Korean J. of Pharmacology
Vol. 31, No. 1, pp. 53-61, 1995

Effect of Lidocaine on Utilization of Endogenous Substrates
for Contractile Process of Isolated Rat Atria

Kye Chang Ko

Department of Pharmacology, College of Medicire, Kyung Hee University, Seoul 131, Korea

ABSTRACT

The experiments were performed to determine whether the cardiac depressant action of lidocaine is
directly associated with the utilization of endogenous substrates in isolated rat atria, by using citrate
and bicarbonate-free medium known as potent inhibitors of phosphofructokinases (PFK) enzyme step.
Citrate and bicarbonate-free medium produced negative inotropic action of isolated rat atria incubat-
ed in normal Krebs-Ringer bicarbonate glucose medium. Pyruvate and acetate increased the force of
contraction of atria depressed by citrate or bicarbonate-free medium, whereas fructose was without ef-
fect indicating the inhibitory effect of citrate and bicarbonate-free medium at some point in the glyco-
Iytic pathway such as the PFK step in atria. In the absence of exogenous substrate, citrate and bicar-
bonate-free medium produced a marked depression of the force of substrate-depleted atria indicating
that utilization of endogenous substrate above the PFK step, probably cardiac glycogen, is also im-
paired by citrate or bicarbonate-free medium.

Lidocaine produced further depression of the contractile force of atria depressed by citrate. These
results argue strongly for an additional mechanism of cardiac depression caused by lidocaine involv-

ing the sites below the PFK.
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INTRODUCTION

Since the cardiac depressant action of anesthe-
tic agents attracted attention, the negative ino-
tropic action of anesthetics has been well docu-
mented by means of many studies dealing with
the mechanism of the cardiac depressant action
of inhalation anesthetics (Ko and paradise, 1969a,
1970a, 1970b, 1971a, 1971b, 1972a, 1972b, 1973a,
1975; Blanck ef al., 1992) and barbiturates (Ko and
Yoon, 1980; Ko, 1981; Ko and Paradise, 1983; Ko.
1989) on isolated rat atria and human hearts. We
focused our attention on glycolysis. That pyruvate
in rat and human atria, and acetate, lactate, and
frouctose in rat atria, could overcome the con-
tractile depression induced by halothane, while

glucose was ineffective in rat and human atria,
suggested that halothane was blocking an early
step in glycolysis (Ko and Paradise, 1969a; 1970a,
1970b). Since fructose apparently is metabolized
via the phosphofructokinase step (Paradise and
Ko, 1970; Ko and Paradise, 1970c), the probable
sites of halothane blockade were confirmend to;
1) uptake of glucose into the cell; 2) phos-
phorylation of glucose to glucose-6-phosphate by
hexokinase; or 3) conversion of glucose-phosphate
to fructose-6-phosphate by glucose phosphate
isomerse (Paradise and Ko, 1970). Local anesthet-
ics, lidocaine, procaine, and bupivacaine are
known to depress cardiac contractility in a dose-
dependent fashion (Ahn, 1994; Austen WG and
Moran JM, 1965; Dontion et al, 1969; Ko et dl,
1986, 1990; Park et al, 1992; Lim and Kim, 1984;
Liu e? al., 1982; Sage et al., 1983; Ko, 1994), but the
mechanism by which they do this is not fully clar-



ified.

It has been demonstrated that the cardiac de-
pressant action of lidocaine is at least partly link-
ed to a block at an early step or steps in the glyco-
Iytic pathway in the heart, as shown by the abili-
ties of pyruvate, acetate, and fructose, but not glu-
cose, to produce a positive inotropic effect in rat
atria depressed by lidocaine (Lim and Kim, 1984;
Ko and Sohn, 1986), similar to those from the ex-
periments with inhalation anesthetics (Ko and
Paradise, 1969a; Paradise and Ko, 1970) and bar-
biturates (Ko, 1989). It is also reported that lido-
caine has little or no effect on the utilization of
endogenous lipid for contractility by rat atria
(Ko, 1994). The purpose of this study is to deter-
mine whether lidocaine interferes with the
utilization of endogenous substrates as source of
energy fuel for the contractile process by the iso-
lated heart, by using citrate and bicarbonate-free
medium known to inhibit PFK enzyme step of
glyotytic pathway of the heart (Ko and Yoon,
1980).

MATERALS AND METHODS

Male rats weighing 180 to 200 g were decapitat-
ed, and the atria were removed and suspended in
modified Krebs-Ringer bicarbonate glucose medi-
um (Gimeno ef al,, 1965, 1966, 1969, 1972¢).

The medium was gassed with 95% O.~5% CO:
at pH 7.4 and 30°C. The mechanical activity of rat
atria electrically stimulated at a rate of 200 per
minute in the medium was determined using a
sensitive strain gage as previously described
(Gimino et al., 1966; Ko ef al., 1969; Ko and Para-
dise, 1973a).

In the experiments with substrate-free medium,
the normal Krebs-Ringer bicarbonate glucose me-
dium was changed to substrate-free medium (free
of glucose) following the one-hour equilibration
period. In the experiments with bicarbonate-free
medium, the experimental procedures were con-
ducted by means of techniques previously de-
scribed by Ko et al. (Ko and Paradise, 1971b; Par-
adise and Ko; 1970). The bicarbonate-free medi-
um was prepared by replacing the sodium bicar-
bonate from the Krebs-Ringer bicarbonate glu-
cose medium with an equivalent concentration of

sodium chloride and bubbling with 100% oxygen.
The pH of the bicarbonate-free medium was ini-
tially adjusted with dilute sodium hydroxide to 7.
4 just prior to experimental procedure. The elec-
trode, placed in the tissue bath to monitor pH,
demonatrated no significant change from 74
throughout the course of the bicarbonate-free me-
dium experiments.

In the experiments with citrate, sodium citrate
produced dose-dependent decrease in the force of
contraction of isolated rat atria. Thus, 1.5 mM of
sodium citrate was chosen for this experiment be-
cause it produced about the smae degree of de-
pression as that seen with other cardiac depres-
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Fig. 1. Effect of citrate and bicarbonate-free medium
on contractility of substrate-depleted atria.
Zero time represents a one hour equili’bration
period in the normal Kredbs-Ringer bicarbon-
ate medium containing 5.55 mM glucose.
At zero time, medium was changed to one free
of lucose (substrate-free).
Fifteen minutes later, 1.5 mM citrate was added
or medium was changed to bicarbonate-and
substrate-free.



sants (Ko and Paradise, 1970c; Ko, 1981; Ko and
and Paik, 1983). After sixty minutes equilibration
period in the normal Krebs-Ringer bicarbonate
glucose medium, 15 mM sodium citrate was added
to the bathing medium.

RESULTS

Effects of citrate and bicarbonate-free medium on
contractility of substrate-depleted atria

Following a one hour equilibration period in
the normal Krebs-Ringer bicarbonate glucose me-
dium (zero time in Fig. 1) the medium was
changed to one free of glucose (substrate free).
After 15 minutes incubation of atria in this sub-
strate-free medium, 15 mM citrate was added to a-
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tria, or the substrate-free medium was again
changed to bicarbonate-free medium.

The results are shown in Fig. 1. It is evident
from the Fig. 1 that the force of contraction of a-
tria declined due to prolonged activity in sub-
strate-free medium, in comparison with the nor-
mal control level. However, it is also evident from
the Fig, | that substrate-free treated atria were
markedly depressed by citrate, or by bicarbonate-
free medium.

Effect of pyruvate and fructose on contractility of
atria depressed by citrate or bicarbonate-free me-
dium

Having established the ability of fructose as an
energy source for contraction, it is important to
determine the pathway by which fructose is
utilized. It has been previously reported that car-
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Fig. 2. Effect of pyruvate or fructose on contractility of isolated rat atria depressed by citrate or bicarbonate-free me-

dium.

At zero time, 1.5 mM sodium citrate was added to normal medium or the normal medium was changed to bicar-

bonate-free medium.

Thirteen minutes later, sodium pyruvate(5 mM) or fructose (30 mM) were added to the atria.

@-@: Citrate control(6)
OH: Citrate + fructose
A-A:Bicarbonate-free+pyruvate(6)

a-p:citrate + pyruvate(6)
- Bicarbonate-free control (6)
W-H: Bicarbonate-free +fructose(6)



diac contractility is depressed by citrate (Ko and
Paradies, 1970c; Webb, 1950) or bicarbonate-free
medium (Berman and Saunders, 1955; Ko et o/,
1969b). Biochemical studies using homogenates of
various tissues indicate that citrate is a potent in-
hibitor of phosphofructokinase (PFK) (Ko and
Paradise, 1970c). Bicarbonate-free medium also
inhibits the PFK activity of diaphragm muscle in
the rat (Show and Statie, 1959). In the absence of
citrate or bicarbonate, fructose could be convert-
ed to fructose diphosphate. Fig. 2 shows that after
30 minutes incubation of atria in the citrate (1.5
mM)-contained medium or bicarbonate-free me-
dium, substrates were added to the atria de-
pressed by citrate (left in Fig. 2) or bicarbonate-
free medium (right in Fig. 2). It is evident from
the Fig. 2 that pyruvate partially restored the con-
tractility of atria depressed by citrate or bicar-
bonate-free medium, but fructose had no effect.
Since fructose can serve as a source of fuel for the
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contractile process in atria (Paradise and Ko,
1970), these studies indicate a defect in the
utilization of this substrate prior to its conversion
to pyruvate, and are consistent with the previous
data indicationg that the PFK enzyme is inhibited
by citrate and bicarbonate-free medium (Show
and Stadie, 1959). Thus, it appears that fructose is
metabolized via the PFK step.

Effect of acetate and glucose on contractility of a-
tria depressed by bicarbonate-free medium

By the use of other substrates acetate and glu-
cose, experiments were designed to examine the
effects of substrates on contractile activity of atri-
a depressed in bicarbonate-free medium.

The atria were exposed to bicarbonate-free me-
dium immediately after the 60 minutes equilibra-
tion period in Krebs-Ringer bicarbonate glucose
medium. The contractility of rat atria was mark-
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Fig. 3. Effect of acetate or glucose on contractility of isolated rat atria depressed by bicarbonate-free medium.
Normal medium was changed to bicarbonate-free medium at zero time.
Sodium acetate(5 mM) or glucose (20 mM) were added at 30 minutes.

Vertical lines represent standard error.
@-0: Bicarbonate-free control (6)
O[3 Bicarbonate-free + glucose(6)

o-4:Bicarbonate-free + acetate(6)



edly depressed in the bicarbonate-free medium,
despite the fact that the medium contained 5.5
mM glucose (Fig. 3). After 30 minutes of incuba-
tion in the bicarbonate-free medium, sodium ace-
tate(5 mM) and glucose (20 mM) were added to
the depressed atria. It is evident from the Fig. 3
that acetate partially restored the contractility of
atria depressed with bicarbonate-free medium,
but additional glucose had no effect. It is evident
from the Fig. 3 that acetate was utilized for the
contractile activity of the depressed atria by bi-
carbonate-free medium, but glucose could not be
utilized by the depressed atria in the bicarbonate-
free medium, despite the fact that same concen-
tration of glucose produced marked increase in
the depressed atria by substrate-free medium
(Fig. 4). These studies indicate a defect in the
utilization of glucose prior to its conversion to
pyruvate, which is consistent with biochemical
data obtained by Show and Stadie in rat dia-
phragm muscle in which PFK enzyme in the
Embden-Meyerhof pathway was inhibited by bi-
carbonate-free medium (Show and Stadie, 1959).

Effect of substrates on contractility of substrate-
depleted atria

By the use of various substrates employed in
this study, experiments were performed to ob-
serve the nature of their ability to support the
conractile force of isolated atria depressed by
omission of exogenous substrates. Then, the be-
havior of isolated atria in the absence of exoge-
nous glucose as an energy fuel for the contractile
activity was determined to provide the control
data with which the responses to atria depressed
by lidocaine, citrate, or bicarbonate-free medium
might be compared.

Atria were suspended in Krebs-Ringer bicar-
bonate medium containing 5.5 mM glucose, and
allowed for a one-hour equilibration period be-
fore the experiments were begun. Immdiately
after the equilibration period, the normal nedium
was changed to substrate-free medium. The
results are summarized in Fig. 4. It is evident from
the Fig. 4 that the developed tension of atria de-
creased progressively, and was depressed approxi-
mately 45% by 30 minutes in the substrate-free
medium. The addition of pyruvate (5 mM), ace-
tate (5mM), or fructose (30 mM) at 30 minutes
after the glucose removal partially restored the

contractile activity of depressed atria. However,
glucose at concentration with 20mM, added to
the atria exposed to stubstrate-free medium for 30
minutes, produced a marked increase in the force
of contraction to higher than the control level like
previous demonstration (Ko and Paradise, 1973b),
whereas this concentration of glucose did not pro-
duce significant effect on the depressed by bicar-
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Fig. 4. Effect of substrates on contractility of substrate-
depleted atria.
5mM of pyruvate, acetate (5mM), 20mM of
glucose and 30 mM of fructose were added 30
minutes after the normal Krebs-Ringer bicar-
bonate glucose medium was changed to glucose-
free medium at zero time (following a one hour
equilibration period).
O-O: Normal control(6)
®-®:Substrate-free control(7)
A-4:Substrate-free + 5 mM acetate(4)
A-A:Substrate-free + 5 mM acetae(4)
[ Substrate-free + 20 mM glucose(4)
B-M: Substrate-free+30 mM fructose(6)
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Fig. 5. Effect of lidocaine on contractility of isolated
rat atria depressed by citrate.
Sodium citrate (1.5mM) was added to normal
medium at zero time (after a one-hour equili-
bration period). Lidocaine (0.1 mM) was added
at 30 minutes after incubation of atria in the
citrate-contained medium.
Vertical bars represent standard error of the
mean.
O-O: Normal control(6)
®-@: Citrate control(6)
@-@®: Citrate + Lidocaine(4)

bonate-free medium (Fig. 3).
Effect of lidocaine on citrate-depressed atria

Experiments were designed to determine the ef-
fect of lidocaine on the utilization of endogenous
substrates in rat atria. Following the equilibration
period of 60 minutes in normal Krebs-Ringer bi-
carbonate glucose medium, 1.5 mM sodium citrate
was added. After 30 minutes incubation of atria in
this citrate-contained medium, the contractility of
atria declined about 50%. At this time, 0.1 mM of
lidocaine was added to the bathing medium. It is
evident from Fig. 5 that the addition of lidocaine
further depressed the contractility of citrate-treat-
ed atria.

DISCUSSION

The local anesthetic lidocaine is known to de-
press the cardiac function (De Jong and Heavner,

1973; Li et al., 1982; Ko et al., 1986; 1990), and it has
been previously reported that pyruvate, acetate,
and fructose partially restored the contractility of
isolated rat atria depressed by lidocaine, but glu-
cose was without effect on the lidocaine-de-
pressed atria (Lim and Kim, 1984; Ko et al., 1986;
1990). Thus, it was postulated that the negative
inotropic action of lidocaine is at least in part
linked to a block at an early step in the glycolytic
pathway of rat atria (Ko et a/,, 1986). This investi-
gation was undertaken to ascertain whether the
cardiac depressant action of lidocaine is directly
associated with the utilization of endogenous sub-
strates in rat atria, by using citrate and bicarbon-
ate-free medium known as potent inhibitors of
phosphoructokinase (PFK) enzymeé step (Webb,
1950; Show and Stadie, 1959; Ko and Paradise,
1970c) and (Fig. 2, 3). It has been also established
that cardiac contractility is depressed by citrate
and bicarbonate-free medium (Ko er al,, 1969; Ko
and Paradise, 1970c). The fact that substrate-free
treated atria were markedly depressed by citrate
or bicarbonate-free medium suggests that a sub-
strate above the PFK step, probably glycogen, is a
main endogenous substrate to maintain the force
of contraction in the absence of exogenous sub-
strate.

It is further evident from this investigation that
the contractile force of substrate-depleted atria
supported by endogenous substrates above the
PFK step is much greater than that supported by
substances below the PFK step, indicating that
probably cardiac glycogen is mainly utilized for
the contractile process of the myocardium in the
absence of exogenous substrates (Fig. 1). The fact
that citrate and bicarbonate-free medium do not
competely depress the contractile activity of sub-
strate-depleted atria indicates that some endoge-
nous substrates below the PFK step are used for
the contractile porcess. The most likely substrate
would be lipid (Evans, 1964) and perhaps lactate
(Fig. 1). Fructose also partially restored the con-
tractility of atria depressed by substrate-free me-
dium (Fig. 4), but fructose had no effect on atria
depressed by citrate and bicarbonate-free medi-
um (Fig. 2). The results are again in agreement
with the previous demonstration by using bicar-
bonate-free medium that fructose apparently is
metabolized via the PFK step (Paradise and Ko,
1970).



The contractile activity of isolated rat atria was
progressively decreased when substrate-free medi-
um was substituted for the Krebs-Ringer bicar-
bonate glucose medium. Exogenous substrates
glucose, acetate, pyruvate, and fructose resulted
in marked increase in the force of contraction of
depressed atria induced by substrate-free medium
(Fig. 4). These results indicate that the contractile
depression caused by substrate-free medium was
not due to the blockade of glycolytic pathwasy of
the atria. These results are consistent with the
functional demonstration that acetate partially
restored the contractility of atria depressed by bi-
carbonate-free medium, but glucose was without
effect on the atria depressed by bicarbonate-free
medium, but glucose was without effect on the a-
tria depressed by bicarbonate-free medium (Fig,
3). However, glucose produced marked increase
in the force of contraction of atria depressed by
substrate-free medium (Fig. 4). It can be interpret-
ed that the depression of atrial contractility by
citrate and bicarbonate-free medium is due to the
blockade of PFK enzyme activity in the Krebs-
Ringer bicarbonate medium containing glucose.
Thus, the exogenous substrates pyruvate and ace-
tate, not metabolized via PFK step. It was found
that the lidocaine further depressed the force of
contraction of citrate-depressed atria (Fig. 5), in-
dicating that some endogenous substrates below
the PFK step of the myocardial glycolysis,
utilized for contractile process, may also be par-
tially impaired by the action of lidocaine. These
results may be interpreted as indicating that lido-
caine depress the force of contraction of isolated
atria by acting probably at multiple cellular sites:
one involving a block in glycolysis as previously
described; another involving another mechanism

(s).
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