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Effects of tumour necrosis factor-o on the coronary circulation of
the rat isolated perfused heart: a potential role for thromboxane A,

and sphingosine

N.J. Edmunds & 'B. Woodward

Department of Pharmacology, University of Bath, Claverton Down, Bath BA2 7AY

1 The actions of tumour necrosis factor-o (TNF-¢) on the coronary circulation were investigated in the
rat isolated heart, perfused under constant flow, recirculating conditions.

2 An early increase in coronary perfusion pressure (CPP) was observed upon treatment with TNF-o
(increase in CPP 10 min after TNF-« treatment: 45+ 12 mmHg vs control: 15+4 mmHg, P<0.05). The
role of sphingosine, prostanoids and endothelins, in this coronary constrictor action, was investigated
with the use of pharmacological inhibitors and antagonists.

3 The TNF-« induced increase in coronary tone was blocked by indomethacin, 10 uM (increase in CPP
after 10 min: 13+4 mmHg vs TNF-« alone, P<0.05).

4 The thromboxane receptor antagonist GR32191, 10 uM, attenuated the TNF-a induced coronary
constriction (12+2 mmHg vs TNF-o alone, P<0.05), as did the joint thromboxane A, synthesis
inhibitor and receptor antagonist ZD1542, 10 uM (8 +1 mmHg vs TNF-o alone, P<0.05).

5 The ceramidase inhibitor N-oleoylethanolamine (NOE), 1 uM, also blocked the TNF-o induced
response (8 +4 mmHg vs TNF-o alone, P<0.05).

6 In contrast, the coronary constrictor action of TNF-o was not inhibited by the endotheling g receptor
antagonist bosentan, 3 uM (38+9 mmHg vs TNF-o, P=NS).

7 These data indicated that the early coronary vasoconstriction induced by TNF-a was mediated by
both thromboxane A, and sphingosine, suggesting an interaction between both the sphingomyelinase and

phospholipase A, metabolic pathways.
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Introduction

Tumour necrosis factor-a (TNF-x) is an important mediator of
the profound circulatory changes observed during endotoxic
shock (Tracey et al., 1986). TNF-o can mimic shock-like states,
and TNF-a antibodies can protect against bacterial sepsis
(Beutler et al., 1985; Tracey et al., 1987; Mathison et al., 1987).
However, the precise role which this pro-inflammatory
cytokine plays in shock has yet be fully elucidated. Metabolites
of arachidonic acid (AA) could also play a role in the
cardiovascular alterations observed during septic shock.
Indeed, it has been postulated that the release of thromboxane
A,, a potent constrictor of smooth muscle cells, may in part
compensate for the profound vasodilatation observed during
shocked states (Cirino et al., 1996). But conversely, inhibitors
of AA metabolism and thromboxane synthesis can be
protective in shock (Fletcher & Ramwell 1977; Butler et al.,
1983; Bult et al., 1985; Boughton-Smith et al., 1989; Mozes et
al., 1991). Studies from another group have shown that TNF-«
and other cytokines can cause ex vivo constriction of coronary
vessels which is mediated by the release of endothelin-1 (ET-1)
(Klemm et al., 1995a, b). Studies from the same laboratory
have suggested that TNF-o mediated endothelin-1 (ET-1)
release could be responsible for a coronary vasoconstriction
seen ex vivo in shocked animals (Hohlfeld er al., 1995;
Kengatharan et al., 1995).

TNF-o interacts with two different membrane bound
receptors, p55 and p75, to assert its intracellular actions via
a variety of different signalling pathways (for review see: Vilek
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& Lee, 1991; Camussi et al., 1991). TNF-a can activate
phospholipase A, (PLA,) (Clark et al., 1988), so having the
potential to release AA, and hence increase the synthesis of
prostaglandins (Elias et al., 1987) and thromboxane (Godfrey
et al., 1987, Atkinson et al, 1990). In addition the
sphingomyelinase (SMase) pathway is rapidly being recog-
nized as another of the major signalling pathways exploited by
TNF-o (Schutze et al., 1992; Dressler et al., 1992; Yang et al.,
1993). A very recent study has implicated this pathway in the
TNF-a-induced depression of cardiac myocyte contractility
(Oral et al., 1997). When activated, sphingomyelinase causes
the breakdown of the phospholipid, sphingomyelin to its
metabolites ceramide and spingosine, both of which have
potential second messenger functions (for review see:
Kolesnick 1991; Hannun, 1994; Merrill et al., 1997).
Interestingly, there appear to be strong interactions between
PLA, activation and the SMase pathway, where released AA
can stimulate SMase, and hence sphingomyelin breakdown
(Jayadev et al., 1994). In addition to this, sphingosine can act
synergistically with TNF-¢, and other cytokines, to stimulate
PLA, and cyclo-oxygenase enzymes (Candela et al., 1991;
Ballou et al., 1992). Ceramide also has the ability to amplify
the signal generated through PLA, activation (Hayakawa et
al., 1993). A pharmacological tool which is incresingly being
used to probe this pathway is N-oleoylethanolamine (NOE).
NOE is an inhibitor of ceramidase (Sugita et al., 1975;
Ramachandran et al., 1992), the enzyme in the SMase pathway
which converts ceramide to sphingosine. This effect of NOE
appears to be specific for the sphingolipid-mediated signalling
pathway (Coroneos et al., 1995), and so can be used to
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investigate the role of sphingosine upon activation of the
sphingomyelinase pathway.

Whilst examining some of the metabolic actions of TNF-«
in the rat isolated perfused heart (Edmunds & Woodward,
1997), we observed an early increase in coronary perfusion
pressure, which is indicative of vasoconstriction in the
coronary vessels. Clearly decreased substrate supply to the
heart, which would occur during coronary vasoconstriction,
could have serious consequences in shock conditions, where
blood pressure is low and vital organ perfusion is already
marginal. In this paper we describe our attempts to
characterize the mechanism of the coronary vasoconstriction
using NOE, indomethacin, inhibitors of thromboxane A,
synthesis and receptors, and the ET, ;3 receptor antagonist
bosentan. We present evidence to suggest a potential
mechanism involving the interaction between sphingosine, as
a metabolite of the sphingomyelinase pathway, and the
vasoconstrictor, thromboxane A,.

Methods

Throughout this study male Wistar rats, 280—310 g have been
used. Animals were anaesthetized by an interperitoneal
injection of sodium pentobarbitone (200 mg kg~') and then
killed by cervical dislocation. The heart of each animal was
isolated and perfused, via the aorta, according to the
Langendorff technique, with prefiltered (Whatman No. 2),
oxygenated (0, 95%, CO, 5%) Krebs-Henseleit solution of the
following composition (mM): NaCl 118, NaHCO; 25, KCI1 4.7,
KH,PO, 1.2, MgSO, 7H,0 1.2, CaCl, 6H,O 1.2 and D-glucose
11.6; pH 7.4. The hearts were perfused with a constant flow of
10 ml min~! and a temperature of 37°C. Coronary perfusion
pressure (CPP) was recorded by a pressure transducer, and
used as an index of coronary tone. A fluid filled clingfilm
balloon was placed in the left ventricle, pressure changes were
used as a measure of cardiac contractility. Left ventricular end
diastolic pressure was set between 5 and 10 mmHg. Hearts
were allowed to beat spontaneously throughout the experi-
mental procedure. All hearts were perfused in a non-
recirculating system for 30 min, before being switched to a
recirculating system, with a total volume of 50 ml, for the
remainder of the experiment, which lasted 90 min.

Recombinant human TNF-o (thTNF-u), 20 ng ml~', was
added to the perfusate at 25 min, 5 min before recirculation. In
preliminary experiments a range of concentrations, up to
100 ng ml~', were investigated, and 20 ng ml~' found to be
optimum (results not shown), this was also a similar
concentration to that used in other in vitro studies with
TNF-o (Schulz et al., 1995). All antagonists used were added
directly to the Krebs buffer after 5 min, to allow 20 min for
equilibration before TNF-x addition. The cyclo-oxygenase
inhibitor, indomethacin, 10 uM, was added to block prosta-
noid accumulation from TNF-o induced AA release. The
thromboxane receptor antagonist GR32191, 10 um (Lumley et
al., 1988) and the joint thromboxane synthesis inhibitor and
receptor antagonist, ZD1542, 10 um (Brownlie et al., 1993),
were both used to disrupt any thromboxane A, involvement in
the actions of TNF-a. The ceramidase inhibitor NOE, 1 uMm,
was used to block sphingosine production from the SMase
pathway (Oral et al., 1997). Ceramidase is the enzyme which
converts ceramide to sphingosine. Bosentan, 3 uM, a non-
specific endothelin receptor antagonist (Clozel et al., 1994) was
used to block any potential actions of endogenous endothelin.
Control experiments were conducted with all of the above
agents in the absence of TNF-a.

Statistics

All results are expressed as mean=s.e.mean. Statistical
analysis was carried out, where appropriate, by one-way
ANOVA coupled to either Dunett’s test or Tukey’s multiple
comparison test. For non-parametric data a Mann-Whitney U
test was performed. Differences were considered significant
when P<0.05. Analysis was completed by the use of a
computer programme (Minitab 10 for Windows).

Materials

Indomethacin and N-oleoylethanolamine were purchased from
Sigma Chemical Co. (Poole, Dorset, U.K.). ZD 1542 (4(z)-6-
[2S,4S,5R]-2 - [1 -methyl-1-(2-nitro-4-tolyloxy)ethyl] - 4-(3-pyri-
dyl)-1,3-dioxan-5-ylJhex-4-enoic acid) was a kind gift from Dr
M.J. Wayne (Zenica). GR32191 (([1R-[«(Z),2/,3p,50]]-(+)-7-
[5-([1,1-biphenyl] - 4 - ylmethoxy) -3-hydroxy-2-(1-piperidinyl)-
cyclopentyl]-4 heptonoic acid) was a gift from Glaxo
Pharmaceuticals. Bosentan was also a kind gift from Dr
A.G. Roach (Rhone-Poulenc Rorer, Dagenham). rhTNF-o
was a kind gift from Bayer (Slough).

Results

Effects of TNF-o. in the rat isolated perfused heart

After switching perfusion from an open circuit to a
recirculating system, CPP rose steadily throughout the 90 min
experiment (Figure 2). Addition of TNF-o (20 ng ml™") to the
Krebs buffer resulted in a rapid, and sustained rise in CPP,
indicating constriction of the coronary vessels (Figures 1 and
3). It can be seen from the experimental trace in Figure 3 that
the majority of this rise in CPP occurred within the first 10 min
of TNF-a administration. CPP increase after 10 min was
45412 mmHg with TNF-¢ and 1544 mmHg in control
hearts, P<0.05 (Figure 2). After this time CPP continued to
rise in parallel with the control hearts. Interestingly, TNF-a
caused an early and significant depression in left ventricular
developed pressure (LVDP), which remained throughout the
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Figure 1 Effect of the antagonists indomethacin, 10 um (n=6); NOE,
1 um (n=9); ZD1542, 10 um (n=7); GR32191, 10 um (n=7); and
bosentan, 3 um (n=7) on the TNF-x 20 ng ml~! (2=10) induced
coronary vasoconstriction occurring 10 min after addition of TNF-a.
Control in the absence of TNF-o n=13. *P<0.05 when compared
with control data. $P <0.05 when compared with TNF-o data.
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11044 mmHg vs 82410 mmHg, P<0.05), but did not alter
heart rate (heart rate after 90 min: control vs TNF-o; 285+ 11
beats min~' vs 288 + 12 beats min~', P=NS).

Effects of antagonists and inhibitors on the responses to
TNF-o

NOE NOE (1 uMm) completely blocked the TNF-o induced
rise in CPP (Figure 1), without altering the tone of the
coronary circulation in the absence of TNF-a (CPP after
90 min: control (n=13) vs NOE (n=6): 129+9 mmHg vs
113+16 mmHg, P=NS). NOE did not alter basal LVDP
(LVDP before NOE vs after NOE: 110+4 mmHg vs
109+4 mmHg, P=NS) or heart rate (heart rate before NOE
vs after NOE: 267+10 vs 2634+9 beats min~', P=NS)
throughout the experimental procedure.

Indomethacin  TNF-o induced vasoconstriction was also
completely inhibited by the cyclo-oxygenase inhibitor indo-
methacin (10 uM), which blocks the production of prostanoids
from AA breakdown (Figure 1). In the absence of TNF-a
indomethacin did not alter the increase in CPP over the 90 min
perfusion period (Figure 2). Indomethacin also had no effect
on basal parameters of LVDP (LVDP before indomethacin vs
after indomethacin: 101 +4 mmHg vs 1054+4 mmHg, P=NS)
or heart rate (heart rate before indomethacin vs after
indomethacin: 263+4 vs 278 + 13 beats min—!, P=NS).

Thromboxane A, antagonists In the light of the observation
concerning indomethacin, it was decided to investigate the role
of the vasoconstrictor prostanoid, thromboxane A,, as a
potential mediator of the vasoconstriction. To do this we used
GR32191 (10 um) and ZD1542 (10 um). The TNF-o induced
increase in CPP was completely inhibited by both of these
drugs (Figure 1). Interestingly, unlike indomethacin, both
GR32191 and ZD1542 caused a significant attenuation of the
increase in CPP seen during the 90 min control perfusion
(Figure 2). An unexpected action of GR32191, in both the
presence and absence of TNF-a, was a large decrease in heart
rate (heart rate before GR32191 vs after GR32191: 265+ 12 vs
205416 beats min—', P<0.05) which could not be reversed by
the muscarinic receptor antagonist, atropine (10 uM, data not
shown). This was accompanied by a slight increase in basal
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Figure 2 Graph showing the slow rise in coronary perfusion
pressure (CPP) seen in control hearts (n=13), and the effects of
GR32191, 10 um (n=17); ZD1542, 10 um (n=7); and indomethacin,
10 um (n=06), on this parameter. ¥*P<0.05 GR32191 vs control.
$P<0.05 ZD1542 vs control.

96+2 mmHg vs 121 +8 mmHg, P<0.05). ZD 1542 did not
alter either LVDP (LVDP before ZD1542 vs after ZD1542:
98+ 7 mmHg vs 99+6 mmHg, P=NS) or heart rate (heart
rate before ZD1542 vs after ZD1542: 272+ 8 vs 274 +9 beats
min—', P=NS).

Bosentan Addition of bosentan (3 uM) to the perfusate failed
to alter the TNF-z-induced increase in CPP (Figure 2). This
concentration of bosentan significantly inhibited the coronary
constrictor actions of ET-1, 100 pM (increase in CPP after
5 min perfusion: ET-1: 97+6 mmHg vs bosentan and ET-1:
13+ 1 mmHg, P<0.05). Bosentan did not alter the basal CPP
(CPP after 90 min in control hearts (n=13): 129+9 mmHg vs
bosentan (n=15): 114+11 mmHg, P=NS), LVDP (LVDP
before bosentan vs after bosentan: 104+2 mmHg vs
106 +2 mmHg, P=NS) or heart rate (heart rate before
bosentan vs after bosentan: 271 + 6 beats min—', P=NS).

Discussion

The aim of this study was to observe and characterize the acute
actions of TNF-z on the coronary circulation of the rat
isolated perfused heart under recirculating conditions. The
major findings of these experiments can be summarized as
follows: TNF-o, at a concentration relevant to serum levels
observed during sepsis (Redl et al., 1993), caused an initial rise
in CPP which was sustained throughout the experiment. This

140

CPP
(mmHg)
_mpamerin
40 T
Recirculate
b
140
CPP
(mmHg)
40 T T
TNF Recirculate
5 min

Figure 3 Typical experimental traces showing the coronary
perfusion pressure (CPP) in (a) a control heart, and (b) after TNF-
« 20 ng ml~' administration. These traces are representative of 13
and 10 experiments, respectively.
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increase in coronary tone appeared to be mediated by the
vasoconstrictor prostanoid, thromboxane A,, because it was
completely abrogated by two different thromboxane antago-
nists. The fact that the ceramidase inhibitor NOE completely
inhibited the TNF-az-induced coronary constriction suggests
that sphingosine is also involved in this response. The ET4 5
receptor antagonist bosentan did not inhibit this early action
of TNF-o, indicating that the potent vasoconstrictor peptide,
endothelin, is not involved.

Other studies have shown that TNF-« can activate PLA,
(Clark et al., 1988; Hayakawa et al., 1993) and the SMase
pathway (Kolesnick, 1991). However, we are unaware of any
studies examining the effects of TNF-a on these pathways in
the rat isolated perfused heart. Our studies showed a role for
these pathways in the responses of a whole organ to TNF-a.
The fact that the ceramidase inhibitor NOE (Sugita et al.,
1975) and two thromboxane antagonists, GR32191 and
ZD1542, inhibited the coronary constrictor actions of TNF-«
raises a number of possibilities. Three potential explanations
could account for the observations that we have made: firstly,
TNF-o activates SMase to release sphingosine, which in turn
causes the release of thromboxane A,, to induce coronary
vasoconstriction; secondly, TNF-o could activate the PLA,
pathway, resulting in thromboxane A, synthesis, this may then
release sphingosine to cause vasoconstriction. A third
possibility is that two entirely different pathways are activated
by TNF-o, which act in synergy to cause the constriction. It is
not possible to tell from our studies which is the correct
suggestion, although the third possibility is unlikely because
the thromboxane antagonists and NOE both produced the
same physiological response, complete inhibition of the TNF-a
action, indicating that a sequential activation of the two
pathways is more likely. Murohara et al. (1996) showed that
sphingosine-induced coronary constriction in the pig was
completely inhibited by indomethacin. Taken together with the
results presented herein, this suggests that thromboxane A, is
the final mediator of the TNF-a induced coronary constriction.
Indeed, exogenous sphingosine has been shown to potentiate
cytokine-induced prostaglandin production by increased
activation of both PLA, and cyclo-oxygenase enzymes in
fibroblasts (Candela et al., 1991; Ballou et al., 1992). In
addition, AA has been shown to cause the stimulation of
SMase and hence breakdown of sphingomyelin (Jayadev et al.,
1994), and these authors postulated that TNF-a-induced
activation of PLA, was essential for TNF-o instigated
activation of SMase. This leads to the interesting possibility
that a self potentiating mechanism exists in TNF-o signal
transduction, whereby release of AA, by TNF-a activated
PLA,, could cause release of sphingosine, via activation of
SMase, which could, in turn, increase AA breakdown as well
as causing further activation of PLA,. Thromboxane induced
coronary vasoconstriction would explain why inhibitors of the
cyclo-oxygenase enzyme and inhibitors of thromboxane itself
can be protective in shocked states (Fletcher & Ramwell 1977;
Beutler et al., 1983; Boughton-Smith ez al., 1989; Mozes et al.,
1991). Several recent studies have shown that following
removal of hearts a short time, 15 to 30 min, after
administration of lipopolysaccharide or TNF-a to the whole
animal, there is a marked increase in the coronary tone in the
rat isolated heart (Hohlfeld ez al., 1995; Klemm et al., 1995a,
b). This coronary vasoconstriction was associated with
increased circulating endothelin levels and was blocked by the
selective ET, receptor antagonist, FR139317. The fact that in
our experiments the dual ET receptor antagonist, bosentan, at
a concentration that attenuates the intense coronary con-
strictor response to a 5 min infusion of 100 pm ET-1, did not

affect the TNF-o induced rise in CPP, suggests that endothelins
are not involved this early action of TNF-«. The reason for this
apparent conflict is not at present clear. However, there are
obvious differences in protocols followed. In the studies by the
Vane group, the source of the proposed endothelins was not
identified, and it is possible that overproduction of endothelins
by organs other than the heart could have caused the large
coronary vasoconstriction observed in these studies, clearly
this would not apply to our studies where TNF-o was added
directly to the perfusate of isolated heart.

A potential limitation of the work presented herein arises
from a question over the specificity of the ceramidase inhibitor
NOE, as it has been reported to inhibit cell swelling as well as
calcium release from isolated mitochondria, leading to
inhibition of calcium-dependant activation of PLA, (Epps et
al., 1982; Broekemeier et al., 1985). The later of these
observations could account for the inhibitory actions of NOE
on thromboxane A, release. However, the concentrations of
NOE required for the above effects were far higher (200 um)
than those used in our experiments (1 uM), and to our
knowledge the concentration used in our experiments does
not inhibit PLA,. NOE has also been shown to inhibit
specifically the activity of growth factors such as PDGF which
utilize the sphingomyelinase pathway but not for those which
employ other pathways, e.g. ET-1 (Coroneos et al., 1995).
Also, a very recent study with cat ventricular myocytes has
shown that NOE (1 uM) inhibits TNF-o-induced increases in
sphingosine by 75% (Oral et al., 1997). Therefore we feel
justified in using this concentration of NOE as a specific
inhibitor of ceramidase.

Due to the structure of the coronary circulation within the
whole heart, where coronary arteries penetrate deep into the
ventricular walls, coronary resistance can be highly influenced
by intramyocardial pressures (Katz, 1992). Therefore it is
possible for changes in cardiac contractility to alter coronary
tone, and so coronary perfusion pressure. Except for
GR32191, none of the inhibitors or antagonists used adversely
effected cardiac contractility. GR32191 caused a marked
bradycardia which was accompanied by a slight increase in
cardiac contractility. In spite of this, GR32191 affected the
same physiological antagonism, of the TNF-a induced
coronary vasoconstriction, as ZD1542. To this end we believe
that the observations made herein are a result of the actions of
the drugs used on the coronary circulation, and are
independent of changes in cardiac contractility. The brady-
cardia seen with GR32191, was probably due to non specific
actions of this drug, because the other thromboxane antagonist
ZD1542 did not alter heart rate.

In the absence of TNF-o, we observed an increase in the
basal coronary tone which was attenuated by both GR32191
and ZD1542, suggesting that in the rat isolated perfused heart
there is a constant endogenous release of thromboxane A,
which would accumulate under the recirculating conditions we
have used. Pomposiello ez al. (1997) have recently provided
evidence to support this suggestion. However, indomethacin
which would be expected to inhibit thromboxane production,
did not alter CPP in the absence of TNF-a. This could be
explained if there is a basal turnover of both vasodilator
prostaglandins and constrictor thromboxane A,, inhibiting the
production of both of these might have no net effect of CPP.
But blockade of thromboxane receptors and thromboxane
synthesis could lead to an imbalance in the opposing forces,
and hence vasodilatation due to vasodilator prostaglandins.

In summary, TNF-a caused an acute increase in coronary
tone and evidence is presented to implicate sphingosine and
thromboxane A, in this response. If this were to occur in vivo,
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it would lead to a decrease in blood supply to the heart. This,
together with a direct depressant action on cardiac contrac-
tility (Oral et al., 1997) would contribute to the overall
depression of cardiac output seen septic shock.
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