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Abstract: This study aimed to the role of insulin-like growth factor 1 (IGF-1) in Duchenne muscular dystrophy (DMD),
the inflammatory response and the potential mechanism of the effect hIGF1 exerted in muscle inflammation were
also been explored. In this study, AAV9, a carrier of the human IGF-1 gene, was injected into mdx mice to observe the
role of IGF-1 in DMD. Routine histopathological staining, immunofluorescence and western blot were used to detect
the inflammatory response. In addition, we also explored the potential mechanism of the role of hIGF1 in muscle
inflammation. The expression of AAV9 in myocardium and muscle tissue of AAVO-GFP group was detected by GFP
method. GFP was expressed in different tissues of mdx mice, especially in anterior tibial muscle, triceps muscle and
other tissues. The percentage of anterior tibial muscle inflammation area in CD68 and AAV9-hIGF-1 group was lower
than that in AAV-GFP group, and the percentage of anterior tibial muscle inflammation area in AAV9-hIGF-1 group
(1.78 + 0.47%) was significantly lower than that in AAV GFP group (3.4 + 1.22%) (P < 0.05). Western-blot showed
that AAV-hIGF-1 group (0.45 + 0.07%) was lower than that of AAV-GFP group (0.76 + 0.13%), higher than the normal
group (0.38 + 0.06%). The difference was statistically significant (P < 0.05). In conclusion, this study confirmed that
hIGF-1 can reduce the inflammatory response and macrophage infiltration in mdx mice, and further proved that

hIGF-1 can down regulate the expression of NF-kB signal pathway, which has anti-inflammatory effect.

Keywords: AAV9, IGF1, inflammatory, mice

Introduction

Duchenne muscular dystrophy (DMD) is the
most common X-linked incurable recessive
disease in progressive muscular dystrophy,
caused by the deletion, nonsense, or repeated
mutations of DMD gene (encodes the protein
dystrophin) on X chromosome (Xp21.2) [1].
Dystrophin located on the inner surface of myo-
cytes is the basis of myocytes. The deficiency of
dystrophin protein causes the chronic damage
to muscle fibers during contraction. The main
clinical manifestations of DMD are progressive
myasthenia, gastrocnemius atrophy and pseu-
dohypertrophy. The main pathological features
of DMD include unequal diameter of muscle
fiber, progressive necrosis of muscle fiber, in-
flammation, and fibrosis [2]. Chronic inflamma-
tion plays an important role in DMD muscle
degeneration [3]. Inflammatory muscle dama-
ge increases the inflammatory response of im-

mune cell ectopics, and abnormal activation of
inflammatory signaling pathways occurs even
before myofibre necrosis occurs [4, 5]. In recent
years, there has been growing evidence that
inflammatory response and activation of inflam-
matory pathway play an essential role in the
occurrence and development of DMD [6, 7].
The regulation of inflammatory response is a
potential treatment for DMD [8].

As a way to treat DMD by correcting gene
defects or playing a role in the treatment, gene
therapy can introduce normal genes or thera-
peutic genes into target cells [9, 10]. Adeno-
associated virus (AAV) is one of the most com-
monly used gene therapy vectors, which can
express efficiently and for a long time without
toxicity, immune response and pathogenicity
[11]. Systematic evaluation showed that AAV9
can be effectively transfect skeletal muscle and
myocardium [2, 12].
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Insulin-like growth factor 1 (IGF-1) is an essen-
tial nutritional factor in cell proliferation, differ-
entiation, and maturation. In addition, the
enhancement of IGF-1 expression in skeletal
muscle significantly reduces fibrosis, myone-
crosis, and serum CK levels, thereby improving
muscle regeneration and muscle strength [13].
The activation of protein kinase B (PKB or Akt)
has been shown to be an important part of
IGF-1 mediated cell survival and growth [14].

Interestingly, IGF-1 can inhibit the expression
and activity of macrophage migration inhibitory
factor (MIF), high migration group protein box 1
(HMGB1), and nuclear factor-kappa B (NF-kB).
Previous studies have focused on the effects
of IGF-1 on muscle fiber regeneration [15-17],
however, there has been little research on the
role of IGF-1 in muscle inflammation. AAV9
shows the highest expression in muscle and
cardiac in the serotypes of AAV, then AAV9 is
selected as the carrier in this study [18].
Considering the muscle dystrophy of DMD, sys-
tematic injection such as tail vein injection is
the best choice in this experiment.

In this study, AAV9, a carrier of the human IGF-1
gene, was injected into mdx mice to observe
the role of IGF-1 in DMD. The inflammatory
reaction was detected by routine histopatho-
logical staining, immunofluorescence and west-
ern blot. In addition, the potential mechanism
of the role of hIGF1 in muscle inflammation was
discussed.

Materials and methods
Animals

6-week-old mdx and wild-type C57BL/10 (WT)
mice were obtained from Nanjing University
and raised in our animal facility. Considering
the inflammatory reaction mode and injection
site of mdx mice, 6-week old mice [19] were
injected with hIGF-1 via tail vein. The mice were
housed in a temperature-controlled, quiet,
germ-free environment and had free access
to food and water. The experiment followed
the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes
of health. This study was approved by the insti-
tutional review board of second hospital of
hebei medical university (Approval letter
No0.2015-P001). All of the experimental proce-
dures were performed in accordance with pro-
tocols approved by the Institutional Animal
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Care and Research Advisory Committee, the
Second Hospital of Hebei Medical University.

Systemic injection: Two groups of mdx mice
were injected into tail vein within 6 weeks, but
one group (n = 4) used AAVO-hIGF1 virus 200
uL, the other group (n = 4) used AAV9-GFP
200 uL. WT mice (n = 4) were treated with nor-
mal saline in the control group. At the end of
the experiment, we anesthetized them (10%
chloral hydrate (400 mg/kg body weight, intra-
peritoneally)) and took western, pathohistology
staining 6-weeks after.

Muscle injection: 6-week-old mdx mice and
C57BL/10 mice with similar body weight
were divided into three groups. AAV9-GFP and
AAVO-hIGF1 were injected into the right tibial
anterior muscle of mdx mice. C57BL/10 mice
were used as the control group without any
intervention.

There were two humane endpoints in our exper-
iment. The intramuscular injection group was
injected 8 weeks after the injection. The whole
body injection group ends 6 weeks after injec-
tion. The mice were suffocated by carbon diox-
ide (20% full rate) and then dislocated by the
cervical spine.

Creatine kinase (CK) analysis

The mice were anesthetized well with 10% chlo-
ral hydrate (400 mg/kg body weight, intraperi-
toneally) and clamped the mice’s feet and tails
with pliers to keep them unresponsive. No ani-
mal showed signs of peritonitis. Western blot
and immunohistochemistry were used to detect
the tibial anterior muscle. Since all of these
mice were well anesthetized, no follow-up dose
was required in this study. Blood was taken
from the eye for about 1.0 ml, left for 2 hours
(to have a better separation between the blood
cell and the serum) and placed in a refrigerator
at 4°C for 15 minutes, then centrifuged at
3000 rpm for 10 minutes with a high-speed
low-temperature centrifuge and the superna-
tant was stored at -80°C. Serum CK value was
measured by the United States BECKMAN
COULTER automatic biochemical analysis. After
the injection experiment, mice are sacrifice to
collect their blood, muscle and internal organ.

Lengthening contraction

10% chloral hydrate (400 mg/kg body weight)
was injected intraperitoneally to keep mice
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unresponsive to pain stimulation, and chloral
hydrate was supplemented when necessary.
The anterior tibial muscles of mice were
exposed to extensor digitorum longus and sep-
arated. The tibialis anterior muscle and its
blood supply vessels were not damaged. Non
absorbable surgical suture was used to prevent
the distal tendon from slipping, and then the
tendon was cut at the distal end of the surgical
node. The separation operation was completed
within 30 minutes, during which a small amount
of warm (about 37°C) soda lactate ringer injec-
tion could be used to keep the muscles moist.
On the platform of the muscle strength test sys-
tem, the mice were placed in the supine posi-
tion and the knees were fixed to prevent slip-
ping. The surgical line of the distal tendon is
connected with the horizontal arm of the sen-
sor system in a ring to keep the tibialis anterior
muscle perpendicular to the horizontal arm.
The surface of tibialis anterior muscle were
stimulated (each measurement is conducted
by the same person and placed in the same
position to reduce system error).

During the measurement, the stimulation elec-
tric flow was kept constant, and the electrical
stimulation pulse time was fixed at 0.2 ms. The
optimal initial length (Lo) of muscle was adjust-
ed by the micromanipulator to produce the
maximum tetanic contraction force, and Lo was
recorded by vernier caliper. The stimulation fre-
quency of tibialis anterior muscle gradually
increased (10, 30, 40, 50, 80, 100, 120, 150,
180 and 200 Hz), and the force frequency
curve of the maximum stiffness contraction
force (Po) was drawn at the interval of 1 minute.
The tibialis anterior muscle was relaxed for 5
minutes, and then 10 eccentric contractions
were performed at the frequency of obtaining
the maximum tetanic contractile force 5 min-
utes later. The maximal isometric contractile
force was obtained at Lo for 175 Ms. Then, at
the same time of stimulation, stretch 0.2lo at
the speed of 2If/S (TA fiber length (LF; cm) =
0.6lo), the stimulation was finished at 350 ms,
and the stretching was finished, at which time it
is returned to Lo at the same speed. Each cycle
is 1 minute apart. The maximum isometric con-
traction force measured after each eccentric
contraction was recorded, and the rate of
decline of each eccentric contraction was cal-
culated with the first time of 100%. During the
measurement, the linger injection was added
to the exposed area for 1-2 minutes, and the
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mice were irradiated with heat source to keep
the core temperature at 37°C. After all mea-
surements are completed, the tibialis anterior
muscle was removed and the fluid was sucked
dry and weighed for further biochemical and
histological analysis equipment: ARORA 1200A.

Histopathology

8-um thick cryostat sections were obtained
from diaphragm, myocardium, tibialis anterior
muscle, quadriceps femoris, musculus gastroc-
nemius, and then stained with hematoxylin-
eosin (H&E), ACP staining, immunohistochem-
istry staining and immunofluorescent staining.
In the muscle injection group, the tibialis ante-
rior muscle used in the contraction protocol
was also used in the western and histology.
While in the tail injection group, the tibialis
anterior muscle as the contraction mode was
used for western and the contralateral side was
used for histology.

Western blot analysis

Samples from tibialis anterior muscle were
homogenized in the dissolved buffer. Protein
samples were denatured by the reduced barri-
er, and SDS (12%) polyacrylamide gel electro-
phoresis was isolated. The isolated protein was
transferred to nitrocellulose membrane in 180-
300 mA transfer buffer for 2 h. The membrane
was blocked with 5% non-fat milk or 0.01 mol/L
BSA at room temperature for 1 h, washed with
TBS (0.01 M) for three times, and incubated
with the PP65 polyclonal antibody (1:500;
Abcam, Cambridge, UK) and GAPDH antibody
(1:5000; santa) overnight at 4°C. After washing
three times in TBS-0.01 M Tween for 10 min
each, the membranes were incubated with
IRDye700DX, IRDye80ODX for 1 h at room
temperature. After washing, the membranes
were imaged on the Odyssey Infrared Imaging
System at a wavelength of 700,800 nm.

Supplementary experiment: triceps were col-
lected and incubated overnight with TNF«
antibody (1:1000; Sanying, Wuhan, China) and
GAPDH antibody (1:1000; Servicebio) at 4°C.
After washing three times in TBS-0.01 M Tween
for 10 minutes, the membrane was incubated
with IRDye700DX, IRDye800ODX for 1 hour at
room temperature. After cleaning, the film was
imaged on the Odyssey infrared imaging sys-
tem at a wavelength of 700,800 nm.
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Figure 1. (A, B) The expression of GFP in systemic injection group. (A) is a piece of muscle with AAV9-GFP, (B) is a
piece of muscle without any injection [The green fluorescence as protein expression]. (C-F) The expression of hIGF 1
when mice at 12 weeks in systemic injection group. (C) is the immunofluorescence result of the muscle injected with
AAVO-hIGF-1; (D) is the control group without primary antibody; (E) is the expression of a cross section; (F) is the se-
rial section with C staining HE. (C is compounded by software). (G) is the expression of hIGF1 protein in the anterior

muscle of mdx mice in AAV9-hIGF-1 group with muscle injection. (H) is the negative control.

Drug

AAV9 virus vector carrying the GFP gene or the
hIGF-1 gene was produced by Beijing Wujiahe
Company. The promoter is CMV. The virus was
dialyzed against hydroxyethylpiperazineethane-
sulfonic acid (HEPES) after twice centrifugation
with a gradient of cesium chloride. The virus
was stored in an ultra-low temperature refrig-
erator at -80°C, and thawed to room tempera-
ture before use. The titer of the virus was deter-
mined by real-time quantitative PCR in units of
viral genomes per milliliter (1 x 10*2 vg/ml). The
expression of GFP protein in tibialis anterior
muscle was observed 8 weeks after virus injec-
tion, and green fluorescence was observed
under fluorescent microscope.

Statistical analysis

Results were expressed as mean + SD or medi-
an. Two independent sample t-test was used to
analyze difference among groups, and Kruskal
wallis test was used for the analysis of mean
among groups. Statistical evaluation was per-
formed by SPSS 13.0. P values < 0.05 were
considered significant.

Results

The expression of hiIGF-1 in tibialis anterior
muscle

In the systemic injection group, about 30.9% of
muscle cells expressed GFP protein, which con-
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firmed its transfection and expression efficien-
cy (Figure 1A-F). In the muscle injection group,
AAVO-hIGF-1 was highly expressed in the tibial
anterior muscle of mdx mice, and the number
of positive cells accounted for about 13.5%,
but there was no expression of muscle fibers
(Figure 1G).

Histology

There were two types of muscle fibers in the
control group: dark cytoplasm, small area, light
type | and large cytoplasm. The cells were uni-
form in size. There was no significant difference
in the muscle fiber types between AAV9-GFP
mice and normal mice. Compared with AAVO-
GFP group, AAV9-hIGF-1 group had a larger pro-
portion of muscle fibers, but the size of muscle
fibers and regenerated muscle were different
(Figure 2A-C). The ratio of necrosis of tibialis
anterior muscle in AAV9-hIGF-1 mdx mice was
2.14 + 0.43%, which was significantly lower
than that of 6.33 + 2.51% in AAV9-GFP mdx
mice. The difference was statistically signifi-
cant. (P < 0.05) (Figure 2D-F).

Serum creatine kinase

In the systemic injection group, the CK level of
control group mice was 5076.67 + 3959.18
U/L, that of AAVO-GFP mdx mice was 26345.64
+ 5762.39 U/L, and that of AAV9-hIGF-1 mdx
mice was 39446.28 + 15905.25 U/L. Com-
pared with normal control group mice, mdx
mice had higher CK, but there was no signifi-
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Figure 2. (A-C) HE staining results of the distributions of myocyte areas and mini Feret diameter in systemic injec-
tion group. The cells of wild type mice were evenly distributed. Compared with wild-type mice, the cell distribution of
GFP mice and hIGF-1 mice was unbalanced. (D) is the control group. The proportion of necrotic area in GFP group
(E) was 6.33 (+2.51%) and hIGF-1 group (F) was 2.14 (+0.43%). There was a significant difference between the two
groups (P < 0.05).

cant difference between GFP group and hIGF-1
group (P > 0.05).

In the muscle injection group, the CK value of
control group mice was 5076.67 + 3959.18
U/L, that of AAVO-GFP mdx mice was 33418.57
+ 11695.54 U/L, and that of AAV9-hIGF-1 mdx
mice was 31855.8 + 16394.13 U/L. Compared
with normal control group mice, mdx mice had
higher CK, but there was no significant differ-
ence between GFP group and hlGF-1 group (P >
0.05).

Muscle force

In the systemic injection group, the mice in the
control group got the minimum strength due
to muscle weakness. The muscle strength of
AAVO-GFP mdx mice without effective interven-
tion was significantly stronger than that of wild-
type mice in the control group. After administra-
tion of AAV9-hIGF-1, the muscle strength of
mice increased significantly (Figure 3A, 3B).
The difference between the hIGF-1 group and
the control group and the AAV9-GFP group was
statistically significant (P < 0.05). But there was
no significant difference between the control
group and AAV9-GFP group (P > 0.05). The
endurance of the anterior tibialis muscle of the
hIGF-1 group was compared with the GFP group

4492

and C57BL/10 group, respectively, with signifi-
cant differences (P < 0.05), and no significant
difference between the hIGF-1 group and the
GFP group (P > 0.05), (Figure 3C).

In the group with muscle injection, when mea-
suring the maximum contractile force (Figure
3D, 3E), the mdx mice administered AAV9-
hIGF-1 produced the strongest muscle, fol-
lowed by AAVO-GFP mdx mice, and finally the
normal control group mice. But there was no
significant difference (P > 0.05). In the muscle
endurance test (Figure 3F), there was signifi-
cant difference between the hIGF-1 group and
GFP group and C57BL/10 group (P < 0.05), but
there was no significant difference between
hIGF-1 group and GFP group (P > 0.05).

The expression of AAV9-GFP in mdx mice

The expression of AAV9 in myocardium and
muscle tissue of AAV9-GFP group was detected
by GFP method. GFP was expressed in different
tissues of mdx mice, especially in anterior tibial
muscle, triceps muscle and other tissues. It
was proved that AAV9 could be successfully
expressed in mdx mice. The expression rate of
tibialis anterior muscle was the highest (Figure
4A-F).

Am J Transl Res 2020;12(8):4488-4497
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Figure 3. (A-C) The muscle force of different groups in systemic injection group. (A) is the tetanic force condition at
different stimulating frequencies. (B) was the force levels of different groups at 80 Hz (* compares with C57BL/10
group, # compares with GFP group, P < 0.05). (C) was the endurance test result which is opposite with the tetanic
force result (* compares with C57BL/10 group, P < 0.05). (D-F) The muscle force of different groups in muscle
injection group. (D) was the tetanic force condition at different stimulating frequencies. (E) showed the force levels
of different groups at 80 Hz, there was no difference between each group (P > 0.05). (F) showed that there was
significant difference between GFP group and hlGF-1 group and C57BL/10 group (P < 0.05), but there was no sig-
nificant difference between GFP group and hIGF-1 group (P > 0.05) (* compares with C57BL/10 group, P < 0.05).

The inflammatory response of mdx mice after
AAV9-hIGF-1 therapy

He staining and ACP staining showed mixed
inflammatory cell infiltration in AAV9-GFP group
and a small amount of inflammatory cell infiltra-
tion in AAV9-hIGF-1 group (Figure 4G-L). The
percentage of anterior tibial muscle inflamma-
tion area in CD68 and AAV9-hIGF-1 group was
lower than that in AAV-GFP group (Figure 5A-1),
and the percentage of anterior tibial muscle
inflammation area in AAV9-hIGF-1 group (1.78
+ 0.47%) was significantly lower than that in
AAV GFP group (3.4 £ 1.22%) (P < 0.05).

The change of NF-kappa B signaling pathway

Western-blot results showed that AAV9-hIGF-1
can reduced the expression of PP65. AAV-
hIGF-1 group (0.45 + 0.07%) was lower than
that of AAV-GFP group (0.76 + 0.13%), higher
than the normal group (0.38 + 0.06%). The dif-
ference was statistically significant (P < 0.05)
(Figure 5J).

Western blots showed that the levels of pp65
and TNFa in AAV-hIGF-1 mice group were lower
than those in AAV-GFP mice group, but higher
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than those in the C57 mice group, (Figure 5J,
5K) suggesting that overexpression of IGF-1
can reduce the expression of pp65 and TNFa.
These results also indicated that the overex-
pression of IGF-1 can inhibit the inflammatory
response and NF-kB signaling pathway in mdx
mice.

Discussion

Duchenne muscular dystrophy (DMD) is a fatal,
human muscle wasting disease caused by the
mutation of dystrophin gene, which can lead to
the deficiency of the complete or partial dele-
tion of the dystrophin protein. In recent years,
many researchers have proved that inflamma-
tory reaction and activation of inflammatory
signaling pathway play an essential role in the
progress of DMD [5, 15]. Mendell's study
showed that some patients who participated
in the clinical trial of AAV-micro dystrophin
injection had dystrophin-special T cells, and
increased along with the aggravation of inflam-
matory reaction [15, 18, 20]. In this case, the
dystrophin-positive fiber may not improve even
we inject dystrophin gene for treatment. This
indicated that only gene repair can not play a
good role, which is why we need to pay atten-

Am J Transl Res 2020;12(8):4488-4497
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myocardium (B), triceps (C), quadriceps (D), gastrocnemius (E) and tibialis anterior muscle (F). The tibialis anterior
muscles expressed the most. (G-I) were HE staining results of mdx mice anterior cervical muscle in AAV9-hIGF-1
group, AAVO-GFP group and C57BL/10 group. (J-L) were ACP staining results of mdx mouse anterior muscle among
AAVO-hIGF-1 group, AAV9-GFP group and C57BL/10 group.
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tion to monitor cell immunity and start treating
it as a therapeutic target [21, 22].

From the perspective of exploring the treat-
ment of chronic inflammatory diseases (such
as juvenile idiopathic arthritis, chronic kidney
disease, inflammatory bowel disease, athero-
sclerosis), IGF-1 has the effect of inhibiting
immune inflammation [23-25]. Studies have
shown that IGF-1 in muscle can regulate im-
mune response through MIF, HMGB and NF-kB
[12]. In this experiment, IGF-1 gene was intro-
duced into mdx mice by a single injection of tail
vein to observe the effect of IGF-1 gene on the
immune function of mdx mice and further
explore its mechanism. In GFP group, hematox-
ylin eosin (H&E) had phagocytes around the
necrotic tissue and large inflammatory necro-
sis area. Compared with GFP group, a small
amount of inflammatory necrosis area was
found in the ACP staining of hIGF-1 group.
Compared with GFP group, the inflammatory
area of hIGF-1 group was significantly reduced,
indicating that hIGF-1 had a certain effect on
the inflammation of mdx mice. When tissue is
damaged, monocytes migrate to the damaged
tissue and enter macrophages to deal with the
damage [26, 27]. CD68 is a transmembrane
glycoprotein, known as the most reliable bio-
marker of monocyte macrophage system [26-
28]. The results showed that the infiltration of
CD68 + macrophages decreased, which further
confirmed the pathological data.

Previous studies on mdx mice and dogs have
shown that gene therapy alone should not be
used, which will lead to a decrease in mdx
expression in inflammatory response [29, 30].
Glucocorticoids have been shown to prolong
life. Although it still has a series of side effects,
interrupting the whole treatment, it makes the
new anti-inflammatory treatment more critical
[31]. We hope that hIGF-1 will be a potential
combination therapy for DMD. Therefore, fur-
ther understanding of the inflammatory mecha-
nism regulating fibrogenesis is of great signifi-
cance for the development of therapeutic
methods aimed at inhibiting or reversing the
progression of DMD in the future.

Acharyya S and other studies have found that
the specifically down-regulated NF-kB pathway
in macrophages can significantly reduce the
expression of proinflammatory cytokines and
myofibrosis, suggesting that the expression of
NF-kB signhaling pathway in macrophages can
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significantly aggravate the pathological dam-
age of DMD to a large extent [32]. At the same
time, we observed that knockout of mdx mice
with p65 subunit can reduce the number of
necrotic muscle fibers and macrophage infiltra-
tion [33].

NF-kB is an important pro-inflammatory tran-
scription factor, widely involved in the inflam-
matory process, apoptosis, proliferation and
differentiation, protein degradation, stress res-
ponse, redox response, etc. NF-kB family con-
sists of five subunits, RelA (p65), RelB, c-Rel,
p50 and p52, of which p65/p50 is the most
effective one, which is found in almost all cells
[34]. In the inactivated status, NF-kB is located
in the cytoplasm by binding to the inhibitor IkB
(Inhibitor kB). Signaling from the cell membrane
activates the upstream I-kB kinase (inhibitor of
nuclear factor kappa-B kinase, IKK) to phos-
phorylate, ubiquitinate downstream of IkB, and
phosphorylate p50/p65 dimer, especially p65.
It was phosphorylated into pp65 and trans-
ferred to the nucleus, and then combined with
the corresponding homologous DNA sites to
start the transcription of a series of down-
stream target genes [35]. The results of this
study showed that the treatment of mdx mice
with hIGF-1 could reduce the expression of
pp65, suggesting that hIGF-1 down regulated
NF-kB pathway, thereby alleviating the inflam-
mation of muscle.

In conclusion, this study confirmed that hIGF-1
can reduce the inflammatory response and
macrophage infiltration in mdx mice, and fur-
ther proved that hIGF-1 can down regulate the
expression of NF-kB signal pathway, which has
anti-inflammatory effect.
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