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Abstract. - OBJECTIVE: Astrocytes play a key
role in hypoxic brain injury. The aim of our re-
search was to determine the effects of menaqui-
none-7 (MK-7), a subtype of vitamin K2 (VK2),
on astrocytes during hypoxia and its potential
mechanisms.

MATERIALS AND METHODS: Astrocytes
from the palliums of newborn Sprague Dawley
rats were cultured. An astrocyte-hypoxia mod-
el was established using a hypoxia worksta-
tion. Cell Counting Kit-8 (CCK-8) and BrdU as-
says were used to determine the effects of MK-7
on hypoxic astrocytes. 2’,7’-Dichlorodihydroflu-
orescein diacetate (DCFDA) or dihydroethidium
(DHE) assays were conducted to detect the lev-
els of reactive oxygen species (ROS). An ATP
assay was used to measure intracellular ATP
production. The levels of proinflammatory cy-
tokines and chemokines containing interleu-
kin-6 (IL-6), tumor necrosis factor-alpha (TNF-a),
CC-chemokine ligand 2 (CCL2), and CXC-chemo-
kine ligand 10 (CXCL10), as well as vitamin K-de-
pendent protein growth arrest-specific 6 (Gas6),
were determined in hypoxia-induced astrocytes,
in the presence or absence of MK-7 pretreat-
ment. Small interfering RNA (siRNA) was used
to knockdown Gas6 expression to determine its
role in hypoxic astrocytes pretreated with MK-7.

RESULTS: Hypoxia reduced astrocyte viabili-
ty and proliferation significantly; however, when
pretreated with MK-7, these conditions remark-
ably increased. MK-7 also inhibited hypoxia-in-
duced ROS production and enhanced ATP gen-
eration of hypoxic astrocytes. Pretreatment with
MK-7 effectively reduced the expression of IL-6,
TNF-a, CCL2, and CXCL10 but enhanced the ex-
pression of Gas6 in hypoxic astrocytes. Gas6 in-
hibition markedly attenuated the decline in MK-
7-induced ROS generation and IL-6 expression,
and weakened MK-7-induced cell viability and
ATP production in hypoxic astrocytes.
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CONCLUSIONS: Our study is the first to con-
firm that MK-7 can protect astrocytes from hy-
poxia-induced cytotoxicity, possibly by in-
hibiting mitochondrial dysfunction and the
expression of proinflammatory cytokines. Gas6
may also participate in these protective effects.
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Introduction

Astrocytes, the chief glial cell type within
the central nervous system (CNS), have many
functions, such as maintaining homeostasis of
the brain. However, when hypoxia/ischemia ex-
ceeds the body’s tolerance levels, the astrocytes
are damaged, which causes a loss to normal CNS
functions, generates inflammatory cytokines, and
could promote the death of adjacent neurons and
increase damage to the brain'?. Therefore, pro-
tecting damaged astrocytes can provide a prom-
ising strategy for preserving neuronal integrity
and function, and for protecting brain function
in hypoxic/ischemic brain injury in a direct and
indirect manner. Hypoxia leads to the excessive
production of reactive oxygen species (ROS) in
mitochondria and sequentially gives rise to oxi-
dative stress*®, which can result in damage to mi-
tochondria®. Dysfunctional mitochondria contrib-
ute to inflammatory responses’®. Inflammation
and oxidative stress are closely connected and
can lead to cell death. Therefore, protecting mi-
tochondrial function and mitigating inflammation
could have vital effects on hypoxic astrocytes and
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provide new insights into hypoxic/ischemic brain
injury.

Vitamin K was initially found for its function
in blood coagulation. The roles of vitamin K in the
nervous system have attracted wide attention re-
cently. Menaquinone (vitamin K2, VK?2) is one of
the biologically active forms of vitamin K°. VK2
has 14 isoforms and are classified by the number
of their isoprenoid units in the side chain!’. Men-
aquinone-7 (MK-7), a member of the VK2 family,
is the highest bioactive form, has the longest half-
life!!, and is considered to be the superior form of
VK2 for optimum bioavailability'?. VK2 is an es-
sential element in the synthesis and metabolism of
sphingolipids, which is abundant in the cell mem-
branes of the brain. Sphingolipids participate in
vital cellular events, including proliferation, dif-
ferentiation, senescence, and intercellular interac-
tions. Thus, VK2 have the potential to affect the
function of brain. It could promote neuronal cell
survival and protect neurons and oligodendrocyte
precursors from damage by oxidative stress'*'°,
VK2 is a necessary part of the electron transport
pathway in mitochondria'”"®, and MK-7 can in-
hibit inflammatory reactions by downregulating
IL-6" and tumor necrosis factor-alpha (TNF-a)*.
However, the effect of MK-7 on hypoxic astro-
cytes has never been reported even if it is the most
effective subtype of VK2.

Based on the study and analysis of the cita-
tions, we hypothesized that MK-7 may have a
potential pharmacological effect on hypoxia-in-
duced cytotoxicity in astrocytes. The primary
aim of the research was to detect the effects of
MK-7 on cell viability and proliferation, oxidative
stress, mitochondrial function, and inflammatory
response in hypoxic astrocytes and its underlying
mechanisms.

Materials and Methods

Primary Astrocyte Culture

Primary astrocytes were taken from the pal-
liums of 1-y-old to 2-y-old Sprague-Dawley
(SD) rats (Animal Laboratory Center, Nantong
University, Nantong, China) and cultured, as
previously described?. All protocols with an-
imals were approved by Nantong University
Animal Ethics Committee, and the studies were
conducted according to the management regu-
lations and methods of experimental animals.
Neonatal rats were submerged in 75% alcohol
for 5 min and washed with Hank’s balanced salt
solution (Gibco, Grand Island, NY, USA). The

heads of rat pups were excised, and the cerebral
cortices were isolated on ice. After the menin-
ges and large blood vessels were removed, the
dissociated palliums were minced and digested
using 0.125% trypsin-EDTA (Gibco, Grand Is-
land, NY, USA) at 37°C for 40 min. The tissue
suspension was pipetted to scatter the cells, and
then, filtered using a 100-uM pore membrane
(Merck KGaA, Darmstadt, Germany). The cell
suspension was centrifuged at 1200 rpm for 4
min, after which the pellet obtained was resus-
pended in DMEM/F12 (Hyclone, South Logan,
UT, USA) containing 10% fetal bovine serum
(FBS, Gibco, Grand Island, NY, USA) and 1%
penicillin-streptomycin (Beyotime, Shanghai,
China). Dissociated cells were added to a T75
culture flask at a density of 1.5x10° cells/mL and
incubated at 37°C and 5% CO,/95% air. The cul-
ture medium was replaced every 2 d. When the
cells achieved confluence, any microglia cells
were eliminated by shaking at 280 rpm for 18
h. Before the further study, the astrocytes were
passaged twice.

The astrocytes were divided into the pretreat-
ment group and no pretreatment group. In the pre-
treatment group, the astrocytes were pretreated
for 30 h with MK-7 (MenaQ?7, NattoPharma ASA,
Heovik, Norway) concentrations (10, 50, 100, and
150 puM) with 10% FBS in DMEM/F12. They
were then maintained under either normoxic (5%
CO,/95% air, 37°C) or hypoxic (5% CO,/95%
N2, 37°C) conditions for different time intervals.
The culture medium was changed to glucose-free
Dulbecco’s Modified Eagle’s Medium (DMEM;
Gibco, Grand Island, NY, USA) without FBS be-
fore incubating the astrocytes under hypoxic con-
ditions. Hypoxia was induced by incubating the
astrocytes using the hypoxic workstation (Don
Whitley Scientific, West Yorkshire, UK).

Cell Counting Kit-8 Assay

Astrocyte viability was determined using the
Cell Counting Kit-8 (CCK-8; Dojindo Laborato-
ries, Kumamoto, Japan) following the manufac-
turer’s instructions. Astrocytes were plated onto
96-well culture plates at a density of 6x10° cells/
well. After being pretreated with 10, 50, 100, and
150 uM MK-7 for 30 h, astrocytes were main-
tained under hypoxic conditions for 12 h. Later,
15 pL CCK-8 solutions was added to each well,
and the astrocytes were maintained at 37°C for
an additional 2 h. Cell absorbance was detected at
450 nm using a multifunctional microplate reader
(Biotek, Winooski, VT, USA).
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BrdU Assay

The BrdU assay was conducted using the BrdU
Cell Proliferation ELISA Kit (Roche, Mann-
heim, Germany) according to the manufacturer’s
instructions. The astrocytes were plated onto a
black 96-well plate and were pretreated with 10,
50, 100, and 150 uM MK-7, and then, cultured un-
der hypoxic conditions for 12 h. After then, 10
uM BrdU was added and the cells were cultured
for another 18 h. After fixation, the astrocytes
were maintained with 100 pL/well anti-BrdU-
POD working solution for 100 min at 25°C. After
incubating for 10 min with substrate solution, the
light emission of the cells was measured using a
multifunction microplate reader.

Detection of Reactive Oxygen Species

Intracellular ROS was first determined using a
DCFDA Cellular ROS Assay Kit (Abcam, Cam-
bridge, MA, USA). DCFDA is a fluorescent probe
that can measure ROS, such as hydrogen perox-
ide, peroxynitrite, and peroxyl radical®?. The cells
were plated onto a 96-well plate and cultured un-
der normoxic or hypoxic conditions at different
time intervals (4, 6, 8 and 12 h) in the presence or
absence of pretreatment with multiple MK-7 (10,
50, 100, and 150 uM). Afterward, the astrocytes
were stained with DCFDA for 45 min. Fluores-
cence from each well was detected using a mul-
tifunction microplate reader with an excitation/
emission at 485 nm/535 nm.

ROS was detected using a confocal microscope
(Leica, Wetzlar, Germany). DHE (Sigma-Aldrich,
St Louis, MO, USA) is a red fluorescent probe
that is generally applied as a superoxide probe?.
The astrocytes were incubated in the presence
or absence of pretreatment for 30 h with 150 uM
MK-7 and maintained under normoxic or hypoxic
conditions for 12 h. Subsequently, the cells were
maintained with 50 pM DHE for 30 min at 37°C
in a dark humidified chamber, and then, washed
four times with cold PBS. The cell images were
captured immediately under a confocal micro-
scope at 488 nm excitation and 600 nm emission
wavelength.

Measuring ATP Levels

The amount of ATP under each experimental
condition was assessed using a multifunction mi-
croplate reader utilizing an ATP assay kit (Ab-
cam, Cambridge, MA, USA) according to the
manufacturer’s instructions. The astrocytes were
pretreated with 10, 50, 100, or 150 uM MK-7 for
30 h followed by stimulation with hypoxia for 12

h. The cells were harvested and resuspended in
100 uL ATP assay buffer. The samples were cen-
trifuged in 4°C at 13000 rpm for 5 min to collect
the supernatant, after which sample and standards
were added to a 96-well plate. The reaction mix-
ture was then added to each well and maintained
for 30 min. A multifunctional microplate reader
was used to detect the absorbance of the samples
and standards at 570 nm.

Quantitative Real-time Polymerase Chain
Reaction

Total RNA from the cultured astrocytes under
normoxic or hypoxic conditions and with or with-
out pretreatment of MK-7 was isolated using TRI
reagent (Sigma-Aldrich, St Louis, MO, USA).
RNA was converted to cDNA using the Rever-
tAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Quantita-
tive Real Time-Polymerase Chain Reaction (qRT-
PCR) was conducted using the Bio-Rad CFX96
Real-Time PCR System with SYBR Green PCR
Kit (Qiagen, Duesseldorf, Germany). Primers
were designed using Primer 5 software (ver. 1.0).
The PCR primers were listed below (Table I). Rel-
ative expression of each gene was normalized to
B-actin.

Western Blotting

Proteins were extracted from the astrocytes in
each experimental group using a cell lysis buf-
fer (Abcam, Cambridge, MA, USA) containing
1 mM PMSF (Abcam, Cambridge, MA, USA).
The protein concentration was detected using
the bicinchoninic acid assay (BCA) Protein As-
say Kit (Abcam, Cambridge, MA, USA). Equiv-
alent amounts of protein from each experimental
group were separated using sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and electroblotted onto polyvinylidene
difluoride (PVDF) membrane (Merck Millipore,
Billerica, MA, USA). The membrane was main-
tained with specific primary antibodies overnight
at 4°C before blocking with 5% fat-free milk. Af-
ter washing three times with Tris-Buffered Saline
and Tween-20 (TBST), the membrane was main-
tained with the corresponding horseradish perox-
idase-conjugated secondary antibody for 2 h. The
blots were visualized using chemiluminescence
substrate (Merck Millipore, Burlington, MA,
USA) with ChemiDoc (BioRad, Hercules, CA,
USA), and quantified using densitometry with
Quantity One software. The specific primary an-
tibodies were used as follows: anti-Gas6 (1:1000,
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Table I. Primers for quantitative RT-PCR (F = forward primer, R = reverse primer, 5'-3").

Cxcll0

B-actin

Gene Sequence

IL-6 F: TCCTACCCCAACTTCCAATGCTC
R: TTGGATGGTCTTGGTCCTTAGCC

TNF-a F: AAATGGGCTCCCTCTCATCAGTTC

R: TCTGCTTGGTGGTTTGCTACGAC
Ccl2 F: AATGAGTCGGCTGGAGAA
R: GCTTGAGGTGGTTGTGGA
F: GGGCCATAGGAAAACTTGAAATC
R: CATTGTGGCAATGATCTCAACAT
Gas6 F: CCCCCGTGATTAGACTACGC
R: GATCCAGGTGCTATCCGAGC
F: CTAAGGCCAACCGTGAAA
R: CTCGAAGTCTAGGGCAAC

Abcam, Cambridge, MA, USA) and anti-B-actin
(1:3000, Beyotime, Shanghai, China).

Transfection of siRNA

Gas6 siRNA was designed and synthesized by
OBiO Biotechnologies (Shanghai, China). The
siRNA sequences of Gas6 were as follows: si-1
forward CAAGAGCUGCCAAGAUAUATT, re-
verse UAUAUCUUGGCAGCUCUUGTT; si-2
forward GCAAACGAUCUCUGUGGA

ATT, reverse UUCCACAGAGAUC-
GUUUGCTT. After confirming the knockdown
efficiency of these two siRNAs using RT-PCR, the
more efficient siRNA was used to silence Gas6 ex-
pression in the astrocytes. Gas6-siRNA or a nega-
tive scrambled control siRNA was transfected into
the astrocytes using Lipofectamine 2000 reagent
(Thermo Fisher Scientific, Waltham, MA, USA).
After transfecting for 48 h, the astrocytes were col-
lected and used for further analyses.

Statistical Analysis

All statistical analyses were conducted using
GraphPad Prism software (ver. 6.01). Significance
tests were conducted using one-way analysis of
variance. The data were presented as the means +
standard deviation (SD). p<0.05 indicated statisti-
cal significance.

Results

MK-7 Reversed the Attenuated Astrocyte
Viability and Proliferation Induced by
Hypoxia in a Dose-Dependent Manner
Rat primary astrocytes were stimulated by hy-
poxia before the CCK-8 and BrdU assays were
conducted. As revealed in Figure 1A and B, there
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was a significant decline in cell viability and prolif-
eration under hypoxic conditions over all time in-
tervals. Hypoxia for 12 h induced the most serious
damage in the astrocytes. Therefore, we chose that
time frame for further experiments. For the pur-
pose of assessing the effect of MK-7 on hypoxic
astrocytes, the cells were pretreated with a range of
MK-7 concentrations before being cultured under
hypoxic conditions. The impact of MK-7 on astro-
cyte viability and proliferation was barely detect-
able when it was applied under normoxic condition
(Figure 1C and 1D, p>0.05). Notably, the attenuated
cell viability and proliferation induced by hypoxia
was reversed in the presence of MK-7 (Figure 1E
and 1F, p<0.05), and the effects was the best after
pretreatment with 150 pM MK-7. Therefore, we
chose 150 uM MK-7 for further experiments. As-
trocyte viability and proliferation were enhanced
in parallel with increases in MK-7 concentration
under hypoxic conditions.

MK-7 Decreased the Morphological
Alteration of Hypoxic Astrocytes

To confirm the role of MK-7 in promoting as-
trocyte viability and proliferation under hypoxic
conditions, morphological alterations in astro-
cytes were observed using an inverted microscope.
As shown in Figure 1G-H, astrocytes under nor-
moxic conditions were applanate and polygonal.
However, pretreatment with MK-7 did not cause
these apparent morphological alterations in these
astrocytes. Following hypoxia treatment for 12 h,
some cells shredded and floated, and some were
rounded and swollen. Nevertheless, the morpho-
logical alterations in astrocytes pretreated with
MK-7 were reduced and the number of adherent
astrocytes significantly increased under hypoxic
conditions.
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Figure 1. MK-7 promoted the astrocyte viability and proliferation under hypoxia. The primary astrocytes were cultured
under hypoxic conditions for 4, 6, 8, and 12 h, and cell viability and proliferation was measured using the CCK-8 assay (A) or
BrdU assay (B). The astrocytes were pretreated with increasing concentrations of MK-7 for 72 h under normoxic conditions,
followed by analysis of cell viabilty (C) and proliferation (D). CCK-8 assay (E) or BrdU assay (F) was used to detect cell via-
bility and proliferation in the MK-7 pretreated astrocytes under hypoxic conditions for 12 h. G, Immunofluorescence of glial
fibrillary acidic protein in the primary astrocytes (scale bar: 200 um). H, Representative images of the morphological alter-
ations of the astrocytes cultured under normoxic or hypoxic conditions for 12 h in the presence or absence of 30 h pretreatment
with 150 uM MK-7(scale bar: 200 um). Notes: *p<0.05, **p<0.01, ***p<0.001 compared to the normoxia group, and *»<0.05,
#p<0.01 compared to cells treated with hypoxia alone; n=6 independent experiments.

MK-7 Alleviated the Oxidative Stress
Induced by Hypoxia in Astrocytes

To detect whether hypoxia-induced attenuated
astrocyte viability and proliferation are relevant
to intracellular oxidative stress, the ROS levels
generated by the astrocytes was measured under
hypoxic conditions in the presence or absence of
MK-7 pretreatment. The results showed that hy-
poxia stimulation led to a remarkable enhance-
ment in ROS generation in the astrocytes, but
that generation was not modified in response to
pretreatment with MK-7 under normoxic condi-
tions. After MK-7 pretreatment, the level of ROS
in hypoxia-stimulated astrocytes was signifi-
cantly lower than in hypoxic cells not pretreated
(Figure 2A and 2C, p<0.05). In addition, the pro-
hibitive function of MK-7 on ROS generation in

hypoxic astrocytes was dose dependent (Figure
2B, p<0.05). These results suggested that MK-7
could protect astrocytes from oxidative stress by
decreasing the intracellular generation of ROS,
and then, promote the viability and proliferation
of astrocytes under hypoxic conditions.

MK-7 Eased Oxidative Stress-Induced
Mitochondria Injury in Astrocytes Under
Hypoxic Conditions

Mitochondria are the primary cytoplasmic or-
ganelles for the generation of ROS, which play
significant roles in supporting the normal func-
tion of cells; however, excessive ROS can dam-
age mitochondria®. To explore whether MK-7 can
regulate mitochondrial function in hypoxic astro-
cytes, the ATP levels produced by mitochondria
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Figure 2. MK-7 mitigated hypoxia-caused oxidative damage in the astrocytes. A, The astrocytes were cultured under nor-
moxic or hypoxic conditions for 4, 6, 8, or 12 h in the presence or absence of 30 h pretreatment with 10 uM MK-7, and then
reactive oxygen species (ROS) production was analyzed using the DCFDA Cellular ROS Assay Kit. B, DCFDA Cellular ROS
Assay Kit was used to detect ROS production in the pretreated astrocytes under hypoxic conditions for 12 h. C, ROS immuno-
fluorescence in the both pretreated and non-pretreated astrocytes was measured using dihydroethidium staining (scale bar: 100
um). Notes: *#*p<0.01 compared to the normoxia alone group, and “p<0.05, #p<0.01 compared with cells treated with hypoxia

alone; n=3 independent experiments.

were assessed in the pretreated astrocytes. As
shown in Figure 3A and 3C, hypoxia significant-
ly inhibited ATP production. However, MK-7 re-
versed it to a certain degree in the astrocytes in a
dose dependent manner. Meanwhile, MK-7 barely
influenced the ATP levels in astrocytes under nor-
moxic conditions (Figure 3B, p<0.05). The above
results demonstrated that the protective effect of
MK-7 might be relevant to regulating the function
of mitochondria in hypoxic astrocytes.

MK-7 Attenuated the Inflammatory
Response Induced by Hypoxia in
Astrocytes

Hypoxia can induce inflammatory changes,
and oxidative stress is a vital mechanism of the
inflammatory reactions**. Meanwhile, mitochon-
dria plays critical roles in the occurrence and
development of inflammation®. To determine
whether MK-7 participates in regulating the in-
flammatory response of hypoxic astrocytes, the
astrocytes were pretreated with various concen-
trations of MK-7 and then maintained under hy-
poxic conditions. The results revealed that hypox-
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ia strongly enhanced the level of proinflammatory
cytokines and chemokines, yet MK-7 pretreat-
ment dose-dependently reduced the upregulation
of IL-6, TNF-a, CC-chemokine ligand 2 (CCL2),
and CXC-chemokine ligand 10 (CXCL10) (Figure
4, p<0.05). These data revealed that hypoxia-in-
duced astrocytic inflammatory response was de-
creased by MK-7 pretreatment and thus protected
the astrocytes.

MK-7 Reduced Mitochondria Damage
and Inflammatory Response by
Promoting Gasé6 Expression

Gas6 is a vitamin K-dependent protein that
participates in several cellular processes that
affect cell survival, proliferation, adhesion, and
chemotaxis®. Gas6 can also attenuate inflam-
mation®” and impacts mitochondrial function?®.
To further research the potential mechanism by
which MK-7 protects astrocytes under hypox-
ia, the Gas6 level was analyzed in the presence
or absence of MK-7 pretreatment. As shown
in Figure 5A and 5B, hypoxia remarkably de-
creased the mRNA and protein expressions of
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12 h. Notes: Data were expressed as a percent of level of ATP in normoxic astrocytes without MK-7 pretreatment. *p<0.05,
**p<0.01 compared to the normoxia alone group, and *p<0.05, #p<0.01 compared with cells treated with hypoxia alone; n=3
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Figure 4. MK-7 pretreatment attenuated proinflammatory cytokine and chemokine expression in the hypoxic astrocytes. The
astrocytes pretreated with 50, 100, or 150 uM MK-7 for 30 h and cultured under normoxic or hypoxic conditions for another
12 h, then IL-6 (A), TNF-a (B), Ccl2 (C), and Cxcl10 (D) levels detected using quantitative RT-PCR analysis. Notes: **p<0.01,
**%p<0.001 compared to the normoxia alone group, and “p<0.05 compared with cells treated with hypoxia alone; n=3 inde-
pendent experiments.
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Figure 5. MK-7 promoted Gas6 expression in the hypoxic astrocytes. The astrocytes were cultured under normoxic or hypox-
ic conditions for 12 h in the presence or absence of 30 h pretreatment with 150 uM MK-7. A, Gas6 mRNA levels. B, Protein
levels of Gas6. Notes: B-actin was utilized as an internal control. **p<0.01 compared to the normoxia alone group, and *»<0.05,
#p<0.01 compared with cells treated with hypoxia alone; n=3 independent experiments.

Gas6. However, MK-7 pretreatment significant-
ly reversed the Gas6 levels in the astrocytes.
The results indicated that Gas6 might be in-
volved in the protective properties of MK-7
on hypoxic astrocytes. To further show this,
siRNAs were used to silence Gas6 expression
and the more-efficient siRNA was used in the
subsequent experiments (Figure 6A and 6B,
p<0.05). As shown in Figure 6C-F, the astro-
cyte viability in MK-7 in the si-Gas6 group was
markedly decreased compared with that in the
MK-7 group, all treated under hypoxic condi-
tions. The results suggested that the knockdown
of Gas6 could inhibit the protective property of
MK-7 on hypoxic astrocytes. The ROS, IL-6,
and ATP levels in the MK-7 pretreated hypoxic
astrocytes were measured under si-Gas6 condi-
tions. The results indicated that MK-7 treatment
recovered the levels of ROS, IL-6, and ATP in
astrocytes under hypoxic conditions, but that
Gas6 silencing reversed the effect. Together,
the above results demonstrated that the knock-
down of Gas6 could inhibit the protective prop-
erty of MK-7 on hypoxic astrocytes and that the
protective effect of MK-7 was connected to the
regulation Gas6 expression.

10188

Discussion

Astrocytes, the widely distributed cell type in
the brain, can generate trophic factors, synthesize
and secrete neurotransmitters, scavenge toxins, as
well as maintain homeostasis in the brain®-°. The
pathophysiological role of astrocytes in hypoxic/
ischemic brain injury has recently attracted much
attention. In the process of hypoxia/ischemia, as-
trocytes may be more vulnerable than neurons
and promote secondary neuronal death®. Astro-
cytes serve as defenders of the brain®?; therefore,
searching for efficacious therapeutic drugs for in-
jured astrocytes would provide valuable contribu-
tions to hypoxic/ischemic brain injury.

Hypoxia induces reductive carboxylation,
which results in increases in ROS generation®
and favours oxidative stress’. During hypoxia,
the over-generation of ROS causes mitochon-
drial dysfunction®, which is the main source of
ROS**. Mitochondrial failure from impaired mi-
tochondrial proteins and membranes inhibits its
ability to generate normal levels of ATP*, which
contributes to the inflammatory response’®. Hy-
poxia leads to alterations in cellular bioenerget-
ics, which promotes inflammation®. Inflammation
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and oxidative stress are interdependent and inter-
connected processes, and the pathways leading to
cell death are closely connected’. In our research,
we demonstrated that hypoxia-induced oxidative
stress from excessive ROS resulted in mitochon-
drial dysfunction and triggered inflammatory re-
sponses as well as cascade-dependent cell injury
in astrocytes.

Vitamin K is initially known for its function
as a cofactor for y-glutamyl carboxylase (GG-
CX), which activates the coagulation factors II,
VII, IX, and X°. A lack of vitamin K results in
bleeding. VK2 is one of active forms of vita-
min K. VK2 is a range of chemical compounds
known as menaquinones, which has 14 isomers
(MK1-MK14) with different isoprenoid units.
MK-7 is the most biologically active form and has
the greatest bioavailability in the VK2 family'.
Meanwhile, MK-7 has a longer half-life (3 d) than
MK-4 (1-2 h) in the blood***. Therefore, MK-7
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can act as a time-released source of VK2. MK-7
has been used as a therapeutic nutrient in many
countries for the prevention or reversal of oste-
oporosis and angiocardiopathy. VK2 can induce
3-ketodihydrosphingosine (3-KDS) synthase,
which take part in the initial step of sphingolipids
synthesis®’. Sphingolipids are important compo-
nents of cell membranes. In brain, the cells have
particularly high concentrations of sphingolipids.
Apart from their structural action, sphingolipids
are involved in key cellular events, such as pro-
liferation, differentiation, senescence, and inter-
cellular interactions®**’. Koshihara et al*' have
also shown that VK2 can promote osteoblast pro-
liferation and differentiation to improve cellular
function. Meanwhile, VK2 inhibits Fas-induced
apoptosis of osteoblasts in a dose-dependent
manner*’. VK2 has survival-promoting functions
on neurons that were isolated from the embryonic
cortex, hippocampus, and striatum'. Similarly,

(9]

1504

g

Cell viability (%)
$

CIC &
S TSNS
A AR A
,o‘sp & \r“qo

F e

&P

1.54

o

==

<

5

=

=

3

2

k]

[}

o

Figure 6. Knockdown of Gas6 reduced the protective influence of MK-7 in the hypoxic astrocytes. A, Gas6 mRNA ex-
pression in astrocytes transfected with si-Gas6. B, Levels of Gas6é mRNA after pretreatment of 150 puM MK-7 in astrocytes
with si-Gas6 under hypoxic conditions for 12 h. C, Effects of Gas6 siRNA on the increases in MK-7-induced cell viability in
astrocytes under hypoxic conditions. Effects of Gas6 siRNA on the decrease in MK-7-induced reactive oxygen species (ROS)
generation (D) and IL-6 expression (E) in the hypoxic astrocytes. F, Effects of Gas6 siRNA on the increase in MK-7-induced
ATP production in the hypoxic astrocytes. Notes: ¥p<0.01 compared to the si-control group, *p<0.01 compared to the hypoxia
alone group, and “p<0.05, *p<0.01 compared to the hypoxiatMK-7 group.
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the present study demonstrated that MK-7 could
increase the viability and proliferation of hypox-
ic astrocytes. Meanwhile, MK-7 could normalize
the morphological characteristics of astrocytes
under hypoxic conditions.

Li et al'® have shown that VK2 can protect devel-
oping oligodendrocytes and immature fetal cortical
neurons from glutathione depletion-induced cell
death by inhibiting oxidative stress. In arachidonic
acid-mediated oxidative damage of developing oli-
godendrocytes, VK2 can remarkably block 12-li-
poxygenase activation and avoid ROS accumula-
tion, thereby reducing cell mortality*. In another
methylmercury-induced cell oxidative stress mod-
el, VK2 significantly reduced neuron death*. VK2
is needed within the electron-transport chain in the
mitochondria'” and acts as a mitochondrial electron
carrier to protect impaired mitochondrial function
and thus maintain normal ATP production'®. Our
studies have detected that MK-7 can partially re-
duce hypoxia-induced oxidative stress by balanc-
ing ROS production and reverse mitochondrial
dysfunction by optimizing ATP generation. Taken
together, these data revealed that MK-7 exhibited
protective effects under antioxidative stress gener-
ally by restoring the function of mitochondria in
hypoxic astrocytes.

It has also been shown the protective roles of
VK2 in inflammation. VK2 can reverse the in-
crease in inflammatory cytokine levels caused
by lipopolysaccharides (LPSs) in cultured mi-
croglial® and macrophages* by inhibiting the nu-
clear factor-kappaB (NF-kB) signaling pathway.
Meanwhile, VK2 has been revealed to restrict
the generation of IL-6 in cultured fibroblasts®.
In human monocyte-derived macrophages, MK-7
decreases the levels of IL-la, IL-1B, and TNF-a
mediated by toll-like receptor agonists®. In vivo,
VK2 can considerably ameliorate inflammation
in rat models of autoimmune encephalomyelitis*®.
Furthermore, one clinical research has confirmed
that MK-7 can act as an efficient pharmacological
treatment for rheumatoid arthritis'!. Our findings
illustrated that MK-7 treatment could attenu-
ate an inflammatory response by decreasing the
proinflammatory cytokines and chemokines after
hypoxia stimulation in astrocytes. As indicated
above, MK-7 can ameliorate hypoxia-induced ox-
idative stress, mitochondrial damage, and inflam-
matory reactions to promote astrocyte viability
and proliferation. Thus, MK-7 provides a hopeful
protective treatment in hypoxic astrocytes and
may be helpful in hypoxic/ischemic brain injury.

Gas6 is a vitamin K-dependent protein that
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is widely expressed and plays important roles
in CNS*. Gas6 has been verified to participate
in cell survival, proliferation, adhesion, and cell
growth of neurons and glia cells*’. Gas6 can ac-
tivate mitogen-activated protein kinase (MAPK)
and the subsequent recruitment of extracellular
signal-regulated kinase (ERK), where Gas6 ac-
tivation of phosphatidylinositol 3-kinase (PI3-K)
results in the phosphorylation of serine/threonine
protein kinase (Akt). A prosurvival effect of
Gasb6 has been observed on hippocampal neurons
through the activation of MAPK and PI3-K sig-
naling pathways>. Allen et al>' have also shown
that Gas6 has a prosurvival function on gonado-
tropin-releasing hormone neurons, and oligoden-
drocytes™ by activating the PI3-K signaling path-
way. Gasb6 can reverse amyloid f protein-mediat-
ed apoptosis of cortical neurons®. In metaphase
11, Gas6-depleted oocytes exhibit excessive mi-
tochondrial activation, which leads to excessive
ROS production®. Gas6 regulates mitochondrial
autophagy and protects mitochondrial function
by regulating the expression of mitochondrial au-
tophagy-related genes®. In addition to the above
functions, Gas6 regulates the inflammation reac-
tions of microglia by inhibiting the microglia phe-
notype after LPS stimulation, which demonstrates
its anti-inflammatory function®®. Meanwhile, in
LPS-induced microglia, Gas6 can decrease the
levels of proinflammatory IL-1p and the mediator
nitric oxide synthase (iNOS)*". However, wheth-
er MK-7 treatment is related to Gas6 in hypoxic
astrocytes remains unclear. Our results have in-
dicated that hypoxia leads to a decrease in Gas6
expression, which markedly increased after the
astrocytes were pretreated with MK-7. Gas6 was
tightly connected to the MK-7-induced protective
effects that were somewhat reversed by Gas6 siR-
NA in astrocytes under hypoxic conditions.

To our knowledge, this work is the first report
to utilize MK-7 for the treatment of hypoxia-in-
duced astrocytes. The study verified that MK-7
decreased hypoxia-initiated cytotoxicity within
astrocytes, which was closely associated with the
pathogenesis of hypoxic/ischemic brain injury.
These results suggested a new case for the further
development of therapeutic strategies.

Conclusions
Our results suggest that MK-7 efficacious-

ly ameliorates hypoxia-induced cell damage by
decreasing ROS-induced oxidative damage and
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mitochondrial injury in astrocytes. MK-7 also at-
tenuates the hypoxia-initiated astrocytic inflam-
matory response and exerts cytoprotection possi-
bly through Gas6. This work promotes the under-
standing of MK-7 on hypoxic/ischemic brain inju-
ry pathophysiological changes at the cellular level
and provides a new potential therapeutic strategy
for hypoxic/ischemic brain injury.
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