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ABSTRACT

Background. Coffee is one of the most widely consumed beverages worldwide and contains
numerous biologically active compounds — polyphenols, chlorogenic acids, melanoidins, and
flavonoids — with documented antioxidative, anti-inflammatory, and cardioprotective
properties (Bakuradze et al, 2010; Cornelis et al., 2006). Moderate coffee consumption is
generally associated with reduced cardiovascular risk in the overall population (Rodriguez-
Artalejo & Lopez-Garcia, 2018). Caffeine, however, can elevate blood pressure and trigger
sympathetic activation in susceptible individuals (Palatini et al., 2009; Nehlig, 2018). Caffeine
biotransformation is governed almost exclusively by the hepatic cytochrome P450 1A2 enzyme,
encoded by the CYPIA2 gene. The intronic single nucleotide polymorphism rs762551 (-163C>A)
defines two functional phenotypes — rapid (AA, 1A/1A) and slow (C allele carriers, *1F)
metabolizers — and provides a robust genetic basis for stratifying caffeine-related health risk
(Sachse et al., 1999; Nehlig, 2018).

Methods. This review synthesizes peer-reviewed evidence from human case-control,
prospective cohort, randomized controlled, and Mendelian-randomization studies that
assessed the interaction between CYPIA2 rs762551 genotype and habitual coffee or caffeine
exposure. Endpoints included myocardial infarction, incident hypertension, acute blood-
pressure response, renal function, and other caffeine-related tolerability outcomes, enabling a
guantitative evaluation of the gene-environment interaction and its translational relevance.

Results. Approximately 41% of the general population are rapid metabolizers (AA), 44% carry
one functional and one slow allele (AC), and 15% are homozygous slow metabolizers (CC)
(Sachse et al., 1999). In a large case—-control study (n=4,000), slow metabolizers under 59 years of
age consuming =4 cups/day had more than twice the odds of myocardial infarction (OR 2.33;
+133%), whereas rapid metabolizers showed no excess risk and a non-significant trend toward
protection (Cornelis et al,, 2006). A 12-year prospective cohort reported a nearly threefold higher
incidence of hypertension in slow metabolizers consuming >3 cups/day (HR 3.00; 95% CI 1.53—
5.90), while rapid metabolizers were protected (HR 0.36; 95% Cl 0.14-0.89; P = 0.026) (Palatini et
al,, 2009). Guessous et al. (2012) confirmed in four European cohorts (nx16,700) that, among non-
smokers, rapid metabolizers exhibited lower blood pressure and lower hypertension risk
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despite higher caffeine intake. Mahdavi et al. (2023) extended the gene—coffee interaction to
renal endpoints: in 1,180 adults with stage-1 hypertension, slow metabolizers consuming >3
cups/day showed a significantly higher risk of albuminuria, hyperfiltration, and hypertension,
while no association was seen in rapid metabolizers. Controlled experimental studies (Soares et
al,, 2018; Yoshihara et al., 2019) corroborated that slower metabolizers can display larger acute
systolic blood-pressure responses after caffeine ingestion. Evidence for catecholamine
involvement is better attributed to Palatini et al. (2009), who reported higher urinary
epinephrine among coffee drinkers carrying the slow *1F allele.

Discussion. These findings establish CYPIA2 rs76255]1 as a clinically meaningful modifier of the
cardiovascular response to coffee. Rapid metabolizers can derive the antioxidant and metabolic
benefits of coffee without measurable cardiovascular penalty, whereas slow metabolizers
accumulate caffeine and its sympathomimetic effects, translating into measurably higher
blood pressure, infarction, and kidney-related markers and other caffeine-related tolerability
concerns at habitual intakes >3-4 cups/day. Targeted interventions — caffeine restriction below
200 mg/day, switching to decaffeinated coffee, and timing intake away from the evening —
provide a low-risk, evidence-based strategy for carriers of unfavorable genotype. Genotype-
guided dietary advice thereby represents a concrete application of nutrigenetics in
cardiovascular prevention (Cornelis et al., 2006; Palatini et al., 2009; Guessous et al., 2012).

Subjects: Genetics, Nutrition. Keywords: Genetics, Polymorphism, Nutrition, Caffeine.

INTRODUCTION

Coffee is consumed daily by more than two billion people and represents one of the most chemically
complex dietary sources of bioactive compounds. Beyond its cultural relevance, coffee delivers a
substantial daily load of polyphenols, chlorogenic acids, melanoidins, flavonoids, and diterpenes —
constituents repeatedly linked to reduced all-cause mortality and lower incidence of type 2 diabetes,
Parkinson's disease, and several cancers (Bakuradze et al., 2010; Cornelis et al.,, 2006). The dominant
pharmacologically active compound, however — caffeine — is also the most controversial, with
effects that depend critically on dose and individual biology.

Caffeine is a central nervous system stimulant that antagonizes adenosine Al and A2A receptors,
thereby promoting wakefulness, enhancing cognitive performance, and increasing sympathetic
tone. Its physiological footprint also includes acute elevation of heart rate and blood pressure, and —
in sensitive individuals — anxiety, insomnia, and arrhythmogenic stimuli (Mendoza et al., 2023). These
effects raise legitimate safety concerns at habitual intakes >3-4 cups/day, particularly in genetically
predisposed subgroups. Polymorphisms in the CYPIA2 gene have emerged as the principal genetic
determinants of interindividual variability in caffeine response and provide the mechanistic key to
reconcile the conflicting epidemiology of coffee and cardiovascular disease.
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THE CYPTA2 GENE AND CAFFEINE METABOLISM

The CYPIA2 gene, located on chromosome 15g24.1, encodes the cytochrome P450 1A2 enzyme — a
hepatic monooxygenase responsible for the demethylation of more than 90% of ingested caffeine to
paraxanthine, theobromine, and theophylline (Sachse et al, 1999; Nehlig, 2018). CYPIA2 thus
determines the systemic half-life of caffeine and, by extension, the duration of its sympathomimetic
and vasopressor effects.

The most extensively characterized variant is the intronic single-nucleotide polymorphism rs762551
(-163C>A). The A allele defines the high-activity 1A haplotype, while the C allele defines the low-
activity 1F haplotype. Functional studies have demonstrated that the A allele increases CYPIA2
inducibility — caffeine and other xenobiotic substrates upregulate enzyme expression more
efficiently on this background, leading to faster clearance (Sachse et al., 1999; Djordjevi¢ et al., 2010).
Carriers of at least one C allele show blunted induction and therefore prolonged caffeine exposure
for any given dose.

Three phenotypic classes follow from this biallelic variant: AA homozygotes (#*41% of the population)
are classified as rapid metabolizers; AC heterozygotes (*44%) as intermediate; and CC homozygotes
(*15%) as slow metabolizers (Sachse et al,, 1999). Because the AC and CC groups both show impaired
caffeine clearance relative to AA, they are collectively referred to as slow metabolizers (*59% of the
population) in most clinical and epidemiological analyses. This bimodal stratification is the basis for
genotype-guided caffeine recommendations and underpins the entire body of evidence reviewed
below.

COFFEE CONSUMPTION AND CARDIOVASCULAR RISK

Myocardial Infarction Risk

Cornelis et al. (2006) conducted a landmark population-based case-control study in Costa Rica
(n=4,000), explicitly designed to test the interaction between CYPIA2 rs762551 genotype and habitual
coffee intake on non-fatal myocardial infarction (Ml).

Among slow metabolizers (C allele carriers; *59% of the population), heavy coffee consumption was
strongly associated with infarction, and the risk was most pronounced in the younger age stratum.
In slow metabolizers younger than 59 years of age, =4 cups/day raised the odds of MI by 133% relative
to <1 cup/day (OR 2.33; 95% Cl 1.39-3.89). The age-stratified analysis showed that this effect drove the
overall signal in slow metabolizers, while in the older subgroup it was attenuated. A clear dose—
response gradient was apparent — 2-3 cups/day already carried a moderately elevated risk in slow
metabolizers (Cornelis et al.,, 2006).

In rapid metabolizers (AA homozygotes), no excess Ml risk was observed at any intake level. On the
contrary, moderate intake (1-3 cups/day) was associated with a 25-45% lower Ml risk, suggesting that
the antioxidant and anti-inflammatory constituents of coffee can exert their protective effect when
caffeine is cleared efficiently (Cornelis et al,, 2006). The genotype x intake interaction was statistically
significant, formally establishing CYPIAZ2 rs762551 as an effect modifier of the coffee-MI relationship.
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Mechanistically, prolonged caffeine exposure in slow metabolizers sustains adenosine-receptor
blockade and sympathetic activation. Palatini et al. (2009) additionally reported higher urinary
epinephrine among coffee drinkers carrying the slow *1F allele, supporting a catecholamine-related
pathway that may contribute to vasoconstriction and blood-pressure elevation.

Hypertension

The HARVEST cohort (Palatini et al., 2009) followed 553 young Italian adults with stage-1 hypertension
risk for a median of 8.2 years. Heavy coffee intake (>3 cups/day) was associated with a nearly threefold
higher incidence of hypertension in slow metabolizers (HR 3.00; 95% CIl 1.53-5.90), whereas rapid
metabolizers were protected (HR 0.36; 95% Cl 0.14-0.89; P = 0.026). Guessous et al. (2012) extended
these findings to four European population cohorts (total n=16,700). In non-smokers, rapid
metabolizers exhibited both higher habitual caffeine intake and significantly lower systolic blood
pressure and lower hypertension prevalence than slow metabolizers; the genotype effect was
abolished in smokers, in whom tobacco-driven CYPIAZ2 induction masks polymorphism. These data
support CYPIA2 rs762551 as a genetic modifier of blood-pressure response and reduce concern about
reverse causation.

Renal Function

Mahdavi et al. (2023) extended the HARVEST cohort to 1,180 adults with stage-1 hypertension and
explicitly tested kidney endpoints. Slow metabolizers (C allele carriers) consuming >3 cups/day
showed a significantly elevated risk of alouminuria (adjusted hazard ratio [aHR] 2.74; 95% Cl 1.63-4.62),
hyperfiltration (aHR, 2.11; 95% CI 1.17-3.80), and hypertension (aHR, 2.81; 95% Cl, 1.51-5.23), with a clear
dose-response gradient. In rapid metabolizers, no association between coffee intake and any renal
endpoint was detected. These data suggest that high coffee intake is associated with less favorable
kidney-function markers in slow metabolizers, while no comparable association was observed in AA
homozygotes.

EXPERIMENTAL STUDIES ON ACUTE CAFFEINE RESPONSE

Controlled human trials provide a mechanistic complement to the epidemiological data. Soares et
al. (2018) administered a standardized caffeine dose to 37 healthy adults stratified by genotype,
habitual intake, and physical activity. Slow metabolizers showed significantly greater systolic blood-
pressure elevations after caffeine, with the largest responses observed in sedentary, non-habitual
users — precisely the profile most relevant for primary prevention.

Yoshihara et al. (2019), in a double-blind randomized trial in 201 healthy Japanese adults, confirmed
that caffeine acutely raised blood pressure in all participants but produced a substantially greater
rise in slow metabolizers, particularly those with low habitual intake. Pulse-rate and calculation-
speed responses were also assessed in a genotype-dependent framework.
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CLINICAL IMPLICATIONS AND TARGETED INTERVENTIONS

Carriers of one or two C alleles at rs762551 (*59% of the population) clear caffeine slowly and are
exposed to its sympathomimetic effects for several hours longer than rapid metabolizers. Across the
studies reviewed, this translates into a measurable excess of hypertension at >3 cups/day (HR 3.00;
95% CI 1.53-5.90; Palatini et al,, 2009), myocardial infarction in slow metabolizers <59 years at 24
cups/day (OR 2.33; +133%; Cornelis et al., 2006), adverse acute blood-pressure responses, and less
favorable kidney-function markers at >3 cups/day, including albuminuria (@HR 2.74) and
hyperfiltration (aHR 2.11; Mahdavi et al., 2023). Beyond cardiovascular and renal endpoints, prolonged
caffeine exposure also increases caffeine-related tolerability concerns, including insomnia, anxiety,
and panic symptoms. Potential effects on calcium balance and bone health have been discussed in
the broader coffee literature, particularly in susceptible groups (Bae et al.,, 2014, Nehlig, 2018).

Because no pharmacological agent currently modulates CYPIA2 activity in a clinically usable manner,
the targeted intervention in slow metabolizers is exposure control rather than drug therapy. Three
evidence-informed measures are reasonable for reducing caffeine exposure in slow metabolizers: (i)
limiting caffeine to <200 mg/day, equivalent to roughly two standard cups of filter coffee, which
keeps intake below the higher coffee/caffeine exposure categories associated with adverse
cardiovascular signals in slow metabolizers in Cornelis et al. (2006) and Palatini et al. (2009); (ii)
substituting decaffeinated coffee, which preserves the polyphenol, chlorogenic-acid, and melanoidin
load — the constituents responsible for the antioxidant and anti-inflammatory benefit — while
removing the metabolic burden (Bakuradze et al., 2010); and (iii) avoiding caffeine intake after early
afternoon, since the prolonged half-life in slow metabolizers reliably impairs sleep architecture and
indirectly worsens blood-pressure control (Nehlig, 2018). For rapid metabolizers, by contrast, the
same body of evidence supports moderate-to-higher habitual coffee intake as safe for the reviewed
CYPI1A2-related cardiovascular outcomes and, in several analyses, net beneficial. Routine CYPIA2-
guided caffeine restriction is not warranted in this group and may forgo measurable cardiometabolic
protection (Cornelis et al., 2006; Guessous et al., 2012).

TABLE 1— PROMINENT HUMAN STUDIES ON CAFFEINE METABOLISM AND CYPIA2
GENOTYPE

STUDY (AUTHOR, DESIGN - POPULATION - SNP PRIMARY OUTCOME / KEY FINDINGS
YEAR)

Cornelis et al.,, Design: Case—control In slow metabolizers <59 years,

2006 Population: ~4,000 total (M| cases + heavy coffee intake (24 cups/day)
matched controls), Costa Rica more than doubled Ml odds (OR
SNP: CYPIA2 rs762551 (-163C>A) 2.33; +133%); no increase in rapid

metabolizers, with a trend toward
25-45% lower Ml risk at 1-3 cups/day
(Cornelis, 20006).
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STUDY (AUTHOR, DESIGN - POPULATION - SNP PRIMARY OUTCOME / KEY FINDINGS
YEAR)

Palatini et al.,
2009

Mahdavi et al.,,
2023

Soares et al,,
2018

Djordjevi¢ et al.,
2010

Guessous et al.,
2012

Yoshihara et al.,
2019

Design: Prospective cohort
Population: 553 young ltalian adults
with stage-1 HTN risk; ~8 y follow-up
SNP: CYPIAZ2 rs762551 (-163C>A)

Design: Prospective cohort
(HARVEST extension)

Population: 1,180 adults with stage-1
hypertension, Italy

SNP: CYPIAZ2 rs762551 (-163C>A)

Design: Experimental trial

Population: 37 healthy adults, Brazil,
stratified by activity and habitual
caffeine use

SNP: CYPIAZ2 rs762551 (-163C>A)

Design: Cross-sectional (enzyme
activity)

Population: Healthy non-smokers
(Serbia and Sweden)

SNP: CYPIAZ2 rs762551 (-163C>A)

Design: Cohorts + Mendelian
randomization

Population: 4 European cohorts
(n=16,700), smokers vs non-smokers

SNP: CYPIAZ2 rs76255]1

Design: Double-blind RCT
Population: 201 healthy adults, Japan
SNP: CYPIAZ2 rs762551

Heavy coffee (>3 cups/day) raised
incident hypertension nearly
threefold in slow metabolizers (HR
3.00; 95% Cl 1.53-5.90); rapid
metabolizers were protected (HR
0.36; 95% CI 0.14-0.89; P = 0.026)
(Palatini, 2009).

Slow metabolizers consuming >3
cups/day had higher risks of
albuminuria (aHR 2.74),
hyperfiltration (aHR 2.11), and
hypertension (aHR 2.81); no
association was observed in rapid
metabolizers.

Slow metabolizers showed larger
acute systolic blood-pressure
increases after caffeine, with the
strongest effect in sedentary, non-
habitual users.

Coffee-induced CYPIAZ2 activity was
significantly stronger in AA carriers;
C-allele carriers showed blunted
inducibility (Djordjevic, 2010).

In non-smokers, AA genotype was
linked to lower blood pressure and
lower hypertension risk despite
higher caffeine intake; effect absent
in smokers (Guessous, 2012).

Caffeine acutely raised blood
pressure; significantly larger rise in
slow metabolizers, especially those
with low habitual intake (Yoshihara,
2019).
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CONCLUSION

The cardiovascular and metabolic effects of coffee are strongly modified by a single common variant
in the CYPIA2 gene. Carriers of one or two C alleles at rs762551 (*59% of the population) clear caffeine
slowly and show a quantifiable excess of hypertension, myocardial infarction, adverse acute blood-
pressure responses, sleep disturbance, and less favorable kidney-function markers, including
albuminuria and hyperfiltration (Mahdavi et al, 2023) at habitual intakes >3-4 cups/day. Rapid
metabolizers (AA homozygotes, =41%) clear caffeine efficiently and can retain the observed
cardioprotective association of coffee's antioxidant, polyphenol, and chlorogenic-acid load — with
some studies reporting up to *50% lower Ml risk relative to non-consumers.

Because the underlying enzyme activity cannot currently be modulated pharmacologically,
exposure control is the rational intervention. Three measures are supported by convergent evidence:
capping daily caffeine intake at <200 mg, substituting decaffeinated coffee (which retains the
beneficial polyphenols while removing the metabolic burden), and shifting intake to the early part of
the day. These recommendations apply specifically to slow metabolizers; in rapid metabolizers,
CYP1A2-guided caffeine restriction is not indicated by the reviewed evidence and may forgo
measurable benefit.

Genotyping for CYPIA2 rs762551 provides a clinically actionable, low-cost basis for personalized
caffeine advice. It is one of the clearest examples of nutrigenetics translating directly into everyday
dietary decisions and exemplifies how a single SNP can convert a population-level recommendation
into individualized cardiovascular prevention.
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