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ABSTRACT
Background: Coffee is one of the most widely consumed stimulants
worldwide and is generally considered to be safe or even beneficial
for health. However, increased risk of myocardial infarction and
hypertension has been suggested for individuals who carry a
functional variant at cytochrome P450 1A2 (CYP1A2), which makes
them less effective at metabolizing caffeine.
Objectives: The aim of this study was to examine if the CYP1A2
genotype or a genetic score for caffeine metabolism (caffeine-GS)
modifies the association between habitual coffee consumption and
the risk of cardiovascular disease (CVD).
Methods: Genetic data and information on habitual coffee intake
and relevant covariates were available for 347,077 individuals in the
UK Biobank, including 8368 incident CVD cases. We used logistic
regression to test for the association between coffee intake and CVD
risk, and whether the association varies with CYP1A2 genotype or
caffeine-GS.
Results: The association between habitual coffee intake and CVD
risk was nonlinear, and, compared with participants drinking 1–2
cups/day, the risk of CVD was elevated for nondrinkers, drinkers
of decaffeinated coffee, and those who reported drinking >6
cups/day (increase in odds by 11%, 7%, and 22%, respectively, P-
curvature = 0.013). CYP1A2 genotype and caffeine-GS were not
associated with CVD (P ≥ 0.22 for all comparisons). There was
no evidence for an interaction between the CYP1A2 genotype or
caffeine-GS and coffee intake with respect to risk of CVD (P ≥ 0.53).
Conclusions: Heavy coffee consumption was associated with a
modest increase in CVD risk, but this association was unaffected by
genetic variants influencing caffeine metabolism. Am J Clin Nutr
2019;109:509–516.
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Introduction
Coffee is one of the most widely consumed beverages

worldwide (1), with an estimated 3 billion cups drunk daily
(2). Hence, even relatively modest individual health effects of
coffee would have important public health implications. The
health benefits and risks of coffee have long been debated, with
various outcomes reported (3). In terms of cardiovascular disease
(CVD), although randomized controlled trials demonstrate that
intake of caffeine, the most prominent bioactive compound of
coffee, leads to acute increases in blood pressure (BP) (4, 5),
evidence from observational studies looking at habitual coffee
consumption typically does not indicate any increase in risk. A
recent meta-analysis summarizing evidence from 36 prospective
studies, involving a total of 1,279,804 participants and 36,352
cases of CVD (6), suggested a U-shaped association between
habitual coffee intake and CVD risk, with the authors concluding
that 3–5 cups/day is most beneficial, and further that heavy
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consumption is not associated with elevated risk. The possible
cardioprotective effect could reflect the components of coffee
that have antioxidant and anti-inflammatory actions (7), such as
phenolic compounds, diterpenes, trigonelline, and melanoidins,
possibly acting through epigenetic modifications (8).

In addition to studies looking into the direct associations
with habitual coffee consumption, some gene-coffee interaction
studies have suggested that the effect of coffee on CVD risk may
be modified by a functional variant (rs762551) of the cytochrome
P450 1A2 gene (CYP1A2), its encoded protein metabolizing
∼95% of caffeine in the liver and exhibiting a wide inherited
interindividual variability in activity (9). The CYP1A2 variant is
associated with the inducibility of CYP1A2, such that CYP1A2
C allele carriers (∼32% of the European population) metabolize
caffeine less effectively than AA carriers (10, 11). In a matched
case-control study involving 2014 cases of nonfatal myocardial
infarction (MI), greater habitual coffee intake was associated
with increased risk of MI but only among the "slow" caffeine
metabolizers (12), with a trend toward a protective effect in the
"fast" caffeine metabolizers. Evidence for a similar coffee-by-
CYP1A2 interaction has been observed with respect to BP and
the risk of hypertension (13, 14), with the authors of 1 of these
studies recommending that the slow caffeine metabolizers should
abstain from coffee drinking (14).

Although case-control and high-risk cohort studies are effec-
tive in accumulating sufficient numbers of cases and boosting
statistical power, they are more prone to selection bias, and results
generated from these studies may not be directly applicable to
the general population. The aim of the current study was to
replicate the coffee-by-CYP1A2 interaction with respect to CVD
in a large population-based cohort, the UK Biobank, consisting
of 347,077 individuals and 8368 CVD cases. In addition, with
the recent discovery of further genetic determinants affecting
caffeine metabolism (16), we also investigated the gene-coffee
interaction using a genetic score constructed based on 8 genome-
wide significant variants.

Methods

Participants

The UK Biobank is a large prospective cohort study with
>500,000 participants aged 37–73 y recruited from 22 assess-
ment centers across the United Kingdom between 2006 and
2010 with the aim of improving the prevention, diagnosis, and
treatment of diseases of middle and old age (17, 18). The study
included genome-wide genotyping of all participants and a wide
range of data from health and lifestyle questionnaires; analyses
of blood, urine, and saliva samples; and clinical assessments.
Information on health outcomes has been enhanced by the linkage
to electronic health records and mortality registrations. Details of
the recruitment and data collection in the UK Biobank have been
described elsewhere (19, 20). All participants provided informed
consent (20). Participants have the ability to withdraw their
consent at any time, and these analyses exclude 23 individuals
who have done so to date. We have further restricted the
analyses to individuals who were identified as white British
Caucasians based on self-report and genetic profiling and further
excluded participants with mismatched information between self-
reported and genetic sex. Genetic profiling identified patterns of

relatedness in the UK Biobank (21), and in this study we allow
for a maximum of 2 members from each family. Final analyses
were conducted among individuals with complete information
on cardiovascular traits, coffee intake, and relevant covariates
(n = 347,077, Supplemental Figure 1). The present study was
conducted under UK Biobank application number 20175. The
UK Biobank study was approved by the National Information
Governance Board for Health and Social Care and the North West
Multicentre Research Ethics Committee.

Habitual coffee intake

Information on coffee consumption (cups/day) was obtained
via a question in which participants were asked to report
“How many cups of coffee do you drink each day? (include
decaffeinated coffee).” Among the coffee drinkers, a further
question was asked about the types of coffee. We grouped
the participants according to their daily coffee intake into 7
categories, namely nondrinkers, those drinking decaffeinated
coffee, and those drinking caffeinated coffee, with further
subgrouping based on the average daily amount (<1, 1–2, 3–4,
5–6, and >6 cups). Information on tea intake (cups/day) was also
available. We approximated habitual caffeine intakes (mg/day)
by combining information on coffee and tea consumption and
assuming that 1 cup of coffee and tea contained approximately
75 and 40 mg of caffeine, respectively (22). Participants who
indicated that they drank <1 cup of coffee or tea per day were
assigned a value of 0.5. Individuals who reported drinking ≥15
cups of tea or coffee per day were grouped together as 15
cups/day. We examined the influence of participants reporting
very high coffee or tea intakes (≥16 cups/day, N = 1437), but
the treatment of these outliers did not alter the findings (data not
shown). Further information on other sources of caffeine was not
available in the UK Biobank and hence could not be included in
the estimation of habitual caffeine intake. As a result, caffeine
intake was only used as a secondary exposure.

Cardiovascular traits

Our primary outcome was incident CVD, with prevalent
CVD and systolic and diastolic blood pressure (SBP and DBP)
measured during the baseline assessment used as secondary
outcomes. Incident CVD events (i.e., those who had their
first CVD-related diagnosis after the baseline visit), including
coronary artery disease (CAD), stroke, and peripheral artery
disease, were identified using data linkage to Hospital Episodes
Statistics and mortality data (23). Fatal cases of CVD were
identified using mortality data. Cases were classified using
International Classification of Diseases (versions 9 and 10), as
well as Classification of Interventions and Procedures (Supple-
mental Table 1). Prevalent CVD cases were participants with a
recording of a CVD diagnosis in the Hospital Episodes Statistics
prior to the baseline visit. BP was measured using digital
monitors (HEM-7015IT; Omron Healthcare Inc.). We calculated
the mean SBP and DBP values from the 2 BP measurements,
and according to common practice in studies of this kind (23,
24), accounted for medication use by adding 15 and 10 mm Hg
to SBP and DBP, respectively, for participants reported to be
taking antihypertensive medication (20.8% of individuals) (23).
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Sensitivity analyses were conducted by adjusting for medication
use in the models using BPs as the outcome, with no differences
in findings compared to those reported (data not shown).

Covariates

A diverse range of covariates was considered, with all
measures obtained during the baseline assessment. These covered
basic demographics (age, sex, and location); anthropometric
measures (BMI and waist circumference); lifestyle factors,
including smoking (nonsmokers, ex-smokers, and those smoking
<1–5, 6–10, 11–15, 16–20, 21–25, or >25 cigarettes/day),
alcohol intake (never, special occasion only, and those drinking
1–3 times/month, 1 or 2 times/week, 3–4 times/week, or ≥5
times/week), intensity of physical activity (light, moderate, or
vigorous), and habitual tea intake (<1, 1–2, 3–4, or >4 cups/day);
general health indicators, including self-reported health status
(poor, fair, good, or excellent), and long-term illness (no, or yes).
Socioeconomic status was approximated using the Townsend
deprivation index reflecting area deprivation (25) and education
[none, National Vocational Qualification (NVQ)/Certificate of
Secondary Education (CSE)/Advanced levels (A-levels), or
degree/professional]. For smoking, 68% of current smokers did
not indicate the number of cigarettes that they smoked each day.
For those participants, we assigned the median of the number of
cigarettes/day, 15.

CYP1A2 genotyping and genetic score for caffeine
metabolism

UK Biobank was genotyped by 2 arrays that share 95%
common content (UK BiLEVE array for 50,000 participants
and UK Biobank Axiom array for 450,000 participants),
covering ∼800,000 single-nucleotide polymorphisms (SNPs)
and insertion-deletion markers. The genotype data underwent
centralized quality controls and ∼96 million SNPs were imputed
using the UK10K haplotype reference panel merged with the
1000 Genomes Phase 3 reference panel. For more detail,
see http://biobank.ctsu.ox.ac.uk/showcase/label.cgi?id=100314).
CYP1A2 (rs762551) was directly genotyped, with a call rate
of 99.8% and a minor allele frequency of 0.27, and its
genotype distribution follows the Hardy-Weinberg equilibrium
(P = 0.75). The genetic score for metabolism (caffeine-GS) was
constructed by combining 8 genome-wide significant variants
near aryl hydrocarbon receptor (AHR) and CYP1A2 for caf-
feine metabolites, including rs4410790, rs6968554, rs10275488,
rs2892838, rs12909047, rs35107470, rs2470893, and rs2472297
(16). CYP1A2 (rs762551) was in modest linkage disequilibrium
with the other CYP1A2 variants (R2 = 0.05–0.29), and it
was excluded from the caffeine-GS as it was not among the
top hits of the genome-wide study (16). A higher caffeine-
GS score indicates slower caffeine metabolism. Information
regarding the variants for the caffeine-GS and construction of
the caffeine-GS is detailed in the Supplemental Material and
Supplemental Table 2. Because CYP1A2 rs762551 variant and
caffeine-GS were highly correlated (P < 1.0 × 10–300), and the
functional effect on caffeine metabolism has been determined
only for CYP1A2 in a caffeine challenge test (10, 11), our
primary analyses were based on CYP1A2, and caffeine-GS

was considered as a secondary genetic determinant of caffeine
metabolism.

Statistical analyses

The associations between habitual coffee intake and inci-
dent CVDs were examined using multiple logistic regression,
adjusting for baseline SBP, as well as a range of covariates
covering demographic, anthropometric, lifestyle, general health,
and socioeconomic aspects of participants (see the Covariates
section above). Due to the nonlinear association between coffee
intake and CVD, we used a continuous coffee intake indicator
(cups/day) in the interaction analyses and included the quadratic
term coffee2 in the model to allow for the nonlinearity. The
first model to test for the SNP-by-coffee interaction allowed for
interaction with both the linear and quadratic terms of coffee.

Model 1 : CVD = coffee + coffee2 + SNP + coffee × SNP

+ coffee2 × SNP + other covariates (1)

In the absence of interaction with the quadratic term, the model
was then simplified to only allow for interaction with the linear
term.

Model 2 : CVD = coffee + coffee2 + SNP + coffee × SNP

+ other covariates (2)

The significance of the interaction was determined based on
the highest level interaction term in the model, and here, lack
of interaction was inferred when neither coffee2 × SNP (Model
1) nor coffee × SNP (Model 2) were significant at the 5%
level. Interactions by smoking and age were examined in the
corresponding manner, replacing “SNP” above with smoking or
age as relevant and by adding further 3-way interactions with
coffee-SNP-smoking where relevant.

All models were weighted by (1 – kinship coefficient) (26) to
account for relatedness, and models including genetic variants
were additionally adjusted for the SNP genotyping array (UK
BiLEVE array/UK Biobank Axiom array) and for the top 15
principal components accounting for population structure. All
analyses were performed using STATA version 14.1 (StataCorp
LP).

Results
Table 1 shows the patterns of coffee consumption and lists

the incidence of CVD by participant characteristics. In contrast
to notable variations seen with respect to these phenotypic
indicators, distributions of demographics, lifestyle, general
health, and socioeconomic factors were reasonably balanced
across the CYP1A2 rs762551 genotype and caffeine-GS quartiles
(Supplemental Table 3). An exception was tea consumption,
which slow caffeine metabolizers tended to drink less of than fast
caffeine metabolizers (P = 1.1 × 10–30 for CYP1A2 rs762551,
P = 2.5 × 10–170 for caffeine-GS quartiles, Supplemental Table
3). The numbers of incident and prevalent CVD cases are
shown in Supplemental Table 4. CYP1A2 rs762551 C allele
carriers (slow metabolizers) tended to drink less coffee than the
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TABLE 1 Patterns of habitual coffee consumption and incidence of CVD by baseline characteristics in the UK Biobank1

Coffee intake (cups/day) Incident CVD2

N (%) None, % Decaf, % <1, % 1–2, % 3–4, % 5–6, % >6, % P Case, % P

Age
<65 y 278,548 (80.3) 21.3 15.3 5.8 30.7 17.4 7.2 2.4 0.53 2.1 1.60 ×10–265

≥65 y 68,529 (19.7) 17.5 17.8 5.4 34.8 17.0 5.8 1.7 4.7
Sex

Male 160,108 (46.1) 18.8 12.7 5.9 32.2 19.3 8.3 2.9 <1.0 × 10–300 3.9 <1.0 × 10–300

Female 186,969 (53.9) 22.1 18.4 5.5 30.8 15.6 5.7 1.8 1.5
BMI

<18.5 kg/m2 1729 (0.5) 25.8 15.2 6.1 30.5 13.7 5.7 3.0 6.51 × 10–30 2.6 7.57 × 10–62

18.5–<25 kg/m2 114,924 (33.1) 21.0 15.9 6.1 33.8 16.0 5.4 1.9 1.8
25–<30 kg/m2 149,184 (43.0) 19.7 15.7 5.6 31.4 18.1 7.3 2.3 2.8
≥30 kg/m2 81,240 (23.4) 21.5 15.7 5.4 28.3 17.8 8.4 2.9 3.4

Smoking
Nonsmokers 190,951 (55.0) 21.7 17.3 5.9 31.8 16.4 5.6 1.5 <1.0 × 10–300 2.0 1.38 × 10–158

Ex-smokers 122,555 (35.3) 19.2 15.0 5.6 32.6 18.2 7.2 2.1 3.0
<1–5 cigs/d 2432 (0.70) 18.8 11.6 5.1 32.2 19.7 9.9 2.8 2.3
6–10 cigs/d 5659 (1.63) 20.8 10.8 4.8 24.0 20.5 12.7 6.5 3.6
11–15 cigs/d 16,408 (4.73) 17.8 10.6 5.3 28.4 20.5 11.8 5.7 4.1
16–20 cigs/d 5866 (1.69) 21.0 8.9 4.0 19.3 17.5 17.6 11.8 5.9
21–25 cigs/d 1420 (0.41) 21.2 7.9 3.7 19.2 17.0 18.5 12.7 7.5
>25 cigs/d 1786 (0.51) 24.8 7.1 4.3 18.3 13.1 15.0 17.5 7.8

Alcohol intake
Nondrinkers 21,635 (6.2) 35.8 17.7 4.3 21.1 11.7 6.3 3.3 <1.0 × 10–300 3.4 2.51 × 10–33

Special occasions or
1–3 times/mo

73,529 (21.2) 26.3 18.7 5.8 26.3 13.3 6.7 2.9 2.6

1 or 2 times/wk 91,583 (26.4) 20.7 16.8 5.9 31.3 16.4 6.7 2.1 2.5
3 or 4 times/wk 85,113 (24.5) 16.4 15.1 5.9 34.5 19.5 6.9 1.9 2.3
Daily or almost daily 75,217 (21.7) 15.3 11.8 5.5 36.3 21.4 7.7 2.1 2.8

Tea intake
<1 cup/d 60,581 (17.5) 12.9 17.5 1.8 16.8 25.5 18.1 7.4 <1.0 × 10–300 2.6 8.14 × 10–10

1–2 cups/d 75,010 (21.6) 10.0 16.4 3.0 35.2 24.7 8.7 1.9 2.4
3–4 cups/d 102,641 (29.6) 19.0 16.4 6.3 37.4 17.2 3.3 0.6 2.5
>4 cups/d 108,845 (31.4) 33.7 13.8 9.2 31.5 7.8 2.9 1.2 2.8

Physical activity
Light 105,271 (30.3) 21.4 15.9 5.9 29.3 17.4 7.6 2.6 1.25 × 10–12 2.8 1.15 × 10–10

Moderate 172,294 (49.6) 19.6 15.9 5.7 32.7 17.6 6.5 2.0 2.4
Vigorous 69,512 (20.0) 21.7 15.4 5.3 31.9 16.5 6.8 2.6 2.8

Education
None 58,108 (16.7) 26.0 15.7 5.0 29.3 14.6 6.6 2.8 7.49 × 10–240 4.2 1.49 × 10–34

NVQ/CSE/A-levels 125,856 (36.3) 22.1 15.6 5.7 30.2 16.7 7.2 2.5 2.4
Degree/professional 163,113 (47.0) 17.5 15.9 6.0 33.2 18.7 6.8 2.0 2.2

Townsend deprivation
index quartiles
Q1 (lowest) 86,709 (25.0) 18.2 18.1 5.6 32.0 18.0 6.5 1.8 2.34 × 10–8 2.4 8.16 × 10–41

Q2 86,784 (25.0) 19.6 16.9 5.6 31.6 17.6 6.8 1.9 2.4
Q3 86,811 (25.0) 20.6 15.6 5.9 31.6 17.2 6.9 2.3 2.6
Q4 (highest) 86,773 (25.0) 24.0 12.5 5.8 30.7 16.4 7.4 3.2 3.0

Self-rated health
Excellent 59,487 (17.1) 18.4 15.2 5.6 33.8 18.7 6.4 1.9 1.09 × 10–86 1.6 1.15 × 10–229

Good 206,750 (59.6) 19.9 16.1 5.7 32.0 17.5 6.7 2.1 2.3
Fair 68,256 (19.7) 23.3 15.6 5.6 28.9 16.1 7.7 2.9 3.8
Poor 12,584 (3.63) 28.4 13.9 5.9 25.9 13.7 7.8 4.5 6.3

Long-term illness
No 237,405 (68.4) 19.8 15.3 5.7 32.4 17.9 6.8 2.1 3.16 × 10–109 2.1 6.31 × 10–95

Yes 109,672 (31.6) 22.4 16.8 5.7 29.5 15.9 7.1 2.6 3.8

1P values were adjusted for age, sex, and assessment center, and also accounted for relatedness closer than second-degree relatives. A levels, Advanced levels; cig, cigarette;
CSE, Certificate of Secondary Education; CVD, cardiovascular disease; decaf, decaffeinated; NVQ, National Vocational Qualification; Q, quartile.

2Includes mortality and all CVD-related hospitalizations.

others, and a similar strong pattern was seen with increasing
quartiles in caffeine-GS (Supplemental Table 5). There was no
association between CYP1A2 rs762551 or caffeine-GS with any
CVD incident or prevalent outcome (P ≥ 0.22 for all, Table 2 and
Supplemental Table 5). In cross-sectional analyses, we observed a
clear pattern for an association between slow caffeine metabolism
(indexed by CYP1A2 rs762551 C allele or a higher caffeine-GS
quartile) and higher BP (Supplemental Table 5).

Coffee intake and incident CVD

In models adjusting for demographic, anthropometric,
lifestyle, general health, and socioeconomic covariates in
addition to baseline BP, compared with light coffee drinkers
(1–2 cups/day), the odds of incident CVD were 11%, 7%, and
22% higher for nonhabitual, decaffeinated, and heavy drinkers
(>6 cups/day), respectively (P-curvature = 0.013, Table 2 and
Figure 1). This U-shaped pattern was mainly reflective of the
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TABLE 2 Phenotypic and genetic associations with incident CVD1

Incident CVD2 Incident CAD Incident stroke Fatal CVD

N (%) Case (%) OR (95% CI) Case (%) OR (95% CI) Case (%) OR (95% CI) Case (%) OR (95% CI)

Coffee intake
Nondrinkers 66,140 (20.5) 1767 (2.7) 1.11 (1.04, 1.18) 1356 (2.1) 1.13 (1.06, 1.23) 523 (0.8) 1.10 (0.98, 1.24) 439 (0.7) 1.14 (0.99, 1.31)
Decaf drinkers 50,861 (15.8) 1266 (2.5) 1.07 (1.0, 1.15) 956 (1.9) 1.10 (1.01, 1.19) 406 (0.8) 1.11 (0.98, 1.25) 269 (0.5) 1.07 (0.92, 1.24)
<1 cup/d 18,023 (5.6) 453 (2.5) 1.01 (0.91, 1.12) 364 (2.0) 1.08 (0.97, 1.22) 130 (0.7) 0.98 (0.81, 1.20) 99 (0.6) 1.0 (0.80, 1.25)
1–2 cup/d 102,208 (31.7) 2512 (2.5) Referent 1863 (1.8) Referent 759 (0.8) Referent 552 (0.6) Referent
3–4 cups/d 56,237 (17.4) 1461 (2.6) 1.04 (0.97, 1.12) 1114 (2.0) 1.07 (0.99, 1.16) 425 (0.8) 1.01 (0.89, 1.14) 307 (0.6) 0.98 (0.85, 1.14)

5–6 cups/d 22,217 (6.9) 636 (2.9) 1.05 (0.95, 1.15) 499 (2.3) 1.11 (0.99, 1.23) 159 (0.7) 0.88 (0.74, 1.06) 161 (0.7) 1.07 (0.88, 1.30)
>6 cups/d 7246 (2.2) 273 (3.8) 1.22 (1.07, 1.40) 199 (2.8) 1.22 (1.04, 1.42) 78 (1.1) 1.19 (0.93, 1.52) 65 (0.9) 1.03 (0.78, 1.36)
P 0.012 0.014 0.13 0.50
P-curvature 0.013 0.0022 0.21 0.015

Caffeine intake3

quintiles
Q1 (lowest) 66,387 (20.5) 1641 (2.5) Referent 1222 (1.9) Referent 526 (0.8) Referent 370 (0.6) Referent
Q2 67,926 (21.0) 1696 (2.5) 0.95 (0.88, 1.02) 1286 (1.9) 0.96 (0.89, 1.04) 517 (0.8) 0.91 (0.80, 1.02) 372 (0.6) 0.90 (0.78, 1.04)
Q3 62,475 (19.3) 1484 (2.4) 0.87 (0.81, 0.94) 1148 (1.8) 0.90 (0.83, 0.98) 433 (0.7) 0.80 (0.70, 0.91) 346 (0.6) 0.89 (0.77, 1.03)
Q4 62,903 (19.4) 1596 (2.5) 0.91 (0.85, 0.98) 1223 (2.0) 0.93 (0.86, 1.01) 450 (0.7) 0.82 (0.72, 0.93) 366 (0.6) 0.90 (0.77, 1.04)
Q5 (highest) 64,025 (19.8) 1951 (3.0) 0.99 (0.92, 1.06) 1472 (2.3) 0.99 (0.92, 1.07) 554 (0.9) 0.92 (0.82, 1.05) 438 (0.7) 0.89 (0.77, 1.02)
P 0.0005 0.085 0.004 0.45
P-curvature 0.013 0.0083 0.16 0.010

CYP1A2 rs762551
Fast 170,954 (52.9) 4439 (2.6) Referent 3367 (2.0) Referent 1329 (0.8) Referent 987 (0.6) Referent
Slow 152,176 (47.1) 3915 (2.6) 0.98 (0.94, 1.03) 2974 (2.0) 0.99 (0.94, 1.04) 1145 (0.8) 0.96 (0.88, 1.04) 904 (0.6) 1.02 (0.93, 1.12)
P 0.49 0.58 0.31 0.69

Caffeine-GS4

quartiles
Q1 (lowest) 80,725 (25.0) 2140 (2.7) Referent 1613 (2.0) Referent 638 (0.8) Referent 504 (0.6) Referent
Q2 69,252 (21.4) 1743 (2.5) 0.96 (0.90, 1.03) 1334 (1.9) 0.98 (0.91, 1.06) 497 (0.7) 0.92 (0.81, 1.03) 393 (0.6) 0.93 (0.82, 1.07)
Q3 87,657 (27.1) 2257 (2.6) 0.98 (0.92, 1.04) 1715 (2.0) 0.98 (0.92, 1.06) 667 (0.8) 0.97 (0.87, 1.08) 498 (0.6) 0.93 (0.82, 1.05)
Q4 (highest) 85,496 (26.5) 2214 (2.6) 1.0 (0.94, 1.06) 1679 (2.0) 1.01 (0.94, 1.08) 672 (0.8) 1.01 (0.91, 1.13) 496 (0.6) 0.97 (0.85, 1.1)
P 0.53 0.83 0.36 0.65
P-trend 0.93 0.79 0.68 0.59

1P values are from Wald test unless otherwise indicated. All models were weighted by (1 – kinship coefficient) to account for relatedness and adjusted for basic demographics
(age, sex, and location), anthropometric measures (BMI and waist circumference), lifestyle factors (smoking, alcohol intake, habitual tea intake, and physical activity), general
health indicators (self-reported health and long-term illness), socioeconomic status (Townsend deprivation index and education), and baseline systolic blood pressure. Models
including CYP1A2 rs762551 or caffeine-GS additionally adjusted for the top 15 principal components and SNP genotyping array. CAD, coronary artery disease; caffeine-GS,
genetic score for caffeine metabolism; CVD, cardiovascular disease; CYP1A2, cytochrome P450 1A2; decaf, decaffeinated; Q, quintile; SNP, single-nucleotide polymorphism.

2Includes mortality and all CVD-related hospitalizations.
3Estimated based on daily consumption of coffee (75 mg/cup) and tea (40 mg/cup).
4A higher caffeine-GS score indicates slower caffeine metabolism.

association between coffee consumption and incident CAD
(6078 cases), although the notably wider confidence intervals
around effect estimates for associations with stroke (2092 cases)
and fatal CVD (1892 cases) covered those seen for CAD in all
groups (Table 2). A similar U-shaped association was observed
for habitual caffeine intake combining information on coffee
and tea intake (Table 2, P-curvature = 0.013 for incident CVD).
In contrast, for prevalent cases, the odds of CVD was increased
for nonhabitual and decaffeinated drinkers, but no increases in
risk were seen for higher intake groups (Supplemental Table
5 and Supplemental Figure 3). There was a strong inverse
association between habitual coffee consumption with SBP
and DBP among coffee drinkers (Supplemental Figure 4 and
Supplemental Table 5). Compared with participants drinking 1–2
cups of caffeinated coffee per day, those drinking decaffeinated
coffee had on average lower BP (Supplemental Figure 4 and
Supplemental Table 5).

Effect modification by caffeine metabolism variants

In models investigating possible effect modification by
CYP1A2 rs762551 genotype or caffeine-GS on the association

between coffee intake and incident CVD, we found no evi-
dence for interaction, with all patterns between habitual coffee
consumption and CVD being practically identical regardless of
genotype (P ≥ 0.53 for both, Figure 1 and Supplemental Figure
2). There also was no evidence for interaction between coffee
consumption and CYP1A2 genotype with respect to prevalent
CVD and any BP indicator (P ≥ 0.78 for all, Supplemental
Figures 3 and 4). We also observed no evidence of gene-by-
coffee-by-smoking or gene-by-coffee-by-age interactions with
respect to any CVD outcome or BP (P ≥ 0.11 for all, data not
shown).

Discussion
In line with an earlier meta-analyses of prospective studies

(6), we observed a nonlinear association between habitual coffee
intake and CVD risk, with light coffee consumers (1–2 cups/day)
having the lowest risk and an elevated risk seen for nonhabitual
and decaffeinated coffee drinkers, as well as for heavy drinkers
(>6 cups/day). However, unlike earlier smaller gene-by-coffee
interaction studies (12, 14), we saw no evidence to suggest that
the association between coffee consumption and long-term risk
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ALL
Non-drinkers
Decaf drinkers
< 1 cup/day
1-2 cups/day
3-4 cups/day
5-6 cups/day
> 6 cups/day

CYP1A2 AA (FAST)
Non-drinkers
Decaf drinkers
< 1 cup/day
1-2 cups/day
3-4 cups/day
5-6 cups/day
> 6 cups/day

CYP1A2 CA+CC (SLOW)
Non-drinkers
Decaf drinkers
< 1 cup/day
1-2 cups/day
3-4 cups/day
5-6 cups/day
> 6 cups/day

Meta-analysis of 36 prospective studies 1

Lowest
Third highest
Second highest
Highest

intake
Coffee

1,767
1,266
453
2,512
1,461
636
273

916
640
252
1,331
789
358
153

846
621
201
1,179
672
276
120

8,299
10,492
10,120
5,404

Cases

1.11 (1.04, 1.18)
1.07 (1.00, 1.15)
1.01 (0.91, 1.12)
1.00 (1.00, 1.00)
1.04 (0.97, 1.12)
1.05 (0.95, 1.15)
1.22 (1.07, 1.40)

1.09 (1.00, 1.20)
1.02 (0.92, 1.13)
1.07 (0.93, 1.23)
1.00 (1.00, 1.00)
1.06 (0.97, 1.17)
1.09 (0.96, 1.24)
1.24 (1.03, 1.49)

1.12 (1.02, 1.23)
1.12 (1.01, 1.24)
0.94 (0.81, 1.10)
1.00 (1.00, 1.00)
1.02 (0.92, 1.13)
0.99 (0.86, 1.14)
1.20 (0.98, 1.47)

1.12 (1.07, 1.18)
1.00 (1.00, 1.00)
0.96 (0.89, 1.02)
1.07 (0.97, 1.17)

OR (95% CI)

1.11 (1.04, 1.18)
1.07 (1.00, 1.15)
1.01 (0.91, 1.12)
1.00 (1.00, 1.00)
1.04 (0.97, 1.12)
1.05 (0.95, 1.15)
1.22 (1.07, 1.40)

1.09 (1.00, 1.20)
1.02 (0.92, 1.13)
1.07 (0.93, 1.23)
1.00 (1.00, 1.00)
1.06 (0.97, 1.17)
1.09 (0.96, 1.24)
1.24 (1.03, 1.49)

1.12 (1.02, 1.23)
1.12 (1.01, 1.24)
0.94 (0.81, 1.10)
1.00 (1.00, 1.00)
1.02 (0.92, 1.13)
0.99 (0.86, 1.14)
1.20 (0.98, 1.47)

1.12 (1.07, 1.18)
1.00 (1.00, 1.00)
0.96 (0.89, 1.02)
1.07 (0.97, 1.17)

OR (95% CI)

00000000000

00000000000

00000000000

00000000000

Referent

Referent

Referent

Referent

1.8 1 1.2 1.4 1.60

FIGURE 1 Association of habitual coffee intake with incident of CVD in the UK Biobank and in an earlier meta-analysis of 36 prospective studies involving
1,279,804 individuals and 36,352 cases (6). In the UK Biobank, results are presented for the whole cohort and stratified by CYP1A2 genotype. All models were
weighted by (1 – kinship coefficient) to account for relatedness and adjusted for basic demographics (age, sex, and location), anthropometric measures (BMI
and waist circumference), lifestyle factors (smoking, alcohol intake, physical activity, and habitual tea intake), general health indicators (self-reported health
and long-term illness), socioeconomic status (Townsend deprivation index and education), and baseline systolic blood pressure. For the meta-analysis by Ding
et al. 2014 (6), adjustments vary between studies. Median and range (cups/day) for the lowest, third highest, second highest, and highest intake groups are 0
(0–2.5), 1.5 (0.5–3.5), 3.5 (1–6.5), and 5.5 (1.25–11.25), respectively. CVD, cardiovascular disease; CYP1A2, cytochrome P450 1A2; decaf, decaffeinated.

of CVD is affected by genetic variants influencing the rate of
caffeine metabolism.

The U-shaped association between habitual coffee intake and
CVD risk is consistent with a meta-analysis of 36 prospective
studies involving 1,279,804 participants and 36,352 CVD cases
(6), although the associations observed for moderate and heavy
drinkers (compared with the light drinkers) in our study were
stronger. In contrast, our study and the earlier meta-analysis
(6) do not support findings from a recent study using the UK
Biobank, which suggested a potential protective effect even for
very high levels of coffee consumption with respect to mortality
from CVD-related causes (15). However, this earlier study used
nondrinkers as the reference group, and given that any benefit in
their analyses was only seen for mortality outcomes in the first

3 y after the measurement of coffee intake, the proposed benefit
is likely to reflect influences by reverse causation. The observed
coffee-CVD associations resemble the U-shaped association
often reported for alcohol intake and CVD risk (27, 28). Rather
than reflecting increases in CVD risk by lack of alcohol (or
coffee) consumption, it appears more likely that the observed
elevations in risk reflect reverse causation and reductions in
habitual drinking patterns by people with already compromised
cardiohealth (29). Indeed, coffee consumption is known to be one
of the first behaviors to be altered if our health status declines
(30), highlighting the need for caution with respect to interpreta-
tion of these types of observational coffee-disease associations.

Caffeine is known to acutely increase BP (4, 5). The observed
strong inverse association between coffee intake and BP in
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cross-sectional analyses may suggest self-regulation in drinking
behavior where people adjust coffee intake to maintain biological
exposure of caffeine at levels supportive of normal BP. As
previously reported (16), and confirmed in our study, similar
self-regulation of behavior is seen in relation to genetic variants
affecting caffeine metabolism: slow caffeine metabolizers tend
to drink less coffee than fast metabolizers, potentially seeking to
take advantage of the psychostimulant effects of caffeine (16). In
the UK Biobank, we also found that slow caffeine metabolizers
(indexed by CYP1A2 rs762551 C allele or a higher caffeine-GS
quartile) on average have a higher BP than fast metabolizers,
suggesting that caffeine metabolism and BP may act in concert
to affect coffee drinking behavior. This is consistent with the
observation that there is an overlap in genetic architecture
underlying BP regulation and caffeine metabolism, with CYP1A2
being discovered in genome-wide association analyses for both
traits (16, 24).

Unlike earlier studies suggesting that the CYP1A2 rs762551
variant modulates the effect of habitual coffee intake on
cardiovascular outcomes, including myocardial infarction and
hypertension (12, 14), we observed no evidence to support related
effect modification. In addition, smoking is known to induce
CYP1A2 (31) and is strongly positively associated with coffee
drinking (32). It is plausible that smoking behaviors may have
moderated CYP1A2 influences on CVD outcomes, but we saw no
evidence for gene-by-coffee-by-smoking interactions. Given that
earlier studies had much smaller sample sizes, if the CYP1A2-by-
coffee interaction were real, we would have expected to see some
evidence to support related influences in our notably larger study.
Although it could be argued that the consistency between earlier
studies is a testament to the robustness of the CYP1A2-by-coffee
interaction (12, 14), it is perhaps more likely that the perceived
consistency may merely reflect publication bias toward positive
results, which is a well-established phenomenon in studies on
gene-environment interaction (33).

Our study has several strengths and limitations to consider.
First, the sample size available to us is unprecedented, and we
were able to conduct analyses on incident CVD with adjustment
for a comprehensive set of health, demographic, and lifestyle
data in our analyses. Second, in addition to the CYP1A2 rs76255
genotype used in the earlier studies, we included information
for several other caffeine-related SNPs to construct a more
comprehensive caffeine-GS. An important limitation of our study
is that the UK Biobank is not representative of the general
population (34) despite its large sample size. However, earlier
publications from the UK Biobank have replicated expected
exposure-disease associations (35, 36) and well-established
gene-by-exposure interactions [such as FTO-by-physical activity
interaction (37)], suggesting that this lack of representativeness
may have had little influence on the results of the current study.
Generalizability of our findings to other ethnic groups will need
to be done with caution as analyses were restricted to participants
of white British origin. We also cannot exclude information bias,
as information on habitual coffee intakes was self-reported, and
therefore, some degree of nondifferential misclassification bias
is inevitable, which would bias the coffee-CVD associations
and CYP1A2/caffeine-GS-by-coffee interactions toward null. In
contrast, CVD incident cases were classified using linked hospital
inpatient and death registry data, avoiding problems relating to
self-report.

In conclusion, heavy coffee consumption was associated with
a modest increase in CVD risk, and we found no evidence that
this association is modified by genetic variants affecting caffeine
metabolism.
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