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Abstract Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease affecting

both upper and lower motor neurons (MNs) with large unmet medical needs. Multiple pathological mech-

anisms are considered to contribute to the progression of ALS, including neuronal oxidative stress and

mitochondrial dysfunction. Honokiol (HNK) has been reported to exert therapeutic effects in several

neurologic disease models including ischemia stroke, Alzheimer’s disease and Parkinson’s disease. Here

we found that honokiol also exhibited protective effects in ALS disease models both in vitro and in vivo.
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Honokiol improved the viability of NSC-34 motor neuron-like cells that expressed the mutant G93A

SOD1 proteins (SOD1-G93A cells for short). Mechanistical studies revealed that honokiol alleviated

cellular oxidative stress by enhancing glutathione (GSH) synthesis and activating the nuclear factor

erythroid 2-related factor 2 (NRF2)-antioxidant response element (ARE) pathway. Also, honokiol

improved both mitochondrial function and morphology via fine-tuning mitochondrial dynamics in

SOD1-G93A cells. Importantly, honokiol extended the lifespan of the SOD1-G93A transgenic mice

and improved the motor function. The improvement of antioxidant capacity and mitochondrial function

was further confirmed in the spinal cord and gastrocnemius muscle in mice. Overall, honokiol showed

promising preclinical potential as a multiple target drug for ALS treatment.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurode-
generative disease that causes degeneration and death of the lower
and upper motor neurons (MNs) which involves the cortex,
brainstem, and spinal cord. The gradual muscle denervation leads
to muscle weakness, atrophy, and paralysis, eventually respiratory
failure and death. The incidence of ALS was estimated to be
between 0.6 and 3.8 per 100,000 person-years1. ALS patients have
a hidden onset however rapid progress and mean survival of 3e5
years after the disease onset. Among the ALS patients, nearly
90%e95% belong to sporadic ALS (sALS) most with unknown
etiology2, while approximately 5%e10% is familial ALS (fALS)3

associated with known gene mutations. Cu/Zn superoxide dis-
mutase 1 (SOD1) is the leading cause for ALS in China, and
account for 25.3% of Chinese fALS cases4,5. Although a number
of candidates have been shown to delay disease progression in
preclinical trials, riluzole and edaravone are only two drugs
approved by US Food and Drug Administration for ALS treat-
ment. However, their effects are limited and are only able to
extend the survival by a few months6.

The pathogenic mechanisms of ALS remain poorly under-
stood. Numerous molecular mechanisms involved in these pa-
thologies have been reported, such as glutamate excitotoxicity,
mitochondrial dysfunction, alterations in axonal transport, oxida-
tive stress, accumulation of misfolded proteins, and neuro-
inflammation7e10. Oxidative stress has been demonstrated to play
a key role in pathogenesis of ALS. The high levels of oxidative
stress markers, such as products of lipid peroxidation (and altered
lipid metabolism), protein oxidation, DNA oxidation, stress pro-
teins, oxidatively modified proteins, and reactive oxygen species
(ROS) have been revealed in ALS patients and SOD1-G93A
transgenic mice11. Nuclear factor erythroid 2-related factor 2
(NRF2) is a redox-sensitive transcription factor and a master
regulator of numerous antioxidant enzymes which protects cells
from oxidative stress12,13. NRF2 has also been reported to regulate
the synthesis of glutathione (GSH). GSH is the most important
small-molecule antioxidant in mammalian cells and play essential
roles in ROS elimination and repair of oxidized proteins14.

The accumulation of oxidative damage due to increased
dysfunction in GSH homeostasis within cells has been reported to
contribute to ALS progression15. Besides, oxidative stress status
may trigger other pathological processes in ALS. Increased ROS
level leads to more glutamate accumulating in the synapse and
more glutamate receptors stimulated, which further causes an
increase in calcium influx into the MNs and mitochondria, leading
to the mitochondrial dysfunction16,17. Mitochondria is the central
site of production of ROS. Under stressful conditions, mitochon-
drial quality control, a group of adaptive responses that regulate
mitochondrial protein turnover, mitochondrial fusion, mitochon-
drial fission and mitophagy, is activated to preserve mitochondrial
structure and function18. Alterations in the mitochondrial structure
and disruption of the mitochondrial function have been postulated
as the core in the pathophysiology of ALS, including dysregula-
tion of mitochondrial proteins19, increased production of mito-
chondrial ROS, decreased production of ATP, and compromised
mitochondrial quality control20e22. The fragmentation of mito-
chondria and abnormal mitochondrial morphology have been
described in ALS and have pronounced effects on normal mito-
chondrial function23. The decrease of mitochondrial biogenesis
and disruption of mitochondrial fusion-fission balance are com-
mon signatures in ALS patients24. In addition, some evidence
suggested that the mitochondrial-dependent apoptotic pathways
might involve in neurodegeneration in ALS25e27

Honokiol (HNK), one of the main bioactive components iso-
lated from the traditional Chinese herb Magnolia Officinalis, has
shown multiple pharmacological functions, such as antioxidant,
anti-inflammation, anti-bacterial, and anti-tumor28e30. Besides,
honokiol is a small polyphenol molecule, due to its strong lipo-
philic property, honokiol can readily permeate the bloodebrain
barrier and bloodecerebrospinal fluid barrier. At present, it has
been reported to exert potent neuroprotective effects in multiple
animal models of central nerve system diseases, including cere-
brovascular injury, spinal cord injury, anxiety, epilepsy, and
cognitive disorders diseases probably due to inhibiting oxidative
stress and neuronal excitotoxicity, alleviating neuroinflammation,
and regulating mitochondrial function28,29,31. Honokiol was re-
ported to display therapeutic activity on the motor deficits and
neuronal degeneration in Parkinson’s disease by decreasing
oxidative stress and inflammation32. In addition, honokiol was
shown a beneficial effect on the cognitive impairment in APP/PS1
via ameliorating the mitochondrial dysfunction33. Honokiol alle-
viated brain edema and neurobehavioral deficits after subarach-
noid hemorrhage through increasing mitochondrial fusion thus
maintaining mitochondrial morphology, protecting mitochondrial
function, and promoting neural survival34. Furthermore, honokiol
was applied for patent (200310121303.0) for ischemic stroke
treatment, and the clinical trials would be started soon in China.
However, to our knowledge, no study was performed to assess the
effects of honokiol on ALS disease.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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In this study, we evaluated the neuroprotective effect of hon-
okiol on the ALS disease by using stably-overexpressed SOD1-
G93A mouse Motor Neuron NSC-34 cells, and SOD1-G93A
transgenic mice. Moreover, the mechanisms underlying the effi-
cacy of honokiol were investigated, such as mitochondrial
dysfunction and oxidative stress.

2. Materials and methods

2.1. Free radical scavenging tests

The detection of DPPH free radical scavenging, pyrogallol autoxi-
dation, Fenton’s reaction and oxygen radical absorbance capacity
determination (ORAC) were described in Supporting Information.

2.2. Measurement of oxidative stress damage and related
protein expression in yeast library

A library of 44 in-frame GFP fusion proteins involved in oxidative
stress damage relative pathways of Saccharomyces cerevisiae (No.
95702, ATCC 201388, Invitrogen, Waltham, MA, USA) was used
to measure the influence of honokiol on oxidative stress induced
by H2O2 in the yeast system (Supporting Information Table S1). A
housekeeping gene PGK1 was selected as an internal control for
plate normalization. The details of the yeast construction, marker
selection, yeast culture and the data analysis were as described
previously35. Briefly, the yeast library was constructed by
oligonucleotide-directed homologous recombination to tag each
open reading frame (ORF) with Aequorea victoria GFP (S65T) in
the chromosomal location at the 30 end. The yeast strains selected
were seeded in clear bottom black 384-well plates and grown with
minimal synthetic defined (SD) medium for 4e6 h at 30 �C until
the cultures reached early exponential growth (OD600 about
0.2e0.4). Three concentrations of honokiol (final concentrations
of 0.111, 0.333 and 1 mmol/L) dissolved in the SD medium were
added into the wells in the honokiol-treated groups and the same
volume of SD medium were added in the model group. H2O2 was
added in the model group and honokiol-treated groups at the final
concentration of 10 mg/L as an injurant to induce oxidative stress.
The plates were then placed into a microplate reader (Synergy H1
Multi-Mode, BioTek, Winooski, VT, USA) for GFP signal (filters
with 485 nm excitation and 535 nm emission for protein expres-
sion) measurements. In the meantime, the absorbance of OD600

for cell growth was detected as the correction of the cell number.
The signals were measured every 5 min after double orbital fast
shake for 1 min and lasted for 2 h. The tests were repeated in
triplicate. The data processing and analysis methods were
described in Supporting Information in detail.

2.3. Cell culture and transfection

Mouse Motor Neuron-Like Hybrid Cell Line (NSC-34, Shanghai
Hongshun Biotechnology Company Limited, Shanghai, China)
were cultured in Dulbecco’s modified Eagle medium (Invitrogen)
supplemented with 10% FBS and 1% penicillin (100 units/mL)/
streptomycin (100 mg/mL) in a humidified atmosphere of 5% CO2

at 37 �C.
cDNAs of G93A mutant of human SOD1 was cloned into

pcDNA3.1-EGFP vector. Both plasmids were constructed and
purchased from Changsha Youbao Biotechnology Company
Limited (Hunan, China). Transfections of cDNA constructs were
carried out using Lipofectamine 3000 (Invitrogen) following the
manufacturer’s instructions. 800 mg/mL G418 was used to screen
resistant clones.

2.4. MTT assay and Hoechst dyeing

NSC-34 cells transfected with SOD1-G93A (further referred as
SOD1-G93A cells) or pcDNA3.1-EGFP vector (further referred as
pEGFP cells) were seeded into 96 wells flat-bottom plates. SOD1-
G93A cells were treated with different concentrations of honokiol
range from 1 to 10 mmol/L or culture medium for 24 h. For MTT
assay, MTT solution (5 mg/mL in PBS) was added. After 4 h of
incubation, DMSO was added to dissolve formazan crystals.
Absorbance at 570 nm was measured using the microplate reader
and relative cell viability was calculated compared with pEGFP
cells. For Hoechst assay, a black bottom transparent enzyme label
plate was used for seeding cells. Drugs treatments were the same
as the procedures mentioned above followed by Hoechst dyeing
for 10 min. Cells were washed for three times with PBS. The
fluorescence with 350 nm excitation and 461 nm emission signal
was measured using the fluorescence microplate reader and rela-
tive cell viability was calculated compared with pEGFP cells.

2.5. Cell apoptosis assay

Annexin V-Alexa Fluor 647/PI Cell Apoptosis Detection Kit
(Yeasen, Shanghai, China) was used to detect the apoptosis level
of SOD1-G93A cells after incubation with honokiol for 24 h.
Cells were digested by 0.25% trypsin without EDTA and resus-
pend by 1� binding buffer. 5 mL Annexin V-Alexa Fluor 647 and
10 mL PI were incubated with cells for 15 min at room temper-
ature. Fluorescence intensity of Annexin V-Alexa Fluor 647 (APC
channel) and PI (PE channel) were detected by BD FACSVerse
flow cytometer (BD Biosciences, San Jose, Canada). Quantifica-
tion was achieved with FlowJo software.

2.6. RNA sequencing

Three groups of cells were prepared for RNA sequencing, including
pEGFP control cells, SOD1-G93A model cells and SOD1-G93A
cells treatedwith honokiol for 12 h. Total RNAwas extracted and the
constructed cDNA library was sequenced using BGIseq 500 (BGI-
Shenzhen, China). The reads were mapped to mouse assembly
(GRCm38.p6) reference genome using HISAT2 (v2.0.4). Differ-
ential gene expression was examined with DESeq2 (v1.4.5) where
the Q value is less than or equal to 0.05.

2.7. Malondialdehyde (MDA) assay, 8-hydroxy-20-
deoxyguanosine (8-OHdG) and protein carbonyl (PCO) ELISA
assay

Cells treated with honokiol or culture medium for 24 h were
collected in PBS. Cells were lysed by sonication and following
centrifuged at 4 �C for 10 min at 20,000 � g. The supernatant was
collected for MDA assay using a cell MDA assay kit (A003-4,
Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
following the manufacturer’s instructions. Cells were lysed by
freeze-thawed for 3 times and following centrifuged at 4 �C for
10 min at 20,000 � g. The supernatant was collected for 8-OHdG
assay using a mouse 8-OHdG ELISA kit (CSB-E10527m, CUS-
BIO, Wuhan, China) and PCO assay using a mouse PCO ELISA
kit (JL46483, Jianglai Biotechnology, Shanghai, China). The re-
sults were normalized to protein concentration.
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2.8. DNA damage alkaline comet assay

The alkaline comet assay was performed as previously described35.
All the procedures were performed in the dark with triplicates. The
slideswere stainedwithYeaRedNucleicAcidGel Stain (10202ES76,
Yeasen). Imageswere captured by a fluorescencemicroscope (37XB,
Shanghai Optical Instrument Factory, Shanghai, China). At least
twenty-five cells of each treatment weremeasured by softwareCASP
randomly.

2.9. Total antioxidant capacity assay (T-AOC), GSH and GSSG
content assay, and NADPH assay

Cells treatedwith honokiol or culturemedium for 24 hwere collected
as indicated. T-AOC assay was performed according to the manu-
facturer’s instructions of a T-AOC Assay Kit with FRAP method
(S0116, Beyotime, Shanghai, China). GSH and GSSG content assay
was performed according to themanufacturer’s instructions of aGSH
and GSSGAssay Kit (S0053, Beyotime). NADPH content assay was
performed according to the manufacturer’s instructions of a NADPH
Assay Kit with WST-8 (S0179, Beyotime).

2.10. Glutathione reductase (GSR) assay and catalase (CAT)
assay

Cells treated with honokiol or culture medium for 24 h were
collected in Cell lysis buffer for Western and IP (P0013, Beyo-
time). GSR assay was performed according to the manufacturer’s
instructions of GSR Assay Kit with DTNB (S0055, Beyotime).
CAT assay was performed according to the manufacturer’s in-
structions of CAT Assay Kit (S0051, Beyotime).

2.11. Mitochondrial membrane potential (MMP) determination,
ATP content assay, and mitochondrial respiratory chain complex
function assay

For MMP analysis by flow cytometry, cells treated with honokiol
or culture medium for 24 h were incubated with tetrame-
thylrhodamine ethyl ester (TMRE) working solution at a con-
centration of 100 nmol/L (87917, SigmaeAldrich, St. Louis, MO,
USA) at 37 �C for 0.5 h. TMRE fluorescence was collected using
PE channel detected by flow cytometry. Quantification was ach-
ieved with FlowJo software. ATP content assay was performed
according to the manufacturer’s instructions of Enhanced ATP
Assay Kit (S0027, Beyotime). The vitality measurement of the
mitochondrial respiratory chain complex II and IV are measured
by the Mitochondrial Respiratory Chain Complex Vitality Deter-
mination Kit (BC3235 and BC0945, Solarbio, Beijing, China)
according to the manufacturer’s instructions.

2.12. Mitochondrial stress test

Seahorse XF Cell Mito Stress Test kit (103015-100, Agilent Tec-
hnologies, Palo Alto, CA, USA) was used to assess the metabolic
function of mitochondrial by following parameters: basal respi-
ration, ATP production-coupled respiration, maximal respiration,
spare capacity, and non-mitochondrial respiration. During the test,
oligomycin, FCCP, and a mixture of rotenone and antimycin A
working solutions were added to each well sequentially to deter-
mine the parameters. The oxygen consumption rate is measured
by the Seahorse XFe96 Analyzer (Agilent Techno-logies).
2.13. Mitochondrial morphology observation

Cells treated with honokiol or culture medium for 24 h was
incubated with MitoTracker™ Deep Red FM (M22426, Invi-
trogen) working solution at 37 �C for 15 min according to the
manufacturer’s instructions. The Mitochondrial morphology of
each group were observed by a Leica TCS SP8 (Leica Micro-
systems, Buffalo Grove, IL, USA) and analyzed by MiNA
(Mitochondrial Network Analysis) of Image J.

2.14. Western blot

Whole cell lysates were prepared using RIPA lysis buffer
(P0013B, Beyotime), supplemented with phosphatase inhibitors
(04906845001, Roche, Indianapolis, IN, USA) and complete
EDTA-free protease inhibitor mixtures (4693116001, Roche). The
spinal cord tissue and gastrocnemius muscle tissue were prepared
using RIPA lysis buffer supplemented with complete EDTA-free
protease inhibitor mixtures and phosphatase inhibitors. The tissues
were sonicated in the ice water bath until uniform lysates were
prepared. The cell lysates and tissue lysates were then centrifuged
at 4 �C for 0.5 h. The supernatant was collected for further protein
quantification. For tissue lysates, one more centrifuge was needed.
The mitochondrial protein was isolated by using a Cell Mito-
chondria Isolation Kit (C3601, Beyotime). Briefly, the cell lysates
were collected in the mitochondrial isolation buffer from the kit
and homogenized 20e30 times. The homogenate was then
centrifuged at 4 �C for 10 min at 600 � g. The supernatant was
collected and the centrifuged at 4 �C for 10 min at 11,000 � g.
The mitochondrial precipitation was dissolved in the mitochon-
drial lysis from the kit. The protein quantification was performed
by the Pierce™ BCA protein assay kit (23227, ThermoFisher
Scientific, Carlsbad, CA, USA) following the manufacturer’s in-
structions. As previously described36, protein samples were then
diluted to the same concentration and boiled in loading buffer at
100 �C for 5 min. For Western blot, the protein samples were
separated on SDS-polyacrylamide gels during the electrophoresis
process. Separated proteins were then transferred electrophoreti-
cally onto PVDF membranes. Membranes were blocked by the
5% skimmed milk solution for 2 h at room temperature and then
incubated at 4 �C overnight with antibodies against BCL2 (26539-
1-AP, 1:1000), BAX (50599-2-Ig, 1:2000), cytochrome c (10993-
1-AP, 1:2000), ATM (27156-1-AP, 1:1000), NRF2 (16396-1-AP,
1:1000), GCLC (12601-1-AP, 1:2000), GCLM (14241-1-AP,
1:2000), OPA1 (27733-1-AP, 1:1000), MFN2 (12186-1-AP,
1:2000), FIS1 (10956-1-AP, 1:1000), p62 (18420-1-AP, 1:1000),
GFAP (26825-1-AP, 1:2000), HSP90 (13171-1-AP, 1:2000),
GAPDH (60004-1-Ig, 1:5000) from Proteintech (Rosemont, IL,
USA); GSR (sc-133245, 1:500), GSS (sc-166882, 1:500), VDAC1
(sc-390996, 1:500), PGC-1a (sc-518025, 1:500), NRF1 (sc-
515360, 1:500), TFAM (sc-166965, 1:500) from Santa Cruz
Biotechnology (Dallas, TX, USA); PINK1 (BC100-494S, 1:500)
from Novus biological (Littleton, CO, USA); 4-HNE (ab46545,
1:1000), HO-1 (ab68477, 1:2000), NQO1 (ab80588, 1:1000) from
Abcam (Cambridge, UK). Phospho-Histone H2AX (Ser139)
(2577S, 1:1000), Lamin A/C (4777S, 1:1000) from Cell Signaling
Technology (Danvers, MA, USA). IBA1 (016-20001, 1:1000)
from Wako (Osaka, Japan). b-Actin (TA-09, 1:2000) from ZSGB-
BIO (Beijing, China). Following anti-mouse or anti-rabbit IgG-
HRP (Thermo Fisher Scientific) were used as secondary anti-
bodies for 1.5 h at room temperature, signals were detected using
ImageQuant LAS 4000 (GE Healthcare).

https://www.sigmaaldrich.cn/CN/zh/product/sigma/87917?context=product
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2.15. Antioxidant response element (ARE)-luciferase reporter
assay

The HEK293-ARE reporter cells were seeded into 96-well plates
and treated as indicated. The luciferase activity was detected using
the Steady-Glo Luciferase Assay Reagent (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. The
luminescence intensity was measured by the Synergy H1 Hybrid
Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA).

2.16. RNA extraction, reverse transcription and quantitative RT-
PCR analysis

Trizol reagent (15596026, Invitrogen) was used to isolate RNA
samples from SOD1-G93A cells. cDNA was synthesized using
Hifair� III 1st Strand cDNA Synthesis SuperMix for qPCR (gDNA
digester plus) kit (11123ES60, Yeasen). Hieff UNICON� Power
qPCR SYBRGreenMaster Mix (11197ES08, Yeasen) were used for
RT-qPCR analysis under the ABI 7900HT Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA). The expression of
mRNAs was normalized to Actb. The DDCt method was used to
calculate the relative fold change. Primers used for Hmox1 amplifi-
cation: Forward 50-CAGAAGAGGCTAAGACCGCC-30; Reverse
50-GCAGTATCTTGCACCAGGCTA-30; Primers used for Nqo1
amplification: Forward 50-CCATGTACGACAACGGTCCT-30; Rev-
erse 50-GCAGGATGCCACTCTGAATC-30; Primers used for Gclc
amplification: Forward 50-TGCTGTCCCAAGGCTCGC-30; Reve-
rse 50-ACTCCACCTCGTCACCCCA-30; Primers used for Gclm
amplification: Forward 50-ACAATGACCCGAAGAACTGC-30;
Reverse 50-GAGCTGGAGTTAAGAGCCCC-30; Primers used for
Gss amplification: Forward 50-GACAACGAGCGAGTTGGGA-30;
Reverse 50-TGAATGGGGCATACGTCACC-30; Primers used for
Gsr amplification: Forward 50-GACTGCCTTTACCCCGATGT-30;
Reverse 50-TGAATGCCAACCACCTTTTC-C-30; Primers used for
Ppargc1a amplification: Forward 50-CTGC-GGGATGATGGAGA-
CAG-30; Reverse 50-TCGTTCGACCTGCGTAAAGT-30; Primers
used for Opa1 amplification: Forward 50ATACTGGGATCTG-
CTGTTGG-30; Reverse 50-AAGTCAGGCCAATCACTT-30; Prim-
ers used forMfn2 amplification: Forward 50-AAGCTTGGACAGG-
TGGAGTC-30; Reverse 50-GAGC-AGGGACATCTCGTTTC-30;
Primers used for Fis1 amplification: Forward 50-GCTGGTTCTG-
TGTCCAAGAGCA-30; Reverse 50-GAC-ATAGTCCCGCTGT-
TCCTCT-30; Primers used for Actb amp-lification: Forward 50-
CGCAGCCACTGTCGAGTC-30; Reverse 50-GTCATCCATGGC-
GAACTGGT-30.

2.17. Animals

Male hSOD1-G93A [B6SJL-Tg (SOD1*G93A)/J] and cohort wild
type mice were introduced from the Jackson Laboratories (Bar
Harbor, ME, USA). Animals were fed in single cage, in controlled
conditions of temperature (21e25 �C), humidity (45%e50%) and
12 h light/dark cycles, with ad libitum access to water and a
standard rodent diet. All animal care and experimental procedures
complied with the Animal Management Rule of the Ministry of
Health, People’s Republic of China (document No. 55, 2001) and
were approved by the Laboratory Animal Ethics Committee of
Chinese Academy of Medical Science, Beijing, China.

2.18. Drug administration

Honokiol injections were provided by School of Pharmaceutical
Sciences, Peking University. Edaravone were purchased from
Simcere Pharmaceutical Group (Nanjing, China). The experiment
was divided into two batches. In the behavioral test and survival
record, mice were randomly divided into six groups: (1) control
group: wild type mice treated with vehicle; (2) model group:
SOD1-G93A transgenic mice treated with vehicle; (3) positive
drug group: SOD1-G93A transgenic mice treated with 15 mg/kg
edaravone; (4) 10 mg/kg honokiol group: SOD1-G93A transgenic
mice treated with 10 mg/kg honokiol; (5) 30 mg/kg honokiol
group: SOD1-G93A transgenic mice treated with 30 mg/kg hon-
okiol; (6) 90 mg/kg honokiol group-SOD1-G93A transgenic mice
treated with 90 mg/kg honokiol. Mice were administrated drugs or
vehicle control by intraperitoneal injection every day from the
disease onset to end-stage of disease. The second batch mice were
used for biochemical and histological studies. Mice were admin-
istrated drugs or vehicle control by intraperitoneal injection every
day starting from aged 11 to 18 weeks, and then terminally
anesthetized.

2.19. Rotarod test

The rotarod test was used to assess the motor function of the
animals. Mice were trained on the rotarod daily for three days
before recording the data. During the test, each mouse was placed
on a 3.5 cm rotating rod (XR1514, Xinruan, Shanghai, China)
with the same direction at the speed of 16 rpm within 180 s. The
fall latency was recorded for all trials when the mouse fell from
the rotarod. Once the latency was longer than 180 s, the score was
recorded as 180 s. Each experiment was repeated three times, and
the best score is recorded as the final score.

2.20. Hanging wire test

The Hanging wire test was used to assess the motor function of the
animals. During the test, each mouse was placed on a cage cover,
and gently knock the cover to impel the mice griping the cover.
Flip the cover to make the mice upside down. The fall latency was
recorded for all trials, once the latency is longer than 90 s, 90 s is
record as the final score. Each experiment was repeated three
times, and the best score is recorded as the final score.

2.21. Gripping test

The Gripping test was used to assess the motor function of the
animals. During the test, each mouse was placed on the grip
strength meter (XR-YLS-13A, Xinruan). Pull the mice tails gently
to impel the mice griping the board with their forelimbs or hin-
dlimbs, and then pull the mice tail backward rapidly with a uni-
form speed until mice release their grip. The gripping strength was
recorded.

2.22. Histology, immunohistochemistry and
immunofluorescence

At 18 weeks of age, SOD1-G93A transgenic and wild-type mice
were sacrificed. Spinal cord and gastrocnemius muscle tissues
were freshly isolated and fixed in 4% PFA. Immunofluorescence
was performed on paraffin embedded sections (5 mm). Three
gastrocnemius muscle sections of individual mice were stained
with hematoxylin & eosin (H&E). Three spinal cord sections of
individual mice were stained with Nissl (C0117, Beyotime) for
evaluation of MNs. The levels of glial fibrillary acidic protein
(GFAP) and ionized calcium binding adapter molecule 1 (IBA1)
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expression in the spinal cord were characterized by immunofluo-
rescence. The spinal cord tissue sections were deparaffinized,
rehydrated, antigen repaired and blocked by 10% goat serum
working solution for 1 h at room temperature. The sections were
incubated at 4 �C overnight with antibodies against GFAP
(M0761, Dako, Copenhagen, Denmark) and IBA1 (019-19741,
Wako). Following goat anti-rabbit IgG (H þ L) highly cross-
adsorbed secondary antibody, Alexa Fluor Plus 488 (A32731,
Thermo Fisher Scientific) was used as secondary antibodies for
1 h at room temperature and examined by a fluorescence micro-
scope. The level of choline acetyltransferase (ChAT) expression in
the spinal cord was characterized by immunohistochemistry. The
spinal cord tissue sections were deparaffinized, rehydrated, anti-
gen repaired and then treated with 3% (v/v) H2O2 in PBS for
10 min, followed by blocking 10% goat serum working solution
for 1 h at room temperature. The sections were incubated at 4 �C
overnight with antibodies against ChAT (ab178850, Abcam).
GTVision III Detection System/Mo&Rb (Including DAB) Kit
(Gene Tech, Shanghai, China) was used for visualization and
following examined by a light microscope.

2.23. Statistics analysis

All data are presented as the mean � standard error of mean
(SEM). Student’s t-test was used for the comparison between two
groups. One-way ANOVA or repeated measures ANOVA, fol-
lowed by post hoc LSD test were used for the comparisons among
three or more groups (SPSS 16.0). KaplaneMeier analysis with
log rank statistic test was used for the comparisons of the survival
curves. Differences at P < 0.05 were considered statistically
significant.

3. Results

3.1. Honokiol showed strong antioxidant capacity in vitro and
protected the yeast against H2O2 induced oxidative damage

The chemical structure of honokiol was shown in Fig. 1A. The
radical (DPPH, �OH, and O$�

2 ) scavenging activities of honokiol
were evaluated in comparison with vitamin c (Vc) and edaravone.
According to oxygen radical absorbance activity, both honokiol and
edaravone showed a stronger antioxidant capacity thanVc (Fig. 1B).
The ORAC of honokiol at 10 mmol/L was 8706.6 mmol Trolox/g,
over three times larger than Vc. The ability of honokiol to scavenge
DPPH were 15.3%, 20.0%, 26.8%, and 40.6%, respectively, at
different concentrations ranging from 5 to 40 mmol/L (Fig. 1C).
Honokiol exerted a moderate DPPH scavenging activity which was
weaker than Vc and edaravone. The hydroxyl radicals scavenging
activity of honokiol was much stronger than that of Vc and edar-
avone. The hydroxyl radicals scavenging activity of honokiol at
concentrations from 100 to 800 mmol/L were 14.6%, 33.7%, 73.8%,
and 100%, respectively, which exhibited a concentration-dependent
scavenging activity (Fig. 1D). Fig. 1E shows a moderate superoxide
radical scavenging activity of both honokiol and edaravone
compared with Vc. The highest superoxide radicals scavenging
activity reached 20.3% at 800 mmol/L of honokiol. Taken together,
honokiol shows strong radicals scavenging capacity and antioxidant
capacity in vitro.

To gain further insights into the antioxidant capacity of hon-
okiol, the magnitude of expression changes of 44 proteins in the
classical oxidative stress pathway were quantified at three con-
centrations in the yeast (Fig. 1F). The oxidant H2O2 upregulated a
multiple protein expressions associated to oxidative stress damage
in this yeast library, including sensor/regulator related proteins
(YBP1, SLN1, MSN2, HAP2, HAP3, CUP2, MAC1, AFT1), the
glutathione/glutaredoxin defense system (GSH1, GSH2, GRX1,
GRX2, GPX1, HYR1, GPX2, GLR1, GTT1, GTT2, YCF1), the
thioredoxin defense system (TRX1, TRX2, TSA1, TSA2, AHP1,
PRX1, DOT5, SRX1, TRR1, TRR2), the enzymatic system
(SOD1, SOD2, CCS1, CTT1, CCP1, GND2, ZWF1, PGM2) and
the metal ion homeostasis defense system (CUP1-1). Interestingly,
honokiol treatment (1 mmol/L) reduced the expressions of most
oxidative stress-related proteins which were upregulated by H2O2,
including MSN2, HAP3, CUP2, AFT1, GRX1, GPX1, TRX2,
TSA1, TSA2, PRX1, SRX1, TRR1, TRR2, SOD1, SOD2, CCS1,
CTT1, CCP1, GND2, ZWF1, and PGM2. The results indicate that
honokiol exhibited a protective effect against H2O2-induced
oxidative stress in the yeast.

3.2. Honokiol improved the cell viability of SOD1-G93A cells
and protected SOD1-G93A cells from apoptosis

Given the radicals scavenging capacity in vitro and protective
function in the yeast of honokiol, we determined whether honokiol
had a protective role in the SOD1-G93A cell model. Compared
with the pEGFP control group, the cell viability was significantly
decreased to 86.3% after transfecting G93A SOD1, which showed
the cytotoxic effects of the mutant form of SOD1. However,
honokiol (3 and 10 mmol/L) significantly reversed the cell viability
to 95.2% and 96.4%, respectively, compared with the SOD1-
G93A model group model (Fig. 2A). The Hoechst dyeing assay
was used to confirm the effects of honokiol on the cell viability,
the Hoechst fluorescence intensity was significantly increased in
10 mmol/L honokiol-treated cells showing that honokiol improved
the cell viability of SOD1-G93A cells (Supporting Information
Fig. S1).

Annexin V-PI method was used to further verify the protective
roles of honokiol in apoptosis. SOD1-G93A transfection signifi-
cantly increased early (Annexin V positive and PI negative cells)
and late (Annexin V and PI double positive cells) apoptosis to
127.5% and 138.5%, respectively, relative to the pEGFP control
group. After treatment with honokiol, the early apoptosis rate
obviously decreased to 91.8%and79.8% (3 and 10mmol/L) (Fig. 2B
and C), and the late apoptosis rate also decreased to 90.0% and
65.2% (3 and 10 mmol/L, Fig. 2B and D). Then, the expressions of
apoptosis-related proteins B-cell lymphoma 2 (BCL2), BCL2-
associated X (BAX), and cytochrome c were detected. BCL2
expression was significantly increased (Fig. 2E) and cytoplasmic
release of cytochrome c was markedly decreased (Fig. 2F) after the
treatment of honokiol for 24 h compared with the SOD1-G93A
model group. No alterations were observed in BAX protein level
(Fig. 2E) nor mitochondrial protein level of cytochrome c (Fig. 2F).
Together, these results suggest that honokiol treatment could alle-
viate SOD1-G93A induced neurotoxicity.

Moreover, we examined the protein expression of SOD1-G93A
by Western blot and flow cytometry. The results show that hon-
okiol had no direct influence on the clearance of the mutant SOD1
(Supporting Information Fig. S2).

3.3. Honokiol regulated redox homeostasis and mitochondrial
function

In order to elucidate the main mechanism of honokiol in neuro-
protection, we exploited RNA sequencing to analyze the



Figure 1 Honokiol showed strong radicals scavenging capacity and antioxidant capacity in vitro. (A) Chemical structure of honokiol; (B)

oxygen radical absorbance capacity (n Z 3); (C) scavenging capacity of DPPH radicals (n Z 3); (D) scavenging capacity of hydroxyl radicals

(n Z 3); (E) scavenging capacity of superoxide radicals of Vc, edaravone, and honokiol (n Z 4); (F) Temporal protein expression profiles of

biomarkers indicative of different oxidative stress-related pathways upon exposure to H2O2 in the yeast (n Z 3). Data are presented as the

mean � SEM.
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differentially expressed genes after honokiol treatment. Totally 590
differentially genes were identified, including 187 upregulated
genes (Supporting Information Table S2) and 403 downregulated
genes (Supporting Information Table S3) after 12 h honokiol
treatment at the concentration of 10 mmol/L (Fig. 3A and B). Kyoto
Encyclopedia of Genes andGenomes (KEGG) enrichment analysis,
Gene Set Enrichment Analysis (GSEA), and Gene Ontology (GO)
enrichment analysis were used to clarify the potential mechanism.
According to the KEGG enrichment analysis, we found GSH
metabolism pathway was enriched in the honokiol treatment group
(Fig. 3C). The transcription levels of six genes related to GSH
metabolism were significantly changed after honokiol treatment
including four up-regulated genes (Gsr,Gclm,Odc1, and Srm1) and
two down-regulated genes (Idh1 and Ggt7). GSEA further showed
that honokiol might affect several biological processes including
mitochondrial translation, protein importing into mitochondrial
matrix and positive regulation of ATPase activity (Fig. 3D). Ac-
cording to these results, we speculated that honokiol might improve
the cellular redox homeostasis via decreasing oxidative stress and
improving the mitochondrial function. Given several biological
processes related to the mitochondrial function, we further used GO
enrichment to analyze the differential expressed genes in connection
with mitochondrial. The results show that honokiol affected a series
of mitochondrial biological processes, including mitochondrial or-
ganization and establishment of protein localization to mitochon-
drion (Supporting Information Fig. S3). Honokiol increased the
transcription levels ofGfer, Thg1l, Iba57 and Bcat1which involved
in the process of mitochondrial biogenesis and protein localization
to mitochondrion. Honokiol also decreased the transcription levels
of several genes including Tfrc, Mgarp, Stat2, and Lpin1 which
related to mitochondrial fission, mitochondrial fusion inhibition,
and collapse of the mitochondrial network. The results indicate that
honokiol might regulate the mitochondrial biogenesis and the
mitochondrial fusionefission balance. According to the RNA
sequencing results, we deduced that honokiol might exert neuro-
protection due to maintaining redox homeostasis and regulating
mitochondrial function in ALS cellular model.

3.4. Honokiol alleviated oxidative stress damage by activating
NRF2/GSH signaling pathway in SOD1-G93A cells

Several oxidative stress damage markers were detected to further
confirm the protective role of honokiol. ROS moiety O$�

2 was
visualized with the fluorescent probe DHE to assess the effects of



Figure 2 Honokiol promoted the cell viability and reduced apoptosis in SOD1-G93A cells. (A) Cell viability analyzed by MTT assays (nZ 3);

(B) Apoptosis assay analyzed by flow cytometry, and early apoptosis (C) and late apoptosis (D) were analyzed by FlowJo (n Z 4); (E) Western

blot analysis and quantification of BCL2 and BAX in total cell lysates (n Z 4); (F) Western blot analysis and quantification of cytochrome c in

mitochondrial and cytoplasm cell lysates (nZ 5). Cells were incubated with honokiol for 24 h in the experiments. One-way ANOVA followed by

post-hoc LSD test was used for the comparisons among three or more groups (SPSS 16.0). Data are presented as the mean � SEM. #P < 0.05,
##P < 0.01, ###P < 0.001 versus pEGFP control group; *P < 0.05, **P < 0.01, ***P < 0.001 versus SOD1-G93A model group.
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honokiol on ROS production. The result shows that SOD1-G93A
cells had amuch higher level ofDHE intensity relative to the pEGFP
control group, however, treatment with honokiol for 24 h
significantly decreased the DHE intensity (Fig. 4A). MDA and
4-hydroxynonenal (4-HNE) content were detected to assess the
effects of honokiol on lipid peroxidation damage. Compared with
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the pEGFP control group, the MDA content of SOD1-G93A cells
was robustly increased, while the 4-HNE protein levels were
increased but did not reach a significant difference. However, hon-
okiol strongly decreased both theMDA and 4-HNE protein levels at
the concentration of 10 mmol/L compared with SOD1-G93Amodel
cells for 24 h treatment (Fig. 4B and C). TheWestern blot of 4-HNE
protein showed only several bands might because that the antibody
had high specificity or affinity for certain 4-HNE modified proteins
that weigh 55e70 kDa. The PCO level was used to assess the effects
of honokiol on protein oxidative damage. Compared with the
pEGFP control group, the PCO content of SOD1-G93A cells was
significantly increased; however, honokiol of 1 mmol/L decreased
PCO content by 22.3% (P < 0.05, Fig. 4D). 8-OHdG content is
indicator of DNA oxidative damage and the comet assay were
usually used to assess DNA damage. Honokiol significantly
decreased the level of 8-OHdG and the tail DNA rate induced by the
mutant SOD1 expressing at 3 and 10 mmol/L for 24 h incubation,
suggesting that honokiol might play DNA protective role in SOD1-
G93A cells (Fig. 4EeG). We further detected the protein expres-
sions of gH2AX and ataxia telangiectasia-mutated (ATM) which
are related to DNA damage. The results showed that both gH2AX
(P Z 0.08) and ATM (P Z 0.06) expressions had a decreasing
tendency after 24 h honokiol incubation at the concentration of
10 mmol/L (Supporting Information Fig. S4).

In addition, the levels of antioxidant capacity, including T-
AOC, NAPDH content, GSH content, CAT activity and GSR ac-
tivity were measured after 24 h honokiol treatment. The T-AOC
was concentration-dependently elevated by 31% (P < 0.05) and
65% (P < 0.001) at 3 and 10 mmol/L of honokiol, respectively,
compared with the SOD1-G93A model group (Fig. 4H). The
NADPH content was significantly increased by 52% (P < 0.05)
and 58% (P < 0.05, Fig. 4I) and the GSH/GSSG ratio was
significantly raised by 66% (P < 0.05) and 91% (P < 0.05) at 3
and 10 mmol/L of honokiol, respectively, compared with the
SOD1-G93A model group (Fig. 4J). Apart from increasing the
antioxidants, honokiol also significantly increased CAT activity
and GSR activity at the concentration of 10 mmol/L (Fig. 4K and
L) relative to the SOD1-G93A model group.

NRF2 is well known as a key transcription factor of the anti-
oxidant response by regulating cytoprotective genes, including the
antioxidant GSH pathway. ARE-luciferase reporter assay
confirmed that honokiol had an NRF2 activation effect (Fig. 5A).
Honokiol also stimulated the nuclear translocalization of NRF2
(Fig. 5B and C). The Western blot result showed honokiol
significantly increased the nuclear NRF2 expression at 3 and
10 mmol/L for 24 h treatment (Fig. 5C). The Western blot method
was used to detect the NRF2 protein level in the nucleus to
determine NRF2 activation. The band of NRF2 is expected to run
within 95e110 kDa as double bands in SDS-PAGE37 and was
marked in the nuclear section. The band appeared in the cytoplasm
part in our result should be unspecific bands. In addition, tran-
scription levels of NRF2-target genes including Hmox1, Nqo1,
Gclm, Gss and Gsr were significantly upregulated after 12 h
honokiol treatment at 10 mmol/L (Fig. 5D). We further observed
that honokiol obviously lifted the protein expressions of these
NRF2-target genes including heme oxygenase-1 (HO-1), NAD(P)
H: quinone oxidoreductase 1 (NQO1), glutamateecysteine ligase
catalytic subunit (GCLC), glutamateecysteine ligase modifier
subunit (GCLM), glutathione synthetase (GSS) and GSR at the
concentration of 10 mmol/L (Fig. 5E). The results indicate that
NRF2/GSH signaling pathway was activated by honokiol treat-
ment and might involve in the neuroprotection of honokiol. To
confirm the involvement of NRF2eGSH pathway, NRF2 inhibitor
ML38538,39 (2.5 mmol/L) was used to incubate together with
honokiol for 24 h in the MTT assay. Compared with the model
group, 10 mmol/L honokiol significantly raised viability of SOD1-
G93A cells; however, when incubating with ML385 together,
honokiol didn’t show improvement in the cell viability compared
with the cells simply incubated with ML385 (Supporting
Information Fig. S5). The result indicates that ML385 nullified
the improvement of honokiol in the cell viability which confirmed
that NRF2eGSH pathway might play an important role in the
neuroprotection of honokiol.

3.5. Honokiol restored the mitochondrial function and
morphology by ameliorating mitochondrial biogenesis and
fusionefission balance

Besides oxidative stress, mitochondrial dysfunction is a common
pathology in ALS. Mutant G93A SOD1 disrupted MMP, whereas
honokiol-treated cells exhibited higher MMP indicating less
mitochondrial membrane depolarization (Fig. 6A). Besides, hon-
okiol significantly boosted the ATP level compared with SOD1-
G93A model cells (Fig. 6B). Mitochondrial oxidative respiration
was measured by the Seahorse XF Cell Mito Stress Test kit. As
shown in Supporting Information Fig. S6, honokiol of 10 mmol/L
significantly enhanced the spare respiratory capacity of SOD1-
G93A cells (P < 0.05) for 24 h treatment. In addition, the ac-
tivity of mitochondrial complex II and complex IV were also
increased after 24 h treatment of honokiol at the concentration of
10 mmol/L compared with SOD1-G93A model group (Fig. 6C and
D). The mitochondrial morphology analysis showed the mean
network size and footprint of the mitochondrial of the SOD1-
G93A cells were significantly decreased relative to the pEGFP
group; however, honokiol of 10 mmol/L increased the mean
network size (P Z 0.07) and the footprint (P < 0.001) for 24 h
treatment (Fig. 6E, H and J) compared with the SOD1-G93A cells.
No significant alterations were observed in individuals, networks,
and mean branch length (Fig. 6F, G, and I).

Mitochondrial biogenesis is an important process for regu-
lating the number of mitochondria in the cell. Peroxisome
proliferator-activated receptor gamma coactivator-1 alpha (PGC-
1a), nuclear respiratory factor 1 (NRF1) and mitochondrial tran-
scription factor A (TFAM) were reported to take part in mito-
chondrial biogenesis. The PGC-1a and NRF1 expressions were
markedly reduced in SOD1-G93A cells. Honokiol treatment for
12 h showed an increasing tendency for Ppargc1a transcription
level (P Z 0.08, Supporting Information Fig. S7) at 10 mmol/L
and significantly upregulated the PGC-1a, NRF1, and TFAM
protein expressions relative to the SOD1-G93A model group at
10 mmol/L. Therefore, honokiol improved mitochondrial biogen-
esis in the SOD1-G93A cells (Fig. 7A).

Mitochondrial dynamics and turnover are crucial to regulating
cellular bioenergetics. Our further investigation found that SOD1-
G93A overexpression disrupted normal mitochondrial fission/
fusion balance. The transcription levels of mitochondrial fusion
protein Opa1 and Mfn2 showed no significant difference between
the pEGFP cells and SOD1-G93A cells and honokiol increased
the transcription levels of Opa1 (P < 0.05) and Mfn2 (P Z 0.07)
at the concentration of 10 mmol/L for 12 h treatment (Fig. S7). The
protein level of optic atrophy 1 (OPA1) significantly decreased
(P < 0.05) and mitofusin-2 (MFN2) had a tendency for a decrease
(P Z 0.06) in the SOD1-G93A model group, while honokiol
restored the protein expressions of both OPA1 and MFN2 at the



Figure 3 Honokiol regulated the antioxidant capacity and the mitochondrial function in SOD1-G93A cells. (A) Heatmap of the differential

expressed genes; (B) Cluster analysis of the differential expressed genes; (C) KEGG enrichment analysis of the differential expressed genes; (D)

GSEA of the differential expressed genes between SOD1-G93A model group and honokiol-treated group (n Z 3).
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concentration of 3 and 10 mmol/L (Fig. 7B). The transcription
level of mitochondrial fission protein Fis1 was significantly
decreased in the SOD1-G93A cells compared with pEGFP cells
while honokiol significantly increased the Fis1 transcription level
(Fig. S7). However, the protein level of fission 1 (FIS1) was
obviously increased in the SOD1-G93A cell model while there
was no alteration after honokiol treatment (Fig. 7B). Overall,
according to the results, the SOD1-G93A cells exerted mito-
chondrial fission/fusion unbalance compared with pEGFP cells
which showed lower mitochondrial fusion protein expression
levels while honokiol significantly mediated the relative protein
expressions and improved the mitochondrial dynamics.

We next examined the expression of mitophagy-related protein
PTEN induced putative kinase 1 (PINK1) in the isolated mitochon-
drial protein of the cell lysates. We found PINK1 expression was
increased to somecontentwhile didn’t reach to statistical significance
in the SOD1-G93A model group, meanwhile, substantial p62 was
accumulated in themitochondrial in the SOD1-G93A cells compared
with pEGFP cells. Interestingly, honokiol of 10 mmol/L elevated the
expressions of mitochondrial PINK1 while decreased the accumu-
lation ofmitochondrial p62which indicated a highermitophagy level
(Fig. 7C).We further detected the co-localized puncta of cytochrome
c oxidase subunit IV (COX IV) and lysosomal-associated membrane
protein 1 (LAMP1)which indicated the successmitophagy.Honokiol
obviously enhanced the co-localized yellow puncta showing
improved mitophagy flux (Fig. 7D).

Meanwhile, we respectively co-incubated the mitochondrial
biogenesis inhibitor doxycycline (10 mmol/L)40e42, mitochondrial
fusion protein OPA1 inhibitor MYLS22 (10 mmol/L)43,44 and
autophagy inhibitor chloroquine (50 mmol/L, inhibiting lysosomal
acidification therefore blocking autophagy) and honokiol for 24 h
and then performed MTT assay in SOD1-G93A cells to examine
whether the protection of honokiol were disrupted. The results
demonstrated that honokiol had not shown benefits in the cell
viability when co-incubating with doxycycline compared with the
cells simply incubating doxycycline (Fig. S5). Besides, honokiol
showed a slight increasing (P Z 0.06) in the cell viability when
co-incubating with MYLS22 compared with the cells simply
incubating MYLS22, but the difference didn’t reach to statistical
significance (Fig. S5). However, chloroquine did not affect the
honokiol-induced cell viability elevation (Fig. S5). Taken together,
these results suggest that both doxycycline and MYLS22 dis-
counted honokiol’s protection which further confirmed the
involvement of the mitochondrial biogenesis and mitochondrial
dynamics in the honokiol-exerted neuroprotection.

3.6. Honokiol improved motor functions and extended the
lifespan of transgenic SOD1-G93A mice

Given the cytoprotective effects of honokiol exhibited in the SOD1-
G93A cell model, we used the SOD1-G93A transgenic mice as an
animal model to further assess the effects of honokiol (Fig. 8A). The
weight of the SOD1-G93A mice was significantly decreased
compared withWTmice, and no alterations were observed between
model mice and honokiol-treated mice (Supporting Information
Fig. S8). However, honokiol administration significantly



Figure 4 Honokiol alleviated the oxidative stress damage in SOD1-G93A cells. Effect of honokiol on (A) DHE intensity analyzed by flow

cytometry (n Z 3); (B) MDA content (n Z 3); (C) 4-HNE protein level (n Z 4); (D) PCO level (n Z 3); (E) 8-OHdG level (n Z 4); (F) and (G)

DNA damage analyzed by comet assay (n Z 3). Scale bars, 100 mm; (H) T-AOC capacity (n Z 3); (I) NADPH content (n Z 4); (J) GSH content

(n Z 5); (K) CAT activity (n Z 3); (L) GSR activity (n Z 4). Cells were incubated with honokiol for 24 h in the experiments. One-way ANOVA

followed by post hoc LSD test was used for the comparison among three or more groups (SPSS 16.0). Data are presented as the mean � SEM.
##P < 0.01, ###P < 0.001 versus pEGFP control group; *P < 0.05, **P < 0.01, ***P < 0.001 versus SOD1-G93A model group.
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improved motor functions of the transgenic SOD1-G93A mice.
SOD1-G93A mice treated with 30 mg/kg honokiol had a longer la-
tency in rotarod test (Fig. 8C) and hanging wire test (Fig. 8D) than
vehicle mice which reflected the hindlimb motor function. No
alterationwas observed in the gripping test between themodel group
and honokiol groups (Fig. S8). More importantly, honokiol-treated
mice had a longer survival relative to themodel group (Fig. 8B). The
average survival of the SOD1-G93A transgenic model group was
150 days, while the average survival was extended to 158 days after
honokiol treatment at the dose of 30 mg/kg.



Figure 5 Honokiol activated the NRF2 anti-oxidant pathway in the SOD1-G93A cells. (A) Luminescence intensity of HEK293-ARE reporter

cells after treatment with indicated concentrations of honokiol for 6, 12 and 24 h (n Z 3); (B) Representative images of NRF2 nuclear trans-

localization after 24 h honokiol treatment. Scale bars, 8 mm; (C) Western blot analysis and quantification of NRF2 in nuclear and cytoplasmic cell

lysates after 24 h honokiol treatment (n Z 4); (D) RT-qPCR analysis of transcription levels of Hmox1, Nqo1, Gclm, Gclc, Gss and Gsr after 12 h

honokiol treatment (n Z 3e7); (E) Western blot analysis and quantification of HO-1, NQO1, GCLC, GCLM, GSS and GSR in total cell lysates

after 24 h honokiol treatment (n Z 3e6). One-way ANOVA followed by post hoc LSD test was used for the comparison among three or more

groups (SPSS 16.0). Data are presented as the mean � SEM. #P < 0.05, ###P < 0.001 versus pEGFP control group; *P < 0.05, **P < 0.01,

***P < 0.001 versus SOD1-G93A model group.
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Figure 6 Honokiol preserved the mitochondrial function and mitochondrial morphology in the SOD1-G93A cells. (A) The MMP assessment

analyzed by flow cytometry with the fluorescent probe TMRE (n Z 3e4); (B) ATP content analysis (n Z 3); (C) Mitochondrial complex II

activity determination (n Z 5); (D) Mitochondrial complex IV activity determination (n Z 6); (E) Representative confocal microscopy images of

mitochondrial morphology stained by mitotracker. Scale bars, 8 mm; (FeJ) Mitochondrial morphology assessment including individuals, net-

works, mean network size, mean branch length, and footprint analyzed by MiNA. Cells were incubated with honokiol for 24 h in the experiments

(n Z 3). One-way ANOVA followed by post hoc LSD test was used for the comparisons among three or more groups (SPSS 16.0). Data are

presented as the mean � SEM. ###P < 0.001 versus pEGFP control group; *P < 0.05, ***P < 0.001 versus SOD1-G93A model group.
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3.7. Honokiol alleviated the ALS pathology via activating
NRF2/GSH pathway and improving mitochondrial function in
SOD1-G93A mice

Degeneration of MNs and glial cell reactivity in the central ner-
vous system are important neuropathological features of ALS. We
found the number of ChAT positive MNs of the spinal cord had an
increasing tendency (P Z 0.07) after honokiol administration
compared with SOD1-G93A vehicle group (Fig. 8E). Meanwhile,
the levels of GFAP and IBA1, the markers of astrocytes and
microglia activations were significantly raised in SOD1-G93A
transgenic mice. Fortunately, honokiol significantly decreased the
levels of both GFAP and IBA1 (Fig. 8FeH).

Muscle atrophy is one of the major pathological changes in the
gastrocnemius muscle of the SOD1-G93A mice. H&E staining
showed that the myocyte in the WT group had a uniform size
while the SOD1-G93A myocyte appeared groups of small and
atrophy myocytes which were called “group atrophy” as the ar-
rows shown. However, honokiol seemed to reverse the patholog-
ical abnormal (Fig. 8I).

To investigate the antioxidant capacity of honokiol in the
SOD1-G93A mice, the NRF2/GSH related genes were examined.
We did not find significant changes in the expressions of HO-1,
NQO1, GCLC and GSS in honokiol-treated group (Fig. 9A and
D). However, the expressions of GSR and GCLM were signifi-
cantly increased in the spinal cord after honokiol treatment
(Fig. 9A and D). Similar results were also observed in the
gastrocnemius muscle, that honokiol increased the protein ex-
pressions of GCLC and GSR (P < 0.05), and partially lifted the
expressions of GCLM (P Z 0.08) and NQO1 (P Z 0.09), while
had no effects on HO-1 level (Fig. 9G and J). The results suggest
that honokiol might regulate the NRF2/GSH pathway to exert
antioxidant capacity in the spinal cord and gastrocnemius muscle
of the SOD1-G93A mice.



Figure 7 Honokiol improved the mitochondrial biogenesis, mitochondrial fusionefission balance and mitophagy. (A) Western blot analysis and

quantification of PGC-1a, NRF1, and TFAM in total cell lysates (n Z 4e6); (B) Western blot analysis and quantification of OPA1, MFN2, and

FIS1 in total cell lysates (n Z 3e5); (C) Western blot analysis and quantification of PINK1 and p62 in mitochondrial lysates (n Z 3e4); (D)

Representative confocal microscopy images of COX IV and LAMP1 co-immunofluorescence staining and the quantification of yellow fusion dots

(nZ 3). Scale bars, 10 mm. Cells were incubated with honokiol for 24 h in the experiments. One-way ANOVA followed by post hoc LSD test was

used for the comparisons among three or more groups (SPSS 16.0). Data are presented as the mean � SEM. #P < 0.05, ##P < 0.01 versus pEGFP

control group; *P < 0.05, **P < 0.01, ***P < 0.001 versus SOD1-G93A model group.
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We further detected the protein expressions related to mito-
chondrial biogenesis, mitochondrial fusion and fission, and
mitophagy in the spinal cord. PGC-1a expression had a decreasing
tendency in SOD1-G93Amice (PZ 0.09) comparedwithWTmice.
No significant changes were observed in NRF1 and TFAM ex-
pressions between WT mice and SOD1-G93A mice. Honokiol
treatment significantly increased the protein expressions of PGC-
1a, NRF1 and TFAM (P < 0.05, Fig. 9B and E). About mitochon-
drial fusion and fission, the OPA1 expression was significantly
decreased while the MFN2 expression was decreased but the dif-
ference did not reach to statistical significance in SOD1-G93A
mice. No alterations were detected in FIS1 expression betweenWT
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mice and SOD1-G93A mice. Honokiol treatment elevated the
expression of OPA1 (P < 0.05, Fig. 9C and F). The results of
gastrocnemius muscle were basically same as that in spinal cord.
Honokiol significantly raised the expressions of NRF1 and TFAM
and had an increasing tendency for PGC-1a (PZ 0.09, Fig. 9H and
K). Meantime, we observed that long-form OPA1 (>100 kDa) was
the main form inWTmicewhile short-form OPA1 (<100 kDa) was
the main form in SOD1-G93A mice. Interestingly, honokiol
increased the long-form and short-form ratio of OPA1 (Fig. 9I and
L).Whether in spinal cord or gastrocnemius muscle, we did not find
any changes in the mitophagy-related protein-PINK1 among the
three groups (Supporting Information Fig. S9).

4. Discussion

ALS is a fatal neurodegenerative disease characterized by the loss of
the upper and lowerMNs in the brain and spinal cordwith no current
effective treatments, although riluzole and edaravone have been
approved in clinic. Honokiol is a pleiotropic compound isolated
from the plant of Magnolia grandiflora, and has been reported to
display neuroprotective effects on several CNS diseases, such as
ischemic stroke, Alzheimer’s disease and Parkinson’s disease, due
to its potent antioxidation, anti-excitotoxicity, mitochondrial pro-
tection and anti-neuroinflammation28,33,45e49. However, whether
honokiol has a beneficial function in ALS is unknown. As honokiol
can readily permeate the blood-cerebrospinal fluid, here we try to
reveal the efficacy of honokiol onALS50. The present work provides
important evidence that honokiol shows an obvious neuroprotection
in SOD1-G93A cellular model and transgenic mice. ALS-related
cell model by stably transfecting an EGFP-tagged G93A mutated
form of SOD1 plasmid into NSC-34 cell line (amouse neural hybrid
cell line produced by a fusion of motor neuron-enriched embryonic
mouse spinal cord cells with mouse neuroblastoma)51, has been
proved to suffer impaired proliferation and cell differentiation,
being more sensitive to oxidative stress, and having more frag-
mentation of Golgi apparatus compared with control cells which
mimic several pathologies in ALS cells. These results demonstrate
the reliability of NSC34-hSOD1-G93A cells to be used as a model
of ALSMNs52,53. Progressive loss of MNs is the main pathology in
ALS54, we identified that honokiol improved the survival rate and
alleviated the apoptosis in SOD1-G93A cells. Most importantly,
honokiol slowed the progression of motor system dysfunction and
prolonged the survival time in SOD1-G93A ALS transgenic mice.
Honokiol had no significant effects on theweight loss and therewere
similar findings that the survival of mice was extended without
improvement in body weight after treatment55,56. In this study, we
did not find the significant changes in the gripping test whichmainly
examined the strength of forelimbs, while the increased latency in
rotarod test and hanging wire test suggested that honokiol improved
motor function by enhancing the hindlimbs strength and alleviating
gastrocnemius pathology which developed earlier in the disease
progress and were often more serious. Furtherly, we verified that
honokiol partially reversed spinal MNs loss, but the difference was
not significant, possibly because of high variability and small
sample size. Interestingly, honokiol markedly alleviated the glia
cells activation which were the obvious pathological changes in the
spinal cord of ALS. As reported, honokiol might directly inhibit the
activations of astrocyte and microglia, and then reduced neuro-
inflammation in several models including Alzheimer’s disease an-
imal model and Experimental Autoimmune Encephalomyelitis
model57,58. Besides, honokiol was demonstrated to alleviate
oxidative stress and reactive astrocyte induction through decreasing
NADPH-oxidase and GFAP expressions in Parkinson’s disease
animal model46. The effects of honokiol on alleviating glial cells
activationmight be a comprehensive result of the anti-inflammation
capacity and anti-oxidant capacity. In addition, progressive degen-
eration of skeletal muscles is an early pathological feature of ALS
which likely occurs prior to MNs in ALS patients and in the SOD1-
G93A ALS mouse model6,59,60. Honokiol mitigated the group at-
rophy of the gastrocnemiusmuscle compared with the SOD1-G93A
model mice. Taken together, honokiol might play a therapeutic role
in ALS by ameliorating motor system decline and pathological
damage.

Increasing evidence highlights the importance of redox imbal-
ance in the pathogenesis of ALS. ALS patients have high levels of
oxidative stress markers61, and about 61% of the ALS patient
samples display gene expression signatures consistent with a robust
response to oxidative stress62. Mutant SOD1 disrupts the redox
homeostasis of ALS through the abnormal production of ROS,
reactive nitrogen and the formation of misfolded protein aggre-
gates63. Here, RNA sequencing analysis hinted that honokiol might
involve in regulating oxidative stress and mitochondrial function in
mutant SOD1-G93A MNs. Thus, we evaluated the oxidative stress
damage in the SOD1-G93A cells and found honokiol decreased the
lipid peroxidation damage, protein oxidation damage, and DNA
oxidation damage. It has been demonstrated that the T-AOC was
decreased in the ALS patient cerebrospinal fluid64 while honokiol
significantly increased the T-AOC in a dose dependent manner. In
addition, honokiol had considerable effects with edaravone on ox-
ygen radical absorbance and superoxide anion radical scavenging, a
lower effect on DPPH scavenging, but an obvious higher effect on
hydroxyl radical scavenging comparedwith edaravone in the invitro
evaluation of antioxidant capacity. By using a yeast oxidative stress
library in which the yeast was each transfected an oxidative stress
related genewith GFP tag, a series of antioxidant genes expressions
were downregulated after honokiol treatment compared with H2O2

model group, implying honokiol had a strong anti-oxidative po-
tential in ALS models.

There are two main systems to deal with oxidative stress
in vivo, enzymatic system such as SOD, CAT, glutathione
peroxidase, and thioredoxin peroxidase and non-enzymatic anti-
oxidant system such as GSH, thioredoxin (TRX), Vc, and others.
GSH and TRX are the two antioxidant systems depending on the
sulfhydryl group. GSH, the reduced form of glutathione, a well-
known antioxidant sulfhydryl (eSH) tripeptide, is cellular essen-
tial antioxidant substance to non-enzymatically react with ROS
and prevent oxidative damage65. It has been reported that GSH
was lower in the motor cortex of ALS patients as compared with
healthy volunteers66. A reduction in the GSH/GSSG ratio had also
been observed in the cerebrospinal fluid of ALS patients15,67. GSH
depletion promotes neurological deficits, mitochondrial dysfunc-
tion68, and MNs degeneration69 in SOD1-G93A mice. In the
study, honokiol exhibited a strong elevation in GSH/GSSG ratio in
SOD1-G93A cells. One of the most important regulators of the
antioxidant response in cells is NRF2-kelch-like ECH-associated
protein 1 signal. It is known that GSH production is mainly
regulated by NRF2 pathway70. When the cell is insulted by
oxidative stress, NRF2 dissociates from kelch-like ECH-associ-
ated protein 1, translocates into the nucleus and binds the AREs in
promoter regions, and then regulates the transcription of approx-
imately 250 genes to build a multifaceted network that integrates
cellular activities including detoxification reactions, the mainte-
nance of both redox and protein homeostasis, and energy meta-
bolism13. Notably, the impairment of NRF2 antioxidant pathway



Figure 8 Honokiol improved the motor function, extended the lifespan, and alleviated the pathology of the SOD1-G93A transgenic mice. (A)

The experimental process of in vivo studies; (B) The survival determination (n Z 6e8); (C) The rotarod latency determination (n Z 6e8); (D)

The hanging wire test latency determination (nZ 6e8); (E) Immunohistochemistry of ChAT positive MNs of the spinal cord (nZ 3). Scale bars,

200 mm; (F) Western blot analysis and quantification of GFAP and IBA1 in the spinal cord tissue lysates (n Z 4); (G) and (H) Representative
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has been linked to ALS71,72. HO-1 is regulated by NRF2 and
mainly catalyzes the catabolism of heme to ferrous iron, carbon
monoxide and biliverdin acting as an important antioxidant
enzyme. The degradation of heme is beneficial to prevent its pro-
oxidative effect73. Besides, biliverdin and bilirubin are potent
antioxidants which help to resist the oxidative stress. As a NRF2-
target gene, NQO1 exerted detoxification of quinones mainly by
reduction of quinones to hydroquinones which further decreased
the electrophilic quinones and avoided the semiquinone radical
and ROS generation74. Glutamate-cysteine ligase (GCL),
composed of catalytic (GCLC) and regulatory/modifier (GCLM)
subunits, is the rate-limiting enzyme for cellular GSH biosynthesis
and regulated by NRF275. GSS which also involves in the
biosynthesis of GSH, similarly, is a NRF2-related gene76e78. GSR
which reduces the oxidized GSSG to GSH accompanied with
NADPH oxidation that involves in the regeneration of GSH, is
also regulated by NRF276e79. According to the existing publica-
tions, honokiol exerted protective effects and alleviated oxidative
stress via upregulating GSH synthesis in several models including
the acute kidney injury ischemia model80, the renal ischemia and
reperfusion injury model81, liver damage model82, and N-methyl-
D-aspartic acid injury model83. Honokiol is expected to be a multi-
target compound and here we demonstrated a significant increase
of NRF2 nuclear translocation and upregulation of the NRF2-
target genes including HO-1, NQO1, GCLC, GCLM, GSS and
GSR after honokiol treatment in SOD1-G93A cells. As mentioned
in the RNA sequencing result, GSH metabolism pathway was
enriched in the honokiol treatment group and was verified in the
GSH content assay. Therefore, we speculated honokiol exerted
anti-oxidant function through affecting the complex NRF2eGSH
pathway and involved in multiple anti-oxidant processes. Besides,
the NRF2 inhibitor ML385 significantly blocked the improve-
ments of honokiol on the cell viability, showing the importance of
the NRF2eGSH pathway acted on the protection of honokiol. At
the meantime, honokiol promoted GSH synthesis and regeneration
through increasing GCLM, GCLC and GSR expression in the
MNs and gastrocnemius muscle of SOD1-G93A transgenic mice.
In the current study, we mainly explored the possible anti-
oxidative mechanism of honokiol depending on the RNA
sequencing results, and more researches related to other anti-
oxidant pathways such as TRX system would be performed in
further research. The existing results suggest that NRF2/GSH
signal pathway involves in the anti-oxidative damage function of
honokiol in ALS therapy.

Mitochondriaeoxidative stresseneurodegenerative disease
interaction is well evident in ALS as mentioned before10,84. The
mitochondrial morphology abnormalities and mitochondrial
function disruption is a common pathology appeared in ALS pa-
tients and ALS models. The impaired MMP, ATP production and
mitochondrial respiratory chain complex were reported in ALS
patients and ALS models85,86. The decrease of mitochondrial
biogenesis and mitophagy, and elevation of mitochondrial fission
level were observed in the peripheral blood mononuclear cells
images of GFAP and IBA1 immunofluorescence staining of the spinal cord

gastrocnemius muscle. Scale bars, 100 mm. KaplaneMeier analysis with lo

among the indicated groups (SPSS 16.0). Repeated measures ANOVA fol

latency and hanging wire test latency determination among the indicated g

ChAT positive MNs between SOD1-G93A mice and honokiol-treated mic

used for the comparisons among the indicated groups in the Western blot
##P < 0.01, ###P < 0.001 versus WT control group; *P < 0.05, **P < 0
from the ALS patients24. In this study, the mean network size and
the footprint of the mitochondrial morphology in SOD1-G93A
cells were significantly decreased in SOD1-G93A cells as previ-
ous reported87,88, while honokiol showed an increasing tendency
in the mean network size and evidently hoist the footprint of the
mitochondrial, indicating alleviation of mitochondrial fragmen-
tation. Meanwhile, honokiol treatment clearly enhanced the
mitochondrial function, such as MMP, ATP content and the ac-
tivity of mitochondrial respiratory chain complexes II and IV. To
further investigate which pathway takes part in honokiol-regulated
mitochondrial function, the key protein molecules of mitochon-
drial biogenesis (PGC-1a, NRF1, and TFAM), mitochondrial
fusion and fission (OPA1, MFN2, and FIS1), and mitophagy
pathway (PINK1 and p62) were ascertained. Similar to the known
reports, the SOD1-G93A cells suffered impaired mitochondrial
biogenesis, unbalanced mitochondrial fusion-fission with down-
regulated fusion proteins of OPA1 and MFN2 and upregulated
protein level of FIS1, and impaired mitophagy with decreased
mitochondrial-lysosome fusion. However, honokiol obviously
boosted the expressions of the mitochondrial biogenesis related
proteins PGC-1a, NRF1 and TFAM, and the mitochondrial fusion
related proteins-OPA1 and MFN2. Besides, honokiol recruited
more mitophagy related protein PINK1 to the mitochondrial and
decreased the mitochondrial p62 accumulation, meanwhile
increased mitochondrialelysosome fusion dots, indicating that
honokiol might improve the clearance of the damaged mito-
chondrial. The mitochondrial biogenesis inhibitor doxycycline and
mitochondrial fusion protein OPA1 inhibitor MYLS22 discounted
the effects of honokiol on the cell viability which showed the
involvement of the mitochondrial dynamics in the protection of
honokiol. Similar results were further confirmed in SOD1-G93A
transgenic mice. Honokiol increased mitochondrial biogenesis
through increasing the protein expression of PGC-1a, NRF1 and
TFAM in ALS mice. Here we observed some different changes of
OPA1 in ALS cells and tissues. Long OPA1 isoforms (L-OPA1)
carry out inner membrane fusion when MMP is intact. However,
L-OPA1 isoforms are cleaved to short (S-OPA1) isoforms upon
loss of MMP, collapsing the mitochondrial network and promoting
apoptosis89,90. In the SOD1-G93A cells and the spinal cord of the
SOD1-G93A mice, the L-OPA1 was decreased obviously in ALS
model group and honokiol clearly reversed the changes, while the
S-OPA1 was unchanged in each group. However, in the gastroc-
nemius muscle, honokiol treatment significantly increased the L-
OPA1 level. Meanwhile, the S-OPA1 significantly increased in
model group and honokiol treatment reversed this change. Taken
L-OPA1/S-OPA1 ratio as an index89, we found the ratio was
significantly decreased in the gastrocnemius muscle of the SOD1-
G93A mice while honokiol eliminated the reduction. No signifi-
cant alterations were found in PINK1 protein levels SOD1-G93A
mice, indicating mitophagy shows slight effect on honokiol-
regulated mitochondrial function.

There are a few limitations in our study which need more
research. First, the number of SOD1-G93A mice was not huge
. Scale bars, 100 mm; (I) Representative images of H&E staining of the

g rank statistic test was used for the comparisons of the survival curves

lowed by post hoc LSD test was used for the comparisons of rotarod

roups (SPSS 16.0). Student’s t-test was used for the comparison of the

e (SPSS 16.0). One-way ANOVA followed by post hoc LSD test was

quantification (SPSS 16.0). Data are presented as the mean � SEM.

.01, ***P < 0.001 versus SOD1-G93A model group.



Figure 9 Honokiol activated the NRF2eGSH pathway and improved mitochondrial function in the spinal cord and gastrocnemius muscle of

SOD1-G93A mice. (A) and (D) Western blot analysis and quantification of HO-1, NQO1, GCLC, GCLM, GSS and GSR in the spinal cord

(n Z 3e4); (B) and (E) Western blot analysis and quantification of PGC-1a, NRF1 and TFAM in the spinal cord (n Z 4); (C) and (F) Western

blot analysis and quantification of OPA1, MFN2 and FIS1 in the spinal cord (nZ 4); (G) and (J) Western blot analysis and quantification analysis

of HO-1, NQO1, GCLC, GCLM, GSS and GSR in the gastrocnemius muscle (n Z 4); (H) and (K) Western blot analysis and quantification of

PGC-1a, NRF1 and TFAM in the gastrocnemius muscle (n Z 4e6); (I) and (L) Western blot analysis and quantification of OPA1, MFN2 and

FIS1 in the gastrocnemius muscle (n Z 4). One-way ANOVA followed by post hoc LSD test was used for the comparisons among three or more

groups (SPSS 16.0). Data are presented as the mean � SEM (n Z 3e6, repeated independent experiments). #P < 0.05, ##P < 0.01 versus WT

control group; *P < 0.05, **P < 0.01 versus SOD1-G93A model group.
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enough. Second, more experiments should be carried out around
the oxidative stress and mitochondrial dysfunction in vivo. All in
all, this is the first study to demonstrate the therapeutic effects of
honokiol in the ALS through SOD1-G93A stably-expressing cells
and SOD1-G93A transgenic mice in vitro and in vivo. Currently,
honokiol has applied patent for ALS treatment in China
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(CN113057951A). The research provided a new strategy for ALS
treatment.

5. Conclusions

Our study first demonstrated that honokiol protected the MNs
from the toxicity of mutant SOD1-G93A in vitro and in vivo. In
addition, we found that honokiol inhibited oxidative stress damage
via NRF2/GSH signaling pathway and improved the mitochon-
drial dysfunction by increasing the mitochondrial biogenesis and
maintaining the mitochondrial fusionefission balance. Honokiol
appears to be promising as a multitarget drugs for ALS treatment.
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