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Abstract Platelet-derived growth factor, subtype BB (PDGF-
BB) is a mitogenic growth factor produced in different cell
types such as platelets, fibroblasts, neurons, and astrocytes.
Previous reports have shown that different PDGF isoforms
exert a neuroprotective effect in neurons and astrocytes
against multiple degenerative insults. Previously, we showed
that pretreatment with PDGF-BB for 24 h increased cell via-
bility, preserved nuclear morphology andmitochondrial mem-
brane potential following stimulation with rotenone, and re-
duced free radical production nearly to control conditions. In
the present study, we explored the potential mechanisms as-
sociated with PDGF-BB protection against oxidative damage.
Our results showed that PDGF-BB protected astrocytic cells
through multiple responses, including decrease in the expres-
sion of cytoskeleton proteins, attenuated free radicals (reactive
oxygen species (ROS)) production, preservation of mitochon-
drial ultrastructure, and improved expression of neuroglobin
(Ngb1). In summary, these findings point out that PDGF-BB
protects astrocytic cells by a reduction in ROS production and
activation of antioxidant mechanisms.

Keywords PDGF-BB . Reactive oxygen species .

Mitochondria . Astrocytes . Neuroglobin . Rotenone

Introduction

Platelet-derived growth factor, subtype BB (PDGF-BB) is a
dimeric growth factor of 30 kDa, which belongs to the family
of the PDGF/vascular endothelial growth factor (VEGF). This
growth factor is an important mitogenic factor produced in
different cell types such as platelets, megakaryocytes, fibro-
blasts, smooth muscle cells, neurons, and astrocytes [1–4].
PDGF-BB exerts its functions through the activation of
PDGFRβ tyrosine kinase receptor, which is widely expressed
in the brain, including neurons and astrocytes [5, 6]. Various
signaling pathways are activated by PDGF-BB, including
PI3K/AKT, MAPK, JAK/STAT, and PLC-γ, which are relat-
ed with antiapoptotic and proliferative mechanisms, tissue de-
velopment, induction of antioxidative proteins, and mitochon-
drial protection [5–9]. Indeed, previous reports have shown
that different isoforms of PDGF have been shown to exert a
neuroprotective effect in dementia and oxidative insult in neu-
rons against hydrogen peroxide, and that PDGF isoforms
might be secreted during pathological states [6, 9], ischemic
events in rat [10], restauration of dopaminergic neurotransmis-
sion in 6-hydroxydopamine-lesioned rats [11], and mitochon-
drial protection against rotenone [12].

The isoflavone rotenone acts as an inhibitor of mitochon-
drial electron transport chain complex I [13, 14]; seriously
affects many mitochondrial properties such as production of
reactive oxygen species (ROS), RhoA signaling and microtu-
bules depolimerization, loss of mitochondrial membrane po-
tential, and ATP generation that consequently triggers apopto-
tic death specially in dopaminergic neurons; and has been
extensively used as a Parkinson’s disease model both in cells
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and animals [13–16]. Interestingly, a previous work by our lab
using T98G astrocytic cell line [12] showed that PDGF-BB
pretreatment for 24 h maintained cell viability, preserved mi-
tochondrial membrane potential following stimulation with
rotenone, and reduced ROS production nearly to control con-
ditions, suggesting an important effect in mitochondrial pro-
tection mediated by PDGF-BB. Moreover, it has been shown
that PDGF and other growth factors modulate the expression
of various antioxidant enzymes and proteins like superoxide
dismutase (SOD2), catalase, glutathione peroxidase (GPx1),
and neuroglobin (Ngb1) during oxidative damage [17–21],
demonstrating the importance of growth factors in the protec-
tion of neuronal and non-neuronal cells from the central ner-
vous system (CNS). Taking into account the great importance
of astrocytes for the maintenance of neuronal metabolic func-
tions, it is important to explore new protective methodologies
for both neuronal and glial cells. In the present study, we
assessed the functions of PDGF-BB on astrocytic cells under
rotenone and the associated mitochondrial protective mecha-
nisms, including the activation of promising protective mole-
cules such as NF-kB and neuroglobin.

Materials and Methods

Cell Culture

T98G cell line [22] was used as an astrocytic cell model as
previously reported [23, 24]. The stock was maintained under
exponential growth in DMEM (Lonza) culture medium, sup-
plemented with 10% fetal bovine serum (FBS) and antibiotics
(penicillin/streptomycin andamphotericin; Lonza) at 37 °C
and in a humidified atmosphere containing 5% CO2, as pre-
viously reported [12].

Drug Treatment

Cells were seeded inmulti-well plates and allowed to grow for
24 h. Afterwards, culture medium was serum deprived for
24 h prior to drug treatment. Cells then were incubated in
DMEM without serum and treated with 50 μM rotenone
(Sigma-Aldrich, R8875) in 0.5% DMSO (vehicle) for 24 h;
PDGF-BB (Sigma, P3201) in a 200 ng/mL was used prior to
rotenone treatment. This treatment scheme was already stan-
dardized by our group, as these concentrations were found to
present the best protective conditions against rotenone dam-
age [12]. Cells deprived of FBS for 24 h were used as control.

Electron Microscopy

Cells were centrifuged in microcentrifuge tubes at 13 rpm,
room temperature, for 3 min, and fixed in phosphate-
buffered 2.5% glutaraldehyde pH 7.4 for 10 h at 4 °C. After

a rinse in phosphate buffer, the cells were postfixed in 1%
osmium tetroxide pH 7.4 for 1 h at 4 °C and after a rinse,
precontrasted with uranyl acetate for 1 h at room temperature.
After dehydration in graded alcohol, the cells were embedded
in Spurr resin. The blocks were sectioned on a microtomewith
a diamond knife. The section thickness was estimated from
silver interference color and the small-fold method [25] to be
60–80 nm. The sections were picked up on 300-mesh copper
grids, double-stained with uranyl acetate and lead citrate, and
examined by electron microscopy (JEM 1400 Plus, Jeol,
Japan) at 80 kV. Electron micrographs were taken at two pri-
mary magnifications 4400× and 10,000×.

Stereological analysis was carried out according to Gosslau
et al. [7] with somemodifications. Briefly, mitochondrial area,
cristae number, and vacuole number of the different treatments
were evaluated from 20 photographs. Quantification of mito-
chondrial injury of the quantitative analysis is shown as
means ± SD for mitochondrial size, number of cristae, and
Bvacuolization^ of the cytoplasm.

Cell Viability

The effect of rotenone and PDGF-BB on T98G cell prolifer-
ation or viability was tested using MTT ((3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
(Sigma, St. Louis, MO, USA). Cells were seeded into 96-
well plates in the DMEM culture medium containing 10%
bovine fetal serum at a seeding density of 10,000 cells per
well. Afterwards, cells were serum deprived for 24 h and
finally treated according to different experimental paradigms.
Viability and/or proliferation were assessed at 24 h following
treatments by adding MTT solution for 3 h, and the absor-
bance was read at 490 nm. Each assay was performed with a
minimum of six replicate wells for each condition.

Immunohistochemistry and Western Blots

The following antibodies were used: anti-rabbit AKTantibody
(Thermo Scientific, PA1-22099; diluted 1:1000), anti-rabbit
phospho-AKT pThr308 antibody (Thermo Scientific, PA1-
540; diluted 1:1000), anti-rabbit ERK/MAPK antibody
(Thermo Scientific, PA1-4703; diluted 1:1000), anti-rabbit
phospho-p44 MAPK1,3/ERK2,1 pThr202 + Tyr204 antibody
(Thermo Scientific, PA1-4607; diluted 1:1000), anti-rabbit
NF-κB p65 antibody (Abcam, ab16502; diluted 1:1000),
anti-rabbit NF-κB p105/p50 antibody (Thermo Scientific,
PA1-14282; diluted 1:1000), anti-rabbit RhoA (Thermo
Scientific, OSR00266W; diluted 1:1000), anti-mouse
vimentin antibody (Sigma, V6389; diluted 1:1000), anti-
rabbit GPX1 (Thermo Scientific, PA5-30593; diluted
1:1000), anti-rabbit catalase antibody (Thermo Scientific
PA5-29183; diluted 1:1000), anti-mouse neuroglobin (Ngb1)
antibody (Abcam, ab37258; diluted 1:50), anti-rabbit 4-
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hydroxynonenal antibody (Abcam, ab46545; diluted 1:1000),
anti-mouse 3-nitrotyrosine antibody (Abcam, ab61392; dilut-
ed 1:1000), anti-rabbit 8-hydroxyguanosine antibody [15A3]
(Abcam, ab62623; diluted 1:1000), and anti-mouse β-actin
(Thermo Fisher MA5-15739; diluted 1:3000).

For vimentin, RhoA, GFAP, NF-κB p65, NF-κB p105/p50,
8-hydroxyguanosine, 3-nitrotyrosine, and neuroglobin
(Ngb1) immunofluorescence, cells were cultured on 24-well
plates, and at the end of the treatment, cells were washed in
PBS and fixed with 4% paraformaldehyde for 20 min at room
temperature. Subsequently, cells were permeabilized for 3 min
in 0.1% Triton X-100 in Tris buffer saline (TBS) with 2%
BSA. Once permeabilized, cells were washed with PBS,
blocked with 2% BSA, and incubated overnight at 4 °C with
antibodies at previously mentioned dilutions. Then, cells were
washed three times for 5 min with TBS and incubated for
45 min at room temperature with either DyLight conjugated-
488 anti-mouse secondary antibody or DyLight conjugated-
594 anti-rabbit diluted 1:1000 according to the primary anti-
body. Cells were then washed three times, stained with
Hoechst 33258 to label nuclei, and photographed in a fluores-
cence Olympus IX-53 inverted microscope.

For p65, GFAP, GPX1, catalase, ERK, p-ERK, AKT, and
p-AKT protein determination, cells were lysed and solubilized
in RIPA buffer (Thermo Scientific, cat. 89900), containing
1 mM sodium fluoride, 10 mM sodium pyrophosphate,
200 mM PMSF, 10 mM sodium orthovanadate, and Thermo
Halt protease inhibitor cocktail 1X (cat. 78425). The lysates
were centrifuged at 10,000 rpm at 4 °C for 10 min and finally
boiled for 5 min. Solubilized proteins were resolved by 12%
SDS PAGE at 90 V for 90 min at 25 °C and then electropho-
retically transferred to Thermo PVDFmembranes (cat. 88518)
for 90 min at 350 mA and 4 °C. A sample of solubilized
proteins was used for protein quantification by bicinchoninic
acid method (Sigma-Aldrich cat. BCA-1 kit). Thereafter,
PVDF membranes were blocked for 1 h at 25 °C with 5%
(w/v) BSA and 0.1% (w/v) Tween-20 in Tris buffer saline
pH 7.4. Membranes were incubated overnight at 4 °C with
anti-mouse Ngb1 antibody (Abcam® ab37258) with final di-
lution 1:50, and anti-mouse AKT, p-AKT, p65 NF-κB, ERK,
p-ERK, and anti-mouse GFAP antibody with final dilution
1:1000. The PVDF membranes were then incubated with
anti-mouse monoclonal anti-actin antibody (Sigma-Aldrich,
1:2000) to normalize total lysate. Subsequently, infrared-
labeled secondary antibody (anti-goat or anti-mouse IRDye
800 (Li-Cor Biosciences)) was added to bind to the primary
antibody. The bound complex was detected using the Odyssey
infrared imaging system (Li-Cor; Lincoln, NE). The images
were analyzed using the Odyssey application software, ver-
sion 1.2 (Li-Cor) to obtain the integrated intensities. We used
the histogram method to analyze and standardize the densito-
metric data, and also based on previous reports to refine the
methodology [26, 27]. Briefly, we draw a rectangular area

around each band in the image. Once selected all the bands,
we generated the histograms indicating the intensity of each of
band by using the gel analysis in the ImageJ software.
Subsequently, we draw a line across the top of the histogram
to further quantify the area of the histogram [26, 27]. Using an
Excel sheet, we calculated the relation between each band
with its corresponding loading control. Ngb1 expression and
mRNA levels were also assessed by immunofluorescence and
qRT-PCR as detailed below.

Determination of Reactive Oxygen Species

Reactive oxygen species production was evaluated by fluores-
cence microscopy as previously described [17]. Briefly, cells
were seeded at a density of 25,000 cells per well into 24-well
plates in DMEM culture medium containing 10% FBS and
then were treated according to each experimental paradigm
after 24 h of serum deprivation. To measure the effect of
PDGF-BB and rotenone on superoxide (O2

−) and oxygen per-
oxide (H2O2) production, cells were treated in the dark at
37 °C for 30 min with 10 mM dihydroethidium (DHE;
Sigma) or 1 mM 2′,7′-dichlorofluorescein diacetate
(DCFDA), respectively. Additionally, cells were incubated
with anti-rabbit 4-hydroxynonenal antibody (Abcam,
ab46545; diluted 1:1000), anti-mouse 3-nitrotyrosine anti-
body (Abcam, ab61392; diluted 1:1000), and anti-rabbit 8-
hydroxyguanosine antibody [15A3] (Abcam, ab62623; dilut-
ed 1:1000) following the immunohistochemistry protocol pre-
viously described above.

Cells were washed twice with PBS and photographed in an
Olympus I53X fluorescence microscope. The images were
processed with the ImageJ software, and the mean fluores-
cence intensity was determined as described above for fluo-
rescence microscopy. Each assay was performed with a min-
imum of six replicates for each condition. The experiment was
repeated three times.

Image Mean Fluorescence Calculation

The calculation of mean fluorescence of the images was
assessed using ImageJ version 1.47v [28] as follows: the im-
ages were opened in the software and pre-processed eliminat-
ing the background. Subsequently, cells were randomly cho-
sen via a numbered grid assigned. Twenty cells were random-
ly selected to mean fluorescence calculation, and the average
of eight images for each treatment was statistically analyzed.
Using the Measure algorithm of ImageJ and selecting each
cell manually via ROI’s Management, the data were grouped
and subsequently analyzed. There were no variations in the
conditions of the image processed, as gain of the mercury
lamp, time of exposure, and fluorochrome bleach. Each assay
was performed with a minimum of six replicate wells for each
condition. The area of each randomly selected cell was
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calculated using ImageJ, so it was settled the scale to calibrate
the ImageJ software, and measured a known distance; subse-
quently, the threshold of the images was adjusted to analyze
particles using the ImageJ algorithm to generate the data
(range of particle size 100–1000 mm2). Cells were counted
in an area of 0.03 mm2. The mean cell area was calculated for
each experimental group in at least six independent cultures
(N = 6) run in triplicate, with a minimum of 20 cells analyzed
for each condition.

Statistical Analyses

Normality tests were conducted on data to guarantee that
they met the assumptions of the proposed statistical test;
for example, in the ANOVA case, we used the Shapiro-
Wilk normality test to evaluate the normality of residuals
and the Bartlett’s test for homoscedasticity. If the assump-
tions were not violated, one-way ANOVA was used to as-
sess whether there was a statistically significant difference
between groups, and unpaired two-tailed Student’s t tests
with non-pooled SD and Bonferroni correction on the al-
pha level (i.e., 0.05) for univariate pairwise comparisons.
However, if the assumptions were violated, non-parametric
tests were carried out to compare mean values among
groups through a Kruskal-Wallis rank sum test. Pairwise
comparisons for non-parametric variables were performed
using the Conover’s post-hoc test with Bonferroni adjust-
ment of p values, and Tukey-Kramer HSD (Tukey HSD)
test when data had unequal sample sizes. In this study, we

considered a p value <0.05 to be statistically significant.
The data are shown as box plots (to compare graphically
the distribution and variability of data between groups) or
bar plots (presented as mean ± SEM). Statistical analyses
were performed using the computing environment R ver-
sion 3.1.2 [29], and the packages GoodmanKruskal [30],
PMCMR [31], and DTK [32]. Data visualization was
achieved using the R packages ggplot2 [33] and cowplot
[34].

Results

PDGF-BB Reduced ROS Levels in Cells Stimulated
with Rotenone

First, we examined the effect of rotenone and PDGF-BB on
lipid peroxidation, peroxynitrite-mediated protein modifi-
cations, and nucleic acid oxidative damage. Rotenone
alone induced a significant increase on lipid peroxidation
measured by 4-hydroxynonenal staining (p < 0.001,
Fig. 1a). On the other hand, pretreatment with PDGF-BB
for 24 h significantly diminished lipid peroxidation
(p < 0.001) in rotenone-treated cells. Moreover, PDGF-
BB significantly decreased rotenone-induced nucleic acid
oxidation measured by 8-OHdG fluorescence (p < 0.001,
Fig. 1b) and attenuated the peroxynitrite-mediated protein
modifications induced by rotenone (p < 0.001, Fig. 1c).

Fig. 1 PDGF-BB reduced ROS damage by rotenone. a PDGF-BB pre-
treatment significantly diminished rotenone-induced lipid peroxidation
measured by 4-HNE (PDGF + rotenone vs rotenone, p < 0.001); control
vs PDGF, p = 0.01; control vs rotenone, p < 0.001; and PDGF vs rote-
none, p < 0.001. b PDGF-BB significantly decreased rotenone-induced
nucleic acid oxidation measured by 8-OHdG (PDGF + rotenone vs

rotenone, p < 0.001); control vs rotenone, p < 0.001; and PDGF vs
rotenone, p < 0.001 c Similarly, PDGF-BB attenuated the peroxynitrite-
mediated protein modifications by rotenone (PDGF + rotenone vs rote-
none, p < 0.001); control vs rotenone, p < 0.001; and PDGF vs rotenone,
p < 0.001. All data in these figures are presented as mean ± SEM of three
individual experiments. Scale bar 50 μm
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PDGF-BB Decreased the Expression of Cytoskeleton
Markers

We next evaluated the effect of PDGF-BB on astroglial cyto-
skeleton proteins induced by rotenone. We observed that al-
though rotenone significantly increased the expression of
GFAP (p < 0.001, Fig. 2a), PDGF-BB was able to reduce
GFAP levels in astrocytic cells stressed with rotenone
(p < 0.001, Fig. 2a). Our results also demonstrated that
PDGF-BB diminished both the expressions of vimentin
(p < 0.001, Fig. 2a) and RhoA small GTPase (p < 0.001,
Fig. 2c), which are associated with cytoskeleton regulation,
suggesting that PDGF-BB is attenuating the activation of as-
trocytes upon oxidative damage by rotenone.

PDGF-BB Decreased Ultrastructural Damage Induced
by Rotenone

In the following experiment, we assessed the effect of both
rotenone and PDGF-BB over mitochondrial ultrastructure.
In Fig. 3a, we showed representative electron micrographs
of cells under different treatments. Interestingly, rotenone
alone significantly decreased mitochondrial area
(p < 0.0001, Fig. 3b), without changing cristae number
(Fig. 3c), and induced an increased number of vacuoles
(p < 0.0001, Fig. 3d). These vacuoles represented swollen
mitochondria identified by their double-layer membrane.

Moreover, upon rotenone treatment, late autophagic vacu-
ole or autolysosome stage was identified by the appearance
of the characteristic membrane-bound structure containing
the compressed mitochondria, often with loss of visible
cristae, as well as other electron-dense, often membrane-
bound, material. Outer mitochondrial membrane was
disrupted in many mitochondria. Of note, nuclear mem-
brane was intact, although mitochondria were highly af-
fected. In pretreatment, early autophagic vacuole and mi-
tochondria were highly distended with destruction of the
inner mitochondrial matrix. Nevertheless, PDGF-BB
maintained mitochondrial area near to control levels and
significantly attenuated the number of vacuoles in astrocyt-
ic cells under rotenone treatment.

PI3K/AKTActivation and Downstream Proteins
Activated by PDGF-BB During Rotenone Damage

Next, we explored some of the mechanisms activated by
PDGF-BB. Although PDGF-BB increased p-AKT phosphor-
ylation (p = 0.02 vs rotenone; p = 0.05 vs control, Fig. 4a) in
rotenone-treated cells, ERK expression appeared not to be
significantly affected by neither PDGF-BB nor rotenone
(Fig. 4b). Moreover, PDGF-BB induced the expression of
both p65 (p = 0.04, Fig. 4c) and GPx1 protein levels
(p < 0.001, Fig. 4d) when compared with rotenone alone,
without affecting catalase levels (Fig. 4e).

Fig. 2 PDGF-BB decreased the effect of rotenone on proteins associated
with astrocytes activation. a Rotenone greatly increased the expression of
GFAP (rotenone vs control, p < 0.001), but PDGF-BB is preventing
rotenone induction of GFAP in T98G cells (PDGF + rotenone vs rote-
none, p < 0.001); control vs PDGF, p = 0.01; control vs PDGF + rotenone,
p = 0.001; and PDGF vs rotenone, p < 0.001. b Rotenone alone increased
the expression of vimentin (control vs rotenone, p < 0.001); however,
PDGF-BB decreased this effect (PDGF + rotenone vs rotenone,

p < 0.001); control vs PDGF, p < 0.001; and control vs PDGF + rotenone,
p < 0.001. c Rotenone increased the expression of RhoA small GTPase
(rotenone vs control, p < 0.001) and PDGF-BB attenuated its expression
(PDGF + rotenone vs rotenone, p < 0.001); control vs PDGF, p < 0.001;
control vs PDGF + rotenone, p < 0.001; PDGF vs PDGF + rotenone,
p < 0.001; and PDGF vs rotenone, p < 0.001. All figures are presented as
mean ± SEM of three individual experiments. Scale bar 50 μm
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PDGF Increased NF-κB Activation and Neuroglobin
Expression

Next, we explored the potential activation of PDGF down-
stream proteins that could be related with the previously ob-
served protective mechanisms. Our results showed that
PDGF-BB increased the nuclear translocation of both p65
(p < 0.001, Fig. 5a) and p50 NF-κB (p < 0.001, Fig. 5b) in
cells stimulated with rotenone (PDGF + rotenone).
Furthermore, PDGF-BB alone and PDGF-BB + rotenone in-
duced the expression of Ngb1 (p < 0.001, Fig. 5c) in compar-
ison to cells treated with rotenone alone.

Discussion

Several growth factors have shown to be important in CNS
protection, as assessed in cellular and animal models and clin-
ical trials [11, 12, 35–39]. Growth factors such as brain-
derived neurotrophic factor (BDNF), vascular endothelial
growth factor (VEGF), basic fibroblast growth factor
(bFGF), insulin-like growth factor (IGF), and PDGF have
reported to protect neurons and non-neuronal cells through
various mechanisms including the increase in the expression
of antioxidant enzymes like catalase, glutathione reductase,
and Mn-SOD; inactivation of apoptotic mechanisms; regula-
tion of reactive gliosis; and maintenance of mitochondrial
membrane potential [9, 39–42]. In this aspect, the use of
growth factors targeting astrocytic protection could improve

both the homeostasis and metabolic functions of astrocytes,
and enhance neuronal survival during brain pathologies such
as Alzheimer and Parkinson [11, 43]. In the present study, our
results showed that PDGF-BB protected the astrocytic T98G
cells against the oxidative effects of rotenone by several mech-
anisms, including the decrease in ROS production (Fig. 1),
improvement of antioxidant defenses (Fig. 2), and mainte-
nance of ultrastructural features (Fig. 3).

We evaluated the effects of PDGF-BB on cytoskeletal pro-
teins involved in astrocytic activation, which includes the up-
regulation of molecules such as GFAP, vimentin, and RhoA
[44–49]. This process can be triggered by hypoxia, glucose
deprivation, β-amyloid peptide, and increased ROS produc-
tion during brain pathologies [50]. In this aspect, it has been
shown that rotenone insult can induce a reactive phenotype
and apoptotic cell death in astrocytic C6 cell line [16].
Moreover, it has been shown that both Rac1 and RhoA from
the Ras family GTPases mediate the formation of astrocytic
processes in rat hippocampal astrocytic cultures [51].
Interestingly, our results demonstrated that PDGF-BB de-
creased the expression of GFAP, vimentin, and RhoA in
rotenone-treated astrocytes (Fig. 2), suggesting the impor-
tance of PDGF-BB in the reduction of activated astrocytes
induced by ROS. On the other hand, it has been suggested
that PDGF-BB can activate mechanisms involved in cytoskel-
etal modification and cell migration. These processes may
happen to occur by the activation of phosphatidylinositol
3,4,5, thus activating the Rac GTPase protein of the Rho fam-
ily, which is involved in the modification of the actin

Fig. 3 PDGF-BB protects mitochondrial ultrastructure against rotenone
damage. a Representative electron micrographs of cells with different
treatments. The box plots show quantitative analysis of parameters
analyzed from the micrographs. b Rotenone significantly decreased
mitochondrial area compared with PDGF-BB (PDGF vs rotenone,
p < 0.0001). c No significant changes on mitochondrial cristae numbers

for the different treatments were observed. d Rotenone treatment signif-
icantly increased cytosolic vacuoles (rotenone vs control, p < 0.0001), but
PDGF-BB prevented rotenone-induced ultrastructural damage (PDGF
and PDGF + rotenone vs rotenone, p < 0.0001). Cr cristae, m mitochon-
dria, N nucleus, * autophagic vacuole
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cytoskeleton and morphological changes [52–54], suggesting
the role played by PDGF in morphological regulation.

Our results also demonstrated that PDGF-BB protected
mitochondrial ultrastructure against oxidative damage by ro-
tenone (Fig. 3). In this aspect, it has been reported that
rotenone-treated (25 μM) rat cortical astrocytes had decreased
mitochondrial length and increased mitochondrial Ca2+ and
ROS concentration [55]. On the other hand, PDGF-BB is
greatly diminishing these features, suggesting that this growth
factor maintains the mitochondrial ultrastructural organiza-
tion. Interestingly, this result agrees with our previous study
[12], which showed a PDGF-BB-dependent protection of mi-
tochondrial membrane potential (Δψm), and mitochondrial
volume in rotenone-treated astrocytic cells.Moreover, an elec-
tron microscopy by Gosslau et al. [7] reported that PDGF-AB

increased mitochondrial volume and surface area of mito-
chondrial cristae in injured fibroblasts, demonstrating that
PDGF-AB enhanced the mitochondrial energetic structures
during wound healing. Finally, it was observed that a truncat-
ed form of BDNF TrkB receptor colocalizes with mitochon-
dria in human and rat astrocytes, suggesting that BDNF has
mitochondrial protective functions [56]. However, to our
knowledge, this is the first study to address the effect of
PDGF-BB on astrocytic cell ultrastructure.

We also show that both PDGF-BB and PDGF-BB + rote-
none increased the phosphorylation of AKTand the activation
of the PI3K/AKT signaling pathway (Fig. 4a), which is im-
portant in proliferation, survival, and antioxidant defense [5,
57]. This finding suggests that PDGF-BB activates survival
and antioxidant pathways against rotenone damage mediated

Fig. 4 Protective mechanisms
activated by PDGF-BB against
rotenone damage. a PDGF-BB
and PDGF + rotenone signifi-
cantly increased AKT phosphor-
ylation (PDGF, PDGF + rotenone
vs rotenone, p = 0.02); control vs
PDGF and PDGF + rotenone,
p = 0.05. bNo significant increase
in ERK phosphorylation was ob-
served, despite the experimental
challenge. c PDGF + rotenone
showed an increase in total p65
expression (p = 0.04 vs rotenone);
control vs PDGF + rotenone,
p = 0.02. dRotenone significantly
decreased the expression of GPx1
(p < 0.001 vs control); control vs
PDGF + rotenone, p = 0.01;
PDGF vs rotenone, p < 0.001; and
PDGF + rotenone vs rotenone,
p < 0.001. e There was no effect
on the expression of catalase. All
data in these figures are presented
as mean ± SEM of three individ-
ual experiments. Neither rotenone
nor PDGF-BB altered the expres-
sion of catalase
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by PI3K/AKT. In this aspect, PDGF-BB and other growth
factors like bFGF and EGF have reported to upregulate the
expression of antioxidant enzymes like SOD2, catalase, per-
oxidase, and GPx1 through PI3K/AKT ([9, 57–60]).
Importantly, the activation of downstream pathways such as
PI3K/AKT is important for inducing the expression of antiox-
idant enzymes. On the other hand, rotenone treatment de-
creased the activation of AKT in our astrocytic model
(Fig. 4a). Previously, it was shown that mutations in the mi-
tochondrial regulator protein PTEN-induced putative kinase 1
(PINK1) reduced the phosphorylation of AKT and the mito-
chondrial membrane potential in mouse astrocytes, suggesting
that an altered function of AKT could be related with mito-
chondrial damage [61]. Moreover, rotenone treatment was
reported to decrease the expression of GPx1 and that PDGF-
BB preserved the expression of this enzyme (Fig. 4d).
Similarly, an oxidative damage exerted by glucose deprivation
was shown to decrease the expression of GPx1 in an astrocytic
model [62], suggesting that oxidative damage may affect the
availability of this enzyme.

Interestingly, our results by immunohistochemistry and
Western blot suggested that PDGF-BB, but not rotenone, in-
creased the nuclear translocation of NF-κB p65 and p50 sub-
units (Fig. 5a, b), suggesting that PDGF-BB might affect
NF-κB nuclear translocation. For instance, transcription factor
NF-κB has multiple effects in the nervous system, including
axonal growth, cell survival, protection against oxidative
stress, production of SOD2 and mitochondrial antioxidants,
genetic expression of cytokines and growth factors, and

regulation of inflammatory processes [19, 20, 37, 63].
Indeed, it has been shown that NF-κB effects are highly de-
pendent on conditions such as cell type, pathway of the stim-
uli, or the cellular context [64, 65]. In this aspect, it was pre-
viously shown that epidermal growth factor (EGF), hepato-
cyte growth factor (HGF), and PDGF activate NF-κB in dif-
ferent processes [8, 66–68]. For example, PDGF-BB was re-
ported to activate NF-κB through Ras/PI3K/AKT signaling
pathway during survival processes in primary fibroblasts [8].
Additionally, EGFwas shown to activate NF-κB in cortical rat
astrocytes in order to increase the expression of glutamate
transporter (GLT-1, [68]), which is of great importance for
astrocytic glutamate clearance. On the other hand, it is note-
worthy that certain compounds including quercetin and rote-
none are able to block the activation of NF-κB in fibrosarco-
ma L929 cell line [69, 70] probably due to its interference with
the mitochondrial electron transport system [70]. It is possible
that our astrocyticmodel presents a similar mechanism regard-
ing NF-κB activation. However, further experiments will be
needed in order to address this issue.

It is noteworthy that PDGF-BB significantly increased
Ngb1 expression (Fig. 5c). Neuroglobin (Ngb1) has been re-
cently assessed in neurons and astrocytes [17, 18, 71–74] due
to its multiple functions in hypoxia, oxygen transport, ROS
scavenging, and mitochondrial regulation [71, 72, 75]. In as-
trocytes, it has been suggested that neuroglobin can influence
oxygen homeostasis, and protection against hydrogen peroxide
insult through the activation of AKT and preventing the acti-
vation of caspase 3 and apoptosis [18, 71]. It was previously

Fig. 5 PDGF increased NF-κB activation and neuroglobin expression. a
PDGF-BB is significantly increasing NF-κB p65 nuclear translocation
(p = 0.001 vs control); control vs rotenone, p = 0.005; PDGF vs
PDGF + rotenone, p = 0.01; and PDGF + rotenone vs rotenone,
p < 0.001. b PDGF-BB increased NF-κB p50 nuclear translocation
(p < 0.001 vs control); control vs PDGF + rotenone, p < 0.001; control
vs rotenone, p = 0.02; PDGF vs PDGF + rotenone, p < 0.001; and PDGF

vs rotenone, p < 0.001. c PDGF-BB and PDGF-BB + rotenone signifi-
cantly increased Ngb1 expression (PDGF and PDGF + rotenone vs con-
trol, p < 0.001); PDGF vs PDGF + rotenone, p = 0.001; PDGF vs rote-
none, p < 0.001; and PDGF + rotenone vs rotenone, p < 0.001. All data in
these figures are presented as mean ± SEM of three individual experi-
ments. Scale bar 50 μm
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shown that 20–100 ng/mL of vascular endothelial growth fac-
tor (VEGF) stimulated neuroglobin expression in mouse neu-
ronal cerebrocortical cultures through the activation of
VEGFR2/Flk1 receptor and possibly via activation of MAPK
and HIF-1α transcription factor [76]. Moreover, a recent work
from our group [62] also showed that the conditioned medium
from human adipose tissue-derived mesenchymal stem cells
(hMSCA-CM), which contains a great variety of growth fac-
tors such as bFGF, EGF, BDNF, and NGF [77], upregulated
the Ngb1 expression in glucose-deprived astrocytes. Likewise,
different studies have reported thatNgb and other globins genes
can be regulated by HIF-1α, SP1, SP3, and NF-κB transcrip-
tion factors [78–81]. Therefore, it is possible that PDGF-BB
might increase Ngb1 expression through the activation of
NF-κB in our astrocytic model. It is also possible that the
observed protection in mitochondrial morphology and ROS
production against rotenone insult could be due in part to the
Ngb1 activation by PDGF-BB. In this aspect, our results sug-
gest that Ngb1 could be an important protein for PDGF-BB
mitochondrial protective mechanisms. However, further exper-
iments are needed in order to fully address this issue.

In conclusion, our results demonstrated the protective ef-
fects of PDGF-BB in the T98G astrocytic cell line against
rotenone-induced oxidative stress. PDGF-BB was shown to
activate PI3K/AKT, modulate the expression of cytoskeletal
proteins, and reduce the mitochondrial damage exerted by
rotenone. Furthermore, our results also suggest that PDGF-
BB signaling activation may have an effect on mitochondrial
preservation through the activation of downstream proteins
such as neuroglobin. However, further experiments are needed
to confirm the involvement of this protein in the protective
effects mediated by PDGF-BB and its effects onmitochondria.
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