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Abstract

Background Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease with limited disease-
modifying treatments. Drug repositioning strategy has now emerged as a promising approach for anti-AD drug
discovery. Using 5xXFAD mice and AR-treated neurons in culture, we tested the efficacy of Y-2, a compounded drug
containing the antioxidant Edaravone (Eda), a pyrazolone and (+)-Borneol, an anti-inflammatory diterpenoid from
cinnamon, approved for use in amyotrophic lateral sclerosis patients.

Results We examined effects of Y-2 versus Eda alone by i.p. administered in 8-week-old 5XFAD mice (females) for

4 months by comparing cognitive function, AR pathologies, neuronal necroptosis and neuroinflammation. Using
primary neurons and astrocytes, as well as neuronal and astrocytic cell lines, we elucidated the molecular mechanisms
of Y-2 by examining neuronal injury, astrocyte-mediated inflammation and necroptosis. Here, we find that Y-2
improves cognitive function in AD mice. Histopathological data show that Y-2, better than Eda alone, markedly
ameliorates AP pathologies including AR burden, astrogliosis/microgliosis, and Tau phosphorylation. In addition, Y-2
reduces AB-induced neuronal injury including neurite damage, mitochondrial impairment, reactive oxygen species
production and NAD™ depletion. Notably, Y-2 inhibits astrocyte-mediated neuroinflammation and attenuates TNF-a-
triggered neuronal necroptosis in cell cultures and AD mice. RNA-seq further demonstrates that Y-2, compared to Eda,
indeed upregulates anti-inflammation pathways in astrocytes.

Conclusions Our findings infer that Y-2, better than Eda alone, mitigates AD pathology and may provide a potential
drug candidate for AD treatment.
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Background

Alzheimer’s disease (AD), the most common neurode-
generative disease (ND), follows a progressive process
and is featured by neuritic dystrophy, neuronal loss and
cognitive impairment [1-4]. Amyloid-beta (Ap) is known
to play a key role in AD pathogenesis, which is confirmed
by familial mutations of amyloid precursor protein (APP)
and presenilin and defines the disease and vaccines
against A} have shown therapeutic promise [5]. Although
evidence is still accumulating, this hypothesis is inad-
equate to resolve many characteristics of AD pathophysi-
ology. Therefore, other basic hallmarks associated with
AD are currently gaining attention, including the forma-
tion of neurofibrillary tangles due to Tau aggregation,
aberrant neuroinflammation, reduced NAD™ levels, and
the oxidative damage of lipids, DNA, and proteins [6-9].
The anti-Ap therapies, if combined with other basic hall-
marks-modifying strategies, may thus have the potential
to achieve more efficacy for AD.

Increasing evidence has demonstrated that AB-induced
glial activation can further elevate the levels of proinflam-
matory cytokines, such as TNF-a and IL-6 [10], which
leads to excessive or chronic neuroinflammation and
may contribute to AD pathogenesis [11]. In addition to
its proinflammatory function, excess TNF-a also triggers
neuronal necroptosis, as another source of neuronal loss
in AD brain, through activation of the receptor-interact-
ing serine/threonine-protein kinase 1 and 3 (RIPK1/3)
and the mixed lineage kinase domain-like (MLKL), which
can be inhibited by intracerebral injection of TNF-a
neutralizing antibody or by downregulation of SQSTM1
(p62) [12, 13]. As a highly redox-active agent, Ap also
triggers an overproduction of reactive oxygen species
(ROS) [14], which in turn aggravates Ap-induced neu-
ronal damage and exacerbates the progression of AD
[15]. Therefore, anti-oxidative stress is also an impor-
tant strategy in the treatment of AD, and a few antioxi-
dant drugs do show therapeutic promise [16, 17]. Studies
have demonstrated the direct link between the reduc-
tion of nicotinamide adenine dinucleotide (NAD') and
cell senescence in AD brains. Also, orally administered
with NAD* precursors has shown promising therapeu-
tic effects in various AD models [18, 19]. Transcription
factor NF-«B regulates inflammation and redox in many
systems including AD. In fact, activated p65, a subunit
of NF-«B, has been observed in neurons and astrocytes
surrounding AP plaques, and it may induce neuroinflam-
mation as well as oxidative stress [20, 21]. Several phyto-
chemicals, such as polyphenols and alkaloids have been
reported as potent NF-kB inhibitors in AD models [22].
Therefore, treatments targeting multiple pathogenic sig-
naling pathways, such as neuroinflammation, oxidative
stress, and neuronal death, may be an important strategy
for drug development against AD.
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As a potent free radical scavenger, Edaravone (Eda)
was first approved for the clinical treatment of acute
ischemic stroke (AIS) and amyotrophic lateral sclerosis
(ALS) in Japan [23, 24], and then approved by FDA for
the treatment of ALS in US [25]. Recent evidence has
also suggested neuroprotective effects of Eda in AD ani-
mal models by alleviating A deposition, oxidative stress
and other AP-associated pathologies [17, 26]. (+)-Bor-
neol, a naturally occurring terpene and bicyclic organic
compound, has been found to inhibit the production of
inflammatory factors and protect brain function in pre-
clinical studies [27, 28], possibly by targeting NF-kB (p65),
nitric oxide synthase, and ICAM-1 [27, 29]. Recently, Y-2,
an intravenous solution containing concentrated Eda and
(+)-Borneol, has been approved for the treatment of AIS
in China and Y-2 sublingual tablets, another Y-2 formula-
tion containing 30 mg of Eda and 6 mg of (+)-Borneol per
tablet, are undergoing a phase I clinical trial in US (www.
clinicaltrials.gov, NCT03495206), and a phase III clini-
cal trial in China for AIS treatment (www.chinadrugtri-
als.org.cn, CTR20210233) [30]. Notably, in patients with
AIS, Y-2 has shown better neuroprotective potency com-
pared to Eda alone [31], indicating a potential for neu-
rological diseases. In this study, we have demonstrated a
better efficacy of Y-2 compared to Eda alone, including
cognitive improvement, and inhibition of AP patholo-
gies, neuronal necroptosis and NF-kB-associated neu-
roinflammation. In addition, we use in vitro models of
cultured neurons and astrocytes to evaluate the neuronal
injury, astrocyte-mediated inflammation and necropto-
sis. Thus, our findings reveal that Y-2, as a high potential
candidate, may provide a multi-targeted therapeutic drug
for AD treatment.

Results

Y-2 ameliorates cognitive impairment of the 5xFAD mice
Due to the considerable difficulty of sublingual adminis-
tration in mice, intraperitoneal (i.p.) injection was used
in this study to evaluate the drug efficacy of Y-2 in the
5XFAD transgenic mice. As a drug in clinical trials, Y-2
concentration used in mice were calculated based on the
FDA’s equation for extrapolation between human and
mouse. Y-2 single sublingual administration (contain-
ing 30 mg of Eda and 6 mg of (+)-borneol) or a single i.p.
injection of 7.5 mg/kg Y-2 (containing 6 mg/kg Eda and
1.5 mg/kg (+)-Borneol) displayed similar concentration-
time curves (AUC,_;.) in plasma (Eda: AUC,_;,, 5290
vs. 5460 h ng/mL; borneol: AUC,_; ., 30.8 vs. 30.2 h ng/
mL) [30]. We then designed a workflow, and a schematic
showed the experimental design (Fig. 1A). Previous find-
ings have shown that female 5XFAD transgenic mice have
more serious pathology [32] and heightened inflamma-
tion versus males [33]. Since our goal was to examine a
later stage of pathology, we selected female 5XFAD in


http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.chinadrugtrials.org.cn
http://www.chinadrugtrials.org.cn

Xu et al. Cell & Bioscience

Week

WT or 5%FAD mice

(2024) 14:55

Y-2 attenuates cognitive impairment of the 5xFAD mice

(1) WT+Vehicle group
(2) 5xFAD+Vehicle group
(3) 5xFAD+Eda group
(4) 5xFAD+Y-2 group
8 24 25

Drug administration by i.p. once daily .

MWM I I ELISA
] { Immunoblotting
Y-maze IHC
B
WT+Vehicle 5xFAD+Vehicle 5xFAD+Eda 5xFAD+Y-2
G o\\
2 | 1% 2 |1 i il ¥,
3 .4 [ \\ 3|4 3 L} ) g/
e WT+Vehicle m 5xFAD+Vehicle A 5xFAD+Eda v 5xFAD+Y-2
C D E s
*okek
801 — < 204 :,\‘T 80+ sk k *
. bbb & L v = . Ty
w aaa 232 E .. v % K%k
> 60- b Dbb aaa S 154 | 5 60 el
0 bbb ) oo
g g g_ T v
T 40 2 10 alw T < 40- . vly
o ® - °
g E ‘ E Nk
S 204 £ 5 2 20 v
u £ ®
H £
0 — T T T T ?” 0 T T T T = 0 T T T T
2 3 4 5 Day
F
WT+Vehicle 5xFAD+Vehicle 5xFAD+Eda 5xFAD+Y-2
%
e WT+Vehicle m 5xFAD+Vehicle A 5xFAD+Eda v 6xFAD+Y-2
G H |
150 40—
A
100- = A . o=

Speed (cm/min)

4
% Number of entering
the novel arm

Number of total arm entries

Fig. 1 (Seele

gend on next page.)

Page 3 of 18



Xu et al. Cell & Bioscience (2024) 14:55 Page 4 of 18

(See figure on previous page.)

Fig. 1 Y-2 attenuates cognitive impairment of the 5XFAD mice. (A) A schematic overview shows the animal experimental procedures. (B) Representative
trajectories in MWM assays on the testing day 6. Red square, starting point; blue square, ending point; platform (red circle) locates in the quadrant 1. (C)
Quantitation shows the escape latency during acquisition trials. WT: n=10, 5XFAD +Vehicle: n=10, 5XFAD +Eda: n=10, 5}XFAD+Y-2: n=10. two-way
ANOVA with Fisher’s LSD post hoc analysis; *P<0.001, 5XFAD +Vehicle vs. WT +Vehicle group; "°°P<0.001, 5XFAD + Eda vs. 5XFAD Vehicle group. (D and
E) Quantitation shows the swimming speed (D) and the percentage of time in the platform located quadrant (E) in the probe trial. WT +Vehicle:n=10,
5XFAD +Vehicle: n=9, 5XFAD+Eda: n=9, 5XFAD+Y-2: n=10. one-way ANOVA with Fisher's LSD post hoc analysis; *P<0.05, **P<0.01, ***P<0.001. (F)
Representative trajectories show the visit frequency of mice in Y-maze. Arrow, the novel arm. (G-I) Quantification shows the speed (G), number of total
entries (H) and percentage of novel arm entries (I). WT +Vehicle: n=10, 5xFAD +Vehicle: n=10, 5XFAD+Eda: n =10, 5XFAD +Y-2: n=10. one-way ANOVA

with Fisher’s LSD post hoc analysis; *P < 0.05, ***P <0.001. n represents individual animals. All data are represented as mean +SD.

this study. Also, using one sex reduced variation in the
cohort allowing the study to have sufficient power. Mice
at 8 weeks old were separated into 4 indicated groups and
each group of mice were treated by ip. injection once
daily with Vehicle, Eda (6 mg/kg), or Y-2 (7.5 mg/kg),
respectively (Fig. 1A). After 16-weeks treatment for these
mice, Morris water maze (MWM) and Y-maze were used
to assess the cognitive function. The following procedure
for histopathological study was depicted in Fig. 1A.

MWM assays demonstrated the cognitive improve-
ment in Y-2-treated group, indicated by the decreased
time in the escape latency during 5 days of acquisition tri-
als (Fig. 1C), and more time spent in the target quadrant
(Fig. 1B, E) in the probe trial with no speed differences
(Fig. 1D) (One mouse in the 5XFAD vehicle group and
one in the Eda-treated group barely swam in the probe
trail, we thus excluded their MWMs data). Similarly, Y-2
treatment in the 5XFAD also showed an improvement in
spatial working memory in Y-maze tests, compared to
those treated with vehicle, indicating by the increased
ratio of entering the novel arm during retrieval trials
(Fig. 1F, I), with no differences observed in motor ability
(Fig. 1G, H). In addition, the average levels of key behav-
joral indicators were upregulated (~13.4% in MWM and
~7.1% in Y-maze) by Y-2 compared to Eda alone (Fig. 1E,
I). These data thus suggest that Y-2 is more effective than
Eda alone on ameliorating cognitive defects of the 5XFAD
mice.

Y-2 mitigates AB-associated pathologies in the
5xFAD mice

To evaluate whether Y-2 can alleviate Ap pathology, a
predominant cause for cognitive decline in the 5XFAD
mice, we examined the AP-related histopathological fea-
tures in cortex and hippocampus. As described before,
6-month-old 5XFAD mice have severe A-associated
pathological features such as A deposition and gliosis in
the brain [34]. After behavioral tests, 25-week-old mice
were used to histological study (see Method). Immuno-
histochemical (IHC) analysis showed that after 4 months
of treatment with Y-2, the average number of A plaques
of different sizes (diameter: <20 um, 20-40 pm, and
>40 pum) all decreased in the cortical and hippocampal
regions of the 5XFAD mice (Fig. 2A, C). The Y-2 group
exhibited a reduction of ~36.87% in <20 um diameter,

~41.33% in 20—40 pm diameter, and ~35.78% in >40 pm
diameter plaques compared to the vehicle group. Nota-
bly, Ap plaques with medium and large sizes (diameter:
20-40 um and >40 um) were significantly reduced by
Y-2 compared to Eda treatment (Fig. 2A, C). In compari-
son to the Eda treatment, Y-2 reduced average numbers
of plaques with diameters of <20 pm, 20-40 pm, and
>40 pym by ~18.61%, ~23.03%, and ~30.06%, respec-
tively. Next, in order to evaluate the effect of Y-2 on
intracellular AP levels, we examined the AP levels in
the homogenate lysates of mouse brain by immunob-
lotting and found that Y-2 reduced intracellular AB in
5XFAD mice compared to vehicle (~83.49%) (Fig. 2D,
E). It is noteworthy that Y-2 also showed a strong reduc-
tion compared to Eda treatment (~27.28%) (Fig. 2D, E).
We next investigated the levels of AP40 and AP42 spe-
cies in the diethylamine-extracted soluble and the formic
acid-extracted insoluble fractions of brain homogenates,
respectively. ELISA assays revealed that, in the Y-2 group
compared to the vehicle, the levels of soluble AB40 and
AP42 were decreased by ~49.25% and ~47.6%, and the
insoluble AP40 and AP42 were decreased by ~44.61%
and ~47.93% (Fig. 2F-I). Of note, when compared to
Eda, Y-2 treatment led to a reduction in the levels of
soluble AB40 and AP42 by ~27.93% and ~27.44%, and
a decrease in insoluble AB40 and AP42 by ~28.49% and
~23.18%, (Fig. 2F-I).

Elevated Tau phosphorylation appears in the hip-
pocampal hilus in both AD patients and the 5XFAD
mice [35, 36]. Therefore, we used an antibody against
phosphorylated-Tau (p-Tau) at Thr205 residue site, the
most commonly analyzed site, to evaluate the p-Tau lev-
els in the 5XFAD mice. Data showed that Y-2 treatment
strongly reduced the levels of p-Tau (Thr205) in the hip-
pocampal hilus and its efficacy is ~27.09% higher than
Eda alone (Fig. 2], K).

AP deposits are usually accompanied by increased gli-
osis including astrogliosis and microgliosis in AD mice
[34]. To confirm the efficacy of Y-2, we thus detected
the levels of astrogliosis and microgliosis in the WT and
5XFAD mice treated with Vehicle, Eda or Y-2. IHC data
showed that Y-2 decreased the numbers of astroglial and
microglial clusters surrounding the plaques with each
size (Fig. 3). Compared to Eda, Y-2 exhibited stronger
inhibition on astroglial clusters by ~15.08%, ~ 31.45%,
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and ~27.34% in cortex and ~12.76%, ~32.76%, and
~14.61% in hippocampus with each size (Fig. 3B). Simi-
larly, Y-2 showed stronger reduction on microglial clus-
ters, with reductions of ~18.6%, ~28.48%, and ~23.89%
in cortex and ~17.29%, ~30.98%, and ~ 19.24% in hippo-
campus with each different size (Fig. 3D).

We further investigated the role of Y-2 in the pro-
duction and clearance of AP. We constructed a stable
SH-SY5Y cell line overexpressing the Swedish mutant
APP695. ELISA data showed that both Eda and Y-2 inhib-
ited the levels of intracellular and extracellular Ap40 and
AB42 in APP695 SH-SY5Y cells, but with no significant
difference of potency between the two drugs (Additional
file 1: Fig. S2A-D). The more pronounced inhibitory
effect of Y2 on A deposition (Fig. 2A, C) raises the ques-
tion of whether it is related to enhanced A clearance.
We thus evaluated the effect of Y-2 on the clearance of
AP using a BV-2 microglial cell culture system. ELISA
results showed that Y-2 could more effectively reduce the
extracellular AB42 levels in culture media, possibly sug-
gesting an enhanced A clearance efficacy induced by Y-2
(Additional file 1: Fig. S2E).

Together, our data imply that Y-2 represses
Ap-associated pathologies in the 5XFAD mouse model of
AD, with higher efficacy than Eda, by both inhibiting AP
production and promoting A clearance.

Y-2 inhibits neuronal necroptosis and neuroinflammation
in AD mice

Recent findings from our group and others have shown
that the activation of neuronal necroptosis is a critical
event in AD pathogenesis [12, 37]. We speculated that the
neuroprotective function of Y-2 might partially be due to
its inhibition of neuronal necroptosis. To test this notion,
we examined the protein levels of necroptotic mark-
ers in the brain lysates from WT and the 5XFAD mice
in response to Vehicle, Eda or Y-2 treatment. IHC, and
immunoblotting showed that Y-2 inhibited the reduction
of PSD-95 (a postsynaptic marker) and Synaptophysin
(a presynaptic marker), and repressed the accumulation
of p62 as well as the activation of RIPK1/RIPK3/MLKL
cascade (Fig. 4A-C). In accordance with our data in
Figs. 2 and 3, IHC, and immunoblotting showed a higher
efficacy of Y-2 than Eda, especially on the levels of p62,
p-RIPK1/3 and p-MLKL (Fig. 4A-C).

The hyperactivation of the pro-inflammatory fac-
tor TNF-a in AD is thought to be one of the triggers of
neuronal necroptosis [12, 13]. To confirm the inhibitory
function of Y-2 on neuronal necroptosis, we further used
an ELISA kit to evaluate the levels of TNF-« in brain
lysates. Compared to WT, 5XFAD mice had a higher
level of TNF-a in brain. Strikingly, elevated TNF-a was
sharply reduced by ~39.2% upon Eda treatment, and
by ~53.6% upon Y-2 treatment (Fig. 4D). We further
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extended to check other critical pro- and anti-inflamma-
tory factors such as IL-1f3, IL-6 and IL-10, which were all
implicated in the regulation of neuroinflammation [38].
Consistently, ELISA data showed that the levels of pro-
inflammatory IL-1p and IL-6 were markedly lowered by
Eda or Y-2, while anti-inflammatory IL-10 was upregu-
lated in the same state (Fig. 4E-G). It is noteworthy that
the levels of TNF-q, IL-1p, and IL-6 in the brains of mice
treated with Y-2 were lower compared to those mice
treated with Eda. Although no statistical significance
was observed between Y-2 and Eda, the average levels of
IL-10 were higher in Y-2-treated brains. We also analyzed
the levels of NF-«kB subunits, which were considered as
transcription factors promoting the production of mul-
tiple neural inflammatory cytokines including TNF-a
[39]. Indeed, p65 and p50, but not other three subunits
P52, RelB and c-Rel, were elevated in the brains of 5}XFAD
mice (Fig. 4H). Remarkably, either Eda or Y-2 treatment
decreased the levels of p65 and p50, as well as those of
phospho-p65 (Ser635), another major indicator of NF-xB
activation (Fig. 4H).

Thus, our data demonstrate that both Eda and Y-2 can
inhibit neuronal necroptosis and neuroinflammation in
AD mice. The strong efficacy of Y-2, may contribute by
the additional anti-inflammatory capacity of (+)-Borneol
[28]. Interestingly, Y-2-mediated inhibition of neuronal
necroptosis and neuroinflammation is thought to be due
to the downregulation of total protein levels in these two
pathways [37, 40], suggesting a possible transcriptional or
translational regulation of those genes by Y-2 treatment.

Y-2 reduces AB-induced neuronal damage in cell culture

In order to elucidate the neuroprotective mechanisms
of Y-2, we used neuronal cell cultures and assessed the
protective function of Eda and Y-2 against Ap-induced
neuronal damage. Consistent with the previous findings
[17], Eda greatly reduced Ap-triggered neurite injury in
differentiated SH-SY5Y cells and primary neurons, indi-
cated by the rescue of neurite length (Fig. 5A, B and
Additional file 1: Fig. S3A, C). (+)-Borneol also showed
a mild neurite protection against AP toxicity, while Y-2
had a better efficacy than Eda or (+)-Borneol (Fig. 5A,
B and Additional file 1: Fig. S3A, C). Neurite injury is
highly correlated to the impairment of mitochondria
inside the neuronal processes. To assess whether Eda
or Y-2 prevents mitochondrial damage stimulated by
AP, we used immunofluorescence (IF) of TOM20 (a
mitochondrial marker) to observe the morphology of
mitochondria in SH-SY5Y cells and primary neurons.
As expected, mitochondria in neurites were shortened
and fragmented by AP stimulation. Again, Eda and Y-2
both repressed mitochondrial shortening and their frag-
mentation. Although (+)-Borneol alone also yielded
partial protection against AP-induced mitochondrial
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Fig.2 Y-2reduces AP load and Tau phosphorylation in AD mice. (A) IHC staining of AB (green) in cortex and hippocampus of the 5XFAD mice. An anti- AR
antibody (CST, #2454S) was used. Nuclei counter stained with DAPI (blue). (B) Graphical representation of coverage areas for AR plague measurements
in the brain of 5xXFAD mice. (C) Quantification shows the average number of AR plaques with different sizes (diameter <20 um, 20-40 um and >40 pm)
per mm?, n=40. n represents the number of randomly selected slices from 5 mice in each group. one-way ANOVA with Fisher's LSD post hoc analysis;
*P<0.05,**P<0.01, ***P<0.001. (D) Immunoblotting shows the levels of intracellular AB in brain lysate from randomly selected 3 mice. 3-actin as a load-
ing control. (E) Quantification of the blots in (D), n=3. n represents the number of independent experiments. one-way ANOVA with Fisher's LSD post hoc
analysis; ***P<0.001. The protein level in 5XFAD +Vehcile group was normalized to 1. (F-I) Relative levels of soluble and insoluble AR40 (F and G) and
AR42 (H and I) in brain homogenates from randomly selected 5 mice. one-way ANOVA with Fisher’s LSD post hoc analysis; **P < 0.01; ***P < 0.001. (J) IHC
staining of p-Tau (Thr205) (green) in hippocampal hilus of mice. (K) Histogram shows the IF intensity of p-Tau in (J), n=70. n represents the cell number in
hippocampal hilus on 15 slices from 5 mice in each group. one-way ANOVA with Fisher's LSD post hoc analysis; **P<0.01; ***P < 0.001. All quantification

data are represented as mean £ SD. Scale bar, 100 um

damage, it had much less potency compared to Eda or
Y-2 (Fig. 5C, D and Additional file 1: Fig. S3B, D). Next,
we tested whether Y-2 exerted protective effects against
NAD™ depletion and oxidative damage, two major path-
ological features induced by AP in AD models [41]. We
determined the neuronal NAD™ levels by using a kit to
measure the NAD*/NADH ratio. As expected, AP treat-
ment sharply lowered the NAD*/NADH ratio in con-
trast to Vehicle (Fig. 5E). Indeed, Eda strongly increased
the NAD*/NADH ratio by ~7.7-fold (Fig. 5E). Of note,
Y-2 had better efficacy than Eda, indicated by ~11.6-
fold upregulation of the NAD*/NADH ratio (Fig. 5E).
Consistent with its mitochondrial protective function,
(+)-Borneol alone also increased the NADT/NADH ratio
by ~5.6-fold (Fig. 5E). Using a ROS fluorescent probe
DHE, we further evaluated the ROS production in neu-
ronal cells stimulated with AB oligomers. Data showed
that intracellular ROS was elevated by ~4.4-fold upon
AP stimulation, while Eda strongly inhibited Ap-induced
ROS production by ~67.2%. Y-2 showed a relative equal
efficacy to Eda on ROS reduction, possibly due to no
effect of (+)-Borneol (Fig. 5F, G).

Taken together, our data indicate that Y-2 serves as a
strong neuroprotective agent against Ap-triggered neu-
ronal injury. In contrast to Eda, Y-2 has better efficacy in
both mitochondrial and neurite protection.

Y-2 activates anti-inflammatory pathways in astrocytes
compared to Eda alone

Our in vivo data in Fig. 4 have shown a novel function
of Y-2 against neuronal necroptosis, which can be acti-
vated mainly by the most abundant astrocytes rather
than microglia in several neurodegenerative diseases
(NDs) [12, 42-44]. To further elucidate the molecular
mechanism of Y-2 neuroprotection, we performed RNA-
seq experiments to check the gene expression pattern in
ApB-stimulated astrocytes pre-treated with Eda, (+)-Bor-
neol or Y-2. By comparison with Eda, Y-2 treatment led
to a total 279 upregulated genes while only 4 downregu-
lated genes (Fig. 6A). The Gene Ontology (GO) analysis
showed that the differentially expressed genes (DEGs)
were highly enriched in regulatory genes associated with
immune regulation, tumor necrosis factor production,

defense response to other organisms, and antioxidant
activity (Fig. 6B). In accordance with these findings,
(+)-Borneol alone, compared to Vehicle, also activates
genes enriched in immune regulation (Additional file 1:
Fig. S4), suggesting that anti-inflammatory efficacy of Y-2
may be derived from the (+)-Borneol compound.

To confirm the RNA-seq results, we carried out qPCR
and examined genes involved in immune regulation (Is/1,
Duoxal, Uspl8, Ctla2a, Lilrb4b, Lpl, Siglece, Pla2g7, and
Nt5dcl), TNF production (Lpl, Clu, Isl1, Vsir, Lilrb4b,
and Clec4a?2), defense response to other organisms (Hp,
Lyzl, Oasll, Lypd8, and Clec4a?2), and antioxidant activ-
ity (Hba-al and Hp). Among these tested DGEs (Y-2
versus Eda), the expression of pro-inflammatory gene
Pla2g7 was remarkably reduced, while genes involved in
anti-inflammatory pathways (Isl1, Usp18, Ctla2a, Lilrb4b,
Siglece, Clu, Clec4a2, Hp, Oasl1, and Lypd8) were upreg-
ulated in C8-D1A astrocytic cells (Fig. 6C). Similarly,
Lypd8, Oasli, Clec4a2, Hp, Isl1, Lilrb4b, Clu, and Siglece
were upregulated, and Pla2g7 was reduced in primary
astrocytes (Additional file 1: Fig. S5). These data thus
show that Y-2 treatment, compared to Eda, has additional
anti-inflammatory effects in astrocytes and may possibly
inhibit astrocyte-mediated neuronal necroptosis.

Y-2 inhibits astrocyte-mediated inflammation and
represses neuronal necroptosis

We next used a sequential astrocytic-neuronal cell cul-
ture system to address whether the inhibitory function
of Y-2 on neuronal necroptosis and neuroinflammation
is regulated by astrocytes, a major cell type responsible
for TNF-« production and inflammation in brain [45]. As
shown in a schematic diagram (Fig. 7A), we cultured the
C8-D1A astrocytic cells and pre-treated them with Vehi-
cle, Eda, (+)-Borneol or Y-2 for 1 h before A stimulation.
After 24 h treatment of A, conditioned media (CM) was
collected and drugs/Ap oligomers inside were removed
as described (Fig. 7A). The media was used for ELISA
assays and data showed that Y-2 suppressed Ap-induced
TNF-a production by ~62.9%, while Eda also reduced
the TNF-«a level by ~20.4% (Fig. 7B). Consistent with its
strong anti-inflammatory function, (+)-Borneol showed
a~37% reduction of TNF-a (Fig. 7B). In addition, either
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Y-2 reduces astrogliosis and microgliosis in AD mice
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Fig. 3 Y-2 reduces astrogliosis and microgliosis in AD mice. Images show the IHC staining of GFAP (green) (A) and Iba1 (green) (C) in cortex and hip-
pocampus of the 5xFAD mice. Nuclei counterstained with DAPI (blue). Quantification shows the average number per mm? of GFAP-positive astrocytic
clusters with indicated sizes (diameter < 20 um, 20-40 um and >40 um) (B) and Iba1-positive microglial clusters (D). n=40, n represents the number of
randomly selected slices from 5 mice in each group. one-way ANOVA; *P < 0.05, **P<0.01, ***P<0.001. All data are represented as mean+SD. Scale bar,
100 um
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Fig.4 Y-2inhibits neuronal necroptosis and neuroinflammation in AD mice. (A) IHC staining of p62 (red), p-MLKL (green) and MLKL (red) in hippocampcal
CAT1 of the 5XFAD mice. Nuclei counterstained with DAPI (blue). Scale bar, 100 um. (B) Quantification of relative IF intensity of indicated proteins in (A),
n=15. n represents the number of randomly selected slices from 5 mice in each group. one-way ANOVA with Fisher's LSD post hoc analysis; **P<0.01,
**¥P<0.001. The IF intensity in WT+Vehcile mice group were normalized to 1. (C and H) Immunoblotting shows the levels of indicated proteins in the
brains. B-actin as a loading control. (D, E, F and G) ELISA shows the cerebral levels of TNF-a (D), IL-1(3 (E), IL-6 (F) and IL-10 (G), n=5. n represents individual
animals. one-way ANOVA with Fisher's LSD post hoc analysis; *P<0.05, **P<0.01, ***P<0.001. The concentration of the indicated cytokines in WT +Ve-

hcile group was normalized to 1. All data are represented as mean +SD

Y-2 or (+)-Borneol markedly inhibited the production of
other pro-inflammatory factors such as IL-1p and IL-6,
while increased the levels of anti-inflammatory factor
IL-10 (Fig. 7C-E). The CM was added into cultured SH-
SY5Y cells and the cell activity and necrosis levels were
measured using the CCK-8 assay and PI staining, respec-
tively. Data showed that CM with Y-2 or (+)-Borneol
alone pretreatment increased cell viability and prevented
necrotic death (Additional file 1: Fig. S6). In contrast,
CM with Eda alone pretreatment did not exert protective
effect (Additional file 1: Fig. S6). Therefore, we investi-
gated the levels of necroptotic markers in SH-SY5Y cells
treated with CM from C8-D1A cell cultures (Fig. 7A).
Immunoblotting showed that CM with Y-2 pretreatment
reduced the levels of p62 and inhibited the activation of
RIPK1/RIPK3/MLKL cascade (Fig. 7F). Interestingly,
(+)-Borneol, as a powerful anti-inflammatory agent,
indeed showed a mild inhibition on the activation of
RIPK1, RIPK3 and MLKL (Fig. 7F).

Taken together, we conclude that Y-2 may inhibit the
activation of neuronal necroptosis by repressing the
astrocytic production of TNF-a and other pro-inflamma-
tory factors.

Discussion
In this study, we have demonstrated that the combination
of Eda and (+)-Borneol (Y-2) provided stronger inhibi-
tion of cognitive deficits and AD pathologies in 5XFAD
mice, suggesting that the combining antioxidant and
anti-inflammatory drug synergizes to slow down AD pro-
gression, which is more efficacious than each alone in Ap
pathologies, neuronal necroptosis and NAD™ level, but
not in anti-oxidant or anti-neuroinflammation. The ani-
mal behavioral data reveal that Y-2 treatment performed
better in improving cognitive function of 5XFAD mice
compared to Eda treatment (Fig. 1). Notably, Y-2 showed
a stronger potency than Eda on reduction of AD patholo-
gies (Figs. 2 and 3), in line with previous clinical findings
indicating that Y-2 treatment had better outcomes than
Eda alone in patients with AIS [31]. Given that Y-2 had a
synergistic effect of anti-oxidant and anti-inflammatory,
its better efficacy could possibly due to the additional
anti-inflammatory effect of (+)-Borneol (Fig. 7).
Increasing evidence indeed suggests that AD patho-
genesis is not restricted to neuronal compartments but
is also closely related to neuroinflammatory mechanisms
in the brain. Misfolded and aggregated proteins including

AP oligomers/fibrils can activate recognition recep-
tors on microglia and astrocytes and induce an innate
immune response, featured by the release of inflamma-
tory factors that contribute to AD progression [11]. Our
data confirmed the activation of glial cells in AD, indi-
cated by the astrogliosis and microgliosis surrounding A
plaques in the 5XFAD mice (Fig. 3). Strikingly, both Eda
and Y-2 reduced the levels of gliosis (Fig. 3), inferring that
glia-mediated inflammation was downregulated. Con-
formably, ELISA data from astrocytic culture and AD
mice showed that Eda and Y-2 indeed lowered the levels
of inflammatory factors such as IL-1p, IL-6 and TNEF-q,
but increased that of anti-inflammatory IL-10 (Figs. 4
and 7). Again, Y-2 exhibited a stronger anti-inflammatory
efficacy than Eda alone (Fig. 7B-E) consistent with the
strong anti-inflammatory function of (+)-Borneol [46].

The inflammatory TNF-« is also a crucial triggering
factor responsible for neuronal necroptosis in AD [12].
We thus extended our study into neuronal necroptosis.
In our sequential astrocytic-neuronal culture model, we
found that AP oligomers induced NF-kB activation in
astrocytes and increased ~5-fold production of TNEF-q,
which further triggered the activation of necroptotic cas-
cade in neuronal cells (Fig. 7B, F). In vivo data also con-
firmed the activation of NF-kB and neuronal necroptosis
in AD mice (Fig. 4). More importantly, both Eda and Y-2
showed a good efficacy against NF-kB activation and
neuronal necroptosis (Fig. 4). It is worth pointing out that
Y-2 mainly reduces the total protein levels of NF-«kB sub-
units as well as the key proteins in necroptotic pathway
(Figs. 4 and 7). Whether and how Y-2 inhibits the tran-
scription or translation of these genes, deserves further
study in the future.

According to the survey report of “Alzheimer’s disease
drug development pipeline: 2022’ 31 drugs for AD treat-
ment are currently in phase 3 clinical trials [47], includ-
ing 3 antioxidants Hydralazine, Icosapent ethyl (the
purified product of eicosapentaenoic acid (EPA)) and
Omega-3 (a complex of docosahexaenoic acid (DHA) and
EPA). Hydralazine exerts antioxidant effects by activat-
ing nuclear factor E2-related factor 2 (Nrf2) [48]. Both
EPA and DHA, as Omega-3 polyunsaturated fatty acids
(PUFAs), have been reported to have neuroprotective
function through their antioxidant effects, and supple-
mentation of DHA and/or EPA can alleviate AD symp-
toms [49, 50]. Interestingly, most of the studies also have
reported the therapeutic effects of Omega-3 PUFAs
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against AD involve the anti-inflammatory effect [49, 50].
As far, there are currently 17 anti-inflammatory drugs
in Phase 2 clinical trials (20.73% of total Phase 2 clini-
cal candidates), including 9 biological reagents directly
modulating immunity and 8 anti-inflammatory com-
pounds targeting different immune proteins. Based on
these new studies, strategies of anti-oxidation and anti-
neuroinflammation are both important directions of cur-
rent drug development against AD. Y-2, as a combination
of Eda and (+)-Borneol, not only exerts superior anti-
oxidant effect of Eda (Fig. 5F, G), but also inhibits neu-
ronal necroptosis and neuroinflammation through the
anti-inflammatory effect of (+)-Borneol (Figs. 4 and 7).
Although both Eda and Y-2 treatments have been clini-
cally reported with adverse effects including bruising,
problems walking, and headaches; no significant differ-
ence in severe adverse events was found between Eda and
Y-2 treatments in AIS patients [51]. Thus, we consider
that Y-2 is worthy of further clinical investigation for AD
treatment in the future.

Conclusions

In summary, we demonstrate that Y-2 attenuates cogni-
tive deficits and AD-related pathologies in 5XFAD mice.
In addition, we identify a mechanism by which Y-2 exerts
a more potent effect than Eda alone, specifically in sup-
pressing astrocyte-mediated neuroinflammation and
subsequent neuronal necroptosis. Although our find-
ings lead us to consider Y-2 as a strong drug candidate
for AD therapy, this study still has several limitations. For
instance, we need to investigate: (1) Y-2 efficacy in male
5XFAD mice, (2) Y-2 efficacy in other AD animal models,
e.g. a Tau model, (3) Y-2 pharmacokinetic studies in AD
animal models, (4) Y-2 efficacy in aged mice (with treat-
ment started after amyloid pathology), (5) Y-2 may affect
microglia-mediated inflammation and AP clearance.
However, our findings support the notion that Y-2 treat-
ment has promising efficacy against AD progression, and
may also have general neuroprotective function in other
NDs.

Materials and methods

Drugs and mice

Edaravone injection (10 mg/5 mL) and Y-2 injection
containing Edaravone (10 mg/5 mL) and (+)-Borneol
(2.5 mg/5 mL) were provided by NeuroDawn Pharma-
ceutical Co., Ltd. Eda or Y-2 injections were diluted in
saline and injected by i.p. with 6 mg/kg (Eda), or 7.5 mg/
kg (Y-2), once daily. Female C57BL/6 wild-type (WT)
and 5XFAD (JAX, Stock # 034848) mice were used in this
study. 8-week-old 5XFAD mice were randomly divided
into 3 groups (n=10), injected with saline (Vehicle),
Eda or Y-2 for further use. WT mice were injected with
saline as a control group. All mice were maintained in a
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temperature (26-28 °C) and humidity-controlled envi-
ronment with a 12-h light-dark cycle and free access to
food and water unless otherwise indicated. All experi-
ments were conducted in accordance with the regulations
for the Administration of Affairs Concerning Experimen-
tal Animals and approved by the Laboratory Animal Care
Committee at the China Pharmaceutical University (Per-
mit number SYXK-2021-0011).

Morris water maze (MWM) and Y-maze

Morris water maze (MWM) assays were performed using
the same protocol we described previously [12]. In brief,
mice were trained to locate a covert escape platform in a
circular pool with a depth of 60 cm, a diameter of 130 cm,
and a constant temperature of 22 °C. The platform, which
had a diameter of 10 cm, was in the center of the south-
west quadrant, 1 cm below the water’s surface. One day
prior to the training, all mice were tested by a visible plat-
form to evaluate the suitability of their motor function.
The training spanned five days, with each mouse par-
ticipating in four sessions daily. Mice were released from
various entry points (north, east, south-east, and north-
west) towards the pool wall, with the order changing each
day. Swimming behavior was recorded using video track-
ing for a maximum of 60 s or until the mouse reached
the concealed escape platform and remained there for at
least 2 s. If a mouse took longer than 60 s to find the plat-
form, it was guided to it and allowed to stay for at least
10 s. Following the acquisition trials, the escape platform
was removed, and the mice were released facing the pool
wall at the north-east entry point. During the probe tri-
als, swimming behavior was video-tracked automatically
for 60 s.

Y-maze experiments were conducted as previously
conducted [52]. Briefly, 3 identical arms of the maze were
randomly designated as the starting arm, the novel arm,
and the other arm. The training trial was 15 min and
mice were only allowed to explore 2 arms by blocking
the novel one. For retrieval trial, mice were placed back
in the same starting arm and allowed exploration for
5 min with free access to all 3 arms. The whole process
was captured by a ceiling-mounted CCD camera and the
data were analyzed by the software following the manu-
facturer’s protocol.

Animal tissue collection and grouping

After the behavioral tests, all mice were euthanized with
an overdose of anesthetics and then perfused transcardi-
ally with saline. Subsequently, all the total 10 brain tis-
sues from each group were collected and separated into
2 hemispheres for following experiments. Within each
group, we randomly selected the 5 hemispheres from dif-
ferent mice for IHC (n=5) and another 3 hemispheres
from different mice for immunoblotting (n=3). Next, we
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Y-2 suppresses AB-induced neuronal toxicity in cell culture
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(See figure on previous page.)

Fig. 5 Y-2 suppresses AB-induced neuronal toxicity in cell culture. (A) IF of neuronal marker Tuj1 (green) in differentiated SH-SY5Y cells with indicated
treatments (see Methods). Nuclei counterstained with DAPI (blue). Scale bar, 50 um. (B) Quantification of neurite length in (A), n>40. n represents the
number of random images from 3 independent experiments. one-way ANOVA with Fisher's LSD post hoc analysis; **P<0.01, ***P<0.001. The neurite
length per cell in CTL group was normalized to 1. (C) IF of TOM20 shows the mitochondrial segments in differentiated neurites of SH-SY5Y cells with
indicated treatments. Scale bar, 10 um. (D) The quantification shows the length of mitochondrial (mito.) segments in (C), n > 20. n represents the number
of randomly selected neurites from 3 independent experiments. one-way ANOVA with Fisher’s LSD post hoc analysis; *P < 0.05, **P < 0.01, ***P < 0.001. The
mito. length in CTL group was normalized to 1. (E) Quantification of the NAD*/NADH ratio in SH-SY5Y cells with indicated treatments, n=18. n represents
the number of detected wells from 3 independent experiments. one-way ANOVA with Fisher's LSD post hoc analysis; ***P<0.001. (F) Images show the
fluorescence intensity of H,DCFDA (Green, ROS indicator) in cells with indicated treatments. Scale bar, 50 um. (G) Quantitation of relative H,DCFDA fluo-
rescence intensity in (F), n=18. n represents the number of detected wells from 3 independent experiments. one-way ANOVA with Fisher’s LSD post hoc
analysis; **P<0.01, ***P <0.001, ns, not significant. The fluorescence intensity in CTL group was normalized to 1. All data are represented as mean+SD.

randomly selected 5 hemispheres from different mice for
ELISA (n=5).

Immunoblotting, immunohistochemistry (IHC) and
immunofluorescence (IF)

Immunoblotting was performed according to our stan-
dard protocol [53]. For the protein extraction, the per-
fused hemispheres were homogenized and lysed using a
kit (Genuin Biotech) following the manufacturer’s proto-
col. For IF of cultured cells, cells on coverslips were fixed
in 4% paraformaldehyde (PFA) and followed a protocol
reported in our previous paper [12]. For IHC of brain
tissues, the perfused hemispheres were fixed in 4% PFA
for 24 h, and dehydrated in a 30% PBS-buffered sucrose
solution for around 24 h until tissue sinks. Next, the tis-
sues were embedded in optimal cutting temperature
compound (OCT) for cryostat sectioning. 30 pm cryo-
sections were cut using a Leica CM1950 microtome.
IHC were conducted using our standard protocol as
described [12]. The primary antibodies used in this study
were listed as below: anti-MLKL (sc-165,025, RRID:
AB_10839183), anti-p50 (sc-1190, RRID: AB_632033),
anti-p52 (sc-298, RRID: AB_2151277) and anti-c-Rel
(sc-70-G, RRID: AB_632042) were purchased from
Santa Cruz; anti-f-Amyloid (2454, RRID: AB_2056585),
anti-p-Tau (Thr205) (49,561, RRID: AB_2799361), anti-
PSD-95 (3450, RRID: AB_2292883), anti-Synaptophysin
(36,406, RRID: AB_2799098), anti-p65 (8242, RRID:
AB_10859369), anti-p-p65 (3033, RRID: AB_331284),
anti-p62 (39,749, RRID: AB_2799160), anti-RIP (3493,
RRID: AB_2305314), anti-p-RIPK1 (S166) (65,746,
RRID: AB_2799693) and anti-Tujl (5568, RRID:
AB_10694505) were purchased from Cell Signaling
Technology; anti-GFAP (ab7260, RRID: AB_305808),
anti-RelB (ab71543, RRID: AB_1861760), anti-p-MLKL
(S345) (ab196436, RRID: AB_2687465), anti-p-MLKL
(S358) (ab187091, RRID: AB_2619685), anti-p-RIPK3
(T231/S232) (ab205421, RRID: AB_2868433) and anti-
p-RIPK3 (S227) (ab209384, RRID: AB_2714035) were
purchased from Abcam; anti-Ibal (GTX100042S, RRID:
AB_10723913) was purchased from GeneTex; anti-RIPK3
(A5431, RRID: AB_2766237) and anti-Actin (AC004,
RRID: AB_2737399) were purchased from Abclonal;

anti-TOM20 (11,802, RRID: AB_2919606) was purchased
from Proteintech. All the secondary antibodies used in
this study were purchased from Thermo.

A pathology assessment

We measured the number of AP plaques of various
diameters in the cortex and hippocampus (as shown
in Fig. 2B), categorized into three groups: <20 pm,
20-40 pm, and >40 pm. We then calculated the number
of AB plaques of different diameters per mm? in the cor-
texes and hippocampi. For p-Tau detection, we evaluated
the fluorescence intensity of p-Tau in a fixed-size random
area within the hippocampal hilus of mice. For gliosis
measurement, we separately quantified the number of
astroglial and microglial clusters of various diameters
(divided into <20 pm, 20-40 um, and >40 pm groups) in
the cortexes and hippocampi, and calculated the number
of gliosis per mm?,

Cell culture

SH-SY5Y, BV-2 and C8-D1A cells (ATCC) were cultured
in DMEM with 10% FBS. Primary neuronal cultures
were performed as described [12]. In brief, cortical neu-
rons were isolated from brains of PO mice and cultured
in Neurobasal (Gibco) medium supplemented with B-27
(Gibco) on Poly-D-Lysine (PDL) (Sigma Aldrich) coated
6-well plates. The mouse primary astrocytes were iso-
lated from the brains of PO mice. In brief, the brain tis-
sues were digested and cell pellets were resuspended in
DMEM with 10% FBS. Cells are cultured in PDL coated
T-75 flasks to allow astrocytes to adhere and proliferate,
while non-adherent cells were removed through medium
changes. After reaching confluence, astrocytes were puri-
fied using shaking detachment methods, ensuring a high
purity culture. The APP695-SH-SY5Y stable cell line was
constructed by transducing SH-SY5Y cells with lenti-
viral particles expressing the Swedish mutant APP695.
For AP production study, APP695-SH-SY5Y cells were
incubated with or without Eda (2.4 uM) or Y-2 (3 pM)
for 72 h followed by ELISA tests for Ap40 and AB42. For
AP clearance study, BV-2 cells were pre-treated with Eda
(2.4 uM) or Y-2 (3 uM) for 1 h followed by 5 uM soluble
AP42 treatment of 12 h. Subsequently, the residual Ap42
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Fig. 6 RNA-seq reveals elevated anti-inflammatory pathways in astrocytes treated with Y-2 compared to Eda alone. (A) Volcano plot of gene expression

(AB+Y-2 versus AB+Eda;

log, (fold change)| > 0; P value < 0.05). UP, up regulation; DOWN, down regulation; NO, no difference. (B) Gene Ontology (GO)

enrichment analysis (AB+Y-2 versus AB+Eda). The vertical coordinates are the enriched pathways, and the horizontal coordinates are the gene ratio.
The size of each point represents the number of upregulated genes in the pathway, and the color of the point represents the P-adjust. (C) mRNA levels
of representative genes from indicated pathways are shown by real-time gPCR analyses, n=3. n represents the number of independent experiments.
*P<0.05,**P<0.01, ***P<0.001; Student’s t-test. All data are represented as mean + SD.
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- Y-2 represses neuronal necroptosis by reducing
astrocyte-mediated TNF-a production and inflammation
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levels in the culture media were detected by ELISA. For
neuronal differentiation, SH-SY5Y cells were seeded on
PDL coated 6-well plates containing Neurobasal medium
plus with B-27 and trans-Retinoic acid (Abcam), then
cultured for 5 days until use. For AP toxicity study, cells
were incubated with 5 pM AP oligomers for 72 h with
or without Eda (2.4 uM), (+)-Borneol (0.6 uM), or Y-2 (3
uM) pretreatment for 1 h. For the sequential astrocytic-
neuronal culture, C8-D1A cells were incubated with 5
uM AP oligomers for 24 h with pretreatment of Vehicle,
Eda (2.4 pM), (+)-Borneol (0.6 uM), or Y-2 (3 uM) for
1 h. The conditioned media was filtered by a 10 KD cen-
trifugal filtration column (Millipore) to remove drugs.
After that, media was further filtered by an affinity col-
umn containing anti-Ap oligomers beads (Millipore) to
remove the AP oligomers. The purified media was used
for ELISA assays, or added into SH-SY5Y cells as culture
media for another 24 h culture until cell viability assay,
PI staining or cell lysate extraction and immunoblotting
experiments.

Preparation of Ap oligomers

AP42 peptides were purchased from GenScript. The
oligomerization of AP42 was conducted as described
[54]. In brief, 1 mM AP42 peptides were dissolved in
hexafluoroisopropanol (HFIP) to remove pre-existing
aggregates and [-sheet secondary structure. After 30 min
incubation at RT, aliquots of AP42 were moved to a
SpeedVac and dried for 1 h to fully evaporate the HFIP,
then stored at -80 °C. Prior to use, AP42 films were dis-
solved at 5 mM in DMSO, vortexed for 30 s, and soni-
cated in a water bath for 10 min, then incubated at 4 °C
for 24 h for oligomerization. The formation of Af oligo-
mers was detected using immunoblotting (Additional file
1: Fig. S1).

Morphological analysis of neurites and mitochondria

For neurite analysis, brightfield or fluorescent images
were acquired using an Olympus IX73 microscope. The
total length of neurites and the number of cells were
measured using Image] software. Subsequently, the aver-
age total length of neurites per cell was calculated. To
ensure statistical significance, at least 20 random images
from 3 different experiments were utilized for quantifica-
tion. To investigate mitochondrial morphology, images
were captured using a 60X objective (oil, NA1.4). The
length of mitochondria in neurites were assessed and
computed using Image] software. A minimum of 5 mito-
chondrial segments were analyzed in each neurite, with a
total of more than 20 neurites considered.

Detection of ROS and NAD*/NADH
The cellular ROS assays were performed using an oxi-
dant-sensitive probe H,DCFDA (MCE). Briefly, cells
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were washed and incubated with PBS containing 10 uM
H,DCFDA for 20 min, then quickly washed three times
with 37 °C PBS for capturing images under a fluores-
cence microscope (Olympus, 1X73). The NAD*/NADH
ratio was determined using an NAD*/NADH Assay Kit
(Beyotime). In brief, cells were lysed with extraction buf-
fer and the supernatants were collected by centrifugation.
The lysates were added into 96-well plates for data col-
lection using a microplate spectrophotometer (Molecular
Devices).

Soluble and insoluble AP extraction

Soluble and insoluble AP were extracted from the mouse
brain homogenates using diethylamine (DEA) and formic
acid (FA), respectively. In brief, the brains were homog-
enized in ice-cold Tris-buffered saline (TBS) containing
a protease inhibitor cocktail (Sigma) and ethylenediami-
netetraacetic acid (EDTA). The soluble AP was extracted
using cold 0.4% DEA in 100 mM NaCl, centrifuged at
135,000 x g for 1 h at 4 °C, and then neutralized by adding
0.5 M Tris-HC], pH 6.8. The insoluble AP was extracted
from remaining pellet using 70% cold FA, sonicated for
1 min, centrifuged as above, and neutralized in TBS con-
taining 0.5 M Na,PO, and 0.05% NaNj.

ELISA

The levels of AB40 and AB42 were detected using Ap40
and AP42 ELISA Kits (Shanghai Yaji biological technol-
ogy). The intracellular and extracellular A were collected
from cell lysates or the culture medium, respectively.
Subsequently, the samples were added into 96-well plates
pre-coated with the AB40 or AB42 antibodies, following
the manufacturer’s protocols. The levels of inflammatory
factors were examined using ELISA Assay Kits (Jiangsu
Meibiao Biotechnology) to detect mouse TNF-«, IL-1f,
IL-6 and IL-10, respectively. In brief, the fresh mouse
brain homogenates or the conditioned media of cultured
C8-D1A cells were added into 96-well plates pre-coated
with the capture antibodies, according to the manufac-
turer’s instruction. After incubation and elution, the
96-well plates were read at a wavelength of 450 nm by a
microplate spectrophotometer (Molecular Devices).

RNA-Seq and RT-qPCR

Total RNA from C8-D1A cells was extracted using RNA-
easy™ Isolation Reagent (Vazyme), according to the
operation manual. RNA library was prepared for tran-
scriptome sequencing, which was conducted by Novo-
gene Co., LTD (Beijing, China). Differentially expressed
genes were counted with adjusted P value<0.05 and
|log,(Fold Change)| > 0. According to the manufacturer’s
instruction, 1 pg total RNA was converted to comple-
mentary DNA (cDNA) using a HiScript 1st Strand cDNA
Synthesis Kit (Vazyme). The real-time PCR (qPCR)



Xu et al. Cell & Bioscience (2024) 14:55

was performed using our standard protocol. Primer
sequences were listed in Supplementary Table 1.

Cell viability assay and propidium iodide (PI) staining

For cell viability assay, SH-SY5Y cells were seeded in
96-well plates before CM treatment. The cells were
treated with reagents in Enhanced Cell Counting Kit-8
(CCK-8) (Beyotime), and the procedure was conducted
according to the manufacturer’s manual. For PI staining,
SH-SY5Y cells were seeded in 6-well plates before CM
treatment. The cells were then incubated with 2 pug/ml PI
(Sigma Aldrich) for 10 min. After that, cells were washed
with 37 °C PBS 3 times, followed by image capture using
Olympus IX73 microscope. The percentage of necrotic
cells was calculated by dividing the number of PI-positive
cells by the total number of cells per well.

Data and statistical analyses

All data were presented as meantSD. Data normality
was examined by the Shapiro—Wilk test. Student’s ¢-test
was used to identify statistically significant differences
between two groups or one-way or two-way (Fig. 1C)
analysis of variance (ANOVA) with Fisher’s LSD post
hoc multiple comparison test for three or more groups.
GraphPad Prism 8.0 was used for the statistical analysis.
P values<0.05 was considered statistically significant.

Abbreviations

AB amyloid-beta

ACSF artificial cerebrospinal fluid

AD Alzheimer's disease

AlIS acute ischemic stroke

ALS amyotrophic lateral sclerosis
(+)-Bor (+)-Borneol

(@Y conditioned media

Eda Edaravone

HFIP hexafluoroisopropanol

IF immunofluorescence

IHC immunohistochemistry

DEA diethylamine

FA formic acid

TBS Tris-buffered saline

EDTA ethylenediaminetetraacetic acid
MLKL mixed lineage kinase domain-like
MWM Morris water maze

NAD* nicotinamide adenine dinucleotide
ND neurodegenerative disease
RIPK1/3L  receptor-interacting serine/threonine-protein kinase 1 and 3
ROS reactive oxygen species

WT wild-type

Y-2 Edaravone Dexborneol
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