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ABSTRACT - Purpose. Bilobalide is an active constituent of Ginkgo biloba and has shown neuroprotective
effects in mice with cerebral ischemia. In the present study, we investigated brain permeability of bilobalide
(i) in healthy mice and (ii) in mice before or after stroke. Methods. We have used in vivo microdialysis and
LC-MS to estimate extracellular levels of bilobalide. 10 mg/kg of bilobalide was given by i.p. injection to
control mice, and 60 minutes before and after middle cerebral artery occlusion (MCAO). Results. Bilobalide
was already detectable in brain striatal microdialysates 10 min after i.p. administration and reached
maximum levels (19 ng/mL, corresponding to 0.92 uM) after 40 min. Maximum plasma bilobalide levels
were 5.9 uM. After an ischemic insult, the drug could be dialysed with similar efficiency as in control mice
indicating slow elimination from the ischemic brain. When the drug was given after MCAO, availability in
the brain was low, but measurable, at approx. 10% of control values. Conclusions. Our data demonstrate
that bilobalide easily crosses the blood brain barrier and reaches extracellular concentrations in the brain that
allow efficient interaction with target molecules such as neurotransmitter receptors. Availability of the drug
in ischemic tissue is high when given before ischemia, but severely limited after MCAO.

INTRODUCTION compounds until very recently. In the last decade,
sensitive LC-MS methods were developed to
Ginkgo biloba leave extracts such as EGb 761 are determine the constituents of the Ginkgo biloba
widely used in neurodegenerative disorders such extracts, and several reports have described
as Alzheimer’s disease and dementia of unknown plasma levels of bilobalide and ginkgolides after
causes [1,2]. In addition, animal models have in vivo application. In human volunteers, oral
shown that Ginkgo extract EGb 761 exerts intake of Ginkgo extracts (e.g. 120 mg EGb 761)
beneficial effects in acute neurodegeneration yielded bilobalide plasma levels of 0.05-0.15 uM
caused by cerebral ischemia [3-5]. In our previous [13-16]. In rats, oral administration of Ginkgo
studies, bilobalide, a sesquiterpene trilactone and extracts and/or pure bilobalide caused dose-
major constituent of the extract, had strong dependent increases of bilobalide plasma levels
neuroprotective effects in vitro and in vivo under from 0.5 to 7.5 uM [13,17,18]. Little information,
conditions of hypoxia and excitotoxicity. In however, is available on concentrations of Ginkgo
hippocampal  slices, bilobalide antagonized constituents in the brain. We recently quantified
hypoxia- and NMDA receptor-induced choline brain levels of bilobalide and of flavonoid
release, and swelling and edema formation of constituents of EGb 761 after oral administration
hippocampal slices induced by oxygen-glucose in rats [18,19]; maximum bilobalide levels in
deprivation [6,7]. In vivo, bilobalide (given i.p. at brain homogenate were 98 ng/g corresponding to
10 mg/kg) decreased infarct area as well as edema 0.4-0.5 puM if the compound distributes freely in
formation after middle cerebral artery occlusion brain water [18]. Up to now, no information was
(MCAO) in mice [8]. The mode of action of available on extracellular concentrations of
bilobalide is unknown although some evidence bilobalide which is of major importance for a
suggests interaction with GABAergic or drug that interacts with neurotransmitter receptors
glutamatergic  pathways [9,10] or with [9,10].
mitochondrial function [11,12].
While these studies suggest adequate brain Corresponding Author: Jochen Klein, Ph.D., Professor of
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permeability of Ginkgo biloba constituents such
as bilobalide, there was only limited information
about the pharmacokinetics of individual
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The aim of this study, therefore, was to use
microdialysis to quantify bilobalide in the
extracellular fluid of the mouse brain. We used
pure bilobalide to investigate brain permeability
in healthy mice as well as in mice which sustained
a middle cerebral artery occlusion (MCAO)
before or after drug administration. MCAO, an
experimental stroke model, was performed to
mimic the potential therapeutic use of bilobalide
in human patients. Our results demonstrate
excellent brain availability of bilobalide when the
drug is given before stroke, but very limited
permeation into ischemic tissue if bilobalide was
given after MCAO.

Novelty of the work. Bilobalide is a
neuroprotective compound with potential value to
treat neurodegenerative disease. This is the first
study reporting extracellular levels of bilobalide
in the brain. Our data demonstrate that the drug is
sufficiently ~ brain-permeable to reach low
micromolar concentrations. Moreover, we show
that bilobalide is available in ischemic brain when
given before stroke; however, bioavailability in
ischemic brain is much lower when given after
stroke.

METHODS

Animals

Female CD-1 mice with a weight of 28-32 ¢
(Charles River, Sulzfeld, Germany) were kept
under standardized 12-h light/dark, temperature
(22 °C) and humidity (70%) conditions, with food
and water available ad libitum. All animal
procedures were in accordance with German and
European animal welfare acts. The study was
registered  with  the  Regierungspriasidium
Darmstadt (permit # 54-19c20/15-F8/17). All
efforts were made to minimize animal numbers
and animal suffering.

Microdialysis experiments

Mice were anesthetized with isoflurane (induction
dose 4%, maintenance dose 1-1.5% v/v) in a
25%/75% mixture of oxygen and nitrous oxide
and placed in a stereotaxic frame. Self-made, Y-
shaped, concentric dialysis probes with an
exchange length of 2.5 mm were implanted in the
left striatum using the following coordinates
(from bregma): AP +0.5 mm; L +2.2 mm; DV —
3.8 mm [20]. The mice were allowed to recover
over night. On the next day, the microdialysis
probes were perfused with artificial cerebrospinal
fluid (aCSF; 147 mM NaCl, 4 mM KCIl, 1.2 mM

CaCl, and 1.2 mM MgCl,). The perfusion rate
was 1.5 uL/min and efflux from the microdialysis
probe was collected in intervals of 15 min. After
equilibration of 30 min, animals were injected
with bilobalide (10 mg/kg i.p.; the drug was
dissolved in saline containing 10% DMSO), and
dialysate samples were collected for four hours
and assayed for bilobalide.

Middle cerebral artery occlusion experiments
(MCAO)

For the experiments involving MCAO, mice were
implanted with microdialysis probes as described
above. On the next day, MCAO was performed as
described previously, with minor modifications
[21]. Briefly, a 20 mm monofilament nylon suture
(Doccol Corporation, Redlands, CA, USA;
diameter: 0.23 £ 0.02 mm) was inserted into the
external carotid artery and gently advanced
through the internal carotid artery until its tip
occluded the origin of the middle cerebral artery.
Perfusion of the microdialysis probe was started
60 min before MCAO, was sustained during
surgery and was continued for several hours after
MCAO. Bilobalide was injected i.p. 60 min
before or after induction of ischemia at a dose of
10 mg/kg body weight. Animals were allowed to
recover from  anesthesia after MCAO,
immediately after closure of the skin wound, and
dialysis was continued.

MCAO was sustained for a period of 24 h,
after which the animals were deeply anesthetized
with isoflurane and euthanized by decapitation.
The brains were quickly removed, sectioned
coronally into I mm slices with a tissue chopper,
and stained with 2,3,5-triphenyl-tetrazolium
chloride (TTC). TTC staining was used to verify
successful stroke (Fig. 3) and correct probe
location.

LC-MS analysis of bilobalide

Analysis of bilobalide was performed as
previously described [18]. Briefly, HPLC analysis
was carried out with an Agilent 1200 (Agilent
Germany, Boblingen) using a Multo High 100
RP18, S5um, 250 x 4 mm column (CS-
Chromatographie, Langerwehe, Germany). The
eluent was 60% water (0.1% formic acid) and
40% methanol at an isocratic flow of 1 mL/min,
and labetalol was used as internal standard.
Detection of bilobalide was obtained by a
MicroTOF-QII time-of-flight mass spectrometer
equipped with an APCI source (Bruker Daltonik,
Bremen, Germany) run in negative mode. The
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level of quantification for bilobalide was 0.25
ng/mL in microdialysates.

STATISTICS

All values are represented as means + SEM of n
experiments. GraphPad Prism 5.0® was used for
statistical analysis.

RESULTS

In vitro-recovery of bilobalide

To quantify recovery of bilobalide with our self-
made microdialysis probes, we perfused six
different probes in a 10 uM bilobalide solution (in
aCSF) with or without 0.5 mM albumin. After
two hours of perfusion, the average concentration
of bilobalide in aCSF was 209 + 67 pg/uL which
corresponds to a recovery of 6.4 %. When 0.5
mM bovine serum albumin was present in the
bilobalide solution, the average concentration in
the dialysates was 197 = 74 pg/uL, and recovery
was 6.0%. The data show that bilobalide did not
display binding to albumin to a significant extent

(Fig. 1).

Extracellular levels of bilobalide in healthy
mice

To analyze brain permeability and bioavailability
in the extracellular fluid (ECF), bilobalide was
first applied i.p. to healthy mice at a dose of 10

300

mg/kg. Bilobalide was already detectable in the
striatal dialysate 10 min after the application (Fig.
2) and reached a maximum concentration of 19.2
+ 8.8 pg/uL after 40 min. Afterwards, bilobalide
levels fell but the drug was still detectable in the
brain after four hours at 5.5 + 1.5 pg/uL.
Corrected for in vitro-recovery (6.4 %, see Fig.
1), these dialysate levels are equivalent to an
extracellular concentrations of 0.92 uM at 40 min
past injection and 0.26 pM at the end of the
sampling time, respectively. Assuming first-order
kinetics, the half-life of bilobalide in the brain as
calculated from these data was 86.5 min.

At 60 min past application, we also measured
bilobalide in mouse plasma. The plasma level of
bilobalide was 1.924 mg/L from which a
plasma:brain ECF ratio of approximately 6.4:1
can be calculated.

Middle cerebral artery occlusion (MCAOQ)

In the second part of our study, we investigated
brain levels of bilobalide when given before or
after an ischemic insult. Fig. 3 shows
representative brain slices which were obtained
24 hours after the MCAO experiment; healthy
cells with intact mitochondria are stained red by
TTC and areas with dead cells and insufficient
mitochondrial activity show white color. The
pictures demonstrate that the microdialysis probes
(as indicated by black bars) were located in the
core region of the stroke areas.

200+

1004

Bilobalide [pg/ul dialysate]

aCSF

Albumin

Figure 1. Recovery of bilobalide (10 uM) in aCSF solution with or without 0.5 mM albumin. The microdialysis probes
were perfused with aCSF for 120 min each. Data are expressed as means + SD (n=6). Statistical analysis: t-test, p=0.6.
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Figure 2. Extracellular concentrations of bilobalide in mouse striatum as measured by microdialysis. Time point zero
represents the injection of bilobalide (10 mg/kg i.p.). Data are expressed as means £ SEM (n=6).

Figure 3. Brain slices stained with TTC. A represents a slice stained 24 hours after the microdialysis experiment in a
control mouse to inspect the correct location of the probe in the striatum (see black bars) and B illustrates a slice

stained 24h after the ischemic insult.

Brain levels of bilobalide under ischemic
conditions

In the first experiment with middle cerebral artery
occlusion, 10 mg/kg bilobalide was given one
hour before MCAO was induced. The early phase
of the curve in Fig. 4 was similar to that obtained
in healthy mice (Fig. 2); maximum brain levels
were 14.0 £ 7.9 pg/uL after 60 minutes (Fig. 4).
After MCAO, bilobalide continued to be dialyzed

out of the striatum at levels that were slightly
lower than in the control experiment (Fig. 2).
While the brain concentration of bilobalide was
0.67 uM (Fig. 4; corrected for recovery) at the
time of stroke induction, it was still 0.19 uM 3
hours later. Statistical analysis indicated that the
difference between the curves of Fig. 2 and 4 was
not significant (p> 0.5, two-way ANOVA).
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Figure 4. Influx and efflux of bilobalide in the striatum during the stroke experiment. Bilobalide (10 mg/kg) was given
i.p. at time zero. 60 min after the drug application, the middle cerebral artery was occluded but dialysis continued. Data

are expressed as means = SEM (n=6).

Finally, in the second experiment with MCAO, 10
mg/kg bilobalide was given i.p. one hour after
MCAO was induced. The goal of this experiment
was to analyze the influx of bilobalide into the
ischemic area after stroke. When given one hour
after MCAO, bilobalide displayed a low but
measurable influx into the striatal area which is in
the core of the infarct. 15 min after application,
the brain level of bilobalide was only 0.01 uM
(Fig. 5; corrected for recovery) but in spite of the
occlusion of the MCA, the concentration of the
drug increased within 120 minutes to a maximum
of 1.8 £ 0.9 pg/uL (0.08 pM) and remained at a
plateau until the end of measurement (180 min;
Fig. 5). At 60 min after bilobalide application, the
plasma:brain ECF ratio was as low as 160:1 in
this experiment, compared with a ratio of almost
6:1 when the drug was given before MCAO (see
above).

DISCUSSION

Bilobalide, a constituent of Ginkgo biloba, has
recently attracted considerable interest due to its
potent neuroprotective properties [8,11,22], and
its pharmacokinetic properties are slowly
unveiled. While several studies have reported
plasma levels of bilobalide in humans and animals
(see Introduction), little information was available
for bilobalide levels in its target region, the brain.
Very recently, we reported bilobalide
concentrations in brain homogenates from
animals that were dosed orally with Ginkgo
extract [18]. In the present study, we extended
this study by monitoring bilobalide in the
extracellular space of the brain, using a
microdialysis procedure. Extracellular levels are
of major importance because bilobalide was
reported to interact with GABAergic [9,23] and
glycinergic [10,24] receptors that are exposed to
the extracellular fluid.
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Figure 5. Influx of bilobalide into the ischemic striatum after MCAO. The MCA was occluded at time point -60 min
and bilobalide (10 mg/kg) was given i.p. 60 min after stroke, at time point zero. Data are expressed as means + SEM

(n=6).

After parenteral administration of pure
bilobalide, the drug was rapidly measurable in
striatal microdialysates reaching levels of close to
1 uM within 30-40 minutes (as estimated from in
vitro-recovery).The bilobalide plasma level was
5.9 uM after 60 minutes, a value that was close to
our previous study [18] but somewhat higher than
the plasma level measured in rats after oral dosing
of pure bilobalide (1.6 uM after 20 mg/kg [17]).
Thus, in our hands, bilobalide, which is poorly
bound by albumin (Fig. 1), reaches 1/6 of its
plasma level in brain extracellular space within
40-60 minutes. These data clearly demonstrate
that bilobalide crosses the blood-brain barrier
easily and rapidly. The mechanism of brain entry
is not known, but we speculate that bilobalide
crosses the blood-brain barrier by passive
diffusion. This assumption is supported by
bilobalide’s polarity and solubility, and by its
behavior in in vitro-models such as Caco-2 cells
[25,26].

We determined a half-life of bilobalide in the
brain close to 1.5 hours which is comparable to
the plasma half-life in rats [18] and only slightly
shorter than the plasma half-lives of 2-3 hours

which were found in human studies [13-16]. This
illustrates that efflux of bilobalide from the brain
is equally rapid as influx into the brain resulting
in brain concentration curves (Fig. 2) that
resemble plasma concentration curves [18]. There
is no evidence for accumulation of the drug in the
brain.

A brain concentration of 1 pM, as measured
in this study, is evidently sufficient to explain
neuroprotective effects of bilobalide that were
observed in vivo when similar doses of the drug
were applied as in our study [4,8,27]. In in vitro-
experiments in brain slices, we previously
obtained ICsy values for bilobalide of 0.38 uM
(against hypoxia) and 2.3 pM (against NMDA).
Several other studies reported ICs, values for
bilobalide of 1-5 uM for interactions with amino
acid receptors and/or release [9,23,28]. The high
potency of bilobalide in these in vitro-studies
agrees with our present and earlier [18] findings
of extra- and intracellular brain levels.

Our previous study on neuroprotection by
bilobalide focused on its beneficial effects in
acute neurodegeneration induced by stroke [8],
and therefore, we presently investigated
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bilobalide levels in ischemic brain. Our data show
that bilobalide, when given before MCAO,
remains in the brain tissue for extended periods of
time even after disruption of blood flow. This
behavior is favorable for local neuroprotective
effects in ischemic tissue. In contrast, after
MCAO, bilobalide reaches ischemic tissue in a
very low concentration, obviously because lack of
blood flow in this area restricts transport of
plasma bilobalide into the brain. While it is
notable that small levels of bilobalide are
measurable even after MCAO (likely due to
collateral blood flow), it is clear from the present
data that bilobalide is unlikely to reach effective
levels in ischemic brain tissue when given post
stroke. The obvious consequence for a potential
therapy with bilobalide or Ginkgo extracts in
stroke-prone patients is that the drug must be
given before stroke occurs, i.e. in a preventive
fashion.

Summarizing, our study defines the
concentrations of bilobalide which can be
obtained in brain extracellular fluid in healthy
tissue and before and after stroke. Based on these

data, Dbeneficial neuroprotective effects of
bilobalide in vivo are plausible, but for
effectiveness in stroke, early (preventive)

administration of the drug, possibly in a chronic
fashion, is preferable.
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