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ABSTRACT. The purpose of these studies was to evaluate 
the effects of chronic caffeine ingestion on the myocardium 
during fetal and neonatal growth and development. The 
isolated perfused working heart preparation was used to 
evaluate cardiac function. During gestation and lactation, 
one group of dams consumed a caffeine supplemented diet 
(10 mg/kg/day). Their offspring were sacrificed and the 
hearts analyzed 50 days after birth. We found that the 
intake of caffeine by the dams resulted in significant in- 
creases in the offspring's coronary flow, peak systolic 
pressure, and myocardial work. A second group of dams 
ingested a diet containing caffeine (10 mg/kg/day) during 
lactation only. Their pups continued to consume the caf- 
feine diet until 50 days. Pup hearts exhibited significant 
reductions in cardiac output, stroke volume, pressure de- 
velopment, myocardial work, and external efficiency when 
compared to controls. Caffeine did not affect (a) body or 
heart weight or (b) adipose size or number in these exper- 
iments. Thus, continued caffeine consumption following 
birth may alter cardiac performance of the offspring. (Pe- 
diatr Res 21: 391-395, 1987) 

Abbreviations 

Q, cardiac output 
PSP, peak systolic pressure 
HR, heart rate 
SV, stroke volume 
CF, coronary flow 

Caffeine is extensively used (I ,  2) and therefore much concern 
has arisen concerning its potential for developmental toxicity. 
Caffeine is known to affect the central nervous system, cardiac 
muscle, cardiac output (2-4), blood pressure, heart rate (I), 
catecholamine release, and renin activity (2, 5, 6). Although the 
exact mechanisms of caffeine's cardiovascular effects are still 
controversial (7), the reports imply that the organism rapidly 
develops a tolerance to caffeine's acute actions and that the acute 
effects do not persist (5, 8). 

Presently, insufficient information is available regarding 
chronic caffeine administration during early growth and devel- 
opment. Researchers have reported that caffeine and its metab- 
olites readily cross the placenta and distribute evenly in fetal 
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tissue (9-12). During pregnancy, all the caffeine may not be 
metabolized (13, 14) possibly causing an accumulation in mater- 
nal and fetal tissues. Caffeine has also been found in mother's 
milk (15, 16); thus, caffeine is available to the suckling infant. In 
addition, caffeine is known to activate the sympathetic nervous 
system, evaluate plasma free fatty acids (17-20), and decrease 
adipocyte size (2 1). 

The purposes of the present study were: (a) to determine 
whether caffeine ingestion by dams during fetal development 
and lactation had any long-term effect on the offspring's cardiac 
performance 50 days after birth, (b) to ascertain whether caffeine 
intake by the offspring during nursing and after weaning resulted 
in cardiac dysfunction in 50-day-old rats, and (c) to evaluate 
whether chronic caffeine consumption for 50 days during lacta- 
tion and postweaning affected adipocyte size and number. 

METHODS 

Effect of caffeine intake during gestation and lactation. Timed 
pregnant (known date of conception) Sprague-Dawley rats 
(Holtzman Co., Madison, WI) were fed Purina Laboratory Chow 
at our animal facility. On day 13 of pregnancy (sperm positive 
as day I), randomly selected dams in the control group were fed 
a 20% protein diet (22). These control dams were fed ad libitum. 
On delivery, several litters were combined if the delivery time 
was within an 8-h range. Randomly selected pups were then 
assigned to each dam and the dams consumed the same diet 
during lactation. In conducting this research, the investigators 
adhered to "Guiding Princiwles in the Care and Use of Animals" 
as described by th; ~ o u i c i l  of The American Physiological 
Society. 

During pregnancy, dams in the experimental group were pair- 
fed to controls the same diet supplemented with caffeine (I0 mg/ 
kg/day). On delivery, pups were randomly assigned to dams and 
the dams were pair-fed the caffeine supplemented diet during 
lactation. 

After the pups were weaned at day 22, only male animals were 
selected. Pups from both groups were then pair-fed the control 
diet without caffeine until sacrificed 50 days after birth. Caffeine 
quantities in the diet were adjusted for increased body weight 
and food intake. All rats were housed individually and water was 
provided ad libitum. 

The fasted animals (12-h postabsorptive) were injected intra- 
peritoneally with 500 U heparin and anesthetized with sodium 
pentobarbital (50 mg/kg body weight). The hearts were excised, 
placed in cold saline, and then the cardiovascular performance 
of the caffeine-fed and control groups were examined by using 
the isolated working heart preparation as described previously 
(23, 24). Retrograde perfusion of the coronaries was initiated 
using an oxygenated, nonrecirculating Krebs-Henseleit bicarbon- 
ate buffer (pH 7.40) with glucose (5.5 mM). The buffer was 
equilibrated with 95% 02-5% C02 at 37" C. Final salt concentra- 
tions in the perfusion medium were (in mM): NaCl 118, KC1 
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4.7, MgS04, 2.4, KH2P04 1.2, NaHC03 25, NaEDTA 1 .O, and 
CaC12 2.8. Perfusion was continued for approximately 10 min 
while the left atrial appendage and the pulmonary artery were 
cannulated. After the cannulation procedures were completed, 
antegrade perfusion via the left atrial cannula was begun. 

For the first 10 min of antegrade perfusion, the heart was 
perfused at a preload (left atrial filling pressure) of 15 cm H20. 
Hearts were paced (Grass Stimulator, model SD9) at 235-240 
beats per min and the workload varied by altering the preload 
pressure. The afterload was maintained at 70 cm H20. After 
stabilization, the hearts were perfused at left atrial filling pressures 
of 10, 15, 20, 25, 30, and then back to 15 cm H20. Each left 
atrial filling pressure was maintained for 5 min before measure- 
ments were recorded. The buffer (1000 ml) was recirculated 
throughout each experiment using new buffer for each heart. 

l?Ji.ct of cafi.ine intake during lactation and postweaning. 
Timed pregnant Sprague-Dawley rats were fed Purina Labora- 
tory Chow until delivery. At birth, several litters were combined 
if the time of delivery was within an 8-h range. Eight randomly 
selected pups were assigned to each dam. Control dams were 
then fed a 20% protein diet (22) ad libitum. Dams in the 
experimental group were pair-fed to the control group with the 
20% protein diet supplemented with caffeine (10 mg/kg/day). 
When the pups were weaned at day 22, only males were selected. 
The weaned pups continued to receive either the control or 
experimental (caffeine) diet until sacrificed at day 50. Caffeine 
amounts in the diet were adjusted for increased body weight and 
food intake. All rats were housed individually and water was 
provided ad libitum. Similar experimental procedures were con- 
ducted as described above with regard to cardiac performance 
and the isolated working heart preparation. In addition, both the 
entire epididymal and perirenal fat depots were removed, rinsed 
in saline, and weighed. Adipocytes were isolated and both cell 
size and number per fat pad were determined as previously 
described (25). 

Calculations and statistics. At each preload, coronary and 
aortic flow were measured. All flow related measurements were 
normalized to dry heart weight. Oxygen in the left atrial buffer 
reservoir and the coronary eMuent were measured employing an 
oxygen probe and monitor (Yellow Springs Instruments, models 
533 1 and 53, respectively). Oxygen consumption and external 
efficiency were calculated (24, 26) with oxygen consumption 
expressed as mmoles oxygen consumed per hour per gram dry 
heart weight and external efficiency as a percentage. An estimate 
of myocardial work (double product) was calculated as Q times 
PSP. 

Data are expressed as mean SEM. A two-way analysis of 
variance with repeated measures design was used to evaluate the 
differences between groups and preload pressures. A Newman- 
Keuls multiple range test was used to determine significant 
differences between means. When appropriate, t tests were used 
to test mean differences. Correlations were used to determine 
relationships between variables while regression analysis was used 
to evaluate oxygen consumption and coronary flow in relation 
to estimated myocardial work. Statistical differences were con- 
sidered significant at p < 0.05 (27, 28). 

RESULTS 

Effect of caffeine intake during gestation and lactation. No 
significant differences in body weight were observed between the 
control and caffeine-fed groups at 50 days postbirth. Although 
wet heart weight for the caffeine-fed animals was significantly 
less than those of controls (1.198 & 0.069 and 1.353 a 0.019 mg, 
respectively), there was no significant difference in dry heart 
weight between the two groups. 

In both groups, in vitro Q increased significantly with preload 
pressure (Table 1); however, the differences between groups were 
not significant. Similarly, HR and SV were not significantly 
different between controls and caffeine-fed rats. CF was signifi- 

Table I .  Effects of chronic caffeine intake during gestation and lactation on cardiac performance (mean a SEM) 
Left atrial filling pressure (cm HzO) 

Variable 10 15 20 25 30 

Q (ml/min/g) 
Control (n = 5) 
Caffeine-fed (n = 6) 

CF (ml/min/g) 
Control (n = 5) 
Caffeine-fed (n = 6) 

PSP (mm Hg) 
Control (n = 5) 
Caffeine-fed (n = 6 )  

Double product (Q X PSP) 
Control (n = 5) 
Caffeine-fed (n = 6) 

Oxygen consumption (mM Oz/h/g) 
Control (n = 5) 
Caffeine-fed (n = 6) 

* Treatment significantly different from control value, p < 0.05. 

Table 2. Effects of chronic caffeine intake during lactation and postweaning on adipocyte size and number (mean a SEM) 
Tissue wt Diameter TG/cell No. cells 

Depot (g) ( ~ m )  ( ~ 8 )  (X lo6) 

Epididymal 
Control (n = 8) 1.20 + 0.12 47.31 f 2.18 0.066 + 0.009 12.63 + 1.37 
Caffeine-fed (n = 10) 1.38 + 0.19 52.58 + 2.17 0.092 + 0.010 9.85 + 1.19 

Perirenal 
Control ( n  = 8) 0.87 f 1.16 44.52 + 3.33 0.067 _t 0.0 13 10.11 * 1.63 
Caffeine-fed (n = 10) 0.90 + 0.13 43.35 + 3.34 0.067 + 0.01 1 13.59 + 3.94 
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cantly higher in the hearts of the caffeine-fed group than.in the 
controls at 10 and 15 cm H 2 0  (Table 1). However, CF/Q ratio 
for the caffeine-fed group (62-65%) was not significantly differ- 
ent from control values (58-64%). 

PSP was significantly elevated in hearts from caffeine-fed 
animals at preloads of 10, 15, and 25 cm H 2 0  when compared 
to controls (Table I). Both diastolic pressure and mean pressure 
increased with left atrial filling pressure, but no differences 
between groups were noted. 

The double product (Q X PSP) and stroke work (Q X PSP/ 
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Fig. I. Changes in Q, SV, and CF  (mean + SEM) following chronic 
caffeine intake during lactation and postweaning in control and caffeine- 
fed rats. Number of hearts per group is given in parentheses. All flows 
are expressed in terms of dry heart weight. *Treatment is significantly 
different from control value, p < 0.05. 

HR), which were used to estimate myocardial work, increased 
with preload in both groups. Although stroke work and double 
product (Table I) in caffeine-fed rats were higher than in controls, 
only 15 cm H 2 0  was significantly different. Similarly, myocardial 
oxygen consumption increased with preload and myocardial 
work; however, no significant differences between groups were 
observed (Table I). External eficiency remained fairly constant 
at 6-7% for both groups of hearts. 

Myocardial work correlated well with myocardial oxygen con- 
sumption ( r  = 0.75, p < 0.05) and coronary flow ( r  = 0.84, p < 
0.05). However, the slopes and intercepts of the two relationships 
were not significantly different. 

Effect of caffeine intake during lactation and postweaning. The 
50-day-old control and caffeine-fed rats exhibited no statistical 
difference in body, wet heart, and dry heart weights. Adipocyte 
size or number in both fat depots were not significantly different 
following continued caffeine ingestion (Table 2). 

The cardiac output increased significantly with preload pres- 
sure for both groups. However, Q was significantly lower for the 
caffeine-fed group than that of control animals (Fig. I). Since 
HR was not statistically different with altered preloads, the 
experimental group's SV was significantly lower than that of 
controls at increased preload pressures (Fig. 1). CF was signifi- 
cantly less in the caffeine-fed hearts at intermediate preloads 
(Fig. I). Neither the ~affeine~fed nor the control hearts displayed 
statistical differences in CF/Q with increased preload (54-57 and 
56-60%, respectively). 

Mean aortic pressure was significantly reduced in the hearts 
from caffeine-fed animals at 15, 20, 25, and 30 cm H 2 0  (Table 
3). PSP increased with preload pressure; however, PSP was 
significantly lower in the caffeine-fed group at similar preloads 
(Fig. 2). The experimental group exhibited a declining diastolic 
pressure with increased preload pressure that was significant at 
25 cm H20. 

Work was significantly depressed in the hearts from caffeine- 
fed rats. Double product was significantly less at 15, 20, 25, and 
30 cm H 2 0  (Fig. 3). Similarly, hearts from caffeine-fed rats 
exhibited significantly lower stroke work values at these filling 
pressures (Table 3). 

Myocardial oxygen consumption for both groups of hearts was 
not significantly different (Table 3). Since hearts from caffeine- 
fed rats produced less work and consumed similar quantities of 
oxygen as controls, one can conclude that hearts from caffeine- 
fed rats were significantly less eficient at all preloads (Table 3). 

DISCUSSION 

Efect of cafSEine intake duringgestation and lactation. Caffeine 
has been known to easily cross the placenta and accumulate in 
fetal tissue (29). Similarly, comparable caffeine concentrations 

Table 3. Effkcts of chronic caffeine intake during lactation and postweaning on cardiac performance (mean + SEM, n = 6) 

Left atrial filling pressure (cm HzO) 

Variable 10 15 20 25 30 

Mean aortic pressure (mm Hg) 
Control 61.2 + 2.8 69.7 t 3.0 73.3 + 3.4 75.5 + 3.6 75.5 + 4.4 
Caffeine-fed 57.8 + 1.3 62.8 t 1.7* 65.2 + 1.3* 66.5 t 2.2* 65.8 + 2.0* 

Stroke work (Q x PSP/HR) 
Control 50.2 + 6.2 73.6 + 5.8 81.5 + 4.0 85.0 + 4.2 9 1.9 + 4.3 
Caffeine-fed 37.3 + 4.2 47.7 + 5.1* 53.8 + 6.0* 59.1 + 7.6* 59.5 + 8.4* 

Oxygen consumption (mM Oz/h/g) 
Control 2.91 + 0.14 3.47 + 0.17 3.78 + 0.24 3.95 + 0.32 4.56 + 0.52 
Caffeine-fed 3.19 + 0.24 3.31 + 0.22 3.51 + 0.27 3.79 + 0.41 4.01 + 0.58 

External efficiency (%) 
Control 5.8 + 0.6 7.0 + 0.7 7.4 + 0.7 7.6 +. 0.7 7.3 + 0.8 
Caffeine-fed 4.2 + 0.2* 5.0 + 0.2* 5.4 + 0.2* 5.5 t 0.3* 5.3 + 0.3* 

* Treatment significantly different from control value, p < 0.05. 
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Control (6) 

Caffeine-Fed (6) 

LEFT ATRIAL FILLING PRESSURE (cm H2C) 

Fig. 2. Changes in PSP (mean + SEM) following chronic caffeine ingestion during lactation and postweaning. Number of hearts for each 
condition is shown in parentheses. *Treatment is significantly different from control value, p < 0.05. 

Control (6) 

BEa ~ o t f e i n e - ~ e d  (6) 

LEFT ATRIAL FILLING PRESSURE (cm H20) 

Fig. 3. Changes in estimated myocardial work (mean + SEM) following chronic caffeine intake during lactation and postweaning. Number of 
hearts per group is given in parentheses. *Treatment is significantly different from control value, p < 0.05. 

have been reported in both fetal and maternal plasma (29). 
Caffeine has also demonstrated an inability to be metabolized in 
utero (9), possibly resulting from decreased caffeine clearance 
during early pregnancy (13, 14). As a result, offspring that had 
received caffeine while in utero and during lactation demon- 
strated modest elevations in pressure development, coronary 
flow, and myocardial work. 

MacCornack ( I )  denoted that xanthines are potent stimulants 
of the central nervous system and can exert both positive ino- 
tropic and chronotropic effects on the heart. This direct myocar- 
dial stimulation is exemplified by an increased HR and decreased 
blood pressure. Slight coronary vessel dilation has also been 
reported i n v o l ~ i n ~ - ~ r i m a r i l ~  kolated heart preparations (I). 
However. the ~resent  findings differ from the data recorded when , 
offspring were fed during lactation and postweaning in the pres- 
ent study as well as a previous report (30). These data suggest 
that the period from postweaning to 50 days may be critical for 
cardiovascular development and function. DNA contents, which 
is continuously increased during this period of growth (3 l ) ,  may 
have been disturbed. 

Effect of caffeine intake during lactation and postweaning. 

Caffeine ingestion during lactation and postweaning resulted in 
significant changes in cardiac performance when compared to 
that of controls. Q, SV, and myocardial work were decreased in 
hearts of caffeine-treated animals at most preloads. These cardi- 
ovascular differences can be partially explained by the caffeine 
group's reduced ability to develop myocardial pressure. The 
reduction in cardiac performance mjght result from an altered 
length-tension relationship because Q is typically increased (32, 
33) with a given increase in preload pressure or left atrial volume. 
In the present study, the caffeine-fed animals produced lower Qs 
than did the controls at almost all preload pressures. A change 
in contractility might be the reason for the downward shift in 
the Starling curve. This would explain the decreased flow and 
work values in the caffeine-fed animals' hearts. Caffeine intake 
may possibly affect several variables that can alter contractility: 
calcium concentrations, heart weight, and myofibrils (1, 34, 35). 
In addition, Dews et al. (36) reported that caffeine-fed rats 
showed reduced cardiac function, possibly by caffeine blocking 
the adenosine-adenosine receptor interactions. Since no signifi- 
cant change in myocardial oxygen consumption was observed 
with the corresponding decrease in work output, hearts from 
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caffeine-treated rats were significantly less efficient than that of 
the control counterparts. These entire findings were similar to 
previously reported work involving rats fed caffeine postbirth 
(30); however, the depression in the myocardial function was 
seen in much less time (i.e. 88 versus 50 days postbirth). 

Physical characteristics (e.g. dry and wet heart weight) of the 
hearts from caffeine-fed rats showed no difference from those of 
controls. By feeding caffeine approximately twice as many days 
(i.e. 50 to 88 days), we have observed significantly larger hearts 
than that of the control animals (30). This may indicate that the 
significant physical enlargement of hearts by chronic caffeine 
feedings may occur after 50 days postpartum. Conceivably, an 
insufficient duration of exposure to several factors such as vol- 
ume- and/or pressure-overload hypertrophy (34), catecholamine 
release (37, 38), renin activity (2, 6), and growth hormone (39) 
may have contributed to the absence of cardiac hypertrophy. 

Because of the pronounced effect of caffeine on FFA mobili- 
zation (17-20), the epididymal and perirenal depots were ex- 
amined to determine if this caffeine dosage (10 mg/kg/day) 
would affect adipocyte size or number. Regarding adiposity, our 
nonsignificant findings were consistent with other studies in 
which dosages as high as 50 mg/kg produced no alterations in 
adipose size or number (2 1). However, when caffeine was added 
in higher doses (65 and 150 mg/kg) to the diet, the adipocyte 
number and size in the perirenal depot decreased. This finding 
was observed despite the fact that there were no significant 
differences in food intake (2 1). Thus, significantly higher caffeine 
doses may be necessary to elicit a significant change in adiposity. 

In conclusion, chronic caffeine intake during lactation and 
postweaning produced a significant depression in cardiac func- 
tion. Conversely, continued caffeine ingestion by dams during 
gestation and lactation produced modest elevations in cardiac 
performance. The mechanism(s) of this response remains to be 
evaluated; but the change in contractility does appear to be 
related to the duration of caffeine consumption and the animal's 
stage of growth and development. 
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