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Introduction
 Glias are known to occupy approximately 10-fold higher population 

than neurons, and astrocytes are most abundant glial cells in the brain. 
The population of astrocytes is approximately 1.4-fold as many as that 
of neurons in the cerebrum. It has been thought that astrocytes function 
to support structure and distribution of neurons in the brain, regulate 
molecular transport between the inside and outside of brain through 
the Blood-Brain Barier (BBB) along with brain capillary endothelial 
cells, control energy methabolism of neurons, and keep homeostasis 
of extracellular emvironment of neural cells. Astrocytes has been 
considered to play subordinate roles from a viewpoint of the brain 
function to organize neuronal signal networks in the Central Nervous 
System (CNS). Recentrly, it was found that astrocytes have receptors 
of various neurotransmitters and release cytokines and transmittors 
such as glutamate and D-serine as glio-transmitters, sugesting that 
astrocytes actively function to regulate various information in neuronal 
signal networks in the CNS [1,2]. 

There have been increasing reports that astrocytes function to 
protect the brain against stresses. Oxidative stress reportedly activates 
calcium/calmodulin-dependent protein kinase II (CaMKII), followed 
by activation of Apoptosis Signal-regulating Kinase 1 (ASK1) to induce 
apoptosis in astrocytes [3]. However, it has been found that protein 
phosphatase 5 (PP5) localizes widely in the brain and inhibits ASK1 
activity, resulted in the protection of neurons against oxidative stress [4]. 
Astrocytes produce and release Glutathione (GSH) and metallothionein 
to protect neurons against oxidative stress [5-7]. Furthermore, astrocytes 
secrete ATP and activate a specific ATP receptor, P2Y1, in the autocrine 
manner, and then enhance the expression and release of Thioredoxin 
Reductase (TrxR) in/from astrocytes for protection of the brain against 
oxidative stress [8]. We found recently that astrocytes increase the FGF-
1 secretion under oxidative stress which, in turn, stimulated generation 
of apoE/HDL in an autocrine manner for protection of brain against 
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 Abstract
The brain is an organ to consume highly oxygen and to produce Reactive Oxygen Species (ROS) at high level. 

ROS facilitate to produce many kinds of peroxide lipids in the lipid-rich brain. Accordingly, it is considered that the 
brain is an organ to undergo easily oxidative stress. Severe diseases of brain such as Parkinsonism and Alzheimer’s 
disease are seemingly accompanied with oxidative stress. The construction of protection system against oxidative 
stress is very important to maintain normal neuron function in the brain. We are studying the production and function 
of Fibroblast Growth Factor 1 (FGF-1) in astrocytes undergoing oxidative stress. 

 Astrocytes increase FGF-1 release under stressful condition such as oxidative stress and long-term cultured 
stress. In vitro treatment of rat astrocytes with 100 µM Hydrogen Peroxide (H2O2) for 10 min enhances the release 
of FGF-1 along with cytosolic proteins such as HSP90, HSP70, PK-Cδ without inducing apoptosis. The treatment 
with H2O2 enhanced the flow into the cells of exogenous compounds such as trypsin and Rhodamin-phalloidin 
also, suggesting increase in permeability of plasma membrane in astrocytes treated with H2O2. Oxidative stress 
suppressed transiently cholesterol synthesis and enhanced cholesterol release from the cell surface, resulted in 
impairment of the cholesterol metabolism. The change of cholesterol metabolism may participate in the increase 
in membrane permeability in astrocytes undergone oxidative stress. FGF-1 released from rat astrocytes enhances 
apoE-containing HDL-like lipoproteins (apoE/HDL) generation of astrocytes in the manner of autocrine action. In this 
review, we describe physiological significance of FGF-1 released from astrocytes stimulated by oxidative stress to 
relate with generation of apoE/HDL of astrocytes in the brain.

oxidative stress [9-12]. Thus, astrocytes own many kinds of means for 
protection of neural cells from oxidative stress.

Production and Release of FGF-1 from Astrocytes 
Induced by Oxidative Stress 

FGF-1 (acidic FGF) is classified into the FGF family and 
stimulates the proliferation and differentiation of mesodermal and 
neuroectodermal cells such as fibroblasts and astrocytes, similarly to 
FGF-2 (basic FGF). FGF-1 was shown to localize in all motor neurons 
and primary sensory neurons in the mesencephalon and in a small 
number of glial cells in the white matter [13]. It have been reported that 
in Alzheimer’s disease, some astrocytes prodece FGF-1 in both the gray 
and white matters [14]. FGF-1 has already been known to contribute 
to neuron survival, neurite outgrowth, and angiogenesis in vitro and 
in vivo [9,15]. Because FGF-1 and FGF-2 have no amino-terminal 
signal sequence, these factors are considered to be synthesized and 
to localize in the cytosol and nucleus of FGF-producing cells [16,17]. 
Accordingly, their release to the extracellular space is unlikely mediated 
by the classical intracellular transport system through the Endoplasmic 
Reticulum (ER)/Golgi pathway after their biosynthesis. 

 The mechanism underlying FGF-1 release is not so much clear at 
present despite of many previous investigations [18-20]. FGF-1 seems 
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to be released in response to sublethal cell injuries such as oxidative 
stress, heat shock, hypoxia, and serum starvation [21-24]. Previous 
reports have shown that FGF-1 is expressed in reactive astrocytes in 
the brains of patients with Alzheimer’s disease, which is known to be 
associated with chronic inflammation and oxidative stress [25]. We 
previously observed that the production and release of FGF-1 are 
enhanced in rat astrocytes under the long-term cultured stress [10]. 
These lines of evidence suggest that FGF-1 release is enhanced under 
stressful conditions such as oxidative stress. 

We examined in vitro whether the release of FGF-1 from the brain-
derived astrocytes is actually triggered by oxidative stress [12]. The 
treatment of rat astrocytes with 100 µM hydrogen peroxide (H2O2) for 
10 min enhanced FGF-1 release without inducing apoptosis. After the 
treatment with H2O2, the conditioned medium of rat astrocytes cultured 
in a fresh medium had the FGF-1-like activities, which enhanced 
cholesterol synthesis, signalings to phosphorylate Akt and ERK, and 
apoE secretion. The oxidative stress induced by H2O2 enhanced the 
release of cytosolic proteins such as HSP70 and HSP90 in addition to 
FGF-1, suggesting the release of FGF-1 takes place along with that of 
cytosolic proteins from astrocytes undergoing oxidative stress (Figure 
1). Antioxidants such as ascorbic acid and ebselen suppresses the 
release of cytosolic proteins induced by H2O2 treatment. We examined 
whether exogeneously added trypsin goes through membrane into 
cytosol in astrocytes treated with H2O2. The treatment with exogenous 
trypsin decreased the cellular levels of cytosolic proteins such as HSP90, 
HSP70, PK-Cδ, and Cav-1 1 h or 3 h after the incubation of the cells 
with H2O2, whereas they remained unchanged in the cells without H2O2 
(Figure 2A). Rhodamin-phalloidin also flowed into the cells 1 h after 
H2O2 treatment and fixation with paraform aldehyde (Figure 2B). These 
findings suggest that H2O2 treatment enhanced permeability of trypsin 
and Rhodamin-phalloidin, which enhanced proteolysis of cytoplasmic 
proteins and staining of cellular actin filaments, respectively. These 
findings suggest that oxidative stress is one of the candidates which 
triggers FGF-1 release from astrocytes in the brain.

Mechanism Underlying FGF-1 Release from Astrocytes 
Induced by Oxidative Stress 

The addition of lipoproteins such as Low Density Lipoproteins 
(LDL) canceles H2O2-induced release of FGF-1 and cytosolic proteins 
(Figure 3) [12]. Furthermore, the pretreatment with LDL suppressed 

exogenous trypsin-induced proteolysis of cytosolic proteins in the 
H2O2-treated rat astrocytes, suggesting that the H2O2-induced increase 
in permeability of exogenous compounds is prevented by the uptake 
of lipids from exogenous lipoproteins. These findings imply that the 
increase of membrane permeability induced by H2O2 correlates strongly 
with lipid metabolism. 

 Interestingly, the treatment with H2O2 strongly suppressed apoE 
secretion from astrocytes, although it did not suppress FGF-1 release, 
suggesting that oxidative stress may suppress the classical intracellular 
transport through the ER/Golgi pathway as shown in apoE secretion 
from astrocytes. This indicates that FGF-1 is released from astrocytes 
through a process different from the classical secretion pathway. As 
[35S]-labeled cytosolic proteins of a wide range of molecular weights 
were released from rat astrocytes treated with 100 µM H2O2, it is 
suggested that the enhancement of FGF-1 release by oxidative stress 
depends on the mechanism nonspecific to the FGF-1 molecule in 
astrocytes.

It is interesting also that the release of cytosolic proteins such 
as HSP90 and HSP70 from astrocytes was enhanced by H2O2 at 
low concentrations, although in other cell types, the release was 
markedly attenuated in Balb3T3 cells, remained unchanged in bovine 
endothelium cells, or diminished in HepG2 cells [12]. These findings 
suggest that astrocytes are more sensitive to H2O2 in terms of the release 
of cytosolic proteins.

The treatment with 100 µM H2O2 for 10 min inhibited transiently 

Figure 1: Release of FGF-1 and cytosolic proteins from rat astrocytes treated 
with hydrogen peroxide without inducing apoptosis. After treatment with 100 
µM H2O2 for 10 min and incubation in a fresh medium for 16 h, the conditioned 
medium of rat astrocytes was analyzed by SDS-PAGE and Western blotting 
for HSP70, HSP90, protein kinase Cδ, β-actin, and apoE. The conditioned 
medium was incubated with Heparin-Sepharose to concentrate FGF-1 and 
analyzed for FGF-1 by Western blotting. 

Figure 2: Increase in membrane permeability of rat astrocytes treated with 
H2O2. Change of cytosolic protein level in rat astrocytes was analyzed after the 
pretreatment with 100 µM H2O2 for 10 min and then with exogenous trypsin 
(A). Inflow of Rhodamin-phalloidin into rat astrocytes was observed 0 or 1 h 
after the pretreatment with (0 h and 1 h) or without (Control) 100 µM H2O2 for 
10 min and washing (B).

Figure 3: Suppression of H2O2-induced release of FGF-1 and cytosolic proteins 
by exogenous lipoproteins such as LDL and HDL. After the pretreatment with 
or without LDL or HDL, rat astrocytes were stimulated with or without 100 µM 
H2O2 for 10 min, washed, and incubated in a fresh 0.02% BSA/F-10 medium for 
the determination of release of FGF-1 (A) or cytosolic proteins (B).
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syntheses of cholesterol and sphingomyelin in rat astrocytes and these 
syntheses were restored approximately 24 h after withdraw of H2O2 
(Figure 4). The transport and incorporation of metabolically synthesized 
cholesterol to/in mambrane fraction, especially the membrane lipid 
rafts, were significantly suppressed by the treatment with H2O2 in rat 
astrocytes. The level of caveolin-1 in membrane lipid rafts was reduced 
by oxidative stress also. The transport of sphingomyelin to lipid rafts 
was suppressed as well. These findings suggest that oxidative stress 
without apoptosis significantly suppresses lipid synthesis and disturbs 
construction of membrane lipid raft microdomain. Oxidative stress, 
furthermore, enhances non-specific release of lipids from the cell surface 
of rat astrocytes (unpublished data), suggesting oxidative stress lowers 
the lipid level of plasma membrane to make the plasma membrane 
structure unstable in astrocytes. This may enhance the permeability of 
cytosolic proteins through the unstable plasma membrane.

Malecki et al. observed that FGF-1 is able to across vesicular 
membranes from endosomes into the cytosol during G1-phase in the 
manner dependent on proton pumps [26,27]. FGF-1 appears to be 
localized in the neural tissue as a high-molecular-weight complex. 
The complex contains FGF-1 and p40 extravasecular domain of 
synaptotagmin (Syn)-1, and the brain-derived FGF-1/p40 Syn-1 
complex is found to be associated with the calcium-binding protein 
S100A13 [28,29]. FGF-1 is released as a latent homodimer with the p40 
extravasecular domain of Syn-1, as induced by heat-shock stress [30]. 
These findings indicate that FGF-1 is released as complex forms under 
stressful conditions. The role of the complex formation of FGF-1 in the 
release of FGF-1 to extracellular space under stressful condition is as yet 
unknown [31]. Graziani et al. suggested that the nonclassical pathway 
of release of FGF-1 and p40 Syn-1 involves the destabilization of the 
membrane containing acidic phospholipids [32]. We also observed 
in this study that oxidative stress suppresses syntheses of lipids such 
as cholesterol and sphingomyelin and incorporation of de novo 
synthesized lipids to the lipid raft/caveolae domain in the membrane 

fraction. This may impair the plasma membrane functions and alter 
lipid raft structure. The sensitive response to oxidative stress to enhance 
the release of FGF-1 and cytosolic proteins may be a functional feature 
of astrocytes for protection of the brain from oxidative stress through 
the released FGF-1. 

FGF-1 Enhances apoE/HDL Generation of Astrocytes 
in a Manner of Autocrine or Paracrine Action 

 Human apoE is a glycoprotein composed of 299 amino acids with 
a molecular weight of 34 kDa. ApoE is produced by various types of 
cells such as macrophages and steroidogenic cells, and the plasma 
apoE is mainly secreted from the liver. In the brain, the most abundant 
apolipoprotein is an apoE produced predominantly by astroctes and 
partly by microglias, and it is secreted for intercellular transport of 
cholesterol as apoE/HDL with diameters of 10-17 nm in the CNS. As 
the supply of cholesterol to the CNS is segregated by the BBB from the 
lipoprotein system in the circulation, apoE/HDL in the brain may be 
mainly supplied by astrocytes in the brain [33,34]. 

Endogenous apoE is seemingly transported intracellularly via 
membrane lipid rafts in astrocytes and generates apoE/HDL through 
the interaction with ATP-Binding Cassette A1 (ABCA1) [35]. We found 
that FGF-1 enhances apoE/HDL generation of astrocytes accompanied 
by the up-regulation of syntheses of apoE and cholesterol, very likely in 
an autocrine manner [9,10]. It was also observed that the productions 
of FGF-1 and apoE are increased in the astrocytes around a cryoinjury-
induced lesion in the mouse brain [9]. The production of FGF-1 was 
increased prior to the apoE production in astrocytes after brain injury. 
Wound healing was substantially delayed in apoE-deficient mice, 
although the production of FGF-1 was increased in the injured brain 
also. These findings support the hypothesis that injury and stress induce 
astrocytes to produce and secrete FGF-1 and up-regulate apoE/HDL 
generation. It is, thus, possible that astrocytes protect neurons from 
stress and injury through the FGF-1/apoE/HDL system. 

Interestingly, FGF-1 enhances apoE/HDL generation in healthy 
astrocytes under the stress-less condition but not in unhealthy cells 
under the stressful condition such as oxidative stress and long-term 
cultured stress. FGF-1 released from unhealthy astrocytes under some 
stresses may act on healthy astrocytes to induce apoE/HDL generation 
through the paracrine action for the protection of neural cells in the 
brain. In apoE-deficient mouse astrocytes, FGF-1 stimulates cholesterol 
biosynthesis but not enhancing its release, indicating the cholesterol 
release is enhanced by FGF-1 dependently on intrtacellular apoE in 
astrocytes. Suppression of PI3-kinase activity by LY294002 inhibited 
apoE/HDL secretion and suppression of MAP kinase cascade by U0126, 
an inhibitor of MEK and ERK, inhibited cholesterol synthesis without 
suppression of apoE/HDL generation [9]. However, these compounds 
failed to suppress FGF-1-induced increase of apoE mRNA expression. 
FGF-1 increases apoE mRNA expression through the increase of 
mRNA expression of Liver X Receptor α (LXRα) [9]. These findings 
suggest that FGF-1 upregulates apoE/HDL generation through at least 
three independent signaling pathways. 

Construction of FGF-1/apoE/HDL System of Astrocytes 
in Alzuheimar’s Disease

Tooyama et al. reported that FGF-1 expression increases in the brain 
of patients with Alzheimer’s disease [14]. There, furthermore, is a report 
that FGF-1 concentration increases in the serum and cerebrospinal 
fluid of patients with Alzheimer’s disease [36]. FGF-1 immunoreactivity 
shows significantly high level in neurons of Alzheimer’s disease brains 
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Figure 4: Effect of H2O2 on syntheses of lipids such as cholesterol or 
sphingomyelin in rat astrocytes. After treatment with 100 µM H2O2 for 10 min 
and washing, rat astrocytes were incubated for 0, 3, 6, or 24 h in 0.1% BSA/F-10 
medium and then incubated with 14C-acetate in a fresh 0.02% BSA/F-10 for 
2 h for lipid synthesis. Lipids were extracted from whole cells and analyzed 
by thin layer chromatography for cholesterol (Cho) and Sphingo Myelin (SM). 
The radio activities of cholesterol and sphingomyelin were determined using 
a liquid scintillation counter. The data points represent the means ± SD, **, 
P<0.01 significantly different from the value of cells treated without H2O2.
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except for neurons in entorhinal cortex [37]. These findings suggest 
the relationship between the progress of Alzheimer’s disease and FGF-
1 production in the brain. It is very interesting that FGF-1 expression 
level is increased in reactive astrocytes surrounding senile plaques [38]. 
These findings indicate that not only neurons but also astrocytes express 
FGF-1 in the brain. As production of FGF-1 is enhanced in the brain 
by the injury and oxidative stress, neuroregenerative diseases such as 
Alzheimer’s disease may enhance FGF-1 expression in an affected part 
of brain. If so, what is a physiological relevance of FGF-1 production in 
the brain of Alzheimer’s disease? 

Alzheimer’s disease involves chronic inflammatory reactions, 
oxidative stress, proteasome inhibition, and high cholesterol level in 
addition to β-amyloid accumulation. Chronic inflammatory reaction 
is one of important factors to induce Alzheimer’s disease to induce 
neurodegenerative hypothesis of AD inflammatory cytokines such as 
IFN-γ, TNF-α, and interleukin-1α [39]. These factors may activate and 
induce reactive astrocytes. Perhaps, FGF-1 production is incresed in the 
brain during this process as reported by Tooyama et al. [14]. There are 
many reports regarding the interaction of β-amyloid with apoE but not 
with FGF-1 [40,41]. We demonstrated that FGF-1 enhances apoE/HDL 
generation through the increase in production of apoE and cholesterol 
by three different signal pathways in astrocytes [9]. We, furthermore, 
reported that the production of FGF-1 is ahead of that of apoE in the 
mouse brain with cryo-injury. These observations suggest a possibility 
that FGF-1 enhances apoE/HDL generation in astrocytes in response to 
increasing production of β-amyloid to protect the brain from the attack 
of β-amyloid. 

ApoE appears to promote the proteolytic degradation of β-amyloid 
[42]. ApoE is actively able to associate with soluble nonaggregated 
β-amyloid peptides as scavengers. β-amyloid-associated apoE/HDL 
binds to apoE receptors and then is internalized in glial and neuronal 
cells. Internalyzed β-amyloid is degradated via the endosome/lysosomal 
pathway. Jiang et al. reported that apoE dramatically enhances the 
endolytic degradation of β-amyloid peptides by neprilysin within 
microglia [43]. The capacity of apoE to promote β-amyloid degradation 
is dependent upon the apoE isoform and its lipidation status. ABCA1 
is a key protein to influence apoE lipidation [35]. Inactivation of the 
ABCA1 gene in APP transgenic mice resulted in reduced levels of apoE, 
so that these mice exhibit a paradoxical elevation of brain β-amyloid 
peptide levels [44]. FGF-1 enhances not only apoE production but also 
cholesterol synthesis to upregulate apoE/HDL generation in astrocytes. 
Accordingly, FGF-1 is considered to have an indirectly important role 
to enhance clearance of β-amyloid from the brain through enhancing 
the level of apoE/HDL, which binds β-amyloid peptide. The clinical 
regulation of FGF-1 expression in the brain, therefore, is expected as a 
target for β–amyloid therapy. 

Conclusion
 It was described physiological significance and mechanism of 

FGF-1 release from astrocytes undergone oxidative stress. The release 
of cytosolic proteins such as HSP90 and HSP70 along with FGF-1 from 
astrocytes was greatly induced by the treatment with very low density 
of H2O2 as compared with other cell strains. In this sense, astrocytes 
have a higher performance of sensor to oxidative stress for cytosolic 
protein release. The change of cholesterol metabolism induced by 
oxidative stress contributes to release of cytosolic proteins in astrocytes. 
The release of cytosolic proteins from astrocytes is accompanied by 
FGF-1 release and it may be used for protection of neural cells against 
oxidative stress in the brain. It is possible that the FGF-1 released from 

stress-loaded astrocytes stimulates healthy astrocytes for the generation 
of apoE/HDL. The apoE/HDL is thought to function to protect neural 
cells against oxidative stress and β-amyloid. Thus, astrocytes have roles 
to remove or reduce β-amyloid peptides through a FGF-1/apoE/HDL 
system regulated by astrocytes in an autocrine manner. 
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