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Vitamin K2 protects against AB42-induced neurotoxicity by
activating autophagy and improving mitochondrial function in

Drosophila

Xiaohui Lin®°, Xueyi Wen®, Zaiwa Wei®, Keyi Guo®, Fang Shi®,
Tingting Huang®, Wenjing Wang® and Jinou Zheng?

Objective Alzheimer disease is characterized

by progressive decline in cognitive function due to
neurodegeneration induced by accumulation of A(

and hyperphosphorylated tau protein. This study was
conducted to explore the protective effect of vitamin K2
against A342-induced neurotoxicity.

Methods Alzheimer disease transgenic Drosophila
model used in this study was amyloid beta with the arctic
mutation expressed in neurons. Alzheimer disease flies
were treated with vitamin K, for 28 days after eclosion.
AP42 level in brain was detected by ELISA. Autophagy-
related genes and NDUFS3, the core subunit of
mitochondrial complex |, were examined using real-Time
PCR (RT-PCR) and western blot analysis.

Results Vitamin K2 improved climbing ability
(P=0.0105), prolonged lifespan (P<0.0001) and
decreased AB42 levels (P=0.0267), upregulated the
expression of LC3 and Beclin1(P=0.0012 and P=0.0175,
respectively), increased the conversion of LC3I to LC3II
(P=0.0206) and decreased p62 level (P=0.0115) in

Introduction

Alzheimer disease is characterized by progressive
decline in cognitive function. The pathological features
of Alzheimer disease are deposition of amyloid-f3 (Af)
and accumulation of hyperphosphorylated tau protein
(pTau) [1]. Accumulating evidence demonstrates that
autophagy dysfunction is involved in the pathogenesis
of Alzheimer disease. The first direct evidence is that
Nixon identified immature autophagy vacuoles accumu-
lated in dystrophic neurons in Alzheimer disease brains
[2]. Studies also found that downregulated expressions
of some autophagy-related genes occurred in Alzheimer
disease, resulting in autophagy dysfunction and reducing
the clearance of Af [3].
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Alzheimer disease flies. In addition, vitamin K2 upregulated
the expression of NDUFS3 (P=0.001) and increased ATP
production (P=0.0033) in Alzheimer disease flies.

Conclusion It seems that vitamin K2 protect against
Ap42-induced neurotoxicity by activation of autophagy and
rescue mitochondrial dysfunction, which suggests that

it may be a potential valuable therapeutic approach for
Alzheimer disease. NeuroReport 32: 431-437 Copyright ©
2021 The Author(s). Published by Wolters Kluwer Health,
Inc.
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Mitochondria are the main site of ATP production and are
considered as ‘powerhouses’ of cells. Many studies have
confirmed that mitochondrial dysfunction is involved
in Alzheimer disease. In 2004, Swerdlow and Khan [4]
proposed a ‘mitochondrial cascade hypothesis’, which
declared that mitochondrial dysfunction results in ATP
production decline and excessive reactive oxygen species
production, which lead to the formulation of Ap plaques
and neurofibrillary tangles. In return, AB and pTau inter-
fered with enzyme metabolism and the dynamic system
of mitochondria [5]. In addition, autophagy dysfunction
leads to reducing the clearance of damaged mitochondria
and subsequent accumulation in cells, which in return
exacerbates mitochondrial damage [6]. Therefore, a
‘vicious cycle’ was formed among mitochondrial dysfunc-
tion, AP} deposition and autophagy dysfunction.

Vitamin K generates from the activity of intestinal bacte-
ria or the conversion of dietary vitamin K. [7]. It has been
reported that vitamin K2 has a variety of biological func-
tions, including anti-inflammation [8], antioxidant stress,
antiapoptosis [9], stimulating autophagy [10] and serves
as a mitochondrial electron carrier during oxidative res-
piration [11].
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Therefore, based on the pathogenesis of Alzheimer dis-
ease and the pharmacological effects of vitamin K, we
hypothesized that vitamin K, has a protective effect on
Alzheimer disease. A study 7z vitro preliminary has shown
that vitamin K reduces the AB-induced cytotoxicity and
improves cell survival [8]. In this study, we set out to
establish Alzheimer disease transgenic Drosophila to fur-
ther demonstrate the protective effect of vitamin K, and
explore its neuroprotective mechanism 7z vivo.

Materials and methods

Animal strains

Drosophila was cultured on standard medium at 25 °C.
The drosophila strains used in this study included: P
{UAS-ABarc} (line for expressing arctic mutant human
AP42) [12] and wild-type @/718 and [GAL4]A307(drives
expression in the giant fiber system). P{UAS-ABarc} line
was crossed to [GAL4]A307 line to receive male filial
generation 1(F1) drosophilas expressing arctic mutant
APA42 in the giant fiber system, [GAL4]A307/{UAS-ABarc},
which were used for the next series of experiments.

Vitamin K2 treatment paradigm

Vitamin K2 (Sigma, Saint Louis, Missouri, USA) was
dissolved in anhydrous ethanol to obtain a 0.4M stock
solution. According to different concentrations, the flies
were divided into five groups: Owild-type A307/wl118,
no treatment with K, @A307/ABarc, no treatment with
Kz’ ®A307/ABarc + 0.1 mM KZ’ treated with vitamin K2
at 0.1 mM, @A307/ABarc+0.5 mM Kz’ treated with vita-
min K2 at 0.5 mM and ®A307/ABarc+0.8 mM Kz’ treated
with vitamin K at 0.8 mM. A total of 100 pL. vitamin K
solution was added into each vial containing 20 flies daily
until 28days. The flies were transferred into fresh food
every 7 days.

Fly behavioral assays

Fly climbing ability

The automatic iterative negative geotaxis (RING) assay
was used to detect the fly climbing ability [13]. About 80
flies from each group were divided into different testing
tubes. Flies were automatically tapped four consecutive
times by the RING apparatus to fell to the bottom of
the tubes. Then flies began to climb up along the walls.
The climbing behavior of flies was recorded by a digital
video. The above process was repeated three times by
1 min intervals. The height of each fly at the tenth second
was measured by software RflyDetection2.0 [13], and the
average value of three trials was obtained to evaluate the
fly climbing ability.

Longevity assay

A total of 80 flies from each group was equally distrib-
uted to four vials containing standard fly food and incu-
bated at 25 °C. The food vials were replaced every 3 days
and the dead flies were counted until all the flies died.
Survival curves were analyzed with the GraphPad Prism
8 software. Fly behavioral assays provided the basis for

selecting the optimal concentration of K for the follow-
ing assessments.

AB42 detection by ELISA

After dissected on the ice, 30 heads of flies from each
group were immediately placed into 50 pL. cold ELISA
sample buffer containing cocktail protease inhibitors.
The heads were thoroughly homogenized and incu-
bated at room temperature for 4h. The supernatant
was collected after centrifugation at 12000x g and 4°C
for 10 min. A total of 3pl. supernatant was diluted to
60 pl. with standard dilution buffer, and 50 pL diluent
was taken for ELISA. According to the manufacturer’s
instructions, detection of AP42 levels was performed
using the AB42 Human ELISA Kit (Invitrogen, catalog
number KHB3441, Carlsbad, California, USA).

Real-time fluorescent quantitative PCR analysis

We used 'Irizol to extract total RNA. RNA con-
centration was measured with NanoDrop 2000
(Thermo Scientific, Waltham, Massachusetts, USA).
PrimeScriptTM II  1st  Strand ¢DNA Synthesis
Kit (TaKaRa, Japan) was wused to synthesis
c¢DNA. The sequence of the forward and reverse prim-
ers is listed as follows: LC3 Fw primer: 5-AGGATGCC
CTCTTCTTCTTTG-3, Rev primer: 5-GAAATAGT
CCTCCTCGT GATGTT-3 Beclinl Fw primer: 5-AC
AGGAACGACAATGAGT GAG-3’, Rev primer: 5-TC
CGTAGATGGGCAAAGATAAC-3"; NADH dehydroge-
nase (ubiquinone) ferrithionein 3(NDUFS3) Fw primer:
5-GCTCG CATCTCTCCGATTT=3, Rev primer:
5-AATAAGCACCTCCAGCTCATC-3".

The real-Time PCR (RT-PCR) reaction system included:
4ng cDNA, 5pmol primer, 5pl. Power SYBR Green
Master Mix (Thermo Fisher Scientific, USA), 3 pLL.R-
Nase Freed H,O. SYBR Green was used to detect dou-
ble-stranded DNA. The PCR amplification was carried
out using Applied Biosystems device (7500Fast RT-PCR
system, Thermo Fisher Scientific) under the following
conditions: 40 cycles of 10min at 95 °C, 15s at 95 °C
and 1 min at 60 °C. 18s acted as an endogenous control
for data normalization. Relative mRNA expression was
determined by the 2“4 method [14]. Relative quanti-
tative analysis of data was conducted with the GraphPad
Prism 8 software.

Western blotting

For extracting total protein, 30 heads of flies from each
group were homogenized and lysed in RIPA and 1:100
inhibitor proteases and inhibitor phosphatases cocktail
(Thermo Fisher Scientific).For each group, a total of
30pg protein was separated using 12% SDS-PAGE and
transferred to a polyvinylidene fuoride membrane. After
incubated in 5% BSA (Solarbio, China) at room temper-
ature for 2h, the membranes were incubated with pri-
mary antibodies against (3-actin, LC3(Abcam, England),
P62(Abcam, England) and NDUFS3(Abcam, England)
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Improvement of climbing ability and lifespan in Alzheimer disease flies by vitamin K_. (a) Analysis of the climbing ability using aRING assay in
different groups of flies, one-way ANOVA using Dunnett's test; **P<0.01 vs. A307/W11 18; # P<0.05 vs. A307/Aparc. (b) The lifespan in
different groups of flies, n=80 flies for each line, log-rank test, compared with A307/ABarc flies, P<for A307/Aparc+0.17 mM K2 and A307/
AParc+0.5 mM K_ flies was P<0.05 and P<0.001, respectively.(c) ELISA analysis human AB42 level, one-way ANOVA using Dunnett's test;
#P<0.05 vs. A3027/A[3arc. As expected, the A307/W1118 flies did not express human Ap42. ANOVA, analysis of variance.

overnight at 4°C. After washed with TBST, the mem-
brane was incubated with horseradish peroxidase-conju-
gated antirabbit or antimouse for 1 h at room temperature.
Bands were visualized using an electro-chemi-Lumines-
cence chemiluminescence kit (T’hermo Fisher Scientific)
on BIO-RAD ChemiDocTM XRS +system (USA), and
then the grayscale value of bands were scanned with the
Image ] software.

ATP measurements

A total of 15 heads of flies from each group was homog-
enized in 1.5mL pyrolysis liquid. The ATP content was
measured according to the manufacturer’s instructions of
the ATP Determination Kit (Beyotime, China). ATP con-
centrations were determined with TECAN infinite F500
(Switzerland).

Statistical analyses

All data were expressed as mean +SD. Statistical signif-
icance was set at P<0.05. All statistical analyses were
performed using GraphPad Prism 8 software. One-way
analysis of variance was used for statistical significance
and followed by Dunnett’s post hoc test for comparison
between every two groups.

Results

Effects of vitamin K, on the behavior of Alzheimer
disease flies

The automatic RING assay revealed that the climb-
ing ability of A307/ABarc flies declined compared to
wild-type A307/wl118 flies at the same age. This AR42-
induced locomotor defect was ameliorated by different
concentrations of vitamin K2 (from 0.1 to 0.8 mM), but a
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Effects of vitamin K, on autophagy-related genes. (a,b) Normalized quantification of the LC3 and Beclin1 mRNA in flies, one-way ANOVA using
Dunnett's test, compared with A307/Afarc flies, P for A307/ABarc+0.5 mM K|, flies was ##/<0.05, and #P<0.01, respectively. (c,d) Western
blot and quantitative analysis show that LC3II/LC3I ratio level were higher in the A307/ABarc+0.5 mMK_ flies compared to A307/ABarc flies
(#P<0 05), and p62 level decreased in the A307/ABarc+0.5 mM K, flies compared to A307/ABarc f||esz(#P<O 05). ANOVA, analysis of
variance.
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Vitamin K, increased the ATP level. The supernatant from the brain
homogenate was used to assay the ATP level, one-way ANOVA using
Dunnett’s test, **P<0.01 vs. A307/W1118, ##P<0.01 vs. A307/
AParc. ANOVA, analysis of variance.

significant difference was only shown in the 0.5 mM con-
centration (P=0.0105) (Fig. 1a).

The lifespan of the A307/ABarc flies was shorter than that
of A307/w1118 flies. Vitamin K2 (0.1-0.8 mM) prolonged
lifespan of Alzheimer disease flies; significant difference
was both shown in the 0.1 mM and 0.5 mM concentra-
tion(P=0.0097 and P<0.0001, respectively) (Fig 1b).

Based on the above data, the 0.5 mM concentration of
vitamin K was used as optimal concentration for the fol-
lowing experiments.

ELISA analysis revealed that treatment with vitamin K,
markedly decreased AP42 level (P=0.0267) (Fig. 1c).

Effects of vitamin K2 on autophagy-related gene

To investigate the effects of vitamin K  on autophagy,
LC3, Beclinl and p62 were detected. RI-PCR analy-
sis showed that treatment with vitamin K2 significantly
increased LC3 and Beclinl (P=0.0012 and P=0.0175,
respectively) (Fig. 2).

Western blot (WB) analysis showed that treatment with
vitamin K increased the conversion of LC3 I to LC3 II
(P=0.0206) and decreased p62 level (P=0.0115) (Fig. 2).
The above data revealed that vitamin K2 can activate
autophagy.

Vitamin K, rescued mitochondrial dysfunction

To assess the effect of vitamin K on mitochondria, we
have measured ATP production and NDUFS3. We
found that the ATP level of A307/ABarc flies were signif-
icantly lower than that of A307/W1118 flies (P=0.0013).

Vitamin K2 protective effects on Alzheimer disease Lin et al. 435

Treatment with vitamin K  significantly increased the
ATP level (P=0.0033) (Fig. 3).

NDUFS3, the core subunit of mitochondrial complex
I, participates in the electron transport of the oxidized
respiratory chain. RT-PCR and WB revealed that the
expression of NDUFS3 declined in A307/ABarc flies,
and vitamin K, upregulated the expression of NDUFS3
(Fig. 4).

Discussion

In this study, we explored the neuronal protective effects
of vitamin K  on Alzheimer disease flies. The results
showed that vitamin K, improved locomotor abilities, pro-
longed lifespan and significantly decreased AP42 level.
Further studies showed that vitamin K increased the
LC3II/LLC3I ratio and decreased the p62 level. Moreover,
vitamin K upregulated the expression of NDUFS3 and
increased the ATP level.

The transgenic Drosophila Alzheimer disease model used
in this study was [Ga/4)A307/P{UAS-APBarc}. Previous
studies have confirmed that compared to wild-type, the
climbing ability of A307/Afarc flies declined and the
lifespan shortened [15]. In this study, we obtained the
same results. This Af42-induced behavioral defect was
ameliorated by vitamin K.

Autophagy is crucial for clearing abnormal proteins in
neurodegenerative disorders. AP oligomers detected in
purified intact autophagosomes confirmed that auto-
phagy plays a direct role in the clearance of AP [15].
In the autophagy-lysosomal pathway, the role of [.LC3
IT is to promote phagophore elongation and closure to
form a complete autophagosome [16]. Beclinl plays
a key role in the initiation of autophagosome and
autophagy regulation [17]. Thus, LC3-II and Beclinl
have been regarded as autophagy markers. P62 plays
an important role in the degradation of abnormal pro-
tein through two of its functional domains including
the ubiquitin-associated domain and L.C3-interaction
region [18]. P62 aggregates containing autophagy sub-
strates are degraded by proteolytic enzymes in the
lysosome; therefore, an increased p62 level reflects
lysosome dysfunction. In this study, Alzheimer dis-
ease flies showed autophagy dysfunction. Vitamin K
increased the LC3II/LLC3I ratio and Beclinl level and
decreased the p62 level. These findings suggested that
vitamin K can activate autophagy and maintain auto-
phagy flow, which could contribute to the clearance of
AP, and thereby reduce the AB-induced neurotoxicity.
Previous studies have demonstrated that activation of
autophagy by different strategies, including genetic
intervention, pharmacological intervention and physi-
ological intervention, could reduce A} deposition, ame-
liorate pathological phenotypes and rescue cognitive
deficits in Alzheimer disease [19-21].

On the basis of the previous studies, we speculated
that the possible mechanisms of vitamin K, inducing
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Vitamin K2 increased NDUFS3 expression. (a) Normalized quantification of the NDUFS3 mRNA in flies, one-way ANOVA using Dunnett's test,
*P<0.05vs. A307/W1118, #P<0.05 vs. A307/ABarc. (b) Western blot and quantitative analysis show the NDUFSS3 level in flies, one-way
ANOVA using Dunnett's test, **P<0.05 vs. A307/W1118, ##P<0.05 vs. A307/ABarc. ANOVA, analysis of variance.

AP42-affected autophagy may include: first, electron
microscopy revealed the formation of autophagosomes
and autolysosomes increased in K -treated leukemia
cells [22], &&which indicated that vitamin K treatment
could activate autophagy. Second, AP can be removed
by Af degrading enzymes, autophagy and blood—brain
barrier (BBB) transport in the brain [23]. Vitamin K2
may promote Af clearance by upregulating the mRNA
expression of insulin degrading enzyme and NEP1, the
AP degradation enzymes (Supplementary Data Fig. 5,
Supplemental digital content 1, Azp://links.lww.com/WNR/
A0618). Transport of AB through BBB from brain to blood
is mainly mediated by receptors such as low-density lipo-
protein receptor (LDLR) and low-density lipoprotein
receptor-related protein-1 (LRP1) [24,25]. A study found
that MK-4 increased the gene expression of LDLR and

LRP1 [26]. So we speculated that vitamin K2 may pro-
mote the transport of AP through BBB by increasing
LDLR and LLRP1 expression. Therefore, vitamin K, may
eliminate the effect of AP on autophagy by promoting
AP clearance. In addition, further research is needed to
investigate the effects of vitamin K on the mechanisms
of autophagy regulation, such as the effects of vitamin K
on the mTOR/TOR pathway and PI3K-Beclin1 pathway.

It has been confirmed that mitochondrial dysfunction is
involved in Alzheimer disease. ‘Mitochondrial cascade
hypothesis’ states that mitochondrial dysfunction can
promote amyloid precursor protein processing towards
AP production and accumulation, and then trigger amy-
loid cascade [27]. On the other hand, Af accumulation
adversely accelerate mitochondrial dysfunction [28,29].
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In this study, we found that the expression of NDUFS3
declined in Alzheimer disease flies, which directly
affected electron transport of mitochondria oxidize res-
piratory chain, resulting in reduction of ATP production.
Vitamin K could increase the expression of NDUFS3
and ATP levels, which suggests that vitamin K has a pro-
tective effect on mitochondria. )

According to our findings and previous reports, we
speculated that the mechanisms of vitamin K, rescue
mitochondrial dysfunction may include: first, vitamin
K, serves as electron carrier to transfer electrons in the
mitochondrial respiratory chain, increase mitochondrial
membrane potential and promote more ATP production
[11]. Second, vitamin K2 upregulates the expression of
NDUFS3, which directly enhances electron transport.
"Third, vitamin K may promote the clearance of damaged
mitochondria by activating autophagy.

Conclusion

In conclusion, this study revealed that AB42 may induce
neurotoxicity by damaging autophagy and mitochon-
drial function. The protective effects of vitamin KZ
against AP42 may be through activating autophagy and
improving mitochondrial function. Therefore, vitamin K
may be a potentially valuable therapeutic approach for
Alzheimer disease.
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