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Abstract. Experiments were conducted to determine whether chronic caffeine consumption
during early growth and development affected cardiac performance and development of adipose
tissue. Dams were fed a nutritionally complete diet with or without the addition of 10 mg/kg
caffeine during lactation. After weaning, the pups were maintained on this diet until they were
sacrificed at 88 days of age. Body weight at the time of sacrifice was comparable for both
groups. The hearts from caffeine-fed animals were significantly (P < 0.05) larger based on both
dry and wet weights although the dry weight/wet weight ratios were similar. Ventricular
function curves were generated on each heart using an isolated working heart preparation. The
isolated hearts of caffeine-fed rats exhibited a significant reduction in cardiac output, stroke
volume, mean aortic pressure, and estimated myocardial work when compared to controls.
The rats fed caffeine had greater plasma triglyceride levels with no significant differences in
adipocyte size or number in the epididymal and perirenal depots. It is concluded that chronic
caffeine intake from birth may alter cardiac function of the offspring. © 1985 Society for Experimental

Biotogy and Medicine.

The pharmacologic effects of caffeine, a
trimethylxanthine, have received considerable
attention due to its daily ingestion by a large
portion of the population (1, 2). Acute caf-
fetne consumption can directly affect the
central nervous system, cardiac muscle, car-
diac output (2-4), blood pressure, heart rate
(1), catecholamine release, and renin activity
(2, 5, 6). These reports, however, have been
inconsistent with regard to caffeine’s effect
on these specific factors (7). In addition,
caffeine increases free fatty acid mobilization
from adipose tissue following its ingestion in
man (8, 9). Reports concerning the chronic
effects of caffeine on the cardiovascular sys-
tem are rare but have suggested that the
organism rapidly develops a tolerance to
caffeine’s acute actions and the effects do not
persist (5, 10).

While caffeine is known to have acute
effects on the cardiovascular system, it is
important to establish whether chronic inges-
tion during the early developmental periods
(1.e., lactation, early growth) may adversely
affect the heart. Little has been published
regarding the chronic effects of caffeine on
growth and development. This is especially
important since caffeine has been found in
mother’s milk (11, 12) and is thus available
to the suckling infant.

The purpose of the present study was to
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determine whether caffeine consumption
during early growth periods has a long-term
effect on cardiac performance at maturity. In
order to separate external influences from
those of the myocardium, an isolated working
rat heart preparation was used. In addition,
since caffeine is known to activate the sym-
pathetic nervous system and elevates plasma
free fatty acids (8, 9, 13, 14), we also exam-
ined the effect of chronic caffeine con-
sumption on the development of adipocyte
size and number in two adipose depots in
the rat.

Materials and Methods. Timed pregnant
Sprague-Dawley rats (Holtzman Co., Madi-
son, Wis.) were fed Purina laboratory chow
until delivery. After birth, several litters were
combined if the time of delivery was within
a range of 8 hr. Eight randomly selected pups
were assigned to each dam. Half the dams
which were fed a nutritionally complete diet
with 20% protein (15) ad libitum served as
controls. The remaining dams were pair-fed
to the control group with the 20% protein
diet supplemented with caffeine (10 mg/kg).
This dose of caffeine was chosen so that it
would fall within the range of the daily
consumption by the American public. During
the lactation period, pups received caffeine
through the mother’s milk (11, 12). When
all the pups were weaned at day 22, only
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male animals were used for the experiment.
These animals continued to receive their
respective diet until they were killed at Day
88 postbirth. The caffeine supplemented diet
was made every 10 to 14 days and the
amount of caffeine in the diet was adjusted
according to increased body weight and food
intakes. Each rat was housed individually
and water was provided ad libitum.

Approximately 1 week before the animals
were to be killed, they were fasted overnight,
a blood sample from the tail vein was taken,
and plasma triglyceride concentrations were
determined by an automated procedure (16).
Two days prior to sacrificing, individual rest-
ing metabolic functions were determined by
placing the fasted animal in a metabolic
chamber which was connected to a Noyons-
Diaferometer, an O,-CO, analyzer. After a
30-min resting period, O, consumption
(Vo,) and carbon dioxide production (V¢o,)
were determined and the respiratory quotient
(RQ) was calculated (13).

Just prior to sacrifice, the animals were
injected intraperitoneally with 500 U heparin
followed by sodium pentobarbital (50 mg/kg
body wt). The hearts were excised, placed in
cold saline, and then placed on the aortic
cannula for determination of cardiac perfor-
mance. Also, both the epididymal and peri-
renal depots were removed in their entirety,
rinsed in saline, and weighed. Adipocytes
were isolated and both cell size and number
per fat pad were determined as previously
described (17).

The cardiovascular performance of the caf-
feine-fed and control groups was examined
by using the isolated working heart prepara-
tion as previously described (18, 19). Retro-
grade perfusion of the coronaries was initiated
using an oxygenated, nonrecirculating Krebs-
Henseleit bicarbonate buffer with glucose.
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 5-10 min of antegrade per-
fusion, the heart was perfused at a preload
pressure of 15 cm H,O above the level of the
left atrial cannula to allow for pressure sta-
bilization. The hearts were not paced and
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the workload was varied by changing the
preload pressure (left atrial filling pressure).
The afterload was maintained by keeping the
aortic overflow tube at 70 cm H,O. After
stabilization, the hearts were perfused at left
atrial filling pressures of 10, 15, 20, 25, and
then back to 15 cm H,0. Each left atrial
filling pressure was maintained for 5 min
before measurements were recorded.

The perfusion medium used in this exper-
iment was a modified Krebs-Henseleit bicar-
bonate buffer (pH 7.4), equilibrated with 95%
0,-5% CO, at 37°C. Final concentration of
salts in the buffer were (in mA/) NaCl 118,
KCl 4.7, MgSO, 2.4, KH,PO, 1.2, NaHCO;
25, NaEDTA 1.0, and CaCl, 2.8. Glucose
(5.5 mM) was added to the buffer as the
only substrate. The buffer was recirculated
throughout each experiment using new buffer
for each heart.

After the 5-min equilibration period at
each preload pressure, coronary and aortic
flow were measured using graduated cylin-
ders. All flow related measurements were
normalized to the dry weight of the heart.
Oxygen in the left atrial buffer reservoir and
the coronary effluent were measured with an
oxygen probe connected to an oxygen mon-
itor (Yellow Springs Instruments, Models
5331 and 53, respectively). Oxygen con-
sumption and external efficiency were cal-
culated (19, 20) with oxygen consumption
being expressed as millimoles oxygen con-
sumed per hour per gram dry heart weight
and external efficiency as a percentage. An
estimation of myocardial work (double prod-
uct) was calculated as cardiac output (Q)
times peak systolic pressure (PSP).

Data are expressed as means = SEM. A
two-way analysis of variance with repeated
measures design was used to evaluate the
differences between groups (control and caf-
feine-fed) and various preload pressures (10,
15, 20, and 25 cm H,0). A Newman-Keuls
multiple range test was used to determine
significant differences between means. Cor-
relations 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
considered significant at P < 0.05 (21, 22).

Results. In examining the physical char-
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actenstics of the animals used in this study,
there were no significant differences in body
weight between the two groups at the time
of sacrifice (Table I). Also, no significant
differences in body weight were observed
during growth and development (birth to 88
days) between the control and caffeine-fed
animals. Whole-body oxygen consumption
(Vo,) for the caffeine-fed animals was signif-
icantly increased by 16% during rest while
the respiratory quotient (RQ) was not signif-
icantly different from controls (Table I). There
were no differences in either adipocyte size
or number in either of the two depots ex-
amined. In contrast, plasma triglyceride was
significantly increased in the -caffeine-fed
group (Table IT). With regard to heart weight,
the caffeine-fed animals had a significant 19%
increase in dry and wet heart weight while
the dry heart weight/body weight ratios were
8% greater (P < 0.05) than the controls. The
dry to wet heart weight ratio was similar
between groups (Table I).

Cardiac output (Q) in the working heart
increased significantly with preload pressure
for both groups (Fig. 1). Hearts from caffeine-
fed rats had a significantly lower Q than the
control group at preloads of 10, 15, and 20
cm H,O. At the highest preload pressure, 25
cm H,O, Q for the hearts from caffeine-fed
animals appeared to be depressed, however,
the difference was not significant. Since there
were no significant differences in in vitro
heart rate (HR) between the controls (174
+ 4 beats/min) and the caffeine-fed group
(185 = 4 beats/min) at any preload pressure,
the stroke volume (SV) for the experimental
group was significantly less than for the con-
trols at all left atrial filling pressures (Fig. 1).
Coronary flow (CF) was not significantly
different between the controls and the hearts
from the caffeine-fed group (Fig. 1). However,
the CF/Q ratio for the caffeine-fed group was
significantly greater (80-87%) at all preload
pressures than the CF/Q ratio for the controls
(75-78%).

Peak systolic pressure (PSP) increased with
each increment of preload pressure for both
groups. Hearts from the caffeine-fed rats had
a lower but not significantly different PSP
than control hearts (121.9 + 2.8 and 130.8
+ 2.6 mm Hg, respectively). Diastolic pressure
was significantly lower in the hearts from

TABLE 1. BoDY WEIGHT, HEART WEIGHT, RESPIRATORY QUOTIENT, AND RESTING OXYGEN CONSUMPTION OF CONTROL AND CAFFEINE-FED RATS

Vo
(ml/min/kg)

Vo,
heart wt RQ (ml/min)

Dry heart
wt/wet

Dry Dry heart
heart wt wt/body
(mg) wt

Wet
heart wt
(mg)

Body wt
(8
375

13.16

5.34
0.48
6.49*
0.27

0.76
0.01

18.13

282 0.754

1554

Control

0.68
15.31*
0.89

0.27
18.23
0.31

0.015

10
336*

15 47
1846*

411

SEM

(n=18)

0.74
0.02

0.818*
SEM 12 55 10 0.015

Caffeine fed
(n=28)

Note. Values represent mean (X) + SEM. Numbers in parentheses represent the 7 per group.

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



TABLE II. ADIPOSE TISSUE AND PLASMA TRIGLYCERIDE DATA ON CONTROL AND CAFFEINE-FED RATS

Perirenal depot

Epididymal depot

Diameter

Plasma TG

No. cells

TG/cell

Wt

TG/cell No. cells

Diameter

Wt
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144.46*
20.34

1.21
12.35
1.72

4.04 0.064

88.32
3.33

1.20
9.44
0.84

1.46
13.26
1.73

4.14 0.055

82.82

0.87

SEM

(n=7

0.483
0.063

0.400
0.069

4.51

7.68
0.89

EM

LR

Caffeine fed
(n=23)

Note. Values represent mean (X) + SEM. Numbers in parentheses represent the # per group.

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

caffeine-fed animals at 10 cm H,O when
compared to the control hearts (34.5 + 2.4
and 42.6 £ 2.0 mm Hg, respectively). Mean
aortic pressure was significantly less for the
caffeine-fed group at preloads of 10, 15, and
20 cm H,O (Fig. 2). )

The double product (Q X PSP) and stroke
work (Q X PSP/HR), which were used to
estimate myocardial work, increased with
preload pressure in both the caffeine-treated
and control groups. Hearts from caffeine-fed
rats exhibited a significantly lower double
product at left atrial filling pressures of 10,
15, and 20 cm H,O than the control hearts
(Fig. 3). Stroke work displayed similar signif-
icant differences as double product at preloads
of 10, 15, and 20 cm H,O.

Myocardial oxygen consumption in hearts
from the caffeine-fed group was significantly
less at a preload pressure of 10 cm H,O (Fig.
4). With increasing preload pressures, no
significant differences between groups were
observed.

Myocardial oxygen consumption (r = 0.74,
P < 0.05) and coronary flow (r = 0.88, P
< 0.05) correlated well with all indices of
myocardial work tested. However, there were
no significant differences in the slopes or
intercepts between the control and caffeine-
fed hearts when myocardial oxygen con-
sumption or coronary flow were examined
as a function of myocardial work.

Discussion. Caffeine i1s a common com-
ponent of beverages such as coffee, tea, cola,
and other carbonated soft drinks as well as
in many popular, over-the-counter medica-
tions (23). Caffeine is a potent stimulant of
the central nervous system when administered
acutely and produces both positive inotropic
and chronotropic effects on the heart. Caffeine
also has a variety of hormonal and metabolic
effects in acute studies (2, 24). In contrast,
the chronic ingestion of caffeine has received
little attention experimentally, especially dur-
ing the period of early growth and develop-
ment. The manner in which continuous in-
take of caffeine during this period may affect
the cardiovascular system of the growing
offspring is also presently not known. Caffeine
easily diffuses into breast milk (11, 12) and
with the growing number of women who
nurse their infants (which has increased to
55%) (11), it then becomes extremely impor-
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FI1G. 1. Changes in cardiac output, stroke volume, and
coronary flow (mean + SEM) in the isolated working
heart at various left atrial filling pressures 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.

tant to determine the effects of early caffeine
intake by newborns through the milk as well
as continuous intake of caffeine by them
after weaning.

The present results demonstrate that the
hearts of animals fed caffeine from birth can
be distinguished from control hearts with
respect to heart weight and cardiac perfor-
mance. The increased heart weight in the
caffeine-fed animals might be attributed to
several factors such as volume- and/or pres-
sure-overload hypertrophy (25), increased
catecholamine release (26, 27), increased
renin activity (2, 6), and increased growth
hormone levels (28). However, data are not
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FI1G. 2. Changes in mean aortic pressure (mean + SEM).
Number of hearts for each condition is shown in paren-
theses. *Treatment is signficantly different from control
value, P < 0.05.

presently available to determine the relative
importance of the above factors on cardiac
hypertrophy. Although the body weights for
both groups were not significantly different,
the caffeine-fed animals had a mean body
weight 9% greater than that of the controls.
Due to the between-group and within-group
variability in body weight, no definitive con-
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+ SEM). Number of hearts per group is given in paren-
theses. *Treatment is significantly different from control
value, P < 0.05.
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FiG. 4. Changes in myocardial oxygen consumption
(mean + SEM). Number of hearts for each condition is
shown in parentheses. *Treatment is significantly different
from control value, P < 0.05.

clusion can be drawn as to the contribution
of body weight on cardiac performance and
heart weight.

The larger hearts of the caffeine-fed animals
may account for some of the findings in this
experiment. For example, with the finding of
increased heart weight in the animals fed
caffeine, it was not surprising that coronary
flow (ml/min/g dry heart wt) and the coro-
nary flow/cardiac output ratio would be the
same in both groups. If myocardial hypertro-
phy is due to an increase in muscle tissue,
this may be accompanied by an increased
vascularization resulting in greater coronary
flow. On the basis of dry heart weight, the
caffeine-fed hearts displayed a number of
differences in cardiac performance from the
control group. First, cardiac output and stroke
volume were decreased in the hearts of caf-
feine-treated animals at most preload pres-
sures. Also, decreased myocardial work was
observed at these preload pressures in the
caffeine-fed animals. These decreases can, in
part, be accounted for by differences in pres-
sure development in the caffeine-fed and
control groups. At the preload pressures where
work and cardiac output were reduced, there
were reductions in mean aortic pressure. The
hearts of the caffeine-fed animals could not
generate as much pressure as the controls.
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Therefore, at the fixed resistance used in our
apparatus, cardiac output, stroke volume,
and the work performed were reduced. Ad-
ditionally, there was a significant decrease in
oxygen consumption in the hearts of the
caffeine-fed animals at the lowest preload
pressure (10 cm H,O) and in most experi-
ments at the other preload pressures.

The increased heart weight in the caffeine-
fed animals may account for the differences
in cardiac performance from the standpoint
of a change in the length~tension relationship
(i.e., Starling curve) of the larger hearts. The
Starling relationship predicts that with a given
increase in preload pressure or left end dia-
stolic volume, cardiac output will be increased
(29, 30). At almost all preload pressures, the
caffeine-fed animals produced less cardiac
output than the control animals. One reason
for a shift in the Starling curve is a change
in contractility. At preload pressures of 10,
15, and 20 cm H,0, a decrease in contractility
may explain the decreased flow and work
values in the caffeine-treated hearts. Numer-
ous explanations in the literature have been
reported which could change contractility:
release of calcium, increased heart weight,
and the number of myofibrils (1, 25, 31). A
possible reason for the change in contractility
was the increased heart weight in the animals
fed caffeine. Although we did not measure
left ventricular end diastolic volume, if the
increase in heart weight represented an in-
crease in volume, then the heart would have
to create more tension for the same pressure
(i.e., Law of LaPlace). Since it did not, a
reduced pressure was observed (30). It is
premature, however, to conclude whether the
increased heart weight (and perhaps volume)
and the associated reduced cardiac perfor-
mance represented impaired performance
since the nature of the working heart appa-
ratus may be such that the larger hearts are
only required to develop a certain amount
of pressure at a given preload pressure to
meet the resistance placed upon it. It has
been reported that larger hearts produce less
pressure and perform less work than a smaller
heart at a given preload (20).

In this regard, it is important to note that
the differences observed in the two groups at
lower preloads were less pronounced at the
highest preload pressure (25 cm H,0) ex-
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amined in this experiment. At this higher
preload, values of flow, work, and pressure
were not statistically reduced in the caffeine-
fed animals. Perhaps the length-tension re-
lationship in larger hearts is such that an
increase in preload pressure is needed to
generate pressures comparable to normal-
sized hearts. Compliance may have been
altered in the caffeine-fed hearts because it is
not uncommon to find increased chamber
stiffness resulting from pressure- or volume-
overload hypertrophy (32). In such instances,
very high ventricular filling pressures may be
required to maintain adequate diastolic sar-
comere stretch (32) for greater ventricular
diastolic filling and systolic ejection.

With regard to metabolic parameters and
FFA availability to the heart, caffeine con-
sumption produced an elevation in resting
whole-body oxygen consumption (Vo,), a
slight reduction in RQ, and an elevation in
fasting plasma triglyceride levels. The ob-
served changes in oxygen consumption and
the respiratory quotient are consistent with
observations following caffeine intake by hu-
man volunteers in approximately the same
dose levels (4 and 8 mg/kg) (13, 14). Con-
versely, our values were obtained from fasted
rats and may have represented a long-term
adaptation in increasing the metabolic rate
under these specific nutritional conditions.
The reduction in RQ following caffeine
ingestion was consistent with other reports
(13, 14) resulting in a concomitant increase
in plasma free fatty acid (FFA) levels.

Because of the pronounced effect of caffeine
on FFA mobilization (8, 9, 13, 14), the
epididymal and perirenal depots were ex-
amined to determine if this caffeine dosage
would affect adipocyte size or number. Our
nonsignificant findings regarding adiposity
were consistent with other studies in the rat
in which dosages of 50 mg/kg produced no
alterations in these parameters (33). 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 de-
creased in spite of the fact that there were
no significant differences in food consumption
(33). Thus, significantly higher doses of caf-
feine may be necessary in order to elicit a
significant change in adiposity. The fact that
adipose tissue lipolysis was probably increased
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in our study may be deduced from the fact
that RQ was decreased somewhat and fasting
plasma triglycerides were significantly in-
creased. This latter observation is consistent
with an increased FFA mobilization resulting
in an increase in plasma very low density
lipoprotein secretion to recycle the FFA back
to the adipose tissues for storage.

The precise physiological significance of
chronic caffeine administration on the heart
is apparently complex. Continuous caffeine
consumption results in mild cardiac hyper-
trophy which causes a depressed myocardial
function at fixed preload pressures when
observed on an isolated working heart prep-
aration. The increased heart mass may be
attributed to several in vivo stimulations as
previously discussed. The administration of
caffeine to young animals during early growth
and development may affect the myocardium
in such a way as to decrease contractility and
hence work of the heart. At this time, we
have no evidence that this occurs in vivo.
However, this would be difficult to observe
because of the many compensatory mecha-
nismes.
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