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ABSTRACT

Vitiligo is a potentially serious condition characterized by loss of melanin and death of melanocytes. To
identify potential therapeutic targets for vitiligo, we conducted a microarray analysis of three human vitiligo
specimens and paired adjacent normal tissues. Because we found that the fatty acid desaturase 1 (FADS1)
gene was downregulated in vitiligo specimens, we carried out experiments to assess its role in melanocyte
replication and survival. RT-gPCR was used to verify that FADS1 expression was lower in vitiligo-affected
tissues and vitiligo melanocyte PIG3V cells than in matched controls or normal human epidermal PIG1
melanocytes. In addition, CCK-8, immunofluorescence, western blot and flow cytometry assay were used to
detect the proliferation and apoptosis in PIG1 cells respectively. Overexpression of FADS1 promoted
proliferation of PIG3V melanocytes, while FADS1 silencing inhibited proliferation and induced cell death in
PIG1 melanocytes. Increased ROS generation; induction of mitochondrial-mediated apoptosis via
upregulation of Bax and active caspases 3 and 9 and downregulation of Bcl-2; and cell cycle arrest via
downregulation of c-Myc and Cyclin D1 and upregulation of p21 were all enhanced after FADS1 silencing in
PIG1 melanocytes. These findings implicate FADS1 downregulation in the pathogenesis of vitiligo and may
open new avenues for its treatment.

INTRODUCTION

With a worldwide prevalence of about 1%, vitiligo is an
acquired, chronic skin depigmentation disorder
characterized by dysfunction or death of melanocytes
[1, 2]. The pigmentation of skin and hair is determined
by melanin synthesis, and its reduction can have serious
health effects in patients with vitiligo [3, 4]. However,
the molecular mechanism underlying the disappearance
of melanocytes during vitiligo remains incompletely
characterized. Topical corticosteroids and calcineurin
inhibitors are commonly used in the treatment of
vitiligo [5]. However, these therapies have severe side
effects when used for a long time [6]. As research on
vitiligo continues to unveil molecular factors involved
in its progression, upregulation of melanogenesis and
promotion of melanocyte proliferation are primary goals
of therapeutic strategies for this condition [7, 8].

We previously conducted a microarray analysis to
identify differentially expressed genes (DEGs) in
clinical vitiligo tissue specimens. We found that
compared with adjacent normal controls, vitiligo
clinical specimens exhibit significant downregulation of
fatty acid desaturase 1 (FADS1), a member of the fatty
acid desaturase gene family located along with FADS2
at locus 11ql2-13.1 [9]. FADS1 is a rate-limiting
enzyme in the conversion of essential polyunsaturated
fatty acids (PUFAs; e.g., omega-6 linoleic acid and
omega-3 a-linolenic acid) into long-chain PUFAs (LC-
PUFAs; e.g., arachidonic acid (ARA) and eico-
sapentaenoic acid (EPA) [10]. These molecules
contribute to various cell structures and biological
processes, influencing membrane composition, signal
transduction, cell division, and regulation of lipid
metabolism, among others [11]. Moreover, PUFAs
serve as energy sources and regulate the phospholipid
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composition of mitochondrial membranes [12]. FADS1
localizes to the endoplasmic reticulum and mito-
chondria [13]. Mitochondria are vital organelles in
eukaryotic cells, generating ATP for cellular reactions
and also participating in signal transduction, regulation
of apoptosis, and metabolism of fatty acids [14, 15]. A
recent study indicated that TRPM2, a Ca?" channel
sensitive to oxidative stress, is upregulated in vitiligo
melanocytes and that its inhibition in normal epidermal
cells prevents Ca’' influx, ROS accumulation, and
apoptosis induced by oxidative stress [16]. Variation in
tissue-specific FADS1 and FADS2 gene expression was
recently associated with vitiligo through genome-wide
analysis Qi et al 2018. However, whether FADSI1
dysregulation contributes to vitiligo remains uncertain.
In the present study, we investigated the effects of
FADSI1 expression on proliferation, apoptosis, and
markers of mitochondrial oxidative stress in normal and
vitiligo melanocytes. Our findings may be relevant to
the design of new therapeutic strategies for this
condition.

RESULTS

Differential gene expression analysis in clinical
vitiligo specimens

Three lesional and non-lesional, paired epidermal
samples from patients with vitiligo were collected and
subjected to microarray and clustering analyses. Using a
threshold of fold change (FC) > 2.0 and a p-value < 0.0,
the expression of 2317 genes was found to be
significantly altered in vitiligo samples compared to
normal controls. Specifically, 1350 genes were
upregulated, and 967 genes were downregulated in
vitiligo lesions as evidenced by hierarchical clustering
and MA plot (Figure 1A and 1B).

Next, Gene ontology (GO) enrichment and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses were used to identify the function of these
DEGs. GO analysis demonstrated that most DEGs were
correlated with the melanosome membrane, lipase
binding, very long-chain fatty acid metabolic process,
linoleic acid metabolic process, and alpha-linolenic acid
metabolic process (Figure 1C). KEGG pathway analysis
showed that three KEGG pathways, i.e. fatty acid
metabolism, fatty acid elongation, and fatty acid
biosynthesis, were related to the dysregulated DEGs
(Figure 1D).

FADSI expression is downregulated in vitiligo
melanocytes

Among the DEGs identified in vitiligo specimens was
FADSI1, which encodes a fatty acid desaturase that

catalyzes the final step in the formation of EPA and
ARA from PUFAs (Figure 2A). In addition, the content
of free fatty acid was significantly decreased in vitiligo
lesions (P = 0.01002, Figure 2B). We also used qRT-
PCR to detect the expression of FADSI in two human
epidermal cell lines, namely PIG3V vitiligo melano-
cytes and normal PIG1 melanocytes. As shown in
Figure 2C, mRNA levels of FADS1 were markedly
decreased in PIG3V cells compared to PIG1 cells (P =
0.05114). These results indicated that the expression of
FADSI1 is downregulated in vitiligo melanocytes. To
determine the function of FADS1 in melanocytes, we
used two different siRNAs (FADSI-siRNA1 and
FADS1-siRNA2) to knock down its expression in PIG1
cells. Through qRT-PCR, we confirmed that FADS1
mRNA level decreased by approximately 27% in PIG1
cells after transfection with FADSI1-siRNA1 (P =
0.1123), whereas the level of FADS1 decreased by
approximately 57% in PIG1 cells after transfection with
FADSI1-siRNA2 (P = 0.0025, Figure 2D). In addition,
we stably overexpressed FADS1 in PIG3V cells (P =
0.0198, Figure 2E) and tested the effects of these
procedures using several assays.

Overexpression of FADS1 promotes proliferation of
PIG3YV vitiligo melanocytes

The CCK-8 assay showed that overexpression of
FADSI significantly promoted the proliferation (56%
increase) of PIG3V melanocytes (P < 0.01, Figure 3A).
Accordingly, in immunofluorescence assays the Ki67
positive cell rate in PIG3V cells transfected with lenti-
NC or lenti-FADS1 were approximately 35% and 52%,
demonstrating that upregulation of FADS1 markedly
increased the number of Ki67-postive PIG3V cells
compared with controls (lenti-NC transduced cells) (P =
0.0004, Figure 3B and 3C). Confirmation of FADSI
upregulation in lenti-FADS1 transduced cells was
obtained by western blot (P < 0.01, Figure 3D and 3E).
These data showed that FADS1 expression affects the
proliferative capacity of vitiligo cells.

Downregulation of FADS1 induces apoptosis of
normal PIG1 melanocytes

CCK-8 and Ki67 immunofluorescence assays were
performed to assess the role of FADSI on the
proliferation of normal epidermal PIG1 cells. CCK-8
assay results indicated that FADSI1-siRNA1 induced
approximately 30% growth inhibition in PIG1 cells,
whereas FADS1-siRNA2 induced approximately 61%
growth inhibition in PIGI cells (P < 0.01, Figure 4A).
Therefore, FADSI1-siRNA2 was used in further
experiments. In addition, Ki67 immunofluorescence
assay indicated that the Ki67 positive cell rate in PIG1
cells transfected with siRNA-NC or FADS1-siRNA2
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were approximately 46% and 12%, indicating that
downregulation of FADSI significantly inhibited
proliferation of PIGI cells (P < 0.01, Figure 4B and
4C). Moreover, increased cell death was observed on a
trypan blue staining assay (P < 0.0001, Figure 4D and
4E). The apoptosis rate in siRNA NC group was 3%,
and the apoptosis rate in FADS1-siRNA2 group was
20%, demonstrating that downregulation of FADSI1
markedly induced apoptosis of PIG1 cells (P < 0.01,
Figure 4F and 4G). FADS1 downregulation following
transfection with FADS1-siRNA2 was confirmed by
western blot (P < 0.01, Figure 4H and 4I). These data
showed that downregulation of FADSI induces
apoptosis in normal human PIG1 melanocytes.
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Downregulation of FADS1 decreased melanogenesis
in PIG1 melanocytes

To investigate the effect of FADSI in PIG1 cells on
melanin synthesis, melanin ELISA kit was used. As shown
in Figure 5A, downregulation of FADS1 markedly
decreased the content of melanin in PIG1 cells, compared
with NC group. In addition, microphthalmia-associated
transcription factor (MITF) is a master transcriptional
regulator of melanogenic enzyme, which could regulate
the transcription of three major pigmentation enzymes:
tyrosinase (TYR), TRP-1, and TRP-2 [17]. Therefore, the
expressions of MITF, TYR, TRP-1 and TRP-2 were
detected using western blot. As indicated in Figure SB—5F,
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Figure 1. Differential gene expression analysis in clinical vitiligo specimens. (A) Heat map showing gene expression profiles in
clinical samples of vitiligo and matched, adjacent normal specimens; each column represents one sample. Red and green indicate
upregulation and downregulation, respectively. (B) Distribution of gene transcripts presented as MA plot (log2 fold-change vs log total

counts); red points indicate DEGs (FADS1, log2 fold-change = -3.82, -log10

(p-value) = 2.84). (€C) Gene ontology (GO) enrichment analysis of

DEGs. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs. N1, N2, N3: normal specimens; P1, P2, P3: vitiligo samples.
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Figure 2. Expression of FADS1 in human vitiligo specimens and melanocyte cell lines. (A) Relative expression of FADS1, HACD2,
and ELOVLS5 in vitiligo samples (P) and matched normal tissues (N) by qRT-PCR (n = 9). (B) Free fatty acid in vitiligo samples (P) and matched
normal tissues (N) detected by ELISA kit. (C) FADS1 expression in the vitiligo melanocyte cell line PIG3V and in the normal epidermal
melanocyte cell line PIG1 detected by qRT-PCR. (D) FADS1 expression by qRT-PCR in PIG1 cells transfected with NC-siRNA, FADS1-siRNA1, or
FADS1-siRNA2 for 72 h. (E) FADS1 expression by qRT-PCR in PIG3V in cells transfected with lenti-NC or lenti-FADS1 for 72 h. **P < 0.01,
compared with NC cells.
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Figure 3. Overexpression of FADS1 promotes proliferation of PIG3V melanocytes. PIG3V cells were transduced with lenti-NC

or lenti-FADS1 for 72 h. (A) Cell viability determination (CCK-8 assay). (B, C) Ki67 immunofluorescence. (D, E) Western blot detection of
FADS1. **P < 0.01, compared with the NC group.
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the levels of MITF, TYR, TRP-1 and TRP-2 were
significantly decreased following transfection with
FADS1-siRNA2, compared with NC group. These
findings suggest that downregulation of FADSI1 could
reduce melanogenesis via decreasing the levels of
melanogenic genes.

Downregulation of FADS1 induces ROS generation
in PIG1 melanocytes

The FADSI protein localizes to mitochondria, the main
sites of ROS production under both physiological and
pathological conditions [45]. To analyze whether
melanocyte death induced by FADSI1-siRNA2
transfection is paralleled by enhanced ROS generation,
PIG1 cells were stained with DCF-DA, a ROS indicator.

As shown in Figure 6A and 6B, downregulation of
FADSI1 markedly increased ROS generation (P < 0.01).
To further assess whether FADS1 expression affects
mitochondrial function in PIG1 cells, mitochondrial
membrane potential (MMP) was evaluated using the
potentiometric dye JC-1. The results indicated that
FADSI silencing decreased MMP (Figure 6C). These
data demonstrated that downregulation of FADSI
induces ROS generation and decreases MMP in PIGI
melanocytes. To further investigate the effect of FADS1
on the mitochondria morphology of PIG1 cells under
TEM. The mitochondria of PIG1 cells in shRNA NC
group exhibited complete double membrane structures,
and exhibited a highly convoluted inner membrane that
forms numerous invaginations called cristae (Figure 6D).
However, in FADS1 siRNA2 group, the mitochondria of
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Figure 4. Downregulation of FADS1 induces apoptosis in PIG1 melanocytes. PIG1 cells were transfected with NC-siRNA or
FADS1-siRNA2 for 72 h. (A) Cell viability determination (CCK-8 assay). (B, C) Ki67 immunofluorescence. (D, E) Cell death (trypan blue)
assay. (F, G) Apoptosis assay. Annexin V/Pl-stained cells were analyzed by flow cytometry. (H, 1) Expression of FADS1 by western blot. **P <

0.01, compared with NC cells.
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PIG1 cells presented swelling and distorted cristae.
Moreover, the double membrane structure of
mitochondria in PIG1 cells was damaged. These results
indicated that downregulation of FADS1 could cause a
damage to the mitochondrial morphology in PIG1 cells.

Downregulation of FADS1 induces apoptosis of
PIG1 cells through the mitochondrial-mediated
apoptosis pathway

To further clarify the mechanism by which FADSI
regulates apoptosis in PIG1 cells, the expression of
apoptosis-related proteins was assessed using western
blot. Downregulation of FADSI significantly up-
regulated the expression of Bax, active caspase 3, and
active caspase 9, and markedly downregulated the
expression of Bcl-2 (Figure 6E—6I). These results
indicated that downregulation of FADSI1 induces the
mitochondrial-mediated apoptosis pathway in PIG1 cells.

Downregulation of FADS]1 inhibits cell cycle
progression

Next, the effect of FADS1 on cell cycle progression was
analyzed by flow cytometry and western blotting. As

shown in Figure 7A and 7B, the percentage of cells in the
resting phase (GO0-G1) increased to 70% following
transfection with FADS1-siRNA2, while the percentage
of GO-G1 cells in the siRNA NC group is 60%. In
addition, the percentage of cells in the proliferative phase
(S) decreased to 10% following transfection with
FADSI1-siRNA2, while the percentage of S phase cells in
the siRNA NC group is 30%. The data showed that the
percentage of cells in phases GO-G1 was significantly
increased, with a concomitant reduction in the number of
cells in the proliferative phase (S), in FADS1-siRNA2-
transfected cells compared to NC-siRNA melanocytes. In
addition, downregulation of FADS1 markedly decreased
the levels of c-Myc and Cyclin D1, and increased the
levels of p21 (Figure 7C—7F). These results suggest that
downregulation of FADSI inhibits cell cycle progression
in PIG1 melanocytes.

Downregulation of FADS1 inhibited melanogenesis
by inhibiting the MAPK signaling pathway

To explore the involvement of MAPKs in FADSI
siRNA2-induced inhibition of melanogenesis, western
blot was applied. As shown in Figure 8A—8C, down-
regulation of FADS1 obviously downregulated the
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Figure 5. Downregulation of FADS1 decreased melanogenesis in PIG1 melanocytes. PIG1 cells were transfected with NC-
siRNA or FADS1-siRNA2 for 72 h. (A) Melanin content determination (ELISA). (B) Expression of MITF, Tyrosinase, TRP1, and TRP2
detected by western blotting. B-actin was used as internal control. (C—F) Relative expression of MITF, Tyrosinase, TRP1, and TRP2 after

normalization to B-actin. **P < 0.01, compared with NC cells.
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phosphorylated levels of p38 MAPK and JNK,
compared with NC group. These data indicated that
downregulation of FADS1 could inhibit melanogenesis
by inhibiting the MAPK signaling pathway.

DISCUSSION

In the present study, we used microarray analysis to
identify DEGs in vitiligo lesions through comparison
with normal skin controls. Among the DEGs detected,
we focused on FADSI, a key enzyme in the synthesis of
LC-PUFAs [10]. GO and KEGG analyses confirmed the
involvement of FADS1 in fatty acid metabolism,
including long-chain fatty acid metabolic processing,
which is essential for functional activity in
mitochondria [18]. In addition, PUFA could regulate
mitochondrial membrane structure and function [19].
Previous study indicated that there are significant
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differences in the mitochondrial morphology of vitiligo
skin compared with that in health skin [20]. In addition,
Dell’Anna et al. reported that alterations in energy
production and mitochondrial membrane lipids could
lead to melanocyte degeneration in patients with vitiligo
[21]. Woo et al found that FADSI localizes to
mitochondria as well [13]. We therefore further sought
to investigate whether FADS1 dysregulation impacts
the progression of this condition.

We found that FADS1 was downregulated in both
human vitiligo samples and vitiligo PIG3V melanocytes
as to compared to matched normal skin or normal
epidermal PIG1 melanocytes. Overexpression of
FADSI significantly promoted proliferation of PIG3V
cells, while its downregulation reduced proliferation
and induced apoptosis in PIG1 cells. These data suggest
that FADS1 exerts pro-survival effects in melanocytes,
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Figure 6. Downregulation of FADS1 induces ROS generation, decreases MMP, and promotes expression of apoptosis markers
in PIG1 cells. PIG1 melanocytes were transfected with NC-siRNA or FADS1-siRNA2 for 24 h or 72 h. (A, B) ROS generation measured by DCF
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3 after normalization to B-actin. **P < 0.01, compared with NC cells.
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and its deficiency may be critically linked to the
development of vitiligo.

Several ~mechanisms related to mitochondrial
dysfunction have been proposed to explain the
degeneration of melanocytes in vitiligo, including
altered expression of electron transport chain proteins
and altered transmembrane distribution of cardiolipin
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[18]. The mitochondrial membrane potential (MMP)
regulates the uncoupling effect that high fatty acid
levels have on oxidative phosphorylation, and its
disruption is associated with enhanced ROS generation
and oxidative stress [22-24]. Studies indicate that
excess ROS production contribute to loss of MMP,
which in turn leads to apoptotic cell death [25-27].
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downregulation of TRPM2 can inhibit apoptosis in
vitiligo melanocytes by suppressing mitochondrial ROS
accumulation and MMP loss [16]. Our study shows that
FADS1 downregulation in normal epidermal cells
reproduces the mitochondrial deficits found in vitiligo
melanocytes, namely increased ROS generation,
decreased MMP, and induction of the mitochondrial-
mediated apoptosis pathway.

Loss of MMP causes the release of proteins located in the
intermembrane space of the mitochondria [28], including
several important apoptosis-inducing factors, such as
cytochrome ¢, which activates caspase 9, leading in turn
to caspase 3 activation [29, 30]. In addition, loss of MMP
can disrupt the balance between pro-apoptotic Bax and
anti-apoptotic Bcl-2 levels in mitochondria [31, 32].
Zhou et al. showed that calcitonin gene-related peptide
(CGRP) together with substance P reduce melanogenesis,
while CGRP exerts a dose-dependent apoptotic effect in
B16F10 melanoma cells through increased expression of
caspases 3 and 9 and reduced Bax/Bcl-2 ratio [33]. Our
study suggests that downregulation of FADSI in vitiligo
melanocytes could be a critical determinant for apoptosis,

since its suppression in normal PIGI cells triggers
apoptosis by increasing ROS generation as well as
expression of Bax and active caspases 3 and 9, while
downregulating Bcl-2. A schematic model of the
proposed mechanism by which FADS1 downregulation
leads to mitochondria-mediated apoptosis in melanocytes
is shown in Figure 9.

Induction of cell cycle arrest often precedes apoptosis
[34]. Zhang et al. reported that elevated ROS levels can
induce cell cycle arrest through activation of the ERK
signaling pathway [35]. In the present study, down-
regulation of FADS1 markedly inhibited cell cycle
progression by inducing cell cycle arrest in GO/G1 phase.
Previous studies indicate that changes in p21 and cyclin
D1 levels are responsible for this effect [36]. Thus, when
cells undergo DNA damage, p21 is upregulated, which
inhibits expression of cyclin D1 to trigger GO/G1 arrest
[37]. Our data are consistent with a mechanism by which
downregulation of FADS1 in melanocytes leads to ROS
generation, which in turn induces cell cycle arrest by
decreasing c-Myc and Cyclin D1 levels while increasing
the expression of p21 (Figure 9).

Downregulation of FADS1
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Cell cycle arrest

Figure 9. Schematic model of apoptotic melanocyte death mediated by FADS1 downregulation. Downregulation of FADS1
increases reactive oxygen species (ROS) generation, which led to inhibition of the p38/ERK MAPK signaling pathway.
Furthermore, Downregulation of FADS1 induces apoptosis and cell cycle arrest in PIG1 cells via inhibition of the p38/ERK MAPK signaling

pathway.
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In this study, downregulation of FADS1 decreased the
expressions of MITF and melanogenic genes, suggesting
that downregulation of FADS1 could decrease melano-
genesis in PIG1 melanocytes. JNK and p38 mitogen-
activated protein kinase (MAPK) are implicated in
mammalian melanogenesis [38]. MAPKs regulated
melanogenesis via activation of MITF expression and the
consequent increased tyrosinase expression [39]. Lee et al
indicated that beauvericin could inhibit melanogenesis by
suppressing the p38 MAPK signaling pathway [39]. In
this study, downregulation of FADSI inhibited
phosphorylation of p38 and JNK, indicating that
downregulation of FADS1 inhibited melanogenesis via
inhibiting of p38 MAPK pathway (Figure 9), which was
consistent with previous study. Lim et al found that
naringenin induced apoptosis and ROS production in
prostate cells, and decreased phosphorylation of p38 and
JNK [40]. In addition, it has been shown that inhibition of
MAPK signaling could suppress the proliferation, and
induce the apoptosis in tumor cells [41]. Moreover,
dryofragin induced apoptosis in osteosarcoma cells via
inhibiting phosphorylation of p38 MAPK [42].
Collectively, FADS1-siRNA2-induced apoptosis, and cell
cycle arrest in PIG1 cells was closely related to the
increase in intracellular ROS, which may act as upstream
factors to downregulate the p38 MAPK signaling
pathway.

In summary, we observed that FADS1 is downregulated
in both clinical vitiligo samples and immortalized
PIG3V human vitiligo melanocytes, where forced
FADS1 expression stimulates cell growth. Because
FADS1 downregulation in normal melanocytes induces
cell cycle arrest and cell death via ROS generation and
mitochondria-mediated apoptosis, we propose that
strategies aimed at restoring FADSI1 expression in
affected melanocytes could potentially improve
therapeutic outcomes in patients with vitiligo. However,
in vivo data are needed to validate the results of this
study and confirm the role of FADS1 deficiency in
vitiligo patients. In addition, the function of FADS1 on
fatty acid metabolite in PIG1 cells need to be further
explored.

MATERIALS AND METHODS

Clinical samples

A total of 60 paired vitiligo epidermal and adjacent
normal specimens were obtained from the Huashan
Hospital Affiliated to Fudan University, between May
2017 and July 2018. A dermatologist determined disease
activity. Patients with vitiligo irrespective of gender and
age were included. The exclusion criteria were:
participants affected with other associated dermatoses
such as psoriasis during the last 6 months, or receiving

systemic corticosteroids or antioxidants. The study was
approved by the Ethics Committee of Huashan Hospital
Affiliated to Fudan University. Written informed consent
was obtained from all participants.

Microarray analysis

Total RNA from vitiligo specimens and adjacent normal
controls was extracted with Trizol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. Differentially expressed genes (DEGs) in
vitiligo samples were selected using whole-genome
microarray expression profiling (Agilent Technologies,
Santa Clara, CA, USA) based on the criteria of | log 2
(fold change) | >2 and adjusted P < 0.05.

GO and KEGG pathway analyses

Gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses were used
to investigate the roles of all DEGs, as previously
described [43, 44]. GO analysis (http:/www.
geneontology.org/) was applied to elucidate genetic
regulatory networks of interest by forming hierarchical
categories at three levels: molecular functions,
biological processes, and cellular component. KEGG
pathway analyses (http://www. genome.jp/kegg/) were
performed to explore significant pathways associated
with the DEGs. The -logl0 (p value) denotes
enrichment scores that represent the significance of GO
and KEGG enrichment among DEGs.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

The Maxima First Strand cDNA Synthesis kit (Thermo
Fisher Scientific, Waltham, MA, USA) was used to
synthesize cDNA according to the manufacturer’s
protocol. Then, QRT-PCR was performed using SYBR
premix Ex Taq II kit (TaKaRa, Dalian, China) on a
CFX96 Touch™ Deep Well Real-Time PCR Detection
System (BioRad, Hercules, CA, USA) with the following
primer sequences: GAPDH, forward: 5'-
TCAAGAAGGTGGTGAAGCAGG -3/, reverse: 5'-
TCAAAGGTGGAGGAGTGGGT -3'; FADSI, forward:
5'- TGCAATGTCCACAAGTCTGC -3'; reverse: 5'-
AGCTGCCCTGACTCCTTTAG -3'. qRT-PCR reactions
were performed as follows: 94°C for 10 min followed by
40 cycles of 95°C for 30 s, 60°C for 30 s, and finally,
72°C for 30 s. Relative gene expression was calculated
using 244 method and normalized to GAPDH.

Free fatty acid (FFA) detection content

The expression levels of FFA in vitiligo epidermal and
adjacent normal specimens were assayed using the FFA
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assay kit (Beijing Solarbio Science and Technology
Co., Ltd, Beijing, China).

Cell culture

Two human cell lines, PIG3V (vitiligo melanocytes),
and PIG1 (normal epidermal melanocytes) were
purchased from American Type Culture Collection
(ATCC, Rockville, MD, USA). Cells were cultured in
Dulbecco’s modified Eagle medium (DMEM, Gibco,
Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco), 100 pg/L penicillin, and
100 pg/L streptomycin at 37 °C in a humidified
incubator with 5% CO,.

Lentivirus production and cell transduction

The lentiviral vector and the pBLLV-CMV-IRES-
ZsGreen FADS1 cDNA lentiviral plasmid were
purchased from GenePharma (Shanghai, China). FADS1
plasmids were co-transfected into 293T cells with
pMD2.G (envelope plasmid) and psPAX2 (packaging
plasmid). Lentiviral particles in the supernatant were
harvested 72 h after transfection at 32°C.

PIG3V cells (4 x 10° cells/well) were cultured into cell
plates (60 mm) overnight at 37°C. Cells (at 50%—60%
confluence) were then transduced with lentiviral vector
(lenti-NC; negative control) or lentivirus FADSI
supernatants for 24 h. Then, the virus-containing media
were replaced with fresh complete medium. Cell were
then treated with puromycin (2.5 pg/mL, Sigma
Aldrich, St. Louis, MO, USA) over 3 days to select
stably transduced PIG3V cells. qRT-PCR and western
blot assays were used to determine the expression of
FADSI in PIG3V cells.

siRNA and plasmid transfection

siRNAs targeting FADS1 (FADS1-siRNA), as well as
control siRNA (NC-siRNA), were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
PIGI1 cells were transfected with 5 uL. siRNA for 6 h at
37°C according to the manufacturer’s specifications.
Culture media were then replaced with fresh DMEM,
and cells incubated for 72 h at 37°C. qRT-PCR and
western blot assays were used to determine the
expression of FADS1 in PIG1 cells.

Cell viability and cell death assays

To assess cell viability, PIG3V and PIG1 cells (2x10*
cells per well) were seeded into 96-well plates and
incubated at 37 °C for 24 h. Cells were then transfected
with lenti-FADS1 or FADS1-siRNA2 for 24, 48, or 72
h, after which 10 puL. CCK-8 solution (Beyotime,

Shanghai, China) was added into each well for a period
of 2 h at 37°C. Absorbance (450 nm) was measured
using an ELISA reader (Awareness Technology
ChroMate® Microplate Reader, Ramsey, MN, USA).

For cell death assays, PIG1 cells were seeded into six-
well plates and incubated overnight at 37 °C. After
treatment, PIG1 cells were stained with a 0.4% trypan
blue solution (Gibco, Paisley, UK) and then counted
using a hemocytometer (Neubauer improved, Superior
Marienfeld, Lauda-Ko6nigshofen, Germany).

Ki67 immunofluorescence

PIG3V and PIG1 cells were plated into 24-well plates
and incubated overnight at 37 °C, followed by
transduction/transfection with lenti-FADS2 or FASDI-
siRNA2 for 72 h. Cells were washed twice with PBS,
fixed in 4% polyoxymethylene for 10 min, and incubated
with primary antibodies directed against Ki67 (1:1000;
ab15580; Abcam) at 4°C overnight. Subsequently, cells
were incubated with a fluorescein isothiocyanate (FITC)-
conjugated secondary antibody at 37°C for 1 h, counter-
stained with 4’-6-diamidino-2-phenylindole (DAPI),
mounted, and observed using a fluorescence microscope.

Assay for melanin content

PIG1 cells were plated into 6-well plates and incubated
overnight at 37 °C, followed by transduction/transfection
with FASD1-siRNA2 for 72 h. The content of melanin in
PIG1 were assayed using the melanin ELISA kit (ELK
Biotechnology Co., LTD, Hubei, China).

Western blot analysis

PIG1 cells were lysed with RIPA buffer (Beyotime,
Shanghai, China), and a BCA Protein Assay Kit (Thermo
Fisher Scientific) was used to measure protein
concentrations in the cell lysates. Protein samples were
separated by 10 % SDS-PAGE gel and transferred onto
PVDF membranes (Thermo Fisher Scientific). The
membranes were blocked with 5% nonfat dry milk at
room temperature for 1 h and then probed at 4°C
overnight with primary antibodies: anti-FADS1 (1:1000;
ab126706, Abcam), anti-Bax (1:1000; ab32503), anti-Bcl-
2 (1:1000; ab32124), anti-active caspase 3 (1:1000;
ab2302), anti-active caspase 9 (1:1000; ab219590), anti-c-
Myc (1:1000; ab320702), anti-p21 (1:1000; ab218311),
anti-Cyclin D1 (1:1000; ab134175), MITF (1: 1000,
ab20663), Tyrosinase (1: 1000, ab170905), TRP1 (1:
1000, ab235447), TRP2 (1: 1000, ab74703), p-p38 (1:
1000, ab47363), p38 (1: 1000, ab170099), p-JNK (1:
1000, ab76572), or JNK (1: 1000, ab208035). Then, the
membranes were washed and incubated with a
horseradish peroxidase (HRP) conjugated goat anti-
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rabbit IgG H&L secondary antibody (1:5000) for 1 h at
room temperature. Blot bands were detected with
Amersham ECL detection reagents (GE Healthcare,
Little Chalfont, Buckinghamshire, UK) according to the
manufacturer’s instructions.

Apoptosis assay

Cell apoptosis was detected by flow cytometry using an
Annexin V-FITC/PI Apoptosis detection kit (KeyGen
Biotech, NanlJing, China). PIG1 cells were plated onto
six-well plates and incubated overnight at 37°C.
Following treatments, cells were collected and washed
twice with cold PBS. After resuspension in 500 pL of
binding buffer, cells were incubated with 5 pL of
Annexin V-FITC and 5 pl of PI at room temperature in
the dark for 20 min. A flow cytometer (FACSCalibur
Flow Cytometer, BD Biosciences, San Jose, CA, USA)
was used to detect apoptosis.

ROS analysis

ROS generation was evaluated by staining cells with
2',7"-dichlorodihydrofluorescein diacetate (DCFH-DA;
Sigma Aldrich) according to the manufacturer’s
protocol. PIG1 cells (2x10* cells per well) were seeded
onto black polystyrene 96-well plates overnight at 37°C,
after which FADS1-siRNA2 was added into each well
and incubated for 24 h for transfection. Then, cells were
incubated with 10 mM DCFH-DA for 30 min in the
dark, and fluorescence detected by flow cytometry.

Mitochondrial membrane potential assay

JC-1 staining was performed as previously described
[45]. Following treatments, PIG1 cells were incubated
with 2 mL JC-1 staining reagent for 20 min at 37°C in
the dark. After that, cells were washed three times with
PBS, and then resuspended in PBS for analysis by flow
cytometry.

Mitochondrial morphologic change

Mitochondrial morphologic changes were observed by a
transmission electron microscopy (TEM, H-6001V,
Hitachi Ltd.,, Japan). After fixation in 2.5%
glutaraldehyde (GA, Sigma-Aldrich, St. Louis, MO,
USA) at 4°C overnight, PIG1 cells were centrifuged at
1000 rpm for 5 min. After that, the cell pellets were
fixed in 2.5% glutaraldehyde for 1 h, and refrigerated
overnight, and then photos were captured using a TEM.

Cell cycle analysis

Cell cycle analysis was performed as previously
described [46]. Briefly, PIG1 cells were plated into 24-

well plates overnight, followed by FASD1-siRNA2
transfection for 72 h. Cells were then fixed with 70 %
ethanol and stained with PI (25 pg/mL) in fluorescence-
activated cell sorting buffer for 30 min at room
temperature in the dark. A flow cytometer was used to
detect relative cell numbers in each cell-cycle phase
(G1, S, G2, and GO).

Statistical analysis

Data analysis was conducted with GraphPad Prism
version 7 (GraphPad Software, CA, USA.). All data are
presented as the mean + SD of at least three
independent experiments. Comparisons between two
groups were done by Student’s t-test. P < 0.05 was
considered statistically significant.

CONFLICTS OF INTEREST
The authors declare no conflicts of interests.
FUNDINGS

This study was supported by grants from Municipal
Hospital Emerging Frontier Technology United Key
Projects (SHDC12016112), the National Natural
Science Foundation of China (Grant No. 81703114).

REFERENCES

1. Almasi-Nasrabadi M, Amoli MM, Robati RM, Rajabi F,
Ghalamkarpour F, Gauthier Y. CDH1 and DDR1
common variants confer risk to vitiligo and
autoimmune comorbidities. Gene. 2019; 700:17-22.
https://doi.org/10.1016/j.gene.2019.03.026
PMID:30890477

2. Tarlé RG, Silva de Castro CC, do Nascimento LM, Mira
MT. Polymorphism of the E-cadherin gene CDH1 is
associated with susceptibility to vitiligo. Exp Dermatol.
2015; 24:300-02. https://doi.org/10.1111/exd.12641
PMID:25613741

3. Slominski A, Tobin DJ, Shibahara S, Wortsman J.
Melanin pigmentation in mammalian skin and its
hormonal regulation. Physiol Rev. 2004; 84:1155-228.
https://doi.org/10.1152/physrev.00044.2003
PMID:15383650

4. Zang D, Niu C, Aisa HA. Amine derivatives of
furocoumarin induce melanogenesis by activating
Akt/GSK-3B/B-catenin signal pathway. Drug Des Devel
Ther. 2019; 13:623-32.
https://doi.org/10.2147/DDDT.5180960
PMID:30858693

5. Garg BJ, Saraswat A, Bhatia A, Katare OP. Topical
treatment in vitiligo and the potential uses of new drug

WWwWw.aging-us.com 11840

AGING


https://doi.org/10.1016/j.gene.2019.03.026
https://www.ncbi.nlm.nih.gov/pubmed/30890477
https://doi.org/10.1111/exd.12641
https://www.ncbi.nlm.nih.gov/pubmed/25613741
https://doi.org/10.1152/physrev.00044.2003
https://www.ncbi.nlm.nih.gov/pubmed/15383650
https://doi.org/10.2147/DDDT.S180960
https://www.ncbi.nlm.nih.gov/pubmed/30858693

10.

11.

12.

13.

delivery systems. Indian J Dermatol Venereol Leprol.
2010; 76:231-38.
https://doi.org/10.4103/0378-6323.62961
PMID:20445292

Berti S, Buggiani G, Lotti T. Use of tacrolimus ointment
in vitiligo alone or in combination therapy. Skin
Therapy Lett. 2009; 14:5-7.

PMID:19585060

Li L, Liang Y, Zhang D, Wang C, Pan N, Hong J, Xiao H, Xie
Z. The 308-nm excimer laser stimulates melanogenesis
via the wnt/B-Catenin signaling pathway in B16 cells. J
Dermatolog Treat. 2019; 30:826-30.
https://doi.org/10.1080/09546634.2019.1572861
PMID:30661431

Niu C, Aisa HA. Upregulation of Melanogenesis and
Tyrosinase Activity: Potential Agents for Vitiligo.
Molecules. 2017; 22:22.
https://doi.org/10.3390/molecules22081303
PMID:28777326

Sun C, Zou M, Wang X, Xia W, Ma Y, Liang S, Hao Y,
Wu L, Fu S. FADS1-FADS2 and ELOVL2 gene
polymorphisms in susceptibility to autism spectrum
disorders in Chinese children. BMC Psychiatry. 2018;
18:283.

https://doi.org/10.1186/s12888-018-1868-7
PMID:30180836

He Z, Zhang R, Jiang F, Zhang H, Zhao A, Xu B, Jin L,
Wang T, Jia W, Jia W, Hu C. FADS1-FADS2 genetic
polymorphisms are associated with fatty acid
metabolism through changes in DNA methylation and
gene expression. Clin Epigenetics. 2018; 10:113.
https://doi.org/10.1186/s13148-018-0545-5
PMID:30157936

Schmitz G, Ecker J. The opposing effects of n-3 and n-6
fatty acids. Prog Lipid Res. 2008; 47:147-55.
https://doi.org/10.1016/j.plipres.2007.12.004
PMID:18198131

Dubinin MV, Svinin AO, Vedernikov AA, Starinets VS,
Tenkov KS, Belosludtsev KN, Samartsev VN. Effect of
hypothermia on the functional activity of liver
mitochondria of grass snake (Natrix natrix): inhibition
of succinate-fueled respiration and K* transport, ROS-
induced activation of mitochondrial permeability
transition. J Bioenerg Biomembr. 2019; 51:219-29.
https://doi.org/10.1007/s10863-019-09796-6
PMID:30982206

Park WJ, Kothapalli KS, Reardon HT, Lawrence P, Qian
SB, Brenna JT. A novel FADS1 isoform potentiates
FADS2-mediated production of eicosanoid precursor
fatty acids. J Lipid Res. 2012; 53:1502-12.
https://doi.org/10.1194/jlr.M025312

PMID:22619218

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ashrafi G, Schwarz TL. The pathways of mitophagy for
quality control and clearance of mitochondria. Cell
Death Differ. 2013; 20:31-42.
https://doi.org/10.1038/cdd.2012.81

PMID:22743996

Kim J, Seli E. Mitochondria as a Biomarker for IVF
Outcome. Reproduction. 2019. [Epub ahead of print].
https://doi.org/10.1530/REP-18-0580 PMID:30844752

Kang P, Zhang W, Chen X, Yi X, Song P, Chang Y, Zhang
S, Gao T, Li C, Li S. TRPM2 mediates mitochondria-
dependent apoptosis of melanocytes under oxidative
stress. Free Radic Biol Med. 2018; 126:259-68.
https://doi.org/10.1016/j.freeradbiomed.2018.08.022
PMID:30138713

Liu J, Xu X, Jiang R, Sun L, Zhao D. Vanillic acid in Panax
ginseng root extract inhibits melanogenesis in B16F10
cells via inhibition of the NO/PKG signaling pathway.
Biosci Biotechnol Biochem. 2019; 83:1205-15.
https://doi.org/10.1080/09168451.2019.1606694
PMID:30999826

Khyzhnyak SV, Midyk SV, Sysoliatin SV, Voitsitsky VM.
Fatty acids composition of inner mitochondrial
membrane of rat cardiomyocytes and hepatocytes
during hypoxia-hypercapnia. Ukr Biochem J. 2016;
88:92-98.

https://doi.org/10.15407/ubj88.03.092
PMID:29235334

Ting HC, Chen LT, Chen JY, Huang YL, Xin RC, Chan JF,
Hsu YH. Double bonds of unsaturated fatty acids
differentially regulate  mitochondrial cardiolipin
remodeling. Lipids Health Dis. 2019; 18:53.
https://doi.org/10.1186/s12944-019-0990-y
PMID:30764880

Ding GZ, Zhao WE, Li X, Gong QL, Lu Y. A comparative
study of mitochondrial ultrastructure in melanocytes
from perilesional vitiligo skin and perilesional halo nevi
skin. Arch Dermatol Res. 2015; 307:281-89.
https://doi.org/10.1007/s00403-015-1544-4
PMID:25672813

Dell’Anna ML, Ottaviani M, Albanesi V, Vidolin AP,
Leone G, Ferraro C, Cossarizza A, Rossi L, Picardo M.
Membrane lipid alterations as a possible basis for
melanocyte degeneration in vitiligo. J Invest Dermatol.
2007; 127:1226-33.
https://doi.org/10.1038/s].jid.5700700
PMID:17235326

Kéhnke D, Ludwig B, Kadenbach B. A threshold
membrane potential accounts for controversial effects
of fatty acids on mitochondrial oxidative
phosphorylation. FEBS Lett. 1993; 336:90-94.
https://doi.org/10.1016/0014-5793(93)81616-8
PMID:8262225

www.aging-us.com

11841

AGING


https://doi.org/10.4103/0378-6323.62961
https://www.ncbi.nlm.nih.gov/pubmed/20445292
https://www.ncbi.nlm.nih.gov/pubmed/19585060
https://doi.org/10.1080/09546634.2019.1572861
https://www.ncbi.nlm.nih.gov/pubmed/30661431
https://doi.org/10.3390/molecules22081303
https://www.ncbi.nlm.nih.gov/pubmed/28777326
https://doi.org/10.1186/s12888-018-1868-7
https://www.ncbi.nlm.nih.gov/pubmed/30180836
https://doi.org/10.1186/s13148-018-0545-5
https://www.ncbi.nlm.nih.gov/pubmed/30157936
https://doi.org/10.1016/j.plipres.2007.12.004
https://www.ncbi.nlm.nih.gov/pubmed/18198131
https://doi.org/10.1007/s10863-019-09796-6
https://www.ncbi.nlm.nih.gov/pubmed/30982206
https://doi.org/10.1194/jlr.M025312
https://www.ncbi.nlm.nih.gov/pubmed/22619218
https://doi.org/10.1038/cdd.2012.81
https://www.ncbi.nlm.nih.gov/pubmed/22743996
https://doi.org/10.1530/REP-18-0580
https://www.ncbi.nlm.nih.gov/pubmed/30844752
https://doi.org/10.1016/j.freeradbiomed.2018.08.022
https://www.ncbi.nlm.nih.gov/pubmed/30138713
https://doi.org/10.1080/09168451.2019.1606694
https://www.ncbi.nlm.nih.gov/pubmed/30999826
https://doi.org/10.15407/ubj88.03.092
https://www.ncbi.nlm.nih.gov/pubmed/29235334
https://doi.org/10.1186/s12944-019-0990-y
https://www.ncbi.nlm.nih.gov/pubmed/30764880
https://doi.org/10.1007/s00403-015-1544-4
https://www.ncbi.nlm.nih.gov/pubmed/25672813
https://doi.org/10.1038/sj.jid.5700700
https://www.ncbi.nlm.nih.gov/pubmed/17235326
https://doi.org/10.1016/0014-5793%2893%2981616-8
https://www.ncbi.nlm.nih.gov/pubmed/8262225

23.

24,

25.

26.

27.

28.

29.

30.

31.

Zhang P, Yu WW, Peng J, Xu LF, Zhao CC, Chang WJ, Ma
XL. LukS-PV induces apoptosis in acute myeloid
leukemia cells mediated by C5a receptor. Cancer Med.
2019; 8:2474-83. https://doi.org/10.1002/cam4.2137
PMID:30955242

Irusta PM, Chen YB, Hardwick JM. Viral modulators of
cell death provide new links to old pathways. Curr Opin
Cell Biol. 2003; 15:700-05.
https://doi.org/10.1016/j.ceb.2003.10.007
PMID:14644194

DelllAnna ML, Ottaviani M, Bellei B, Albanesi V,
Cossarizza A, Rossi L, Picardo M. Membrane lipid
defects are responsible for the generation of reactive
oxygen species in peripheral blood mononuclear cells
from vitiligo patients. J Cell Physiol. 2010; 223:187-93.
https://doi.org/10.1002/jcp.22027

PMID:20049874

Zhou J, An X, Dong J, Wang Y, Zhong H, Duan L, Ling J,
Ping F, Shang J. IL-17 induces cellular stress
microenvironment of melanocytes to promote
autophagic cell apoptosis in vitiligo. FASEB J. 2018;
32:4899-916. https://doi.org/10.1096/fj.201701242RR
PMID:29613836

Fedyaeva AV, Stepanov AV, Lyubushkina 1V,
Pobezhimova TP, Rikhvanov EG. Heat shock induces
production of reactive oxygen species and increases
inner mitochondrial membrane potential in winter
wheat cells. Biochemistry (Mosc). 2014; 79:1202-10.
https://doi.org/10.1134/50006297914110078
PMID:25540005

Barnwal B, Karlberg H, Mirazimi A, Tan YJ. The Non-
structural Protein of Crimean-Congo Hemorrhagic
Fever Virus Disrupts the Mitochondrial Membrane
Potential and Induces Apoptosis. J Biol Chem. 2016;
291:582-92.
https://doi.org/10.1074/jbc.M115.667436
PMID:26574543

Galluzzi L, Brenner C, Morselli E, Touat Z, Kroemer G.
Viral control of mitochondrial apoptosis. PLoS Pathog.
2008; 4:e1000018.
https://doi.org/10.1371/journal.ppat.1000018
PMID:18516228

Galluzzi L, Kepp O, Kroemer G. Mitochondria: master
regulators of danger signalling. Nat Rev Mol Cell Biol.
2012; 13:780-88. https://doi.org/10.1038/nrm3479
PMID:23175281

Qi S, Guo L, Yan S, Lee RJ, Yu S, Chen S. Hypocrellin A-
based photodynamic action induces apoptosis in A549
cells through ROS-mediated mitochondrial signaling
pathway. Acta Pharm Sin B. 2019; 9:279-93.
https://doi.org/10.1016/j.apsbh.2018.12.004
PMID:30972277

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

Kowaltowski AJ, Fenton RG, Fiskum G. Bcl-2 family
proteins regulate mitochondrial reactive oxygen
production and protect against oxidative stress. Free
Radic Biol Med. 2004; 37:1845-53.
https://doi.org/10.1016/j.freeradbiomed.2004.09.005
PMID:15528043

Zhou J, Feng JY, Wang Q, Shang J. Calcitonin gene-
related peptide cooperates with substance P to inhibit
melanogenesis and induces apoptosis of B16F10 cells.
Cytokine. 2015; 74:137-44.
https://doi.org/10.1016/j.cyt0.2015.01.034
PMID:25982845

Kim SJ, Kim AK. Anti-breast cancer activity of Fine Black
ginseng (Panax ginseng Meyer) and ginsenoside Rg5. J
Ginseng Res. 2015; 39:125-34.
https://doi.org/10.1016/.jgr.2014.09.003
PMID:26045685

Zhang G, He J, Ye X, Zhu J, Hu X, Shen M, Ma Y, Mao Z,
Song H, Chen F. B-Thujaplicin induces autophagic cell
death, apoptosis, and cell cycle arrest through ROS-
mediated Akt and p38/ERK MAPK signaling in human
hepatocellular carcinoma. Cell Death Dis. 2019; 10:255.
https://doi.org/10.1038/s41419-019-1492-6
PMID:30874538

Chinni SR, Li Y, Upadhyay S, Koppolu PK, Sarkar FH.
Indole-3-carbinol (I13C) induced cell growth inhibition,
G1 cell cycle arrest and apoptosis in prostate cancer
cells. Oncogene. 2001; 20:2927-36.
https://doi.org/10.1038/sj.0nc.1204365
PMID:11420705

Hong Y, Fan D. Ginsenoside Rkl induces cell cycle
arrest and apoptosis in MDA-MB-231 triple negative
breast cancer cells. Toxicology. 2019; 418:22-31.
https://doi.org/10.1016/j.tox.2019.02.010
PMID:30797898

Cuadrado A, Nebreda AR. Mechanisms and functions
of p38 MAPK signalling. Biochem J. 2010; 429:403-17.
https://doi.org/10.1042/BJ20100323 PMID:20626350

Lee SE, Park SH, Oh SW, Yoo JA, Kwon K, Park SJ, Kim J,
Lee HS, Cho JY, Lee J. Beauvericin inhibits melanogenesis
by regulating cAMP/PKA/CREB and LXR-a/p38 MAPK-
mediated pathways. Sci Rep. 2018; 8:14958.
https://doi.org/10.1038/s41598-018-33352-8
PMID:30297846

Lim W, Park S, Bazer FW, Song G. Naringenin-Induced
Apoptotic Cell Death in Prostate Cancer Cells Is
Mediated via the PI3K/AKT and MAPK Signaling
Pathways. J Cell Biochem. 2017; 118:1118-31.
https://doi.org/10.1002/jcb.25729

PMID:27606834

Chen PN, Hsieh YS, Chiou HL, Chu SC. Silibinin inhibits
cell invasion through inactivation of both PI3K-Akt and

www.aging-us.com

11842

AGING


https://doi.org/10.1002/cam4.2137
https://www.ncbi.nlm.nih.gov/pubmed/30955242
https://doi.org/10.1016/j.ceb.2003.10.007
https://www.ncbi.nlm.nih.gov/pubmed/14644194
https://doi.org/10.1002/jcp.22027
https://www.ncbi.nlm.nih.gov/pubmed/20049874
https://doi.org/10.1096/fj.201701242RR
https://www.ncbi.nlm.nih.gov/pubmed/29613836
https://doi.org/10.1134/S0006297914110078
https://www.ncbi.nlm.nih.gov/pubmed/25540005
https://doi.org/10.1074/jbc.M115.667436
https://www.ncbi.nlm.nih.gov/pubmed/26574543
https://doi.org/10.1371/journal.ppat.1000018
https://www.ncbi.nlm.nih.gov/pubmed/18516228
https://doi.org/10.1038/nrm3479
https://www.ncbi.nlm.nih.gov/pubmed/23175281
https://doi.org/10.1016/j.apsb.2018.12.004
https://www.ncbi.nlm.nih.gov/pubmed/30972277
https://doi.org/10.1016/j.freeradbiomed.2004.09.005
https://www.ncbi.nlm.nih.gov/pubmed/15528043
https://doi.org/10.1016/j.cyto.2015.01.034
https://www.ncbi.nlm.nih.gov/pubmed/25982845
https://doi.org/10.1016/j.jgr.2014.09.003
https://www.ncbi.nlm.nih.gov/pubmed/26045685
https://doi.org/10.1038/s41419-019-1492-6
https://www.ncbi.nlm.nih.gov/pubmed/30874538
https://doi.org/10.1038/sj.onc.1204365
https://www.ncbi.nlm.nih.gov/pubmed/11420705
https://doi.org/10.1016/j.tox.2019.02.010
https://www.ncbi.nlm.nih.gov/pubmed/30797898
https://doi.org/10.1042/BJ20100323
https://www.ncbi.nlm.nih.gov/pubmed/20626350
https://doi.org/10.1038/s41598-018-33352-8
https://www.ncbi.nlm.nih.gov/pubmed/30297846
https://doi.org/10.1002/jcb.25729
https://www.ncbi.nlm.nih.gov/pubmed/27606834

42.

43.

MAPK signaling pathways. Chem Biol Interact. 2005;
156:141-50.
https://doi.org/10.1016/j.cbi.2005.08.005
PMID:16169542

Su 'Y, Wan D, Song W. Dryofragin inhibits the migration
and invasion of human osteosarcoma U20S cells by
suppressing MMP-2/9 and elevating TIMP-1/2 through
PI3K/AKT and p38 MAPK signaling pathways.
Anticancer Drugs. 2016; 27:660-68.
https://doi.org/10.1097/CAD.0000000000000381
PMID:27243922

Zhao Z, Bai J, Wu A, Wang Y, Zhang J, Wang Z, Li Y, Xu J,
Li  X. Co-LncRNA: investigating the IncRNA
combinatorial effects in GO annotations and KEGG
pathways based on human RNA-Seq data. Database
(Oxford). 2015; 2015.
https://doi.org/10.1093/database/bav082
PMID:26363020

44.

45.

46.

Chen R, Liu L, Xiao M, Wang F, Lin X. Microarray
expression profile analysis of long noncoding RNAs in
premature brain injury: A novel point of view.
Neuroscience. 2016; 319:123-33.
https://doi.org/10.1016/j.neuroscience.2016.01.033
PMID:26812036

Wu D, Zhou WY, Lin XT, Fang L, Xie CM. Bufalin induces
apoptosis via mitochondrial ROS-mediated caspase-3
activation in HCT-116 and SW620 human colon cancer
cells. Drug Chem Toxicol. 2019; 42:444-50.
https://doi.org/10.1080/01480545.2018.1512611
PMID:30777466

Xu H, Sun Y, Ma Z, Xu X, Qin L, Luo B. LOC134466
methylation promotes oncogenesis of endometrial
carcinoma through LOC134466/hsa-miR-196a-5p/TAC1
axis. Aging (Albany NY). 2018; 10:3353-70.
https://doi.org/10.18632/aging.101644
PMID:30485833

www.aging-us.com

11843

AGING


https://doi.org/10.1016/j.cbi.2005.08.005
https://www.ncbi.nlm.nih.gov/pubmed/16169542
https://doi.org/10.1097/CAD.0000000000000381
https://www.ncbi.nlm.nih.gov/pubmed/27243922
https://doi.org/10.1093/database/bav082
https://www.ncbi.nlm.nih.gov/pubmed/26363020
https://doi.org/10.1016/j.neuroscience.2016.01.033
https://www.ncbi.nlm.nih.gov/pubmed/26812036
https://doi.org/10.1080/01480545.2018.1512611
https://www.ncbi.nlm.nih.gov/pubmed/30777466
https://doi.org/10.18632/aging.101644
https://www.ncbi.nlm.nih.gov/pubmed/30485833

