Received: 2 January 2020

Revised: 4 April 2020

Accepted: 7 April 2020

DOI: 10.1002/fsn3.1623

ORIGINAL RESEARCH

WILEY

An appropriate ratio of unsaturated fatty acids is the
constituent of hickory nut extract for neurite outgrowth in
human SH-SY5Y cells

Fei Gao

Traditional Chinese Medicine Unit, School of
Forestry and Biotechnology, Zhejiang A&F
University, Hangzhou, China

Correspondence

Yongchang Qian and Jidong Lu, Traditional
Chinese Medicine Unit, School of Forestry
and Biotechnology, Zhejiang A&F University,
Hangzhou 311300, China.

Emails: gian3906@gmail.com (Y. Q.);
24924658@qq.com (J. L.)

Funding information

Natural Science Foundation of Zhejiang
Province, Grant/Award Number:
LY18H280003; Forestry Sci-Tech Project of
Forestry Department of Zhejiang Province,
Grant/Award Number: 20155Y04; The
startup fund from Zhejiang A&F University
in China, Grant/Award Number: 2012FR017

1 | INTRODUCTION

Carya cathayensis Sarg (CCS) has been used as a conventional folk
medical nut for health care in China for a long time. In the “Bencao
Gangmu,” an ancient Chinese book on herbal medicine, it was de-

scribed that the pecan nuts of CCS were beneficial for brain and
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Abstract

Hickory nuts (Carya cathayensis Sarg, CCS), a well-known Chinese medicinal nut,
is thought to improve memory in Chinese folks. However, functional constituents
have not been scientifically identified. In this study, human SH-SY5Y cells, combined
with Q-TOF mass spectrometry (Q-TOF-MS) and standard substances, were used
to evaluate the function in neuronal development and to identify constituents of
CCS hydrophobic extracts (CCS-HE). Data showed that CCS-HE but not the control
induced neurite outgrowth of SH-SY5Y cells in a dose-dependent manner, supported
by which CCS-HE induced the expression of nerve growth factor (NGF), neurofila-
ment 160 (NF160), and neuronal peptide Y (NPY) mRNA. Q-TOF-MS analysis with
standard substances indicated that linolenic acid (LNA), linoleic acid (LA), and oleic
acid (OA) were the main constituents in CCS-HE. Furthermore, mixtures of these
unsaturated fatty acids (UFAs) at the natural ratio (1:8:16) significantly induced neu-
rite outgrowth and gene expression of NGF, NF160, and NPY in a dose-dependent
manner. However, the individual and alternative ratios were not effective to induce
the neurite outgrowth and gene expression of NGF, NF160, and NPY. These data
implicate that an appropriate ratio of UFAs is the main constituent for the neurite

outgrowth.
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kidney health. Traditionally, one of the main benefits of CCS was
considered to help our brain by improving the memory ability and
delaying the neuronal degeneration. Current nutrition research has
indicated that CCS contains a variety of nutrients, including high
levels of unsaturated fatty acids (UFAs) that are supported by the
harmonious expression of key ones for UFAs (Huang et al., 2016). It
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also contains saturated acids, vitamins, and trace elements. Studies
show that constituents from the leaves of CCS play a role in antioxi-
dation, antitumor, and inhibition of angiogenesis induced by vascular
endothelial growth factor (VEGF) (Cao et al., 2012; Tian et al., 2014).
However, there is no desired model to evaluate the function of CCS
in neuronal development and identify the bioactive constituents of
CCSs.

Neurite outgrowth is an important event in neuronal path finding
and establishment of synaptic connections during development of
nervous system (Barnes & Polleux, 2009; Cheng & Poo, 2012). It is
also essential in neuronal plasticity and neuronal regeneration after
injury (Chen, Yu, & Strickland, 2007; Huang & Reichardt, 2001; Loers
& Schachner, 2007) and neurodegenerative conditions, such as
Alzheimer's and Parkinson's diseases (De Vos, Grierson, Ackerley, &
Miller,2008; Goldberg & Barres, 2000). Therefore, treatments aiming
at promoting neurite outgrowth and preserving the neurite network
and synaptic connections for recovery are needed. Neurofilaments
(NFs) are intermediate filaments in neurons that are considered to
add rigidity, tensile strength, and possibly intracellular transport
guidance to axons and dendrites. Neurofilament (NF) proteins, in-
cluding NF200, NF160, and NF58, have two fundamental functions,
supporting axonal structure and protecting neuronal survival and
neurite outgrowth (Al-Chalabi & Miller, 2003). Nerve growth fac-
tor (NGF) is a classic growth factor in family of neurotrophic fac-
tors, a group of proteins that are mainly synthesized and secreted
by neurons and astrocytes and that are crucial for neuronal survival,
growth, and differentiation (Sofroniew, Howe, & Mobley, 2001).
Studies have shown that NGF causes axonal branching and elonga-
tion (Madduri, Papaloizos, & Gander, 2009) and NGF could induce
the expression of NF proteins (Huang et al., 2010; Schimmelpfeng,
Weibezahn, & Dertinger, 2004). In contrast, NGF defect results in
an undergoing apoptosis in neurons (Freeman et al., 2004). NGF is
also reported to play a potential role in depression and schizophre-
nia (Martino et al., 2013; Martinotti et al., 2012). Neuropeptide Y
(NPY) is a 36 amino acid peptide and extensively distributes in neu-
rons of the central and peripheral nervous systems (Eipper, Stoffers,
& Mains, 1992). It is found that NPY has a higher level than do all
other peptides studied in mammalian brain (Gray & Morley, 1986). It
acts as another neurotransmitter and/or another modulator of sev-
eral neuroendocrine functions (Colton & Vitek, 2006). Studies have
proved that NPY could exert neuroprotection against Af toxicity in
both neuroblastoma and primary cells, function as a neuroprotective
agent against AD, and indirectly induce neurite outgrowth (White
& Mansfield, 1996). Studies reported that NPY exerted its neuro-
protective roles by influencing the gene expression of neurotrophins
(Angelucci et al., 2014; Croce et al., 2011) and by inducing the neur-
ite outgrowth (White, 1998).

Human SH-SY5Y neuroblastoma cell line has extensively used
as a neuronal model for studies of neurochemistry, neurobiology,
and neurotoxicology (Nciri et al., 2014; Qian, Zheng, & Tiffany-
Castiglioni, 2009; Wen et al., 2013; Yang, Sheng, Sun, & Lee, 2011).
In this study, we used SH-SY5Y cell line as a neuronal model to eval-

uate the function of bioactive constituents of CCS hydrophobic

extracts (CCS-HE). The neurotrophic property of CCS-HE in stim-
ulation of neurite outgrowth and in gene expression of NGF and
NFs was validated. The possible involvement of NPY was also de-
termined to further reveal the mechanism of neurites outgrowth by
CCS-HE. In addition, an appropriate ratio of LNA, LA, and OA was
identified as the main bioactive constituent of CCS-HE in the induc-
tion of neurite outgrowth. This study provides the information on
which human SH-SY5Y cells would be a desired model to evaluate
the function of CCS-HE in neuronal development by measurement

of neurite outgrowth.

2 | MATERIALS AND METHODS

2.1 | Preparation of CCS hydrophobic extracts
(CCS-HE)

Fresh hickory nuts that had been frozen in liquid nitrogen were
ground into powder. Ten grams (10 g) of powder were used to ex-
tract hydrophobic constituents with 150 ml of petroleum ether in
Soxhlet apparatus for 6 hr. After extraction, the petroleum ether
was thoroughly removed on a rotary evaporator and CCS hydro-
phobic extracts (CCS-HE), approximately 5 g, were stored at -80°C.
CCS-HE was dissolved in fresh DMSO to prepare a stock concen-
tration of 160 mg CCS-HE/ml and filtrated with a 0.45 pum mem-
brane. To minimize the cytotoxicity of DMSO to SH-SY5Y cells and
maximize CCS-HE solubility in cell culture medium, CCS-HE stock
solution was diluted in 1:400 or larger dilution in the medium and
ultrasonic was used to promote CCS-HE solubility, generating a con-
centration of 0.25% (v/v) DMSO that had no influence on the growth
of SH-SY5Y cells in pre-experiment and a highest final concentration
of 0.4 mg/ml CCS-HE in the medium.

2.2 | Cell culture

Human SH-SY5Y cells were purchased from ATCC, and SH-SY5Y-
EGFP cells were gifted from NUPTEC, respectively. Both cells were
maintained in T-25 flasks (Falcon) with DMEM/F12 medium (Sigma)
containing 10% fetal bovine serum (FBS, Invitrogen) under condi-
tions of 5% CO, and 37°C. The medium was changed every other
day. For experiments, cells were cultured in 60-mm culture dishes
(Corning) at an initial density of 50,000 cells/ml.

2.3 | Treatment with CCS-HE or
standard substances

Inorder to measure effects of CCS-HE or standard substances includ-
ing linolenic acid, linoleic acid, and oleic acid on neurite outgrowth,
CCS-HE at the final concentrations of 0, 0.1, 0.2, and 0.4 mg/ml or
standard substances in an appropriate ratio of linolenic acid, linoleic

acid, and oleic acid were added to the cell culture medium for 6 days
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and the concentration of DMSO in each treatment were adjusted to
0.25% (v/v). Twenty ng/ml of bFGF was used as a positive control for
neurite outgrowth (Boku et al., 2013). To determine gene expression
of neurofilament 160 (NF160), NGF, and NPY, CCS-HE was added to
cell culture medium as same concentrations as mentioned above for
24-48 hr. To better visualize the neurite outgrowth under a fluores-
cent microscope, the ratio of SH-SY5Y cells to SH-SY5Y-EGFP cells
was 6:1.

2.4 | Measurement of neurite length

Cells were cultured as described above in 6-well plates, and six
images of live cell morphology were randomly captured for each
treatment on a Leica fluorescent microscope equipped with
Compix Imaging System. The images were labeled with a scale in
proportion to the magnification, leading to a calculation of um/
pixel. Each cell had several neurites with different lengths. Usually,
the neurite length was measured for total length of all neurites in
single cell or for longest neurite length of each cell. In this study,
the longest neurite of each cell was randomly selected to meas-
ure the neurite length and 50 longest neurites were measured
from six images of each treatment. The actual length of neurite
outgrowth was calculated as follows: measured pixel x um/pixel.
Alternatively, the neurite lengths from different treatments were
compared by percentages of cells with a longer than 40 pm neurite

length over total 50 selected cells.

2.5 | Real-time PCR

Total RNAs were extracted from cells using the TRIzol method
(TaKaRa) according to the manufacturer's instructions. The quality
and quantity of total RNAs were assessed by using the NanoDrop
ND-1000 spectrophotometer, and their integrity were tested by
1% agarose gel electrophoresis. Reagents of the PrimeScript Il 1st
strand cDNA Synthesis Kit (TaKaRa) were used in total cDNA re-
verse transcription (RT) according to the manufacturer's protocol.
The final volume of 20 pl reaction contained 500 ng RNA and real-
time PCR for NF-160, NGF, and NPY quantification was performed
in the CFX96™ Real-Time System (Bio-Rad). Data of real-time PCR
were analyzed by the method of 2722, Results were repeated
in two independent experiments, and the assay was run twice
for each experiment. The sequences of each primer are listed as
follows:

NF160 forward primer: 5-GTGGAAGCTCCCAAGCTTAAG
GTC-3'
NF160 reverse primer: 5'-CTTCTCGGATCCTCCCTCTTCG-3'
NGF forward primer: 5'-CCACACTGAGGTGCATAGCGTAAT-3’
NGF reverse primer: 5-CATTGGTAGGATGGGTGGATTCTC-3'
NPY forward primer: 5'-CGACAGCATAGTACTTGCCGCC-3'
NPY reverse primer: 5'-CATGGGCCTGGAAGTCTAAA-3’

B-actin  forward primer: 5-GCGTGACATTAAGGAGAAGCT
GTG-3'

B-actin reverse primer: 5'-TCCACACGGAGTACTTGCGCT-3'

2.6 | siRNA transfection

Three groups of SH-SY5Y cells were transfected with siRNA. First
group was transfected with transfection reagent, control siRNA,
and DMSO. Second group were transfected with transfection rea-
gent, control siRNA, and CCS-HE. Third group were transfected
with transfection reagent, target NPY siRNA, and CCS-HE. The
transfection procedure was described as follows. Cells were
seeded at an initial density of 2 x 10° cells per well in 6-well
plates. After approximately 20 hr, control and target NPY siRNAs
as follows (GenScript), and transfection reagent (Invitrogen) were
preincubated at room temperature for 15 min in antibiotic and se-
rum-free media to facilitate formation of lipid-siRNA complexes.
Then, cells were incubated in final transfection mixture containing
0.18% (v/v) Lipofectamine 2000 and 60 nM siRNA in antibiotic
and serum-free medium at 37°C incubator. After 4-5 hr, the me-
dium was replaced with complete medium and gene expression of
NPY was assayed after CCS-HE (0.4 mg/ml) treatment for 24 hr.
Transfection conditions were optimized based on maximal gene

knockdown as assessed by RT-PCR.

Control sense siRNA: 5'-GACACUACAUCAACCUCAUTT-3'
Control antisense siRNA: 5-AUGAGGUUGAUGUAGUGUCTT-3'
NPY sense siRNA: 5-GCCCAUAUUUCAUCGUGUATT-3’

NPY antisense siRNA: 5-UACACGAUGAAAUAUGGGCTT-3’

2.7 | ldentification of CCS-HE structures

Twenty microliter of CCS-HE at 160 mg/ml was chromatographied
on an Agilent RRLC system (Agilent Technologies, Inc.) consisting
of a ZORBAX SB-C8 column (5 um, 4.6 x 250 mm) in a G1316A
incubator, a G1312B Dual Unit pump, a G1322A degasser and
a G1367D Auto Sample injector with a flow phase consisting of
water (95%) and acetonitrile (5%) for 7 min followed by a gradi-
ent of acetonitrile (5%-80%) for 5 min at a flow rate of 1 ml/min.
Identified single peak signals (Figure 3A) on RRLC chromatogra-
phy at 210 nm were collected, respectively, according to the re-
tention time, and the collected single fractions were confirmed
by chromatography as described above. The confirmed fractions
were identified for their masses by Q-TOF-MS (LC-MS) analysis
in anion mode. The system consisted of an Agilent 6530 Q-TOF
mass spectrometer (Agilent Technologies Inc.) equipped with an
electrospray ionization source (ESI) interface and a MassHunter
workstation software version B.02.01 (Agilent Technologies Inc.)
containing a compound structure database. The operating param-
eters were as follows: drying gas (N,) flow rate, 10.0 L/min; drying
gas temperature, 325°C; sheath gas temperature, 350°C; sheath
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gas flow rate, 10 L/min; capillary, +3,500 V; fragmentor, 135 V;
skimmer, 65 V; collision energy, 20 V; and mass range, 60-400 Da.
Standard substances including linolenic acid (LNA), linoleic acid
(LA), and oleic acid (OA) (J&K Scientific) were individually chroma-

tographied under same conditions.

2.8 | Determination of ratio of different UFAs

Standard UFAs including linolenic acid (99.0%), linoleic acid (97.0%),
and oleic acid (99.1%) (J&K Scientific) were dissolved in DMSO by
ultrasonic to prepare standard samples at various concentrations of
0, 20, 40, 50, 60, 80, and 100 pg/ml for all three standard UFAs.
Twenty micro liters of each standard sample was chromatographied
on an Agilent RRLC system under same conditions described as
above. Signal peak area was linearly regressed with the concentra-
tion of standard unsaturated fatty acid to make the standard curve
for each unsaturated fatty acid. Same volume (20 ul) of CCS-HE
sample was chromatographied as same as standard UFAs on an
Agilent RRLC system, and the area of identical signal peak to each
standard unsaturated fatty acid was measured with software on
Agilent RRLC system. Individual unsaturated fatty acid content and
the ratio in mass of three UFAs were calculated according to the

prepared standard curves.

2.9 | Statistical analysis

Means of measured parameters from each group were analyzed, and
standard errors were produced by using statistical software SPSS
version 6.1 (StatSoft Inc.) according to manufacturer's instruction.
Probability levels of p < .05 were considered as statistically signifi-
cant. Error bars in the graphs indicated standard error (SE) of the

mean.

3 | RESULTS

3.1 | CCS-HE induced the neurite outgrowth of SH-
SY5Y cells

To verify the activity of CCS-HE in neuronal development, CCS-HE
was used to test its effect on the neurite outgrowth of SH-SY5Y
cells. CCS-HE was added to SH-SY5Y cell medium for a prolonged
6 days. As shown in Figure 1A, basic fibroblast growth factor (bFGF)
or fibroblast growth factor 2 (FGF-2), a positive control for the in-
duction of neurite outgrowth, induced the neurite outgrowth of
SH-SY5Y-EGFP cells. As expected, CCS-HE also induced the neu-
rite outgrowth. Both CCS-HE and bFGF groups had longer neurite
outgrowth than blank group. To quantify the length of neurite out-
growth, six randomly captured images from each group were used to

measure the length by the software on the microscope, as described
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FIGURE 1 Effects of CCS-HE on the neurite outgrowth of SH-
SY5Y-EGFP cells. (A) Neurite outgrowth was induced by CCS-HE
(0.4 mg/ml) and bFGF (20 ng/ml) for 6 days; (B) Longest length of
neurite outgrowth from 50 cells was measured in each group. Data
represents mean + SE (n = 3, **p < .01); (C) Percentage of neurite
outgrowth with longer than 40 pm in 50 cells. Data represent
mean + SE from three independent experiments (n = 3)

in “Section 2.” As shown in Figure 1B, CCS-HE at 0.4 mg/ml signifi-
cantly induced the neurite outgrowth of SH-SY5Y-EGFP cells after
6 days while bFGF significantly stimulated the neurite outgrowth.
However, low doses (below 0.4 mg/ml) of CCS-HE did not signifi-
cantly show the stimulation on the neurite outgrowth. Interestingly,
all cells in bFGF group had neurite outgrowth with a neurite length
longer than 40 pm and the percentage of neurite outgrowth with
longer than 40 pm in all 50 cells measured showed an encouraging
response in a dose-dependent manner (Figure 1C), indicating that
CCS-HE contains bioactive constituents that can stimulate the neu-
rite outgrowth of SH-SY5Y cells.
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3.2 | CCS-HE induced NGF, NF160, and
NPY expression

In this study, NF160 and NGF were measured as molecular indicators
of CCS-HE effects on neurite outgrowth. As shown in Figure 2A,
NF160 expression at mRNA level was significantly upregulated by
CCS-HE in a dose-dependent manner at 24 and 48 hr. However,
NF160 mRNA levels at 48 hr were higher than those at 24 hr, show-
ing an increasing trend in a prolonged treatment. Interestingly, NGF
expression was also significantly upregulated by CCS-HE in a dose-
dependent manner at 24 hr; however, the upregulation was not ob-
served at 48 hr and level of NGF mRNA declined back to control
level (Figure 2B), implying a relationship of growth and decline of
relative level between NGF and NF160.

To understand whether CCS-HE regulated gene expression of
NGF and NF160 via NPY, a regulator of the upstream gene of the
growth factors, regulation of NPY gene expression by CCS-HE was
investigated. As shown in Figure 2C, NPY gene expression was also
significantly upregulated by CCS-HE in a dose-dependent manner
for 24 and 48 hr. However, NPY mRNA levels at 48 hr were lower
than those at 24 hr in all three doses of CCS-HE, showing a decline

for a prolonged treatment.

3.3 | Silencing NPY gene expression attenuated
CCS-HE-induced NF160 and NGF gene expression

To further confirm whether CCS-HE increased gene expression
of NF160 and NGF via NPY, siRNA was used to reduce NPY gene
expression. As shown in Figure 2D, consistent with Figure 2A,B,
CCS-HE significantly upregulated the gene expression of NF160,
NGF, and NPY. As expected, NPY siRNA significantly depleted NPY

expression induced by CCS-HE by over 70%. Intriguingly, NPY de-
pletion significantly resulted in attenuation of NGF and NF160 ex-
pression induced by CCS-HE, further supporting an involvement of
NPY in the induction of both NGF and NF160 expression by CCS-HE.

3.4 | Bioactive constituents were identified as UFAs

To identify the constituents of CCS-HE, which can induce the neu-
rite outgrowth of SH-SY5Y cells and upregulate gene expression in
the process of neurite outgrowth, CCS-HE was chromatographied by
HPLC analysis. As shown in Figure 3A, CCS-HE contains three fea-
tured signal peaks in the box, peak 1 at 18.6 min, peak 2 at 20.0 min,
and peak 3 at 21.8 min of retention time (Figure 3A, a), which are
absent in petroleum ether used for CCS-HE extraction (Figure 3A, b)
and DMSO used for CCS-HE dissolvability (Figure 3A, c).

In order to identify the properties of these three signals, next
methods were applied for this purpose. First, three signal peaks of
CCS-HE were collected, respectively, and their masses were identi-
fied by Q-TOF mass spectrometry analysis. As shown in Figure 3C,
masses of protonized formula of three signals in CCS-HE are 277
(Figure 3C, a), 279 (Figure 3C, b), and 281 (Figure 3C, c) Daltons
in anion mode, respectively. According to database equipped on
Q-TOF mass spectrometry analysis system, top listed structure can-
didates are identical to masses of LNA (278), LA (280), and OA (282).
According to the standard curve of UFA content versus signal peak
area, the mass ratio of LNA, LA, and OA was calculated at approx-
imately 1:8:16 and individual contents of three UFAs were 0.096,
0.754, and 1.46 png/mg, respectively, in CCS-HE samples. Second,
based on Q-TOF mass spectrometry analysis, the chromatography of
these signals was further compared to that of standard substances
including LNA, LA, and OA. As shown in Figure 3B, LNA, LA, and OA

FIGURE 2 Induction of NF160, NGF,

and NPY gene expression by CCS-HE.
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FIGURE 3 Identification of functional
constituents in CCS-HE. (A) CCS-HE
sample, a, was chromatographied in a flow
phase consisting of water and acetonitrile
(see “Section 2”). Petroleum ether, b, and
DMSO, c, were used as blank controls.
Three specific signal peaks at 18.6 min (1),
20.0 min (2) and 21.8 min (3) of retention
time were detected at 210 nm. (B) LNA (a),
LA (b) and OA (c), were chromatographied
by HPLC analysis under same conditions.
DMSO (c in FIGURE 3A), was used as

a blank control. Three specific signals,
peak 1, peak 2, and peak 3, in CCS-HE
were identical to LNA, LA, and OA,
respectively. (C) CCS-HE sample was
analyzed by Q-TOF mass spectrometry,
and three masses (277, 281 and 282)
were detected in anion mode, which were
identical to the masses of LNA (a, 278), LA
(b, 280), and OA (c, 282). LA, linoleic acid;
LNA, linolenic acid; OA, oleic acid
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Mass Content in Content in fresh
UFA Ratio CCS-HE (mg/g) hickory nuts (mg/g)
Linolenic acid 1 0.096 0.048
Linoleic acid 8 0.754 0.377
Oleic acid 16 1.460 0.730
Total / 2.310 1.155

3Corresponding to CCS-HE concentration Hickory Nuts.

TABLE 1 Mass ratio and content of

Concentration in cell UFAs

cuture (pM)?
0.138
1.080
2.070
3.288

(A) 4] & (B) A FIGURE 4 Effects of UFA mixture
’g __ 604 on the neurite outgrowth of SH-SY5Y
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in DMSO showed a single peak a at 18.6 min (Figure 3B, a), peak b at
20.0 min (Figure 3B, b), and peak c at 21.8 min (Figure 3B, c), respec-
tively, compared to DMSO blank (Figure 3A, c) on HPLC chromatog-
raphy. Three peaks 1-3 in CCS-HE (Figure 3A, a) were identical to
LNA, LA, and OA, respectively, based on the results of Q-TOF mass
spectrometry and retention time. In the experiments of neurite out-
growth induced by CCS-HE, individual concentrations of three UFAs
were calculated at 0.138, 1.080, and 2.070 uM, respectively, and
total concentration of UFAs was 3.288 uM corresponding to 0.4 mg/
ml CCS-HE (Table 1).

3.5 | Mixture of UFAs induced the neurite
outgrowth of SH-SY5Y cells

Based on the mass ratio of three UFAs in CCS-HE, a reconstruction
of three standard UFAs was prepared to mimic the bioactive constit-
uent of CCS-HE. As expected, the mixture of UFAs at the mass ratio
(1:8:16) induced the neurite outgrowth of SH-SY5Y cells in a dose-
dependent manner (Figure 4A). Total concentrations of UFAs at 0O,
0.413, 0.825, 1.65, and 3.30 uM were corresponded to 0, 0.05, 0.1,
0.2, and 0.4 mg/ml CCS-HE. The percentage of neurite outgrowth
with longer than 40 pm in all 50 cells measured showed a more sig-

nificant response in a dose-dependent manner, suggesting that LNA,

LA, and OA are bioactive constituents of CCS-HE. However, further
increased concentrations (>3.30 uM) of UFAs showed a decreased
tendency of the neurite outgrowth as effective as did 3.30 uM UFAs,
showing a best appropriate concentration of total UFAs (Figure 4B).
However, we recognized the difference in the percentage of neurite
outgrowth with longer than 40 um in all 50 cells between low and
high concentration ranges of UFAs. Also, the individual of each UFA
did not show a dose-dependent manner in the induction of neurite
outgrowth and was not effective as observed in the mixture of UFAs
even though the concentration of individual UFA was higher than
the mixture of UFAs (Figure 5). Further test observed that a natural
ratio of LNA:LA:OA, 1:8:16, was a best appropriate ratio to induce
the neurite outgrowth (Figure 6).

3.6 | Mixture of UFAs induced the gene
expression of NGF, NF160, and NPY in SH-SY5Y cells

Consistent with that the mixture of UFAs induced the neurite
outgrowth (Figure 4), the reconstruction of three UFAs at a final
concentration of 3.30 uM significantly upregulated the gene ex-
pression of NGF, NF160, and NPY in SH-SY5Y cells for 24 hr treat-
ment (Figure 7A). However, the individual UFA at 0.138 uM LNA,
1.080 uM LA, and 2.070 uM OA, which consisted of the mixture of
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FIGURE 5 Effects of individual UFA
on the neurite outgrowth of SH-SY5Y
cells. Neurite outgrowth was induced
for 6 days by LNA (A), LA (B), and OA (C)
at various concentrations as indicated.
Data represent mean * SE from three
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three UFAs at 3.288 uM, did not induce the gene expression of NGF,
NF160, and NPY (Figure 7B).

4 | DISCUSSION

Nuts are an important category of food resources for UFA sup-
plies in human nutrition. However, it is rare to investigate that the
different ratios of UFAs are relative of their nutritional values in
the nervous system. In this study, we demonstrated that CCS-HE
had activity to promote the neurite outgrowth in human SH-SY5Y
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cells (Figure 1), supporting CCS as a conventional folk medicine
in China for brain health. This activity for the neurite outgrowth
of neuronal morphology was supported by which CCS-HE up-
regulated the gene expression of NF160 and NGF (Figure 2A,B),
one cytoskeleton protein for the neurite outgrowth (Al-Chalabi &
Miller, 2003; Madduri et al., 2009; Reuss, Dono, & Unsicker, 2003)
and one neurotrophic factor for stimulating neurite outgrowth
(Huang et al., 2010; Schimmelpfeng et al., 2004), respectively. The
activity was further supported by which CCS-HE also upregulated
gene expression of NPY (Figure 2C), a modulator of NGF and NF
proteins (Angelucci et al., 2014; Croce et al., 2011; White, 1998),
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FIGURE 6 Effects of different ratios
of UFAs on the neurite outgrowth of
SH-SY5Y cells. Neurite outgrowth was
induced for 6 days by mixtures of linolenic
acid, linoleic acid, and oleic acid at a final
concentration of 3.30 uM but in various
ratios of LNA:LA:OA (A, B) as indicated.
Data represent mean + SE from three
independent experiments (n = 3, *p < .05).
LA, linoleic acid; LNA, linolenic acid; OA,
oleic acid
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FIGURE 7 Induction of NF160, NGF, and NPY gene expression
by UFAs in SH-SY5Y cells. (A) mRNA levels of NF160, NGF, and
NPY were induced by a mixture of LNA, LA, and OA at a ratio of
1:8:16 and a total concentration 3.30 uM of UFAs, compared to
DMSO as a blank control, for 24 hr; (B) mRNA levels of NF160,
NGF, and NPY were regulated by the individual of UFAs at

0.138 UM LNA, 1.08 uM LA, and 2.07 uM OA, compared to DMSO
as a blank control, for 24 hr. Data represents mean + SE from three
independent experiments (n = 3, *p < .05, **p < .01). LA, linoleic
acid; LNA, linolenic acid; OA, oleic acid

and NPY depletion by siRNA attenuated the upregulation of NGF
and NF160 expression by CCS-HE (Figure 2D). The data suggest
that CCS-HE probably exerts a role in neuronal development via
turning NPY function on.

In this study, it was observed that CCS-HE induced the
neurite outgrowth in a dose-dependent manner and further in-
creased dosage tested in the study showed a declined induction
to control level (Figure 4). However, sluggish function of CCS-HE
could be amplified via alternative evaluation. The function of
CCS-HE in stimulation of the neurite outgrowth became signifi-
cant while the neurite outgrowth was evaluated by the percent-
age of cells with the neurite length longer than a certain length
value, for instance, 40 um in this study, over total cell numbers
(Figure 1). Thus, the percentage is a better parameter to evaluate
the function of CCS-HE in stimulation of neuronal development.
Both NGF and NF160 expression were upregulated by CCS-HE;
however, they showed different patterns. NGF upregulation
by CCS-HE showed a transient pattern and NF160 did show a
prolonged upregulation by CCS-HE (Figure 2). This is consistent
with literature reports that NGF can regulate NF160 expression
(Huang et al., 2010; Schimmelpfeng et al., 2004) and NF160 is
one of three neurofilaments for the core structures of the neu-
rite outgrowth and axonal elongation (Angelucci et al., 2014;
Barnes & Polleux, 2009; Cheng & Poo, 2012). This is also con-
sistent with morphologic change of human SH-SY5Y cells in-
duced by CCS-HE even though we did not measure both NGF
and NF160 expression at an earlier stage (e.g., 12 hr), suggesting
that CCS-HE stimulated neurite outgrowth by upregulation of
NGF expression and NGF further turned on NF160 expression
for neurite outgrowth.

Our further study indicated that NPY was also involved in the
induction of the neurite outgrowth by CCS-HE and probably an up-
stream modulator of NGF and NF160 because CCS-HE upregulated
gene expression of NF160, NGF, and NPY whereas NPY depletion
by siRNA attenuated the induced expression of NF160 and NGF by
CCS-HE (Figure 2C,D). Although the upregulated patterns of NPY,
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NGF, and NF160 expression by CCS-HE did not show a precise re-
lationship of growth and decline, attenuation of CCS-HE-induced
NGF and NF160 expression by NPY depletion indicated that CCS-
HE-induced NPY expression was an upstream event of NGF and
NF160 expression in the process of neurite outgrowth by CCS-HE.
These results were consistent with literature reports that NPY is
a neurotransmitter and/or a modulator of several neuroendocrine
functions to regulate gene expression of NGF and NFs and plays
a role in neuroprotection (Colton & Vitek, 2006). More recently, it
has been shown that NPY was involved in Alzheimer's disease (AD)
and NPY exerted neuroprotective action associated with changes
in intracellular production of NGF (Angelucci et al., 2014; Colton &
Vitek, 2006; White & Mansfield, 1996). Thus, these data support
that CCS consumption is beneficial to brain health, described in an-
cient Chinese herbal book.

This study further identified that LNA, LA, and OA in an ap-
propriate ratio was a bioactive constituent of CCS-HE by anal-
ysis of HPLC chromatography combined with standard UFAs
(Figure 3A,C) and of Q-TOF mass spectrometry (Figure 3B). The
reconstruction of three standard UFAs according to their ratio in
CCS-HE mimicked the constituent of CCS-HE to induce the neu-
rite outgrowth and gene expression of NGF, NF160, and NPY in
SH-SY5Y cells, and any alternative ratios did not reveal as effec-
tive as the natural ratio in the neurite outgrowth and gene ex-
pression in human SH-SY5Y cells (Figures 4-7), supporting that
these three UFAs were ones of bioactive constituents of CCS-HE
in an appropriate ratio. Our studies observed that the individual
of UFA at reported dose in literature did not consistently induce
the neurite outgrowth (Figure 5). These results are not completely
consistent with literature reports that the individual of these UFAs
contributed to the neurite outgrowth in neuronal cell line, neu-
ronal cultures, and embryonic chick motoneurons in a range of
10-40 puM (Bento-Abreu, Tabernero, & Medina, 2007; Darios &
Davletov, 2006; Dehaut, Bertrand, Miltaud, Pouplard-Barthelaix,
& Maingault, 1993; Robson, Dyall, Sidloff, & Michael-Titus, 2010).
However, it is consistent with the report that LNA (18:3 n-3) and
LA (18:2 n-6) individuals fail to increase mRNA level of growth-as-
sociated protein-43 (GAP-43), another marker of axonal growth
essentially for the neurite outgrowth, in human SH-SY5Y cells (Wu
et al., 2009).

Our study mainly focused on in vitro cell model and whether
CCS-HE could perform similar effects as that in vivo is unclear. This
study provided the information on which human SH-SY5Y cells could
be used as in vitro cell model to reliably evaluate the bioactivity of
hickory nut extracts for natural products. It also encourages us to
use this in vitro model to continue our work. Future study will fur-
ther identify the mechanism of UFAs mixture-induced neurite out-
growth. Furthermore, optimized ratio of different UFAs in in vitro
cell model will be verified in model animals for future clinical trial.
The long-term goal for clinical practice of UFAs mixture will be the
manipulation of neuronal development and the recovery of neuronal

repair for neurodegenerative disorders.
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