee diterpene molecule, is existed between 661 and 923 mg/100 g
Arabica coffee bean [25]. Research suggested that kahweol reduced liver inflammation
by hampering the activation of nuclear factor kappa B (NF-kβ), signal transducers and
transcription factors (STAT3) [26].

Kahweol consumption is associated with HMOX1 expression, which regulates the
intracellular ROS levels in human neuroblastoma cells. On the other hand, kahweol exerts
anti-inflammatory effects by inhibiting macrophage cyclooxygenase-2 and nitric oxide
expressions [27]. Lately, new findings suggested that pre-treatment of insulinoma (INS-1)
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cells with kahweol suppressed streptozotocin (STZ)-induced damage in PD. However,
more studies are warranted to reveal the biological roles of kahweol against PD [28].

2.4. Cafestol

Cafestol is a natural diterpene that presents as fatty esters in unfiltered coffee. Ac-
cording to Hao and colleagues [29], cafestol exerts protecting effects by upregulating sirt1
expression in human umbilical vein endothelial cells (HUVECs) after treatment with cyclic
trains. As such, cafestol may inhibit the expressions of inflammatory molecules in endothe-
lial cells. These findings provide new insights on the molecular mechanisms underlying
the effects of cafestol against inflammation-dependent disorders, such as PD.

3. Coffee Consumption, Gene Expressions and PD

Many epidemiological studies have linked coffee consumption with a reduced PD
risk. Caffeine in coffee may exert neuroprotective effects by ameliorating the incidence,
morphology and pathophysiology perspectives in PD. Recently, interactions between coffee
consumption and genetic drivers of PD have become a hot topic among the scientific
communities .

3.1. Coffee, Adenosine A2A Receptor (A2AR) Gene Polymorphisms and PD Risk

Adenosine receptors (ARs), members of the G protein-coupled receptor superfam-
ily [30], are highly expressed in the basal ganglia [31]. The striatum strongly expresses
the adenosine A2a receptor (A2ARs), which plays important roles in the regulation of
dopaminergic transmission [32]. Four single-nucleotide polymorphisms (SNPs) have been
identified for the A2AR gene: the rs5751876, rs71651683, rs3032740 and rs5996696 [33].
Epidemiological studies have revealed that caffeine is an A2AR antagonist and a putative
functional genetic variant of the A2AR might mediates caffeine–PD association [34].

3.1.1. Human Study

A preliminary human study examining the interaction between coffee consumption,
A2AR variability and the risk of PD was investigated by Tan and co-workers [35] (Table 2).
The multivariate regression model confirmed the protective effect of one daily cup of coffee
consumption alone (up to 10 years), as this reduced PD risk by 8%. The result implied
that the protective effect of coffee intake in PD was independent of the A2A 2592C > Tins
(rs3032740) polymorphism. The lack of evidence for the A2AR gene suggested that PD may
be regulated differently from other caffeine-induced neurodegenerative disorders.

Two years later, a nested case-control study was undertaken in Rochester, United
States, to investigate the role of A2AR and cytochrome P450 1A2 (CYP1A2) gene poly-
morphisms and its joint interaction with lifetime coffee drinking pattern in relation to PD
susceptibility [36]. Two SNPs within the A2AR genes (rs5751876 and rs3032740) and two
CYP1A2 genes (rs35694136 and rs762551) were genotyped using a chip-based platform.
The study did not support the notion that coffee drinking alone, or of the genetic variants,
had an effect on PD susceptibility.

The results from the Parkinson’s Epidemiology and Genetic Associations Studies in the
United States (PEGASUS) were compiled using both the DNA and risk-factor data from five
population-based case-control studies [37]. Four A2AR (rs5751876, rs71651683, rs3032740
and rs5996696) and three CYP1A2 (rs762551, rs2472304 and rs2470890) polymorphisms
were genotyped. This finding indicated that only CYP1A2 variants appeared to show
neuroprotective effects of coffee on PD risk. Discovery of the molecular mechanisms
on how coffee is able to affect the gene expressions would contribute to the preventive
treatment of PD.
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Table 2. Neuroprotective actions of coffee in PD genetic polymorphisms.

Genetic
Polymorphisms Reference Genes/Cells of Interest Results

Adenosine A2A Receptor (A2AR) [35] 1976T/T and 2592Tins/Tins genotypes Independent coffee-PD association of the A2A
2592C > Tins (rs3032740) polymorphism

[36] Cytochrome P450 1A2 (CYP1A2) 6=Coffee-PD associations

[37]
Four A2AR (rs5751876, rs71651683, rs3032740
and rs5996696) and three CYP1A2 (rs762551,

rs2472304 and rs2470890)

Strong coffee-PD association among CYP1A2
variant allele rs762551 and rs2470890

Estrogen receptor (ESR) genes [38] Estrogen receptor alpha (ESR1), Estrogen
receptor beta (ESR2)

↑ PD risk among female with rs762551
polymorphism of CYP1A2

Nitric Oxide Synthase (NOS) [39] NOS2A rs944725 Significant inverse interaction between caffeine
consumption and the NOS2A rs944725

Familial Parkinsonism genetic
susceptibility loci [40]

10 genome-wide association studies (GWAS)
SNPs at or near the alpha-synuclein (SNCA),

MAPT, LRRK2, and human leukocyte antigen
(HLA) loci

6= significant interactions of caffeine intake with
several SNPs at or near the SNCA, MAPT, and

HLA loci

[41] SNCA, MAPT and LRRK2
Significant pairwise interaction has been

observed between coffee drinking and MAPT
H1/H2 haplotype (rs16940806)

Bone marrow stromal cell antigen 1
(BST1) [42] BST1 SNPs rs11931532, rs12645693, and

rs11724635

6= significant associations between BST1 SNPs
rs11931532, rs12645693, and rs11724635 and the

risk of sporadic PD

Glutamate receptor gene (GRIN2A) [43] rs4998386 Significant interactions from rs4998386 and the
neighboring SNPs in GRIN2A

[44] Glutamate receptor gene (GRIN2A) rs4998386

Heavy caffeine intake &
GRIN2A_rs4998386_TC genotype was
associated with a ↓ 64% risk reduction

Strong significant GRIN2A_rs4998386 genotype
∗ caffeine interaction

Apolipoprotein E (APOE) [45]

Genetic polymorphisms of APOE ε2/ε3/ε4,
repeat polymorphism (REP1) in the promoter

region of the SNCA, MAPT H1/H2 and
ubiquitin carboxy-terminal esterase L1

(UCHL1) S18Y

Inverse association between coffee drinking
and APOE genotype

Most dramatic PD risk in APOE ε2-carriers

Adenosine A2A Receptor (A2AR) [46,47] CYP1A2 and dopamine transporter (DAT) Coffee-PD partially associated by CYP1A2,
A2AR and DAT

Toxicant responsive genes [48]

7-ethoxyresorufin O-deethylase (CYP1A1),
p-Nitrophenol O-hydroxylase (CYP2E1),

glutathione-S-transferase ya (GST-ya),
glutathione-S-transferase yc (GST-yc),

glutathione S-transferase alpha 4 (GSTA4-4),
vesicular monoamine transporter-2 (VMAT-2)

and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH)

MPTP significantly attenuated CYP1A1 and
VMAT-2, and augmented CYP2E1, GST-ya,

GST-yc and GSTA4-4 expressions and activities

Nitric Oxide Synthase (NOS) [49] NOS2A rs944725
↑microglial activation and iNOS expression by

boosting p38 and ERK1/2 MAP kinase
activities

Cytochrome oxidase (Cox)
expressions [50]

Cytochrome oxidase 1 (Cox1), cytochrome
oxidase 4 (Cox4), cytochrome oxidase 7c

(Cox7c)

↑ Cox1, Cox4 and Cox7c in the striatum of male
mice, but not in female mice after receiving a

single dose of caffeine
↑ Cox7c mRNA expression in the striatum and

in PC-12 cells

Heme oxygenase-1 (HO-1) [51] Human neuroblastoma SH-SY5Y cells
(Pretreatment of SH-SY5Y cells with kahweol)

Pretreatment of SH-SY5Y cells with kahweol
significantly reduced 6-OHDA-induced

generation of ROS and caspase-3 activation.
Protects against 6-OHDA-induced neuronal cell
death. Kahweol activated the induction of Nrf2

and HO-1 expression via the
phosphatidylinositol 3-kinase (PI3K) and p38

pathway

[52,53] Human neuroblastoma SH-SY5Y cells

↑mitochondrial protection in SH-SY5Y cells
exposed to H2O2

↓ oxidative stress markers
↓ production of ROS

3.1.2. In Vivo Study

The first in vivo study investigating the impact of A2AR, CYP1A2 and dopamine
transporter (DAT) gene expressions by measuring their levels in 1-methyl 4-phenyl 1,2,3,6-
tetrahydropryridine (MPTP)-treated mouse striatum was conducted by Singh et al. [46].
Results revealed that administration of caffeine partly protected against MPTP-induced neu-
rologic changes, modulated MPTP-mediated expression and catalytic activity of CYP1A2,
A2AR and DAT. These findings emphasized that CYP1A2, A2AR and DAT partially con-
tributed to the caffeine-mediated neuroprotective effect [47].



Antioxidants 2022, 11, 1587 6 of 15

3.2. Caffeine, Estrogen Receptor (ESR) Genes and PD Risk

Estrogen receptor alpha (ESR1) and estrogen receptor beta (ESR2) are the nuclear
transcription factors (NTFs) involved in the regulation of many complex physiological
functions. The ESRs coupled with the administration of low and moderate doses of caffeine
showed neuroprotective effects against PD, particularly in women [54,55].

Human Study

Palacios and colleagues [38] investigated the associations between caffeine-metabolizing
genes ((CYP1A2 and N-acetyltransferase 2 (NAT2)), estrogen receptors (ESR1 and ESR2),
caffeine intake and hormone replacement therapy (PMH) use and the risk of PD. The study
highlighted that female carriers of the rs762551 polymorphism of CYP1A2 were at an
increased risk for PD. However, the roles of caffeine intake, estrogen status and risk of PD
deserve further justification.

3.3. Kahweol, Heme-Oxygenase-1 (HO-1) and Oxidative Stress in PD

Heme oxygenase (HO) is a family of cytoprotective and rate-limiting enzymes, which
catalyzes the degradation of heme [56]. HO-1 is induced by nitrosative and oxidative stress
against cellular injury and disease [57]. An examination of the protective mechanisms in PD
illustrated that HO-1 expression was capable of protecting the cortical and dopaminergic
neurons from MPP+-induced oxidative insult [58]. Increasing interest has been devoted to
discovering the interconnection between HO-I expressions, together with environmental
exposure in affecting PD risk.

In Vitro Study

The protective effect of coffee diterpene kahweol in vitro was evaluated by determin-
ing its influence on HO-1 expressions in PD etiology. Human neuroblastoma SH-SY5Y cells
were treated with kahweol before being incubated with neurotoxin 6-hydroxydopamine
(6-OHDA) for a subsequent 24 h [51]. Cell viability was measured using a cell proliferation
assay and the TUNEL assays were applied to assess the protective effects of kahweol against
6-OHDA-induced apoptosis. ROS generation, HO-1 expressions, Nrf2 nuclear translocation
and the PI3K pathway induction were assessed. Results showed that kahweol-pretreated
SH-SY5Y cells significantly reduced 6-OHDA-induced ROS and caspase-3 activation. In
addition, kahweol activated the induction of Nrf2 and HO-1 expressions via the phos-
phatidylinositol 3-kinase (PI3K) and p38 pathway.

Similarly, kahweol also promoted mitochondrial protection and decreased the level of
oxidative stress markers [52]. This useful phenolic compound decreased the methylglyoxal-
induced prevented mitochondria-related bioenergetics decline, loss of mitochondrial mem-
brane potential and suppressed production of ROS and reactive nitrogen species (RNS) [53].

3.4. Caffeine, Toxicant Responsive Genes and PD
In Vivo Study

In 2008, Singh and team investigated the roles of nicotine and caffeine on toxicant
responsive gene expression in MPTP-induced PD [48]. Caffeine (20 mg/kg) or nicotine
(1 mg/kg) were administered to mice for eight weeks, followed by MPTP (20 mg/kg) +
nicotine or caffeine in the following four weeks. Ribonucleic acid (RNA) was extracted
from the striatum and polymerase chain reaction (PCR) amplification was conducted
for 7-ethoxyresorufin O-deethylase (CYP1A1), p-Nitrophenol O-hydroxylase (CYP2E1),
glutathione-S-transferase-ya (GST-ya), glutathione-S-transferase-yc (GST-yc), glutathione
S-transferase 4, alpha 4 (GSTA4-4), vesicular monoamine transporter-2 (VMAT-2) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The activities of CYP1A1, CYP2E1
and GST were measured, while the expression of VMAT-2 was confirmed by Western
blot analysis. High-performance liquid chromatography (HPLC) was used to measure the
striatal dopamine and MPP+ levels. The result implied that MPTP significantly attenuated
CYP1A1 and VMAT-2, and augmented CYP2E1, GST-ya, GST-yc and GSTA4-4 expressions
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and activities. Hence, the reduced neurotoxicity is probably attributed to the capabilities of
caffeine or nicotine to restore most of the MPTP-induced alterations.

Administration of caffeine or nicotine was associated with a higher degree of tyrosine
hydroxylase immunoreactivity in the substantia nigra as compared with the MPTP-treated
mice [46]. Caffeine- and nicotine-treated mice restored the gene expressions involved
in oxidative stress, apoptotic cell death, protein modification, cell cycle regulation and
mitochondrial dysfunction in MPTP-exposed mice. The findings provided a platform
to reveal that despite many differences, both caffeine and nicotine share some common
pathways of neuroprotection in PD.

3.5. Caffeine, Nitric Oxide Synthase (NOS) Gene Polymorphisms and PD Risk

Nitric oxide (•NO) is enzymatically synthetized from L-arginine (L-Arg) by three
NO synthase isoforms, iNOS (NOS2), eNOS (NOS3) and nNOS (NOS1) [59]. It has been
reported that the expressions of NOS1 and NOS2, but not NOS3, are involved in PD
neurodegenerative pathogenesis [60]. In fact, NOS has been found to affect sleep stages [61]
and modulate the L-DOPA-induced dyskinesias in PD [62].

Human Study

In the United States, the relationship between NOS gene polymorphisms, caffeine
intake and PD risk was first investigated in 2008 [39]. As such, 163 cases (both sporadic and
familial PD) and 178 relatives and other controls were recruited, and information about
caffeine consumption, cigarette smoking and pesticide exposures was obtained. The NOS1,
NOS2A and NOS3 genotyping were performed using the TaqMan allelic discrimination
assay. Generalized estimating equations were used to detect the gene–environment interac-
tions. NOS1 SNPs and the NOS2A SNPs were associated with earlier-onset families with
sporadic PD. Pairwise analyses revealed a significant inverse interaction between caffeine
consumption and the NOS2A rs944725. The study suggested that NOS2A rs944725 is a
genetic susceptibility factor for PD, particularly among the low-caffeine consumers.

Extracellular adenosine is vital for the stimulation of A2A receptors, upregulating mi-
croglial activation and iNOS expression through p38 and ERK1/2 MAP kinase activities [49].
As such, caffeine functions as an antagonist of A1 and A2A adenosine receptors and it is
related to a decreased risk for PD and other cases of neurodegenerative-disorder-derived
neuroinflammation [63].

3.6. Coffee/Caffeine Consumption, Familial Parkinsonism Genetic Susceptibility Loci and PD Risk

Recent advances in genetics have revealed a number of common variants of susceptible
familial genes in sporadic PD. Leucine-rich repeat kinase 2 (LRRK2) is located at the
chromosome 12q12 and its mutations may explain the cause of autosomal dominant PD in
the advanced-age group [64,65]. Meanwhile, genotyping studies have confirmed that two
haplotypes of microtubule-associated protein tau (MAPT), the H1 and H2, are prevalent
among in Caucasians. However, population-based studies have suggested that specific
MAPT H1 subhaplotypes are preferentially associated with PD [66]. The identification of
novel gene association may help to form data pooling to further unravel the mechanisms
by which genes may confer PD risk.

Human Study

From this perspective, Gao et al. [40] explored the interactions between caffeine intake
and 10 genome-wide association studies (GWAS) on SNPs at or near the alpha-synuclein
(SNCA), MAPT, LRRK2 and human leukocyte antigen (HLA) loci in PD. No significant
interaction of caffeine intake with the studied gene expressions was reported in this large
population study. However, a combined exposure of caffeine intake and smoking exhibited
significant interactions with rs2896905 at SLC2A13 locus, near the LRRK2. The study
provided some preliminary evidence to confirm that among non-smokers with low-caffeine
intake, a 35% higher PD risk was observed for each A allele. Nevertheless, a 32% lower risk
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among smokers with high-caffeine intake was reported. Additional research is required to
explore the possible convincing interaction of LRRK2 with caffeine intake and smoking.

A year later, Chung and his co-workers [41] evaluated the roles of environmental
exposures and 18 variants (16 SNPs and two variable-number tandem repeats) in SNCA,
MAPT and LRRK2, where 1098 PD cases and 1098 matched controls were compared. A
significant pairwise interaction was observed between coffee drinking and MAPT H1/H2
haplotype (rs16940806). However, the association remained not significant after Bonferroni
correction, indicating that independent studies are needed to replicate the finding.

3.7. Caffeine, Cytochrome Oxidase (Cox) Expressions and PD

Cytochrome oxidase (Cox) is a mitochondrial membrane integral protein responsible
for the catalysis process to generate adenosine triphosphate (ATP) [67]. Cox is functioning
to regulate proton pumping efficiency, ATP and ROS production, which, in turn, affects cell
signaling, activating programmed cell death cascade and mediating oxidative stress [68,69].

In Vivo Study

The mechanism of action for caffeine to stimulate the expression of Cox in a sexually
dimorphic manner in PD was examined using C57B6/S129 mice, which received intraperi-
toneal injections, caffeine or the A2A agonist CGS21680 [50]. The results suggested that
upregulation of Cox activity by caffeine explained one of the several sexually dimorphic
mechanisms that protect the brain from PD.

3.8. Caffeine Intake, Bone Marrow Stromal Cell Antigen 1 (BST1) Polymorphisms and
Sporadic PD

Bone marrow stromal cell antigen 1 (BST1) is a NAD-metabolizing ectoenzyme and
a glycosylphosphatidylinositol-anchored glycoprotein located at human chromosome 4
(4p15) [70]. In a GWAS study conducted among the Japanese population, BST1 was first
discovered to be associated with PD and SNPs rs11931532, rs12645693, rs4698412 and
rs4538475 were identified as risk factors for sporadic late-onset PD [66]. Lately, in Taiwan,
BST1 rs11724635 has been indicated as a susceptible gene to interact with environmental
exposures, subsequently elevating the risk of PD [71].

Human Study

In 2012, Miyake et al. [42], from Japan, examined the interconnection between BST1
genotype polymorphisms and the risk of sporadic PD. The BST1 polymorphisms (rs11931532,
rs12645693 and rs11724635) were genotyped through a series of buccal swab DNA extrac-
tions using TaqMan SNP Genotyping Assays on the StepOnePlus machine. The study failed
to verify any significant association between the BST1 SNPs and the risk of sporadic PD.
However, a borderline significance was reported between the SNP rs11724635 and sporadic
PD under the co-dominant and additive models. As such, larger and well-strategized
investigations are needed to validate the association.

3.9. Coffee Consumption, Glutamate Receptor Gene Polymorphisms and PD Risk

Glutamate receptor gene (GRIN2A) is well known for the regulation of excitatory
neurotransmission in the brain region, controlling movement and behavior [72]. A genome-
wide gene–environment study was conducted to ascertain the role of GRIN2A as a PD
modifier gene via interaction with coffee [43]. As such, 1458 PD patients and 931 controls
registered under the NeuroGenetics Research Consortium (NGRC) participated in the
study, where both the lifetime caffeinated-coffee consumption and genome-wide data
were available. The study inferred that heavy coffee drinkers with rs4998386_CC and
rs4998386_TC genotypes showed 18% and 59% lower risk for PD, respectively.
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Human Study

In a more recent study, to examine the association between GRIN2A_rs4998386 and PD
within a homogenous southeast Sweden cohort, PD protectiveness of caffeine intake was
reported of near significant [44]. The team also found joint effects of GRIN2A_ rs4998386
genotypes and caffeine intake. Heavy caffeine intake with CC genotype reduced PD risk by
47%, while having GRIN2A_rs4998386_T allele with light caffeine intake showed a trend of
protectiveness, and the combination of heavy caffeine intake and GRIN2A_rs4998386_TC
genotype was associated with an overall 64% PD risk reduction. These studies demon-
strated that GRIN2A might act as a new modifier gene and potential pharmacogenetic
marker for PD.

3.10. Coffee Consumption, Apolipoprotein E (APOE) Genetic Polymorphisms and PD Risk

Apolipoprotein E (APOE) encodes three common alleles (ε2, ε3 and ε4) that can be
differentiated by either arginine or cysteine in the receptor-binding region [73]. A clinical-
imaging study revealed that APOE ε4 allele may increase the pathological burden in the
temporal region, leading to cortical atrophy in the parahippo-campal gyrus in PD [74].

Human Study

McCulloch et al. [45] genotyped and classified the genetic polymorphisms of APOE
ε2/ε3/ε4, repeat polymorphism (REP1) of the SNCA, MAPT H1/H2 and ubiquitin carboxy-
terminal esterase L1 (UCHL1) S18Y. Likelihood ratio tests and Bayesian inference revealed
significant associations between MAPT, SNCA REP1, smoking, coffee drinking and PD risk.
In particular, an inverse trend was observed between coffee drinking and APOE genotype,
with the most dramatic PD risk was reported among the APOE ε2 carriers. The interactive
effects of coffee and APOE provide a new clue for PD pathogenesis, showing potential in
novel discovery based on personalized nutrition.

4. Neuroprotective Mechanisms of Caffeine x Gene Interaction for the Amelioration
of PD

The promising molecular integration linking caffeine, gene expressions and PD is cur-
rently under investigation. Caffeine is the most widely investigated coffee component and
benefits from regular coffee intake are typically attributed to caffeine. The proposed mecha-
nisms reveal the neuroprotective actions of caffeine to affect gene expression, providing
important insights into the development, prevention and treatment of PD (Figure 2).
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4.1. Caffeine as A2AR Antagonist

A meta-analysis demonstrated that coffee intake can decrease the risk for developing
PD [75]. Caffeine works as a key nonselective blocker of all four adenosine receptor sub-
types: A1, A2A, A2B and A3. Amongst these subtypes, adenosine A2A receptors (A2ARs)
are leading to outline the beneficial actions of caffeine [76]. A2AR interacts antagonisti-
cally to mediate the release of gamma amino butyric acid (GABA), directly inhibiting the
dopamine transmission [77,78]. The activation of the striatal adenosine A2AR decreases
the affinity of D2 receptors for dopamine, thus, inhibiting cyclic AMP (cAMP) formation,
leading to the activation of the striatopallidal/indirect pathway. In contrast, caffeine is
able to antagonize adenosine A2AR, indirectly reduce the adenosine transmission, reverse
motor deficits and prevent levodopa-induced dyskinesias [79]. Blockade of adenosine
A2AR activity helps to protect and facilitate movement [80]. Hence, A2AR is the recognized
therapeutic target to modulate motor symptoms in PD. Ishibashi and team [81] observed
sufficient A2AR occupancy in PD patients through caffeine binding to striatal A2AR in a
dose-dependent manner.

4.2. Caffeine Modulates VMAT-2 Expressions to Prevent Neurotoxicity and Neuronal Damage

VMAT-2 plays critical roles in chemically induced PD. The pathophysiological changes
involved the alteration of VMAT-2 function or reduced VMAT-2 expression, which permits
dopamine to persist in oxidative-stress-susceptible areas and induces cellular damage [82].
In this respect, two caffeine metabolites, paraxanthine and theophylline, help to increase
the number of excitatory neurotransmitters of dopamine [83,84]. The expression of VMAT-2
is attenuated (following caffeine pre-treatment) at transcriptional and translational levels
by MPTP [48]. Miller and colleagues [85] also proposed that VMAT-2 sequesters the
dopamine and MPP+ inside the vesicles and protects the neuron from oxidative stress and
MPP+-induced toxicity.

4.3. Caffeine, Cox Expression Upregulations and Striatal Neuron Survival

Cox is important for the regulation of oxidative metabolism. Caffeine increases the
expressions of Cox1 but lowers the levels of Cox4 and Cox7c expressions in male mice in a
sexually dimorphic manner. A2AR is taking part in mediating the stimulation process of
Cox expression and activity by caffeine and the neuronal activities (such as the firing of
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striatal neurons within minutes) were correlated with the degree of Cox expressions [86].
Meanwhile, a study also suggested that A2AR-specific antagonists reduce the hyperactiv-
ity of striatopallidal neurons [87]. In a cross-sectional investigation over 5 years among
PD patients, habitual coffee consumption presented changes in striatal dopamine active
transporter (DAT). As A2ARs are usually present in the striatum, it is believed that chronic
coffee consumption observed significant changes in their striatal, suggesting potential
post-synaptic colocalization in the medium spiny neurons [88]. This is because A2ARs
are expressed on axon collaterals of striatopallidal neurons that release GABA, as well as
on axons of GABAergic interneurons of the striatum. A2AR signaling suppresses GABA
release, resulting in an increase for the overall excitability of striatopallidal neurons. A2AR
antagonists work oppositely by increasing GABA release but decreasing the excitability of
striatopallidal neurons [89]. In addition, Mao and colleagues [90] indicated that upregula-
tion of Cox activity by caffeine leads to increased energy metabolism in the axon terminals
of dopamine neurons, hence, protecting them from oxidative damage.

5. The Neuroprotective Effects of Phenolic Compounds in Coffee

The neuroprotective effects of phenolic compounds in coffee for the amelioration
of PD have long been established. Coffee contains many phenolic compounds and the
neuroprotective effects of these phenolic compound have been highly emphasized. The
neurochemical studies conducted in recent years support the notion that phenolic com-
pounds from coffee: (1) protect against neuronal damage caused by oxidative stress, (2)
protect neurons from excitotoxic insults, and (3) protect against 6-OHDA-induced toxicity
(Figure 3) [91].
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6. Conclusions

The prescription of conventional therapeutic medications is able to offer temporarily
symptomatic relief to PD patients. Advanced scientific discoveries are consistently being
made to seek and propose better alternatives or complementary therapies. As a whole,
coffee or caffeine-mediated neuroprotection has been demonstrated in the regulation of
A2AR genes polymorphisms, HO expressions, toxicant responsive genes, NOS genetic
variants, familial parkinsonism genetic susceptibility loci, Cox expressions, glutamate
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receptor and APOE gene polymorphisms. Nevertheless, the specific actions of coffee or
caffeine are still not conclusive and continual investigations on the nature and biological
routes of these functional compounds ought to be an immediate action. Ultimately, the
discoveries and applications of these potential genomic differences would facilitate a more
feasible PD study, stipulating the gene–diet interactions. In future, it is viable that trending
research will be conducted to capture the discovery of nutritional intervention on gene
expression into health preventive and rehabilitation strategies. Finally, the identification of
genetic modifiers could assist the planning of human clinical trials for coffee or caffeine
in PD.
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20. Erskine, E.; Subaşi, B.G.; Vahapoglu, B.; Capanoglu, E. Coffee phenolics and their interaction with other food phenolics:
Antagonistic and synergistic effects. ACS Omega 2022, 7, 1595–1601. [CrossRef]

21. Yao, J.; Peng, S.; Xu, J.; Fang, J. Reversing ROS-mediated neurotoxicity by chlorogenic acid involves its direct antioxidant activity
and activation of Nrf2-ARE signaling pathway. BioFactors 2019, 45, 616–626. [CrossRef]

22. Açıkalın, B.; Sanlier, N. Coffee and Its Effects on the Immune System. Trends Food Sci. Technol. 2021, 114, 625–632. [CrossRef]
23. Lemos, M.F.; de Andrade Salustriano, N.; de Souza Costa, M.M.; Lirio, K.; da Fonseca, A.F.A.; Pacheco, H.P.; Endringer, D.C.;

Fronza, M.; Scherer, R. Chlorogenic acid and caffeine contents and anti-inflammatory and antioxidant activities of green beans of
conilon and arabica coffees harvested with different degrees of maturation. J. Saudi Chem. Soc. 2022, 26, 101467. [CrossRef]

24. Lonati, E.; Carrozzini, T.; Bruni, I.; Mena, P.; Botto, L.; Cazzaniga, E.; Del Rio, D.; Labra, M.; Palestini, P.; Bulbarelli, A. Coffee-
derived phenolic compounds activate Nrf2 antioxidant pathway in I/R injury in vitro model: A nutritional approach preventing
age related-damages. Molecules 2022, 27, 1049. [CrossRef] [PubMed]

25. Alamri, E.; Rozan, M.; Bayomy, H. A study of chemical Composition, Antioxidants, and volatile compounds in roasted Arabic
coffee. Saudi J. Biol. Sci. 2022, 29, 3133–3139. [CrossRef] [PubMed]

26. Ren, Y.; Wang, C.; Xu, J.; Wang, S. Cafestol and Kahweol: A Review on Their Bioactivities and Pharmacological Properties. Int. J.
Mol. Sci. 2019, 20, 4238. [CrossRef] [PubMed]

27. Kim, J.Y.; Kim, D.H.; Jeong, H.G. Inhibitory effect of the coffee diterpene kahweol on carrageenan-induced inflammation in rats.
Biofactors 2006, 26, 17–28. [CrossRef]

28. El-Huneidi, W.; Anjum, S.; Bajbouj, K.; Abu-Gharbieh, E.; Taneera, J. The coffee diterpene, kahweol, ameliorates pancreatic β-cell
function in streptozotocin (STZ)-treated rat INS-1 cells through NF-kB and p-AKT/Bcl-2 pathways. Molecules 2021, 26, 5167.
[CrossRef]

29. Hao, W.-R.; Sung, L.-C.; Chen, C.-C.; Chen, P.-Y.; Cheng, T.-H.; Chao, H.-H.; Liu, J.-C.; Chen, J.-J. Cafestol inhibits cyclic-
strain-induced interleukin-8, intercellular adhesion molecule-1, and monocyte chemoattractant protein-1 production in vascular
endothelial Cells. Oxidative Med. Cell. Longev. 2018, 2018, 7861518. [CrossRef]

30. Armentero, M.T.; Pinna, A.; Ferré, S.; Lanciego, J.L.; Müller, C.E.; Franco, R. Past, present and future of A2A adenosine receptor
antagonists in the therapy of Parkinson’s disease. Pharmacol. Ther. 2011, 132, 280–299. [CrossRef]

31. Prince, P.S.M.; Kumaran, K.S. Preventive effects of caffeic acid on lipids, lipoproteins and glycoproteins in isoproterenol induced
myocardial infarcted rats. Food Res. Int. 2012, 45, 155–160. [CrossRef]

32. Morelli, M.; Carta, A.R.; Jenner, P. Adenosine A2A receptors and Parkinson’s disease. Handb. Exp. Pharmacol. 2009, 193, 589–615.
33. Wu, Y.C.; Lai, H.L.; Chang, W.C.; Lin, J.T.; Liu, Y.J.; Chern, Y.J. A novel Gαs-binding protein, Gas-2 like 2, facilitates the signaling

of the A2A adenosine receptor. Biochim. Biophys. Acta-Mol. Cell Res. 2013, 1833, 3145–3154. [CrossRef] [PubMed]
34. Bata-García, J.L.; Tun-Cobá, L.; Alvarez-Cervera, F.J.; Villanueva-Toledo, J.R.; Heredia-López, F.J.; Góngora-Alfaro, J.L. Improve-

ment of postural adjustment steps in hemiparkinsonian rats chronically treated with caffeine is mediated by concurrent blockade
of A1 and A2A adenosine receptors. Neuroscience 2010, 166, 590–603. [CrossRef] [PubMed]

35. Tan, E.K.; Lu, Z.Y.; Fook-Chong, S.M.C.; Tan, E.; Shen, H.; Chua, E. Exploring an interaction of adenosine a2a receptor variability
with coffee and tea intake in Parkinson’s Disease. Am. J. Med. Genet. Part B 2006, 141, 634–636. [CrossRef] [PubMed]

36. Facheris, M.F.; Schneider, N.K.; Lesnick, T.G.; de Andrade, M.; Cunningham, J.M.; Rocca, W.A. Coffee, caffeine-related genes, and
Parkinson’s Disease: A case–control study. Mov. Disord. 2008, 23, 2033–2040. [CrossRef]

37. Popat, R.A.; Van Den Eeden, S.K.; Tanner, C.M.; Kamel, F.; Umbach, D.M.; Marder, K. Coffee, ADORA2A, and CYP1A2: The
caffeine connection in Parkinson’s disease. Eur. J. Neurol. 2011, 18, 756–765. [CrossRef]

38. Palacios, N.; Weisskopf, M.; Simon, K.; Gao, X.; Schwarzschild, M.; Ascherio, A. Polymorphisms of caffeine metabolism and
estrogen receptor genes and risk of Parkinson’s disease in men and women. Parkinsonism Relat. Disord. 2010, 16, 370–375.
[CrossRef]

39. Hancock, D.B.; Martin, E.R.; Vance, J.M.; Scott, W.K. Nitric oxide synthase genes and their interactions with environmental factors
in Parkinson’s disease. Neurogenetics 2008, 9, 249–262. [CrossRef]

40. Gao, J.J.; Nalls, M.A.; Shi, M.; Joubert, B.R.; Hernandez, D.G.; Huang, X.M. An exploratory analysis on gene-environment
interactions for Parkinson disease. Neurobiol. Aging 2012, 33, e1–e6. [CrossRef]

41. Chung, S.J.; Armasu, S.M.; Anderson, K.J.; Biernacka, J.M.; Lesnick, T.G.; Rider, D.N.; Cunningham, J.M.; Ahlskog, J.E.; Frigerio,
R.; Maraganore, D.M. Genetic susceptibility loci, environmental exposures, and Parkinson’s disease: A case-control study of
gene-environment interactions. Parkinsonism Relat. Disord. 2013, 19, 595–599. [CrossRef]

42. Miyake, Y.; Tanaka, K.; Fukushima, W.; Kiyohara, C.; Sasaki, S.; Tsuboi, Y. Lack of association between BST1polymorphisms and
sporadic Parkinson’s disease in a Japanese population. J. Neurol. Sci. 2012, 323, 162–166. [CrossRef] [PubMed]

43. Hamza, T.H.; Chen, H.L.; Hill-Burns, E.M.; Rhodes, S.L.; Montimurro, J.; Kay, D.M. Genome-wide gene-environment study
identifies glutamate receptor gene grin2a as a Parkinson’s Disease modifier gene via interaction with coffee. PLoS Genet. 2011,
7, e1002237. [CrossRef]

44. Yamada-Fowler, N.; Fredrikson, M.; Söderkvist, P. Caffeine Interaction with Glutamate Receptor Gene GRIN2A: Parkinson’s
Disease in Swedish Population. PLoS ONE 2014, 9, e99294. [CrossRef] [PubMed]

http://doi.org/10.1080/03601234.2020.1724660
http://doi.org/10.1021/acsomega.1c06085
http://doi.org/10.1002/biof.1507
http://doi.org/10.1016/j.tifs.2021.06.023
http://doi.org/10.1016/j.jscs.2022.101467
http://doi.org/10.3390/molecules27031049
http://www.ncbi.nlm.nih.gov/pubmed/35164314
http://doi.org/10.1016/j.sjbs.2022.03.025
http://www.ncbi.nlm.nih.gov/pubmed/35355958
http://doi.org/10.3390/ijms20174238
http://www.ncbi.nlm.nih.gov/pubmed/31480213
http://doi.org/10.1002/biof.5520260103
http://doi.org/10.3390/molecules26175167
http://doi.org/10.1155/2018/7861518
http://doi.org/10.1016/j.pharmthera.2011.07.004
http://doi.org/10.1016/j.foodres.2011.10.009
http://doi.org/10.1016/j.bbamcr.2013.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23994616
http://doi.org/10.1016/j.neuroscience.2009.12.072
http://www.ncbi.nlm.nih.gov/pubmed/20056138
http://doi.org/10.1002/ajmg.b.30359
http://www.ncbi.nlm.nih.gov/pubmed/16823803
http://doi.org/10.1002/mds.22247
http://doi.org/10.1111/j.1468-1331.2011.03353.x
http://doi.org/10.1016/j.parkreldis.2010.02.012
http://doi.org/10.1007/s10048-008-0137-1
http://doi.org/10.1016/j.neurobiolaging.2012.06.007
http://doi.org/10.1016/j.parkreldis.2013.02.008
http://doi.org/10.1016/j.jns.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/23026536
http://doi.org/10.1371/journal.pgen.1002237
http://doi.org/10.1371/journal.pone.0099294
http://www.ncbi.nlm.nih.gov/pubmed/24915238


Antioxidants 2022, 11, 1587 14 of 15

45. McCulloch, C.C.; Kay, D.M.; Factor, S.A.; Smii, A.; Nutt, J.G.; Higgins, D.S. Exploring gene-environment interactions in Parkinson’s
disease. Hum. Genet. 2008, 123, 257–265. [CrossRef]

46. Singh, S.; Singh, K.; Gupta, S.P.; Patel, D.K.; Singh, V.K.; Singh, R.K. Effect of caffeine on the expression of cytochrome P450 1A2,
adenosine A2Areceptor and dopamine transporter in control and 1-methyl 4-phenyl 1, 2, 3, 6-tetrahydropyridine treated mouse
striatum. Brain Res. 2009, 1283, 115–126. [CrossRef] [PubMed]

47. Singh, K.; Singh, S.; Singhal, N.K.; Sharma, A.; Parmar, D.; Singh, M.P. Nicotine- and caffeine-mediated changes in gene expression
patterns of MPTP-lesioned mouse striatum: Implications in neuroprotection mechanism. Chem.-Biol. Interact. 2010, 185, 81–93.
[CrossRef] [PubMed]

48. Singh, S.; Singh, K.; Patel, S.; Patel, D.K.; Singh, C.; Nath, C. Nicotine and caffeine-mediated modulation in the expression of
toxicant responsive genes and vesicular monoamine transporter-2 in 1-methyl 4-phenyl-1,2,3,6-tetrahydropyridine-induced
Parkinson’s disease phenotype in mouse. Brain Res. 2008, 1207, 193–206. [CrossRef] [PubMed]

49. McCarty, M.F.; Lerner, A. Nutraceuticals Targeting Generation and Oxidant Activity of Peroxynitrite May Aid Prevention and
Control of Parkinson’s Disease. Int. J. Mol. Sci. 2020, 21, 3624. [CrossRef] [PubMed]

50. Jones, F.S.; Jing, J.; Stonehouse, A.H.; Stevens, A.; Edelman, G.M. Caffeine stimulates cytochrome oxidase expression and activity
in the striatum in a sexually dimorphic manner. Mol. Pharmacol. 2008, 74, 673–684. [CrossRef]

51. de Oliveira, M.R.; de Souza, I.C.C.; Fürstenau, C.R. Mitochondrial protection promoted by the coffee diterpene kahweol in
methylglyoxal-treated human neuroblastoma SH-SY5Y Cells. Neurotox. Res. 2020, 37, 100–110. [CrossRef]

52. Hwang, Y.P.; Jeong, H.G. The coffee diterpene kahweol induces heme oxygenase-1 via the PI3K and p38/Nrf2 pathway to protect
human dopaminergic neurons from 6-hydroxydopamine-derived oxidative stress. FEBS Lett. 2008, 582, 2655–2662. [CrossRef]
[PubMed]

53. Fürstenau, C.R.; de Souza, I.C.C.; de Oliveira, M.R. The effects of kahweol, a diterpene present in coffee, on the mitochondria of
the human neuroblastoma SH-SY5Y cells exposed to hydrogen peroxide. Toxicol. In Vitro 2019, 61, 104601. [CrossRef] [PubMed]

54. Al-Sweidi, S.; Morissette, M.; Bourque, M.; Di Paolo, T. Estrogen receptors and gonadal steroids in vulnerability and protection of
dopamine neurons in a mouse model of Parkinson’s disease. Neuropharmacology 2011, 61, 583–591. [CrossRef] [PubMed]

55. Xu, K.; Xu, Y.; Brown-Jermyn, D.; Chen, J.F.; Ascherio, A.; Dluzen, D.E. Estrogen prevents neuroprotection by caffeine in the
mouse 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson’s disease. J. Neurosci. 2006, 11, 535–541. [CrossRef]

56. Jazwa, A.; Cuadrado, A. Targeting heme oxygenase-1 for neuroprotection and neuroinflammation in neurodegenerative diseases.
Curr. Drug Targets 2010, 11, 1517–1531. [CrossRef]

57. Lin, H.Y.; Huang, B.R.; Yeh, W.L.; Lee, C.H.; Huang, S.S.; Lai, C.H. Antineuroinflammatory effects of lycopene via activation
of adenosine monophosphate-activated protein kinase-α1/heme oxygenase-1 pathways. Neurobiol. Aging 2014, 35, 191–202.
[CrossRef]

58. Huang, J.-Y.; Chuang, J.-I. Fibroblast Growth Factor 9 Upregulates Heme Oxygenase-1 and γ-Glutamylcysteine Synthetase
Expression to Protect Neurons from 1-Methyl-4-Phenylpyridinium Toxicity. Free. Radic. Biol. Med. 2010, 49, 1099–1108. [CrossRef]

59. Rochette, L.; Lorin, J.; Zeller, M.; Guilland, J.C.; Lorgis, L.; Cottin, Y. Nitric oxide synthase inhibition and oxidative stress in
cardiovascular diseases: Possible therapeutic targets? Pharmacol. Ther. 2013, 140, 239–257. [CrossRef]

60. Joniec, I.; Ciesielska, A.; Kurkowska-Jastrzebska, I.; Przybylkowski, A.; Czlonkowska, A.; Czlonkowski, A. Age-and sex-
differences in the nitric oxide synthase expression and dopamine concentration in the murine model of Parkinson’s disease
induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Brain Res. 2009, 1261, 7–19. [CrossRef]

61. Wu, D.; Tseng, I.J.; Yuan, R.Y.; Hsieh, C.Y.; Hu, C.J. Memory consolidation and inducible nitric oxide synthase expression during
different sleep stages in Parkinson disease. Sleep Med. 2014, 15, 116–120. [CrossRef]

62. Padovan-Neto, F.E.; Echeverry, M.B.; Tumas, V.; Del-Bel, E.A. Nitric oxide synthase inhibition attenuates L-DOPA-induced
dyskinesias in a rodent model of Parkinson’s disease. Neuroscience 2009, 159, 927–935. [CrossRef] [PubMed]

63. Camandola, S.; Plick, N.; Mattson, M.P. Impact of Coffee and Cacao Purine Metabolites on Neuroplasticity and Neurodegenerative
Disease. Neurochem. Res. 2019, 44, 214–227. [CrossRef] [PubMed]

64. Peeraully, T.; Tan, E.K. Genetic variants in Sporadic Parkinson’s Disease: East vs West. Parkinsonism Relat. Disord. 2012, 18,
S63–S65. [CrossRef]

65. Schulte, C.; Gasser, T. Genetic basis of Parkinson’s disease: Inheritance, penetrance, and expression. Appl. Clin. Genet. 2011, 4,
67–80. [PubMed]

66. Satake, W.; Nakabayashi, Y.; Mizuta, I.; Hirota, Y.; Ito, C.; Kubo, M. Genome-wide association study identifies common variants at
four loci as genetic risk factors for Parkinson’s disease. Nat. Genet. 2010, 41, 1303–1307. [CrossRef] [PubMed]

67. Vélez-Hernández, M.E.; Padilla, E.; Gonzalez-Lima, F.; Jiménez-Rivera, C.A. Cocaine reduces cytochrome oxidase activity in the
prefrontal cortex and modifies its functional connectivity with brainstem nuclei. Brain Res. 2014, 1542, 56–69. [CrossRef]

68. Arnold, S. The power of life-Cytochrome c oxidase takes center stage in metabolic control, cell signaling and survival. Mitochon-
drion 2012, 12, 46–56. [CrossRef]

69. Sedlák, E.; Fabian, M.; Robinson, N.C.; Musatov, A. Ferricytochrome c protects mitochondrial cytochrome c oxidase against
hydrogen peroxide-induced oxidative damage. Free. Radic. Biol. Med. 2010, 49, 1574–1581. [CrossRef]

70. Quarona, V.; Zaccarello, G.; Chillemi, A.; Brunetti, E.; Singh, V.K.; Ferrero, E. CD38 and CD157: A long journey from activation
markers to multifunctional molecules. Cytom. B Clin. Cytom. 2013, 84B, 207–217. [CrossRef]

http://doi.org/10.1007/s00439-008-0466-z
http://doi.org/10.1016/j.brainres.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19520064
http://doi.org/10.1016/j.cbi.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20230807
http://doi.org/10.1016/j.brainres.2008.02.023
http://www.ncbi.nlm.nih.gov/pubmed/18374908
http://doi.org/10.3390/ijms21103624
http://www.ncbi.nlm.nih.gov/pubmed/32455532
http://doi.org/10.1124/mol.108.046888
http://doi.org/10.1007/s12640-019-00107-w
http://doi.org/10.1016/j.febslet.2008.06.045
http://www.ncbi.nlm.nih.gov/pubmed/18593583
http://doi.org/10.1016/j.tiv.2019.104601
http://www.ncbi.nlm.nih.gov/pubmed/31306736
http://doi.org/10.1016/j.neuropharm.2011.04.031
http://www.ncbi.nlm.nih.gov/pubmed/21586296
http://doi.org/10.1523/JNEUROSCI.3008-05.2006
http://doi.org/10.2174/1389450111009011517
http://doi.org/10.1016/j.neurobiolaging.2013.06.020
http://doi.org/10.1016/j.freeradbiomed.2010.06.026
http://doi.org/10.1016/j.pharmthera.2013.07.004
http://doi.org/10.1016/j.brainres.2008.12.081
http://doi.org/10.1016/j.sleep.2013.09.016
http://doi.org/10.1016/j.neuroscience.2009.01.034
http://www.ncbi.nlm.nih.gov/pubmed/19302833
http://doi.org/10.1007/s11064-018-2492-0
http://www.ncbi.nlm.nih.gov/pubmed/29417473
http://doi.org/10.1016/S1353-8020(11)70021-9
http://www.ncbi.nlm.nih.gov/pubmed/23776368
http://doi.org/10.1038/ng.485
http://www.ncbi.nlm.nih.gov/pubmed/19915576
http://doi.org/10.1016/j.brainres.2013.10.017
http://doi.org/10.1016/j.mito.2011.05.003
http://doi.org/10.1016/j.freeradbiomed.2010.08.019
http://doi.org/10.1002/cyto.b.21092


Antioxidants 2022, 11, 1587 15 of 15

71. Chen, M.L.; Lin, C.H.; Lee, M.J.; Wu, R.M. BST1 rs11724635 interacts with environmental factors to increase the risk of Parkinson’s
Disease in a Taiwanese population. Parkinsonism Relat. Disord. 2014, 20, 280–283. [CrossRef]

72. Mellone, M.; Gardoni, F. Modulation of NMDA receptor at the synapse: Promising therapeutic interventions in disorders of the
nervous system. Eur. J. Pharmacol. 2013, 719, 75–83. [CrossRef]

73. Federoff, M.; Jimenez-Rolando, B.; Nalls, M.A.; Singleton, A.B. A large study reveals no association between APOE and
Parkinson’s disease. Neurobiol. Dis. 2012, 46, 389–392. [CrossRef] [PubMed]

74. Lee, P.H. Effect of APOE genotype on gray matter density in patients with Parkinson’s disease. Parkinsonism Relat. Disord. 2013,
19, 138–140.

75. Hong, C.T.; Chan, L.; Bai, C.-H. The Effect of Caffeine on the Risk and Progression of Parkinson’s Disease: A Meta-Analysis.
Nutrients 2020, 12, 1860. [CrossRef] [PubMed]

76. Froestl, W.; Muhs, A.; Pfeifer, A. Cognitive Enhancers (Nootropics). Part 1: Drugs Interacting with Receptors. Update 2014. J.
Alzheimer’s Dis. 2014, 41, 961–1019. [CrossRef] [PubMed]

77. Ho, A. Two wrong makes a right: Nicotine and caffeine as defensive agents against Parkinson’s disease. Nutr. Bytes 2002, 8, 3–7.
78. Pinna, A.; Serra, M.; Morelli, M.; Simola, N. Role of adenosine A2A receptors in motor control: Relevance to Parkinson’s disease

and dyskinesia. J. Neural Transm. 2018, 125, 1273–1286. [CrossRef]
79. Schwarzschild, M.A.; Chen, J.F.; Ascherio, A. Caffeinated clues and the promise of adenosine A (2A) antagonists in PD. Neurology

2002, 58, 1154–1160. [CrossRef]
80. Ochi, M.; Koga, K.; Kurokawa, M.; Kase, H.; Nakamura, J.; Kuwana, Y. Systemic administration of adenosine A (2A) receptor

antagonist reverses increased GABA release in the globus pallidus of unilateral 6-hydroxydopamine-lesioned rats: A microdialysis
study. Neuroscience 2000, 100, 53–62. [CrossRef]

81. Ishibashi, K.; Miura, Y.; Wagatsuma, K.; Toyohara, J.; Ishiwata, K.; Ishii, K. Adenosine A2A Receptor Occupancy by Caffeine After
Coffee Intake in Parkinson’s Disease. Mov. Disord. 2022, 37, 853–857. [CrossRef]

82. Xu, Z.; Cawthon, D.; McCastlain, K.A.; Slikker, W.; Ali, S.F. Selective alterations of gene expression in mice induced by MPTP.
Synapse 2005, 55, 45–51. [CrossRef] [PubMed]

83. Munoz, D.G.; Fujioka, S. Caffeine and Parkinson disease: A possible diagnostic and pathogenic breakthrough. Neurology 2018, 90,
205–206. [CrossRef] [PubMed]

84. Machado-Filho, J.A.; Correia, A.O.; Montenegro, A.B.A.; Nobre, M.E.P.; Cerqueira, G.S.; Neves, K.R.T.; Naffah-Mazzacoratti,
M.D.G.; Cavalheiro, E.A.; de Castro Brito, G.A.; de Barros Viana, G.S. Caffeine neuroprotective effects on 6-OHDA-lesioned rats
are mediated by several factors, including pro-inflammatory cytokines and histone deacetylase inhibitions. Behav. Brain Res. 2014,
264, 116–125. [CrossRef] [PubMed]

85. Miller, G.W.; Gainetdinov, R.R.; Levey, A.I.; Caron, M.G. Dopamine transporters and neuronal injury. Trends Pharmacol. Sci. 1999,
20, 424–429. [CrossRef]

86. Stonehouse, A.H.; Adachi, M.; Walcott, E.C.; Jones, F.S. Caffeine regulates neuronal expression of the dopamine 2 receptor gene.
Mol. Pharmacol. 2003, 64, 1463–1473. [CrossRef]

87. Kase, H. The adenosine A2A receptor selective antagonist KW6002: Research and development toward a novel nondopaminergic
therapy for Parkinson’s disease. Neurology 2003, 61, S97–S107. [CrossRef]

88. Gigante, A.F.; Asabella, A.N.; Iliceto, G.; Martino, T.; Ferrari, C.; Defazio, G.; Rubini, G. Chronic coffee consumption and striatal
DAT-SPECT findings in Parkinson’s disease. Neurol. Sci. 2018, 39, 551–555. [CrossRef]

89. Schiffmann, S.N.; Dassesse, D.; d’Alcantera, P.; Ledent, C.; Swillens, S.; Zoli, M. A2A receptor and striatal cellular functions.
Neurology 2003, 61, S24–S29. [CrossRef]

90. Mao, X.; Chai, Y.; Lin, Y.F. Dual regulation of the ATP-sensitive potassium channel by caffeine. Am. J. Physiol. Cell Physiol. 2007,
292, C2239–C2258. [CrossRef]

91. Socała, K.; Szopa, A.; Serefko, A.; Poleszak, E.; Wlaź, P. Neuroprotective Effects of Coffee Bioactive Compounds: A Review. Int. J.
Mol. Sci. 2020, 22, 107. [CrossRef]

http://doi.org/10.1016/j.parkreldis.2013.11.009
http://doi.org/10.1016/j.ejphar.2013.04.054
http://doi.org/10.1016/j.nbd.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/22349451
http://doi.org/10.3390/nu12061860
http://www.ncbi.nlm.nih.gov/pubmed/32580456
http://doi.org/10.3233/JAD-140228
http://www.ncbi.nlm.nih.gov/pubmed/24898652
http://doi.org/10.1007/s00702-018-1848-6
http://doi.org/10.1212/WNL.58.8.1154
http://doi.org/10.1016/S0306-4522(00)00250-5
http://doi.org/10.1002/mds.28897
http://doi.org/10.1002/syn.20089
http://www.ncbi.nlm.nih.gov/pubmed/15499605
http://doi.org/10.1212/WNL.0000000000004898
http://www.ncbi.nlm.nih.gov/pubmed/29298853
http://doi.org/10.1016/j.bbr.2014.01.051
http://www.ncbi.nlm.nih.gov/pubmed/24525422
http://doi.org/10.1016/S0165-6147(99)01379-6
http://doi.org/10.1124/mol.64.6.1463
http://doi.org/10.1212/01.WNL.0000095219.22086.31
http://doi.org/10.1007/s10072-018-3253-1
http://doi.org/10.1212/01.WNL.0000095207.66853.0D
http://doi.org/10.1152/ajpcell.00326.2006
http://doi.org/10.3390/ijms22010107

	Introduction 
	Coffee as Potent Antioxidant 
	Coffee Roasting and Phenolic Compounds 
	Chlorogenic Acid 
	Kahweol 
	Cafestol 

	Coffee Consumption, Gene Expressions and PD 
	Coffee, Adenosine A2A Receptor (A2AR) Gene Polymorphisms and PD Risk 
	Human Study 
	In Vivo Study 

	Caffeine, Estrogen Receptor (ESR) Genes and PD Risk 
	Kahweol, Heme-Oxygenase-1 (HO-1) and Oxidative Stress in PD 
	Caffeine, Toxicant Responsive Genes and PD 
	Caffeine, Nitric Oxide Synthase (NOS) Gene Polymorphisms and PD Risk 
	Coffee/Caffeine Consumption, Familial Parkinsonism Genetic Susceptibility Loci and PD Risk 
	Caffeine, Cytochrome Oxidase (Cox) Expressions and PD 
	Caffeine Intake, Bone Marrow Stromal Cell Antigen 1 (BST1) Polymorphisms and Sporadic PD 
	Coffee Consumption, Glutamate Receptor Gene Polymorphisms and PD Risk 
	Coffee Consumption, Apolipoprotein E (APOE) Genetic Polymorphisms and PD Risk 

	Neuroprotective Mechanisms of Caffeine x Gene Interaction for the Amelioration of PD 
	Caffeine as A2AR Antagonist 
	Caffeine Modulates VMAT-2 Expressions to Prevent Neurotoxicity and Neuronal Damage 
	Caffeine, Cox Expression Upregulations and Striatal Neuron Survival 

	The Neuroprotective Effects of Phenolic Compounds in Coffee 
	Conclusions 
	References

