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Backgrond: Muscular dystrophies consist of a number of juvenile and adult forms of complex
disorders which generally cause weakness or efficiency defects affecting skeletal muscles or,
in some kinds, other types of tissues in all parts of the body are vastly affected. In previous
studies, it was observed that along with muscular dystrophy, immune inflammation was caused
by inflammatory cells invasion — like T lymphocyte markers (CD8+/CD4+). Inflammatory
processes play a major part in muscular fibrosis in muscular dystrophy patients. Additionally,
a significant decrease in amounts of two myogenic recovery factors (myogenic differentation
1 [MyoD] and myogenin) in animal models was observed. The drug glatiramer acetate causes
anti-inflammatory cytokines to increase and T helper (Th) cells to induce, in an as yet unknown
mechanism. MyoD recovery activity in muscular cells justifies using it alongside this drug.
Methods: In this study, a nanolipodendrosome carrier as a drug delivery system was designed.
The purpose of the system was to maximize the delivery and efficiency of the two drug factors,
MyoD and myogenin, and introduce them as novel therapeutic agents in muscular dystrophy
phenotypic mice. The generation of new muscular cells was analyzed in SW1 mice. Then,
immune system changes and probable side effects after injecting the nanodrug formulations
were investigated.

Results: The loaded lipodendrimer nanocarrier with the candidate drug, in comparison with
the nandrolone control drug, caused a significant increase in muscular mass, a reduction in
CD4+/CD8+ inflammation markers, and no significant toxicity was observed. The results support
the hypothesis that the nanolipodendrimer containing the two candidate drugs will probably be
an efficient means to ameliorate muscular degeneration, and warrants further investigation.
Keywords: muscular dystrophy, glatiramer acetate, MyoD factor, drug delivery

Introduction
Neuromuscular diseases are a group of heterogencous hereditary diseases in which
motor units are impaired.' These diseases can be categorized into four groups; one
of them is called myopathy. Myopathies are muscular diseases causing pain and
reducing muscular efficiency.>!'' Muscular dystrophy (MD) as a myopathy relates to
progressive (gradual) muscular weakness, degeneration and generation of muscular
fibers, and probable substitution of muscular fibers for connective and adipose tissues,
without nervous system interference.'® !4

Significant decrease in muscle proteins and cells, and muscular tissues death are
clear characteristics of this disease. Most clinical symptoms occur in skeletal muscles.
Heart and diaphragm muscles are also often involved, as most patients die from heart
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and respiratory failure.’® Generally, the pathology of skeletal
muscles in MD patients shows the substitution of fibrosis and
adipose tissues in muscle. Histopathology analysis shows
the changes in dystrophic muscles including muscle fiber
necrosis, fibrosis, and regeneration.>*

Beside MD, inflammatory cell invasion including mac-
rophages, T-cells, CD4+, CD8+, and sometimes eosinophils
are also observed. Inflammatory processes play an important
role in increasing muscular damage and muscle fibrosis in
MD. Inflammation, along with muscular degeneration, causes
intensification of the muscle pathobiology state by destroying
the remaining tissue and preparing it to rebuild.!>!>?” For
instance, in an mdx mice model of Duchenne MD (DMD),
T-cells had a major part in skeletal muscle fibrogenesis and
death.'”2! Additionally, two fibrosis markers — fibronectin
and vimentin — had a significant increase in comparison
with normal models among patients suffering from DMD
compared with healthy humans. On the contrary, recovery
factors of MyoD and Myogenin reduced in value.'”?’

Myogenic differentiation 1 (MyoD) is a key protein
regulating muscular differentiation. MyoD expression is
necessary as one of the primary myogenic regulatory factors
in transforming satellite cells into myoblasts.

Nowadays, one of the main treatments for MD is using
glucocorticoid drugs, oligonucleotide mediated exon splic-
ing, and viral mediated (eg, adeno-associated virus) gene
therapy/augmentation approaches. So far, the mechanism
of the drug effect, the age of the patient to be treated, and its
optimal period have not been determined. 242734

Glatiramer acetate (GA), a synthetic drug with an
average molecular mass of 6.4 KD and available on the
market as Copaxone® (Teva Pharmaceuticals, Petah Tikva,
Israel), is used to treat multiple sclerosis (MS). This drug
is a peptide combined with four amino acids (L-Alanin,
L-Lysine, L-Glutamic acid, and L-Tyrosine) which reduces
the progression of MS and the disability caused by it and its
recurrence.’

GA was first designed for simulating myelin-based
protein, but then it was realized it would be effective in
modifying the immune system by activating and inducing
peripheral T-cell suppressors. The mechanism of GA’s effect
is not yet known, but it seems it suppresses proinflammatory
cytokines’ expression, increases anti-inflammatory cytok-
ines, and induces T helper (Th)2 cells by changing immune
systems from Th1 to Th2.

Based on nanomedical science and drug delivery, the use of
certain nanoparticle carriers — like liposomes and dendrimers
— in co-delivering a novel drug regimen can be effective in

causing improved delivery and increased drug effectiveness.
These drugs are able to target the damaged microenvironment
in tissue, depending on transfer and the required dose, and
prevent side effects and not cause allergies.! 834333741

Among the carriers used in drug delivery, micelles, lipo-
somes, nanoparticles, dendrosomes, liquid crystals, hydogels,
cubosomes, and hexosomes are commonly used. Two sub-
categories of nanostructures, playing important roles in drug
delivery science, are liposomes and dendrimers. Liposomes
are a group of nano lipids formed like a hollow lipid nano-
sphere, while dendrimers are thin, branched, and symmetri-
cal macromolecules that consist of a central core, tree-like
branched units, and some functional groups.>!'3224!

Because of the similarity between a two-layer liposomal
membrane and cellular two-layer membrane, liposomes are
commonly used as artificial tissue.'®** Liposomes in drug
delivery have some special characteristics. For instance,
liposomes can target a drug to a specific position in the body,
which increases treatment efficiency (direction). In addition,
liposomes can act as a store which releases the drug gradually.
This maintains the concentration of the drug as long as
possible and also increases the effect length. Additionally,
liposomes can release the drug as a source within the cells
after aggregation in macrophages (sustained release).

Due to the membranous boundary of the liposome wall,
the drugs coupled with the membrane or those surrounded
in the liquid phase within the liposome, are protected against
harmful factors like degradable enzymes and the patient is
immune to the harmful toxic effects of the drugs.

In addition, liposomes can interact with target cells in
different ways. For instance, they can stimulate endocytosis,
which aids the drug in entering the desired cells (DNA)
when otherwise it would not be able to. Among the other
characteristics of this nanoparticle are controlled release and
amplification.!8-20-22.25

The efficiency of the drug delivery can be increased
by connecting other nanocarriers to the liposomes.
Nanolipodendrosome is a type of dendritic family formed by
connecting dendritic nanoparticles to liposomes. These nano-
particles are used on liposomes for various reasons.'? Although
liposomes have been extensively studied as a promising drug
delivery model for bioactive compounds, there still remains
major drawbacks for widespread pharmaceutical application.
One of the approaches for overcoming the factors related to
the suboptimal efficacy of liposomes in drug delivery entails
modifying the liposome surface with functional moieties.

Liposomes by themselves are not functional for drug
delivery; they are only carriers (vehicles)? with the addition
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of other nanoparticles such as polyethylene glycol (PEG)
and polyethyleneimine (PEI). These other nanoparticles are
necessary in order to modulate the liposomes’ surface, create
stability in the liposomes’ lipid structures against enzymatic
effects and pH changes, and increase both the contact surface
and absorbtion into the cells of the liposomes. On the other
hand, linking antibodies on the liposomes’ surface directly
or indirectly (by linking them to nanoparticles such as nano-
polymers that are linked to the liposomes’ surface) provides
targeted drug delivery, which in some cases is achieved by
using the antibody against the tumor cell’s antigen which
directs the nanocarrier toward the tumor cells.®*? Polymerized
liposomal nanoparticles (PLNs) have the potential to be
conjugated to a tumor targeting agent in hopes of delivering
a cytotoxic payload directly to the cancer cells, thus minimiz-
ing systemic toxicity.”’

Generally, using nanoparticles causes the membrane of
liposomes loaded with drug to be stable. Therefore, the usage
of this carrier is very effective in drug direction, protection,
internalization, targeting, and amplification. This compound
has less in vivo toxicity and higher stability and efficiency
than other traditionally used drug delivery systems.'>#

Global statistics show that almost one in every 3000 people
in the world is suffering from MD. On the other hand, there
has been no effective treatment for any type of dystrophy
so far. Also, most treatments are effective only in the early
stages of the disease. Among available drugs for this disease,
only oral corticosteroids (prednisone) may lead to partial
improvement in muscles, but only for about 3 years. Since
prednisone is a corticosteroid, it has many side effects such
as osteoporosis, eye problems, and memory disorders.*
Recently, genetic researchers have been trying to find gene
therapy and exon skipping methods to treat this disease, but
the effect of these methods has not been proved yet.'!162434

Previous studies on this subject have documented the
effectiveness of GA as a modulator of the immune system
in MS.”!272 According to the currently available data,
GA displays a wide range of anti-inflammatory activities:
immune modulation induced by Th2 cells and an increase
in anti-inflammatory cytokines.’?’ Also, using GA in paral-
lel to the MyoD factor that plays a role in the determina-
tion and induction of satellite cells to myoblasts, muscular
proliferation/differentiation has been improved.?* In this
study, we attempted to use nanomedicine-based technologies
to insert these two drugs into a nanolipodendrosome carrier
and synthesize a new compound with higher effectiveness
and less side effects against MD applied treatments, which
may be effective even in advanced stages of the disease.

Methods

Materials

All materials (including the chemical and biological com-
pounds used for liposome preparation or cell culture medium)
were provided by Sigma-Aldrich (St Louis, MO, USA) and
all the solvents (including methanol, chloroform, dimethyl-
formamide, and dimethyl sulfoxide) were provided by Merck
KGaA (Darmstadt, Germany) and used for the experiments
without any further purification. MyoD was gifted from the
Laboratory of Physiological experiments led by Professor
Moghaddam. G2-anionic linear globular dendrimer nanopar-
ticles were obtained from Namazi’s laboratory at the Faculty
of Chemistry, Tabriz University, Iran.®

Animals

SW-1 mice were selected for the experiments and were divided
into three general groups (A = control, B = receiving nan-
drolone, and C =liposome-dendrimer-drug loaded), and each
general group was divided into subgroups each containing
10 animals. Each group was kept separately, and the animals
were maintained in a conventional animal room at the Pas-
teur Institute of Iran, which was air-conditioned (21°C-22°C
and 60%—70% relative humidity) and ventilated 16 times/
hour, and they were provided with an adequate diet and tap
water ad libitum. The animal experiments were carried out in
accordance with the recommendations of the Declaration of
Helsinki and the internationally accepted principles for use of
experimental animals, and the animal experiments were also
confirmed by the local ethics committee of our institution.

Liposome synthesis

In this study, liposomes were synthesized through the dehydra-
tion—rehydration vesicule (DRV) method. The liposome was of
unilamellar vesicular type (ULV). It contained 7:2:1 (mmol)
cholesterol:phosphotidylcholine (PC):dimethyl dioctadecyl
ammonium bromide (DDAB).*?! In this method, the required
amount of phospholipids and cholesterol were dissolved using
chloroform and ether organic solvent. The solvent was evapo-
rated in a rotary evaporator (Heidolph; Schwabach, Germany)
in order to create a thin lipid film on the balloon’s wall. Five
milliliters of distilled water was added to the obtained lipid film
at a temperature above the melting temperature (Tm). After
vortexing, the empty primary monolamellar vesicule (MLV)
liposomes were formed. The obtained MLV liposomes were
transformed into small unilamellar vesicles (SUVs) using
a bath sonicator (Bioruptor, Diagenode Inc, Denville, NJ,
USA). Then a certain amount of stabilizer (vitamin C) was
added to the empty SUV and the mixture was quickly frozen
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by nitrogen gas. Finally, it was converted into dry powder by a
freeze drying machine (Cuddon; Blenheim, New Zealand).

Connecting dendrimer

to the liposome surface

Next, 10 mL liposome, 5 mg dendrimer, 10 mg adipic acid
dihydrazide (ADH), 10 mg N-ethyl-N-(3-dimethylamine
propyl) carboamide (EDC), and 10 mg N-hydroxy-sulfo-
succinimide (N-Sulf-HS) were used in order to bind the
dendrimer to the liposomes. The reaction was of esterifica-
tion type. There were carboxylic functional groups at the end
of'the dendrimer branches. These carboxyl groups will bind to
the alcohol groups available in liposomes. The esterification
reaction rate is too slow, such that if no catalyst is used in the
reaction, its balancing may take several weeks. And due to
the fact that the reaction is sensitive to pH changes, it is not
stable in cancerous cells in the body (acidic pH).'* In addition,
the presence of bulky groups near the reaction (whether acid
or alcohol) will slow down the esterification. Thus, ADH was
used as a linker. So, an amidation nucleophilic substitution
type 2 (SN2) reaction was conducted in which water is a
byproduct. The amide bond is resistant to pH changes, so the
problem of instability of this compound in body cells will be
solved. Also, there will be no steric hindrance problem.

The yield of this reaction is not very high (50%—60%) and it
is sensitive to the presence of water (water acts as a competitor).
Thus, the N-Sulf-HS was used as a water sensitivity reducer.'
Additionally, EDC was used as the catalyst (activator of the
carboxyl groups). The pH of the testing environment was
7.2 t07.3 and the time required for the reaction was 1 day.

Reaction procedures included pouring normal saline
and dimethyl sulfoxide (DMSO) solution into a container
and then putting it on the magnetic mixer machine with
a magnet in it. Afterwards, 10 mL of synthetic liposome,
dissolved in phosphate-buffered saline (PBS), was added
to the solution. Then the EDC and N-Sulf-HS were added
simultaneously. They were incubated for 5 minutes. The next
step was adding ADH. Finally, 5 mg dendrimer powder was
added to the total solution and it was incubated for 1 day.
The two steps of the reaction are shown in Figure 1.

-H,0
A Liposome-OH + NH,-R-NH, ——2_—5 Liposome-NH-R-NH,

-H,0
B Liposome-NH-R-NH, + R-COOH ——2__» Liposome-NH-R-NH-CO-R|

Figure | The reaction of AHD with the liposome hydroxyl group (A) and the
reaction of the ADH amino group with the dendrimer carboxyl group (B).
Abbreviation: ADH, adipic acid dihydrazide.

Separation and purification using
gel-filtration chromatography

and thin layer chromatography (TLC)

Next, 0.5 g of G75 (fine) sephadex (Sigma-Aldrich) was dis-
solved in 15 mL double distilled water and incubated for 1 day
in order to create the gel. In gel-filtration chromatography, each
of'the 20 drops (1 mL) of the fluid, removed from the chroma-
tography column, was collected in a separate tube. To trace the
final product, the individual tubes were exposed to TLC.

In this technique, Silica gel sheets (60F254) were con-
sidered as the stationary phase (Merck). Non-conjugated
liposomes and pure dendrimer were used as the standards.
The chloroform and methanol mixture in the volumetric
ratio of 3 mL and 7 mL, respectively, were used as the
unknown spot solvent. Chromatography was performed for
about 22-25 minutes at 25°C-26°C. Finally, after purifying
the synthetic nanolipodendritic mixture, it was immediately
frozen using nitrogen gas and transformed into powder by a
freeze drying machine (Cuddon).

Loading nanolipodenderimer
with GA and MyoD protein factor

Next, 4 mg of synthetic nanolipodenderimer was mixed with
12 mL of normal saline solution and put on a magnetic mixer
machine with a magnet in it. Then, 240 pg of GA with 240 ug
MyoD protein factor in the ratio of 1:1 and 6 mL normal saline
were mixed and incubated for 5 minutes. Finally, the mixture
was added drop by drop at 30 minute intervals to a synthetic
nanolipodendrosome container, which was spinning in the
machine, and then incubated for 1 hour. All the procedures
mentioned above were carried out at room temperature and
TLC techniques were used in order to obtain the best dose of
the drug loading. Maximum optimized loaded of each active
ingredient onto the dendrimer—liposome was set by TLC and
an ultraviolet standard curve from each material at 280 nm. In
fact, 240 ng of GA with 240 pug MyoD protein concurrently
was found to be the maximum drug loading amount for the
4 mg nanosized construct (loading efficacy 12%, n = 3).

Separation and purification using
a 10 kDa dialysis bag

To purify the loaded nanolipodendrimer with drugs from
other pharmaceutical particles, the compound was placed
into a 10 kDa dialysis bag (Sigma-Aldrich) and then put in
a container containing 2 L of distilled water for 24 hours on
the stirrer. Finally, after purification it was dried using the
freeze dryer.
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Size and charge determination

The size and charge of the loaded and unloaded nanolipoden-
drosome, liposomal particles, and non-conjugated dendrimer
were determined using a Zetasizer machine (Nano ZS;
Malvern Instruments, Malvern, UK), which had the measure-
ment size range of 6 nm to 0.6 wm, zeta potential measurement
range of =120 mV to 120 mV, and molecular weight measure-
ment range of 2 x 107 Daltons to 10 x 107 Daltons.

Microscopic studies

A transmission electron microscope equipped with an
Energy-dispersive X-ray (EDX) spectrometer (EM 900;
Carl Zeiss Meditec AG, Jena, Germany) was used in order
to determine the size and structure of the liposome and
nanolipodendrimer, before and after loading the drugs.
A negative staining technique was used to stain the samples
with phosphotungstic acid. Then, 30 puL of the suspension
sample was poured in 300 mesh Cu grids, which were cov-
ered with a thin holey carbon film. After incubation, 10 UL
of the staining material, 2% phosphotungstic acid prepared
with phosphate buffer (pH = 6.9), was added and incubated
for 10 minutes at room temperature. The prepared sample
was observed using transmission electron microscopy with
the specifications mentioned before.

Animal model

In this study, 50 SW-1 male mice with an average weight
of 20 £ 0.20 g, aged between 4-5 weeks were randomized
into five groups. They were kept in conditions of 12 hours
of brightness and 12 hours of darkness with full access to
food and sufficient water. The first group was called the
solvent receiver group (it will be referred to as 1 from now
on). No drug was injected into the mice in this group, only
the solvent was used in the synthesis of the drugs (saline
0.9%). The second group was named the control (it will be
referred to as 2 from now on). No injection was performed
on the mice in this group. They were kept in the same envi-
ronmental condition as the other mice. The third group was
the nandrolone decanoate receiver group (it will be referred
to as 3 from now on). One milliliter of nandrolone decano-
ate was injected into the mice in this group. The 1x (200
pg/kg) and 2x (400 pug/kg) doses of the synthetic nanodrug
candidate (nanolipodendrosome containing GA and MyoD)
were injected into the mice in the fourth and the fifth group,
respectively. They were injected into muscle (IM), in biceps
femoris muscles on both sides, and this was done twice at
2-week intervals (one boost). The mice were kept in similar
conditions for another 2 weeks.

Magnetic resonance imaging
(MRI) studies

To assess the changes in muscle volume and mass, one mouse
was picked from each of three groups (1, 3, and 5) and MRI
of their skeletal muscles was performed using a 1.5 Tesla
MRI machine (GE, Fairfield, CT, USA).

Pathobiology assessment and evaluation
One mouse was picked from each ofthree groups (1, 3,and 5)and
their muscles were assessed pathobiologically. The study was
carried out after cutting and staining in histological slides,
with hematoxylin and eosin (H&E), with 40x magnification
optical microscopy.

Evaluation of the immune system using

flow cytometer

Immune system assessment was performed on the blood
samples of three mice picked from group 1, 3, and 5. In this
experiment, the concentrations of two CD markers were
determined by flow cytometer via the CD4+/CD8+ protocol*®
used for the same measurement in patients with AIDS. The
ratio of CD4+/CD8+ was measured in treated groups and
divided into CD4+/CD8+ ratio of the control groups in order
to make precise calculations. Finally the result was illustrated
by percentage of enhancement or decrease.

Evaluating the physical characteristics

of the mice

First of all, the conjugated toxicity of the synthetic combina-

tions of 30 mice related to groups 1, 3, 4, and 5 was assessed.

The type of measured toxicity was acute toxicology. The

toxicity test was carried out as follows, according to our

institutional ethical committee guidelines:

1. International Committee for Harmonization of Biological
compounds (ICHBC)

2. Committee of Proprietors of Medicinal Products (CPMP)

Finally, the statistical comparison of the weight of the mice

was performed on days 1, 4, and 28.

Results and discussion

Purification of the synthetic

compound using gel filtration
chromatography and TLC

As mentioned earlier, in gel filtration chromatography, every
20 drops (1 mL) of the output fluid removed from the col-
umn was collected in a separate tube, and to trace the final
product it was exposed to TLC. Sixteen spots, including two
standard spots and 14 unknown ones were put on TLC and
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their refraction index (RF index) was measured. This index
is calculated by dividing the distance that the unknown spots
cover by the distance that the solvent covers. Table 1 shows
the RF index of these 16 spots.

The first three tubes showed no spot growth. In fact,
there were no spots in the 3 mL output mixture of the
chromatography columns (the first three tubes) indicating
the presence of the initial compound or our product. The
grown spots in the fourth, fifth, and sixth tubes (with RF
index of 0.72) were visible obviously at an equal distance.
The conjugated nanolipodendrimer compound covered less
distance than the dendrimer spot due to the high molecu-
lar weight of its two basic compounds: the low liposome
interactions with the mobile phase and low solubility.
These synthetic nanolipodendritic compounds left the
column earlier because they had a bigger size than the rest
of the non-conjugated dendritic and liposomal particles.
Comparing the RF value of tube 9 and the value of the lipo-
some standard, they had the same RF value, so it could be
concluded that there was some non-conjugated dendrimer
from the initial reaction in tube 13, which covered more
distance due to its high solubility with the solvent and its
low molecular weight.

Size and charge determination of the
loaded and unloaded nanolipodendrosome,
liposomal particles, and non-conjugated

dendrimer using the Zetasizer machine
The diagrams related to the sizes and charges of the nano-
particles are shown in Figures 2—-5. The results of the

Table | The obtained refraction index of the 16 spots

Retention time Mode of detection

Liposome zeta potential
Zeta potential
-25 -20 -15 -10 -5 0 5 10 15 20 25

L 1 1 1 1 + 1 1 1 1 1 600000
500000
400000
2
® 300000
i
£ 200000
100000
0
-100000
Mean size =937
Liposome size distribution pattern
60
50 A
y = -0.0033x2 + 0.6342x - 18.81 [ \
40 I \
2 30
z [
s 20
g [
2 10
E J
~10 2 40 60 80 100 120 140
-20

Size (nm)

Figure 2 The obtained diagram for the size and charge determination of the non-
conjugated liposomes using the Zetasizer.

samples analysis as mean * standard deviation are shown
in Table 2.

Size and structure determination
of liposome and nanolipodendrosome,
before and after the drug loading

using transmission electron microscopy

In microscope images taken from conjugated liposomes with
dendrimer before drug loading (Figure 6), the liposomal
spheres are covered by dark halos. These dark halos are
formed by phosphotungstic acid (PTA) color penetration
and accumulation inside the dendrimer splits, which are
conjugated around the liposomes.

In Figure 7, which is taken from the suspension contain-
ing nanolipodendrosome particles after drug loading, spheres
covered with dark layers can be observed. In this image,
large numbers of nanolipodendrosome particles are visible.
Some liposomal spheres are relatively transparent and can be
seen without the halo. This may be due to a lack of binding
or enough binding of liposomes to dendrimer (Figure 7A).
After magnifying and focusing on one nanolipodendrosome
particle which had a dark halo (Figure 7B), its components
were studied using the EDX spectrometer (Figure 7C).

Figure 7D was obtained from the center of the lipoden-
drosome particle. The presence of the carbon, nitrogen,

Component

Tube | 0.00 Undetected spot
Tube 2 0.00 Undetected spot
Tube 3 0.00 Undetected spot
Tube 4 0.72 Detected spot
Tube 5 0.72 Detected spot
Tube 6 0.72 Detected spot
Tube 7 0.00 Undetected spot
Tube 8 0.00 Undetected spot
Tube 9 0.55 Detected spot
Tube 10 0.00 Undetected spot
Tube 11 0.00 Undetected spot
Tube 12 0.00 Undetected spot
Tube 13 0.91 Detected spot
Tube 14 0.00 Undetected spot
Standard

Liposome 0.55 Detected spot
Dendrimer 0.91 Detected spot
2948 submit your manuscript
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Dendrimer G3 zeta potential Drug-liposome-dendrimer zeta potential
Zeta potential Zeta potential
-10 -5 0 5 10 -15 -10 -5 0 5 10 15
L . L 1 600000 L L L L L 1 60000
500000 ” 50000
400000 I ‘ 40000
> 2
? 300000 @ l l 30000
o
£ l 200000 £ I 20000
+ 100000 I 10000
l ¥ 0 0
-10000
-100000
Mean size =156 £ 5
Mean size =80 + 4 Drug-liposome-dendrimer size distribution pattern
Dendrimer G3 size distribution pattern 70
60 60
y =-0.0007x% + 0.2516x - 9.5315 [\
50 50 , |
l y = -0.0058x2 + 0.9881x — 26.59 > 40
2 40 E 30 , l
2 30 £ 2 , l
£ = i
= 2 ] 1
0 T T T T T T T T T 1
10 -10 m 60 80 100 120 140 160 180 200 220
L e e Size (nm)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 14
Size (nm) Figure 5 The obtained diagram for the size and charge determination of the

Figure 3 The obtained diagram for the size and charge determination of the non-
conjugated dendrimers using the Zetasizer.

and oxygen peaks represent the existence of amino acidic
compounds which were used in the drug protein structure.
Therefore, it can be concluded that our drug protein was
loaded in the interior space of this lipodendrosome particle.
The tungsten (WM) peak presence also explains the existence

Liposome-dendrimer zeta potential

Zeta potential
-10 -5 0 5 10
L 1 60000
50000

\ : 40000
\ 2 30000
\ : 20000
10000

Intensity
I

-10000

Mean size =141+9

Liposome-dendrimer size distribution pattern

50
y =-0.0022x? + 0.555x — 18.947 / \
!

|
10 I —
J _\

ZMO 60 80 100 120 140 160 180 200

Intensity
N
o

Size (nm)

Figure 4 The obtained diagram for the size and charge determination of the
synthetic conjugated nanolipodendrosome using the Zetasizer.

synthetic drug loaded with conjugated nanolipodendrosome using the Zetasizer.

of phosphotungstic acid (color substance). The last observed
peak (PK) is related to phosphor agent. Since phosphor is an
indicator element in phospholipid and fatty acid compounds,
it can be concluded that this peak relates to phospholipids
used in a two-layer wall of liposome. The middle peak is
related to the Na element whose salt is used to build den-
drimer. Additionally, the oxygen peak implicates not only
the existence of amino acids, but also a part of it is related
to carboxylic agents used in dendrimer structure. The small
peak appearing before the phosphor peak is related to the
sulfur element used in some amino acid structures such as
cysteine.

Figure 7E is related to EDX (Energy-dispersive X-ray
Spectroscopy) characteristics of dendrimer-liposomes. As
it is seen, the peak level of tungsten related to the staining
material was much higher than its adjacent peaks and its
equivalent peaks in the central area of Figure 7D. This is
because of the PTA color accumulation entrapped in the
space between dendrimers and the greater laser radiation

Table 2 The results of the samples analysis as mean = SD

Particles Diameter + SD Potential + SD
(nm) (mV)

Liposome 93+7 -3.87 £ 0.49

Dendrimer 25+4 -2.11£0.12

Liposome dendrimer 141 £9 —6.33+ 1.12

Liposome dendrimer drug 156 £ 5 —11.7 £ 0.45

Abbreviation: SD, standard deviation.
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Figure 6 TEM images taken from the liposomes conjugated with dendrimer using
PTA 2%.

Note: The spheres have diameters of approximately 140 nm.

Abbreviations: PTA, phosphotungstic acid; TEM, transmission electron microscopy.

distance covering in this area. Additionally, the peak related
to dendrimers (sodium peak) is higher than its equivalent
peak in Figure 7D. There is no peak related to phosphor (PK),
nitrogen, hydrogen, or sulfur. The lack of phospholipids and
protein combination can explain this issue. The carbon peak
observed in this image is not related to the carbon used in
fatty acid and phospholipids structures, but in the dendrimers
structure. Comparing the oxygen peaks also shows us that this
peak is much shorter than its equivalent peak in Figure 7D.
This might be due to the lack of amino acids. Therefore, the

Energy (KeV)

Figure 7 TEM image (A-C) taken from liposomes after loading the drug.
Note: The EDX spectrums obtained were compared with each other in (D) and (E).

oxygen used in the dendrimers structure as a carboxyl factor
could explain this peak.

Assessing the size and skeletal muscle

volume of the mice in groups 1, 3,and 5
by MRI

The normal form of the body and muscles was observed in the
model mouse in group 1 which had not received any drugs.
Some inner parts such as the lung and liver were slightly
visible (Figure 8A).

No significant muscle volume change was observed in the
model mouse receiving nandrolone in group 3 (Figure 8B).
The drug entered the systemic blood stream and went to other
parts of the body and increased the protein and muscle volume.
This increase is related to muscles like latissimus dorsi, biceps,
biceps brachii, triceps brachii, and spinotrapezius femoris.

In the MRI obtained from the mouse receiving 2x dose
of the candidate drug (Figure 8C), a volume increase was
observed in the feet muscles. This increase is related to the
muscles of biceps femoris, gastrocnemius, vastus lateralis,
and some other feet muscles. There was not a significant
change of volume in other muscles. Therefore, it can be con-
cluded that our synthetic drug (MyoD factor part) has a local
effect as a muscle builder stimulus and no effect or not much
effect is seen in other parts of the body. The MRI showed no
cysts or edemas in muscle tissues in the groups.

Energy (KeV)

Abbreviations: EDX, energy-dispersive X-ray; PK, phosphate of PTA; TEM, transmission electron microscopy; WM, tungsten.
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Figure 8 MRI from a mouse’s muscle in (A) group I, (B) group 3, and (C) group
5 on day 14.

Abbreviations: MRI, magnetic resonance image; lipodend-drug, liposome-dendrimer-
glatiramer acetate + MyoD.

Pathobiology assessment and evaluation
of mouse skeletal muscles in groups 1, 3,
and 5

The sample muscle in this study for cutting and staining was
biceps femoris, because this part and the trapezius are sensi-
tive to muscle building stimulus drugs and they have greater
growth and creation of nuclei than other muscles.

The histology images are shown in Figure 9. In the image
related to a mouse in group 1, myofibrils are not recognizable
enough and the tissue seems integrated. Muscular cells are
not in order and they do not have a clear demarcation. These
cells are recognizable as pale dots and in a low number. On the
other hand, the myofibrils in the image showing the mouse
receiving nandrolone were more massive and in order. In
fact, it shows the increase of protein making in the skeletal
muscles. The number of muscular cells in each slide had no
significant difference compared to the control. The nuclei
seemed bold and numerous.

In the image showing the mouse treated with the syn-
thetic nanodrug (2x dose), myofibrils that were more linear
and in order were observed. Muscular cells were numerous
but low in volume in comparison with their identical cells
in the nandrolone receiver model. Since the MyoD factor
is necessary in transforming satellite cells into myoblasts
—these myoblasts will change into myotubes when exposed
to other factors like myogenin and MRF4 — the increase in
the number of muscular cells in this image is justifiable.

d Bg’;’/‘!’ﬁ'ﬁ”‘:
e

e |

Nandrolone

Figure 9 Histology images showing the muscles of three mice in (A) group |, (B)
group 3, and (C) group 5 on day 14.
Abbreviation: Lipodend-drug, liposome-dendrimer-glatiramer acetate + MyoD.

Evaluating the surface markers

of CD4+ and CD8+ of T lymphocytes

in blood samples received from three
mice in groups |, 3,and 5 using

a flow cytometer

For 28 days, blood was sampled from the mice in groups 1,
3, and 5 on days 1-7, 12, 14, 22 and 28 after the injection,
and the changes in CD4+/CD8+ related to T lymphocytes
were evaluated with a flow cytometer (Bio-Rad Laboratories
S3™ (Cell Sorter; Hercules, CA, USA). Figure 10 shows the
change in percentage of CD4+/CD8+ for the mice receiving
the 2x dose drug in comparison with the normal level in group
1 on each day and Table 3 shows the results as mean + standard
deviation.

The change in percentage of CD4+/CD8+ of nanodrug
receivers in comparison with the normal level in group 1
decreased significantly (P < 0.05) from day 5 to day 7. On the
contrary, this percentage increased from day 12 on. Between
day 7 and day 28 and also between the day 1 and day 28,
statistical differences were observed (P < 0.001). In week
2 there was a statistical difference (P < 0.01). No statistical
difference was observed in the weeks 3 and 4 (P > 0.05).

The marker for CD4+ decreased in the first 7 days, while
the marker for CD8+ had a fixed concentration. On the other
hand, both markers decreased from day 12 on. Figure 11
shows the change in percentage of CD4+/CD8+ for the mice
in the control group (nandrolone receivers) in comparison
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Figure 10 The ratio of CD4+/CD8+ from the blood samples of the mice receiving 2x dose of liposome-dendrimer-glatiramer acetate + MyoD.

Table 3 The data obtained from the average percentage of change of CD4+/CD8+ of drug receivers in comparison with group |

D-L-D Day|l Day2 Day3 Day 4 Day 5 Day 6 Day 7 Day 12 Day 14 Day 22 Day 28
Mean+SD 21077 |+055 -93+12 —11£1.77 -225+198 -242+209 -333+324 212+156 31.3+333 378+287 402130l

Abbreviations: SD, standard deviation; D-L-D, dendrimer-liposome-drug.

P <0.001

P<0.05 P>0.05
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I |
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Figure |1 The diagram showing the ratio of CD4+/CD8+ of the blood samples from the nandrolone receiver model.

Table 4 The data obtained from the average percentage of change of CD4+/CD8+ in the nandrolone receiver group in comparison
with group |

Nandrolone Day I Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 12 Day 14 Day 22 Day 28
Mean + SD 33+0.66 42+054 121 199£1.09 302+202 414+198 465+188 587=+156 67.77+233 73.6+321 74.1+289

Abbreviation: SD, standard deviation.
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Figure 12 The comparison diagram of the ratio of CD4+/CD8+ of the blood samples from the model mice receiving nandrolone and 2x dose of drug.

Abbreviation: D-L-D, dendrimer-liposome-drug.

with the normal level in group 1 on each day, and Table 4
shows the results as mean * standard deviation.

The average change in percentage of CD4+/CD8+ in
comparison with the normal level (group 1) in the nandrolone
receiver model increased from day 5 on, while there was a
statistical difference between day 1 and day 28 (P < 0.001).
There was also a statistical difference during the time between
day 7 and day 14 (P < 0.05). But no statistical difference was
observed between day 14 and day 28 (P > 0.05). Addition-
ally, a significant statistical difference was observed between
day 7 and day 28 (P < 0.05). Both markers of CD4+ and
CD8+ decreased in comparison with the normal level after
the nandrolone injection.

In Figure 12, the ratio of changes in CD4+/CD8+ of the
nanolipodendrosome drug is compared with nandrolone.
The nanolipodendrosome drug had a significant difference
on day 7 and day 14 (P < 0.01) compared to the control
group (untreated group), and comparing with the nandrolone
receiver model on the same days, there was another significant
difference (P < 0.05). Having compared the ratio diagram of
CD4+/CD8+ on day 7 of the nandrolone receiver model with
the nanolipodendrosome drug receiver model on day 14, a
significant difference was observed (P < 0.05). The statistical
comparison between lipodendrosome and nandrolone showed
that nandrolone, statistically (P < 0.05), was more powerful
than lipodendrosome in modifying the immune system.

Day 1

25

20

154

10 1

Average weight of animals (g)

Sham

Nandrolone 1 mg/kg

Lipodend-drug 200 pg/kg Lipodend-drug 400 ug/kg

Figure 13 The data obtained from the average weight of the mice in the four groups of the experiment on day |I.

Abbreviation: Lipodend-drug, lipodendrosome drug.
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Evaluating the physical characteristics

of the mice in groups |, 3,and 5 on

day | and in week 2 and week 4

In the abnormal conjugated toxicity test, no mortality toxicity
of the lipodendrimer drug was observed.

The statistical comparison of the mouse
weights in the four groups of the
experiment on day |

The average weight of the mice in the four groups on day 1
after the injection is shown in Table 5 and Figure 13. No sig-
nificant difference was observed between the average weight
ofthe mice in the four groups on day 1 (Figure 13; P > 0.05).
Therefore, the assumption that the average weight was equal
among the four groups was accepted (P < 0.05).

The statistical comparison of mouse
weights in all four groups of the
experiment on day 14

The average weight of all mice in all four groups on the first
day after the injection is shown in Table 6 and Figure 14. Com-
paring the average weight of group 1 and the other two groups
receiving nandrolone and 2x dose of the synthetic nanodrug
and the two other groups receiving nandrolone and 1x dose of
the nanodrug showed that there was a significant difference
(P < 0.05).

Statistical comparison of mouse

weights in all four groups of the
experiment on day 28

The average mouse weight in all four groups on the first day
after the injection is shown in Table 7 and Figure 15. It was
observed that the 2x dose of synthetic nanodrug and nandrolone
increased the receivers’ weights significantly on day 28 in
comparison with receivers of the 1x dose and group 1.

Comparison of the weight of group |

on three different days
Comparing the mice in group 1 on three days (1, 14, and
28) shows that there was a significant difference in this

group on day 1 and day 28 (P < 0.05). This may be due to
the natural growth and maturity of the animal in this period
(Figure 16).

Weight comparison of the mice in the

control group on three different days
Nandrolone is a very strong synthetic steroid-androgen
which can increase the muscular mass and animal’s volume
and weight in a very short interval. Therefore, as expected,
comparing this group on day 1 and day 28, a significant
difference (P < 0.05) in weight average was observed
(Figure 17).

Comparing the weight of the groups
receiving both Ix and 2x doses

of nanodrug on three different days

On day 28, the group receiving the 2x dose had a significant
difference in comparison with the group receiving the 1x and
2% doses on day 1. The 2x dose on day 14, in comparison
with the group receiving the 2x dose on the first day, also
showed a significant difference in average weight (P < 0.05)
(Figure 18).

Comparing the groups receiving

the control drug and the high
concentration nanodrug

Comparing the two groups receiving nandrolone on day
14 and day 28 and the group receiving the 2x dose of syn-
thetic drug on day 28, no significant difference in average
weight between these three groups was observed (P < 0.05)
(Figure 19). This shows the strong influence of the nanodrug
containing the MyoD factor in muscle building and increas-
ing the mass and volume of animal skeletal muscle, even
though it was local.

Conclusion

In this study after performing quantitative and qualitative
assessments of nanoparticles and the proper position of
dendrimers on a liposome surface, drug encapsulation within
the nano-carrying lipoprotein dendrosome was ensured.

Table 5 The data obtained from the average weight of the mice in the four groups of the experiment on day |

Control Nandrolone Lipodend-drug Lipodend-drug
vehicle I mg/kg 200 pg/kg 400 pglkg
Weight day | 20.2 + 1.007 20.77 + 1.367 20.2 + 1.658 19.91 +1.887

Abbreviation: Lipodend-drug, lipodendrosome drug.
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Table 6 The data obtained from the average weight of all mice in all four groups of the experiment in week 2

Control Nandrolone Lipodend-drug Lipodend-drug
vehicle I mglkg 200 pg/kg 400 pglkg
Weight day 14 25.56 + 1.955 3654+ 1.671 30.69 + 1.964 35.17 £2.135

Abbreviation: Lipodend-drug, lipodendrosome drug.

Table 7 The data obtained from the average of all mouse weights of all four groups in week 4

Control Nandrolone Lipodend-drug Lipodend-drug
vehicle I mg/kg 200 pg/kg 400 pug/kg
Weight day 28 30.9 + 1.054 48.08 = I.115 3991 £ 1.646 43.02 + 1.560

Abbreviation: Lipodend-drug, lipodendrosome drug.

Not significant (P > 0.05)

*P <0.05

*P<0.05
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Figure 14 Diagram of the data obtained from the average weight of all mice in all four groups of the experiment in week 2.
Abbreviation: Lipodend-drug, lipodendrosome drug.

Not significant (P > 0.05)

Lipodend-drug 400 ng/kg

' *P <0.05

*P<0.05

Day 28

50 T

45

|

40

35

g

30

25

20

15

10

Average weight of animals (g)

Figure 15 The diagram of the data obtained from the average of all mouse weights in all four groups in week 4.
Abbreviation: Lipodend-drug, lipodendrosome drug.

Sham-28 Nandrolone 1 mg/kg Lipodend-drug 200 pg/kg Lipodend-drug 400 pg/kg
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Figure 18 The diagrams comparing the weight growth of the mice treated with the Ix and 2x doses of synthetic drug on three different days (I, 14, and 28).
Abbreviations: Lipodend-drug, lipodendrosome drug; D-1, day |; D-14, day |14; D-28, day 28.

Next, the effectiveness of the MyoD factor in regenerating
skeletal muscle and reducing the effect of GA drug on the
immune system were confirmed in vitro (see Supplementary
materials) and in vivo. In most studies that have been carried

out on the effects of the MyoD factor on skeletal muscle, the
same foreign agent, such as a gene carrier plasmid or other
drugs, has been used as a synthesis stimulus for MyoD in
normal mice or a dystrophy model.'**'#2 But in this research,

submit your manuscript

2956

Dove

International Journal of Nanomedicine 2013:8


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Nanolipodendrimer and muscular dystrophy

Not significant (P > 0.05)

High concentration comparision

60

50

40

30

20

10

Average weight of animals (g)

D-14-nandrolone 1 mg/kg

D-28-nandrolone 1 mg/kg

D-28-lipodend-drug 400 ug/kg

Figure 19 The comparison diagram between the groups receiving nandrolone on day 14 (D-14) and 28 (D-28) and also the group receiving the 2x dose of synthetic drug on day 28.

Abbreviation: Lipodend-drug, lipodendrosome drug.

the MyoD factor was inserted exogenously into the cell
using nanolipodendrosome. The results obtained from the
mice under treatment with this nanodrug showed a local,
but very powerful, effect on skeletal muscle in the lower
part of body.

Also, in this study, two doses of drug injection, 200 pg/kg
and 400 pg/kg, were used, while the amount of injected
drugs in other studies has been much greater than these
amounts.>*!*!15 In addition, by using this technology, the
doses of used drug interval reduced and it could reduce
patients’ referrals to a clinic. Additionally, in the current
experiment, C2C12 mouse adherent myoblasts were cultured
and exposed to dendrimer-liposome-drug and surprisingly,
a significant (P < 0.05) cell proliferation enhancement was
observed at high dose 400 nM, 48 hours after exposure. The
findings support in vivo pathophysiological observations (see
Supplementary materials).

In many cases, modifying the immune system can provide
the ideal conditions for different purposes (eg, effect of GA
medicine). The effect of injecting the nanodrug containing
GA on the immune system was proved by reducing the two
markers of CD4+ and CD8+ compared with the normal level.
These results correspond with the results of researchers such
as Aharoni et al and Nagata et al.”3%%

Although the results of this study are promising for a
novel anti-dystrophy factor, further research is required.
It has been proposed that the simultaneous treatment of
GA with the suppressor of transforming growth factor
beta (TGF-B; using its profibrotic activities) can poten-
tially improve the clinical and histological results.® Fur-
thermore, using other myogenic factors like MRF4 and
myogenin, which, along with MyoD, accelerate muscular

differentiation and regeneration effectively, can improve
skeletal muscles more. Finally, in the nanotechnology sec-
tion, it can be useful to insert antibodies specifically for
skeletal muscular cells on the surface of liposomes or on
the branches of dendrimers in order to target the drug at
the muscular tissues and minimize the drug’s side effects
on other parts of the body.
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Detailed procedure

C2C12 mouse adherent myoblasts (cell line obtained from
National Cell Bank, Pasteur Institute of Iran) were grown in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with heat-inactivated 100% craniate bovine humor, 2 mM
amino acid, 0.5 mL penicillamine and streptomycin mixture,
0.5% anti-mycoplasm, and 25 mM HEPES, pH 7.5. The cell
line was maintained during a five-hitter dioxide atmosphere at
37°C and cell viability was assessed by an MTT (3-[4,5-Dim-
ethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay. To
induce myogenic differentiation, once the eightieth cell conflu-
ence was earned, the medium containing 100% craniate calf
{serum|blood humor]liquid body substance|bodily fluid/body

>

140

fluidlhumor|humor} was substituted with one hundred and
twenty fifth craniate calf serum. (Approximately 40,000 cells
were exposed to each dose for at least three times).

The cells’ growth was observed at critical time intervals,
ie, at the undifferentiated stage and at the first and second days
of exposure to different doses of nano-conjugate (100, 200,
and 400 nM), with 570 nm optical density observations.

Results

After 24 hours of exposure, at all concentrations, a non-
significant increase in cell proliferations was observed, but
surprisingly a significant P << 0.05 cell proliferation enhance-
ment was obtained at the high dose of 400 nM. The findings
support in vivo pathophysiological observations.
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120

P>0.05

100

80 -

60 -

40 -

20 -

Percentage of cell viability and growth

10
Nanoconjugate 100 nM

Nanoconjugate 200 nM

160

48 hours exposure

Nanoconjugate 400 nM Control (normal)

P <0.05

140

120

100

80

60

40

20

Percentage of cell viability and growth

Nanoconjugate 100 nM Nanoconjugate 200 nM

Nanoconjugate 400 nM Control (normal)

Figure S| Effects of nanolipodendrosome-loaded glatiramer acetate and MyoD on C2C|2 (mouse myoblast cell line) after 24 (A) and 48 (B) hours of exposure.

Abbreviation: MyoD, myogenic differentiation |.
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