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An endothelium-dependent contraction in canine mesenteric
artery caused by caffeine
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1 We examined whether or not caffeine caused an endothelium-dependent contraction (EDC) in canine
mesenteric artery and whether the endothelium-dependent contracting factors (EDCF) were arachidonic
acid metabolites.
2 Caffeine (1, 3 and 10mM) caused a transient contraction in endothelium-intact arterial strips.
Removal of the endothelium significantly attenuated the caffeine (1 and 3 mM)-induced contraction.
3 Caffeine (1 mM)-induced EDC was not affected by quinacrine and manoalide (phospholipase A2
inhibitors), indomethacin and aspirin (cyclo-oxygenase inhibitors), ONO-3078 and S-1452 (thromboxane
A2 antagonists) or AA-861 and TMK-777 (lipoxygenase inhibitors).
4 Caffeine (1 mM)-induced EDC was also unaffected by 50-235 (an endothelin A receptor antagonist).
In addition, catalase combined treatment with superoxide dismutase, or allopurinol (antioxidant) did not
affect the EDC.
5 Gro-PIP and NCDC (phospholipase C inhibitors) did not affect the caffeine-induced EDC. However,
wortmannin (a phospholipase D inhibitor) and staurosporine (a protein kinase C inhibitor) attenuated
the caffeine-induced EDC.
6 The present experiments demonstrate that caffeine causes an EDC in canine mesenteric artery and
suggest that the EDCF mediating this response is probably not arachidonic acid metabolites, endothelin
or superoxide. Instead, caffeine-induced EDC may be due to activation of the phospholipase D pathway.
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Introduction

Furchgott & Zawadzki (1980) have reported that acetyl-
choline (ACh) produces an endothelium-dependent relaxation
in rabbit thoracic aorta. Nitric oxide is considered to be one
of the endothelium-derived relaxing factors (Palmer et al.,
1987). In contrast, we have reported that various vasoactive
substances (ACh, Usui et al., 1983; 1986; noradrenaline, Usui
et al., 1987; arachidonic acid, Shirahase et al., 1987; ATP,
Shirahase et al., 1988b; nicotine, Shirahase et al., 1988a;
A-23187, Shirahase et al., 1988c) produce an endothelium-
dependent contraction (EDC) in canine basilar artery. Since
such EDC is attenuated by phospholipase A2 (PLA2)
inhibitors, cyclo-oxygenase inhibitors, thromboxane A2 (IXA2)
synthetase inhibitors and TXA2 antagonists, we have pro-
posed that the endothelium-derived contracting factor
(EDCF) is probably TXA2 (Usui et al., 1986; 1987; Shirahase
et al., 1987; 1988a,b,c).

Caffleine causes a transient contraction by releasing Ca2+
from the endoplasmic reticulum in skeletal and smooth mus-
cle cells (Endo, 1977; Karaki & Weiss, 1988), but few authors
have investigated whether caffeine causes an endothelium-
dependent contraction.
We recently observed an EDC produced by caffeine in

canine mesenteric, coronary and renal arteries, but not in the
basilar artery (Jino et al., 1992). The present experiments
were undertaken to elucidate the pharmacological nature of
caffeine-induced EDC and to determine whether the EDCF
for caffeine-induced EDC in canine mesenteric artery is
arachidonic acid metabolites, endothelin or superoxide.

Methods

Mongrel dogs of either sex (8-15 kg) were supplied by the
Institute of Laboratory Animals at the Faculty of Medicine
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of Kyoto University (Kyoto, Japan). The animals were
housed in steel cages at ambient temperature with a 12-h
light/dark cycle and a humidity of about 60%. They were
allowed free access to dog food and water. Mesenteric and
basilar arteries were isolated from dogs after anaesthesia with
ketamine (50mg kg-1, i.m.) and exsanguination from the
common carotid artery. The isolated arteries were removed
and cleaned of excess fat and connective tissue. Then the
vessels were prepared as helically cut arterial strips (3 mm in
width and 15 mm in length for mesenteric artery and 2mm
in width and 15 mm in length for basilar artery) with
ligatures placed at both ends. One end of each strip was
attached to a holder and the other to a strain gauge force-
displacement transducer (Nihonkoden FD) which was con-
nected to a polygraph (San-ei Instrument, 8S) on which
isometric tension was recorded.
Each strip was then placed in a 10ml tissue organ bath

containing a physiological salt solution of the following com-
position (mM): NaCl 120, KCI 4.7, MgSO4 1.2, KH2PO4 1.2,
CaCl2 2.5, NaHCO3 25 and glucose 10. The bathing solution
was maintained at 37 ± 0.5C and was bubbled with 95% 02
and 5% CO2 (pH 7.4) throughout the experiments. An initial
1.5 g tension was applied to each strip and an equilibration
period of 120 min was allowed before starting the experi-
ments. The resting tension was readjusted periodically until
equilibration was achieved. The endothelium was removed by
rubbing the intimal surface. The presence of endothelium was
initially confirmed by the ability of ACh (10-6 M) to cause
relaxation during contraction induced by noradrenaline (NA)
(10-6 M). Any strips that did not relax in response to ACh
were discarded. After it was observed that the KCI (60 mM)-
induced contraction was no different between endothelium-
intact and endothelium-removed strips (so as to detect
smooth muscle damage), caffeine was added to the organ
bath. The experiments were carried out in parallel using both
endothelium-intact and endothelium-denuded strips at the
same time. Caffeine was added to the organ bath 3-4 times
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with a washout interval of 30 min between additions. After
the contractile response reached a steady level, various agents
were added to the organ bath 20 min before the addition of
caffeine.

Measurement of inositol-1,4,5-triphosphate

After arterial strips had been equilibrated for 120 min in
normal Krebs-Henseleit solution, they were stimulated with
caffeine (1, 3 and 10 mM) for 15 s and immediately frozen in
liquid nitrogen. Frozen tissue samples were then weighed and
homogenized in 6% trichloroacetic acid. After centrifugation
of homogenate, the supernatant was extracted with diethyl
ether to remove the trichloroacetic acid. The content of
inositol-1,4,5-triphosphate (1P3) was determined by a protein
binding assay (TRK 1000; Amersham, Tokyo, Japan)
according to the method of Langland & Diamond (1990) and
was expressed as pmol mg-' wet weight.
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Drugs

Caffeine and indomethacin were purchased from Nacalai
Tesque, Kyoto, Japan, manoalide from Wako Pure Chemical
Industries Ltd., Kyoto, Japan, aspirin, 2-nitro-4-carboxy-
phenyl-N,N-diphenylcarbamate (NCDC), quinacrine, allopur-
inol, superoxide dismutase (SOD), catalase, L-M-glycero-
phospho-D-myo-inositol 4-monophosphate (Gro-PIP) and
staurosporine from Sigma Chemical Co., St. Louis, MO,
U.S.A. [9,1 l-Dimethyl-methane-l 1,12-methano-13,14-dihydro-
13-aza-14-oxo-15 (P) cyclophenyl-w-pentenor-TXA2 L-argi-
nine salt] (ONO-3708) was kindly provided by Ono Phar-
maceutical Co. Ltd., Osaka, Japan, calcium (5Z)-lR,2S,-
3S,4S -7 [3- phenylsulphonyl - aminobicyclo[2.2. l]hept - 2yl] -5-
heptenoate hydrate (S-1452) and myriceron caffeoyl ester
(50-235) by Shionogi & Co., Osaka, Japan, 2,3,5-trimethyl-
6-(12-hydroxy-5, 10-dodecadiynyl)-1,4-benzoquinone (AA-861)
by Takeda Chemical Industries Ltd., Osaka, Japan, 1-[(5'-
(3"-methoxy-4"-ethoxycarbonyloxyphenyl)-2',4'-pentadienoyl)
aminoethyl]4-diphenylmethoxypiperidine (TMK-777) by Ter-
umo Corp., Tokyo, Japan, and wortmannin by Sandoz,
Basle, Switzerland.

Statistics

All results are expressed as means ± s.e.mean. Statistical
analysis was performed using Student's paired t test, and the
criterion of significance was a P value less than 0.05.

Figure 1 Representative tracings shown caffeine-induced contraction
in canine mesenteric artery with (a) and without (b) endothelium.
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Figure 2 Contractile responses to caffeine (1, 3 and 10 mM) in
endothelium-intact (solid columns) or endothelium-denuded (open
columns) preparations in canine mesenteric artery. *Indicates a
significant difference from the value in endothelium-intact prepara-
tions (P <0.05). The number of experiments is shown in parentheses.

Results

Contractile responses to caffeine in endothelium-intact or
endothelium-denuded strips in canine mesenteric artery

The endothelium-dependence of the contractile response to
caffeine was examined in canine mesenteric artery. Caffeine
(1, 3 and 10 mM) caused a transient contraction of
endothelium-intact strips in a concentration-dependent man-
ner (Figure 1). Repeated application of caffeine with a 30 min
washout period caused reproducible transient contractions.
Caffeine-induced contractions reached a stable level after 3-4
applications of caffeine over 2 h. The contraction produced
by caffeine at 1, 3 and 10 mM resulted in a tension of
0.22 ± 0.02 g (n = 12), 0.50 ± 0.02 g (n = 12) and 0.76 +
0.07 g (n = 8), respectively. As shown in Figure 2, removal of
the endothelium significantly (P< 0.05) decreased the re-

sponse to caffeine (1 and 3 mM), but did not affect contrac-
tion induced by caffeine (10 mM). Thus, part of contraction
induced by caffeine (1 and 3 mM) was EDC and the caffeine
(10 mM)-induced contraction was endothelium-independent
(Figure 2). The EDC induced by caffeine (1 mM) was subse-
quently analysed in more detail.

Effects of blocking agents on caffeine-induced
endothelium-dependent contraction in canine mesenteric
artery

We have previously reported that an EDC in canine basilar
artery induced by vasoactive substances was attenuated by
PLA2 inhibitors, cyclo-oxygenase inhibitors, TXA2 synthetase
inhibitors, or TXA2 antagonists (Usui et al., 1986; Shirahase
et al., 1987). The effects of these inhibitors or antagonists on
the caffeine-induced EDC were examined in the present
study. Quinacrine (10-6 M) or manoalide (10-6 M) (PLA2
inhibitors), aspirin (2 x 10-4 M) or indomethacin (10-6 M)
(cyclo-oxygenase inhibitors) and ONO-3708 (10-8M) or S-
1452 (10-8 M) (TXA2 antagonists) did not significantly
attenuate the caffeine-induced EDC (Table 1). The same
concentrations of aspirin and indomethacin augmented the
caffeine-induced EDC and prolonged its duration. AA-861
(10-5M) and TMK-777 (10-6 M) (5-lipoxygenase inhibitors)
had no effect on the EDC. In contrast, ACh-induced EDC in
the canine basilar artery was attenuated by quinacrine,
manoalide, aspirin, indomethacin, ONO-3708 and S-1452 at
the concentration indicated above (Table 1).

It has been reported that endothelin (Yanagisawa et al.,
1988) and superoxide (Katusic & Vanhoutte, 1989) are



ENDOTHELIAL CAFFEINE-CONTRACTION 437

Table 1 Effects of blocking agents on caffeine (I mM)-
induced EDC in canine mesenteric artery and acetylcholine
(ACh, 10-7M)-induced EDC in canine basilar artery

Concentration Contraction (%)
(M) Caffeine-EDC ACh-EDC

Phospholipase A2 inhibitors
Manoalide 10-6

3 x 10-6
Quinacrine 10-6

Cyclo-oxygenase inhibitors
Aspirin 2 x 10-4
Indomethacin 10-6

Thromboxane A2 antagonists
ONO-3708 10-8
S-1452 10-8

Lipoxygenase inhibitors
AA 861 10-5
TMK-777 10-6

Endothelin antagonist
50-235 10-5

Antioxidants
SOD (15Ouml-')
+catalase (1000uml' )

Allopurinol 10-5

99 ± 9
76 ± 9
86±5

(4)
(5)
(3)

33 ± 8 (4)
23 ± 5 (3)
35 ± 5 (3)

101 ± 8 (8) 22 ± 3 (3)
114 ± 11 (6) 20 ± 5 (3)

82±5 (3) 10±2 (3)
87 ± 8 (3) 15 ± 3 (3)

82 ± 8 (3)
72 ± 6 (3)

87 ± 8 (4)

118±9 (3)

127 ± 7 (3)

EDC in the absence of any agents was taken as 100%. The
numbers in parentheses indicate the number of experiments.
Abbreviations in text.

EDCFs. Therefore, we examined whether the caffeine-
induced EDC was caused by the release of endothelin or
superoxide. Caffeine-induced EDC was not affected by an

endothelin A receptor antagonist, 50-235 (10- M), although
the same concentration of this agent antagonized 80% of the
endothelin-l (10-8 M)-induced contraction. SOD (150 u ml--)
treatment combined with catalase (1000 u ml-") or allo-
purinol (10-s M) had no effect on the caffeine-induced EDC
(Table 1).

Effects ofphospholipase C inhibitors and a
phospholipase D pathway inhibitor on caffeine-induced
endothelium-dependent contraction in canine mesenteric
artery

We examined whether caffeine-induced EDC was due to the
activation of PLC and/or PLD. Gro-PIP (3 x 10-6 and
10-5 M) and NCDC (10-6 and 3 x 10-6 M) (PLC inhibitors)
did not affect caffeine-induced EDC (Figure 3). In addition,
caffeine (1, 3 and 10 mM) did not affect the content of IP3 in
endothelium-intact canine mesenteric arterial strips. The IP3
content in the absence of caffeine was 4.8 ± 0.5 pmol mg'
wet weight (n = 5). The content of IP3 was not significantly
altered by the presence of caffeine (1, 3 and 10 mM) and the
respective IP3 levels were 4.4 ± 0.5 pmol mg- wet weight
(n = 3), 5.0 1.0 pmol mg-' wet weight (n =4) and 3.0 ±
1.3 pmol mg' wet weight (n = 4). In contrast, wortmannin
(3 x 10-', 10-6 and 3 x 10-6 M) (PLD pathway inhibitor)
attenuated the caffeine-induced EDC with decreases of
12+ 8% (n= 5), 41 ± 7% (n= 5) and 78± 7% (n=4),
respectively. However, wortmannin (3 x 1i-0M) did not
affect the contraction induced by KCl (70 mM) or by NA
(10-1 M). The inhibitory effect of wortmannin (10-6 M) on
the caffeine-induced EDC was significantly (P<0.05) more

potent than the effect on the contraction induced by KCl
(70 mM) with a decrease of 19 ± 3% (n = 3) or NA (10-s M)

with a decrease of 11.2 ± 5% (n = 3). Staurosporine (10-8,
3 x 10-8 and 10- M) (protein kinase C inhibitor) attenuated
the caffeine-induced EDC, and the decreases were 16 ± 4%
(n = 5), 33 ± 3% (n = 7) and 62 ± 4% (n = 9), respectively.
However, staurosporine (10-8 M) did not affect the contrac-
tion induced by KCI (70 mM) or by NA (10-5 M). Stauro-
sporine (3 x 10- M) attenuated the caffeine-induced EDC
significantly (P<0.05) more potently than the contraction
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Figure 3 Effects of L-a-glycerophospho-D-myo-inositol 4-mono-
phosphate (Gro-PIP, a) and 2-nitro-4-carboxyphenyl-NN-diphenyl-
carbamate (NCDC, b) on caffeine (I mM)-induced EDC in canine
mesenteric artery. EDC in the absence of any agent was taken as

100%. The number of experiments is shown in parentheses.

induced by KCI (70 mm) with a decrease of 15 ± 5% (n = 3)
or NA (10-5 M) with a decrease of 2 ± 0.5% (n = 3).

Discussion

We have previously reported that vasoactive substances
(ACh, NA, arachidonic acid, ATP, nicotine and A-23187)
cause an EDC in canine basilar artery (Usui et al., 1983;
1986; 1987; Shirahase et al., 1987; 1988a,b,c). There have
been few reports on EDC in peripheral arteries. The present
study demonstrates that caffeine caused a transient contrac-
tion in endothelium-intact strips in canine mesenteric artery,
while removal of the endothelium definitely decreased this
caffeine-induced contraction. These results clearly indicate
that caffeine caused an EDC, as has previously been reported
in canine basilar artery. We examined whether the phar-
macological nature of the caffeine-induced EDC in canine
mesenteric artery was similar to ACh-induced EDC in canine
basilar artery.

In canine basilar artery, EDCs induced by various vaso-
active substances are attenuated by PLA2 inhibitors, cyclo-
oxygenase inhibitors, TXA2 synthetase inhibitors and TXA2
antagonists (Usui et al., 1983; 1986; 1987; Shirahase et al.,
1987; 1988a,b,c). In addition, since the TXA2 content of
endothelium-intact preparation is higher than that of
endothelium-denuded strips of the canine basilar artery, we
have proposed that the EDCF for ACh-induced EDC is
probably TXA2 (Usui et al., 1986; Shirahase et al., 1987). In
this study, caffeine-induced EDC was not affected by quin-
acrine and manoalide (PLA2 inhibitors), aspirin and indo-
methacin (cyclo-oxygenase inhibitors), ONO-3708 and S-1452
(TXA2 antagonists) and AA 861 and TMK-777 (lipoxygenase
inhibitors). These results indicate that the EDCF for caffeine-
induced EDC is probably not TXA2 or any of the leuko-
trienes.

Subsequent to endothelin being identified by Yanagisawa
et al. (1988), many investigators have reported that it is
released from the endothelium of various arteries (Miller et
al., 1993) and have proposed that it is one of EDCFs. In
addition, it has been reported that superoxide is an EDCF,
since A-23187 causes an EDC which is blocked by combined
treatment with SOD and catalase in the canine basilar artery
(Katusic & Vanhoutte, 1989). However, the caffeine-induced
EDC was not affected by 50-235 (an endothelin A receptor
antagonist) (Fujimoto et al., 1992) or by allopurinol (antiox-
idant) and SOD combined treatment with catalase. These
results suggest that the caffeine-induced EDC is not due to
the release of endothelin and/or the production of superox-
ide.

It has been reported that bradykinin increases the IP3 and

Agents
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cytosolic Ca2" concentration in porcine endothelial cells
through a mechanism involving bradykinin-induced hydro-
lysis of phosphatidylinositol 4,5-diphosphate via PLC activa-
tion (Lambert et al., 1986). Therefore, we examined whether
the caffeine-induced EDC involved PLC activation in the
canine mesenteric artery. Gro-PIP (Cruz-Rivera et al., 1990)
and NCDC (Walenga et al., 1980) are PLC inhibitors, and
neither agent affected the caffeine-induced EDC. These
results indicate that the caffeine-induced EDC is not due to
the activation of PLC, and this view is further supported by
the finding that caffeine did not increase IP3 production.
Recently, there has been increasing evidence suggesting that
PLD plays an important role in intracellular signal transduc-
tion in bovine pulmonary artery and aortic endothelial cells
(Martin, 1988; Pirotton et al., 1990), primary cultured human
abdominal aortic smooth muscle cells and rat aortic smooth
muscle cells (Welsh et al., 1990). Wortmannin inhibits the
activation of PLD by a chemotactic peptide (formyl-Met-
Leu-Phe) in human neutrophils (Reinhold et al., 1990;
Bonser et al., 1991). Caffeine-induced EDC was attenuated
by wortmannin in a concentration-dependent manner, sug-

gesting that this EDC may involve the activation of the PLD
pathway. This view is supported by the findings that stauro-
sporine, a potent protein kinase C inhibitor (Tamaoki et al.,
1986), also attenuated the caffeine-induced EDC in a
concentration-dependent manner. These results suggest that
caffeine activates the PLD pathway to cause the EDC.

Thus, the present experiments suggest that caffeine causes
an EDC by the activation of the PLD pathway in endothelial
cells and/or smooth muscle cells. The EDCF for this caffeine-
induced EDC is probably not arachidonic acid metabolites,
endothelin or superoxide, although it may be diacylglycerol.
In man, caffeine increases blood pressure by elevating vas-
cular resistance rather than by enhancing cardiac output
(Pincomb et al., 1988), and the caffeine-induced EDC may
play an important role in this enhancement of vascular resis-
tance.

Supported by a grant from the Smoking Research Foundation,
Japan.
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