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Abstract
We investigated the impact of recent caffeine drinking on glucose and other biomarkers of cardiometabolic function under free-living conditions
while also accounting for lifestyle and genetic factors that alter caffeine metabolism and drinking behaviour. Up to 447 794 UK Biobank
participants aged 37–73 years in 2006–2010 provided a non-fasting blood sample, for genetic and biomarker measures, and completed ques-
tionnaires regarding sociodemographics, medical history and lifestyle. Caffeine drinking (yes/no) about 1 h before blood collection was also
recorded. Multivariable regressions were used to examine the association between recent caffeine drinking and serum levels of glycated Hb,
glucose, lipids, apo, lipoprotein(a) and C-reactive protein. Men and women reporting recent caffeine drinking had clinically and significantly
higher glucose levels than those not recently drinking caffeine (P< 0·0001). Larger effect sizes were observed among those 55þ years of age and
with higher adiposity and longer fasting times (P≤ 0·02 for interactions). Significant CYP1A2 rs2472297×caffeine andMLXIPL rs7800944 × caf-
feine interactions on glucose levels were observed among women (P= 0·004), with similar but non-significant interactions in men. Larger effect
sizes were observed among women with rs2472297 CC or rs7800944 CC genotypes than among rs2472297 T or rs7800944 T carriers, respec-
tively. In summary, men andwomen drinking caffeine within about 1 h of blood draw had higher glucose levels than those not drinking caffeine.
Findings were modified by age, adiposity, fasting time and genetic factors related to caffeine metabolism and drinking behaviour. Implications
for clinical and population studies of caffeine-containing beverages and cardiometabolic health are discussed.
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Caffeine is the most widely consumed psychostimulant in the
world and this is largely attributed to the widespread consump-
tion and availability of caffeine in the diet(1). After ingestion,
caffeine is quickly absorbed and reaches maximum blood con-
centrations within 30 to 60 min(2,3). The half-life of caffeine aver-
ages 4–6 h but is highly variable between individuals as a result
of genetic and environmental factors(2,4,5). Many of these factors
impact the activity of cytochrome P450 (CYP)1A2, an enzyme
responsible for over 95 % of caffeine metabolism(4,5).

In the clinical setting, fasting glucose levels have consistently
been shown to increase when caffeine or regular (but not decaf-
feinated) coffee is consumed within 1 h of blood draw(6). Few
clinical studies have examined the acute effects of caffeine on
cholesterol, TAG or other cardiometabolic biomarkers(7–9).
Most populations consume the majority of their caffeine in the
form of coffee or tea; beverages containing dozens of other com-
pounds that might attenuate or augment the acute biological
effects of caffeine. With habitual consumption, coffee and tea
may also protect against type 2 diabetes and CVD(10–12).

Separating the acute and chronic biological effects of each bev-
erage compound, however, is a challenge in population studies
and experimental approaches may not directly generalise to
humans(13). Moreover, an acute effect of caffeine on glucose,
cholesterol or other cardiometabolic indices may have clinical
implications since these biomarkers are often used for screening,
diagnostic or monitoring purposes(14,15).

The present study leverages unique information collected
from a large free-living sample to investigate the impact of recent
caffeine intake on biomarkers of ‘cardiometabolic’ function
while also accounting for lifestyle and genetic variation related
to caffeine metabolism and drinking behaviour.

Methods

Participants and assessment overview

In 2006–2010, the UK Biobank recruited over 502 633 partici-
pants aged 37–73 years at twenty-two centres across England,
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Wales and Scotland(16). Participants completed touchscreen
questionnaires, an in-person questionnaire, a physical assess-
ment and a biospecimen collection period (see online
Supplementary Methods). The assessment order of operations
are presented in online Supplementary Table S1 and took about
90 min to complete. This study was covered by the generic eth-
ical approval for UK Biobank studies from the National Research
Ethics Service Committee NorthWest –Haydock (approval letter
dated 17 June 2011, Ref 11/NW/0382), and all study procedures
were performed in accordance with the World Medical
AssociationDeclaration of Helsinki ethical principles for medical
research.

Recent caffeine drinking

Participants were not asked to fast prior to the assessment visit.
Upon arrival to the centre, participants were advised that water
would be available at all times during the visit and that tea/coffee
would be available at the end of the visit after blood sampling.
During the physical assessment period, participants were asked
whether they had drunk caffeine within the hour prior to doing
the spirometry test. Participants replied Yes or No. A blood sam-
ple was collected about 15 min after spirometry testing and at
that time participantswere asked to provide ‘Time since last meal
or drink (except plain water)’ (i.e. fasting time).

Serum cardiometabolic biomarkers

Non-fasting venous blood sampling was conducted by validated
collection procedures as detailed elsewhere(17). Blood samples
were transferred to a dedicated central laboratory between
2014 and 2017 and stored at −80 °C until analysis(18).
Biomarker measures were performed using enzymatic (glucose,
total cholesterol (tChol) and TAG), immuno-turbidimetric (apoB,
apoA1, high-sensitivity C-reactive protein (CRP), lipoprotein(a)),
enzyme immuno-inhibition (HDL) or enzymatic selective pro-
tection (LDL) methodology on the Beckman Coulter AU5800
platform. Three levels of internal quality control were used for
each assay: low, medium and high concentration. CV across
these three levels ranged from 6·1 % (lipoprotein(a)) to 1·4 %
(tChol) with most in the 1–2 % range. Erythrocyte glycated Hb
(HbA1c) was measured by HPLC on a Bio-Rad Variant II
Turbo. Two levels of internal quality control, low and high con-
centration, were used for this assay and CV were 2·1 and 1·5 %,
respectively. All biomarker values determined invalid by the UK
Biobank Biomarker Working Groups were set missing. Further
details of these measurements and assay performances can be
found in the UK Biobank online showcase and protocol(19).
We additionally excluded biomarker values ± 4 SD of mean
which applied to <1·4 % of the data. Non-HDL was calculated
as tChol minus HDL

Potential confounders and effect modifiers

The touchscreen questionnaire included a FFQ that captured,
among other diet items, coffee and tea intake(20). For coffee
intake, participants were asked ‘How many cups of coffee do
you drink each day (include decaffeinated coffee)’. Participants
either selected the number of cups, ‘less than one’, ‘do not know’

or ‘prefer not to answer’. Coffee drinkers were additionally asked
about the typeof coffee theyusually consume and selected oneof:
decaffeinated (any type), instant coffee, ground coffee or other.
A similar questionwas asked about tea (‘include black and green
tea’). Other dietary sources of caffeine were not captured by the
FFQ. We estimated total caffeine (mg/d) from (regular) coffee
and tea by assigning each cup 75 and 40 mg of caffeine, respec-
tively. Estimated caffeine consumption on a per body weight
basis (i.e. mg/kg) was also derived. In a subset of 126 776 par-
ticipants who completed multiple online 24-h dietary recalls in
2009–2012(20,21), the correlation (r) between their FFQ andmean
dietary recall of coffee and tea intake was 0·82 and 0·81, respec-
tively. Self-reported information on several covariates function-
ing as potential confounders were also collected during the UK
Biobank assessment as described in detail previously(16). For the
present analysis, we considered baseline smoking status,
Townsend deprivation index (a composite socio-economic status
metric based on employment status, car/home ownership and
household crowding(22)), education, income, home ownership,
physical activity, ethnicity, employment status, BMI, waist-to-hip
ratio (WHR), self-rated health, alcohol intake, fish intake, red meat
intake, fruit intake, vegetable intake, diabetes (disease or insulin
use), CVD (myocardial infarction, angina or stroke), aspirin use
and cholesterol-lowering or antihypertensive medication use.

Genetic data

All UK Biobank participants were genotyped using genome-
wide arrays as detailed online(23). Quality control and imputation
to the HRC v1.1 and UK10K reference panels were performed
centrally by the Wellcome Trust Centre for Human Genetics(23).
We excluded sample outliers based on heterozygosity and
missingness, participants with sex discrepancies between
the self-reported and X-chromosome heterozygosity, and
those potentially related to other participants, based on esti-
mated kinship coefficients for all pairs of samples. Moreover,
we limited the genetic analysis to unrelated individuals who
self-report as ‘British’ and who have very similar ancestral back-
grounds based on results of principal component analysis(23).
From the imputed/genotyped SNP, we selected genome-wide
association confirmed SNP for circulating caffeine metabolites
and coffee/tea/caffeine drinking behaviour with plausible links
to caffeine metabolism/response and that have minor allele
frequencies ≥0·01 (Table 1 and online Supplementary Table
S2)(24–28). We supplemented this list with commonly studied can-
didates: rs762551 (CYP1A2) and rs5751876 (ADORA2A)(29). We
further included SNP nearGCKR andMLXIPL because they asso-
ciate with both coffee drinking behaviour and cardiometabolites
of interest.

Statistical analysis

Information on recent caffeine intake, habitual coffee and tea
intake and data for at least one biomarker at baseline was avail-
able for 447 794 participants; 370 193 were included for genetic
analysis. The number of participants varied across biomarkers
(online Supplementary Table S1). CRP, lipoprotein(a) and
TAG values were log-transformed before analysis because they
were not distributed normally. All analyses proceeded separately
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for men and women. Student’s t tests, analysis of variance and
χ2 tests were used as appropriate for comparisons of means
and proportions between recent and non-recent caffeine con-
sumers and across genotypes.

We examined the association between recent caffeine intake
(yes v. no) and each biomarker using linear regression adjusting
for age, ethnicity, assessment centre, date of blood draw (dec-
iles) and fasting time (model 1). In a secondmultivariable regres-
sion model, we further adjusted for baseline smoking (never,
past, current: <10, 10 to 19, 20þ cigarettes/d), Townsend dep-
rivation index (quartiles, higher scores/quartiles~higher depri-
vation), education (college or university degree, Advanced (A)
levels/AS levels or equivalent, O levels/General Certificate of
Secondary Education (GCSE) or equivalent, Certificate of
Secondary Education (CSE) or equivalent, National Vocational
Qualification (NVQ) or Higher National Diploma (HND) or
Higher National Certificate (HNC) equivalent, or other profes-
sional qualifications), income (four levels), home ownership
(yes and no), physical activity (quartiles of moderate/vigorous
activity minutes/week), employment status (employed, retired
and other), WHR (quartiles), BMI (<23, 23 <25, 25 <30, 30þ
kg/m2), oral contraceptive use (women only), postmenopausal
hormone use (women only), self-rated health (excellent, good,
fair and poor), aspirin use (yes and no), cholesterol-lowering
medication use (yes and no), antihypertension medication
use (yes and no), diabetes (yes and no), CVD (yes and no),
and habitual intakes of water, alcohol, fish, red meat, fruits
and vegetables (quartiles of servings/d) as well as coffee and
tea (each modelled: none, <1, 1, 2–3, 4–5, 6–7 and ≥8 cups/d)
(model 2). Results were similar for a model without adjustment
for coffee and tea intake. Missing indicator variables were con-
structed to maximise sample size but were required for <5 % of
the sample (see online Supplementary Table S1). To determine
the clinical relevance of significant linear associations, we
examined the risk of subnormal biomarker levels with recent
caffeine intake by applying clinical cut points to each bio-
marker and performing logistic regression adjusting for model
2 covariates listed above.

In sensitivity analysis, we excluded individuals reporting dia-
betes, CVD or the use of cholesterol-lowering or antihyperten-
sionmedication. Statistical significancewas defined as P< 0·005,
after applying a correction for the number of biomarkers
(P= 0·05/(10 biomarkers)). We screened interactions with age
(<55 or ≥55 years of age, median), habitual coffee/tea drinking
(cups/d, heavy or light), caffeine (mg/d, high or low), smoking
(non-smoker and current smoker), fasting status (<6 or 6þ h,
cut-point chosen for power and clinical relevance), BMI (≤25,
25þ kg/m2) and WHR (≤0·85/0·9 and >0·85/0·9 for women
and men, respectively) by including in multivariate regression
models the cross-product term of recent caffeine intake with
the interacting variable. Table 1 SNP main effects and SNP ×
recent caffeine interactions on biomarkers were also tested using
the same models described above and assuming an additive
allele model. We did not combine SNP for a ‘genetic score’ since
each locus captures a unique potential mechanism linking recent
caffeine exposure to biomarker. Significant interactions were
also defined as P< 0·005, and the nature of these interactions
was described by stratified analysis.

Results

Participant characteristics

Descriptive characteristics of participants who reported recent
caffeine drinking and those who did not are presented in
Table 2. Among both men and women, recent caffeine drinkers
were slightly younger and more likely to be current smokers,
employed, have a higher Townsend deprivation index (more
deprivation), a university or college degree and to consume
more coffee (particularly of the regular ground type) compared
with non-recent caffeine drinkers but were less likely to report a
history of heart disease and the use of blood pressure or heart
medication. As anticipated, recent caffeine drinkers also
reported shorter fasting times; however, a proportion of these
also reported fasting longer than an hour. For example, 27·0 %
reported fasting for 3þ h and 4·6 % for 8þ h. Corresponding

Table 1. SNP for coffee- and caffeine-related traits based on genome-wide association studies (GWAS)(24–28)*

Locus Closest gene(s) SNP EA/OA EAF (EU) GWAS trait Effect

2p23.3 GCKR rs1260326 C/T 0·59 Coffee intake þ
4q22.1 ABCG2 rs1481012 A/G 0·89 Coffee intake þ
7p21.1 AHR rs6968554 G/A 0·63 Coffee intake þ

Caffeine intake þ
Plasma caffeine metabolites −

7q11.23 MLXIPL rs7800944 C/T 0·27 Coffee intake þ
7q11.23 POR rs17685 A/G 0·30 Coffee intake þ

Plasma caffeine metabolites −
15q24.1 CYP1A1-CYP1A2 rs2472297 T/C 0·24 Coffee intake þ

Caffeine intake þ
Plasma caffeine metabolites −

CYP1A2 rs762551 A/C 0·69 Coffee intake þ
Caffeine intake þ

22q11.23 SPECC1L-ADORA2A rs2330783 G/T 0·99 Coffee intake þ
ADORA2A rs5751876 T/C 0·39

EA, effect allele; OA, other allele; EAF, effect allele frequency (based on HapMap data); EU, European ancestry.
* Listed are SNP examined in the present study (see online Supplementary Table S2 for more details). rs5751876 (ADORA2A) is a candidate SNP selected from the
literature(29).
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Table 2. Characteristics of UK Biobank participants according to recent caffeine drinking*
(Numbers and percentages; mean values and standard deviations)

Characteristic

Women Men

No (n 239 889) Yes (n 4802) No (n 198 568) Yes (n 4535)

Mean/n SD/% Mean/n SD/% Mean/n SD/% Mean/n SD/%

Age (years) 56·3† 8·0 54·2 8·1 56·6† 8·2 54·8 8·3
White† 226 846† 94·6 4513 94·0 187 247† 94·3 4261 94·0
Current smoker† 20 995† 8·8 773 16·1 24 365† 12·3 863 19·0
BMI (kg/m2) 27·0 5·1 27·0 5·0 27·8 4·2 27·9 4·3
Waist-to-hip ratio 0·82† 0·07 0·81 0·07 0·93 0·06 0·93 0·06
Income £100 000þ† 9762† 4·1 256 5·3 11 076† 5·6 312 6·9
College or university degree† 75 695 31·6 1660 34·6 68 281 34·4 1602 35·3
Currently employed 132 888† 55·4 3041 63·3 122 008† 61·4 3076 67·8
Townsend deprivation score −1·39† 3·01 −1·01 3·2 −1·32† 3·11 −1·03 3·29
Home owner 214 794† 89·5 4105 85·49 174 990† 88·1 3878 85·5
Moderate to vigorous physical activity (min/week) 69·2 84·0 67·2 84·6 83·6† 108·4 88·6 122·4
Blood pressure medication 41 006† 17·1 645 13·4 47 339† 23·8 910 20·1
Cholesterol or heart medication 29 898† 12·5 502 10·5 45 562† 23 867 19·1
Aspirin use 22 725 9·5 462 9·6 35 786† 18·0 743 16·4
Postmenopausal hormone use 17 417 7·3 326 6·8 – –
Oral contraceptive use 6367 2·7 150 3·1 – –
Self-reported diabetes or insulin use 8510 3·6 166 3·5 13 078 6·6 289 6·4
Self-reported heart disease 7348† 3·1 120 2·5 15 326† 7·7 281 6·2
Poor overall health rating 8053 3·4 171 3·6 8756† 4·4 215 4·8
Alcohol (drinks/d) 0·82† 1·04 0·86 1·08 1·57 1·68 1·59 1·70
Fish (servings/d) 0·32 0·23 0·32 0·23 0·32† 0·23 0·31 0·23
Red meat (servings/d) 0·44† 0·28 0·43 0·29 0·59 0·34 0·58 0·35
Fruit (servings/d) 3·32† 2·57 3·17 2·45 2·74 2·61 2·67 2·49
Vegetable (servings/d) 0·84 0·54 0·85 0·55 0·77 0·58 0·76 0·58
Plain water (servings/d) 3·0† 2·3 2·9 2·2 2·4 2·2 2·4 2·2
Habitual coffee intake (cups/d) 1·9† 1·9 2·3 2·2 2·2† 2·1 2·7 2·4
Habitual tea intake (cups/d) 3·3 2·6 3·4 2·8 3·4 2·7 3·5 3·0
Caffeine (mg/d)‡ 241† 149 272 169 274 166 317 189
Fasting time (h) 3·7† 2·3 3·0 2·7 3·9 2·5 3·2 3·0

* Data drawn from 2006 to 2010 for participants with information on recent caffeine drinking, habitual coffee and tea intake and who had data on at least one biomarker.
† Significantly different between women (or men) reporting recent and no recent caffeine drinking (P< 0·05).
‡ Derived from regular coffee and tea only.
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values for non-recent caffeine drinkers were 45·5 % and
3·5 %. SNP rs6968554 was nominally associated with recent
caffeine intake in both men and women (P < 0·02, online
Supplementary Table S3), but differences were minimal:
47 % of recent caffeine drinkers were G carriers (linked to
increased habitual caffeine/coffee intake) compared with 46 %
of non-recent drinkers. All SNP were associated with habitual
coffee intake in both men (P< 0·002) and women (P< 0·0006)
and in the direction expected based on previous publications
(Table 1). Similar patterns were observed for regular, instant,
ground/filtered and decaffeinated coffee as well as tea. SNP
rs1260326, rs2472297, rs6968554, rs762551 and rs7800944 were
associated with other lifestyle factors and were consistent for
men and women (all P< 0·001, online Supplementary Table S3).

Recent caffeine drinking and cardiometabolic biomarkers

In minimally adjusted regression models, recent caffeine drink-
ing was associated with higher apoB/apoA1, CRP and glucose
levels compared with non-recent caffeine drinking (Table 3).
In fully adjustedmodels, the association between recent caffeine
drinking and glucose levels remained statistically significant
(P< 0·0001). Unadjusted and multivariable adjusted (geometric)
mean biomarker concentrations are presented in online
Supplementary Table S4. Men and women reporting recent caf-
feine intake had an OR (95 % CI) of 1·65 (95 % CI 1·36, 2·01) and
2·15 (95 % CI 1·69, 2·73) (P< 0·0001), respectively, for having
glucose levels above the clinical threshold: 5·6mmol/l for fasting
(≥8 h) and 7·8 mmol/l for non-fasting measures. Similar results
were observed when excluding participants reporting diabetes,
CVD and use of related medication (P< 0·0001) although OR
were slightly higher (1·97 (95 % CI 1·47, 2·64) for healthy men
and 2·25 (95 % CI 1·63, 3·13) for healthy women).

Age, WHR, BMI and fasting status significantly modified the
relationship between recent caffeine drinking and glucose levels
(Table 4). Larger effect sizes were observed in those fifty-five
years or older, with a higher WHR, with a higher BMI or with
longer fasting times. Race, smoking status and habitual coffee,
tea and caffeine intake did not significantly modify the associa-
tion between recent caffeine drinking and cardiometabolic bio-
marker levels (P≥ 0·02).

SNP main effects and SNP × caffeine interactions on
cardiometabolic biomarkers

The associations between SNP and biomarkers are presented in
online Supplementary Table S5. Most significant associations
were expected based on previous genome-wide association
studies (i.e. online Supplementary Table S2). For example, at
least nominally significant associations were observed between
GCKR rs1260326 and ten biomarkers, ABCG2 rs1481012 and
seven biomarkers, and MLXIPL rs7800944 and six biomarkers.
POR rs17685 was associated with apoB, tChol, LDL, TAG,
non-HDL and CRP in both men and women (P< 0·05).
CYP1A2 rs2472297 was associated with CRP (P< 0·005) and
AHR rs6968554 with TAG, CRP and glycated Hb (HbA1c)
(P≤ 0·008). Results from analysis adjusted for recent caffeine
drinking or habitual coffee and tea intake were not markedly dif-
ferent from those of unadjusted analysis. Other significant SNP-
biomarker associations were observed but were sex-specific.

Significant rs2472297 × caffeine and rs7800944 × caffeine
interactions on glucose levels were observed among women
(P= 0·004, Table 5). Women with CYP1A2 rs2472297 CC or
CT genotypes had over 2-fold higher glucose levels with recent
caffeine drinking when compared with those with the TT geno-
type. These differences by genotypes were also of clinical

Table 3. Associations between recent caffeine drinking and cardiometabolic biomarkers*
(β-Coefficients and 95 % confidence intervals)

Biomarker

Women Men

Model 1† Model 2‡ Model 1† Model 2‡

β 95 % CI β 95 % CI β 95 % CI β 95 % CI

apoA1 (g/l) −0·010§ −0·019, −0·002 −0·002 −0·009, 0·006 −0·010§ −0·017, −0·003 −0·004 −0·011, 0·002
apoB (g/l) 0·004 −0·003, 0·010 −0·0004 −0·007, 0·006 0·008§ 0·0004, 0·015 0·003 −0·003, 0·010
apoB/apoA1 0·007§ 0·001, 0·013 0·001 −0·004, 0·006 0·010|| 0·004, 0·017 0·003 −0·003, 0·009
Lp(a) (log nmol/l) −0·003 −0·039, 0·034 −0·005 −0·041, 0·032 −0·002 −0·040, 0·037 0·001 −0·037, 0·039
tChol (mmol/l) 0·013 −0·019, 0·045 0·006 −0·023, 0·035 0·029 −0·004, 0·063 0·016 −0·013, 0·045
HDL (mmol/l) −0·014§ −0·026, −0·003 −0·002 −0·012, 0·008 −0·013§ −0·022, −0·003 −0·004 −0·013, 0·004
LDL (mmol/l) 0·022 −0·003, 0·047 0·010 −0·013, 0·032 0·027§ 0·002, 0·053 0·015 −0·008, 0·037
TAG (log mmol/l) 0·013 −0·0005, 0·026 −0·001 −0·013, 0·011 0·018§ 0·002, 0·033 0·008 −0·007, 0·022
non-HDL (mmol/l) 0·026 −0·006, 0·058 0·006 −0·023, 0·035 0·040§ 0·006, 0·073 0·016 −0·014, 0·045
CRP (log mg/l) 0·042§ 0·012, 0·073 0·013 −0·013, 0·039 0·055|| 0·026, 0·084 0·006 −0·021, 0·032
Glucose (mmol/l) 0·095|| 0·074, 0·116 0·097|| 0·077, 0·117 0·089|| 0·063, 0·116 0·087|| 0·063, 0·112
HbA1c (mmol/mol) −0·018 −0·139, 0·103 −0·146§ −0·252, −0·040 0·122 −0·038, 0·282 −0·055 −0·184, 0·074

Lp(a), lipoprotein(a); tChol, total cholesterol; CRP, high-sensitivity C-reactive protein; HbA1c, glycated Hb A1c.
* Results frommultivariable linear regressions. β-Coefficients represent change in biomarker concentration with recent caffeine drinking relative to non-recent caffeine drinking. CRP,
Lp(a) and TAG concentrations were log-transformed prior to analysis and thus β-coefficients represent percentage change.

†Model 1: adjusted for age, race, date of blood draw, fasting time and assessment centre.
‡Model 2: adjusted for age, race, date of blood draw, fasting time, assessment centre, Townsend deprivation index, education, income, employment status, home ownership, smok-
ing, physical activity, waist-to-hip ratio, BMI, oral contraceptive use (women only), postmenopausal hormone use (women only), self-rated health, aspirin use, cholesterol-lowering
medication use, antihypertension medication use, history or diabetes, history of CVD and habitual intakes of water, alcohol, fish, red meat, fruits, vegetables, coffee and tea.
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Table 4. Age-, waist-to-hip ratio (WHR)-, BMI- and fasting-stratified associations between recent caffeine drinking and serum glucose levels (β, mmol/l) and risk (OR) of subnormal* glucose levels
(β-Coefficients and 95 % confidence intervals; odds ratios)

Modifier

Women Men

β 95 % CI P OR 95 % CI β 95 % CI P OR 95 % CI

Age
<55 years 0·05 0·02, 0·08 0·0003 1·80 1·21, 2·69 0·07 0·03, 0·10 <0·0001 1·74 1·27, 2·39
≥55 years 0·14 0·11, 0·17 <0·0001 2·39 1·76, 3·25 0·11 0·07, 0·14 <0·0001 1·64 1·28, 2·10
Interaction† <0·0001 0·02

WHR‡
≤0·85/0·9 0·08 0·06, 0·10 <0·0001 2·38 1·71, 3·31 0·05 0·01, 0·09 0·007 1·76 1·06, 2·92
>0·85/0·9 0·13 0·09, 0·18 <0·0001 1·88 1·31, 2·69 0·10 0·07 0·14 <0·0001 1·63 1·32, 2·02
Interaction† 0·0006 0·003

BMI
≤25 kg/m2 0·07 0·04, 0·010 <0·0001 2·00 1·22, 3·27 0·04 −0·002, 0·08 0·06 1·49 0·86, 2·60
>25 kg/m2 0·12 0·09, 0·14 <0·0001 2·23 1·69, 2·95 0·10 0·07, 0·13 <0·0001 1·68 1·36, 2·07
Interaction† 0·004 0·002

Fasting
<6 h 0·05 0·03, 0·08 <0·0001 1·27 0·95, 1·69 0·03 0·004, 0·06 <0·0001 1·04 0·81, 1·34
6þ h 0·10 0·04, 0·16 0·001 1·57 0·96, 2·54 0·15 0·09, 0·22 <0·0001 1·60 1·14, 2·23
Interaction† 0·01 0·0007

* Results from linear (β) or logistic (OR) regressionmodels adjusting for age, race, date of blood draw, fasting time, assessment centre, Townsend deprivation index, education, income, employment status, home ownership, smoking, physical
activity, waist-to-hip ratio, BMI, oral contraceptive use (women only), postmenopausal hormone use (women only), self-rated health, aspirin use, cholesterol-lowering medication use, antihypertension medication use, history or diabetes,
history of CVD and habitual intakes of coffee, tea, water, alcohol, fish, red meat, fruits and vegetables. Defined as glucose levels above the clinical threshold: 5·6 mmol/l for fasting (≥8 h) and 7·8 mmol/l for non-fasting measures.

†WHR cut-points are sex-specific: 0·85 for women and 0·9 for men.
‡ Interaction, P value for interaction between recent caffeine intake and (i) age (ii) WHR or (iii) BMI on serum glucose levels.

Table 5. SNP-stratified associations between recent caffeine drinking and serum glucose levels (β, mmol/l) and risk (OR) of subnormal* glucose levels
(β-Coefficients and 95 % confidence intervals; odds ratios)

Modifier

Women Men

β 95 % CI P OR 95 % CI β 95 % CI P OR 95 % CI

rs2472297
CC 0·13 0·10, 0·16 <0·0001 2·24 1·50, 3·37 0·06 0·02, 0·10 0·006 1·68 1·21, 2·33
CT 0·07 0·03, 0·11 0·001 2·27 1·40, 3·69 0·09 0·05, 0·14 <0·0001 1·63 1·12, 2·40
TT 0·01 −0·08, 0·10 0·79 0·77 0·16, 3·73 0·05 −0·05, 0·16 0·35 1·48 0·57, 3·85
Interaction† 0·004 0·57

rs7800944
TT 0·06 0·02, 0·10 0·001 2·06 1·32, 3·22 0·06 0·02, 0·10 0·004 1·64 1·17, 2·30
TC 0·12 0·08, 0·16 <0·0001 1·56 0·94, 2·58 0·07 0·03, 0·12 <0·0001 1·46 1·00, 2·14
CC 0·17 0·08, 0·25 <0·0001 5·67 2·49, 12·92 0·17 0·05, 0·28 <0·0001 3·47 1·57, 7·66
Interaction† 0·004 0·14

* Results from linear (β) or logistic (OR) regressionmodels adjusting for age, race, date of blood draw, fasting time, assessment centre, Townsend deprivation index, education, income, employment status, home ownership, smoking, physical
activity, waist-to-hip ratio, BMI, oral contraceptive use (women only), postmenopausal hormone use (women only), self-rated health, aspirin use, cholesterol-lowering medication use, antihypertension medication use, history or diabetes,
history of CVD and habitual intakes of coffee, tea, water, alcohol, fish, red meat, fruits and vegetables. Defined as glucose levels above the clinical threshold: 5·6 mmol/l for fasting (≥8 h) and 7·8 mmol/l for non-fasting measures.

† Interaction, P value for SNP × caffeine interaction based on linear regression model.
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relevance. A similar but much weaker interaction pattern was
observed amongmen.WomenwithMLXIPL rs7800944 CC geno-
type had higher glucose levels with recent caffeine intake when
compared with those with TT or TC genotypes; differences
which also translated into greater risk of subnormal glucose lev-
els. A similar but much weaker interaction pattern was observed
among men. Men with ABCG2 rs1481012 AA and AG genotypes
(but not GG genotypes) had lower apoB with recent caffeine
intake compared with no recent caffeine intake (P= 0·004 for
rs1481012 × caffeine interaction). The same pattern was also
observed for tChol, non-HDL and LDL, but interactions were
only nominally significant (P≤ 0·009). These rs1481012 × caf-
feine interactions were neither clinically relevant nor were they
supported to any degree by analysis among women.

Discussion

The present study is the first to examine the acute effects of caf-
feine on cardiometabolic biomarkers in a free-living environ-
ment, wherein no restrictions on caffeine intake or fasting
were enforced. Men and womenwho reported drinking caffeine
within about 1 h of blood draw had higher glucose levels than
those not drinking caffeine within the hour. Recent caffeine
drinking was not associated with HbA1c, a measure of long-term
glucose control, or other serum cardiometabolic markers.

The cardiometabolic measures examined in the present study
are commonly assayed in the clinic and often used for screening,
diagnostic ormonitoring purposes(14,15). The samemeasures also
serve as traditional biomarkers of type 2 diabetes and CVD in
epidemiological studies(30,31). In these clinical and observational
settings, individuals are often asked to fast prior to blood collec-
tion. Almost a third of UKBiobank participantswho reported caf-
feine drinkingwithin an hour of blood draw also reported fasting
from food and beverage for at least 3 h and thus aligns with pre-
vious work highlighting discrepancies with what constitutes
‘fasting’(32). When accounting for fasting status, either adjustment
or stratification, the association between recent caffeine drinking
and glucose remained, but the strength of the association was
greater among those ‘fasting’ 6þ h. Coffee and tea are major caf-
feine sources that are naturally devoid of energy. Guidelines for
fasting including specifics concerning liquids vary by coun-
try(32,33). Any impact of recent caffeine drinking on serum bio-
markers, therefore, has implications for both clinical and
epidemiological studies. Oral glucose tolerance tests are used
to define pre-diabetes and type 2 diabetes and in epidemiologi-
cal studies they are considered superior to self-report.
Discrepant fasting definitions and the significant positive associ-
ation between recent caffeine drinking and subnormal (pre-dia-
betic) glucose levels may potentially contribute to measurement
error in case ascertainment defined by glucose levels. Similar
concerns might not be warranted for other cardiometabolic
markers investigated in the present study, since these were
not impacted by recent caffeine intake.

The association between recent caffeine drinking and glu-
cose levels, particularly when having ‘fasted’ for 6þ h, is consis-
tent with acute clinical trials: fasting glucose levels have
consistently been shown to increase when caffeine or regular

(but not decaffeinated) coffee is consumed within 1 h of blood
draw(6). Known between-person variation in caffeine metabo-
lism or sensitivity is rarely considered in acute clinical studies(4,5).
The present study adjusted for a number of factors that can alter
caffeine metabolism such as smoking, oral contraceptive use,
and habitual alcohol and caffeine intake(4,5). The relatively
higher glucose levels with recent caffeine drinking was similar
for light and heavy caffeine consumers suggesting that habitual
caffeine consumers do not develop tolerance to the acute effects
of caffeine on glucose levels. Linear effect estimates were greater
among older individuals and among thosewith greater measures
of adiposity. CYP1A2 activity may decrease with adiposity(34)

and older age(35,36), thus prolonging the exposure to the effects
of caffeine when caffeine is consumed. Other differences corre-
lating with age and adiposity might also underlie the statistical
interaction we observed since we observed no interaction with
smoking, a well-established and strong inducer of CYP1A2
activity(4,5).

Considering a genetic marker of caffeine metabolism may
overcome issues of confounding in cross-sectional studies of caf-
feine(37), and thus the availability of genetic information for the
present study is a major strength. The significant interaction
observed with CYP1A2 rs2472297 supports the hypothesis that
individuals with impaired caffeine metabolism are more suscep-
tible to the acute adverse effects of caffeine on glucose levels.
Individuals with the rs2472297 T allele habitually consumemore
caffeine than individuals with the CC genotype but have rela-
tively lower circulating caffeine levels(26,27). Thus, when consum-
ing the same amount of caffeine within an hour of blood draw
circulating (‘effective’) caffeine levels of rs2472297 T carriers
may be lower than those with the CC genotype by the time of
blood draw. The dual impact of the SNP on metabolism and
drinking behaviour and lack of information on amount of caf-
feine recently consumed is an important caveat to consider
but one that is more likely to have created a type 1 error than
a type 2 error. SNP, including rs17685, rs6968554 and
rs2472297, while robust loci for caffeine/coffee-related traits,
were also associatedwith biomarkers of interest and lifestyle fac-
tors; some expected and others not. Whether these observations
are evidence for SNP pleiotropy or causal associations between
caffeine intake and these lifestyle factors or biomarkers is an
open question(38). Nevertheless, they do dispute our earlier
claims that individual’s with ‘slow metabolizer’ genotypes differ
from those with ‘fast metabolizer’ genotypes only with respect to
caffeine exposure(29).

We also observed an interaction between recent caffeine
intake and rs7800944 for glucose levels, whereby the association
between recent caffeine intake and glucose levels was strongest
among those with a rs7800944 C allele than among those with
the TT genotype. rs7800944 maps to MLXIPL (Max-like protein
X interacting protein-like), encoding the carbohydrate response
element binding protein (ChREBP) and the C allele has been
associated with decreased cholesterol levels, increased fasting
glucose and increased coffee and alcohol drinking behaviour
relative to the T allele (online Supplementary Table S2). The
associations with lipid and glucose levels align with the estab-
lished role of ChREBP in lipogenesis and glycolysis(39).
ChREBP activity also promotes the release of hepatokines,
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among which is FGF21 that has a role in sweet taste and alcohol
preference(39). This latter function of ChREBPmight contribute to
coffee and alcohol drinking behaviour since there is little support
for its role in caffeine or alcohol metabolism(27). C carriers who
have a pre-disposition for high glucose levels might also prefer
sweetened coffee which, if consumed close to blood draw, may
explain the interaction we observed. However, lack of evidence
linking MLXIPL variation to other sweet preference behavior(28)

or an interaction with sugar-sweetened beverages on glucose
levels(40) suggests an alternative mechanism is likely.

The precise mechanism by which acute intake of caffeine-
containing beverages increases glucose levels is unclear but
likely involves adenosine receptor antagonism and some degree
of adrenergic stimulation(3,41,42). Caffeine antagonises adenosine
receptors which have roles in regulating insulin secretion, glu-
cose release and clearance, glycogenolysis, and glycogenesis(41).
While epinephrine elevations are similar after intakes of supple-
mental caffeine and regular coffee, resulting elevations in glu-
cose, free fatty acids and glycerol, are attenuated following
coffee intake(42). Indeed, we cannot discount the possibility that
other constituents of caffeine-containing beverages might inde-
pendently increase glucose levels or augment the effects of caf-
feine on glucose. A more comprehensive follow-up study on
interactions between acute caffeine intake and genetic variation
in these two pathways will be worth pursuing in the future.

Few controlled studies have examined the acute effects of
caffeine intake on other cardiometabolic biomarkers. Shechter
et al.(7) reported a significant decrease in CRP levels, but no
changes in fasting tChol, LDL, HDL or TAG an hour after admin-
istering 200-mg caffeine capsule compared with a placebo. A
fasting lipid profile obtained before and 30–60 min after a single
serving of regular coffee yielded lower TAG levels, when coffee
contained creamer/sugar, higher tChol and HDL, when coffee
was consumed black, and no impact on LDL(8,9). In the present
study, we observed no association between recent caffeine
drinking and cholesterol or CRP levels. However, data pertaining
to the type and preparation of the caffeine beverage will be
needed to discount any impact recent caffeine drinking has
on cholesterol or other cardiometabolic biomarkers under
non-clinical conditions.

Strengths of the present study include the novel exposure for
a very large sample size and comprehensive list of lifestyle and
genetic factors that potentially confound or modify the associa-
tion between recent caffeine drinking and cardiometabolic
markers. Lack of details on the time, beverage source and
amount of caffeine consumed prior to blood draw are key weak-
nesses of the present study. The associations observed, for
example, do not account for how beverages were prepared
and whether they contained sugar or other additives. The UK
Biobank is also not representative of the sampling population,
with evidence of a ‘healthy volunteer’ selection bias(43), and thus
extrapolation of our findings to a more general population is
limited.

Caffeine-containing beverages are routinely consumed by
many individuals around the world. Our findings suggest caf-
feine drinking within an hour of blood draw presents with rela-
tively higher serum glucose levels particularly among older and
overweight or obese individuals. SNP × caffeine interactions

support a specific role of caffeine underlying the association
but also point to other potential mechanisms warranting further
study. Findings from the present study of recent caffeine drink-
ing may not necessarily extend to habitual caffeine intake but
may rather explain, in part, discrepancies between clinical stud-
ies and epidemiological studies of caffeine-containing beverages
and cardiometabolic health. Nevertheless, future investigations
of recent caffeine intake in free-living individuals should take
into consideration the type and preparation of the caffeine-
containing beverage.
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