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Dried rehmannia root shows an apparent protective effect on glutamate-induced PC12 cell injury through
energy metabolism-related pathways
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Abstract

Rehmannia has been shown to be clinically effective in treating neurodegenerative diseases; however, the neuroprotective mechanisms
remain unclear. In this study, we established a model of neurodegenerative disease using PC12 cytotoxic injury induced by glutamate. The
cells were treated with 20 mM glutamate in the absence or presence of water extracts of dried Rehmannia root of varying concentrations
(70%, 50% and 30%). The different concentrations of Rehmannia water extract significantly increased the activity of glutamate-injured
cells, reduced the release of lactate dehydrogenase, inhibited apoptosis, increased the concentrations of NADH, NAD and ATP in cells,
ameliorated mitochondrial membrane potential, and reduced the levels of light chain 3. Taken together, our findings demonstrate that Reh-
mannia water extracts exert a cytoprotective effect against glutamate-induced PC12 cell injury via energy metabolism-related pathways.
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release of glutamate can directly lead to excitotoxicity in
neurons through both ligand-gated ion channels, including
the N-methyl-D-aspartate and a-amino-3-hydroxy-5-meth-
yl-4-isoxazole propionate receptors, and G-protein-coupled
metabotropic glutamate receptors. Glutamate-mediated
excitotoxicity is thought to play a role in many neurological

Introduction

Neurodegenerative diseases, such as Alzheimer’s and Par-
kinson’s diseases, are a group of degenerative disorders of
the central nervous system that primarily affect the elderly
and severely reducing their quality of life. Glutamate is the
principal excitatory neurotransmitter in the central nervous

system, and modulates numerous physiological and patho-
physiological processes (Durand et al., 2008). Excessive

1338

diseases, such as brain trauma (Brittain et al., 2011), stroke
(Brennan-Minnella et al., 2013), Alzheimer’s disease (Degos
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et al., 2013) and Parkinson’s disease (Hsieh et al., 2012).

The positive clinical outcomes and substantial efficacy of
traditional Chinese medicines have brought hope for the
treatment of Parkinson’s disease. Rehmannia, known as di-
huang and disui, refers to the root of Rehmannia glutinosa, a
herb of the Scrophulariaceae family. Rehmannia is far more
frequently prescribed in China than in other countries, and
it tastes sweet, bitter and cold, can clear heat, cool blood,
and nourish Yin fluid (Cui et al., 2000; Zhao et al., 2007).
Rehmannia root is effective for treating a variety of nervous
system diseases (Jiang et al., 2015), such as Alzheimer’s dis-
ease, cerebral ischemia and Parkinson’s disease (Wei, 2016).
Rehmannia root improves endogenous antioxidant enzyme
activities, increases free radical scavenging, inhibits the pro-
liferation of microglial cells, reduces the excessive expression
of inflammatory factors, and improves neural plasticity (Teng
et al,, 2014). This formulation has satisfactory clinical effi-
cacy in the treatment of Parkinson’s disease (He, 2005; Ge et
al., 2012). However, the mechanisms underlying the thera-
peutic effects of Rehmannia are unclear.

Autophagy and energy metabolism-related signaling
pathways play important roles in nerve injury (Koike et al.,
2008; Wen et al., 2008; Cui et al., 2012). There are no studies
showing that Rehmannia root promotes nerve repair by reg-
ulating the cellular autophagy pathway. In the present study,
we investigated the cytoprotective effects of Rehmannia root
against glutamate-induced cytotoxicity in PC12 cells using a
perfused three-dimensional (3D) cell culture system. We also
examined the cell and molecular mechanisms underlying the
neuroprotective actions of the traditional Chinese medicine.

Materials and Methods

Ultra high performance liquid chromatography (UHPLC)

of different Rehmannia extracts

Radix Rehmanniae (Huichuntang Co., Ltd., Anhui Province,
China) was weighed, extracted with water, and then subject-
ed to three serial extractions with AB-8 resin, consisting of
30%, 50% and 70% ethanol elutions (Table 1). The different
extracts were weighed, transferred to 10 mL volumetric flasks,
ultrasonicated with methanol for 30 minutes, and centrifuged
(15,000 r/min) twice for 5 minutes each. The resulting super-
natant was filtered with a 0.45-um microporous membrane.

Reference solution preparation

Catalpol, 10.3 mg, was weighed and transferred to a 10-mL
volumetric flask, according to the Chinese Pharmacopoeia
(Chinese Pharmacopeia Commission, 2015) and dissolved in a
0.1% acetonitrile-phosphate solution. Then, 1 mL of this liquid

Tablel Rehmannia extracts from different parts and amount of dry
product samples

Extracted parts Amount of samples (mg)
30% ethanol elution content 136.13
50% ethanol elution content 135.87
70% ethanol elution content 134.60

was diluted to 100 mL. This stock solution was stored at 4°C.

Chromatographic conditions

A Shimadzu UHPLC system (Japan) was equipped with a
Solvent Delivery Pump (Shimadzu LC-30AD), a vacuum de-
gasser (DGU-20A), a Shimadzu UV-VIS spectrophotometric
detector (SPD-20A) and ChemStation software (Shimadzu).
A Kromasil analytical column was used (5 um, 150 x 4.6
mm). The mobile phase for UHPLC analysis, consisting
of 0.1% acetonitrile-phosphate, was passed under vacuum
through a 0.22-pm filter membrane and degassed by expo-
sure to ultrasonic waves before use. UHPLC analysis with
ultraviolet detection at 210 nm was performed at a flow rate
of 1 mL/min. The column temperature was 35°C. The sample
injection volume was 5 pL or 40 pL. The total run time was
55 minutes.

Cell culture

Rat PC12 (pheochromocytoma) cells were purchased from
ATCC (Manassas, VA, USA). PCI12 cells of passages 6-14
were cultured in 100-mm dishes in RPMI-1640 medium
(Gibco, Waltham, MA USA) supplemented with 10% fetal
bovine serum (Gibco) at 37°C in a humidified atmosphere of
5% CO,.

Microbioreactors for parallel screening

Cells seeded on coverslips were placed in 4-well Tissue-
Flex" (Zyoxel Ltd., Oxford, UK) microbioreactors (Figure
1) for parallel screening. Briefly, cells were plated at 2.4
x 10° cells/cm” onto the coverslip in the wells of the mi-
crobioreactor, which was coated with 0.01% poly-L-lysine
(Sigma-Aldrich, St. Louis, MO, USA), and cultured under
perfusion conditions at 37°C. Culture medium (RPMI-
1640 containing fetal bovine serum) was supplied contin-
uously by a multi-channel peristaltic pump (TYDO01-01,
LeadFluid Technology Co., Ltd., Baoding, Hebei, China)
at 0.5 uL/min. After 48 hours, the morphology of the cells
was observed with an inverted microscope (Leica, Solms,
Germany).

Cell viability analysis

Cell viability was measured with a quantitative colorimetric
assay using 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT; Sigma-Aldrich). Briefly, PC12 cells
were seeded onto 96-well plates at 1.0 x 10" cells/well. After
treatment with different concentrations of glutamate (0, 1, 5,
10 or 20 mM) for 24 hours, cells were incubated with MTT
solution (0.5 mg/mL) for 4 hours at 37°C in the dark. A 100-

Figure 1 The multiple parallel
perfused microbioreactor
(TissueFlex®) used for the
experiments.
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(A, B) Morphology of PC12 cells in the control group (A) and treated with 20 mM glutamate for 24 hours (B).
The cells changed from a spindle-shaped to a round morphology. Scale bars: 200 um. (C, D) Cell viability (C)
and LDH release rate (D) of PC12 cells treated with different concentrations of glutamate for 24 hours. Data are
expressed as the mean + SD of at least three independent experiments. *P < 0.05, ***P < 0.001, vs. control group.

Figure 2 Morphology, viability and lactate dehydrogenase (LDH) release rate of PC12 cells before and after treatment with glutamate.
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Figure 3 Different concentrations of water extract of dried Rehmannia root reduced the apoptosis rate.
PC12 cells were exposed to 20 mM glutamate in the three-dimensional perfusion microbioreactor. (A) Water extract processed with AB-8 resin,
consisting of 70% ethanol elution; (B) water extract processed with AB-8 resin, consisting of 50% ethanol elution; (C) water extract processed with

AB-8 resin, consisting of 30% ethanol elution; (D) water extract.
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Figure 4 Effects of dried Rehmannia root on PC12 cell injury induced by 20 mM glutamate.

(A) PC12 cell injury was induced by glutamate for 24 hours. Concentrations of 70%, 50% and 30% of dried Rehmannia root were tested for their
protective effect against glutamate injury. (B) LDH release rate in the glutamate group was 46.51%, which was significantly different compared with
the control group. The 70% and 50% concentrations of dried Rehmannia root had significant protective effects against glutamate cytotoxicity. The
30% concentration of dried Rehmannia root had no significant protective effect. Data are expressed as the mean + SD of at least three independent
experiments. ***P < 0.001, vs. control group; ##P < 0.01, ###P < 0.001, vs. 20 mM glutamate group; TP < 0.05, vs. 30% concentration group. LDH:
Lactate dehydrogenase; MTT: 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.

pL volume of dimethyl sulfoxide was used to dissolve the
crystals. The absorbance was measured spectrophotometri-
cally using a microplate reader (BioTek, Vermont, USA) at
540 nm. The viability of treated cells was reported as a per-
centage of that of control cells.

Lactate dehydrogenase (LDH) release assay
LDH released from PC12 cells was assessed using the Cyto-
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Tox-ONE Homogeneous Membrane Integrity Assay (Prome-
ga, Madison, WI, USA) according to the manufacturer’s
instructions. Briefly, cells were grown to 70% confluence in
96-well culture plates and exposed to 0, 1, 5, 10 or 20 mM
glutamate for 24 hours. Then, 50 pL of the culture superna-
tant was transferred to a separate assay plate. The LDH assay
was allowed to proceed at room temperature for 10 minutes
prior to the addition of 25 uL stop solution containing 10%



Liu et al. / Neural Regeneration Research. 2017;12(8):1338-1346.

C

>
)
>
o9]
)

o

. 25 -
3 14 207 9
§ 121 5 0.6 o 20 1 M
=1 = | =
E 104 g g'i i S5
@ 81 - i a
e it § 0.3 < 10 ok
S 6 it s ok zZ
[} s} —
T 41 .. 0.2 fa)
S, sk |—'—| 9( 014 ﬁ <Z( 51
s o1l & e
z
0 r T : 3 0 T T - T | 0 T T T T |
Control 70% 50% 30% Control 70% 50% 30% Control 70% 50% 30%
Dried Rehmannla root Dried Rehmannla root Dried Rehmannla root
concentration concentration concentration
20 mM glutamate 20 mM glutamate 20 mM glutamate

Figure 5 Effects of dried Rehmannia root on energy metabolism in glutamate-treated PC12 cells.

(A) NADH, (B) NAD", (C) ratio of NAD"/NADH. The three different concentrations of dried Rehmannia root alleviated glutamate-induced cyto-
toxicity to varying degrees. The 70% and 50% concentrations of dried Rehmannia root had significant effects compared with the glutamate group.
The 30% concentration of dried Rehmannia root had no significant effect. The assay was done on three separate mitochondrial isolations. Data are
expressed as the mean + SD of at least three independent experiments. ***P < 0.001, vs. control group; ###P < 0.001, vs. 20 mM glutamate group.
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Figure 7 Mitochondrial membrane potential detected using the TMRE fluorescent probe under the fluorescence microscope.

(A-D) Glutamate group: PC12 cells were treated with 20 mM glutamate. The 70% and 50% concentrations of dried Rehmannia root increased
TMRE density. MitoTracker derivatives of the orange-fluorescent tetramethylrosamine dye were used. Scale bar: 100 um. (E) Quantitative analysis
of TMRE density values. Data are expressed as the mean + SD of at least three independent experiments. ***P < 0.001, vs. control group, ##P <
0.001, vs. 20 mM glutamate group. (F-I) The various concentrations of the water extract of dried Rehmannia root ameliorated mitochondrial mem-
brane potential. Flow cytometry was used to assess mitochondrial cardiolipid oxidation. Representative results are from three independent experi-
ments. (A, F) Control group; (B, G) glutamate-treated group; (C, H) 70% concentration of dried Rehmannia root and 20 mM glutamate group; (D, I)
50% Concentration of dried Rehmannia root group and 20 mM glutamate group.

sodium dodecyl sulfate per well. The contents of the wells ~ Adenosine triphosphate (ATP) assay

were mixed by shaking the plates for 10 seconds prior to  Intracellular ATP levels were quantified using an ATP Bio-
measuring resorufin fluorescence (560 nm excitation/590  luminescence Assay Kit (Roche Applied Science, Basel,
nm emission). Switzerland) following the standard protocol. PC12 cells
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exposed to 20 mM glutamate were treated with 0% (control),
70%, 50% or 30% dried Rehmannia root extract. After one
wash with phosphate-buffered saline (PBS), the cells were
lysed with the Cell Lysis Reagent (Beyotime Biotechnology,
Shanghai, China), which was mixed with 50 uL Luciferase
Reagent (Biovision, San Francisco, CA, USA). A plate reader
(Biotek, Winooski, Vermont, USA) was used to detect the
chemiluminescence of the samples. The ATP concentrations
of the samples were calculated using an ATP standard curve,
and normalized to the protein concentrations of the samples,
which were determined using the bicinchoninic acid assay
(Zhang et al,, 2016).

Mitochondrial membrane potential (MMP) assay

MMP and superoxide levels were assessed after treating
PC12 cells, plated at a seeding density of 1 x 10°/cm’, with 20
mM glutamate. PC12 cells treated with 0%, 70%, 50% or 30%
dried Rehmannia root for 24 hours (the 0% glutamate group
served as the control). Cells were then incubated for 20 min-
utes at 37°C with 20 nM tetramethylrhodamine methyl ester
(Life Technologies, Carlsbad, CA, USA) or 2.5 uM MitoSox
(Life Technologies) (Pan et al., 2015). Six wells per treatment
were analyzed, and the entire experiment was repeated on
another batch of cells. Fluorescence intensity was analyzed
using a CyAn ADP Analyzer (Beckman Coulter, Brea, CA,
USA).

For measuring NAD', mitochondria were isolated from
confluent PC12 cells grown in T75 flasks, lysed in extraction
buffer from a commercial NADH/NAD determination kit
(Biovision), and NAD was measured following the manufac-
turer’s protocol. The assay was performed in triplicate using
three separate mitochondrial isolations.

Annexin V/propidium iodide (PI) assay using flow
cytometry

Flow cytometry was performed to determine the levels of
early-stage apoptosis, late-stage apoptosis and necrosis using
the ApoScreen Annexin V kit (SouthernBiotech, Birming-
ham, AL, USA) according to the manufacturer’s protocol.
Briefly, PC12 cells exposed to various concentrations of
glutamate were digested with 0.25% trypsin, washed with
cold PBS, and resuspended in cold 1 x binding buffer at con-
centrations between 1.0 x 10° and 1.0 x 10 cells/mL. A 5-uL
aliquot of labeled Annexin V was added to 100 uL of the cell
suspension. The number of stained cells was assessed imme-
diately on a flow cytometer (FACS Aria II, BD Biosciences,
Franklin Lakes, NJ, USA).

Immunofluorescence staining

PC12 cells cultured on slides were rinsed once with PBS,
fixed with 4% paraformaldehyde overnight, and then incu-
bated with a rabbit anti-light chain 3 (LC3) polyclonal (1:100;
Novus Biologicals, Los Angeles, CA, USA) primary antibody
for 90 minutes at room temperature. The cells were then
washed with PBS and incubated with rabbit FITC-conjugat-
ed secondary antibody (1:70; Abcam, Cambridge, MA, USA)
for 60 minutes at 37°C. Nuclei were stained with Hoechst
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33258 (Sigma-Aldrich) for 5 minutes at room temperature,
and then mounted with glycerol. Images were captured on
an Axioskop 2 fluorescence microscope (Zeiss, Oberkochen,
Germany).

Western blot assay

Protein concentrations were determined with the Bradford
method (Redmile-Gordon et al., 2013). Proteins were sepa-
rated by 12% SDS-PAGE and transferred electrophoretically
onto nitrocellulose membranes (Bio Basic, New York, USA).
The membranes were then reacted with rabbit anti-LC3
polyclonal antibody or rabbit anti-P-AKT polyclonal an-
tibody (both 1:1,000; Cell Signaling Technology, Danvers,
MA, USA) at 4°C overnight, followed by horseradish perox-
idase-conjugated goat anti-rabbit IgG (1:1,000; Santa Cruz
Biotechnology, Dallas, TX, USA) at 37°C for 12 hours. The
signals were detected with enhanced chemiluminescence
detection kits (GE Healthcare, Chicago, IL, USA). The gray
scales of the bands were quantified by scanning densitom-
etry using Quantity One 4.5.0 software (Bio-Rad, Hercules,
CA, USA).

Autophagy inhibitor treatment

To examine whether the changes in expression of LC3 in-
duced by the dried Rehmannia root extract were associated
with an effect on autophagy, PC12 cells were treated with
3-MA (an autophagy inhibitor, 5 mM, Sigma-Aldrich) si-
multaneously with the dried Rehmannia root for 24 hours.

Statistical analysis

Data are expressed as the mean + SD for all cells from at
least three independent experiments. The significance was
determined with one-way analysis of variance followed by
paired Student’s t-test. P < 0.05 was accepted as statistically
significant.

Results

UHPLC fingerprint analysis

From the UHPLC chromatogram, retention time and area,
there were no obvious chromatographic peaks at reten-
tion times of 3.6, 8.3, 9.0, 12.0, 14.0, 28.6, 29.5, 33.5 or 39.0
minutes in the ethanol extract. In comparison, peaks were
observed in the water extract at retention times of 10.0, 26.0
and 34.0 minutes. A larger number of chromatographic
peaks with greater areas were observed in the water extract,
water extract passed through the AB-8 resin and eluted with
water, and the water extract passed through the AB-8 resin
and eluted with 30% ethanol. More chromatographic peaks
with a greater area were observed in the water extract passed
through the AB-8 resin and eluted with 50% ethanol com-
pared with 70% ethanol. There were characteristic chromato-
graphic peaks at retention times of 5.0, 5.7, 15.0, 16.2 and
18.6 minutes, compared with ethanol extraction at retention
times of 20.7, 28.0 and 33.0 minutes.

Glutamate-induced PC12 cell injury
The morphology of PC12 cells changed after exposure to 20
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mM glutamate for 24 hours (Figure 2A, B). MTT and LDH
release assays showed that 20 mM glutamate decreased cell
viability to 62.3 + 0.6% of the control. Furthermore, glutamate
induced PC12 damage in a dose-dependent manner. Different
concentrations of glutamate caused PC12 cells to release dif-
ferent amounts of LDH, and at 20 mM, viability was approxi-
mately 50% after 24 hours of culture (Figure 2C, D).

Screening for the optimal concentration of dried
Rehmannia root using the perfused microbioreactor 3D
cell culture system

Apoptosis is a major mode of cell death triggered by cyto-
toxic drug treatment (Smilansky et al., 2015). To evaluate the
induction of apoptosis, the cells were stained with Annexin
V-FITC and PI after treatment with different concentrations
of water extract of dried Rehmannia root. The apoptosis rate
of cells treated with 70%, 50% and 30% concentrations of the
dried Rehmannia root extract was 0.990 + 0.20% (Figure
3A), 4.828 + 0.16% (Figure 3B) and 8.988 + 0.15% (Figure
3C), respectively. The rate of apoptosis in PC12 cells treated
with glutamate, but without Rehmannia root, was 17.284 +
2.20% (Figure 3D). These findings suggest that 70% dried
Rehmannia extract protects PC12 cells from glutamate-in-
duced apoptosis in the 3D bioreactor system.

Effects of dried Rehmannia root on glutamate-induced
cytotoxicity to PC12 cells

The effects of Rehmannia root on LDH release was assessed in
injured PC12 cells treated with 20 mM glutamate for 24 hours.
Cell viability was measured using the MTT assay. The LDH
release rate in the 20 mM glutamate group was significantly
different from the control group as well as the 70% and 50%
Rehmannia groups, indicating that dried Rehmannia root has
a significant cytoprotective effect against glutamate toxicity to
PCI2 cells. However, 30% Rehmannia had no significant pro-
tective effect (Figure 4A). MT'T cell viability assay showed that
70% and 50% concentrations of dried Rehmannia root had
significant cytoprotective effects, while the 30% concentration
had no significant effect. The cell viability decreased as the con-
centration of Rehmannia decreased (Figure 4B).

Effects of dried Rehmannia root on energy metabolism in
glutamate-treated PC12 cells

To assess whether glutamate-induced injury to PC12 cells
affects energy metabolism, the levels of NAD', NADH and
NAD'/NADH were evaluated. The NADH concentration de-
creased from 13.63 uM to 1.33 uM, the NAD" concentration
decreased from 0.69 uM to 0.37 puM, and the NAD*/NADH
ratio decreased from 9.70% to 3.59% after treatment with 20
mM glutamate. All three concentrations of dried Rehmannia
root ameliorated glutamate-induced cellular injury, and the
70% and 50% concentrations had significant effects (Figure 5).

Effects of dried Rehmannia root on ATP concentration in
PC12 cells exposed to glutamate

To study whether dried Rehmannia root protects PC12 cells
from glutamate-induced injury by impacting ATP levels, we

measured ATP concentrations. All three concentrations of
dried Rehmannia root alleviated glutamate cytotoxicity to
varying degrees. In addition, ATP levels were significantly
higher after treatment with 70% and 50% concentrations of
dried Rehmannia root compared with non-treated (0% Reh-
mannia) cells (Figure 6).

Effects of Rehmannia on MMP in glutamate-treated PC12
cells

We next examined the effects of Rehmannia on MMP. The
varijous concentrations of Rehmannia enhanced MMP (Fig-
ure 7A-E). Flow cytometry assay confirmed these findings
(Figure 7F-1).

Effects of Rehmannia on LC3 protein levels in
glutamate-treated PC12 cells

Immunofluorescence and western blot assay were used to
evaluate LC3 protein expression. To confirm whether the
changes in expression of LC3 produced by Rehmannia were
caused by an effect on autophagy, the autophagy inhibitor
3-MA was added simultaneously with the Rehmannia prepa-
ration for 24 hours. Immunofluorescence assay showed that
LC3 protein expression was enhanced after treatment with
glutamate (Figure 8B). After treatment with 70% dried Reh-
mannia root for 6 hours, LC3 protein expression was lower
compared with the non-treated group (Figure 8C). Western
blot assay showed that LC3 protein levels were significantly
higher at 12 hours compared with the other time points.

Effects of the autophagy inhibitor 3-MA on apoptosis in
PC12 cells

Next, we sought to confirm whether the autophagy path-
way is involved in the cytoprotective effect of Rehmannia.
PC12 cells were treated with the autophagy inhibitor 3-MA
and/or Rehmannia, and apoptosis was assessed with fluo-
3 AM (calcium fluorescent probe) and acridine orange
staining. In PC12 cells treated with both the autophagy in-
hibitor 3-MA and Rehmannia root, apoptosis was reduced
compared with cells treated with Rehmannia root alone
(Figure 9).

Discussion
The positive clinical outcomes and substantial efficacy of
traditional Chinese medicines have brought hope for the
treatment of Parkinson’s disease. Accumulating evidence in-
dicates that traditional Chinese medicines not only alleviate
Parkinsonian symptoms, but also reduce levodopa-induced
dyskinesia and other complications (He et al., 2004). Cur-
rent studies suggest that most Parkinsonian symptoms and
levodopa-induced dyskinesia are the results of deficient stir-
ring wind pattern (Sheng et al., 2011; Park, 2017). The Reh-
mannia formulation was developed based on clinical expe-
riences. This formulation has satisfactory clinical efficacy in
the treatment of Parkinson’s disease and levodopa-induced
dyskinesia (Ge et al., 2012; Qiu et al., 2014).

To assess the bioactivity of different Rehmannia extracts,
UHPLC was used in this experiment using macroporous res-
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Figure 8 Autophagosomal LC3 protein and nuclei observed with laser confocal microscopy.

(A-F) Changes in autophagosomal LC3 protein and nuclei. (A, C, E) LC3 protein (green fluorescence); (B, D, F) nuclei (blue fluorescence). (A, B)
Control group. (C, D) PCI12 cells treated with glutamate. (E, F) 70% concentration of dried Rehmannia root with 20 mM glutamate. Scale bar: 100
um. (G) LC3 protein levels were assessed by western blot assay. LC3 IT and LC3 I are different forms of LC3 protein, and are indicators of the degree
of activation of LC3 protein. GAPDH was used as a loading control. The effect of dried Rehmannia root on autophagy in PC12 cells treated with
20 mM glutamate was observed. The expression levels of LC3 II and GAPDH were assessed by western blot assay at 24 hours. 3-MA was used to
examine whether autophagy pathways play a role in the neuroprotection. Data are presented as the mean + SD (n = 3). **P < 0.01, vs. 0 h group. h:
Hour(s); LC3: light chain 3; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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Figure 9 Effects of the autophagy inhibitor 3-MA on the
cytoprotective action of dried Rehmannia root in PC12 cells.

The effect of 3-MA on apoptotic changes in PC12 cells after exposure
to 20 mM glutamate for 24 hours. The cells were treated with the dried
Rehmannia root for 0, 6, 12, 18 or 24 hours. Data are expressed as the
mean + SD of at least three independent experiments. **P < 0.01, vs.
control (20 mM glutamate group); #P < 0.05, ##P < 0.01. h: Hour(s).

in adsorption equipment, and the Rehmannia root extracts
were eluted with different concentrations of ethanol. The
UHPLC fingerprint was used for quality control (Liu et al.,
2014).

A perfused 3D cell culture system was used for its advan-
tages over static two-dimensional cell culture systems (Sadri
et al., 2014; Li and Han, 2017), particularly in overcoming
nutrient limitations by continuous replenishing of the cul-
ture medium (Wu et al., 2006; Wu et al., 2008). These bio-
reactors have been used successfully for engineered tissue
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culture (Seidel et al., 2004) and for maintaining the viability
of organs for a defined period of time. The innovative 3D cell
culture system mimics the brain microcirculation and en-
sures adequate drug concentrations (Bijonowski et al., 2013;
Pollock, 2013; Caralt, 2015; Coakley et al., 2016). Here, a
model of glutamate-induced PC12 cell injury was established
with the 3D cell culture system, and different Rehmannia
compositions were perfused in parallel to screen for the opti-
mal concentration (Coecke et al., 2002; Lemmo et al., 2014).

In the present study, PC12 cells were treated with gluta-
mate to establish an excitotoxic injury model (Wang et al.,
2014). The effects of different concentrations of glutamate on
PC12 cells were assessed with cell viability and LDH exper-
iments (Wei et al., 2014). A glutamate concentration of 20
mM was found to be effective, consistent with other studies
(Zhao et al., 2015; Jia et al., 2016).

The 70% Rehmannia extract had the best cytoprotective
effect in the bioreactor, based on apoptotic rates. The cell vi-
ability and LDH release assays confirmed that 70% Rehman-
nia had the greatest cytoprotective effect in our model.

Mitochondrial ATP is the main energy source for intracel-
lular metabolic pathways (Schapira, 2006; Hagl et al., 2015;
Shindo et al., 2015). Mitochondria synthesize ATP from
ADP in the matrix using the energy provided by the proton
electrochemical gradient (Capaldi et al., 1994; Nijtmans et
al., 1995; Zeviani and Di Donato, 2004). Energy metabolism
is critical for numerous processes, including apoptosis (Law
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et al., 2017; Zhao et al., 2017). We examined LDH release,
NAD+ and ATP concentrations, as well as mitochondrial
membrane potential, and found that all three concentrations
of Rehmannia root affected these biochemical parameters in
the 3D system (Gao et al., 2016; Hu et al., 2016).

To further assess the changes in the autophagy pathway,
PC12 cells were treated with the 70% concentration of
Rehmannia root for different time periods. Also known as
LC3-associated phagocytosis, the intersection of autophagy
and phagocytosis was initially described as a pathway that
limited the proliferation of engulfed pathogens by expediting
phagosome maturation (Ejlerskov et al., 2013; Mehta et al.,
2014). The expression of LC3 protein was examined by west-
ern blot assay, which showed that 70% Rehmannia root sup-
pressed autophagy in a time-dependent manner (Liu et al,,
2017). In cells co-treated with the autophagy inhibitor 3-MA
and Rehmannia root, apoptosis was reduced compared with
cells treated with Rehmannia root alone, suggesting that au-
tophagy might be involved in mediating the cytoprotective
action of the traditional Chinese medicine. Therefore, Reh-
mannia might have therapeutic potential for the treatment of
nervous system diseases (Ahn et al., 2015; Jiang et al., 2015).

It has been reported that Akt is necessary for neuronal via-
bility and for restoring neurological function following trau-
ma or ischemia (Maiese, 2016). In our previous studies, levels
of phosphorylated Akt were increased in glutamate-treated
PC12 cells, suggesting that Akt is neuroprotective during
PC12 cell injury (Lin et al., 2014; Wei et al., 2016). Moreover,
Akt is also a critical autophagy regulator, with activated Akt
signaling suppressing autophagy (Lu et al., 2017).

Taken together, our findings suggest that dried Rehman-
nia root has a significant cytoprotective effect against gluta-
mate-induced injury in PC12 cells. This cytoprotective effect
appears to involve energy metabolism-related pathways.
Further studies using in vivo experiments are needed to val-
idate the current results. Additional studies are also required
to clarify the role of autophagic signaling pathways in the
neuroprotective functions of Rehmannia root.

Author contributions: YL (Yong Liu) and LL conceived and designed
the study. YL (Yong Liu), XXY, WJW, CH, and CHH performed the ex-
periments. YL (Yang Liu) polished the language. YL (Yong Liu) wrote the
paper. AJL, JYM and JL reviewed and edited the paper. All authors read
and approved the final version of the paper.

Conflicts of interest: None declared.

Data sharing statement: The datasets analyzed during the current study
are available from the correspon author on reasonable request.
Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access article distributed under
the terms of the Creative Commons Attribution-NonCommercial-Shar-
eAlike 3.0 License, which allows others to remix, tweak, and build upon
the work non-commercially, as long as the author is credited and the new
creations are licensed under the identical terms.

References

Ahn SM, Kim YR, Kim HN, Choi YW, Lee JW, Kim CM, Baek JU, Shin
HK, Choi BT (2015) Neuroprotection and spatial memory enhance-
ment of four herbal mixture extract in HT22 hippocampal cells and
a mouse model of focal cerebral ischemia. BMC Complement Altern
Med 15:202.

Bijonowski BM, Miller WM, Wertheim JA (2013) Bioreactor design for
perfusion-based, highly-vascularized organ regeneration. Curr Opin
Chem Eng 2:32-40.

Brennan-Minnella AM, Shen Y, El-Benna J, Swanson RA (2013) Phos-
phoinositide 3-kinase couples NMDA receptors to superoxide release
in excitotoxic neuronal death. Cell Death Dis 4:e580.

Brittain JM, Chen L, Wilson SM, Brustovetsky T, Gao X, Ashpole
NM, Molosh Al, You H, Hudmon A, Shekhar A, White FA, Zam-
poni GW, Brustovetsky N, Chen J, Khanna R (2011) Neuropro-
tection against traumatic brain injury by a peptide derived from
the collapsin response mediator protein 2 (CRMP2). J Biol Chem
286:37778-37792.

Capaldi RA, Aggeler R, Turina P, Wilkens S (1994) Coupling between
catalytic sites and the proton channel in F1FO-type ATPases. Trends
Biochem Sci 19:284-289.

Caralt M (2015) Present and future of regenerative medicine: liver
transplantation. Transplant Proc 47:2377-2379.

Chinese Pharmacopeia Commission (2015) Chinese Pharmacopoeia.
Beijing: China Medical Science Press.

Coakley DN, Shaikh FM, O’Sullivan K, Kavanagh EG, Grace PA, Mc-
Gloughlin TM (2016) Design and evaluation of a novel subatmo-
spheric pressure bioreactor for the preconditioning of tissue-engi-
neered vascular constructs. Int J Artif Organs 39:77-83.

Coecke S, Eskes C, Gartion J, Vliet EV, Kinsner A, Bogni A, Raimondo L,
Parissis N, Langezaal I (2002) Metabolism-mediated neurotoxicity:
the significance of genetically engineered cell lines and new three-di-
mensional cell cultures. Altern Lab Anim 30 Suppl 2:115-118.

Cui D, Wang L, Qi A, Zhou Q, Zhang X, Jiang W (2012) Propofol pre-
vents autophagic cell death following oxygen and glucose deprivation
in PC12 cells and cerebral ischemia-reperfusion injury in rats. PLoS
One 7:€35324.

Cui YY, Hahn EJ, Kozai T, Paek KY (2000) Number of air exchanges,
sucrose concentration, photosynthetic photon flux, and differences in
photoperiod and dark period temperatures affect growth of Rehmannia
glutinosa plantlets in vitro. Plant Cell Tissue Organ Cult 62:219-226.

Degos V, Peineau S, Nijboer C, Kaindl AM, Sigaut S, Favrais G, Plaisant
F, Teissier N, Gouadon E, Lombet A, Saliba E, Collingridge GL, Maze
M, Nicoletti F, Heijnen C, Mantz ], Kavelaars A, Gressens P (2013) G
protein-coupled receptor kinase 2 and group I metabotropic gluta-
mate receptors mediate inflammation-induced sensitization to exci-
totoxic neurodegeneration. Ann Neurol 73:667-678.

Durand D, Pampillo M, Caruso C, Lasaga M (2008) Role of metabo-
tropic glutamate receptors in the control of neuroendocrine func-
tion. Neuropharmacology 55:577-583.

Ejlerskov P, Rasmussen I, Nielsen TT, Bergstrom AL, Tohyama Y,
Jensen PH, Vilhardt F (2013) Tubulin polymerization-promoting
protein (TPPP/p25alpha) promotes unconventional secretion of
alpha-synuclein through exophagy by impairing autophagosome-ly-
sosome fusion. ] Biol Chem 288:17313-17335.

Gao H, Chen Z, Fu Y, Yang X, Weng R, Wang R, Lu J, Pan M, Jin K,
McElroy C, Tang B, Xia Y, Wang Q (2016) Nur77 exacerbates PC12
cellular injury in vitro by aggravating mitochondrial impairment and
endoplasmic reticulum stress. Sci Rep 6:34403.

Ge J, He JC, Yuan CX (2012) Clinical Observation on treatment of
Parkinson’s disease by nourishing liver and kidney. Shizhen Guoyi
Guoyao 23:3070-3072.

Hagl S, Grewal R, Ciobanu I, Helal A, Khayyal MT, Muller WE, Eckert GP
(2015) Rice bran extract compensates mitochondrial dysfunction in a
cellular model of early Alzheimer’s disease. ] Alzheimers Dis 43:927-938.

He JC (2005) On TCM Treatment of Parkinson’s Disease. Zhongyiyao
Tongbao 4:12-14.

He JC, Yuan CX, Wei HC, Chen RX (2004) Effects of chinese drugs for
nourishing the liver and kidney and removing obstruction in col-
laterals and detoxication on tyrosine hydroxylase and its mRNA in
parkinson’s disease model rats. Zhongyi Zazhi 45:140-142.

Hsieh MH, Ho SC, Yeh KY, Pawlak CR, Chang HM, Ho Y], Lai T], Wu
FY (2012) Blockade of metabotropic glutamate receptors inhibits
cognition and neurodegeneration in an MPTP-induced Parkinson’s
disease rat model. Pharmacol Biochem Behav 102:64-71.

Hu Y, Lv X, Zhang J, Meng X (2016) Comparative study on the protec-
tive effects of salidroside and hypoxic preconditioning for attenuat-
ing anoxia-induced apoptosis in pheochromocytoma (PC12) cells.
Med Sci Monit 22:4082-4091.

1345



Liu et al. / Neural Regeneration Research. 2017;12(8):1338-1346.

Jia J, Zhang L, Shi X, Wu M, Zhou X, Liu X, Huo T (2016) SOD2 medi-
ates amifostine-induced protection against glutamate in PC12 cells.
Oxid Med Cell Longev 2016:4202437.

Jiang B, Shen RF, Bi J, Tian XS, Hinchliffe T, Xia Y (2015) Catalpol:
a potential therapeutic for neurodegenerative diseases. Curr Med
Chem 22:1278-1291.

Koike M, Shibata M, Tadakoshi M, Gotoh K, Komatsu M, Waguri S,
Kawahara N, Kuida K, Nagata S, Kominami E, Tanaka K, Uchiyama Y
(2008) Inhibition of autophagy prevents hippocampal pyramidal neu-
ron death after hypoxic-ischemic injury. Am J Pathol 172:454-469.

Law BYK, Gordillo-Martinez F, Qu YQ, Zhang N, Xu SW, Coghi PS,
Mok SWE, Guo J, Zhang W, Leung ELH, Fan XX, Wu AG, Chan WK,
Yao XJ, Wang JR, Liu L, Wong VKW (2017) Thalidezine, a novel
AMPK activator, eliminates apoptosis-resistant cancer cells through
energy-mediated autophagic cell death. Oncotarget 8:30077-30091.

Lemmo S, Atefi E, Luker GD, Tavana H (2014) Optimization of aque-
ous biphasic tumor spheroid microtechnology for anti-cancer drug
testing in 3D culture. Cell Mol Bioeng 7:344-354.

Li S, Han Y (2017) In vitro biomimetic platforms featuring a perfusion
system and 3D spheroid culture promote the construction of tis-
sue-engineered corneal endothelial layers. Sci Rep 7:777.

Lin SS, Zhu B, Guo ZK, Huang GZ, Wang Z, Chen J, Wei X]J, Li Q (2014)
Bone marrow mesenchymal stem cell-derived microvesicles protect
rat pheochromocytoma PCI12 cells from glutamate-induced injury
via a PI3K/Akt dependent pathway. Neurochem Res 39:922-931.

Liu ], Yang YX, Liu JH, Dong L, Liu LN, Li YJ (2014) Study on UIPLC-
DAD fingerprint of Disporum cantoniense. Zhong Yao Cai 37:1980-
1983.

Liu L, Sun T, Xin F, Cui W, Guo J, Hu J (2017) Nerve growth factor pro-
tects against alcohol-induced neurotoxicity in PC12 cells via PI3K/
Akt/mTOR Pathway. Alcohol Alcohol 52:12-18.

Lu X, Lv S, Mi Y, Wang L, Wang G (2017) Neuroprotective effect of
miR-665 against sevoflurane anesthesia-induced cognitive dysfunc-
tion in rats through PI3K/Akt signaling pathway by targeting insu-
lin-like growth factor 2. Am J Transl Res 9:1344-1356.

Maiese K (2016) Targeting molecules to medicine with mTOR, autoph-
agy and neurodegenerative disorders. Br J Clin Pharmacol 82:1245-
1266.

Mehta P, Henault J, Kolbeck R, Sanjuan MA (2014) Noncanonical au-
tophagy: one small step for LC3, one giant leap for immunity. Curr
Opin Immunol 26:69-75.

Nijtmans LG, Klement P, Housték J, van den Bogert C (1995) Assembly
of mitochondrial ATP synthase in cultured human cells: implications
for mitochondrial diseases. Biochim Biophys Acta 1272:190-198.

Pan Q, Zhang W, Wang J, Luo F, Chang J, Xu R (2015) Impaired volun-
tary wheel running behavior in the unilateral 6-hydroxydopamine
rat model of Parkinson’s disease. ] Korean Neurosurg Soc 57:82-87.

Park D (2017) Correspondence: The pathophysiology of pramipex-
ole-associated dystonia in patients with Parkinson’s disease. Parkin-
sonism Relat Disord 38:106-107.

Pollock CA (2013) Toward a bioartificial kidney: will embryonic stem
cells be the answer? Kidney Int 83:543-545.

Qiu H, Fu P, Fan W, Zuo C, Feng P, Shi P, Cao L, Liu F, Zhou L, Chen
E, Zhong H, Gou Z, Liang Y, Shi M (2014) Treatment of primary
chronic glomerulonephritis with Rehmannia glutinosa acteosides in
combination with the angiotensin receptor blocker irbesartan: a ran-
domized controlled trial. Phytother Res 28:132-136.

Redmile-Gordon MA, Armenise E, White RP, Hirsch PR, Goulding
KW (2013) A comparison of two colorimetric assays, based upon
Lowry and Bradford techniques, to estimsate total protein in soil ex-
tracts. Soil Biol Biochem 67:166-173.

Sadri S, Khazaei M, Ghanbari A, Khazaei MR, Shah P (2014) Neuro-
nal differentiation of PC12 and embryonic stem cells in two- and
three-dimensional in vitro culture. Indian ] Exp Biol 52:305-311.

1346

Schapira AH (2006) Mitochondrial disease. Lancet 368:70-82.

Seidel JO, Pei M, Gray ML, Langer R, Freed LE, Vunjak-Novakovic G
(2004) Long-term culture of tissue engineered cartilage in a perfused
chamber with mechanical stimulation. Biorh 41:445-458.

Sheng HM, He JC, Wang WW, Ding HJ, Luo RJ (2011) The literature
research of syndromes of TCM about Parkinson’s disease. Shizhen
Guoyi Guoyao 22:967-969.

Shindo Y, Yamanaka R, Suzuki K, Hotta K, Oka K (2015) Intracellular
magnesium level determines cell viability in the MPP(+) model of
Parkinson’s disease. Biochim Biophys Acta 1853:3182-3191.

Smilansky A, Dangoor L, Nakdimon I, Ben-Hail D, Mizrachi D,
Shoshan-Barmatz V (2015) The voltage-dependent anion channel 1
mediates amyloid beta toxicity and represents a potential target for
alzheimer disease therapy. ] Biol Chem 290:30670-30683.

Teng L, Hong F, Zhang C, He ], Wang H (2014) Compound Formula
Rehmannia alleviates levodopa-induced dyskinesia in Parkinson’s
disease. Neural Regen Res 9:407-412.

Wang D, Guo TQ, Wang ZY, Lu JH, Liu DP, Meng QF, Xie J, Zhang XL,
Liu Y, Teng LS (2014) ERKs and mitochondria-related pathways are
essential for glycyrrhizic acid-mediated neuroprotection against glu-
tamate-induced toxicity in differentiated PC12 cells. Braz ] Med Biol
Res 47:773-779.

Wei JJ, Chen YE Xue CL, Ma BT, Shen YM, Guan J, Bao XJ, Wu H, Han
Q, Wang RZ, Zhao CH (2016) Protection of nerve injury with exo-
some extracted from mesenchymal stem cell. Zhongguo Yi Xue Ke
Xue Yuan Xue Bao 38:33-36.

Wei S (2016) Potential therapeutic action of natural products from
traditional Chinese medicine on Alzheimer’s disease animal models
targeting neurotrophic factors. Fundam Clin Pharmacol 30:490-501.

Wei T, Tian W, Yan H, Shao G, Xie G (2014) Protective effects of
phillyrin on H20 2-induced oxidative stress and apoptosis in PC12
cells. Cell Mol Neurobiol 34:1165-1173.

Wen YD, Sheng R, Zhang LS, Han R, Zhang X, Zhang XD, Han F,
Fukunaga K, Qin ZH (2008) Neuronal injury in rat model of per-
manent focal cerebral ischemia is associated with activation of auto-
phagic and lysosomal pathways. Autophagy 4:762-769.

Wu MH, Urban JP, Cui Z, Cui ZF (2006) Development of PDMS micro-
bioreactor with well-defined and homogenous culture environment
for chondrocyte 3-D culture. Biomed Microdevices 8:331-340.

Wu MH, Huang SB, Cui Z, Cui Z, Lee GB (2008) Development of per-
fusion-based micro 3-D cell culture platform and its application for
high throughput drug testing. Sens Actuators B Chem 129:231-240.

Zeviani M, Di Donato S (2004) Mitochondrial disorders. Brain
127:2153-2172.

Zhang ], An S, Hu W, Teng M, Wang X, Qu Y, Liu Y, Yuan Y, Wang D
(2016) The neuroprotective properties of hericium erinaceus in glu-
tamate-damaged differentiated PC12 cells and an Alzheimer’s disease
mouse model. Int ] Mol Sci 17.

Zhao H, Tan ], Qi C (2007) Photosynthesis of Rehmannia glutinosa
subjected to drought stress is enhanced by choline chloride through
alleviating lipid peroxidation and increasing proline Accumulation.
Plant Growth Regul 51:255-262.

Zhao Y, Hu X, Liu Y, Dong S, Wen Z, He W, Zhang S, Huang Q, Shi
M (2017) ROS signaling under metabolic stress: cross-talk between
AMPK and AKT pathway. Mol Cancer 16:79.

Zhao ZD, Zhang LH, Xia L, Zhang XT, Fang CS, Ma JR (2015) Pro-
tective effects of Ginkgolide N against glutamate-induced injury in
PC12 cells. Zhong Yao Cai 38:1694-1698.

Copyedited by Patel B, Haase R, Yu ], Li CH, Qiu Y, Song LB, Zhao M



