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Abstract 

Background Coffee and tea consumption account for most caffeine intake and 2–3 billion cups are taken daily 
around the world. Caffeine dependence is a widespread but under recognized problem.

Objectives To conduct a systematic review on the genetic susceptibility factors affecting caffeine metabolism 
and caffeine reward and their association with caffeine intake.

Methodology We conducted PubMed and Embase searches using the terms “caffeine”, “reward”, “gene”, “poly-
morphism”, “addiction”, “dependence” and "habit" from inception till 2024. The demographics, genetic and clinical 
data from included studies were extracted and analyzed. Only case-control studies on habitual caffeine drinkers 
with at least 100 in each arm were included.

Results A total of 2552 studies were screened and 26 studies involving 1,851,428 individuals were included. Several 
genes that were involved with caffeine metabolism such as CYP1A2, ADORA2A, AHR, POR, ABCG2, CYP2A6, PDSS2 
and HECTD4 rs2074356 (A allele specific to East Asians and monomorphic in Europeans, Africans and Americans) were 
associated with habitual caffeine consumption with effect size difference of 3% to 32% in number of cups of caf-
feinated drink per day per effect allele. In addition, ALDH2 was linked to the Japanese population. Genes associated 
with caffeine reward included BDNF, SLC6A4, GCKR, MLXIPL and dopaminergic genes such as DRD2 and DAT1 which 
had around 2–5% effect size difference in number of cups of caffeinated drink for each allele per day.

Conclusion Several genes that were involved in caffeine metabolism and reward were associated with up to 30% 
effect size difference in number of cups of caffeinated drink per day, and some associations were specific to certain 
ethnicities. Identification of at-risk caffeine dependence individuals can lead to early diagnosis and stratification of at-
risk vulnerable individuals such as pregnant women and children, and can potentially lead to development of drug 
targets for dependence to caffeine.

Introduction
Caffeine (1,3,7-trimethylxanthine, 137X), a purine alka-
loid, is a widely consumed psychostimulant worldwide, 
with around 2–3 billion cups drunk daily [1, 2]. Almost 

90% of US adults consume caffeine through sources such 
as coffee and tea products [3]. Besides such beverages, 
caffeine can also be found in soft drinks, chocolates and 
energy drinks [3, 4]. The average caffeine consumption 
is around 70–76 mg/person per day worldwide with caf-
feine consumption projected to increase due to popula-
tion growth [5, 6]. Caffeine’s popularity worldwide is 
often due to its stimulatory nature, increasing alertness 
and improving cognitive function, including learning and 
memory [7, 8]. It also enhances physical performance 
and has been known to have a positive effect on endur-
ance and high-intensity sports [9]. Increasing research 
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into the health outcomes of caffeine has also shown caf-
feine’s positive health outcomes on type 2 diabetes melli-
tus, kidney stones, gout, non-alcoholic fatty liver disease, 
liver cirrhosis and liver cancer [10].

Caffeine’s psychostimulant effects are brought about by 
its nonselective and competitive antagonism of adeno-
sine A1 and A2A receptors [11]. Adenosine is widely dis-
tributed in the body and brain and is thought to play a 
role in homeostatic sleep–wake regulation [4, 12]. In the 
Central Nervous System (CNS), by removing adenosine’s 
inhibition of dopamine neurons, caffeine increases dopa-
minergic input on mesocorticolimbic structures [13–15]. 
Through modulating dopaminergic pathways and reduc-
ing dopaminergic neuronal loss, caffeine induces neu-
roprotective effects on conditions such as Alzheimer’s 
disease and Parkinson’s disease [16]. However, there is 
individual variation in the amount of neuroprotection 
that caffeine can offer, likely due to the involvement of 
multiple genes [17]. Thus, studies are needed to under-
stand and identify genes that could possibly mediate caf-
feine neuroprotection.

In addition, the dopaminergic neurons that caf-
feine activates are essential for brain reward processing 
and can be found in the ventral tegmental area (VTA), 
nucleus accumbens (NAc), hippocampus and medial 
prefrontal cortex of the brain [18]. Despite the posi-
tive effects of caffeine, it is also a double-edged sword. 
By activating reward pathways, caffeine has a strong 
potential for dependence and addiction. Excessive caf-
feine intake can lead to withdrawal symptoms such as 
headaches, depressed mood or irritability and difficulty 
concentrating [19]. Such symptoms often vanish after 
caffeine ingestion, which produces psychological sat-
isfaction [19]. Previous research has shown that a dose 
of 25–50  mg  of caffeine per cup of coffee can reinforce 
the behaviour of consuming caffeine [19]. Heavy caffeine 
users are thought to be individuals who consume six or 
more cups of coffee per day (around 600–1000  mg of 
caffeine) [20]. Habitually consuming caffeine can lead to 
caffeine dependence syndrome, a behavioural disorder 
recognized by the World Health Organization (WHO) 
[21]. Physical dependence can also occur and has been 
defined as the body’s normal physiological adaptation to 
continued drug presence within the body, consisting of 
processes like receptor up-regulation or down-regulation 
[18]. Caffeine “abuse” is thought to occur when individu-
als have an “uncontrolled need to consume caffeine, even 
if it is harmful to their health” [9]. The Fifth Edition of 
the Diagnostic and Statistical Manual of Mental Disor-
ders (DSM-5) suggested that “Caffeine Use Disorder” be 
considered a condition for further study [22]. As such, 
more investigations are needed to further understand the 
nature of caffeine dependence and its pathophysiology, 

including the genes that can make an individual suscepti-
ble to greater caffeine intake.

Moreover, some individuals are highly sensitive to 
caffeine which can lead to neurotoxicity with various 
impacts on physical and mental health [23]. As a stimu-
lant, it can interfere with sleep–wake cycles, leading to 
prolonged sleep latency, poor sleep quality and insom-
nia at night [24, 25]. Over time, this insomnia can lead 
to fatigue and impaired cognitive function. Studies have 
found that those who have poor sleep with caffeine inges-
tion are more likely to metabolize caffeine slowly [19, 
26]. Besides insomnia, caffeine’s stimulant properties 
also serve to increase the body’s flight-or-fight response, 
increasing stress and anxiety, precipitating panic attacks 
in those with anxiety and panic disorder [27]. Acute caf-
feine exposure at high doses was also found to induce sei-
zures [28]. While many factors could explain why some 
individuals are more sensitive than others to caffeine 
including age and sleep habits, genetics has been receiv-
ing increased attention.

Studies have revealed the impact of gene polymor-
phisms on caffeine intake, particularly CYP1A2 which is 
responsible for the hepatic metabolism of caffeine [29]. 
Faster metabolism of caffeine is thought to increase caf-
feine consumption [30]. With the ubiquitous consump-
tion of caffeine worldwide, potential for dependence 
and its numerous effects on the body, understanding the 
genetics behind caffeine metabolism and reward are of 
particular interest. Furthermore, understanding the genes 
that affect caffeine’s neurological mechanisms in the CNS 
could provide novel pharmacological therapies against 
neurological diseases. However, to our knowledge, there 
are no studies systematically examining the specific genes 
and Single Nucleotide Polymorphisms (SNPs) involved in 
caffeine metabolism and caffeine reward processing and 
how they relate to caffeine dependency. To address the 
current gaps in knowledge, we conducted a systematic 
review of the current literature to identify and discuss 
current evidence of genetic polymorphisms affecting caf-
feine metabolism and caffeine reward and thus how they 
affect caffeine intake.

Methods
This systematic review follows the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) Statement guidelines (http:// www. prisma- 
state ment. org) [31]. Research papers were identified 
through a systematic computerized literature search 
using PubMed and Embase. Articles published up to 
August 2024 were reviewed. The following search terms 
were used: “caffeine”, “reward”, “gene”, “polymorphism”, 
“dependence”, “addiction”, “habit”. Inclusion criteria 
were that articles have been (1) published in English (2) 
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examined genetic polymorphisms of individuals who 
habitually consumed caffeine (3) case-control study 
with at least 100 in each arm. Exclusion criteria were (1) 
studies examining effects of caffeine on anxiety or sleep 
or performance (2) No full text found (3) comments or 
editorials on defining caffeine as a substance use disor-
der. Articles that did not meet inclusion criteria and/or 
met exclusion criteria were removed. An outline of the 
records identified, included and excluded is shown in the 
PRISMA flow diagram in Fig.  1. In total, 2582 articles 
were screened and a total of 26 studies were included in 
the final review.

Results
In total, 26 studies reporting data on 1,851,428 individu-
als were included. In general, the cardinal genes involved 
with caffeine metabolism were CYP1A2, ADORA2A, 
AHR, POR, ABCG2 and CYP2A6. Other caffeine metab-
olism genes that were found to be associated with caf-
feine metabolism were PDSS2 and in Asian populations, 
HECTD4 and ALDH2. The pertinent genes associated 
with caffeine reward were BDNF, SLC6A4, GCKR, MLX-
IPL and dopaminergic genes such as DRD2 and DAT1. 
Other genes linked to caffeine as a bitter and addictive 
beverage, like SEC16B, and rare genetic variations such 
as OR2G2 and SNCAIP will also be briefly covered. The 
genes involved in caffeine intake and metabolism are 
summarized in Tables 1 and 2. 

Genes involved in Caffeine Metabolism
The reproducibility of the most pertinent genes involved 
in caffeine metabolism are as follows: CYP1A2 was found 
across 15 studies, AHR across 11 studies, ADORA2A 
across 5 studies, ABCG2 across 5 studies and POR across 
5 studies.

CYP1A2
CYP1A2 is a major caffeine metabolism enzyme, respon-
sible for an estimated 95% of caffeine metabolism in 
humans [1]. The CYP1A gene is found on chromosome 
15q22 and CYP1A1 and CYP1A2 are closely connected, 
sharing a common 5′-flanking region [32]. CYP1A1 
encodes P1-450 of the cytochrome P450 superfamily of 
enzymes, which is closely associated with polycyclic-
hydrocarbon-induced aryl hydrocarbon hydroxylase 
(AHH) activity [33]. With AHH activity, CYP1A1 can 
metabolize benzo(a)pyrene, a chemical found in coffee 
involved in cancer [33]. CYP1A2 has been reported to 
have up to 60-fold variation in caffeine demethylation 
between individuals, possibly due to genetic and envi-
ronmental factors [34]. In a twin study, performed in 378 
Danish mono- and di-zygotic twins, there was a higher 
correlation in CYP1A2 theophylline metabolism between 
monozygotic twins (r = 0.798) compared with dizygotic 
twins (r = 0.394), suggesting some genetic and inheritable 
component to CYP1A2 activity [35].

Fig. 1 PRISMA flowchart
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The genotypes found to be associated with increased 
CYP1A2 inducibility include rs762551-A and rs2472297-
T [36–39]. rs2470893 also plays a role in the transcrip-
tional activation of CYP1A1 and CYP1A2 [1]. CYP1A2 
enzyme activity is often significantly associated with 
paraxanthine (1,7 dimethylxanthine [17X]) and other caf-
feine metabolites in the plasma and urine [30, 39]. It has 
been suggested that in individuals with genotypes that 
slowly metabolize caffeine, such as those with rs762551 
AC/GC genotype, caffeine persists in  the blood for a 
longer time, enhancing dopamine signalling and neuro-
protection via adenosine 2A antagonistic effects [37].

AHR
The Aryl Hydrocarbon Receptor (AHR) is closely linked 
to CYP1A1/2 through the same biochemical pathway 
[36]. Rs6968865 at 7p21, near AHR, was found to be asso-
ciated with increased caffeine consumption in 2 studies 
involving European, African American and Costa Rican 
individuals [1, 36, 40]. Another two studies revealed that 
rs4410790-C was associated with higher caffeine intake 
[41, 42]. Both CYP1A1/2 rs2472297 and AHR rs6968865 
were thought to increase caffeine consumption by around 
0.2 cups per day per risk (T) allele, with an Icelandic pop-
ulation having an effect size of up to 0.32 cups of caffeine 
per day [36, 43].

ABCG2
Variants at 4q22 (rs1481012) map to ABCG2, encod-
ing a xenobiotic efflux transporter [1]. As compared 
to the minor G allele, rs1481012-A is associated with 
higher caffeine habitual consumption and higher lev-
els of caffeine and its metabolites, 17X and theophylline 
(1,3 dimethylxanthine [13X]) [1, 30]. The ABCG2 protein 
was first identified from its elevated expression in breast 
cancer and acute myeloid leukemia and has been known 
to confer multidrug resistance to tumour cells [44, 45]. 
Inhibition of ABCG2 has been explored to improve can-
cer therapeutic efficacy and studies have identified xan-
thines, including caffeine, that can induce the lysosomal 
degradation of ABCG2, suggesting the role of caffeine 
in further understanding cancer and the degradation of 
ABCG2 [44].

ABCG2 also facilitates biliary excretion of substrates 
but it is unclear if biliary excretion of caffeine is common 
in healthy individuals [30]. ABCG2 also functions at the 
blood–brain barrier (BBB) but little is known about the 
distribution properties of caffeine across the BBB [30].

POR
Variants at 7q11.23 (rs17685) are responsible for the 
3′UTR of POR, encoding P450 oxidoreductase which 
displaces electrons to CYP450 enzymes [1]. The rs17685 

A variant is associated with larger caffeine intake and 
higher POR expression [1]. POR rs17685 was also associ-
ated with total cholesterol, low-density lipoprotein (LDL) 
and triglycerides [38].

ADORA2A
The ADORA2A rs5751876-TT genotype is known for 
high sensitivity to caffeine and was associated with higher 
caffeine intake [46]. Besides SNP rs5751876, other SNPs 
rs2330783, rs3761422 and rs199612805 have also been 
found to be associated with caffeine consumption [38, 42, 
46, 47]. However, some other studies have also reported 
that the rs5751876-TT genotype was less likely to have 
higher caffeine intake [48]. This difference has been 
attributed to differences in frequency of rs5751876-TT in 
different populations [46]. The ADORA2A-TT genotype 
was also linked to the anxiogenic effect of caffeine, with 
subjects reporting a higher level of anxiety compared 
to the C/C genotype [49]. ADORA2A genetic polymor-
phisms also play a role in glucose metabolism in muscles, 
affecting performance tests [49].

CYP2A6
CYP2A6 is expressed almost only in the liver and 
is responsible for the metabolism of caffeine, along 
with steroids, nicotine and other clinically important 
drugs such as antiretrovirals and antimalarial drugs 
[50]. CYP2A6 is responsible for hydroxylating 17X to 
1,7,-dimethyluric acid (17U) and the ratio of 17U/17X 
is often used as a marker of CYP2A6 activity [30]. In a 
GWAS study by Cornelis et al., rs56113850 was found to 
be the most significant SNP [30]. Rs56113850-T variant 
was thought to reduce CYP2A6-mediated hydroxylation 
of 17X, leading to an increased plasma concentration of 
caffeine metabolite paraxantine [30]. The rs56113860-
T genotype was also associated with increased caffeine 
consumption, in line with how genetic variants with 
increased caffeine consumption have higher paraxan-
thine-to-caffeine ratios [30, 51].

PDSS2
Pirastu et al. found that the gene PDSS2 has an associa-
tion with caffeine consumption [52]. PDSS2 encodes 
for  the prenyl side chain of coenzyme Q10 and it was 
hypothesized that higher expression would inhibit 
expression of caffeine metabolism genes and thus 
decrease caffeine metabolism in the body [52].

Caffeine Metabolism Genes in Asian Populations
HECTD4
Most of the studies discussed so far were conducted in 
European populations. Two GWAS studies from Asia 
have reported that HECTD4 rs2074356-A, an intronic 
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variant located in 12q24.12-13, was strongly associated 
with habitual caffeine consumption with effect sizes of up 
to 0.20–0.32 [53, 54]. The rs2074356 A allele was found 
to be specific to East Asians and monomorphic in Euro-
peans, Africans and Americans [54]. HECTD4 encodes 
the E3 ubiquitin protein ligase, responsible for the final 
step of the ubiquitination cascade [54]. Besides the asso-
ciation with habitual caffeine consumption, rs2074356 in 
HECTD4 was also associated with drinking behaviour in 
a Chinese population [54]. HECTD4 was also suggested 
to be associated with Type 2 Diabetes and blood sugar, 
generating great interest on how caffeine can influence 
blood sugar control [53].

ALDH2
Rs671 is a missense mutation in the ALDH2 gene and 
encodes for a functional Glu504Lys polymorphism [54]. 
Coffee consumption among Japanese men was found to 
be higher with the ALDH2 504Lys variant [54]. It was 
also found to be associated with smoking, which has also 
been associated with caffeine consumption [54]. Another 
study found that the rs79105258-C allele at the 12q24 
locus near both ALDH2 and Cut-Like Homeobox  2 
(CUX2) genes also influences caffeine consumption and 
this association is independent of other potential con-
founding factors such as BMI, smoking and alcohol con-
sumption [55]. In addition, the 12q24 locus was found 
to have a different genetic effect in males versus females 
[55]. Despite its association with addictive behaviour like 
smoking and caffeine consumption,  the ALDH2 504Lys 
variant protects individuals from excessive alcohol intake 
through increased blood concentrations of toxic acetal-
dehyde, producing the alcohol flush reaction [54].

Genes involved in Caffeine’s Rewarding Effects
BDNF
Brain-Derived Neurotrophic Factor (BDNF) influences 
serotonin, dopamine and glutamate circuits in the brain 
[1]. As these neurotransmitters are involved in reward 
and motivation, they potentially impact consumption 
behaviour by modulating the acute behavioural and 
reinforcing properties of caffeine. The SNP at rs6265 is 
a Val66Met missense mutation [1]. The Met66 allele is 
thought to decrease BDNF secretion and may weaken the 
rewarding effects of coffee and thus, motivation to con-
sume caffeine [1].

SLC6A4
The SLC6A4 gene spans 37,809 base pairs and is located 
on 17q11.1-q12 [56]. The protein that SLC6A4 encodes 
for transports serotonin from synaptic spaces into pre-
synaptic neurons [1, 56].The G allele variant rs9902453 
is thought to be associated with higher caffeine intake 

[1]. Both acute and chronic caffeine intake are known 
to increase activity in the serotonergic raphe nuclei [57]. 
Serotonergic neurotransmission regulates a wide range of 
physiological and behavioural responses including sen-
sory processing, food intake, mood and impulse control 
[1, 58].

Dopaminergic System Genes
Variants in genes encoding the DA D2 receptor (DRD2) 
and DA transporter (DAT1) are thought to be respon-
sible for dopaminergic signalling in reward mecha-
nisms involved in addiction, including compulsive 
eating [59, 60]. D2 receptors are present in the pre-syn-
aptic and post-synaptic terminals to bind dopamine [59]. 
Rs1799732 is a SNP in the DRD2 promoter region and 
the DelC minor allele has been associated with lower 
expression of DRD2 and thus increased ventral striatal 
reactivity which was related to more frequent addictive 
behaviours [61–64]. Rs12364283 can also be found in the 
DRD2 gene where the minor T allele is associated with 
increased D2 receptor density [61]. Rs6277 is also found 
in the DRD2 gene and is believed to affect DRD2 binding 
potential with the homozygous T genotype having the 
highest binding potential [61, 65].

On the other hand, dopamine transporters (DATs) are 
important for eliminating dopamine from the synaptic 
cleft, directly modulating post-synaptic dopaminergic 
signalling [59]. The DAT gene contains a variable number 
tandem repeat (VNTR) polymorphism, which can have 
3–13 repeats [59, 66]. Although the VNTR function is 
not well characterized, different alleles are postulated to 
be involved in variation of DAT mesolimbic levels with 
the 9-repeat allele showing reduced transporter protein 
expression and thus greater synaptic dopamine levels and 
addictive behaviour [59, 61, 66].

In addition, Taq1A is a C/T SNP (rs1800497) of the 
Ankyrin Repeat and Kinase-Domain Containing 1 
(ANKK1) gene downstream of the DRD2 region on 
chromosome 11 [61]. It encodes for D2 receptors and is 
often researched as the T allele has been associated with 
reduced D2 receptor binding affinity, reduced dopamine 
and lower reward processing [59, 67]. The C allele has 
been associated with elevated dopamine and higher like-
lihood of addictive behaviours like caffeine consumption, 
as compared to the T allele [61].

The catechol-O-methyltransferase (COMT) gene has 
the SNP rs4680 which involves a valine to methionine 
substitution at position 158 [61]. A higher number of Met 
alleles has been associated with reduced dopamine catab-
olism and thus higher dopamine levels and increased 
activation reward processing regions like the basal gan-
glia [61, 68, 69].
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GCKR
GCKR is expressed in the liver and encodes the protein 
glucokinase regulatory protein (GKRP) that phosphoryl-
ates glucose in the liver [30, 70]. The GCKR rs1260326-C 
variant has been associated with higher caffeine con-
sumption [1, 38]. Besides glucose, the variant rs1260326 
(p.Leu446Pro) has also been associated with both fat and 
glucose fat metabolism [1, 71]. The gene GCKR was repli-
cated in 5 studies.

MLXIPL
Max-Like Protein X Interacting Protein-Like (MLXIPL) 
is a transcription factor involved in the regulation of 
plasma triglycerides and lipogenesis [38]. The C allele has 
been linked to higher coffee and alcohol drinking behav-
iour compared to the T allele [38]. The rs7800944 CC 
genotype was also associated with larger glucose levels 
after ingesting caffeine compared to the TT or TC geno-
type, especially in women [38].

Genes linked to Caffeine as a Bitter and Addictive Beverage
Zhong et  al. found six novel loci, 1q25.2 (SEC16B), 
2p25.3 (TMEM18), 11q12.1 (OR8U8), 14q12 (AKAP6), 
18q21.32 (MC4R) and 22q11.23 (SPECC1L-ADORA2A), 
to be associated with both bitter non-alcoholic bever-
age and caffeine consumption [47]. SEC16B, TMEM18, 
AKAP6 and MC4R are loci involved in Body Mass Index 
(BMI) [47, 72, 73]. TMEM18 and MC4R variants associ-
ated with increased caffeine consumption are also linked 
with increased BMI and are thought to be related to the 
rewarding aspect of drinking caffeine as they are highly 
expressed in the hypothalamus [47].

In addition, rs382140 near NRCAM (neuronal cell 
adhesion molecule) was also associated with caffeine 
drinking [33]. NRCAM is expressed in the brain, play-
ing a role in axonal growth and the development of 
thalamocortical projections, and thus is thought to be 
important in addiction [33, 74, 75]. GWAS Studies have 
already found links between NRCAM and drug or alco-
hol dependence [74, 76, 77]. Given that twin studies have 
shown relations between heritability of caffeine con-
sumption and alcohol and nicotine addiction, genetic 
variants like NRCAM that influence addiction can also 
possibly increase caffeine consumption and the likeli-
hood of caffeine dependency [33].

Furthermore, Pirastu et  al. found 3 SNPs that were 
significantly associated with caffeine liking on the 
TAS2R43 gene, a gene encoding for bitter receptors 
[78]. Rs68157013-C (W35S) and rs71443637-T (H212R) 
were both associated with a higher liking of caffeine 
and higher perception of caffeine bitterness [78]. The 
SNP rs35720106 was a synonymous variant, with strong 
linkage disequilibrium with rs71443637 [78]. Previous 

studies have also found associations between caffeine and 
the TAS2R bitter receptor gene cluster on chromosome 
12. TAS2R43 was activated by caffeine and contributed 
to bitter aftertastes [79, 80]. Thus, bitter receptor genes 
could also contribute to a higher liking of caffeine and 
increased habitual caffeine consumption.

Rare Genetic Variations associated with Caffeine 
Dependency
Cheng et al. recently identified rare genetic variations to 
be associated with caffeine dependency (Table  2). The 
gene-based exome-wide association study found that 
six SNPs corresponding to OR2G2, VEZT, IRGC , and 
SNCAIP genes were observed to be linked with habitual 
coffee consumption [81]. OR2G2 (Olfactory receptor 
family 2 subfamily G member 2) is related to olfactory 
receptor activity [81]. SNCAIP (Synphilin-1) has been 
associated with hyperphagia and is thought to produce a 
protein that could be neuroprotective in nature, preserv-
ing mitochondrial activity in dopaminergic cells [81–83]. 
In addition, Thorpe et  al. found SNPs near the genes 
STYXL1, MMS22L, PCMTD2 and CTC-490E21.12 that 
were thought to be associated with coffee intake in par-
ticipants of European ancestry [42]. However, the mecha-
nisms of these genes are not well understood, and further 
research is required to explore the exact molecular mech-
anisms of these genes in habitual caffeine consumption.

Discussion
Metabolism of caffeine
Upon consumption, caffeine is absorbed throughout the 
stomach and small intestine within 45 minutes [29, 84]. 
Caffeine is mainly metabolised by the CYP1A2 enzyme 
on chromosome 15q22, a liver enzyme part of the induc-
ible cytochrome P450s enzymatic complex [29]. With 
the CYP1A2 enzyme, caffeine is demethylated via the 
N3-demethylation reaction into its secondary metabo-
lites, paraxanthine (~ 80%), theobromine (~ 10%) and 
theophylline (~ 5%) [29] (Fig.  2). Within a day, around 
50–60% of administered caffeine is eliminated as its 
metabolites, mainly through renal excretion in urine 
[85]. Caffeine has several influences on molecular path-
ways and neurotransmitters in the brain (Fig. 3). In both 
humans and rats, caffeine metabolism can be mediated 
by other enzymes such as CYP3A2 and CYP2C6 [86]. 
Studies have suggested that variants of certain genes 
can lead to differing rates of caffeine metabolism [87]. 
Thus, recently, there has been great interest in examin-
ing specific SNPs and their effects on how caffeine is 
metabolized and processed in the body. In this review, 
we have found that the main genes associated with caf-
feine metabolism were CYP1A2, ADORA2A, AHR, POR, 
ABCG2 and CYP2A6. The salient genes associated with 
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caffeine reward processing were BDNF, SLC6A4, GCKR, 
MLXIPL and dopaminergic genes such as DRD2 and 
DAT1. The effects of genetic variants on caffeine depend-
ence are summarized in Fig. 4.  

Role of Body Metabolism and BMI
As an activator of the sympathetic nervous system, caf-
feine is commonly known to decrease body weight by 
increasing resting metabolic rate, fat metabolism and 
energy consumption [88–90]. A previous study found 
that CYP1A2 rs762551 metabolizer status affects the 
association  between caffeine ingestion and BMI. For 
those with rapid metabolizer status (rs762551-A), they 
were more likely to have higher caffeine intake and lower 
BMI [91]. Given that genes conferring rapid metabolizer 
status can lead to higher caffeine metabolism, individuals 
with a baseline high metabolic rate and without any caf-
feine rapid metabolizer genes may naturally metabolize 

caffeine faster, leading to greater consumption of caffeine 
to achieve the same stimulant effects, possibly resulting 
in more caffeine dependence.

In addition to body metabolism, the body weight of 
individuals could also affect caffeine pharmacokinetics 
and thus caffeine’s metabolism in the body. It was found 
that at rest, obese subjects had higher caffeine absorption 
rate constant and lower elimination rate constant com-
pared to lean subjects [89]. This could possibly result in 
more caffeine excretion and lower caffeine remaining in 
lean subjects, resulting in greater consumption of caf-
feine in lean subjects and thus more caffeine dependence.

Animal Models involving Caffeine Intake
As caffeine pharmacokinetics are similar after consump-
tion of caffeine in humans and animals, many studies 
involving caffeine intake have been conducted in animal 
models [19]. The gene CYP1A2 that contributes greatly to 

Fig. 2 Caffeine metabolism pathway and metabolites. Caffeine is primarily metabolized in the liver, undergoing demethylation and oxidation. 
The main route of caffeine metabolism in humans is via CYP1A2 catalyzed N-3 demethylation to paraxanthine (around 84%), N-1 demethylation 
to theophylline (around 8%) and N-7 demethylation to theobromine (around 8%). Other than theobromine, paraxanthine, and theophylline, 
the major metabolites in urine are 3-methylxanthine, 1-methylxanthine, 1-methyl uric acid, 5-acetylamine-6-formylamine-3-methyluracil (AFMU), 
5-acetylamino-6-amino-3-methyluracil, 1,7-dimethyl uric acid and 3,7-dimethyl uric acid, which are secondary metabolites of theobromine, 
paraxanthine, and theophylline catalyzed by CYP1A2, CYP2A6, N-acetyltransferase 2 and xanthine oxidase
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caffeine metabolism in humans, was also found to medi-
ate caffeine metabolism in rats, with significantly lower 
caffeine clearance and metabolic velocity in CYP1A2 
knockout rat models [92]. Caffeine withdrawal signs in 
rats, cats and monkeys include decreases in locomotor 
activity and operant behaviour [19]. In adult rodents, 
caffeine has been known to modulate reward circuitry, 
especially in the NAc and prefrontal cortex [22]. In the 
NAc, compared to controls, rats that ingested caffeine 
exhibited significantly elevated expression of genes such 
as Drd3, which is responsible for a dopamine recep-
tor involved in the pathogenesis and maintenance of 

addiction [93]. Another two separate studies found that 
female mice and rat models that ingested caffeine had an 
increase in expression of the dopamine 2 receptor (D2R) 
gene [94, 95]. In Davis et al. the DRD2 gene was found to 
be significantly associated with the caffeine reward path-
way, underscoring the importance of dopamine receptor 
genes in mediating caffeine addiction [61].

As part of the mesolimbic dopaminergic system, caf-
feine also increases dopamine, stimulating reward-
related structures of the brain, in line with its reinforcing 
nature [19, 96]. A study found that caffeine decreased the 
transcription of the ADORA2A gene in the hippocampi 

Fig. 3 The effect of caffeine on molecular pathways and neurotransmitters. In the absence of caffeine, adenosine acts as an inhibitory modulator 
of neuronal activity. Adenosine binds to its presynaptic receptor to inhibit the release of neurotransmitters including dopamine, serotonin 
and glutamate. It also binds to its postsynaptic receptor to disrupt the interaction of dopamine and serotonin with their receptors. Dopamine, 
serotonin and glutamate induce neuronal signal transduction and inhibit neuronal function. Caffeine abrogates the interaction of adenosine 
with its presynaptic and postsynaptic receptors, promoting the release of dopamine, serotonin and glutamate and enhances the interaction 
of dopamine and serotonin with their postsynaptic receptors to increase neuron activity and functions. Caffeine abolishes the inhibitory effects 
of adenosine on dopaminergic pathway, increasing dopaminergic inputs on mesocorticolimbic structures and promoting human psychomotor 
activity
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of rats, which facilitates the activation of dopamine 
receptors and reward pathways [97]. The VTA is another 
part of the brain that contains a large population of DA 
neurons [98]. Studies have shown that the VTA is crucial 

for reward processing in the brain and is associated with 
substance dependency [98]. It was found that in male 
Wistar rats, a low dose of systemic caffeine injected into 
the rostral VTA produced increased reward processing, 

Fig. 4 Genetic variants and their effects on caffeine dependence. The SLC6A4 gene encodes an integral membrane protein that transports 
serotonin (5-hydroxytryptpamine, 5-HT) from synaptic spaces into presynaptic neurons. SLC6A4 variant is associated with higher 
caffeine intake and increased activity in the serotonergic raphe nuclei. Genes encoding the DA D2 receptor (DRD2), DA transporter (DAT) 
and catechol-O-methyltransferase (COMT) are thought to be responsible for dopaminergic signaling in reward mechanisms implicated in caffeine 
addiction. DRD2 regulates the expression of dopamine D2 receptors on dopaminergic neurons. DRD2 variants regulate the expression of D2 
receptors or their binding potential to DA, leading to higher DA levels and addictive behaviors. Meanwhile, the DAT eliminates DA at synapses 
and modulates post-synaptic dopaminergic signaling. DAT variants are associated with reduced expression of DAT, resulting in elevated synaptic 
DA levels and addictive behavior. COMT mediates the expression of COMT which is involved in DA degradation. COMT variants have been 
associated with higher DA levels and enhanced activation in the regions related to addictive action. Brain-derived neurotrophic factor (BDNF) 
is a member of growth factors in the neurotrophin family expressed throughout the nervous system. Caffeine consumption promotes the release 
of BDNF. The released BDNF can bind the TrkB receptor on the dopaminergic neurons, activate its downstream signaling pathway and promote 
the release of neurotransmitters, including DA, glutamate and serotonin, to enhance addictive behavior. The genes involved in caffeine 
metabolism, including CYP1A2, ADORA2A, AHR, POR, ABCG2, CYP2A6, PDSS2, HECTD4, and ALDH2 genes, promote caffeine metabolism. Caffeine 
and its metabolites act as adenosine receptor antagonists to block adenosine receptors, eventually promoting the release of neurotransmitters, 
including DA, serotonin, and glutamate, and enhancing addictive action
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indicated by an increase in conditioned place preferences 
[98]. The chronic release of dopamine and the resulting 
rewarding effects are thought to encourage future con-
sumption of other abusive substances, such as heroin, 
underlying the transition to dependency and addiction 
[99].

Apart from increasing dopamine, caffeine also 
increases extracellular glutamate concentrations in the 
NAc of male rats by blocking the adenosine A1 receptor 
[96]. Increased glutamate concentrations have been pre-
viously associated with chronic exposure to other addic-
tive substances such as alcohol, nicotine and cocaine 
and was thought to be involved in the development of 
alcohol addiction [100]. A study found that chronic caf-
feine ingestion starting from adolescence in mice had 
increased reward-seeking behaviour and increased etha-
nol drinking habits in adulthood, postulated to be due to 
increased dopamine and glutamate levels [4]. However, 
even within animal models, there are individual dif-
ferences in vulnerability to dependency, thought to be 
due to reasons such as stochastic gene expression [99]. 
Another possible reason is that the life experiences of 
mice may lead to the expression of genes that reinforce 
dependence neuronal pathways, affecting development 
of addictive behaviour [99]. Understanding the genes 
that distinguish between habitual caffeine users and non-
users would be invaluable in predicting who would be 
more likely to habitually consume caffeine. Knowledge 
of such genes would also be helpful in the development 
of new treatments for neurodegenerative conditions and 
understanding dependency on other substances.

Pathophysiology of Important Genes associated 
with Caffeine Intake
CYP1A2
Individuals with the substitution of A to C allele at posi-
tion 163 (rs762551) are known to be “slow metabolizers”, 
compared to homozygous A individuals [101]. Those 
with slow caffeine metabolism are more likely to have 
higher caffeine levels and lower paraxanthine levels and 
it was previously suggested that they may need less caf-
feine compared to “fast metabolizers” to achieve the same 
stimulant effects of caffeine, possibly resulting in lower 
habitual caffeine consumption [30]. They may also get 
more adverse stimulant-related effects at lower doses, 
deterring them from habitually drinking more caffeine 
[30]. Moreover, in “slow metabolizers”, caffeine intake was 
also previously shown to be associated with higher risk 
of myocardial infarction and when more than 3 cups of 
coffee per day was consumed, there was a higher risk of 
albuminuria, hyperfiltration and hypertension, compared 
to “fast metabolizers” [102–104]. Thus, it could also be 

more favourable for “slow metabolizers” to consume less 
caffeine in the long run.

One of the SNPs that has high inducibility of CYP1A2 
is rs2472297 which was found to be closely related to a 
promoter region of both CYP1A1 and CYP1A2, possibly 
accounting for the higher metabolism of caffeine [30]. 
As genotypes associated with higher CYP1A2 induc-
ibility, such as rs762551-AA and rs2472297-T, are more 
likely to rapidly metabolize caffeine, they could possibly 
lead to lower plasma caffeine levels and increased caf-
feine consumption compared to those with slow caffeine 
metabolism genotypes [36–38]. Over time, this increased 
caffeine consumption may lead “fast metabolizers” to 
develop a tolerance, lowering sensitivity to caffeine and 
resulting in habitual caffeine intake.

AHR
AHR at 7p21 encodes a ligand-activated transcription 
factor, AhR, that binds to a dioxin responsive element 
(DRE) on DNA, upregulating transcription of CYP1A1 
and CYP1A2 in the nucleus [36, 41]. It was found in 
previous studies on human placenta samples that there 
can be as much as 20-fold differences in AhR affin-
ity for ligand binding, affecting whether the CYP1 fam-
ily of genes has “high” or “low” inducibility phenotypes 
[105]. Thus, given its role in inducing the CYP1 family of 
genes, AHR can determine the activity of CYP1A2 and its 
metabolism of caffeine.

ABCG2
ABCG2 is one of the main ATP-binding cassette (ABC) 
transporters in the CNS. ABCG2 is found in the mem-
branes of various organs including the liver, kidney and 
brain [30]. As a broad-spectrum pump, it prevents exces-
sive amounts of xenobiotic substances from building up 
in the brain, regulating the transport of a wide variety of 
substances across plasma membranes, including the BBB 
endothelium [30, 106]. For example, the transporters 
were found to prevent blood-to-brain transport of many 
opioids [107]. Other substances that can affect the CNS 
such as cannabinoids and stimulants have been found to 
interact with ABC transporters [106]. Sustained abuse 
of such drugs can lead to enhanced ABC transporter 
expression at the BBB, such that individuals would need 
more drugs to overcome the upregulation of ABC trans-
porters, leading to drug dependence and tolerance [106, 
107]. This mechanism can possibly also explain the role 
of ABCG2 in habitual caffeine intake.

POR
POR encodes for P450 oxidoreductase (POR) which 
transfers electrons to many cytochrome P450 (CYP) 
enzymes, including many drug-metabolizing enzymes, 



Page 21 of 28Low et al. Journal of Translational Medicine          (2024) 22:961  

such as CYP1A2, CYP2C9, CYP2D6 and CYP3A4 [108]. 
With more than 140 variants, POR is highly polymorphic 
and different POR variants have been shown to signifi-
cantly change activity levels of CYP1A2 with suggestions 
that genetic variation in POR may be at least as impor-
tant as variations in CYP alleles [108]. Variants such as 
POR A287P can greatly decrease CYP1A2 activities, pos-
sibly impacting the CYP1A2 metabolism of xenobiotics 
like caffeine in the liver, leading to decreased caffeine 
consumption compared to variants that can increase 
CYP1A2 caffeine metaoblism [109].

ADORA2A
Adenosine is ubiquitously present in all cells and is 
responsible for many of caffeine’s effects. Caffeine’s 
blockage of adenosine A2 receptors plays a part in caf-
feine’s effects such as increased wakefulness, enhanced 
memory, psychomotor stimulation and anxiety [27, 110]. 
In particular, rs5751876 T/T and rs35320474 T/T poly-
morphisms have been associated with anxiety after acute 
caffeine intake [27]. In rodents, caffeine has been shown 
to increase exercise performance and ergogenic effects 
[111].

ADORA2A is also involved in caffeine’s rewarding 
effects via its modulation of dopaminergic transmission. 
Normally, when adenosine binds to adenosine receptors, 
adenylyl cyclase and Ca2 + channels are activated, con-
sequently activating the cAMP-PKA signalling pathway, 
which induces the phosphorylation of dopamine, inhib-
iting its release, leading to many downstream biological 
changes in the brain and the  CNS, [112]. The ADORA2A 
gene encodes the adenosine 2A receptor, which is antag-
onized by caffeine, potentiating downstream D2 recep-
tors, leading to increased dopamine release in the brain, 
enhancing dopaminergic input on the mesocorticolimbic 
pathway [11, 19, 27, 47]. Studies have shown that chronic 
caffeine intake can lead to changes in tolerance and sensi-
tization of dopamine-mediated pathways in rats, empha-
sizing adenosine’s role in habitual caffeine intake [27].

CYP2A6
As an enzyme that also belongs to the cytochrome P450 
system, CYP2A6 is also in charge of metabolizing xeno-
biotics like caffeine, converting paraxanthine(17X) to 
17U [113]. The SNP rs56113850-T was previously associ-
ated with lower caffeine consumption and higher plasma 
paraxanthine/caffeine levels reflecting slow paraxan-
thine metabolism [30]. In other studies, the C allele has 
also been more strongly linked with elevated caffeine 
consumption [114]. Moreover, with CYP2A6, around 
75% of nicotine is converted to cotinine (COT) which 
is then converted  to 3-hydroxycotinine (THOC) [30]. 
Rs56113850-C was also strongly associated with nicotine 

smoking, another addictive behaviour [115]. The same 
variants involved in higher caffeine consumption were 
also involved in heavy smoking behaviour, reflecting the 
role of CYP2A6 in both addictive behaviours.

BDNF
Mesolimbic fibers start from the VTA and extend to the 
NAc and prefrontal cortex. In response to drugs and 
other rewarding-related stimuli like food, dopamine is 
released in the NAc and prefrontal cortex. BDNF, a neu-
trophin, and its receptor, tropomyosin-related kinase B 
(TrkB) are expressed in dopaminergic neurons in struc-
tures of the mesolimbic reward neurocircuit, like the 
VTA and medial prefrontal cortex [116]. BDNF-TrkB 
binding results in autophosphorylation of tyrosine resi-
dues and the downstream signalling induces the Ras-
mitogen-activated protein kinase (MAPK) pathway [117]. 
BDNF and the pathway it induces have been implicated 
in antidepressant treatments, underscoring its role in 
enhancing reward in the brain [117].

There is some evidence that addictive substances like 
cocaine and nicotine can increase BDNF mRNA levels 
in the NAc and striatum of rats and was associated with 
increased motivation to consume and self-administer 
these addictive substances, indicating BDNF’s role in the 
development of behaviour that could lead to habitual caf-
feine intake [118, 119]. Previous studies have shown that 
the BDNF met allele decreases trafficking of BDNF tran-
scripts to dendrites, decreasing BDNF signaling in the 
NAc, thus decreasing reward-seeking behaviour and also 
possibly motivation to consume caffeine [116, 117, 120].

SLC6A4
SLC6A4 is thought to directly affect caffeine drink-
ing behaviour by influencing the psychostimulant and 
rewarding effects of caffeine [1]. Caffeine is a methylxan-
thine and its structure is similar to tryptophan which is 
a precursor to serotonin [121]. Thus, consuming caffeine 
can directly to an increase in tryptophan and serotonin 
[121, 122]. Caffeine’s inhibition of adenosine A1 recep-
tors also triggers the release of neurotransmitters includ-
ing serotonin [57].

In addition, the raphe nuclei have strong linkage 
with structures involved in reward processing includ-
ing the VTA, NAc and medial prefrontal cortex [123]. 
There are also strong connections with the dopaminer-
gic system which is well-recognized to be involved in 
reward processing [123]. Studies of alcohol consump-
tion in zebrafish, rats and humans have shown paral-
lels between dopamine and serotonin signalling with 
increased levels of 5-HT and the serotonin metabo-
lite 5-HIAA [124]. Serotonin has been linked to vari-
ous substance use disorders, including alcohol, heroin 
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and cocaine, and the long arm of chromosome 17 was 
thought to increase heroin addiction susceptibility [56, 
124]. Thus, given the close relationship between dopa-
mine and serotonin and the links to other substance use 
disorders, it is likely that SLC6A4 also has an important 
role in mediating habitual caffeine intake.

Dopaminergic Pathway Genes
Dopaminergic projections from the VTA to the NAc 
are involved in reward processing [99, 125]. This path-
way has the largest effect on addiction and many addic-
tive substances have been shown to increase dopamine 
in the NAc along this path [125]. Through the antago-
nism of adenosine receptors, caffeine is able to increase 
dopamine released in the CNS [27]. With chronic 
usage of addictive substances, neuroadaptations, such 
as less dopamine receptors and lower reward-related 
dopamine release, take place [125]. Thus, over time, 
larger amounts of addictive substances, including caf-
feine, are needed to achieve homeostasis, to prevent 
withdrawal symptoms such as anxiety and depression 
[125]. As such, variants such as Rs179732 DelC minor 
allele that are associated with lower expression of the 
DA D2 receptor (DRD2) are more likely to result in 
habitual caffeine intake [61]. Moreover, DRD2-KO mice 
were also found to be bradykinetic, like in Parkinson’s 
Disease, and were more likely to self-administer other 
addictive substances like cocaine compared to their 
wild-type counterparts [126].

The dopamine transporter (DAT) belongs to a family of 
monoamine transporters and is responsible for re-uptak-
ing dopamine from the synaptic cleft, thus influencing 
the strength and time span of dopamine signalling [126]. 
Thus, lower amounts of transporter proteins result in 
greater synaptic dopamine levels over time and greater 
addictive behaviour [126]. With the creation of DAT-KO 
mice, research has shown that DAT is involved in dopa-
mine synthesis, homeostasis and storage, among others 
[126]. Moreover, the hyperactive behaviour in DAT-KO 
mice was similar to normal mice who were given high 
amounts of CNS stimulants like amphetamine, high-
lighting how DAT blockade leads to addictive behaviour, 
including habitual caffeine intake [127].

GCKR
It has been suggested that GCKR which encodes glucoki-
nase regulatory protein regulates the metabolism and 
sensing of glucose in the brain, potentially influencing 
cerebral reward pathways affected by various coffee com-
pounds, although its exact role in coffee intake is not yet 
clear [1, 30].

MLXIPL
MLXIPL is a transcription factor crucial for glucose and 
lipid metabolism [128]. However, its exact role in caffeine 
intake is not clear yet and future studies are needed to 
fully elucidate its function.

Challenges and Limitations
There are several challenges when investigating genetic 
susceptibility to caffeine consumption. While the pro-
posed DSM-5 diagnostic criteria for caffeine use disorder 
(such as persistent desire to control caffeine use, contin-
ued caffeine use despite knowing the problems that can 
be exacerbated by caffeine, withdrawal syndrome for 
caffeine, etc.) are useful for clinical classification, there 
are no objective biological markers with high diagnostic 
accuracy [129, 130]. Some criteria may be open to sub-
jective interpretation and the diagnostic approach has 
been suggested to be more “conservative” than for other 
substance abuse diagnosis [129]. A recent study of 1006 
caffeine-consuming adults in the  USA found only 8% 
fulfilled DSM-proposed criteria for caffeine use disor-
der, and these subjects were younger and more likely to 
smoke cigarettes. The findings suggest that the diagnostic 
criteria could only identify a relatively small fraction of 
those with caffeine use disorder in the general population 
[130]. Coffee and tea consumption constitutes the main 
source of caffeine intake and this represents the most 
obvious measurable clinical outcome. However, there 
are many other caffeinated drinks (such as chocolate and 
energy drinks etc.) and caffeine is also found naturally in 
some foods. These are not fully captured in most studies. 
Moreover, even the quantification of intake or exposure 
(based on number of cups, number of times, duration of 
intake etc.) is frequently analyzed differently.

One major issue is recall bias, as most studies are ret-
rospective in nature and ask respondents to recollect 
estimated information over the previous few weeks, 
or months. This method of collecting data is subject to 
reliability and consistency concerns. Such data can vary 
widely and there has not been a validated standardized 
evaluation scale of caffeine intake that has been univer-
sally adopted. The challenge is to develop and validate 
non-invasive methods to assess caffeine consumption 
accurately and in a consistent manner.

Current studies have also frequently based caffeine 
consumption data at one time point, but this does not 
reflect or capture the actual consumption data prospec-
tively over a prolonged period. Caffeine use disorders 
do not arise over a short time interval and in the context 
of genetic predisposition and caffeine exposure interac-
tion, there is an intricate interplay over time and studies 
have generally not considered potential extrinsic (e.g. the 
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effect of seasonal weather) and intrinsic (e.g. social and 
medical factors) confounders.

Both coffee and tea and other beverages contain 
other active components which may influence addic-
tive behaviour. It is not clear if the different preparation 
of these beverages (such as filtered/brewed/instant) or if 
the added sugar, milk and additives in the beverages can 
influence the outcome measures.

The association between caffeine use disorder and non-
drug psychiatric disorders can also be a confounding var-
iable. Moderate caffeine intake (< 6 cups/day) may help 
with depressive symptoms, and suicide risk whereas high 
caffeine intake has been associated with anxiety, psy-
chotic and manic symptoms [131]. Like other substance 
use disorders, the relapsing and remitting trajectory of 
caffeine use disorder has not been sufficiently examined. 
Hence, dissecting out the background noise and overlap 
can facilitate better stratification of more homogenous 
groups of subjects and this can increase the chance of 
uncovering more accurate genetic susceptibility signals 
for caffeine dependence.

The association of HECTD4 rs2074356 with habitual 
caffeine consumption highlighted the importance of eth-
nicity and population stratification in gene-caffeine inter-
action studies. In this instance, the A allele was specific 
to East Asians and monomorphic in Europeans, Africans 
and Americans. When there are more than one genetic 
modifying variants in specific populations, the applica-
tion of polygenic scores may increase the chance of suc-
cessfully finding genes that interact with caffeine intake 
in those populations. In recent years, machine learn-
ing-based Bayesian and other mixed-model methods 
have been developed. Such methods can better evaluate 
gene–gene and gene-lifestyle interactions. Thus, future 
large-scale epidemiology studies across different popula-
tions will be better poised to identify novel gene-caffeine 
interactions when more in-depth analyses are available 
[132, 133]. Measurements of metabolites (such as par-
axanthine, theophylline, theobromine and paraxanthine/
caffeine ratio etc.) in the caffeine pathway will provide 
more robust real time evidence regarding  the amount 
of caffeine in the body and its correlation in those with 
addictive behaviour. In addition, it will also allow correla-
tional analysis with other lifestyle and genetic factors. For 
example, a recent study using > 400,000 subject data from 
the UK Biobank data found that those taking caffeine 
within about 1  h of blood sampling had higher glucose 
levels than non-caffeine drinkers. Interestingly, age, adi-
posity, fasting time and genetic factors (such as CYP1A2 
and MLXIPL) involved in caffeine metabolism and drink-
ing behaviour influenced the findings [38]. These obser-
vations suggest that gene caffeine interaction studies 
are likely to be complex and accurate details on caffeine 

exposure time, type and composition of the beverage 
sources and blood sampling timing can also be some of 
the key considerations for future studies. Furthermore, 
the possibility of selection bias of apparent healthy indi-
viduals who are more likely to participate in such surveys 
also needs to be considered.

Given that most studies on caffeine intake have been 
based on Europeans, more future studies are needed to 
characterize the genes involved in caffeine intake in non-
European populations. Newer studies from Japan and 
Korea on genes affecting caffeine intake have been done 
in recent years, however, these studies do not account 
for the heterogeneity of genes in Asian populations, 
much less other underrepresented populations. An issue 
regarding gene characterization from non-European 
populations includes a smaller than optimal sample size, 
resulting in studies that may lack the statistical power 
necessary to detect meaningful genes that affect caffeine 
intake. Nevertheless, with the increasing demand for caf-
feine around the world, more studies on caffeine-related 
genes in non-European populations may arise. Such 
newer studies can also independently replicate existing 
studies, adding to their credibility.

Another significant challenge is the definition of caf-
feine dependence. As the mechanism underlying caf-
feine dependence/caffeine use disorder has not been fully 
elucidated and harm from caffeine is extremely varied 
across individuals, it is tough to accurately quantify and 
define caffeine dependence. There is limited research on 
caffeine dependence prevalence, with only a few stud-
ies from a limited number of countries such as the USA, 
Italy, Hungary and New Zealand [134]. More studies are 
needed to estimate the prevalence and understand the 
negative biopsychosocial effects of caffeine dependence, 
which is in line with how the DSM-5 recognises caffeine 
use disorder as a condition for further study [135].

In addition, many studies currently have data for caf-
feine intake but lack data for excessive consumption 
of caffeine. Other studies have also recognized how the 
number of individuals with caffeine intake higher than 
400 mg per day is rarely documented, leading to difficul-
ties in assessing exactly when individuals start experi-
encing various side effects of caffeine and thus difficulty 
in assessing for caffeine use disorder and caffeine with-
drawal [134]. Moreover, given the ubiquity of caffeine 
in popular drinks and foods from chocolate to energy 
drinks, it can also be difficult to accurately assess caffeine 
intake, and the amount of caffeine needed to produce 
harm.

Impact on Health
Caffeine intoxication can present with anxiety, insomnia, 
psychomotor agitation and irritability and consuming 
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elevated amounts for a prolonged period can lead to 
withdrawal symptoms including headaches and lethargy 
[136]. From 2000 to 2019, per coffee capita consumption 
increased about 37% with total global coffee consump-
tion reaching around 13 teragrams in 2019 [6]. Along 
with that, the prevalence of Caffeine Use Disorder has 
been estimated to be around 6% to 14% [134, 137]. Given 
caffeine’s psychoactive properties, widespread popular-
ity and omnipresence in common drinks and food, this 
systematic review examining caffeine dependence genes 
can have significant implications for global health and 
personalised medicine, especially for Caffeine Use Dis-
order. Knowledge of whether specific populations are 
at higher risk of caffeine dependence can allow for the 
early implementation of targeted screening or preventa-
tive programmes and educational initiatives, reducing 
future burden of care. In addition, knowing the genes 
that predispose individuals to caffeine addiction can con-
tribute to greater understanding of the complex interplay 
between genes, environment and behaviour, paving the 
way for better addiction prevention and treatment, both 
at the individual and population levels.

Unfortunately, current treatment availability for Caf-
feine Use Disorder is limited, partly due to the lack of 
research on caffeine use disorder and treatment options 
that work best to reduce caffeine consumption [129]. 
However, we hope that through this study, the genetic 
factors contributing to caffeine dependence are bet-
ter understood. Insights from this systematic review 
can help identify individuals with genetic predisposi-
tions to caffeine dependence. This identification could 
enable researchers and clinicians to better predict clini-
cal phenotypes, helping them to diagnose and risk strat-
ify patients, especially vulnerable individuals such as 
pregnant women and children, for whom the risks of 
dependence and addiction are greater [138]. With such 
information, healthcare providers can tailor addiction 
prevention and interventions to patients’ specific needs, 
adjusting caffeine consumption based on genetic pre-
disposition, leading to more effective and personalised 
therapies, including lifestyle modifications and pharma-
cological interventions. Moreover, since habitual caffeine 
consumption is positively associated with consumption 
of other addictive substances such as alcohol and smok-
ing, personalised addiction therapies for caffeine depend-
ence could also be applied to other substances, guiding 
broader healthcare interventions to address addiction 
and its associated health consequences [139, 140].

Conclusions
In our systematic review, we identified 26 studies (com-
prising > 1.8 million individuals) with sample sizes 
of at  least 200 subjects each that examined genetic 

susceptibility to caffeine dependence. Genes involved 
with caffeine metabolism such as CYP1A2, ADORA2A, 
AHR, POR, ABCG2, CYP2A6, PDSS2 and HECTD4 
rs2074356 (A allele specific to East Asians and mono-
morphic in Europeans, Africans and Americans) were 
associated with habitual caffeine consumption. Genes 
associated with caffeine reward were BDNF, SLC6A4, 
GCKR, MLXIPL and dopaminergic genes (potentially 
affect dopamine neurotransmission) such as DRD2 and 
DAT1.

Since caffeine dependence can lead to various forms 
of functional impairment and social issues, resulting in 
many seeking therapies, identification of genes associated 
with caffeine intake and metabolism will provide novel 
insights on the biological pathways that can potentially 
lead to development of drug targets for dependency to 
caffeine or other addictive substances. Drug and non-
pharmacologic intervention can also be potentially tai-
lored for specific healthy presymptomatic gene carriers 
to reduce the caffeine dependency risk, using a precision 
medicine approach.
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