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Background: Feeding intolerance is commonly docu-
mented in premature infants. Caffeine is routinely utilized for 
apnea of prematurity treatment and known to reduce the 
lower esophageal sphincter (LES) muscle tone, but the caffeine 
effect on the newborn gastrointestinal function is unknown. 
We hypothesized that caffeine impairs esophageal and gastro-
intestinal motor function. As such, we investigated the drug 
effect on the tissue's mechanical properties and the newborn 
rat's in vivo gastric emptying rate.
Methods: The effects of caffeine on LES, gastric fundal and 
antrum, as well as ileal and colonic muscle force potential and 
relaxation response, were measured in newborn and adult rats. 
The caffeine-induced (10 mg/kg i.p.) newborn gastric empty-
ing rate changes were evaluated following 3 h of fasting.
results: Caffeine relaxed the precontracted LES and fundal 
muscle (P < 0.01), reduced the gastric and intestinal muscle 
contraction (P < 0.01), and delayed the pups’ gastric emptying 
time (P < 0.01). The caffeine-induced muscle relaxant effect was 
independent of age and mediated via ryanodine receptors.
conclusion: Caffeine administration to newborn rats at a 
dose comparable to the one therapeutically used for preterm 
neonates impairs LES and gastrointestinal motor function. 
Further clinical investigation on the possible contribution of 
caffeine to neonatal feeding intolerance is warranted.

caffeine effectively treats apnea of prematurity and is one 
of the most common drugs utilized in neonates (1). The 

drug belongs to the methylxanthine family and stimulates 
breathing via its effector role in the brain medullary respira-
tory center (2–4). The respiratory stimulation properties of the 
drug depend on the central nervous system adenosine inhibi-
tory effect (5,6). This adenosine receptor inhibitory function 
also allows caffeine to play an important role in the regulation 
of other neurotransmitter pathways involving dopamine, ace-
tylcholine, and serotonin (7). Similarly, gastrointestinal motor 
function is regulated via adenosine-dependent neurotransmit-
ters (8). Acetylcholine, and to a lesser extent dopamine and 
serotonin, stimulates gastrointestinal muscle contraction and 
thus modulates its motor function (9).

In preterm neonates, methylxanthines exacerbate the gas-
troesophageal reflux commonly documented in these infants, 
because of their negative effect on the lower esophageal 

sphincter (LES) muscle tone (10,11). Whether methylxanthines 
have a similar effect on other sphincter and non- sphincter gas-
trointestinal muscles has not been adequately evaluated.

The caffeine effect on different smooth muscle types has been 
extensively studied mostly with a view to address the mecha-
nism responsible for Ca2+ sparks and spontaneous transient 
outward currents induced by large-conductance Ca2+-activated 
K+ channels (12–14). Such data indicate that in adult animals 
caffeine has a relaxant effect in different smooth muscle types 
including the gastrointestinal motor fibers (15–18), via an 
increase in intracellular cyclic 3’,5’-adenosine mono-phosphate 
levels (19–21), calmodulin kinase II activation (15), and actin 
depolymerization (22). However, little is known about the caf-
feine effect on the newborn gastrointestinal function.

Caffeine is commonly prescribed to preterm neonates in 
the first days of life while enteral nutrition is being initiated 
or advanced (23). Feeding intolerance is a common issue in 
preterm infants, and the factors accounting for their reduced 
gastrointestinal transit time are poorly understood. The effect 
of caffeine on the newborn gastrointestinal motor function 
and transit time has not been previously evaluated and was the 
main goal of this study. We hypothesized that caffeine not only 
has an LES muscle relaxant effect but also delays the gastric 
emptying time in newborn rats and reduces gastrointestinal 
muscle tone.

RESULTS
Caffeine Relaxes the Lower Esophageal Sphincter (LES)
The caffeine effect on the newborn rat LES muscle tone was 
evaluated first. For this, the LES muscle strips were either 
carbachol-stimulated in the presence of caffeine to measure its 
effect on the force potential, or precontracted with this mus-
carinic agonist, and the caffeine dose–response relaxant effect 
was evaluated. As shown in Figure  1a, caffeine significantly 
(P < 0.01) decreased the carbachol-induced LES muscle con-
traction by 30%. In precontracted LES muscle strips, caffeine 
induced a concentration-dependent response, resulting in over 
50% relaxation at 10−3 M (Figure 1b).

Caffeine Reduces Gastric and Intestinal Muscle Tone
The gastric and intestinal carbachol-induced muscle con-
traction in the absence and presence of caffeine was assessed 
further. Caffeine significantly decreased gastric fundal and 
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antrum muscle tone by 25 and 60%, respectively (Figure 2a; 
P < 0.01). An even greater effect was noted in intestinal tissue 
where caffeine decreased both the ileal and descending colon 
smooth muscle contraction response to carbachol stimulation 
by 80% (Figure 2b; P < 0.01).

Caffeine Reduces Fundic Muscle Tone Via a Ryanodine Receptor-
Dependent Mechanism
The newborn gastric muscle relaxation dose response to caf-
feine was evaluated in fundal strips precontracted with carba-
chol. As shown in Figure 3a, caffeine significantly decreased 
the fundal muscle tone, resulting in almost 75% relaxation 
at 10−3 M. The antral smooth muscle relaxation could not be 
ascertained due to its inherent phasic activity.

In order to evaluate as to whether the caffeine relaxant effect 
on the gastric fundic muscle is mediated via ryanodine recep-
tors, we proceeded to test the effect of ryanodine on the caf-
feine response. Others have previously shown that ryanodine 
partially reverses the caffeine relaxant effect in adult rat fundic 
muscle (15). As shown in Figure 3b, ryanodine reversed the 
caffeine-induced relaxation by 36% (P  <  0.01), an inhibitory 
effect of similar proportions to the one previously reported in 
adult rat tissue (15).

Caffeine Delays Newborn Gastric Emptying
We proceeded to evaluate whether caffeine has an in vivo effect 
on gastric emptying rate. Compared with saline-injected ani-
mals, caffeine significantly (P < 0.01) increased gastric empty-
ing time in newborn rats, as evidenced by the greater stomach 
content, following fasting for 3 h (Figure 4). The in vivo caf-
feine effect on intestinal transit time was not evaluated, since 
there are no suitable techniques to assess this parameter in the 
newborn rodent.

Caffeine Relaxant Comparative Effect in the Adult Rat
Finally, we measured the caffeine effect on the adult rat esoph-
ageal and gastrointestinal muscle tone. As shown in Figure 5, 
caffeine induced a 50–60% reduction (P < 0.01) in the carba-
chol-induced force in all tested tissues.

DISCUSSION
In this study, we documented that caffeine significantly reduces 
LES, gastric, and bowel smooth muscle tone, and induces 
delayed gastric emptying in newborn rats. The caffeine effect 
is not age-dependent such that this compound equally reduces 

Figure 1. Caffeine relaxes the lower esophageal sphincter (LES). (a) 
Newborn LES carbachol-induced force response (10−4 M) normalized to 
128-mmol/l KCl-induced contraction in the absence and presence (N = 6) 
of caffeine (10−3 M). (b) Caffeine-induced relaxant dose response in car-
bachol precontracted newborn LES tissue (N = 6). **P < 0.01 as compared 
with control values by paired Student’s t-test.
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Figure 2. Caffeine reduces gastric and intestinal muscle tone. (a) 
Newborn fundic and antral smooth muscle carbachol-induced force  
(10−4 M) normalized to 128-mmol/l KCl-induced contraction, in the 
absence (open bars; N = 7 and 5, respectively) and presence (solid bars; 
N = 7 and 5, respectively) of caffeine (10−3 M). (b) Newborn ileal and 
descending colon smooth muscle carbachol-induced force (10−4 M) 
normalized to 128-mmol/l KCl-induced contraction in the absence (open 
bars; N = 8 and 10, respectively) and presence (solid bars; N = 8 and 10, 
respectively) of caffeine (10−3 M). **P < 0.01 compared with control values 
by paired Student’s t-test.
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the esophageal and gastrointestinal muscle tone of adult rats. 
The mechanism responsible for the caffeine-induced gastroin-
testinal muscle tone in the newborn is mediated via smooth 
muscle cell ryanodine receptors, as previously shown in adult 
rat tissue (15). To the best of our knowledge, this is the first 
English literature report addressing the effect of caffeine on the 
gastrointestinal muscle tone early in life.

Caffeine is the most prescribed drug (1) in neonates and 
proven to be therapeutically beneficial for apnea of pre-
maturity (24), prevention of bronchopulmonary dysplasia, 
and neuroprotection (25). Theophylline, another methylx-
anthine, is equally as effective as a respiratory stimulant in 
neonates, but its use is associated with more cardiovascular 
and central nervous system side effects, as compared with 
caffeine (4,26).

Although the coffee ingestion effect on the gastrointestinal 
motor and LES sphincter tone in adults is controversial (27), 
methylxanthines are known to enhance gastroesophageal 
reflux in preterm infants (11). In adult mice, caffeine decreases 
the fundal smooth muscle basal tone to ~85% of the response 
obtained with a nitric oxide donor compound (15). Caffeine 
also decreases the basal tone and amplitude of phasic smooth 
muscle contractions in the gastric antrum of adult mice (16). 
Yet, the gastrointestinal effects of caffeine have not been stud-
ied in neonates. This represents a significant knowledge gap 

since feeding intolerance ranks as one of the most common 
clinical issues for preterm infants (28,29), the target popula-
tion for caffeine administration.

The mechanism accounting for the caffeine relaxant effect 
on the gastrointestinal muscle tone has been previously evalu-
ated in adult rodent gastric tissue. The transient and localized 
Ca2+ release from the ryanodine receptors, best known as Ca2+ 
sparks, modulates muscle tone (30). Caffeine increases Ca2+ 
sparks and spontaneous transient outward currents, in part 
via ryanodine-sensitive signaling pathways resulting in the 
relaxation of gastric smooth muscle (12,13). Phospholamban-
induced phosphorylation by Ca2+/calmodulin-dependent pro-
tein kinase II promotes sarcoplasmic reticulum Ca2+ refilling 
via ryanodine receptors, further contributing to the caffeine 
relaxant effect in fundic muscle (15). In adult guinea pigs, 
caffeine can also induce intestinal smooth muscle relaxation 

Figure 3. Caffeine reduces fundic muscle tone via ryanodine sensitive 
mechanism. (a) Caffeine relaxant dose response of newborn fundic muscle 
precontracted with carbachol (N = 6). (b) Effect of ryanodine (10−5 M) on 
the caffeine-induced (10−3 M) relaxant response of newborn fundic muscle 
precontracted with carbachol (10−4 M). **P < 0.01 as compared with con-
trol values by paired Student’s t-test.
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b Figure 4. In vivo measurement of gastric emptying time. Stomach con-
tent: body weight ratio following caffeine (10 mg/kg i.p.) or saline (control, 
similar volume to caffeine group i.p.) in newborn animals (N = 4 for each 
group). **P < 0.01 as compared with control group by unpaired Student’s 
t-test.
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Figure 5. Caffeine reduces LES, gastric, and intestinal muscle tone in 
adult rat. Adult lower esophageal sphincter (LES; N = 10), fundic (N = 9) 
antral (N = 10), and colon (N = 5) subjected to carbachol-induced (10−4 M) 
muscle contraction normalized to 128-mmol/l KCl-induced contraction, 
in the absence (open bars) and presence (solid bars) of caffeine (10−3 M). 
**P < 0.01 as compared with age-matched control group by unpaired 
Student’s t-test.
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by facilitating the inhibitory responses to isoprenaline, cyclic 
3’-5’-adenosine mono-phosphate, and papaverine (18).

Rodents are a suitable animal model to evaluate the caffeine 
effect on preterm neonates given that at birth their gastroin-
testinal function is developmentally comparable to 32-wk 
gestation infants (31). In this study, we demonstrated that the 
caffeine-induced relaxant effect in newborn rat gastric muscle 
is equally dependent on ryanodine receptors.

There are limited data on the methylxanthine effect on the 
gastric emptying time in newborns. In a randomized control 
trial involving very-low-birth-weight neonates, theophylline 
exposure was associated with delayed gastric emptying, when 
compared with untreated neonates (32). To the best of our 
knowledge, there are no other published clinical studies where 
the impact of caffeine on gastrointestinal tract was assessed. The 
present caffeine data and literature evidence of theophylline-
induced gastric emptying delay in neonates (32), suggest that 
both drugs impair the infants' gastrointestinal and LES motor 
function.

We only evaluated the in vivo caffeine effect on gastric emp-
tying since there are no suitable techniques to assess its impact 
on the intestinal transit time. Yet, our in vitro data suggest that 
caffeine equally lowers the intestinal muscle force potential, 
and this is likely to result in impaired intestinal motor function.

Finally, the extent to which the caffeine concentrations evalu-
ated in this study reflect the therapeutic regimen in preterm 
neonates requires further discussion. Natarajan et  al. (33) 
reported that caffeine blood levels in preterm infants receiv-
ing the drug varied between 3 and 24 mg/l. Similar blood 
levels (13 mg/l) were obtained in newborn rats treated with a 
slightly higher caffeine dose (15 mg/kg gastrically) (34). These 
blood levels correspond to muscle bath caffeine concentrations 
between 10−5 and 10−4 M. As illustrated in Figure 3b, a 20–40% 
caffeine-induced relaxation was documented in the newborn 
gastric muscle following an in vitro exposure at these concen-
trations of the drug. Thus, the caffeine-induced effect on the 
newborn rat gastrointestinal and LES muscle tone in this study 
is within the range of therapeutic blood levels.

In summary, we showed that caffeine reduces the LES 
sphincter and gastrointestinal muscle tone and delays gastric 
emptying time in newborn rats via a mechanism involving 
ryanodine receptors. The caffeine effect on the human neona-
tal gastrointestinal motor function and its possible role in the 
preterm-infant feeding dysfunction warrant further study.

METHODS
Chemicals and Reagents
All chemicals and reagents were obtained from Sigma Aldrich 
(Oakville, ON), unless otherwise indicated.

Animals
All procedures were conducted in accordance with the Canadian 
Council on Animal Care regulations, and the study protocol was 
approved by the Hospital for Sick Children’s Animal Care Committee.

Sprague Dawley rats (Charles River, SAINT-CONSTANT, Quebec, 
Canada) bred in house were utilized. All animals were fed regular 
rodent pellets and housed under standard lighting and temperature 
conditions. The newborn rats were studied at 2–7 d of age, whereas 
2–4 mo-old animals were used to obtain adult tissue. All animals 

were killed with an overdose of pentobarbital sodium (60 mg/kg i.p.). 
Immediately after death, the LES, gastric fundus, antrum, ileum, 
and descending colon tissue were dissected free and immediately 
mounted on an isometric myograph.

Gastrointestinal Smooth Muscle Mechanical Response
Longitudinally oriented gastric fundic, or circular LES, antral, ileal, 
and descending colon muscle strips (2 mm long and 5 mm wide) were 
studied using a modified protocol based on previous reports by oth-
ers (35,36). The tissue mucosa and submucosa layers were carefully 
removed by sharp dissection, and special care was taken to avoid any 
damage to the underlying muscle layer. Briefly, the tissue was main-
tained in an ice-cold Krebs-Henseleit solution (NaCl, 115 mmol/l; 
NaHCO3, 25 mmol/l; NaHPO4, 1.38 mmol/l; KCl, 2.51 mmol/l; 
MgSO4 7H2O, 2.46 mmol/l; CaCl2, 1.91 mmol/l; and dextrose, 5.56 
mmol/l) bubbled with 95% O2/5% CO2 until ready to be mounted on 
the myograph.

The muscle strips were secured at either end with 6 × 10 mm flat 
surface tissue clips and submerged into a 10-ml tissue bath (Radnoti 
LLC, Monrovia, CA) filled with the Krebs-Henseleit solution at 37 °C, 
pH 7.4, and bubbled with 95% O2/5% CO2. One end of the muscle 
strip was fixed to the bottom of the tissue bath and the top clamp 
was tied to an isometric force transducer using 7-0 braided silk (Fine 
Science Tools, North Vancouver, British Columbia, Canada). The 
changes in force were recorded and stored digitally for processing 
(LabChart 7, ADInstruments, Colorado Springs, CO).

The muscle strips were equilibrated in the bath for the first 45 min, 
while replacing the Krebs solution every 15 min, and stretched to the 
determined optimal lengths (mean  ±  SEM; fundus  =  3.5 ± 0.3 and 
4.2 ± 0.9 mN; antrum = 2.6 ± 0.2 and 6.2 ± 0.7 mN; colon = 1.5 ± 0.1 
and 4.1 ± 1.4 mN; ileal = 1.0 ± 0.1 mN; LES = 2.9 ± 0.1 and 5.1 ± 0.6 
mN, for the newborn and adult, respectively). All subsequent ago-
nist-induced force measurements were obtained at the optimal rest-
ing tension and normalized to the KCl (128 mmol/l) initial response.

The muscle contraction potential was evaluated in response to car-
bachol (10−6 M) in the absence or presence (preincubated for 20 min) 
of caffeine (10−3 M). To assess the caffeine-induced muscle relaxant 
effect, the strips were precontracted with carbachol at the concen-
tration required to induce a 75% increase in maximal-induced force 
(E75). Caffeine was subsequently added to the bath in a cumulative 
manner to evaluate the caffeine dose-dependent response of these 
precontracted muscle strips. All experiments were conducted in the 
presence of L-NAME (nonselective nitric oxide synthase inhibitor, 
10−4 M), phentolamine (nonselective α-adrenergic antagonist, 10−5 
M), and propranolol (nonselective β-adrenergic antagonist, 10−5 
M). Ryanodine (10−5 M) was utilized to evaluate the caffeine effect 
on the ryanodine receptors. For this, the methodology previously 
described by Kim et al. (15) in adult gastric tissue was employed.

In vivo Measurement of Gastric Emptying Time
The gastric emptying time was evaluated in 3–7-d-old pups. We uti-
lized a previously described method (37), where the pups are sepa-
rated from their mother at a precise time and their stomach content 
weighed 3 h later (fasting period). Normal saline (vehicle used to dis-
solve caffeine) or caffeine (10 mg/kg) was administered i.p. to the ani-
mals immediately after maternal separation, and they were kept in a 
37 °C environment to prevent hypothermia. The rats were killed with 
a barbiturate overdose and the stomach content was normalized to 
the pup’s body weight. The dose of caffeine chosen was based on pre-
viously published reports of caffeine use in neonatal rats (38).

Data Analysis
After confirming that the data were normally distributed (skewness, 
kurtosis, and omnibus normality testing), the results were compara-
tively evaluated by unpaired or paired Student’s t-test, as appropriate. 
The statistical significance was determined at P < 0.05. All statistical 
analyses were performed with the Number Cruncher Statistical System 
software (NCSS, Kaysville, UT). Data are presented as mean ± SEM.
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