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Abstract

Background: Neurite dystrophy is a pathologic hallmark of Alzheimer’s disease (AD). However, drug discovery target-
ing neurite protection in AD remains largely unexplored.

Methods: AB-induced neurite and mitochondrial damage assays were used to evaluate A toxicity and the neuro-
protective efficacy of a natural compound salidroside (SAL). The 5x FAD transgenic mouse model of AD was used to
study the neuroprotective function of SAL. To verify the direct target of SAL, we used surface plasmon resonance and
cellular thermal shift assays to analyze the drug-protein interaction.

Results: SAL ameliorates AB-mediated neurite damage in cell culture. We further reveal that SAL represses mito-
chondrial damage in neurites by promoting mitophagy and maintaining mitochondrial homeostasis, dependent on
an NAD-dependent deacetylase SIRT3. In AD mice, SAL protects neurite morphology, mitigates Af pathology, and
improves cognitive function, which are all SIRT3-dependent. Notably, SAL directly binds to transcription factor NRF2,
inhibits its degradation by blocking its interaction with KEAP1 ubiquitin ligase, and then advances NRF2-mediated
SIRT3 transcription.

Conclusions: Overall, we demonstrate that SAL, a potential anti-aging drug candidate, attenuates AD pathology by
targeting NRF2/SIRT3 pathway for mitochondrial and neurite protection. Drug discovery strategies focusing on SAL
may thus provide promising therapeutics for AD.
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Background

The major neuropathological features of Alzheimer’s dis-
ease (AD) are the presence of beta-amyloid (A) plaques,
neurofibrillary tangles, and neuronal loss in brain, firstly
reported by Dr. Alois Alzheimer in his original case of the
disease that would eventually bear his name [1]. Abnor-
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a hypothesis about the development of DNs in AD [4].
Recent evidence has shown that DNs appear to surround
and enter adjacent AP plaques, which may disrupt micro-
tubes, impair axonal transport and lead to exacerbation
of A pathology [5, 6].

AP released from senile plaques, is toxic to nearby neu-
rites including axons or dendrites or some combination
of both. The mechanisms of AP toxicity involve inflam-
mation, membrane perforation, synaptic failure, oxida-
tive stress, and mitochondrial dysfunction [7, 8]. Among
these mechanisms, much attention has been focused on
mitochondria, as a central hub, regulating stress sens-
ing, energy metabolism and neuronal death. Notably,
mitochondria are recently shown to be vital for modulat-
ing neurite retraction [9], which can be induced by both
extracellular fibrillar Ap and intracellular aggregated Tau
in AD at early stages. In fact, targeting mitochondria has
emerged as a promising approach for neuroprotection.
In the past decade, increasing drug candidates that tar-
get “in and out” the mitochondria have been investigated
from preclinical stages to clinical trials in neurodegenera-
tive diseases (NDs) [10, 11].

Sirtuins (SIRTs) are a family of proteins that act as
nicotinamide adenine dinucleotide (NAD') dependent
deacetylases. In mammals, seven SIRTs exist, including
three members, SIRT3, 4, and 5, that localize exclusively
within the mitochondria. Mounting evidence has shown
that SIRTs, particularly SIRT1 and SIRT2, target mul-
tiple substrates such as PGC-1a, NF-kB, FOXO1/3, and
superoxide dismutase 2 (SOD2), and play a protective
function against AD pathogenesis [12, 13]. In addition,
mitochondrial SIRT3-5 may also function as anti-aging
or neuronal/synaptic protective agents [14—16], but their
possible activities against NDs needs to be further vali-
dated. In the recent few years, mitophagy, an autophagy
pathway by removing damaged mitochondria, is proved
to be compromised in AD, and promotion of mitophagy
improves AD pathologies [17, 18]. In this respect, phar-
macological rescue of impaired mitophagy is now consid-
ered to be beneficial for AD therapeutics [19, 20]. SIRT3
is known to regulate mitochondrial function including
mitophagy in nervous system [21], but the precise inter-
play between SIRT3 dynamics and mitophagy process in
AD is still unclear. It will be also interesting to determine
the SIRT3 function on other aspects of mitochondrial
biology, including mitochondrial morphology, mitochon-
drial membrane potential (MMP), and reactive oxygen
species (ROS) production.

Salidroside (SAL) is a glucoside of tyrosol identified
in the plant Rhodiola rosea. As a natural bioactive com-
pound, it has been studied as a potential neuroprotec-
tive molecule for the treatment of many neurological
disorders including AD [22]. In fact, SAL administration
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improves learning and memory in various animal mod-
els, but the underlying mechanisms are vague, possibly by
modulation of neuroinflammation, oxidative stress, and
cell death [22]. It is important to note that no direct tar-
gets of SAL have so far been revealed, which explains the
uncategorized mechanism of action and hinders its clini-
cal application. In AD pathogenesis, neurite dystrophy
is thought to be an earlier event before neuronal death.
SAL has shown protective efficacy on hippocampal neu-
ronal death [23], but whether it acts in the homeostatic
maintenance of neurites or the organelles inside remains
unknown.

Here, we report that SAL can prevent AB-induced neu-
ritic toxicity in cell culture. The protective function of
SAL is mediated by SIRT3-dependent regulation of mito-
chondrial homeostasis and mitophagy. In the 5xFAD
mouse model of AD, SAL treatment protects neurite
morphology, reduces AB pathology, and improves cog-
nitive function, which are dependent on SIRT3 as well.
Strikingly, we find that SAL directly binds to a transcrip-
tion factor NRF2 and inhibits its degradation by disrupt-
ing the formation of NRF2-KEAP1 protein complex, then
upregulates NRF2-mediated SIRT3 transcription. Thus,
our findings reveal a novel function of SAL for neurite
protection in AD by directly targeting NRF2/SIRT3 path-
way, which may also represent a general mechanism of
SAL protection in other NDs.

Materials and methods

Mice

C57BL/6, 5xFAD (JAX, Stock # 034848), and Sirt3"***
(JAX, Stock # 031201) mice were used in this study.
Sirt3"* mice were used for primary neuronal culture.
Mice were raised in the temperature of 25+2 °C, rela-
tive humidity 70% and in a 12 h light/dark room at with
free access to food and water. For in vivo animal study
as described in Fig. 5A, 16 weeks (w) old WT or 5xFAD
mice (male:female~1:1) were randomly divided into
4 groups with or without AAV injection. After 1 w, 2
groups of mice were orally administrated SAL until 29
w old for behavioral tests, then for the following histo-
logical experiments at 30 w old. For SAL administration,
we used a previously described procedure [24]. In brief,
0.3 mg/mL SAL was dissolved in drink water in 50 mL
bottle with free access and changed once daily. We cal-
culated the amount of drink water based on ~3-5 mL/
mouse/day and found no body weight change during the
procedure. All experiments were conducted in accord-
ance with the regulations for the Administration of
Affairs Concerning Experimental Animals and approved
by the China Pharmaceutical University Animal Ethics
Committee.
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Cell culture

SH-SY5Y cells were cultured in DMEM with 10% FBS.
The neuronal differentiation of SH-SY5Y was con-
ducted as previously described [25], with modifications.
In brief, cells were maintained in 10% FBS DMEM. One
day after plating on 50 mg/mL Poly-p-lysine (PDL)
(Beyotime) coated 35 mm dishes, changed the media to
1% FBS MEM plus with 10 uM ATRA (MCE) and cul-
tured for 3 days, then changed to Neurobasal medium
(Thermo) plus with B27 supplement (Thermo) and cul-
tured for another 6 days.

Primary neuronal culture was performed as
described [26]. In brief, cortical neurons were isolated
from brains of PO homozygote Sirt3"*” mice and cul-
tured in Neurobasal medium plus with B27 supplement
in 6-well plates coated with PDL. In some conditions,
neurons are transduced with AAV particles express-
ing each indicated proteins (Additional file 1: Fig. S5)
at day 3. In neurite morphology analysis, differentiated
SH-SY5Y or primary neurons were treated with PBS,
or 50 uM of SAL (Provided by Dr. Gengxiang Mao) for
24 h, followed by adding 10 uM of AP oligomers, or
25 uM of CCCP (MCE) for 72 h, and then used for fur-
ther experiments. In mitochondrial morphology obser-
vation, AP or CCCP treatment was reduces to 48 h or
5 h, respectively.

Preparation of AP oligomers

AP42 peptide was purchased from GenScript. The oli-
gomerization of AP42 was conducted as described [27].
In short, 1 mM AP42 peptides were dissolved in hex-
afluoroisopropanol (HFIP) to remove any pre-existing
aggregates and [-sheet secondary structure. After 30 min
incubation at RT, aliquots of AB42 were transferred to
SpeedVac and dry for 1 h to evaporate HFIP, until a clear
peptide film was observed and then stored at —80 °C.
Prior to use, AP42 film were dissolved with DMSO at the
concentration of 5 mM, vortexed 30 s and sonicated for
10 min in a water bath, incubated at 4 °C for another 24 h
for the oligomerization.

MMP analysis, ROS assay and mitochondria isolation
The mitochondrial membrane potential (MMP) was
measured using a JC-1 assay kit (Beyotime) by following
the manufacturer’s protocol. Images were captured by a
fluorescence microscope (Olympus, IX73). The ratio of
red (aggregates) to green (monomers) fluorescent inten-
sity was measured using Image]J 1.53 software.

The ROS assays were performed using the fluorescent
probe DCFH (MCE). Briefly, cells are washed and incu-
bated with PBS containing 10 uM DCFH for 20 min, then
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quickly washed with PBS twice for observation under flu-
orescence microscope.

Mitochondria were isolated by following an exactly
same protocol described from Abcam website (https://
docs.abcam.com/pdf/protocols/mitochondrial-purificati
on-protocol-for-western-blot-samples.pdf).

Immunofluorescence (IF), immunohistochemistry (IHC)
and mKeima assay

For IF, cells were fixed in 4% PFA and followed a proto-
col reported in our previous paper [26]. For IHC, mice
were sacrificed and brain extracted for cryostat section-
ing. 30 pm frozen slices were sectioned by Leica CM1950
microtome and IHC was conducted using our protocol
described before [26]. Antibodies used in this study were
listed in Additional file 1: Table S1.

An mKeima-Red-Mito-7 plasmid (Addgene) was
transfected into SH-SY5Y cells to generate a stable cell
line expressing mKeima localized on mitochondria. A
confocal microscope (Olympus, FV3000) was used to
detect two wavelength setting including a green chan-
nel AEx=440 nm, A\Em=610-710 nm) and a red chan-
nel AEx=589 nm, AEm =610-710 nm). The mitophagy
index (ratio of red signal to green) was quantified using
Image] 1.53 software.

Immunoblotting, immunoprecipitation (IP) and gPCR
Immunoblotting, IP and qPCR were performed using
our standard protocols [28]. For protein extraction from
mouse hippocampal tissues, mice were sacrificed and
perfused with saline, and hippocampi were isolated and
lysed using a kit (Genuin Biotech) following the manu-
facture’s protocol. All primers used for qPCR were listed
in Additional file 1: Table S2.

Preparation of adeno-associated virus (AAV), lentivirus

and adenovirus

The original vector pAAV-CAG-GFP (Addgene) was
reconstructed for our experiments. In brief, the GFP was
replaced by MitoGFP, then a T2A-NLS-Cre was added
following MitoGFP. For knockdown of Sirt3, the shRNA
sequence targeting mouse Sirt3 (5'-GCCCAATGTCAC
TCACTACTT-3') were cloned into the vector pAAV-
EGFP-U6-shRNA (Addgene). AAV production and puri-
fication were conducted by following the same protocol
from Addgene website (https://www.addgene.org/proto
cols/aav-production-hek293-cells/;  https://www.addge
ne.org/protocols/aav-purification-iodixanol-gradient-
ultracentrifugation/). We used the protocols established
in our laboratory for the production of lentivirus and
adenovirus [26]. The shRNA sequence targeting human
SIRT3 was: 5'-GCCCAACGTCACTCACTACTT-3'. The
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Fig. 1 SAL ameliorates AB-induced neurite and mitochondrial damage. A Schematic overview shows the workflow of SH-SY5Y differentiation

and primary neuronal culture for SAL efficacy study by assessing neurite morphology and mitochondrial dynamics. B Immunofluorescence (IF) of
neuronal marker Tuj1 (green) in differentiated SH-SY5Y cells, treated with indicated AB42 oligomers or SAL (see “Materials and methods”). White
rectangles indicate amplified images at lower panels. Scale bar, 50 um. C As in B, except primary neurons used. D Quantification of neurite length
of B and C.The average neurite length without additional treatment was regarded as control (CTL). In each condition, at least 7 random images
(each image includes > 20 cells) from 3 independent experiments were used for quantification. E IF of TOM20 shows the mitochondrial segments
in differentiated neurites of SH-SY5Y cells with indicated treatments. Scale bar, 10 um. The quantification shows the length of mitochondrial (mito.)
segments (n >400) in F, and the mitochondrial density indicating by the ratio of mito. length to occupied neurite (shaft) length (n > 20) in G. Error
bars indicate the mean = SD from at least 20 neurites of 3 independent experiments. *P <0.05, **P< 0.01, ***P <0.001; one-way ANOVA test

structures of viral vectors used in this study were listed in
Additional file 1: Fig. S5.

Brain stereotaxic injection, Morris water maze and Y-maze

Brain stereotaxic injection was performed using our
protocol described before [26]. For hippocampal SIRT3
KD, 2 pL of AAV particles were bilaterally injected into

the hippocampal CA1 region at —2.2 mm from bregma,
mediolateral 1.7 mm, depth 2.4 mm of mouse brains. All
mice were placed on a heating pad until they recovered
from the surgery. Morris water maze was done using
a same protocol we described previously [26]. Y-Maze
experiments were performed as described [29].
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Golgi staining

Golgi staining were performed based on a protocol pre-
viously described [30], with modification to be compat-
ible with cryosectioning. In short, mouse is sacrificed and
perfused with saline, and whole brains were isolated and
fixed in 4% PFA for 36—48 h. After fixation, brain tissues
were soaked in 30 mL of 3% potassium dichromate for
a week and the solution was replaced daily. Next, tissue
blocks were washed in increasing concentrations (0.25,
0.50, 0.75%) of silver nitrate for 5 min each, then placed
in 2% silver nitrate in the dark for another 7 days. After
that, tissued were transferred into the cryoprotectant
solution that contains 20% sucrose and 15% glycerol at
4 °C for 48 h, then embedded in OCT medium (Leica)
and stored in —80 °C. 100 um-thick sections were cut
by a cryostat microtome (Leica), and dehydrated in each
50%, 75%, 95%, and 100% (twice) of ethanol for 5 min
respectively, then finally transferred to xylene for 5 min.
Slices were mounted and then observed under a micro-
scope (Olympus, IX73).

Surface plasmon resonance (SPR) and cellular thermal shift
assay (CETSA)

NREF2 protein was expressed and purified by a prokary-
otic expression combined with immobilized metal affin-
ity chromatography (IMAC) system. In brief, human
NRF2 ¢cDNA was cloned into an expression vector pET-
24a (+) and expressed with a fused 6x his tag in BL21
(DE3) cells (Sangon Biotech), then purified using a kit
(Beyotime) following the manufacture’s protocol. SPR
assays were performed using the Biacore T200 by follow-
ing the manufacture’s operating manual.

CETSA experiments were carried out using a protocol
described before [31]. In short, SH-SY5Y cells were cul-
tured and treated with or without 500 uM SAL for 4 h.
Cells were washed twice with PBS, and resuspend in PBS
containing protease inhibitors and aliquoted 100 pL with
3 x 10° cell per tube. Each tube containing cells was incu-
bated the at setting temperature (45-65 °C) for 3 min,
at 25 °C for 3 min, and snap-freezed in liquid nitrogen
for 2 min, and thawed at 25 °C for 2 min. Repeat the
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snap-freeze thaw process for 2 more times. Centrifuge
the cell lysate at 20,000 rpm for 20 min and collected
supernatant for immunoblotting.

Morphological analysis of neurites, mitochondria

and dendritic spines

For neurite analysis, brightfield or fluorescent images
were collected by Olympus IX73 microscope. Each image
consists of 20-30 cells and total neurite length and cell
numbers was measured using Image] software, then the
average total neurite length per cell was calculated. At
least 7 random images from 3 different experiments were
used for quantification. For mitochondrial morphology
investigation, a 60x objective (oil, NA1.4) was used to
collect images. Each cell/neurite contains more than 20
clear mitochondrial segments. The length or density of
mitochondria in neurites were measured and calculated
using Image] software. At least 15 mitochondrial seg-
ments in each neurite and more than 20 neurites (total
number (n) of mitochondrial segments, n>300). Images
of Golgi-stained neurons were collected by a 100x objec-
tive (oil, 1.4) and analyzed by Image] software. Each
image contains more than 5 clear single neurites and
more than 12 images (n>60) from at least 6 mice were
used for quantification.

Data and statistical analyses

All data showed as mean =+ SD, unless otherwise speci-
fied. One-way ANOVA followed by Tukey’s multiple
comparisons test, unless otherwise specified, was used
for measure group differences in multiple groups. Graph-
Pad Prism 8.0 was used for the statistical analysis. P val-
ues < 0.05 was considered statistically significant.

Results

SAL alleviates neurite and mitochondrial injury induced

by toxic CCCP or AB42 oligomers

We hypothesized that SAL might protect neuronal pro-
cesses (also known as neurites) against damage in AD
pathogenesis. To test this hypothesis, we first carried

(See figure on next page.)

test. Scale bar, 10 um

Fig. 2 SAL promotes mitophagy in somata and neurites. A Images of mito-mKeima expressing SH-SY5Y cells treated with SAL or PBS (CTL).

440 nm excitation (green) labels the healthy mitochondria, whereas 589 nm excitation (red) represents the mitochondria delivered to lysosomes

for mitophagy. B Quantification of mitophagy index (ratio of fluorescence intensity of AEx =589 nm against AEx=440 nm) in A. Data from at

least 7 random images in each condition from 3 independent experiments. C Immunoblotting shows the levels of indicated proteins extracted
from cytosol (left panels) and mitochondria (right panels) of SH-SY5Y cells treated with or without SAL. GAPDH and VDAC as cytosolic (Cyto) and
mitochondrial (Mito) fraction in C. D Quantification of band intensity in C. Data from 3 independent experiments. E IF images of cortical neurons
transduced with AAV particles expressing mitoGFP, with indicated treatments. The puncta are labeled with autophagic marker LC3 (red) and
mitochondrial GFP (green) and shown in upper panels. Images in white rectangles are amplified and shown in lower panels. F Quantitation shows
the number of puncta co-labeled with LC3 and MitoGFP. G, H As described in E and F, except images of neurites are shown and quantified. Error
bars indicates mean £ SD from at least 20 cells/neurites from 3 independent experiments (n > 20). *P <0.05, **P<0.01, ***P <0.001; one-way ANOVA
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out experiments for neurite differentiation of SH-SY5Y
cells using an established protocol (Fig. 1A), and then
checked the SAL effect on neurites with or without the
stimulation of mitochondrial toxin CCCP or AB42 oli-
gomers. Previous findings suggested that 50 uM SAL
had no toxic effect and showed good protective effi-
cacy in cultured cells [32, 33]. Our data also showed
that 50 uM SAL had better efficacy than 5 pM SAL on
neurite extension of SH-SY5Y cells without cell toxicity
(Additional file 1: Fig. S1). We thus used 50 uM SAL for
the next cell culture studies. The brightfield images of
neurite morphology indeed showed a protective action
of SAL on neurite length under CCCP stimulation
(Additional file 1: Fig. S2A—C). Compared to CCCP,
ApP42 also induced a weaker neurite injury of SH-SY5Y
cells shown by fragmented processes, which was also
reduced by SAL pre-treatment, as indicated by immu-
nofluorescence (IF) staining of Tujl (a neuritic marker)
(Fig. 1B, D). Of note, in primary neuronal culture,
SAL exerted a remarkable action in neurite protection
upon AP stimulation, with 2.7-fold increase of the total
length, compared to PBS control (Fig. 1C, D). We fur-
ther found that simultaneous incubation of SAL along
with AP also inhibited AB-induced neurite damage by
~27.3% (Additional file 1: Fig. S3).

Neurite injury is highly correlated to the impairment
of mitochondria inside the processes. To assess whether
SAL prevents mitochondrial damage stimulated by
CCCP or AB42, we used IF of TOM20 (a mitochondrial
marker) to observe their morphology in SH-SY5Y cells.
As expected, mitochondria were shortened and frag-
mented by CCCP stimulation. Again, SAL repressed
mitochondrial shortening by ~22.1% and their fragmen-
tation by ~26.1% in soma (Additional file 1: Fig. S2D-F).
We further assessed the mitochondrial protection of SAL
on neurites. Like its protective action against CCCP in
somata, SAL also remarkably inhibited mitochondrial
truncation and fractionalization in neurites induced by
APB42 (Fig. 1IE-G).

These data suggest that SAL ameliorates CCCP or AP
induced neurite and mitochondrial impairment.
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SAL promotes neuronal mitophagy in both somata

and neurites upon A stimulation

Recent evidence refers that activation of mitophagy
reverses AP pathology in AD mice [19, 34]. These findings
lead us to test whether SAL elevates neuronal mitophagy.
We first generated a derivative of the SH-SY5Y stable
cell line expressing Mito-mKeima, to measure the level
of mitophagy. The mKeima assays clearly showed a pro-
motion of mitophagy around 2.8-fold in soma after SAL
treatment (Fig. 2A, B). This result was further confirmed
by fluorescence images of LC3-GFP and MitoTracker co-
localization (Additional file 1: Fig. S4). In addition, we
extracted mitochondrial protein from SH-SY5Y cells and
examined the markers of mitophagic pathway. Immuno-
blotting showed that SAL indeed upregulated mitochon-
drial levels of PARKIN, PINK1 and LC3-II (Fig. 2C, D),
suggesting an increase of mitophagy.

By using adeno-associated virus (AAV) particles to
express MitoGFP, which specifically labels mitochon-
dria (Additional file 1: Fig. S5A), we transduced primary
neurons followed by the treatment with Ap. IF images of
LC3 (red) and MitoGFP (green) co-localization showed
that AP elevated mitophagy levels, indicated by increased
yellow puncta, in somata. Notably, SAL further raised
the number of yellow puncta (MitoGFP/LC3 co-locali-
zation) by 1.4-fold, compared to A alone, demonstrat-
ing the augmentation of mitophagy upon SAL treatment
(Fig. 2E, F). To evaluate the mitophagy levels in neurites,
we further analyzed the LC3 and MitoGFP co-labeling
and found that SAL treatment accelerated mitophagy by
1.5-fold, compared to stimulation with A alone (Fig. 2G,
H).

Our data imply that SAL promotes basal mitophagy
levels and also exacerbates ApB-induced mitophagy either
in somata or in neurites. Possibly, SAL-triggered eleva-
tion of mitophagy may act as a protective mechanism
against neurite injury, likely by increasing the clearance
of damaged mitochondria [35].

SAL-activated mitophagy is dependent on SIRT3
expression

SIRT family proteins may regulate mitochondrial
homeostasis including mitophagy [36]. To elucidate the

(See figure on next page.)

Fig. 3 SIRT3 is indispensable for SAL-mediated promotion of mitophagy. A gPCR shows the mRNA levels of SIRT3, 4 and 5 in SH-SY5Y cells treated
with or without SAL. B Immunoblotting shows the levels of indicated proteins in SH-SY5Y cell treated by SAL with each indicated concentration.
GAPDH as a loading control. C IF shows the colocalization of LC3-GFP and TOM20 in somata of SH-SY5Y cells with SIRT3 KD. Images in rectangles are
amplified shown in lower panels. D As in C, except images of neurites are shown. Arrows indicate co-labeled yellow puncta. E Quantification shows
the number of puncta co-labeled with LC3 and TOM20 in somata. F, G As in C, D, except SIRT3#% cortical neurons transduced with AAV particles
encoding mitoGFP and Cre were used and indicated as SIRT3 KO (see Additional file 1: Fig. S5). H As in E, except SIRT3 KO cortical neurons were
used. Error bars indicates mean = SD from at least 20 cells/neurites from 3 independent experiments (n > 20). *P<0.05, **P<0.01, ***P<0.001, n.s,,
not significant; one-way ANOVA test. Scale bar, 10 um
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mechanism of neurite protection and mitophagy activa-
tion of SAL, we measured the expression levels of mito-
chondrial SIRT3-5 in SH-SY5Y cells with and without
SAL treatment. Interestingly, quantitative PCR (qPCR)
assays indicated that SAL upregulated both SIRT3 and
SIRT4, but not SIRT5 (Fig. 3A). Given that SIRT3 is the
most thoroughly studied mitochondrial SIRT and its
higher expression induced by SAL, our next study mainly
focuses on SIRT3. Consistently, immunoblotting also
showed a dose-dependent upregulation of SIRT3 protein
levels upon SAL treatment, but with no change on the
levels of APP and BACEI (Fig. 3B). Although we may not
entirely exclude other possible targets of SAL involved
in this process, our data strongly suggest that SIRT3 is a
critical molecule responsible for SAL-mediated neurite
protection.

To answer that whether SIRT3 is essential for SAL-acti-
vated mitophagy, we generated two SH-SY5Y cell lines, in
which, one stably expressed shRNA against SIRT3 [SIRT3
knockdown (KD)] and another overexpressed SIRT3 (SIRT3
OE) (Additional file 1: Fig. S5B, D and E). The data showed
that the colocalization of LC3 and mitochondria was not
increased after SAL treatment in SIRT3 KD cells, but
upregulated in SIRT3 OE cells even without SAL treatment
(Additional file 1: Fig. S4). Notably, not like in naive cells,
AB-induced mitophagy in SIRT3 KD cells was not further
augmented by SAL either in somata, or in neurites (Fig. 3C—
E), suggesting the exclusive function of SIRT3 needed. To
further confirm the SIRT3 function, we cultured primary
neurons from Sirt3™” mice and transduced them with
AAV particles encoding MitoGFP and a Cre recombinase
to obtain SIRT3 knockout (KO) cells in which mitochondria
were simultaneously labeled with GFP (Additional file 1: Fig.
S5A). IF images showed a similar effect of SAL in SIRT3 KO
primary neurons as in SIRT3 KD cells (Fig. 3F-H).

Taken together, our data demonstrate that SIRT3 expres-
sion is indispensable for SAL-mediated activation of
mitophagy.

SIRT3 is required for SAL-induced neurite

and mitochondrial protection

To verify the possible function of SIRT3 on neurite pro-
tection, we used both naive SH-SY5Y and SIRT3 KD
cell line to differentiate neurites and then conducted

Page 9 of 18

AB-induced neurite injury assays. Truly, SAL exhibited a
powerful neurite protection in naive SH-SY5Y cells when
treated with AB. In SIRT3 KD cells, AP triggered a more
severer neurite damage, however the SAL protection was
completely abolished (Fig. 4A, B). Our data thus demon-
strate the essentiality of SIRT3 for SAL-mediated neurite
preservation.

Besides the activity of SIRT3 in mitophagy (Fig. 3),
previous studies have also noted its function in the
maintenance of mitochondrial homeostasis [37, 38]. We
thereby investigated the potential capacity of SIRT3 in
the homeostasis regulation of mitochondria by analyzing
their morphology, membrane potential, and ROS pro-
duction. Using IF of TOM20 (a mitochondrial marker),
we detected the mitochondrial morphology in SIRT3 KD
cells and found that mitochondrial segments in neurite
were severely fragmented either by CCCP or AP treat-
ment. Clearly, in SIRT3 KD cells, SAL did not show any
protection on AB-induced mitochondrial damage, indi-
cating by no restored mitochondrial length and density
(Fig. 4C-E). The JC-1 assays also showed that the mito-
chondrial membrane potential (MMP) was impaired
upon AP stimulation. Similarly, SAL treatment largely
reduced the AB-induced MMP dysfunction in naive cells,
but its protection was similarly diminished in SIRT3 KD
cells (Fig. 4F, G). We further measured the cellular ROS
levels using a fluorescence probe DCFH. In accordance,
AB-induced ROS upregulation was inhibited by SAL,
only in naive cells, not in SIRT3 KD cells (Fig. 4H, I).

Thus, our findings refer that SIRT3 is also requisite for
SAL-mediated maintenance of mitochondrial homeosta-
sis in neurite protection.

SIRT3 is essential for SAL-mediated cognitive restoration

of AD mice

We next extended our study into a 5x FAD mouse model
of AD and a workflow diagram was described to assess
the SAL efficacy and SIRT3 function (Fig. 5A). Mor-
ris water maze (MWM) test showed that 5xFAD had
a clear deficiency of spatial memory in contrast to wild
type (WT) mice. Indeed, oral administration of SAL
sharply improved the learning and memory (Fig. 5B-E),
which was in line with previous data from other AD ani-
mal models, in which SAL reduced cognitive impairment

(See figure on next page.)

White scale bar, 50 um; orange scale bar, 10 um

Fig. 4 SIRT3 KD inhibits SAL-mediated neurite and mitochondrial protection. A IF of Tuj1 (green) shows neurite morphology in Naive and

SIRT3KD SH-SY5Y cells with indicated treatment. Nuclei counterstained with DAPI. B Quantification of neurite length of A. C IF of TOM20 shows
mitochondrial morphology in neurites of SIRT3KD SH-SY5Y cells with indicated treatment. Orange arrows, healthy mitochondria; white arrows,
damaged mitochondria. Quantitation of images in C shows the length of mitochondrial segments (D) and mitochondrial density (E). F Fluorescence
images show the intensity of aggregates (red) and monomers (green) of JC-1 staining in naive and SIRT3KD cells with indicated treatment. G
Quantification of JC-1 ratio of intensity in F. H Images show the fluorescence intensity of DCFH (ROS indicator) in cells with indicated treatment. |
Quantitation of fluorescence intensity in H. Error bars indicate mean 4 SD. *P<0.05, **P <0.01, ***P<0.001; n.s., not significant; one-way ANOVA test.
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Fig. 5 SAL-mediated cognitive protection is dependent on SIRT3. A A schematic overview shows the workflow of our animal study. B Quantitation
shows the escape latency of mice from indicated groups from day 1 to day 5 during training. Significant differences are found in 5xFAD group
compared to WT (**P<0.01, ***P<0.001) or 5xFAD+SAL group (*P<0.01, #¥P<0.01). C Representative trajectories of mice from each group

in MWM tests at day 6. Red square, starting point; blue square, ending point; platform (red circle) located in quadrant 2. Quantitation shows the
traveled distance (D) and time spent (E) in the platform located quadrant. F Representative heatmap images show the visit frequency of mice in
Y-maze. Arrow, the novel arm. Quantification shows the times of entry (G) and traveled distance (H) in the novel arm. All data are represented as
mean £ SEM. *P<0.05, **P<0.01, ***P<0.001, n.s., not significant; n > 6; one-way ANOVA




Yao et al. Cell & Bioscience (2022) 12:180

as well [39, 40]. We used an AAV injection approach for
SIRT3 KD and successfully transduced the cells in the
whole hippocampus (Additional file 1: Fig. S5A and S6A).
As expected, SIRT3 KD in WT did not change the mouse
behavior (Additional file 1: Fig. S6B—D). Strikingly, SIRT3
KD in hippocampi of 5xFAD, nearly completely abol-
ished the protective efficacy of SAL (Fig. 5B—E). Moreo-
ver, we used Y-maze test to measure spatial reference
memory. In accordance with the MWM test, it revealed
that SAL strongly improved cognitive function in 5xFAD
mice. Again, SIRT3 KD blocked the protective effect
of SAL (Fig. 5F—H). Overall, these data imply that SAL
can ameliorate cognitive decline in AD mice, which is
dependent on SIRT3 expression.

SAL mediates a SIRT3-dependent reduction of A3
pathology and neurite damage in AD mice

To elucidate whether SAL can mitigate AP pathology, a
main cause for cognitive defect in 5xFAD, we examined
the intensity of AP plaque, microgliosis and astrogliosis in
hippocampi of 5x FAD mice. In fact, SAL greatly reduced
the area of AP plaque (AR IHC) by 41.9%, microgliosis
(Ibal™ IHC) by 49.3%, and astrogliosis (GFAP™ IHC) by
31.4%, respectively. We further analyzed the total num-
ber of AP plaques and the number of AP plaques with dif-
ferent sizes (diameter <20 pm, 20-40 pum and >40 pum).
Data showed a SAL-mediated reduction of Ap load, espe-
cially on medium and larger size of AP plaques (Addi-
tional file 1: Fig. S7). Consistent with the behavioral tests,
SIRT3 KD inhibited the SAL-mediated reduction of these
pathological features (Fig. 6A-E and Additional file 1:
Fig. S7).

Next, we aimed to test whether SAL could alleviate
neurite damage in brains of 5xFAD mice, like it does in
cell cultures. Although knowing the difficulty of the tech-
nology, we tried to use IHC and detect the LAMP1 level
as a marker for dystrophic neurites. Data indeed showed
that SAL reduced the levels of LAMP1 nearby A
plaques, while SIRT3KD partially inhibited the SAL func-
tion (Additional file 1: Fig. S8). Next, we used Golgi silver
staining to observe and trace neurite morphology of CA1
pyramidal neurons. The drawings in Fig. 6F displayed
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that the morphology of CA1 neurons in 5xFAD was sim-
plified in contrast to WT, while SAL treatment evidently
rescued this phenotype. Likewise, SIRT3 KD minimized
the SAL potency on neurite protection (Fig. 6F). The
sholl analysis, as established previously [41], allowed the
quantification of branching and length of the dendrites.
As expected, 5XFAD had fewer dendritic intersections
than WT at a distance from soma around 50-100 pm,
and SAL markedly increased dendritic intersections,
across the same region (P<0.01). Of note, SIRT3 KD did
significantly blocked SAL efficacy (P<0.01) (Fig. 6G).
Conformably, the quantitation of total dendritic length
showed a promotive effect of SAL, that was still depend-
ent on SIRT3 expression (Fig. 6H). Using the same Golgi
staining, we further studied the spines locating at both
apical and basal dendrites. In keeping with the results of
dendritic arborization (Fig. 6F—H), SAL showed a favora-
ble function on spine density, in a similar fashion, contin-
gent on the expression of SIRT3 (Fig. 6I-K).

Collectively, these results support the notion that SAL
alleviates AP pathology and dendritic impairment in
brains of AD mice and its efficacy is dependent on SIRT3
expression.

SAL upregulates SIRT3 transcription by directly inhibiting
NRF2-KEAP1 complex formation

Considering that the transcription factor NRF2 can
regulate SIRT3 expression in some systems includ-
ing aging process [42, 43], we thus hypothesized that
SAL may regulate NFR2 to mediate SIRT3 transcrip-
tion. To test our hypothesis, we first used immunoflu-
orescence to check the NRF2 localization in SH-SY5Y
cells incubated with low and high concentration of
SAL, or potent NRF2 activator sulforaphane (SEN).
As expected, SEN strongly increased nuclear lev-
els of NRF2. Interestingly, either 5 uM or 50 uM SAL
induced an obvious translocation of NRF2 from cyto-
sol to nuclei, although with a milder potency com-
pared to SEN (Fig. 7A, B). In addition, immunoblotting
showed that SAL treatment upregulated the protein
levels of NRF2 as well as SIRT3 (Fig. 7D). However, the
mRNA levels of NRF2 did not change (Fig. 7C). These

(See figure on next page.)

Fig. 6 SAL alleviates AP pathology and restores neurite morphology in AD mice via SIRT3 action. A IHC staining of AB (red) and Ibal (green) in

hippocampi of 5xFAD mice. Nuclei counterstained with DAPI (blue). White rectangles indicate amplified images at lower panels. B As in A, except
AB (red) and GFAP (green) are stained. Quantification shows the AR™ areas (C), Iba1™ areas (D) and GFAP™ areas (E). F The tracing images show
the morphology of Golgi-stained CA1 pyramidal neurons in mice with indicated treatments. Orange triangle indicates the soma. G Sholl analysis
of images collected in F. Significant differences are found in 50 pm to 100 pm (X-axis) in 5x FAD+SAL group compared to 5xFAD (**P<0.01) or
5x FAD+SIRT3KD+SAL group (*P<0.01). H Quantification of total dendrite length of cells in F. 1 Golgi-stained images show the morphology of
apical and basal dendrites of CA1 pyramidal neurons. Quantification shows the spine density on apical dendrites (J) and basal dendrites (K). Data
mean £ SD from at least 12 slices of 6 mice. *P<0.05, **P<0.01, ***P < 0.001; one-way ANOVA. White scale bar, 500 um; black scale bar, 50 um;
orange scale bar, 5 ym
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data refer that the NRF2 upregulation was not due to
its transcription. By detecting nuclear and cytosolic
NRF2, we further confirmed that SAL promoted the
nuclear translocation of NRF2 (Fig. 7E). Given that
SIRT3 mRNA was induced by SAL (Fig. 3A), a possible
mechanism of NRF2-mediated SIRT3 transcription was
further tested in the next study.

The E3 ligase adaptor KEAP1 is a principle negative
regulator for NRF2. Thereby, we tested whether SAL
could disrupt the formation of NRF2-KEAP1 protein
complex. In KEAP1 immunoprecipitation (IP), 50 pM
SAL definitely reduced the interaction of NRF2 with
KEAP1 (Fig. 7F). We also checked whether SAL directly
bound to NRF2 by using a real-time surface plasmon
resonance (SPR) technology. To obtain the pure NRF2
protein for SPR use, we expressed the recombinant
human NRF2 in Ecoli and purified it, showing by the
Coomassie staining (Additional file 1: Fig. S9). SPR data
indicated that SAL truly bound to NRF2 with a strong
affinity (Fig. 7G), demonstrating NRF2 as a direct target
of SAL. The interaction of SAL and NRF2 was further
confirmed by the cellular thermal shift assays and data
showed that induced a much stronger stability of NRF2
protein (Fig. 7H, I).

Thus, our findings demonstrate that SAL directly
binds to NRF2 and promotes its nuclear translocation
by inhibiting attachment of the KEAP1 E3 ligase, ulti-
mately resulting in an elevated transcription of SIRT3.

Discussion

Salidroside (SAL), a natural phenylpropanoid glycoside,
is the main bioactive compound extracted from Rho-
diola plants. A number of studies have shown that SAL
has neuroprotective activities in multiple neurological
diseases including stroke, mood disorder, Parkinson’s dis-
ease (PD) and AD [22]. Of note, being free of side effect
makes SAL attractive as a drug candidate. The mecha-
nisms of SAL protection possibly include the regulation
of oxidative stress, inflammation, apoptosis and even
neural regeneration [22]. However, the definite target
molecules of SAL remain so far unknown, which largely
limits its pharmacological study and clinical application.
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In the present study, we identified NRF2 as a direct
binding target of SAL in neuronal cells (Fig. 7). As for
the mechanism of action, we found that SAL disrupted
NRF2-KEAP1 interaction, promoted NRF2 translocating
into nuclei, and facilitated SIRT3 expression for mito-
chondrial and neurite protection (Fig. 8). These findings
thus provide new insights into SAL target identification
and its pharmacological mechanism of action in AD, and
possibly, a general working model in other NDs.

It’s long been thought that the formation of dystrophic
neurites is a vital event in AD pathogenesis [4]. The dam-
aged neurites are mainly caused by toxic AB oligomers
released from the local aggregated senile plaques. Given
this pathological feature in AD, many studies mimicking
the AP toxicity have been done by using various in vitro
neuronal culture systems [44, 45]. By culturing both dif-
ferentiated SH-SY5Y cells and primary neurons, we
found for the first time that SAL attenuated Ap-induced
neurite damage (Fig. 1). In accordance with previous
studies in other AD models [39, 40] and our in vitro data
(Fig. 1), oral administration of SAL in 5xFAD mice also
largely rescued cognitive defect, AP pathologies and neu-
rite morphology (Figs. 5 and 6). But how can SAL reduce
these AD pathological features? The answers may include
protective effects of SAL on neurons shown here, or its
possible function on other glia cells such as microglia and
astrocytes, because SAL was also reported to modulate
microglia activity in spinal cord injury [46], and astro-
cyte reaction in cerebral ischemia [47]. Thus, we cannot
entirely exclude that the SAL-mediated neuroprotection
in AD mice is due to its indirect effect on glia cells. It will
be certainly interesting to investigate the gene expression
profile and cell morphology of microglia or astrocytes in
AD mice, particularly upon SAL treatment.

The regulation of mitochondrial dynamics and home-
ostasis is crucial for either neurite outgrowth in devel-
opment, or neurite injury upon pathogen stimulation
[48-50]. We then sought to assess the mitochondrial
behavior during the process of SAL-mediated neur-
ite protection. The data showed that the mitochondrial
morphology was abnormal when cells treated with AP
oligomers or toxic CCCP, and SAL indeed restored the

(See figure on next page.)

Fig. 7 SAL directly inhibits NRF2-KEAP1 complex and facilitates NRF2-induced SIRT3 transcription. A IF of NRF2 (green) and nuclei (blue) in SH-SY5Y
cells. Nuclei counterstained with DAPI. Scale bar, 50 um. B Quantification shows the nucleus-to-cytoplasm ratio of NRF2 levels. C gPCR shows the
NRF2 mRNA levels in SH-SY5Y cells treated with indicated dose of SAL. D Immunoblotting images (left) and quantification of band intensity (right)
show the protein levels of NRF2 and SIRT3 in SH-SY5Y cells with or without SAL treatment. E As in D, except cytosolic (Cyto) and nuclear (Nuc)
protein were isolated and detected. F Immunoprecipitation (IP) shows the protein levels of NRF2 and KEAP1-Flag in SH-SY5Y cells with indicated
treatment. An anti-Flag antibody was used for IP. 5% total protein used as input. G Surface plasmon resonance (SPR) analyses show the SAL-NRF2
interaction behavior. Quantitation shows the sensogram of each indicated titration of SAL, as expressed in RU (response units-Y axis) along time
(X-axis). H Cellular thermal shift assays (CETSA) show the binding capacity of SAL-NRF2 interaction. Immunoblotting shows NRF2 levels and below
graph shows the CETSA melting curve. I Immunoblotting shows the NRF2 levels in protein lysates at 55 °C. The below graph shows the ITDR-CETSA
curve. Error bars indicate mean 4= SD from at least 3 independent experiments. *P<0.05, **P <0.01, ***P < 0.001, n.s,, not significant; one-way ANOVA
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Fig. 8 A graphic summary of the present study. A schematic
drawing shows the working model of SAL-mediated neurite

and mitochondrial protection in AD. Our findings suggest that
SAL-mediated neurite and mitochondrial protection is dependent
on SIRT3 expression. An elucidated mechanism of action is shown:
SAL directly binds to transcription factor NRF2 and prevents its
degradation by inhibiting the attachment of E3 ligase KEAP1, then
promotes nuclear translocation of NRF2, and eventually favors SIRT3

transcription

mitochondrial length and segment number in neurites
(Fig. 1E-G). These findings thus refer the involvement
of mitochondrial activity in SAL-dependent neurite pro-
tection. Recent findings strongly suggest that impaired
mitophagy is likely critical for AD pathogenesis, and
promotion of mitophagy may inhibit some AD patholo-
gies [34, 51]. We thus speculated that mitophagy might
be affected by SAL or AP treatment. By using mKeima
assays, double labeling of LC3 and mitochondria, and
immunoblotting of protein markers in mitophagy path-
way, we found that either AP42 or SAL alone, upregu-
lated the basal level of mitophagy, while additional SAL
treatment, not blocked but enlarged Ap42-induced
mitophagy (Fig. 2 and Additional file 1: Fig. S4). These
data suggest a possible reciprocal regulation: (1) Ap42
induced mitochondrial damage, which directly recruited
mitophagic machinery for clearance, lead to increased
mitophagy index; (2) SAL pre-incubation already raised
the basal level of mitophagy (Fig. 2A, B), which can be
further augmented by AP stimulation. Our data thus sup-
port the notion that promotion of mitophagy may exert
a protective function against AD pathogenesis. Data in
Fig. 2C, D showed that SAL upregulated the protein lev-
els of PINK1 in both cytosolic and mitochondrial frac-
tions, suggesting an elevated PINKI1 expression mediated
by SAL, which is possibly regulated by gene transcrip-
tion, protein translation or post-translational modula-
tion. However, the detail mechanism of SAL-mediated
promotion of mitophagy has not been fully addressed
in this study and it deserves further investigation in the
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future. Besides mitophagy, we also found that SAL was
able to improve the mitochondrial performance such as
their morphology, MMP and ROS production (Fig. 4).

To elucidate the mechanism responsible for SAL
protection against neurite and mitochondrial injury,
we turned to investigate the sirtuin family of proteins
(SIRTs), which were considered as important neuropro-
tective molecules in the nervous system [52]. Interest-
ingly, SAL treatment upregulated the mRNA levels of
nearly all the mitochondrial SIRTs, except SIRT5. Among
them, we focused on SIRT3, as a most studied one in
mitochondrial regulation. Strikingly, our data from
SIRT3 KD, SIRT3 OE and SIRT3 KO cells all suggested
that SIRT3 was absolutely required for SAL protection
on neurites as well as mitochondria (Figs. 3 and 4). Our
in vivo animal study confirmed that SAL had neuropro-
tective function against AD pathogenesis and its efficacy
was also dependent on SIRT3 expression (Figs. 5 and 6).
However, our limited animal study did not include the
group of 5xFAD+SIRT3KD, which possibly could have
severe cognitive defect than 5xFAD mice. Based on the
fact that 5xFAD+SIRT3KD+SAL almost restored it a
similar level to 5xFAD (Fig. 5), we cannot exclude that
SAL may have some additional protective function inde-
pendent of SIRT3. We next extended our study into the
mechanism of SIRT3 upregulation, by focusing on NRF2,
a transcription factor implicated in regulating SIRT3
expression [53]. Strikingly, our experiments demon-
strated that SAL directly bound to NRF2 and inhibited
the formation of KEAP1-NRF2 complex (Fig. 7E-H).
The detachment of KEAP1 from NRF2 lead to increased
nuclear translocation of NRF2, and ultimately favored
SIRT3 expression.

In the future, it will be worth to address some critical
questions including: (1) whether and how NRF2 regu-
lates other molecules in SAL-mediated neuroprotection?
and (2) whether and how SAL modulates the function of
microglia or astrocytes in AD? However, in a larger con-
jecture, our findings support the notion that SAL serves
for mitochondrial and neurite protection in AD, depend-
ent on the NRF2/SIRT3 pathway (Fig. 8), which may
exemplify a more general model in other NDs and also
provide a potential AD therapy.

Conclusions

In sum, we find that a potential anti-aging drug SAL, can
ameliorate AB-mediated neurite and mitochondrial dam-
age in both cell culture and the 5xFAD mice. Notably,
SIRT3, as a vital regulator for mitochondrial homeosta-
sis, is indispensable for SAL-mediated neuroprotection.
We further identify NRF2 as the first direct target of SAL,
and elucidate a precise mechanism of action by which,
SAL targets NRF2/SIRT3 pathway and attenuates AP
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pathology, restores neurite morphology, and improves
cognitive function in AD mice. Our studies thus reveal
a novel mechanism of SAL neuroprotection in AD and
may provide potential candidates for possible interven-
tion of AD.
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