
Plumbagin Promotes the Generation of Astrocytes from Rat
Spinal Cord Neural Progenitors Via Activation of the
Transcription Factor Stat3

Yongquan Luo, Mohamed Mughal, Xin Ouyang, Haiyang Jiang, Tae-Gen Son Weiming Luo,
Qian-Sheng Yu, Nigel H. Greig, and Mark P. Mattson*

Laboratory of Neurosciences, National Institute on Aging Intramural Research Program,
Baltimore, MD

Abstract
Plumbagin (5-hydroxy-2-methyl-1,4 naphthoquinone) is a naturally occurring low molecular
weight lipophilic phytochemical derived from roots of plants of the Plumbago genus. Plumbagin
has been reported to have several clinically relevant biological activities in non-neural cells
including antiatherosclerotic, anticoagulant, anticarcinogenic, antitumor and bactericidal effects.
In a recent screen of a panel of botanical pesticides we identified plumbagin as having
neuroprotective activity. In the present study we determined if plumbagin could modify the
developmental fate of rat E14.5 embryonic neural progenitor cells (NPC). Plumbagin exhibited no
cytotoxicity when applied to cultured NPC at concentrations below 1 µM. At a concentration of
0.1 µM, plumbagin significantly enhanced the proliferation of NPC as indicated by a 17% increase
in the percentage of cells incorporating bromo-deoxyuridine. plumbagin at a concentration of 0.1
pM (but not 0.1 µM), stimulated the production of astrocytes as indicated by increased GFAP
expression. Plumbagin selectively induced the proliferation and differentiation of glial progenitor
cells without affecting the proliferation or differentiation of neuron-restricted progenitors.
Plumbagin (0.1 pM) rapidly activated the transcription factor Stat3 in NPC, and a Stat3 inhibitor
peptide prevented both plumbagin-induced astrocyte formation and proliferation. These findings
demonstrate the ability of a low molecular weight naturally occurring phytochemical to control the
fate of glial progenitor cells by a mechanism involving the Stat3 signaling pathway.
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Introduction
Phytochemicals, especially those containing electrophilic structures, have recently received
considerable attention because of their ability to induce a battery of cell survival genes
including those involved in detoxification, and resistance to oxidative and metabolic stress
(Mattson and Cheng, 2006). One adaptive stress response pathway involves the transcription
factor Nrf-2 (nuclear factor E2-related factor 2) pathway which binds to the antioxidant
response element (ARE), a DNA sequence located upstream of several different genes that
encode antioxidant and phase-2 enzymes; examples include NAD(P)H quinone
oxidoreductase-1 (NQO1), glutamate cystine ligase, glutathione peroxidase, thioredoxin,
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thioredoxin reductase, peroxiredoxin, heme oxygenase-1, and glutathione S-transferase
(Dinkova-Kostova et al. 2005; Mattson and Cheng, 2006; Satoh and Lipton 2007; Calabrese
et al., 2008; Johnson, 2008). Plumbagin (5-hydroxy-2-methyl-1,4 naphthoquinone) is a
naturally occurring product present in relatively high amounts in the roots of plants in the
Plumbago genus (Van der Vijver, 1972). It has been shown to have cardiotonic,
hypolipidemic, antiatherosclerotic, anticoagulant, anticarcinogenic, antitumor,
antimutagenic, wound healing, anti-fertility, antimalarial antifungal and antibacterial
properties (Bhargava, 1984; Igoigawa et al., 1991; de Paiva et al., 2003; Hsu et al., 2006).
These different biological actions of plumbagin may result from its ability to alter cellular
redox state in different cell types. In human cancer cell lines, plumbagin induces reactive
oxygen species (ROS) resulting in apoptosis and cell cycle arrest (Srinivas et al., 2004;
Wang et al., 2008). In a recent screen of botanical pesticides, plumbagin was shown to
activate the Nrf2 – ARE pathway and promote neuronal survival (Son et al., 2010).

In addition to affecting cell survival, some electrophilic phytochemicals also alter the fate of
stem cells. One example is curcumin, a yellow pigment in the spice turmeric, which affect
several signaling pathways known to regulate stem cell proliferation and differentiation
including the PI3 kinase – Akt pathway, MAP kinases and Stat3 (signal transducer and
activator of transcription 3) (Aggarwal and Sung, 2009). Stat3 signaling maintains mouse
embryonic stem cells (ESC) in a self-renewing state (Okita and Yamanaka, 2006) and
promotes gliogenesis in the mouse cortex (Yoshimatsu et al., 2006). Recently, curcumin was
reported to stimulate the proliferation of embryonic neural progenitor cells and neurogenesis
in the adult hippocampus (Kim et al., 2008).

Rat spinal cord neural tube provides a useful model for studying neural development. At
E10.5 rat, the neural tube consists of a homogenous population of neuroepithelial cells
(NEPs), which are neural stem cells capable of self-renewal, and these cells can generate
differentiated cells by first producing intermediate precursor cells (Kalyani et al., 1997;
Mayer-Proschel et al., 1997). Neuron-restricted precursors (NRPs) and glia-restricted
precursors (GRPs) are two types of neural progenitor cells with limited developmental
differentiation potential (Kalyani et al., 1998). At E14.5 rat, epithelial progenitor cells
decrease to less than 10% of the neural tube population, while NRPs and GRPs comprise
about 80% of the cells (Kalyani et al., 1997; Mujtaba et al., 1999; Cai et al., 2002). The
remaining population consists of sparse postmitotic neurons and small numbers of
endothelial cells and connective tissue elements (Cai et al., 2002). Thus, E14.5 is a useful
stage at which NRP and GRP can be isolated and studied in culture (Kalyani et al., 1997).
NRP and GRP have been identified and isolated using the cell surface markers PSA-NCAM
and A2B5, respectively, and their distinct transcriptomes have been characterized previously
(Luo et al., 2002). In the present study we evaluated the biological effects of plumbagin on
NRP and GRP proliferation, differentiation and survival. We report that plumbagin
selectively stimulates the proliferation and differentiation of GRP into astrocytes, without
affecting the fate of NRP. The gliogenic action of plumbagin is mediated by the
transcription factor Stat3.

Materials and Methods
Isolation and culture of neural progenitors, and experimental treatments

The procedures for preparation of rat E14.5 neural progenitor cells are described in detail
previously (Luo et al. 2002). Briefly, experimentally naive, pregnant Sprague-Dawley rats at
day 8 gestation were purchased from Harlan and housed individually in standard cages in
the National Institute on Aging (NIA) Intramural Research Program facility. All procedures
were approved by the NIA Animal Care and Use Committee. On gestational day E14.5 the
pregnant rats were euthanized by anesthesia (isoflurane) overdose, and embryos were
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removed and caudal neural tubes were dissected in fresh cold PBS. To obtain neural
progenitors, the acutely dissected spinal cords were incubated with 0.05% trypsin-EDTA
(Invitrogen) for 10 min at 37 °C and then gently triturated with a Pasteur pipette in NEP-
basal medium (DMEM/F12 medium with 1x N2 and B27 supplements, Invitrogen) with
bFGF (20 ng/ml, Peprotech). To isolate GRP- or NRP- enriched cells from this mixture of
neuronal progenitor cells, magnetic activated cell sorting (MACS) was performed using
anti-A2B5 or anti-PSA-NCAM microbeads (Miltenyi Biotec Inc.). Briefly, freshly
dissociated E14.5 progenitor cells (107) were labeled with either anti-A2B5 or anti-PSA-
NCAM microbeads in a buffer containing PBS (pH 7.2), 0.5% bovine serum albumin and 2
mM EDTA for 15 min at 4 °C. The labeled cells were washed 3 times with 1 ml of buffer
and then separated using a MACS Separator. Cells were plated in culture dishes that had
been coated sequentially with poly-L-lysine (15 µg/mL, Sigma) and laminin (15 µg/mL,
Invitrogen). The culture medium was consisted of NEP basal medium containing bFGF (20
ng/ml) and the cultures were maintained at 37°C in a 5% CO2/95% room air atmosphere.
Experiments were performed on culture day 4. The cell purities in cultures of sorted cells
were 75 ± 4% (n=4) and 80 ± 5 % (n=4) for A2B5+ and PSA-NCAM+ cells, respectively
(determined by immunostaining).

For differentiation and treatment experiments, the cells were cultured triplicates in NEP
basal medium containing a very low level of bFGF (1 ng/ml) in 96 well plates. For positive
controls, astrocyte differentiation was stimulated using either 10% fetal calf serum (FCS) or
4 nM CNTF, and neuron differentiation was promoted by treating the cells with BDNF 10
ng/ml, NT-3 10 ng/ml and retinoic acid 10 µM. The chemicals and above inducers were
added freshly every two days. After four days (for neuronal differentiation conditions) or six
days (for glial differentiation conditions) the cells were used to perform RT-PCR,
immunoblot or immunostaining analyses. For Stat3 peptide inhibitor treatment, the cells
were preincubated with the inhibitor for 1 h and then exposed to 0.1 pM plumbagin, 0.4 nM
CNTF or vehicle for 4 days. Plumbagin was purchased from Sigma and further purified by
high-performance liquid chromatography to greater than 99.5% purity. Plumbagin was
prepared as a stock solution in dimethylsulfoxide at a concentration of 10 mM. MTT, (3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide) was purchased from Chemicon
International.

MTT assay
The MTT assay was performed using the manufacture’s (Chemicon International) protocol
with slight modifications. Cells (105) were plated into flat bottom 96-well plates that had
been precoated with poly-L-lysine and laminin, and were maintained in 100 µl of NEP basal
medium containing bFGF (20 ng/ml) for 2 days. The medium was then replaced with NEP
basal medium containing 1 ng/ml bFGF with or without additional treatments, and the
cultures were incubated an additional 24 h. The cell cultures were then exposed to MTT
(final concentration 0.5 mg/ml) for 4 h at 37°C in an atmosphere of 5%CO2/95% room air.
The MTT formazan product was dissolved in 100 µl of isopropanol containing 0.04 N HCL
and the absorbance of 570 nm light was measured.

BrdU(bromodeoxyuridine) incorporation assay
Cells at ~60% confluence were treated with experimental chemicals or vehicle (control) for
24 h, and were then pulsed with 10 µM BrdU in NEP basal medium containing 1 ng/ml
bFGF for designated time periods. For Stat3 peptide inhibitor treatment, the cells were
preincubated with the inhibitor for 1 h, and then exposed to 0.1 µM plumbagin or vehicle for
24 h followed by BrdU labeling. The cells were fixed in a solution of 2% paraformaldehyde
in PBS for 30 min and the DNA was denatured by incubating in a solution of 2N HCl for 10
min. The cells were then rinsed with PBS and immunostaining with BrdU antibody was
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performed as described below. For quantification, three microscope fields of the cells in
each well were randomly taken and both BrdU- and DAPI-positive cells were counted. The
results show average of percentage of BrdU positive cells to total DAPI stained cells.

RNA preparation, and reverse transcriptase PCR amplification
Total RNA from the cell cultures was isolated using RNA STAT-60™ (Tel-Test, Inc). The
cDNAs were synthesized using 1 µg total RNA in the presence of Superscript II and
oligo(dT)12–18 (both from Invitrogen). The PCR was performed in a 20 µl reaction solution
containing 2 µl 10x PCR buffer, 150 nmol MgCl2, 10 nmol dNTP, 20 pmol primer, 1 µl 10x
diluted cDNA, and 1 U RedTag DNA polymerase (Sigma, St. Louis, MO). Primer
sequences for GFAP and β-actin were described previously (Cai et al., 2002, Szabo et al.,
2000). The PCR reaction cycle parameters were: 35 cycles of 94°C for 30 s, 55°C for 30 s,
and 72°C for 30 s, and a final extension for 10 min at 72°C.

Immunoblot analysis
After treatment, the cells were washed with ice-cold PBS and lysed by adding 100 µl of ice-
cold lysis buffer (25 mM Hepes, pH 7.5, 300 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
0.1% Triton X 100, 20 mM β-glycerophosphate, 1x ptrotease inhibitor cocktail (Sigma), 1x
phosphatase inhibitor cocktail I and II (Sigma) and 0.5 mM DTT) followed by sonication for
10 seconds. The cellular extracts were then centrifuged for 5 minutes at 13,000 rpm to
remove debris. The supernatant was collected, aliquoted and stored at −20°C. Protein
concentration was determined using a BCA protein assay kit (Pierce). For immunoblot
analysis, equal amounts of supernatant protein (80 µg/lane) were run on a 4 – 12% Bis-Tris
NuPAGE® gradient gel and electrophoretically transferred to PVDF membrane
(Invitrogen). The membrane blots were first blocked with 5% nonfat dry milk in PBST
buffer (10 mM sodium phosphate, 500 mM NaCl and 0.01% Tween-20, pH 7.4) and then
incubated overnight with different primary antibodies in PBST containing 1% BSA at 4 °C.
The primary antibodies included: p-Stat3 (1:2000, Cell Signaling), GFAP (1:1000, Cell
Signaling), β III tubulin (1:400, Sigma), Nrf2 (1:1000, Santa Cruz Biotechnology, Inc),
HO-1 (1:1000, Santa Cruz Biotechnology, Inc) and β-actin (1:5000, Sigma.).
Immunoreactivity was detected by sequential incubation with horseradish peroxidase-
conjugated secondary antibody (1:10,000, Jackson Immuno Research) and SuperSignal®
West Femto Maximum Sensitivity Substrate (Pierce) following image acquisition using
ChemoFlure™ 8900 (Alpha Innotech Corp.). To evaluate protein loading in the gel, the
bound antibodies were stripped off by incubation in BlotFresh™ Western Blot Stripping
Reagent (Ver. II) (SignlGen® Laboratories) for 10 minutes at room temperature, and the
same membranes were then immunoblotted with β-actin antibody. For quantification, optical
density for each band was measured using ImageQuant 5.2 software. A relative intensity
value for each immunoreactive band of interest was normalized to the intensity of the β-
actin band in the same lane. Results were presented as fold change compared to the value of
the vehicle-treated control group.

Immunocytochemistry and quantification of stained cells
Immunostaining procedures for cells were described previously (Mayer-Proschel et al.
1997). Briefly, the cells were fixed with 2% paraformaldehyde in PBS for 20 min. For
nuclear p-Stat3 staining, the cells were exposed to ice-cold 100% methanol for 5 min and
then incubated in the methanol for 10 min at −20°C. The cells were then incubated with
blocking buffer (5% normal goat serum, 1% BSA and 0.1% Triton X-100 in PBS; pH 7.4)
for 1 h. Cells were then incubated with a primary antibody in blocking buffer overnight at
4°C followed by incubation with Alexa Fluor® 568 anti-goat IgG (1:500, Invitrogen) at
room temperature for 0.5 h. The cells were examined and images were acquired using a
fluorescence microscope. The procedures for immunostaining with A2B5 and PSA-NCAM
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antibodies were the same as those described above except that the cell membranes were not
permeabilixed with Triton X-100. The sources and dilutions of primary antibodies were as
follows: A2B5 (1:500, Chemicon), PSA-NCAM (1:400, Chemicon), β III tubulin (1:1000,
Sigma), MAP2 (1:1000, Sigma), GFAP (1:1000, Cell Signaling), p-Stat3 (1:100, Cell
Signaling), and BrdU (1:500, Sigma). For quantification, images of three microscope fields
of cells in each well were acquired and both immunostained cells and DAPI-positive cells
were counted.

Statistics analysis
The data were analyzed by ANOVA using JUMP software. Pairwise comparisons were
performed using either Dunnett’s or Tukey-Kramer HSD tests.

Results
Plumbagin stimulates neural progenitor proliferation

To investigate whether plumbagin can affect the developmental fate of rat E14.5 neural
progenitor cells (NPC), we exposed NPC to increasing concentrations of plumbagin and
then quantified cell viability using the MTT assay (Morgan 1998). We first established the
validity of the MTT assay by evaluating MTT reduction levels in cultures with increasing
numbers of cells. There was a linear relationship between the cell number and formation of
formazan (Fig. 1A). Under our culture conditions the correlation coefficient for cell number
versus MTT reduction was 0.9. We next tested cytotoxicity of dimethylsulfoxide (DMSO),
the vehicle used to dissolve plumbagin; at concentrations from 0.0001% to 1%, DMSO did
not show significant cellular toxicity during a 24 hour exposure period compared to
untreated control cultures (Fig. 1B). Based on above result, we chose 0.1% DMSO as the
final concentration of vehicle to which cells were exposed in both plumbagin-treated and
control cultures. As indicated in Fig. 1C, treatment of the cells with plumbagin at
concentrations from 0.1 pM to 1 µM did not cause significant cell death during a 24 hour
exposure period relative to vehicle-treated control cultures. Plumbagin at a higher
concentration (10 µM) did show cellular toxicity.

Based on the results from MTT cytotoxicity assay, we next determined whether non-toxic
concentrations of plumbagin affected NPC proliferation using a BrdU incorporation cell
proliferation assay (BrdU is thymidine analog that is incorporated into newly synthesized
DNA strands of actively proliferating cells). We first determined the optimal time required
for BrdU incorporation in the cultured NPC using pulse tests. As shown in Fig 2A, pulses of
BrdU less than 6 hours gave a low incorporation (23.1 ± 2.5 %, n = 3). Between 6 and 24
hours after a pulse of BrdU, incorporation increased from 23.1% to 66.2%. We therefore
chose 22 hours as the time period following a BrdU pulse at which BrdU incorporation into
cells was quantified. Plumbagin at concentrations of 0.1 pM and 0.1 nM had no significant
effect on BrdU incorporation (Fig. 2B). However, plumbagin at a concentration of 0.1 µM
did significantly increase BrdU incorporation by 17.2 ± 0.8% (p < 0.05) compared to
vehicle-treated cells. At this time point, the total cell numbers counted by DAPI staining was
also increased 32.3 ± 11.1 % (p < 0.05) by 0.1 µM plumbagin compared to vehicle-treated
cells. Thus, 0.1 µM plumbagin promoted progenitor proliferation. Since the NPC cultures
include a mixture of NRP and GRP (Kalyani et al., 1997,1998;Luo et al., 2002), we next
examined which subtypes of the progenitors was affected by application of plumbagin. We
used magnetic activated cell sorting (MACS) to enrich PSA-NCAM+ NRP and A2B5+
GRP. Rat E14.5 neural cells were freshly isolated and MACS was performed using anti-
A2B5 and anti-PSA-NCAM microbeads as described in Method section. This technique
enriched the A2B5+ GRP from an original level of ~30% to a post-MACS level of ~75%,
and enriched the PSA-NCAM+ NRP from an original level of ~60% to a post-MACS level
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of ~85%. Using these enriched subtypes of progenitors, we performed BrdU assays in
cultures exposed to 0.1 µM plumbagin or vehicle. plumbagin stimulated BrdU incorporation
in A2B5+ GRP, but not in PSA-NCAM+ NRP (Fig. 2C). These results suggest that
plumbagin can selectively stimulate the proliferation of GRP.

Plumbagin induces gliogenesis from glial cell-restricted precursor cells
To determine the effects of plumbagin on differentiation of GRPs we evaluated the
expression of the astrocyte marker GFAP. Mixed progenitor cell cultures were prepared and
exposed to increasing concentrations of plumbagin (picomolar to 0.1 micromolar) in
differentiation medium. Every two days the culture medium was replaced with fresh
medium with or without plumbagin. After six days, the cells were harvested and levels of
GFAP mRNA and protein were measured by RT-PCR and immunoblot analysis,
respectively. As shown in Figure 3, plumbagin treatment affected GFAP expression in a
concentration-dependent manner. At 100 nM, a concentration that stimulated BrdU
incorporation (Fig. 2B), plumbagin had no significant effect on GFAP expression at the
mRNA or protein levels (Fig. 3). Plumbagin at 0.1 nM, also had no significant effect on
GFAP expression. In contrast, plumbagin at 0.1 pM significantly increased GFAP mRNA
levels (>100%) measured using either quantitative PCR (at 35 cycles) or semi-quantitative
PCR using 23 to 31 cycles (Fig. 3A). Moreover, plumbagin at 0.1 pM also significantly
increased GFAP protein levels (50.2 ± 7.8 %) compared to vehicle control (Fig. 3B).
Immunocytochemistry evaluation indicated that plumbagin at 0.1 pM significantly increased
the production of GFAP-positive cells by 19 ± 3.3 % (Fig. 6D). This plumbagin-induced
GFAP expression was specific since application of menadione, a chemical with a structure
very similar to plumbagin (Supplemental Fig. 1A) did not increase GFAP protein levels
(Fig. 3B).

The relatively modest effect of 0.1 pM plumbagin on GFAP expression might be due to the
fact that primary cultures of E14.5 neural tube cells contain about 60% NRP and 30% GRP
(Cai et al. 2002). Astrocytes in the spinal cord neural tube are derived from GRP that can be
identified by their expression of the surface marker A2B5 (Rao et al., 1998). We therefore
used MACS to enrich A2B5+ glial progenitors. We then used GRP-enriched cultures to
evaluate the ability of plumbagin to promote astrocyte differentiation using same paradigm
as above. In agreement with the results in mixed cultures of neuronal and glial precursors,
plumbagin at 0.1 µM and 0.1 nM did not stimulate GFAP expression (Fig. 4A). Plumbagin
at 0.1 pM induced a significant (177 ± 22%) increase in GFAP expression (Fig. 4A). A
greater increase in GFAP expression was also observed in response to exposure to 10% FCS
in A2B5+-enriched cultures (Fig. 4A) compared to mixed cell cultures (Fig. 3B). These
findings suggest that plumbagin at 0.1 pM selectively induces the production of astrocyte-
like cells from GRP.

We next examined and compared the phenotypes of cells differentiated from GRP in
response to by plumbagin, 10% FCS, and ciliary neurotrophic factor (CNTF). GRP-enriched
cultures were treated for 6 days with vehicle, 0.1 pM plumbagin, 10% FCS or 4 nM CNTF,
and the cells were then fixed and immunostained with GFAP antibody. FCS induced type 1
astrocytes characterized by a flat polygonal morphology, robust GFAP immunoreactivity,
and little or no A2B5 immunoreactivity (Fig. 4B). Three different subpopulations of cells
were observed in CNTF-treated cultures: polygonal GFAP-positive presumptive type 1
astrocytes; ramified GFAP-positive presumptive type 2 astroglial cells; and cells that
expressed both GFAP and A2B5, which may be cells that remained glial progenitors or were
in the process of differentiating into oligodendrocytes (Mujtaba et al. 1999). In cultures
treated with 0.1 pM plumbagin, many cells expressed GFAP with little or no A2B5
immunoreactivity and exhibited a ramified morphology with long processes (Fig. 4B). Some
of the GFAP-positive cells also exhibited A2B5 immunoreactivity.
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Plumbagin does not affect neurogenesis or Nrf2/HO-1 protein expression
Because the results above suggested that plumbagin might selectively enhance gliogenesis,
we examined the effects of plumbagin on neurogenesis in rat E14.5 NPC cultures. The
progenitors were stimulated with plumbagin for 4 days and then the expression of the
neuronal marker βIII tubulin was first determined by immunoblot analysis. Plumbagin
treatment had no discernable effect on the level of βIII tubulin (Fig. 5A). In contrast, when
NPC were treated with a differentiation factors (10 µM retinoic acid, 10 ng/ml BDNF and
10 ng/ml NT-3) the levels of βIII tubulin protein were significantly greater than in vehicle-
treated control cultures. Similarly, plumbagin did not affect βIII tubulin levels in PSA-
NCAM+ (NRP)-enriched cultures (data not shown). To confirm these results, we evaluated
expression of another neuronal marker MAP2. The E14.5 progenitors were induced for 4
days with designed chemicals. Plumbagin at concentrations ranging from 0.1 pM to 0.1 µM
did not increase the number of MAP2-positive cells, whereas retinoic acid did increase the
number of MAP2-postive cells (Fig. 5B). Collectively, the findings above suggest that very
low doses of plumbagin selectively stimulate gliogenesis from GRP.

Plumbagin is a naphthoquinone with a para-quinone structure and may therefore be capable
of generating reactive oxygen species (ROS). We previously reported that 100 nM – 1 µM
plumbagin can activate the ROS-responsive transcription factor Nrf-2 resulting in increased
expression of the antioxidant enzyme heme oxygenase-1 (HO-1) in cultured human
neuroblastoma cells (Son et al. 2010). To determine if concentrations of plumbagin that
induce gliogenesis act via the Nrf-2 pathway we measured levels of Nrf-2 and HO-1 in
primary rat E14.5 NPC that had been exposed for 6 hours to plumbagin at concentrations
from 0.1 pM to 0.1 µM. Immunoblots of protein samples from the NPC indicated that
plumbagin, at each concentration tested, had little or no effect on the levels of either Nrf-2
or HO-1 (Fig. 5C). In contrast, HO-1 levels were increased in response to curcumin, an
agent previously reported to activate Nrf-2 (Balogun et al., 2003).

Activation of the transcription factor Stat3 is required for plumbagin-induced gliogenesis
and BrdU incorporation

Activation of the transcription factor signal transducer and activator of transcription 3
(Stat3) plays an important role in astrocyte differentiation from NPC (Bonni et al. 1997;
Nakashima and Taga 2002). Stat3 is activated by phosphorylation at Tyr705, which results
in dimerization, nuclear translocation, and DNA binding (Darnell et al. 1994). In the
promoter region of the GFAP gene there is a CpG dinucleotide binding site for Stat3; this
binding site is methylated during the process of neuronal differentiation, and becomes
demethylated during astrocyte differentiation (Takizawa et al. 2001). To determine whether
Stat3 is involved in plumbagin-induced gliogenesis, we first examined the effects of
plumbagin on phosphorylation at Try705 of Stat3 using a specific anti-phospho(Tyr705)
Stat3 antibody. Enriched A2B5+ glial progenitors were stimulated with 0.1 pM plumbagin
for increasing time periods. Levels of pTyr705 Stat3 were rapidly increased within 10 min
of exposure to plumbagin and remained elevated through 60 min of exposure (Fig. 6A).
However, the magnitude of the Stat3 response to plumbagin was small compared to the large
increase in pTyr705 Stat3 levels in cells treated with 4 nM CNTF (Fig. 6A), a positive
control for stimulation of Stat3 (Boulton et al. 1995). Using a time point of 15 min, we
performed a plumbagin concentration – Stat3 response study and found that only the low
concentration (0.1 pM) increased pTyr705 Stat3 levels (Fig. 6B). Treatment of enriched
A2B5+ glial progenitors with 0.1 pM plumbagin also induced an increase in the nuclear
localization and staining intensity of pTyr705 immunoreactive cells, albeit to a lesser extent
than occurred in CNTF-treated cells (Fig. 6C). Thus, the data from both the immunoblot and
the immunocytochemistry studies indicate that 0.1 pM plumbagin stimulates the activation
and nuclear localization of Stat3 in NPC.
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We next determined if activated Stat3 is a critical mediator of the gliogenesis-inducing
action of plumbagin. To this end, we employed a cell-permeable Stat3 peptide inhibitor
PY*LKTK-mts (mts, membrane translocating sequence). This Stat3 inhibitor is capable of
binding the Stat3 SH2 domain, thus disrupting Stat3 dimerization, DNA binding and target
gene regulation (Turkson et al. 2001). This Stat3 peptide inhibitor was previously reported
to block gliogenesis induced by interleukin-6 and leukaemia inhibitory factor in cultured
embryonic rat brain NPC (Nakanishi et al. 2007). We preincubated mixed neural progenitor
cells with 5 to 50 µM of the Stat3 inhibitor peptide for 1 hour or its vehicle (water), and then
treated the cells with plumbagin or CNTF for 4 days. Astrocyte generation was evaluated
using GFAP immunostaining. Treatment with the Stat3 inhibitor peptide from 5 to 50 µM
alone did not significantly affect the basal level of GFAP-expressing astrocytes (Fig. 6D).
However, even at 5 µM the Stat3 inhibitor prevented plumbagin-induced astrocyte
formation. The ability of CNTF (0.4 nM) to induce astrocyte formation was also blocked by
the Stat3 inhibitor (Fig. 6D). The Stat3 also prevented plumbagin-induced gliogenesis in
GRP-enriched cultures (data not shown). Together, these data suggest that activation of
Stat3 mediates plumbagin-induced generation of astrocytes from GRP.

Finally, we determined whether Stat3 mediated plumbagin-induced proliferation of neural
progenitors. To this end, rat E14.5 mixture of neural progenitors were pretreated for 1 hour
with 5 µM Stat3 inhibitor peptide or its vehicle (water), and were then treated with 0.1 µM
plumbagin or its vehicle (0.1% DMSO) for 24 hours. The cells were then pulsed 10 µM
BrdU for 22 hours and BrdU incorporation was analyzed. As expected, plumbagin (0.1 µM)
significantly increased BrdU incorporation by 16.6 ± 3.5 % (Fig. 6E). Pretreatment of the
cells with 5 µM Stat3 inhibitor peptide prevented plumbagin-stimulated BrdU incorporation
without affecting the basal level of BrdU incorporation (Fig. 6E).

Discussion
Several endogenous signals that regulate the fate of neural stem and progenitor cells have
recently been identified, including bFGF which promotes self-renewal of NPC (Maric et al.
2003; Cheng et al. 2004), and BDNF which promotes neuronal differentiation (Pencea et al.
2001; Cheng et al. 2003). Yet other signals, including CNTF, bone morphogenic protein
(BMP) and leukemia inhibitory factor (LIF) direct NPC to differentiate into astrocytes
(Hughes et al. 1988; Bonaguidi et al. 2005). We found that the low molecular weight
phytochemical plumbagin directs embryonic rat glial cell-restricted NPC to differentiate into
astrocytes. In contrast, plumbagin did not affect the fate of neuron-restricted progenitor
cells. Plumbagin induced a rapid activation of the transcription factor Stat3 in GRP, and
treatment of GRP with a Stat3 inhibitor blocked plumbagin-induced astrocyte
differentiation, demonstrating a pivotal role for Stat3 as a mediator of the differentiation-
promoting effect of plumbagin on GRP. These findings suggest that plumbagin exerts its
effects on GRP fate in a manner similar to that of CNTF, BMPs and LIF which bind to
receptors coupled to Stat3 activation and astrocyte differentiation (Bonni et al. 1997; Rajan
et al. 2003). It remains to be determined whether the activation of Stat3 in response to
plumbagin is due to a direct action of plumbagin on Stat3 or an action upstream of Stat3.

The effects of plumbagin on GRP were biphasic with a very low concentration (0.1 pM)
promoting astrocyte differentiation, intermediate concentrations having no detectable effects
and a high concentration 100 nM enhancing GRP proliferation. Because 0.1 pM plumbagin
is a very low concentration, similar to or lower than concentrations of endogenous
molecules that regulate NPC fate (CNTF, BMP, BDNF and others), it is unlikely that the
effect on GRP fate was the result of a non-specific action. Consistent with the notion that
plumbagin stimulates a specific signaling pathway, we found that exposure of GRP to 0.1
pM resulted in the rapid activation of Stat3 and that a Stat3 inhibitor blocked the
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gliogenesis-promoting effect of plumbagin. Although we did not establish the mechanism
underlying the different (proliferation-promoting) effect of the higher concentration (100
nM) of plumbagin on GRP, it could result from induction of mild cellular stress. Because of
its quinone structure and redox-cycling properties, high concentrations of plumbagin can
induce oxidative stress and toxicity in a range of organisms and cell types including
nematodes and cultured mammalian cells (Farr et al. 1985; Darr and Fridovich 1995; Inbaraj
and Chignell 2004; Kawiak et al. 2007). Preclinical studies have focused on the cytotoxicity
of micromolar concentrations of plumbagin in various types of cultured cancer cells, with
multiple mechanisms being proposed including inhibition of topoisomerases (Kawiak et al.
2007) and NF-κB (Sandur et al. 2006). We previously showed that low micromolar
concentrations of plumbagin activate the Nrf2-antioxidant response element pathway
resulting in increased expression of the antioxidant proteins HO-1 and NQO1 in
neuroblastoma cells (Son et al. 2010). Other studies have shown that activation of Nrf2 can
stimulate cell proliferation (Reddy et al., 2008; Homma et al., 2009), consistent with the
possibility that Nrf2 also mediates the stimulatory effect of high concentrations of
plumbagin on GRP proliferation.

Although the present studies were performed on embryonic NPC in culture, under well-
controlled experimental conditions, it is reasonable to consider that plumbagin might also
influence the fate of NPC in vivo. It was recently reported that plumbagin inhibits p300
histone acetyltransferase activity in a noncompetitive manner in liver cells when
administered intraperitoneally to mice (Ravindra et al. 2009). Other studies have revealed
roles for p300 in the cell fate determination of NPC (Vojtek et al. 2003; Lee et al. 2009),
suggesting a possible role for p300 in the actions of plumbagin on NPC demonstrated in the
present study. Indeed, we demonstrated a key role for Stat3 in the astrocyte differentiation-
promoting effects of low dose plumbagin, and others have shown that Stat3 forms a complex
with p300 to promote astrocyte production from neuroepithelial cells (Fukuda et al. 2007)
and p300 mediates some transcription-regulating actions of Stat3 (Hou et al. 2008).
Plumbagin readily enters the central nervous system when administered peripherally (Son et
al. 2010) and so would be expected to affect Stat3 activity and NPC fate in vivo. It will
therefore be of considerable interest to determine the consequences of enhanced astrocyte
generation in response to plumbagin in physiological and pathological settings. The ability
to selectively affect the fate of GRP with lipophilic low molecular weight chemicals,
without reducing neurogenesis, might be particularly valuable in conditions where trophic
support of neurons is desirable.
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Figure 1. Concentrations of plumbagin below 1 micromolar are not toxic to cultured neural
progenitor cells
A. E14.5 rat neural progenitor cells (NPC) were plated at increasing cell densities and 2 days
later the MTT cell viability assay was performed. There was a linear relationship between
the cell numbers and MTT reaction product absorbance at 570 nm; Y (570 nm absorbance
value) = 0.004 X (cell #) + 0.176 with R2 = 0.9. Values are the mean and SEM (n = 3). B.
NPC were exposed to different concentrations of dimethylsulfoxide (DMSO) for 24 hr and
cell viability was assessed using the MTT assay. Based on this cytotoxicity curve, a
concentration at 0.1% DMSO was chosen as a vehicle for plumbagin (PL) in all subsequent
experiments. C. The cells were treated with different concentrations of PL for 24 hrs. PL at
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10 µM shows a significant decrease in MTT reduction compared to vehicle (0.1% DMSO)
control group. * P < 0.05, comparison with a vehicle control in panel C or a 0% DMSO
group in panel B using Dunnett’s Method.
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Figure 2. Neural progenitor cell proliferation is stimulated with a relatively high concentration
of plumbagin
A. NPC were plated and grown ~60% confluence. The cells were pulsed with 10 µM
concentration of BrdU at the indicated time points. The data suggest that the amount of
BrdU incorporation is greatest during the time window between 6 to 24 hours after a BrdU
pulse. B. NPC were treated for 24 hours with different concentrations of PL, vehicle alone
(0.1% DMSO) or no treatment (control), and were then pulsed 10 µM BrdU for 22 hours.
NPC treated with 0.1 µM PL exhibited a significant increase in BrdU incorporation
compared to vehicle-treated and untreated cells. C. NCAM+ and A2B5+ progenitors were
enriched using MACS and then planted to perform BrdU assay as above. The results showed
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that only A2B5+ cells had an increasing BrdU incorporation in the presence of 0.1 µM PL.
*p< 0.05 (n = 3 separate experiments; ANOVA with Dunnett’s post hoc test compared to
0.1% DMSO group).
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Figure 3. Low dose plumbagin promotes astrocytic differentiation of NPC
A. After 6 days of treatments of the cells with the indicated concentrations of PL, or vehicle,
total RNA was isolated and used to perform RT-PCR analysis to quantify GFAP mRNA
levels. Top panel shows a RT-PCR result performed in 35 cycles. The bottom is a semi-
quantitative PCR result run within 31 cycles. PL at 0.1 pM increased levels of GFAP mRNA
compared to vehicle-treated cells. NPC treated with 10% FCS served as a positive control.
B. Levels of GFAP protein were also increased in response to treatment with 0.1 pM PL but
not with menadione for 6 days. Shown is a representative immunoblot and quantification
results from 4 separate experiments. *p <0.05 compared to vehicle-treated cells (ANOVA
with Dunnett’s post hoc test).
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Figure 4. Plumbagin stimulates the formation of type 2 astrocytes
A. Glial progenitor cells, enriched using anti-A2B5 microbeads, were treated with different
concentrations of PL for 6 days as described in the Methods. PL at 0.1 pM significantly
increased levels of the glial marker protein GFAP. Shown is a representative immunoblot
image and quantification results for three separate experiments. *p <0.05 compared to the
value for vehicle-treated cultures (ANOVA with Dunnett’s posthoc test). B. The A2B5-
enriched glial progenitors were treated with the indicated agents for 6 days and were then
immunostained with antibodies against A2B5 and GFAP. Type 1 astrocytes (induced by
10% FCS) were only immunoreactive with the GFAP antibody, and not with the A2B5
antibody. Type 2 astrocytes (induced by 4 nM CNTF) were immunostained by both GFAP
and A2B5. The morphology of the cells treated with PL was similar to type 2 astrocytes with
long extensions, and the cells also expressed both GFAP and A2B5 immunoreactivities
(arrow). Scale bar = 50 µm.
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Figure 5. Plumbagin does not increase the expression of β III tubulin and MAP2 or HO-1
proteins
A. E14.5 neural progenitors were exposed to the indicated treatments for 4 days and
immunoblots were performed on cell lysates using a β III tubulin antibody. PL treatment did
not affect β III tubulin levels in E14.5 embryonic NPC, whereas RA (10 µM retinoic acid
plus 10 ng/ml BDNF and 10 ng/ml NT-3) did increase β III tubulin levels. Bar graph shows
a quantitative result from four separated experiments. B. E14.5 progenitors were plated in 96
wells and treated with the indicated chemicals for 4 days and then used to perform
immunocytochemistry using anti-MAP2 antibody, another neuronal marker. Shown are
percentages of MAP2 immunostained cells from three experiments. Only positive control
group RA (10 µM retinoic acid plus 10 ng/ml BDNF and 10 ng/ml NT-3) shows a
significant increase in MAP2 positive neurons. C. To determine if PL could activate the
Nrf2/HO-1 pathway, Rat E14.5 neural cells were stimulated for 6 hours by indicated
reagents. Curcumin (Cu) was used as a positive control. PL from 0.1 pM to 0.1 µM had no
detectable effect on Nrf2 or HO-1 protein levels. Cu at 10 µM, but not from 0.1 pM to 0.1
mM, did induce HO-1 expression. All data shown are representative of three separate
experiments. *p <0.05 compared to the value for vehicle-treated cultures (ANOVA with
Dunnett’s posthoc test).
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Figure 6. Activation of Stat3 is required for the proliferation and the astrocyte-inducing action
of plumbagin in neural progenitor cells
A. Enriched A2B5+ glial progenitors were stimulated with 0.1 pM PL for increasing time
periods. Activation of Stat3 was examined by immunoblot analysis using an antibody that
selectively recognizes Stat3 only when it is phosphorylated on Tyr705. PL at 0.1 pM
significantly enhanced phosphorylation of Stat3 within 10 min of exposure and the elevated
phosphorylation level was maintained for at least 60 min. Application of 4 nM CNTF, a
positive control, resulted in a much stronger stimulation of phospho-Tyr705 Stat3 compared
to that induced by PL. *p<0.05 compared to the 0 time point value. B. Enriched A2B5+ cells
were stimulated treated for 15 min with PL at the indicated concentrations. Only the cells
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treated with 0.1 pM PL group exhibited a significant increase in phospho-Stat3.
Quantification of data in both panel A and B were performed in four separate experiments.
*p<0.05 compared to the vehicle value. C. Enriched A2B5+ cells were treated for 15 min
with PL (0.1 pM) or CNTF (0.04 nM) and then used to perform phospho-Stat3 (Tyr705)
immunocytochemistry. Quantification results (n = 3): values represent the percentage of
total cells (DAPI-positive) that were also pStat3 immunoreactive. In agreement with the
immunoblot analysis, both PL and CNTF enhanced nuclear phospho-Stat3 immunostaining.
bar = 50 µm. *p<0.05 compared to the vehicle value. D. Rat E14.5 mixture of neural
progenitors were pretreated for 1 hour with 5 to 50 µM Stat3 inhibitor peptide or its vehicle
(water), and were then treated with the indicated agents for 4 days. Astrocyte generation was
evaluated using GFAP immunostaining. Shown only are representative GFAP
immunostaining images in the presence or absence (0) of 10 µM Stat3 inhibitor peptide.
Quantitative data were present as percentages of GFAP immunostained astrocytes response
to different concentration of Stat3 inhibitor peptides (n = 3). The Stat3 inhibitor peptide,
even at 5 µM, prevented PL-induced astrocyte formation. CNTF (0.4 nM) was served as a
positive control. E. Rat E14.5 mixture of neural progenitors were pretreated for 1 hour with
5 µM Stat3 inhibitor peptide or its vehicle (water), and were then treated with the indicated
agents for 24 hours. The cells were pulsed 10 µM BrdU for 22 hours and used for
performing BrdU immunocytochemistry. Application of 5 µM Stat3 inhibitor peptide
prevented PL-induced BrdU incorporation. Stat3 inhibitor peptide at 5 µM did not appear to
inhibitory effect on BrdU incorporation compared to vehicle control group. *p<0.05 in both
panel D and E. (ANOVA with Dunnett’s post hoc test compared with 0.1% DMSO group,
n=3).
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