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Purpose: Resveratrol is a natural polyphenol which may be useful for treating
neurodegenerative diseases such as multiple sclerosis (MS) because of its antioxidant
and anti-apoptotic properties. However, resveratrol’s low solubility in water and low
bioavailability limit its use. To date, current immunomodulatory treatments for MS aim
to reduce inflammation with limited effects on the neurodegenerative component of this
disease. The purpose of the current studies is to develop a novel nanoparticle
formulation of resveratrol to increase its solubility, and to assess its ability to prevent
optic nerve and spinal cord degeneration in an experimental autoimmune
encephalomyelitis (EAE) mouse model of MS.

Methods: Resveratrol nanoparticles (RNs) were made with TPGS and Solutol using a
thin rehydration technique. They were assessed for stability and encapsulation
efficiency over time. EAE mice received a daily oral administration of vehicle, RNs or
unconjugated resveratrol for one month. They were assessed daily for clinical signs of
paralysis and weekly for their visual acuity with optokinetic responses (OKR). After one
month, they were sacrificed. Their spinal cords and optic nerves were stained for
inflammation and demyelination. Retinal ganglion cells were immunostained,

Results: RNs were stable for three months. The administration of RNs did not have
any effect on clinical manifestation of EAE and did not preserve OKR scores. It did not
reduce inflammation and demyelination in the spinal cord and the optic nerve. However,
RNs were able to decrease RGC loss compared to the vehicle.

Conclusions: These promising results demonstrate that resveratrol can be formulated

into stable nanoparticles which are neuroprotective by reducing RGC loss. However,
these results did not show any reduction of inflammation or demyelination.

1. Introduction



Multiple sclerosis (MS) is an inflammatory and neurodegenerative disease affecting
the central nervous system (CNS). The most common presenting manifestation of the
disease is optic neuritis (1). To characterize the disease, well-established animal
models are used. One widely used model is the experimental autoimmune
encephalomyelitis (EAE) mouse model. Present treatments seek to reduce the
inflammatory component of this disease with disease-modifying drugs such as
interferons, glatiramer acetate, and teriflunomide, with limited effects on
neurodegeneration (1). Neurodegenerative processes in MS are very important as they
are responsible for disabilities including vision loss resulting in a big economic burden

for our society (2).

Resveratrol is a natural polyphenol found in red wine and dark chocolate with well-
documented antioxidant, anti-apoptotic and anti-inflammatory activity (3). The efficacy
of resveratrol in the treatment of neurodegenerative disease models including
glaucoma and Alzheimer’s disease has previously been reported (4)(5). In EAE, we
have previously shown that 100 mg/kg oral resveratrol is neuroprotective by reducing
retinal ganglion cell (RGC) loss (2). Despite the pre-clinical promise, translation of
resveratrol therapies to the clinic has been hindered by the poor water solubility and
bioavailability of this molecule (3), requiring very high doses to reach therapeutic
efficacy. This is problematic as high oral dosing of resveratrol can lead to sides effects

including acute kidney failure (6).

To overcome the limited solubility of resveratrol, multiple investigators have sought to
formulate this molecule into nanoparticles with varying degrees of success. A common

constraint of such formulations is the limited concentration of resveratrol achieved and



stability of the resulting formulation, both impeding widespread clinical uptake (7). To
address these limitations, the present study describes a novel resveratrol containing
nanoparticle formulation demonstrating an ideal small particle size, high solubility,
long-term stability, simple and readily scalable manufacture and exceptional
biocompatibility. The ability of this formulation to attenuate EAE spinal cord and optic

nerve disease is also assessed.

2. Material and Methods

2.1 Preparation of resveratrol nanoparticles
Resveratrol, D-a-tocopherol polyethylene glycol 1000 succinate (TPGS) and Kolliphor
HS15 (Solutol) (Figure 1A and BError! Reference source not found.) were obtained
at the highest purity from Sigma-Aldrich (Kent, UK). TPGS was used because of its
ability to solubilise hydrophobic molecules, enhance absorption and inhibit multi-drug
efflux pumps such as p-glycoprotein (8). Solutol was used because of its ability to
solubilise poorly soluble molecules for oral and parenteral drug delivery (9).
Resveratrol nanoparticles (RNs) were prepared using the thin rehydration technique
previously described (10). Briefly, resveratrol, TPGS and Solutol were dissolved in
ethanol at different concentrations (Sigma-Aldrich, Kent, UK) with heating at 37°C in a
water bath for 10 minutes followed by ultrasonication until clarity. Next, resveratrol,
TPGS and Solutol were aliquoted in a round bottom flask. Ethanol was removed by
rotary evaporation (50 mmHg, 2 hours at 65°C) with a Rotavapor R210 with a V850
Vacuum controller (Buchi, Flawil, Switzerland) while protected from light. After
evaporation for 2 hours, the thin film was rehydrated at 55°C using a buffer of 10 mM
HEPES, 50 mg/ml trehalose (HT) (both obtained from Sigma-Aldrich, Kent, UK) and
0.075% sodium metabisulfite (Sigma-Aldrich, Kent, UK). Unencapsulated resveratrol
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was removed with a 0.22 um filter (33 mm Millex filter, Merck Millipore, Massachusetts,
USA). RNs containing Solutol were stored at 4°C while protected from light. Each

formulation was made in triplicate.

2.2 Lyophilisation of resveratrol nanoparticles
Lyophilisation of RNs was achieved by aliquoting 500 pl of RNs in 1.75 ml screw neck
squat form glass vials (CamLab, Cambridge, UK) at 25°C before freezing at -60°C for
2 hours at 760 Torr. Next, primary drying was performed at -38°C and 200 mTorr for
24 hours followed by a secondary drying at 25°C and 200 mTorr for 2 hours.
Immediately upon completion of secondary drying, samples were capped and stored
at 25°C. For stability assessment, freeze-dried samples were rehydrated for 30
minutes in 500 pl of 0.22 um filtered distilled water with gentle mixing and stored at

4°C.

2.3 Resveratrol loading efficiency
RN loading efficiency was determined by spectroscopic techniques using a
spectrophotometer (Malvern, Massachusetts, USA). RNs were dissolved to 1:1500 in
dimethyl sulfoxide (DMSO) and their absorbance measured at 328 nm wavelength
normalised to empty nanoparticles (vehicle). 328 nm was determined as being the
peak absorption wavelength (Figure 1A). The concentration of resveratrol in each
formulation was determined using the molar extinction coefficient of resveratrol at 328
nm. It was calculated from the standard curve of resveratrol (Figure 1B) using the Beer-

Lambert law:



As the absorbance A of resveratrol is proportional to its concentration C and extinction
coefficient €, € can be determined if A and C are known. The absorbance of resveratrol
at 328 nm was used here. | is equal to 1 cm as it is the length of the cuvette used. €
was used in the following equation to determine the micellar drug concentration (MDC)
of resveratrol in the formulation:

MDC (mg/ml) = AIE - Mw - DF

where A was the absorbance of resveratrol at 328 nm, Mw the molecular weight of

resveratrol (228.25 g/mol) and DF the dilution factor in DMSO (usually 1500).

Finally, the encapsulation efficiency (EE) of each formulation was calculated using
the equation:

EE (%) = 100 - [R]s/[R]o

where [R]s is the concentration of resveratrol calculated spectroscopically (also called
MDC) after filtering it through a 0.22 um filter and [R]o, the concentration of resveratrol
added originally to the formulation. Each formulation was replicated three times to

assess its concentration and stability over time.

2.4  Dynamic light scattering
Particle size was measured using a Malvern Zetasizer (Massachusetts, USA) which
uses the dynamic light scattering (DLS) technique based on Brownian motions (11).
Measurement of particle diameter and polydispersity index (PDI) were carried out on
three formulations for each experimental condition and time point. RNs were diluted 1

in 10 in the appropriate buffer. The zetasizer is able to give particle diameter because



a laser beam scattered differently through the sample due to particles’ Brownian motion
which induces a variability in intensity measured by a detector. The rate of intensity
fluctuation is determined by the size of the particle. If the fluctuation rate is high, the
particles are small, otherwise they are large. Large particles diffuse slowly whereas

small particles diffuse rapidly.

2.5 Resveratrol release assays

Free resveratrol (dissolved in 95% ethanol), RNs made from TPGS and Solutol
containing 10 mg/ml resveratrol were loaded into a 1 ml 3.5-5.0 kDa Spectra-Por Float-
A-Lyzer dialysis cassette (Sigma-Aldrich, Kent, UK). Samples were dialysed against
200 ml of PBS (Sigma-Aldrich, Kent, UK) on a hot plate at 37°C and stirring at 50 rpm.
10% Tween-80 (Sigma-Aldrich, Kent, UK) was added to the PBS to act as a sink for
released drug cargo which has poor water solubility. At specified time points, 200 ul of
dialysed buffer were removed from the mixture and replaced with fresh buffer.
Resveratrol concentration was calculated using methods described in section 2.3.
Each experiment was carried out in triplicate. Data obtained were fit to a single-phase
association:

Y = Yo + (Plateau — Yo) - (1 — e¥¥)

where Yo = 0, Plateau is the maximum release and K is the rate of resveratrol
release (h'1). K was used to calculate the half-life (t12) of resveratrol release as:

tuz (h) =In(2)/K



2.6  Animal handling
All animal experiments were performed in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and with the ARRIVE
guidelines. Procedures were reviewed and approved by the Institutional Animal Care
and Use Committee at the University of Pennsylvania. 27 C57BL/6J 6-week-old female
mice (The Jackson Laboratory, Maine, USA) weighing approximately 20 g were used.
All animals were housed in an air-conditioned, 21°C environment with a 12 h light-dark

cycle where food and water were available ad libitum.

2.7 Experimental autoimmune encephalomyelitis mouse model and
clinical scoring
EAE was induced as previously described (2). Mice were anaesthetised with a solution
of 0.2 ml of 10 mg/ml ketamine (Sigma, Missouri, US) and 1 mg/ml xylazine (Sigma,
Missouri, US) administered intraperitoneally. They were immunised with 300 ug MOG
peptide 35-55 mixed with complete Freund’s adjuvant (CFA; Difco, Michigan, US)
containing 2.5 mg/ml mycobacterium tuberculosis (Difco, Michigan, US) injected
subcutaneously in two separate doses (150 pg each) in different areas on the back.
Control mice (non-EAE control; n=5) received an equivalent volume of PBS diluted in
CFA. Control and immunised mice received 200 ng pertussis toxin (List Biological,
California, US) by intraperitoneal injection on the immunisation day and 2 days post-

immunisation.

Mice were scored for the severity of the EAE with a clinical EAE score with a scale
from 0 to 5 as previously described (2) and shown in Table 1. The scoring was carried

out by a masked investigator unaware of the treatment group.



Disease manifestation Score
Normal state 0

Tail partially paralysed 0.5
Tail fully paralysed or waddling gait 1.0
Tail partially paralysed and waddling gait 1.5
Tail fully paralysis and waddling gait 2.0
One limb partially paralysed 2.5
One limb fully paralysed 3.0
One limb fully paralysed and the other one partially 3.5
Two limbs fully paralysed 4.0
Moribund state 4.5
Death 5.0

Table 1. Clinical EAE score.

2.8 Resveratrol treatments
Freeze-dried resveratrol formulation made with TPGS/Kolliphor HS15, freeze-dried
empty nanoparticles (TPGS/Kolliphor HS15 only as the vehicle) and unconjugated
resveratrol suspended in PBS (RSV) were used. Freeze-dried samples were
rehydrated in milli-Q® water 30 minutes before use. Mice were treated once a day for
30 days from day 1 post-immunisation by oral gavage with the vehicle equivalent to
16.9 mg/kg RNs (N=5 mice), 16.9 mg/kg RNs (N=6), 16.9 mg/kg RSV (N=5) or 100
mg/kg RSV (N=6).16.9 mg/kg RNs was used because it is the maximal amount of RNs
which could be solubilised in 100 ul PBS for oral gavage. Control groups received an
equivalent amount of unconjugated resveratrol and vehicle was used. 100 mg/kg RSV
was used because it is the minimum oral dose that was previously demonstrated to

attenuate EAE in our previous study (2).

2.9 Measurement of optokinetic response (OKR)
In order to assess the visual function, OptoMotry software and apparatus (Cerebral
Mechanics Inc., Medicine Hat, Alberta, Canada) were used to measure the OKR as
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previously described (12). Briefly, mice were put at the centre of a platform without
movement restriction in a closed chamber comprised of four screens and a camera
used to detect if they were tracking a 100% contrast grating with varying spatial
frequency. The grating started at a spatial frequency of 0.042 cycles/degree and
increased progressively. The highest spatial frequency at which mice were able to track

correlated with their visual acuity. All data are given in cycles/degree.

2.10 Optic nerve and spinal cord inflammation and demyelination grading
Mice were transcardially perfused with 1xPBS followed by 4% paraformaldehyde
(PFA). Optic nerves and spinal cords were isolated, embedded in paraffin and cut in 5
pum thick sections (longitudinally for optic nerves and transversely for spinal cords).
Next, they were stained for hematoxylin and eosin (H&E) to grade the inflammatory
cell infiltrate by a blinded investigator under light microscopy. Although H&E staining
is not specific for macrophages, studies have shown that gross cellularity stained with
H&E correlates with macrophage staining (13). Spinal cords were transected at
multiple levels into 5-6 sections/mouse, and all sections from one mouse were
embedded together in a single paraffin block to ensure that all levels of the spinal cord
were cut and included on each slide for staining and quantification. The grading for
optic nerves on the entire length of longitudinal section was performed using a 0-4
point scale previously described (14): 0= no infiltration, 1= mild cellular infiltration (focal
inflammation involving less than 25% of the entire length of the optic nerve), 2=
moderate infiltration (between 25% to 50% of the optic nerve involved), 3= severe
infiltration (50 to 75% involved) and 4= massive infiltration (>75% involved). For spinal
cords, the following 0-3 point scale was used as previously described (14) on the whole

slide containing transverse sections from all spinal cord levels: 0= no inflammation, 1=



mild inflammation (less than 5 small foci of white matter inflammatory cell infiltration),
2 = moderate inflammation (5-9 small foci of inflammation or 1-2 large areas of
inflammation) and 3= severe inflammation (more than 10 small foci or more than 2

large areas of inflammation).

To detect demyelination, longitudinal sections of optic nerves and transverse sections
of spinal cords were stained with Luxol Fast Blue (LFB; Sigma-Aldrich, Kent, UK) and
graded using a point scale previously described (14). For spinal cords, the grading was
as follow: 0= no demyelination, 1= rare foci of demyelination, 2= a few areas of
demyelination, and 3= large confluent areas of demyelination. For optic nerves, the
grading was as follow: 0= no demyelination, 1= scattered foci of demyelination, 2=

prominent foci of demyelination, and 3= large (confluent) areas of demyelination.

2.11 Quantification of retinal ganglion cell survival
Following perfusion, retinas were dissected, immunostained for Brn3a and quantified
as described previously (12). They were washed and permeabilised in PBS + 0.5%
Triton x-100 three times prior to freezing at -80°C for 15 min for antigen retrieval. Next,
retinas were washed in PBS + 0.5% Triton x-100 before incubation at 4°C overnight
with a rabbit anti-Brn3a antibody (SC-411 003, Synaptic Systems, Goéttingen, Germany)
diluted 1:2000 in blocking buffer (PBS, 2% BSA, 2% Triton x-100). The following
morning, retinas were washed four times in 1XPBS prior to a 2-hour incubation with the
donkey anti-rabbit secondary antibody (A21206, Alexa Fluor 488, Invitrogen, Paisley,
US) diluted to 1:500 in the blocking buffer. Finally, retinas were washed 4 times in

1xPBS and mounted vitreous side up on slides with vectashield (Vector Laboratories,
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California, US). RGCs were imaged using a fluorescence microscope at 20x
magnification in 12 standard fields: 1/6, 3/6 and 5/6 from the retinal radius in each

guadrant and counted by a masked investigator with ImageJ analysis software.

2.12 Statistical analysis
All data were analysed with the software GraphPad Prism 6 (La Jolla, California, USA)
and statistical tests (Student’s T-test, Kruskal-Wallis Test and ANOVA) were used as
appropriate. All results are presented as mean + the standard error of the mean (SEM).

Results are considered statistically significant if p<0.05.
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3. Results
3.1 Formulation of resveratrol

3.1.1 Determination of critical micelle concentration with spectroscopic
methods

In order to overcome resveratrol’s low solubility in water and instability in physiological
solutions, it was encapsulated in micelles. As discussed above (see 2.3), the
concentration of resveratrol encapsulated in these micelles was assessed by
spectrophotometry. First, to calculate resveratrol concentration, resveratrol’'s peak
absorbance and molar extinction coefficient were determined. 5 pug/ml resveratrol
diluted in DMSO had a peak absorbance at 328 nm (Figure 1C). Based on this
wavelength, the molar extinction coefficient (€) of 31,683 + 385.5 L.molt.cm™ was
calculated following Beer-Lambert’s law (Figure 1D). € represents the ability of a
chemical species to attenuate light at a given wavelength. Importantly, TPGS/HS15
Kolliphor nanocarriers had negligible absorbance in the absence of resveratrol at 328

nm.
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Figure 1. Spectroscopic determination of resveratrol concentration in nanoparticles. Molecular structure of (A)
D-a-tocopherol polyethylene glycol 1000 succinate (TPGS) and (B) Kolliphor HS15 (Solutol). (C) Peak absorbance of 5
pg/ml resveratrol diluted in DMSO is at 328 nm. (D) Determination of the molar extinction coefficient of resveratrol in
DMSO (31°683 + 385.5 L.mol-l.cm1). (E) Encapsulation efficiency of RNs containing 150 mg/ml Solutol and varying
concentrations of TPGS. (F) Encapsulation efficiency of RNs containing 25 mg/ml TPGS and varying concentrations of
Solutol. There is a significant EE difference between groups (one-way ANOVA with Tukey post-test, **p<0.01,
***%p<0.001, ****p<0.0001). All results are given as mean * SEM with N=3.

3.1.2 TPGS/Solutol HS15 nanocarriers enhance resveratrol solubility
Solutol HS15 is a polymer with no systemic toxicity and a non-ionic surfactant widely
used to solubilise poorly soluble molecules for oral and parenteral drug delivery for

over a decade (9). Attempts to formulate 14.22 mg/ml resveratrol using 150 mg/ml
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Solutol HS15 alone achieved an encapsulation efficiency of only 10.1% + 5.8% (Figure
1E). Addition of TPGS (from 10 to 50 mg/ml) to formulations containing 150 mg/ml
Solutol improved encapsulation efficiency, with 25 and 50 mg/ml TPGS resulting in an
EE of 70.1% % 1.7% and 64.9% + 1.0% respectively (Figure 1E). Further experiments
revealed that reducing Solutol concentration below 150 mg/ml caused a substantial
reduction in encapsulation efficiency (Figure 1F). As 150 mg/ml Solutol resulted in a
good EE, it was used for further stability studies. This concentration of Solutol was
chosen because of previously published data on Lutrol which showed that 100 mg/ml

was enough to encapsulate 5 mg/ml curcumin (8).

3.1.3 Resveratrol nanoparticles are stable
The stability of resveratrol nanoparticles containing 150 or 200 mg/ml Solutol and 25
or 50 mg/ml TPGS were assessed over a period of 3 months. A summary of which is
provided in Table 2. RNs comprising 50 mg/ml TPGS and 150 mg/ml Solutol were
found to exhibit good stability with no decrease in EE and a constant particle size and

PDI (Figure 2 A-C).
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Figure 2. 14.22 mg/ml RN containing (A-C) 50 mg/ml TPGS or (D-I) 25 mg/ml TPGS and (A-F) 150 mg/ml
Solutol or (G-I) 200 mg/ml Solutol stability over time. (A,D,G) The average EE standardized to baseline, (B,E,H)

particle size and (C,F,I) polydispersity index were recorded in triplicate when formulations were stored at 4°C.

Results are given as mean + SEM with N=3 samples at each time point.

Similarly, RNs comprised of 25 mg/ml TPGS and 150 mg/ml Solutol or 200 mg/ml

Solutol exhibited good stability with no decrease in EE and a constant particle size and

PDI over 3 months (Figure 2 D-I). As both formulations exhibited comparable stability

profiles, formulations containing minimal concentrations of TPGS and Solutol (25

mg/ml and 150 mg/ml respectively) were chosen for in vivo experiments to minimise

risk of excipient toxicity.
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3.1.4 Freeze-drying reduces encapsulation efficiency of RN formulations
Lyophilization of Resveratrol containing formulations was investigated as a method of
further improving formulation stability (Table 2, highlighted in orange). This formulation
was selected because of its highest EE and lowest concentrations of TPGS and
Solutol. On rehydration with Milli-Q® ultrapure water, freeze-drying was found to
result in a modest reduction of EE of 16.7% compared to not freeze-dried formulations
(p<0.01) (Figure 3A) but retained a stable particle size (16.2+0.6 nm vs 15.2+0.5 nm,
p>0.05) and PDI (<0.3) (Figure 3B and C) indicating the formulation remained
monodisperse on rehydration (Figure 3B and C, Table 3). Figure 3D and E shows the

formulation before and after freeze-drying.
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Figure 3. 14.22 mg/ml RN formulation with 25 mg/ml TPGS and 150 mg/ml Solutol before and after freeze-
drying (FD). (A) Encapsulation efficiency, (B) particle size, (C) polydispersity index (unpaired Student-T test,
**p<0.01). N=3 samples before and after FD. (D) Formulation before FD and (E) after.

Before freeze-drying After freeze-drying
Concentration (mg/ml) 10.8 (0.3) 8.44 (0.3)
EE (%) 76.0 (3.3) 59.3 (3.8)
Z-average (nm) 16.2 (0.6) 15.6 (0.5)
Polydispersity index 0.099 (0.05) 0.096 (0.007)

Table 3. Characteristics of 14.22 mg/ml RN formulation encapsulated with 25 mg/ml TPGS and 150 mg/ml
Solutol before and after freeze-drying (mean * SEM in triplicate).
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The stability of these freeze-dried formulations after rehydration were assessed over
3 months. EE remained over 80% for the duration of the follow-up period (Figure 4 A).
Overall, the particle size (15 nm) and PDI (<0.3) remained constant over 3 months
(Figure 4 B,C). By freeze-drying RN formulations, we expect the freeze-dried
formulation (before being rehydrated) to stay stable much longer than 3 months as all
water content is removed and is responsible for resveratrol oxidation and hydrolysis,

although this was not directly assessed in this study.
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Figure 4. (A-C) Stability after rehydration of freeze-dried 14.22 mg/ml RN formulation with 25 mg/ml TPGS
and 150 mg/ml Solutol. (A) The average EE standardized to baseline, (B) particle size and (C) polydispersity index
were recorded when formulations were stored at 4°C. N=3 samples at each time point. (D,E) In vitro release of
resveratrol. In vitro release of 14.22 mg/ml resveratrol from (D) 25 mg/ml TPGS and 150 mg/ml Solutol and (E)
95% ethanol in PBS at 37°C. N=3 samples assessed over time.

3.1.5 Sustained release of resveratrol nanoparticle formulations
Formulations of 14.22 mg/ml resveratrol encapsulated with 25 mg/ml TPGS and 150
mg/ml Solutol dramatically slowed the release of resveratrol compared to 14.22 mg/ml

resveratrol dissolved in 95% ethanol at 37°C (t12 = 76.86 h in TPGS/Solutol vs 3.4 h
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in ethanol respectively, Figure 4 D,E). Less than 4% of resveratrol was released from
formulated resveratrol after 6 hours whereas over 10% was released from free
resveratrol in 0.5 hour. These results suggest there is limited burst release from the
RN formulation, suggesting resveratrol is not merely associated with the nanoparticle
surface but contained within the hydrophobic interior. This suggests the formulation

may protect resveratrol from hydrolysis and has sustained release capability.

3.2 RNs prevent development of significant ascending paralysis and
promote a trend toward reducing clinical manifestations of EAE
EAE mice were immunised with MOG antigen and treated daily orally from day 1 post-
immunisation with vehicle, RNs or RSV for 30 days. Every day, EAE mice and sham-
immunised C57BL/6J mice (non-EAE control) were graded for any clinical
manifestation of ascending paralytic EAE disease. Oral administration of 16.9 mg/kg
RNs, which was chosen because it was the maximum concentration of RNs
achievable using oral gavage, showed a trend towards reduction in the EAE score
compared to mice sham treated with an equal volume of vehicle but was not significant
(1.4 £ 0.4 vs 3.0 + 0.4 EAE score at day 30, p>0.05, Figure 5). Interestingly, 16.9
mg/kg RSV (concentration chosen to be the same as RNs) and 100 mg/kg RSV group
(shown to be previously neuroprotective in EAE optic neuritis by Fonseca-Kelly et al.
(2)) did not show the same reduction of EAE score compared to the 16.9 mg/kg RNs
(2.6 £+0.4and 1.9+ 0.4 vs 1.4 + 0.4 EAE score at day 30, p>0.05). Notably, EAE mice
treated daily with either 16.9 mg/kg RNs or 100 mg/kg RSV developed only moderate
EAE disease that was not significantly different from control, non-EAE mice; whereas,
EAE mice treated with saline or with 16.9 mg/kg RSV developed significantly more

severe EAE ascending paralysis than control mice.

20



-e- non-EAE Control I i

=+ Vehicle 5, b
16.9 mg/kg RNs
o - 16.9 mg/kg RSV 41 \
2 =5 |N=5
E —— 100mg/kg RSV s 3 NeE
& g 2 - N= N=6
1.
1 0 T T T T
0 10 20 30 40 N N o A R
Time (days) ¢ & & E &
& S O
4 &) &) &
ooi‘ ,\%' ,\6 N
Groups

Figure 5. Clinical manifestation of ascending paralysis in EAE mice treated orally. (A) EAE score measured daily
showed a strong trend toward reduced disease in the 16.9 mg/kg RNs group compared to the vehicle treated group.
This trend was not significant over time as assessed by two-way repeated measures ANOVA with Tukey post-test,
p>0.05 and EAE scores were not significantly reduced by day 30 as shown in (B). Non-EAE control did not show any
clinical manifestation compared to EAE mice (Kruskal-Wallis test with Dunn post-test, *p<0.05, **p<0.01).

3.3 RNs do not reduce spinal cord inflammation and demyelination
After one month of treatment, mice were perfused, and optic nerves and spinal cords
were harvested then stained with H&E to assess inflammation and with LFB to assess
demyelination. Inflammation in the spinal cord was assessed on transverse sections
by masked investigators. Figure 6A-E illustrates representative areas of spinal cord
demonstrating presence or absence of inflammatory cell infiltrates. Vehicle-treated
EAE mice showed significant spinal cord inflammation as compared with the lack of
any inflammation in control mice (0.0 £ 0.0 vs 2.4 £ 0.4, *p<0.05, Figure 6F). EAE mice
which received 16.9 mg/kg RNs orally for three months only showed a trend towards
spinal cord inflammation reduction compared to vehicle treated EAE mice, but not a
significant difference (1.5 £ 0.5 vs 2.4 + 0.4, p>0.05) as shown in Figure 6F. Similarly,

the other groups treated with RSV did not show any significant reduction.
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Figure 6. Spinal cord inflammation and demyelination after oral treatment with vehicle, RNs or RSV. H&E
staining shows the cellularity and LFB the level of myelination in the spinal cord. Representative images of spinal
cord transverse section inflammation in (A) non-EAE control, and EAE mice treated with (B) vehicle, (C) 16.9 mg/kg
RNs, (D)16.9 mg/kg RSV and (E) 100 mg/kg RSV. (F) Spinal cord inflammation score was not significantly reduced
with RN or RSV treatment compared to the equivalent vehicle (Kruskal-Wallis with Dunn post-test, p>0.05) but the
vehicle had a significantly higher inflammation score than non-EAE control group (Kruskal-Wallis with Dunn post-
test, *p<0.05). Representative images of spinal cord transverse section demyelination in (G) non-EAE control, and
EAE mice treated with (H) vehicle, (I) 16.9 mg/kg RNs, (J)16.9 mg/kg RSV and (K) 100 mg/kg RSV. (L) Spinal cord
demyelination score was not significantly reduced with RN or RSV treatment compared to the equivalent vehicle
(Kruskal-Wallis with Dunn post-test, p>0.05). Images are magnified 20x.
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Spinal cord demyelination was characterised by the loss of myelin stained with LFB
on transverse sections of the spinal cord. Figure 6G-K illustrates representative areas
of spinal cord demonstrating normal or reduced myelination. Oral administration of
16.9 mg/kg RNs resulted in a small trend towards demyelination reduction compared
to vehicle, but this was not significant (1.3 = 1.1 vs 1.8 £ 0.4, p>0.05) as shown in

Figure 6L. RSV groups did not show any effect.

3.4 RNsreduce RGC loss
After 30 days of treatment, retinas were dissected, immunostained with a Brn3a
antibody, and Brn3a+ RGCs were counted. Oral administration of 16.9 mg/kg RNs
resulted in a higher RGC count than vehicle (347 £ 12 vs 202 * 11 cells/standardised
field, p<0.0001) as shown in Figure 7F. Importantly, 100 mg/kg RSV also achieved a
higher RGC count than vehicle, similar to 16.9 mg/kg RNs (353 + 10 vs 202 + 11
cells/standardised field, p<0.0001). However, 16.9 mg/kg RSV did not show any
higher RGC count compared to the vehicle (172 + 12 vs 202 £ 11 cells/standardised
field, p>0.05). Results suggest that RNs are neuroprotective and increase the
bioavailability of resveratrol as approximately five times less concentration of RNs is

needed than RSV to produce the same effect.
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Figure 7. RGC loss after oral treatment with vehicle, RNs or RSV. Representative images of RGCs in (A) non-EAE
control, and EAE mice treated with (B) vehicle, (C) 16.9 mg/kg RNs, (D)16.9 mg/kg RSV and (E) 100 mg/kg RSV. (F)
RGC count was significantly increased with 16.9 mg/kg RNs and 100 mg/kg RSV treatment compared to vehicle (one-
way ANOVA with Tukey post-test). Non-EAE control mice had a higher RGC count than 16.9 mg/kg vehicle and 16.9
mg/kg RSV (one-way ANOVA with Tukey post-test). Images are original magnification x20. *p<0.05, **p<0.01,
***p<0.001.

3.5 RNs do not reduce optic nerve inflammation and demyelination
Figure 8A-E shows representative H&E stained optic nerve sections used for
inflammation assessment. Oral 16.9 mg/kg RNs showed a trend towards reduction of
optic nerve inflammation compared to vehicle, but this was not significant (0.9 + 0.2
vs 1.3 = 0.3 inflammation score, p>0.05, Figure 8F). 16.9 mg/kg RSV also did not
reduce inflammation. Non-EAE control mice did not show any inflammation, compared

to significant inflammation present in EAE mice (p<0.05).
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Figure 8. Optic nerve inflammation and demyelination after oral treatment with vehicle, RNs or RSV. H&E
staining shows the cellularity and LFB the level of myelination in the optic nerve. Representative images of optic
nerve longitudinal section inflammation in (A) non-EAE control, and EAE mice treated with (B) vehicle, (C) 16.9
mg/kg RNs, (D)16.9 mg/kg RSV and (E) 100 mg/kg RSV. (F) Optic nerve inflammation score was not significantly
reduced with RN or RSV treatment. compared to the equivalent vehicle (Kruskal-Wallis with Dunn post-test, p>0.05).
Non-EAE control did not show any optic nerve inflammation compared to significant inflammation in EAE mice
(Kruskal-Wallis with Dunn post-test, *p<0.05, **p<0.01, ***p<0.001). Representative images of optic nerve
longitudinal section demyelination in (G) non-EAE control, and EAE mice treated with (H) vehicle, (I) 16.9 mg/kg
RNs, (J)16.9 mg/kg RSV and (K) 100 mg/kg RSV. (L) Optic nerve demyelination score was not significantly reduced
with RN or RSV treatment compared to the equivalent vehicle (Kruskal-Wallis with Dunn post-test, p>0.05). 16.9
mg/kg RSV group had a significantly higher demyelination score than non-EAE control group (Kruskal-Wallis with
Dunn post-test, *p<0.05). Images are original magnification x20.
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Figure 8G-K shows representative LFB stained optic nerve sections used for
demyelination assessment. Oral administration of 16.9 mg/kg RNs showed an
important trend towards demyelination reduction without significance compared to
vehicle (0.6 £ 0.3 vs 1.1 £ 0.3 demyelination score, p>0.05) while 16.9 mg/kg and 100
mg/kg RSV did not show any reduction compared to the vehicle (1.5 + 0.3 and 1.2 +

0.3 vs 1.1 + 0.3 demyelination score, p>0.05) as shown in Figure 8L.

3.6 RNs show trend toward protection from visual decline
Visual function of EAE mice and non-EAE control mice was estimated by OKR before
immunisation and once a week post-immunisation until sacrifice. EAE mice showed a
progressive visual decline compared to the non-EAE control (Figure 9A). EAE mice
treated with a daily oral administration of 16.9 mg/kg RNs had a slower decline than
vehicle and other EAE treated mice. Thus, visual acuity (OKR) score was higher after
treatment with 16.9 mg/kg RNs compared to vehicle, but the difference was not

significant at day 28 (0.20 £ 0.04 vs 0.12 + 0.04 OKR scores, p>0.05, Figure 9B).
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Figure 9. Visual function measured by OKR in non-EAE and EAE mice treated orally. (A) Visual function was
reduced in EAE mice compared to non-EAE mice (two-way ANOVA of repeated measures with Tukey post-test,
**p<0.01, ****p<0.0001), with a trend toward improved vision in EAE mice with 16.9 mg/kg RN as compared with
EAE mice treated with vehicle, but this difference was not significant. (B) At day 28, OKR scores also showed a trend
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toward being higher in 16.9 mg/kg RNs compared to vehicle treated EAE mice, but not significantly (one-way ANOVA

with Tukey post-test, p>0.05). Non-EAE control mice had a higher OKR score than EAE mice treated with the vehicle,

16.9 mg/kg RSV or 100 mg/kg RSV (Kruskal-Wallis with Dunn post-test, **p<0.01) but was not significantly different
than EAE mice treated with 16.9 mg/kg RNs.

4. Discussion

The formulation of natural polyphenols with a good bioavailability and a simple
manufacturing process is presently an unmet need. We provide results showing that
14.22 mg/ml resveratrol can be encapsulated in Solutol/TPGS with an EE over 70%
and a stability over 3 months. Resveratrol encapsulated in Solutol/TPGS was also
freeze-dried and stable with only a slightly reduced EE after rehydration. TPGS was
chosen because of its ability to solubilise poor-water soluble molecules, inhibit P-
glycoprotein and to increase drug bioavailability (15).

Spectroscopic techniques were used to determine the concentration of resveratrol in
micellar formulations. Davis et al. have previously shown that there is a correlation
between spectroscopic assessment and HPLC measures using curcumin
encapsulated in Lutrol and TPGS (8). Overall, results demonstrate this resveratrol
formulation achieves higher stability and/or concentrations than previously reported

formulations (7).

Several groups have demonstrated that resveratrol can be formulated using natural
and synthetic polymers, liposomes, micelles, SLN and silica nanoparticles (7). In one
study, resveratrol loaded PLGA had a patrticle size of 202.8 + 2.64 nm and an EE of
89.32 + 3.51% with a concentration below 100 pg/ml (16). However, this study did not
show any stability assessment. Wan et al. have also reported the formulation of
resveratrol loaded PLGA nanoparticles at a concentration of 9 mg/ml and a stability of

2 months with an EE of 97.25%, a particle size of 176.1 nm and a PDI of 0.152 using
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an emulsified solvent evaporation method (17). While these studies show promising
results for the use of resveratrol as an oral treatment, the particle size obtained is
much larger compared to our RNs (20 nm), limiting their utility for systemic
administration. Studies have shown an inverted correlation between particle size and
oral bioavailability. For example, retinoic acid formulations have demonstrated a 3-fold
increase in oral bioavailability when the particle size decreased from 328.8 nm to 89.3
nm (18). Furthermore, the vast majority of these studies did not report the final
concentration of resveratrol and did not show a long-lasting stability of resveratrol
formulations (at least 3 months) as reported in this study. Our formulation stability
correlates with Pandita et al. who also reported a stability of 3 months for their
resveratrol SLN formulation when stored at 4°C (19), but their formulation is more

complex to scale up and requires less biologically compatible solvents.

Resveratrol release from nanoparticles was highly reduced compared to resveratrol
dissolved in 95% ethanol. The half-life ti2 of RNs was 76.86 h whereas it was 3.4 h
for 14.22 mg/ml resveratrol dissolved in 95% ethanol demonstrating the sustained
release capabilities of Solutol. Resveratrol formulation did not demonstrate an initial
burst of resveratrol as less than 4% of drug was released after 6 hours, supporting the
idea that resveratrol was not on the surface of the micelle but incorporated in the
hydrophobic core as suggested by a previous study with resveratrol nanoparticles (20).
In that study, X-ray diffraction on resveratrol nanoparticles showed the amorphous
structure of resveratrol and its entrapment into the nanoparticles (20). In another study,
PLGA only resveratrol nanoparticles had a release of 29% after 8 hours at pH 7.4 and
12.5% at pH 1.2 (17). This study did not assess the release in acidic condition which

could be a mechanism to protect resveratrol from stomach acidity and increase its
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absorption. The slow release of resveratrol from nanoparticles appears to be an
important feature which might protect resveratrol from early metabolization and

excretion, thus increasing its stability.

RNs given orally are able to prevent loss of RGCs, independent of any effect on
reduction of inflammation in the optic nerve. Effects are similar to those reported
previously using much higher doses of oral resveratrol formulations without use of
nanoparticles (5). For example, chronic EAE mice treated with oral SRT501, a
formulation of resveratrol, demonstrated a reduction of RGC loss compared to the
control (2); however, 250 mg/kg of resveratrol given orally was able to delay the onset
of neurological disabilities but not 100 mg/kg (2). These studies did not show a
reduction of the inflammation in the spinal cord or the optic nerve, which is in
agreement with our current results. Indeed, current results show oral administration of
free resveratrol (100 mg/kg) requires five times higher concentrations compared to
RNs (16.9 mg/kg) to induce neuroprotective effects, demonstrating a potential
advantage of using this nanoparticle formulation instead of free resveratrol to treat
disease. This suggests that our nanoparticles are able to increase the bioavailability
of resveratrol. Indeed, the bioavailability of resveratrol following its encapsulation into
different types of nanoparticles has been reported previously. For instance,
Vijayakumar et al. reported that the intravenous administration in rats of SLN coated
with TPGS containing resveratrol resulted in an 11 times higher area under the curve
(AUC) and 9 times higher half-life than unconjugated resveratrol (21). Similarly,
studies have shown an increase in resveratrol bioavailability and concentrations
reaching the brain following the use of nanoparticles made of PLGA-TPGS (22) or

galactosylated PLGA (23)
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All of these studies suggest that resveratrol nanoformulations share an ability to
increase resveratrol half-life and bioavailability. Although pharmacokinetic studies
were not a focus of the current report, we demonstrated that RNs used in this research
have properties consistent with increased bioavailability. RNs have a micellar structure
protecting them from enzymatic degradation, increasing their absorption and slowing

their release over time. They are also made of TPGS, a p-glycoprotein inhibitor.

Overall, findings suggest that resveratrol is able to reduce neuronal loss up to 30 days
after immunisation whereas inflammation is not reduced. That might give room for
immunomodulatory treatments to be used to treat inflammatory features of
demyelinating disease in combination with RNs to prevent loss of neuronal cells. While
not the focus of the current study aimed at improving bioavailability of resveratrol,
previous reports have provided insight into how resveratrol may exert its effect without
modulating inflammation. Studies have shown that SIRT1 activators like resveratrol
promote mitochondrial function and reduce oxidative stress, leading to a reduction of
neuronal loss in a viral-induced model of optic neuritis (24). Similarly, other studies
have shown the increase of mitochondrial reactive oxygen species (25) and hydrogen
peroxide (26) in EAE optic nerves 3 days after immunisation, before inflammation was
detected, suggesting these are key features that may be targeted to reduce direct
damage to neurons. Resveratrol likely exerts its neuroprotective effects through
activation of the SIRT1 deacetylase, as studies have shown that inhibitors of SIRT1
led to an inhibition of resveratrol neuroprotective action in EAE (27). Interestingly,
previous studies suggest resveratrol can reduce inflammation in some neurologic

injury models by inhibiting NF-kB signalling pathway (28) or directly inhibiting the
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secretion of proinflammatory cytokines including interleukine (IL)-6, IL-8, and Tumor
necrosis factor (TNF)-a (29). Similarly, resveratrol promoted remyelination in a
cuprizole model of MS (30), albeit when given at a higher dose of 250 mg/kg. However,
several studies in the EAE model consistently found that resveratrol, and other
treatments that upregulate SIRT1, selectively prevent neuronal loss without
significantly reducing inflammation (2,27,31-33), suggesting that inflammatory
responses in EAE may be less susceptible to resveratrol. The ability of resveratrol,
and RNs in the current study, to prevent RGC loss independent of ongoing
inflammation may provide a key clinical adjunct to current corticosteroid and
immunomodulatory therapies that speed recovery times in acute optic neuritis but fail
to prevent RGC loss and its associated permanent visual dysfunction. Results
suggest RNs warrant further evaluation as potential combination therapy with

corticosteroids for treatment of optic neuritis.

5. Conclusions

This study has shown that resveratrol can be formulated into a stable formulation
which increases its bioavailability with improved size and stability compared with prior
reported resveratrol nanoparticle formulations. Importantly, these improved RNs
demonstrate potential clinical utility by promoting neuroprotective effects on RGC
survival in an EAE model of demyelinating disease. Results support the use of
nanoparticle formulation of resveratrol in other disease models involving

neurodegeneration. Further studies are needed to confirm these results.
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