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ABSTRACT 

Background: We have been searching effective compounds that can stimulate the growth and differentiation of nerve 
cells. We found previously that fulleren derivatives enhanced induction of morphological differentiation with neurite 
outgrowth in nerve growth factor (NGF)-treated PC12 cells. In the course of our further search for other effective com-
pounds, we found the aged garlic extract (AGE) has the activity similar to fulleren. Methods: PC12 cells were used to 
examine the effectiveness of test compound. Results: AGE enhanced the stimulating effect of NGF to induce morpho-
logical differentiation with neurite outgrowth in PC12 cells. In order to examine the active constituents of AGE, it was 
fractionated into several components. The activity was mainly localized in the F1 fraction that contains low molecular 
weight polar compounds. S-Allylmercaptocysteine (SAMC) is one of the sulfur components of AGE present in F1 frac-
tion and found to exhibit the enhancing effect similar to AGE. Conclusion: AGE had the ability to induce morphologi-
cal differentiation with neurite outgrowth in NGF-treated PC12 cell and SAMC was one of its active constituents. 
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1. Introduction 

Nerve cells are lost with aging without regeneration. We 
have been searching for the effective compounds that can 
stimulate the growth, survival and function of nerve cells 
and thus may help improve senescence of the brain. We 
previously reported that some water-soluble fullerene 
derivatives that have strong antioxidant activity enhance 
induction of morphological differentiation with neurite 
outgrowth in nerve growth factor (NGF)-treated PC12 
cells [1]. At present the mechanisms of action of fulle- 
rene is obscure, but we speculated that fullerenes scav-
enged neurotoxic active oxygen species that were pro-
duced by NADPH oxidase during differentiation into 
sympathetic neuron-like cells induced by NGF [2].  

Using the PC12 cell culture system, we have surveyed 
various other substances, especially those having anti-
oxidant activity. Among the compounds tested, we found 
that aged garlic extract (AGE) enhanced the effect of 
NGF on induction of morphological differentiation with 
neurite outgrowth. AGE also has been shown to improve 

learning ability in senescence-accelerated mouse [3] and 
have trophic effect on the morphology of primary cul-
tured hippocampal neurons from fetal rat brain [4]. AGE 
is an odorless product produced from prolonged extrac-
tion of fresh garlic with aqueous alcohol. Compared with 
the raw garlic, AGE contains more stable and antioxidant 
phytochemicals that can prevent oxidant damage [5]. In 
order to identify its active constituents, AGE was frac-
tionated into several fractions and each fraction was ex-
amined for its activities. The F1 fraction, that contains 
low molecular weight polar compounds, showed the en-
hancing activity. Furthermore some major sulfur com-
pounds such as S-allylcysteine (SAC) and S-allylmer- 
captcysteine (SAMC) present in F1 fraction [6,7] were 
examined and SAMC was found to possess the activity 
similar to AGE.  

2. Materials and Methods 

2.1. Materials  

NGF (2.5S, mouse) was purchased from Upstate (Lake 
Placid, NY, USA). Dulbecco’s minimal essential me-*Corresponding author. 
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dium (D-MEM), trypsin-EDTA and horse serum were 
purchased from GIBCO Invitrogen (Carlsbad, CA, USA). 
Fetal bovine serum was purchased from Nichirei Biosci-
ences Inc. (Tokyo, Japan). SAC and SAMC were synthe-
sized as previously reported [8-10].  

2.2. Preparation of AGE 

AGE was prepared as follows; garlic cloves (Allium sa-
tivum L.) grown under controlled organic conditions 
without the use of chemical fertilizers, herbicides or pes-
ticides were sliced and soaked in an aqueous ethanol so-
lution and extracted/aged up to 20 months at room tem-
perature. AGE used in this study contained SAC as a 
major sulfur-containing compound in the range of 1.6 - 
2.4 mg/g dry weight [11]. In addition, other constituents 
such as N-α-(1-deoxy-D-fructos-1-yl)-L-arginine (Fru-Arg) 
and tetrahydro-β-carboline derivatives were identified 
[12,13]. The concentration of SAC was used to standard-
ize the extract according to the US Pharmacopeia/Natural 
Formula garlic fluid extract monograph [14]. 

2.3. Fractionation of AGE 

After ethanol was removed from the AGE extract under 
in vacuo, water was added to the original volume. The 
resulting AGE solution was fractionated by a hydropho-
bic resin MCI gel CHP20P column (Mitsubishi Chemical, 
Tokyo, Japan) with stepwise gradient elution (water, 
10% (v/v) MeOH, 50% (v/v) MeOH to MeOH) to give 4 
fractions; water (MCI-NA), 10% MeOH (MCI-A10), 
50% MeOH (MCI-A50), MeOH (MCI-A100), respec-
tively. The fraction MCI-NA was dialyzed against dis-  

tilled water by BioDesignDialysis TubingTM (cutoff: 
3500) (BioDesign Inc. NY, USA) at 4˚C for 3 days to 
obtain the outside (F1) and the inside (F2) solutions of 
the dialysis tube, respectively. F2 was subjected to ion 
exchange chromatography on a DEAE Toyopeal 650 M 
column (Tosoh Co., Japan) with 0.05 M Tris-HCl buffer 
(pH 8.0) and 0.05 M Tris-HCl buffer (pH 8.0) containing 
2 M NaCl to give F3 and F4, respectively. F3 and F4 
were dialyzed against distilled water by BioDesignDialy-
sis TubingTM (cutoff: 3500) at 4˚C for 3 days to remove 
the salt, and then the resulting each fraction was lyophi-
lized. F1 contained low molecular weight polar com-
pounds including fructose, arginine and SAC. F3 and F4 
contained polysaccharides and protein [13,14]. MCI frac-
tions contained hydrophobic compounds. Fractionation 
scheme of AGE was shown in Figure 1.  

2.4. Cell Culture Conditions and Assay  
Methods for Induction of Morphological  
Differentiation with Neurite Outgrowth  
in PC12 Cells 

Rat pheochromocytoma PC12 cells were purchased from 
the American Type Culture Collection (ATCC, Manassas, 
VA, USA). PC12 cells were plated and grown on colla-
gen-coated tissue culture dishes in D-MEM containing 
10% horse serum and 10% fetal bovine serum at 37˚C 
under a humidified 5% CO2 incubator. Cells were seeded 
on a collagen-coated 24-well dish or a 6-well dish (1 × 
104 cells/well or 4 × 104 cells/well, respectively) and 
incubated for 1 day before use. To induce the differentia-
tion to form cells with neurites, the medium was changed 
to D-MEM without serum and the cells were cultured  
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Figure 1. Fractionation scheme of AGE. The figure in parenthesis shows the yield (%) of each fraction relative to the starting 
aterial. m 
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with 50 ng/ml of NGF in the presence or absence of AGE. 
After incubating for 72 h, PC12 cells were examined 
under microscope. The number of cells with neurites 
having length longer than the diameter of one cell body 
was counted and the percentage of cells with neurites 
relative to the total number of cells was calculated. In 
addition, the length of the longest neurite of cell was 
measured. One hundred cells were examined in five to 
six different views in a dish in triplicate culture.  

2.5. Statistical Analysis 

The data were expressed as the mean ± S.D. Statistically 
significant differences were determined using Student’s 
t-test or one-way ANOVA followed by Bonferroni’s 
multiple comparison test. **p < 0.01 and *p < 0.05 were 
statistically significant. 

3. Results 

3.1. Induction of Morphological Differentiation 
by AGE in NGF-Treated PC12 Cells  

Treatment of PC12 cells with NGF induced the forma-
tion of cells with neurites (Figures 2(a) and 2(b)). The 
effect of AGE was examined by varying its concentration 
from 0.1 to 2.5 mg/ml in PC12 cell culture [1]. AGE was 
not toxic even at the highest concentration tested, 2.5 
mg/ml. As shown in Figure 3, the percentage of cells 
having neurites increased with the increasing the AGE 
concentration from 1.0 to 2.5 mg/ml. Figure 2(c) showed 
the image of PC12 cells treated with NGF (50 ng/ml) + 
AGE (2.5 mg/ml); the increased number of differentiated 
cells with neurites and the elongation of neurite out-
growth can be seen.  

3.2. Induction of Morphological Differentiation 
with Neurite Outgrowth in NGF-Treated 
PC12 Cells  

The effect of AGE on induction of morphological dif-
ferentiation into cells with neurites was shown in Figure 
4(a). Treatment of PC12 cells with NGF (50 ng/ml) re-
sulted in formation of cells with neurites that comprised 
34% of cells. When AGE was present together with NGF, 
the proportion of cells with neurites increased to 49% 
and 53% in the presence of AGE at concentration of 1.25 
mg/ml and 2.5 mg/ml, respectively. Even the highest 
concentration of AGE (2.5 mg/ml) showed no enhancing 
effect in the absence of NGF.  

The effect of AGE on induction of neurite outgrowth 
in PC12 cells was shown in Figure 4(b). In the presence 
of NGF, the neurite outgrowth was stimulated by AGE. 
However, this effect required the higher concentration of 
AGE (2.5 mg/ml) when compared to that for induction of  

 (a) (b) (c) 

50 μm  

Figure 2. Phase contrast photomicrographs of PC12 cells. (a) 
control, (b) NGF 50 ng/ml and (c) NGF 50 ng/ml + AGE 2.5 
mg/ml. 
 

 

Figure 3. Effect of AGE concentration on induction of 
morphological differentiation in NGF-treated PC12 cells. 
The percentage of cells having neurites relative to total cell 
population is shown. The concentration of NGF used was 50 
ng/ml. The same concentration of NGF was used through-
out unless specified otherwise. **p < 0.01 vs. control cells 
without AGE treatment, n = 4 - 6. 
 
the morphological differentiation (see Figure 4(a)). In 
the absence of NGF, no enhancing effect of AGE was 
observed. In the experiments to be described below, the 
induction of morphological differentiation was examined 
as a marker of the activity.  

3.3. Active Constituents of AGE  

In order to find the active components in AGE that en-
hanced the induction of morphological differentiation, 
AGE was fractionated into several components as shown 
in Figure 1. Then the effect of each fraction (F1, F3, F4, 
MCI-A10 (M10), MCI-A50 (M50) and MCI-A100 
(M100)) on induction of the differentiation was exam-
ined. Each fraction was tested using concentration corre-
sponding to that in 2.5 mg/ml of AGE. The results indi-
cated that F1 possessed the enhancing activity but it was 
less compared with the whole AGE (Figure 5(a)), whereas 
F3 and F4 showed little activity. The re-constitution ex- 
periments were carried out by combining F1, F3 and F4 
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(F-mix) according to their original ratio in AGE. The 
results indicated that only a weak activity similar to that 
with F1 was present in the F-mix. On the other hand, 
fractions M10, M50 and M100 and the mixture of these 
fractions (M-mix) had no effect, suggesting that hydro-
phobic components were not the active constituents (Fig-
ure 5(b)). 

3.4. Effects of SAC and SAMC  

It is known that AGE contains sulfur compounds such as 
SAC and SAMC and these are present in F1 fraction 
[6,7]. The effects of SAC and SAMC on induction of 
morphological differentiation in NGF-treated PC12 cells 
were examined. As shown in Figure 6(b), SAMC was 
active and its effect increased with its concentration up to 
5.0 μg/ml and then reached plateu. No toxicity of SAMC 
was observed even at the highest concentration of 25 
μg/ml. On the other hand, no enhancing effect of SAC 

was observed even at the concentration of 250 μg/ml 
(Figure 6(a)).  

The effect of SAMC on the induction of morphologi-
cal differentiation induced by NGF in PC12 cells was 
examined in the presence of various concentration of 
NGF, i.e. 2.5, 5.0, 10, 25 and 50 ng/ml. SAMC was 
added 0, 2.5 and 5.0 μg/ml. As shown in Table 1, in the 
absence of SAMC the extent of the induction of mor-
phological differentiation increased gradually with the 
concentration of NGF. The addition of SAMC further 
augmented the increase.  

4. Discussion 

We previously reported that water-soluble fullerene de-
rivatives that have strong antioxidant activity had the 
ability to induce the morphological differentiation with 
the neurite outgrowth in NGF-treated PC12 cells [1]. In 
the course of our further study, we found that AGE exerts  

 

 
(a)                                                 (b) 

Figure 4. Effects of AGE on induction of both the morphological differentiation (a) and the neurite outgrowth (b) in 
NGF-treated PC12 cells. AGE was added at the indicated concentration. *p < 0.05 and **p < 0.01 vs. NGF-treated control 
cells, ##p < 0.01 vs. control cells without NGF-treatment, n = 3. 
 

 
(a)                                                 (b) 

Figure 5. Effect of various AGE fractions and their combination on induction of morphological differentiation in 
NGF-treated PC12 cells. (a) and (b) show the effect of polar and non-polar fractions, respectively. Each fraction was obtained 
as described in Figure 1. The concentration of each fraction corresponded to that of 2.5 mg/ml of AGE. **p < 0.01 vs. 
NGF-treated control cells, n = 3 - 4. 
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(a)                                                 (b) 

Figure 6. Effects of SAC (a) and SAMC (b) on induction of morphological differentiation in NGF-treated PC12 cells. **p < 
0.01 vs. control cells without SAMC-treatment, n = 3 - 4. 
 
similar effects on these cells. In addition, we found that 
SAMC was one of the active constituents in AGE. 

Our data showed that for the induction of morpho-
logical differentiation, 1.25 mg/ml of AGE was optimal 
whereas 2.5 mg/ml of AGE was necessary for the maxi-
mal stimulation of neurite outgrowth (Figure 4). These 
results suggested that the mechanism of action of AGE to 
induce the morphological change is different from that 
involved in enhancement of the neurite outgrowth. Fur-
ther, the enhancing effect of AGE was only observed in 
the presence of NGF, suggesting that AGE augmented 
the effect of NGF. It is reported that superoxide anion 
radicals were produced by NADPH oxidase when PC12 
cells underwent differentiation into sympathetic neu-
ron-like cells under the influence of NGF [2]. Since AGE 
can scavenge cytotoxic superoxide anion radicals [15], it 
could help the response of nerve cells to NGF, at least in 
part, by removing these radicals. With regard to the AGE 
stimulation of nerve cells, similar results were reported 
by Moriguchi et al. in the study of primary cultured hip-
pocampal neurons from rat brain [7]. 

AGE was fractionated into several components and the 
activity of each fraction was examined. F1 showed some 
activity, but it was weaker than AGE whole (Figure 
5(a)). On the other hand, F3 and F4 showed little activity 
and the F-mix (mixture of F1, F3 and F4) exhibited the 
activity very similar to that of F1. These results sug-
gested that re-constitution was not achievable for some 
reason. It is possible that some loss or degradation of 
labile compounds occurred during the fractionation 
processes.  

SAC and SAMC were major sulfur compounds present 
in AGE [6,7]. The activity to enhance PC12 cell differ-
entiation was observed only with SAMC. Its maximum 
enhancing activity was found at the concentration of 5.0 
μg/ml (Figure 6(b)). As shown in Figure 3, AGE was 
most active at 2.5 mg/ml. If we assume that the amount 

of SAMC in 2.5 mg of AGE was approximately 1.25 μg, 
the most effective concentration of SAMC (5.0 μg/ml) 
exceeds that in AGE. It is possible that the enhancing 
effect of AGE may result from the combination of 
SAMC with some other AGE components.  

With respect to the sulfur compounds having antioxi-
dant properties in AGE, alliin, SAC and SAMC are all 
reported to have the ability to scavenge hydroxyl radical 
[16,17]. Both alliin and allicin can scavenge superoxide 
anion radical but not SAC and diallyl disulfide [17]. At 
present no data were available as to the ability of SAMC 
to scavenge superoxide anion radical, and the reason why 
only SAMC is effective remains not clear. SAMC has a 
disulfide bond that is easily metabolized to thiols in cells 
and these thiols may act as antioxidants. Similar findings 
were reported in the study of prevention of liver damage 
by SAMC but not SAC [18]. 

It is noteworthy that Ray et al. recently reported that 
both AGE and SAC showed the protective effect against 
the cytotoxicity induced by H2O2 in differentiated PC12 
cells [19]. The results are consistent with the fact that 
both AGE and SAC can scavenge cytotoxic OH radical 
produced by H2O2. 

We found that unlike NGF, AGE itself has no activity 
to induce neuronal differentiation. Experiments to assess 
the effect of SAMC on the potency of NGF revealed that 
SAMC increased the action of NGF (Table 1). It is not 
clear whether SAMC does so by scavenging superoxide 
produced by NGF.  

In order to study the structure-activity relationship, we 
examined the effect of other related derivatives such as 
cysteine, cystine, diallyl sulfide, diallyl disulfide and 
dipropyl disulfide (data not shown). Cysteine showed no 
activity even at the concentration of 8.0 mM. Cystine 
was not tested due to its low solubility. Experiments us-
ing other derivatives were repeated several times, but the 
data were not conclusive due o large varietion of results.  t  

Copyright © 2012 SciRes.                                                                                   PP 



Enhancing Effect of Aged Garlic Extract on Induction of Morphological Differentiation with  
Neurite Outgrowth in NGF-Treated PC12 Cells 

42 

 
Table 1. The effect of SAMC in combination with NGF on induction of morphological differentiation in PC12 cells.a) 

NGF (ng/ml) 2.5 5.0 10 25 50 

Control 15.9 ± 1.84 18.8 ± 1.58 20.9 ± 4.07 24.6 ± 2.98 23.4 ± 4.87 

+SAMC 2.5 μg/ml 21.4 ± 0.63 (1.35) 25.5 ± 2.71 (1.36)* 26.7 ± 1.95 (1.28) 30.4 ± 2.80 (1.24) 28.3 ± 3.46 (1.21) 

+SAMC 5.0 μg/ml 25.4 ± 4.30 (1.60)** 26.3 ± 2.31 (1.40)** 29.7 ± 1.21 (1.42)** 34.9 ± 4.54 (1.42)* 36.0 ± 3.27 (1.54)* 

a)Percentage of cell with neurite relative to the total number of cells was shown (mean ± S.D.) The figure in parenthesis shows the enhanced ratio relative to the 
each control cell without SAMC-addition. *p < 0.05 and **p < 0.01 vs. each control cell without SAMC-addition, n = 3 - 4. 

 
One of the reasons for this may be the instability of such 
sulfur containing compounds due to autooxidation. 

Garlic (Allium sativum L.) has been used for the pre-
vention and treatment of a variety of diseases including 
heart disease and cancer [20]. AGE contains relatively 
stable antioxidant phytochemicals that may help prevent 
oxidative damages than garlic [5]. We hope AGE may be 
useful for improving senescence of the brain in near fu-
ture after further studies and may provide good health 
benefits for human. 
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