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s of macamides from Lepidium
meyenii Walp. against corticosterone-induced
neurotoxicity in PC12 cells†
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Maca has attracted considerable attention owing to its neuroprotective effects in vitro and vivo. Macamides,

a series of nonpolar and long-chain fatty acidN-benzylamides, are considered unique constituents in maca.

This study investigated the protective effects of ethanol extracts of maca (EEM) and macamides on

corticosterone-induced (CORT) neurotoxicity in rat pheochromocytoma (PC12) cells. CORT reduced cell

viability and increased LDH release, intracellular ROS levels, and MMP decline rate, and induced

mitochondrial apoptosis. However, pretreatment with EEM and macamides ameliorated CORT-induced

neurotoxicity. EEM increased the cell viability and reduced the LDH release. M 18:1, M 18:2, and M 18:3

increased cell viability and reduced LDH release and intracellular ROS generation. M 18:2 and M 18:3

inhibited MMP reduction and reduced the Bax/Bcl-2 ratios. M 18:1 reduced the intracellular ROS without

affecting other factors. Moreover, M 18:3 prevented CORT-induced mitochondrial apoptosis, restrained

the expression levels of pro-apoptotic proteins, namely, Bax, cytochrome C, cleaved-caspase-3, and

cleaved-PARP, and increased the expression levels of Bcl-2. In addition, M 18:3 increased Akt

phosphorylation and the ability of M 18:3 to protect against CORT-induced cytotoxicity was remarkably

reduced by LY294002, a PI3K phosphorylation inhibitor. M 18:3 also elevated the phosphorylation of

CREB and activated the BDNF protein levels in CORT-induced PC12 cells. In conclusion, macamides,

especially M 18:3, exert protective effects on CORT-induced PC12 cells. The cellular mechanism of M

18:3 against CORT-induced cytotoxicity may involve inhibition of mitochondrial apoptosis, and activation

of Akt and CREB phosphorylation. Overall, macamides may potentially treat neuronal damage induced by

CORT.
1. Introduction

Chronic stress damages central neurons and causes nervous
system disorders, such as depression, anxiety disorder, Alz-
heimer's disease, and Parkinson's disease.1 Under normal
circumstances, the hypothalamic–pituitary–adrenal (HPA) axis
controls the production of CORT, which exhibits a negative
feedback regulation effect on the HPA axis. However, when the
negative feedback is inhibited by chronic stress associated with
multiple social factors, the HPA axis is dysregulated and over-
activated. Thus, CORT continues to increase.2,3 Increased
CORT can damage the nervous system, induce
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neurobiochemical changes in the brain, and cause chronic
neurodegenerative diseases.1 High levels of CORT can cause
pathological damage to hippocampal neurons in vitro and
vivo,3–5 activate differentiated proteins, and induce
apoptosis.4,6,7 Neuronal apoptosis is induced by CORT by several
mechanisms, including the mitochondrial apoptosis pathway,8

endoplasmic reticulum stress,9 extracellular signal-regulated
kinase 1 or 2 pathway,6 CREB protein pathway,10 and phos-
phoinositide 3-kinase/protein kinase B (PI3K/Akt) pathway.11

The PC12 cell line is derived from a transplantable rat pheo-
chromocytoma, and large amounts of catecholamine, dopa-
mine, norepinephrine, and CORT receptors are expressed in
PC12 cells. Thus, PC12 cells exposed to CORT are widely used to
study the neuronal damage associated with chronic stress.1,12

Maca (Lepidium meyeniiWalp.) is a cruciferous plant that has
been used as a functional food for centuries because of its high
nutritional value and health benets.13–15 Maca and its extracts
exert various physiological activities such as anti-oxidative,16

anti-fatigue,17 and anti-osteoporotic effects,18 promote sper-
matogenesis,19 treat menopausal symptoms,20 and especially
improve depression symptoms,21–23 improve cognitive
This journal is © The Royal Society of Chemistry 2019
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function,24 and prevent memory impairment.25–27 Maca lipo-
philic extract containing macamides has shown neuro-
protective effects against middle cerebral artery occlusion in
vivo and H2O2 injury in vitro.28,29 Macamides, a series of
nonpolar and long-chain fatty acid N-benzylamides, are
considered as unique constituents in maca,30,31 exhibiting
various biological activities, including anti-oxidative, anti-
fatigue, and anti-osteoporotic activities,32–34 and activities
related to improving the nervous system. Macamides are
acetylcholinesterase (AChE) inhibitors.35 AChE can hydrolyze
acetylcholine (ACh), and ACh deciency was observed in
patients with Alzheimer's disease. Inhibition of AChE is still
a strategy for treating Alzheimer's disease. The AChE inhibitors
play key roles in anti-inammatory, anti-oxidant, and anti-
apoptotic effects.36 Moreover, macamides are fatty acid amide
hydrolase (FAAH) inhibitors,37–39 which can potentially treat
inammation and neurodegenerative diseases.40,41 FAAH
inhibitors play a neuroprotective role by increasing endogenous
anandamide to activate CB1, and prevent neuronal death in
vitro and vivo.42–44 Recently, two papers have reported the neu-
roprotective effects of macamides. Zhou et al. reported that
macamides protected against the dopaminergic neuron loss
treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) in zebrash through the inhibition of AChE.35 Gug-
nani et al. reported that macamides exerted neuroprotective
effects by binding to cannabinoid receptors 1 (CB1) in manga-
nese (Mn)-induced U-87 MG glioblastoma cells.32 However,
neuroprotective and anti-apoptotic effects of macamides
against CORT-induced injury in PC12 cells remain unclear.
Moreover, the liposolubility could make it easier for macamides
to cross the blood–brain barrier and act within the central
nervous system.28 Furthermore, chemical drugs such as uox-
etine and clozapine can protect against CORT-induced cyto-
toxicity in PC12 cells,45,46 but they exhibit hepatotoxicity (high
doses of uoxetine),47 myotoxicity,48 and hematopoietic
toxicity.49 Therefore, researchers have focused on developing
low-toxic and effective drugs from abundant medical herb
resources. In addition, although many monomers exert neuro-
protective effects, they need to be chemically synthesized or
extracted and puried by complex techniques, which is incon-
venient. Ethanol extracts are relatively easy to obtain. Our
Fig. 1 Neuroprotective effects of macamides (M 18:1, M 18:2, and M 18
PC12 cells. (B) Effects of macamides (5–25 mM) and EEM (12.5–50 mg m
macamides (5–25 mM) and EEM (12.5–50 mgml�1) on LDH leakage in COR
six independent experiments. **P < 0.01 vs. control group; #P < 0.05
structures of N-(3-methoxybenzyl)-9Z-octadecenamide (M 18:1), N-(
methozybenzyl)-(9Z,12Z,15Z)-octadecatrienamide (M 18:3).

This journal is © The Royal Society of Chemistry 2019
results showed that EEM also exerted neuroprotective effects in
CORT-induced PC12 cells.

M 18:1, M 18:2, and M 18:3 (Fig. 1A) are the most represen-
tative and typical macamides. Thus, in this study, we hypothe-
size that the three macamides could counteract CORT-induced
cytotoxicity. The effects of three macamides on CORT-induced
cytotoxicity were compared. ROS levels, mitochondrial
membrane potential (MMP) decline, mRNA and expression
levels of Bax and Bcl-2 were determined. It was found that M
18:2 and M 18:3 possessed signicant protective effects.
However, based on the expression levels of Bax and Bcl-2, M 18:3
was chosen to investigate the effects on pro-apoptotic proteins
and pro-survival proteins in order to further reveal macamides'
neuroprotective mechanisms.
2. Materials and methods
2.1. Materials

Macamides (batch number 20171212; $98% purity as deter-
mined by HPLC) were purchased from Huashite (Wuhan,
China). CORT (batch number 103A031, purity $ 98%) was ob-
tained from Solarbio (Beijing, China). FBS, HS, penicillin, and
streptomycin were acquired from Gibco (Grand Island, USA).
DMEM was provided by HyClone (GE, USA). The primary anti-
bodies were obtained from Cell Signaling (CST, USA), Affinity
Biosciences (Cincinnati, OH, USA), Abcam (Cambridge, UK),
and Servicebio (Wuhan, China). All secondary antibodies were
supplied by Servicebio (Wuhan, China).
2.2. Preparation of ethanol extract of maca (EEM)

Dried hypocotyls of maca were obtained from Lijiang BaiSui-
Fang Biotechnology Development Co. Ltd. (Yunnan, China).
They were ground into a powder and passed through an 80-
mesh sieve to obtain maca powder. Dried maca powder (10 g)
was soaked in 100 ml of 95% ethanol (1/10, w/v) and reux-
extracted at 70 �C for 2 h twice. The extract was collected,
ltered, and evaporated with a rotary evaporator at 50 �C to yield
1.97 g of EEM. To identify the active ingredients in EEM, we
used a chromatographic technique. HPLC experiments
comprised an UltiMate3000 system equipped with a UV-vis
:3) and ethanol extract of maca (EEM) against CORT-induced injury in
l�1) on CORT-induced (400 mM) cell death in PC12 cells. (C) Effects of
T-treated (400 mM) PC12 cells. Results are expressed asmean� SEM of
and ##P < 0.01 vs. CORT group. CORT: corticosterone. (A) Chemical
3-methozybenzyl)-(9Z,12Z)-octadecadienamide (M 18:2), and N-(3-

RSC Adv., 2019, 9, 23096–23108 | 23097
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Fig. 2 Effects of macamides (M 18:1, M 18:2, and M 18:3) (25 mM) on intracellular ROS levels in CORT-induced PC12 cells. (A) The bar chart
describes ROS production. (B) DCFH-DA staining for intracellular ROS. Results are represented as mean� SEM of four independent experiments.
**P < 0.01 vs. control group; #P < 0.05 and ##P < 0.01 vs. CORT group. CORT: corticosterone.

23098 | RSC Adv., 2019, 9, 23096–23108 This journal is © The Royal Society of Chemistry 2019
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detector. Separation was performed using a C18 column
(250 mm � 4.6 mm � 5 mm, Waters Sunre) at 30 �C. The
mobile phase was 90% acetonitrile with a ow rate of 0.6
mL min�1. EEM was dissolved using an appropriate volume of
methanol and was ltered through a 0.45 mm syringe lter. The
extract with an injection volume of 20 mL was added to HPLC
vials and injected into the automatic sampler, and was detected
at 210 nm. Macamides were qualitatively identied by
comparing the retention times with the standards, and their
contents were calculated based on the peak area. By HPLC
Fig. 3 Effects of macamides (M 18:1, M 18:2, and M 18:3) on MMP depolar
bar chart of the deterioration of MMP (A) and the mRNA levels of Bax/B
experiments. **P < 0.01 vs. control group; #P < 0.05 and ##P < 0.01 vs.

This journal is © The Royal Society of Chemistry 2019
analysis, the extract contained 750.23 mg/100 g total
macamides.
2.3. Cell culture and treatment

PC12 cells were cultured using the method described by Ruile
Pan.50 PC12 cells obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) were routinely incu-
bated in DMEM (high glucose) supplemented with 10% FBS, 5%
HS, penicillin (100 U ml�1), and streptomycin (100 mg ml�1) at
ization andmRNA levels of Bax/Bcl-2 in CORT-induced PC12 cells. The
cl-2 (B). Results are represented as mean � SEM of four independent
CORT group. CORT: corticosterone.

RSC Adv., 2019, 9, 23096–23108 | 23099
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37 �C in a humidied atmosphere of 95% air and 5% CO2. Cells
in the exponential growth phase were used for every experiment.
EEM, macamides, and CORT were dissolved in dimethylsulf-
oxide (DMSO) and then diluted with medium to various
concentrations. The nal concentration of DMSO was less than
0.1% (v/v). In order to determine the working concentrations of
CORT in PC12 cells, the survival rate of PC12 cells wasmeasured
with MTT aer incubation with different concentrations of
CORT (50, 100, 200, 400, and 800 mM) for 24 h (Fig. S1†). To
determine the protective effects of EEM and macamides on
CORT-induced cytotoxicity, PC12 cells were divided into the
following groups: untreated control, 400 mM CORT, 400 mM
CORT plus EEM (12.5, 25, and 50 mg ml�1), and 400 mM CORT
plus macamide (5, 10, and 25 mM). The treatments were con-
ducted 24 h aer the cells were seeded. EEM and macamides
were applied 1 h prior to the treatment with 400 mM CORT. The
cells were then co-incubated with macamides and CORT for
another 24 h.
2.4. Cell viability

The cell viability was determined by MTT assay. PC12 cells (2 �
104 cells per well) were seeded into 96-well plates. Aer treat-
ment of cells with 400 mMCORT at 37 �C for 24 h in the presence
or absence of various concentrations of macamides or EEM, the
solution of MTT was added, incubated for 4 h at 37 �C, and
Fig. 4 Effects of macamides (M 18:1, M 18:2, and M 18:3) on the express
analysis and quantification of immunoblot for the ratio of Bax and Bcl-2 t
independent experiments. **P < 0.01 vs. control group; #P < 0.05 and #

23100 | RSC Adv., 2019, 9, 23096–23108
treated with DMSO for 15 min at 37 �C to dissolve the formazan
crystals. Absorbance was determined at 570 nm using a micro-
plate reader (BioTek, USA).

2.5. LDH release

The LDH release was assessed by a commercial assay kit. PC12
cells (1 � 105 cells per well) were seeded in 24-well plates. Aer
treatment of cells with 400 mM CORT at 37 �C for 24 h in the
presence or absence of various concentrations of macamides or
EEM, the supernatant was incubated with NADH and 2,4-dini-
trophenylhydrazine at 37 �C for 15 min, respectively. Then,
NaOH was added to stop the reaction. The harvested cells were
homogenized to determine the intracellular LDH activity. The
amount of LDH released was measured by a microplate reader
(440 nm).

2.6. Intracellular ROS level

Intracellular accumulation of ROS was measured aer staining
cells with DCFH-DA. PC12 cells (5 � 105 cells per well) were
seeded in 6-well plates. Aer incubation with 25 mMmacamides
for 1 h, the cells were then co-incubated with 25 mMmacamides
plus 400 mM CORT for 24 h. The cells were harvested, washed
with PBS, and then incubated with DCFH-DA (Beyotime, China,
10 mM for DCFH-DA) at 37 �C for 30 min in the dark. Aer
incubation, the cells were washed with PBS and then analyzed
ion levels of Bax and Bcl-2 in CORT-induced PC12 cells. Western blot
o b-actin, respectively. Results are represented as mean � SEM of four
#P < 0.01 vs. CORT group. CORT: corticosterone.

This journal is © The Royal Society of Chemistry 2019
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with a FACS Calibur ow cytometer (Ex ¼ 488 nm; Em ¼ 530
nm) (FCMFC500MPL, Beckman Coulter, Fullerton, CA, USA).
PC12 cells (5 � 105 cells per well) were seeded in 6-well plates.
Aer the treatments, the cells were stained with DCFH-DA and
observed by inverted uorescence microscopy (IX71, Olympus,
Japan).
2.7. Mitochondrial membrane potential

MMP was detected aer staining cells with 5,50,6,60-tetrachloro-
1,10,3,30-tetraethylbenzimidazolyl-carbo-cyanine iodide (JC-1).
PC12 cells (5 � 105 cells per well) were seeded in 6-well plates.
The cells were incubated with 25 mM macamides for 1 h, then
followed by 25 mM macamides plus 400 mM CORT treatment.
Aer drug treatment, the cells were harvested, washed with PBS,
and then incubated with JC-1 (Beyotime, China, 2 mM for JC-1)
at 37 �C for 30 min in the dark. Aer incubation, the cells were
washed with PBS and then analyzed with a FACS Calibur ow
cytometer (Ex ¼ 488 nm; Em ¼ 530 nm).
2.8. Quantitative real-time PCR

PC12 cells (5� 105 cells per well) were seeded in 6-well plates. The
cells were treated with various concentrations of macamides with
CORT. Aer drug treatment, total RNA was extracted from PC12
cells using an RNA extraction kit (Servicebio, China). Total RNA
Fig. 5 Protective effect of macamide (M 18:3) (5 mM, 10 mM, 25 mM) agai
perceptual distribution of apoptotic (early apoptosis, EA; late apoptosis, L
independent experiments. **P < 0.01 vs. control group; #P < 0.05 and #

This journal is © The Royal Society of Chemistry 2019
was then reverse transcribed into cDNA using RevertAid First
Strand cDNA Synthesis kit (Thermo, USA). Briey, total RNA was
incubatedwith oligo(dT)18 for 5min at 65 �C, and thenmixedwith
a 5� reaction buffer, dNTP Mix, RiboLock RNAse inhibitor, and
RevertAid M-MuLV reverse transcriptase for 60 min at 42 �C. The
reaction was maintained for 10 min at 70 �C to inactivate the
reverse transcriptase. Quantitative real-time PCR was performed
using the StepOne Plus Real-Time PCR System (ABI, USA) and
FastStart Universal SYBR Green Master (Rox) (Roche, Switzerland).
The forward and reverse primers were as follows: 50-TGAACTG-
GACAACAACATGGAG-30 and 50-AGCAAAGTAGAAAAGGGCAACC-30

for Bax, 50-TTGTGGCCTTCTTTGAGTTCG-30 and 50-GCATCC-
CAGCCTCCGTTAT-30 for Bcl-2, and 50-CTGGA-
GAAACCTGCCAAGTATG-30 and 50-GGTGGAAGAATGGGAGTTGCT-
30 for GAPDH. Gel electrophoresis andmelting curves were used to
analyze the PCR products and the specicity of amplication.
Transcript levels were quantied by the DDCt value method using
GAPDH for normalization.
2.9. Annexin V and PI double staining

The apoptosis rate was determined using a ow cytometer. PC12
cells (5� 105 cells per well) were seeded in 6-well plates. The cells
were incubated with various concentrations of M 18:3 for 1 h,
then followed by various concentrations of M 18:3 plus 400 mM
nst apoptosis in CORT-treated PC12 cells. The bar chart describes the
A; and necrosis, N) cells. Results are represented as mean� SEM of four
#P < 0.01 vs. CORT group. CORT: corticosterone.

RSC Adv., 2019, 9, 23096–23108 | 23101
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Fig. 6 Protective effect of macamide (M 18:3) (5 mM, 10 mM, 25 mM) against apoptosis in CORT-treated PC12 cells. Western blot analysis and quan-
tification of immunoblot for the ratio of cleaved-caspase-3, Bax, cytochrome C, cleaved-PPAR and Bcl-2 to b-actin, respectively. Results are repre-
sented asmean� SEMof four independent experiments. **P < 0.01 vs. control group; #P < 0.05 and ##P < 0.01 vs.CORT group. CORT: corticosterone.
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CORT treatment. Aer drug treatment, the cells were harvested,
washed with PBS, and then incubated with the binding buffer
containing 5 ml annexin V-FITC and 10 ml PI for 15 min at room
temperature in the dark. The suspended cells were analyzed with
a FACS Calibur ow cytometer (Ex ¼ 488 nm; Em ¼ 530 nm).

2.10. Western blot analysis

PC12 cells (5 � 105 cells per well) were seeded in 6-well plates.
The cells were treated with various concentrations of macamides
with CORT. Aer drug treatment, the PC12 cells were washed
thrice with PBS, and homogenized with lysis buffer (Servicebio,
China) containing protease and phosphatase inhibitors. The cells
were scraped into 1.5 ml centrifuge tubes and incubated on ice
for 30 min to ensure complete cell lysis. Aer the lysates were
centrifuged at 12 000g for 10 min at 4 �C, the supernatant was
collected for protein and western blot analyses. BCA kit (Serv-
icebio, China) was used to determine the protein concentration.
A Nuclear-Cytosol Extraction Kit (Servicebio, Wuhan, China) was
used to extract the nuclear and cytoplasmic proteins. Equal
amounts of proteins were separated by 10% SDS–PAGE, trans-
ferred onto nitrocellulose membrane (Millipore, USA), and
incubated overnight at 4 �C with primary antibodies against
cleaved-caspase-3 (1:500, Rabbit, Cell Signaling), Bax (1:2000,
Rabbit, Abcam), cytochrome C (Cyt-C) (1:1000, Rabbit, Service-
bio), cleaved-poly (ADP-ribose) polymerase (PARP) (1:500, Rabbit,
Cell Signaling), Bcl-2 (1:1000, Rabbit, Abcam), cleaved-caspase-9
(1:1000, Rabbit, Servicebio), p-Akt (1:500, Rabbit, Affinity), Akt
(1:500, Rabbit, Affinity), p-CREB (1:1000, Rabbit, Cell Signaling),
CREB (1:1000, Rabbit, Cell Signaling), BDNF (1:1000, Rabbit,
23102 | RSC Adv., 2019, 9, 23096–23108
Servicebio), b-actin (1:3000, Mouse, Servicebio), and GAPDH
(1:25 000, Mouse, Servicebio). Aer washing four times for
10 min with TBST, the membranes were incubated with the
corresponding secondary antibodies conjugated with HRP (goat-
anti-rabbit and goat-anti-mouse) at 37 �C for 1 h. Protein bands
were detected using an enhanced chemiluminescence detection
kit (Servicebio, China). The blots were quantied using an
analytical system (Alpha Innotech, USA), with b-actin andGAPDH
serving as the internal controls for the whole cell lysate and
cytosolic fraction proteins.

2.11. Statistical analysis

The cell viability, the LDH release rate, and the levels of ROS,
mRNA, and protein expression were presented as a percentage
of the control. Cell apoptosis rates and MMP levels were
expressed as a percentage of the total cells. Data were presented
as mean � SEM, and all experiments were performed for
a minimum of four times. Statistical analysis was performed
with SPSS (Version 19.0), and the differences between groups
were determined using one-way analysis of variance followed by
the least signicance difference (LSD) test as appropriate. P-
Values < 0.01 and <0.05 are indicated in the gures.

3. Results
3.1. Macamides and EEM ameliorated CORT-induced
neurotoxicity in PC12 cells

CORT at 400 mM considerably decreased cell viability, which
was approximately 50.5% � 6.2% and showed concentration
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Macamide (M 18:3) (5 mM, 10 mM, 25 mM) increased Akt phosphorylation in CORT-induced PC12 cells. M 18:3 significantly increased CORT-
induced decrease in cell viability, which was blocked by the PI3K/Akt-inhibitor LY294002. Western blot analysis showed that M 18:3 significantly
increased the ratio of p-Akt/Akt, which was blocked by LY294002. Results are represented as mean� SEM of four independent experiments. **P
< 0.01 vs. control group; #P < 0.05 and ##P < 0.01 vs. CORT group; ^^P < 0.01 vs. CORT + M 18:3 group. CORT: corticosterone.
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dependence (Fig. S1†). However, EEM at 12.5, 25, and 50 mg
ml�1 remarkably increased their viability compared with that in
the CORT group with the highest being 82.5% � 6.5% at 50 mg
ml�1. Compared with the CORT group, M 18:1, M 18:2, and M
18:3 at 5, 10, 25 mM remarkably increased the viability of PC12
cells and the highest was 79.1% � 2.9%, 84.4% � 5.7%, and
85.1% � 4.3% for M 18:3, respectively. These results suggest
that CORT causes damage to PC12 cells, whereas macamides
and maca extract improve cell viability in CORT-induced PC12
cells (Fig. 1B).

LDH release is another important indicator of cell injury.
CORT at 400 mM considerably increased the LDH release, which
was about 170.2% � 7.6% compared to the control group.
However, EEM at 12.5, 25, and 50 mg ml�1 remarkably decreased
the LDH release and the lowest was 117.8% � 5.3% at 50 mg
ml�1. Compared with the CORT group, M 18:1, M 18:2, and M
18:3 at 5, 10, 25 mM remarkably decreased the LDH release
assay, the lowest was 122.1% � 7.0%, 115.5% � 5.3%, and
113.3% � 4.8% for M 18:3, respectively. These results suggest
that CORT increases LDH release whereas macamides and
maca extract decrease LDH release in CORT-induced PC12 cells
(Fig. 1C).
This journal is © The Royal Society of Chemistry 2019
3.2. Effects of macamides on intracellular ROS generation in
CORT-induced PC12 cells

Treatment with CORT at 400 mM considerably increased the
ROS level in PC12 cells to 156.0% � 8.7% compared to the
control group. Compared with the CORT group, pretreatments
with M 18:1, M 18:2, and M 18:3 at 25 mM remarkably reduced
the ROS levels and the lowest was 98.6% � 4.4% for M 18:3
(Fig. 2A). Exposure to CORT exhibited a stronger uorescence
intensity than the control group. Pretreatments with M 18:1, M
18:2, and M 18:3 at 25 mM reduced the uorescence intensity,
indicating reduced ROS generation (Fig. 2B). Thus, macamides
reduced the CORT-induced ROS in PC12 cells.
3.3. Effects of macamides on MMP and Bax/Bcl-2 ratios in
CORT-induced PC12 cells

CORT at 400 mM considerably increased the MMP decline rate
in PC12 cells from 15.2% � 1.4% to 84.9% � 6.3%. Compared
with the CORT group, pretreatment with 25 mM macamides
remarkably reduced the MMP decline rates from 84.9% � 6.3%
to 36.5% � 2.7% and 23.4% � 1.9% with M 18:2 and M 18:3,
respectively. 25 mM 18:1 did not remarkably decrease the MMP
RSC Adv., 2019, 9, 23096–23108 | 23103
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decline (Fig. 3A). Thus, M 18:2 and M 18:3 attenuated the
reduction of MMP in CORT-treated PC12 cells.

Aer the cells were treated with 400 mM CORT, the Bax/Bcl-2
ratio was increased to 454.9% � 28.9%. Compared with the
CORT group, pretreatments withM 18:2 andM 18:3 at 5, 10, and
25 mM remarkably decreased the Bax/Bcl-2 ratios, the lowest
were 330.1% � 21.4%, 236.8% � 14.5%, and 178.1% � 12.7%
for M 18:3, respectively. In addition, we found that M 18:1 at 5,
10, and 25 mM showed no evident effect on the mRNA levels of
Bax and Bcl-2 (Fig. 3B). Thus, M 18:2 and M 18:3 could reduce
the Bax/Bcl-2 ratios in CORT-induced PC12 cells.

Treatment with CORT at 400 mM considerably increased the
expression level of Bax in PC12 cells compared to the control
group. Compared with the CORT group, pretreatments with M
18:2 and M 18:3 at 5, 10, and 25 mM remarkably reduced the
expression levels of Bax. 400 mMCORT considerably reduced the
expression level of Bcl-2. However, pretreatments of PC12 cells
with M 18:2 and M 18:3 at 5, 10, and 25 mM remarkably
increased the expression levels of Bcl-2. M 18:1 at 5, 10, and 25
mM showed no evident effect on the expression levels of Bax and
Bcl-2 (Fig. 4). Thus, M 18:2 and M 18:3 could reduce the Bax
expressions and increase the Bcl-2 expressions in CORT-
induced PC12 cells.
3.4. Effects of macamide (M 18:3) on apoptosis and the
expressions of pro-apoptotic proteins in CORT-induced PC12 cells

Treatment with 400 mM CORT increased the percentages of
early apoptotic (EA) cells, EA cells + late apoptotic (LA) cells, and
LA cells + necrotic cells to 14.6% � 0.6%, 31.3% � 1.3%, and
Fig. 8 Macamide (M 18:3) (5 mM, 10 mM, 25 mM) increased the expression
are represented as mean� SEM of four independent experiments. **P < 0
corticosterone.

23104 | RSC Adv., 2019, 9, 23096–23108
19.9% � 0.8%, respectively. Pretreatment with M 18:3 at 5, 10,
and 25 mM remarkably reduced the percentages of these cells
and the lowest were 10.1% � 0.4%, 15.0% � 0.7%, and 7.8% �
0.3% at 25 mM, respectively (Fig. 5). Thus, macamides inhibited
CORT-induced apoptosis in PC12 cells. CORT treatment
considerably increased the expression levels of cleaved-caspase-
3, Bax, cytochrome C, and cleaved-PARP and remarkably
decreased the expression level of Bcl-2. However, pretreatment
with M 18:3 at 5, 10, and 25 mM reversed these trends in PC12
cells (Fig. 6). Thus, M 18:3 could inhibit apoptosis, reduce the
expression of pro-apoptotic proteins and increase Bcl-2
expression in CORT-induced PC12 cells.
3.5. Effects of macamide (M 18:3) on the expression levels of
pro-survival proteins (Akt, CREB and BDNF) in CORT-induced
PC12 cells

Treatment of PC12 cells with 10 mM LY294002 for 24 h had no
effect on the viability of normal cells. When PC12 cells were
treated with 400 mM CORT for 24 h, cell viability was decreased
signicantly. However, aer PC12 cells were pretreated with M
18:3 for 1 h and then incubated with CORT for 24 h, cell viability
was signicantly increased. Interestingly, when PC12 cells were
pretreated with 10 mM LY294002 for 1 h followed by incubation
with M 18:3 for 1 h, and were nally incubated with M 18:3 and
CORT for 24 h, cell viability was signicantly reduced (Fig. 7).

The expression level of Akt was slightly increased by 25 mMM
18:3, but not remarkably, whereas 400 mM CORT considerably
reduced the expression level of p-Akt. However, pretreatment of
PC12 cells with M 18:3 remarkably increased the expression
levels of p-CREB/CREB and BDNF in CORT-induced PC12 cells. Results
.01 vs. control group; #P < 0.05 and ##P < 0.01 vs. CORT group. CORT:

This journal is © The Royal Society of Chemistry 2019
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level of p-Akt. Interestingly, when PC12 cells were pretreated
with LY294002, the above trend was reversed. At the same time,
there was no signicant change in p-Akt levels in the inhibitor
LY294002 plus CORT group compared with that in the CORT
group, indicating that the inhibitor LY294002 could not cause
interference with the system (Fig. 7).

CORT at 400 mM considerably decreased the expression
levels of p-CREB/CREB and BDNF. However, pretreatment
with M 18:3 at 5, 10, and 25 mM remarkably increased the
expression levels of p-CREB/CREB and BDNF (Fig. 8). In
summary, the above results showed that treatment with CORT
reduced the expression levels of p-Akt, p-CREB, and BDNF
whereas pretreatment with M 18:3 increased these.

4. Discussion and conclusions

This study demonstrated that CORT treatment decreased cell
viability and increased LDH release. However, EEM and mac-
amides increased the cell viability and decreased LDH release,
among which M 18:3 was superior to EEM. These results
showed that EEM and macamides exert protective effects
against CORT-induced cytotoxicity, and that macamides may be
potential neuroprotectants in EEM. Gugnani et al. investigated
the neurotoxicity of Mn and found that macamides can counter
this toxicity by binding to the CB1 receptor.32 Mn is an envi-
ronmental toxin that could cause Parkinson's disease. However,
we used CORT, a hormone secreted by mammals, to damage
PC12 cells as excessive CORT can cause nervous system disor-
ders related to chronic stress.1

Long-term exposure to high levels of glucocorticoids
increases intracellular ROS.51,52 Excessive ROS levels in cells can
disrupt redox balance, damage biomacromolecules, and acti-
vate Bax to cause apoptosis.53 M 18:2 and M 18:3 reduced the
intracellular ROS generation, inhibited MMP decline rates, and
reduced the Bax/Bcl-2 ratios. These results suggest that M 18:2
and M 18:3 might protect PC12 cells from CORT-induced
mitochondrial injury by reducing oxidative stress at least in
part. M 18:1 increased the cell viability and reduced intracel-
lular ROS without producing other benecial effects. These
results showed that M 18:1 possessed weaker anti-apoptosis
activity compared to M 18:2 and M 18:3 against CORT-
induced cytotoxicity in PC12 cells. In this study, all three mac-
amides exhibited protective effects against CORT-induced cell
damage. However, M 18:2 andM 18:3 exhibited better protective
effects. It is speculated that with an increase in the number of
double bonds, the ability of macamide to scavenge ROS was
enhanced and the ability to inhibit the damage produced by
CORT was also enhanced. Similar experimental results were
obtained with oleic acid, which with one double bond is
structurally similar to M 18:1, and with alpha-linolenic acid
(ALA), which with three double bonds is structurally similar
to M 18:3. These fatty acids protect neurons by lowering ROS
levels, which may be result from the scavenge of free radicals
through their double bonds, rather than by increasing the
activity of antioxidant enzymes.54,55

The Bcl-2 family proteins exists on the membranes of cells as
well as the nuclear, mitochondrial, and endoplasmic reticulum
This journal is © The Royal Society of Chemistry 2019
membranes. There are several subtypes including the pro-
apoptotic protein Bax, pro-apoptotic protein Bid, and anti-
apoptotic protein Bcl-2.56 Bax is involved in the formation of
mitochondrial permeability transporter pores (MPTPs). When
MPTPs are opened, mitochondrial depolarization and MMP
decrease are observed, and various cytokines in mitochondria
such as Cyt-C, Smac, AIF, and EndoG, are released to the cyto-
plasm to induce caspase and mitochondrial dependent
apoptosis.57,58 Bcl-2 can competitively bind to Bax on the mito-
chondrial membrane to form a Bcl-2/Bax heterodimer resulting
in closing of the MPTPs and preventing the release of pro-
apoptotic factors from mitochondria, thus achieving an anti-
apoptotic effect.53 High levels of CORT cause nerve cell
apoptosis in vitro and vivo.6,7,12,59 Zhou et al. suggested a poten-
tial mechanism of toxicity by CORT: CORT causes a large
increase in the levels of intracellular ROS, decreases MMP,
releases cytochrome C, activates caspase-3, and all of this
inducing apoptosis.53 In our experiment, CORT remarkably
increased the number of early and late apoptotic cells, whereas
the number of apoptotic cells was considerably reduced aer M
18:3 treatment. Moreover, CORT increased the expression levels
of cleaved-caspase-3, Bax, cytochrome C, and cleaved-PARP, and
decreased the expression level of Bcl-2. However, M 18:3
reduced the Bax/Bcl-2 ratio and the expression levels of Bax,
cytochrome C, cleaved-caspase-3, and cleaved-PARP. These
results suggested that M 18:3 could inhibit mitochondrial
apoptosis and regulate the pro-apoptotic proteins.

The PI3K/Akt signaling pathway is one of the most important
pathways involved in regulating cell proliferation.60 Activation
of the PI3K/Akt pathway prevents apoptosis. PI3K enhances
neuroprotective effects through phosphorylation of Akt, which
is a pro-survival kinase. Through the PI3K pathway, Akt is
phosphorylated at the Ser473 site, playing a key role in the
survival of neurons. Phosphorylated Akt affects the downstream
apoptosis-related proteins such as Bcl-2 family proteins, GSK-
3b, and caspase-3, and plays a protective role against
apoptosis.61,62 In this study, CORT considerably reduced the
expression level of p-Akt, whereas M 18:3 at 5, 10, and 25 mM
increased the expression levels of p-Akt. When the PC12 cells
were pretreated with the PI3K/Akt inhibitor LY294002, the
ability of M 18:3 to induce phosphorylation of Akt was inhibi-
ted. Moreover, when LY294002 was added, the ability of M 18:3
to protect against CORT-induced cytotoxicity was remarkably
reduced. These results suggest that M 18:3 could promote the
phosphorylation of Akt in CORT-induced PC12 cells. Similar
experimental results are also reported previously. ALA, which is
structurally similar to M 18:3, promotes Akt phosphorylation in
high glucose-induced cultured HUVECs.63 Long-term dietary
intake of ALA activates Akt signaling in the hippocampus of
natural aging rats.64

CREB is a transcription factor involved in critical functions
such as neuronal plasticity and survival. CREB is phosphory-
lated at Ser133, and p-CREB is its active form. Activated CREB
can improve cell survival by regulating BDNF expression,65,66

which is considered an important factor for neuronal survival.35

In this study, M 18:3 increased the expression levels of p-CREB
and BDNF. This result suggested that M 18:3 might improve the
RSC Adv., 2019, 9, 23096–23108 | 23105
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phosphorylation of CREB, and then activate the BDNF protein
synthesis thereby attenuating CORT-induced neurotoxicity.

In conclusion, macamides, especially M 18:3, could inhibit
CORT-induced neurotoxicity in PC12 cells. The cellular mech-
anism of M 18:3 against CORT-induced cytotoxicity may involve
decrease in intracellular ROS, inhibition of mitochondrial
apoptosis, and activation of Akt and CREB phosphorylation.
Overall, macamides may potentially treat neuronal damage
induced by CORT.
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