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Abstract

Aim To determine the effects of acute caffeine ingestion on glycaemia during moderate to vigorous intensity aerobic
exercise and in recovery in individuals with Type 1 diabetes.

Methods A total of 13 patients with Type 1 diabetes [eight women, five men: mean =+ sb age 25.9 + 8.8 years, BMI
71.9 £ 11.0 kg, maximal oxygen consumption 46.6 + 12.7 ml/kg/min, body fat 19.9 + 7.2%, duration of diabetes 14.4
+ 10.1 years and HbA . 55 = 8 mmol/mol (7.4 £ 0.8%)] were recruited. Participants ingested capsules that contained
gelatin or pure caffeine (6.0 mg/kg body mass) and performed afternoon exercise for 45 min at 60% maximal oxygen
consumption on two separate visits with only circulating basal insulin levels.

Results The main finding was that a single caffeine dose attenuates the drop in glycaemia by 1.8 + 2.8 mmol/l
compared with placebo intake during exercise (P=0.056). Continuous glucose monitoring data, however, showed that
caffeine was associated with elevated glycaemia at bedtime after exercise, compared with placebo, but lower glucose
concentrations in the early morning the next day.

Conclusions Caffeine intake should be considered as another strategy that may modestly attenuate hypoglycaemia in
individuals with Type 1 diabetes during exercise, but should be taken with precautionary measures as it may increase the

risk of late-onset hypoglycaemia.

Diabet. Med. 00, 000-000 (2015)

Introduction

Regular moderate to vigorous intensity exercise is associated
with numerous psychological and physiological benefits for
individuals with Type 1 diabetes [1]. Some of the benefits of
habitual exercise include potentially lowering HbA;. in
individuals with Type 1 diabetes, increasing cardiovascular
and aerobic fitness, increasing whole-body insulin sensitivity,
and improving overall quality of life [2]. Despite the known
benefits of habitual exercise, however, a critical risk that
must be considered for individuals with Type 1 diabetes is
hypoglycaemia [2]. One of the largest barriers to exercise
participation for individuals with Type 1 diabetes is the fear
of hypoglycaemia during the activity and in recovery [3].
There are various strategies that individuals with Type 1
diabetes may adopt before, during and after exercise to mitigate
the likelihood of hypoglycaemia [4]. Before exercising, it is
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important to determine the time, duration and intensity of the
activity so that the proper adjustments to insulin ratios and
food intake can take place. For example, the premeal insulin
dose can be reduced anywhere from 25 to 75%, depending on
the intensity and duration of the activity [5]. Another common
strategy to avoid hypoglycaemia during exercise is the con-
sumption of fast-acting carbohydrates [2]; however, none of
these strategies provides complete assurance that hypogly-
caemia will not occur, and these strategies require knowledge
of insulin pharmacokinetics and advanced planning.

Caffeine (1,3,7-trimethylxanthine) is the most commonly
consumed chemical stimulant in the world [6]. The ingestion
of caffeine has numerous effects throughout the body
including on the gastrointestinal, cardiovascular, central
nervous, metabolic, renal, and respiratory systems [7].
Caffeine causes an increase in lipolysis in adipose tissues
and hepatic glucose production in the liver, with a decrease
in glucose uptake in skeletal muscle [7]. Although numerous
studies have focused on the effects of caffeine on metabolism
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What’s new?

» We examined the role of caffeine ingestion on exercise-
associated hypoglycaemia in individuals with Type 1
diabetes.

* We found that caffeine intake increased hypoglycaemia
awareness and elevated blood glucose concentrations
during 45-min exercise in patients with diabetes.

+ We also found that a single caffeine dose did not protect
against nocturnal hypoglycaemia in the early-morning
hours and may, in fact, increase the risk.

during exercise [8], there is a lack of research specifically on
caffeine, exercise and Type 1 diabetes.

Caffeine’s potential to increase blood glucose levels during
exercise by increasing glucose production and/or restraining
glucose disappearance may have benefits for the prevention of
hypoglycaemia in individuals with Type 1 diabetes. Caffeine
intake in Type 1 diabetes has been reported to lower nocturnal
hypoglycaemia risk [9] and enhance hypoglycaemia awareness
[10]. Recently, one pilot study in five patients with Type 1
diabetes (all receiving multiple daily injection treatment)
found that acute caffeine consumption (5.0 mg/kg body mass)
reduced the likelihood of hypoglycaemia during exercise [11].
In the present study, we examined the effects of acute caffeine
supplementation on blood glucose concentrations and energy
metabolism during exercise and on glycaemia after exercise in
patients with Type 1 diabetes.

Study participants

The experimental protocol conformed to the standards set by
the Declaration of Helsinki and is approved by the Research
Ethics Board at York University. A total of 13 patients (five
men, eight women) with Type 1 diabetes were recruited for
this study by word of mouth in the Toronto area. The
inclusion criteria stipulated that participants must have had
diabetes for > 1 year, treated either with continuous
subcutaneous insulin infusion or multiple daily injection
therapy, and maintain fair-to-good glycaemic control (last
HbA . <75 mmol/mol; 9.0%) [12]. Based on a self-reported
questionnaire, three of the participants were classified as
non-users of caffeine and 10 as caffeine users. Participants
were also screened for any cardiovascular complications and/
or contraindications to aerobic exercise using the Physical
Activity Readiness Questionnaire for Everyone [13].

Experimental design

A double-blind, placebo-controlled crossover design was used
which included a total of three laboratory visits. The first visit
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was a protocol familiarization and determination of maximal
aerobic power [maximal oxygen consumption (VOimax)l,
followed by two experimental visits during which the pro-
longed moderate to vigorous intensity exercise sessions, either
with or without caffeine supplementation, took place. All of
the participants were asked to avoid caffeine-containing
beverages and alcohol consumption and to refrain from
exercise 24 h before each visit.

Fitness assessment (visit 1)

The initial visit was a familiarization session, during which
anthropometric measurements including height, body mass
and body fat percentage were measured. VO,na and
maximum heart rate were measured using an incremental-
to-maximum effort treadmill protocol. Expired air was
collected from a corrugated plastic hose into a 120-litre
Tissot gasometer (Warren E. Collins Ltd., Braintree, MA,
USA) and gas composition was measured using rapid
response electrochemical analysers (AEI Technologies, Pitts-
burgh, PA, USA). After a 2-3-min break, participants were
asked to complete a supramaximal workload assessment
with increasing slope to confirm the attainment of VO,pax
[14]. VOjmax was confirmed when oxygen consumption
(VO,) reached a plateau (within 150 ml/min of the previous
workload) or decreased with progressively increasing work-
loads, along with at least one of the following criteria:
respiratory exchange ratio > 1.0, achieved age-predicted
maximum heart rate or volitional fatigue [15].

Prolonged exercise sessions (visits 2 and 3)

During visit 2, participants arrived at the Human Perfor-
mance Laboratory at York University and the iPro2
(Medtronic Ltd, Minneapolis, MN, USA) continuous glu-
cose monitor (retrospective, non real-time analysis) was
inserted into the interstitial space under the skin on the
abdomen or upper buttocks using a Sen-Serter (Medtronic
Ltd) according to the manufacturer’s instructions ~4 h
before exercise. Participants wore the same continuous
glucose monitor for the duration of visits 2 and 3 (within 4—
6 days) and were instructed to use the provided glucometer
for all self-monitoring of blood glucose. A standardized
lunch (within subject) was consumed and a bolus of insulin
was taken no later than 12:00 h for all participants during
visit 2 and 3, so the amount of ‘active’ on-board prandial
insulin from lunchtime would be minimal at the start of
exercise (16:00 h).

On arrival at the laboratory at 15:00 h, participants were
instructed to ingest the capsules (caffeine or placebo)
provided by the investigator who was also blinded to the
treatment. The capsules contained 6.0 mg/kg of body weight
of either pure caffeine (Sigma-Aldrich, St. Louis, MO, USA)
or 6.0 mg/kg of gelatin (placebo). A catheter (SURFLO
Teflon IV Catheter, Somerset, NJ, USA) was inserted into the
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antecubital vein and 4.0 ml heparinized vacutainers were
used to collect blood at each time point (baseline, 20 min into
exercise and post-exercise). Ten minutes before exercise, all
participants ingested 16 g of dextrose (Dex4©, AMG
Medical Inc., Montreal, Canada). Participants exercised at
60-70% of VOjmax for 45 min, and capillary glucose levels
were measured at 15-min intervals. Visits were rescheduled if
glucose concentrations were > 16.0 mmol/l before the onset
of exercise and were terminated immediately if glucose levels
reached 3.9 mmol/l during exercise.

Substrate oxidation

Expired gas was analysed during the initial and final 10 min of
both visits to measure oxygen consumption and carbon
dioxide production and substrate utilization. For this, expired
air was analysed, using AEI analysers (see above) for the
fractional concentration of oxygen (FgO;) and carbon dioxide
(FECO,) immediately after the completion of each gas collec-
tion (Models S-3A and CD-3S, respectively; Applied Electro-
chemistry, Sunnyvale, CA, USA). The O, and CO, analysers
were calibrated frequently with gases of known concentrations
(Praxair, Toronto, ON, Canada). Simultaneous measurements
of the gas temperature and atmospheric pressure were made to
correct the measured gas volumes to a standard temperature
and pressure. Absolute VO, (I/min) values were calculated
using the corrected volume of expired air together with FgO,
and FgCO,. Fat and carbohydrate oxidation rates were
determined using standard equations, which assume negligible
contribution from protein oxidation [16].

Blood samples

Whole-blood samples were drawn at baseline, 20 min into
exercise, and immediately after exercise in a subset of
participants (7=11). Samples were left at room temperature
for 5 min and then centrifuged at 4000 x g for 8 min. Plasma
was extracted from vacutainers and 250 pl was aliquoted into
five 1.0-ml tubes. Each tube had a measured concentration of
EDTA:trasylol solution, where 2.4 g of EDTA (Sigma-Aldrich
Canada Ltd., Oakville, Canada) was dissolved in 100 ml of
double distilled water on a hot plate and trasylol (Bayer
Pharmaceuticals, Toronto, Canada) preservative was added in
a 1:1 ratio to the EDTA solution. Once plasma was equally
distributed among tubes, samples were spun using a Labnet
VX100 vortex (Mo Bio Laboratories, Carlsbad, CA, USA) and
immediately frozen in a -80°C freezer.

Plasma samples, performed in duplicate, were used to
measure non-esterified free fatty acids (NEFA; Wako Pur
Chemical Industries, Osaka, Japan) and adrenaline concen-
trations (BA-E 6100 Rocky Mountain Diagnostics, Colorado
Springs, CO, USA). The adrenaline interassay plasma coeffi-
cient of variation, as reported by the manufacturer was 14.5%.
Plasma glucose concentrations were measured using a Yellow
Springs Instrument glucose oxidase analyser (YSI 2300 Stat
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Plus Glucose and L-Lactate Analyser; YSI, Yellow Springs,
OH, USA) to determine the correlation between capillary
whole-blood glucose values and plasma glucose levels. A 250-
ul plasma sample was used to measure glucose concentrations.

Statistics

Glucose concentrations during the pre-exercise and exercise
periods were analysed separately using two-way (time by
trial) repeated measures ANOVA. Percent time spent in
different glucose concentration zones (i.e. hypoglycaemia,
euglycaemia, hyperglycaemia) from 18:00 h to 06:00 h after
exercise were compared between visits using the Mann—
Whitney test for non-parametric statistics. For this analysis,
euglycaemia was defined as a continous glucose monitor-
assessed glucose concentration of 4.0-9.9 mmol/l; hypogly-
caemia as < 3.9 mmol/l; and hyperglycaemia as > 10.0 mmol/
l. Circulating adrenaline and NEFA levels were also analysed
using two-way (time by trial) repeated measures ANOVA.
Tukey’s honest significant difference post hoc test was used if
significant interactions were found. Statistical significance
was set at P <0.05 unless otherwise indicated. Participants’
descriptive characteristics were reported using mean + sp
values and are shown in Table 1. All statistical analyses were
conducted using staTisTicA 7.0 (StatSoft, Tulsa, OK, USA)
and GrapHPAD PrisMm software (Version 4.0).

Study participants

A total of 13 participants with Type 1 diabetes were
included in the final analysis (five men and eight women).

Plasma glucose, free fatty acid and adrenaline levels during the
caffeine and placebo visits

Before During After
exercise exercise exercise
Plasma glucose, mmol/l
Caffeine 9.5+2.8 10.8 £ 3.0 8.4 £3.5
Placebo 8.1+ 1.9 8.5 £3.0 5.6 3.0
Adrenaline, pg/ml
Caffeine 41.3 + 16.1 61.4 + 12,9
Placebo 30.4 £ 9.3 51.9 + 15.9
NEFA, mmol/l
Caffeine 0.35 + 0.35 0.28 + 0.29 0.76 + 0.73
Placebo 0.20 + 0.22 0.24 + 0.18 0.61 + 0.53

NEFA, non-esterified free fatty acids.

Data are mean =+ sp.

Compared with the placebo visit, the caffeine visit was
associated with higher plasma glucose concentrations (main
effect of visit; P=0.03) and higher adrenaline concentrations
(main effect of visit; P=0.01). Free fatty acid levels increased
with exercise (P=0.01 for main effect of time) but did not differ
significantly between visits. No significant interaction between
visit and time existed in these analyses.
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(a) Absolute and (b) relative change in whole-blood capillary glucose concentrations during the caffeine and placebo visits. Hashed box

denotes the exercise protocol (45 min of treadmill running at 60-70% of maximum oxygen consumption). The caffeine trial (circles) is denoted with

lower error bars removed and the placebo trial (triangles) is denoted with upper error bars removed. Two-way repeated measures ANOVA was used to
measure statistical significance (n=13). Trial by time interaction approached statistical significance (P=0.079). The caffeine visit was associated with
higher overall glucose levels (main effect of visit, P=0.056). No significant differences were seen in relative whole-blood glucose concentrations

during exercise, between caffeine and placebo visits.

Women were not studied during any particular phase of
their menstrual cycle. Participants varied in mean age (25.9
+ 8.8 years), height (172.0 + 10.3 cm), body mass (71.9 +
11.0 kg), VOamay (46.6 + 12.7 ml/kg/min), body fat (19.9
+ 7.2%), waist circumference (82.4 & 4.0 cm) and duration
of diabetes (14.4 + 10.1 years). All participants’ HbA ;.
values were measured during their exercise visit 2 using an
A Now+ meter (Bayer, Berkeley, CA, USA). All of the
participants had fair to good metabolic control based on the
last HbA . measurement [55 + 8 mmol/mol (7.4 4+ 0.8%)].
The participants were using either continuous subcutaneous
insulin infusion (#=10) or multiple daily injections (7=3).
The types of insulin being used included Novorapid® (Novo
Nordisk Pharmaceuticals, Inc.), Humalog® (Eli Lilly and
Company) and long-acting insulin Lantus® (Sanofi Aventis)
and Levemir® (Novo Nordisk Inc.). Participants varied in
their self-reported exercise levels from mildly active to elite.
Elite was defined as participating in a sport or activity at
the national or international level. The majority of partic-
ipants fell into the category of moderate- to high-level of
activity and only one participant was categorized as not
active.

Blood glucose response before, during and after exercise

Figure 1 shows the time-course changes in absolute and delta
change (inset) in whole blood glucose concentrations during
the caffeine and placebo visits. There were no significant
differences in the absolute pre-exercise (baseline to time
point zero) blood glucose concentration between the two
visits (P=0.18). Mean =+ sp blood glucose concentrations
were 1.8 £ 2.8 mmol/l higher in the caffeine vs. the placebo
visit during the exercise period (main effect of visit; P=0.04,
trial by time interaction; P=0.079); however, caffeine intake
did not appear to alter the rate of change in whole-blood
glucose concentration during exercise between the 15-45-
min time points. Of the 13 participants, one developed
documented symptomatic hypoglycaemia (blood glucose
< 3.9 mmol/l) [17] during the placebo visit 30 min into
exercise, and the session was terminated prematurely. By the
end of exercise, six participants had glucose levels < 3.9
mmol/l in the placebo visit vs. two in the caffeine visit
(P=0.04, one-tailed chi-squared analysis). In early recovery,
both visits were associated with similar rates of increase in
glucose concentrations (Fig. 1). Table 1 shows the plasma
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Absolute change in whole-blood capillary glucose
concentrations, as measured by self-monitoring of blood glucose in
men (7=5) and women (7=8) during placebo (triangles) and caffeine
(circles) visits. Two-way repeated measures ANOVA was used to measure
statistical significance (#=13). Men show a significant change in blood
glucose concentrations with visit by time (P=0.02). Women tended to
have higher blood glucose concentrations during the caffeine visit
compared with the placebo visit (P=0.06). *P<0.05.

glucose values obtained intravenously using a glucose
oxidase analyser before, during and after exercise. Plasma
glucose values were 2.0 + 2.6 mmol/l higher during the
caffeine visit compared with the placebo visit (main effect of
visit; P=0.03).

Figure 2 shows the absolute whole-blood glucose concen-
trations during exercise in men and women. In men, caffeine
intake attenuated the decline in whole-blood glucose during
exercise (trial by time interaction; P=0.02). In women,
compared with placebo, caffeine was associated with a 2.3
+ 2.9 mmol/l higher glucose concentration throughout the
entire exercise protocol (main effect of trial; P=0.06).

Figure 3 shows the correlation between perceived blood
glucose levels during exercise and measured blood glucose
levels during both placebo and caffeine visits. Participants
were asked to guess their blood glucose levels during exercise
(perceived glucose) and were blinded to the actual measured
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Measured versus perceived blood glucose concentrations
during exercise in caffeine (circles) and placebo (triangles) visits. The
dotted line represents the line of identity. There were significant
correlations between measured and perceived glucose levels in both
visits but the correlation was stronger in the caffeine trial (#+=0.77) than
in the placebo visit (7=0.36).

value until the end of exercise. There were significant
correlations between measured and perceived glucose levels
in both visits but the correlation was stronger in the caffeine
visits (#=0.77) than in the placebo visit (#=0.36). Moreover,
there was a tendency for individuals to underestimate their
blood glucose levels during the caffeine visit, particularly in
the hyperglycaemic range. In the placebo visit, participants
had a tendency to overestimate their glucose levels, partic-
ularly in the hypoglycaemic range.

Metabolic and hormonal responses to exercise

The NEFA and adrenaline concentrations are shown in
Table 1 for both placebo and caffeine visits. NEFA concen-
trations were similar between visits but increased signifi-
cantly with time in both placebo and caffeine conditions
(P=0.01). Adrenaline concentrations were similar pre-exer-
cise between visits, but increased more with caffeine post-
visit (P=0.01).

Substrate oxidation during exercise

The VO,, respiratory exchange ratio and substrate oxidation
rates during exercise are shown in Table 2. The respiratory
exchange ratio values significantly decreased from the start
to the end of exercise in both placebo and caffeine visits, but
the drop was greater in the caffeine visit. Fat oxidation rates
increased significantly in both caffeine and placebo visits
from the start to the end of exercise, with a greater increase
in the caffeine visit. Carbohydrate oxidation rates decreased
significantly in both caffeine and placebo visits from the start
to the end of exercise, with a greater decline during the
caffeine visit.
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Table 2 Maximum oxygen consumption, respiratory exchange ratio and substrate oxidation rates at the beginning of exercise (5-10-min time
period) and at the end of exercise (40-45 min) in the placebo and caffeine visits

Carbohydrate oxidation, g/

- VO,, I/min Respiratory exchange ratio Fat oxidation, g/min min
isit
Beginning of End of Beginning of End of Beginning of End of Beginning of  End of
exercise exercise exercise exercise exercise exercise exercise exercise
Caffeine 2.24 +0.47 2.00 +£0.77 0.96 = 0.03 0.92 £ 0.04*" 0.17 £0.10 029 + 0.20*" 2.65+0.78  1.88 + 0.92*"
Placebo  2.20 £ 0.45 1.92 +£0.77 0.96 £ 0.05 0.94 £ 0.05* 0.17 £ 0.19 0.19 + 0.16*  2.57 + 1.13  2.04 £+ 0.95*

VO,, oxygen consumption.
Data are mean =+ sp.

VO, had a tendency to decrease from the start to the end of exercise, but this did not reach significance. respiratory exchange ratio decreased
significantly from the start to the end of exercise in both caffeine and placebo visits. Fat oxidation rates increased significantly from the start
to the end of exercise and carbohydrate oxidation rates had the opposite effect.

*Significantly different from beginning of exercise. {Significantly different from placebo.

Evening and nocturnal glycaemia after exercise

A subset of participants (#=10) had overnight continuous
glucose monitor data available for both visits (Fig. 4).
Interstitial glucose values after the caffeine visit tended to
be more stable throughout the early evening hours, while
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values dropped in the placebo visit. From approximately
02:30h until 06:00h, however, the glucose values dropped
markedly (~4 mmol/l) in the caffeine visit, but not in the
placebo visit (P=0.04). The number of participants with
glucose concentrations < 3.9 mmol/l was five in the caffeine
visit vs. two in the placebo visit (P=0.16, chi-squared

*
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FIGURE 4 Evening and nocturnal interstitial glucose concentrations, as measured using continuous glucose monitor (CGM) (panel A), along with a

pie chart representation of the percent time spent in euglycaemia, hypoglycaemia, and hyperglycaemia (panel B). Placebo trial (blue triangle) with

lower error bars removed and caffeine trial (red circle) with upper error bars removed (n=10). A two-way repeated measures ANOVA design was used

to determine statistical significance. There were no significant differences (P=0.35) in interstitial glucose concentrations in the evening hours (6PM —
11:30PM). In the early morning hours (2:30AM — 6:00AM) interstitial glucose levels were significantly lower following the caffeine visit (P=0.04).

* denotes P<0.035.
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analysis). The percentage of time spent in hypoglycaemia,
euglycaemia and hyperglycaemia between 18:00h and
06:00h the following day is shown in Figure 4b. The percent
time in hypoglycaemia tended to be higher after caffeine
intake (13 4+ 20%) compared with placebo intake (6 +
12%), but this difference failed to reach statistical signifi-
cance (Mann—-Whitney test for non-parametric statistics,
P=0.17). Percent time in euglycaemia and hyperglycaemia
were not significantly different between visits (Figure 4b).

The present study shows that a single caffeine dose of 6.0 mg/
kg (equivalent to about four to six cups of coffee for an adult
man) attenuated the drop in glycaemia during 45 min of
steady-state aerobic exercise by 1.8 + 2.8 mmol/l compared
with placebo intake; however, continuous glucose monitor
data also showed that caffeine intake was associated with
elevated blood glucose concentrations at bedtime but,
paradoxically, lower glucose levels during the early morning
hours. These findings should temper the enthusiasm for
caffeine to prevent exercise-associated hypoglycaemia in
individuals with Type 1 diabetes.

Previous studies have shown that moderate to high caffeine
intake (3.0-6.0 mg/kg of body mass) increases the warning
signs of hypoglycaemia at rest [9] and can improve heart rate
variability [18] in patients with Type 1 diabetes; however,
few studies have looked at the implications on blood glucose
homeostasis during and after exercise in Type 1 diabetes.
Interestingly, caffeine ingestion in the present study was
associated with a decrease in perceived blood glucose
concentrations, as was also observed in participants at rest
in a study by Richardson et al. [9]. As both caffeine and
exercise cause increases in catecholamines, which are also
released during hypoglycaemia, participants may have
believed that they were developing hypoglycaemia during
the caffeine visit, as has been reported previously in
participants with Type 1 diabetes at rest [18].

In the present study, caffeine was associated with higher
NEFA and adrenaline levels, both of which may have
contributed to the higher glucose levels by reducing glucose
disposal into muscle. The drop in respiratory exchange ratio
was greater in the caffeine visit compared with the placebo
visit and there was a great reliance on fat oxidation with
caffeine ingestion (Table 2), findings that have long been
associated with caffeine intake in healthy athletes [19].

Increased carbohydrate intake before, during and after
exercise is one of the most common guidelines for maintain-
ing blood glucose levels to avoid hypoglycaemia [2]; however,
ingesting a caffeine supplement as an alternate strategy for
reducing exercise-induced hypoglycaemia may offer some
advantages for some individuals. First, caffeine consumption
does not appear to promote marked hyperglycaemia in most
individuals (Fig. 1, Fig. S1), as can be observed when prandial
insulin to carbohydrate ratio is heavily reduced [20,21].
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Second, caffeine does not increase caloric consumption, nor is
it associated with gastric distress (unless consumed in excess
of 9.0 mg/kg of body mass), which are common side effects of
excessive carbohydrate intake [22]. In the present study,
participants ingested a limited amount of carbohydrates (16 g
dextrose) in both visits to protect against severe hypogly-
caemia, particularly in the placebo visit. When combined with
caffeine intake, this amount of carbohydrate appears effective
in limiting the drop in glycaemia during 45 min of vigorous
aerobic exercise, although the effectiveness of this strategy did
vary markedly among participants (Fig. S1).

We found a high degree of variability in the glycaemic
responses to exercise in both visits, with more variability in
the caffeine visit compared with the placebo visit (Fig. S1). It
is well established that not all individuals metabolize caffeine
in the same way [23] and it is known that individuals that are
homozygous for the cytochrome P450 1A2 (CYP1A2)*1A
allele more rapidly metabolize caffeine in comparison with
carriers of the CYP1A2*1F allele [23]. If blood samples were
analysed for DNA isolation, it would have allowed for a
differentiation between caffeine responders and non-respon-
ders in the present study. Interestingly, a sub-analysis (data
not shown) showed a 4.0-mmol/l higher glucose concentra-
tion with caffeine intake in non-habitual caffeine users vs. a
1.0-mmol/l increase in glucose with caffeine users. Previous
studies conducted in young healthy men (without diabetes)
show that acute caffeine intake (5.0 mg/kg) has a greater
impact on adrenaline responses in non-users than in habitual
users, although habitual caffeine users, in general, tend to
have a greater adrenaline response to exercise than non-
users, even when just a placebo is consumed [24]; thus,
caffeine intake may have both a short-term and long-term
impact on adrenaline responses to exercise.

We found that both men and women tended to have higher
glucose concentrations with caffeine ingestion compared with
placebo intake (Fig. 2). In line with this, previous research has
shown that there are no significant sex differences in caffeine
responses, even between rest and exercise in the pharmacoki-
netics of caffeine [25]; however, caffeine has been shown to
increase endurance time in women more than men [24],
although this has been reported in absolute values where
women ingested greater amounts of caffeine per body weight.
As differences in oestrogen levels exist depending on the stage
of menstruation [25], women in the present study may
therefore have had different responses to caffeine depending
on the timing of their menstrual cycle, which was not
standardized in our study. Female reproductive hormones
have been shown to influence both substrate metabolism
during exercise [26] and caffeine metabolism [27]. Future
studies on caffeine and exercise (or hypoglycaemia) should
take into account menstrual phase and oral contraception use.

One major limitation of the present study was the fact that
hypoglycaemia did not occur with any great frequency, even
in the placebo visit. This makes it difficult to conclude that
caffeine ingestion limits hypoglycaemia during exercise. In
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fact, only one participant developed hypoglycaemia during
exercise in our study (in the placebo visit) and had to stop
exercising. The ingestion of 16 g of fast-active carbohydrates
(Dex4©, AMG Medical Inc., Montreal, Canada) before
exercise may explain the limited number of hypoglycaemic
episodes during exercise in the placebo visit, at least until the
very end of exercise (six of 13 participants developed
hypoglycaemia in the placebo visit vs. two of 13 in the
caffeine visit). With the decreasing trend in glucose concen-
trations during exercise, it is likely that more participants
would have reached hypoglycaemia if endurance exercise
continued for longer than 45 min. A second limitation worth
noting is that only a small number of non-habitual caffeine
users were examined in the present study (#=3) and it is
generally believed that non-caffeine users have a greater
adrenaline response to caffeine intake and therefore may
derive more protection against hypoglycaemia. Indeed, in the
three non-users, glucose levels were all higher after caffeine
than after placebo intake. Further studies are needed,
however, to determine the acute and sustained impact that
caffeine consumption has on glucose counter-regulation
during exercise in Type 1 diabetes.

In conclusion, the present study shows that acute caffeine
ingestion modestly attenuated the drop in glycaemia during
afternoon steady-state aerobic exercise in people with Type 1
diabetes. Importantly, however, caffeine ingestion promoted
an elevation in blood glucose concentration at bedtime, but
paradoxically was associated with lower glucose concentra-
tions in the early morning hours the next day, which may
increase post-exercise late-onset hypoglycaemia. Necessary
precautions should be taken in the evening hours after
caffeine ingestion to ensure safety in active individuals with
Type 1 diabetes. A bedtime snack with carbohydrates and
protein (i.e. dairy or yogurt-based snack) and more frequent
monitoring and/or reduced basal rates or long-acting insulin
in the evening hours may be needed after caffeine intake.
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Figure S1. Pan-view of individual (delta) changes in whole-

blood glucose concentrations (mmol/l) during exercise. Both

placebo (triangles) and caffeine visit (circles) are shown as

measured by self-monitoring of blood glucose. Letters

represent individual participants and dashed lines represent

mean values (n=13).





