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Background: Honokiol has been reported to possess anti-inflammatory and neuroprotective

activities. However, the poor aqueous solubility of honokiol limits its clinical application for

systemic administration.

Purpose: This study aims to develop a novel formulation of nanosome-encapsulated

honokiol (NHNK) for intravenous therapy against mouse experimental autoimmune ence-

phalomyelitis (EAE) that mimics human multiple sclerosis.

Methods: Nanosomes and NHNK were prepared by using an ultra-high pressure homo-

genization (UHPH) method. Mice were treated with NHNK or empty nanosomes during the

peak phase of EAE symptoms. Symptoms of EAE were monitored and samples of the spinal

cord were obtained for histopathological examinations.

Results: The stock of NHNK containing honokiol in the nanosome formulation, which

showed the structure of single phospholipid bilayer membranes, was well formulated with

the particle size of 48.0 ± 0.1 nm and the encapsulation efficiency 58.1 ± 4.2%. Intravenous

administration of NHNK ameliorated the severity of EAE accompanied by a significant

reduction of demyelination and inflammation in the spinal cord. Furthermore, NHNK

decreased the number of IL-6+, Iba-1+TNF +, Iba-1+IL-12 p40+, and CD3+IFN-γ+ cells

infiltrating the spinal cord.

Conclusion: The UHPH method simplified the preparation of NHNK with uniformly distrib-

uted nanosize and high encapsulation efficiency. Intravenous administration of NHNK amelio-

rated the severity of EAE by suppressing the infiltration of activated microglia and Th1 cells into

the spinal cord. Collectively, these results suggest that the formulation of NHNK is a prospective

therapeutic approach for inflammatory CNS diseases, such as multiple sclerosis.

Keywords: experimental autoimmune encephalomyelitis, honokiol, nanosome,

neuroinflammation, ultra-high pressure homogenization

Introduction
Multiple sclerosis is a debilitating disease of the central nervous system (CNS)

characterized by multifocal inflammation, demyelination, and neuronal damage. The

mouse model of experimental autoimmune encephalomyelitis (EAE), which mimics

clinical, immunological, and histopathological features of multiple sclerosis (MS), is

commonly used for the investigation of neuroprotective agents against multiple

sclerosis.1 Microglia and T lymphocytes are considered central to the pathophysiology

of MS and its mouse model EAE.2–4 As the major resident immune cells in the CNS,

microglia contribute to neuroinflammation by promoting the recruitment of
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inflammatory cells from the peripheral blood into the

inflamed site and by producing pro-inflammatory cytokines,

including IL-1β, IL-6, and TNF.5 In human CNS, the inter-

action of activated T cells and microglia in the presence of

CD40 engagement resulting in IL-12 production is required

for persistent and recurrent pro-inflammatory Th1 immune

responses.6–8 Notably, the secretion of IL-12 by microglia is

also regulated by both TNF and IFN-γ stimuli.7,9 So far, there

are some disease-modifying therapies for multiple sclerosis,

such as mitoxantrone, fingolimod, and siponimod. These

treatments are in an attempt to facilitate recovery from

attacks, retard the disease progression, and relieve

symptoms.10 However, the therapies have the considerable

risk of side effects.11 Therefore, emerging therapies are

urgent to be developed for the management of multiple

sclerosis.

Honokiol, a natural hydrophobic phytochemical

extracted from the Chinese herb Houpu, has been tradition-

ally used to treat many mental and neurological disorders.12

It has been well documented that honokiol exerts several

pharmacological activities, including anti-anxiety,13

anti-hyperalgesia,14 anti-inflammation,15 anti-oxidation,16

anti-senescence,17 and neuroprotection.18 In mouse models,

honokiol treatment could ameliorate the symptoms of aller-

gic asthma, postoperative ileus and arthritis by reducing the

production of inflammation-related factors, such as TNF,

IL-6, and IFN-γ.19–21 Intraperitoneal administration of hon-

okiol could attenuate motor dysfunction in hemi-

parkinsonian mice and neuronal degeneration in mice with

traumatic spinal cord injury.15,22 Additionally, mechanistic

investigation revealed that honokiol influenced the activation

of microglial cells by modulating the production of nitric

oxide (NO), pro-inflammatory and anti-inflammatory

cytokines.23 These results suggest that honokiol is

a promising phytochemical to be developed as a potential

anti-inflammatory and neuroprotective agent against inflam-

matory CNS diseases. However, the clinical application of

honokiol is hampered by its low aqueous solubility and poor

feasibility for intravenous administration.

Drug delivery system has received significant attention

due to the potential to improve the therapeutic efficiency of

drug candidates by increasing their aqueous solubility, bioa-

vailability, and stability.24 One of the common drug delivery

vehicles is liposomes, which is composed of several lipid

bilayers enclosing aqueous compartments and are able to

encapsulate both hydrophilic and hydrophobic agents.25

The size, surface charge and moieties, lipid constituents,

and cholesterol contents of liposomes can be manipulated

to produce liposomal drug formulations with various physi-

cochemical properties and thus dramatically improve the

bioavailability and toxicity of drug candidates.26 For exam-

ple, liposomes can cross the blood–brain barrier or transport

larger amounts of therapeutic agents to a specific site by

adding specific targeting moieties on their surface.27,28

However, multiple-layer liposomes without any modifica-

tions are strait to pass through narrow blood vessels.

Therefore, the materials entrapped in the inner layers of

liposomes are hardly accessible and releasable for practical

applications.29 Recently, lipid-based nanoparticles have been

rapidly developed for the delivery of drugs, proteins, and

genes.30 Nano-sized liposomes (nanosomes) could penetrate

into small blood vessels via intravenous injection, and the

encapsulated materials are easily transported and delivered to

target cells compared to multiple-layer liposomes.31

Nonetheless, nanosomes with a single-bilayer structure are

difficult to manufacture. Typically, subjecting large- and

multiple-layer liposomes to ultrasonic energy is required

for the manufacturing process of nanosomes. The process is

time-consuming, tedious, extremely delicate, and mostly

done in small batches.

Compared to other administration routes, one of the

major advantages of intravenous injection is that the entire

administered dose immediately reaches the systemic circula-

tion. Other advantages of intravenous injection include mini-

mal volume constraints, reducing injection site reaction,

precise control of the dose and administration rate, depend-

able and reproducible effects, and more rapid recovery.32,33

Moreover, multiple doses can also be administered through

an intravenous infusion, with a high degree of versatility and

control.34,35 However, low aqueous solubility is one of the

major restrictions for drugs to be administrated via intrave-

nous route. Herein, we developed nanosomes using a UHPH

method to simplify the manufacturing process and employed

nanosomes as delivery vehicles for the intravenous adminis-

tration of honokiol. The physicochemical properties of nano-

somes and NHNK were measured, and the therapeutic effect

of NHNK on EAE was investigated in mice. Furthermore,

the neuroprotective and anti-inflammatory effects of NHNK

were addressed by a mechanistic analysis of the activation of

microglia and T cells.

Materials and Methods
Chemicals and Reagents
All chemicals and reagents were purchased from Sigma

Chemical (St. Louis, Missouri, USA) unless otherwise
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stated. Honokiol was purchased from Selleck Chemical

(Houston, Texas, USA). Antibodies used for immunohisto-

chemical (IHC) were purchased from Abcam Inc.

(Cambridge, Massachusetts, USA), or Aviva Systems

Biology (San Diego, California, USA). Enzymes and

reagents used for IHC staining were purchased from

BioGenex (San Ramon, California, USA).

Preparation of Nanosome-Encapsulated

Honokiol (NHNK)
Nanosome-encapsulated honokiol (NHNK) was prepared

by an ultra-high pressure homogenization method.

Briefly, the lipid components (soybean phosphatidylcho-

line and cholesterol) were dissolved at the molar ratio of

10:1 in ethanol. Honokiol was then added in the lipid/

ethanol mixture at a concentration of 2 mg/mL. After

removing ethanol, the mixture containing honokiol was

subsequently homogenized with phosphate-buffered sal-

ine by using an Ultra-Turrax T25 (IKA, Staufen im

Breisgau, Germany) at 5000 rpm for 1 min. The obtained

pre-emulsion was then homogenized by an ultra-high

pressure homogenizer (Impact Mixer GIM-03A; Taipei,

Taiwan) applying four cycles at 20,000 psi. The prepara-

tion of empty nanosomes was the same as that of NHNK

without the addition of honokiol. The structure of nano-

somes was observed by field emission gun electron

microscopy (FEI-TECNAI G2 F20 S-TWIN; Hillsboro,

Oregon, USA) and the size of nanosomes and NHNK was

measured by dynamic light scattering (Malvern Zetasizer

Nano; Malvern, UK).

Determination of Encapsulation Efficiency

of NHNK
Encapsulation efficiency of NHNK was determined by

external standard methods using high-performance liquid

chromatography (HPLC; Agilent 1260 Fluorescence

Spectrophotometer; Santa Clara, California, USA). The

HPLC mobile phase was water (with 0.1% formic acid)

and acetonitrile (with 0.1% formic acid). The detected

absorption wavelength was set at 254 nm. The triplicate

injections (20 μL for each) were performed using the

autosampler Waters SunFire C18 column (4.6 ×

250 mm, 5 µm). A calibration plot of honokiol standard

solutions was built with a series of purified honokiol

concentrations of 0.005–0.1 ppm. Freshly prepared

NHNK samples were centrifuged to separate different

fractions of honokiol, following with the protocol

described in the previous study.36 Each fraction was re-

dissolved in methanol and analyzed using HPLC. The

amount of honokiol in each fraction was estimated

based on corresponding concentrations from the absorp-

tion response in the calibration curve, and the encapsula-

tion efficiency was estimated to be 58.1 ± 4.2%.

MOG-Induced EAE and NHNK Treatment
Female C57BL/6 mice (11–13 weeks) were purchased from

the National Laboratory Animal Center (Ilan, Taiwan) and

housed in a temperature (25 ± 2°C), humidity (60% ± 20%),

and light (12-hrs light/dark cycle)-controlled environment.

Mice were supplied with standard food and water ad libitum.

All animal experiments were approved by the Institutional

Animal Care and Use Committee at the National Taiwan

University (NTU107-EL-00005). All studied animals were

cared and handled in compliance with the Guideline for the

Care and Use of Laboratory Animals issued by the Council

of Agriculture Executive Yuan, Taiwan.

A commercially available EAE induction kit (Hooke

Laboratories Inc., Lawrence, Massachusetts, USA) was

used following the supplier’s instructions. Briefly, mice

were either left unimmunized (naïve, NA; n = 13) or

injected subcutaneously with 0.2 mL myelin oligodendro-

cyte glycoprotein peptide (MOG)35–55 in complete

Freund’s adjuvant containing 4 mg/mL heat-inactivated

Mycobacterium tuberculosis (H37RA) on day 0 (the day

of immunization). Then, the immunized mice were intraper-

itoneally injected with 200 ng of pertussis toxin at 3 hrs and

24 hrs post-immunization (Figure 1). The symptoms of

EAE were observed and the clinical scores were recorded

daily for 37 days as follows: 0, no disease signs; 0.5,

reduced tail tonus; 1, limp tail; 1.5, ataxia; 2, hindlimb

weakness; 2.5, at least one hind limb paralysis; 3, both

hind limbs paralysis; 3.5, forelimb weakness; 4, paralysis

until hip; 5, moribund or death. According to the effective

therapeutic dose range of honokiol reported in previous

studies, a dose of 20 mg/kg (equal to 0.18–0.25 mL of

NHNK depending on the weight of individual mouse) was

employed in the present study.15,37 As the encapsulation

rate of NHNK was 58.1%, the realistic dose of honokiol

carried by nanosomes was 11.6 mg/kg. The immunized

mice were randomly distributed into different treatment

groups on day 18 and intravenously injected with NHNK

(n = 19) or empty nanosomes (vehicle control, NSE; n = 19)

twice a week for 3 weeks. All mice were sacrificed on day

37, and the samples of spinal cords were harvested for

further experiments.
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Histological Examinations and Neuronal

Demyelination
Tissue sections of the spinal cords were stained with H

& E and luxol fast blue (LFB) to assess the infiltration of

inflammatory cells and neuronal demyelination, respec-

tively. The slides were visualized using an inverted micro-

scope (Olympus IX83, Tokyo, Japan). Pathological scores

were examined in H

& E-stained sections and evaluated in a blind manner

using the standard scoring from 0 to 3 as follows: 0, no

inflammation; 1, small number of inflammatory cells; 2,

numerous infiltrating cells; and 3, widespread infiltration.

The density of LFB-positive signals was measured using

ImageJ image processing and analysis program (Bethesda,

Maryland, USA). The percentage of demyelination was

calculated as follows:

Demyelination %ð Þ ¼ ½1�ðmyelinated area in the NSE

or NHNK groupð%Þ=myelinated area

in the NA groupð%ÞÞ� x 100%

Immunohistochemistry (IHC)
Tissue sections of the spinal cords were dewaxed, rehy-

drated, and then antigen-retrieved in Trilogy™ (Cell

Marque, AR, USA) at 121°C for 15 mins. The sections

were separately incubated with ice methanol containing

3% H2O2 and blocked with normal horse serum to

reduce endogenous peroxidase activity and nonspecific

Figure 1 Protocol of EAE induction and NHNK administration. Female C57BL/6 mice

were either left unimmunized (naïve, NA) or immunized with myelin oligodendrocyte

glycoprotein (MOG)35–55 emulsion to induce EAE. The EAE mice were intravenously

injected with 20mg/kgNHNKorNSE (vehicle control) from day 18–36 for a total of six

doses. Clinical symptoms of EAE were daily monitored. All mice were sacrificed on day

37, and the spinal cords were harvested for further experiments.

Table 1 Characterization of NHNK Formulation

NHNK Size 48.0 ± 0.1 nm

Polydispersity index 0.28

Encapsulation efficiency 58.1 ± 4.2%

Realistic dose 11.6 mg/kg

Figure 2 NHNK treatment ameliorated the disease severity of EAE. (A) Daily clinical scores of the NA (n = 13), NSE (n = 19), and NHNK (n = 19) groups are shown. Data

are expressed as the mean ± SE of 13–19 samples pooled from three independent experiments. (B) The distribution of mean clinical score and (C) cumulative clinical score

of individual mice in the NSE and NHNK groups from day 18–37 are shown. *p < 0.05 compared to the NSE group.
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reactions. The slides were incubated with anti-mouse

CD3, Iba-1 (GeneTex; Irvine, California, USA), IFN-γ,
IL-6, IL-12 p40, or TNF antibody at 4°C overnight,

treated with Super enhancer reagent for 1 hr, and then

treated with horseradish peroxidase (HRP)-conjugated

secondary antibody for 1 hr. For visualization, slides

were incubated with the HRP substrate 3,3ʹ-

diaminobenzidine for 3−7 mins followed by hematoxy-

lin counterstaining for 5 mins in the dark. The dark-

brown positive signals were counted manually.

To determine whether the cytokines were released by

activated microglia or T cells, a dual-color immunochem-

ical staining was performed. Tissue sections stained for

Iba-1 or CD3 were prepared as described above without

counterstaining. Subsequently, these slides were again

incubated with the secondary antibody, e.g. anti-TNF, anti-

IL-12 p40 or anti-IFN-γ antibody at 4°C overnight and

then treated with alkaline phosphatase (AP)-conjugated

secondary antibody for 1 hr. For visualization, the slides

were incubated with the AP substrate 5-bromo-4-chloro-

3-indolyphosphate/nitroblue tetrazolium (BCIP/NBT) for

30 mins. Cells showing both brown and dark red colors

were enumerated manually as double-positive cells.

Statistical Analysis
Data are expressed as mean ± standard error (SE) for each

experimental group. Statistical significance for the disease

course and the percentage of demyelinated areas were ana-

lyzed using the Mann–Whitney test. Cumulative and mean

clinical scores were analyzed using the Kruskal–Wallis test

with Dunn’s multiple comparison as post hoc tests. All others

were analyzed using one-way ANOVA and Student’s t-test.

p < 0.05 was defined as statistical significance.

Results and Discussion
Characterization of NHNK
The prepared nanosomes observed by field emission gun

high-resolution electron microscopy revealed a sphere

bilayer structure and homogeneously distributed around

50 nm (Supplementary Figure 1A), which was consis-

tent with the data of size distribution obtained from

dynamic light scattering analysis (Supplementary

Figure 1B). The mean diameter of nanosomes was

54.0 ± 0.7 nm, and the polydispersity index was 0.27.

The diameter of NHNK was 48.0 ± 0.1 nm, and the

polydispersity index was 0.28 (Table 1). The encapsula-

tion efficiency of NHNK was 58.1 ± 4.2%, indicating

that the realistic dose of honokiol carried by nanosome

was about 11.6 mg/kg (Table 1). These results demon-

strated that NHNK was well formulated with the proper-

ties of uniform size distribution and high encapsulation

efficiency.

Figure 3 NHNK treatment attenuated demyelination in the spinal cords of

EAE mice. (A) Representative tissue sections stained with LFB are shown.

Areas marked by the dashed line show normal myelinated regions. Red arrows

indicate demyelination. (B) The percentage of demyelination was quantified

using ImageJ software as described in the Materials and methods. The data are

expressed as the mean ± SE of 8−11 samples per group. *p < 0.05 as

compared to the NSE group. The results are a representative of three inde-

pendent experiments.
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Figure 4 NHNK treatment reduced the infiltration of inflammatory cells into the spinal cords of EAE mice. (A) Representative tissue sections stained with H & E are shown. The

lower panels are enlarged images of the area of dashed boxes. (B) Pathological scale of inflammation was assessed as described in the Materials and methods. The scores were

expressed as the mean ± SE of 8−11 samples per group. *p < 0.05 as compared to the NSE group. The results are a representative of three independent experiments.
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Intravenous Administration of NHNK

Ameliorated the Clinical Signs of EAE
We next addressed the therapeutic effect of NHNK on the

disease severity of EAE. Clinical signs of EAE were daily

monitored throughout the entire experimental period. Mice

immunized with MOG35-55 exhibited a typical course of EAE

and began to show clinical signs on day 12 post immuniza-

tion, whereas no clinical signs could be observed in the NA

group. The clinical scores of EAE mice progressively

increased and reached the peak phase on day 18. On the

same day, NHNK or empty nanosomes (NSE) was intrave-

nously administered to EAE mice via the tail vein. NHNK

treatment markedly decreased the scores of clinical signs

from day 22 to day 37 compared to the NSE group (Figure

2A). Concordantly, the mean and cumulative clinical scores

from the first day of intravenous therapy to the end of experi-

mental period also revealed the same trend (Figure 2B and C),

indicating a potential therapeutic effect of NHNK on EAE.

Demyelination is an important hallmark of EAE, which

is commonly detected in patients with long-standing multi-

ple sclerosis.38 The severity of demyelination in the spinal

cord of EAE mice was examined by LFB staining.

Compared to that of the NA group, signals of LFB at the

area of white matter were markedly lost in EAE mice

(Figure 3A), indicating that the induction of EAE indeed

resulted in marked demyelination. Notably, the percentage

of demyelinated areas in the NHNK group was signifi-

cantly decreased compared to that in the NSE group

(Figure 3A and B), revealing the protective effect of

NHNK against EAE-induced demyelination.

NHNK Attenuated EAE-Induced

Neuroinflammation
Neuroinflammation is the major pathogenesis causing neu-

ron damage and demyelination in EAE mice.1 Therefore,

we further examined the effects of NHNK on EAE-

induced inflammation in the spinal cord. An obvious infil-

tration of inflammatory cells was observed in the myelin

region of spinal cords harvested from EAE mice

(Figure 4A). Notably, NHNK treatment reduced the num-

ber of infiltrated cells and the level of vacuolization

(Figure 4A). Concordantly, the pathological score of the

NHNK group was lower than that of the NSE group

(Figure 4B), indicating the ameliorative effect of NHNK

on neuroinflammation and neuronal damage.

NHNK Attenuated the Infiltration of

Activated Microglial into the Spinal Cord

of EAE Mice
Microglial activation is the major pathogenic contribution in

the development of EAE through the release of pro-

inflammatory cytokines.39 Hence, we examined the activa-

tion of microglia in the spinal cord using IHC staining. As

shown in Table 2, a notable infiltration of IL-6+, TNF+, and

Iba-1+ cells was observed in the spinal cords harvested from

EAE mice, which was significantly reduced by the NHNK

treatment. As Iba-1 is an activation marker for microglia, we

next investigated whether the pro-inflammatory cytokines

were expressed by activated microglia using IHC double

staining. The infiltration of Iba-1+TNF+ cells was observed

in the spinal cords harvested from EAE mice (Figure 5A

and B), whereas NHNK treatment diminished the number of

Iba-1+TNF+ cells (Figure 5A and B). These results indicate

that NHNK treatment suppressed the infiltration of activated

microglial cells, which are capable of expressing pro-

inflammatory cytokines, into the CNS of EAE mice.

NHNK Alleviated the Infiltration of Th1

Cells into the Spinal Cord of EAE Mice
As the proliferation of Th1 cells aggravates autoimmune

reactions and neurological alterations associated with

EAE, we next explored the influence of NHNK on T cell

responses in EAE mice.40 First, the expression of IL-12

p40, which has been well known to promote the differen-

tiation of Th1 cells,41 was measured by IHC staining. As

shown in Figure 6 and Table 2, a remarkable infiltration of

Table 2 Immunohistochemical Staining of CD3, Iba-1 and

Inflammation-Related Cytokines in the Spinal Cord of EAE Mice

Number of Positive

Cells/Fielda

NA NSE NHNK

Cell Surface Markers

CD3 12±1 78±9 42±6*

Iba-1 50±5 269±24 196±12*

Inflammation-Related Cytokines

IFN-γ 13±2 67±5 34±7*

IL-6 36±3 137±11 117±8*

IL-12 p40 8±2 96±8 78±7*

TNF 20±4 175±9 139±6*

Note: aThe number of positive cells are expressed as mean ± SEM of 8−11 samples

per group. *p < 0.05 compared to the NSE group. The results are a representative

of three independent experiments.
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IL-12 p40+ and Iba-1+IL-12 p40+ cells was observed in the

spinal cords harvested from EAE mice which was

significantly reduced by the NHNK treatment (Figure 6

and Table 2), suggesting that NHNK may suppress the

Figure 5 NHNK treatment decreased the infiltration of Iba-1+TNF+ cells into the spinal cords of EAE mice. (A) Representative tissue sections double stained for Iba-1

(brown) and TNF (red) are shown. The lower panels are enlarged images of the area of dashed boxes. Arrows indicate Iba-1+TNF+ cells. (B) The number of double-positive

cells are expressed as the mean ± SE of 8−11 samples per group. *p < 0.05 as compared to the NSE group. The results are a representative of three independent

experiments.
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Figure 6 NHNK treatment limited the infiltration of Iba-1+IL-12 p40+ cells into the spinal cord of EAE mice. (A) Representative tissue sections double stained for Iba-1

(brown) and IL-12 p40 (red) are shown. The lower panels are enlarged images of the area of dashed boxes. Arrows indicate Iba-1+IL-12 p40+ cells. (B) The number of

double-positive cells are expressed as the mean ± SE of 8−11 samples per group. *p < 0.05 as compared to the NSE group. The results are a representative of three

independent experiments.
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infiltration of microglia with the activity to intensify Th1

immune responses. To test our hypothesis, the infiltration

of CD3+ T cells and CD3+IFN-γ+ functional Th1 cells into

the spinal cord was investigated. As shown in Figure 7 and

Table 2, the number of CD3+ and CD3+IFN-γ+ cells was

obviously increased in the spinal cords harvested from

EAE mice compared to that from the NA mice, whereas

NHNK treatment markedly decreased the number of CD3+

and CD3+IFN-γ+ cells (Figure 7 and Table 2). These

results showed that NHNK treatment could attenuate

Figure 7 NHNK treatment alleviated the infiltration of CD3+IFN-γ+ cells in the spinal cord of EAE mice. (A) Representative tissue sections double stained for CD3 (brown)

and IFN-γ (red) are shown. The lower panels are enlarged images of the area of dashed boxes. Arrows indicate CD3+IFN-γ+ cells. (B) The number of double-positive cells

are expressed as the mean ± SE of 8−11 samples per group. *p < 0.05 as compared to the NSE group. The results are a representative of three independent experiments.
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microglia-induced Th1 dominant neuroinflammation, pro-

viding a potential immunological mechanism for the ther-

apeutic effect of NHNK on EAE.

Due to the low aqueous solubility, limited information

pertaining to the anti-inflammatory effect of honokiol via

intravenous administration is available. To date, intraperitoneal

injection is the most common route to evaluate the effect of

honokiol in animalmodels. For example, Liu et al reported that

honokiol attenuated neuroinflammation in a ratmodel of spinal

cord injury. After the operation of spinal cord injury, rats

received intraperitoneal injection of honokiol (20 mg/kg)

showed a reduction of pro-inflammatory cytokine production,

microglial activation, and inflammatory cell infiltration in the

spinal cord.15 Recently, Chen et al also reported the therapeutic

effects of honokiol on motor impairment in hemiparkinsonian

mice. Intraperitoneal injection with honokiol (0.1–5 mg/kg/

day) for 7 days improved motor functions and reversed

neurodegeneration.22 In the present study, EAE mice intrave-

nously administered with NHNK (with a realistic dose of

honokiol as 11.6 mg/kg) showed milder clinical signs and

attenuation of neuroinflammation. These results demonstrated

that our nanonized formulation could exert the anti-

inflammatory effect of honokiol administered by a more clin-

ical relevant dosing regimen, the intravenous route, suggesting

NHNK is a promising formulation for intravenous therapy

against EAE. In the same EAE model, fingolimod and mitox-

antrone are commonly used as positive-control drugs to eval-

uate the efficacy of drug candidates. Daily treatment with

fingolimod (0.1 mg/kg) by gavage alleviated mean clinical

score and pathological score by about 20%.42 In the study of

Alves et al, intraperitoneal injection with mitoxantrone (1 mg/

kg/day) for 7 days decreased clinical score by 50–60% and

Scheme 1 Ultra-high pressure homogenization (UHPH) was employed to formulate nanosome-encapsulated honokiol (NHNK) to improve its feasibility for intravenous

therapy against mouse experimental autoimmune encephalomyelitis. Intravenous administration of NHNK, with the properties of uniformly distributed nanosize and high

encapsulation efficiency, ameliorated the severity of EAE accompanied by a significant reduction of demyelination and neuroinflammation. Mechanistic investigation revealed

that the unique physicochemical properties of NHNK allow it to target activated microglia and T cells in the spinal cord, offering insight into the design and development of

nanosome-based therapeutic agents for inflammatory CNS diseases.
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reduced the production of IFN-γ and IL-12 approximately by

25% and 60%, respectively.43 In the present study, intravenous

injection with NHNK (twice a week for 3 weeks) declined

mean clinical score by 20% and reduced the production of

IFN-γ and IL-12 by 50%and 20%, respectively.On the basis of

these results, we speculate that the efficacy of intravenous

NHNK therapy against EAE may be comparable to that of

fingolimod and mitoxantrone. Further studies are warranted to

more comprehensive compare the efficacy and dosimetry of

these different agents.

Conclusion
To the best of our knowledge, nanosomes were employed at

the first time for the encapsulation of honokiol,

a hydrophobic phytochemical with neuroprotective and anti-

inflammatory activities, to improve its feasibility for intrave-

nous administration. The structure of nanosomes is com-

posed of phosphatidylcholine and cholesterol, which is

similar to that of the human cellular membrane, allowing it

easily transported into cell and increasing its resistance to

serum.44,45 However, organic solvents are often employed in

traditional manufacturing processes of liposomes to solubi-

lize either the lipids or the drugs. The manufacturing process

of liposomes into nanosomes is time-consuming, tedious,

extremely delicate, and mostly done in small batches.

Accordingly, a gap between research and clinical application

still exists due to the concerned adverse effects from residual

solvents and the manufacturing practicality. As shown in

Scheme 1, a UHPH method was employed in this study to

simplify the manufacturing process of NHNK with the prop-

erties of uniformly distributed nanosize and high encapsula-

tion efficiency. Intravenous administration of NHNK

ameliorated the clinical and histopathological signs of EAE

by suppressing neuroinflammation and the subsequent

demyelination. Additionally, an inhibitory effect of NHNK

on the infiltration of activated microglia and Th1 cells into

the spinal cord was elucidated. Collectively, these results

demonstrated that NHNK could target the immunopathology

of EAE in the CNS via intravenous injection, offering insight

into the design and development of nanosome-based thera-

peutic agents for inflammatory CNS diseases.
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