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ABSTRACT 
 

Stroke resulting from cerebral ischemia is one of the leading causes of death and 

disability. To date, there is not yet any neuroprotective agent for the treatment of stroke. 

Involvement of oxidative stress in ischemic brain damage is established (Cassarino 

and Bennett, 1999; Simonian and Coyle, 1996). The overproduction of reactive 

oxygen species (ROS) such as superoxide anino, hydroxyl radical, and nitric oxide can 

directly react with and damage biomacromolecules by virtue of their reactivity that 

leads to neuronal cell death through necrosis, or, if in less intense cases, may mediate 

neuronal apoptosis through a cascade of biochemical process following cerebral 

ischemia (Li, et al., 1995; Ratan et al., 1994; Whittemore et al., 1995). Therefore, 

lipophilic antioxidants are of neuroprotective potential in the development of ischemic 

brain damage.  Z-ligustilide (3-butylidene-4, 5-dihydro-phthalide, LIG) is a highly 

lipophilic compound extracted from Radix Angelica sinensis (Oliv.) Diels 

(Umbelliferae), known as Danggui in Chinese. Previous studies have shown that LIG 

has various bioactivities. Studies in this thesis evaluated, for the first time, the 

neuroprotective effect and the associated mechanisms of LIG in cerebral ischemia. In 

order to design the dosage regimen of LIG in vivo, its cellular permeability and 

transport pathways were first determined in Caco-2 monolayers. Our results show that 

 2



oral application is the preferred route for the systemic administration of LIG. The free 

radical scavenging efficacy and the antioxidant activities of LIG were then evaluated 

in different in vitro ROS reactive systems, hydrogen peroxide-damaged C6 glioma 

cells and forebrain ischemic mice, respectively. We ascertain that LIG is a novel 

antioxidant and has significant protective effects against oxidative injury. The 

neuroprotective effects of LIG have been proven in transient forebrain ischemic mice 

and focal ischemic rats by measuring the histological, physiological, neurological or 

biochemical improvements after cerebral ischemia. The results suggest that 

postischemic treatment with LIG significantly ameliorates infarction volume by 

inhibiting both the apoptotic and necrotic cell death, and improving neurological 

deficits after transient cerebral ischemia.  In addition, the multiple mechanisms, 

including the antioxidant, anti-apoptotic, and anti-inflammation properties, contribute 

to the neuroprotection of LIG. This thesis consists of  7 chapters, beginning with a 

general introduction, and then followed by the methodology section. There are then 

four chapters on results, and at the end, there is a general discussion. 
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Figure 1-1. The structures of 3-alkylphthalides and their derivatives. (1).  

3-alkylphthalides (structure number 1-12); (2). Mono- or bi-hydroxy derivatives of 

3-alkylphthalide (structure number 13-35); (3). Demeric  derivatives of 

3-alkylphthalide (structure number 36-51). 

 

Figure 1-2.  The configuration structures of ligustilide. Molecular Weight: 190.24. 

 

Figure 2-2.  Reaction between  TBA and MDA to yield the TBA-MDA adduct. 

 

Figure 2-1.  Reaction of DPPH· with a hydrogen donor. 

 

Figure 3-1.  A typical HPLC profile of LIG recorded at 280 nm. (Analytical column: 

Alltima C18, 5µm, 150mm×4.6 mm; guard column: C18, 5µm, 7.5mm×4.6 mm; mobile 

phase: methanol-5% isopropyl alcohol (60:40); flow rate: 1.0 ml/min; temperature: 

ambient.) The retention time of LIG is 9.02 min under the condition described above. 

 

Figure 3-2. LIG standard curve. A calibration curve fitted by plotting the mean of the 

three peak areas (y) against the quality of LIG (x) gave the following regression 

equation: y=1861.6x + 40.174 with determination coefficient r = 0.9995. 
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Figure 3-3. The TEER values of Caco-2 cells during differentiation. The data 

represent means ± SD (n = 24).  

 

Figure 3-4. The percent change of TEER values of Caco-2 monolayers before 

(Control) or  after  addition of the LIG solution (1.5 mM LIG). The data represent 

mean ± SD (n = 3).  

 

Figure 3-5. The stability of LIG in pH 7.4 HBBS buffer, measured as the 

chromatographic peak areas. The data represent the mean ± SD (n = 3).  

 

Figure 3-6.   The transport profile of LIG in bidirections across the Caco-2 

monolayers at 37 ˚C or 4 ˚C. The data represent the mean ± SD (n = 3).  

 

Figure 3-7.  The effect of temperature on the permeability of LIG in AP-BL (■) or 

BL-AP (□) direction across the Caco-2 monolayers. The data represent the mean ± SD 

(n = 3).   

 

Figure 3-8. The transport profile of AP-BL of LIG across the Caco-2 monolayers in 

the assay buffer (■), 10 µM Cyclosporin A (▲), or calcium-free assay buffer (○) in the 

apical medium. The data represent the mean ± SD (n = 3). 

 

Figure 3-9. The permeability of AP-BL flux of LIG in the Caco-2 monolayers in the 
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presence or absence of additives in the apical medium. The data represent the mean ± 

SD (n = 3).  

 

Figure 4-1. The scavenging effect of LIG on DPPH radical. The free radical 

scavenging activity was measured by the degree of decoloration of a DPPH solution. 

The indicated concentration of LIG was added to a 100µM ethanolic solution of DPPH. 

Decoloration percentage was measured at the indicated incubation time at 25 °C. Each 

value represents the average obtained in three different experiments in each of which 

four measurements were made. The data points without error bar indicate that standard 

deviation is too small to be seen. Key: (∆) 5 mM LIG;  (●) 20 mM LIG; (▲) 80 mM 

LIG.  

 

Figure 4-2. The percentage reduction of the DPPH radical by LIG. The free radical 

scavenging activity was measured after 180 min incubation at 25 °C. Each value 

represents the average obtained in three different experiments in each of which four 

measurements were made.  

 

Figure 4-3.  The antioxidant activity of LIG on the oxidation of linoleic acid emulsion. 

The activity was determined by the thiocyanate method. The indicated concentration 

of LIG or volume-matched vehicle was added to the linoleic acid emulsion. The 

amount of peroxides was measured in the linoleic acid emulsion at the indicated 

incubation time at 37 °C. Each value represents the average obtained in three different 
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experiments performed in triplicate. Key: (◆) control; (□) 5 mM LIG; (◇) 20 mM 

LIG; (▲) 80 mM LIG. 

 

Figure 4-4.  The percentage inhibition of the lipid peroxidation of LIG in the linoleic 

acid emulsion. The free radical scavenging activity was measured after a 96 h 

incubation at 37 °C. Values represent mean ± SD (n = 4). Each value represents the 

average obtained in three different experiments.  

 

Figure 4-5. The inhibition effect of LIG on Fe2+/ascorbate-induced lipid peroxidation 

in rat cerebral cortex mitochondria. Brain mitochondria (3 mg of protein /ml) were 

incubated with the Fe2+/ascorbate acid generating system, in the presence of 10 µl of 

the indicated concentrations of LIG or just the control solvent for 30 min at 37 °C. 

TBARS was measured as described in materials and methods. Values represent mean 

± SD (n = 4). Each value represents the average obtained in three different experiments 

performed.  

 

Figure 4-6. The inhibition effect of LIG on the NADPH-dependent lipid peroxidation 

in rat cerebral cortex mitochondria. Brain mitochondria (3 mg of protein/ml) were 

incubated with the NADPH generating system, in the presence of 10 µl of the 

indicated concentrations of LIG or just the control solvent for 30 min at 37 °C. TBARS 

was measured as described in materials and methods. Values represent mean ± SD (n = 

4). 
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Figure 4-7. Representative photomicrographs showing the protective effect of LIG on 

H2O2-induced C6 cell injury. The C6 cells were incubated in the presence of the 

various indicated concentrations of LIG  for 24 h and then 500 µM H2O2  for another 24 

h. A: normal cells, B: H2O2 -treated cells which showed a significant decrease in cell 

number and most of them demonstrated the round shape, C-F: LIG (final 

concentration of  0.5, 5, 25 and 50 µM, respectively) prevented H2O2-induced cell 

injury in a concentration-dependent manner. 100-fold magnification. 

 

Figure 4-8. The protective effect of LIG on H2O2-induced cytotoxicity in C6 cells 

with the MTT assay. The C6 cells were incubated in the presence of the various 

indicated concentrations of LIG for 24 h and then 500 µM H2O2 for another 24 h. 

H2O2-treated cells showed greatly reduction in cell viability. LIG prevented 

H2O2-induced cytotoxicity in a dose-dependent manner. Each value is the mean ± SD 

(n = 6) expressed as a percentage of control cultures. *P < 0.05, **P < 0.01 vs the 

group of H2O2 treatment. 

 

Figure 4-9. The effect of LIG on H2O2-induced apoptotic cell death in the C6 cells 

with Hoechst 33342 staining. The C6 cells were incubated in the presence of the 

various indicated concentrations of the tested samples for 24 h and then 500 µM H2O2  

for another 24 h. A: normal cells, B: the H2O2-treated cells which showed chromatin 

condensation and/or nuclear fragmentation , C-F: LIG (final concentration of  0.5, 5, 

25 and 50 µM, respectively) prevented H2O2-induced apoptotic cell death in a 
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dose-dependent manner. Original magnification: ×400. 

 

Figure 5-1. The effect of LIG to salvage on the cerebral neurons in the forebrain 

ischemia/reperfusion mice. HE staining was performed as described in Materials and 

Methods. Animals received the treatment of an orally administrated LIG, or a 

volume-matched vehicle at the start of reperfusion and again daily in the subsequent 5 

days.A-C: the total hippocampal CA1 and the cortex of  s the ham-operated control, 

D-F: the total hippocampal CA1 and the cortex of the vehicle-treated control, G-I: the 

total hippocampal CA1 and the cortex of 20 mg/kg LIG, H-J: the total hippocampal 

CA1 and the cortex of 80 mg/kg LIG. Lower panel (K) represents the analyses of 

normal neurons in a neuronal cell density per 0.5 mm linear length of the CA1 subfield 

(× 400 magnification). Results represent the means ± SD of six animals of each group. 

**P < 0.01 versus the vehicle-treated control group.  

 

Figure 5-2. The antioxidative effects of LIG in the ischemic brain tissue of mice 

subjected to 30 min of BCCAO/ 5 d reperfusion. The data represent the mean ± SD (n 

= 6). Animals received the treatment of the orally administrated LIG, or 

volume-matched vehicle at the start of reperfusion and again daily in the subsequent 5 

days. A. The effect of LIG on the level of SOD of the ischemic brain tissue. B. The 

effect of LIG on the activity of GSHPx of the ischemic brain tissue. C. The effect of 

LIG on the MDA content of the ischemic brain tissues. *P < 0.05, **P < 0.01 versus 

the vehicle-treated control group. 
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Figure 5-3.  Effect of LIG on Bcl-2 expression in the ischemic brain tissues of mice 

subjected to 30min of  BCCAO/5 d reperfusion. Animals received LIG (20 or 80 

mg/kg, orally administrated) or a volume-matched vehicle (con) at the start of 

reperfusion and again daily in subsequent 5 days. Western blot analysis was performed 

as described in Materials and Methods. A: The expected molecular weight of Bcl-2 

~26 kDa and β-actin ~43 kDa bands appearing on each gel. B: Quantification of the 

effect of LIG on the expression of Bcl-2 in the ischemia-reperfusion brain. Expression 

values were normalized for β-actin and expressed as a percentage of sham group. 

Results are expressed as mean± SD of 3 separate experiments. **P < 0.01 versus the 

control group. 

 

Figure 5-4. The effect of LIG on Bax expression in the ischemic brain tissues of mice 

subjected to 30min of BCCAO/5 d reperfusion. Animals received LIG (20 or 80 mg/kg, 

orally administrated) or a volume-matched vehicle (control) at the start of reperfusion 

and again daily in the subsequent 5 days. Western blot analysis was performed as 

describes in Materials and Methods. A: The expected molecular weight of Bax  ~20 

kDa and β-actin ~43 kDa bands appearing on each gel. B: Quantification of the effect 

of LIG on the expression of Bax in the ischemia-reperfusion brain. Expression values 

were normalized for β-actin and expressed as a percentage of the sham group. Results 

are expressed as the mean ± SD of 3 separate experiments.  *P <0.05, **P <0.01 

versus the control group. 
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Figure 5-5. The effect of LIG on the cytosolic cytochrome c expression in the 

ischemic brain tissue subjected to 30min of BCCAO /5 d of reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or volume-matched vehicle 

(control) at the start of reperfusion and again daily in the subsequent 5 days. Western 

blot analysis was performed as describes in Materials and Methods. A: The expected 

molecular weight of the cytochrome c ~11 kDa and β-actin ~43 kDa bands appearing 

on each gel. B: Quantification of the effect of LIG on the expression of  cytosolic 

cytochrome c in the ischemia-reperfusion brain. The expression values were 

normalized for β-actin and expressed as a percentage of the sham group. Results are 

expressed as the mean ± SD of 3 separate experiments.  *P < 0.05 versus the control 

group. 

 

Figure 5-6. The effect of LIG on the expression of cleaved caspase-3 in the ischemic 

brain tissue of mice subjected to 30min of BCCAO /5 d of reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or the volume-matched vehicle 

(con) at the start of reperfusion and again daily in the subsequent 5 days. Western blot 

analysis was performed as described in Materials and Methods. A: The expected 

molecular weight of cleaved caspase-3 ~19 kDa and β-actin ~43 kDa bands appearing 

on each gel. B: Quantification of the effect of LIG on the expression of cleaved 

caspase-3 in ischemia-reperfusion brain. Expression values were normalized for 

β-actin and expressed as a percentage of the sham group. Results are expressed as the 

mean ± SD of 3 separate experiments.  *P < 0.05, **P < 0.01 versus the control group. 
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Figure 5-7. The inhibition of caspase-3 activity in the ischemic brain tissue by the 

treatment of LIG on mice subjected to 30 min of BCCAO/5 days reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or volume-matched vehicle 

(control) at the start of reperfusion and again daily in subsequent 5 days. The activity 

of caspase 3 was measured as described in Materials and Methods. Caspase activity 

was expressed as the optical density unit percent of the sham-operated control group at 

405 nm. Data shown are the mean ± SD (n = 6). *P < 0.05, **P < 0.01 versus the 

vehicle-treated control group. 

 

Figure 5-8. The effect of LIG on the development of  the apoptotic cells in the 

ischemic cortex of mice subjected to 30 min of BCCAO /5 days of reperfusion. (A-D) 

Representative photographs of TUNEL staining in the cerebral cortex. 

TUNEL-positive apoptotic cells exhibit condensation and fragmentation of nuclei and 

apoptotic bodies around the nuclear membrane without cytoplasmic staining (arrow). 

A: sham-operated control, B: vehicle-treated control, C and D: 80 or 20 mg/kg LIG 

orally administrated at the start of reperfusion and the subsequent 5 days. The 

magnification was 400 ×. (E) Quantification of the apoptotic cells in the ischemic 

cortex. Results represent the mean ± SD of four animals of each group. *P < 0.05, **P 

< 0.01 versus the vehicle-treated control group.  

 

Figure 5-9. The effect of LIG on the formation of DNA laddering in the ischemic 

brain of mice subjected to 30 min of BCCAO/ 5 d reperfusion. The internucleosomal 
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DNA-fragmentation was analysed electrophoretically as described in Methods. 

Animals were divided into the sham-operated control (sham), and the vehicle-treated 

control (con), LIG-treated groups at doses of 20 or 80 mg/kg LIG, orally administrated 

at the start of reperfusion and again daily in subsequent 5 days. M represents the 

100-bp DNA ladder marker. A: representative findings of the agarose gel 

electrophoresis showing DNA laddering. B: The results of densitometric analysis 

representing mean ± SD of four animals. *P < 0.05, **P < 0.01 versus the control 

group. 

 

Figure 6-1. The location of cerebral infarcts and regions sampled for histological 

analyses in the focal cerebral ischemic rat. Panels show coronal sections at bregma 

-1.3 to -3.3 mm from representative (A) the vehicle-treated and (B) the LIG-treated 

animals, respectively. The infarct tissues are shown in gray. In the ipsilateral (ischemic) 

hemisphere: a= the region of the dorsolateral cortex at the borders of infarcts in the 

vehicle-treated animals. This region was typically spared in the LIG-treated animals 

and can be considered part of the ischemic penumbra. b = the region of the lateral 

cortex in the ischemic core of infarcts in both the vehicle- and LIG-treated animals. 

 

Figure 6-2. Illustrative coronal sections showing the infarct area in the ipisilateral 

hemisphere of the MCAO rats. The infarct area was stained as a distinct pale-stained 

area in the rats subjected to 2 h of ischemia/24 h of reperfusion (left) and attenuation of 

the infarct area by treatment with orally administrated 20 or 80 mg/kg LIG at the start 
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and again at 4 h of reperfusion. 

 

Figure 6-3. The dose-dependent inhibitory effect of LIG on the infarct volume of the 

ischemic hemisphere in rats subjected to 2 h MCAO/24 h reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or the volume-matched vehicle 

(control) at the start and again at 4 h of reperfusion. The infarct volume was 

significantly decreased by treatment with 20 or 80 mg/kg LIG. Results are expressed as 

the mean ± SD of 4~5 animals.  **P < 0.01 versus the vehicle-treated control group. 

 

Figure 6-4. The effect of LIG on the core body temperature of rats during 24 h of 

reperfusion following 30 min of MCAO. Rats were treated with either LIG (20, 80 

mg/kg) or vehicle immediately following MCAO and again at 4 h postischemia. All 

data are represented as the mean ± SD (n = 14~16). 

 

Figure 6-5.  The dose-dependent inhibitory effect of LIG on the neurological scores of 

the rats subjected to 2 h MCAO/24 h reperfusion. Animals received LIG (20 or 80 

mg/kg, orally administrated) or the volume-matched vehicle (control) at the start and 

again at 4 h of reperfusion. The neurological deficit scores were significantly 

decreased by the treatment with 20 or 80 mg/kg LIG. Results are expressed as the mean 

±  SD of 14 ~16 animals.  **P < 0.01 versus the vehicle-treated control group. 

 

Figure 6-6. The effect of LIG on the cytosolic cytochrome c expression in the 
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ischemic brain tissues of rats subjected to 2 h MCAO/24 h  reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or the volume-matched vehicle 

(control) at the start and again at 4 h of reperfusion. Western blot analysis was 

performed as described in Materials and Methods. A: The expected molecular weight 

of cytochrome c ~11 kDa and β-actin ~43 kDa bands appearing on each gel. B: 

Quantification of the effect of LIG on the expression of  cytosolic cytochrome c in the 

ipsilateral hemisphere. Expression values were normalized for β-actin and expressed 

as a percentage of the sham group value. Results are expressed as the mean ± SD of 3 

separate experiments.  *P < 0.05 versus the vehicle-treated control group. 

 

Figure 6-7. The effect of LIG on the cleaved caspase-3 expression in the ischemic 

brain tissues of rats subjected to 2 h MCAO/24 h  reperfusion. Animals received LIG 

(20 or 80 mg/kg, orally administrated) or the volume-matched vehicle (control) at the 

start and again at 4 h of reperfusion. Western blot analysis was performed as described 

in Materials and Methods. A: The expected molecular weight of cleaved caspase-3 

~19 kDa and β-actin ~43 kDa bands appearing on each gel. B: Quantification of the 

effect of LIG on the expression of the cleaved caspase-3 in the ipsilateral hemisphere. 

Expression values were normalized for β-actin and expressed as a percentage of sham 

group. Results are expressed as the mean ± SD of 3 separate experiments.  *P < 0.05, 

**P < 0.01 versus the vehicle-treated control group.  

 

Figure 6-8.  The effect of LIG on the cleaved caspase-8 expression in the ischemic 
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brain tissues of rats subjected to 2 h MCAO/24 h  reperfusion. Animals received LIG 

(20 or 80 mg/kg, orally administrated) or the volume-matched vehicle (control) at the 

start and again at 4 h of reperfusion. Western blot analysis was performed as described 

in Materials and Methods. A: The expected molecular weight of cleaved caspase-8 

~20 kDa and β-actin ~43 kDa bands appearing on each gel. B: Quantification of the 

effect of LIG on the expression of  the cleaved caspase-3 in the ipsilateral hemisphere. 

Expression values were normalized for β-actin and expressed as a percentage of sham 

group. Results are expressed as the mean ± SD of 3 separate experiments.  *P < 0.05, 

**P < 0.01 versus the vehicle-treated control group. 

 

Figure 6-9. The inhibition of the caspase-like activities by the treatment of LIG in the 

ischemic brain tissues rats subjected to 2 h MCAO/24 h reperfusion. Animals received 

LIG (20 or 80 mg/kg, orally administrated) or the volume-matched vehicle (control) at 

the start and 4 h of reperfusion. The activity of the caspase 8 (solid column) or caspase 

3 (open column) was measured as described in Materials and Methods. Caspase 

activity was expressed as the optical density unit percent of the sham-operated control 

group at 405 nm. Data shown are the mean ± SD (n = 4).  **P < 0.01 versus the 

vehicle-treated control group. 

 

Figure 6-10.  The effect of LIG on iNOS positive  cells within the infarct penumbra of 

the focal ischemic rats subjected to 2 h MCAO/24 h of reperfusion. The iNOS positive 

staining was mainly detected in the microglia (arrows). A: the sham-operated control, 
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B: the vehicle-treated control, C and D: 20 or 80 mg/kg LIG orally administrated at the 

start and again at 4 h of reperfusion. The magnification was 400 ×. Lower panel (E) 

represents the analyses of iNOS positive cells per high power field. Results represent 

the mean ± SD of four animals of each group. *P < 0.05, **P < 0.01 versus the 

vehicle-treated control group.   

 

Figure 6-11. The effect of LIG on iNOS activity in the ischemic brain tissues of rats 

after 2 h of MCAO /24 h of reperfusion. Animals received oral administration of LIG 

(20 or 80 mg/kg) or the volume-matched vehicle at the start and again at 4 h of 

reperfusion. Results represent the mean ± SD (n = 6).  *P < 0.05, **P < 0.01, versus 

the vehicle-treated group.  

 

Figure 6-12. The effect of LIG on the NO content in the ischemic brain tissues of rats 

subjected to 2 h of MCAO/24 h of reperfusion. Animals received oral administration 

of LIG (20 or 80 mg/kg) or the volume-matched vehicle at the start and again at 4 h of 

reperfusion. The level of NO was analyzed by the Griess reaction described as 

Methods. Results represent the mean ± SD (n = 6). *P < 0.05, versus the 

vehicle-treated group. 

 

Figure 6-13.  The effect of LIG on the development of OX42 positive microglial cells 

within the infarct penumbra of focal ischemic rats subjected to 2 h of ischemia/24 of 

reperfusion. The cell specific positive staining of OX42 was detected in the activated 
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microglia (arrows). A: the sham-operated control, B: the vehicle-treated control, C and 

D: 20 or 80 mg/kg LIG orally administrated at the start and again at 4 h of reperfusion. 

The magnification was 400 ×. Lower panel (E) represents the analyses of activated 

microglia. Results represent the mean ± SD of four animals of each group. **P < 0.01 

versus the vehicle-treated control group. 

 

Figure 6-14. The effect of LIG on the development of TUNEL-positive cells in the 

ischemic cortical penumbra of the focal ischemic rats subjected to 2 h of ischemia/24 h 

of reperfusion. (A) Representative photographs of TUNEL staining in the ischemic 

cortical penumbra. TUNEL-positive apoptotic cells exhibit a condensation and 

fragmentation of nuclei and apoptotic bodies around the nuclear membrane without 

cytoplasmic staining (arrow). TUNEL-positive necrotic cells exhibit a diffused 

labeling compared to the apoptotic cells, without the fragmentation of nuclei or 

apoptotic bodies (arrowhead). a: the sham-operated control, b: the vehicle-treated 

control, c and d: 80 or 20 mg/kg LIG orally administrated at the start and again at 4 h of 

reperfusion. The magnification was 400 ×. (B) Quantification of apoptotic and 

necrotic cells in the ischemic penumbra. Results represent the mean ± SD of four 

animals of each group. *P < 0.05, **P < 0.01 versus the vehicle-treated control group. 

 

Figure 6-15. The effect of LIG on the development of TUNEL-positive cells in the 

ischemic cortical core of the focal ischemic rats subjected to 2 h of ischemia/24 h of 

reperfusion. (A) Representative photographs of TUNEL staining in the ischemic 
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cortical core. TUNEL-positive apoptotic cells exhibit a condensation and 

fragmentation of nuclei and the apoptotic bodies around the nuclear membrane 

without cytoplasmic staining (arrow). TUNEL-positive necrotic cells exhibit a 

diffused labeling compared to the apoptotic cells, without a fragmentation of nuclei or 

apoptotic bodies (arrowhead). a: the sham-operated control, b: the vehicle-treated 

control, c and d: 80 or 20 mg/kg LIG orally administrated at the start and again at 4 h of 

reperfusion. The magnification was 400 ×. (B) Quantification of apoptotic and 

necrotic cells in the ischemic core. Results represent the mean ± SD of four animals of 

each group. *P < 0.05, **P < 0.01 versus the vehicle-treated control group.  
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CHAPTER 1   

 

INTRODUCTION 
 

1.1 Introduction Statement 

 
The aim of this chapter is to provide a general introduction to this thesis. 

 

Ischemic cerebrovascular disease is the third leading cause of death, and the first cause 

of disability and morbidity in industrialized countries. Stroke is also the second most 

common cause of dementia (Bonita, 1992). Approximately 20% of stroke patients do 

not survive the first month and less than 30% of those who survive the first six months 

would become dependent on others (Warlow, 1998). In correlation with the 

socio-economic importance of ischemic stroke, an impressive number of 

neuroprotective compounds have been developed for clinical trial in the last few 

decades. The only effective therapy currently available is tissue plasminogen activator 

(tPA) approved by the Food and Drug Administration (FDA), USA (Albers, 1999; 

Traynelis and Lipton, 2001). However, the risk of cerebral hemorrhage associated with 

tPA use means that only a small percentage (approximately 7%) of the ischemic stroke 

patients qualifies for this therapy. Neuroprotective agents with different modes of 

action and an extended application time window are therefore urgently required.   

 

3-alkylphthalide derivatives, which exist widely in natural Umbelliferaceae plants, 

have been shown to possess various bioactive effects. Recent studies have shown that 

3-n-butylphthalide, a component isolated from the seeds of Apium graveolens Linn, 

has many significant protective effects on brain ischemic damage, including reducing 

the neuronal apoptosis and the infarct volume in transient focal cerebral ischemia in 

rats, lenthening the life span and improving the neurological deficit in stroke-prone 
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and spontaneously hypertensive rats (Chang and Wang, 2003; Liu and Feng, 1995; 

Zhang and Feng, 1996). This agent has been proven effective in clinical trials and 

approved for the treatment of acute ischemic stroke by the State Food and Drug 

Administration of China (Cui et al., 2005; Wang and Huang, 2003).  

 

3-n-butylidene-4,5-dihydrophthalide (ligustilide) is a characteristic phthalide 

component of Umbelliferae plants and has been considered as the main biologically 

active component of many important medical plants, such as the roots of Angelica 

sinensis (Lin et al., 1979), Ligusticum wallichii (Wang et al., 1984), Ligusticum 

chuangxiong (Naito et al., 1996), and Cnidium officinale (Bohrmann et al., 1967). It 

was reported that about 50% of the essential oil from the roots of Angelicae sinensis 

comprise of ligustilide (Fang et al., 1979; Li et al., 2001), and Z-ligustilide (LIG) is the 

main configuration since its content is10 times as much as the E-form (Li et al., 2001). 

LIG has a chemical structure similar to 3-butylphthalide except the different active 

dihydrobenzene and 3-double bond, which is related to the antioxidant activity. Since 

the involvement of oxidative stress in neuronal loss following ischemia has been well 

established (Li, et al., 1995; Ratan et al., 1994; Whittemore et al., 1995), the structural 

features of LIG suggest that it may be of neuroprotective potential in cerebral ischemia. 

However, there is not yet any related study reported. 

 

1.2      Pathophysiology of Cerebral Ischemia  
 

1.2.1       Background 

 

Stroke compromises blood flow to the brain and can result from a number of 

conditions. Hemorrhagic stroke refers to the bleeding in the brain or on its surface 

whereas ischemic stroke (cerebral ischemic damage) occurs when blood flow to the 

brain is reduced. In clinic, most strokes (~85%) are ischemic and may be classified as 

focal or global. Focal ischemia results from the occlusion of a cerebral artery by a 
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thrombus or an embolism, which leads to the loss of blood flow in a specific region, 

whereas global ischemia is caused by a decrease or cessation of blood flow in the 

entire brain. Neuronal function and survival require an appropriate supply of blood to 

the nervous system. The reduction of blood flow to the brain can result in a decrease of 

perfusion pressure (pH), and blood oxygen content and an increase in carbon dioxide 

content. All of these factors contribute to vasodilation. If vasodilation cannot 

compensate for the decreased blood pressure, the blood flow would decrease and the 

oxygen extraction fraction increase. If the neurons are still deprived of oxygen, 

adenosine triphosphate (ATP) levels are maintained by increasing glycolysis (Frizzell 

et al., 1991). When blood pressure is sufficiently compromised, all of these 

compensatory mechanisms put together would be unable to maintain the neuronal 

function and survival, then cell death begins to appear. In general, the types of 

neuronal cell death may be classified as necrosis or apoptosis based on the 

morphological features. Necrotic neuronal cell is characterized by cell swelling, 

rupture of the protoplasmic and nuclear membranes, and the membranes of organelles 

(Trump et al., 1984). The necrotic process is correlated with a strong inflammatory 

reaction due to the spilling of cell content into the extracellular space. Apoptotic cells 

are characterized by a cytoplasmic and nuclear condensation with preserved 

membranes and phagocytosed by microglia (Wyllie et al., 1984). Whcih kind of the 

death outcome occurs mainly depends on the severity of insults (Leist and Nicotera, 

1998; Onteniente et al., 2003). Previous studies have shown that when the regional 

cerebral blood flow (rCBF) drops below 10% of the control values, such as in the core 

of the lesion in a stroke, cells die through the energy-independent pathway that mainly 

include a necrotic process within a few minutes or hours, and probably a 

“death-receptor” apoptosis as well (Benchoua et al., 2002) . In the remaining arterial 

territory, or penumbra, rCBF levels are kept at up to 40% of control values due to 

retrograde perfusion by anastomosis from the adjacent arteries. In this area, the ATP 

levels remain high enough to allow apoptosis, an energy dependent mechanism, and 

cell death is delayed by hours or even days. Therefore, neuroprotective therapies, 

which focus on the delayed neurodegenerative progress, will provide promising 
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approaches to promote neuronal survival and function in cerebral ischemia. 

 

In the past 20 years numerous efforts have been made to understand the 

neuropathological mechanisms involved in cerebral ischemia. The increased 

knowledge shows that the ischemic delayed damage results from a complex sequence 

of neurotoxic events. The major pathophysiologic mechanisms of this cascade include 

excitotoxiciy, inflammation, oxidative stress and apoptosis.  

 

1.2.2    Excitotoxicity  

 

1.2.2.1 Excitatory Neurotransmitter: Glutamate 

 

Glutamate serves as a neurotransmitter for both fast excitatory synaptic transmissions 

and slow long-term excitatory changes (Michaelis, 1998).  

 

The physiological action of glutamate is mediated through the activation of glutamate 

receptors found throughout the CNS. Glutamate receptors can be broadly divided into 

two classes: ionotropic and metabotropic (Greenamyre and Porter 1994; Michaelis 

1998; Ozawa et al., 1998). Ionotropic glutamate receptors can be further subdivided 

into threee categories: NMDA (N-methyl-D-aspartate), AMPA (α-amino-3-hydroxy- 

5-methyl-4-isoxazolepropionic acid) and kainite receptors. Ionotropic glutamate 

receptors directly mediate glutamate excitotoxicity whereas metabotropic glutamate 

receptors are G-protein-linked receptors that are important in activating various 

second messengers (Ozawa et al., 1998).  

 

1.2.2.2 Receptor-mediated Excitotoxicity  

 

While glutamate mediating excitatory transmission is indispensable for normal 

information processing and neuronal plasticity, an excess and sustained activation of 

ionotropic glutamate receptors would result in fulminant neuronal death (Michaelis, 
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1998). 

 

Brain tissue has a relatively high consumption of oxygen and glucose, and depends 

almost exclusively on oxidative phosphorylation for energy production. Cerebral 

ischemic impairment restricts the delivery of substrates, particularly oxygen and 

glucose, and impairs the energy required to maintain ionic gradients (Martin et al., 

1994). With energy depletion, membrane potential is lost and neurons and glia 

depolarize (Katsura et al., 1994). Consequently, somatodendritic as well as 

presynaptic voltage-dependent Ca2+ channels become activated and excitatory amino 

acids are released into the extracellular space. At the same time, the energy-dependent 

processes, such as the presynaptic reuptake of excitatory amino acids, are impeded, 

which further increases the accumulation of glutamate in the extracellular space. As a 

result of the glutamate-mediated overactivation of NMDA and AMPA receptors, Na+ 

and Cl- enter the neurons via channels for monovalent ions. Water follows passively, as 

the influx of Na+ and Cl- is much larger than the efflux of K+. The ensuing edema can 

affect the perfusion of regions surrounding the ischemic core negatively, and also have 

remote effects that are produced via increased intracranial pressure, vascular 

compression and herniation.  

 

It is well known that Ca2+ is involved in the activation of numerous enzymes and is 

therefore the key to initiating a multitude of biochemical pathways. For this reason, 

intracellular Ca2+ levels are tightly controlled in normal condition. The activation of 

NMDA receptors and metabotropic glutamate receptors contribute to a Ca2+ overload 

(Park et al., 1989). This, combined with the inability of ATP-dependent extrusion and 

sequestration of intracellular Ca2+ ions, allows the Ca2+ to reach toxic level in the 

ischemic neurons (Choi and Rotham, 1990). The cytotoxic increase in Ca2+ observed 

in ischemic neurons results in the inappropriate activation of Ca2+-dependent 

processes, which contribute to cell death via apoptosis or necrosis. Ca2+ activates 

proteolytic enzymes, such as calpains (Minger et al., 1998). They can catalyze the 

breakdown of cytoskeletal proteins, including actin and spectrin (Furukawa et al., 
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1997), as well as extracellular matrix proteins, such as laminin (Chen and Strickland, 

1997). Lipolytic enzymes like Ca2+–dependent phospholipase A2 are also activated by 

the high intracellular Ca2+ levels in the ischemic neurons (Sapirstein and Bonventre, 

2000). These enzymes degrade the phospholipids cell membrane and increase the free 

fatty acid (e.g., arachidonic acid) concentration. Degradation of membrane 

phospholipids as well as membrane instability due to rising fatty acid levels produce 

membrane damage. In addition, nitric oxide (NO) synthesized by the Ca2+-dependent 

enzyme, neuronal nitric-oxide synthase (NOS) reacts with a superoxide anion to form 

the highly reactive species, peroxynitrite, that can directly damage lipids, proteins, and 

DNA and lead to neuronal cell death (Chan, 2001; Iadecola, 1997). Moreover, 

excessive Ca2+-induced mitochondrial damage causes increased mitochondrial 

membrane permeability, which can result in a mitochondrial release of cytotoxic 

substances such as cytochrome c and thus provide a trigger for the apoptosis of 

neurons (Fujimura et al., 1998). 

 

1.2.2.3 Nonreceptor-mediated Excitotoxicity 

 

Nonreceptor-mediated glutamate excitotoxicity (NRGE) occurs in a large variety of 

neural cells that lack ionotropic glutamate receptors. Cysteine is the rate-limiting 

amino acid substrate for intracellular glutathione (GSH) synthesis and shares the 

common transporter with the glutamate (Bannai  and Tateishi, 1986). The elevated 

glutamate inhibits the cysteine transport and then leads to a rapid depletion of GSH, a 

major cellular antioxidant, which results in an increased vulnerability of cells to 

oxidative stress and ultimately cell death (Murphy et al., 1989). 

 

1.2.3    Inflammation  

 

Cerebral ischemia induces a marked response of resident microglia and hematopoietic 

cells, including monocytes and macrophages, and elicits a strong intrinsic 

inflammatory response involving the activation of microglia, recruitment of 
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granulocytes, and infiltration of macrophages in the ischemic area (Clark et al., 1994; 

Del Zoppo et al., 2000; Komine-Kobayashi et al., 2004). Therefore, the inflammatory 

response in the central nervous system is considered important in the pathological 

process after the onset of cerebral ischemia.  

 

The Ca2+-related activation of intracellular second-messenger systems, the increase in 

oxygen free radicals, as well as the hypoxia itself, trigger the expression of a number 

of proinflammatory genes by inducing the synthesis of transcription factors, including 

nuclear factor-κB (O’Neill and Kaltschmidt, 1997), hypoxia inducible factor 1 

(Ruscher et al.,  1998), interferon regulatory factor 1 (Iadecola et al., 1999) and STAT3 

(Planas et al., 1996). Thus, mediators of inflammation, such as platelet-activating 

factor, tumor necrosis factor (TNFα) and interleukin1β (IL-1β), are produced by the 

injured brain cells (Gong et al., 1998; Rothwell  and Hopkins, 1995; Zhang et al., 

1998). Consequently, the expression of adhesion molecules on the endothelial cell 

surface is induced, including intercellular adhesion molecule 1 (ICAM-1), P-selectins 

and E-selectins (Haring et al., 1996; Lindsberg et al., 1996; Zhang et al., 1998). 

Adhesion molecules interact with complementary surface receptors on neutrophils. 

The neutrophils, in turn, adhere to the endothelium, cross the vascular wall and enter 

the brain parenchyma. Macrophages and monocytes follow neutrophils, migrating into 

the ischemic brain and becoming the predominant cells five to seven days after 

ischemia. Chemokines, for example interleukin 8 and monocyte chemoattractant 

protein 1, are produced in the injured brain and guide the migration of blood borne 

inflammatory cells towards their target (Ivacko et al., 1997; Yamasaki et al., 1995). 

Resident brain cells are also involved in the inflammatory response. Four to six hours 

after ischemia, astrocytes become hypertrophic, while microglial cells retract their 

processes and assume an ameboid morphology that is typical of the activated 

microglia (Komine-Kobayashi et al., 2004).  

 

There is increasing evidence that post-ischemic inflammation contributes to ischemic 

damage by many mechanisms. Whereas microvascular obstruction by neutrophils can 
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worsen the degree of ischemia, the production of toxic mediators by the activated 

inflammatory cells and injured neurons also has important consequences. Inducible 

NOS (iNOS), which is not normally present in healthy tissues, is induced by cytokines 

in infiltrating neutrophils, activated brain gial and vascular cells following ischemic 

stress (Samdani et al., 1997). Once expressed, iNOS is continuously active and leads 

to a long-lasting (from several hours to days) NO generation, compared to 

cNOS-dependent NO synthesis which lasts a few minutes only. Furthermore, the 

iNOS enzyme produces much greater amounts of NO (in micromolar range) than 

either nNOS or eNOS (picomolar levels) (Ogden and Moore, 1995).Therefore, the 

toxic amounts of NO produced by iNOS greatly contribute to a secondary late phase 

damage of cerebral ischemia (Samdani et al., 1997). The pathogenic potential of NO 

produced by iNOS is underscored by the observations that pharmacological inhibition 

of iNOS reduces ischemic brain injury and that iNOS null mice have a reduction in 

ischemic damage (Iadecola, 1997; Iadecola et al., 1997; Zhao et al., 2003). The 

delaying nature of the protection exerted by iNOS inhibition or gene deletion is 

consistent with the hypothesis that ischemic injury evolves over several days (Baird et 

al., 1997; Dereski et al., 1993). In addition, ischemic neurons express another 

inflammatory-related enzyme, cyclooxygenase 2 (COX-2), that mediates ischemic 

injury by producing superoxide and toxic prostanoids (Nogawa et al., 1997). And NO 

produced by iNOS can enhance the COX-2 activity in an ischemic brain (Nogawa et 

al., 1998). It is reported that the inflammatory reaction might also be linked to 

apoptosis because antibodies against adhesion molecules attenuate post-ischemic 

inflammation and reduce apoptotic cell death in the ischemic brain (Chopp et al., 

1996).  

 

1.2.4     Oxidative Stress 

 

Oxidative stress is due to the action of highly reactive free radicals such as the ROSs 

superoxide anino and hydroxyl radical, and the RNS peroxynitrite (Cassarino and 

Bennett, 1999;  Fukuyama et al., 1998; Simonian and Coyle, 1996).  
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ROS and RNS are generated under normal cellular functioning, mainly during 

mitochondrial respiration. These constantly produced free radicals are scavenged by 

endogenous superoxide dismutase (SOD), glutathione peroxidase (GSHPx) and 

catalase. Other small molecular antioxidants, including GSH, ascorbic acid, and 

α-tocopherol, are also involved in the detoxification of free radicals (Fulbert and Cals, 

1992). Brain consumes about as much as 20% of O2 in the body and derives nearly all 

energy from mitochondrial oxidative phosphorylation, which generates ATP at the 

same time as it reduces molecular oxygen into water. And neurons contain high 

content of polyunsaturated fatty acids (target molecules of lipid peroxidation) in the 

plasma membrane, low levels of catalase (an antioxidant enzyme that catalyzes 

decomposition of H2O2 to O2) and are thus prone to oxidative stress.   

 

During cerebral ischemia, energy failure induces the depolarization of the plasma 

membrane that results in the activation of voltage-dependent Ca2+ channels and 

Ca2+-permeable glutamate receptors. Entry and accumulation of Ca2+ in neurons can 

produce free radicals through the activation of prooxidant pathways including 

phospholipases (Sapirstein and Bonventre, 2000), NOS (Chan, 2001; Iadecola, 1997), 

xanthine oxidase (Atlante et al., 2000), and the loss of mitochondrial potential (Radi et 

al., 1994). In addition to Ca2+, transition metals such as Fe2+, and Zn2+ may contribute 

to  the generation of free radicals under ischemia (Koh et al., 1996; Kondo et al., 1995).  

The accumulated ROS and RNS are likely to perturb the endogenous antioxidative 

defenses of the brain and disturb the prooxidants-antioxidants balance. These oxidants 

can directly react with and damage the cellular DNA, lipid, and proteins by virtue of 

their reactivity that leads to neuronal cell death through necrosis, or, in less intense 

cases, may mediate neuronal apoptosis through a cascade of well-orchestrated 

molecular events (Li, et al., 1995; Ratan et al., 1994; Whittemore et al., 1995). 

 

1.2.5     Apoptosis 
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Apoptosis is an active program of cell  ‘suicide’ whereby the cell activates (or is forced 

to activate due to an injurious stimulus) a self-destructive mechanism which causes 

cell body shrinkage, condensation of nuclear chromatin, nuclear fragmentation and is 

ultimately phagocytosed. It has been recognized as another pattern of ischemic 

neuronal death. Studies suggest that many different signaling pathways are involved in 

apoptosis, but in all cases the final pathway resulting in cell death is the activation of a 

family of proteases (caspases) (Raff, 1998).  

 

Caspases are aspartate-specific cysteine proteases and exist as zymogens in cells. They 

can be divided into two functional groups based on their perceived role in apoptosis: 

initiator and effector (Bratton and Cohen, 2001). There are two main initiator 

pathways to the activation of the effector caspases: the death receptor Fas pathway and 

the mitochondrial pathway. The death receptor Fas pathway involves the stimulation 

of members of the tumor necrosis factor-receptor (TNF-R) super family, and the main 

initiator caspase is the energy-independent caspase 8. The mitochondrial pathway can 

be called into action in two principle ways: by DNA damageor by the withdrawal of 

the action of cell survival factors (cytokines, hormones, cell-to-cell contact factors). In 

the presence of DNA damage, p53 protein activates pro-apoptotic proteins (e.g. Bax) 

and promotes a release of cytochrome c from the mitochondria. This complexes with a 

protein apoptotic protease-activating factor-1 (Apaf-1) and together they activate the 

initiator caspase 9, the main initiator caspase of the mitochondrial pathway. In normal 

cells, survival factors continuously activate anti-apoptotic mechanisms, and the 

withdrawal of cell survival factors will disturb the balance between anti-apoptotic and 

pro-apoptotic proteins, leading to a loss of the stimulation of anti-apoptotic Bcl-2 

protein action with resultant unopposed action of Bax. Downstream of these initiators 

are the executor caspases (e.g., caspase-3), which are responsible for the destruction 

and inactivation of cell constitutes such as the DNA repair enzymes, protein kinase C, 

cytoskeletal components, etc. A DNAase is activated and cuts gnomic DNA between 

the nucleosomes, and generats DNA fragments of approximately 180 base paris 

(Kroemer and Reed, 2000; Nakagawa et al., 2000; Weber and Vincenz, 2001). After 
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disposition by the effector caspases, the cells are reduced to a cluster of 

membrane-bound bodies. The dying cell displays several “eat-me” signals such as a 

surface exposure of phosphatidylserine and changes in cell surface sugars, which can 

be detected and phagocytosed by the activated microglia and infiltrating macrophages 

following cerebral ischemia. 

 

Studies demonstrate that both the initiator and executor caspases are activated during 

the neurodegenerative process following cerebral ischemia (Benchoua et al., 2001). 

Moreover, the apoptotic neurons in the core of focal ischemia are related to the 

activation of energy-independent pathways, such as the “death-receptors” pathway, 

whereas the energy-consuming mitochondrial pathway is not involved at this stage. In 

contrast, pathways activated during the secondary expansion of the lesion into the 

penumbral area include the mitochondrial pathway (Benchoua et al., 2001), in 

agreement with the energy requirements of the apoptosome (Benchoua et al., 2002; 

Cecconi, 2001). Taken together, apoptosis is involved in an acute phase and delayed 

process of the ischemic neuronal damage.  

 

1.3     Strategies for the Treatment of Cerebral Ischemia  
 

As post-mitotic cells, neurons are incapable of division and regeneration. This 

inability magnifies the impact of brain injury and thus the importance of treatment 

approaches as well. As reviewed in chapter 1.2, cerebral ischemic damage is mediated 

by multiple mechanisms that act at different times after the induction of ischemia. 

Accordingly, the rational treatment of ischemic brain injury has to be multifaceted in 

order to target the different pathogenic factors (Furuichi et al., 2004). Thus, 

therapeutic interventions can aim at re-establishing the flow or protecting the brain 

from factors which initiate ischemic brain damage. In recent years, three major 

strategies have been developed for the treatment of acute cerebral ischemia.  
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1.3.1     Thrombolytic Therapy 

 

Thrombolytic therapies aim to disintegrate the emboli responsible for cerebral artery 

occlusion, thus restoring blood flow to the ischemic brain regions. Intravenous and 

intraaterial thrombolytic therapies have been applied in recent years. 

 

1.3.1.1  Intravenous Thrombolysis 

 

Presently, recombinant tissue-plasminogen activator (t-PA) is the only approved 

thrombolytic therapy for stroke. This protein converts the inactive enzyme 

plasminogen to plasmin. Plasmin disintegrates fibrin, the principal component of 

embolus. Administration of t-PA therefore results in the destruction of emboli and the 

resumption of blood flow through the occluded arteries. The FDA approved this 

treatment on the basis of the results of the National Institute of Neurological Disorders 

and Stroke Recombinant Tissue Plasminogen Activator Stroke Study (The NINDS, 

1995), in which 624 patients with ischemic stroke were intravenously administrated 

with t-PA (0.9 mg per kilogram of body weight, with a maximum of 90 mg) within 3 

hours after the onset of symptoms, about half of which were treated within the first 90 

minutes. The study was carried out in two parts. In part 1, the primary end point was a 

neurologic improvement in 24 hours indicated by an improvement of 4 or more points 

in the score on the 42-point National Institutes of Health Stroke Scale (Lyden et al., 

1994) or a complete neurologic recovery. In part 2, the pivotal efficacy trial, the 

primary end point was the global odds ratio for a favorable outcome, with the use of 

four measures of complete or near-complete neurologic recovery. Of the patients 

treated with t-PA, 31 to 50 percent had a complete or near-complete recovery in three 

months, as compared with 20 to 38 percent of the patients given placebo (The NINDS, 

1995), and the benefit was similar in one year (Kwiatkowski et al., 1999). 

 

The chief hazard of t-PA therapy was the dose-dependent risk of symptomatic brain 

hemorrhage, which occurred in 6.4 percent of the patients given t-PA, as compared 

 55



with 0.6 percent of those given placebo (The NINDS, 1995; The NINDS, 1997). This 

risk eliminates any benefit if t-PA is administrated more than three hours after the 

onset of the stroke (Hacke et al., 1995). For a patient to benefit from the t-PA treatment, 

therefore, administration of t-PA must be given in less than three hours after the stroke 

onset and there must be no evidence of intracranial bleeding. There are numerous other 

exclusion criteria, including age, history of bleeding, history of anticoagulant 

consumption, and the blood levels of platelets of the patients (Adams et al., 1996). Due 

to the stringent screening criteria, only a fraction of the stroke patients qualify for the 

t-PA treatment. Moreover, the mortality rates in the two treatment groups were similar 

in three months [17 percent in the t-PA group and 20 percent in the placebo group (The 

NINDS, 1995)] and in one year [24 percent and 28 percent respectively (Kwiatkowski 

et al., 1999)]. A greater severity of the initial neurologic deficit and evidence of edema 

or a mass effect on the baseline CT scan were associated with a higher risk of 

symptomatic intracerebral hemorrhage (The NINDS, 1997). These restrictions 

diminish the practicality and effectiveness of the use of t-PA. 

 

Streptokinase, another thrombolytic, is a protein extracted from the cultures of 

streptococci (Lizano and Johnston, 1995; Tewodros et al., 1996). It activates 

plasminogen (Kim et al., 2000; Ringdahl and Sjőbring, 2000). Three trials of 

streptokinase were initiated (Donnan, et al., 1996; The MAST-ESG, 1996; The 

MAST-IG, 1995).  The dosage tested was 1.5 million units, the same as that given to 

patients with acute myocardial infarction, and treatment was initiated within four to 

six hours after the onset of symptoms. However, all of them were halted because of an 

excess rate of poor outcomes or an excess mortality among the streptokinase-treated 

acute ischemic patients.  

 

1.3.1.2 Intraarteral Thrombolysis 

 

To attenuate the hemorrhage drawback of the intravenous thrombolytics treatment, 

local intraarterial thrombolysis performed with a microcatheter that is placed into, 
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beyond, and proximal to an arterial occlusion is in use worldwide on the basis of the 

results of two randomized trials (Del Zoppo et al., 1998; Furlan et al., 1999) and 

numerous case series. In the past, the agents most commonly studied were intraarterial 

urokinase (Ezura and Kagawa, 1992; Barnwell et al., 1994; Mori et al., 1988), t-PA 

(Sasaki et al., 1995; Zeumer et al., 1993), and prourokinase (Del Zoppo et al., 1998; 

Furlan et al., 1999). Approximately 40 percent of the patients who underwent this 

treatment had complete arterial recanalization, and approximately 35 percent had 

partial recanalization. These rates of recanalization were higher than those reported for 

patients who underwent intravenous thrombolytic therapy (Mori et al., 1992; Wolpert 

et al., 1993; Yamaguchi et al., 1993). Recently, intraarterial reteplase, a modified 

recombinent t-PA, was studied. Reteplase maintains the serine protease domain 

(responsible for thrombolytic effect) while it lacks the Kringle 1 domain, the 

epidermal growth factor domain, the finger domain and the oligosaccharide side 

chains. It has a longer half-life than t-PA, allowing for bolus administration and 

making for simplicity of administration, whereas t-PA must be infused (Martin et al., 

1991). Other studies showed that reteplase was a more powerful thrombolytic, and 

with a safety profile comparable to that of rt-PA (Martin et al., 1993; Smalling et al., 

1995).   

 

In two small clinical trials (Qureshi et al., 2001; Qureshi et al., 2002), patients with 

ischemic stroke, who were poor candidates for intravenously administered therapy 

because of the severity of neurological deficits, an interval of three hours or more from 

the onset of symptoms, or a recent major surgery, were administrated to a maximum 

total dose of 8 U of reteplase intra-arterially in 1-U increments via superselective 

catheterization. Complete or near-complete perfusion was achieved in the arteries in 

14 patients (88%), and partial recanalization and a minimal response in the arteries 

were achieved in one patient each. Neurological improvement (defined as a decrease 

of four or more points in National Institutes of Health Stroke Scale score) was 

observed in 7 (44%) of the 16 patients in 24 hours. Symptomatic intracerebral 

hemorrhage occurred in one patient. Three other patients experienced intracerebral 
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hemorrhages that did not result in a neurological worsening. In addition, a high rate of 

recanalization and clinical improvement were observed in patients with ischemic 

stroke using low-dose reteplase (4 U of reteplase intra-arterially in 1-U increments) 

with adjunctive mechanical disruption of the clot. Moreover, this strategy may reduce 

the risk of intracerebral hemorrhage observed with thrombolytics. These results 

suggested that intra-arterially administered reteplase resulted in a high rate of 

recanalization. Therefore, this strategy should be considered in treating patients who 

are considered poor candidates for intravenous thrombolysis.  

 

Up to date, intraarterial thrombolysis has not been compared with intravenous 

thrombolysis by randomized trials, so the relative merits of these two routes of therapy 

in patients with acute ischemic stroke are unknown. In patients with a possible 

middle-cerebral-artery occlusion, intravenous thrombolysis with t-PA treatment is 

recommended within three hours after the onset of symptoms; while intraarterial 

thrombolysis may be justified in these patients if treatment is to begin three to six 

hours after the onset of symptoms. 

 

No randomized trials of thrombolytic treatment for vertebrobasilar stroke has been 

completed. A recent small case series suggested a possible benefit of intravenous t-PA 

if treatment is initiated within three hours after the appearance of symptoms (Grond et 

al., 1998). Because of the very poor outcome among patients with basilar-artery 

occlusion and the reported good recovery after intraarterial therapy initiated more than 

six hours after the onset of symptoms, cerebral arteriography performed on an 

emergency basis, followed by intraarterial thrombolysis during the three-to-six-hour 

period, can be recommended in patients with basilar-artery occlusion who are judged 

to have a poor prognosis (Brandt et al., 1996; Cross et al., 1997).  

 

1.3.2   Anticoagulant Therapy 

 

Anticoagulant therapies aim to prevent the formation of emboli clot in the cerebral 
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arteries, thus preserving blood flow in the potential ischemic brain regions.  

 

1.3.2.1 Heparin  

 

Heparin is a family of sulfated glycosaminoglycans. It inhibits coagulation both in 

vivo and in vitro, by activating antithrombin III. Patients with ischemic stroke caused 

by embolism are often treated with intravenous anticoagulant heparin. In the 

International Stroke Trial, 19,435 patients with ischemic stroke were randomly 

assigned to receive subcutaneous heparin at a dose of 5000 or 12,500 IU twice daily or 

no heparin at all, with or without 300 mg of aspirin per day, within 48 hours after the 

onset of symptoms (The IST, 1997). There was no difference among the treatment 

groups in the primary outcome (death within 14 days or death or dependency in 6 

months). Among the patients who received heparin, there was a significant 0.9 percent 

reduction in the absolute risk of recurrent ischemic stroke during the first 14 days, an 

effect that was counterbalanced by a significant 0.8 percent increase in the absolute 

risk of hemorrhagic stroke. Hemorrhagic complications, including the need for 

transfusion, fatal extracranial bleeding, and hemorrhagic stroke, were associated with 

the high-dose regimen of heparin, but the activated partial-thromboplastin time was 

not monitored, and one third of the patients were treated before a CT scan of the head 

was obtained to rule out the possibility of brain hemorrhage. The results of the 

low-dose regimen of heparin were more encouraging, with a significant 1.2 percent 

decrease in the absolute risk of death or nonfatal recurrent stroke in 14 days and a rate 

of hemorrhagic complications in the same range as that of taking the aspirin alone.  

 

Low-molecular-weight heparins (LMWHs) increase the action of antithrombin III on 

factor Xa but not thrombin, since the molecules are too small to bind to both the 

enzymes and the  inhibitor (Salzman, 1992). Thus LMWHs may be associated with a 

lower risk of hemorrhage and more powerful antithrombotic effects than standard 

unfractionated heparin (UFH). Three trials of low-molecular-weight heparin in 

patients with acute ischemic stroke were completed. In one of them, administration of 
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nadroparin calcium or placebo was started within two days after the onset of stroke in 

312 patients; more patients in the nadroparin group recovered (Kay et al, 1995). These 

results were not confirmed in a larger trial, which involved 750 patients (Hommel, 

1998). In a placebo-controlled trial of another low-molecular-weight heparin, 

danaparoid, in which 1281 patients were treated within 24 hours after the onset of 

stroke, there was no difference in the rate of recurrence or progression of stroke 

between those who received the drug and those who received placebo (The 

Publications Committee for TOAST Investigators, 1998). Subgroup analysis did 

suggest a potential benefit of danaparoid in patients with occlusion or severe stenosis 

of the internal carotid artery (Adams et al., 1999). A meta-analysis of data from trials 

of early treatment with anticoagulant drugs for patients with acute ischemic stroke 

suggests no clinical benefit with such treatment (Sandercock, 1999). Treatment with 

LMWH after an acute ischemic stroke appears to decrease the occurrence of deep vein 

thrombosis compared with standard UFH, but there were too few events to provide 

reliable information on their effects on other important outcomes, including death, 

pulmonary embolism, or intracranial hemorrhage (Hankey, et al., 2005). Therefore, 

further very-large-scale trials may be worthwhile for the evaluation of the efficacy of 

LMWH.  

 

1.3.2.2  Aspirin  

 

Antiplatelet agents prevent the aggregation of platelets (essential for clot formation) 

and are widely used in the secondary prevention of ischemic stroke.  There is a number 

of antiplatelet drugs involving in the various mechanisms of platelet activation, and 

aspirin is the most commonly used for treating ischemic stroke in clinic. Early 

treatment with aspirin was evaluated in three trials in which more than 40,000 patients 

were treated within 48 hours after the onset of symptoms. In the International Stroke 

Trial, there was no difference among patients treated with aspirin, heparin, and neither 

of these drugs in the rate of death within 14 days or death or dependency in 6 months 

(The IST, 1997). Secondary analyses revealed a significant decrease in the rate of 
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recurrence of ischemic stroke in two weeks among patients treated with aspirin (2.8 

percent vs. 3.9 percent among those not treated with aspirin). However, there was no 

difference among the groups in the combined end point of severe disability and death.  

 

In the Chinese Acute Stroke Trial, where 160 mg of aspirin or placebo was given daily 

for four weeks to 21,106 patients with acute ischemic stroke, the mortality rate in one 

month in the aspirin group was slightly but significantly lower than that of the placebo 

group (3.3 percent vs. 3.9 percent), but there was no difference between the groups in 

the overall rate of death or severe disability (Chinese Acute Stroke Trial  Collaborative 

Group, 1997). As in the International Stroke Trial, the rate of recurrent ischemic stroke 

in the aspirin group was lower than that of the placebo group in one month (1.6 percent 

vs. 2.1 percent), and so was the rate of death or nonfatal recurrent stroke (5.3 percent 

vs. 5.9 percent). A combined analysis of the results of the International Stroke Trial 

and the Chinese Acute Stroke Trial suggested that early death, recurrent stroke, or late 

death can be prevented by administering aspirin in one out of 100 acute stroke patients 

(Pathansali and Bath, 1998).  

 

1.3.2.3  Ancrod 

 

Ancrod, a new defibrinogenating compound, converts fibrinogen into soluble fibrin 

products, with a subsequent decrease in plasma concentrations of fibrinogen and a 

depletion of the substrate needed for thrombus formation (Atkinson, 1998). In a trial of 

500 patients randomly assigned to receive ancrod or placebo within three hours after 

the onset of symptoms, total or near-total recovery in three months was achieved in 42 

percent of the patients given ancrod, as compared with 34 percent of those given 

placebo (P = 0.04) (Sherman et al., 2000). 

 

Taken together, although anticoagulants are expected to prevent the formation of 

emboli clot in the cerebral arteries and thus preserve blood flow in the potential 

ischemic brain regions, no data from clinical trials are available to validate this 
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treatment for ischemic stroke, despite its theoretical appeal. In addition, the associated 

risk of hemorrhage in the ischemic area is still associated with the anticoagulant 

therapies, and thus there is no consensus on the best time to start anticoagulant therapy.  

 

1.3.3    Neuroprotective Therapy 

 

There has been much interest in the neuroprotective agents that may protect neurons 

from the effects of ischemia. Neuroprotective therapies aim to halt or reverse the 

detrimental biochemical processes that are activated in neurons by ischemia. As there 

are many processes that are stimulated by ischemia, there is also a whole host of 

neuroprotective agents. Available data derived from experimental models suggest that 

neuroprotective agents can reduce neuronal death and improve neurological function 

following hypoxic-ischemic insults. Many neuroprotective agents are currently 

undergoing clinical trials. In addition, novel neuroprotective compounds are being 

studied in vitro and in vivo. The in vitro models show that these agents target the 

different pathways involved in cerebral ischemia and are then subdivided into specific 

categories on this basis. 

 

1.3.3.1   Anti-Excitotoxicity 

 

The activation of ionotropic glutamate receptors, through the attendant failure of ion 

homeostasis and the increase in intracellular Ca2+ concentration, is a major factor 

involved in initiating ischemic cell death. A straightforward therapeutic approach, 

therefore, is to block the receptors that are activated by glutamate (Prass and Dirnagl, 

1998). The NMDA receptor controls an ion channel that is permeable to Ca2+, Na+ and 

K+. Antagonists at this receptor demonstrate robust neuroprotection when given before 

or at the time of occlusion of the middle cerebral artery (MCA) in models of 

permanent or temporary ischemia. There is a general agreement that the therapeutic 

time window of an effective NMDA-receptor antagonists in these models is narrow, 

closing at around one or two hours after the occlusion of the artery. The AMPA 
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receptor gates Na+ and K+ conductance, and Na+ influx via the AMPA or kainite 

receptor induces Ca2+ influx indirectly by depolarizing the resting membrane potential 

and subsequently alleviating the Mg2+ block of the NMDA receptor. AMPA receptor- 

antagonist treatment affords robust neuroprotection in several rodent models of focal 

cerebral ischemia, which potentially exceeds the time window during which 

NMDA-receptor antagonists are effective (Turski et al., 1998). However, it should be 

remembered that glutamate has an important physiological role as a neurotransmitter 

in the brain. Although blocking glutamate receptors protects against excitotoxicity, it 

can also have serious unwanted effects, such as psychotomimesis, respiratory 

depression or cardiovascular dysregulation.   

 

The use of several NMDA-receptor antagonists was discontinued in Phase I and Phase 

II studies because of some unacceptable adverse effects. The major problems with 

these compounds are psychomimetic effects (agitation, hallucinations, paranoia and 

delirium), sedation, catatonia and concerns about potential neurotoxicity (Lees, 1997). 

Only selfotel, a competitive antagonist at the NMDA binding site of the NMDA 

receptor, and aptiganel, a non-competitive NMDA-receptor antagonist that acts as an 

open-channel blocker, have been studied in Phase III trials. However, the trials were 

terminated prematurely because of an unfavorable risk–benefit ratio (Davis et al., 

1997; Ikonomidou and Turski, 2002). Clomethiazole is an anti-epileptic drug that 

causes neuronal hyperpolarization by enhancing the activity of GABA at 

GABAA-receptors. The rationale behind its use is that it could inhibit 

ischemia-induced neuronal depolarizations and counteract the actions of glutamate. 

The drug protected against ischemic cell damage in animal models of permanent and 

transient focal brain ischemia (Sydserff et al., 1995a; Sydserff et al., 1995b). A large 

Phase III trial, involving 1350 patients, produced negative results (Wahlgren et al., 

1999).  

 

Excitotoxicity is well established as an important trigger and executioner of tissue 

damage in focal cerebral ischemia. Excitotoxic mechanisms can cause acute cell death 
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(necrosis) but can also initiate molecular events that lead to a delayed type of cell death, 

apoptosis. In addition, the intracellular signaling pathways activated during 

excitotoxicity trigger the expression of genes that initiate post-ischemic inflammation, 

another pathogenic process that contributes to ischemic injury. Thus, excitotoxicity is 

a prime target for stroke therapy. The therapeutic efficacy of strategies that inhibit 

excitotoxicity in vivo and in vitro, which focus on the inhibition of specific glutamate 

receptors, provides evidence for the pathophysiological role of excitotoxicity, while 

raising the hope that clinically relevant strategies can be developed that counteract to 

key pathophysiological entity.  

 

1.3.3.2 Antioxidant Therapy 

 

It is well known that free radicals can directly react with and damage the cellular DNA, 

lipid, and proteins by virtue of the reactivity that lead to neuronal cell death through 

necrosis, or, if less intense, may mediate neuronal apoptosis through a cascade of 

well-orchestrated molecular events. Therefore, oxidative stress plays a central role in 

producing neuronal damage following acute cerebral ischemia. Antioxidants are 

expected to relieve oxidative stress by enhancing the intracellular radical scavenging 

potential. Especially, lipid-soluble antioxidants are likely to appear more efficacious 

because of their ability to cross the blood-brain barrier.  

 

Several cerebral enzymes, including SOD, GSHPx, glutathione reductase, and catalase, 

are endogenous antioxidants that can process specific free radical scavenging 

properties. CuZn-SOD, a cytosolic dimeric enzyme, has been cloned and used to 

reduce superoxide radical-associated ischemic brain damage. Unfortunately, 

investigators obtained varying degrees of success or failure when free, nonmodified 

SOD was used to ameliorate ischemic brain injury (Chan et al., 1993). The extremely 

short half-life of CuZn-SOD (6 min) in circulating blood and its failure to pass the 

blood-brain barrier (BBB) make it difficult to employ enzyme therapy in cerebral 

ischemia.  Although modified enzyme (e.g. polyethylene glycol-conjugated SOD or 

 64



liposome-entrapped SOD) has an increased half-life, BBB permeability, and cellular 

uptake, it showed conflicting results in  ischemic brain injuries (Imaizumi et al., 1990; 

Chan et al., 1993). The fact that the results are mixed makes it imperative to employ 

other experimental strategies so that the role of SOD can be fully established in 

cerebral ischemia. 

 

Tirilazad is a non-glucocorticoid 21-aminosteroid lipid-peroxidation inhibitor that acts 

as a free-radical scavenger (Francel et al., 1993). In animals with focal ischemia, this 

drug improved their neurological function and reduced the infarct volume 

(Schmid-Elsaesser et al., 1998).  However, it did not improve the overall functional 

outcome in two large Phase III studies (A RANTTAS, 1996; Peters et al., 1996). 

Because it was suggested that the lack of efficacy might be caused by the use of a dose 

that was too low (6 mg/kg/day for 3 days), higher doses were tested. These trials were 

stopped prematurely because of safety problems and further clinical study of tirilazad 

in ischemic stroke were suspended (Haley, 1998).  

 

The seleno–organic compound, ebselen, which has an antioxidant activity through a 

glutathione-peroxidase like action, was studied in Japan. This drug appeared to 

improve outcome in one month, but not in three months after the start of the treatment 

(Yamaguchi et al., 1998). Further efficacy studies with this compound might be 

justified. 

 

1.3.3.3 Anti-inflammatory Therapy 

 

There is increasing evidence that post-ischemic inflammation contributes to ischemic 

brain injury. Cerebral ischemic damage could be reduced: (1) when the infiltration of 

neutrophils is prevented by the induction of systemic neutropenia; (2) when adhesion 

molecules or their receptors are blocked by neutralizing antibodies and in mice with 

the deletion of Icam-1 (Connolly  et al., 1996); (3) when the action of crucial 

inflammatory mediators, such as IL-1, is blocked (Loddick and Rothwell, 1996); and 
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(4) in mice with a deletion of the gene encoding interferon regulatory factor 1, a 

transcription factor that coordinates the expression of inflammation-related genes 

(Iadecola et al., 1999). Post-ischemic inflammation is, therefore, a promising target for 

therapeutic intervention in ischemic stroke. Treatments aiming at down regulating the 

neutrophilic infiltration, as well as drugs inhibiting enzymes that produce toxic 

mediators, such as iNOS and COX-2, could be viable strategies for targeting the late 

stages of injury. Furthermore, the potential beneficial effects of inflammation in tissue 

repair and remodeling need to be considered when developing treatment strategies.  

 

The neuroprotective effects of lubeluzole can be explained, at least partially, by a 

down regulation of the NOS  pathway, which reduces NO-related neurotoxicity 

(Lesage et al., 1996). In a small Phase II trial, a dose of 7.5 mg lubeluzole given within 

6 h of the showing of the first symptoms, followed by an administration of 10 mg per 

day for five days, was associated with reduced mortality. A double-dose regimen, 

which yielded a plasma concentration equivalent to the levels associated with 

neuroprotection in rats, was associated with increased mortality (Diener et al., 1996). 

Although this was probably caused by an imbalance of randomization that was 

unrelated to the drug, three large Phase III trials of a 7.5 mg dose of lubeluzole, 

involving 3177 patients, were conducted. All three failed to demonstrate a beneficial 

effect of lubeluzole on the primary outcome parameters (Diener, 1998; Diener, 1999; 

Grotta, 1997), and further clinical development was abandoned. 

 

In addition, it was reported that anti-ICAM-1 antibodies could reduce the infarct 

volume in transient focal ischemia (Zhang et al., 1994). Enlimomab, a murine 

monoclonal antibody against ICAM-1, was also been studied in a Phase III trial. Yet 

again, the results in the clinical situation did not fulfill the expectations generated in 

the laboratory (Enlimomab Acute Stroke Trial Investigators, 1997). There was even a 

trend of an early neurological deterioration in patients receiving active treatment. A 

probable explanation was that the murine antigens present in the enlimomab 

preparation themselves provoked an inflammatory response that cancelled out any 
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beneficial effects by raising the body temperature. Irrespective of the outcome of this 

ICAM-1 trial, however, there is a strong rationale for using the anti-inflammatory 

therapy in ischemic stroke. 

 

1.3.3.4  Antiapoptotic Therapy 

 

Apoptosis is the last stage in the sequence of cell death. Interfering this stage would no 

be doubt an efficient way of curing ischemic stroke, in which caspases are the most 

important. Caspase activity is blocked in vivo and in vitro by administering small 

peptides that bind covalently and irreversibly to the catalytic pocket after alkylating 

the cysteine residue (Nicholson and Thornberry, 1997). Caspase inhibitors not only 

attenuate the volume of dead tissue in focal ischemia but also decrease neurological 

deficit (Endres et al., 1998; Hara et al., 1997; Himi T, 1998), which thereby reflects a 

possible functional preservation of the ischemic neuronal tissue. In milder ischemia, 

the inhibitors are particularly effective as they reduce tissue injury synergistically 

when injected with MK801, an NMDA-receptor antagonist, or with growth factors, 

such as fibroblast growth factor. Moreover, unlike NMDA-receptor antagonists, 

caspase inhibitors reduce injury even when injected many hours after brief ischemia 

(Fink et al., 1998). A single intracerebroventricular injection of zDEVD-fmk, a 

relatively selective caspase-3 inhibitor, is effective if given at 9 h after 30 min 

reversible ischemia (Fink et al., 1998) and when administered after 3 h in a neonatal 

hypoxic–ischemic model (Cheng et al., 1998).  

 

However, the effectiveness of blocking caspase activity is still open to dispute 

(Loetscher et al., 2001). Firstly, it is still undetermined whether caspase inhibitors truly 

rescue cells, i.e. restore cell viability and function, instead of simply blocking the 

apoptotic molecular cascade. Some researchers reported that caspase inhibition by 

synthetic peptides in rodent models of global ischemia reduced neuronal loss but was 

not sufficient to maintain the functional integrity of the rescued neurons (Gillardon et 

al., 1999; Von Coelln et al., 2001). Secondly, broad-range inhibitors may interact with 
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cital cysteine proteases, which may only result in the deregulation of apoptosis. Recent 

studies have shown that caspase inhibition might  promote cell death by switching the 

outcome from apoptosis to necrosis (Hartmann et al., 2001; Lemaire et al., 1998;  

Nicotera et al., 2000). This switch appears to occur in states of intracellular energy 

depletion, common in many acute and chronic neurodegenerative diseases, and 

particularly crucial in cerebral ischemia. Thus, the use of caspase inhibitors in acute 

cerebral ischemia should be cautiously evaluated before being used for any therapeutic 

purpose. 

 

1.3.3.5  Hypothermia Therapy 

 

The deleterious effect of hyperthermia on the outcome of stroke has long been 

recognized in both rodent and human (Thornhill and Corbett, 2001). By contrast, its 

beneficial effect has been  established in experimental models of stroke (Ginsberg et 

al., 1992; Schwab et al., 2001). In 1991, Sterz et al showed that inducing mild 

hypothermia (33–34 °C) either during or immediately following cardiac arrest 

significantly improved the neurobehavioral outcome in dogs (Sterz et al., 1991). 

Immediate postischemic moderate hypothermia (30–32 °C) was shown to be effective 

in preventing CA1hippocampal ischemic neuronal injury in the setting of global 

ischemia, as measured histologically (Busto et al., 1989). In Pabello’s group (Pabello 

et al., 2004), brief periods of deep hypothermia (28 °C) were examined in a neonatal 

model by employing transient focal ischemia in a 7-day-old rat pup. The pups 

underwent permanent MCA occlusion coupled with a temporary (1 h) occlusion of the 

ipsilateral common carotid artery (CCA). After various times (3 days-6 weeks), the 

lesion was assessed by using 2,3,5-triphenyltetrazolium chloride (TTC) or 

hematoxylin and eosin (H&E) stains. Their results showed that intra-ischemic 

hypothermia resulted in significant protection in terms of survival, lesion size, and 

histology. Post-ischemic hypothermia was not effective in reducing the lesion size 

early after ischemia, but significantly reduced the eventual long-term damage (2-6 

weeks). Late-onset post-ischemic hypothermia did not reduce the infarct volume. 
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Therefore, both intra-ischemic and post-ischemic hypothermia provided 

neuroprotection in the neonatal rat, but with different effects on the degenerative time 

course. The animal study suggests that the sooner hypothermia is initiated after the 

onset of ischemia, the more cerebral tissue is preserved (Carroll and Beck, 1992; 

Minamisawa et al., 1990).  

 

Numerous studies suggest that hypothermia protects brain tissue from the effects of 

ischemia in a multiple mechanism. For example, it could reduce the metabolic rate 

(Kawamura, et al., 2000), and lessen the ischemic overdose of excitatory 

neurotransmitters (Li et al., 1999). These attenuate the influx of intracellular calcium, 

the herald of subsequent neuronal death. Additionally, hypothermia suppresses the 

synthesis of oxygen free radicals involved in the ischemic neurons (Zhao et al., 1996). 

It also improves the integrity of the blood brain barrier, thus diminishing cerebral 

edema and lowering the risk of hemorrhagic transformation (Kawai et al., 2000).  

 

It was reported that low body temperature (approx 32 °C) in stroke patients in 

admission led to a more favorable outcome (Kammersgaard et al., 2002; Krieger et al., 

2001; Wang et al., 2000), thus indicating the probable value of hypothermia in patients 

with acute stroke. Neuroprotection conferred by mild to moderate hypothermia is 

likely to undergo phase III clinical trials in various clinical settings. Preliminary 

studies suggest that mild to moderate hypothermia is a useful adjunct to thrombolytic 

therapy for ischemic stroke. Thus, timing, degree, and duration rules are being 

developed and methods of cooling further perfected to optimize the safety and efficacy 

of this promising approach (Hammer and Krieger, 2003).  

 

1.3.4 Summary   

 

With regard to the treatment of ischaemic stroke, two major approaches have been 

developed. One approach is to preserve the blood perfusion to the compromised region 

by dissolving the clot using thrombolytic drugs, or preventing the formation of clot by 
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anticoagulants. At present, t-PA is the most used thrombolytic drug for the treatment 

of acute ischaemic stroke. However, the use of t-PA is restricted to administration 

within 3 h of the stroke, which is a challenging admission target. Furthermore, its use 

increases the risk of hemorrhagic transformation (Wardlaw et al., 1997), which limits 

its acceptability. Clinical studies have also been performed by using local intra-arterial 

thrombolysis with prourokinase (Furlan et al., 1999), and intravenous administration 

of ancrod, a defibrinogenating compound (Sherman et al., 2000). These have produced 

encouraging clinical data but neither is currently registered for general use in the 

treatment of stroke.  

 

The second approach is to develop compounds, the so-called neuroprotective agents, 

that interfere with the biochemical cascade of events involved in cerebral ischemia 

leading to cell death. The general assumption is that the core area of damage 

(infarction) will not be salvaged but that the area surrounding the core (the penumbra), 

despite being compromised with a low blood flow, can be saved by some appropriate 

conditions (either a blood reflow or an administration of a neuroprotectant). Evidence 

indicates that if left untreated, the penumbral region will become part of the core 

region (Ginsberg, 2003). In past decades, accumulating substantial knowledge have 

indicated that the ischemic injury cascade is highly complex, thus offering multiple 

targets for investigation and pharmacologic intervention. As described above, a 

variety of different pharmacologic classes of compounds is currently being 

investigated for their ability to protect neurons from the effects of cerebral ischemia. 

These neuroprotective agents act at different points on the complex cascade of events 

believed to underlie ischemic brain damage. However, although many neuroprotective 

agents have been shown to be beneficial in preclinical trials, their therapeutic potential 

in clinical setting remains to be determined (Kidwell et al., 2001). Further clinical 

trials are still necessary to ascertain the safety and efficacy of these agents to the stroke 

population and provide  data that will be the basis for the approval of prescribing 

information for these agents when they are marketed.  
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1.4       Animal Models of Acute Cerebral Ischemia  

 

Ischemic stroke is one of the leading causes of death and also a major cause of 

long-lasting disability in major industrialized countries (Bonita, 1992). Presently, 

thrombolytic therapy with tPA is the only approved thrombolytic therapy for ischemic 

stroke in clinic (The NINDS, 1995). But the use of it is restricted to the administration 

within 3h of the stroke. Furthermore, its use increases the risk of hemorrhagic 

transformation (Wardlaw et al., 1997), which limits its acceptability. Therefore, to 

develop the potential efficacy of any drug in ischemic stroke patients, animal models 

of cerebral ischemia must be established and rightly used. Over the past decade, many 

animal models of cerebral ischemia have been developed by reducing blood supply to 

the brain tissues. These models can be classified as global, thromboembolytic and 

focal.   

 

1.4.1     Global Models 

 

Global models involve blocking (occluding) the major blood vessels that supply the 

forebrain and result in ischemia over a large portion of the brain. There are three main 

types of global models. 

 

1.4.1.1  Two Vessel Occlusion 

 

Levine and Sohn first reported the model of two vessel occlusion by occluding the 

bilateral common carotid artery in rats (Levine and Sohn, 1969). Later, the murine 

model of two vessel occlusion was also used to study the delayed neuronal death due 

to the ischemic insult (Matsunaga et al., 2003).  This model operates easily and the 

cost is low, but it is generally believed only to result in mild ischemia because the 

basilar artery can still supply blood to the ischemic region by the Willis circle.  
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An improved model of the two vessel occlusion plus hypotension was founded by 

Smith (Smith et al., 1984). In this model, it is necessary to keep the blood pressure of 

the rat between 45-50 mmHg to result in a low blood supply in the brain. This model 

only needs an one-stage surgery, and physiological parameters can be measured, but it 

needs to induce hypotension and sometimes post-ischemic seizures can be observed.  

 

The two vessel occlusion model in gerbil, an animal without the Willis circle, was 

founded by Kirino (Kirino, 1982). This model can results in more severe damage in 

gerbil than normal animals, and only simple surgery is needed. Thus, it is rapid for 

screening purposes, and can get delayed and selective neurodegeneration and reliable 

measurement of damage (Kirino et al., 1986). But it has some drawbacks, including 

the limited source of the animals and the difficulties in undertaking physiological 

measurements and the variable outcome due to variations in cerebral circulation. 

 

1.4.1.2  Three Vessel Occlusion 

 

As its name implied, the three vessel occlusion model occludes three vessels: the 

bilateral common carotid artery and the basilar artery. This model was founded by 

Kameyama in 1985 (Kameyama, 1985). This model not only blocks the main vessels, 

but also the collateral vessels, and thus making a severe ischemia. But the surgery of 

the three vessel occlusion is very complicated, and is likely to induce hemorrhage 

when electrocoagulating the basilar artery. 

 

1.4.1.3  Four Vessel Occlusion 

 

Because of the abundant collateral circulation and the bilateral blood supply, it is hard 

to induce an ideal global ischemia model by merely blocking the bilateral common 

carotid artery and the basilar artery. So the four vessel occlusion model came into 

being in 1979 (Pulsinelli and Brierley, 1979). This model can induce severe ischemic 

damage when the rats are conscious, and there are definite criteria to fulfill for the 
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ischemia to become successful. This model involves a complicated surgery technique 

through a two-stage operative procedure, which largely confines its application. In 

addition, this model can result in variable outcome within animals of both one strain 

and different strains. 

 

1.4.2     Thromboembolytic Model 

 

Photochemical technique is often used in the induction of thromboembolytic models. 

It involves an intravenous administration of the photosensitive dye, rose Bengal, and 

an irradiation of specific areas of the brain with a focused light beam at a specific 

wavelength (Watson et al., 1985). The dye reacts with the light to produce oxygen 

radicals which peroxidize the endothelial lipids (i.e. damage them and stimulate the 

clotting reactions in those areas), resulting in platelet aggregation and thrombosis. No 

craniectomy but a mere a retraction of the skin over the skull is required. The resultant 

lesion develops rapidly outward from the core, together with an edema formation 

(Dietrich et al., 1987; Green and Cross, 1994). The size of the initial core area in this 

model appears to be determined by the diameter of the light beam. When performed 

correctly, this method produces consistent infarcts (Nakase et al., 1997).  However, 

unlike other occlusion models, there is not a penumbral region of the type as seen in 

focal stroke, and the time course of blood-brain barrier disruption is very different in 

human cerebral ischemia (Forsting et al., 1994).  Therefore, this model has limited 

validity in focal ischemia research.  

 

Another method to induce thromboembolytic models involves the injection of blood 

clot fragment (about 100-300 µm after crushing) into the internal carotid artery 

(Papadopoulos et al., 1987) or the base of the MCA (Wang, et al., 2001). Although 

these result in an acute emboli that block the cerebral arteries, the location or size of 

the infarct varies with these models.  

 

1.4.3      Focal Models 
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The focal models are often said to be of greater relevance to acute ischemic stroke 

which produces brain infarction (Mhairi Macrae, 1992). The focal models occlude a 

specific vessel, usually the MCA because the majority of human ischemic strokes 

result from the occlusion in the region of the MCA. The MCA occlusion (MCAO) 

models can be permanent or transient (removal of the blockade to allow reperfusion). 

Since spontaneous recanalization frequently occurs in the ischemic stroke patients in 

clinic (Saito et al., 1987), it is proposed that MCAO incorporated with reperfusion 

mimics the clinical situation more closely and has been used extensively (Mhairi 

Macrae, 1992).  

 

A model of reversible MCAO, i.e. reperfusion following ischemia, can be prepared by 

the application of endothelin-1 (a very potent vasoconstrictor) to the exposed MCA in 

rats (Robinson et al., 1990). Endothelin-1 causes vasoconstriction of the MCA for a 

period of time, followed by a relaxation allowing for reperfusion. The amount of 

endothelin-1 applied affects the strength and duration of the MCA vasoconstriction, 

and thereby the severity of the infarction. Other methods to induce 

ischemia-reperfusion involve the temporary occlusion of the arteries using surgical 

clips, hooks or ligature snares (Shigeno et al., 1985).  

 

The most popular MCAO technique in use today is the intraluminal filament model 

(Longa et al., 1989). In this model, a nylon filament (coated with poly-L-lysine) is put 

in the internal carotid artery all the way up to a few millimeters beyond the MCA in 

rats or mice. Ischemia with a subsequent reperfusion can be achieved by removing the 

intraluminal filament. In this technique, the infarction size can be controlled by the 

length of time in which the nylon thread is being left inside. No craniectomy is 

required, and surgical intervention is relatively simple compared to that of the global 

ischemic model. When performed correctly under controlled experiments, the location 

and size of the infarcts are very consistent in experimental rats or mice.  
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1.4.4    Attentions to the Evaluation of Neuroprotective Agents in Animal    

Models 

 

Many data show that the changing of several physiological parameters had effects on 

the outcome of ischemic stroke in both human and animal models. This concordance 

should provide confidence in the value of animal models. However, although >37 

potential neuroprotective agents have been studied in >114 clinical trials (Kidwell et 

al., 2001), none is clinically efficacious and in use in the Western World. One possible 

answer to the question why the neuroprotective agents efficacious in animal model 

were not effective in clinical trials is that the compounds had not been administered in 

clinical trials in the same way that was efficacious in animals. Moreover, the animal 

model may not be appropriately applied. Therefore, the following attentions should be 

considered in the evaluation of neuroprotective agents in animal models.  

 

1.4.4.1    Appropriate Animal Model 

 

Any suggestion about which is the ‘best’ rodent model to test putative neuroprotective 

agents is likely to prove contentious. Most investigators have personal considerations 

anout the major published models (Green and Cross, 1994; Traystman, 2003) and 

often claim that their model has particular relevance, even though the predictive value 

cannot be demonstrated in the absence of a clinically efficacious drug. Nevertheless, 

the MCAO model is now widely accepted as the primary model. In general, efficacy in 

the reperfusion MCAO models might be acceptable since the drug might be combined 

with a thrombolytic for the treatment of  acute cerebral ischemia or the late onset of 

spontaneous reperfusion which occurs in 50% of the stroke patients (Ringelstein et al., 

1992; Saito et al., 1987). 

 

Many animal species, such as mice, gerbils, rats, cats, dogs or primates, have been 

used to study brain ischemia and evaluate the effect of different neuroprotective agents. 

Rats are mostly used due to their similar cranial circulation to that of the human 
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(Mhairi Macrae, 1992; Yamori et al., 1976), the low cost and ease of experimentation. 

Also, cheap mice are often used for the screening study. Although the behavioral 

profile of rats or mice is somewhat limited, it is extensively documented. Moreover, it 

is reasonable to suggest that several species be studied, if possible, because of the 

evidence that neuroprotective drugs can have very different effects in different species. 

Besides, as we know, stroke is primarily a problem of mid or late life. Therefore, the 

animals used in experiments should not be almost invariably young but rather aged.  

 

1.4.4.2 Therapeutic Windows of Opportunity 

 

One of the most important and obvious factors to bear in mind when considering the 

acute treatment of ischemic stroke is that patients are treated after they have had stroke. 

The “therapeutic window of opportunity” is the time from the initial blood vessel 

occlusion in animal models or the onset of symptoms in patients to drug administration. 

Potential therapeutic agents must, therefore, be shown to be efficacious when given 

after the insult. This would rule out a significant number of experimental studies where 

claims for the possible value of a drug in stroke have been made solely on the basis of 

results demonstrating efficacy when the drug has been given before (or both before 

and during) the ischemic insult.  

 

Although there is some evidence that it might take many hours for damage to develop 

in the human brain (Baron, 1999), the biomedical changes that follow an ischemic 

insult in animal brains have been reported to be a time-course process (Dirnagl et al., 

1999). For example, glutamate release occurs in minutes and neuro-inflammation 

occurs after several hours. It seems reasonable to assume that neuroprotective agents 

that work on a specific biochemical mechanism must be given at the time when the 

mechanism is active. For example, NMDA receptor antagonists only protect in stroke 

models for up to 60-90 min post-occlusion (Massieu et al., 1993) since glutamate 

release occurs early in the ischemic biochemical cascade (Dirnagl et al., 1999). And 

t-PA is effective when given within 3h clinically (The NINDS, 1995) as well as in 
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animal models (Brinker et al., 1999). Therefore, compounds, acting on mechanisms 

that occur later in the ischemic biochemical cascade have a reasonably large window 

of opportunity in cerebral ischemia, and are thus more effective neuroprotection in 

clinic.   

 

1.4.4.3   Hypothermia 

 

The deleterious effect of hyperthermia on the outcome of stroke in both rodent and 

human have long been recognized (Schwab et al., 1998; Thornhill and Corbett, 2001). 

Higher concentrations of glutamate and glycine are present in the cerebrospinal fluid 

of patients with hyperthermia, indicating that excitotoxic effects might contribute to 

the adverse impact of hyperthermia (Castillo et al., 1999). By contrast, the beneficial 

effect of hypothermia is well established in experimental models of stroke (Schwab et 

al., 2001). In addition, low body temperature in stroke patients in admission leads to a 

more favorable outcome (Kammersgaard et al., 2002; Wang et al., 2000), which 

indicates the probable value of hypothermia. Therefore, the body temperature should 

be controlled in the animal experiments.   

 

1.4.4.4   Drug Dose Design  

 

A major problem with some compounds is that important adverse events limit the 

possibility of achieving dose levels that have maximal neuroprotective effects in 

animals (Muir and Lees, 1995). Many compounds examined in clinical trials had even 

produced marked adverse events (such as sedation and ataxia) in rats when they were 

given at doses that were neuroprotective (Dawson et al., 2001). Therefore, a relatively 

high selectivity of neuroprotective effect should be the key feature of potential agents 

for the treatment of acute cerebral ischemia in clinic. Recent studies indicate that a 

much higher drug exposure might be required to provide neuroprotection in the model 

of permanent ishemia than that of  transient ischemia (Sydserff et al., 2002). This 

observation might be clinically important. The ability to attain the exposure necessary 
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to provide protection in permanent ischemia in animals might have the potential 

significance clinically. 

 

1.4.4.5 Ways of Giving Drugs 

 

The blood brain barrier (BBB) provides an exquisite regulation of the internal 

chemical environment of the central nervous system (CNS) by regulating the internal 

environment with a mechanism of low passive permeability combined with a highly 

selective transport system between the blood and the brain (Bartus, 1999). While this 

system may protect the brain by maintaining a controlled environment, it also creates a 

barrier for the transport of drugs from the blood to the brain parenchyma (Bartus et al., 

1996). In fact, only a fraction of all bioactive drugs possesses the ability to penetrate 

the BBB, which greatly limits the outcome of the treatment of CNS diseases.   

 

The intracranial administration of drugs in animal studies allows very high local 

concentrations of the particular agents. However, this is usually not possible in 

humans. Dantrolene (Nakayama et al., 2002), propofol (Yano et al., 2000), and 

lisuride (Caldwell et al., 1997) are given in that manner. Thus, it remains unclear 

whether the beneficial effects of these agents could still be replicated with a route of 

application that is more common in the clinical environment. In addition, allopurinol 

(Mink, et al., 1991), polyunsaturated fatty acids (Blondeau et al., 2002), progesterone 

(Cervantes et al., 2002), cyclosporin A and FK506 (Uchino et al., 2002), and, in most 

studies, estrogen as well (Horsburgh et al., 2002; Watanabe et al., 2001) have to be 

applied chronically and the effect of an acute systemic application remains doubtful. 

In this regard, the potential preconditioning effect of a chronically applied drug and its 

acute neuroprotective effect when administered immediately before the ischemic 

injury must be distinguished. 

 

1.4.5     Summary 
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Acute ischemic strokes result from the occlusion of a major cerebral artery by a 

thrombus or an embolism, which leads to a loss of blood flow in a specific region. A 

key feature in the development of neuroprotective agents is the use of animal models 

of stroke. In past decades, accumulated knowledge has greatly elucidated the 

mechanisms that follow an ischemic stroke, and many compounds, interfering with 

these mechanisms, have been proved to be beneficial for cerebral ischemia in animal 

models. However, none of these potential neuroprotective agents is clinically 

efficacious and in use in the Western world. Theoretically, animal models of stroke are 

generally regarded to have clinical relevance and it is reasonable to propose that a drug 

that attenuates ischaemia-induced damage in the appropriate models will also prove 

effective in humans when given in an equivalent manner. The observed lack of 

efficacy of these drugs may be due to delays in the initiation of treatment, inadequate 

doses, inadequate drug penetration, adverse effects, or insufficient matching of a 

drug’s mode of action to the mechanism of brain injury (Fisher and Bogousslavsky, 

1998; Lee et al., 1999). For example, thrombotic, embolic, and small-vessel strokes 

may all involve the deep white matter, where no synapses are found. Thus, it is 

unlikely that a neuroprotective drug that acts at the synaptic level, such as the NMDA 

receptor antagonist (Massieu et al., 1993), would be effective in protecting the 

ischemic white matter. Perhaps even more important, arterial occlusion and inadequate 

circulation in collateral vessels may preclude the adequate delivery of the drug to a 

substantial portion of the ischemic tissue. In future, therefore, it is strongly 

recommended that animal models should be modified to reflect more accurately the 

complexity of human stroke and compounds be administered to patients using exactly 

the same conditions (such as exposure and time window) that produce functional and 

histological protection in animals.  

 

1.5        Natural 3-alkylphthalide Derivatives 

 

1.5.1     Distribution and Categories of Derivatives of 3-alkylphthalide in Plants 
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3-alkylphthalides, widely present in Umbelliferae plants, are important derivations of 

phathalide. The chemical studies of these constituents have started in the late 

nineteenth century. Since then, numerous studies have been done to isolate 

3-alkylphthalides from plants and identify their structures (Fig 1.1). Butylphthalide 1, 

Butylidephthalide 2 and 3, and Neocnidilide 4 were first isolated from Apium 

graveolens in the late ninteenth century. Barton et al. discovered Butylphthalide 1 and 

Sedanolide 5 in the seeds of A. graveolens (Barton et al., 1963).  Naves et al. isolated 1, 

2, 4 from Levisteum officinale and suggested that these compounds also existed in 

other plants that had a relationship with L. officinale (Naves, 1943).  Mituhashi et al. 

systematically studied the components of plants belonging to the genus Umbelliferae 

and pointed out that 3-hydroxyphthalide was the typical compound of Umbelliferae 

plants (Mituhashi et al., 1960).  In addition, they isolated Ligustilide 6 from 

Ligusticum acutilobum in the next year and corrected some mistakes made by previous 

scientists because the compounds they isolated were not pure enough. Two groups of 

Yamaishi and Bjeldanes simultaneously isolated 3-n-Butyl-4, 5-dihydrophthalide 7 

from Senkyu and the seeds of A. graveolens respectively (Bjeldanes and Kim, 1977; 

Yamagishi and Kanesshima, 1977).  Butylphthalide 1 and Ligusitlide 6 were also 

isolated from Angelica sinensis, known as Danggui in Chinese (Lin et al., 1979 ; Wang 

et al., 1985).  Mitsuhashi et al. isolated Cnidilide 11 from Cnidium officinale 

(Mitsuhashi and Muramatsu, 1964). Fehr isolated 3a, 4-dihydroisobutylidenephthalide 

12 from A. graveolens (Fehr,1979). 

 

With the development and the wide use of instrumental analysis, mono-hydroxy, 

bi-hydroxy and dimeride derivations of 3-alkylphthalide were further discovered, 

among which a series of 3-hydroxyphthalides including mono-, bi-hydroxy such as 13, 

14, 15, 16, 17, 18, 19 ,20, 21 were isolated (Kobayashi et al.,1987; Kobayashi and 

Mitsuhashi, 1987) .  Wang et al. isolated 18, 20, 24 from Senkyu (Wang et al., 1984). 

Kobayashi et al found Butylidenephthalide 2 and Senkyunolide (Senkyunolide A) 9 

from the rhizomes of Cnidium officinale Makino (Kobayashi et al, 1984).  Kaouadji et 

al. isolated 25, 41, 48 from Ligusticum wallichii rhizoma (Kaouadji et al., 1986). 
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Kobayashi et al. isolated Senkyunolide J 34 from the commercial C. officinale rhizoma 

(Kobayashi et al., 1987).  Kobayashi et al. isolated Senkyunolide M 33 and 

Senkyunolide L 35 from L. wallichii (Kobayashi and Mitsuhashi, 1987).  Compound 

17, 21, 22 were also isolated from senkyu (Naito et al., 1992).  Two new phthalides, 

Senkyunolide R 26 and S 27 were isolated from Ligusticum chuanxiong rhizoma 

(Naito et al., 1996).  Banerjee et al. isolated Angeodide 36 and Angelicolide 37, two 

dimerides of phthalide, from Angelica glauca Edgew and identified their structures 

(Banerjee et al., 1982; Banerjee et al., 1984).  Angelicide 49 was isolated from A. 

sinensis (Chen and Zhang, 1984).  Cichy et al. obtained Angeolide 36 from L. 

officinale and discovered Levistolide A 39, Levistolide B 40 (Cichy et al., 1984). 

Kaouadji et al. isolated 6, 9, 29 from L. wallichii (Kaouadji et al., 1983).  Wang et al. 

reported that they obtained a new dimeride named Wallichilide 42 from L. wallichii 

(Wang et al., 1984).  Delgado et al. isolated 6, 38, 46 from a Mexican plant Ligusticum 

porteri (Delgado et al., 1988).  Hon et al. isolated a new dimeride 43 from A. sinensis 

(Hon et al., 1990).  Naito et al. isolated Senkyunolode P 50 and Tokinolide B 51 from 

the rhizome of L. chuanxiong (Naito et al., 1991).  Li et al. extracted E-Ligustilide 10 

from A. sinensis (Li et al., 2001).  Lin et al. first reported the existence of 16 

compounds in Danggui including Sendanenolide 8, Senkyunolide B 13, Senkyunolide 

C 14, Senkyunolide D 15, Senkyuolide E 16, Senkyunolide F 17, Senkyunolide G 18, 

Senkyunolide H 23, 3-butylidene-7-hydroxyphthalide 24, Z-6,7-epoxyligustilide 25, 

E-6,7-dihydroxy-di-hydroligustilide 28, Senkyunolide I 29, Z-6-hydroxy-7-methoxy- 

dihydroligustilide 30, Coniferyl ferulate 31, 2-(1-Oxopentyl) -benzoic acid methyl 

ester 32 and Z,Z'-3.3',8.8'-diligustilide 44 (Lin et al., 1998).  Recently, a new dimeric 

derivative and a pair of epimer were isolated from the rhizome of A. sinensis (Su et al., 

2005) and their structures were identified as Z-3',8,3'a,7'a-tetrahydro-6,3',7,7'a- 

diligustililde-8'-one 45, Z,Z'-6,6',7, 3'a-diligustilide 46 and the 8-epimer 47 of 46. 

 

Chemical studies on the natural 3-alkylphthalides have been carried out for more than 

a hundred years. According to the structure characteristics, the natural 

3-alkylphthalides and their derivatives can be classified into three groups: (1) 
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compounds of 3-alkylphthalides (structure number 1-12, Fig 1.1); (2) mono- or 

bi-hydroxy derivatives of 3-alkylphthalide (structure number 13-35, Fig 1.1); (3) 

demeric  derivatives of 3-alkylphthalide (structure number 36-51, Fig 1.1). 

 
        
1.5.2     Pharmacological Profiles of 3-alkylphthalides 

 

As described in chapter 1.5.1, numerous studies have indicated that 3-alkylphthalides 

are the characteristic components of important medical plants, especial Umbelliferae 

plants. In the past over hundred years, more than fifty 3-alkylphthalides were isolated, 

and most of them have been shown to possess various bioactive effects.  

 

1.5.2.1  Protection on Cerebral Ischemic Injury 

 

 

Butylphthalide, one of the most stable 3-alkylphthalides, was first isolated from Apium 

graveolens in the nineteenth century in Europe. Studies have showed that synthetic 

butylphthalide has marked effect for the treatment of ischemic cerebrovascular 

diseases, which may result from the improvement of the cerebral microcirculation 

dysfunction, antioxidant effect, anti-apoptosis, and inhibition on iNOS expression and 

NO production (Chang and Wang, 2003; Chong and Feng, 1999; Hu and Li, 2004; Xu 

and Feng, 1999). The synthetic dl- and l-butylphthalide have been proved to induce 

dilation of the pial arterioles and the increase in blood flow velocity in focal brain 

ischemia rats induced by MCAO (Xu and Feng, 1999). According to the study by 

Chong and Feng, dl-butylphthalide (20 mg/kg, i.p.) significantly decreased the content 

of malondialdehyde in the cerebral cortex of rats subjected to 1 h of reperfusion 

following 6 h of MCAO (Chong and Feng, 1999). A study by Chang and Wang (2003) 

showed that butylphthalide, especially its s-(-)-enantiomer almost completely 

inhibited the cerebral neuronal apoptosis induced by ischemia-reperfusion. 

s-(-)-butylphthalide at doses of 5 and 10 mg/kg (i.p.) could significantly reduce the 
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release of cytochrome c, decrease the activation of caspase-3, and inhibit DNA 

fragmentation in focal cerebral ischemia rats subjected to 24 h of reperfusion 

following 2 h of MCAO. Moreover, the neuroprotective effect of 3-n-butylphthalide 

was proved to be, in part, due to the inhibition of the production of NO and the 

expression of iNOS in chronic episodic hypoxia (Hu and Li, 2004).  

 

1.5.2.2   Effect on Central Nervous System  

 

It was reported that Radix Angelica sinensis had some inhibitory effect on the central 

nervous system (Schmidt et al., 1924). Xie and Tao found that ligustilide exhibited 

mild inhibitory effect in the nervous system, which suggested that ligustilide was 

probably one of the active components of the central nervous inhibition of Radix 

Angelica sinensis (Xie and Tao, 1985).  Their results showed that ligustilide (98 mg/kg, 

i.p.) significantly decreased the spontaneous movement of mice; 98 or 196 mg/kg (i.p.) 

of ligustilide antagonized the central excitation reaction induced by ketamine in mice, 

shortening the latency of mice sleep and the lasting time induced by the pentobarbital 

and decreased body temperature of mice from 37.9 ± 0.2 °C and  38.1 ± 0.2 °C to 36.8 

± 0.4 °C and 35.9 ± 0.2 °C, respectively; 294 mg/kg ligustilide (i.p.) inhibited the 

electric-induced irritating reaction of the mice. In addition, Matsumoto et al. found 

that intraperitoneal injection of ligustilide (5-20 mg/kg) or  butylidenephthalide (10-30 

mg/kg) could reverse the pentobarbital sleep decrease in isolated mice, and both 

components (20 mg/kg, i.p.) attenuated the suppressive effects of yohimbine, 

methoxamine and a benzodiazepine inverse agonist, FG7142, on the pentobarbital 

sleep in some group-housed mice.  These results suggested that the central 

noradrenergic and/or GABAA systems were implicated in the effects of these 

components (Matsumoto et al., 1998). 

 

Juice squeezed from fresh celery leaves has long been used in China for the treatment 

of epilepsy. Two anticonvulsive compounds, butylphthalide and ligustilide, were 

isolated from the seeds of the plant Apium graveolens (Yu and You, 1984). Yu and 
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You reported that both the natural compounds and synthetic dl-butylphthalide 

produced very similar protection action against maximal electroshock seizure test, 

minimal electroshock threshold test, metrazol seizure threshold test and maximal 

audiogenic seizure in mice and rats. The ip ED50 of dl-butylphthalide was found to be 

75.0 ± 8.9 mg/kg in mice and 76.0 ± 3.8 mg/kg in rats. In the essential oil of 

Ligusticum sinense (Oliv) cv. Chaxiong, 5 phthalides with anticonvulsive activities 

were also isolated and identified as butylidenephthalide, ligustilide, butylphthalide, 

neocnidilide, and senkyunolide on the basis of spectral data (Luo et al., 1996). The 

preventive effect of butylphthalide was detected in rats with chronic epilepsy. The rat 

chronic epilepsy was produced by coriaria lactone (0.9-1.5 mg/kg, i.m.) twice a week 

for 3 months. The effects of coriaria lactone, butylphthalide (700 mg/kg, i.g.)  and 

diazepam (1.5-5.0 mg/kg, i.p.) on learning and memory were studied a by step-down 

test and parallel experiments were performed to study the behavior and morphological 

changes of the hippocampus (Yu et al., 1988). It was found that coriaria lactone 

elicited amnesia and disrupted the acquisition process in the step-down test. Both 

butylphthalide and diazepam antagonized the learning and memory deficits with 

butylphthalide being much stronger than diazepam. Examination of the hippocampus 

of the butylphthalide group revealed no sign of abnormality as compared with the 

control group.  

 

1.5.2.3 Relaxing Effect on Muscle 

 

A. Effect on Smooth Muscle 

 

The effects of butylidenephthalide, ligustilide, and butylphthalide purified from the 

neutral oil of Ligusticum wallichii were studied on isolated smooth muscle (Ko, 1980). 

Among these 3 compounds, butylidenephthalide was the most active in inhibiting rat 

uterine contractions induced by prostaglandin F2α, oxytocin, and acetylcholine.  

Butylidenephthalide inhibited contractile responses of the ileum to agonists, including 

acetylcholine, K+, and Ba2+, in normal Tyrode solution and to exogenous Ca2+ in high 
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K+ (80 mM), Ca2+-free Tyrode solution, and also vas deferens responses to 

norepinephrine.  Butylidenephthalide is a nonspecific antispasmodic and was weaker 

in potency than papaverine.  However, as the inhibitory effects of butylidenephthalide 

on phasic contraction and tonic contraction of preparations, including depolarized and 

nondepolarized ileum, were about the same, the action mechanism of 

butylidenephthalide seemed to differ from that of papaverine which inhibited tonic 

contraction more selectively than phasic contraction. Thus, butylidenephthalide 

possesses a nonspecific antispasmodic action, the mechanism of action being different 

from that of papaverine. The further analysis of structure-activity suggested that alkyl 

substitution at C-3 increased the inhibitory activity probably due to an increase in lipid 

soly (Ko et al., 1977). The 3-double bond was also an important structural feature for 

the inhibitory effect.  Butylidenephthalide was more active than ligustilide, possibly 

due to the presence of aromatic character in butylidenephthalide. In addition, seven 

racemic ligustilide dimers were isolated and purified from Angelica sinensis, and 

identified as the smooth muscle relaxants for treating menstrual disorder, urgent 

premature birth and hypertension were claimed. IC50 value of a ligustilide dimer tested 

for the smooth muscle contraction inhibition was 31.8 M vs. 49.9 M for 

butylidenephthalide control (Kanita et al., 1995).  

 

According to the study by Tao et al. (1984), ligustilide had remarkable antiasthmatic 

effect in vivo and in vitro experiments. When injected into guinea pigs 

intraperitoneally at a dose of 0.14 ml/kg, the asthmatic reaction induced by 

acetylcholine and histamine was immediately impeded with a potency approximately 

equal to the action of aminophylline (50 mg/kg). Lung overflow experiment showed 

that an intravenous injection of ligustilide (0.08 ml/kg) into the anesthetic guinea pig 

caused complete or partial block of the reaction of histamine at the dose of 2 - 10 µg/kg. 

ligustilide also exhibited antispasmodic effect on isolated trachea strip of the guinea 

pig contracted by acetylcholine, histamine and barium chloride, and a relaxation effect 

on trachea strip under normal tension. Addition of propranolol did not affect those 

actions (Tao et al. 1984).  
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B. Effect on Skeletal Muscle 

 

Three phthalide compouds (ligustilide, cnidilide and senkyunolide) were extracted 

from the rhizome of Cnidium officinale, and the centrally acting muscle-relaxant effect 

was investigated on the crossed extensor reflex in anesthetized rats. The results 

showed that these 3 compounds (administered i.p.) could depress the reflex response. 

Their depressive potencies were almost the same, and their potencies were also the 

same or somewhat weaker than that of mephenesin.  Since no curare-like action was 

observed, the muscle relaxation induced by these phthalide compounds was 

considered to be due to a central action (Ozaki et al., 1989). 

 

1.5.2.4   Regulation on Microcirculation  

 

Ligusticum chuanxiong rhizoma has been widely used for activating blood circulation 

and removing blood stasis in the Chinese medicine. The effects of phthalide dimers 

from the rhizome of  Ligusticum chuanxiong were studied on the thoracic aorta, 

mesenteric arteries and blood viscosity. Four phthalide dimers, tokinolide B, 

levistolide A, riligustilide and senkyunolide P relaxed KCl-induced contraction on the 

rat thoracic aorta. These compounds also reduced the KCl-induced perfusion pressure 

of the rat mesenteric arteries.  On the other hand, phthalide dimers, tokinolide B, 

senkyunolide P and phthalides, senkyunolide, butylphthalide and cnidilide decreased 

the blood viscosity. These results suggested that phthalide dimers and coniferyl 

ferulate might be important constituents in the rhizome of Ligusticum chuanxiong for 

activating blood circulation and removing blood stasis (Naito et al., 1995). 

 

Ligustilide is also a main active constituent in the essential oil from the rhizome of 

Ligusticum chuanxiong. The influence of the essential oil on microcirculation in 

conjunctiva bulbar was compared in rabbits intravenously injected with dextran T500 

before and after the ligustilide was decomposed.  Results showed that there was no 

difference between the two types of essential oil in the spasmolysis of venule. But the 
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effects of the ligustilide-decomposed essential oil were obviously weakened in 

spasmolysis of arteriole, decoagulating erythrocyte, increasing the number of opened 

capillary, accelerating the speed of blood flow and enlarging the amount of blood flow 

in microcirculation (Shi et al., 1995). Thus, ligustilide is probably an active constituent 

to improve microcirculation.  

 

1.5.2.5   Antiproliferative Efects on Smooth Muscle Cells 

 

The inhibitory effects of Cnidium rhizome-derived phthalides on the competence and 

progression phases of fetal bovine serum (10%)-induced proliferation were compared 

in the primary cultures of mouse aorta smooth muscle cells (SMC).  Their potencies 

for the competence inhibition were in the order of senkyunolide L > senkyunolide H > 

senkyunolide J > senkyunolide I > ligustilide = senkyunolide A > butylidenephthalide. 

The order of their potencies for the progression inhibition was parallel with that for the 

competence inhibition.  Senkyunolide L was considered to be formed during the 

extraction of cnidium.  These results demonstrated that the (Z)-6,7-dihydroxy isomer 

of the dihydroligustilide derivatives was essential for the anti-competent effect on the 

proliferation of the SMC in primary culture.  Senkyunolide H in cnidium rhizome may 

be a prototype of a new anti-atherosclerotic drug (Kobayashi et al., 1993). The IC50 

values of senkyunolide H, senkyunolide A, ligustilide and butylidenephthalide derived 

from cnidium were below 0.1, 1.52, 1.68 and 3.25 g/mL, respectively (Kobayashi et al., 

1992).  

 

1.5.2.6   Essence for Food Addiitive 

 

Most phthalides are of favorable aroma odor. The following aroma phthalides were 

identified from the essential oil of the fruit, leaf, stem, tuber, and root of celery (Apium 

graveolens):  butylidenenephthalide, butylphthalide, ligustilide, and 3-isobutylidene- 

3a, 4-dihydrophthalide (3a,4-dihydroisobutylidenenephthalide) (Fehr, 1979). 4 aroma 

phthalides were also found in the different organs of Apium  graveolens rapaceum 

 87



(celeriac) (Fehr, 1981). These natural aroma phthalides are available for the essence of 

food additive. 

 

 1.5.2.7   Insecticidal Effect  

 

The insecticidal activity of two phthalides from Angelica acutiloba was investigated 

and compared with that of rotenone (Miyazawa et al., 2004). Z-butylidenephthalide 

and Z-ligustilide exhibited LC50 values of 0.94, 2.54, µmol/mL respectively of a diet 

concentration against larvae of D. melanogaster. Against both sexes (males/females, 

1:1) of adults (5-7 days old), Z-butylidenephthalide showed the most potent activity 

with a LD50 value of 0.84 µg/adult. Z-butylidenephthalide is a more active insecticide 

than rotenone (LD50 = 3.68 µg/adult) and has the potential as a novel insect control 

agent. However, Z-ligustilide was inactive against adults. The structure-activity 

relationship of phthalides isolated indicated that the aromaticity appeared to play an 

important role in the activity of both larvae and adults.  

 

1.5.3      Clinical Application of Derivatives of 3-alkylphthalide 

 

1.5.3.1 Treatment of Essential Oil of Angelica sinensis for Irregular 

Menstruation and Amenorrhoea 

 

 Angelica sinensis is one of the most important traditional Chinese medicines used for 

tonifying blood and treating female irregular menstruation and amenorrhoea. 

Ligustilide has long been regarded as the main bioactive chemical constitute of 

Angelica sinensis (Lin et al., 1979) and effective for the treatment of primary and 

secondary dysmenorrhea in clinic (Gao et al., 1988). The clinical study indicated that 

the essential oil of rhizomes of Angelica sinensis, the main constituent of which was 

ligustilide (purity not indicated), generally reduced the syndrome of dysmenorrhea in 

2 h after oral administration and significantly relieved or eliminated it in 6-24 h. After 

the treatment of three consecutive cycles (each cycle with 3-7 days) of ligustilide (150 
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mg/time×3 per day, i.g.) during menstruation period, 20.54% of patients obtained 

significant effective results and did not recur in 3 months, and 76.79% attenuated the 

pain of patients. In addition, ligustilide was more effective for primary than secondary 

dysmenorrhea. 

 

1.5.3.2 Treatment of Butylphthalide for Acute Ischemic Stroke 

 

3-butylphthalide (NBP) is a bioactive constituent first isolated from  Apium 

graveolens in the nineteenth century in Europe. In the past decade, systemic studies 

have been carried out on the treatment of NBP for acute moderate ischemic stroke 

(Chang and Wang, 2003; Chong and Feng, 1999; Hu and Li, 2004; Xu and Feng, 

1999). Cui et al reported the results of their multicentric randomized study of 

synthesized NBP in the treatment of acute moderate ischemic stroke (Cui et al., 2005). 

Presently, NBP has been approved for the treatment of acute ischemic stroke.   

 

To assess the efficacy and safety of NBP soft capsules in the treatment of acute 

ischemic stroke, researchers had two groups divided in the clinical trial. Multicentric, 

randomized, parallel controlled and open study was performed in group I (144 patients) 

and multicentric opened study was performed in group II (299 patients). Patients were 

orally administrated 200 mg NBP per time, 4 times daily. The administrative duration 

was 20 days. The controlled group was administrated with placebo. All patients were 

simultaneously treated with compound injection of Danshen. The national rating scale 

score (NRSS) and activities of daily living (ADL) were used for evaluation in the 

study. Remarkable clinical improvement was found in 73.1% patients (group I) and 

63.9% (group II) respectively. There was a significant difference between the two 

groups on NRSS and ADL assessments on the 11th and 21st days after treatment 

respectively. Increase of alanine aminotransferase (ALT) and aspartic transaminase  

(AST) were the main side effects in this study. The incidence of abnormal liver 

function was 1.4% in group I and 8.7% in group II. ALT and AST returned to normal 

after stop of medications. Diarrhea was found in one patient for 3 days after taking the 
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medication，which disappeared after 3 days. The results in the present study indicated 

that NBP should be regarded as an effective and safe medication in the treatment of 

acute moderate ischemic stroke without severe side effects. 

 

1.6       Primary Properties of Ligustilide 
 

3-butylidene-4,5-dihydrophthalide (ligustilide) is a volatile oil with a color of light 

yellow and a flavor. It was first isolated from the roots of Ligusticum acutilobum of 

Umbelliferae plant in 1960 (Mitusuhashi et al., 1960), and its structure identified the 

next year (Fig 1.2, Mitusuhashi et al., 1961). Late studies showed that ligustilide 

actually was a characteristic phthalide component of numerous Umbelliferae plants 

and has been considered as the main biologically active component of many important 

medical plants, such as Radix Angelica sinensis (Lin et al., 1979), Ligusticum wallichii 

(Wang et al., 1984), Ligusticum chuangxiong (Naito et al. 1996), and Cnidium 

officinale (Bohrmann et al., 1967). Moreover the roots of Angelica sinensis was the 

more important available source of natural ligustilide for over 50% of its essential oil 

comprises of ligustilide (Fang et al., 1979; Li et al., 2001). Natural ligustilide of the 

roots of Angelica sinensis has E- and Z- two configurations  (structures shown in Fig 

1.2) and  Z-configuration content is 10 times as much as the E-form (Li et al., 2001). 

 

Ligustilide is a lipophilic compound with an oil/water partition coefficient of (logP) 

2.87, molecular weight 190, and is soluble in organic solvents, ethanol, DMSO, ethyl 

acetate etc. At room temperature, ligustilide is an unstable liquid compound due to the 

active dihydrobenzene, which can be changed to other phthalides through oxidation, 

isomerization, dimerization, etc. It was reported that more than 30 phthalides exist in 

the roots of Angelica sinensis (Lin et al., 1998). It was also reported that the pure 

ligustilide in CHCl3 kept in a brown bottle was stable for a year with or without 

butylated hydroxyanisole (Hisayuki and Ikunori, 1992). The stability of ligustilide 

with solvent effect and its relationship with solvent effect were studied for the 
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preservation of ligustilide (Zhou and Li, 2001).  Ligustilide  was more stable in 

cyclohexane and chloroform than in air. The isomerization rate of ligustilide was 

remarkably decreased by 1.6% and 6.7% in cyclohexane and chloroform respectively, 

and 58% in air was. The results showed that the stability of ligustilide was greatly 

improved with the solvent effect, and keeping ligustilide in a proper organic solvent 

helped its preservation.  

   

1.7 OBJECTIVES 
 

This thesis will investigate the neuroprotective effect and mechanism of Z-ligustilide 

(LIG) from Radix Angelica sinensis on cerebral ischemia. 

 

1.7.1      Part 1   

 

This study aims to: 

 

1) Determine the transepithelial transport of LIG across Caco-2 monolayers in vitro.  

2) Identify the effects of temperature, extracellular calcium and P-gp   

inhibitor-cyclosporin A on the apparent permeability coefficients (Papp) of LIG 

across Caco-2 monolayers.  

 

These two sets of results will indicate the absorption of LIG in in vivo intestine while 

orally administrated, and elucidate its principal mechanism of intestinal absorption. 

These in vitro pharmacokinetic data will provide the information for designing the 

dosage regimen of LIG in vivo.  

 

1.7.2      Part 2  

 

In order to determine the antioxidant activity of LIG, its scavenging ability  on free 
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radicals   DPPH  is examined. And the inhibitory effects on lipid peroxidation are also 

investigated in the automatic oxidation of linoleic acid and enzyme/non-enzyme 

induced lipid peroxidation in rat brain mitochondria. Studies show that antioxidant 

may prevent oxidative injury. In this part, the protection of LIG is evaluated on C6 

glioma cell damage induced by hydrogen peroxide and the effect on apoptotic process 

associated with oxidative stress is also studied.  

 

1.7.3     Part 3  

 

Oxidative stress plays an important role in ischemic brain damage, and the severity 

and reversibility of the ischemic damage depend on the degree and duration of the flow 

reduction. Studies indicate that mild ischemic insult causes neuronal death mainly by 

the apoptosis pathway, and   lipophilic antioxidants have been shown to be a beneficial 

therapy for cerebral ischemic damage. In this part, we investigate the dose-dependent 

neuroprotection of postischemic application of LIG on transient forebrain ischemia in 

mice, as well as the mechanisms associated with antioxidation and anti-apoptosis. The 

results will elucidate whether LIG, a potential antioxidant in vitro, also has a potent 

antioxidant activity in vivo,  and whether it can protect neurons against mild ischemic 

insult in brain. 

 

1.7.4 Part 4  

 

Focal cerebral ischemia, which occurs in a wide variety of clinical settings,  affects 

restricted brain regions and forms an ischemic core and penumbra. The outcome of 

cerebral ischemia is different in the ischemic core and penumbra due to the different 

degree and duration of the flow reduction. The neurons in the ischemic core mainly 

undergo a rapid necrotic death whereas those in the penumbra appear to have a delayed 

death process of apoptosis. And the switch between these two cell death forms mainly 

depends on the energy state in the ischemic area (Onténiente et al., 2003). Moreover, 

the ischemic core will expand if anti-ischemic intervention is delayed. To explore the 
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neuroprotection of LIG in focal cerebral ischemia, we investigate the effects of 

postischemic application of LIG on the infarct volume, the neurologic behavior, the 

number of necrotic or apoptotic neurons in the ischemic penumbra and core after 

reperfusion following transient MCAO as well as its anti-apoptosis, anti-inflammation 

and hypothermia properties associated with the mechanisms of delayed brain damage. 

Findings obtained from these studies provide information for the administration 

proposal of LIG in vivo. In addition, in vitro and in vivo results will first support the 

basis for the potential therapeutic application of LIG for cerebral ischemia.   
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  (2) Mono- or bi-hydroxy derivatives of 3-alkylphthalide 
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(3)  Demeric derivatives of 3-alkylphthalide  
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Figure 1-1. The structures of 3-alkylphthalides and their derivatives. (1).  

3-alkylphthalides (structure number 1-12);  (2). Mono- or bi-hydroxy derivatives of 

3-alkylphthalide (structure number 13-35); (3). Demeric  derivatives of 

3-alkylphthalide (structure number 36-51). 
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Figure 1-2. The configuration structures of ligustilide.  
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CHAPTER 2  
 

MATERIALS, APPARATUS AND METHODS 
 

2.1 MATERIALS 

 

2.1.1 Reagents and Analysis Kits 

 
2,2-diphenyl-1-picrylhydrazyl (DPPH) Sigma Chemical Co. USA 

2-mercaptoethanol Bio-Rad Technology Ltd., USA 

2-Thiobarbituric acid Sigma Chemical Co. USA 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli

um bromide (MTT) 

Sigma Chemical Co. USA 

100 bp DNA Ladder Sigma Chemical Co. USA 

Acrylamide, electrophoresis grade Bio-Rad Technology Ltd., USA 

Agarose Bio-Rad Laboratories, USA 

Agarose standard low-Mr (100bp) Bio-Rad Technology Ltd., USA 

Aminopropyltriethoxylsilane Beijing Zhong Shan Co., China 

Ammonium thiocyanate Merck,  Germany 

Aprotinin  Sigma Chemical Co. USA 

Ascorbic acid Sigma Chemical Co. USA 

Ascorbic acid Sigma Chemical Co. USA 

Bovine serum albumin (BSA) Sigma Chemical Co., USA 

Bromophenol blue Sigma Chemical Co. USA 

Chloroform Sigma Chemical Co., USA 

Cyclosporine A  Sigma Chemical Co., USA 
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DAB kit VECTOR, Brulingame, USA. 

D-Glucose Sigma Chemical Co. USA 

Dimethyl sulfoxide (DMSO) Sigma Chemical Co. USA 

Dithiothreitol Sigma Chemical Co. USA 

DMEM medium Gibco,  USA 

ECL Western blotting analysis system (RPN 2108) Amersham Pharmacia Biotech, 

USA 

EDTA Sigma Chemical Co., USA 

Ethanol Sigma Chemical Co., USA 

Ethidum bromide Bio-Rad Technology Ltd.,USA 

FeSO4 Sigma Chemical Co. USA 

Fetal bovine serum Hyclone, USA  

Glycerol Sigma Chemical Co. USA 

Goat anti -caspase-8 polyclonal antibody Santa Cruz Biotechnology, USA 

Kit of GSHPx activity assay 

 

Jianchen Bioengineering Co,  

China. 

H2O2 (30%, w/v) Riedel-de Haen, Germany 

Hank’s balance salt solution (HBSS) Invitrogen, CA, USA 

HEPES Sigma Chemical Co., USA 

HEPES-KOH Sigma Chemical Co. USA 

Hoechst 33342 Fluka, Switzerland  

Horseradish peroxidase-conjugated anti-goat 

secondary antibody  

Santa Cruz Biotechnology, CA, 

UAS 

Horseradish peroxidase-conjugated anti-mouse 

secondary antibody 

Amersham Biosciences, England 
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Horseradish peroxidase-conjugated anti-rabbit 

secondary antibody   

Santa Cruz Biotechnology, CA, 

UAS 

Isoamyl alcohol Sigma Chemical Co., USA 

Isopropyl alcohol Tedia, USA 

KCl Sigma Chemical Co. USA 

Kit of caspase-3 activity assay KeyGen Biotech corporation 

limited, China 

Kit of Caspase-8 activity assay KeyGen Biotech corporation 

limited, China 

Kit of in situ Cell Death Detection, POD (TUNEL) Roche, Germany 

Kit of iNOS activity assay Jianchen Bioengineering Co, 

Nanjing, China 

Kit of NO content assay  Jianchen Bioengineering Co, 

Nanjing, China 

Kodak XOMAT AR films Eastman Kodak, USA 

Leupeptin Sigma Chemical Co. USA 

Linoleic acid (18:2) Sigma Chemical Co. USA 

Kit of malondialdehyde (MDA) content assay  

  

Jianchen Bioengineering Co,  

China. 

Methanol Sigma Chemical Co. USA 

MEM non-essential amino acid solution (100×) Sigma Chemical Co. USA 

MgCl2 Sigma Chemical Co. USA 

Mouse anti- OX42 monoclonal antibody  Serotec, Oxford, UK 

Mouse anti-Bax monoclonal antibody  Santa Cruz Biotechnology, USA 

Mouse anti-Bcl-2 monoclonal antibody Santa Cruz Biotechnology, USA 

 109



Mouse anti-cytochrome c monoclonal antibody Santa Cruz Biotechnology, USA 

Mouse anti-β-actin monoclonal antibody Sigma Chemical Co., USA 

Mouse anti- iNOS monoclonal antibody BD Biosciences Pharmingen, USA

NADPH Sigma Chemical Co., USA 

Na-EDTA Sigma Chemical Co. USA 

N-butanol Sigma Chemical Co. USA 

Paraformaldehyde Sigma Chemical Co. USA 

Penicillin-streptomycin Gibco, USA 

Pepstatin Sigma Chemical Co. USA 

Phenol Sigma Chemical Co., USA 

Phenylmethyl sulfonyl fluoride  (PMSF) Sigma Chemical Co. USA 

Plastic culture flask Falcon, Franklin UAS 

Polyacrylaminde Amresco, USA 

Polycarbonate membrane transwellsTM Corning Costar Corp. Acton, UAS 

Polyvinylidene fluoride (PVDF) Millipore Corporation, USA 

Prestained protein marker Bio-Rad Laboratories, CA, USA 

Proteinase K Sigma Chemical Co. USA 

Rabbit anti- cleaved caspase-3 polyclonal antibody

 

Cell Signaling Technology, Inc. 

USA 

RNase A Sigma Chemical Co. USA 

Kit of  SOD activity assay  Jianchen Bioengineering Co,  

China. 

Sodium deoxycholate Sigma Chemical Co., USA 

Sodium dodecyl sulfate (SDS) Bio-Rad Technology Ltd., USA 

Sodium orthovanadate Sigma Chemical Co., USA 
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SP Reagent  Zhongsan Bioengineering Co,  

China. 

Sucrose Sigma Chemical Co. USA 

TEMED Bio-Rad Technology Ltd., USA 

Trichloroacetic acid Sigma Chemical Co. USA 

Triphenyltetrazolium chloride Sigma Chemical Co. USA 

Tris Bio-Rad Technology Ltd., USA 

Trypsin Gibco, USA 

Tween-20 Sigma Chemical Co. USA 

Tween-80 Sigma Chemical Co. USA 

 

2.1.2 Apparatus  

 

Boiling water bath Grand Instruments, USA  

Freezer (-80 °C) Czech Republic HETO HOLTEN 

AS, Denmark  

Freezing microtome (model CM1510) Leica, Germany 

Gel  Media System Media Cybernetics, Inc. USA 

Gel-pro Analyzer software Media Cybernetics, Inc. USA 

Incubator (model TC2323) Shel LAB, USA 

Leica microscope (Model DRIMB) Leica, Germany 

Microcentrifuge Eppendorf, Germany 

Microtiter plate reader Bio-Rad Technology Ltd.,USA 

Millicell-ERS system (Cat #.MERS 000 01) Millipore Corporation, USA 
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Minigel apparatus Bio-Rad Technology Ltd.,USA 

Modular 1100 series chromatograph Agilent Technologies, Germany 

pH meter   (Model 701 digital) Orion research, USA 

Rotor–stator homogenizer IKA-Labortechnik., Germany 

Sonicator, Branson Sonifier 250 Branson Inc., USA 

UV-visible  spectrometer GBC, Australia 

 

 

2.1.3   Animals 

 

In this project, mice and rats were used to investigate the neuroprotection of 

Z-ligustilide on cerebral ischemia injury. The use of animals was approved by the 

Department of Health of Hong Kong, the Animal Ethics Committee of The Hong 

Kong Polytechnic University and Shenzhen Institute of The Hong Kong Polytechnic 

University. The rats were supplied by the Animal House of The Hong Kong 

Polytechnic University or Shenzhen  Institute of The Hong Kong Polytechnic 

University. To eliminate the existence of any sex-related differences in response to 

Z-ligustilide, the male ICR and Sprague-Dawley (SD) rats were selected for all 

experiments. All the animals were housed in pairs in stainless steel rust-free cages at 

21±2°C. The rooms were in a light-dark cycle of 12 hours of light (7:00 to 19:00) and 

12 hours of dark (from 19:00 to 7:00). All the animals were fed the Laboratory Rodent 

Diet (PMI, Brentwood, MO. Catalog# 5001, containing protein 28%, fat 12.1%, fiber 

5.3%, Carbohydrate 59.8% and 270 ppm iron) ad libitum and plenty of distilled water 

was supplied at all times. 

 

2.2   GENERAL METHODS 
 

2.2.1   Cell Culture 
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2.2.1.1 Cell Culture Medium, Solutions and Reagents 
 

(1) Milli-Q water 

All the solutions for cell culture and medium were made with Milli-Q water. 

 

(2) Cell culture medium  

 

Dulbecco's Modified Eagle Medium (DMEM), powder (Gibco, NY, USA). 

Fetal Bovine Sera (FBS), qualified, heat inactivated (Hyclone, UT, USA). 

MEM non essential amino acid solution (100 ×) (Sigma Chemical Co. USA). 

 

(3) Cell culture solution  

Phosphate-Buffered Saline (PBS) (1×), liquid (Catalogue Number: 20012) pH 7.2 ± 

0.05 (Invitrogen, CA, USA) 

Hank's Balanced Salt Solution (HBSS) (1×), liquid (Catalogue Number: 14175) 

(Invitrogen, CA, USA) 

Trypsin (2.5%, 10×) (Gibco, NY, USA) 

Trypan blue solution (Fluka, Buchs, Switzerland) 

 

2.2.1.2 Trypan Blue Staining of Cell 

 

(1) Cell were placed in complete medium without serum and diluted to an 

approximate       

concentration of 1 × 105 to 2 × 105 cells per ml. 0.5 ml of this cell suspension was 

placed in a screw cap test tube, to which was added 0.1 ml of 0.4% Trypan Blue 

Stain. 

(2) The solution was mixed thoroughly and allowed to stand 5 min at 15-30 °C. 

(3) A hemocytometer was filled with cell solution for cell counting. Non-viable cells     

were observed with the stain, and viable cells were not stained. 
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2.2.1.3 Cryopreservation of Cells 

 

(1) The cultured cells were detached from the substrate using dissociation agents. This    

was done as gently as possible to minimize damage to the cells. 

(2) The detached cells were placed in a complete growth medium and established a  

viable amount of cells. 

(3) The re-suspended cells were centrifuged at ~200 ×g for 5 min and withdrawn the  

supernatant down to the smallest volume without disturbing the cells. 

(4) The cell pellet was resuspended in freezing cold medium to a concentration of 5 ×  

106 to 1 × 107 cells/ml. 

(5) Aliquot of the cells solution was placed into cryogenic storage vials. The vials 

were put on ice or in a 4 °C refrigerator, and freezing began within 5 min. 

(6) The cells were slowly frozen at a rate of 1 °C /min. This could be done by  

programmable coolers or by placing the vials inside an insulated box placed in a  

-70 °C to -90 °C freezer, then transferred for storage in liquid nitrogen. 

 

2.2.1.4 Thawing of Cryopreserved Cells 

 

Cryopreserved cells are fragile and require gentle handling. The cells were thawed 

quickly and placed directly into complete growth medium. If the cells were 

particularly sensitive to cryopreservation (DMSO or glycerol), they were centrifuged 

to remove cryopreservative and then placed into growth medium. 

 

The following were the suggested procedures for thawing the cryopreserved cells. 

 

(1) Remove cells from storage and thaw quickly in a 37 °C water bath. 

(2) Place 1 or 2 ml of frozen cells in ~25 ml of complete growth medium. Mix very  

gently. 

(3) Centrifuge cells at ~80 × g for 2 to 3 min. 

(4) Discard supernatant. 
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(5) Gently resuspend cells in complete growth medium and perform a viable cell     

count. 

(6) Culture the cells. Cell density should be at least 3 x 105 cells/ml. 

 

Direct Plating Method: 

 The cells from storage are thawed quickly in a 37 °C water bath. 

 The thawed cells are directly placed in a flask with complete growth medium. 1    

  ml of frozen cells is added to 10 to 20 ml of complete medium to make a  

  suspension cell density of  at least 3 × 105 cells/ml. 

 The cells are cultured for 12 to 24 hours, and the medium replaced with fresh   

complete growth medium to remove cryopreservatives. 

 

2.2.1.5 Caco-2  Cell  Culture 

 

Frozen human colon adenocarcinoma cells (Caco-2 cells) were obtained from the 

American Type Culture Collection (ATCC, Rockville, MD, USA) at passage 38. As 

per accompanying ATCC guidelines, the cells were grown in Dulbecco's modified 

Eagle's medium (DMEM,  Gibco), supplemented with 10% (v/v) heat-inactivated fetal 

bovine serum (FBS), 1% nonessential amino acid, and 100 U/ml of sodium penicillin 

G and 100 µg/ml of streptomycin sulfate (Hidalgo et al., 1989; Hilgers et al., 1990). 

The medium was changed every 2 days. The subculture was prepared by removing the 

medium, adding 1-3 ml of fresh 0.25% trypsin/1mM EDTA solution for 10 to 15 min, 

and the trypsin solution removed. Fresh medium was added, aspirated and dispensed 

until the cells were detached. Then the cells were transferred to a 15 ml centrifuge tube 

containing 3-5 ml of fresh medium and centrifuged at 1000 rpm for 5 min at 4 °C. The 

supernatant was discarded and the pellet triturated in 2 ml of fresh medium. The cell 

number was determined by trypan blue exclusion under the microscope, and the 

required number of cells placed into the flasks (for maintenance), and in six-well 

polycarbonate membrane TranswellsTM or 6-well plates. All the apparatus and 

mediums used for cell culture were sterilized before use. Cells from passage 40-50 
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were used for the transport experiments. 

 

2.2.1.6 C6 Glioma Cell Culture 

 

C6 Glioma cell line was obtained from the American Type Culture Collection (ATCC). 

The cells were grown in Dulbecco's modified Eagle's medium (DMEM, Life 

Technologies), supplemented with 10% (v/v) heat-inactivated FBS and 100 U/ml of 

sodium penicillin G and 100 µg/ml of streptomycin sulfate. The medium was changed 

every 3 days. The subculture was prepared by removing the medium, adding 1-3 ml of 

fresh 0.25% trypsin or 2 mM EDTA solution (for protein extraction) for several 

minutes, and the trypsin solution removed. The culture was allowed to stand at room 

temperature for 10 to 15 min. Fresh medium was added, aspirated and dispensed until 

the cells were detached. Then the cells were transferred to a 15 ml centrifuge tube 

containing 3-5 ml of fresh medium and centrifuged at 1000 rpm for 5 min at 4 °C. The 

supernatant was discarded and the pellet triturated in 2 ml of fresh medium. The cell 

number was determined by trypan blue exclusion under the microscope, and the 

required number of cells placed into the flasks (for maintenance), and in 6-well plates 

or 96-well plates. All the apparatus and mediums used for cell culture were sterilized 

before use.  

 

2.2.2 Methods of Molecule Biology 

 

2.2.2.1 DNA Preparation 
 

(1) Principle  

 

The DNA was isolated from the brain tissue using phenol/chloroform/isoamyl alcohol 

for the detection of fragmented DNA by agarose gel electrophoresis. The relative 

purity of the isolated DNA was assessed spectrophotometrically and the ratio of A260 

nm to A280 nm was 1.8 for all preparations. 
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(2) Procedure 

 

(A) Fresh tissues were homogenized in 10 volume of ice-cold TE buffer containing 10 

mM Tris-HCl, pH 8.0, 1 mM EDTA.  

(B) After centrifugation at 4000 rpm 5 min at 4 °C, the supernatants were discarded.   

(C) Resuspend the pellets in 500 µl ice-cold TE buffer and centrifuge again.   

(D) Aspirate media, resuspend pellet in 500 µl ice-cold TE buffer. 

(E) Centrifuge sample again and lyse pellets by adding 500 µl ice-cold lysis buffer 

containing 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1% SDS. 

(F) Samples were digested at 37 °C for 1h,  after the addition of 0.02 mg/ml RNase A. 

(G )The Digestion was continued for 3 h at 55 °C, followed by the addition of 

0.1mg/ml proteinase K. 

(H) Extract by adding an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) 

to the sample and vortexing for a few seconds to properly mix the solutions. Spin 

the tube at 12000 rpm for 3 min at room temperature. Carefully remove the top 

aqueous phase and transfer to a clean tube. 

(I) Repeat step (H). 

(J) Add an equal volume of chloroform:isoamyl alcohol (24:1) to the sample and mix  

briefly by vortexing. Spin the tube at 12000 rpm for 3 min at room temperature. 

Remove the top aqueous layer and place in a new tube. 

(K) Precipitate the DNA by adding 5 M NaCl to a final concentration of 300 mM and   

       add 2 volume of 100% ethanol. Leave overnight at 4 °C.  

(L) Spin samples at 12000 rpm for 10 min at room temperature. Carefully aspirate the   

      ethanol off and wash the DNA  pellet with 1 ml of 70% ethanol. Dislodge the pellet    

      by inverting several times so that the ethanol can remove any excess salts.  

(M) Spin samples at 12000 rpm for 10 min at room temperature. Dry the pellet by  

       placing it in a Speedvac evaporator and spin for a couple of minutes. 

(N) Resuspend the dried DNA pellet by adding 100ul of TE buffer  and flicking the   

      tube a few times. The sample solution was kept at 4 °C until used. 

 117



(O) Determine the purity of samples by measuring the absorbance at 260 nm and 280     

       nm.  

(P) Measure the absorbance of samples at 260 nm and 280 nm. The ratio of A260nm to  

A280 nm was 1.8 for all preparations.The concentration of the sample was 

calculated as follows:   

 

DNA concentration (µg/ul) = A260×diluted times×50/1000 

 

2.2.2.2 Detection of Fragmented DNA by Agarose Gel Electrophoresis 

 

(1) Principle 

 

Classical apoptotic cell death can be defined by certain morphological and 

biochemical characteristics that distinguish it from other forms of cell death. A 

biochemical hallmark of apoptosis is the cleavage of chromatin into small fragments, 

including olignucleosomes, that when seen in electrophoresed gels are described as 

“DNA ladders” (Wyllie 1980; Zakeri et al., 1993). In apoptotic cells, DNA is cleaved 

by an endonuclease that fragments the chromatin into nucleosomal units, which are 

multiples of about 180-bp oligomers and appear as a DNA ladder when run on an 

agarose gel (Arends et al., 1990). Determining whether a cell exhibits DNA 

fragmentation can provide information about the type of cell death occured and the 

pathway activated in the dying cell. 

 

(2) Procedure 

 

All solutions and  glassware were sterilized. The electrophoresis tank was treated with 

detergent solution, rinsing with ddH2O, drying with 70% ethanol. 

 

(A) Prepared 2 % agarose gel: Add 2 g agarose to 100 ml of 0.5 × TBE running buffer 

(45 mM Tris boric acid, 1 mM  EDTA) and heat in microwave until dissolved.  
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(B) Sample preparation: the DNA samples were added to the 6×DNA loading dye (10 

mM  EDTA,  0.25% bromphenol blue, 40% sucrose ). 

 

(C)  Electrophoresis: 

 The gel was equilibrated in 0.5 × TBE gel running buffer for at least 30 min. 

 Equivalent amounts of DNA samples (10 µg) were added to the wells of the gel,     

and the gel electrophoresed at 100 V until the bromophenol blue dye migrated 

approximately two thirds of the way down the gel (2 h). 

 DNA bands were visualized by ethidium bromide staining (0.5 µg/ml). Gel    

pictures were taken by UV transillumination with a Canon Camera. 

 

The DNA samples were analyzed in a 2 % agarose gel using Gel Media System and 

Gel-pro Analyzer software (Meida Cybernetics, Silver Spring, MD, USA). The 

expected sizes for the positions of DNA fragmentation were shown compared to the 

100-bp DNA ladder marker. DNA fragmentation values were normalized for 

vehicle-treated controls and expressed in units relative to these controls. 

 

2.2.2.3 Protein Preparation and Determination  

 

(1) Total Protein Preparation 

Tissue samples were washed in ice-cold PBS, and homogenized in 10 volume of 

ice-cold lysis buffer containing 50 mM Tris-Cl (PH 8.0), 1mM EDTA, 150 mM NaCl, 

0.1% SDS, 0.5% sodium deoxycholate, 1mM PMSF, 1 µg/ml aprotinin, 1 µg/ml 

leupeptin, 1 µg/ml pepstatin, 1%Triton-X-100. After centrifugation of homogenate at 

10,000 × g for 30 min at 4 °C, the supernatant was collected and stored at –20 °C until 

used. 

 

(2) Cytosolic Protein Preparation 

 

Tissue samples were washed in ice-cold PBS, and homogenized in 10  volumes of lysis 
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buffer containing 20 mM Hepes-KOH, pH 7.5, 10 mM KCl, 1.5 Mm MgCl2, 1 mM 

Na-EDTA, 1 mM Na-EGTA, 1 mM dithiothreitol, 1 mM PMSF, 250 mM sucrose, 1 

µg/ml aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin, and then centrifuged at 750×g 

for 10 min at 4 °C. The harvested supernatant was again centrifuged at 10,000×g for 10 

min at 4 °C, and the supernatant was collected and stored at –20 °C until used. 

 

(3) Protein Determination (Protein assay kit, Bio-Rad, USA) 

 

(A) The dye reagent was prepared by diluting 1 part of Dye Reagent Concentrate with   

4 parts of distilled, deionized (DDI) water. This was filtered through Whatman #1 

filter to remove particulates. This diluted reagent may be used for approximately 

2 weeks when kept at room temperature. 

 

(B) Five dilutions (40, 80, 120, 160, 200 µg/ml) of a protein standard were prepared  

which were representative of the protein solution to be tested.  

 

(C) 100 µl of each standard and sample solution was placed into a clean, dry test tube;  

5.0 ml of diluted dye reagent was added into each tube and vortexed. The sample  

solutions were assayed in duplicate. 

 

(D) The samples were incubated at room temperature for at least 5 min. Because   

absorbance would increase over time, samples should be incubated at room 

temperature for no more than 1 h. 

 

(E) Absorbance was measured at 595 nm. 

 

The protein concentration was adjusted to 2-4 mg/ml and the fractions (containing 40 

µg protein) in aliquots stored at –70 °C.  
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2.2.2.4 Western Blot 

 

(1) Principle 

 

Western- or immunoblotting is a commonly employed technique for the detection of 

protein antigens in complex mixtures. It is highly sensitive and can detect as little as 

picograms of protein with antibodies of known specificity. Samples are first separated 

by SDS-polyacrylamide gel electrophoresis. The separated proteins are then 

transferred to a membrane. These membranes are incubated with an antibody specific 

for the protein of interest that binds to the protein band immobilized on the membrane. 

The antibody is then visualized with a detection system that is usually based on a 

secondary protein binding to Ig chains, which are linked to chemiluminescent 

substrate reaction. 

 

(2) Procedure 

 

(A) Polyacrylamide gel electrophoresis and transfer 

a) Polyacrylamide gel electrophoresis 

Forty micrograms total protein were diluted in a 2× sample buffer (50 mM Tris, pH 

6.8, 2% SDS, 10% glycerol, 0.1% bromophenol blue, and 5% β-mercaptoethanol) and 

heated for 5 min at 95 °C before SDS-PAGE on a 15% gel for Bax, Bcl-2, cytochrome 

c, cleaved caspase-3 and caspase-8 or a 7.5% gel for iNOS. Electrophoresis was 

conducted by running the stacking gel at 100V for about 15-20 min and running the 

separating gel at 200V for about 40-50 min. 

 

b) Transferring gel 

 The gel was disassembled from the plates carefully, the stacking gel was removed   

and the position marked by the notching of one corner.  

 The gel was washed in the transfer buffer for 15 min. 

 The PVDF membrane and the filter paper were cut to fit the dimension of gel size. 
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 The filter paper and fiber pads were soaked in transfer buffer for at least 15 min. 

 The cassette was assembled as follows: white (+), fiber pads, filter paper,    

membrane, gel, filter paper, fiber pads, gray (-). Avoid the bubble by rolling a 

glass rod. 

 The pre-chilled transfer buffer and frozen Bio-ice cooling Unit were placed in the    

electrophoresis tank.  

 The transfer unit was allowed to stand at 4 °C overnight for 12-16 h with 30   

voltages and gentle agitation. 

 After transferring, the blot was put on a clean filter paper, and stained with    

commassie blue to check the quality of transfer. 

 The blots were either used immediately or stored. 

 

c) Immunoblotting (ECL western blotting analysis system, RPN 2108) 

The membrane was blocked with 5% blocking reagent (Amersham Biosciences, 

England) in Tris buffered solution (TBS, 20mM Tris, 137mM NaCl, pH 7.6)  

containing 0.1% Tween 20 (TBS-T) for 2 h at RT or overnight at 4 °C. The membrane 

was rinsed in three changes of TBS-T, incubated once for 15 min and twice for 5 min 

in fresh washing buffer, and then incubated with primary antibody for 2 h at RT or 

overnight at 4 °C, the concentration of primary antibodies was maintained according 

to the instruction of products. After three washes in washing buffer, the membrane was 

incubated for 2 h in horseradish peroxidase-conjugated second antibody,  washed three 

times in TBS-T solution, and then developed using enhanced chemiluminescence 

(ECL Western blotting analysis system kit, Amersham Biosciences, England). The blot 

was exposed to XOMAT AR films (Eastman Kodak, Rochester, NY, USA). The films 

were scanned on a UMAX PowerLook Scanner (UMAX  Technologies, Fremont, 

CA,USA) using Photoshop 5.0 software (Adobe Systems, Seattle, WA, USA) , and 

optical density of each band was determined using Gel-pro Analyzer software (Media 

Cybernetics, Silver Spring, MD, USA). To ensure even loading of the samples, the 

same membrane was probed with mouse anti-β-actin monoclonal antibody 

(Sigma-Aldrich, MO) at 1:5000 dilutions.  
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2.2.3     Methods of Biochemistry and Chemistry 

 

2.2.3.1  MTT Assay 

 

(1) Principle 

 

3-(4, 5-dimethylathiazlo-2-yl)-2, 5-diphenyletertrazolium bromide (MTT) assay was 

used to investigate the effect of the iron chelators, DFO, BP and FeCl3 on cell growth. 

This is one of the most commonly used methods for measuring cell proliferation and 

neural cytotoxicity. It is widely believed that MTT is reduced by active mitochondria 

in living cells (Denizot and Lang, 1986; Hansen et al., 1989; Liu et al., 1997; 

Mosmann, 1983). Thus, increases obtained in the MTT assay at A570 nm indicate 

increases in the number of viable cells. It is performed in 96-well microtiter plates. In 

this study, MTT assay is performed according to Liu et al. (Liu et al., 1997). 

 

(2) Materials 

 

(A) 5 mg/ml of MTT solution is prepared by dissolving 50 mg MTT in 10 ml of 0.9%   

NaCl and warmed at 60 °C to dissolve. 

(B) Solubilization solution: 5% iso-butyl alcohol, 10% HCl and 10% sodium dodecyl  

sulfate. 

 

(3) Procedure  

 

(A) The cells of 90 µl (approximately 104 cells) per well were plated in culture  

medium at 37 °C. 

(B) After 24 h, 10 µl of test samples at the designed concentrations or volume-matched  

vehicle as control were added to the wells. 

(C) After incubation for 24 h, 20 µl of 5 mg/ml MTT were added to each well. 

(D) 4 h later, 100 µl of a solubilization solution was added and the absorbance values 
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determined at 570 nm, in the next day, by using an automatic microtiter plate 

reader (Bio-Rad Laboratories Inc.). 640 nm was used as the reference wavelength. 

 

2.2.3.2    DPPH Free Radical Scavenging Assay  

 

(1) Principle 

Many antioxidant assays use accelerated oxidative conditions in lipid systems by 

using high temperature and a high oxygen supply. The risk of degradation with such 

conditions during these tests is high for many antioxidants. In addition, this condition 

itself provokes lipid oxidation and such tests are not always representative of the 

natural oxidation in food and human tissues. 

 

The 2, 2-diphenyl-1-picrylhydrazyl radical (DPPH·) scavenging assay is widely used 

for its simplicity, ease, speed and sensitivity without the risk of thermal degradation of 

the molecules tested, despite its biological irrelevance (Blois, 1958; Cakir et al.; 2003).  

The purple color DPPH· is a relatively stable in alcoholic media and reacts with free 

radicals or other hydrogen donors, which result in a discolored DPPHH (Fig.2-1). The 

presence of antioxidant leads to the disappearance of these radical chromogens. The 

rate of discoloration can be monitored to evaluate the antioxidant capacity to donate 

hydrogen during a free radical attack.  

 

(2) Procedure 

 

(A) A 0.1 mM solution of DPPH (90% purity, Sigma Chemical Co. USA) in ethanol 

was prepared and 1 ml of this was added to every 3 ml of various concentrations of 

sample solutions in ethanol.  

(B) After 30 min incubation at room temperature,  the absorbance of the reaction 

mixtures were measured spectrophotometrically at 517 nm.  

(C) A decreasing of the DPPH solution absorbance indicates an increase of the DPPH 

radical-scavenging activity. This activity was calculated by using the following 
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equation:  

Reduction (%) = {1 - (At/Ai)}×100 

 

where At represents absorbance at measuring time, and Ai represents absorbance at 

initial time. 

 

(D) The DPPH solution without tested samples was used as control. 

 

2.2.3.3   Ferric Thiocyanate Assay  
 

(1)  Principle 

 

Antioxidant assays use accelerated oxidative conditions in lipid systems by using high 

temperature and a high oxygen supply. However, many antioxidants can undergo 

degradation in such circumstance and the conditions are far away from the natural 

lipid oxidation that occurs in nature, including in food and human tissue. 

 

Ferric thiocyanate assay in linoleic acid model system is the method to quantify 

conjugated diene hydroperoxides (LOOH) in lipid autooxidation. It has been widely 

used for understanding the free radical process conducive to LOOH. Through 

autooxidation, linoleic acid (18:2) produces hydroperoxides (LOOHs) during 

incubation (37-40 °C). As a result of an one-electron reduction of LOOH, ferrous ion 

(Fe2+) is oxidized to ferric ion (Fe3+) and lipid alkoxyl radicals (LO·) are produced 

( Labeque and Marnett, 1987; Mihaljevic et al., 1996) as follows: 

 

linoleic acid + O2             LOOH 

 

LOOH + Fe2+              LO·  + OH-  + Fe3+ 

 

Reactive lipid alkoxyl radicals (LO·), is produced by hemolytic cleavage of LOOH. 
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Very reactive alkoxyl radicals (LO·) can further react with another ion, solvent 

molecules (RH) and LOOH.  

 

LO· +  Fe2+ +  H+                      LOH + Fe3+ 

LO· + RH             LOH+ R· 

LO· + LOOH           LOH + LOO· 

 

The oxidation of ferric ion (Fe3+) makes complexation with thiocyanate for improving 

the sensitivity in the spectrophotometic measurement of antioxidant activity. The 

ferrous oxidation method has been found simpler than iodometry (complexation of 

iodine with iodide to enhance the spectroscopic property of the reaction product) due 

to the lower sensitivity of ferrous ion to spontaneous oxidation by oxygen, as 

compared to the high susceptibility to oxidation iodine solution. 

 

(3) Procedure 

 

To determine antioxidant activity in an oil-in-water system, the thiocyanate method 

was applied with modification (Mihaljevic et al., 1996). The amount of peroxides 

formed in the emulsion during incubation was determined spectrophotometrically by 

measuring absorbance at 500 nm. A high absorbance indicates a high peroxides 

formation and a low antioxidant activity. A linoleic acid pre-emulsion was from 3 ml 

linoleic acid which was vortexed with 3 ml Tween-20 in 200 ml potassium phosphate 

buffer (40 mM, pH 7.0). One ml of  LIG solution  was added to the pre-emulsion, and 

the final volume of the reaction mixture was brought to 25 ml with potassium 

phosphate buffer. While the mixture was incubated in conical flasks in the dark at 37 

°C, aliquots of 0.1 ml from the mixture were periodically taken. The degree of 

oxidation was measured according to the thiocyanate method by adding 5 ml 75% 

ethanol, 0.1 ml ammonium thiocyanate (30%, w/v), and 0.1 ml ferrous chloride (0.1%, 

w/v) to every 0.1 ml reaction mixture. Precisely 5 min after the addition, the 

absorbance of the peroxide value was measured at 500 nm (Cintra  10e  UV-visible  
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spectrometer, GBC, Australia) against 75% ethanol contained in a reference cell. All 

test data were averages of triplicate analyses. 

 

The inhibition ratio (%) was calculated according to following formula: 

 

Inhibition (%) = (1-A1/A) ×100 

 

Where A was the absorbance of the control at 500 nm and A1 was the absorbance of 

the test samples at 500 nm. Control was incubated with linoleic acid but without the 

tested samples. 

 

2.2.3.4   Thiobarituric Acid Reactive Substances Assay  

 

(1) Principle 

 

Thiobarituric acid reactive substances (TBARS) assay is the method to quantify the 

TBARS formed in the colorimetric reaction of thiobarituric acid with malondialde- 

hyde (MDA), a secondary product of  peroxidation of polyunsaturated fatty acids with 

three or more double bonds  (Janero, 1990; Ohkawa et al., 1979).  

 

Thiobarituric acid and MDA react to form a Schiff base adduct (Fig 2-2) to produce a 

chromogenic product that can be easily measured by employing spectrophotometric 

method. Following the TBARS assay, lipid peroxidation is determined 

spectrophotometrically by measuring the absorbance at 535 nm (Ohkawa et al., 1979). 

A high absorbance indicates a high peroxides formation.  

 

Lipid peroxidation can take place on both polyunsaturated fatty acid and triglycerides 

through a chain reaction mechanism which initiates either the enzymatic and nonenzy- 

matic mechanisms. The neuronal membrane lipids are particularly susceptible to 

oxidation because of their elevated polyunsaturated fatty acid content and relatively 
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poorly developed antioxidant defense systems. 

  

(2) Procedure 

 

(A) Preparation of Rat Cerebral Cortex Mitochondria  

Male SD rats weighing 180-200 g were anesthetized with chloral hydrate (400 mg/kg) 

and then decapitated. The cerebral cortex was removed, washed in ice-cold PBS and 

homogenized in buffer solution (20 mM Hepes-KOH, pH 7.5, 10 mM KCl, 1.5 mM 

MgCl2, 1 mM Na-EDTA, 1 mM Na-EGTA, 1 mM dithiothreitol, and 0.1 mM 

phenylmethylsulfonyl fluoride) containing 250 mM sucrose by using a glass 

homogenizer at 4 °C, and then centrifuged twice at 750g for 10 min at 4 °C. The 

harvested supernatants were again centrifuged at 10,000g for 10 min at 4 °C, and the 

resulting mitochondrial pellets were resuspended in PBS and stored at -80 °C until 

used.  

 

(B) Determination of Protein Concentration of Brain Mitochondria  

 

Please refer to Chapter 2.2.2.3. 

 

(C) Assay of Lipid Peroxidation in Rat Cerebral Brain Cortex Mitochondria   

10 µl various concentrations of LIG dissolved in ethanol and 100 µl of mitochondria 

suspension (3 mg protein/ml) were mixed and adjusted to 380 µl with PBS, then 

incubated at 37 °C for 10 min, lipid peroxidation was induced by adding newly 

prepared different agents (20 µl of 1 mM NADPH, or 10µl of 2 mM ascorbic acid and 

10 µl of 25 µM FeSO4), and then incubated at 37 °C for 30 min in a water bath. 

TBARS was measured as previously described (Gao et al., 1999; Guo et al., 1996). 

The reaction was stopped by the addition of 400 µl of ice-cold 2.8% thrichloroacetic 

acid. 1 ml of 0.67% 2- thiobarbituric acid was added, and samples were incubated in a 

water bath at 95 °C for 60 min. After cooling the sample with tap water, 2.0 ml of the 

mixture of methanol and n-butanol (15:85, v/v) were added and the mixture was then 
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vigorously shaken. After centrifugation at 3000 rpm for 30 min, the absorbance of the 

organic layer (upper layer) was measured at 532 nm.  

 

The results were expressed as the mean ± SD of absorbance/mg protein. The inhibition 

ratio (%) was calculated according to following formula:   

  
A – A1 

Inhibition ( %) =    (
A1 

)×100 

 

Where A was the absorbance of the control at 535 nm and A1 was the absorbance of 

the test samples at 535 nm. Control was incubated with a volume-matched ethanol 

solution but without the tested samples. 

 

2.2.3.5   HPLC Measurement of LIG 

 

(1)  Analysis Method  

 

A High Performance Liquid Chromatographic assay was used to analyze the LIG 

content in the stability and transport studies of LIG (Li et al., 2002) 

 

(A) Chromatographic Equipment 

An Agilent 1100 Series HPLC System (Agilent Technologies, Waldbronn, USA), 

equipped with a vacuum degasser, a quaternary pump, a 100-position autosampler, a 

diode array detector (DAD) detector. HPLC grade methanol and isopropyl alcohol 

were purchased from Sigma (St. Lous, MO) and Tedia (Fairfield, USA), respectively. 

 

(B) Analysis Condition 

For chromatographic analyses, an Alltima C18 column (5µm, 150mm × 4.6 mm) with a 

compatible guard column (C18, 5µm, 7.5mm × 4.6 mm) was used. The LIG peak was 

detected at a UV absorbance wavelength of 280 nm. The mobile phase consisted of  
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methanol : 5% isopropyl alcohol in distilled deionized water (60:40). The mobile 

phase was filtered through a 0.2 µm filter and degassed by sonication in vacuum for 20 

min. The flow rate of the mobile phase was set at 1 ml/min. Sample was injected on the 

column for analysis. 

 

(C) Sample Preparation 

It was reported that 2% DMSO did not affect the cell monolayer during the transport 

experiment (Caloni, 2002). Thus  lipophilic  LIG was first dissolved in DMSO and 

then further diluted in assay buffer in order to achieve the final test concentration of 

2% DMSO. The LIG solution for Caco-2 transport study and stability was prepared 

fresh in the assay buffer on the day of the experiment, which is a HBSS buffer at pH 

7.4 containing 10 mM HEPES and 25 mM D-Glucose (Hidalgo et.al, 1989; Hilgers et 

al., 1990). All the samples for experiments were clean, that can be injected onto the 

column without any extraction procedure. All samples were stored at –80 ̊ C in freezer, 

and analyzed within a week after experiments.  

 

(2) HPLC Assay of LIG 

 

(A) Calibration Curves 

Standard curves were obtained by the injection of standard solutions in triplicate at the 

LIG concentration of 1.00, 0.75, 0.50, 0.25, 0.10, 0.05, 0.025 mM. These standards 

were prepared by diluting the LIG solution in an assay buffer containing 2% DMSO. 

These standards were prepared afresh daily and were randomly interspersed among 

the experimental samples during the analysis. A 10 µl sample was injected onto 

column and the chromatographic run time was set at 14 min.  

 

(B) Intra- and Inter-day Variability 

The accuracy and precision of the method was determined by performing intra- and 

inter-day variability in the peak area and peak retention. For intra-day variability of 

LIG, the same sample was injected five times on the same day of analysis. For 
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inter-day variability of LIG, the same sample was injected on five different days.  

 

2.2.3.6   Measurement of Malondialdehyde Content and the Activities of SOD 

and GSHPx  (MDA and the Activities of SOD and GSHPx assay kits, 

Jianchen Bioengineering Co, Nanjing, China) 

  

(1) Estimation of Lipid Peroxidation 

 

Malondialdehyde (MDA) content, an indicator of lipid peroxidation, was measured as 

the procedure described previously (Janero, 1990; Ohkawa et al., 1979).  Brain tissues 

were homogenized in 10 times (w/v) 0.1 M sodium phosphate buffer (pH 7.4). To 

every 0.1 ml of the above sample, the following reagents were added: acetic acid (20%) 

1.5 ml (pH 3.5), thiobarbituric acid (0.8%) 1.5 ml, and sodium dodecyl sulfate (8.1%) 

0.2 ml. The mixture was heated at 100 °C for 60 min, and then cooled with tap water. 

After the addition of 5ml of n-butanol/pyridine (15:1 v/v) and 1ml distilled water, the 

reaction mixture was vigorously shaken. After centrifugation at 4000 rpm for 10 min, 

the organic layer was withdrawn and absorbance was measured at 532 nm using a 

spectrophotometer and quantification was done based on the standard curve generated 

by using authentic MDA.  

 

(2) Measurement of Activities of SOD and GSHPx 

 

The procedure was carried out using commercially available kits (Jianchen  

Bioengineering, Nanjing, Jiangshu Province, PR China). The assay for SOD activity 

was based on its ability to inhibit the oxidation of oxymine by O2
- produced from the 

xanthine-xanthine oxidase system. One unit of SOD activity was defined as the 

capability of reducing the absorbance at 550 nm by 50%. The assay of GSHPx activity 

was determined by quantifying the rate of oxidation of the reduced glutathione (GSH) 

to the oxidized glutathione (GSSG) by H2O2 catalyzed by GSHPx. One unit of GSHPx 

was defined as the activity that reduced the level of GSH by 1 µM in 1 min per 
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milligram protein. Protein concentration in the sample was determined by the method 

of Bradford.  

 

2.2.3.7  Measurement of NO content and iNOS activity (NO content and iNOS 

activity assay kits, Jianchen Bioengineering Co, Nanjing, China) 

 

(1) Determination of  NO Content 

 

 The NO content was measured according to a commercially available kit (Jianchen 

Bioengineering Co, Nanjing, China). This assay was based on the nitrite measurement, 

an indicator of NO production, by Griess reaction (Green et al., 1982). NO, once 

released, is rapidly converted to nitrite and nitrate in the aqueous medium. The ratio of 

the nitrate and nitrite concentrations may vary substantially on the biological fluids 

and tissues. Because the Griess reagent does not react with nitrate, nitrate must be 

converted to nitrite by incubation with nitrate reductase and nicotinamide adenine 

dinucleotide at room temperature. Nitrite can react with color reagents, and then the 

absorbance of the solution was measured at 540 nm. Changes of the absorbance at 540 

nm were calculated by substracting the average absorbance value of the blank wells, 

and NO concentration was determined on the basis of NO standard curve. 

 

The ipsilateral hemispheres were homogenated in normal saline (1:9, w/v) at 4 °C, and 

centrifuged at 4000×g for 20 min. The NO content in supernatants was measured 

spectrophotometrically at 540 nm according to the manufacturer’s instruction. Nitrite 

concentrations were calculated by regression analysis of a standard curve using 

sodium nitrite as a standard and expressed as µmol per milligram protein. Protein 

concentration in the sample was determined by the method of Bradford.  

 

(2) Determination of iNOS Enzyme Activity  

 

It is apparent that the NOS isozymes can be catalogued into at least two types of NOS. 
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One (cNOS) is constitutive, Ca2+/calmodulin dependent, which releases NO for short 

periods in response to receptor or physical stimulation. This type of NOS isozyme 

exists in neurons and endothelial cells of blood vessels. Another type (iNOS) is 

expressed in many cells such as macrophages, neutrophils, hepatocytes and Kupffer 

cells, chrondrocytes. It can also be synthesized in endothelial cells of blood vessels. It 

is inducible, Ca2+ independent. Both types of NOS are P450-type oxygenase using 

NADPH, flavin adenine dinucleotide, flavin mononucleotide, and tetrahydrobiopro- 

tein as cofactors (Marletta 1989; Marletta 1993; Stuehr and Griffith 1992). 

 

The enzyme activity of iNOS was measured according to a commercially available kit 

(Jianchen Bioengineering Co, Nanjing, China). This assay was based on the oxidation 

of oxyhaemoglobin to methaemoglobin by NO in the Ca2+-free reaction mixture 

(Knowles et al., 1990). The ipsilateral hemispheres were homogenated in normal 

saline (1:9, w/v) at 4 °C, and centrifuged at 4000×g for 20 min. iNOS activity in 

supernatants was measured spectrophotometrically at 530 nm according to the 

manufacturer’s instruction, and one enzyme unit was expressed as 1 nM of NO formed 

in 1 min per  milligram protein. Protein concentration in the sample was determined by 

the method of Bradford.  

 

2.2.3.8   Measurement of Caspase-like Activities (caspase activity assay kits, 

KeyGen, Nanjing, China) 

 

(1) Cytosolic Protein Preparation 

 

Please refer to 2.2.2.3. 

 

(2) Caspase-like activity assay 

 

Caspase-8 and Caspase-3 activities were measured using colorimetric assay kits 

essentially according to the manufacturer’s instruction (KeyGen Biotech corporation 
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limited, Nanjing, China). This assay was based on the ability of the active enzyme to 

cleave the chromophore from the caspase substrate. Fifty micrograms of cytosolic 

protein were diluted in a 50 µl of lysis buffer, and then added to a 50 µl reation buffer, 

and transferred to a 96 well flat-bottom microplate. To each reaction well, 5 µl of 

caspase 8 colorimetric substrate (IETD-pNA) or caspase-3 colorimetric substrate 

(DEVD-pNA) were added. The plate was incubated for 4 h at 37 °C. Levels of released 

p-nitroanilide (pNA) were evaluated by measuring optical density at 405 nm with a 

Model 550 microplate reader (Bio-Rad Lab., Herules, CA, USA). Caspase-like 

activities were expressed as the percentage of optical density unit of sham-operated 

control group. 

 

2.2.4      Histochemical Methods 

 

2.2.4.1   Microscopic Analysis of Nuclear Fragmentation 

 

 (1) Principle 

 

Morphological changes of cells can be observed at the light microscopic level using 

nucleic acid-binding dyes. Hoechst 33342 is an obvious choice because it is known to 

produce relatively good stoichioetric DNA staining when preserving cell viability 

(Foglieni et al., 2001). It is a vital DNA staining that binds preferentially with A-T 

base-pairs. Hoechst 33342 has the highest permeability into living cells and shows the 

highest retention on the DNA (Haraguchi et al., 1999). The Hoechst 33342 

morphological analysis is chosen as a gentle nondestructive method in which the 

classic morphology of early and late apoptotic cells, as well as early membrane 

permeability changes can be reliably evaluated on intact cells. Non-apoptotic cells 

show dim nonhomogeneous nuclear staining whereas apoptotic cells were brightly 

stained, and the classic progression of chromatin condensation and nuclear 

fragmentation were visible (Maciorowski et al., 1998; Seigel and Campbell, 2004; 

Tanaka et al., 2002). 
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(2) Procedure 

 

C6 cells were grown in 6-well plates at a density of 1.0×106 cells /well for 24 h and 

then incubated with various concentrations of LIG  for 24 h before H2O2 (final 

concentration 500 µM) for another 24 h. Then cell media was removed, and the cells 

were gently washed with PBS and fixed with 4% paraformaldehyde in 0.1 M 

phosphate buffer (pH7.4) for 1 h at room temperature.  After washing with PBS, nuclei 

were stained with 5 µg/ml Hoechst 33342 (Fluka, Industriestrasse 25 CH-9471 Buchs 

SG, Switzerland) dissolved in sterile water for 15 min. The cells were washed with 

PBS and viewed under an inverted fluorescence microscope (Leica, Wetzlar, 

Germany).  

 

2.2.4.2    TTC Staining of Infarct Brain Tissue 

 

(1)  Principle 

 

Triphenyltetrazolium chloride (TTC) staining is a commonly used method to quantify 

experimental brain infarctions (Bederson et al., 1986a; Belayev et al., 1999). TTC is a 

reagent for oxidative enzymes. It can accept a proton from succinate dehydrogenase in 

the inner membrane of the mitochondria which reduces it to its red insoluble form 

formazan, therefore, an area with inactive enzymes, and the infarction, is not stained 

and appears pale. The major advantages of TTC staining over other histopathologic 

staining methods are its low cost, technical simplicity, and reproducibility. But TTC 

staining may overestimate the infarct area by including enzymatically inactive but 

vital brain tissue. 

 

(2) Procedure 

 

(A) TTC staining:  
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At the end of the experiment, the animals were reanesthetized and received 

intracardiac perfusion with 0.9% normal saline prior to the removal of their brains. 

The brains were chilled at −80 °C for 4 min to harden the tissues slightly. Seven 

coronal sections were made at bregma levels from +4.7  mm to -7.3 mm (2 mm each) 

by a tissue slicer onto an ice-cold plate. The sections were placed in a 2% solution of 

TTC (Sigma, St. Louis, MO) dissolved in normal saline and stained for 30 min at 37 

°C in the dark. The sections were then washed twice with saline and fixed in 10% 

phosphated-buffered formalin at 4 °C overnight.  

 

(B) Detection of Infarction Volume 

The caudal face of each section was scanned using a flatbed color scanner, and the 

infarct areas from each brain section was measured using Pro-plus 4.5 image analyses 

software (Image J, Bethesda, MD). The total volume of infarction was calculated from 

the sum of the infarct areas (seven sections in all) × thickness (2 mm). The infarct 

volume was expressed as a percentage of the total volume from the ipsilateral 

hemisphere. 

 

2.2.4.3    Hematoxylin and Eosin Staining  

 

(1)  Principle 

 

Hematoxylin and Eosin (HE) Staining is a very common histological procedure. It is 

used to stain any cell types, from bone tissues to brain tissue. The resulting sections 

have two colors-blue due to hematoxylin and pink due to eosin. Hematoxylin is a basic 

stain; thus it preferentially binds to acidic structures (e.g. nucleic acids, giving the 

nuclei and cytoplasmic structures containing RNA a very dark bluish black 

appearance). Most other cytoplasmic structures (ones that do not contain acidic 

molecules) preferentially bind to Eosin, and appear pink. The result is a pink (light) 

background dotted with blue (dark). The stark contrast between pink and blue allows 

for most cell structures to be seen clearly under light microscope.  
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(2) Procedure 

 

(A) 5 µm paraffin sections are mounted on glass slides and allowed to dry overnight to 

ensure adherence. 

(B) Paraffin-embedded sections are dewaxed by immersion in xylene for 10min, 

followed by a further 10 min in fresh xylene. 

(C) Rinse sections in two changes of 100% ethanol and air dry. 

(D) Rinse in 95%, 80%, 70% ethanol and distilled water. 

(E ) Stain in Harris hematoxylin solution for 10 min, then  wash in distilled water. 

(F) Differentiate in 1% HCl in ethanol for 30 sec, then  wash in distilled water. Rinse 

sections in 1% ammonia, and distilled water. 

(G) Counterstain with 0.25% Eosin for 30 sec to 1 min, then  wash in distilled water. 

(H) Dehydrate by immersion in 70%, 80%, 95% and two changes of 100% ethanol (1 

min each).   

(I) Mount in resin dissolved in xylene. 

(J) View under a light microscope, where nuclei are stained blue and cytoplasma 

appear pink.  

 

2.2.4.4   Immunohistochemical Method 

 

(1) Principle 

 

Immunohistochemistry (IHC) is the localization of antigens in tissue sections by the 

use of labeled antibodies as specific reagents through antigen-antibody interactions 

that are visualized by a marker such as fluorescent dye, enzyme, radioactive element 

or colloidal gold. 

 

With the development of immunohistochemistry techniques, enzyme labels such as 

peroxidase (Nakane and Pierce, 1967) and alkaline phosphatase (Mason and Sammons, 

1978) have been introduced. Since immunohistochemistry involves specific antigen- 
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antibody reaction, it has an apparent advantage over traditional special and enzyme 

staining techniques that identify only a limited number of proteins, enzymes and tissue 

structures. Therefore, immunohistochemistry has become a crucial technique in many 

areas of research. 

 

(2) Procedure 

 

(A) Tissue Processing 

Animals were deeply anaesthetized and perfused through the left cardiac ventricle 

with normal saline, followed by a fixative consisting of 4% paraformaldehyde in 0.1M 

phosphate buffer (pH 7.4). The tissue was embedded in OCT and cut at 10 µm 

thickness on a freezing microtome (Leica), and then mounted on 

aminopropyltriethoxylsilane (APES)-coated slides. If not used immediately, the 

paraffinized sections were stored at room temperature, and the freezing sections at – 

80 °C until needed. 

 

(B) IHC Method 

The immunohistochemical procedure was carried out using a labeled 

streptavidin-biotin technique. The frozen slices (10 µm) were obtained on a freezing 

microtome (Leica, Germany) and placed on APES-coated slides. The slides were 

washed in PBS and reacted with 0.3% H2O2 in methanol to quench any endogenous 

peroxidase activity for 20 min. After washing, the sections were blocked with 5% 

normal goat serum containing 0.3% Triton-X-100 for 20 min at room temperature to 

block the non-specific binding of antibodies. After incubation with the primary 

antibody diluted in PBS 30 min at 37 °C, and then overnight at 4 °C, the sections were 

washed three times and incubated with the biotinylated secondary antibody for 1 h at 
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room temperature. After three rinses in PBS, the sections were incubated with SP 

Reagent (Zhongsan Bioengineering Co,  China.) for 60 min at 37 °C, and incubated 

with DAB (0.5mg/ml) and 3% H2O2. Finally the sections were counterstained with 

hematoxylin. For each case, 0.01 M PBS was used as a substitute for the primary 

antibody for the negative control groups. No positive staining was seen in any of these 

control sections. Quantitative determination of the number of positive cells in the 

penumbra of focal ischemia was respectively made on anatomically-matched sections 

for each group. Six randomly-selected microscopic fields (× 400 magnification) were 

analyzed from two matched slides for each animal, and expressed as the number/high 

power field. 

 

2.2.4.5   TUNEL Staining (DNA fragmentation detection kit, Roche, Germany) 

 

(1) Principle 

 

Classical apoptotic cell death can be defined by certain morphological and 

biochemical characteristics that distinguish it from other forms of cell death. A 

biochemical hallmark of apoptosis is the cleavage of chromatin into small fragments, 

which not only can be analyzed by agarose gel electrophoresis (Wyllie 1980; Zakeri et 

al., 1993) but also detected by in site DNA nick end labeling in tissue sections 

(Gavrieli et al., 1992; Labat-Moleur et al., 1998). Although the distinct “ladder” of 

DNA bands representing multiples of 180-200 bp correlates with the early 

morphological signs of apoptosis, DNA fragmentation assay cannot be applied to 

tissue sections. The method of terminal deoxynucleotidyl transferase (TdT)-mediated 

dUTP-biotin nick end labeling (TUNEL)  is widely used to detect and quantifying 

apoptosis in tissue sections. This method is based on the specific binding of TdT to 
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3’-OH ends of DNA, ensuing a synthesis of a polydeoxynucleotide polymer. After the 

exposure of nuclear DNA on histological sections by proteolytic treatment, TdT was 

used to incorporate biotinylated deoxyuridine at sites of DNA breaks. The signal was 

amplified by avidin-peroxidase, enabling conventional histochemical identification by 

light microscopy. Although two types of TUNEL-positive cells were observed: 

apoptotic cells  showing nuclear condensation and fragmentation as well as apoptotic 

bodies around the nuclear membrane without cytoplasmic staining and necrotic cells 

showing necrotic characteristics with uncondensed chromatin and more diffuse light 

cytoplasmic labeling (Charriaut-Marlangue et al., 1996b; Li et al., 1995), the 

identification and semi-quantitation of apoptotic cells were available based on the 

outcome of TUNEL staining.   

 

(2) Procedure 

 

(A) Paraffin sections (5 µm) are mounted on APES-coated glass slides and allowed to   

       dry overnight to ensure adherence. 

(B) Paraffin-embedded sections are dewaxed by heating at 60 °C for 10 min, washing    

      with  xylene for 5 min, followed by a further 5 min in fresh dewaxing agent. 

(C) Rinse sections in 95% and 70% ethanol for 3 min each wash, and distilled water. 

(D) For formaldehyde-fixed sections, digest with proteinase K diluted to a final      

concentration of 20 µg/ml for 15 min at room temperature. 

(E) Wash in sterile distilled water four times, rinse in 70%, 90%, and 95% alcohol and 

air  dry.  

(F)  Rinse the slides twice with PBS at RT. Let excess fluid drain off.  

(F) Prepare 50 µl TUNEL reaction mixture for each section and incubate at 37 °C for 

1  h in a moist chamber. 

(G) Terminate the reaction by washing sections in PBS three times (5 min for each  

        wash). 

(H) Block endogenous peroxidase activity with methanol containing 3% H2O2  for 10   

        min at room temperature. Wash three times in distilled water and once in PBS (5     
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        min for each wash). 

(J)   Add 50 µl Converter-POD, pre-dilated 1:2 in blocking solution and incubate for 

30  min at 37 °C  in a moist chamber.  

(K)  Wash in PBS three times (5 min for each wash)  

(L)  Add 50 µl DAB substrate solution and incubate for 5-10 min at room temperature. 

Wash in water; lightly counterstain with hematoxylin; dehydrate by immersion in 

70%, 90%, 95%, and two changes of 100% ethanol (5 min each); clear in xylene; 

and mount in resin. 

(M) View under a light microscope, where apoptotic cells show brown apoptotic 

bodies as well as nuclear condensation and fragmentation, necrotic cells appear 

uncondensed chromatin and more diffuse light cytoplasmic labeling, and normal 

cell nuclei appear blue. 
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Figure 2-1. Reaction of DPPH· with a hydrogen donor. 
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Figure2-2.  Reaction between  TBA and MDA to yield the TBA-MDA adduct. 
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CHAPTER 3  

 

TRANSEPITHELIAL TRANSPORT OF Z-LIGUSTILIDE 

ACROSS CACO-2 MONOLAYERS 
 

3.1 ABSTRACT 
 

Oral administration is the most important and preferred route for small molecular 

weight conventional drugs. The overall bioavailability of an orally administrated drug 

mainly depends on the physicochemical properties of the drug, as well as the 

morphological and biochemical state of the intestinal epithelium. Therefore, the 

present investigation focused on the transepithelial permeation of lipophilic 

Z-ligustilide (LIG), using the human colonic cell line Caco-2 as a model of human 

intestinal absorption. In addition, the effects of temperature, extracellular calcium and 

P-glycoprotein (P-gp) inhibitor-cyclosporin A on the LIG transport were also observed. 

Apparent permeability coefficients (Papp) for the apical-to-basolateral (AP-BL) flux 

were (4.0 ± 0.5) × 10-6 cm/sec. Differences in the Papp between AP-BL and BL-AP 

directions were not statistically significant at both 37 ºC and 4 ºC. And  cyclosporin A 

at 10 µM and extracellular calcium had no effect on Papp for AP-BL transport of LIG. 

These data suggested efficient absorption of LIG through small intestine in vivo, and 

transcellular passive diffusion might be the principal mechanism of oral absorption for 

LIG.  
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3.2       INTRODUCTION 

 

Z-ligustilide (LIG), a volatile and liquid compound first isolated from the root of 

Ligusticum acutilobum in 1960 (Mitsuhashi et al., 1960), is a characteristic phthalide 

component of Umbelliferae plants and has been considered as the main bioactive 

component of many important medical plants, such as Radix Angelica sinensis (Lin et 

al., 1979),  Ligusticum wallichii (Wang et al., 1984), Ligusticum chuangxiong (Naito et 

al., 1996), and Cnidium officinale (Bohrmann et al., 1967). There is no doubt that 

understanding the pharmacokinetics of LIG is useful for designing the ideal dosing 

regimens in pharmacological studies and future clinical applications. So far, however, 

no related studies have been reported, mostly due to the unstable property and 

limitation of pure sample preparation. 

 

The Caco-2 cell line, derived from the human colon cancer cells, has become an 

established in vitro model for the prediction of drug absorption in the human intestine. 

When cultured on semipermeable membranes, Caco-2 cells differentiate into a highly 

functionalized epithelial barrier with remarkable morphological and biochemical 

similarity to the small intestinal columnar epithelium (Pinto et al., 1983). The 

 144



membrane transport properties of compounds can thereby be assessed using these 

differentiated cell monolayers (Artursson, 1990). The apparent permeability  

coefficients (Papp) obtained from Caco-2 cell transport studies have been shown to 

correlate to human intestinal absorption (Artursson et al., 1996; Rubas et al., 1993). 

The growth and maintenance of Caco-2 cell line is simple, cost-effective and available 

for the test of limited amount of sample. The present study was designed to investigate 

the transport of LIG extracted from Radix Angelicae Sinensis across caco-2 

monolayers in vitro in order to indicate the absorption of LIG in in vivo intestine and 

the possible mechanisms. 

 

3.3       MATERIALS AND METHODS 

 
3.3.1      Materials 

 

3.3.1.1   Materials  

 

Unless otherwise stated, all chemicals were obtained from Sigma chemical company, 

St. Louis, MO, USA. HPLC grade methanol was purchased from Honeywell 

International Inc., Muskegon, USA and isopropyl alcohol was from Tedia company, 

Fairfield, USA. Dulbecco’s Modified Eagle Medium (DMEM), trypsin, and 

penicillin-streptomycin were purchased from Gibco, Grand Island, NY, USA. 

Heat-inactivated fetal bovine serum was from Hyclone, Logan, UT, USA. Six-well 

Polycarbonate membrane TranswellsTM  were purchased from Corning Costar 
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Corporation Acton, MA, USA (0.3 µm pore size, 4.71 cm2). Plastic culture flasks were 

from Falcon, Becton Dickinson, Franklin Lakes, NJ, USA.  

 

3.3.1.2  LIG Preparation 

 

Radix Angelica sinensis, known as Danggui in Chinese, was purchased from the 

Danggui cultivating base of the Good Agricultural Practice in Min Xian County, 

Gansu Province, China. Its identity was confirmed by comparison to descriptions of 

characteristics and appropriate monograph in Chinese Pharmacopoeia (The State 

Pharmacopoeia Commission of People’s Republic of China, 2000). LIG was extracted, 

separated and purified from Radix Angelica sinensis (Oliv.) Diels in our laboratory, 

with match number: 040608. Purified LIG was identified by electron impact ionisation 

(EI) MS, 1H NMR and 13C NMR spectrometric techniques. The purity was found to be 

> 99% based on the percentage of total peak area by HPLC analysis. 

 

3.3.2    Methods 

 

3.3.2.1  HPLC Assay of LIG  

 

A High Performance Liquid Chromatographic (HPLC) assay was used to analyze the 

LIG content in stability and the transport studies of LIG (Li et al., 2002).  

 

(1) Analysis Condition 

Chromatographic analysis were performed on an Agilent 1100 Series HPLC System 

(Agilent Technologies, Waldbronn, USA), equipped with a vacuum degasser, a 

quaternary pump, a 100-position autosampler, and a DAD detector. HPLC grade water, 

methanol and isopropyl alcohol  were used for HPLC analysis. For chromatographic 
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analyses, an Alltima C18 column (5µm, 150mm × 4.6 mm) with a compatible guard 

column (C18, 5µm, 7.5mm × 4.6 mm) was used. The LIG peak was detected at a UV 

absorbance wavelength of 280 nm. The mobile phase consisted of  methanol : 5% 

isopropyl alcohol in distilled deionized water (60:40). The mobile phase was filtered 

through a 0.2 µm filter and degassed by sonication in vacuum for 20 min. The flow 

rate of the mobile phase was set at 1 ml/min. Typically, 10 µl of sample was injected 

on the column for analysis. 

 

(2) Sample Preparation 

It was reported that 2% DMSO did not affect the cell monolayer during the transport 

experiment (Caloni et al., 2002). Thus  lipophilic  LIG was first dissolved in DMSO 

and then further diluted in an assay buffer in order to achieve the final test 

concentration of 2% DMSO. LIG solution for stability, variability and transport study 

and was prepared afresh in an assay buffer on the day of the experiment, which is 

HBSS buffer at pH 7.4 containing 10 mM HEPES and 25 mM D-Glucose (Hidalgo et 

al., 1989). All the samples for experiments were clean, that can be injected onto the 

column without any extraction procedure. All samples were stored at –80 ˚C in the 

freezer (Czech Republic HETO HOLTEN AS, Denmark ), and analyzed within a week 

after experiments.  

 

(3) Calibration Curves 

Standard curves were obtained by the injection of standard solutions in triplicate at 
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LIG concentrations of 1.00, 0.75, 0.50, 0.25, 0.10, 0.05, 0.025 mM. These standards 

were prepared by diluting LIG solution in the assay buffer containing 2% DMSO. 

These standards were prepared afresh daily and were randomly interspersed among 

the experimental samples during analysis. A 10 µl sample was injected onto column 

and the chromatographic run time was set at 14 min. The retention time of LIG was 

9.02 min.  

 

(4) Intra and Inter-day Variability 

The precision of the method was determined by performing intra and inter-day 

variability in peak area and retention time. For intra-day variability of LIG, the same 

sample was injected five times (10 µl) on the same day of analysis. For inter-day 

variability of LIG, the same sample was injected in five different days.  

 

3.3.2.2   Stability Studies of LIG in Assay Buffer 

 

The stability of LIG was determined by adding 5 ml of 0.5 mM LIG  solution in a 

plastic centrifuge tube maintained at 37 ˚C on the shaker of an orbital Incubator (Shel 

LAB, USA). Samples of 10 µl were removed at regular time intervals, and directly 

injected onto HPLC column. The chromatographic peak areas of samples were 

measured at the period of 2 h.  

 

3.3.2.3   Preparation of Caco-2 Monolayers 
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(1) Caco-2 Cell Culture 

Please refer to chapter 2. 

When reaching 70~80% confluence, cells were applied for the subsequent studies. 

 

(2) Preparation of Caco-2 Monolayers 

Caco-2 cell monolayers were established by using a 21-day culture method (Ranaldi et 

al., 2003). When cells reached about 80% confluence, they were seeded on 

polycarbonate membrane filters inside a six-well Costar Transwell  at a density of 

6.4×104 cells/cm2 . Each transwell insert was placed in a 35-mm well of a culture plate 

with 2.6 and 1.5 ml of culture medium on the basal side and apical side, respectively. 

Culture media were replaced every 48 h for the first 7 days and every 24 h thereafter. 

Cells grown in these Transwell insert became confluent in 5-7 days but were allowed 

to mature until 21 days.  

 

(3) Assessment of Caco-2 Monolayers Integrity 

The monolayers integrity was assessed by the inverted light microscopy and the 

measurement of transepithelial electric resistance (TEER). After seeding cells into 

transwell inserts, TEER was measured every 3 days by using the Millicell-ERS 

voltohmmeter fitted with ‘chopstick’ electrodes (Millipore Co., Bedford, MA, USA). 

The TEER values were calculated according to the following equations: 

TEER (Ω·cm2) = (Rtotal - Rblank) ×A 

Where Rtotal is the measured resistance. Rblank is the resistance of inserts without cells.  
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A is the growth surface area. The confluent monolayers which exhibited TEER values 

over 600 Ω·cm2 were used in the transport experiments (Asano et al., 2003). 

Monolayer integrity during the transport experiment was determined by measuring the 

TEER before and after drug addition.  

 

3.3.2.4  Transport Studies of LIG Across Caco-2 Monolayers 

 

(1)  Transport Experiment Procedure 

 

To begin the transport experiment, Caco-2 monolayers were washed three times with 

an assay buffer (previously warmed to 37 °C) and incubated with an assay buffer (1.5 

ml in donor and 2.6 ml in receiver) for 30 min at 37°C. Then the buffer in the donor 

compartment (representing the lumen of intestine) was aspired and replaced with a 1.5 

ml fresh buffer containing LIG at 1.5 mM concentration. The Transwell was placed on 

the shaker of an incubator at 37 °C.  At time points of 20, 40, 60, 90, and 120 min, 

samples of 50 µl were removed from the receiver (representing the blood of intestine) 

and replaced with an equal volume of fresh assay buffer. Sample aliquots were 

transferred in sampler vials and stored at -80 °C for HPLC analysis. All experiments 

were conducted in triplicate.  

 

(2) Transport of LIG Across Caco-2 Monolayers under Different Conditions 

 

To understand the absorption and potential mechanisms of LIG in intestine in vivo, the 
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transport characteristics of LIG were studied under different conditions.  

 

(A)  Temperature Dependency of LIG Transport in Bidirections 

To determine the effect of temperature on the absorption and secretion of LIG in cell 

monolayers, transport studies were conducted in both AP-to-BL and BL- to-AP 

directions at 37 °C and 4 °C respectively.  

 

(B) Effects of Additives on LIG Transport 

a)  For a study which aimed at determining the effect of P-gp on LIG transport, a LIG    

     solution containing 10 µM cyclosporin A was selected for the apical medium. The    

    transport experiments were then initiated as described above.  

 

b) To study the possibility of LIG transport by paracellular route (through the  

    intercellular spaces), the monolayers were preincubated with calcium-free assay  

buffer containing 2.5 mM EDTA in two sides for 45 min, then the transport studies  

were initiated in a calcium-free assay buffer as described above. 

 

(3)  Sample Analysis 

 

LIG content in the samples  was determined by HPLC as previously described. On the 

day of analysis, 10 µl of the samples were injected onto the HPLC column to obtain  a 

concentration within the range of LIG standard curves.  
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(4) Data Calculations 

Transport studies were performed at a LIG concentration of 1.5 mM under different 

experimental conditions. The apparent permeability coefficient, Papp, was expressed 

as cm/s×106 (Artursson, 1990). It was obtained by plotting the cumulative amount of 

compound transported (Q) versus time (T) and determining the linear appearance rate 

(slope, ∆Q/∆T) of the compound on the receiver side. The appearance rate was 

determined by analyzing the linear part of the curve using a linear regression fitting: 

Q=aT+b, where a is the slope, which equals ∆Q/∆T, and b is the intercept. The Papp 

value was obtained by the formula Papp = (∆Q/∆T)/(AC0), where ∆Q/∆T is expressed 

in millimoles per second, A is the surface area of the cell monolayers ( in cm2), and C0 

is the initial concentration of the LIG on the donor side ( in mM/cm3). 

 

3.3.2.5   Statistic Analysis  

 

The statistical analysis was performed using SPSS 10.0. Data was presented as the 

mean ± SD. The difference between the means was determined by One-Way ANOVA 

followed by a Student-Newman-Keuls test for multiple comparisons. Differences with 

P < 0.05 were considered significant.   

 

3.4       RESULTS 

 

3.4.1      HPLC Assay of LIG 

 152



3.4.1.1 Calibration Curves (Fig. 3-1, Fig.3-2) 

 

The calibration curve was fitted by plotting the mean of the three peak areas (y) against 

the concentration of LIG (x). A sample chromatogram is shown in Fig.3-1 and a 

standard curve is shown in Fig.3-2. The results for the calibration curve showed good 

linearity (r = 0.9995) over the concentration range of 0.025~1.000 mmol/L, with an 

equation of  y=1861.6x + 40.174..  

    

3.4.1.2 Intra and Inter-day Variability (Tab. 3-1, Tab. 3-2) 

 

Intra and inter-day variability of the HPLC assay of LIG is shown in Tab.3-1 and Tab. 

3-2. Both the Intra-day and inter-day variability were found to be minimal (relative 

standard deviation, RSD, less than 3% in all cases). Consequently, these results 

indicated that the method was reliable within the analytical ranges. 

 

 

3.4.2 Assessment of Caco-2 Monolayers Integrity (Fig. 3-3, Fig.3-4) 

 

Caco-2 cells grown on a transwell insert became confluent in 5-7 days. The maturation 

of tight junctions during intestinal cell differentiation is a crucial factor in the 

establishment and maintenance of the differentiated polarized epithelial cell 

phenotype. TEER measures predominantly the ionic conductance of the paracellular 

pathway in the epithelial monolayer, and is therefore widely regarded as an important 
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indicator of monolayer integrity. The TEER of cell monolayers was monitored at set 

days from day 7 until day 21 after seeding. As shown in Fig. 3-3, the TEER of Caco-2 

monolayers gradually increased with time of differentiation reaching a plateau value at 

about day 16 after seeding. In addition, TEER was not changed significantly before 

and after the LIG addition, indicating no effect on the monolayer integrity during the 

transport experiment.    

 

3.4.3      Stability Studies of LIG in Assay Buffer (Fig.3-5) 

 

LIG is an unstable volatile oil. Therefore, one of the difficulties involved in studying 

the transport of LIG is the lack of information on its stability under transport studies. 

The finding in this study demonstrated that LIG was almost stable (> 94%) in assay 

buffer at pH 7.4 (Fig. 3-5). This suggests the degradation of LIG under transport 

conditions across caco-2 monolayers is thus insignificant.   

 

3.4.4      Transport of LIG Across Caco-2 Monolayers  

 

3.4.4.1   Temperature Dependency of LIG Transport in Bidirections of Caco-2 

Monolayers (Fig.3-6, Fig. 3-7) 

 

The transport of both apical and basolateral loading of LIG was linear with time for up 

to 2 h at 37 °C or 4 °C  (Fig. 3-6). The Papp for AP-BL or BL-AP flux of LIG were (4.0 

±  0.5)×10-6 cm/sec or (4.1 ± 0.7) ×10-6 cm/sec at 37 °C , and (3.2 ± 0.4) ×10-6 cm/sec 

or (3.5 ± 0.2) ×10-6 cm/sec at 4 °C respectively (Fig. 3-7). The difference in Papp 

between bi-directional transport of LIG was not statistically significant, and also not 
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temperature- dependent (P > 0.05).  

 

3.4.4.2   Effects of Additives on LIG Transport Across Caco-2 Monolayers (Fig 

3.8, Fig 3.9) 

 

The effects of cyclosporin A and extracellular calcium on LIG transport gave further 

information on its characteristics of transport across Caco-2 monolayers. As shown in 

Fig. 3-8 and Fig 3.9,  cyclosporin A, an inhibitor of P-gp transporter, and calcium-free 

assay buffer in apical medium did not show any significant effect on the permeation of 

LIG in AP-BL direction (P > 0.05). Thus P-gp was not involved in the LIG transport, 

and also the possibility of paracellular transport pathway of LIG could be ruled out. 

 

3.5 DISCUSSION 

 

As the gastrointestinal tract represents the first barrier of in vivo absorption, the 

transepithelial permeation in in vitro Caco-2 monolayers is widely used to predicate 

compound absorption in human small intestine. Studies have shown a good correlation 

between the permeability in the Caco-2 monolayers and the oral absorption in humans 

(Artursson et al., 1996; Rubas et al., 1993). The present data showed that the 

apical-to-basal Papp of LIG was 4.0 ×10-6 cm/sec. According to previous studies 

(Artursson and Karlsson, 1991; Pade and Stavchansky, 1998; Yee, 1997), a Papp value 

in Caco-2 monolayers of  > 1 ×10-6 cm/sec should, in general, be associated with 
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efficient intestinal absorption in humans. Moreover, it was reported that the Papp of 

highly lipophilic compounds in Caco-2 monolayers could be underestimated because 

of a considerable retention by the Caco-2 monolayers and non-specific binding to the 

transwell surface (Krishna et al., 2001). In physiological condition, highly lipophilic 

drugs exist in a protein-bound form with serum proteins such as albumin. The 

protein-binding ability enhances the solubility of such drugs to the serum that might 

facilitate their absorption into blood. Of greater importance as a potential predicator of 

oral absorption is the apical-to-basal Papp. Therefore, the finding in this study 

suggests good oral absorption of LIG in  in vivo small intestine.   

 

For most small molecule drugs, passive diffusion or active (or carrier-mediated) 

transport are their main mechanisms of intestinal absorption. With simple diffusion, 

the rate of transport increases directly in proportion to the concentration gradient, and 

low temperature may decrease the diffusion rate to some extent. On the other hand, the 

active transport rate depends on the functional state of carrier proteins, and thus can be 

inhibited by low temperature. Based on the present findings regarding the comparison 

between AP-BL and BL-AP flux at a physiological temperature (37 °C) and low 

temperature (4 °C), it appeared that the transepithelial transport of LIG in bidirections 

of Caco-2 monolayers was be a passive diffusion process. In addition, it was reported 

that apical membranes of Caco-2 cells expressed high level of P-gp (Hunter et al., 

1993). Therefore, we further examined whether P-gp, an ATP-dependent efflux pump 

(Anderle et al., 1998), was involved in the transport of LIG. Our results showed that 
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addition of Cyclosporin A, a P-gp inhibitor, did not significantly increase the Papp of 

LIG across the Caco-2 monolayers, suggesting that LIG was not a substrate for P-gp. 

Moreover, passive diffusion involves two parallel routes: the transcellular route 

(across the membranes) and the paracellular route (through the intercellular spaces). It 

was reported that low calcium medium could loosen the tight junction of caco-2 

monolayers, then enlarging the intercellular space and increasing compound transport 

by paracellular route (Artursson and Magnusson, 1990). In this study, the Papp of LIG 

was not significantly changed with Ca2+-free media in the Caco-2 monolayers. Thus, 

the opening of the tight junctions in monolayers had no effect on the transport of LIG, 

indicating that LIG transported across the Caco-2 cell monolayer predominately via 

the transcellular pathway. 

 

In conclusion, the data generated in this study suggests excellent absorption of LIG 

through small intestine in vivo. Moreover, transcellular passive diffusion may be the 

principal mechanism of the oral absorption for LIG. 
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Figure 3-1.  A typical HPLC profile of LIG recorded at 280 nm. (Analytical column: 

Alltima C18, 5µm, 150mm×4.6 mm; guard column: C18, 5µm, 7.5mm×4.6 mm; mobile 

phase: methanol-5% isopropyl alcohol (60:40); flow rate: 1.0 ml/min; temperature: 

ambient.) The retention time of LIG is 9.02 min under the condition described above. 
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Figure 3-2.  LIG standard curve. A calibration curve fitted by plotting the mean of the 

three peak areas (y) against the concentration of LIG (x) gave the following regression 

equation: y=1861.6x + 40.174 with determination coefficient r = 0.9995. 
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Table 3-1.  Intra-Assay variability in the HPLC analysis of LIG 
 

Parameter Mean±SD % RSD No. of peaks 

LIG peak area 

(same standard) 
812 ±14 1.7 5 

LIG 

retention time 
8.73 ± 0.03 min 0.3 5 

 

 

Table 3-2.  Inter-Assay variability in the HPLC analysis of LIG 
 

Parameter Mean±SD % RSD No. of days 

LIG peak area 

(same standard) 
842 ±18 2.1 5 

LIG 

retention time 
8.91 ± 0.17 min 1.9 5 
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Figure 3-3. The TEER values of Caco-2 cells during differentiation. The data 

represent mean ± SD (n = 24).  
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Figure 3-4. The percent change of TEER values of Caco-2 monolayers before 

(Control) or  after  addition of the LIG solution (1.5 mM LIG). The data represent 

mean ± SD (n = 3).  
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Figure 3-5. The stability of 0.5 mM LIG in pH 7.4 HBBS buffer, measured as the 

chromatographic peak areas. The data represent the mean ± SD (n = 3). 
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Figure 3-6. The transport profile of LIG in bidirections across the Caco-2 monolayers 

at 37 °C or 4 °C. The data represent the mean ± SD (n = 3).  
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Figure 3-7. The effect of temperature on the permeability of LIG in AP-BL (■) or 

BL-AP (□) direction across the Caco-2 monolayers. The data represent the mean ± SD 

(n = 3).   
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Figure 3-8. The transport profile of AP-BL of LIG across the Caco-2 monolayers in 

the assay buffer (■), 10 µM Cyclosporin A (▲), or calcium -free assay buffer (○) in 

the apical medium. The data represent the mean ± SD (n = 3). 
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Figure 3-9. The permeability of AP-BL flux of LIG in the Caco-2 monolayers in the 

presence or absence of additives in the apical medium. The data represent the mean ± 

SD (n =3).  
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CHAPTER 4  

 

ANTIOXIDANT PROPERTIES AND PROTECTIVE 

EFFECTS OF Z-LIGUSTILIDE ON HYDROGEN 

PEROXIDE-INDUCED OXIDATIVE DAMAGE IN C 6 

CELLS 

 

4.1       ABSTRACT 

 

The free radical scavenging and antioxidant activities of Z-Ligustilide (LIG) of Radix 

Angelica sinensis were examined for the 2,2-diphenyl-1-picrylhydrazyl (DPPH) stable 

free radical scavenging activity,and for the inhibition of lipid peroxidation. LIG at 

concentrations of 5, 20, 80 mM could scavenge DPPH radical and inhibit linoleic acid 

autooxidation, Fe2+/ascorbic acid or NADPH–induced lipid peroxidation of rat 

cerebral cortex mitochondria in a concentration-dependent manner. Moreover, the 

protective effect of LIG against hydrogen peroxide-induced oxidative damage in the 

rat C6 glioma cells was investigated by measuring cell viability via  MTT, and 

Hoechst 33342 staining for nuclear fragmentation. Following 4 h cell exposure to 

hydrogen peroxide, a marked reduction in cell survival was observed, which was 

significantly and concentration-dependently prevented by 24 h pretreatment with LIG 

at 0.5-50 µM. In separate experiments, LIG also significantly and 

concentration-dependently attenuated the apoptotic chromatin-condensation and 
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nuclear fragmentation induced by a 24 h treatment with hydrogen peroxide in the C6 

cells. Taken together, these results suggest that LIG shows a relevant antioxidant 

activity both in in vitro chemical systems and oxidative stress-induced cell injury 

model, by means of scavenging free radicals, inhibiting lipid peroxidation and 

preventing oxidative injury. Furthermore, protection for oxidative damage of LIG may 

be of values in disorders in which oxidative stress is implicated. 

 

KEY WORDS: 

 

Z-ligustilide, Phthalide, Radix Angelica sinensis, Antioxidant, Free radical, DPPH, 

Hydrogen peroxide, C6 cell 

 

4.2 INTRODUCTION  

 

It is generally accepted that oxidative injury plays an important role in the 

development of tissue damage and pathological events in various chronic diseases 

(Cheeseman, 1993; Delanty and Dichter, 2001; Reiter  1995). Oxygen centered free 

radicals, known as reactive oxygen species (ROS), are one of the major sources of 

primary catalysts that initiate oxidation in living organism. Normal aerobic respiration 

in mitochondria, stimulated polymorphornuclear leukocytes, macrophages and 

peroxisomes are the main endogenous sources of ROS in organisms. Exogenous 

sources of ROS include tobacco smoke, certain pollutants, organic solvents and 
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pesticides (Davies, 1995; Halliwell and Gutteridge, 1989). ROS are continuously 

produced during normal physiologic events, and are scavenged respectively by 

endogenous SOD, GSHPx, and catalase. Other antioxidants, including GSH, ascorbic 

acid, and vitamin E are also likely to be involved in the detoxification of free radicals 

(Halliwell et al., 1992). In pathological conditions such as cerebral 

ischemia/reperfusion, however, ROS are overproduced and can cause the inactivation 

of detoxification systems, consumption of antioxidants, and the failure to adequately 

replenish them. As a result of the dysfunction of the antioxidant defense,   ROS attack 

membrane lipids, modify proteins and damage DNA. Therefore, due to the potential 

application of potent antioxidants against various oxidative stress-related disorders, up 

to now, many compounds or drugs have been screened for their possible antioxidant 

activity. There is an increasing interest in the antioxidant effects of compounds 

derived from herbs which could be relevant in relation to their role in health and 

disease and concerns about the toxic effects of synthetic antioxidants (Schwarz et al., 

2001). 

 

As described as in Chapter 3, Z-Ligustilide (LIG) is a characteristic phthalide 

component of many important medical plants. The analysis of its chemical structure 

suggests that LIG may give rise to an antioxidant activity due to the active 

dihydrobenzene and conjugated double-bonds. Although studies have showed its 

multiple pharmacological actions including antiasthmatic, spasmolytic and 

insecticidal actions (Miyazawa et al., 2004; Tao et al., 1984), and a mild inhibition on 
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the central nervous system (Matsumoto et al., 1998; Xie et al., 1985), there is so far no 

report related to the antioxidant effect of LIG.  

 

The present study was carried out to determine the antioxidant activity of LIG in 

different lipid peroxidation systems, its property as a free radical scavenger, and even 

further, to assess its protective effects against oxidative injury in C6 cells induced by 

hydrogen peroxide.  

 

4.3       MATERIALS AND METHODS  

 

4.3.1      Materials 

 

4.3.1.1   Materials 

 

Unless otherwise stated, all chemicals were obtained from Sigma Chemical Company, 

St. Louis, MO, USA. Amonium thiocyanate was purchased from Merck, Darmstadt, 

Germany. Hoechst 33342 was obtained from Fluka, Industriestrasse, Buchs 

SG,  Switzerland. H2O2 (30%, w/v) was purchased from Riedel-de Haen, Seelze, 

Germany. C6 glioma cells were obtained from the American Tissue Culture Collection 

(ATCC), Rockville, MD, USA. DMEM, trypsin, and pencillin-streptomycin were 

purchased from Gibco, Grand Island, NY, USA. Heat-inactivated FBS was from 

Hyclone, Logan, UT, USA. Plastic culture flasks and plates were from Falcon, 
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Franklin Lakes, NJ, USA. All chemicals and solvents used were of the highest 

available grade.  

 

4.3.1.2   LIG Preparation 

 

LIG was extracted, separated and purified from Radix Angelica sinensis (Oliv.) Diels 

in our laboratory, with match number: 041008 (containing LIG > 98.5%). Before 

application, various concentrations of LIG solution were freshly prepared by 

dissolving it in proportional solvent according to the experimental requirement.   

 

4.3.2       Methods 

 

4.3.2.1    DPPH Radical Scavenging Assay 

 

The scavenging activity on DPPH (Sigma Chemical Co. USA) radicals of LIG was 

measured according to the previous method (Blois et al., 1958) with minor 

modification. A 0.1 mM solution of DPPH in ethanol was prepared and 1 ml of this 

was added to every 3 ml of various concentrations of LIG solutions in ethanol (5, 20, 

or 80 mM concentration). After 30 min incubation at room temperature,  the 

absorbance of the reaction mixtures were measured at 517 nm (UV-visible  

spectrometer, GBC, Australia). Decreasing of the DPPH solution absorbance indicates 

an increase of the DPPH radical-scavenging activity. This activity was calculated by 
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using the following equation:  

 Reduction (%) = {1 - (At/Ai)}×100 

where At represents absorbance at the measuring time, and Ai represents absorbance at 

the initial time. 

 

The DPPH solution without tested samples was used as control. 

 

4.3.2.2    Measurement of Autooxidation in Linoleic Acid  

 

To determine the antioxidant activity in an oil-in-water system, the thiocyanate 

method was applied with modification (Mihaljevic et al., 1996). The amount of 

peroxides formed in the emulsion during incubation is determined 

spectrophotometrically by measuring absorbance at 500 nm. A high absorbance 

indicates a high peroxides formation and a low antioxidant activity. A linoleic acid 

(Sigma Chemical Co. USA) pre-emulsion from 3 ml linoleic acid was vortexed with 3 

ml Tween-20 (Sigma Chemical Co. USA) in 200 ml potassium phosphate buffer (40 

mM, pH 7.0). One ml LIG solution (5, 20, 80 mM concentration) was added to the 

pre-emulsion, and the final volume of the reaction mixture was brought to 25 ml with a 

potassium phosphate buffer. While the mixture was incubated in conical flasks in the 

dark at 37°C, aliquots of  0.1 ml from the mixture were periodically taken. The degree 

of oxidation was measured according to the thiocyanate method by adding 5 ml 75% 

ethanol, 0.1 ml ammonium thiocyanate (30%, w/v), and 0.1 ml ferrous chloride (0.1%, 
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w/v) to every 0.1 ml of the reaction mixture. Precisely 5 min after the addition, the 

absorbance of peroxide value was measured at 500 nm (UV-visible  spectrometer, 

GBC, Australia) against 75% ethanol contained in a reference cell. All test data were 

averages of triplicate analyses. 

The inhibition ratio (%) was calculated according to following formula: 

Inhibition (%) = (1-A1/A) ×100 

Where A was the absorbance of the control at 500 µm and A1 was the absorbance of 

the test samples at 500 nm. Control was incubated with linoleic acid but without the 

tested samples. 

 

4.3.2.3    Assay for Lipid Peroxidation of Rat Cerebral Cortex Mitochondria 

 

To determine the effect of LIG in preventing enzymatic and non-enzymatic lipid 

peroxidation in mitochondria, lipid peroxidation was measured by the described 

method (Guo et al., 1996). The formation of the 2-thiobarbituric acid reactive 

substances (TBARS) in mitochondria suspension was initiated with Fe2+/absorbate 

system or NADPH, and then determined  spectrophotometrically by measuring 

absorbance at 535 nm (UV-visible  spectrometer, GBC, Australia). A high absorbance 

indicates a high peroxides formation and a low antioxidant activity.  

 

 (1) Preparation of Rat Cerebral Cortex Mitochondria  

Please  refer to chapter 2. 
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(2) Determination of Protein Concentration of Brain Mitochondria  

Please refer to Chapter 2. 

 

(3) Lipid Peroxidation Assay in Brain Mitochondria   

Please  refer to chapter 2. 

 

4.3.2.4 C6 Glioma Cell Culture  

 

Please refer to chapter 2. 

When cells reached 70~80% confluence, they were applied for the subsequent studies. 

 

4.3.2.5 Assessment of Cell Viability 

 

Cell viability was evaluated by a morphological observation with a phase-contrast 

light microscope and a MTT assay (Denizot and Lang, 1986; Hansen et al., 1989; 

Mosmann, 1983; Liu et al., 1997). The MTT assay measures the metabolic reduction 

of MTT to formazan (blue) by mitochondrial dehydrogenases, which are active only in 

living cells. Before experiments, the cells were trypsinized, and cell concentration was 

assessed by using a hemocytometer. The cells were diluted into 2000 cells/100 µl in 

DMEM with 10% FBS and then seeded on a 96-well plate at 100 µl/well. In the 

following day, LIG was added to the wells (final concentration 0.5, 5, 25, 50 µM) and 

incubated for 24 h before the addition of hydrogen peroxide (H2O2, final concentration 
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500 µM). Following 4 h of treatment, the plates were viewed under a phase-contrast 

light microscope (Leica, Wetzlar, Germany). Images were obtained using a 10× lens. 

For MTT assay, 20 µl of 5 mg/kg  MTT were added to each well, and the plate was 

incubated for 4 h at 37 °C. All culture media were then removed and the coloured 

formazan dissolved in 100 µl DMSO. The absorbance at 570 nm of each aliquot was 

determined by using an automated 550 microtiter plate reader (Bio-Rad, USA). The 

cell viability in each well was assessed by the colorimetric change and presented as 

percentage of the control cells.   

 

4.3.2.6    Microscopic Analysis of Nuclear Fragmentation 

 

To investigate the effect of LIG on H2O2-induced cells apoptosis, the morphological 

changes in H2O2-treated nuclear fragmentation were observed by a fluorescence 

microscopy after being stained with Hoechst 33342 (Foglieni et al., 2001; 

Maciorowski et al., 1998). C6 cells were grown in 6-well plates at a density of 1.0×106 

cells /well for 24 h and then incubated with various concentrations of LIG (final 

concentration 0.5, 5, 25, 50 µM) for 24 h before H2O2 ( final concentration 500µM ) for 

another 24 h. Then the cell media was removed, and the cells were gently washed with 

PBS and fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH7.4) for 1 h at 

room temperature. After washing with PBS, nuclei were stained with 5 µg/ml Hoechst 

33342 (Fluka, Buchs SG, Switzerland) dissolved in sterile water for 15 min. The cells 

were washed with PBS and viewed under an inverted fluorescence microscope (Leica, 
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Wetzlar, Germany). Images were obtained by using a 40× lens. Non-apoptotic cells 

showed dim nonhomogeneous nuclear staining whereas apoptotic cells were brightly 

stained, and the classic progression of chromatin condensation and nuclear 

fragmentation was visible. 

 

4.3.3      Statistical Analysis 

 

The statistical analyses were performed by using SPSS 10.0. Date are presented as 

mean ± SD. The difference between means was determined by ONE-Way ANOVA 

followed by a Student –Newman-Keuls test for multiple comparisons. Differences 

with P < 0.05 were accepted as significant and P values < 0.01 very significant. The 

correlation was analyzed using Pearson’s bivariate correlations with the SPSS version 

10.0 statistical software program. 

 

4.4       RESULTS 

 

4.4.1      DPPH Radical Scavenging Activity (Fig. 4-1, Fig. 4-2) 

 

DPPH is a stable free radical in aqueous or ethanol solution. In order to evaluate the 

free radical scavenging activity by using the test samples, the change of the optical 

density of DPPH radicals was monitored. Any scavenging action means that the 

compound has the ability to provide a hydrogen atom to DPPH radical, which results 
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in the decoloration and decrease in absorbance of DPPH in solution (Blois, 1958; 

Cakiret al., 2003). As shown in Fig. 4-1, the addition of the different concentration of 

LIG solution decreased the absorbance and reached a steady state after 30 min. LIG 

scavenged DPPH radical at a concentration-dependent manner. The free radical 

scavenging activities of 5, 20 and 80 mM LIG were 7.5%, 50.2% and 69.8 %,  

respectively (Fig. 4-2).  

 

4.4.2      Inhibition on Autooxidation in Linoleic Acid (Fig. 4-3, Fig. 4-4)  

 

The antioxidant activity of LIG was also determined by the thiocyanate assay. The 

amount of peroxides formed in emulsion during incubation (37 °C) was determined 

spectrophotometrically by measuring the absorbance at 500 nm after adding 

ammonium thiocyanate and ferrous ion. A high absorbance indicates a high peroxides 

formation. As shown in Fig. 4-3, the peroxidation of linoleic acid emulsion gradually 

increased during a 120 h reaction process.  LIG concentration-dependently inhibited 

the peroxidation of linoleic acid over the total time course, and showed the maximal 

inhibition at 96 h incubation. The inhibition ratio of 5, 20 and 80 mM of LIG were 

27.1%, 55.0%, and 68.6%, respectively (Fig.4-4).  

 

4.4.3    Inhibition on Lipid Peroxidation of Rat Cerebral Cortex Mitochondria 

(Fig. 4-5, Fig. 4-6) 
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The TBARS contents in mitochondria suspension increased significantly when 

incubated with Fe2+/ascorbate (non-enzymatically lipid peroxidation initiation system) 

and NADPH (enzymatically lipid peroxidation initiation system). LIG at 

concentrations of 5, 20, 80 mM attenuated Fe2+/ascorbate and NADPH-induced lipid 

peroxidation in a dose-dependent manner (Fig. 4-5, Fig. 4-6). At a concentration of 80 

mM LIG showed 45% and 52% of inhibitions in non-enzymatic and enzymatic system, 

respectively.   

 

4.4.4      Protection on C6 Cells Against Hydrogen Peroxide-induced Cytotoxicity 

(Fig. 4-7, Fig. 4-8) 

 

As shown in Fig 4-7, the C6 cells exhibited a marked decrease in cell number and most 

cells demonstrated a round shape, some of which were lyzed or replaced by debris 

after a 24 h exposure to 500 µM H2O2. However, when the C6 cells were preincubated 

with various concentrations of LIG before the application of H2O2, a significant 

increase in cell number was found and most of the cells recovered their characteristic 

shape. 

 

The loss of cell viability in culture was measured by the reduction of MTT activity of 

cells. The survival rate of C6 was about 53% when the cells were treated with 500 µM 

H2O2 for 24 h.  The viability of C6 cells pretreated with LIG at 0.5, 5, 25 and 50 µM 24 

h before exposure to H2O2  (500 µM) were increased in a statistically significant 
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fashion to 70 ± 7, 81 ± 17, 92 ± 9, and 88 ± 11%, respectively (Fig. 4-8). Cells treated 

with 50 µM of LIG alone for 24 h showed no obvious change in their viability.  

 

4.4.5      Prevention of Hydrogen Peroxide-induced Apoptosis in C6 Cells (Fig. 

4-9)  

 

After staining with Hoechst 33342, the C6 cells were assessed as having undergone 

apoptosis by a fluorescence microscopy. The occurrence of apoptosis was 

differentiated by morphological observation after staining with Hoechst 33342. By 

means of a fluorescence microscopy, the C6 cells positively stained with Hoechst 

33342 showed condensed and fragmented nuclei typical of H2O2 –induced apoptotic 

cell death (Fig. 4-9). However, LIG (0.5-50 µM) significantly prevented H2O2 

–induced apoptotic cell death in a dose-dependent manner.  

 

4.5       DISCUSSION 

 

Antioxidants can be defined as the compounds, which inhibit or delay, but are not able 

to prevent oxidation completely. Because many factors affect oxidation, such as 

oxygen pressure, temperature, metal catalysts and fat composition, the value of 

antioxidant activity varies depending on the oxidation condition and the assay used. 

We used four different in vitro systems and a cell condition to the determination of the 

antioxidant potency of LIG. In the present study, we found that LIG extracted from 
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Radix Angelica sinensis had dose-dependent antioxidative activity in various in vitro 

experiments. The potent ability to scavenge DPPH free radicals demonstrated the 

direct radical scavenging activity of this compound. Furthermore, LIG significantly 

inhibited the autooxidation of linoleic acid, and both enzymatic NADPH-dependent 

and non-enzymatic Fe2+/ascorbate-dependent lipid peroxidation in rat cerebral cortex 

mitochondria.  

 

Hydrogen peroxide (H2O2) is a major precursor of ROS generated in vivo. It is able to 

cross biologic membranes and induce cellular damages by the formation of ·OH free 

radicals and readily damaging biological molecules, which can ultimately lead to an 

apoptotic cell death (Sur et al., 2003). Morphologically, apoptosis is characterized by 

intact plasma membranes and cellular organelles, nuclear condensation, DNA 

fragmentation and the formation of apoptotic bodies (Kerr et al., 1972). Apoptosis can 

be monitored experimentally in several ways. Fixed cells can be stained with nucleic 

acid fluorochromes or detected by TUNEL labeling of breaks at 3-OH ends in DNA 

strands. However, TUNEL labeling lacks specificity for apoptosis since DNA strand 

breaks are also seen in necrotic cell death (Labat-Moleur et al., 1998; Mangili et al., 

1999). Hoechst 33342 binds preferentially with DNA rich in thymidine and adenine 

base pairs and is widely used as a marker for DNA condensation and/or fragmentation 

that accompanies apoptotic cell death in various cell types (Foglieni et al., 2001; 

Maciorowski et al., 1998). We also found in the present study that the nuclear 

condensation and fragmentations of the C6 cells were detected by the fluorescent cell 
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marker H33342 in H2O2-treated C6 cells, which was attenuated by LIG pretreatment. 

In addition, hydrogen peroxide decreased C 6 cell viability and its cytotoxic effect was 

significantly prevented in the presence of LIG in cell cultures. According to these 

results, it may be said that the protection effect of LIG on H2O2- induced cell damage, 

at least in part, is related to its antioxidant activity in lipid peroxidation and free radical 

scavenging activity. Furthermore, LIG showed significant antioxidant activity at lower 

dose in cell model than in vitro systems, which is likely that LIG, a highly lipophilic 

small molecule compound (log P = 2.86, molecular weight = 190) may be of a good 

affinity for cell membranes and can be efficiently uptake by cells. Therefore, further 

analysis of antioxidation activity of LIG in in vivo is good for the study after the oral 

administration due to its probably remarkable absorption in small intestine as 

described in Chapter 3.  

 

In conclusion, the present study shows that LIG exerts a potent antioxidant activity in 

in vitro systems and significant protection on H2O2 -induced oxidative injury in C6 

cells. These results suggest that LIG may be of values in disorders where oxidative 

stress is greatly implicated. 
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Figure 4-1. The scavenging effect of LIG on DPPH radical. The free radical 

scavenging activity was measured by the degree of decoloration of a DPPH solution. 

The indicated concentration of LIG was added to a 100 µM ethanolic solution of 

DPPH. Decoloration percentage was measured at the indicated incubation time at 25 

°C. Each value represents the average obtained in three different experiments in each 

of which four measurements were made. The data points without error bar indicate that 

standard deviation is too small to be seen. Key: (∆) 5 mM LIG, (●) 20 mM LIG, (▲) 

80 mM LIG.  
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Figure 4-2. The percentage reduction of the DPPH radical by LIG. The free radical 

scavenging activity was measured after 180 min incubation at 25 °C. Each value 

represents the average obtained in three different experiments in each of which four 

measurements were made.  
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Figure 4-3. The antioxidant activity of LIG on the oxidation of linoleic acid emulsion. 

The activity was determined by the thiocyanate method. The indicated concentration 

of LIG or volume-matched vehicle was added to the linoleic acid emulsion. The 

amount of peroxides was measured in the linoleic acid emulsion at the indicated 

incubation time at 37 °C. Each value represents the average obtained in three different 

experiments performed in triplicate. Key: (◆) control; (□) 5 mM LIG; (◇) 20 mM LIG; 

(▲) 80 mM LIG. 
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Figure 4-4. The percentage inhibition of the lipid peroxidation of LIG in the linoleic 

acid emulsion. The free radical scavenging activity was measured after a 96 h 

incubation at 37 °C. Values represent mean ± SD (n = 4). Each value represents the 

average obtained in three different experiments.  
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Figure 4-5. The inhibition effect of LIG on Fe2+/ascorbate-induced lipid peroxidation 

in rat cerebral cortex mitochondria. Brain mitochondria (3 mg of protein /ml) were 

incubated with the Fe2+/ascorbate acid generating system, in the presence of 10 µl of 

the indicated concentrations of LIG or just the control solvent for 30 min at 37 °C. 

TBARS was measured as described in materials and methods. Values represent mean 

± SD (n = 4). Each value represents the average obtained in three different experiments 

performed.  
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Figure 4-6. The inhibition effect of LIG on the NADPH-dependent lipid peroxidation 

in rat cerebral cortex mitochondria. Brain mitochondria (3 mg of protein/ml) were 

incubated with the NADPH generating system, in the presence of 10 µl of the 

indicated concentrations of LIG or just the control solvent for 30 min at 37 °C. TBARS 

was measured as described in materials and methods. Values represent mean ± SD (n = 

4). 
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Figure 4-7. Representative photomicrographs showing the protective effect of LIG on 

H2O2-induced C6 cell injury. The C6 cells were incubated in the presence of the 

various indicated concentrations of LIG  for 24 h and then 500 µM H2O2  for another 24 

h. A: normal cells, B: H2O2 -treated cells which showed a significant decrease in cell 

number and most of them demonstrated the round shape, C-F: LIG (final 
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concentration of  0.5, 5, 25 and 50 µM, respectively) prevented H2O2-induced cell 

injury in a concentration-dependent manner. 100-fold magnification. 
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Figure 4-8. The protective effect of LIG on H2O2-induced cytotoxicity in C6 cells 

with the MTT assay. The C6 cells were incubated in the presence of the various 

indicated concentrations of LIG for 24 h and then 500 µM H2O2 for another 24 h. 

H2O2-treated cells showed greatly reduction in cell viability. LIG prevented 

H2O2-induced cytotoxicity in a dose-dependent manner. Each value is the mean ± SD 

(n = 6) expressed as a percentage of control cultures. *P < 0.05, **P < 0.01 vs the 

group of H2O2 treatment. 
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Figure 4-9. The effect of LIG on H2O2-induced apoptotic cell death in the C6 cells 

with Hoechst 33342 staining. The C6 cells were incubated in the presence of the 

various indicated concentrations of the tested samples for 24 h and then 500 µM H2O2  

for another 24 h. A: normal cells, B: the H2O2-treated cells which showed chromatin 

condensation and/or nuclear fragmentation , C-F: LIG (final concentration of  0.5, 5, 
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25 and 50 µM, respectively) prevented H2O2-induced apoptotic cell death in a 

dose-dependent manner. Original magnification: ×400. 
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CHAPTER 5  

 

NEUROPROTECTION OF Z-LIGUSTILIDE AGAINST 

FOREBRAIN ISCHEMIA IN MICE MEDIATED BY 

ANTIOXIDATION AND ANTIAPOPTOSIS 

 

5.1       ABSTRACT   

 

Literature suggests that lipid-soluble antioxidants probably have greater efficacious 

neuroprotective potency in cerebral ischemia because of their potential ability to cross 

the blood-brain barrier and their presence in neuronal membrane structures where lipid 

peroxidation can be halted. Findings in chapter 4 showed that lipophilic Z-ligustilide 

(LIG) was a novel potent antioxidant in various in vitro ROS systems and could 

protect C6 cells against hydrogen peroxide–induced oxidative injury. And the 

transepithelial permeation characteristics of LIG in Caco-2 monolayer model, as 

demonstrated in chapter 3, indicated the excellent absorption potential of LIG through 

small intestine in vivo. These results, plus the accumulating evidences on the 

interaction of oxidative stress and ischemic brain injury, suggest that oral 

administration of LIG might be beneficial for the treatment of cerebral ischemia. 

Therefore, the present study investigated the antioxidative activity, anti-apoptotic 

effect, and potential neuroprotection  by postischemic treatment with orally 

administrated LIG on forebrain ischemia in ICR mice. A forebrain ischemic model 
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was produced by a 0.5 h bilateral common carotid artery occlusion (BCCAO) in the 

ICR mice (8-10 weeks old). LIG or the vehicle was orally administrated at the start of 

reperfusion and subsequently once daily. As determined at 5 d after ischemia, the 

treatment with LIG (20 or 80 mg/kg, p.o.) significantly prevented neuronal damage in 

the hippocampal CA1 and cortex, LIG treatment also dose-dependently decreased the 

level of MDA and increased the activities of the antioxidant enzymes GSHPx and 

SOD in ischemic brain tissues. In addition, LIG provided a great increase in Bcl-2 

expression as well as a significant decrease in Bax immunoreactivity, cytosolic 

cytochrome c release, cleaved caspase-3 expression and caspase-3 activity. The 

findings of ischemic brain samples from vehicle-treated group, which showed 

markedly increase in the number of TUNEL positive cells as well as the laddered 

feature of DNA fragmentation, were greatly suppressed by the treatment with LIG. 

Taken together, these results first presented the neuroprotective effect of LIG in 

forebrain ischemic brain injury, which may be associated, at least partly, with its 

antioxidant properties and the suppression of apoptotic mitochondrial pathway.   

 

KEY WORDS: 

 

Z-ligustilide, phthalides, neuroprotection, cerebral ischemia, apoptosis, oxidative 

stress, Bcl-2, Bax, caspase-3, cytochrome c, neuronal death 

 

5.2 INTRODUCTION 
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As postmitotic cells, neurons are almost incapable of division and regeneration, and 

therefore largely irreplaceable once they die. It is reported that ischemic stroke is the 

third leading cause of death in major industrialized countries and also a major cause of 

long-lasting disability (Bonita R, 1992). Approximately 20% of stroke patients do not 

survive the first month and >30% who are alive 6 months later will be dependent on 

others (Warlow, 1998). Ischemia stroke therefore has major repercussions not only for 

the survivor but also for the family and society as a whole. In the past 20 years, 

numerous studies have identified several key biochemical and cellular events that lead 

to ischemic neuronal degeneration (Chan, 2001; Leist and Nicotera, 1998; Onteniente 

et al., 2003), and oxidative stress is widely regarded as an important role among these 

various factors contributing to ischemic brain damage (Chan, 1996; Chan, 2001). 

Cerebral ischemia/reperfusion enhances the formation of  ROS in the brain tissues. An 

excessive production of ROS, such as superoxide anion, hydroxyl radical, hydrogen 

peroxide, and nitric oxide, may directly attack bio-macromolecules, including proteins, 

membrane lipids and DNA, and induce neuronal necrosis. A particularly important 

aspect of oxidative stress in neurons is the lipid peroxidation in that neuronal 

membrane have plenty of polyunsaturated fatty acids. In addition, oxidative stress 

resulting from ROS production may also affect the cellular signaling pathway and 

gene expression and be implicated in apoptosis following brain ischemia (MacManus 

and Linnik, 1997 ). The endogenous antioxidant enzymes, such as SODs, GSHPx and 

catalase, are known to scavenge ROS, and neuroprotective effects of these free radical 

scavengers during ischemia/reperfusion have been variously demonstrated (Chan, 
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2001). 

 

Recent investigations have shown that ischemic severity might affect the pathological 

process of cell death, and mild insults are more likely to induce apoptosis (Du et al., 

1996; Leist and Nicotera, 1998; Onteniente et al., 2003). When the regional cerebral 

blood flow (rCBF) drops below 10% of the control values, such as in the core of the 

lesion in a focal stroke, cells die through the energy-independent pathway within a few 

minutes or hours that mainly include a necrotic process. In the remaining arterial 

territory, or penumbra, rCBF levels are kept at up to 40% of the control values due to 

retrograde perfusion by anastomosis from the adjacent arteries. In this area, ATP 

levels remain high enough to allow for apoptosis, an energy dependent mechanism, 

and cell death is delayed by hours or even days. Transient forebrain ischemia by 

occluding the bilateral common carotid artery is one of the models of low-perfusing 

cerebral ischemia, which mainly results in neuronal injury through the 

energy-dependent mitochondrial apoptotic mechanism. Hippocampal pyramidal 

neurons have been shown to be the major target of an ischemic insult in this model 

(Kogure et al., 1993; Koistinaho and Hokfelt, 1997; Matsunaga et al., 2003). 

 

As shown in chapter 3 and 4, LIG, a highly lipophilic compound absorbable through 

small intestine, was a novel potent antioxidant in various ROS systems and hydrogen 

peroxide–induced cell oxidative injury model in vitro. However it remains uncertain 

whether LIG has any antioxidant activity in vivo and can protect the brain against 
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ischemic injury by its oral administration. The present study was carried out to 

determine the effect of LIG on forebrain ischemia-induced neuronal damage in mice, 

as well as the mechanisms associated with the antioxidation and anti-apoptosis.  

 

5.3       MATERIALS AND METHODS 

 

5.3.1      Materials 

 

5.3.1.1   Chemicals  

 

Unless otherwise stated, all chemicals were obtained from Sigma chemical company, 

St. Louis, MO, USA. Agarose, Tris, ethidium bromide and prestained protein marker 

were purchased from Bio-Rad Laboratories, Hercules, CA, USA. Polyacrylaminde 

was from Amresco, Solon Industrial Parkway Solon, Ohio, USA.  ECL Western 

blotting analysis system was from Amersham Biosciences, England. The mouse 

monoclonal antibodies against cytochrome c, Bcl-2 and Bax were from Santa Cruz 

Biotechnology, Santa Cruz, CA, USA. The rabbit anti-caspase-3 polyclonal against 

cleaved caspase-3 was from Cell Signaling technology, Inc. Beverly, MA, USA. The 

kit of  in situ Cell Death Detection, POD, was purchased from Roche, Mannheim, 

Germany. The SP reagent and DAB kit were from Zhongsan Bioengineering Co,  

China and VECTOR, Brulingame, USA, respectively. The kits of MDA, SOD and 

GSHPx activity assay were from Jianchen Bioengineering Co, Nanjing, China. The kit 
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of caspase-3 activity (KGA210) colorimetric assay was purchased from KeyGen 

Biotech Corporation Limited, Nanjing, China.  

 

5.3.1.2    Animal Preparation 

 

Male ICR mice weighing 24 to 26 g (8~10 weeks old) were housed at 20 ± 1°C, with 

relative humidity at 55 ± 15% and a 12-h lighting cycle (08:00-20:00 h), and allowed 

access to food and water ad libitum. Mice were used in experiments following the 

adjustment to these conditions for 1 week, and were fasted overnight before 

experiments but had free access to water. Animal care was in compliance with the 

Chinese regulations on the protection of animals used for experimental and other 

scientific purposes. 

 

5.3.1.3    Drug Preparation 

 

LIG (purity over 98 %) was prepared from our own laboratory and stored at –20 °C. 

Before the application, LIG was diluted into 2 and 8 mg/ml with 3% Tween-80. Mice 

were orally administrated a drug solution in a dose of 20 or 80 mg/kg, or a 

volume-matched vehicle.  

 

5.3.2      Methods 
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5.3.2.1   Murine Forebrain Ischemic Model 

 

The Forebrain ischemia-reperfusion model of mouse was induced by a 0.5 h occlusion 

of the bilateral common carotid arteries (BCCAO) and 5 days of reperfusion. The 

operation of BCCAO was improved based on previous reports (Kitagawa et al., 1998; 

Matsunaga et al., 2003). Male ICR mice were anesthetized through the intraperitoneal 

injection of chloral hydrate (350 mg/kg). Core body temperatures were maintained at 

37 ± 0.5 °C with a feedback-regulated heating pad. Both the common carotid arteries 

were exposed through a midline incision in the neck. The forebrain ischemia was 

induced by the occlusion of BCCAO with microaneurysm clips. After 30 min 

ischemia, the bilateral carotid clamps were removed and complete reperfusion was 

allowed for 5 days. An exposure of the bilateral common carotid arteries without 

BCCAO was used to produce the sham-operated animals. After surgery, the wound 

was sutured and the mice were returned to their cage with free access to water and food. 

The animals were placed on a thermostatically controlled warming plate to maintain 

body temperature at 37 °C during the ischemic insult and until the animals regained 

their righting reflex after reperfusion. It was reported that this warming procedure 

successfully maintained both the rectal and brain temperature of the animals at over 

35.5 °C (Hall et al., 1993). 

 

5.3.2.2   LIG Treatment Schedule 
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After 30 min of ischemia, the animals were randomly allocated to the following 

experimental groups (n = 14 in each group): the sham-operation group, the 

vehicle-treated control group, the LIG low dose group and the high dose group. LIG 

was orally administrated (20 or 80 mg/kg) at the start of reperfusion after 30 min of 

ischemia and again once daily during the period of 5 day reperfusion. The 

sham-operation group received an administration of a volume-matched vehicle. The 

administrated volume was kept constant at 10 ml/kg. 

 

5.3.2.3    Brain Tissue Preparation 

 

(1) Brain Tissue Preparation for Biochemical and Western blot Analyses   

During the 5 days of reperfusion, the animals were deeply reanesthetized through the 

intraperitoneal injection of chloral hydrate (400 mg/kg) and received an intracardiac 

perfusion with the phosphate-buffered saline (pH 7.2) until the effluent was cleared of 

blood. The brain was then quickly removed, frozen by suspension over liquid nitrogen, 

and cut into coronal blocks. The section at bregma +0.62 to –1.46 mm was then used 

directly or stored at –80 °C until used.  

 

(2) Brain Tissue Preparation for Histochemistry 

During the 5 days of reperfusion, the animals were reanesthetized through the 

intraperitoneal injection of chloral hydrate (400 mg/kg) and received an intracardiac 

perfusion with 100 ml of PBS (pH 7.2), followed by 100 ml of 4% paraformaldehyde 
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in PBS (pH 7.4). The brain was removed, postfixed for 24 h in the same fixative 

solution, and the section at bregma –1.46 to –3.52 mm was then embedded in paraffin.  

 

5.3.2.4   Estimation of Neuronal Loss  

 

The paraffinized sections (5 µm)  were taken and mounted on glass slides and 

deparaffinized by heating at 70 °C for 10 min. Slices were washed twice with xylene 

for 5 minutes, 95% and 70% ethanol for 3 minutes in each wash, and PBS. The slices 

were stained with HE as described in Chapter 2. The cerebral cortex and hippocampal 

CA1 were viewed under a light microscope (Leica, Wetzlar, Germany). The total 

images of the hippocampus were obtained by using a  4× lens, and the local pictures of 

the cortex and hippocampus were obtained using a 40× lens. Neurons which had 

shrunken cell bodies with surrounding empty spaces were identified as damaged and 

excluded. All normal appearing CA1 pyramidale neurons in a 0.5 mm length of the 

CA1 region were counted bilaterally and then averaged. Animals which showed 

significant asymmetry in regard to the CA1 neuronal counts (>50% difference 

between hemispheres) were discarded. The average of the right and left neuronal 

densities was regarded as the neuronal cell density of each mouse. The values of 

neuronal density were expressed as the mean value/0.5 mm (Kirino et al., 1986).  

 

5.3.2.5    Measurement of Antioxidant Enzyme Activities 
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The sections obtained at the level of bregma +0.62 to –1.46 mm were subjected to 

enzyme activity analyses. The procedure was carried out using commercially available 

kits (Jianchen  Bioengineering, Nanjing, Jiangshu Province, PR China). The assay for 

SOD activity was based on its ability to inhibit the oxidation of oxymine by O2
- 

produced from the xanthine-xanthine oxidase system. One unit of SOD activity was 

defined as the capability of reducing the absorbance at 550 nm by 50%. The assay of 

GSHPx activity was determined by quantifying the rate of oxidation of the reduced 

GSH to the GSSG by H2O2 catalyzed by GSHPx. One unit of GSHPx was defined as 

the activity that reduced the level of GSH by 1µM in 1 min per mg protein.  

 

5.3.2.6    Estimation of Lipid Peroxidation 

 

The sections obtained at the level of bregma +0.62 to –1.46 mm  were subjected to the 

measurement of the tissue contents of  MDA, an indicator of lipid peroxidation. The 

procedure was carried out as described previously (Ohkawa et al., 1979).  Brain tissues 

were homogenized in 10 times (w/v) 0.1 M sodium phosphate buffer (pH 7.4). To 

every  0.1ml of the above sample, the following reagents were added: acetic acid (20%) 

1.5 ml (pH 3.5), thiobarbituric acid (0.8%) 1.5 ml, and  SDS (8.1%)  0.2 ml. The 

mixture was heated at 100 °C for 60 min, and then cooled with tap water. After the 

addition of 5 ml of n-butanol/pyridine (15:1 v/v) and 1ml of distilled water, the 

reaction mixture was vigorously shaken. After centrifugation at 4000 rpm for 10 min, 

the organic layer was withdrawn and absorbance was measured at 532 nm using a 
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spectrophotometer and quantification done based on the standard curve generated by 

using vigorously authentic malondialdehyde. 

 

5.3.2.7   Western Blot Analyses  

 

(1) Total Protein Extraction 

Brain tissues were washed in ice-cold PBS, and homogenized in 10 time volume of 

ice-cold lysis buffer containing 50 mM Tris-Cl (PH 8.0), 1mM EDTA, 150mM NaCl, 

0.1% SDS, 0.5% sodium deoxycholate, 1mM PMSF, 1 µg/ml aprotinin, 1 µg/ml 

leupeptin, 1 µg/ml pepstatin, 1%Triton-X-100. After the centrifugation of the 

homogenate at 10,000 × g for 30 min at 4 °C, the supernatant was collected and stored 

at –20 °C until used. 

 

(2) Cytosolic Protein Extraction  

Brain tissues were washed in ice-cold PBS, and put into 10 volumes of lysis buffer 

containing 20 mM Hepes-KOH, pH 7.5, 10 mM KCl, 1.5 Mm MgCl2, 1 mM 

Na-EDTA, 1 mM Na-EGTA, 1 mM dithiothreitol, 1 mM PMSF, 250 mM sucrose and 

then centrifuged at 750×g for 10 min at 4 °C. The harvested supernatant was again 

centrifuged at 10,000×g for 10 min at 4 °C, and the supernatant was collected and 

stored at –20 °C until used. 

 

(3) Protein Concentration Determination 
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Please refer to chapter 2. 

 

(4) Western Blot Analyses 

Total protein samples were used to determine the Bax and BCL-2 expression and 

cytosolic samples used to assay the cytochrome c and cleaved the caspase-3 

expression.  

 

Forty micrograms protein were diluted in a 2 × sample buffer (50 mM Tris, pH 6.8, 2% 

SDS, 10% glycerol, 0.1% bromophenol blue, and 5% ß-mercaptoethanol). After being 

heated for 5 min at 95 °C, the samples were first separated by 15% 

SDS-polyacrylamide gel electrophoresis, and subsequently transferred to a 

polyvinylidine difluoride membrane (Amersham Biosciences, England). Membranes 

were blocked with 5% blocking reagent (Amersham Biosciences, England) in TBS 

(pH 7.6) containing 0.1% Tween-20 (TBS-T) for 2 h at room temperature or overnight 

at 4 °C. The membrane was rinsed in three changes of TBS-T, incubated once for 15 

min and twice for 5 min in a fresh washing buffer, and then incubated with primary 

antibody for 2 h at room temperature or overnight at 4 °C. The concentrations of 

primary antibodies for blotting are mouse anti-Bax and anti-Bcl-2 monoclonal 

antibodies (1:100, Santa Cruz Biotechnology, CA), mouse anti-cytochrome c 

monoclonal antibody (1:500, Santa Cruz Biotechnology, CA) and rabbit 

anti-caspase-3 polyclonal (1:1000, Cell Signaling technology, recognizes cleaved 

caspase-3). After three washes in a washing buffer, the membrane was incubated for 2 
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h in a horseradish peroxidase-conjugated anti-mouse secondary antibody (1:2000, 

Amersham Biosciences, England) or horseradish peroxidase-conjugated anti-rabbit 

secondary antibody (1:5000, Santa Cruz Biotechnology, CA), and developed using 

enhanced chemiluminescence (ECL western blotting analysis system kit, Amersham 

Biosciences, England). The blot was exposed to XOMAT AR films (Eastman Kodak, 

Rochester, NY). The films were scanned on a UMAX PowerLook Scanner (UMAX 

Technologies, Fremont, CA, USA) using Photoshop 5.0 software (Adobe Systems, 

Seattle, WA, USA) , and the optical density of each band was determined by using 

Gel-pro Analyzer software (Media Cybernetics, Silver Spring, MD, USA). To ensure 

even loading of the samples, the same membrane was probed with the mouse 

anti-β-actin monoclonal (Sigma-Aldrich, MO) at 1:5000 dilutions. The specific band 

is normalized with β-actin and expressed as a percentage of normal level in the 

sham-operated group. 

 

5.3.2.8   Caspase-3 Activity Assay  

 

Caspase-3 activity  of brain tissues was measured using colorimetric assay kits 

essentially according to the manufacturer’s instruction (KeyGen Biotech corporation 

limited, Nanjing, China). This assay was based on the ability of the active enzyme to 

cleave the chromophore from the caspase substrate. Fifty micrograms of cytosolic 

protein was diluted in a 50 µl of lysis buffer, added to a 50 µl reation buffer, and 

transferred to a 96 well flat-bottom microplate. To each reaction well, 5 µl of caspase 3 
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colorimetric substrate (DEVD-pNA) were added. The plate was incubated for 4 h at 37 

°C. Levels of released p-nitroanilide (pNA) were evaluated by measuring the optical 

density at 405 nm with a Model 550 microplate reader (Bio-Rad Lab., Herules, CA, 

USA). Caspase-like activities were expressed as the percentage of optical density unit 

of the sham-operated control group. 

 

5.3.2.9   TUNEL Staining 

 

The terminal deoxynucleotidyltranferase (TdT)-mediated dUTP-biotin nick 

end-labeling (TUNEL) method was employed for the in situ detection of apoptotic 

cells in the tissue sections with an in situ Cell Death Detection Kit, POD (Roche, 

Mannheim, Germany) (Gavrieli et al., 1992). The 5-µm thick slices were placed on 

APES- treated slides and deparaffinized by heating at 60 °C for 10 min. Slices were 

washed twice with xylene for 5 min, 95% and 70% ethanol for 3 min in each wash, and 

double-distilled water. They were then treated with 20 µg/ml proteinase K (Sigma 

Chemical Co) for 15 min at room temperature and washed 4 times with distilled water 

and PBS. The slides were incubated in TUNEL reaction mixture at 37 °C for 60 min. 

The reaction was terminated by stopping the buffer for 30 min at 37 °C. After washing 

3 times with PBS for 5 min each, the endogenous peroxidase was inactivated by 

covering the sections with 3% H2O2 in methanol for 10 minutes at room temperature. 

The slides were treated by Converter-POD for 30 min at 37 °C, washed again with 

PBS, and visualized by the DAB Chromagen. Negative control slides were prepared, 
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with distilled water substituted for the TdT enzyme in the preparation of working the 

TdT buffer. Coronal sections stained with the TUNEL method were counterstained 

with hematoxylin. The labeling target of the TUNEL method was the new 3’-OH DNA 

ends generated by DNA fragmentation. Using the TUNEL staining, there were two 

distinct patterns of TUNEL positive staining, TUNEL-positive apoptotic cells and 

TUNEL-positive necrotic cells, as reported previously (Charriaut-Marlangue and 

Ben-Ari, 1995; Charriaut-Marlangue et al., 1996a; Charriaut-Marlangue et al., 1996b). 

The slides were viewed under a light microscope (Leica, Germany). The 

TUNEL-positive apoptotic cells were defined as showing a condensation and 

fragmentation of nuclei and apoptotic bodies around the nuclear membrane without 

cytoplasmic a staining. Other TUNEL-positive cells were weakly labeled, showing a 

diffused cytoplasmic staining and a lack of nuclear condensation, and were considered 

to be necrotic cells. The number of TUNEL-positive apoptotic cells were counted in 

six microscopic fields (× 400 magnification), respectively and expressed as the 

number/high power field. 

 

5.3.2.10   DNA Fragmentation Assay 

 

The sections obtained at the level of bregma +0.62 to -1.46 mm were subjected to the 

determination of laddering of DNA fragmentation. For oligonucleosomal 

fragmentation of genomic DNA, fresh brain tissues (about 100 mg) were homogenized 

with 1ml ice-cold TE, washed with TE two times, and then lysed in 1ml of lysis buffer 
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(containing 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1% SDS). After addition of RNase 

A to 0.02mg/ml, the sample was digested at 37 °C for 1h. Digestion continued for 3 h 

at 55 °C, followed by the addition of proteinase K to 0.1 mg/ml. The fragmented DNA 

was extracted and purificated by the method of phenol-chloroform-isoamyl alcohol. 

Equivalent amounts of DNA (10 µg) were added to 6×loading dye (10 mM EDTA, 

0.25% bromphenol blue, 40% sucrose), and loaded into each lane of the 2% agarose 

gel electrophoresed in 0.5 × TBE buffer for 2 h at 100V. DNA was visualized by 

ethidium bromide staining. Gel pictures were taken by Gel Media System (Media 

Cybernetics, Silver Spring, MD, USA). The expected sizes of the positions of DNA 

fragmentation were shown compared to the 100-bp DNA ladder marker. DNA 

fragmentation was quantified by an analysis software using Gel-pro Analyzer software 

(Media Cybernetics, Silver Spring, MD, USA). The values were normalized for 

vehicle-treated ischemic controls and expressed in units relative to these controls. 

 

5.3.2.11  Statistical Analysis 

 

The statistical analysis were performed using SPSS 10.0. Data were presented as mean 

± SD. The difference between the means was determined by One-Way ANOVA 

followed by a Student-Newman-Keuls test for multiple comparisons. Differences with 

P < 0.05 were considered significant.   

 

5.4       RESULTS 
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5.4.1      Neuronal Protection (Fig. 5-1) 

 

To determine the effect of LIG on cerebral ischemia-induced neuronal damage, HE 

staining was used to detect the intact neuron cells in the cortical and hippocampal CA1 

areas. On the fifth day after 30 min of ischemia, numerous neuronal loss or damage 

could be found in the cortex and hippocampal CA1 of the vehicle-treated group 

whereas there was not abnormality in the sham-operated group (Fig. 5-1 A-F). In 

contrast, postischemic treatment with LIG produced dose-dependent protection on 

ischemia-induced neuron damage (Fig. 5-1 H-J). Quantificative analysis showed that 

80 mg/kg LIG had significant neuroprotection on the CA1 neurons  when compared to 

the vehicle-treated ischemic group (P < 0.01 vs. Fig. 5-1 K). 

 

5.4.2       Antioxidant Potential (Fig. 5-2) 

 

To answer whether the neuroprotective effect of LIG was associated with any the 

antioxidant effect as suggested by our in vitro observations in chapter 4, we measured 

the tissue contents of MDA, an indicator for lipid peroxidation, and the activities  of 

SOD and GSHPx. Results showed that the cerebral tissue levels of SOD (Fig. 5-2A) 

and GSHPx (Fig. 5-2B) activities were significantly decreased in the vehicle-treated 

ischemic group at 5 day reperfusion after 30 min of BCCAO (P<0.05 vs. 

sham-operated controls), whereas LIG treatment restored the reduction in these 

antioxidant enzymes in a dose-dependent manner. 80 mg/kg LIG could recover the 
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levels of SOD and GSHPx activities to near the sham-operated levels, and these 

changes reached statistic significance as compared to the vehicle-treated ischemic 

group (P < 0.01 or P < 0.05 vs. ischemic controls, respectively; Fig. 5-2A and B). 

Consistent with this effect of LIG on the antioxidant enzymes, LIG treatment at a dose 

level of 80 mg/kg also significantly attenuated the increases in MDA contents after 

ischemia/reperfusion (P < 0.05 vs. ischemic controls; Fig. 5-2C).  

 

5.4.3      Expression of Bcl-2 and Bax (Fig. 5-3, Fig. 5-4) 

 

To evaluate whether any anti-apoptosis mechanism was involved in the anti-infarction 

effect of LIG, several methods were used in the present study. We detected the effect of 

LIG on pro- and anti-apototic proteins including Bcl-2 and Bax expression by 

immunoblot. As shown in Fig. 5-3 and Fig. 5-4, at 5 d after 30 min of BCCAO, Bcl-2 

expression was weak while Bax expression was intensely immunoreactiv. The 

treatment by orally administrating LIG markedly and dose-dependently increased 

Bcl-2  (P < 0.01 at the doses of 20 and 80 mg/kg) and decreased Bax expression  (P < 

0.05 or P < 0.01 at 20 or 80 mg/kg) in forebrain ischemic tissues.  

 

5.4.4      Cytochrome C Release (Fig. 5-5) 

 

To test the effect of LIG on the cytosolic release of cytochrome c in forebrain ischemia, 

western blot analyses was used for the cytosolic cytochrome c expression of brain 
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tissues. As shown in Figure 5.5, brain samples obtained from the sham-operated 

control mice showed traces of cytochrome c protein level (relatively density = 1). 

Samples obtained from ischemic brain tissues of mice subjected to 0.5 h BCCAO/5 d 

reperfusion revealed an over 1.7-fold increases (relatively density = 2.76 ± 0.83) in the 

cytosolic cytochrome c expression, which were dose-dependently reduced to 2.34 ± 

0.29 or 1.28 ± 0.36 relative density by the postischemic treatment with 20 or 80 mg/kg 

LIG. As compared to the vehicle-treated control mice, 80 mg/kg LIG significantly 

inhibited the cytochrome c release from mitochondria in forebrain ischemia (P < 0.05). 

 

5.4.5      Activation of Caspase 3 (Fig. 5-6, Fig. 5-7) 

 

To further confirm the anti-apoptosis mechanism of the neuroprotective effect of LIG 

on forebrain ischemia, cleaved caspase 3 expression and caspase 3 activity of brain 

tissues were assayed. As shown in Figure 5-6 and Fig. 5-7, cleaved caspase 3 

expression and caspase 3 activity were significantly increased in the ischemic control 

group as compared to the sham-operated control (P < 0.05), which were significantly 

and dose-dependently inhibited by the postischemic treatment with LIG (P < 0.05 or P 

< 0.01 at 20 or 80 mg/kg). These results showed that LIG could significantly inhibit 

caspase 3 activation following transient forebrain ischemia. 

 

5.4.6     Formation of Apoptotic-positive Cells (Fig. 5-8) 
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To ask whether LIG inhibits neuronal apoptotic death in forebrain ischemia, 

TUNEL-positive apoptotic cells were identified in situ via TUNEL staining in the 

infarct cortex. As shown in Fig 5-8, no TUNEL-positive cells were observed in the 

nonischemic cerebral cortex of the sham-operated control group. At 0.5 h reperfusion 

after 5 d BCCAO, TUNEL-positive cells were markedly increased in the ischemic 

cortex. The apoptotic cells were identified by the condensation and fragmentation of 

nuclei and/or apoptotic bodies around the nuclear membrane and considered to be 

mainly neurons based on the morphologic characteristics. After the treatment of LIG, 

the apoptotic cells were dose dependently reduced in the ischemic cortex, and 80 

mg/kg LIG significantly suppressed the increase in the number of apoptotic neuron 

when compared to the vehicle-treated control group (P < 0.05).  

 

5.4.7      Formation of DNA Fragmentation (Fig5-9) 

 

Oligonucleosomal DNA fragmentation is known as a hallmark of apoptosis. Thus, to 

confirm the antiapoptotic effect of LIG, DNA fragmentation was measured by gel 

electrophoresis. Fig 5-9 showed the segmented DNA at 180- to 200-bp internals, 

reflecting the activity of endonuclease cleavage of DNA at the internucleosomal site in 

the forebrain ischemia mice at 5 days after 30 min of BCCAO. No laddering was 

detected in the sham-operated animals and significant laddering was seen in samples 

from the vehicle-treated mice. Treatment with LIG (20 or 80 mg/kg, p.o.) strongly 

suppressed the laddered feature of DNA fragmentation by 45% and 62 % (P < 0.05 or 
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P < 0.01, respectively). 

 

5.5       DISCUSSION 

 

The first objective of the present study was to determine the effect of LIG treatment on 

transient forebrain ischemic brain injury by an oral administration of LIG. It has been 

reported that less than 10% of neuronal death was observed in the hippocampal CA1 

area after 3 days of reperfusion to 5 min of BCCAO ischemia (Ding et al., 2004 ), and 

maturation of brain damage, especially in the hippocampal CA1 region, occurred 6–7 

days after reperfusion following a 10-min BCCAO forebrain ischemia (Smith et al., 

1984). We observed in the present experiments that about 50% neuronal death 

developed in the CA1 region after 30 min of forebrain ischemia with 5 days recovery 

in mice, suggesting that neuronal damage is a function of the ischemic duration. In 

comparison with the vehicle-treated group, the post-ischemic treatment with LIG 

showed an excellent dose-dependent protection in the cortical and hippocampal areas. 

And further semi-quantification of the intact neuronal density in the vulnerable 

hippocampal CA1 demonstrated that LIG could provide excellent neuroprotective 

effect at a dose level of 80 mg/kg (P < 0.01 vs. ischemic control group). As the main 

active constituent of many important medical plants, various pharmacological 

activities of LIG had been reported as reviewed in chapter 1. The data presented here 

provided the first experimental evidence about the potential neuroprotective effect of 

LIG for cerebral ischemia-induced brain injury. In this study, the body temperature of 
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mice was controlled in a normal range during the experimental procedure and LIG was 

orally administrated after reperfusion. Recent studies demonstrated that intra-ischemic 

hypothermia resulted in the significant protection in to ischemic brain damage 

whereas post-ischemic hypothermia was not effective in reducing the lesion size early 

after ischemia (Pabello et al., 2004). Therefore the potential effects of hypothermia or 

the improvement in the cortical blood flow, two physiological factors substantially 

affecting the outcome of ischemic brain injury, should be excluded from the primary 

mechanism of this compound.  

 

An antioxidant effect may be one of the underlying mechanisms by which LIG 

protected against ischemia/reperfusion brain injury based on its antioxidant activity in 

various in vitro ROS model. Our previous results showed that LIG was a free radical 

scavenger capable of reducing DPPH, and inhibiting the lipid peroxidation of linoleic 

acid and rat brain mitochondria in a dose-dependent manner. Moreover, LIG could 

promote cell survival and attenuate chromatin condensation and nuclear fragmentation 

in H2O2-induced oxidative damage in the C6 cells. Although the precise biochemical 

process of the interaction between LIG and ROS is not understood, the analyses based 

on the structure characteristics suggests that active dihydrobenzene and conjugated 

double bonds are likely to be responsible for the antioxidant properties of LIG. 

Consistent with its role as an antioxidant in vitro, we observed in this study that the 

treatment of LIG attenuated the increases in the cerebral contents of the lipid 

peroxidation marker MDA, and restored the tissue levels of SOD and GSHPx 
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activities in the ischemic brain tissues. As main endogenous antioxidants, SOD can 

catalyze the dismutation of the superoxide anion, and GSHPx may mediate the 

breakdown of hydrogen peroxide (Chan, 2001). Therefore, LIG is potentially 

beneficial for neuronal recovery from ischemic brain injury by increasing the 

endogenous antioxidant activities and scavenging ROS in the ischemic brain tissues. 

However, further study is needed to determine whether its effect on the activities of 

antioxidant enzymes is based on the direct enhancement of the enzymes activities or is 

just secondary, due to the decreased accumulation of ROS in tissues by LIG, and, 

consequently, had a decreased consumption of antioxidant enzymes.  

 

Another pharmacological property of LIG that could contribute to its neuroprotective 

effect in ischemic brain injury is the anti-apoptosis effect. One of the principal findings 

of this work is that LIG significantly inhibited the mitochondria-dependent caspase 

apoptosis pathway following transient forebrain cerebral ischemia and apoptosis in the 

cortical area. Caspases are aspartate-specific cysteine proteases and exist as zymogens 

in cells. There are two main caspase pathways during the development of apoptosis of 

cerebral ischemia: the mitochondrial pathway and the death receptor Fas pathway 

(Benchoua et al., 2001; Benchoua et al., 2002; Cecconi, 1999). The 

energy-independent Fas pathway, involving the stimulation of the members of the 

tumor necrosis factor-receptor (TNF-R) super family and the main initiator caspase-8, 

has been reported to be mainly implicated in the cell death following severe insults, 

such as the core of focal brain ischemia. The energy-dependent mitochondrial pathway 

 212



of apoptosis is mainly involved in mild ischemic insult, and can be initiated by 

imbalance between antiapoptotic (e.g. Bcl-2) and proapoptotic (e.g. Bax) members of 

the Bcl-2 family. Studies show that cerebral ischemia induces an up-regulation of Bax 

expression parallel to a Bcl-2 down-regulation within the ischemic neurons (Isenmann 

et al., 1998; Krajewski et al., 1995). Bax-like proteins are then translocated from 

cytoplasma into mitochondria and may rupture the outer mitochondrial membrane or 

induce the formation of a channel complex for cytochrome c release (Desagher and 

Martinou, 2000). This complexes with a protein apoptotic protease-activating factor-1 

(Apaf-1) and together they activate the main caspase initiator procaspase-9 of 

mitochondrial pathway, which goes on to cleave the down-stream executor 

procaspase-3, thus initiating the proteolytic cascade involved in apoptosis. In addition, 

anti-apoptotic Bcl-2 protein localizes predominantly to the outer mitochondrial 

membrane, which acts on mitochondria with a resultant unopposed action of Bax. Our 

results showed that LIG increased Bcl-2 expression together with a significant 

decrease in Bax expression in the ischemic brain tissue. In addition, LIG significantly 

inhibited the cytosolic cytochrome c release, cleaved caspase-3 expression and 

caspase-3 activity, the number of TUNEL-positive apoptotic cell and the laddered 

feature of DNA fragmentation. These results demonstrated for the first time that LIG 

could inhibit mitochondria-dependent apoptotsis involved in cerebral ischemia. 

Recent studies have revealed that antioxidants attenuated ischemic neuronal apoptosis 

by inhibiting the cytochrome c release (Kim et al., 2000; Namura et al., 2001), and the 

overexpression of SOD-1 reportedly has protective effects against 
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ischemia–reperfusion injury through blocking the cytosolic release of cytochrome c 

and reducing apoptosis after cerebral ischemia (Fujimura et al., 2000). These 

observations are consistent with our results that LIG, a new lipophilic antioxidant, has 

neuroprotective effect through the antiapoptotic effect in ischemic brain.  

 

In conclusion, LIG shows a potent protection against ischemic brain injury in a murine 

transient forebrain ischemia model after an oral administration. This neuroprotection 

of LIG is, at least in part, derived from its antioxidant and antiapoptotic effect through 

the mitochondria dependent caspase pathway. The present data first suggest that LIG 

may be a promising therapeutic agent for the potential treatment of cerebral ischemic 

disorders. 
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Figure 5-1. The effect of LIG to salvage on the cerebral neurons in the forebrain 

ischemia/reperfusion mice. HE staining was performed as described in Materials and 

Methods. Animals received the treatment of an orally administrated LIG, or a 

volume-matched vehicle at the start of reperfusion and again daily in the subsequent 5 

days.A-C: the total hippocampal CA1 and the cortex of  the sham-operated control, 

D-F: the total hippocampal CA1 and the cortex of the vehicle-treated ischemic control, 

G-I: the total hippocampal CA1 and the cortex of 20 mg/kg LIG, H-J: the total 

hippocampal CA1 and the cortex of 80 mg/kg LIG. Lower panel (K) represents the 

analyses of normal neurons in a neuronal cell density per 0.5 mm linear length of the 

CA1 subfield (× 400 magnification). Results represent the mean ± SD of six animals of 

each group. **P < 0.01 versus the vehicle-treated control group.  
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Figure 5-2. The antioxidative effects of LIG in the ischemic brain tissue of mice 

subjected to 30 min of BCCAO/ 5 d reperfusion. The data represent the mean ± SD (n 

=6). Animals received the treatment of the orally administrated LIG, or 

volume-matched vehicle at the start of reperfusion and again daily in the subsequent 5 

days. A. The effect of LIG on the level of SOD of the ischemic brain tissue. B. The 

effect of LIG on the activity of GSHPx of the ischemic brain tissue. C. The effect of 

LIG on the MDA content of the ischemic brain tissues. *P < 0.05, **P < 0.01 versus 

the vehicle-treated control group. 
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Figure 5-3. Effect of LIG on Bcl-2 expression in the ischemic brain tissues of mice 

subjected to 30min of  BCCAO/5 d reperfusion. Animals received LIG (20 or 80 

mg/kg, orally administrated) or a volume-matched vehicle (control) at the start of 

reperfusion and again daily in subsequent 5 days. Western blot analysis was performed 

as described in Materials and Methods. A: The expected molecular weight of Bcl-2 

~26 kDa and β-actin ~43 kDa bands appearing on each gel. B: Quantification of the 

effect of LIG on the expression of Bcl-2 in the ischemia-reperfusion brain. Expression 

values were normalized for β-actin and expressed as a percentage of sham group. 

Results are expressed as mean ± SD of 3 separate experiments. **P < 0.01 versus the 

control group. 
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Figure 5-4. The effect of LIG on Bax expression in the ischemic brain tissues of mice 

subjected to 30min of BCCAO/5 d reperfusion. Animals received LIG (20 or 80 mg/kg, 

orally administrated) or a volume-matched vehicle (control) at the start of reperfusion 

and again daily in the subsequent 5 days. Western blot analysis was performed as 

describes in Materials and Methods. A: The expected molecular weight of Bax  ~20 

kDa and β-actin ~43 kDa bands appearing on each gel. B: Quantification of the effect 

of LIG on the expression of Bax in the ischemia-reperfusion brain. Expression values 

were normalized for β-actin and expressed as a percentage of the sham group. Results 

are expressed as the mean ± SD of 3 separate experiments.  *P <0.05, **P <0.01 

versus the control group. 
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Figure 5-5. The effect of LIG on the cytosolic cytochrome c expression in the 

ischemic brain tissue subjected to 30min of BCCAO /5 d of reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or volume-matched vehicle 

(control) at the start of reperfusion and again daily in the subsequent 5 days. Western 

blot analysis was performed as describes in Materials and Methods. A: The expected 

molecular weight of the cytochrome c ~11 kDa and β-actin ~43 kDa bands appearing 

on each gel. B: Quantification of the effect of LIG on the expression of  cytosolic 

cytochrome c in the ischemia-reperfusion brain. The expression values were 

normalized for β-actin and expressed as a percentage of the sham group. Results are 

expressed as the mean ± SD of 3 separate experiments.  *P < 0.05 versus the control 

group. 
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Figure 5-6. The effect of LIG on the expression of cleaved caspase-3 in the ischemic 

brain tissue of mice subjected to 30min of BCCAO /5 d of reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or the volume-matched vehicle 

(con) at the start of reperfusion and again daily in the subsequent 5 days. Western blot 

analysis was performed as described in Materials and Methods. A: The expected 

molecular weight of cleaved caspase-3 ~19 kDa and β-actin ~43 kDa bands appearing 

on each gel. B: Quantification of the effect of LIG on the expression of cleaved 

caspase-3 in ischemia-reperfusion brain. Expression values were normalized for 

β-actin and expressed as a percentage of the sham group. Results are expressed as the 

mean ± SD of 3 separate experiments.  *P < 0.05, **P < 0.01 versus the control group. 
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Figure 5-7. The inhibition of caspase-3 activity in the ischemic brain tissue by the 

treatment of LIG on mice subjected to 30 min of BCCAO/5 days reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or volume-matched vehicle 

(control) at the start of reperfusion and again daily in subsequent 5 days. The activity 

of caspase 3 was measured as described in Materials and Methods. Caspase activity 

was expressed as the optical density unit percent of the sham-operated control group at 

405 nm. Data shown are the mean ± SD (n = 6). *P < 0.05, **P < 0.01 versus the 

vehicle-treated control group. 
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Figure 5-8. The effect of LIG on the development of  the apoptotic cells in the 

ischemic cortex of mice subjected to 30 min of BCCAO /5 days of reperfusion. (A) 

Representative photographs of TUNEL staining in the cerebral cortex. 

TUNEL-positive apoptotic cells exhibit condensation and fragmentation of nuclei and 

apoptotic bodies around the nuclear membrane without cytoplasmic staining (arrow). a: 

sham-operated control, b: vehicle-treated control, c and d: 80 or 20 mg/kg LIG orally 

administrated at the start of reperfusion and the subsequent 5 days. The magnification 

was 400 ×. (B) Quantification of the apoptotic cells in the ischemic cortex. Results 

represent the means ± SD of four animals of each group. *P < 0.05, **P < 0.01 versus 

the vehicle-treated control group.  
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Figure 5-9. The effect of LIG on the formation of DNA laddering in the ischemic 

brain of mice subjected to 30 min of BCCAO/ 5 d reperfusion. The internucleosomal 

DNA-fragmentation was analysed electrophoretically as described in Methods. 
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Animals were divided into the sham-operated control (sham), and the vehicle-treated 

control (con), LIG-treated groups at doses of 20 or 80 mg/kg LIG, orally administrated 

at the start of reperfusion and again daily in subsequent 5 days. M represents the 

100-bp DNA ladder marker. A: representative findings of the agarose gel 

electrophoresis showing DNA laddering. B: The results of densitometric analysis 

representing mean± SD of four animals. *P < 0.05, **P < 0.01 versus the control 

group. 
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CHAPTER 6  

 

Z-LIGUSTILIDE THERAPY PROTECTS BRAIN 

AGAINST BOTH APOPTOSIS AND NECROSIS IN 

FOCAL CEREBRAL ISCHEMIA IN RATS 

 

6.1 ABSTRACT  

 

Previous studies demonstrated that Z-ligustilide (LIG) showed significant 

neuroprotective effect in forebrain ischemic injury in mice, which might be associated 

at least in part with its antioxidant properties and the suppression on the 

mitochondria-dependent caspase apoptotic mechanism. The transient middle cerebral 

artery occlusion (MCAO) is generally accepted as the model that most closely 

duplicates focal ischemic stroke in human patients, in which complex processes 

involving mixed types of cell death, containing both necrotic and apoptotic cell death, 

are involved in neuronal death following focal ischemic stroke. Therefore, in the 

current study, we investigated the potential neuroprotective effect of LIG in focal 

cerebral ischemia in rats.  

 

Male SD rats weighing 250–300 g were used in this study. Focal cerebral ischemia (2 

h) was induced in the anesthetized rats by MCAO with an intra-luminal suture through 

the internal carotid artery. At the completion of ischemia, the rats were scored and 
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randomly divided into 3 groups based on the neurobehavioral scores. At 0 and 4 h after 

2 h of MCAO, LIG (20 or 80 mg/kg) was orally administrated twice. The 

sham-operated and vehicle-treated control animals received volume-matched vehicle. 

At 24 h of reperfusion, the rats were scored for neurological deficits again, and then 

sacrificed.  The infarct volume in the brain was assessed by 2,3,5-triphenyl tetrazolium 

chloride (TTC). Brain sections were immunostained for the expression of OX42. The 

inducible nitric oxide synthase (iNOS) and cytosolic release of cytochrome c, cleaved 

caspase-3 and caspase-8 expression were analyzed by immunoblot. The brain tissues 

of ischemic hemispheres were used to detect the activities of iNOS, caspase-3 and 

caspase-8 as well as the NO level via colorimetry. The number of apoptotic and 

necrotic cells were determined by TUNEL staining in the brain sections. 

 

Our results revealed that postischemic treatment with LIG could prevent the 

development of the infarct volume following the transient MCAO. Twenty-four hours 

after MCAO, the brain infarct volume was reduced by 70% and 90% following 

treatment with LIG at the dose levels of 20 or 80 mg/kg, respectively. The reduction in 

the brain infarct volume in all the LIG-treated groups was accompanied by a 

significant decrease in the observed neurological deficit (P < 0.01 vs. vehicle-treated 

control group). Additionally, postischemic treatment with LIG significantly 

diminished the increase in the number of  apoptotic and necrotic cells in the penumbra 

region (P < 0.01 vs. vehicle-treated group), and necrotic cells in the ischemic core (P < 

0.05 vs. vehicle-treated group), whereas there was no statistically difference in the 
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number of apoptotic cells in the ischemic core between the LIG-treated groups and the 

vehicle-treated group. The findings of the samples from the ischemic hemisphere, 

which showed a markedly increased expression of iNOS, cytosolic cytochrome c, 

cleaved caspase-3 and caspase-8, were significantly reversed by treatment with LIG. In 

addition, microglial activation was detected by immunohistochemistry at 24 h after 

ischemia, which was significantly decreased by treatment of LIG (P < 0.05 vs. 

vehicle-treated group). Consistent with the changes of the above protein expression, 

the LIG-treated groups also significantly reduced the activities of iNOS, caspase-3 and 

caspase-8  (P < 0.05 or P < 0.01 at 20 or 80 mg/kg vs. vehicle-treated group, 

respectively) and the NO level (P < 0.05 at 80 mg/kg vs. vehicle-treated group) in the 

ischemic hemisphere. These data suggest that LIG significantly attenuates ischemic 

brain injury in this focal ischemia/reperfusion model. This protective effect may be 

attributed to the prevention of both necrotic and apoptotic death by suppressing the 

apoptotic mechanisms, including mitochondrial pathway and death receptor pathway, 

as well as the activated inflammatory cells-induced inflammatory responses besides its 

antioxidant action as described in chapter 5.  

 

KEY WORDS: 

 

Z-ligustilide, acute stroke, focal cerebral ischemia, neuronal cell death, apoptosis, 

necrosis, phthalides 
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6.2 INTRODUCTION 

 

Many patients with acute stroke have an area of the severely affected brain tissue, the 

ischemic core,  irreversibly damaged. The brain tissue surrounding the ischemic core, 

the penumbra, has potential to recover its function under favorable conditions 

provided by therapeutic intervention. Depending on the occlusion period of the 

cerebral artery, the ischemic core that shows rapid cell death may enlarge and the 

penumbral zone that shows gradual cell death may reduce its size. It has been 

recognized that the ischemic core cells mainly undergo necrosis as well as 

energy-independent apoptosis because of the marked decrease in energy supply 

followed by injury in the plasma membranes, whereas the penumbral zone mainly 

exhibits delayed injury features of energy-dependent apoptosis (Benchoua et al., 2001; 

Li et al., 1998). Although many different signaling pathways are reported to be 

involved in apoptosis, in all cases the final pathway resulting in the cell death is the 

activation of a family of proteases (caspases) (Endres et al., 1998; Harrison et al., 2001; 

Raff, 1998). It has been shown that caspase-3 is the main apoptotic effector, which can 

be activated through two major upstream pathways. The first one is via the release of 

cytochrome c from the mitochondria into the cytoplasm, which consequently binds to 

procaspase-9 and Apaf-1, and forms an apoptosome. The apoptosome cleaves 

caspase-9 and the latter further cleaves caspase-3 (Ding et al., 2004; Ferrer and Planas, 

2003; Green and Reed, 1998). The second pathway is via the binding of Fas to the 

Fas-associated death domain, which activates procaspase-8 and further activates 
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caspase-3 (Northington et al., 2001; Padosch et al., 2003).  

 

In addition, cerebral ischemia induces a marked response of resident microglia and 

hematopoietic cells, including monocytes and macrophages, and elicits a strong 

intrinsic inflammatory response in the ischemic area (Clark et al., 1994; 

Komine-Kobayashi et al., 2004). There is increasing evidence that post-ischemic 

inflammation contributes to ischemic damage by many mechanisms. Inducible NOS 

(iNOS), which is not normally present in healthy tissue, can be induced by cytokines in 

activated brain gial, vascular cells and infiltrating neutrophils following ischemic 

stress (Marletta, 1993; Samdani et al., 1997). Once expressed, iNOS is continuously 

active and leads to a long-lasting (several hours to days) NO generation compared to 

cNOS-dependent NO synthesis, which lasts only a few minutes. Furthermore, the 

iNOS produces much greater amounts of NO (in micromolar range) than either nNOS 

or eNOS (picomolar levels) (Ogden and Moore, 1995). Therefore, the toxic amounts 

of NO produced by iNOS greatly contribute to cerebral ischemia damage. In addition, 

resident brain gials are also involved in the inflammatory response. Microglial cells 

are rapidly activated in response to the pathological stimuli, including ischemic insult 

(Gerhmann et al., 1992). In the early phase of activation the resting microglial cells 

undergo morphological changes. Four to six hours after ischemia, microglial cells 

retract their processes and assume an ameboid morphology that is typical of activated 

microglia (Gerhmann et al., 1992; Komine-Kobayashi et al., 2004). They proliferate 

and migrate to the site of neuronal damage. The activated microglial cells play a 
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central role in the in the expansion of ischemic damage by removing the neuronal 

debris (Mabuchi et al., 2000).  

 

Our previous in vitro results showed that LIG was a potent antioxidant in various ROS 

system, and could protect the cultured cells against H2O2-induced injury. After 

treatment with LIG in BCCAO-induced  forebrain ischemic model in mice, where 

apoptosis was the main cell death process, the neuroprotective effect of LIG has been 

demonstrated to be at least in part due to its antioxidant and anti-apoptotic mechanisms. 

In stroke patients, spontaneous recanalization often occurs within hours or days after 

the initial occlusion and often induces this reperfusion injury. Moreover, the 

restoration of blood flow with tissue-plasminogen activator (t-PA) in the acute phase 

proves to be an effective strategy for treating ischemic stroke in clinic, which also 

faces the potential risk of inducing reperfusion injury. Therefore, transient cerebral 

ischemia induced by MCAO is generally regarded as one of the most common models 

of cerebral stroke, in which the middle cerebral artery is occluded, resulting in damage 

to the cerebral cortex and striatum in that hemisphere (Longa et al., 1989). In the 

current study, we investigated the mode of neuroprotective action of LIG in transient 

MCAO ischemic rats  with special attention to the apoptosis pathways and the 

inflammatory response leading to cell death.  

 

6.3       Materials and Methods 

 

 233



6.3.1       Materials 

 

6.3.1.1    Chemicals 

 

Unless otherwise stated, all chemicals were obtained from Sigma chemical company, 

St. Louis, MO, USA. Agarose, Tris, ethidium  bromide and prestained protein marker 

were purchased from Bio-Rad Laboratories, Hercules, CA, USA. ECL Western 

blotting analysis system was from Amersham Biosciences, England. The monoclonal 

antibodies against cytochrome c and polyclonal antibody against caspase-8 were 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The monoclonal 

antibody against OX42 was from Serotec (Oxford, UK). The polyclonal antibody 

against cleaved caspase-3 was from Cell Signaling technology, Inc. Beverly, MA, 

USA. The kit of in situ Cell Death Detection, POD, was purchased from Roche, 

Mannheim, Germany. The ABC Reagent and DBA kit were from VECTOR, 

Brulingame, USA. The kits of iNOS activity and NO content assay were from 

Jianchen Bioengineering Co, Nanjing, China. The kits of caspase-8 (KGA312) and 

caspase-3 (KGA210) activity assay were purchased from KeyGen Biotech corporation 

limited, Nanjing, China. 

 

6.3.1.2    Animal Preparation 

 

Male SD rats weighing 220–250 g (8 weeks old) were obtained from the Experimental 
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Animal Center of the Guangzhou Chinese Medical University (Guangzhou, China). 

Animals were housed in stainless steel cages (three rats per cage), and given distilled 

water and laboratory chow (PMI, Brentwood, MO.Catalog# 5001) ad libitum. Rats 

were maintained under controlled conditions with temperature at 20 ± 1 °C, relative 

humidity at 55 ± 15% and a 12-h lighting cycle (08:00 – 20:00 h). Rats were used in 

experiments following adjustment to these conditions for at least 1 week, and were 

fasted overnight before experiments but had free access to water. Animal care was in 

compliance with the Chinese regulations on protection of animals used for 

experimental and other scientific purposes. 

 

6.3.1.3    Drug Preparation 

 

LIG (purity > 98 %) was prepared from our own laboratory and stored at –20 °C. 

Before the application, LIG was diluted into 2 and 8 mg/ml with 3% Tween-80. Rats 

were orally administrated a drug solution in a dose of 20 or 80 mg/kg, or a 

volume-matched vehicle.  

 

6.3.2      Methods 

 

6.3.2.1   Focal Cerebral Ischemia Model 

 

The focal ischemia model of rat was induced by the occlusion of  middle cerebral 
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artery (MCAO) for 2 h and reperfusion for 24 h. The operation of MCAO was 

improved based on Longa et al. (Longa et al., 1989). SD rats were anesthetized 

through the intraperitoneal injection of chloral hydrate (300 mg/kg). Core body 

temperatures were monitored and maintained at 37 ± 0.5 °C with a feedback-regulated 

heating pad. The left common carotid artery (CCA) and the left external carotid artery 

were exposed by means of a midline neck incision. The distal CCA, the external 

carotid artery and the pterygopalatine artery were ligated with a 4-0 suture. A 4-0 

monofilament nylon suture (its tip coated with poly-lysine) was placed into a guide 

sheath (30 mm in length) and inserted through arteriotomy of the CCA and then gently 

advanced into the internal carotid artery to a point of 17 mm distal to the carotid 

bifurcation. Mild resistance to the advancement indicated that the monofilament had 

entered the anterior cerebral artery, occluding the origin of the MCA. To establish 

reperfusion after 2 h, the guide sheath and the suture were removed. The CCA was 

then ligated distal to the arteriotomy. Finally, the neck incision was closed by suturing. 

Sham rats underwent the entire initial surgical procedure with the insertion of the 

filament into the internal carotid artery, but the filament was not advanced to occlude 

the MCA. It was completely withdrawn 2 h after insertion, i.e. the procedures were 

similar to those followed in animals subjected to the MCA occlusion. 

 

6.3.2.2   Neurological Deficit Scores 

 

The neurological status of each rat after 2 h of MCAO/ 24 h of perfusion was blindly 
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evaluated according to the neurological examination grading system described 

previously (Bederson et al., 1986b; Menzies et al., 1992). A scale of 0 to 4 was used to 

assess the motor and behavioral changes after 2 h MCAO. This test consisted of the 

following maneuvers: the rats were suspended from the tail approximately 30 cm 

above the floor and their forelimb posture was noted. Normal animals extended both 

forelimbs toward the floor and were assigned a score of 0. When the forelimb 

contralateral to the side of the MCAO was consistently flexed during the suspension 

and there was no other abnormality, the rat was scored 1. The rats were then placed on 

the absorbent pads and they were gently held by the tail. If the animals showed an 

apparent decrease in grip in the contralateral forelimb when pulled by the tail, then 

they were assigned a score of 2. Thereafter and while still being held by the tail, the 

rats were allowed to move freely and observed for circling behavior. Rats that moved 

spontaneously in all directions but established a monodirectional circling toward the 

paretic side when given a slight jerk of the tail were scored 3. Rats that showed a 

consistent spontaneous contralateral circling were scored 4. Animals that showed a 

higher clinical score also showed all features of the lower grades. This neurological 

evaluation was completed within a few minutes. 

 

All animals showing grade 0-3 were excluded from this study. The grade 4 animals, i.e. 

those showing consistent circling clockwise were the majority, constituting about 90% 

of the animals originally subjected to MCAO. The neurological status of the 

ischemia-reperfusion rats was blindly estimated after a 2-h occlusion and then a 24-h 
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reperfusion. 

 

6.3.2.3   Experimental Treatment Schedule  

 

After 2 h of MCA occlusion, the animals were randomly allocated to the following 

experimental groups (n = 14 – 16 per group) based on the neurological scores: the 

sham operation group, the control group, the LIG low dose group and high dose group. 

At the start and again at 4 h of reperfusion after 2 h of focal ischemia, the rats received 

an oral administration of LIG (20 or 80 mg/kg) or volume-matched vehicle. The 

administrated volume was kept constant at 10 ml/kg.  

 

6.3.2.4   Measurement of Body Temperature 

 

It was reported that the temperature in the brain was 0.5 °C lower than the rectal 

temperature and the brain temperature was well correlated with the core body 

temperature (Noor et al., 2003). Since the insertion of a temperature probe may result 

in a physical injury to the brain which would confound our infarct volume 

measurements, we therefore elected to use rectal temperature and correlated it to the 

resultant brain temperature.  

 

Core body temperature was measured in the conscious rats prior to anesthesia using a 

rectal probe (Electronic Temperature Monitor DT-02C rectal probe; Huang Zhou 
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Hua-An Instruments Inc., Huang Zhou, Zhei Jiang, China). The probe was inserted 3.5 

cm and it took approximately 5 sec to reach a stable temperature. During the 2 h 

intra-ischemic period, body temperature was sustained at 37 °C in the transient MCAO 

rats. In order to examine the effect of LIG on the postischemic temperature following a 

2 h ischemia, body temperature was monitored in the conscious rats at 1, 5, and 24 h 

after reperfusion, respectively, while LIG was orally administrated at the start of 

reperfusion and again at 4 h of reperfusion.   

 

6.3.2.5   Estimation of Ischemic Infarction Size  

 

Triphenyltetrazolium chloride (TTC) staining is used to quantify experimental brain 

infarction (Bederson et al., 1986a; Belayev et al., 1999). At 24 h of reperfusion 

following 2 h of MCAO, the animals were reanesthetized through the intraperitoneal 

injection of chloral hydrate (300 mg/kg) and received intracardiac perfusion with 0.9% 

normal saline. For morphometric study, the brain was then quickly removed, frozen by 

suspension over liquid nitrogen to slightly harden the tissue, and cut into 2-mm thick 

coronal sections by a tissue slicer onto an ice-cold plate. The distances of the infarct 

rims from the midline were determined on the brain slices from the coronal block of 

samples. The brains were sectioned at bregma levels +4.7, +2.7, +0.7, -1.3, -3.3, -5.3 

and -7.3 mm (seven sections). The sections were placed in a 2% solution of TTC in 

normal saline at 37 °C for 30 min in dark and then fixed in 10% phosphated-buffered 

formalin at 4 °C overnight. The caudal sides of all the TTC-stained section were 
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scanned using a color flatbed scanner,  and the infarct areas from each brain section 

was measured using Pro-plus 4.5 image analyses software (Image J, Bethesda, MD, 

UAS). The total volume of infarction was calculated from the sum of the infarct areas 

(seven sections in all) × thickness (2 mm). The infarct volume was expressed as a 

percentage of the total volume to the ipsilateral hemisphere. 

 

6.3.2.6   Brain Tissue Preparation 

 

(1) Brain Tissue Preparation for Analyses of Enzyme Activity and Western blot   

At 24 h of reperfusion, the animals were reanesthetized through the intraperitoneal 

injection of chloral hydrate (400 mg/kg) and received intracardiac perfusion with 100 

ml of phosphate-buffered saline (pH 7.2). The brain was then quickly removed, frozen 

by suspension over liquid nitrogen, and cut into two hemispheres or 2-mm thick 

coronal sections. The section 3 and section 4 were then stored at –80 °C until used.  

 

(2) Brain Tissue Preparation for Histochemistry 

At 24 h of reperfusion, the animals were reanesthetized through the intraperitoneal 

injection of chloral hydrate (400 mg/kg) and received intracardiac perfusion with 100 

ml of phosphate-buffered saline and followed by 100 ml of 4% paraformaldehyde in 

phosphate-buffered saline (pH 7.4). The brain was removed, postfixed 24 h in the 

same fixative solution, and cut into 2-mm thick coronal sections. The section 3 was 

then embedded in paraffin and the section 4 stored in liquid nitrogen until used.  
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The distances of the infarct rims from the midline were determined on the slices of the 

coronal blocks of samples dissected for measurement of the intact areas. The region of 

the lateral cortex between 3- and 4- mm distance from the midline of the coronal 

section 4, which falls within the border of the infarction in the vehicle-treated animals, 

was spared in the LIG-treated animals and can be considered part of the ischemic 

penumbra (Fig 6-1). Ischemic core was defined as the infarct region of the lateral 

cortex in both the vehicle- and LIG-treated animals.   

 

6.3.2.7 Western Blot Analyses  

 

The coronal section 3 (at bregma level +0.7 to –1.3 mm) of ischemic ipsilateral 

hemisphere was used for Western blot assays. 

 

(1) Cytosolic Protein Extraction 

The stored tissue was put into 10 times volume of lysis buffer containing 20 mM 

Hepes-KOH, pH 7.5, 10 mM KCl, 1.5 Mm MgCl2, 1 mM Na-EDTA, 1 mM Na-EGTA, 

1 mM dithiothreitol, and 1 mM PMSF and, 250 mM sucrose and then centrifuged at 

750×g for 10 min at 4 °C. The harvested supernatant was again centrifuged at 

10,000×g for 10 min at 4 °C, and the supernatant was collected and stored at –20 °C 

until used. 
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(2) Protein Concentration Determination 

Please refer to chapter 2. 

 

(3) Western Blot Analyses 

Forty micrograms protein were diluted in 2×sample buffer (50 mM Tris, pH 6.8, 2% 

SDS, 10% glycerol, 0.1% bromophenol blue, and 5% ß-mercaptoethanol). After 

heated for 5 min at 95 °C, the samples were loaded into a 15% SDS-polyacrylaminde 

gel for cytochrome c, cleaved caspasese 3 and 8 or  7.5% gel for iNOS,  which were 

subsequently transferred to the polyvinylidine difluoride membrane (Amersham 

Biosciences, England). Membranes were blocked with 5% blocking reagent 

(Amersham Biosciences, England) in TBS-T for 2 h at room temperature or overnight 

at 4 °C. The membrane was rinsed in three changes of TBS-T, incubated once for 15 

min and twice for 5 min in a fresh washing buffer, and then incubated with the primary 

antibody for 2 h at room temperature or overnight at 4 °C. The concentrations of 

primary antibodies for blotting are goat anti-caspase-8 polyclonal (1:100, Santa Cruz 

Biotechnology, CA; recognizes both pro- and cleaved caspase-8), rabbit 

anti-caspase-3 polyclonal (1:1000, Cell Signaling technology, recognizes cleaved 

caspase-3),  mouse anti-cytochrome c monoclonal antibody (1:500, Santa Cruz 

Biotechnology, CA), and mouse anti-iNOS monoclonal antibody (1: 2500,  BD 

Biosciences Pharmingen, USA). After three washes in the washing buffer, the 

membrane was incubated for 2 h in a horseradish peroxidase-conjugated anti-goat 

secondary antibody (1:5000, Santa Cruz Biotechnology, CA), or horseradish 
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peroxidase-conjugated anti-rabbit secondary antibody (1:5000, Santa Cruz 

Biotechnology, CA), horseradish peroxidase-conjugated anti-mouse secondary 

antibody (1:2000, Amersham Biosciences, England) and developed using enhanced 

chemiluminescence (ECL western blotting analysis system kit, Amersham 

Biosciences, England). The blot was exposed to XOMAT AR films (Eastman Kodak, 

Rochester, NY). The films were scanned on a UMAX PowerLook Scanner (UMAX  

Technologies, Fremont, CA,USA) using Photoshop 5.0 software (Adobe Systems, 

Seattle, WA, USA) , and the optical density of each band was determined using 

Gel-pro Analyzer software (Media Cybernetics, Silver Spring, MD, USA). To ensure 

even loading of the samples, the same membrane was probed with the mouse 

anti-β-actin monoclonal (Sigma-Aldrich, MO) at 1:5000 dilutions. The specific band 

is normalized with β-actin and expressed as a percentage of the normal level in the 

sham-operated group. 

 

6.3.2.8 Caspase-like Activity Assay  

 

The coronal section 4 (at bregma level –1.3 mm to –3.3 mm) was used for the 

determination of the enzyme activity. Caspase-8 and Caspase-3 activities were 

measured using colorimetric assay kits essentially according to the manufacturer’s 

instruction (KeyGen Biotech corporation limited, Nanjing, China). This assay was 

based on the ability of the active enzyme to cleave the chromophore from the caspase 

substrate. Fifty micrograms of cytosolic protein were diluted in 50 µl of lysis buffer, 
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added to 50 µl reation buffer, and transferred to a 96 well flat-bottom microplate. To 

each reaction well, 5 µl of caspase 8 colorimetric substrate (IETD-pNA) or caspase 3 

colorimetric substrate (DEVD-pNA) were added. The plate was incubated for 4 h at 37 

°C. Levels of released p-nitroanilide (pNA) were evaluated by measuring optical 

density at 405 nm with a Model 550 microplate reader (Bio-Rad Lab., Herules, CA, 

USA). Caspase-like activities were expressed as the percentage of the optical density 

unit of the sham-operated control group. 

 

6.3.2.9   Immunohistochemical Examination  

 

The frozen sections obtained at the level of bregma –1.3 to –3.3 mm (section 4) were 

subjected to XO42 immunohistochemical analysis. The immunohistochemical 

procedure was carried out using a labeled streptavidin-biotin technique. The frozen 

slices (10 µm) were obtained on a freezing microtome (Leica, Germany) and placed on 

APES-coated slides. The slides were washed in PBS and reacted with 0.3% H2O2 in 

methanol to quench any endogenous peroxidase activity for 20 min. After washing, the 

sections were blocked with 5% normal goat serum containing 0.3% Triton-X-100 for 

20 min at room temperature to block the non-specific binding of antibodies. After 

incubation with the primary mouse anti-OX42 monoclonal antibody (Serotec, Oxford, 

UK) at a dilution of 1:100 in PBS 30 min at 37 °C, and then overnight at 4 °C, the 

sections were washed three times and incubated with the biotinylated anti-mouse 

secondary antibody at a dilution of 1:200 for 1 h at room temperature. After three 
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rinses in PBS, the sections were incubated with ABC Reagent (VECTOR, Brulingame, 

USA) for 60 min at 37°C, and incubated with DAB (0.5mg/ml) and 3% H2O2. Finally 

the sections were counterstained with hematoxylin. For each case, 0.01 M PBS was 

used as a substitute for the primary antibody for the negative control groups. No 

positive staining was seen in any of these control sections. Quantitative determination 

of the number of OX42 positive cells in the penumbra of focal ischemia was 

respectively made on anatomically-matched sections for each group. Six 

randomly-selected microscopic fields (× 400 magnification) were analyzed from two 

matched slides for each animal, and expressed as the number/high power field. 

 

6.3.2.10   NO Content Measurement 

 

The NO content was measured according to a commercially available kit (Jianchen 

Bioengineering Co, Nanjing, China). This assay was based on a nitrite measurement, 

an indicator of NO production, by Griess reaction (Green et al., 1982). NO, once 

released, is rapidly converted to nitrite and nitrate in the aqueous medium. The ratio of 

the nitrate and nitrite concentrations may vary substantially on the biological fluids 

and tissues. Because the Griess reagent does not react with nitrate, nitrate must be 

converted to nitrite by incubation with nitrate reductase and nicotinamide adenine 

dinucleotide at room temperature. Nitrite can react with color reagents, and then the 

absorbance of the solution was measured at 540 nm. Changes of the absorbance at 540 

nm were calculated by substracting the average absorbance value of the blank wells, 

 245



and NO concentration was determined on the basis of NO standard curve. 

 

The ipsilateral hemispheres were homogenated in normal saline (1:9, w/v) at 4 °C, and 

centrifuged at 4000×g for 20 min. The NO level in the supernatant was measured 

spectrophotometrically at 540 nm according to the manufacturer’s introduction. 

Nitrite concentrations were calculated by regression analysis of a standard curve using 

sodium nitrite as a standard and expressed as µM per milligram protein. Protein 

concentration in the sample was determined by the method of Bradford.  

 

6.3.2.11  Determination of iNOS Activity  

 

The enzyme activity of iNOS was measured according to a commercially available kit 

(Jianchen Bioengineering Co, Nanjing, China). This assay was based on the oxidation 

of oxyhaemoglobin to methaemoglobin by NO in the Ca2+-free reaction mixture 

(Knowles et al., 1990). The ipsilateral hemispheres were homogenated in normal 

saline (1:9, w/v) at 4 °C, and centrifuged at 4000×g for 20 min. iNOS activity in the 

supernatants was measured spectrophotometrically at 530 nm according to the 

manufacturer’s introduction, and one enzyme unit was expressed as 1 nM of NO 

formed in 1 min per one milligram protein. Protein concentration in the sample was 

determined by the method of Bradford.  

 

6.3.2.12   TUNEL Staining  
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(1) TUNEL Staining Procedure 

Please refer to chapter 5.3.2.10. 

 

(2) Analyses of TUNEL Staining 

The TUNEL-positive apoptotic cells were defined as showing a condensation and 

fragmentation of nuclei and apoptotic bodies around the nuclear membrane without 

the cytoplasmic staining. Other TUNEL-positive cells were weakly labeled, showing a 

diffused cytoplasmic staining and a lack of nuclear condensation, and were considered 

to be necrotic cells. Quantitative determinations of the intact cells, apoptotic and 

necrotic cells in the penumbra or core region of focal ischemia were respectively made 

on anatomically-matched sections for each group (Charriaut-Marlangue and Ben-Ari, 

1995; Charriaut-Marlangue et al., 1996a; Charriaut-Marlangue et al., 1996b; Furuichi 

et al., 2004; Gavrieli et al., 1992). Six randomly-selected microscopic fields (× 400 

magnification) were analyzed from two matched slides for each animal, and expressed 

as number/high power field. 

 

6.3.2.13   Statistical Analysis 

 

The statistical analysis were performed using SPSS 10.0. Data are presented as the 

mean ± SD. The difference between the means was determined by One-Way ANOVA 

followed by a Student-Newman-Keuls test for multiple comparisons. Differences with 
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P<0.05 are considered significant.   

6.4       RESULTS 
 

6.4.1 Infarction Size in Ischemic Rats (Fig 6-2, Fig 6-3)  

 

At 24 h of reperfusion following 2 h of ischemia, all rats treated with the vehicle 

solution developed obviously visible infarctions in the territory supplied by the MCA, 

which were mainly located in the cerebral cortex and the striatum as a distinct 

pale-stained area. The percentage of the infarct volume of ispilateral hemisphere was 

46.3 ± 7.1%, which was drastically attenuated by post-ischemic treatment with LIG 

(Fig 6-2). After two oral administrations of 20 or 80 mg/kg LIG at 0 and 4 h of 

reperfusion following 2 h of ischemia, the infarction  development areas were 

dose-dependently and significantly prevented, and the percent of the infarct volume 

were reduced to 13.0 ± 4.3% and 4.5 ± 3.8%, respectively (P < 0.01, Fig 6-3). 

 

6.4.2      Body Temperature Changes following Transient MCAO (Fig 6-4) 

 

Since hypothermia had been shown to ameliorate ischemic brain injury, the 

modulation of LIG was evaluated to determine its effect on postischemic temperature 

and whether this contributes to the neuroprotection of LIG in cerebral ischemia. As 

shown in Fig. 6-3, the core body temperature at baseline prior to anesthesia between 

the vehicle- or LIG-treated groups appeared to have no significant differences (P > 

0.05). In the vehicle-treated group during the 24 h reperfusion following ischemia, the 
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body temperature showed slight hyperthermia with about an 1 °C increase compared 

with the baseline level whereas postischemic treatment with 20 or 80 mg/kg LIG 

caused body temperature to return to near the baseline but did not induce hypothermia.  

 

6.4.3      Neurological Deficit Scores (Fig 6-5) 

 

To detect the effect of LIG on the neurological function in the transient focal cerebral 

ischemia rats, the neurological deficit scores were evaluated for each group before and 

after the treatment of LIG. In this present study, all rats showed normal postural reflex 

(score = 0) before intervention. None of the sham-operated animals showed any 

motor-behavioral abnormalities as described in the neurological examination grading 

system (Fig. 6-5). At 2 h MCAO, the rats scored 4, i.e. those showing a consistent 

circling clockwise, constituted the majority of the operated animals. The grade 4 rats 

were randomly treated with orally administrated LIG (20 or 80 mg/kg) or a 

volume-matched vehicle at 0 h and 4 h of reperfusion. By the reevaluation after the 24 

h reperfusion, early neurological abnormalities almost persisted in the animals of the 

vehicle-treated group. However, all LIG-treated rats significantly attenuated the 

motor-behavioral abnormalities (P<0.01, vs. vehicle-treated group, Fig. 6-5). After the 

treatment of LIG, the neurological scores were decreased to 1.92 ± 0.69 and 1.29 ± 

0.73 at the does of 20 or 80 mg/kg LIG, respectively. The results of the behavioral 

deficits conformed to the change in the ischemic infarction volumes in the ispilateral 

hemisphere (Fig. 6-4, Fig. 6-5).  
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6.4.4      Cytosolic Release of Cytochrome C (Fig 6-6)  

 

To test the effect of LIG on the cytosolic cytochrome c release in focal cerebral 

ischemia, Western blot analyses were used for the cytosolic cytochrome c expression 

of the ispilateral brain tissues. As shown in Figure 6.6, brain samples obtained from 

the sham-operated control rats showed traces of cytochrome c protein level (relatively 

density = 1). Samples obtained from the ipsilateral hemisphere of rats subjected to 2 h 

MCAO/24 h reperfusion revealed an over 3.5-fold increases in cytosolic cytochrome c 

expression, which were dose-dependently reduced to a 3.14 ± 0.52 or 2.43 ± 0.83 

relative density  by treatment with 20 or 80 mg/kg LIG, respectively. As compared 

with the ischemic control rats (4.45 ± 0.21), 80 mg/kg LIG significantly inhibited the 

cytochrome c release from mitochondria in focal cerebral ischemia (P < 0.01). 

 

6.4.5       Activation of Caspase-3 and Caspase–8 (Fig 6-7, Fig 6-8, Fig 6-9) 

 

To elucidate the neuroprotective mechanism of LIG in MCAO rats, cleaved caspase 3 

and caspase 8 expression of the ipsilateral hemisphere of brain were assayed. As 

shown in Fig 6-7 and Fig 6-8, brain samples obtained from the sham-operated control 

rats showed a weak expression of cleaved caspase 8 and caspase 3, which were 

significant increased by a 2 h focal ischemia. The treatment with LIG significantly 

decreased the expression of the cleaved caspase 3 and caspase 8 (P < 0.05 or P < 0.01 

at dose of 20 or 80 mg/kg, respectively). 
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To further confirm the effects of LIG on the caspase enzymes, the activities of caspase 

3 and caspase 8 were assayed. As shown in Figure 6-9, brain samples obtained from 

the sham-operated control rats showed low caspase 3 and caspase 8 activities. Samples 

obtained from the ipsilateral hemisphere of MCAO rats subjected to 2 h of 

ischemia/24 of reperfusion revealed an over 3-fold increase in the caspase 3 activity  

and an over 5-fold increase in the caspase 8 activity, which were significantly and dose 

dependently inhibited by treatment with 20 or 80 mg/kg LIG (P < 0.01). Taken 

together, LIG could significantly inhibit the activation of caspase 8 and caspase 3 after 

focal cerebral ischemia. 

 

6.4.6    Induction of iNOS (Fig 6-10, Fig 6-11, Fig 6-12)  

 

To understand whether the neuroprotection of LIG was involved in the  iNOS-derived 

NO mechanism in focal stroke, the effect of LIG was studied on the iNOS expression 

and activity in MCAO/reperfusion rats. As shown in Fig 6-10, the results showed that 

the expression of iNOS were weakly detected  by immunoblot in the brain tissues from 

the sham-operated group, and the enzyme activity of iNOS was also very low (Fig 

6-11). At 24 h reperfusion after 2 h MCAO, a significant expression of iNOS was  

observed in vehicle-treated group,  and  iNOS activity was greatly increased to about 4 

- fold  in the vehicle-treated control group as the sham-operated group (Fig 6-11). 

Treatment of rats with LIG dose-dependently and significantly suppressed iNOS 

expression (80 mg/kg vs. vehicle-treated grou), and also enzyme activity (P < 0.05 or 
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P < 0.01 at 20 or 80 mg/kg vs. vehicle-treated group, respectively).  

 

To further confirm the effect of LIG on iNOS/NO pathway, the content of NO, the 

product-catalyzed by NOS, was assayed by the Griess reaction. As shown in Fig 6-12, 

NO content in the sham-operated group was in a low level whereas that of the 

iplilateral ischemic hemisphere was significantly increased in the vehicle-treated 

animals (P < 0.01), which was dose-dependently reduced by the oral administration of 

LIG (Fig 6-9). As compared to the vehicle-treated group, LIG at the dose level of 80 

mg/kg significantly reduced NO content (P < 0.05). 

 

These results suggested that the suppression of NO production by LIG might be due to 

both the suppression of iNOS protein expression and the direct inhibition of iNOS 

enzyme activity. The present study indicated that LIG could attenuate the 

inflammatory responses involving the iNOS-derived NO mechanism in focal brain 

ischemia.  

 

6.4.7 Activation of Microglia (Fig. 6-13)  

 

To further evaluate the effect of LIG on inflammatory responses in 

ischemia-reperfusion, an immunohistochemical study was carried out using OX42 as a 

maker of activated microglia. No intense immunoreactive cells were observed in the 

nonischemic cerebral cortex of the sham-operated control group. 
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OX42-immunoreactive microglial cells were markedly detected in the brain ischemic 

zone subjected to 2 h ischemia/ 24 h reperfusion in rats, which were dose dependently 

reduced by the treatment of LIG.  In the infarct penumbra, 80 mg/kg LIG significantly 

suppressed the increase in the number of OX42 positive microglial cells (P < 0.01 vs 

vehicle-treated group).  

 

6.4.8       Formation of TUNEL-positive Cells (Fig. 6-14)  

 

To answer whether LIG inhibits neuronal death in the ischemia-reperfusion brain of 

MCAO rats, necrotic and apoptotic cells were identified in situ via TUNEL staining in 

the infarct cortex. As shown in Fig 6-14A, no TUNEL-positive cells were observed in 

the nonischemic cerebral cortex of the sham-operated control group. At 24 h 

reperfusion after 2 h MCAO, TUNEL-positive cells were markedly increased in the 

infarct cortex. There were two types of TUNEL-positive cells: some  showing signs of 

apoptotic death, with a condensation and fragmentation of nuclei and/or apoptotic 

bodies around the nuclear membrane but without the cytoplasmic staining, and others 

showing signs of necrotic death, with an uncondensed nuclear chromatin and a 

diffused light cytoplasmic labeling. The number of apoptotic and necrotic cells were 

semi-quantitatively determined in the ischemic penumbra and core regions in the 

cerebral cortex, respectively. As shown in Fig 6-14 B, the number of apoptotic cells 

was  twice as many as the necrotic cells in the ischemic penumbra of the 

vehicle-treated group 24 h after the end of ischemia. There was a significant and 
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dose-dependent reduction in the number of apoptotic cells (P<0.01 at 20 or 80 mg/kg 

vs. vehicle-treated group) and also a significant and dose-dependent reduction of 

necrotic cells in the penumbra of the LIG-treated groups (P < 0.01 at 80 mg/kg vs. 

vehicle-treated group).  

 

Results in Fig 6-15 showed that the effect of LIG on cell death in the ischemic core of 

the cerebral cortex. No TUNEL-positive cells were observed in the nonischemic 

cerebral cortex of the sham-operated control group (Fig 6-15A). The number of 

necrotic neurons was about twice as many as the apoptotic cells in the ischemic core of 

the vehicle-treated group. After treatment with LIG, TUNEL-positive cells, including 

both apoptotic and necrotic cells, were significantly decreased in the ischemic core of 

the cerebral cortex (P < 0.05 vs vehicle-treated group, Fig 6-15B).  

 

6.4 DISCUSSION 

 

In the present study, we first demonstrated that treatment of LIG significantly 

protected the brain against cerebral ischemic injury in rats as evidenced by the 

reduction in the infarct volume and improvement in neurological function 24 h after 

focal ischemia. Post-ischemic treatment with an oral administration of LIG decreased 

70 ± 10 % and 90 ± 8 % of the infarct volume in focal stroke at the dose level of 20 or 

80 mg/kg, respectively. Consistent with the effective protection on the infarction 

volume, the LIG-treated groups significantly reduced the neurological deficit scores at 
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doses of 20 or 80 mg/kg when compared with the vehicle-treated group (P < 0.01).  

 

There are two different kinds of cell death, necrosis and apoptotsis, involved in rat 

focal cerebral ischemia (Li et al., 1998). Necrosis is a passive form of cell death 

involving morphological changes such as cytoplasmic eosinophilia, whereas apoptosis 

is an active form of cell death involving cell shrinkage, nuclear/cytoplasmic 

condensation, margination of chromatin and DNA fragmentation. Recent evidence 

suggests that complex processes involving mixed types of cell death, containing both 

necrotic and apoptotic cell death, are involved in the neuronal death following 

ischemic stroke (Barinaga, 1998). In our focal ischemia model, two types of 

TUNEL-positive neurons were observed in the ischemic cerebral cortex: one was cells 

showing nuclear condensation and fragmentation as well as apoptotic bodies around 

the nuclear membrane without cytoplasmic staining and the other showing necrotic 

characteristics with uncondensed chromatin and a more diffused light cytoplasmic 

labeling, in agreement with previous reports by others (Charriaut-Marlangue et al., 

1996b; Li et al., 1995). Postischemic treatment with LIG significantly reduced the 

number of TUNEL-positive apoptotic and necrotic cells in the ischemic penumbra and 

core areas in the cerebral cortex when compared with the vehicle-treated group.  This 

is the first study to our knowledge demonstrating that LIG could suppress both 

apoptotic and necrotic cell death in the gradually expanding area of cortical damage.  

 

It is well known that two major distinct apoptotic pathways of caspases have been 

 255



demonstrated for their involvement in ischemia/reperfusion injury (Namura et al., 

1998; Noshita et al., 2001; Velier et al., 1999). One involves the activation of 

caspase-8 from cell surface receptors linked via death domains to caspase cascade 

activation and cell death; the other is the cytochrome c-dependent mitochondrial 

pathway of apoptosis. Both pathways lead to the activation of caspase-3 and finally 

result in apoptosis (Budihardjo et al., 1999). To determine which pathway of caspase-3 

activation is inhibited by LIG, we measured the cytochrome c release as well as the 

expression of cleaved caspase-8 and caspase-3 and the enzyme activities of caspase-8 

and caspase-3 at 24 h reperfusion following 2 h ischemia. Consistent with previous 

reports, our observation supported that caspase-3 could be activated by the 

cytochrome c and caspase-8 pathway following focal cerebral ischemia. A dose of 80 

mg/kg significantly decreased the cytochrome c release (P < 0.05). Doses of 20 or 80 

mg/kg LIG significantly decreased the cleaved caspase-8 and caspase-3 expression as 

well as their activities compared with the vehicle-treated group (P < 0.01). These data 

are in agreement with the significant reduction in the infarct size and improvement in 

the neurobehavioral function in all LIG-treated animals 24 h after the insult. Therefore, 

neuroprotection mediated by the treatment of LIG may be associated with a potential  

apoptotic pathway, dependent of the cytochrome c and possibly caspase-8, to suppress 

caspase-3 activation and subsequent apoptosis. 

 

Recent study suggested that apoptosis and necrosis cell death may share a common 

initial activation after cerebral ischemia (Benchoua et al., 2001). The ultimate choice 

 256



between apoptosis and necrosis depends on the energetic state of the affected cells 

(Leist et al., 1997; Nicotera et al., 1998). In the ischemic core, the ATP concentration 

is severely reduced (Folbergrová et al., 1992); this decreased ATP level may abort 

energy-dependent apoptotic cascades and favor necrotic cell death as well as 

energy-independent apoptotic cell death (Lei et al., 2004; Onténiente et al., 2003). 

Thus, the pharmacological intervention probably changes the cell death pattern from 

necrosis to apoptosis by delaying energy depletion. Our data showed that treatment 

with LIG significantly reduced the number of necrotic cells in the ischemic cortical 

core when compared with the vehicle-treated group. Thus, a potential explanation for 

the prevention of LIG on the cell necrosis is LIG-induced the shift from necrosis to 

apoptosis via delaying energy depletion. Although further study is needed to elucidate 

the detailed mechanism of LIG, a potential shift from necrosis to apoptosis induced by 

LIG treatment may have clinical relevance because it may expand the time-therapy 

window following cerebral ischemia and allow the antiapoptotic agents to rescue the 

neurons in the ischemic core.  

 

In addition, studies demonstrate that inflammatory reaction may play an important role 

in the necrotic process following cerebral ischemia (Chan, 2001; Del Zoppo et al., 

2000). In the focal ischemic brain, activated microglia/macrophages are the major 

source of inflammatory mediators and an induction of the iNOS expression was 

observed in the activated microglia (Mabuchi et al., 2000; Marletta, 1993; Samdani et 

al., 1997). Once expressed, iNOS is continuously active and leads to toxic amounts of 
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NO generation, which greatly contributes to cerebral ischemia injury by the formation 

of highly reactive peroxynitrite to neurons (Fukuyama et al., 1998; Samdani et al., 

1997) as well as the increasing glutamate-induced excitotoxicity to neurons (Bal-Price 

and Brown, 2001). In addition to its association with apoptosis, therefore, LIG may 

involve the regulation of inflammatory responses in ischemic brain injury. In the 

present study, we observed the effect of LIG on the NO level, iNOS expression and 

activity, and the microglia activation in the ischemic brain tissues. Microglial 

activation was detected by OX42 immunohistochemistry, a reliable and sensitive 

marker of microglial activation (Abraham and Lazar, 2000). Our results indicated that 

cerebral ischemia markedly activated microglia, induced the increase of iNOS 

expression and activity, and NO level 24 h after ischemia, which were significantly 

suppressed with LIG treatment. This study suggested that LIG might obtain 

neuroprotective effect via efficiently blocking the activation of NO/iNOS pathway and 

the microglia induced by focal cerebral ischemia in rats.  

 

Hyperthermia may worsen the outcome of ischemic stroke in patients and also in 

animal models. Animal research and clinical studies in patients suffering from focal 

cerebral ischemia suggest that moderate hypothermia may improve the outcome by 

attenuating the deleterious metabolic processes in neuronal injury (Reith et al., 1996; 

Schwab et al., 1998).  In  MCAO model induced by the intraluminal filament 

technique, postischemic hyperthermia is related to the ischemic damage to the 

hypothalamic temperature regulating center (Legos et al., 2002; Zhao et al., 1994). 
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However, hyperthermia induced by 1.5 h MCAO could be rapidly reversed and 

approached basal temperature within following 30 min of reperfusion because 90 min 

ischemia did not produce irreversible damage on hypothalamus (Legos et al., 2002). 

Several studies have demonstrated that combating hyperthermia by reducing body 

temperature to 33 °C provides dramatic neuroprotection following focal stroke 

(Barone et al., 1997; Chen et al., 1992; Corbett et al., 2000; Maier et al., 1998) by 

multiple mechanisms (Hammer and Krieger, 2003; Legos et al., 2002).  

 

As described in chapters 1.5.2 and 1.5.3, LIG has been shown to be of various 

bioactivities. Xie and Tao reported that 98 or 196 mg/kg LIG (i.p.) induced a murine 

body temperature decrease from 37.9 ± 0.2 °C and 38.1 ± 0.2 °C to 36.8 ± 0.4 °C and 

35.9 ± 0.2 °C, respectively (Xie and Tao, 1985). In order to determine whether the mild 

hypothermia of LIG in normal mice was involved in its neuroprotection in the 

transient MCAO, we measured the effect of LIG on the core body temperature during 

reperfusion following ischemia. Our results demonstrated that the body temperature 

through 24 h reperfusion period following 2 h ischemia was only increased by less 

than 1 °C.The fact that mild spontaneous hyperthermia occurred in this study suggests 

that 2 h MCAO at 37 °C may not have induced completely irreversible damage on 

hypothalamus (Legos et al., 2002). In addition, postischemic application of LIG (20 or 

80 mg/kg, p.o.) showed no hypothermic effect. The present results rule out the 

involvement of hypothermia in the neuroprotective mechanism of LIG in 

ischemia/reperfusion induced brain damage. 
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In conclusion, the present study first demonstrated that post-ischemic oral 

administration of LIG could result in neuroprotection by suppressing apoptotic and 

necrotic death following focal cerebral ischemia in rats. In addition, the novel finding 

of this study was to provide potential evidence for the molecular mechanism involved 

in the neuroprotective effect of LIG. Effect of LIG has been associated with the 

suppression of caspase-3 activation and subsequent apoptosis, associated with both the 

cytochrome c release from mitochondria and the caspase-8 activation following focal 

stroke, as well as inflammatory responses. Based on the findings in the present study, 

we propose for the first time that LIG may be a useful intervention for the treatment of 

focal ischemic brain injury. 
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B 

 

Figure 6-1. The location of cerebral infarcts and regions sampled for histological 

analyses in the focal cerebral ischemic rat. Panels show coronal sections at bregma 

-1.3 to -3.3 mm from representative (A) the vehicle-treated and (B) the LIG-treated 

animals, respectively. The infarct tissues are shown in gray. In the ipsilateral (ischemic) 

hemisphere: a= the region of the dorsolateral cortex at the borders of infarcts in the 

vehicle-treated animals. This region was typically spared in the LIG-treated animals 

and can be considered part of the ischemic penumbra. b = the region of the lateral 

cortex in the ischemic core of infarcts in both the vehicle- and LIG-treated animals. 
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                                  Sham       Con         LIG 20        LIG 80   

 

Figure 6-2. Illustrative coronal sections showing the infarct area in the ipisilateral 

hemisphere of the MCAO rats. The infarct area was stained as a distinct pale-stained 

area in the rats subjected to 2 h of ischemia/24 h of reperfusion (left) and attenuation of 

the infarct area by treatment with orally administrated 20 or 80 mg/kg LIG at the start 

and again at 4 h of reperfusion. 
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Figure 6-3. The dose-dependent inhibitory effect of LIG on the infarct volume of the 

ischemic hemisphere in rats subjected to 2 h MCAO/24 h reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or the volume-matched vehicle 

(control) at the start and again at 4 h of reperfusion. The infarct volume was 

significantly decreased by treatment with 20 or 80 mg/kg LIG. Results are expressed as 

the mean ±  SD of 4~5 animals.  **P < 0.01 versus the vehicle-treated control group. 
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Figure 6-4. The effect of LIG on the core body temperature of rats during 24 h of 

reperfusion following 30 min of MCAO. Rats were treated with either LIG (20, 80 

mg/kg) or vehicle immediately following MCAO and again at 4 h postischemia. All 

data are represented as the mean ± SD (n =14~16). 
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Figure 6-5.  The dose-dependent inhibitory effect of LIG on the neurological scores of 

the rats subjected to 2 h MCAO/24 h reperfusion. Animals received LIG (20 or 80 

mg/kg, orally administrated) or the volume-matched vehicle (control) at the start and 

again at 4 h of reperfusion. The neurological deficit scores were significantly 

decreased by the treatment with 20 or 80 mg/kg LIG. Results are expressed as the mean 

± SD of 14 ~16 animals.  **P < 0.01 versus the vehicle-treated control group. 
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Figure 6-6.  The effect of LIG on the cytosolic cytochrome c expression in the 

ischemic brain tissues of rats subjected to 2 h MCAO/24 h  reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or the volume-matched vehicle 

(control) at the start and again at 4 h of reperfusion. Western blot analysis was 

performed as described in Materials and Methods. A: The expected molecular weight 

of cytochrome c ~11 kDa and β-actin ~43 kDa bands appearing on each gel. B: 

Quantification of the effect of LIG on the expression of  cytosolic cytochrome c in the 

ipsilateral hemisphere. Expression values were normalized for β-actin and expressed 

as a percentage of the sham group value. Results are expressed as the mean ± SD of 3 

separate experiments.  *P < 0.05 versus the vehicle-treated control group. 
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Figure 6-7. The effect of LIG on the cleaved caspase-3 expression in the ischemic 

brain tissues of rats subjected to 2 h MCAO/24 h  reperfusion. Animals received LIG 

(20 or 80 mg/kg, orally administrated) or the volume-matched vehicle (control) at the 

start and again at 4 h of reperfusion. Western blot analysis was performed as described 

in Materials and Methods. A: The expected molecular weight of cleaved caspase-3 

~19 kDa and β-actin ~43 kDa bands appearing on each gel. B: Quantification of the 

effect of LIG on the expression of the cleaved caspase-3 in the ipsilateral hemisphere. 

Expression values were normalized for β-actin and expressed as a percentage of sham 

group. Results are expressed as the mean ± SD of 3 separate experiments.  *P < 0.05, 

**P < 0.01 versus the vehicle-treated control group. 
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Figure 6-8.  The effect of LIG on the cleaved caspase-8 expression in the ischemic 

brain tissues of rats subjected to 2 h MCAO/24 h  reperfusion. Animals received LIG 

(20 or 80 mg/kg, orally administrated) or the volume-matched vehicle (control) at the 

start and again at 4 h of reperfusion. Western blot analysis was performed as described 

in Materials and Methods. A: The expected molecular weight of cleaved caspase-8 

~20 kDa and β-actin ~43 kDa bands appearing on each gel. B: Quantification of the 

effect of LIG on the expression of  the cleaved caspase-3 in the ipsilateral hemisphere. 

Expression values were normalized for β-actin and expressed as a percentage of sham 

group. Results are expressed as the mean ± SD of 3 separate experiments.  *P < 0.05, 

**P < 0.01 versus the vehicle-treated control group. 
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Figure 6-9.  The inhibition of the caspase-like activities by the treatment of LIG in the 

ischemic brain tissues of rats subjected to 2 h MCAO/24 h reperfusion. Animals 

received LIG (20 or 80 mg/kg, orally administrated) or the volume-matched vehicle 

(control) at the start and 4 h of reperfusion. The activity of the caspase 8 (solid column) 

or caspase 3 (open column) was measured as described in Materials and Methods. 

Caspase activity was expressed as the optical density unit percent of the 

sham-operated control group at 405 nm. Data shown are the mean ± SD (n = 4).  **P < 

0.01 versus the vehicle-treated control group. 
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Figure 6-10.  The effect of LIG on iNOS expression in the ischemic brain tissues of 

rats subjected to 2 h MCAO/24 h  reperfusion. Animals received LIG (20 or 80 mg/kg, 

orally administrated) or the volume-matched vehicle (control) at the start and again at 

4 h of reperfusion. Western blot analysis was performed as described in Materials and 

Methods. A: The expected molecular weight of iNOS ~130 kDa and β-actin ~43 kDa 

bands appearing on each gel. B: Quantification of the effect of LIG on the expression 

of  iNOS in the ipsilateral hemisphere. Expression values were normalized for β-actin 

and expressed as a percentage of sham group. Results are expressed as the mean ± SD 

of 3 separate experiments.  **P < 0.01 versus the vehicle-treated control group. 
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Figure 6-11. The effect of LIG on iNOS activity in the ischemic brain tissues of rats 

after 2 h of MCAO /24 h of reperfusion. Animals received oral administration of LIG 

(20 or 80 mg/kg) or the volume-matched vehicle at the start and again at 4 h of 

reperfusion. Results represent the mean ± SD (n = 6).  *P < 0.05, **P < 0.01 versus the 

vehicle-treated control group.  
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Figure 6-12. The effect of LIG on the NO content in the ischemic brain tissues of rats 

subjected to 2 h of MCAO/24 h of reperfusion. Animals received oral administration 

of LIG (20 or 80 mg/kg) or the volume-matched vehicle at the start and again at 4 h of 

reperfusion. The level of NO was analyzed by the Griess reaction described as 

Methods. Results represent the mean ± SD (n = 6). *P < 0.05, **P < 0.05 versus the 

vehicle-treated group. 
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Figure 6-13.  The effect of LIG on the development of OX42 positive microglial cells 

within the infarct penumbra of focal ischemic rats subjected to 2 h of ischemia/24 of 

reperfusion. The cell specific positive staining of OX42 was detected in the activated 

microglia (arrows). A: the sham-operated control, B: the vehicle-treated control, C and 

D: 20 or 80 mg/kg LIG orally administrated at the start and again at 4 h of reperfusion. 

The magnification was 400 ×. Lower panel (E) represents the analyses of activated 

microglia. Results represent the mean ± SD of four animals of each group. **P < 0.01 

versus the vehicle-treated control group. 
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Figure 6-14. The effect of LIG on the development of TUNEL-positive cells in the 

ischemic cortical penumbra of the focal ischemic rats subjected to 2 h of ischemia/24 h 

of reperfusion. (A) Representative photographs of TUNEL staining in the ischemic 

cortical penumbra. TUNEL-positive apoptotic cells exhibit a condensation and 

fragmentation of nuclei and apoptotic bodies around the nuclear membrane without 

cytoplasmic staining (arrow). TUNEL-positive necrotic cells exhibit a diffused 

labeling compared to the apoptotic cells, without the fragmentation of nuclei or 

apoptotic bodies (arrowhead). a: the sham-operated control, b: the vehicle-treated 

control, c and d: 80 or 20 mg/kg LIG orally administrated at the start and again at 4 h of 

reperfusion. The magnification was 400 ×. (B) Quantification of apoptotic and 

necrotic cells in the ischemic penumbra. Results represent the mean ± SD of four 

animals of each group. *P < 0.05, **P < 0.01 versus the vehicle-treated control group. 
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Figure 6-15. The effect of LIG on the development of TUNEL-positive cells in the 

ischemic cortical core of the focal ischemic rats subjected to 2 h of ischemia/24 h of 

reperfusion. (A) Representative photographs of TUNEL staining in the ischemic 

cortical core. TUNEL-positive apoptotic cells exhibit a condensation and 

fragmentation of nuclei and the apoptotic bodies around the nuclear membrane 

without cytoplasmic staining (arrow). TUNEL-positive necrotic cells exhibit a 

diffused labeling compared to the apoptotic cells, without a fragmentation of nuclei or 

apoptotic bodies (arrowhead). a: the sham-operated control, b: the vehicle-treated 

control, c and d: 80 or 20 mg/kg LIG orally administrated at the start and again at 4 h of 

reperfusion. The magnification was 400 ×. (B) Quantification of apoptotic and 

necrotic cells in the ischemic core. Results represent the mean ± SD of four animals of 

each group. *P < 0.05, **P < 0.01 versus the vehicle-treated control group.  
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CHAPTER 7  

 

GENERAL DISCUSSION 

 

3-alkylphthalide derivatives are a type of natural products which exist in plants. In the 

past 100 years, studies have been conducted where tens of the derivatives have been 

isolated from numerous plants, among which butylphthalide, LIG and sedanenolide 

are the most widely distributed constituents. Most of the 3-alkylphthalise compounds, 

except butylphthalide, are not stable at room temperature. They can easily have 

structural arrangements, oxidation, hydrolysis and polyreaction. Therefore, in the past 

decade, butylphthalide, the only stable 3-alkylphthalide derivative, has been 

synthesized and its pharmacological activities systemically studied (Chang and Wang, 

2003; Chong and Feng, 1999; Hu and Li, 2004; Xu and Feng, 1999). Recently, orally 

administrated butylphthalide was approved for the treatment of acute ischemic stroke 

patients in China (Cui et al., 2005).  With the development of pharmaceutical 

technology, various methods solving the stability problem of the the unstable 

compounds are available, which provide the potentiality for the research and 

development of unstable bioactive compounds (e.g. LIG) as potential drugs. As 

mentioned in the introduction,  LIG administration almost always used intraperitoneal 

injection in pharmacodynamic studies mostly due to the limitation of pure sample 

preparation. It is well known that oral administration is the most important and 

preferred route of administration for small molecular weight conventional drugs. 
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Therefore, predicting the overall bioavailability of LIG is useful for designing an ideal 

dosing regimen for pharmacological studies and future clinical applications in vivo.  

 

It was reported that the Papp obtained from the Caco-2 cell transport studies had been 

shown to correlate well to human intestinal absorption (Artursson, 1996; Rubas, 1993). 

A Papp value in the Caco-2 monolayers of  > 1 ×10-6 cm/s should, in general, be 

associated with an efficient intestinal absorption in humans (Artursson, 1991; Pade, 

1998; Yee, 1997).The experiments described in chapter 3 demonstrated that the Papp 

of LIG for the AP-BL flux was (4.0 ± 0.5) × 10-6 cm/sec on the Caco-2 monolayers. 

Although it was reported that the Papp of highly lipophilic compounds in Caco-2 

monolayers could be underestimated because of a considerable retention by the 

Caco-2 monolayers and non-specific binding to the transwell surface, the data 

generated in this study suggests that LIG may have good oral absorption in vivo. In 

addition, our results indicated that temperature, P-gp inhibitor cyclosporin A and 

extracellular calcium had no significant effect on the transepthielial transport. 

Therefore, we propose that oral administration is a preferred route for LIG in 

long-term application and transcellular passive diffusion may be the principal 

mechanism of the oral absorption for LIG.  

 

Stroke remains one of the major causes of death and disability throughout the world. 

More than 80% of all strokes are a result of cerebral ischemia (Caplan, 1992). 

Restoration of blood flow by regular thrombolytic therapy can be beneficial but can 
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also contribute to further brain injury, as in reperfusion injury. During reperfusion, 

reoxygenation provides oxygen to sustain neuronal viability and also provide oxygen 

as a substrate for numerous enzymatic oxidation reactions that produce ROS. If these 

overproduced ROS failed to be scavenged by the endogenous antioxidants such as 

SOD, GSHPx, catalase, GSH, ascorbic acid and vitamin E, they can attack the lipids of 

the cell membrane, modify proteins and damage DNA (Halliwell et al., 1992). The 

endogenous antioxidative defense mechanisms are perturbed as a result of the 

overproduction of oxygen radicals, consumption of antioxidants, and the failure to 

adequately replenish them in the ischemic brain tissue. Thus, penetrating-BBB 

antioxidants are expected to be useful for the treatment of cerebral ischemic damage 

(Schwarz et al., 2001; Soehle et al., 1998; Traystman et al.,1991). LIG had 

significant central effects after systemic administration (Matsumoto et al., 1998; Xie 

and Tao, 1985), which suggests that this lipophilic compound may penetrate BBB. The 

experiments described in chapter 4 demonstrated that LIG dose-dependently 

scavenged DPPH radical and also inhibited the automatic oxidation of the linoleic acid 

or lipid peroxidation of NADPH–dependent or Fe2+/ascorbic acid induced rat brain 

mitochondria at the range of 5 to 80 mM.  In addition, LIG significantly protected the 

C6 glioma cells against H2O2 –induced oxidative injury by increasing cell viability and 

attenuating the apoptotic chromatin-condensation and nuclear fragmentation in a 

concentration-dependent manner at the range of 0.5 to 50 µM. It is interesting that LIG 

showed a significant antioxidant activity at a lower dose in the cell model than in vitro 

oxidative systems. A probable explanation is likely that LIG, a highly lipophilic 
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antioxidant, may be of a good affinity to cell membranes, where peroxidative reactions 

can be halted. As described in chapter 5, the antioxidant activity of LIG was also 

observed in the transient forebrain ischemia model in mice. Our results showed that 

oral administration of LIG dose-dependently decreased the level of MDA, and 

increased the activities of GSHPx and SOD in the ischemic brain tissues at 5 days 

postischemia. Although further study is needed to determine whether the increase of 

these enzyme activities is the result of a direct regulation of LIG or just a secondary 

consequence to LIG antioxidant effect, we propose that LIG is an orally administrated 

lipophilic antioxidant, which will probably benefit for the treatment of the disorders 

associated with oxidative stress, such as ischemic brain damage.  

 

The impact of cerebral ischemia  on the structure and function of the brain depends 

both on the severity and the duration of the flow reduction. Studies demonstrate that 

there are two different kinds of cell death, necrosis and apoptosis, involved in brain 

damage. Pharmacological interventions to halt or reverse necrosis or programmed cell 

death, to enhance the intrinsic autoprotection and repair mechanisms are the promising 

strategies for the treatment of ischemic brain damage. Since re-establishing the flow in 

the ischemic area is an available therapy for some stroke patients (The NINDS, 1995) 

and the late onset of spontaneous reperfusion occurs in 50%  of the stroke patients 

(Saito et al., 1987), ischemia reperfusion models are proposed to be more closely 

mimic the clinical situation and suitable for the screening of neuroprotective agents 

(Mhairi Macrae, 1992). The experiments described in chapter 5 demonstrated that 
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postischemic treatment with LIG could significantly and dose-dependently preserve 

the CA1 intact neurons and decrease the cortical TUNEL-positive apoptotic cells at 5 

days after 30 min forebrain ischemia in mice when compared with the control 

(vehicle-treated). Our results indicated that this mild forebrain ischemia activated the 

mitochondria-dependent caspase-3 apoptosis pathway at 5 days after ischemia 

whereas LIG markedly inhibited the main events involved in this energy-dependent 

apoptotic pathway. Immunoblot study showed that LIG increased the Bcl-2 expression 

together with a significant decrease in the Bax expression in the ischemic brain tissues, 

which were confirmed by the immunohistochemistry study of the anatomic precision 

in the ischemic brain sections. Meanwhile, LIG decreased the cytosolic cytochrome c 

expression, caspase-3 expression and activity. Therefore, we propose that the 

neuroprotection of LIG is, at least in part, derived from its antioxidant and 

anti-apoptotic effect through the mitochondria dependent caspase-3 pathway.   

 

Focal cerebral ischemia affects restricted brain regions and occurs in a wide variety of 

clinical settings. It has been found that a mildly ischemic area, the penumbra area, 

borders the severely ischemic core area (Du et al., 1996). Cells in both the ischemic 

core and penumbra area probably die through necrosis or a delayed process that 

involves apoptosis (Furuichi et al., 2004; Onténiente et al., 2003). The experiments 

described in chapter 6 demonstrated that postischemic treatment with LIG could 

significantly not only reduce the infarct volume but also improve the recovery of the 

neurological function of the focal cerebral ischemic brain. TUNEL staining showed 
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that LIG could decrease both cell apoptosis as well as necrosis in the cortical ischemic 

penumbra and core. As for the analysis of anti-apoptotsis mechanisms for LIG, the 

immunoblot was used to detect the expression of pro-apoptotic proteins (cytochrom c, 

cleaved caspase-8 and cleaved caspase-3) and the results showed that LIG could 

effectively inhibit these protein expression. In addition, the measurement of the 

enzymatic activity indicated that LIG induced a dose-dependent inhibition on 

caspase-8 and caspase-3 activities. Therefore, we propose for the first time that the 

inhibition on both the mitochondria-dependent and Fas death receptor pathways 

contributes to the neuroprotection of LIG in focal cerebral ischemia.  

 

It is known that inflammatory responses may play an important role in the necrotic 

procedure of neurons in cerebral ischemia, and participate in the expansion of 

ischemic brain damage (Chan, 2001; Furuichi et al., 2004). Our results, as well as 

some previous papers have demonstrated that there was an activation of microglia 

which showed an increase of the OX-42 immunoreactivity and an upregulation of  the 

NO/iNOS pathway after reperfusion following a transient MCAO (Chan, 2001; 

Furuichi et al., 2004). In the present study, LIG significantly suppressed the increase in 

the number of OX-42 positive miroglial cells and iNOS expression in ischemic brain 

tissues, and decreased the iNOS activity and NO level in the ipsilateral hemsphere. 

Therefore, we propose that the anti-inflammation property is probably involved in the 

neuroprotection of LIG for cerebral ischemia. In addition, recent study suggests that 

apoptosis and necrosis may share a common initial activation after cerebral ischemia 
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(Benchoua et al., 2001). The ultimate choice between apoptosis and necrosis depends 

on the energetic state of the affected cells (Leist et al., 1997; Nicotera et al., 1998). In 

the ischemic core, the ATP concentration is severely reduced, which may abort 

energy-dependent apoptotic cascades and favor necrotic cell death as well as the 

energy-independent apoptotic cell death (Folbergrová et al., 1992; Lei et al., 2004; 

Onténiente et al., 2003).The interesting finding in this study is that LIG can 

significantly decrease the number of necrotic cells in the core. A potential explanation 

for this anti-necrotic effect LIG is that LIG may improve the energetic state in the 

ischemic core area, and thus induce the shift from necrosis to apoptosis. Although 

further study is needed to elucidate the detailed mechanism of LIG, the anti-necrotic 

effect of LIG may have special clinical relevance because it may expand the 

time-therapy window following cerebral ischemia and allow neuroprotective agents, 

such as antiapoptotic agents, to reduce irreversiblely ischemic damage in the core.  

 

There are consensus that hyperthermia may aggravate the brain infarction associated 

with ischemic stroke and that hypothermia reducing body temperature to 33 °C or 

below provides dramatic neuroprotection following focal stroke (Barone et al., 1997; 

Chen et al., 1992; Corbett et al., 2000; Maier et al., 1998). In this study, hypothermia is 

not the main mechanism involved in the neuroprotection of LIG in the reperfusion 

following cerebral ischemia.  

 

However, the potential mechanisms of action underlying the neuroprotective effect of 
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LIG in cerebral ischemia injury have not been fully explored in the present study. For 

example, as introduced in chap 1, LIG exists in many important medical plants such as 

Anglica sinsens and Ligusticum chuanxiong . These Umbelliferae plants are often used 

to invigorate blood circulation in Chinese traditional medicines. Therefore, further 

study is needed to determine whether LIG can benefit the treatment of cerebral 

ischemia by improving and restoring blood flow in the ischemic areas.      

 

Taken together, our results demonstrated for the first time that oral administration of 

LIG had significant neuroprotection for the reperfusion following the transient 

forebrain and focal ischemia by inhibiting both the necrosis and apoptosis process. 

And LIG may achieve its neuroprotective effect by antagonizing the following main 

cytotoxic events of ischemia/reperfusion injury: oxidative stress, apoptosis and 

inflammation. Therefore, LIG is a promising neuroprotective agent for the treatment 

of cerebral ischemia. In addition, oxidative stress and apoptosis appear to play a 

significant role in the neurodegeneration associated with Alzeheimer’s disease 

(Moreira et al., 2004; Moreira et al., 2005; Roth, 2001; Shimohama, 2000) and 

Parkinson’s disease (Alexi et al., 2000; Ziv et al., 1994). Thus it is worthwhile to 

further study the potential efficacy of LIG for the treatment of these neurological 

degenerative disorders.  

 

In conclusion, LIG has been tested for its efficacy in preventing histological, 

neurological and biochemical abnormalities following cerebral ischemia damage. Oral 
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administration of LIG showed significant neuroprotection on both the murine transient 

forebrain ischemia and rat MCAO models by post-ischemic treatment. We propose 

that multiple mechanisms, including antioxidant, anti-apoptosis and anti-inflammation, 

contribute to the efficacy of LIG for ischemic brain damage.  
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