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ABSTRACT

Ischemia exerts a negative impact on mitochondrial function, which ultimately results in neuronal damage
via alterations in gene transcription and protein expression. Long non- coding RNAs (LncRNAs) play pivotal
roles in the regulation of target protein expression and gene transcription. In the present study, we observed
the effect of an unclassical LncRNA AK005401on ischemia/reperfusion (I/R) ischemia-mediated hippocampal
injury and investigated the regulatory role of fibroblast growth factor 21 (FGF21) and Yin Yang 1 (YY1).
C57Black/6 mice were subjected to I/R using the bilateral common carotid clip reperfusion method, and
AK005401 siRNA oligos were administered via intracerebroventricular injection. HT22 cells were used to
establish a model of oxygen-glucose deprivation/reoxygenation (OGD/R). We observed pathological
morphology and mitochondrial structure. Neuronal apoptosis was evident. Cell activity, cell respiration,
FGF21, YY1, and antioxidant capacity were evaluated. I/R or OGD/R significantly increased the expressions of
AKO005401and YY1 and decreased FGF2lexpression, which further attenuated the activation of PI3K/Akt,
promoted reactive oxygen species (ROS) generation, and then caused mitochondria dysfunction and cell
apoptosis, which were reversed by AK005401 siRNA oligos and were aggravated by overexpression of
AK005401 and YY1. We conclude that AK005401/YY1/FGF21 signaling pathway has an important role in I/R-
mediated hippocampal injury.

INTRODUCTION of blood flow and reoxygenation may exacerbate
damage to neuronal tissues [4].

Stroke seriously affects the health of people in the

world, and frequently causes death or long-term
disability [1]. In patients with cerebral ischemia—which
accounts for approximately 80% of stroke cases—the
disruption of blood flow to the brain results in neuronal
injury and stimulates the generation of reactive oxygen
species (ROS) [2, 3]. In addition, subsequent restoration

Mitochondria, as important bioenergy organelles, not only
synthesize Adenosine triphosphate (ATP) but also
produce ROS during the electron transfer stages of the
respiratory chain. Although this process is tightly
regulated under physiological conditions, ischemia causes
mitochondrial dysfunction, allowing electrons to escape
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from the mitochondrial respiratory chain and interact with
oxygen molecules to form ROS [5]. Ischemia and
reperfusion inhibit the activity of endogenous antioxidant
enzymes and promote the overproduction of ROS [6-8].
These ROS then damage the mitochondrial membrane,
facilitating the release of cytochrome C and promoting the
activation of caspase 3, ultimately leading to cellular
apoptosis [9—-11].

FGF21 is secreted into the circulation and can travel to
sites distal from its origin, acting predominantly via an
endocrine mechanism [12]. Previous studies have
revealed that fibroblast growth factor 21 (FGF21),
which exerts pleiotropic effects on the regulation of
glucose metabolism [13], also influences mitochondrial
function [14, 15]. Planavila et al demonstrated that
FGF21 regulates the expression of genes involved in
antioxidant pathways, thus preventing the production of
ROS in cardiac cells [16]. Additional studies have
indicated that FGF21 attenuates diabetes-induced renal
oxidative  stress, inflammation, apoptosis, and
lipid/collagen accumulation via upregulation of nuclear
factor like (erythroid-derived 2) (Nrf2) and activation of
the PI3K/Akt pathway [17].

Yin Yang 1 (YY1) is a ubiquitous transcription factor
that interacts with histone acetyltransferases and
deacetylases to activate or suppress gene transcription,
although recent studies have indicated that it is also
involved in the regulation of inflammation [18, 19].
Overexpression of YY1 increases the expression of Bax
mRNA and protein by binding to the Bax promoter [20].
Srivastava et al demonstrated that YY1 reduces Cu/Zn-

superoxide dismutase (Cu/Zn—SOD) expression and
increases ROS generation in the heart [21].

Long non coding RNAs (LncRNAs) can be classified
into sense, antisense, intronic, bidirectional, and
intergenic forms according to their relationship with
adjacent protein-coding genes [22], which play key
roles in various cellular contexts under both
physiological and pathological conditions and
participates in various biological processes, such as
critical regulators of microRNAs [23, 24], cell cycle
control, cell  differentiation  and  apoptosis,
transcriptional and translational control, epigenetic
silencing, and splicing regulation [25-28]. AK005401 is
a 1,392-base pair (bp) noncoding RNA sequence
derived from a gene sequence (from 108329474 to
108330865) located on chromosome 12 (Figure 1). In
our experiment, we discovered that AKO005401 is
involved in the regulation of cerebral damage mediated
by ischemia/reperfusion (I/R). In the present study, we
aimed to determine whether AK005401 is involved in
the promotion of I/R-mediated brain injury and the
reduction of antioxidant capacity and whether the
mechanisms underlying these alterations are associated
with changes in YY1 or FGF21 expression.

RESULTS

Effect of AK005401 on I/R-induced neuronal
damage

As shown in Figure 2, motor scores in the I/R group
were significantly lower than those in the sham group

AK005401 108,793,311

—

108,329,476 ".' 108,330,867

YY1 108,816,632

45,613,890

o Chromosome 12

oxidative stress

/ Sop2

—

45,615,490 Chromosome 7

Figure 1. Sequence site and possible relationships of AK005401, FGF21 and YY1. AK005401 is 1392 bp non-coding RNA sequence,
which derived from the gene sequence (from 108329474 to 108330865) located on chromosome 12. FGF21 is 947 bp including three exon
sequences (from 45,613,890 to 45,615,490) located on chromosome 7. YY1 located on chromosome 12 as like as AKO05401 is from

108,793,311 to 108,816,632.
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Figure 2. Effect of AKO054010n ischemia/reperfusion (I/R) induced mice hippocampus pathomorphology and motor score.
The mice were divided into four groups: sham, I/R, AKsiRNA, and NC. In addition, AKO05401 overexpression vector group and NC vector
group were added. After reperfusion for 24 hours, the motor score of each mouse was obtained according to the neurological test method.
The brains were fixed, embedded in paraffin, cut into 4-um-thick sections, and stained with HE, cresyl violet and FIB. (A) The neurons in the
CA1 hippocampus stained with HE were observed by light microscopy. Light microscopy shows normal neuronal cells (black solid line arrows),
pathological neurons with shrunken cytoplasm, damaged nuclei (red solid line arrows), and vacuolization (blue solid line arrows). (B) Total
motor scores in all groups were showed (n = 15). (C) The neurons stained with cresyl violet were observed by light microscopy. (D) The
neurons stained with FJB were observed by light microscopy. (E) The percentage of cell deaths was analyzed (n=3). (F) F-JB* cells were

counted (n=3). Data were presented as mean+SD. One-way ANOVA test was used to determine statistical significance. **P < 0.01 vs. sham
group, #*P < 0.05 vs. I/R group.
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(P < 0.01), although such deficits were attenuated
by treatment with AKO005401 siRNA (Figure 2B,
P < 0.05). We then assessed the histopathological
changes of neurons, in hippocampus tissues after
treatment with I/R, inhibition or overexpression of
AKO005401 expression. No significant morphological
changes were observed in neurons of the sham group.
However, neurons in the /R and NC siRNA oligos
groups exhibited significant degeneration, swelling,
atrophy, vacuolization and high mortality (P < 0.01),
which were aggravated by Overexpression of
AKO005401(P < 0.05). Treatment with
AKO005401siRNA  significantly  attenuated  such
morphological changes and decreased cell death (P <
0.05 or P <0.01).

Effect of AK005401 on OGD/R-mediated cell injury

As shown in  Figure 3, oxygen-glucose
deprivation/reoxygenation (OGD/R) significantly
reduced cell viability, increased the number of
TUNEL-positive apoptotic cells, and enhanced the
percentage of viable apoptotic cells, relative to
findings observed in control mice (P < 0.01).
However, treatment with AKO005401 siRNA
effectively attenuated OGD/R-mediated cell injury by
increasing cell activity and reducing the apoptosis of
exposed cells (P < 0.01).

As shown in Figure 4A—-4C, overexpression of AK005401
or YY1 remarkably increased the percentage of viable
apoptotic cells and reduced cell viability (P < 0.05 or P <
0.01). Treatment with YY1 siRNA or FGF21
overexpression effectively alleviated AK005401 or YY1
overexpression mediated cell injury by enhancing cell
activity and reducing apoptosis, respectively (P < 0.05 or
P <0.01).

Effect of AK005401 on antioxidant capacity and
ROS level

As shown in Figure 4D—4F, OGD/R markedly
promoted ROS generation (P < 0.01). However,
treatment with AKO005401 siRNA significantly
inhibited OGD/R mediated ROS production (P <
0.01). As shown in Figures 4G, 5SA1-5A3, 5B1-5B3,
Relative to values observed in the sham and control
groups, I/R and OGD/R markedly decreased the
activity of Cu/Zn superoxide dismutase (Cu/Zn-SOD)
and GSH-Px, stimulated ROS generation and
increased levels of MDA in vitro and in vivo (P <
0.01), respectively. As shown in Figures 4G, 5A1-
5A3, 5B1-5B3, AKO005401 siRNA significantly
increased the activity of antioxidant enzymes,
inhibited ROS production, and decreased levels of
MDA (P <0.01).

Effect of AK005401 on target gene expression

As shown in Figure 5C1-5C4, D1-D4, relative to
values observed in the sham and control groups, I/R and
OGD/R significantly stimulated AK005401 expression
(P < 0.01), which in turn directly enhanced the
expression of YY1 and suppressed the expression of
FGF21 and Cu/Zn-SOD (P < 0.01) in hippocampal
tissues and cell cultures, respectively. However, these
increases in YY1 expression were attenuated following
treatment with AK005401 siRNA, which also produced
significant increases in the expression of FGF21 and
Cu/Zn-SOD in hippocampus tissues and HT22 cells (P
< 0.01). We then assessed the effect of AK005401
overexpression on YY1/FGF21 expression. As shown
in Figure 7B1-B3, compared to OGD/R group,
overexpression of AK005401 significantly increased
YY1 expression and reduced FGF21 expression (P <
0.05 or P < 0.01). Compared to OGD/R group,
overexpression of YY1 obviously decreased FGF21
expression (P < 0.01). YY1 siRNA significantly
decreased AK005401 expression and increased FGF21
expression compared to OGD/R+AKO005401 group.
Compared with OGD/R+YY1, overexpression of
FGF21markedly reduced Y'Y lexpression (P < 0.05).

Effect of AK005401 on target protein expression

Relative to values observed in the sham and control
groups, I/R and OGD/R significantly increased the
expression of YY1, caspase 3, and Bax via upregulation
of AKO005401 expression in vitro and in Vvivo,
respectively. Furthermore, I/R and OGD/R significantly
suppressed the expression of FGF21, PI3K, Akt, and
Bcl-2 in vitro and in vivo (Figure 6, P < 0.05 and P <
0.01), respectively. As shown in Figure 6, AK005401
siRNA significantly promoted the expression of FGF21,
PI3K, Akt, and Bcl-2 and reduced the expression of
YY1, caspase 3, and Bax by blocking the regulatory
functions of AK005401 (P < 0.01). As shown in Figure
7A-A3, compared with OGD/R group, overexpression
of AKO00540land YY1 significantly increased
YY lexpression and the ratio of Bax/Bcl-2, decreased
FGF21 expression (P < 0.05 and P < 0.01). YY1 siRNA
remarkably decreased Y'Y lexpression and the ratio of
Bax/Bcl-2, enhanced FGF21 expression compared to
OGD/R+AK005401 group (P < 0.05 and P < 0.01).
Overexpression of FGF21 significantly inhibited
Y'Y lexpression and the ratio of Bax/Bcl-2 compared to
OGD/R+YY1 group (P <0.01).

Effect of AK005401 on mitochondrial structure and
cell respiration

In the control group, rod-shaped mitochondria were
diffused throughout the cells and exhibited a normal
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Figure 3. Effect of AK005401 on cell viability and apoptosis. HT22 cells were divided in four groups: control, OGD/R, AKO05401siRNA,
and NC. Cell viability was detected by MTT method. Cell apoptosis of all groups was observed by applying TUNEL apoptosis assay kit and
AnnexinV/PI apoptosis assay kit, respectively. (A) apoptotic cells were visualized by TUNEL staining (red). Nuclei were counterstained with
4' 6-diamidino-2-phenylindole (DAPI, blue). (B) TUNEL positive apoptotic cells were counted as a percentage of the total number of cells. (C)
Cell activities were evaluated using AnnexinV/PI apoptosis assay kit. (D) Apoptotic cells obtained from AnnexinV/PI method were counted as
a percentage of the total number of cells. (E) Cell viabilities of all groups were measured by using MTT methods. Data were presented as
mean£SD (n = 3 for apoptosis, n = 10 for cell viability). One-way ANOVA test was used to determine statistical significance. **P < 0.01 vs.

control group, #P < 0.01 vs. OGD/R group.
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Figure 4. Effect of overexpression of AK005401and YY1 on cell viability and apoptosis and effect of AK005401 on ROS generation.
Mice and HT22 cells were used to establish I/R model and OGD/R model, respectively. Cells were collected and seeded in a 96-well plate or 6-
well plate and divided into seven groups as follows: control, OGD/R, OGD/R+AK005401 (OGD/R+ AK005401 overexpression vector),
OGD/R+YY1 siRNA (OGD/R + AK005401 overexpression vector +YY1 siRNA), OGD/R+YY1 (OGD/R+ YY1 overexpression vector), OGD/R+FGF21
(OGD/R + YY1 overexpression vector +FGF21 overexpression vector) and OGD/R+NC vector (OGD/R+ negative control vector) groups. (A) Cell
activities were evaluated using AnnexinV/PI apoptosis assay kit. (B) Apoptotic cells obtained from AnnexinV/PI method were counted as a
percentage of the total number of cells. (C) Cell viability was detected by MTT method. ROS levels in all groups were detected using
fluorescent microscope and flow cytometry. (D) ROS levels were observed using fluorescent microscope after treatment with DCFH-DA. (E)
ROS production was analyzed by applying flow cytometry. (F) Effects of AKO0O5401 on ROS levels in HT22 cells (n = 3 experiments). (G) the ROS
contents in hippocampus tissues were measured at 450 nm according to the procedures described by ROS ELISA assay kits. Data were
presented as mean+SD (n = 10 in hippocampus tissues, or n = 3 in cells). One-way ANOVA test was used to determine statistical significance.
**P < 0.01 vs. sham group or control group, #P < 0.05 or ##P < 0.01 vs. I/R group or OGD/R group, AP < 0.05 or AAP < 0.01 vs.
OGD/R+AK005401 group, +P < 0.05 vs. OGD/R+YY1 group.
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structure (Figure 7C1). In OGD/R-treated cells, decreased in cells subjected to OGD/R (Figure 7D).

mitochondria exhibited pathological changes such as Cells were first exposed to oligomycin, an ATP
irregular and swollen shapes, damage to the synthetase inhibitor, which caused an expected
mitochondrial ridge, fracturing of mitochondrial decrease in the OCR in all groups. To measure
cristae, and severe vacuolization within mitochondria maximal mitochondrial respiratory capacity, cells
and vesicular mitochondrial clusters—especially those were then treated with carbonyl cyanide m-
adjacent to the cell nucleus (Figure 7C2). Following chlorophenyl hydrazine (CCCP), which uncouples
treatment with AKO005401 siRNA, an increased mitochondrial respiration. Cells normally increase the
number of normal mitochondria were detected, and OCR in response to CCCP in order to maintain the
OGD/R-mediated mitochondrial injury was proton gradient and mitochondrial function. However,
effectively alleviated (Figure 7C3). To examine the cells exposed to OGD/R exhibited a smaller increase
effects of AKO005401 on cellular respiration, we in OCR after CCCP treatment than that observed in
measured the mitochondrial oxygen consumption rate control cells, suggesting that spare respiratory
(OCR) in HT22 cells. The OCR was markedly capacity in such cells is lower than that in controls.
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Figure 5. Effect of AK005401 on antioxidant capacity and target genes expressions. Mice and HT22 cells were used to
establish I/R model and OGD/R model, respectively. The activities of Cuzn SOD and GSH-Px and MDA level in tissue and cells were
determined with spectrophotometrical method according to the procedure described by assay kit. (A1-A3) represent the activities of SOD
and GSH-Px and MDA level in hippocampus tissue (n=10). (B1-B3) represent the activities of SOD and GSH-Px and MDA level in cells (n=8).
Total RNA were isolated from vascular endothelium and RAECs using Trizol (Invitrogen) according to the manufacturer’s instruction. cDNA
was synthesized with PrimeScript reverse transcriptase (TaKaRa, Dalian, China) and oligo (dT) (20 bp) following the manufacturer’s
instructions. Real-time PCR was performed using SYBR Premix Ex TagTM Il kit. Relative expressions of AK005401, YY1, FGF21, and CuZn SOD
were calculated using the 2722¢T method on a real-time PCR system. (C1-C4) represent the expression levels of AK005401, YY1, FGF21, and
CuZn SOD in hippocampus tissue, respectively. (D1-D4) represent the expression levels of AK005401, YY1, FGF21, and CuZn SOD in HT22
cells, respectively. Data were presented as mean+SD (n = 3). One-way ANOVA test was used to determine statistical significance. **P < 0.01
vs. normal group or control group, #*P < 0.01 vs. I/R group or OGD/R group.
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Administration of rotenone, a complex I inhibitor, also
decreased the OCR. These data suggest that OGD/R
impairs  mitochondrial oxidative ~ phosphorylation
(OXPHOS) in HT22. Furthermore, AK005401 siRNA
increased the OCR following CCCP treatment relative
to that observed in the OGD/R group, suggesting that

AKO005401  decreases mitochondrial  respiratory
capacity.
DISCUSSION

LncRNAs—which are defined as non-coding RNAs
greater than 200 nucleotides in length—may act to
upregulate biological processes in various disease states
by directly or indirectly interacting with mRNA of the
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target gene. Such processes may ultimately lead to the
destabilization and degradation of mRNA, modulation
of apoptosis and invasion, and modification of
chromatin [22-28]. In the present study, we
demonstrated that I/R and OGD/R resulted in
hippocampal damage accompanied by upregulation of
AKO005401. However, when AK005401 expression was
blocked by siRNA, I/R- and OGD/R-mediated
hippocampal damage was significantly attenuated. In
addition, the data showed that overexpression of
AKO005401 significantly aggravated I/R and OGD/R
mediated hippocampal neuron injury. These results
indicated that AK005401 plays an important role in the
exacerbation of ischemia-induced damage in the
hippocampus.
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Figure 6. Effect of AK005401 on target proteins expressions. Mice and HT22 cells were used to establish I/R model and OGD/R model,
respectively. The expression levels of YY1, FGF21, PI3K, Akt, caspase 3, Bcl-2, and Bax were visualized using chemiluminescence method. As
shown in Figure 6, (A) represents Western blots in panel (1, 2, 3, and 4 represent sham, I/R, AKO05401siRNA, and NC, respectively). (A1-A6)
represent the relative expressions of YY1, FGF21, PI3K, Akt, caspase 3, and the relative ratio of Bax/Bcl-2 in hippocampus tissue, respectively.
As shown in Figure 6-2, (B) represents Western blots in panel (1, 2, 3, and 4 represent control, OGD/R, AKsiRNA, and NC, respectively). (B1—
B6) represent the relative expressions of YY1, FGF21, PI3K, Akt, caspase 3, and the relative ratio of Bax/Bcl-2 in HT22 cells, respectively. Data
were presented as mean+SD (n = 3). One-way ANOVA test was used to determine statistical significance. *P < 0.05 or **P < 0.01 vs. sham

group or control group, *P < 0.01 vs. I/R group or OGD/R group.
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ROS can function either as signaling molecules or as
cellular toxicants. Excessive ROS can damage proteins,
lipids, and DNA, which in turn leads to mitochondrial
dysfunction, cell apoptosis, cell transformation, and
genetic mutations that contribute to carcinogenesis [28].
Although  mitochondrial and cellular oxidases
synthesize a small amount of ROS under physiological
conditions, ROS is quickly scavenged by antioxidant

Previous studies have indicated that I/R can
significantly enhance ROS generation and trigger
oxidative stress by inhibiting the activity of antioxidant
enzymes [29, 30], which were confirmed again in our
experiment. Moreover, our findings further indicated
that treatment with AKO005401 siRNA significantly
increased SOD and GSH-Px activity and remarkably
decreased levels of MDA and ROS both in vitro and

enzymes in order to maintain redox homeostasis. in vivo.
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Figure 7. Effect of overexpression of AK005401 and YY1 on the expressions of target genes and proteins and effect of
AK005401 on mitochondrial structure and cell respiration. HT22 cells were seeded in 96-well and 6-well plates and divided in seven
groups for expression of target genes and proteins (control, OGD/R, OGD/R+AK005401, OGD/R+YY1, OGD/R+YY1 siRNA, OGD/R+FGF21 and
OGD/R+NC vector) or four groups for cell respiration (control, OGD/R, AK005401siRNA, and NC). A represents Western blots in panel (1, 2, 3,
4,5,6 and 7 represent control, OGD/R, OGD/R+AK005401, OGD/R+YY1, OGD/R+YY1 siRNA, OGD/R+FGF21 and OGD/R+NC vector,
respectively). (A1-A3) represent the relative expressions of YY1, FGF21and the relative ratio of Bax/Bcl-2 in cells, respectively. (B1-B3)
represent represent the expression levels of AKO05401, YY1 and FGF21 in HT22 cells, respectively. (C1-C4) represent mitochondria structure
of control group, OGD/R group, AKO05401siRNA group, and NC group, respectively, by using a transmission electron microscope (%x20,000
magnification). Transmission electron microscope shows normal mitochondrial structure (red solid line arrows) and pathological
mitochondria with irregular shape, as well as swollen (blue solid line arrow) and vesicular mitochondrial clusters (yellow solid line arrow). (D)
represents mitochondrial oxygen consumption rate (OCR) of different groups. OCR was measured using an Oxygraph-2k system (n = 3
experiments per condition). Data were presented as mean+SD (n = 3). One-way ANOVA test was used to determine statistical significance. P
< 0.01 vs. control group, #P < 0.05 or #P < 0.01 vs. OGD/R group, 2P < 0.05 or 24P < 0.01 vs. 0GD/R+AK005401 group, *P < 0.05 or **P < 0.01 vs.
OGD/R+YY1 group
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YY1 is a ubiquitous zinc finger transcription factor that
can function as an activator or repressor of gene
expression during embryogenesis, cellular proliferation,
DNA replication [31], and cellular differentiation
[32, 33]. Additional studies have demonstrated that
YY1 suppresses CuZn-SOD gene expression and
increases ROS levels by binding with negative
regulatory elements in the CuZn-SOD promoter [21,
34]. In addition, YY1 can stimulate Bax expression,
resulting in mitochondrial dysfunction and subsequent
apoptosis [20]. In the present study, we observed that /R
and OGD/R significantly increased levels of YY1
mRNA and protein and that such increases were
effectively attenuated when AK005401 overexpression
was inhibited using siRNA. Furthermore, our findings
indicated that the activity of antioxidant enzymes
decreased, while levels of ROS and MDA significantly
increased, due to upregulation of YY1 expression under
I/R conditions. Furthermore, I/R-mediated
overexpression of AKO005401 significantly increased
cellular apoptosis and the expression of caspase 3 and
Bax via upregulation of YY1, which were significantly
attenuated by AK005401siRNA treatment. In addition,
our findings demonstrated that YY1 siRNA effectively
reduced apoptosis and the ratio of Bax/Bcl-2, increased
cell wviability, and then alleviated I/R induced-
AKO005401 overexpression mediated hippocampal

injury.

Oxidative stress induces mitochondrial dysfunction,
which is associated with various pathological
conditions, including cardiovascular disease [35, 36].
Mitochondrial dysfunction enables electrons to escape
from the mitochondrial respiratory chain, which then
interact with oxygen molecules to form ROS [5]. ROS
damage the mitochondrial membrane, facilitating the
release of cytochrome C and promoting the activation of
caspase 3, ultimately resulting in cellular apoptosis [11,
20]. In accordance with these findings, our results
indicated that I/R and OGD/R caused structural damage
in mitochondria (e.g., increases in mitochondrial
volume and the formation of fractured cristae), resulting
in mitochondrial dysfunction, reduced OCR, and
increased ROS generation. Treatment with AK005401
siRNA substantially increased the number of healthy
mitochondria, dramatically =~ enhanced  cellular
respiratory function, and inhibited ROS production. The
data showed that AK005401, as an important regulatory
target, plays an important role in improving
mitochondrial function and increasing antioxidant

capacity.

Previous studies have indicated that activation of the
PI3K/Akt signaling pathway is required to suppress
cellular damage mediated by oxidative stress [37]. Further
studies have demonstrated that activation of the PI3K/Akt

signaling pathway improves mitochondrial function and
increases antioxidant activity [38]. Yu et al reported that
activation of PI3K and PI3K/Akt restored the balance
between pro- and antiapoptotic Bcl-2 and Bax proteins
and inhibited proapoptotic signaling events in mice [39].
FGF21, which is expressed in brown adipose tissue
(BAT) and in the liver, is an endocrine hormone involved
in the control of glucose homeostasis and lipid
metabolism [40]. However, brain neurons also express
FGF21, which plays a key role in conferring
neuroprotective effects against glutamate challenge in rat
cerebellar granular cells [41]. FGF21 plays a key role in
alleviating MCAO-induced brain injury via activation of
PI3K/Akt and inhibition of GSK-3 [42]. Research has
indicated that FGF21 may activate Sod?2 and prevent ROS
formation via the ERK pathway [43]. Planavila et al
further demonstrated that FGF21 induces an antioxidant
response by promoting the expression of certain
antioxidant genes (Ucp2, Sod2) and preventing ROS
formation [16]. In the present study, we observed that I/R
or OGD/R significantly reduced FGF21 expression,
thereby promoting ROS generation, enhancing the
expression of caspase 3 and Bax, and triggering apoptosis.
Moreover, our findings indicated that such alterations
occurred via inactivation of the PI3K/Akt signaling
pathway. Overexpression of FGF21 markedly decreased
the ratio of Bax/Bcl-2 and reduced apoptosis, and then
attenuated OGD/R mediated hippocampal neuron injury
by blocking AK005401/YY1 signal pathway. AK005401
siRNA and YYIsiRNA significantly increased
antioxidant capacity and inhibited apoptosis, following
which I/R-mediated hippocampal injury was attenuated
by increases in FGF21 expression and activation of the
PI3K/Akt pathway.

In conclusion, the findings of the present study
indicated that AK005401 is an essential regulator in
I/R-mediated hippocampal injury and that such injury is
aggravated via downregulation of FGF21 expression,
upregulation of YY1 expression, and activation of the
PI3K/Akt pathway. These results show downregulation
of AKO005401 has potential application in
cardiovascular diseases therapy.

MATERIALS AND METHODS
Reagents and antibodies

The siRNA oligos of AK005401 and YY1 and negative
control RNA oligos (NC RNA oligos) were obtained
from GenePharma (Shanghai Hi-Tech Park, Shanghai,
China). Overexpression vectors of YY1, AK005401 and
FGF21 were purchased from Genechem Co., Ltd.
(Shanghai, China). Dulbecco’s modified Eagle medium
(DMEM) and fetal bovine serum (FBS) were obtained
from HyClone (Logan, UT, USA). Dimethyl sulfoxide
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(DMSO), antibodies, and 3-(4,5-dimethythiazol-2-yl)-
2,5- diphenyl-tetrazolium bromide (MTT) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Assay kits for
ROS, superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px), malondialdehyde (MDA), and
annexin V-FITC apoptosis were acquired from Nanjing
Jiancheng Biology Engineering Institute (Nanjing, China).
All other chemical reagents were of analytical grade.

Animal model of global cerebral I/R

All animals were treated in accordance with the
National Institutes of Health Guide for Care and Use of
Laboratory Animals. Animal care and experimental
procedures were approved by the Ethics Committee in
Animal and Human Experimentation of Binzhou
Medical University. Male C57Black/6 mice weighing
22+2 g were purchased from Jinan PengYue Laboratory
Animal Breeding Co., Ltd (Jinan, China). All animals
were housed in a temperature-controlled animal facility
(23+2°C) under a 12-hour light/dark cycle, following
which they were randomly divided into 4 groups: sham
(n = 15), 20 min ischemia/24 h reperfusion (I/R; n =
15), 20 min ischemia/24 h reperfusion + AK005401
siRNA oligo (I/R+siRNA [100nM]; n = 15), 20 min
ischemia/24 reperfusion + NC RNA oligo (I/R+ NC
RNA; n = 15). Mice were anesthetized via an
intraperitoneal injection of 10% chloral hydrate at a
dose of 300 mg/kg (Sigma-Aldrich). AKO005401
siRNAs with sense and antisense sequences of 5'-
GCGUGUCUACACCGUCUAUTT-3' and 5'- AUAGA
CGGUGUAGACAC GCTT-3', respectively, were
synthesized by GenePharma (Shanghai, China), who
also provided a scrambled siRNA for use as a negative
control. A total of 3 pl of AK005401 siRNA oligo, NC
RNA oligo with lipofectamine or vehicle, was
administered via intracerebroventricular injection after
treatment with Bilateral common carotid artery
occlusion (BCCAO). In addition, AKO005401
overexpression vector group and NC vector group were
added. A total of 4 pl of AK005401 over expression
vector with lipofectamine or NC vector, were
administered via intracerebroventricular injection before
treatment with BCCAO. BCCAO was performed in
accordance with methods described by Zhang et al [44].
Briefly, a ventral neck incision was made under sterile
conditions, following which the right and left common
carotid arteries were located lateral to the
sternocleidomastoid and carefully separated. Cerebral
ischemia was induced by clamping each of the arteries
with two miniature artery clips (Yuyan Instruments Co.,
Ltd., Shanghai). Following 20 minutes of cerebral
ischemia, the clips were removed from each artery to
allow for the reperfusion of blood through the carotid
arteries. Mice in the sham group underwent all surgical
procedures except for artery occlusion. During the

operation, body temperature was monitored using a
rectal probe and maintained in the normal range (36.5-
37.5°C) using a heating lamp and a heating pad.

Neurological tests

After 24 hours of reperfusion, all mice were subjected
to a modified neurological examination designed to
evaluate total motor deficits [45]. Briefly, mice were
placed on a 10-20 cm horizontal screen (grid size: 0.2 x
0.2 cm), which was rotated from horizontal to vertical.
The length of time each mouse remained on the vertical
screen was recorded and scored as follows: 5 seconds =
1 point (maximum of 15 s). Mice were then placed at
the center of a horizontal wooden rod (diameter: 1.5
cm), and the length of time each mouse remained on the
rod was recorded and scored as follows: 10 seconds = 1
point (maximum of 30 s). Finally, mice were placed on
a horizontal rope, and the length of time each mouse
remained on the rope was recorded and scored as
follows: 2 seconds = 1 point (maximum of 6 s). All
neurological assessments were performed by an
observer blinded to the mouse groups. A total motor
score (TMS) was calculated based on the results of
these three assessments (maximum score: 9 points).

Hematoxylin and eosin (HE), cresyl violet and
Fluoro-Jade B staining

Hippocampal pathomorphology was assessed via
hematoxylin and eosin (HE) staining (Beyotime
Institute of Biotechnology, Shanghai, China). After 24
hours of reperfusion, mice were anesthetized with 10%
chloral hydrate (300 mg/kg intraperitoneally) and
transcardially perfused with 4% phosphate-buffered
paraformaldehyde, following a flush with 0.1 M
phosphate-buffered saline (PBS). The brains were
removed and post-fixed in 4% paraformaldehyde at 4°C
overnight. The post-fixed brains were then removed,
embedded in paraffin, cut into 4-pum-thick sections,
stained with H&E or 0.5% cresyl violet, and visualized
via light microscopy (LeiCA DM 5000B, Leica
Microsystems, Wetzlar, Germany). Staining was then
examined in the pyramidal neurons of the CAl regions
in the hippocampus (magnification x200).

In addition, the dead cells in the CAl region of
hippocampus were quantitatively analyzed by using
Fluoro-Jade B (FJB) staining. Briefly, the sections were
immersed in a series of solutions, including 1% sodium
hydroxide in 80% alcohol, 70% alcohol, 0.06%
potassium permanganate, and 0.0004% FIB. Finally, the
reacted sections were washed and placed on a slide
warmer (approximately 50 °C) for 4 h. The digital
images from 5 sections per animal were captured with
an epifluorescent microscope F-JB* cells were counted
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in a 250x 250um square including the stratum
pyramidale at the center of the CA1 area using an image
analyzing system. Cell counts were obtained by
averaging the counts.

Cell cultures

HT22 cells were kindly provided by Professor
Chunxiang Zhang (Department of Pharmacology,
Rush University, USA). HT22 cells were cultured in
high-glucose DMEM supplemented with 10% FBS and
maintained at 37°C in a humidified mixture of air
(95%) and CO3 (5%) (v/v). When monolayer cells had
spread to more than 80% of the culture dish, cells were
collected and seeded in a 96-well plate or 6-well plate
(Costar, Cambridge, MA, USA) and divided into nine
groups as follows: control, oxygen-glucose deprivation
and reoxygenation (OGD/R), OGD/R +AK005401
siRNA, OGD/R+AK005401 (OGD/R+ AKO005401
overexpression vector), OGD/R+YY1 siRNA (OGD/R
+ AKO005401 overexpression vector +YY1 siRNA),
OGD/R+YY1 (OGD/R+ YY1 overexpression vector),
OGD/R+FGF21 (OGD/R + YY1 overexpression
vector +FGF21 overexpression vector), OGD/R+NC
(OGD/R+negative control RNA) and OGD/R+NC
vector (OGD/R+negative control vector) groups. After
a 24-hour treatment period, all groups other than the
control group were cultured in glucose-free DMEM
under hypoxic conditions (1% O2: 94% N»: 5% CO»)
at 37°C for 4 hours. Thereafter, media were replaced
with normal DMEM for all groups, and culturing
continued for 20 hours to ensure reoxygenation under
normoxic conditions (95% air: 5% CO,). An identical
volume of vehicle was added at the same time in the
control group.

Cell viability and apoptosis assays

The thiazolyl blue tetrazolium bromide/3-(4,5-
Dimethyl-2-thiazolyl)-2,5- diphenyl- 2H-tetrazolium
bromide (MTT; Sigma-Aldrich) assay was used to
determine mitochondrial dehydrogenase activity in
cultured HT22 cells. The dark blue formazan crystals
formed in the intact cells were solubilized with DMSO,
and the absorbance was measured at 490 nm using a
microplate reader (BioTek Synergy H4, USA). The
results were expressed as a percentage of MTT
reduction in the vehicle-treated control cells, for which
an absorbance of 100% was assumed.

Cell apoptosis was detected via the terminal
deoxyribonucleotidyl  transferase-mediated =~ dUTP-
digoxigenin nick-end labeling (TUNEL) assay and
annexin V-FITC/propidium iodide (PI) apoptosis assay
methods, respectively. Briefly, HT22 cells were
cultured and treated in accordance with the

manufacturer’s instructions (Beyotime Institute of
Biotechnology, China). Nuclei were labeled using 4',6-
diamidino-2- phenylindole (DAPI, Leagene Biotech,
Beijing, China), and the active and apoptotic cells (blue
and red, respectively) were visualized using an 1X70-
inverted fluorescence microscope (Olympus, Tokyo,
Japan). TUNEL-positive apoptotic cells were expressed
as a percentage of the total number of cells. Cells
labeled via the annexin V-FITC/PI assay were then
examined via flow cytometry (Beckman Coulter Inc.,
Brea, CA, USA), and the percentage of viable apoptotic
cells was calculated. Independent experiments were
repeated at least 3 times.

Measurement of antioxidative enzyme activity and
MDA levels

After 24 hours of reperfusion or reoxygenation, cerebral
cortical tissue was removed, blotted and weighed, and
then homogenized in 0.1 M phosphate buffer solution (pH
7.4). The homogenate was centrifuged at 3000 x g for 5
minutes at 4°C. The supernatants were used to
spectrophotometrically determine MDA levels at 532 nm,
Cu/Zn-SOD activity at 550 nm, and GSH-Px activity at
412 nm, in accordance with the manufacturer’s
instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, PR China). Protein content was measured using
a bicinchoninic acid (BCA) protein assay kit (Beijing
Solarbio Science & Technology Co., Ltd., China).

Measurement of total ROS generation

Following all experimental procedures, mice were
euthanized via cervical dislocation. Hippocampal tissues
were collected, weighed, and homogenized with saline on
ice. The homogenate was centrifuged at 4000 x g for 15
min at 4°C. The supernatants were used to
spectrophotometrically determine the level of ROS at 450
nm, in accordance with the manufacturer’s instructions
(Shanghai Enzyme-linked Biotechnology Co., Ltd).
Protein concentrations in each supernatant were detected
using a BCA protein assay kit. HT22 cells were seeded in
6-well plates and treated for 24 hours as described above,
following which they were co-cultured with 5 uM of 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) for 30
minutes in total darkness. The cells were collected and
suspended in 500 uL of PBS for the measurement of ROS
levels. The fluorescence intensity was immediately
assayed via flow cytometry. The results were expressed as
a percentage of the control value in untreated cells.

Observation of mitochondrial structure
Treated HT22 cells were then fixed in 2.5% (v/v)

glutaraldehyde and collected in a centrifuge tube,
following which they were fixed in osmic acid,
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dehydrated via graded ethanol solutions, and embedded
in epoxy resin. Embedded cells were sectioned into
ultraslices, stained with uranyl acetate and lead citrate,
and observed using a transmission electron microscope
(Olympus, Tokyo, Japan).

High-resolution respirometry

Cell respiratory function was analyzed via high-resolution
respirometry, which was performed in a two-channel
titration injection respirometer at 37°C (Oxygraph-2k,
Oroboros, Innsbruck, Austria). Briefly, HepG2 cells were
seeded in 60 mm dishes and treated in accordance with
previously described methods [46]. Cell respiration was
measured using the Oxygraph-2k system in accordance
with the manufacturer’s instructions.

Gene expression analysis

RNA was isolated from hippocampal tissues or HT22
cells using Trizol reagent (Invitrogen, USA), in
accordance with the manufacturer’s instructions. The
PrimeScript reverse transcription kit (Takara Bio Inc.,
Dalian, China) was then used to synthesize cDNA.
Quantitative real-time polymerase chain reaction (qRT-
PCR) was conducted using specific primers for
AKO005401, YY1, CuZn-SOD, and FGF21; the SYBR
Premix Ex TaqTM II kit (Takara Bio Inc., Dalian,
China); and an ABI 7000 RT PCR system. The RT PCR
protocol was as follows: 95°C for 30 seconds, followed
by 45 cycles at 95°C for 5 seconds, 60°C for 20 seconds
to anneal, and 72°C for 15 seconds. We utilized f-actin
as an internal control, and the relative expression levels
of AKO005401, YY1, CuZn-SOD, and FGF21 were
calculated using the 2-*2CT method [47]. Each sample
was analyzed in triplicate. The primers used for
AKO005401, YY1, FGF21, and CuZn-SOD were as
follows: AKO005401 forward primer: 5-TGAGG
AATGATTGACGAGGAA-3’; reverse primer: 5'-AAC
CTGGAGACAAGAACTGAT-3"; YY1 forward primer:
5'-TAACTT TGCTTGCGGTAGATT-3'; reverse primer:
5'-CTACAACTGAGCACCACTTTCT-3"; FGF21
forward primer: 5'- GGGGGTCTACCAAGCATACC-3';
reverse primer: 5-TTGTAACCGTCCTCCAGCAG-3";
Cu/Zn-SOD forward primer: 5- GAGCAT TCCATCA
TTGGCCG -3'; reverse primer: 5'- CGCAATCCCAATC
ACTCCAC -3".

Western blot analysis

HT22 cells and hippocampal tissue were lysed in cell lysis
buffer (Beyotime, China) supplemented with protease and
phosphatase inhibitors. Lysates were sonicated for 1
minute and centrifuged at 12,000 x g for 10 minutes at
4°C. Thirty micrograms of protein were then loaded to
each lane and separated via SDS-PAGE containing 10%

(w/v) polyacrylamide gel, following which the samples
were transferred to polyvinylidene difluoride membranes.
The membranes were incubated with the following
primary antibodies at 4°C overnight: YY1, FGF21, PI3K,
Akt, Bcl-2, Bax, and caspase 3. After incubation with
secondary antibodies, protein bands were visualized and
analyzed using the chemiluminescence method and then
quantified via densitometry.

Statistical analysis

Data are presented as the mean +standard deviation
(SD). The statistical analysis of the results was
performed using the unpaired ¢ test or investigations of
one-way analysis of variance (ANOVA) as appropriate.
All analyses were performed using SPSS 10.0 software
(SPSS, Inc., San Rafael, CA, USA). P values < 0.05
were considered significant.

Abbreviations

LncRNAs: Long non-coding RNAs; I/R:
ischemia/reperfusion; FGF21: fibroblast growth factor
21; YYI1: Yin Yang 1; OGD/R: oxygen-glucose
deprivation/reoxygenation; PI3K: phosphatidylinositide
3-kinases; Akt: Protein Kinase B; ROS: promoted
reactive oxygen species; ATP: Adenosine triphosphate;
Nrf2: nuclear factor like (erythroid-derived 2); TMS:
total motor score; MTT: thiazolyl blue tetrazolium
bromide/3-(4,5-Dimethyl-2-thiazolyl)-2,5-  diphenyl-
2H-tetrazolium bromide; DAPI: 4',6-diamidino-2-
phenylindole; SOD: superoxide dismutase; GSH-Px:
glutathione peroxidase; MDA: malondialdehyde; BCA:
bicinchoninic acid; TUNEL: terminal
deoxyribonucleotidyl  transferase-mediated ~ dUTP-
digoxigenin nick-end labeling; HE: hematoxylin and
eosin; DCFH-DA:  2,7-dichlorodihydrofluorescein
diacetate; qRT-PCR: Quantitative real-time polymerase
chain reaction; OXPHOS: oxidative phosphorylation;
DMEM: Dulbecco’s modified Eagle medium; FBS:
fetal bovine serum; DMSO: Dimethyl sulfoxide; NC
RNA oligos: negative control RNA oligos

AUTHOR CONTRIBUTIONS

C.Y. Wang, and Q.Y. Zheng designed the study,
conducted the experiments, analyzed data, and wrote
the manuscript. M. Li, Y. Yang, H.Z. Wan, X. Liu, K.X.
Wang and Y.Y. Sun contributed experiments. Y. Y. Sun
provided valuable materials. C.X. Zhang provided some
key advices.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

www.aging-us.com 5120

AGING



FUNDING

The present study was supported by grants from the
Natural Science Foundation of Shandong Province (No.
ZR2012HMO076), National Natural Science Foundation
of China (81530030, 81670398 and 91639102),
Foundation of Taishan Scholars to Binzhou Medical
University, the Natural Science Foundation of
Shandong Province (No. ZR2014CM038), and by the
NIH grant (RO1DCO015111).

REFERENCES

1. Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M,
Dai S, De Simone G, Ferguson TB, Ford E, Furie K,
Gillespie C, Go A, Greenlund K, Haase N, et al, and
WRITING GROUP MEMBERS, and American Heart
Association Statistics Committee and Stroke Statistics
Subcommittee. Heart disease and stroke statistics—
2010 update: a report from the American Heart
Association. Circulation. 2010; 121:e46-215.
https://doi.org/10.1161/CIRCULATIONAHA.109.1926
67 PMID:20019324

2. Burke TA, Venketasubramanian RN. The epidemiology
of stroke in the East Asian region: a literature-based
review. Int J Stroke. 2006; 1:208-15.
https://doi.org/10.1111/j.1747-4949.2006.00060.x
PMID:18706018

3. Truelsen T, Begg S, Mathers C. The global burden of
cerebrovascular disease. ResearchGate, 2006.
https://www.researchgate.net/publication/228551377

4. Lo EH, Dalkara T, Moskowitz MA. Mechanisms,
challenges and opportunities in stroke. Nat Rev
Neurosci. 2003; 4:399-415.
https://doi.org/10.1038/nrn1106
PMID:12728267

5. Poyton RO, Ball KA, Castello PR. Mitochondrial
generation of free radicals and hypoxic signaling.
Trends Endocrinol Metab. 2009; 20:332-40.
https://doi.org/10.1016/j.tem.2009.04.001
PMID:19733481

6. Piantadosi CA, Zhang J. Mitochondrial generation of
reactive oxygen species after brain ischemia in the
rat. Stroke. 1996; 27:327-31.
https://doi.org/10.1161/01.STR.27.2.327
PMID:8571432

7. Ste-Marie L, Vachon P, Vachon L, Bémeur C, Guertin
MC, Montgomery J. Hydroxyl radical production in
the cortex and striatum in a rat model of focal
cerebral ischemia. Can J Neurol Sci. 2000; 27:152-59.
https://doi.org/10.1017/50317167100052276
PMID:10830350

8. Yamamoto T, Yuki S, Watanabe T, Mitsuka M, Saito

10.

11.

12.

13.

14.

15.

16.

17.

Kl, Kogure K. Delayed neuronal death prevented by
inhibition of increased hydroxyl radical formation in a
transient cerebral ischemia. Brain Res. 1997;
762:240-42.
https://doi.org/10.1016/S0006-8993(97)00490-3
PMID:9262182

Fruehauf JP, Meyskens FL Jr. Reactive oxygen species:
a breath of life or death? Clin Cancer Res. 2007;
13:789-94.
https://doi.org/10.1158/1078-0432.CCR-06-2082
PMID:17289868

Fleury C, Mignotte B, Vayssiére JL. Mitochondrial
reactive oxygen species in cell death signaling.
Biochimie. 2002; 84:131-41.
https://doi.org/10.1016/S0300-9084(02)01369-X
PMID:12022944

Lorenzo HK, Susin SA. Mitochondrial effectors in
caspase-independent cell death. FEBS Lett. 2004;
557:14-20.
https://doi.org/10.1016/5S0014-5793(03)01464-9
PMID:14741334

Li H, Zhang J, Jia W. Fibroblast growth factor 21: a
novel metabolic regulator from pharmacology to
physiology. Front Med. 2013; 7:25-30.
https://doi.org/10.1007/s11684-013-0244-8
PMID:23358894

Murata Y, Konishi M, Itoh N. FGF21 as an Endocrine
Regulator in Lipid Metabolism: From Molecular
Evolution to Physiology and Pathophysiology. J Nutr
Metab. 2011; 2011:981315.
https://doi.org/10.1155/2011/981315
PMID:21331285

Suomalainen A, Elo JM, Pietildginen KH, Hakonen AH,
Sevastianova K, Korpela M, Isohanni P, Marjavaara
SK, Tyni T, Kiuru-Enari S, Pihko H, Darin N, Ounap K, et
al. FGF-21 as a biomarker for muscle-manifesting
mitochondrial respiratory chain deficiencies: a
diagnostic study. Lancet Neurol. 2011; 10:806-18.
https://doi.org/10.1016/S1474-4422(11)70155-7
PMID:21820356

Kim KH, Jeong YT, Oh H, Kim SH, Cho JM, Kim YN, Kim
SS, Kim DH, Hur KY, Kim HK, Ko T, Han J, Kim HL, et al.
Autophagy deficiency leads to protection from
obesity and insulin resistance by inducing Fgf21 as a
mitokine. Nat Med. 2013; 19:83-92.
https://doi.org/10.1038/nm.3014 PMID:23202295

Planavila A, Redondo-Angulo I, Ribas F, Garrabou G,
Casademont J, Giralt M, Villarroya F. Fibroblast
growth factor 21 protects the heart from oxidative
stress. Cardiovasc Res. 2015; 106:19-31.
https://doi.org/10.1093/cvr/cvu263 PMID:25538153

Cheng Y, Zhang J, Guo W, Li F, Sun W, Chen J, Zhang

www.aging-us.com 5121

AGING


https://doi.org/10.1161/CIRCULATIONAHA.109.192667
https://doi.org/10.1161/CIRCULATIONAHA.109.192667
https://www.ncbi.nlm.nih.gov/pubmed/20019324
https://doi.org/10.1111/j.1747-4949.2006.00060.x
https://www.ncbi.nlm.nih.gov/pubmed/18706018
https://doi.org/10.1038/nrn1106
https://www.ncbi.nlm.nih.gov/pubmed/12728267
https://doi.org/10.1016/j.tem.2009.04.001
https://www.ncbi.nlm.nih.gov/pubmed/19733481
https://doi.org/10.1161/01.STR.27.2.327
https://www.ncbi.nlm.nih.gov/pubmed/8571432
https://doi.org/10.1017/S0317167100052276
https://www.ncbi.nlm.nih.gov/pubmed/10830350
https://doi.org/10.1016/S0006-8993(97)00490-3
https://www.ncbi.nlm.nih.gov/pubmed/9262182
https://doi.org/10.1158/1078-0432.CCR-06-2082
https://www.ncbi.nlm.nih.gov/pubmed/17289868
https://doi.org/10.1016/S0300-9084(02)01369-X
https://www.ncbi.nlm.nih.gov/pubmed/12022944
https://doi.org/10.1016/S0014-5793(03)01464-9
https://www.ncbi.nlm.nih.gov/pubmed/14741334
https://doi.org/10.1007/s11684-013-0244-8
https://www.ncbi.nlm.nih.gov/pubmed/23358894
https://doi.org/10.1155/2011/981315
https://www.ncbi.nlm.nih.gov/pubmed/21331285
https://doi.org/10.1016/S1474-4422(11)70155-7
https://www.ncbi.nlm.nih.gov/pubmed/21820356
https://doi.org/10.1038/nm.3014
https://www.ncbi.nlm.nih.gov/pubmed/23202295
https://doi.org/10.1093/cvr/cvu263
https://www.ncbi.nlm.nih.gov/pubmed/25538153

18.

19.

20.

21.

22.

23.

24,

25.

C, Lu X, Tan Y, Feng W, Fu Y, Liu GC, Xu Z, Cai L. Up-
regulation of Nrf2 is involved in FGF21-mediated
fenofibrate protection against type 1 diabetic
nephropathy. Free Radic Biol Med. 2016; 93:94-109.
https://doi.org/10.1016/j.freeradbiomed.2016.02.002
PMID:26849944

Yao YL, Yang WM, Seto E. Regulation of transcription
factor YY1 by acetylation and deacetylation. Mol Cell
Biol. 2001; 21:5979-91.
https://doi.org/10.1128/MCB.21.17.5979-5991.2001
PMID:11486036

de Ruijter AJ, van Gennip AH, Caron HN, Kemp S, van
Kuilenburg AB. Histone deacetylases (HDACs):
characterization of the classical HDAC family.
Biochem J. 2003; 370:737-49.
https://doi.org/10.1042/bj20021321

PMID:12429021

Zhang JJ, Zhu Y, Yang C, Liu X, Peng YP, Jiang KR, Miao
Y, Xu ZK. Yin Yang-1 increases apoptosis through Bax
activation in pancreatic cancer cells. Oncotarget.
2016; 7:28498-509.
https://doi.org/10.18632/oncotarget.8654
PMID:27074573

Srivastava S, Chandrasekar B, Gu Y, Luo J, Hamid T,
Hill BG, Prabhu SD. Downregulation of CuZn-
superoxide dismutase contributes to beta-adrenergic
receptor-mediated oxidative stress in the heart.
Cardiovasc Res. 2007; 74:445-55.
https://doi.org/10.1016/j.cardiores.2007.02.016
PMID:17362897

Hangauer MJ, Vaughn IW, McManus MT. Pervasive
transcription of the human genome produces
thousands of previously unidentified long intergenic
noncoding RNAs. PLoS Genet. 2013; 9:e1003569.
https://doi.org/10.1371/journal.pgen.1003569
PMID:23818866

Rinn JL, Chang HY. Genome regulation by long
noncoding RNAs. Annu Rev Biochem. 2012; 81:145-66.
https://doi.org/10.1146/annurev-biochem-051410-
092902 PMID:22663078

Gong C, Maquat LE. IncRNAs transactivate STAU1-
mediated mRNA decay by duplexing with 3’ UTRs via
Alu elements. Nature. 2011; 470:284—88.
https://doi.org/10.1038/nature09701
PMID:21307942

Léveillé N, Melo CA, Rooijers K, Diaz-Lagares A, Melo
SA, Korkmaz G, Lopes R, Mogadam FA, Maia AR,
Wijchers PJ, Geeven G, den Boer ML, Kalluri R, et al.
Genome-wide profiling of p53-regulated enhancer
RNAs uncovers a subset of enhancers controlled by a
IncRNA. Nat Commun. 2015; 6:6520.
https://doi.org/10.1038/ncomms7520

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

PMID:25813522

YinY, Yan P, Lu J, Song G, Zhu Y, Li Z, Zhao Y, Shen B,
Huang X, Zhu H, Orkin SH, Shen X. Opposing roles for
the IncRNA haunt and its genomic locus in regulating
HOXA gene activation during embryonic stem cell
differentiation. Cell Stem Cell. 2015; 16:504-16.
https://doi.org/10.1016/]j.stem.2015.03.007
PMID:25891907

Wapinski O, Chang HY. Long noncoding RNAs and
human disease. Trends Cell Biol. 2011; 21:354-61.
https://doi.org/10.1016/j.tcb.2011.04.001
PMID:21550244

Bouayed J, Bohn T. Exogenous antioxidants—Double-
edged swords in cellular redox state: health
beneficial effects at physiologic doses versus

deleterious effects at high doses. Oxid Med Cell
Longev. 2010; 3:228-37.
https://doi.org/10.4161/0xim.3.4.12858
PMID:20972369

Granger DN, Kvietys PR. Reperfusion injury and
reactive oxygen species: the evolution of a concept.
Redox Biol. 2015; 6:524-51.
https://doi.org/10.1016/].redox.2015.08.020
PMID:26484802

Kalogeris T, Bao Y, Korthuis RJ. Mitochondrial reactive
oxygen species: a double edged sword in
ischemia/reperfusion vs preconditioning. Redox Biol.
2014; 2:702-14.
https://doi.org/10.1016/j.redox.2014.05.006
PMID:24944913

Kim J, Kim J. YY1l's longer DNA-binding motifs.
Genomics. 2009; 93:152-58.
https://doi.org/10.1016/j.ygeno.2008.09.013
PMID:18950698

Shi Y, Lee JS, Galvin KM. Everything you have ever
wanted to know about Yin Yang 1..... Biochim
Biophys Acta. 1997; 1332:F49-66.
https://doi.org/10.1016/s0304-419x(96)00044-3
PMID:9141463

Gordon S, Akopyan G, Garban H, Bonavida B.
Transcription factor YY1: structure, function, and
therapeutic implications in cancer biology. Oncogene.
2006; 25:1125-42.
https://doi.org/10.1038/sj.0nc.1209080
PMID:16314846

Chang MS, Yoo HY, Rho HM. Positive and negative
regulatory elements in the upstream region of the rat
Cu/Zn-superoxide dismutase gene. Biochem J. 1999;
339:335-41. https://doi.org/10.1042/bj3390335
PMID:10191264

Ku HJ, Ahn Y, Lee JH, Park KM, Park JW. IDH2

www.aging-us.com

5122

AGING


https://doi.org/10.1016/j.freeradbiomed.2016.02.002
https://www.ncbi.nlm.nih.gov/pubmed/26849944
https://doi.org/10.1128/MCB.21.17.5979-5991.2001
https://www.ncbi.nlm.nih.gov/pubmed/11486036
https://doi.org/10.1042/bj20021321
https://www.ncbi.nlm.nih.gov/pubmed/12429021
https://doi.org/10.18632/oncotarget.8654
https://www.ncbi.nlm.nih.gov/pubmed/27074573
https://doi.org/10.1016/j.cardiores.2007.02.016
https://www.ncbi.nlm.nih.gov/pubmed/17362897
https://doi.org/10.1371/journal.pgen.1003569
https://www.ncbi.nlm.nih.gov/pubmed/23818866
https://doi.org/10.1146/annurev-biochem-051410-092902
https://doi.org/10.1146/annurev-biochem-051410-092902
https://www.ncbi.nlm.nih.gov/pubmed/22663078
https://doi.org/10.1038/nature09701
https://www.ncbi.nlm.nih.gov/pubmed/21307942
https://doi.org/10.1038/ncomms7520
https://www.ncbi.nlm.nih.gov/pubmed/25813522
https://doi.org/10.1016/j.stem.2015.03.007
https://www.ncbi.nlm.nih.gov/pubmed/25891907
https://doi.org/10.1016/j.tcb.2011.04.001
https://www.ncbi.nlm.nih.gov/pubmed/21550244
https://doi.org/10.4161/oxim.3.4.12858
https://www.ncbi.nlm.nih.gov/pubmed/20972369
https://doi.org/10.1016/j.redox.2015.08.020
https://www.ncbi.nlm.nih.gov/pubmed/26484802
https://doi.org/10.1016/j.redox.2014.05.006
https://www.ncbi.nlm.nih.gov/pubmed/24944913
https://doi.org/10.1016/j.ygeno.2008.09.013
https://www.ncbi.nlm.nih.gov/pubmed/18950698
https://doi.org/10.1016/s0304-419x(96)00044-3
https://www.ncbi.nlm.nih.gov/pubmed/9141463
https://doi.org/10.1038/sj.onc.1209080
https://www.ncbi.nlm.nih.gov/pubmed/16314846
https://doi.org/10.1042/bj3390335
https://www.ncbi.nlm.nih.gov/pubmed/10191264

36.

37.

38.

39.

40.

41.

deficiency promotes mitochondrial dysfunction and
cardiac hypertrophy in mice. Free Radic Biol Med.
2015; 80:84-92.
https://doi.org/10.1016/.freeradbiomed.2014.12.018
PMID:25557279

Lin MT, Beal MF. Mitochondrial dysfunction and
oxidative stress in neurodegenerative diseases.
Nature. 2006; 443:787-95.
https://doi.org/10.1038/nature05292
PMID:17051205

Shen M, Jiang Y, Guan Z, Cao Y, Li L, Liu H, Sun SC.
Protective mechanism of FSH against oxidative
damage in mouse ovarian granulosa cells by
repressing autophagy. Autophagy. 2017; 13:1364—85.
https://doi.org/10.1080/15548627.2017.1327941
PMID:28598230

Chen X, Zhao X, Cai H, Sun H, Hu Y, Huang X, Kong W,
Kong W. The role of sodium hydrosulfide in attenuating
the aging process via PI3K/AKT and CaMKKB/AMPK
pathways. Redox Biol. 2017; 12:987-1003.
https://doi.org/10.1016/j.redox.2017.04.031
PMID:28499253

YuY, Bai F, Liu Y, Yang Y, Yuan Q, Zou D, Qu S, Tian G,
Song L, Zhang T, Li S, Liu Y, Wang W, et al. Fibroblast
growth factor (FGF21) protects mouse liver against D-
galactose-induced oxidative stress and apoptosis via
activating Nrf2 and PI3K/Akt pathways. Mol Cell
Biochem. 2015; 403:287-99.
https://doi.org/10.1007/s11010-015-2358-6
PMID:25701356

Kharitonenkov A, Shanafelt AB. FGF21: a novel
prospect for the treatment of metabolic diseases.
Curr Opin Investig Drugs. 2009; 10:359-64.
PMID:19337957

Leng Y, Wang Z, Tsai LK, Leeds P, Fessler EB, Wang J,
Chuang DM. FGF-21, a novel metabolic regulator, has
a robust neuroprotective role and is markedly
elevated in neurons by mood stabilizers. Mol
Psychiatry. 2015; 20:215-23.
https://doi.org/10.1038/mp.2013.192

PMID:24468826

42.

43.

44,

45.

46.

47.

Wang Z, Leng Y, Wang J, Liao HM, Bergman J, Leeds P,
Kozikowski A, Chuang DM. Tubastatin A, an HDAC6
inhibitor, alleviates stroke-induced brain infarction and
functional deficits: potential roles of a-tubulin
acetylation and FGF-21 up-regulation. Sci Rep. 2016;
6:19626.

https://doi.org/10.1038/srep19626 PMID:26790818

Okumura S, Vatner DE, Kurotani R, Bai Y, Gao S, Yuan Z,
lwatsubo K, Ulucan C, Kawabe J, Ghosh K, Vatner SF,
Ishikawa Y. Disruption of type 5 adenylyl cyclase
enhances desensitization of cyclic adenosine
monophosphate signal and increases Akt signal with
chronic catecholamine stress. Circulation. 2007;
116:1776-83.
https://doi.org/10.1161/CIRCULATIONAHA.107.6986
62 PMID:17893275

Zhang HP, Sun YY, Chen XM, Yuan LB, Su BX, Ma R,
Zhao RN, Dong HL, Xiong L. The neuroprotective
effects of isoflurane preconditioning in a murine
transient global cerebral ischemia-reperfusion model:
the role of the Notch signaling pathway.
Neuromolecular Med. 2014; 16:191-204.
https://doi.org/10.1007/s12017-013-8273-7
PMID:24197755

Homi HM, Mixco JM, Sheng H, Grocott HP, Pearlstein
RD, Warner DS. Severe hypotension is not essential
for isoflurane neuroprotection against forebrain
ischemia in mice. Anesthesiology. 2003; 99:1145-51.
https://doi.org/10.1097/00000542-200311000-00022
PMID:14576552

Pesta D, Gnaiger E. High-resolution respirometry:
OXPHOS protocols for human cells and permeabilized
fibers from small biopsies of human muscle. Methods
Mol Biol. 2012; 810:25-58.
https://doi.org/10.1007/978-1-61779-382-0 3
PMID:22057559

Braconi C, Valeri N, Kogure T, Gasparini P, Huang N,
Nuovo GJ, Terracciano L, Croce CM, Patel T.
Expression and functional role of a transcribed
noncoding RNA with an ultraconserved element in
hepatocellular carcinoma. Proc Natl Acad Sci USA.
2011; 108:786-91.
https://doi.org/10.1073/pnas.1011098108
PMID:21187392

www.aging-us.com

5123

AGING


https://doi.org/10.1016/j.freeradbiomed.2014.12.018
https://www.ncbi.nlm.nih.gov/pubmed/25557279
https://doi.org/10.1038/nature05292
https://www.ncbi.nlm.nih.gov/pubmed/17051205
https://doi.org/10.1080/15548627.2017.1327941
https://www.ncbi.nlm.nih.gov/pubmed/28598230
https://doi.org/10.1016/j.redox.2017.04.031
https://www.ncbi.nlm.nih.gov/pubmed/28499253
https://doi.org/10.1007/s11010-015-2358-6
https://www.ncbi.nlm.nih.gov/pubmed/25701356
https://www.ncbi.nlm.nih.gov/pubmed/19337957
https://doi.org/10.1038/mp.2013.192
https://www.ncbi.nlm.nih.gov/pubmed/24468826
https://doi.org/10.1038/srep19626
https://www.ncbi.nlm.nih.gov/pubmed/26790818
https://doi.org/10.1161/CIRCULATIONAHA.107.698662
https://doi.org/10.1161/CIRCULATIONAHA.107.698662
https://www.ncbi.nlm.nih.gov/pubmed/17893275
https://doi.org/10.1007/s12017-013-8273-7
https://www.ncbi.nlm.nih.gov/pubmed/24197755
https://doi.org/10.1097/00000542-200311000-00022
https://www.ncbi.nlm.nih.gov/pubmed/14576552
https://doi.org/10.1007/978-1-61779-382-0_3
https://www.ncbi.nlm.nih.gov/pubmed/22057559
https://doi.org/10.1073/pnas.1011098108
https://www.ncbi.nlm.nih.gov/pubmed/21187392

