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Vascular endothelial cells, in response to various neurchumoral and physical stimuli, produce an endothelium-derived relaxing factor, a substance

which regulates vascular tone. We have demonstrated that oxidized low density lipoprotein (LDL) inhibits endothelium-dependent relaxation. We

studied the effect of oxidized LDL on inositol phosphates formation stimulated with bradykinin (BK) in cultured bovine aortic endothelial cells.

BK elicited a rapid generation of inositol phosphates from inositol phospholipids. Accumulation of inositol 1,4,5-trisphosphate (IP3) stimulated

with BK (0.1 uM) was markedly inhibited by oxidized LDL. However, native LDL had little effect on BK-induced accumulation of IP3. From
these results, oxidized LDL inhibits receptor-mediated phosphoinositides hydrolysis and modulates the endothelial function.

Endothelium; Bradykinin; Endothelium-derived relaxing factor; Intraceltular calcium; Low-density lipoprotein

1. INTRODUCTION

Vascular endothelial cells play an important role in
the regulation of vascular tone by their ability to pro-
duce and release endothelium-derived relaxing factor(s)
(EDRF) [1]. It is now established that some hormones
and neurotransmitters can promote the formation of in-
ositol 1,4,5-triphosphate(IP3) from phosphatidylinosi-
tol 4,5-bisphosphate in the plasma membrane and
generated IP; elicits the discharge of Ca®® from intra-
cellular stores in many types of cells [2]. Recent studies
have demonstrated that agonist-induced production of
EDRF or prostacyclin is mediated by a phospholipase
C-coupled system and Ca?* mobilization in cultured en-
dothelial cells [3,4].

Oxidative modification of low-density lipopro-
tein(LLDL) has been implicated in the pathogenesis of
atherosclerosis as a factor in the generation of
macrophage-derived foam cells [5]. Recently, we have
demonstrated that oxidized LDL inhibits the endothe-
lium-dependent relaxation and modifies vascular tone
[6]. The purpose of this study was to investigate the ef-
fect of oxidized LDL on phosphoinositides hydrolysis
in cultured bovine aortic endothelial cells.

2. MATERIALS AND METHODS

2.1. Lipoproteins and modification of LDL.
LDL (density = 1.020-1.060) was isolated by ultracentrifugation
from freshly harvested normal human plasma collected in EDTA (1
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mg/mb) [7]. Protein was determined by the method described by Brad-
ford [8] using bovine serum albumin as a standard. LDL (500
ug - protein/ml) was oxidatively modified by 10 »M copper in PBS(-}
for 24 hat 37°C [9]. Control LDL was incubated without copper. Ox-
idative modification of LDL was confirmed by agarose gel elec-
trophoresis [10].

2.2, Culture of endothelial cells

Bovine aortic endothelial cells (BAECs) were obtained by the scrap-
ing of the aorta excised from a freshly slaughtered cow, as described
previously [11]. They were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with fetal calf serum (FCS) (15% v/v). The cells
were seeded on 25-cm® flasks and incubated at 37°C under an at-
mosphere of 5% CO; and 95% air, The medium was changed on the
following day and later every third day. After 4 or § days, the primary
cultures formed a confluent monolayer and could be subcultured.
Cultures used in the present study were from the third to 12th passage.
Endothetial  cells  cultured showed typical morphology and
homogeneous staining for factor VII antigen {12].

2.3, Assay condition for phospholipase C reaction

The cells were plated on a 35-mm dish. After 2 days the cultured
cells formed a confluent monolayer. The final cell density on the day
of the assay was 1 x 10° cells/dish. For assay of the phospholipase C
reaction, the cells were rinsed three times with 2 ml of phosphate-
buffered saline with 0.9 mM Ca®* and 0.8 mM Mg (PBS+) and
labeled with myo-[2-*Hlinositol{10 xCi/ml/dish) at 37°C for 24 b in
inositol-free DMEM without FCS. After the labeling, the cells were
washed three times with 2 ml DMEM to remove unincorporated
PPHlinositol. The cells were preincubated with 0.9 ml of a HEPES-
buffered solution composed of (mM) 130 NaCl, 5 KCI, I MgCl,, 1.5
CaCly, 10 glucose, and 20 HEPES (pH 7.4) containing 10 mM LiCl
[13] on a tray in a water bath at 37°C for 15 min. Then, the cells were
stimulated with 0.1 ml of the various agents. The reaction was stop-
ped by rapid aspiration of the medium and adding I m! ice-cold 15%
trichloroacetic acid. The cells were chilled on ice for 1 h to extract
water-soluble inositol phosphates. To investigate the effects of oxidiz-
ed LDL on bradykinin (BK)-induced phosphoinositides hydrolysis,
BAECs were preincubated with native or oxidized LDL at 37°C for
30 min and then stimulated with 100 nM BK for 30 5. Cell viability us-
ing in this study was greater than 98% by Trypan blue exclusion.
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2.4. Separation of [FHjinositol phosphates

The extract was transferred to a test tube, and the cells were washed
twice with 1 ml distilled water. The washings were combined with the
original acid extract. Trichloroacetic acid was removed with 3 ml
diethyl ether four times. The final extract was neutralized, applied to
columns containing 1 ml Dowex AG 1 x 8 formate-form resins (Bio-
Rad Laboratories, Richmond, CA), and cluted 1o separate the water-
soluble inositol phosphates by the method described previously [13],
which was based on that described by Berridge et al. [14]. After ap-
plication of the sample, the column was washed with 8 ml distilled
water. Glycerophosphoinositol was cluted with 165 ml of § mM
disodium tetraborate/60 mM sodium formate. Inositol I-monophos-
phate (IP;) was eluted with 8§ ml of 0.1 M formic acid/0.2 M am-
monium formate followed by an 8 ml wash with the same buffer. In-
ositol 1,4-bisphosphate(IP>) was eluted with 8 ml of 0.1 M formic
acid/0.4 M ammonium formate, followed by an 8 ml wash with the
same buffer. [Py was eluted with 8 ml of 0.1 M formic acid/1.0 M am-
monium formate.

2.5. Drugs

BK was purchased from Sigma Chemical Co. (St. Louis, MO).
DMEM was from Flow laboratories Inc. (McClean, VA). Myo-
[2-*H]inositol (20 Ci/mmol) was from Amersham (Arlington
Heights, 1L). Concentrations were expressed as final concentration.

3. RESULTS

3.1. Accumulation of inositol phosphates by
bradykinin

Incubation of cultured BAECs with | uM BK induced
accumulation of 1P, IP» and IP; as shown in Fig. 1. IP;
and IP; production rapidly reached a peak at 30 s with
about a 3-fold increasc and thereafter declined. The
decline of accumulated 1P, and IP; might be due to the
conversion of IP> to IP;, and IP; to IP,, as
demonstrated in other cell types. On the other hand,
without BK, no significant increase in any inositol
phosphates was induced in BAECs preincubated with
serum-depleted medium even in the presence of LiCl.
Fig. 2 shows the dose-response relation of BK for ac-
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Fig. 2. Dose-response curve of BR-induced accumulation of 1P, (&),

IP> (@) and 1Pz (2). BAECs were stimulated with various doses of

BK tor 30's. Results were expressed as mean + SEM of three indepen-
dent experiments.

cumulation of IP;. The threshold concentration and the
mean halt-maximum effective concentration (EDsg)
value of BK were 0.1 nM and 3 nM, respectively.

3.2. Inhibition by oxidized LDL of bradykinin-
induced accumulation of inositol phosphates

We examined the effects of native and oxidized LDL
on phospholipase C-mediated reaction in BAECs. Fig.
3 shows the time course of oxidized LDL-induced ac-
cumulation ot inositol phosphates for 30 min. Oxidized
LDL (500 ug- protein/ml) induced a significant amount
of accumulation of IP; and IP; at 20 and 30 min. In
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Fig. 1. Time course of BK-induced accumulation of inositol phosphates. BAECs were stimulated with () or without (@) | xM BK. Panel A: ac-
cumulation of IP;; panel B: accumulation of IP2; panel C: accumulation of’ [Py, Results were expressed as mean + SEM of three independent
experiments.
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Fig. 3. Time course of oxidized LDL-induced accumulation of inositol phosphates. BAECs were stimulated with native (@) or oxidized LDL (O)
at a concentration of 100 pg-protein/ml for various periods of time. Panel A: accumulation of 1P,; panel B: accumulation of IP;; panel C: ac-
cumulation of I1P;. *P<0.05 compared with control. Results were expressed as mean = SEM of three independent experiments.

contrast, the accumulation of IP3; was not observed at
any time. Native LDL (500 ug - protein/ml) itself had no
effect on phospholipase C-mediated phosphoinositides
hydrolysis. Pretreatment with oxidized LDL (100-500
pg-protein/ml) for 30 min markedly inhibited the ac-
cumulation of inositol phosphates promoted by 100 nM
BK. As shown in Fig. 4, the half-maxium inhibitory
concentration(IDs¢) value of oxidized LDL for BK-
stimulated IP; accumulation was about 100 ug- protein/
ml. However, native LDL had little effect on BK-
induced accumulation of inositol phosphates.
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Fig. 4. Dose-dependency of the inhibitory effects of native LDL (@)

and oxidized 1L.DL (©) on BK-induced accumulation of 1P;. BAECs

were preincubated with various concentrations of oxidized LDL for

30 min and then stimulated with (00 nM BK for 30s. *P <0.001 com-

pared with control. Results were expressed as mean = SEM of five in-
dependent experiments.

4. DISCUSSION

In the present study, we demonstrated that native
LDL had little effect on IP; formation by BK, whereas
oxidized LDL markedly inhibited BK-induced IP; for-
mation in cultured endothelial cells. Oxidized LDL
itself did not elicit the accumulation of IP3; whereas in-
creases of IP; and IP, stimulated with oxidized LDL
were observed. The mechanism of 1P, and IP, forma-
tion by oxidized LDL is unknown. The reason for this
observation might be related to the non-specific activa-
tion of phospholipase C.

Endothelial cells which produce EDRF, prostacyclin
and endothelin, regulate vascular tone [1,15]. In
atherosclerotic arteries endothelium-dependent relaxa-
tion is markedly reduced and the impairment of
endothelium-dependent relaxation is thought to play an
important role in the pathogenesis of coronary artery
spasm [16,17]. Oxidized LDL is proposed to play a
significant role in the initiation or progression of
atherosclerosis [18]. Recently, we have demonstrated
that oxidized LDL inhibits endothelium-dependent
relaxation mainly caused by the inhibition of produc-
tion of EDRF [6,19]. From the present study, inhibition
of endothelium-dependent relaxation by oxidized LDL
is partly due to its inhibitory action of inositol
phosphates formation in endothelial cells. It is reported
that oxidized LDL has cytotoxic effect for endothelial
cells [20]. In the present study, a leakage of lactate
dehydrogenase out of the cells was not observed during
the incubation of oxidized LDL (100-500 ug/ml) for 1
h. Furthermore, the viability of endothelial cells was
preserved after incubation of oxidized LDL by Trypan
blue exclusion. Therefore, irreversible endothelial cell
injury by oxidized LDL was not related to its inhibitory
effect on phosphoinositides hydrolysis. It is speculated
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that impairment of receptor-coupled phosphoinositides
hydrolysis was caused by the perturbation of en-
dothelial cell plasma membrane by oxidized LDL. In
the present study, oxidized LDL inhibits phospho-
inositides hydrolysis and may alter the endothelial cell
function including production of EDRF.

Acknowledgements: This investigation was supported in part by a
Grant-in-Aid for scientific rescarch (No. 024454257) from the
Ministry of Education, Science and Culture, Japan. We are grateful
to Noriko Hamana for her skillful technical assistance.

REFERENCES

[1

Furchgott, R.F. and Zawadzki, J.V.
373-376.
[2} Berridge, M.J. and Irvine, R.F. (1984) Nature 312, 315-321.

(1980) Nature 288,

[3] Lambert, T.L., Kent, R.S. and Whorton, A.R. (1986) }. Biol.
Chem. 261, 15286-15293.
[4] Pirotton, S., Raspe, E., Demolle, D., Erneux, C. and

Boeyndems, J.M. (1987) J. Biol. Chem. 262, 17461-17466.

[5] Henriksen, T., Mahoncy, E.M. and Steinberg, D. {1981) Proc.
Natl. Acad. Sci. USA 78, 6499-63503.

[6] Yokoyama, M., Hirata, K., Miyake, R., Akita, H., [shikawa,
Y. and Fukuzaki, H. (1990) Biochem. Biophys. Res. Commun.
16, 301-308.

184

FEBS LETTERS

[7]
{8]
[9]
[10]

(1]

[16]

(17]

[18]
[19]

[20

August 1991

Harvel, R.J., Eder, H.A. and Bragdon, J.H. (1955} J. Clin. In-
vest. 43, 1345-1353.

Bradford, M. (1976) Anal. Biochem. 72, 248-254.
Steinbrecher, U.P., Parthasarathy, S., Leake, D.S., Witztum,
J.L. and Steinberg, D. (1984) Proc. Natl. Acad. Sci. USA 81,
3883-38K7.

Sparrow, C.P., Parthasarathy, S. and Steinberg, D. (1988) J.
Lip. Res. 29, 745-753.

Ryan, U.S., Mortara, M. and Whitakar, C. (1980) Tissue and
Cell 12, 619-635.

Ryan, U.S., Clements, E., Habliston, D. and Ryan, J.W. (1978)
Tissue and Cell 10, 535-554.

Go, M., Yokovama, M., Akita, H. and Fukuzaki, H. (1988)
Biochem. Biophvs. Res. Commun. 153, 51-58.

Berridge, M.J., Heslop, J.P., Irvine, R.F. and Brown, K.D.
(1984) Biochem. J. 222, 195-201.

Yanagisawa, M., Kurihara, H., Kimura, S., Tomobe, Y.,
Kobayashi, M., Mitsui, Y., Yazaki, Y., Goto, K. and Masaki, T.
(1989) Nature 332, 411-415.

Shimokawa, H., Asrrhus, L.L. and Vanhoutte, P.M. (1987)
Circ. Res. 61, 256-270.

Yokoyama, M., Akita, H., Hirata, K., Usuki, S., Fukuzaki, H.,
Itoh, 1., Mackawa, K. and Matsuo, T. (1990) Am. J. Med. 89,
307-515.

Steinberg, D. Parthasarathy, S., Carew, T.E., Khoo, J.C. and
Witztum, J.L. (1989) N. Engl. J. Med. 320, 915-924.

Hirata, K., Yokovama, M., Matsuda, Y., Miyake, R. and
Akita, H. (1990) Circulation 82, 171. (Abstr.)

Hessler, J.R., Robertson, A.L.. Ir. and Chisolm, G.M. (1979)
Atherosclerosis 32, 213-222.



