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Abstract 

The vulnerability of pre-myelinating oligodendrocytes (PreOLs) to ischemic injury plays an 
important role in the pathogenesis and progression of perinatal white matter injury. Although 
oxidative stress is thought to be a major pathogenic mechanism predisposing the PreOLs to injury, 
no effective therapies have been identified to date. The present study aimed to investigate the 
direct protective effects of catalpol, a potent antioxidant and free radical scavenger, on 
ischemia-induced oxidative damage in PreOLs and to explore whether the ERK1/2 signaling 
pathway contributed to the protection provided by catalpol. Primary cultures of PreOLs exposed 
to oxygen-glucose deprivation (OGD) followed by reperfusion were used as an in vitro model of 
ischemia. Pretreatment with 0.5 mM catalpol for 1 h prior to OGD treatment significantly reversed 
ischemia-induced apoptosis in PreOLs and myelination deficits by inhibiting intracellular Ca2+ 
increase, reducing mitochondrial damage, and ameliorating overproduction of reactive oxygen 
species (ROS). The expression levels of phosphorylated ERK1/2 (p-ERK1/2) and activated 
poly-ADP-ribose polymerase-1 (PARP-1) were also markedly decreased by catalpol treatment. 
Blocking the ERK1/2 signaling pathway with the MEK inhibitor U0126 and catalpol significantly 
protected PreOLs from ROS-mediated apoptosis under OGD. Taken together, these results 
suggest that catalpol protects PreOLs against ischemia-induced oxidative injury through ERK1/2 
signaling pathway. Catalpol may be a candidate for treating ischemic white matter damage. 
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Introduction 
Mature myelinating oligodendrocytes (OLs) 

develop from early oligodendrocyte progenitor cells 
(OPCs) through a number of successive stages [1]. 
During the period of high risk for perinatal white 
matter injury, immature white matter is populated 
predominantly by developing OLs, termed 
pre-myelinating oligodendrocytes (PreOLs) [2]. 
Increasing evidence supports that the heightened 
vulnerability of OL lineage cells to ischemic injury is 
maturation-dependent and that PreOLs are more 
susceptible than earlier or later stage cells [1, 3]. The 
preferential damage of PreOLs in response to 
ischemic injury accounts for subsequent deficits in OL 

maturation and myelination [4, 5].  
Several maturation-dependent downstream 

mechanisms, such as microglial activation, 
excitotoxicity, and oxidative stress, have been 
implicated as contributing factors to the vulnerability 
of PreOLs to cerebral ischemic injury [6-8]. Among 
these mechanisms, oxidative stress resulting from the 
generation of reactive oxygen species (ROS) is 
thought to be the principal final common pathway 
that predisposes PreOLs to injury [9]. Excess ROS may 
directly impair mitochondrial function in PreOLs, 
resulting in subsequent translocation of 
apoptosis-inducing factors from the mitochondria to 
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the nuclei and eventually leading to cell death [10]. 
Therefore, scavenging of abundant ROS, suppression 
of ROS levels by antioxidants, or blockade of the final 
common pathway leading to PreOL impairment may 
be effective in preventing oxidative cell death 
following ischemic injury. 

Catalpol, an iridoid glycoside extracted from 
Rehmannia root, produces anti-ischemic effects both 
in vivo and in vitro [11-14]. Catalpol can protect rat 
pheochromocytoma cells and primary cultured 
astrocytes against ischemia-induced damage by 
suppressing free radical production and increasing 
antioxidant capacity [13, 14]. In addition, catalpol can 
protect mesencephalic neurons from oxidative 
damage and mitochondrial dysfunction induced by 
MPTP [15]. Recently, we demonstrated that catalpol 
inhibits OL death and myelin damage in rats with 
chronic cerebral hypoperfusion [16, 17]. However, the 
direct protective effects of catalpol on developing OLs 
and the underlying molecular mechanisms during 
ischemic injury remain unclear. 

We previously reported that the PI3K inhibitor 
LY294002 failed to completely block 
catalpol-mediated neuroprotection against caspase-3 
activation [17]. This suggests that, in addition to 
Akt-dependent mechanism, other pathways may also 
contribute to the effects of catalpol on OLs. Oxidative 
stress elicited by ROS generation is often linked to 
activation of the extracellular signal-regulated kinase 
1/2 (ERK1/2) signaling pathway, and cellular 
oxidative damage in several paradigms requires 
sustained ERK1/2 phosphorylation [18, 19]. Recent 
studies have revealed that the ERK1/2 signaling 
pathway is activated during ischemic damage and 
contributes to ischemia-induced OL death [20]. It has 
also been reported that catalpol-mediated 
suppression of ERK1/2 is a pivotal mechanism 
explaining its neuroprotection against 
rotenone-induced oxidative stress in mesencephalic 
neurons [21]. These findings suggest that ERK1/2 
pathway may be involved in the protective 
mechanisms of catalpol in OL lineage cells subjected 
to ischemia. 

In the present study, we aimed to investigate the 
protective effects of catalpol against oxygen-glucose 
deprivation (OGD)-induced oxidative damage in 
cultured PreOLs and to explore the possible 
mechanisms involved with regard to the ERK1/2 
signaling pathway. Catalpol was found to effectively 
protect PreOLs from OGD-induced apoptosis and 
myelination deficits by inhibiting Ca2+ overload, 
mitochondrial damage, and ROS production, and the 
ERK1/2 signaling pathway was shown to contribute 
to these effects. These data suggest that catalpol may 
be an effective agent for both prevention and 

intervention of disorders involving damage to white 
matter PreOLs caused by oxidative stress. 

Materials and Methods 
Oligodendrocyte progenitor cell culture  

Rat OPCs were propagated as previously 
described [22]. Briefly, mixed cells were isolated from 
the cerebral cortices of P1-P3 Sprague Dawley rat 
pups in accordance with the guidelines set. All 
experimental protocols were approved by the 
Laboratory Animal Welfare and Ethics Committee of 
the Third Military Medical University. The cells were 
enriched through two passages in OPC-growth 
medium. For experiments, the purified OPCs were 
seeded onto cover slips or dishes coated with 
poly-D-lysine. After 12 h of incubation in 
OPC-growth medium, the OPCs were induced to 
differentiate using OPC-differentiation medium 
(DMEM/F12 + 1% N2 supplement + 1% fetal bovine 
serum + 5 mg/ml insulin). Cultures were routinely 
characterized by immunocytochemical detection of 
the expression levels of developmental stage-specific 
OL markers. On day 3 of differentiation, the cultures 
that contained >90% O4+ PreOLs were used for 
experiments. The purity of oligodendroglial cultures 
was assessed by examining cell morphology using a 
phase-contrast microscope and was confirmed by 
immunostaining with cell type-specific antibodies; 
only cultures with >94% purity were used. The cells 
were used for various experiments at the indicated 
time points. 

Oxygen-glucose deprivation and drug 
treatment 

PreOL cultures were divided into the following 
five groups: control group (CTL), OGD-treated group 
(OGD), catalpol-treated group (CAT), U0126-treated 
group (U0126) and U0126 + catalpol-treated group 
(U0126+CAT). OGD was used as an in vitro model of 
cerebral ischemia. OGD was produced using 
glucose-free DMEM medium (Gibco, Grand Island, 
NY, USA) supplemented with 8 mM Na2S2O4 
(Sigma-Aldrich, St Louis, MO, USA), which scavenges 
O2 molecules in solution and reduces the oxygen 
tension to zero: the PreOLs were incubated in this 
medium at 37°C for 30 min. Following this, the cells 
were incubated with glucose-containing medium 
under normal growth conditions for an additional 
12 h. 

Catalpol was purchased from the National 
Institute for the Control of Pharmaceutical and 
Biological Products (Beijing, China). U0126 was 
purchased from Calbiochem (San Diego, CA, USA). In 
previous tests, 0.5 mM catalpol was shown to be the 
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most effective concentration for increasing the cell 
viability of PreOLs subjected to OGD by MTT assay 
(Figure S1). Thus, 0.5 mM catalpol was used in the 
subsequent experiments. Cells in the CAT and U0126 
groups were preincubated with 0.5 mM catalpol or 10 
μM U0126, respectively, for 1 h prior to OGD. Cells in 
the U0126+CAT group were simultaneously 
preincubated with 0.5 mM catalpol and 10 μM U0126 
for 1 h prior to OGD. Cells in the CTL group were 
kept under normal growth conditions without OGD, 
catalpol, or U0126 treatment.  

Immunocytochemistry  
PreOL cultures on 24-well plates (4.5×104 

cells/well) were fixed in ice-cold methanol for 20 min 
at -20°C, followed by three washes in 
phosphate-buffered saline (PBS). The cells were then 
blocked in PBS containing 5% bovine serum albumin 
(BSA) and 0.4% Triton X-100 for 30 min at 37°C. 
Afterwards, the cells were incubated with primary 
antibodies against the OL lineage markers O4 (1:100, 
Sigma-Aldrich) and 2’,3’-cyclic nucleotide 
3’-phosphodiesterase (CNPase) (1:100, Boster, Wuhan, 
China) overnight at 4°C. After washing, the cells were 
incubated for 2 h at room temperature with an Alexa 
Fluor 568-coupled secondary antibody (1:1000, 
Invitrogen, Carlsbad, CA, USA) and then washed 
again in PBS and mounted in VectaShield with 
4',6-diamidino-2-phenylindole (DAPI) (0.1 μg/ml in 
PBS, Sigma-Aldrich) for 5 min to visualize nuclei. 
Finally, the cells were sealed and observed with a 
laser scanning confocal microscope (Olympus, Japan). 
Negative controls were prepared by omitting the 
primary antibodies. 

Western blot analysis 
Cells grown in 60 mm dishes (3.0×105 cells/ml) 

were rinsed with PBS and then centrifuged at 12,000 g 
for 30 min at 4°C. After suspension in RIPA lysis 
buffer (Millipore, Billerica, MA, USA) for 30 min on 
ice, protein concentrations were determined by 
Bradford assay. Following the addition of loading 
buffer and boiling for 5 min, equal amounts of protein 
from each sample were subjected to SDS-PAGE, and 
the proteins were transferred to polyvinylidene 
difluoride membranes (Millipore). The membranes 
were first blocked with 1% non-fat dried milk in 10 
mM PBS with 0.05% Tween-20 (PBST) for 2 h at room 
temperature and then incubated overnight at 4°C with 
antibodies targeting the following proteins: CNPase 
(1:500, Boster), myelin basic protein (MBP) (1:500, 
Santa Cruz Biotechnology, CA, USA), phosphorylated 
ERK1/2 (p-ERK1/2) (1:500, Cell Signaling 
Technology, Beverly, MA, USA), ERK1/2 (1:500, Cell 
Signaling), activated poly-ADP-ribose polymerase-1 

(PARP-1) (1:500, Santa Cruz), and glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) (1:2000, 
Bioworld Technology, Inc., USA). After washing with 
PBST, the membranes were incubated with the 
appropriate horseradish peroxidase-conjugated 
secondary antibodies (1:5000, Santa Cruz) at 37°C for 
3 h. Protein bands were detected by the enhanced 
chemiluminescence method (ECL kit, Amersham, 
UK). 

Flow cytometric analysis of apoptotic cells 
Flow cytometric analysis was used to assay DNA 

damage. At the end of the OGD and drug treatments, 
cells cultured in dishes were harvested by 
trypsinization and washed with PBS, followed by 
fixation in 70% ice-cold ethanol at 4°C overnight. The 
cells were washed twice with PBS, resuspended in 1 
ml PBS containing 1 mg/ml RNase (Sigma) and 50 
μg/ml PI (Sigma), and incubated at 37°C for 30 min in 
the dark. The stained cells were analyzed via 
fluorescence-activated cell sorting (FACS) on a flow 
cytometer equipped with an argon ion laser (488 nm 
wavelength). The numbers of apoptotic cells were 
quantitatively estimated by observing sub-G1 cells 
that emitted DNA fluorescence in subdiploid regions, 
which were well separated from the normal G1 peak. 

Measurement of intracellular ROS  
Intracellular ROS generation was investigated 

using a dichlorodihydrofluorescein diacetate 
(DCFH-DA) assay. After 12 h of reperfusion, cells 
seeded in 60 mm dishes were harvested and treated 
with 10 μM DCFH-DA (Beyotime Institute of 
Biotechnology, Nangtong, China) at 37 °C for 20 min. 
Then, the cells were washed three times with 
serum-free culture medium. DCFH-DA reacts with 
ROS to form the fluorescent product DCF, which was 
measured with a fluorescent plate reader (Bio-TEK, 
USA) at excitation and emission wavelengths of 488 
nm and 525 nm, respectively. The fluorescence 
intensity indicates the level of ROS.  

12-Lipoxygenase activity assay  
The activity of 12-lipoxygenase (12-LOX), a key 

generator of ROS in PreOLs, was measured by 
quantifying the major metabolic product 12-HETE 
using an ELISA Kit (R&D Systems, USA) according to 
the manufacturer’s instructions. At the end of OGD 
and drug treatment, cells in 60 mm dishes were rinsed 
with PBS, followed by centrifugation at 12,000 g for 30 
min at 4°C. Samples were suspended in RIPA lysis 
buffer, and protein concentrations were determined 
by Bradford assay. The supernatants were incubated 
with a biotinylated anti-rat 12-HETE antibody in 
microtiter wells for 60 min at 37°C and then with 
HRP-conjugated streptavidin for 30 min at 37°C. Next, 
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substrate solution was added to each well and 
incubated for 15 min in darkness, followed by a 
termination procedure. Finally, the absorbance of 
each well was measured at a wavelength of 450 nm. 
The concentration of 12-HETE in each sample was 
calculated based on standard curves and normalized 
based on the amount of protein in the sample. 

Measurement of malondialdehyde levels  
Collected cells were homogenized in ice-cold 

phosphate buffer, and the homogenate (10%) was 
centrifuged at 4000 rpm at 4 °C for 10 min. After the 
amount of total protein was detected, the supernatant 
was used for spectrophotometric determination of the 
level of malondialdehyde (MDA) according to the 
procedure provided with the assay kit (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). 
MDA, the degradation production of preoxidation 
lipids, reacts with thiobarbituric acid to form a pink 
chromogen that can be measured at a wavelength of 
532 nm. MDA level reflects the degree of cell 
destruction by free radicals. 

Mitochondrial membrane potential assay  
Mitochondrial transmembrane potential was 

detected using a JC-1 mitochondrial membrane 
potential assay kit (Beyotime) according to the 
manufacturer's protocol. Briefly, cells cultured in 
24-well plates were incubated with an equal volume 
of JC-1 staining solution (5 μg/ml) at 37 °C for 20 min 
and rinsed twice with JC-1 staining buffer. 
Mitochondrial membrane potential was monitored by 
determining the relative dual emission profiles from 
mitochondrial JC-1 monomers and aggregates using 
an Olympus fluorescent microscope. Each group of 
PreOLs was measured for mitochondrial membrane 
potential based on the ratio of red (i.e., aggregates in 
mitochondria) to green (i.e., monomers in cytosol) 
fluorescence. Increased green fluorescence and 
decreased red fluorescence indicated the loss of 
mitochondrial membrane potential. 

Measurement of mitochondrial membrane 
permeability transition pore opening  

Mitochondrial membrane permeability 
transition (MPT) pore opening was evaluated using a 
fluorescence detection kit (GENMED, USA) according 
to the manufacturer’s instructions. Pore opening was 
measured directly using a combination of calcein AM 
and cobalt chloride. After entering mitochondria, 
calcein AM can be hydrolyzed by lactonase to release 
fluorescent calcein. Calcein that escapes from 
mitochondria following MPT pore opening is then 
quenched by cobalt chloride. The fluorescence 
intensities of stained mitochondria were measured 
using a microplate reader at excitation and emission 

wavelengths of 488 nm and 527 nm, respectively. The 
extent of MPT pore opening was estimated based on 
the difference in fluorescence intensity. 

Transmission electron microscopy  
After detachment from culture dishes, cells were 

centrifuged at 800 rpm for 5 min and then fixed in 
2.5% glutaraldehyde at 4°C for 24 h. After washing 
three times with 6.8% Sabatini’s solution (PBS with 
6.8% sucrose), the samples were post-fixed in 1% 
osmium tetroxide for 2 h at 4°C. Then, the specimens 
were dehydrated in a graded series of ethanol (30, 50, 
70, 90 and 100%) and cold acetone (90 and 100%) for 
15 min each. Thereafter, the specimens were 
embedded in propylene oxide, which was 
polymerized overnight at 80°C. Semi-thin and 
ultra-thin sections were cut with a Leica Ultracut 
ultramicrotome and then stained with lead citrate and 
uranyl citrate for 10 min each. Finally, the samples 
were examined and photographed using a Philips 
TECNAI10 electron microscope. 

Confocal Ca2+ imaging 
Cells were grown in glass-bottomed dishes, 

treated with drugs, subjected to OGD, and then 
incubated in imaging wash buffer (135 mM NaCl, 2 
mM glucose, 8 mM HEPES, 2 mM MgCl2, 3 mM KCl, 
and 2.2 mM CaCl2; pH 7.4) containing 5 μM 
Fluo-3/AM (Beyotime) for 20 min at 37°C. At the end 
of the incubation, the cells were maintained for at 
least 20 min at room temperature in fresh imaging 
wash buffer to allow complete dye de-esterification. 
They were then placed on a confocal laser scanning 
microscope to qualitatively evaluate intracellular Ca2+ 
levels. Fluorescence images were acquired and 
measured using a confocal laser scanning microscope 
(Olympus) and FluoView image-processing software 
(v2.1). 

TUNEL staining 
TUNEL staining was performed using an In Situ 

Cell Death Detection Kit, POD (Roche, Germany) 
according to the manufacturer's instructions. After 
washing with PBS, cells were incubated with 3% H2O2 
in methanol for 10 min at room temperature to block 
endogenous peroxidases. Next, they were placed in 
permeabilization solution containing 0.1% Triton 
X-100 in 0.1% sodium citrate for 2 min on ice. The cells 
were then incubated with TUNEL reaction mixture 
for 60 min at 37°C. After washing with PBS, the cells 
were mounted in DAPI (0.1 μg/ml in PBS, Sigma) for 
5 min to visualize nuclei. A negative control was 
created using Label Solution instead of the TUNEL 
reaction mixture. 
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Statistical analysis 
All values are expressed as the mean ± SEM. 

One-way analysis of variance was performed, 
followed by Tukey's multiple comparison tests. 
Statistical analysis was performed using SPSS 12.0 for 
Windows. The significance level was set at P < 0.05. 

Results 

Catalpol attenuates morphological 
degeneration and apoptosis in PreOLs  

To detect the effects of catalpol treatment on 
OGD-mediated morphological degeneration in 
PreOLs, phase-contrast microscopic observation and 
immunocytochemical staining for O4, a specific cell 
surface marker for PreOLs, were performed. After 3 d 
of differentiation, the majority of CTL cultures 
contained cells with complex, multibranched 
morphologies, extending an elaborate network of lacy 
processes (Figure 1A). The cells that acquired O4 
immunoreactivity in the CTL group were larger and 
had multiple branches (Figure 1D). In contrast, 
cultures exposed to OGD did not exhibit an arbor-like 

network. Most of the OGD-treated cells retained a 
relatively simple morphology with few processes 
(Figure 1B) and with O4 immunoreactivity restricted 
to the cell body (Figure 1E). However, the 
administration of catalpol significantly reversed the 
morphological degeneration caused by OGD, as 
shown by increased process outgrowth (Figure 1C) 
and O4 immunostaining in cell processes (Figure 1F). 
These results verify that catalpol attenuates the 
degenerative morphological changes induced by 
OGD in PreOLs. 

To investigate the effect of catalpol on 
OGD-induced apoptosis, flow cytometric analysis of 
PI staining was used to quantitatively estimate 
apoptotic cell populations. The percentage of 
sub-G1-phase PreOLs was low in the CTL group 
(Figures 1G and J); however, the fraction of 
sub-G1-phase cells significantly increased upon OGD 
stimulation compared to the control conditions (P < 
0.001), and this increase was effectively prevented by 
treatment with catalpol (P < 0.01) (Figures 1H-J). 
These results suggest that catalpol significantly 
suppresses OGD-induced apoptosis in PreOLs. 

 

 
Figure 1. Effects of catalpol on morphological degeneration and apoptosis in PreOLs under OGD. (A-C) Representative phase-contrast images of cultured 
PreOLs in the CTL (A), OGD (B), and CAT (C) groups. (D-F) Representative O4 staining (red) patterns in the CTL (D), OGD (E), and CAT (F) groups. Cell nuclei were 
counterstained with DAPI (blue). (G-I) Representative flow cytometric DNA analysis in the CTL (G), OGD (H), and CAT (I) groups. (J) Quantification of apoptotic PreOLs in 
the CTL, OGD, and CAT groups. Data are expressed as percentages of the values in the CTL group and are shown as the means ± SEM (n = 6 in each group). **p < 0.01; 
***p < 0.001. Bar = 50 μm (for A-F). 
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Figure 2. Effects of catalpol on myelin protein expression in PreOLs after OGD. (A-C) Representative CNPase staining (red) patterns in the CTL (A), OGD (B), and 
CAT (C) groups after 6 d of differentiation. Cell nuclei were counterstained with DAPI (blue). (D) Western blot showing CNPase and MBP expression in the CTL, OGD, and 
CAT groups. GAPDH was used as a loading control. The blot shown is representative of six independent experiments. (E) Quantification of CNPase and MBP protein expression 
levels from Western blot analysis. Data are expressed as percentages of the values in the CTL group and are shown as the means ± SEM (n = 6 in each group). *p < 0.05; 
**p < 0.01; ***p < 0.001. Bar = 25 μm (for A-C). 

 

Catalpol restores the expression of myelin 
proteins  

Previous studies have demonstrated that 
hypoxia/ischemia or OGD-induced injury impairs 
OPC maturation [23, 24]. To further define the 
function of catalpol on PreOL maturation after OGD, 
we examined the expression levels of CNPase (a 
marker of myelinating OLs) and MBP (a marker of 
mature OLs) in PreOL cultures on day 6 of 
differentiation using immunofluorescence staining 
and Western blot analysis. There were abundant 
CNPase-positive OLs in the CTL group, and these 
cells had complex networks of cellular processes 
(Figure 2A). The CNPase-positive cells in the OGD 
group appeared more immature, with fewer processes 
emanating from the cell body (Figure 2B). However, 
the delayed maturation was less evident following 
catalpol treatment, as shown by the presence of more 
complex processes (Figure 2C). Likewise, Western 
blot analysis showed a conspicuous reduction in 
CNPase and MBP protein expression in the OGD 
group compared to the CTL group (P < 0.001 and P < 
0.01, respectively). Catalpol treatment markedly 
abrogated the decreased expression of CNPase and 
MBP relative to the OGD group (P < 0.05) (Figures 2D 
and E). These results suggest that catalpol preserves 
the developmental capacity of PreOLs to mature after 
OGD. 

Catalpol reduces oxidative stress 
To examine whether catalpol suppresses 

ODG-induced ROS generation, a DCFH-DA assay 
was performed to measure the levels of intracellular 
ROS after 3 d of differentiation. PreOLs in the OGD 
group demonstrated a robust increase in intracellular 
ROS generation compared to the CTL group (P < 
0.01). These increased ROS levels were significantly 
reduced following treatment with catalpol (P < 0.05) 
(Figure 3A). 

To further examine whether catalpol prevented 
ROS generation by inhibiting 12-LOX activity, we 
used a correlated ELISA kit to analyze the levels of 
12-HETE, the stable reaction product of 12-LOX, in 
cultures subjected to OGD and catalpol treatment. The 
levels of 12-HETE were much higher in the cultures 
from the OGD group than in those from the CTL 
group (P < 0.001). However, in the CAT group, the 
levels of 12-HETE were significantly reduced 
compared to those in the OGD group (P < 0.01) 
(Figure 3B). 

In addition, we detected the levels of lipid 
peroxidation in PreOLs, as indicated by MDA content. 
MDA levels were significantly increased in the OGD 
group in comparison with the CTL group (P < 0.01), 
and administration of catalpol resulted in a marked 
reduction in MDA levels (P < 0.05) (Figure 3C). These 
data collectively indicate that catalpol exerts 
protective effects on PreOLs subjected to OGD by 
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reducing intracellular oxidative stress. 

Catalpol prevents mitochondrial damage  
Impairment of mitochondrial activity, typically 

reflected by a loss of mitochondrial membrane 
potential, can contribute to ROS generation. To 
monitor mitochondrial membrane potential, we 
quantified the signal emitted by the fluorescent probe 
JC-1 in different groups. PreOLs in the CTL group 
emitted red fluorescence in mitochondria in addition 
to faint green fluorescence (Figure 4A). OGD 
markedly induced the emission of green fluorescence 
and decreased mitochondrial membrane potential, as 
shown by the reduced red fluorescence when 
compared to normal PreOLs in the CTL group (P < 
0.01) (Figures 4B and D). In contrast, catalpol 
treatment relieved the OGD-induced mitochondrial 
depolarization, as shown by the significant increase in 
the red fluorescence ratio (P < 0.05) (Figures 4C and 
D).  

The loss of mitochondrial membrane potential 
results from the opening of MPT pores, which is an 

important event leading to programmed cell death 
[25, 26]. Thus, we investigated MPT pore opening 
using calcein AM and cobalt chloride. We found that 
the extent of MPT pore opening significantly 
increased in ODG-injured PreOLs compared with the 
CTL group (P < 0.01), and catalpol treatment 
markedly inhibited the extent of MPT pore opening (P 
< 0.05) (Figure 4H). These results confirm that catalpol 
prevents mitochondrial damage in PreOLs by 
maintaining mitochondrial membrane integrity. 

Furthermore, electron microscopy was used to 
evaluate ultrastructural changes in mitochondria in 
PreOLs after OGD and catalpol treatment. The results 
showed that the PreOLs in the CTL group contained 
small, morphologically normal, round or oval 
mitochondria with a dark matrix and regular 
distribution of cristae (Figure 4E). In contrast, the 
PreOLs in the OGD group contained enlarged or 
swollen mitochondria with a pale matrix and few 
cristae (Figure 4F); catalpol treatment significantly 
attenuated this degenerative profile (Figure 4G). 

 

 
Figure 3. Effects of catalpol on ROS, 12-HETE and MDA levels in PreOLs under OGD. (A) Quantification of ROS levels in the CTL, OGD, and CAT groups. (B) 
Quantification of 12-HETE levels in the CTL, OGD, and CAT groups. (C) Quantification of MDA levels in the CTL, OGD, and CAT groups. Data are expressed as percentages 
of the values in the CTL group and are shown as the means ± SEM (n = 6 in each group). *p < 0.05; **p < 0.01; ***p < 0.001. 

 
Figure 4. Effects of catalpol on mitochondrial damage in PreOLs under OGD. (A-C) Representative JC-1 staining patterns in the CTL (A), OGD (B), and CAT (C) 
groups. (D) Quantification of the red/green fluorescence ratios in the CTL, OGD, and CAT groups. The ratio of red/green fluorescence intensity represents the mitochondrial 
membrane potential. (E-G) Mitochondrial ultrastructure in the CTL (E), OGD (F), and CAT (G) groups. (H) Quantification of MPT pore opening in the CTL, OGD, and CAT 
groups. Data are expressed as percentages of the values in the CTL group and are shown as the means ± SEM (n = 6 in each group). *p < 0.05; **p < 0.01. Bar = 25 μm (for A-C); 
0.5 μm (for E-G). 
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Figure 5. Effects of catalpol on intracellular calcium levels in PreOLs under OGD. (A-C) Representative Fluo-3 staining in the CTL (A), OGD (B), and CAT (C) 
groups. Intracellular Ca2+ levels (Fluo-3 staining) are indicated with a pseudocolor range (left side, color scale 0 to 4095). (D) Quantification of the average fluorescence intensity 
of Fluo-3 in the CTL, OGD, and CAT groups. Data are expressed as percentages of the values in the CTL group and are shown as the means ± SEM (n = 6 in each group). 
*p < 0.05; **p < 0.01. 

 

Catalpol inhibits the intracellular calcium 
increase 

It has been suggested that ischemia-induced 
intracellular Ca2+ overload may cause mitochondrial 
dysfunction, increase oxidative stress, and even 
induce cell death. We therefore investigated the effect 
of catalpol on intracellular Ca2+ levels in PreOLs 
exposed to OGD using the Ca2+-specific fluorescent 
probe Fluo-3/AM. Intracellular Ca2+ levels were 
markedly elevated in PreOLs subjected to OGD, as 
demonstrated by a significantly elevated average 
fluorescence intensity of Fluo-3 when compared to 
that measured for the CTL group (P < 0.01) (Figures 
5A, B and D). In contrast, administration of catalpol 
significantly reduced intracellular Ca2+ levels in 
PreOLs, as indicated by a decrease in the average 
fluorescent intensity of Fluo-3 in comparison to the 
untreated OGD group (P < 0.05) (Figures 5B-D). These 
data suggest that catalpol attenuates OGD-induced 
injury in PreOLs by normalizing intracellular Ca2+ 
concentration.  

Catalpol blocks the ERK1/2 pathway  
To determine whether the ERK1/2 signaling 

pathway is involved in the protective effects mediated 
by catalpol on PreOLs following OGD-induced injury, 
we assessed the activation of the pathway by Western 
blot analysis to measure the levels of phosphorylated 
ERK1/2 (p-ERK1/2) and PARP-1, an ERK1/2 target 

involved in cell death. The p-ERK1/2 protein levels 
were low in the CTL group, but they significantly 
increased in response to OGD (P < 0.01), and this 
increase was effectively prevented by administration 
of catalpol (P < 0.05). Blocking the ERK1/2 pathway 
with the MEK inhibitor U0126 substantially decreased 
the p-ERK1/2 protein levels compared with the 
untreated OGD group (P < 0.05), which showed no 
significant difference from the CAT group. Similar to 
p-ERK1/2, PARP-1 protein levels were significantly 
higher following OGD than those in the CTL group (P 
< 0.01), and catalpol treatment significantly inhibited 
this elevation (P < 0.05). Following ERK1/2 inhibition 
using U0126, the increased PARP-1 protein levels 
were also markedly reduced compared to those in the 
OGD group (P < 0.05), similar to what was observed 
with catalpol treatment (Figures 6A and B). These 
data indicate that the protective effects mediated by 
catalpol on PreOLs are correlated with reduced 
ERK1/2 activity. 

Blocking the ERK1/2 pathway inhibits the 
oxidative injury of PreOLs 

To further investigate the contribution of 
ERK1/2 signaling pathway to catalpol-mediated 
cytoprotection, we evaluated changes in apoptosis, 
ROS generation, mitochondrial membrane potential, 
and intracellular Ca2+ levels in PreOLs in the presence 
of U0126 and catalpol. Very few TUNEL-labeled 
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apoptotic cells were found in the CTL group (Figure 
7A). In contrast, the number of apoptotic cells in the 
OGD group was significantly higher than in the CTL 
group (P < 0.001), and this increase in apoptosis was 
significantly prevented by administration of U0126 (P 
< 0.05) or co-application of U0126 and catalpol (P < 
0.01) (Figures 7B-E). ROS levels after OGD were also 
significantly increased compared with those in the 
CTL group (P < 0.01), and this effect was partly 

inhibited by applying U0126 (P < 0.05) or U0126 plus 
catalpol (P < 0.01) (Figure 7F). Likewise, U0126 or the 
co-application of U0126 and catalpol markedly 
inhibited OGD-induced mitochondrial depolarization 
(P < 0.05) (Figure 7G). U0126 alone did not appear to 
significantly reduce the OGD-induced increase in 
intracellular Ca2+ levels; however, the application of 
U0126 plus catalpol partly inhibited this increase (P < 
0.05) (Figure 7H). 

 
 

 
Figure 6. Effects of catalpol on the activation of the ERK1/2 pathway in PreOLs under OGD. (A) Western blot analysis for p-ERK1/2 and PARP-1 expression in the 
CTL, OGD, CAT, and U0126 groups. Total ERK1/2 and GAPDH were used as loading controls. The blot shown is representative of six independent experiments. (B) 
Quantification of p-ERK1/2 and PARP-1 protein expression levels from Western blot analysis. Data are expressed as percentages of the values in the CTL group and are shown 
as the means ± SEM (n = 6 in each group). *p < 0.05; **p < 0.01. 

 

 
Figure 7. Effects of blocking ERK1/2 pathway on the oxidative injury of PreOLs under OGD. (A-D) Representative TUNEL staining (red) patterns in the CTL (A), 
OGD (B), U0126 (C), and U0126+CAT (D) groups. Cell nuclei were counterstained with DAPI (blue). (E) Quantification of TUNEL-positive cells in the CTL, OGD, U0126, and 
U0126+CAT groups. (F) Quantification of ROS levels in the CTL, OGD, U0126, and U0126+CAT groups. (G) Quantification of red/green fluorescence ratios after JC-1 staining 
in the CTL, OGD, U0126, and U0126+CAT groups. (H) Quantification of the average fluorescence intensities of Fluo-3 in the CTL, OGD, U0126, and U0126+CAT groups. Data 
are expressed as percentages of the values in the CTL group and are shown as the means ± SEM (n = 6 in each group). *p < 0.05; **p < 0.01; ***p < 0.001. Bar = 50 μm (for A-D). 
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Discussion 
White matter PreOLs in the immature brain are 

especially vulnerable to oxidative stress because of a 
series of maturation-dependent events [1, 9]. 
Hypoxia-ischemia, a primary risk factor for white 
matter damage, has been demonstrated to cause 
widespread death of PreOLs and subsequent failure 
of myelination [24, 27, 28], principally via oxidative 
mechanisms [5]. Submitting cultured cells to OGD 
creates a useful in vitro model of hypoxia-ischemia 
that mimics the key mechanisms of cell damage that 
are caused by hypoxia-ischemia [24, 29]. Our 
experiments using defined, stage-specific cultures 
demonstrated that OGD induces intracellular Ca2+ 
overload, increases mitochondrial damage, and 
enhances ROS generation, which leads to the 
activation of the ERK1/2 signaling pathway, resulting 
in PreOL death and arrested cell maturation. Catalpol 
exerts direct protective effects against OGD toxicity in 
PreOLs, partially by inhibiting the activation of the 
ERK1/2 signaling pathway.  

Arrested maturation of OPCs has been observed 
in chronic perinatal white matter injury and in 
primary cultures exposed to OGD [4, 24]. French et al. 
[30] indicated that oxidative stress inhibits OL 
differentiation and maturation. In the current study, 
PreOL maturation and myelination were also affected 
by ischemic injury, as demonstrated by a marked 
reduction in the morphological complexity of these 
cells and their reduced expression of myelin proteins 
following OGD. The decreased myelination might 
result from the loss of PreOLs due to increased 
apoptosis. It may also be the consequence of delayed 
development or malfunction of PreOLs. Mechanisms 
potentially contributing to ischemia-induced myelin 
loss include reduced synthesis of mRNA and 
increased degradation of myelin proteins [31]. 
Activation of specific proteases, such as calpain, 
following hypoxic-ischemic injury may also 
contribute to the degradation of myelin proteins [32]. 
The beneficial effects of catalpol on PreOL maturation 
are supported by the increased expression of CNPase 
and MBP observed following catalpol treatment after 
OGD. These effects of catalpol may be achieved partly 
by promoting cell survival and improving the 
function of PreOLs. 

Excessive ROS generation due to oxidative stress 
is considered a major factor in the pathogenesis and 
progression of perinatal white matter injury [9]. ROS 
accumulation may cause cell damage either directly, 
by destroying biomolecules such as lipids, proteins 
and DNA, or indirectly, by affecting intracellular 
signal transduction pathways [33]. Mitochondria are 
considered the major site of intracellular ROS 
production, and mitochondrial damage promotes the 

massive release of ROS [34]. It is generally accepted 
that the decrease of mitochondrial membrane 
potential affects the opening of MPT pore, which 
ultimately leads to mitochondria-dependent cell 
death [25, 26]. Therefore, preventing mitochondrial 
damage may effectively inhibit oxidative cell damage. 
Many studies of both cells and animals have shown 
that catalpol is capable of scavenging ROS and 
enhancing antioxidant abilities by improving 
mitochondrial functions that protect against oxidative 
attack [13-15, 35]. Consistent with previous findings, 
our study supports that catalpol acts as an oxidant 
scavenger and thereby protects PreOLs against 
OGD-induced oxidative toxicity. These protective 
effects are likely associated with improved 
mitochondrial function, as shown by increased 
mitochondrial membrane potential and decreased 
MPT pore opening.  

An elevation in cytosolic free Ca2+ has been 
recognized as a trigger for cell death [36]. Under 
normal physiological conditions, intracellular Ca2+ 
homeostasis is very important for maintaining 
numerous cellular processes, including proliferation, 
migration, differentiation, and survival. When 
intracellular Ca2+ homeostasis is perturbed by 
neurotransmitters, hormones, growth factors or 
cytokines, Ca2+ overload occurs. This massive Ca2+ 
influx excessively activates Ca2+-dependent signaling 
pathways, contributing to cell damage or death [37, 
38]. Studies have shown that ischemia induces an 
elevation in intracellular Ca2+ levels arising from 
either intracellular stores or the entry of Ca2+ from 
extracellular space [39]. Alterations in intracellular 
Ca2+ homeostasis disrupt mitochondrial Ca2+ 
equilibrium, resulting in depolarization of this 
organelle, as well as ROS formation and eventually 
cell death [39, 40]. In the present study, intracellular 
Ca2+ levels in PreOLs were significantly elevated 
following OGD injury, and catalpol treatment 
markedly decreased this OGD-induced Ca2+ overload. 
These observations clearly indicate that catalpol has a 
role in restoring Ca2+ balance following ischemia and 
thereby supports cell survival. 

Previous reports have shown that the ERK1/2 
signaling pathway is activated during oxidative stress 
and that ERK1/2 phosphorylation plays a key role in 
mediating cell survival/cell death, depending on 
stimulus duration and cell type [41, 42]. This dual role 
of the ERK1/2 signaling pathway has also been 
observed in OLs. A rapid and transient increase in 
ERK1/2 phosphorylation secondary to AMPA 
receptor activation inhibits OL death [39], whereas 
delayed and sustained ERK1/2 phosphorylation 
following ischemia and reperfusion induces OL death 
[20]. Herein, we found that OGD-induced activation 
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of ERK1/2 clearly resulted in PreOL damage, because 
blockade of this pathway by U0126 significantly 
inhibited PreOL death, reduced ROS generation, and 
ameliorated mitochondrial dysfunction. These results 
indicate that ROS generation is both an upstream and 
a downstream event of ERK1/2 activation, 
demonstrating the existence of a positive feedback 
loop that mediates ROS generation. It has been 
reported that Ca2+-sensitive signal transduction 
pathways are associated with ROS-mediated 
activation of ERK1/2 [43]. Such Ca2+ permeability 
pathways increase intracellular Ca2+ levels, which in 
turn activates several Ca2+-dependent protein kinases 
that trigger ERK phosphorylation [44]. U0126 did not 
significantly inhibit ischemia-induced cytosolic Ca2+ 
overload in PreOLs, suggesting that the factors 
driving Ca2+ increases are upstream of ERK1/2 
activation. The inhibitory effects of catalpol on 
OGD-induced ERK1/2 activation suggest that 
catalpol protects PreOLs against ischemia-induced 
oxidative injury partially through the ERK1/2 
signaling pathway. In addition, we observed that 
co-application of U0126 and catalpol produced 
additive effects on PreOL survival. This finding 
supports that catalpol exerts its effects through 
multiple pathways during ischemia. 

The nuclear enzyme PARP-1 is an ERK1/2 target 
that is involved in cell death. Phosphorylated 
ERK1/2, particularly ERK2, can activate PARP-1 
through a direct interaction that is unrelated to DNA 
binding or DNA damage [45]. PARP-1 has been 
implicated in caspase-independent cell death due to 
its role in cellular NAD depletion, which further 
induces energy failure, mitochondrial depolarization, 
MPT pore opening, and apoptosis-inducing factor 
translocation in response to stress [46, 47]. A recent 
study indicated that PARP-1 plays important roles in 
OL death [48]. In an in vitro model of ischemia, 
ERK1/2-mediated PARP-1 activation was involved in 
OL death in a caspase-independent manner [20]. 
Consistent with this, our data showed that OGD 
treatment over-activated PARP-1 and that this effect 
was markedly inhibited by U0126 or catalpol. These 
observations suggest that PARP-1 activation occurs 
downstream of ERK1/2 activation and that the 
ERK/PARP pathway is involved in catalpol-mediated 
cytoprotection. PARP-1 activation is associated with 
the degeneration of OL processes and mediates OL 
loss and demyelination in experimental models of 
multiple sclerosis [48, 49]. These morphological 
degeneration were also observed in PreOLs in our 
ischemic model, as shown by reduced process 
complexity and decreased myelination, further 
confirming the role of PARP-1 activation in PreOL 
injury. 

In conclusion, catalpol effectively protected 
PreOLs from OGD-induced cell death and 
myelination deficits by suppressing Ca2+ influx, 
reducing mitochondrial damage, and inhibiting ROS 
overproduction, followed by attenuation of ERK1/2 
and PARP-1 activation. These results indicate that 
catalpol may be a useful preventive or therapeutic 
drug for ischemic white matter damage. 
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