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BACKGROUND AND PURPOSE

Neurodegenerative diseases present progressive neurological disorder induced by cell death or apoptosis. Catalpol, an iridoid
glucoside isolated from the root of Rehmannia glutinosa Libosch, is present in a wide range of plant families. Although catalpol
is an effective anti-apoptotic agent in LPS-induced neurodegeneration, the underlying mechanism has not been established.
Here we have identified some of the mechanisms involved the prevention by catalpol of apoptosis induced by LPS in an
experimental model of neurodegeneration in vitro.

EXPERIMENTAL APPROACH

Apoptosis was induced by adding LPS (80 ng-mL™") to pheochromocytoma (PC12) cells, pretreated with catalpol for 12 h.
We measured intracellular reactive oxygen species (ROS), apoptosis and intracellular calcium concentration ( [Ca?!]i) by
flow cytometry or laser confocal scanning microscopy. We also analysed the protein expression of Bcl-2, Bax and
Ca?*-calmodulin-dependent protein kinase Il (CaMKII)-dependent apoptosis signal-regulating kinase-1 (ASK-1)/JNK/p38
signalling pathway in PC12 cells by Western blot.

KEY RESULTS

Catalpol stimulated expression of Bcl-2 and inhibited the expression of Bax. Catalpol also attenuated the increase in Ca?
concentration induced by LPS in PC12 cells and down-regulated CaMK phosphorylation. The CaMKII-dependent
ASK-1/JNK/p38 signalling cascade was blocked by catalpol. All these changes were accompanied by a decrease of apoptosis
induced by LPS in PC12 cells.

CONCLUSIONS AND IMPLICATIONS
The data presented here provide new mechanistic insights into the links between the CaMKIl-dependent ASK-1/JNK/p38
signalling pathway and the protective effect of catalpol on apoptosis induced by LPS in PC12 cells.

Abbreviations

ASK-1, apoptosis signal-regulating kinase-1; CaMKII, Ca?*-calmodulin-dependent protein kinase II; DCF,
dichlorofluorescein; DCFH-DA, 2,7-dichlorofluorescein diacetate; FCS, fetal calf serum; FITC, fluorescein isothiocyanate;
MTT, 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; NGF, nerve growth factor; PC12 cell,
pheochromocytoma cell; PI, propidium iodide; ROS, reactive oxygen pecies; RT-PCR, reverse transcriptase PCR
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Introduction

Neurodegenerative conditions, such as Parkinson'’s, Alzhei-
mer’s and Huntington’s diseases, occur as progressive neuro-
logical disorders characterized by typical protein assemblies
and induced cell death or apoptosis (Bredesen et al., 2006;
Rubinsztein, 2006). Despite extensive research, the aetiology
of this type of diseases is still unknown, but may depend on
multiple factors, including both hereditary and environmen-
tal causes. There are many similarities that relate these dis-
eases to one another on a subcellular level. But the knowledge
about the cause of cell death or apoptosis in neurodegenera-
tive diseases is not clear. Elucidating these causes can offer
hope for therapeutic advances that could ameliorate many
diseases at the same time and would be particularly impor-
tant for pre-symptomatic treatments. The rat pheochromocy-
toma (PC12) cell line, which exhibits a number of properties
and characteristics of sympathetic neurons (Jumblatt and
Tischler, 1982) and is one of the most widely used neuronal
cell lines for research on the mechanisms of Parkinson’s and
Alzheimer’s diseases. The endotoxin LPS, is known to induce
a strong response from normal animal immune systems.
Thus, in vitro models induced by LPS, are often used in
research on inflammation. Among the many disorders
induced by LPS, neurodegenerative diseases, such as Parkin-
son’s disease, are of particular interest here (Li ef al., 2010;
Burguillos et al., 2011). In our study, PC12 cells exposed to
LPS were chosen as models of neurological degeneration to
evaluate the anti-apoptotic effect of pharmacologically active
ingredients of medicaments.

Catalpol, an iridoid glucoside isolated from the root of
Rehmannia glutinosa Libosch, has a wide distribution in many
plant families. So far, catalpol exerts a wide variety of biologi-
cal activities including anti-microbial, anti-tumour, analgesic,
purgative, liver protective, sedative and anti-inflammatory
and is known to attenuate apoptosis in avariety of cells in vivo
and in vitro (Jiang et al., 2008; Zhu et al., 2010).

Catalpol induced neuronal differentiation in PC12 cells
through activation of intracellular signal transduction path-
ways (Yamazaki et al., 1996). Catalpol can also inhibit apop-
tosis in hydrogen peroxide-induced PC12 cells (Jiang et al.,
2004). Although catalpol is an effective anti-apoptotic agent
in LPS-induced neurodegeneration (Tian et al., 2006), the
underlying mechanism has not been established. Here we
have identified some of the mechanisms involved in the
prevention by catalpol of apoptosis induced by LPS in an
experimental model of neurodegeneration in vitro. We used
PC12 cells treated with LPS and assessed apoptosis mediated
by Ca*-mediated signalling pathways, including activation
of Ca?*/calmodulin-dependent protein kinase II (CaMKII) and
the apoptosis signal-regulating kinase-1 (ASK-1).

Methods

Cell culture and drug treatment

Differentiated PC12 cells were obtained from Shanghai Insti-
tutes for Biological Science, Chinese Academy of Sciences,
and maintained in DMEM (Gibco BRL, Grand Island, NY,
USA) supplemented with 10% heat-inactivated FCS, penicil-
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lin (100 U-mL™), and streptomycin 100 mg-mL™" (all from
Gibco). Cells were cultured at 37°C in a humidified atmos-
phere containing 5% CO,. Cells exposed to vehicle alone
(10% FCS culture medium) were used as the control group.
Morphological analysis was performed with inverted micro-
scope linked to a digital CCD camera (Olympus, Tokyo,
Japan). Images were taken with an average of 100 cells per
field.

MTT tests for determining optimum concentrations of catalpol
and LPS. In a previous study (data not shown), catalpol was
ineffective in concentrations below 10nM, but did exert sig-
nificant protective effects from 0.1-10 uM. In our present
experiments, PC12 cells were treated with different concen-
trations of catalpol for 12 or 24 h. The viability of cells were
analysed using MTT. The optical density of metabolized MTT
was quantified by a Micro-plate reader (Bio-Rad Laboratories,
Hercules, CA, USA) at 490 nm. Cell viabilities were expressed
as percentages of cell viability in the control group, set to
100%.

Following these experiments, PC12 cells were pretreated
with catalpol (10 uM) for 12 h. Apoptosis was then induced
by adding LPS (20-160 ng-mL™) to the serum-free medium
for 12 h. Then, after being washed with DMEM, the cells were
divided into two groups: the cells in LPS 12 h + Catalpol
group were incubated in DMEM with catalpol (10 pM) for an
additional 12 h, and the cells in LPS 12 h group were incu-
bated in DMEM medium for 12 h. The viability of cells in the
two groups was measured by the MTT test.

Measurement of intracellular ROS

Intracellular ROS can be detected wusing 2,7-
dichlorofluorescein diacetate (DCFH-DA), which is freely per-
meable to cell membranes, and hydrolysed by intracellular
esterases to non-fluorescent DCFH, which is then rapidly
oxidized in the presence of ROS to highly fluorescent
dichlorofluorescein (DCF). Briefly, the pretreated cells were
incubated with DCFH-DA for 20 min at 37°C. The fluores-
cence of DCF was detected with flow cytometry with excita-
tion at 488 nm and emission at 530 nm (Chen et al., 2012).
Data were processed using the Cell Quest program (BD Bio-
sciences, San Jose, CA, USA). All measurements were done in
triplicate.

Release of LDH from PC12 cells

The release of LDH from PC12 cells, as a marker of cell
damage, was determined in aliquots of the culture medium.
At the end of the incubation, the cells and the supernatant
medium were collected. The remaining intracellular LDH was
obtained by lysing cells with 0.2% Tween-20 in PBS. The
activities of LDH in 100 uL medium or cell lysates was meas-
ured using an LDH assay kit according to the manufacturer’s
instructions. The OD values were measured at 550 nm with a
Microplate Reader. The percentage cell lysis was determined
as the ratio of LDH in the medium/total LDH per well
(medium plus cell lysates).

Assay of apoptosis in PC12 cells
Double staining for Annexin V/FITC and propidium iodide
(PI) was performed to evaluate apoptosis in PC12 cells. Briefly,
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PC12 cells were treated as described above. 1 x 10° cells were
suspended in binding buffer and double-stained with
Annexin V/FITC and PI for 30 min at room temperature.
After that, the fluorescence of each sample was quantitatively
analysed by flow cytometry (FACS Caliber, BD Biosciences)
with FCS Express Version 3 software. Cell sorting and data
processing were carried out on 10 000 cells.

The results were interpreted as follows: cells negative for
both PI and Annexin V/FITC staining were considered as live
cells, PI-negative, Annexin V/FITC-positive cells were consid-
ered to be in early apoptosis, and PI positive, Annexin
V/FITC-positive cells were considered to be in late apoptosis
Or Necrosis.

Measurements of [Ca**[i

Intracellular Ca* concentration ([Ca?]i) was measured with
the ratiometric fluorescent dye Fluo-3/AM utilizing a laser
confocal scanning microscope (LEICA TCS SP5, Germany).
For confocal microscopy imaging in the visible light excita-
tion range, we used the Ca*-sensitive dye Fluo-3, which is
commonly used to image [Ca*]; in living cells (Meng et al.,
2007).

Pluronic F127 (0.1% ) was added to Fluo 3-AM in DMSO
(500 uM) to prevent aggregation of Fluo 3-AM in HBSS and
help uptake into cells. The DMSO solution of Fluo 3-AM was
diluted with HBSS to yield a working solution of 5 pM Fluo
3-AM. PC12 cells were pretreated with catalpol or vehicle, as
described earlier, and the supernatant removed. The cells
then were incubated with Fluo-3/AM for 30 min in the dark
at room temperature. The dye-loaded cells were gently
washed three times with Ca*-free HEPES buffered saline. The
cells were kept in the medium for a further 20 min in the
dark to allow the hydrolysis of Fluo-3-AM into Ca**-sensitive
free acid form (Fluo-3) by cell esterases. Fluorescence was
elicited by excitation with a 488 nm argon laser at an
approximate rate of two frames per second. The fluorescence
intensities were detected at 528 nm. Fluorescence images
were scanned and stored as a time series. LPS (final
concentration 1 mg-mL™) was applied to the cells in the
extracellular medium (140 mM NaCl, 4.6 mM KCI, 2 mM
CaCl;, 10 mM glucose) after the scanning began. Emitted
fluorescence was collected by the 20 x objective. The data
obtained from the first and second scans (at 1 and 5 s after
addition of LPS) were averaged and taken as the basal value
of [Ca*]i, and the maxima of fluorescence intensities in each
sample of cells was considered as the peak data of [Ca*]i. Ten
to 15 individual cells in each scan were randomly selected in
each group for determination of the average fluorescence
intensities.

Analysis of mRNA expression of Bcl-2 and
Bax in PC12 cells

Monolayers of adherent PC12 cells were prepared as
described above. Total RNA from these cells was extracted
using Trizol (Invitrogen). The RNA was quantified by OD at
260 and 280 nm with a Gene Quant Pro spectrophotometer
(Beijing Technologies, Beijing, China). SYBR Green I PCR was
performed in duplicate for each sample using the ABI 7500
PCR Sequence Detector (Applied Biosystems Inc., Foster City,
CA, USA) and the SYBR Exscript™ RT-PCR Kit (TaKaRa Bio
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Inc.). The following primers were used as bcl-2: (i) forward
primer, 5'- CGGGAGAACAGGGTATGA -3'; and (ii) reverse
primer, 5'- CAGGCTGGAAGGAGAAGAT -3'), fragment
length was 149 bp; Bax: (i) forward primer, 5 TGGGCTG
GACACTGGACT -3'; and (ii) reverse primer, 5'- GTGAGTGA
GACGGTGAGGA -3, fragment length was 148 bp; B-actin
was amplified: (i) forward primer, 5'- GTAAAGACCTCTATG
CCAACA -3 and (ii) reverse primer, 5'- GGACTCATCGT
ACTCCTGCT -3', fragment length was 227 bp; and used as a
standard for each PCR analysis. These primers were designed
and synthesized by TaKaRa Bio Inc. The conditions for the
PCR were as follows: (i) 50 cycles of denaturation at 94°C for
30 s; (ii) annealing at 60°C for 30 s; (iii) and extension at 72°C
for 30 s. The fold-change in gene expression was determined
by the **CT method.

Analysis of protein expression of Bcl-2 and
Bax in mitochondrial and cytosolic fractions
by Western blot

Mitochondria were isolated using a QProteome Mitochondria
Isolation Kit (Qiagen, Valencia, CA, USA). PC12 cells were
washed and lysed. The supernatant was centrifuged (1000x g)
for 10 min to separate the mitochondrial fractions (the
pellets) from the cytosolic fractions (the supernatant). The
cytosolic fractions were concentrated using acetone precipi-
tation on ice for 1 h, followed by centrifugation (10 000x g)
for 10 min and resuspension of the pellets in 1% SDS. The
mitochondrial fractions were resuspended and sheared by
passing 10 times through a 26 gauge needle. These lysates
were then centrifuged (1000x g) for 10 min and the superna-
tant (mitochondrial fractions) was centrifuged again at
6000x g for 10 min. The pellets were resuspended in 1% SDS.
After assay of protein concentration, the fractions were ana-
lysed by SDS-PAGE and immunoblotting.

Analysis of protein expression of
CaMKII-dependent ASK-1/INK/p38 signalling
cascade in PC12 cells by Western blot

We measured the level of CaMKII and the ASK-1/JNK/p38
signalling cascade by Western blot analysis, with or without
calcimycin (A-23187; 100 nM). At the same time, KN93 (a
CaMKII inhibitor; 10 uM) was used as a positive control.
PC12 cells were seeded out in 25 cm? culture flasks (Nalge
Nunc, Rochester, NY, USA) at a concentration of 5 x
10°-cells mL™". Western blots were performed following stand-
ard protocols. Total protein lysates were extracted with lysis
buffer (125 mM of Tris-HCI, pH 6.8), 4% SDS, phosphatase
inhibitors and protease inhibitor mixture. Protein concentra-
tion was measured by a quantification kit (Boster Biological
Technology, Wuhan, China). Equal amounts of protein were
separated by gel electrophoresis and electrophoretically trans-
ferred to PVDF membranes. After blocking with 5% non-fat
dry milk, membranes were incubated with the following
primary antibodies overnight at 4°C followed by HRP-
conjugated secondary antibody (Santa Cruz, CA, USA) and
developed with ECL reagent (Beyotime Institute of Biotech-
nology, Shanghai, China). Proteins were quantified with the
Scan Pro software as a proportion of the signal of the house-
keeping protein band (B-actin).



Data analyses

Data are presented as mean + SD and differences among the
groups were evaluated by anova for multiple groups using
Prism GraphPad Software (San Diego, CA, USA). P-values
below 0.05 were considered statistically significant.

Materials

Catalpol was purchased from the Chinese Institute for Drug
and Biological Product Control (Beijing, China) and then
was dissolved in DMSO. DMEM, penicillin, streptomycin
and fetal calf serum (FCS) were purchased from Gibco
BRL (Gaithersburg, MD, USA). LPS (Escherichia coli 055:BS5)
were obtained from Sigma-Aldrich, St. Louis, MO, USA.
3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl-tetrazolium  bro-
mide (MTT) and DMSO, Fluo-3/AM and Pluronic F127 were
obtained from Sigma-Aldrich. Annexin V fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) apoptosis detection kit
and LDH were purchased by Nanjing Key-Gen Biotech Co.,
Ltd. (Nanjing, China). Trizol was obtained from Invitrogen
(Carlsbad, CA, USA). The reverse transcriptase PCR (RT-PCR)
kit (AMV Ver.3.0) and Genefinder were purchased from
TaKaRa Bio Inc. (Dalian, China). Reactive oxygen species
(ROS) assays and the ECL reagent kit were produced by Beyo-
time Institute of Biotechnology (Shanghai, China). Rabbit
anti-rat CaMKII, phospho-CaMKII (Thr*¢), apoptosis signal-
regulating kinase-1 (ASK-1), pASK-1 (Ser*®), JNK, pJNK (Thr'#/
Tyr'®), p38, p-p38 (Thr®/Tyr'*?) antibody and HRP-
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conjugated goat anti-rabbit IgG were supplied from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). KN93 and calci-
mycin (A-23187) were purchased from Sigma-Aldrich. All
other reagents were of the highest purity commercially
available.

Results

Determination of optimum concentration of
Catalpol and LPS

The effects of catalpol on the viability of PC12 cells were time
and concentration-dependent. We tested two exposure times
— 12 and 24h- and a range of concentrations (10nM-100mM)
and found that, for either incubation time, the maximum
effect was exerted by 10 uM catalpol (Figure 1A). This effect
(increased proliferation) was also significant at 1 and 100 uM
catalpol after a 24h incubation but, after 12h incubation,
only 10 uM was effective (Figure 1B). We therefore chose
to use a 12h exposure to 10 uM catalpol as our standard
pre-treatment.

The effect of LPS was assessed in PC12 cells given the
standard pretreatment with catalpol (10 pM, 12h). As shown
in Figure 1C, adding LPS (20-160 ng-mL™) for 12h induced a
concentration-dependent apoptosis, shown by the loss of
viability. However when catalpol (10uM) was combined with
LPS for 12h, the apoptosis was decreased, at every concentra-
tion of LPS (Figure 1D).
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Viability of PC12 cells pretreated with catalpol and/or LPS. (A) PC12 cells were pretreated with different concentrations of catalpol for 12 or 24 h.
The viability of cells was measured by the MTT assay. *P < 0.05, **P < 0.01 versus DMEM control. (B) PC12 cells were treated and the viability
of cells was measured as in (A). Effects of two exposures (12 or 24h) to catalpol are shown. *P < 0.05, **P < 0.01, significantly different from 12h
values. (C) PC12 cells were pretreated with catalpol (10 uM) for 12 h. Then apoptosis was induced by adding LPS (20-160 ng-mL™") to the
serum-free medium for 12 h. After washing with DMEM, the cells in LPS 12 h + Catalpol group were incubated in DMEM with catalpol (10 uM)
for an additional 12 h. The cells in LPS 12 h group were incubated in DMEM medium for the additional 12 h. Cell viability of cells was measured
by MTT assay. *P < 0.05, **P < 0.01 versus DMEM control. (D) PC12 cells were treated and the viability of cells assayed as in (C). The effects of
adding catalpol for the additional 12 h is shown. Data are presented as means + SD, n = 5. *P < 0.05, **P < 0.01, significant effect of catalpol.
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As the effect of catalpol appeared to be greatest at
80ng mL!, LPS we chose this concentration as our standard
stimulus in subsequent experiments.

Morphology of PC12 cells

Morphology of PC12 cells after catalpol treatment in the
presence of LPS and the controls are shown in Figure 2A.
After incubation with DMEM, differentiated PC12 cells dis-
played typical neuronal phenotype, which resembled that of
sympathetic neurons. LPS-treated cells showed heterogeneity
in their shape and were mostly detached from the culture
plate surface. Cells pretreated with catalpol showed resistance

12h

24 h

36 h

to the injury induced by LPS, displaying almost uniform and
typical neuronal shape, being mostly attached to the plate
surface and maintaining visible networks.

Effect of catalpol on the generation of
LPS-induced ROS in PC12 cells

The intracellular ROS level was determined by flow cytometry
using DCFH-DA. As shown in Figure 2B, C, when PC12 cells
were exposed to LPS, the mean fluorescence intensity of intra-
cellular ROS levels increased significantly compared with
DMEM control (P < 0.01). The increase was partially pre-
vented by pre-incubation with catalpol, compared with the
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Figure 2

(A) Morphology of PC12 cells at different times (magnification: x200, bar: 50 um). (B) Intracellular ROS levels in PC12 cells pretreated with
catalpol and LPS. Mean fluorescence intensity (MFI) was measured with DCFH-DA by flow cytometry. (C) MFI of intracellular ROS levels in PC12
cells pretreated with catalpol /LPS. (D) Viability assay in PC12 cells pretreated with catalpol and LPS. (E) Analysis of LDH leakage from PC12 cells
pretreated with catalpol and LPS. A, DMEM control; B, LPS (80 ng-mL™"); C, catalpol (10 uM); D, LPS (80 ng-mL™") + catalpol (10 uM). Data are
presented as means + SD, n = 5 **P < 0.01 versus DMEM control; #P < 0.01 versus LPS, “*P < 0.01, significantly different as shown.
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LPS only group (P < 0.01). The results suggested that catalpol
could prevent the generation of LPS-induced ROS in PC12
cells.

Effect of catalpol on LDH leakage

To further investigate the protective effect of catalpol on
LPS-exposed PC12 cells, release of LDH was assayed. As
shown in Figure 2D, incubation of the cells with LPS caused
a significant increase of LDH leakage into the cell medium,
compared with that from control cells. In contrast, pre-
incubation of the cells with catalpol considerably attenuated
the leakage of LDH induced by LPS, compared with that from
cells exposed to LPS only.

Effect of catalpol on protecting PC12 cells
against LPS-induced apoptosis

Apoptosis in PC12 cells exposed to LPS was assayed by flow
cytometry (Figure 3). The results showed that incubation of
PC12 cells with LPS induced significantly increased levels of
apoptosis, compared with the control group. After pretreat-
ment with catalpol, apoptosis in PC12 cells induced by LPS
was decreased significantly. These results suggested that catal-
pol was protecting the cells against LPS-induced apoptosis.

Neuroprotective activities of catalpol

Effect of catalpol on the intracellular calcium
concentration ([Ca*']i)

As shown in Figure 4, incubation with LPS increased both the
basal and peak values of [Ca*]i in PC12 cells, compared with
control. However, in cells pretreated with catalpol, these
changes in [Ca*']i induced by LPS were reduced and the time
of the peak delayed.

Effect of catalpol on the expression of Bcl-2
and Bax mRNA in PC12 cells

To determine whether the inhibitory effects of catalpol on
apoptosis in PC12 cells were related to changes in Bcl-2 and
Bax, the transcription levels of Bcl-2 and Bax mRNA were
assessed using real-time RT-PCR (Figure 5). We found that
LPS significantly decreased expression of Bcl-2 mRNA
(Figure 5A), while significantly increasing expression of Bax
mRNA (Figure 5B), compared with the control group. Pre-
treatment with catalpol alone did not change either Bcl-2
or Bax expression but such pre-treatment did reverse the
changes induced by LPS. Furthermore, as indicated in
Figure 5C, the Bax/Bcl-2 ratios were increased by incubation
with LPS, while treatment with catalpol before LPS decreased
the Bax/Bcl-2 ratio.
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Effect of catalpol on LPS-induced apoptosis in PC12 cells measured by flow cytometry. (A) The proportion (%) of cell number in each quadrant
is shown. Lower left quadrant (absence of both markers) indicates viable cells; upper left quadrant [propidium iodide (Pl) positive] indicated
cellular necrosis. The total apoptotic cells (early- and late-stage apoptosis) were represented by the right side of the panel (Annexin V staining alone
or together with PI). (B) Mean values of percent apoptotic PC12 cells pretreated with catalpol and LPS. A, DMEM control; B, LPS (80 ng-mL™);
C, catalpol (10 uM); D, LPS (80 ng-mL™") + catalpol (10 uM). Data are presented as means + SD, n = 5 **P < 0.01 versus DMEM control;

#P < 0.01 versus LPS, **P < 0.01, significantly different as shown.
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Effects of catalpol on intracellular calcium concentration ([Ca?];) in PC12 cells as measured by the Ca?* indicator Fluo-3 by laser confocal scanning
microscopy. (A) Images of [Ca*]; (magnification: x200, Bar: 50 um), A, DMEM control; B, LPS (80 ng-mL™"); C, catalpol (10 uM); D, LPS
(80 ng-mL™") + catalpol (10 uM); (B) The time-course of changes in mean fluorescence intensity following addition of LPS. Mean values from
10-15 cells in each scan are shown, after the different treatments. (C) Basal and peak fluorescence intensity of [Ca®*]; in each group. Data are
presented as means + SD, n = 10. *P < 0.05, **P < 0.01 versus DMEM control; *#P < 0.01 versus LPS, **P < 0.01, significantly different as shown.

In the same series of experiments, we used KN93, a spe-
cific inhibitor of CaMKII, as a positive control to check
whether these effects on expression of Bcl-2 and Bax were
dependent on activation of CaMKII. In the presence of KN93,
the changes induced by LPS in the expression of Bcl-2 and
Bax mRNA and in their ratio was blocked, suggesting that the
expression of Bcl-2 and Bax in the cells treated with LPS was
dependent on CaMKII activation. As the changes in Bcl-2 and
Bax after catalpol were similar to those after KN93, it is likely
that the cytoprotective effects of catalpol were also depend-
ent on CaMKII inhibition.

Effect of catalpol on expression of Bcl-2 and
Bax proteins in mitochondrial and cytosolic
fractions of PC12 cell.

The expression of the pro-apoptotic factor Bax and that of the
anti-apoptotic factor Bcl-2 were further analysed by Western
blot analysis (Figure 6). Bcl-2 is predominantly localized to
the mitochondria in non-myocytic cell types, whereas Bax is
found primarily in the cytosol (Kim et al., 2009). In our cul-

1146 British Journal of Pharmacology (2013) 169 1140-1152

tures of PC12 cells, Bcl-2 was found in the mitochondrial
fraction along with the mitochondrial marker, cytochrome
oxidase and only a small fraction of Bcl-2 was detected in the
cytosolic fraction. Bax was detected in both the mitochon-
drial and cytosolic fractions, with a greater proportion in the
cytosol (Figure 6). As indicated in Figure 64, in the mitochon-
drial fraction of PC12 cells after treatment with LPS, the
expression of Bcl-2 protein was decreased whereas the expres-
sion of Bax was increased, compared with the control group.
However, treatment with catalpol reversed these effects of
LPS, increasing Bcl-2 expression and inhibiting Bax expres-
sion. Calculation of the Bax/Bcl-2 ratio in these cultures
showed that incubation with LPS increased this ratio, com-
pared with the control group, while catalpol decreased the
raised Bax/Bcl-2 ratio after LPS.

In the cytosolic fraction of PC12 cells incubated with LPS
(Figure 6B), the expression of Bcl-2 protein was decreased,
while the expression of Bax increased significantly compared
with the control group (P < 0.01). Pre-treatment with catalpol
reversed these LPS-induced changes and those in the Bax/
Bcl-2 ratios.
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Effect of catalpol on the expression of mRNA for Bcl-2 and Bax in PC12 cells. The expression of Bcl-2 and Bax were estimated by quantitative
real-time RT-PCR. Results are shown as relative expression ratio of Bcl-2 mRNA (A), Bax mRNA (B) and Bax/Bcl-2 ratio (C) in PC12 cells with respect
to control group (ratio =1) and normalized by -actin reference gene expression. Data are presented as means = SD, n=3. **P < 0.01 versus DMEM
control; #P < 0.01 versus LPS, **P < 0.01, significantly different as shown.
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Figure 6

Effect of catalpol on levels of Bcl-2 and Bax proteins in mitochondrial and cytosolic fractions of PC12 cells. Electropherogram of Western blotting:
lane 1, DMEM control; lane 2, LPS (80 ng-mL™"); lane 3, catalpol (10 uM); lane 4, catalpol (10 uM) + LPS (80 ng-mL™"). Summary data on
expression levels of Bcl-2, Bax and ratio of Bax/Bcl-2 are presented as means + SD, n = 3. *P < 0.05, **P < 0.01 versus DMEM control; *P < 0.05,
#p < 0.01 versus LPS; **P < 0.01, significantly different as shown.

Effect of catalpol on the CaMKII signal
transduction pathway in PC12 cells

CaMKII is a ubiquitous mediator of Ca*-linked signalling
that phosphorylates a wide range of substrates to coordinate
and regulate Ca*-mediated apoptosis (Salas et al., 2010) and

activation of this pathway requires phosphorylation of
CaMKII itself. To assess the involvement of CaMKII in the
anti-apoptotic effect of catalpol after LPS, we measured levels
of CaMKII and pCaMKII by Western blot. At the same time,
KN93, a specific inhibitor of CaMKII, was used as a positive
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control and . We found that in PC12 cells exposed to LPS, the
levels of pCaMKII increased significantly compared with
control (Figure 7A, B), and this increase was abolished by
pretreatment with catalpol (10 uM). This abolition by catal-
pol was reversed by adding the Ca®* ionophore calcimycin As
shown in Figure 7C, the percentage of apoptotic cells in
catalpol-pretreated PC12 cells was decreased and calcimycin
reversed this effect of catalpol. These results show a correla-
tion between decreased levels of phosphorylation of CaMKII
and anti-apoptotic effects, both due to catalpol.

Catalpol regulates anti-apoptosis through a
CaMKII-dependent ASK-1/INK/p38 signalling
cascade in PC12 cells

ASK-1 is a key MAP kinase kinase kinase (MAPKKK) that
activates both the JNK/SAPK and the p38 signalling cascades
by directly phosphorylating and, therefore, activating MKK4
and 7 (SAPK pathway) and MKK3 and 6 (p38 pathway) (Arpad
et al., 2009). Over-expression of ASK-1 is known to induce
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apoptotic cell death (Tobiume efal.,, 2001). We therefore
tested the effect of catalpol on the Ca*-induced ASK-1/JNK/
p38 signalling cascade in PC12 cells exposed to LPS. We
measured the levels of ASK-1, JNK, and p38 and their phos-
phorylated forms by Western blot analysis in the presence of
bradykinin (to stimulate CaMK kinase). We found that in
PC12 cells exposed to LPS, the levels of pASK-1, pJNK and
p-p38 were significantly increased, compared with the control
group (Figure 8). This increase was abolished by pretreatment
of the cells with catalpol (10uM) and the effect of catalpol was
itself reversed by treatment with calcimycin. These results
showed that catalpol prevented CaMKII-dependent activation
of the ASK-1/JNK/p38 signalling cascade.

Discussion and conclusions

Apoptosis is a highly regulated process that controls normal
development and homeostasis of multicellular organisms.
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The ratio of anti-apoptotic (such as Bcl-2) versus pro-
apoptotic proteins (such as Bax) has been shown to dictate
the ultimate sensitivity or resistance of cells to various apo-
ptotic stimuli. The balance of Bax and Bcl-2 an important
determinant of cell death or survival (Liu etal.,, 2011;
Martinou and Youle, 2011). Bax translocates from the cytosol
to the outer mitochondrial membrane where it can form Bax:
Bcl-2 heterodimers and tetramers, leading to pore formation
and cytochrome C release, and resulting in caspase activation
(Roy etal., 2009; Zhang etal., 2011). Many studies have
shown that the Bax/Bcl-2 ratio plays a key role in determin-
ing whether cells could undergo apoptosis (Raisova et al.,
2001; Reagan-Shaw et al., 2008). In our present study, real-
time RT-PCR and Western blotting showed that catalpol
stimulated the expression of Bcl-2 protein and significantly
decreased the Bax/Bcl-2 ratio. At the same time, catalpol
decreased the translocation of Bax from the cytosol to the
outer mitochondrial membrane and ultimately mediated
anti-apoptosis.

Apoptosis can be triggered by increased [Ca®*]; and CaMK
plays a crucial role in apoptosis in neurons by activating
transcription factors (see Wayman et al., 2008). The CaMKII
transcriptional pathway regulates the expression of both
Bcl-2 and Bax through phosphorylation (Vanderheyden et al.,
2009). Exposure to LPS results in Ca* influx into neurons,
which led to the activation of Ca*-mediated signal transduc-
tion, including activation of CaMK and PKC isoenzymes
(Fahrmann et al., 2002).

Our results indicated that LPS activated CaMKII by
increasing [Ca®]; and that the phosphorylated CaMKII
could reinforce Ca*-mediated apoptosis. We found that
treatment with catalpol inhibited this phosphorylation of
CaMKII and, in turn, attenuated Ca*-mediated apoptosis.
At the same time, inhibition by catalpol was blocked by
calcimycin, a potent Ca* ionophore. These results showed
that the cytoprotective effects of catalpol in PC12 cells
treated with LPS could be due to inhibition of the phos-
phorylation of CaMKII and activation of anti-apoptotic
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mechanisms. Our results also suggest that LPS-induced
apoptosis activated several protein kinases in PC12 cells,
including CaMKII and ASK-1, through a Ca*-dependent
mechanism. It has been suggested that phosphorylation of
CaMK could control its ability to regulate transcription in
apoptosis cells (Nutt efal.,, 2005). Our results show that
catalpol contributed to the down-regulation of CaMK phos-
phorylation in PC12 cells.

CaMKII activity is likely to be sustained through
autophosphorylation and possibly oxidation of the auto-
inhibitory domain, but inhibition of CaMKII phosphatase
may also sustain activation. Activated CaMKII then could
induce apoptosis through at least three pathways, all of
which are necessary for cell death: (i) activation of JNK,
which induces the activation of Fas (Timmins et al., 2009); (ii)
stimulation of Ca* uptake by the mitochondria, leading to
outer mitochondrial membrane permeabilization and release
of apoptogens, as well as loss of the mitochondrial membrane
potential (O’Connell and Stenson-Cox, 2007); and (iii)
activation of STAT1 (Tabas, 2009), which has previously
been shown to promote apoptosis in diverse cell types by a
number of transcriptional and perhaps non-transcriptional
mechanisms.

Apoptosis occurs through an orchestrated sequence of
intracellular signalling cascades. In particular, the MAPK sig-
nalling pathways have been known as highly conserved cas-
cades for regulation of cell death and survival (Wada and
Penninger, 2004). There are at least six independent MAPK
signalling units in mammalian systems. Three of them play a
critical role in apoptotic cell death; (i) the ERK pathway; (ii)
JNK (also known as stress-activated protein kinase, SAPK)
pathway; and (iii) the p38 pathway (Yang etal., 2000).
Another important input into the MAPK system is ASK-1, also
known as MAP3KS) which is a key MAPKKK that activates
both the JNK/SAPK and the p38 signalling cascades by
directly phosphorylating its substrates in response to an array
of stresses such as oxidative stress, endoplasmic reticulum
stress and calcium influx (Tobiume et al., 2001). ASK-1 activ-
ity is involved in cancer, diabetes, cardiovascular and neuro-
degenerative diseases and over-expression of ASK-1-induced
apoptotic cell death (Homma et al., 2009; Limo6n-Pacheco
and Gonsebatt, 2009). However, whether and how Ca*
signals regulate p38 remains to be elucidated. In this study,
we demonstrated that Ca*" signals regulated the ASK-1-p38
MAPK cascade and that CaMKII served as an activator of the
ASK-1-p38 axis in Ca*-mediated signal transduction. In our
work, using cultured cells, MTT assay, real-time PCR and
Western blotting, we found that catalpol inhibited the apo-
ptosis of PC12 cells induced by LPS. Moreover a possible
mechanism was through up-regulation of the CaMK mRNA
and a decrease of [Ca®']; through the CaMKII-dependent ASK-
1/JNK/p38 signalling cascade.

Rat PC12 cells differentiated by nerve growth factor
(NGF) have been extensively used to study the differentia-
tion and apoptosis of neurons. These PC12-derived cells are
a useful model system for primary neurons because, upon
exposure to NGF, they undergo partial growth arrest, cease
to divide, extend processes and exhibit specific changes in
protein expression, developing a phenotype resembling
mature sympathetic neurons (Sombers et al., 2002; Martinez
etal., 2010; Tomas etal., 2012; Zhang etal., 2012). Thus,
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we used differentiated PC12 cells, as a model of neurons,
to study the protective effect of catalpol on apoptosis.
However, cultures of cells from the embryonic subependy-
mal zone (SEZ), hippocampal gyrus or dentate gyrus are
closer models of Alzheimer’s or Parkinson’s diseases (Masliah
et al., 2012; Nagahara et al., 2009). So, we plan to investigate
the effects of catapol in other models, such as the cultures
from the embryonic SEZ, in the next step of our research in
order to corroborate and extend the conclusions of this
study.

In this study, we investigated the intracellular signalling
pathways of Ca*-induced apoptosis, which were initiated
by phosphorylation of CaMKII, and followed by the serial
activation of other protein kinases, such as ASK-1, JNK and
p38. Using a model of inflammation in PC12 cells, we
found that activation of CaMKII was critically involved in
the response to LPS. Also, the JNK/p38 signalling cascade
was involved in the regulation of phosphorylation of
CaMKII. Inhibition of apoptosis in PC12 cells treated with
LPS by catalpol was effected through suppressing phospho-
rylation of CaMKII, which couples its activation to further
downstream signalling processes. This is the first demonstra-
tion that the anti-apoptotic activity of catalpol involved
CaMKII-dependent ASK-1/JNK/p38 signalling pathways
during LPS-induced apoptosis in PC12 cells, as a model of
neurons.

The data presented here provide new mechanistic insights
into the links between the CaMKII-dependent ASK-1/JNK/
p38 signalling cascade and the protective effect of catalpol
against apoptosis induced by LPS in PC12 cells. In summary,
catalpol protected PC12 cells against LPS-induced apoptosis
and this action suggests it might be a potential neuroprotec-
tive agent.
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