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Abstract-Due to their localization at the interface between blood and tissue, endothelial cells are the fast target 
of any change occurring within the blood, and alterations of their functions can seriously impair organs. During 
hypoxia, which mimics in viva &hernia, a cascade of events occurs in the endothelial cells, starting with a 
decrease in ATP content and leading to their activation and release of inflammatory mediators. EGh 761 and one 
of its constituents, bilobalide, were shown to inhibit the hypoxia-induced decrease in ATP content in endothelial 
cells in vim. Under these conditions, glycolysis was activated, as evidenced by increased glucose transport, as 
well as increased lactate production. Bilobalide was found to increase glucose transport under normoxic but not 
hypoxic conditions. In addition, EGb and bilobalide prevented the Increase in total lactate production observed 
after 60 min of hypoxia. However, after 120 min of hypoxia, the total lactate production was similar under 
normoxic and hypoxic conditions, and both compounds increased this production. These results indicate that 
glycolysis slowed down between the 60th and 120th minute of hypoxia, while EGb and bilobalide delayed the 
onset of glycolysis activation. In another experimental model, both compounds were shown to increase the 
respiratory control ratio of mitochondria isolated from liver of rats treated orally. Since &hernia is known to 
uncouple mitochondria, the protection of ATP content and the delay in glycolysis activation observed during 
hypoxia in the presence of EGb 761 or bilobalide is best explained by a protection of mitochondrial respiratory 
activity, at least during the fast 60 min of hypoxia incubation. Both products retain the ability to form ATP, 
thereby reducing the cell’s need to induce glycolysis, probably by preserving ATP regeneration by mitochondria 
as long as oxygen is available. 
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Ischemia is a common feature of various vascular dis- 
eases: impairment of blood circulation is involved in 
thrombosis, myocardial infarction, cerebral ischemia, or 
chronic venous insufficiency. A deficit in blood trans- 
port leads to a decrease in oxygen and nutriment supply 
to the tissue. Due to their localization at the interface 
between blood and tissue, endothelial cells are the first 
targets of variations in oxygen pressure within the blood 
[ 1, 2, 31. These cells fulfill numerous important func- 
tions: They regulate coagulation by the release of an- 
titbrombic molecules; they synthesize vasoactive mole- 
cules as well as compounds regulating leukocyte, plate- 
let, and smooth muscle cell functions; and they act as a 
selective barrier and secrete various metabolites [4,5,6]. 
Thus, alteration of the endothelium can lead to important 
disturbances of vessel functions [7]. 

Previous results have shown that endothelial cells can 
be strongly activated by hypoxia, a condition that mim- 
ics the in vivo decrease in oxygen supply during isch- 
emit events. This activation is due to a decrease in the 
ATPs§ content of the cells, and leads to an increase in 
cytosolic calcium concentration [8] and to activation of 
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5 Abbreviations: ATP, adenosine triphosphatc; EGb 761, 
Ginkgo bihbo extract; HBSS, Hank’s balanced salt solution; 
HUVEC, human umbilical vein endothelial cells; P/O ratio, 
number of moles of ATP generated from ADP per atom of 
oxygen; RCR, respiratory control ratio. 

phospholipase A,, then responsible for an increase in the 
synthesis of prostaglandins [9] and of platelet-activating 
factor. This activation results in an increased adhesive- 
ness of endothelial cells for neutrophils [lo] and to their 
activation [ 1 I]. Hypoxic tissues can thus initiate, via the 
active role of the endothelium, an intIammatory re- 
sponse, which will then induce tissue damage ]12, 131. 
However, it must be noted that endothelial cells from 
different blood vessels show different sensitivity to hyp- 
oxia. Not all are sensitive to it, heart endothelial cells, for 
example, being almost completely resistant [14]. 

A leaf extract of EGb 761 is widely prescribed as 
therapy for several vascular diseases involving ischemic 
events, such as cerebrovascular and peripheral vascular 
and chronic venous insufficiencies. The extract contains 
24% ginkgo-flavone glycosides, 6% terpenes (ginkgo- 
lides and bilobalide), and approx. 7% proanthocyani- 
dines and other uncharacterized compounds [15]. It has 
been shown to enhance glucose transport in vitro in 
erythrocytes 1161 and in smooth muscle cells [17], as 
well as in vivo in rats with cerebral ischemia [18]. It also 
protects endothelial cells against hypoxia-induced mor- 
tality [ 191 and prevents hypoxia-induced ATP decrease. 
This latter effect is due to the terpenic fraction of EGb 
761 and, more importantly, to bilobahde 1201. Because 
of the crucial role played by endothelial cells in initiating 
ischemia-induced tissue damages, it was interesting to 
investigate how EGb 761 and bilobalide could protect 
endothelial cells against the effects of hypoxia, in par- 
ticular, their influence on the energetic metabolism. 
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In this report, we show that EGb 761 and-more ef- 
ficiently-bilobalide inhibit the hypoxia-induced de- 
crease in ATP content in endothelial cells. This effect is 
not due to an increase in glucose transport nor to an 
increase in glycolytic activity as measured by lactate 
production, but probably to an increase in respiration 
efficiency, as indicated by a better coupling of mitochon- 
dria isolated from liver of treated rats. 

MATERIAL AND METHODS 

Reagents 

Modified Hank’s balanced salt solution (0.14 mM 
NaCl, 5 mM KCl, 0.4 mM MgSO, .7H,O, 0.5 mM 
MgCl, - 6H,O, 3 mM Na$IPO, - 2H,O, 0.4 mM 
KH,PO, 5.5 mM glucose, pH 7.35) containing 1 mM 
CaCl, (HBSS) was prepared in our laboratory. EGb 761 
and purified bilobalide (BN 52023) were generously do- 
nated by the Institut Hemi Beaufour, Paris, France. EGb 
761 is a standardized extract of leaves of Ginkgo biloba 
by acetone/water. It contains flavonoids (coumarinic es- 
ters of quercetin, kaempferol, proantocyanidines, and 
flavones) and terpenes (ginkgolides and bilobalide) [ 141. 
EGb was directly dissolved in HBSS for the studies on 
HUVEC and in water for treating the rats, Bilobalide 
was dissolved in pure ethanol at 10 mg/mL and then 
serially diluted in HBSS. The final concentration of eth- 
anol in the solution of 100 ng/mL of bilobalide is 
0.001%. Chemicals of analytical grade were from Merck 
(Darmstadt, Germany). 

HWEC isolation and culture 

Human umbilical vein endothelial cells were isolated 
according to Jaffe et al. [21]. Cords were stored at 4°C 
just after birth in stock buffer (4 mM KCl, 140 mM 
NaCl, 10 mM Hepes, 1 mM glucose, 100 pg/mL strep- 
tomycin (Sigma, St. Louis, MO), 100 U/mL penicillin 
(Sigma), and 0.25 pg/mL fungizone (Gibco, Paisley, 
Scotland), pH 7.3). Before manipulation, they were 
rinsed with 20 mL phosphate-buffered saline (PBS) con- 
taining antibiotics and fungizone at concentrations afore- 
mentioned. Umbilical veins were incubated for 35 min at 
37°C with 4 mL collagenase type II (Sigma) 0.05% in 
PBS. The cells were then harvested in Ml99 (Gibco) + 
20% foetal calf serum (Gibco), centrifuged 10 min at 
1000 rpm, and seeded in 0.20% gelatin-coated culture 
dishes (25 cm’, Falcon Plastics, Oxnard, CA). The fol- 
lowing day, the cells were washed with medium to elim- 
inate blood cell contamination. Only monolayers of pri- 
mary cultures that were tightly confluent were used for 
these studies. Confirmation of their identity as endothe- 
lial cells was obtained by detecting factor VIII antigen 
assessed by immunofluorescence staining [22]. For one 
experiment, several cultures were mixed and seeded in 
the different dishes so that very low vat-lability was ob- 
served from one dish to the next. However, from exper- 
iment to experiment using cultures coming from differ- 
ent umbilical cords the variability was higher. One dose- 
response curve was always obtained on one batch of 
cells in order to decrease variability. 

In vitro model of hypoxia 

Ischemia was simulated by exposing cells to hypoxia 
(100% N,) at 37°C. Cells were seeded in gelatine-coated 
Petri dishes (I$= 35 mm, Falcon Plastics, Oxnard, CA). 
For incubation, cells were rinsed twice with HBSS and 
covered with 0.7 mL of HBSS. Medium was reduced to 

a uniform thin layer to decrease the diffusion distances 
of atmospheric gases. Hypoxia was produced with an 
atmosphere of 100% N, in an incubator gas chamber. 
PO, was 130 mmHg under normal conditions, decreas- 
ing to 10 mmHg after 30 min hypoxia as described here 
[23]. One hundred twenty minutes of hypoxia was cho- 
sen because it is the maximal hypoxia time that endo- 
thelial cells can sustain without loss of viability. Corre- 
sponding controls were always performed with cells in- 
cubated under the same conditions but kept in normoxia 
(ambient atmosphere). 

ATP assay 

ATP assay was performed using a bioluminescent 
ATP assay kit (FL-ASC, Sigma) using luciferase and 
luciferine. To ensure reproducibility and low back- 
ground, all the technical precautions described in the 
corresponding manual sheet were observed. HUVEC 
were seeded at 50,000 cells/cm’ in Petri dishes one day 
before the experiment. After incubation under normoxia 
or hypoxia, cells were rinsed with PBS, lysed with 0.5 
mL of somatic cell ATP releasing reagent (Sigma) for a 
few seconds, and the supematant recovered for the assay 
performed in a luminometer (Biocounter M2010, Lu- 
mat, Landgraaf, The Netherlands). The absolute values 
of ATP yielded from the experiments were expressed in 
IUU (relative light unit)/mg of proteins. The amount of 
proteins was assayed for each test to correct the amount 
of ATP measured in the bioluminescent assay with the 
number of cells present in each dish. 

Glucose transport studies 

Measurement of the rates of glucose transport was 
carried out during the hypoxia or normoxia incubation 
using 2-deoxy-D-glucose, a non-metabolizable glucose 
analogue according to Louis [24]. HUVEC seeded at 
confluence in Petri dishes were rinsed twice with HBSS 
and incubated for 120 min under normoxia or hypoxia in 
0.7 mL of HBSS containing 1 pCi/mL of 2-deoxy-D- 
[2,6-‘HI-glucose (specific activity = 52 Wnrnol, Am- 
ersham Laboratories, Buckinghamshii, U.K.). The re- 
action was terminated by rapidly removing the media 
and washing each dish three times with NaCl 0.15 M. 
The cell layer was allowed to dry and then dissolved in 
1 mL of NaOH 0.5 N for one night. The radioactivity of 
200 pL aliquots neutralized with 200 pL HC10.5 N was 
measured in 5 mL scintillation liquid (Aqualuma, Lu- 
mat, Landgraaf, the Netherlands). Two hundred pL al- 
iquots were also assayed for protein content according to 
Lowry et al. [25], with results expressed in dpm/pg of 
proteins. 

Lactate assay 

HUVEC at confluence in Petri dishes were rinsed 
twice and incubated with 0.7 mL HBSS for 60 or 120 
min under normoxia or hypoxia. After incubation, the 
medium was collected and kept at 4“C. Cells were lyzed 
in 0.6 mL NaOH 0.5 N for 1 hr at 4°C and the cell lysate 
then neutralized with 0.2 mL HCl 1 N. The amount of 
lactate was measured both in the media and in the cell 
lysates using lactate dehydrogenase (LDH) [26]. Sixty 
pL of sample was added to 0.8 mL of reaction buffer 
(glycine 0.5 M, hydrazine (Sigma) 0.45 M, pH 9) and 60 
p.L of NAD+ (Sigma) (30 mg/mL), and the absorbance at 
340 nm measured (El). Six pL of LDH (type XXVII, 5 
mg/mL, Sigma) was then added, the samples incubated 
for 30 min at 37°C and the absorbance measured (E2). 
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The lactate concentration was then calculated according 
to the formula: 

[(E2 - El) - (b2 - bl)] x 2.35, 

bl and b2 being the blanks corresponding to El and E2. 

Isolation of rat liver mitochondria 

Beckman Instruments Inc.). The suspension was main- 
tained in a thermostatic chamber at 27“C under magnetic 
agitation. The respiratory control ratio (RCR) was cal- 
culated according to Chance & Williams [28]; this is the 
ratio between the oxygen consumption rate in the pres- 
ence of both exogenous succinate 5 mM and ADP 0.16 
mM and the rate before ADP consumption. 

Female Wistar rats (IFFA CREDO, Brussels, Bel- 
gium) were housed in groups of 5 before the experi- 
ments, and allowed to acclimatize to their new labora- 
tory conditions for at least 15 days. They were then 
treated orally for 10 to 14 days with EGb 761 or bilo- 
balide or distilled water (0.6 mL per day). The rats were 
starved during the last 18 hr and, after killing, their livers 
were chilled in a medium containing 0.25 M saccharose, 
0.1 M EDTA, 2 M HEPES, and 2 g/L bovine serum 
albumin (BSA). Three g of liver were homogenized by 
two successive passages in a Teflon homogenizer (Type 
C, AH Thomas Co., Philadelphia, PA). A nuclear frac- 
tion was prepared in an International PR-J Centrifuge 
(International Equipment Co., Needham Heights, MA) 
by a lo-min centrifugation at 754 g at 4°C. The super- 
natant was kept at 4°C. The pellet was centrifuged once 
more for 10 min at 580 g, and the supematant added to 
the previous one and adjusted to a final volume of 45 
mL. Two times 8 mL were sampled to isolate mitochon- 
dria by a 3-min centrifugation at 10,300 g in a Beckman 
L5 65B ultracentrifuge (Beckman Instruments Inc., 
Spinco Div., Palo Alto, CA). Resuspension of the mito- 
chondrial pellet was carried out carefully with a 7-mL 
Dounce loose homogeneizer (Kontes Glass Co., Vine- 
land, NY) in NaCl 7.05 mM, KC1 70.5 mM, K,HPO, 
5.45 mM, KH,PO, 4.55 mM, BSA 0.15%, pH 7.2 [27]. 

Statistical analyses 

Results are presented as means f 1 SD, and statistical 
comparisons were made using Student’s t-tests. 

RESULTS 

Effect of EGb 761 and bilobalide on ATP content 

When HUVEC were exposed to hypoxia for 120 min, 
their ATP content decreased from approx. 50 to 75% of 
the value of control cells maintained under normoxic 
conditions. The variability observed in the effect of hyp- 
oxia from experiment to experiment was due to the use 
of different cultures of HUVEC originating from differ- 
ent cords. The ATP level decreased linearly during the 
overall incubation under hypoxia [6]. However, when 
incubated in the presence of EGb 761 or bilobalide dur- 
ing the hypoxic period, the cells showed a strong inhi- 
bition of this decrease (Fig. 1). Significant protections of 
44% and 42% were obtained for 0.5 and 1 pg/mL EGb 
761, respectively, while protections of 36% and 53% 
were recorded for 100 and 10 ng/mL bilobalide, respec- 
tively. The protection at higher concentrations of bilo- 
balide was limited by the cytotoxic effect of this mole- 
cule observed in this model. 

Respiration determination Effect of EGb 761 and bilobalide on glucose transport 

The rate of oxygen consumption by the mitochondrial 
fraction was assayed by an oxypolarographic method 
using a Clark-type electrode (39065 oxygen sensor, 

Both compounds were able to inhibit the ATP de- 
crease induced by hypoxia in HUVEC. This decrease 
was probably the result of a decrease in mitochondrial 

Fig. 1. Effect of EGb 761 and bilobalide on ATP content. 
HUVEC were incubated for 120 min under normoxia or hypoxia in the absence or in the presence of different 
concentrations of (A) EGb 761 or (B) bilobalide and the ATP content was assayed. Results are expressed in 
percentages of control as means f 1 SD for n = 5. 
NS: statistically non-significantly different from cells incubated for 120 min under hypoxia. 
*, **, or ***: statistically significantly different from cells incubated for 120 min under hypoxia with P c 0.05, 

P c 0.01, or P < 0.001. 
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respiratory chain activity due to the lack of oxygen. To 
compensate for this energy deficiency, the cells activated 
the glycolytic pathway. Two mechanisms could be re- 
sponsible for the beneficial effect of EGb 761 and bilo- 
balide on the preservation of the ATP pool of hypoxia- 
incubated cells: they either enhanced glycolytic activity 
or preserved respiratory chain activity. Both hypotheses 
were investigated. 

To determine whether glycolytic activity was en- 
hanced, we first studied glucose transport within the 
cells by measuring deoxy-D-[3H]-glucose incorporation. 
Figure 2 (A and B) shows that hypoxia by itself signif- 
icantly increased glucose transport by between 60% and 
95%, which suggests that glycolysis was indeed acti- 
vated under hypoxic conditions as described here. EGb 
761 was not able to increase glucose transport further 
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under hypoxic conditions, whereas a small induction 
(20%) was observed at 5 @ml under normoxic condi- 
tions (Fig. 2A). On the other hand, bilobalide signifi- 
cantly increased glucose transport under normoxia by 
57% and 70% at 5 and 50 ng/ml, respectively. While 
hypoxia also increased glucose transport by 60% in this 
experiment, bilobalide did not further increase glucose 
transport under hypoxic conditions (Fig. 2B). Two ex- 
planations can be proposed for this effect: Either glucose 
transport was already saturated by the hypoxia-induced 
activation and thus bilobalide could not further increase 
it, or bilobalide did not influence glucose transport under 
hypoxic conditions. Whichever explanation is correct, 
neither EGb 761 nor bilobalide protection of ATP con- 
tent under hypoxia can be explained by their effect on 
glucose transport. 
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Fig. 2. Effect of EGb 761 and bilobalide on glucose transport, 
HUVEC were incubated for 120 min under normoxia or hypoxia in the absence or in the presence of different 
concentrations of (A) BGb 761 or (B) bilobalide and glucose transport was measured by deoxy-[3H]-glucose 
incorporation. Results are expressed in dpm/pg of proteins as means + 1 SD for n = 3 for A and n = 5 for B. 
(NS): statistically non-significantly different from cells incubated for 120 min under normoxia. 
(*), (**). or (***): statistically significantly different from cells incubated for 120 min under normoxia with P 
c 0.05, P c 0.01, or P c 0.001. NS: statistically non-significantly different from cells incubated for 120 min under 

hypoxia. 



Bilobalide protection against hypoxia 

Table 1. Effect of EGb 761 on lactate production after 60 min hypoxia 

995 

Medium Cell lysate Total 

Normoxia (n = 3) 
Hypoxia (n = 3) 
Hyp + EGb 0.5 @ml (n = 3) 
Hyp + EGb 0.05 (n = 3) 
Hyp + EGb 0.005 (n = 3) 

0.150 f 0.008 0.176 k 0.058 0.326 -k 0.060 
0.249 f 0.011 (ttt) 0.218 + 0.010 NS 0.466 + 0.013 (tt) 
0.163 + 0.024** 0.263 + O.OlO** 0.426 f 0.037 NS 
0.181+0.008*** 0.167 f 0.016** 0.348 + 0.023*** 
0.159 + 0.015*** 0.220 + 0.025 NS 0.379 + 0.032** 

HUVEC were incubated for 60 min under normoxia or hypoxia in the absence or in the presence of different concentrations of 
EGb 76 1, and lactate content was measured in the medium and in the cell lysate. Results are expressed in pmoVdish as means + 
I SD. 

NS: statistically non-significantly different from cells incubated for 60 min under normoxia. 
(tt) or (ttt): statistically significantly different from cells incubated for 60 min under normoxia with P < 0.01 or P < 0.001. 
NS: statistically non-significantly different from cells incubated for 60 min under hypoxia. 
** or *** statistically significantly different from cells incubated for 60 min under hypoxia with P c 0.01 or P < 0.001. 

Effect of EGb 761 and bilobalide on 
lactate production 

Because the glycolytic pathway can also occur 
through glycogen degradation, we also investigated lac- 
tate production as the end product of glycolysis. 

HUVEC were first exposed to hypoxia for 60 min, and 
the total lactate production was found to increase by 
44%. This increase was due to an increase in the amount 
of lactate release in the medium. This result again sug- 
gests that hypoxia activated glycolysis. EGb 761 reduced 
the increase in lactate release by HUVEC during the first 
60 min of hypoxia to normoxic values. It also signifi- 
cantly inhibited total lactate production during this pe- 
riod (Table 1). Lactate content was slightly increased in 
cell lysate at the highest EGb concentration (0.5 @mL), 
but decreased at 0.05 pg EGb/mL. This suggests that 
lactate could be partially sequestered within the cell at 
the high EGb concentration. This effect is, however, 
much smaller than the reduction in total lactate produc- 
tion. Bilobalide also completely prevented the hypoxia- 
induced increase in lactate release as well as total lactate 
production (Table 2). The amount of lactate assayed in 
the cell lysate was not affected by hypoxia or by bilo- 
balide. 

Tables 3 and 4 present the lactate production mea- 
sured after 120 min of hypoxia. An incubation of 120 
min under hypoxic conditions led to a complete loss of 
lactate in the cell lysate and to an increase in lactate in 
the medium, resulting in a total lactate production sim- 
ilar to that observed under normoxic conditions. This 
suggests that glycolysis following early activation (ob- 
served at 60 min, see Tables 1 and 2) was then arrested, 
and that there was a leakage of lactate in the medium. 

EGb 761 did not change lactate release in the medium 
after 120 min of hypoxia, whereas it significantly inhib- 
ited the loss of lactate in the cell lysate induced by hyp- 
oxia. Both effects resulted in a significant increase in 
total lactate production at concentrations between 0.5 
and 0.005 &mL (Table 3). Similar effects were ob- 
served in the presence of bilobalide; this molecule totally 
prevented the loss of lactate in cell lysate while it did not 
affect lactate release, the net result being an increase in 
total lactate production of 41% and 47% at 5 and 50 
ngimL, respectively (Table 4). These results suggest that 
between 60 and 120 min of hypoxia, glycolysis was 
activated in the presence of EGb 761 and bilobalide. 
Figure 3 presents a time course of the effect of hypoxia 
on total lactate production in the absence or in the pres- 

ence of EGb 761 or bilobalide. It shows that in the 
presence of these two products, the rate of lactate pro- 
duction was similar to that observed under normoxic 
conditions during the first hour; however, it then in- 
creased during the second hour and was identical to the 
rate obtained during the first hour of hypoxia in the 
absence of the drugs. 

Effect of EGb 761 and bilobalide on 
mitochondrial respiration 

The different results of the studies on the glycolytic 
pathway suggest that EGb 761 and bilobalide prevented 
the hypoxia-induced decrease of ATP content in 
HUVEC, not by activating glycolysis but rather by pre- 
serving the energy produced by the respiratory chain. 
Unfortunately, we were not able to purify enough mito- 
chondria from HUVEC to measure their respiratory ac- 
tivity; the number of endothelial cells obtained was lim- 
iting. For this reason and to see whether EGb 761 and 
bilobalide could affect the respiratory activity of mito- 
chondria, we used another experimental model: Rats 
were treated orally with EGb 761 or bilobalide for 10 to 
14 days, and the mitochondria purified from liver and the 
respiratory control ratio (RCR) measured. RCR is a di- 
rect measure of the coupling of mitochondria and of the 
efficiency of ATP regeneration from the mitochondrial 
electron transport chain. 

Figure 4A shows that EGb 761 treatment dose-depen- 
dently increased the RCR of the mitochondria; a signif- 
icant increase from 8.43 for control mitochondria to 
10.80 for mitochondria from rats treated with 100 mg/kg 

Table 2. Effect of bilobalide on lactate production after 60 min 
hypoxia 

Medium Cell lysate Total 

Normoxia 0.160 0.215 0.375 
Hypoxia 0.335 0.209 0.571 
Hyp + bilo 5 q/ml 0.175 0.235 0.410 
Hyp + bilo 10 @ml 0.172 0.210 0.382 
Hyp + bilo 50 n&ml 0.187 0.206 0.393 

HUVEC were incubated for 60 min under normoxia or hyp- 
oxia in the absence or in the presence of different concentra- 
tions of bilobalide, and lactate content was measured in the 
medium and in the cell lysate. Results are expressed in pool/ 
dish as means for n = 2. 
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Table 3. Effect of EGb 761 on lactate production after 120 min hypoxia 

Medium Cell lysate Total 

Normoxia (n = 6) 
Hypoxia (n = 5) 
Hyp + EGb 5 pg/ml (n = 2) 
Hyp + EGb 0.5 (n = 6) 
Hyp + EGb 0.05 (n = 6) 
Hyp + EGb 0.005 (n = 3) 

0.435 Ik 0.049 0.186f0.102 0.622f0.116 
0.5% f 0.083 (tt) 0.018 f 0.017 (tt) 0.614 f 0.098 NS 

0.441 NS 0.134** 0.575 NS 
0.591 f 0.095 NS 0.250+0.113*** 0.841 i 0.153* 
0.651 _+ 0.085 NS 0.1944 0.104+* O.&M f 0.1474 
0.649 f 0.077 NS 0.201 f 0.060*** 0.850 f 0.127* 

HUVEC were incubated for 120 min under normoxia or hypoxia in the absence or in the presence of different concentrations 
of EGb 76 1, and lactate content was measured in the medium and in the cell lysate. Results are expressed in pmoYdish as means 
f 1 SD. 

NS: statistically non-significantly different from cells incubated for 120 min under normoxia. 
(tt) statistically significantly different from cells incubated for 120 min under normoxia with P < 0.01. 
NS: statistically non-significantly different from cells incubated for 120 min under hypoxia. 
*, **, or *** sta&ically significantly different from cells incubated for 120 min under hypoxia with P -z 0.05, P c 0.01, or P 

< 0.001. 

was observed. On the other hand, the P/O ratio, which 
gives the number of moles of ATP generated per atom of 
oxygen consumed in the respiration did not change; the 
values were 2.45 for the control mitochondria and 2.61, 
2.66, and 2.60 for rats treated with 50, 75, and 100 
mg/kg, respectively. 

The length of the treatment was important: The in- 
crease in RCR was not significant (9%) after 9 days of 
treatment with 100 mglkg, slightly significant (18%) af- 
ter 10 days, and highly significant after 12 days (36%) 
{Fig. 4B). In addition, the P/O ratio was not different for 
treated rats compared to control rats (data not shown). 

that this was indeed the case; the RCR of naive mito- 
chondria incubated with 0.8 and 8 @nL, bilobalide in- 
creased by 62% and 27%, respectively, after 2 hours of 
incubation, while their P/O ratios remained unchanged 
(data not shown). The lower effect of 8 p&L bilobalide 
could probably be explained by the cytotoxic effect of 
this molecule (see Fig. 1). This result indicates a direct 
effect of bilobalide on the efficiency of respiratory ac- 
tivity. 

DISCUSSION 

Bilobalide treatment also dose-dependently increased 
RCR: A slightly significant increase (12%) was already 
observed at 1 mg/kg, and a highly significant increase 
was obtained at 2,4, and 8 mg/kg; the effect was max- 
imal at 8 mg/kg, a 72% increase (Fig. 5). This increase 
was much higher than that observed with EGb 761. P/O 
ratios did not change: A value of 2.92 was observed for 
the control rats and 2.97 for rats treated with 8 rng/kg. 
One hundred mg of EGb 761 contains 3 mg of bilobal- 
ide, and its effect on the RCR could probably be ex- 
plained by the presence of this molecule. These different 
results suggest that EGb 761 and-more efficiently- 
bilobalide treatments were able to increase the respira- 
tory efficiency of mitochondria. 

During &hernia, oxygen supply to the tissue is im- 
paired and endothelial cells, which line all the blood 
vessels, are the first to undergo changes in PO,. Glycol- 
ysis is an important pathway for energy supply in endo- 
thelial cells [29,30], but oxidative phosphorylations oc- 
cuning during mitochondrial respiration are essential to 

We then investigated whether bilobalide could also 
increase the RCR of mitochondria isolated from un- 
treated rats when these mitochondria were incubated di- 
rectly in the presence of this molecule. Figure 6 shows 

Table 4. Effect of bilobalide on lactate production after 120 min 

w- 

OB- 

0 20 40 60 80 100 120 

hypoxia 

Medium Cell lysate Total 

Normoxia 
Hypoxia 
Hyp + bilo 5 ng/ml 
Hyp + bilo 10 @ml 
Hyp + bilo 50 q/ml 

0.35 1 0.265 0.616 
0.592 0.021 0.613 
0.575 0.291 0.866 
0.573 0.2% 0.869 
0.594 0.310 0.904 Fig. 3. Effect of EGb 761 and bilobalide on total lactate pro- 

duction. 
HUVEC were incubated for 120 min under normoxia or hyp- HUVEC were incubated for 60 or 120 min under nonnoxia or 

oxia in the absence or in the presence of different coneentra- hypoxia in the absence or in the presence of EGb 761 at 0.05 
tions of bilobalide. and lactate content was measured in the &ml or bilobalide at 10 ng/mL and lactate content in the 
medium and in the cell lysate. Results are expressed in pmol/ medium and in the cell lysates was measured. Results are ex- 
dish as means for n = 2. pressed in pmol/dish as means from data from Tables 1 to 4. 
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Fig. 4. (A) Effect of EGb 761 treatment on mitochondrial respiration. 
Rats were treated for 12 days with different EGb 761 concentrations or with distilled water. The liver mito- 
chondria were then purified, and the respiratory control ratio (RCR) measured. Results am presented as means 
f 1 SD with the number of rats indicated between parentheses. The three horizontal lines represent the mean k 
1 SD of RCR of the control rata. 
NS: statistically non-significantly different from rats treated with distilled water. 
*: statistically significantly different from rats treated with distilled water with P c 0.05. 
(B) Effect of the length of EGb 761 treatment on mitochondriat respiration. Rats were tteated for 9, 10, or 12 
days with EGb 761 at 100 mg/kg (W) or with distilled water (Cl). The liver mitochondria were then puritied and 
the respiratory control ratio (RCR) measured. Results are presented as means f 1 SD with the number of rats 
indicated between parentheses. 
NS: statistically non-significantly different from rats treated with distilled water. 
* or ***: statistically significantly different from rats treated with distilled water with P c 0.05 or P c 0.001. 
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Fig. 5. Effect of bilobalide treatment on mitochondrial respira- 
tion. Rats were treated for 12 days with different bilobalide 
concentrations (U) or with distilled water (II). The liver mito- 
chondria were then purified and the respiratory control ratio 
(RCR) measured. Results are presented as means f 1 SD with 
the number of rats indicated between parentheses. 
NS: statistically non-significantly different from rats treated 
with distilled water. 
* or **: statistically significantly different from rats treated with 

distilled water with P c 0.05 or P < 0.01. 

maintaining a high level of ATP. The ATP level is a 
steady state of synthesis and degradation. It is generally 
accepted that cells adapt under hypoxic conditions to 
decrease their ATP utilization to housekeeping functions 
[31]. For example, protein synthesis in hypoxic endothe- 
lial cells is oartiallv arrested to save ATP 1321. Unfor- 

!-_____ 
0 20 40 60 60 100 120 

incubation the (mln) 

Fig. 6. Effect of bilobalide on mitochondrial respiration of naive 
mitochondria. Mitochondria of non-treated rats were purified 
and incubated with different concentrations of bilobalide and 

the RCR was measured after different incubation times. 

tunately, the adaptative mechanism of the reduction of 
ATP demand is not powerfui enough to compensate for 
reduced ATP production. Under these conditions, a de- 
crease in ATP level during hypoxia is observed, mainly 
due to a decrease in production. It is this aspect that we 
investigated in this work. 

When oxvaen suoolv is imoaired. as occurs durina 
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ischemia or hypoxia, mitochondrial respiration de- 
creases and glycolytic metabolism is enhanced to com- 
pensate for the decrease in ATP regeneration. This is 
evidenced by increased lactate production and increased 
activities of pyruvate kinase and phosphofructokinase 
[ 141. However, glycolysis is not sufficient to fully re- 
generate the ATP needed by the cells, and a series of 
modifications occur in cellular functions: lowering or 
arrest of the Na+ and Ca” ATPase pumps, alteration of 
the plasma membrane and of the regulation of cellular 
volume, dissociation of the cytoskeleton elements, inhi- 
bition of protein synthesis, mitochondria swelling, lyso- 
some dilatation and rupture, etc. All these events can 
lead to cell death [33, 341. 

When endothelial cells are exposed in vitro to hypox- 
ia, an important decrease in their ATP content is ob- 
served within 2 hours of incubation. In parallel, glycol- 
ysis is activated, as evidenced by an increase in glucose 
transport and in lactate production. This latter effect was 
observed after 1 hour of hypoxia incubation, but was not 
detected after 2 hours, indicating that after early activa- 
tion, glycolysis was then arrested. Due to the decrease in 
oxidative phosphorylations, there was an increase in 
NADWNAD+ ratio [35]. Increased NADH concentra- 
tion inhibited glyceraldehyde-3-phosphate dehydroge- 
nase, and this can explain why after a transient activa- 
tion, glycolysis strongly decreased in cells incubated un- 
der hypoxia in the presence of glucose [36], as in the 
experiments described here. 

EGb 761 was shown to protect the ATP content in 
HUVEC during hypoxia incubation. A previous study 
demonstrated that this protective effect of EGb 761 was 
due to terpenes present in this plant extract, with the 
most active compound being bilobalide [20]. Bilobalide 
alone also protects against ATP decrease: a 36% protec- 
tion was observed at 10 ng/mL, which can account for 
the 44% protection observed with 0.5 ng/mL EGb 761, 
since bilobalide represents 3% of EGb 761. 

The mechanism by which EGb 761 and bilobalide 
preserved the ATP content of hypoxia-incubated 
HUVEC was investigated. We first checked a possible 
effect on glycolysis. Bilobalide, and to a much less- 
er extent EGb 761, increased glucose transport within 
HUVEC under normoxic conditions. Bruel et al. [17] 
have already shown that EGb 761 preincubation of 
smooth muscle cells also increased glucose transport in 
vitio, and Rapin et al. [16] observed a similar effect in 
erythrocytes of rats treated in vivo with this compound. 
However, neither compound affected glucose transport 
of HUVEC under hypoxic conditions, suggesting that 
they do not act as activators of glycolysis. This hypoth- 
esis was confirmed by the studies on lactate production. 
Lactate production increased after 1 hour hypoxia, indi- 
cating that hypoxia activated glycolysis. However, this 
activation did not occur in the presence of EGb 761 and 
bilobalide during this first hour of hypoxia incubation. 
These results suggest that glycolysis is not induced prob- 
ably because it is not needed to produce ATP when EGb 
761 or bilobalide is present, suggesting that they could 
act by preserving ATP production by the mitochondria. 
This hypothesis was reinforced by the results obtained 
after 2 hours of hypoxia: glycolysis seemed to be ar- 
rested in HUVEC, but was then activated in the presence 
of EGb 761 or bilobalide. In conclusion, EGb 761 and 
bilobalide preserve the ability to form ATP, thereby re- 
ducing the need of the cell to induce glycolysis, probably 

by preserving ATP regeneration by mitochondria as long 
as a small amount of oxygen is available. When this 
oxygen is consumed or when mitochondrial respiratory 
activity is inhibited, then glycolysis is activated. This 
effect indicates that the protection of the hypoxia-in- 
duced ATP decrease observed in Fig. 1 represents a 
delay in the decrease in ATP content in the presence of 
EGb 761 or bilobalide. 

Mitochondria have been shown to be altered in isch- 
emit organs both morphologically and functionally [37- 
38]; their alterations seriously impair the functions of the 
ischemic organ [31], so that a protection of their func- 
tions by EGb 761 or bilobalide would be very beneficial. 
The results presented in this report show that EGb 761 or 
bilobalide treatment of rats markedly ameliorates the 
coupling of the liver mitochondria, and thus their respi- 
ratory efficiency. This effect was dose-dependent, and 
led to a very high RCR of 13.3 at 8 mg/kg bilobalide. On 
the other hand, the P/O ratio was not changed. 

It was previously shown that ischemia decreases the 
coupling of mitochondria [39]. This effect may be due to 
a change in mitochondrial membrane fluidity, as ob- 
served by Shin et al. [37], or to a loss or denaturation of 
the compounds of the respiratory chain, as described by 
Piper et al. [31]. Among them, NADH reductase (com- 
plex I) is impaired early in ischemic myocardium [40, 
411. This uncoupling of mitochondria results from a col- 
lapse of the transmembraneous proton gradient, thereby 
impairing ATP regeneration as well as electron transfer; 
electrons are also found to leak at the ubisemiquinone 
transporter [42]. From all the results presented in this 
manuscript, a mechanism of the protective effect of EGb 
761 and bilobalide on hypoxia-induced ATP decrease 
may be proposed. The protection of the coupling of mi- 
tochondria in hypoxic cells by these drugs will preserve 
their capacity to regenerate ATP as long as oxygen is 
available, thereby delaying the toxic effects of hypoxia. 
The protection of mitochondria by EGb would explain 
the reduced need of the cell to induce glycolysis. This 
hypothesis, of course, needs to be confirmed, and the 
precise site where bilobalide acts is currently under in- 
vestigation. 

The decrease in the ATP content of endothelial cells 
due to hypoxia is the first event in a cascade of reactions 
that leads to the release of inflammatory mediators, re- 
sulting in adherence and activation of neutrophils and 
stimulation of the growth of smooth muscle cells [43, 
121. By protecting alterations in endothelial cell metab- 
olism induced by energy deficiency during ischemia, 
EGb 761 and bilobalide could prevent the subsequent 
inflammatory response and further damages to the isch- 
emit tissue, accounting for their beneficial pharmaco- 
logical effects. 

Acknowledgements-We thank the doctors and nurses of the 
Clinique Sainte Elisabeth for providing the umbilical cords. 
This work was supported by a grant from the Fonds de la 
Recherche Fondamentale Collective. C. Michiels is a Senior 
Research Assistant at the Fonds National de la Recherche Sci- 
entifique (Brussels, Belgium). This text presents results of the 
Belgian Programme on Interuniversity Poles of Attraction ini- 
tiated by the Belgian State, Prime Minister’s Office, Science 
Policy Programming. Scientific responsibility is assumed by its 
authors, The support of the Institut Henri Beaufour is also grate- 
fully acknowledged. 



Bilobalide protection against hypoxia 999 

1. 

2. 

3 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

REFERENCES 21. 

Dinnemran JL and Mehta JL, Endothelial, platelet and leu- 
kocyte interactions in ischemic heart disease: Insights into 
potential mechanisms and their clinical relevance. J Am 
Co11 Cardiol 16: 207-222, 1990. 
Suval WD. Duran WN, Boric MP, Hobson RW, Berendsen 
PB and Ritter AB, Microvascular transport and endothelial 
cell alterations preceding skeletal muscle damage in isch- 
emit and reperfusion injury. Am J Surg 154: 211-218, 
1987. 

22. 

23. 

Palombo JD, Blackbum GL and Forse RA, Endothelial cell 
factors and response to injury. Surgery 173: 505-518, 
1991. 

24. 

Jaffe EA. Physiological functions of normal endothelial 
cells. Ann NY Acad Sci 454: 279-291, 1985. 
Malik AB, Lynch JJ and Cooper JA, Endothelial barrier 
function. J Invest Dermatol93: 62S-67S, 1989. 
Henrich WL, The endothelium: A key regulator of vascular 
tone, Am J Med Sci 302: 319-328, 1991. 
Luscher TF, The endothelium as a target and mediator of 
cardiovascular disease. Eur J Clin Invest 23: 670-685, 
1993. 

25. 

26. 

Amould T, Michiels C, Alexandre I, and Remacle J, Effect 
of hypoxia upon intracellular calcium concentration of hu- 
man endothelial cells. J Cell Physiol 152: 215-221, 1992. 
Michiels C, Amould T, Knott I, Dieu M and Remacle J, 
Stimulation of prostaglandin synthesis by human endothe- 
ha1 cells exposed to hypoxia. Am J Physiol 264: C866 
C874, 1993. 

27. 

28. 

29. 

30. 

Amould T, Michiels C and Remacle J, Increased PMN 
adherence on endothelial cells after hypoxia: Involvement 
of PAF, CD18/CDllb and ICAM-1. Am J Physiol 264: 
Cl 102-c1110, 1993. 
Amould T, Michiels C and Remacle J, Hypoxic human 
umbilical vein endothelial cells induce activation of adher- 
ent polymorphonuclear leukocytes. Blood 83: 3705-3716, 
1994. 

31. 

32. 

33. 
Michiels C, Amould T and Remacle J, Hypoxia-induced 
activation of endothelial cells as a possible cause of venous 
diseases: Hypothesis. Angiology 44: 639-646, 1993. 
Michiels C, Amould T and Remacle J. Role&? de I’hy- 
poxie et des cellules endotheliales dans le dtveloppement 
des veines variqueuses. Mt?d/Sci 10: 845-853, 1994. 
Farber HW and Rounds S, Effects of long-term hypoxia on 
cultured aortic and pulmonary arterial endothehal cells. 
Exp Cell Res 191: 27-36. 1990. 
Dheu K, Preparation and definition of Ginkgo biloba ex- 
tract. In: Ginkgo biloba: Recent results in pharmacology 
and clinic (Ed. Funfgeld EW), pp. 32-36. Springer-Verlag, 
Berlin, 1988. 

34. 

35. 

36. 

37. 

Rapin JR, Provost P, DeFeudis FV and Drieu K, Effects of 
repeated treatment with an extract of Ginkgo biloba (EGb 
761) and bilobalide on glucose uptake and glycogen syn- 
thesis in rat erythrocytes: An ex viva study. Drug Dev Res 
31: 164-169, 1994. 
Bruel A, Garde&e J, Berrou E, Droy-Lefaix MT and Picard 
J, Effects of Ginkgo biloba extract on glucose transport and 
glycogen synthesis of cultured smooth muscle cells from 
pig aorta. Pharmacol Res 21: 421-429, 1989. 
Rapin JR and Le Poncin Lafitte M, Consommation c&e- 
brale du Glucose. Effet de I’extrait de ginkgo biloba. Press 
M&d 31: 1494-1497, 1986. 
Remacle J, Houbion A, Alexandre I and Michiels C, Com- 
portment des cellules endotheliales humaines sous hyper- 
oxie et hypoxie: Effet du Ginkor Fort. Phlibologie 43: 
375-386, 1990. 
Michiels C, Amould T, Janssens D, Eliaers F, Drieu K and 
Remacle J, Key role of hypoxia and endothelial cells in 
vascular diseases: Effect of Ginkgo biloba extract (EGb 
761). In: Advances in Ginkgo biloba Extract Research, Vol. 
4: Cardiovascular effects of Ginkgo biloba extract (EGb 
761). @is. Clostre F and De Feudis FV), pp. 49-57. 
Elsevier, Paris, 1994. 

38. 

39. 

Jaffe EA. Nachman RL, Becker CG and Minich CR, Cul- 
ture of human endothelial cells derived from umbilical 
veins. J Clin Invest 52: 2745-2756, 1973. 
Jaffe EA. Hoger LW and Nachman RL, Synthesis of anti- 
hemophilic factor antigen by cultured human endothelial 
ceils. J Clin Invest 52: 2657-2664, 1973. 
Michiels C. Amould T, Hot&ion A and Remacle J, Human 
endothelial cells submitted to hypoxia-reoxygenation: Im- 
plication of free radicals, xanthine oxidase and energy de- 
ficiency. J Cell Physiol 153: 53-61, 1992. 
Louis JC, Effect of naftidrofuryl on metabolism and sur- 
vival of cultured neurons. Neurochem Res 14: 1195-1201, 
1989. 
Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, Pro- 
tein measurement with Folin reagent. J Biol Chem 193: 
265-275, 1951. 
Gutmann I and Wahlefeld AW, L-(+)-lactate: Determina- 
tion with lactate dehydrogenase and NAD. In: Methods of 
Enzymatic Analysis (Ed. Bergmeyer HU), pp. 1464-1472. 
Academic Press, New York, 1974. 
Corbisier P and Remacle J, Involvement of mitochondria in 
cell degeneration. Eur J Cell Biol51: 173-182, 1990. 
Chance B and Williams GR, A simple and rapid assay of 
oxidative phosphorylation. Nature 175: 1120-l 121, 1955. 
Merkens S, Noll T, Spahr R, Krutzfeld A and Piper HM, 
Energetic response of coronary endothelial cells to hypox- 
ia. Am J Physiol258: H689-H694, 1990. 
Loiker JD, Cao L, Brett J, Ogawa S, Silverstein SC and 
Stem D. Hypoxia induces glucose transporter expression in 
endothelial cells. Am J Phvsiol263: C326-C333. 1992. 
Piper HM, Noll T and Siegmund B, Mitochondriai function 
in the oxygen depleted and reoxygenated myocardial cell. 
Cardiovasc Res 28: l-15, 1994. 
Zimmerman LH, Levine RA and Farber HW, Hypoxia in- 
duces a specific set of stress proteins in cultured endothelial 
cells. J Clin Invest 87: 908-914. 1991. 
Jennings RB, Murry CE, Steebergen C and Reimer KA, 
Development of cell injury in sustained caute ischemia. 
Circularion 82: 112-1112, 1990. 
Piper HM, Energy deficiency, calcium overload and oxi- 
dative stress: Possible causes of irreversible ischemic myo- 
cardial injury. Klin Wochenschr 67: 465-476, 1989. 
DeGroot H and Littauer A, Hypoxia, reactive oxygen and 
cell injury. Free Rad Eiol Med 6: 541-551, 1989. 
McDonough KH and Spitzer JJ, Effect of hypoxia and 
reoxygenation on adult rat heart cell metabolism. Proc Sot 
Exp Biol Med 173: 519-526, 1983. 
Shin G, Sugiyama M, Shoji T, Kagiyama A, Sato H and 
Ogura R. Detection of mitochondrial membrane damages 
in myocardial ischemi with ESR spin labeling technique. J 
Mol Cell Cardiol21: 1029-1036, 1989. 
Jennings RB and Ganotte CE, Mitochondrial structure and 
function in acute myocardial ischemic injury. Circ Res 38: 
8691, 1976. 
Duan J and Karmazyn M, Effect of D,L-camitine on the 
response of the isolated heart of the rat to ischaemia and 
reperfusion: Relation to mitochondrial function. Br J Phar- 
macof 98: 1319-1327, 1989. 

40. Kotaka K, Miyazaki Y, Ogawa K. Satake T, Sugiyama S 
and Ozawa T, Reversal of ischemia-induced mitochondrial 
dysfunction after coronary reperfusion. J Mol Cell Cardiol 
14: 223-231, 1982. 

41. Rouslin W, Mitochondrial complexes I, II, III, IV and V in 
myocardial ischemia and autolysis. Am J Physiol 244: 
H743-H748, 1983. 

42. Nohl H, Koltover V and Stolze K, Ischemia/reperfusion 
impairs mitochondrial energy conservation and triggers 0, 
release as a byproduct of respiration. Free Rad Res Comm 
18: 127-137, 1993. 

43. Michiels C, De Leener F, Amould T. Dieu M and Remacle 
J, Hypoxia stimulates human endothelial cells to release 
smooth muscle cell mitogens: Role of prostaglandins and 
bFGF. Exp Cell Res 213: 43-54, 1994. 


