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Purpose: To assess the cellular and molecular effects of lidocaine on muscles/myoblasts.
Methods: Cultured myogenic precursor (C2C12) cells were treated with varying concentra-
tions of lidocaine.

Results: Cell viability of C2C12 cells was inhibited by lidocaine in a concentration-
dependent manner, with concentrations >0.08%, producing a dramatic reduction in cell
viability. These >0.08% concentrations of lidocaine arrested cell cycles of C2C12 cells in
the GO/G1 phase. Moreover, lidocaine inhibited cell migration and myogenic processes in
C2C12 cells at low concentrations. Results from QRT-PCR assays revealed that following
treatment with lidocaine, Notchl, Notch2, Hesl, Csl and D114 all showed higher levels of
expression, while no changes were observed in Mmall, Heyl, DIl1 and Jagl.

Conclusion: This work provides the first description of the effects of lidocaine upon the
regeneration of muscles and maintenance of satellite cells at the cellular and molecular
levels. In specific, we found that the D114-Notch-Csl-Hes1 axis was up-regulated suggesting
that the Notch signaling pathway was involved in producing these effects of lidocaine. These
findings provide a new and important foundation for future investigations into the effects of
drug therapies in muscle diseases.

Keywords: local anesthetics, C2C12 cells, myogenic differentiation, strabismus, Notch
signaling pathway

Introduction

Recently, local anesthetics, which are typically utilized as analgesic agents through
their capacity to block sodium channels, have found other applications such as
producing antiarrhythmic and antineoplastic effects,'? and in the treatment of
strabismus. With strabismus, a disruption in the strength of an extraocular muscle
(EOM) is a key factor in misaligning eye motion.” Treatment with local anesthetics
can modulate this muscle force* to induce changes in muscle biomechanics,” thus
rectifying the strabismus.

Results from several studies have indicated that local anesthetics, including
bupivacaine, ropivacaine and lidocaine, exert myotoxicities which are similar in
nature,”’ usually resulting in lytic degeneration of striated muscle sarcoplasmic
reticulum, myocyte edema and necrosis.® It has been reported that the mechanisms
involved with such muscle injuries are, in part, attributable to aberrations in
cytoplasmic calcium homeostasis by sarcoplasmic reticulum Ca®'/ATPase
processes,’ effects which may be mediated by mitochondria.'®
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However, the exact mechanisms regarding local anes-
thetic affects upon muscles and the modulation of mus-
still
hypothesis that has been proposed to explain the effects

cular forces are not fully understood. One
of local anesthetics in strabismus treatment is that there
is a selective damage to muscle fibers of the EOMs while
preserving cellular support structures, nerves and satel-
lite cells.'"" Subsequently, these satellite cells activate
myoblasts to initiate a rapid process of regeneration.'?
While it is not entirely clear as to the means through
which local anesthetics affect satellite cells or myoblasts,
there is evidence from previous studies that these local
anesthetics can be cytotoxic to myoblasts through their
ability to induce anti-proliferation and cell death.'*"'* In
this study, we used the C2C12 cell line to study the
effects of one commonly used local anesthetic, lidocaine,
upon muscle satellite cells as an approach to understand
some of the mechanisms of muscle regeneration after
treatment with local anesthetics.

Materials and Methods

Reagents and Plasmids
Lidocaine was purchased from Aladdin (Shanghai, China).
The following antibodies were used for our Western
blot assays, myosin heavy chain 3 (1:1000, Abcam,
ab124205), Myogenin (1:1000, Absin, ab137750), Pax7
(1:250, Abcam, ab199010), Notchl (1:1000, Cell
Signaling Technology, #3439), Notch2 (1:1000, Cell
Signaling Technology, # 5732S), Hesl (1:200, Santa
Cruz Biotechnology, sc-166378) and -actin (1:2000,
Bioworld Technology, Inc., AP0060).
Plasmids for the reporter genes of Myog-luc,'> MCK-
luc,'® 3xMEF2-luc, Csl-luc'” and pRL-TK were used for

the luciferase assay.

Cell Culture and Differentiation Induction
C2C12 cells were kindly provided by Cell Bank/Stem Cell
Bank, Chinese Academy of Sciences. C2C12 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
medium. Details regarding culture and differentiation con-
ditions have been described previously.'® Briefly, C2C12
cells were maintained in DMEM high glucose (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) sup-
plemented with 20% fetal bovine serum (HyClone; GE
Healthcare Life Sciences, Logan, UT, USA), 100 U/mL
of penicillin. The differentiation of C2C12 cells was

induced by DMEM high glucose with 2% horse serum
(Gibco).

Wound Healing, RT-PCR and Luciferase

Assays

The C2C12 cells were cultured in 12-well plates, which
were used for the wound healing assay when densities
achieved 80%.

RT-PCR was utilized to identify relative expression
levels of the following genes: Myodl, Myog, Notchl,
Notch2, Hesl, Csl, Dll4, Pax3, Pax7, Myf5, Sixl and
Six4. The sequences of forward and reverse chains were
obtained from PrimerBank (https://pga.mgh.harvard.edu/

primerbank/). The
SangonBiotech (Guangzhou, China).

primers were synthesized by
The luciferase assay was performed as described
19:20 3000

(Invitrogen, Carlsbad, CA, USA) was used in transfection,

previously. Briefly, Lipofectamine™
following the manufacturer’s instructions. C2C12 cells
were harvested after 48 h transfection, and luciferase
activity was measured with the Dual-Glo Luciferase

Assay System (Promega, Madison, WI, USA)

Apoptosis Measurements, Cell Cycle

Assay and Cell Viability Determinations
The Cell Counting Kit-8 (CCKS, Dojindo, Japan) was
utilized to determine cell viability. Apoptosis of C2C12
cells, as assessed in the presence or absence of lidocaine,
was performed with the use of the Multi-caspase Kit
(Millipore, Cat: MCH100109, USA). PI/RNase Staining
Buffer (BD Biosciences Pharmingen, Cat:550825, USA)
was utilized in the cell cycle assay.

Human Extraocular Primary Myoblasts
The isolation and culture of primary myoblasts as obtained
from strabismus surgery samples were performed as
described previously.”?! The myoblasts were maintained
in HAM’S F10 — MEDIUM (Gibco) with 20% heat inac-
tive fetal bovine serum.

Statistical Analysis

Each experiment was repeated at least three times. The
IBM SPSS Statistics 20 software program was used for
conducting the statistical analysis. The results are dis-
played as means + standard deviations. Statistically sig-
nificant differences among the groups were assessed using
a one-way ANOVA followed by the LSD post hoc test for
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pairwise comparisons. Probability levels obtained with
these analyses are shown as P< 0.05 (*), P< 0.01 (**),
P<0.001 (***) and P> 0.05 (#).

Results

High Concentrations of Lidocaine Induce
Apoptosis and Inhibit Cell Proliferation in
C2ClI2 Cells

We first determined cell viability in response to varying
concentrations of lidocaine (0-25%, 1%=34.6mmol/L) for
8 or 24 h. Results of the CCK8 assay revealed that lido-

caine produced a concentration-dependent decrease in cell
viability, with high concentrations significantly inhibiting

myoblast viability (Figure 1A). The Multi-caspase Kit was
then used to determine apoptosis in these C2C12 cells in
response to an 8 h exposure of varying lidocaine concen-
trations. Similar to that observed for cell viability, there
was a concentration-dependent increase in cell apoptosis
with high concentrations inducing significant levels of
apoptosis in these C2C12 cells (Figure 1B and C).

Lidocaine Induces Cell Cycle Arrest of
C2C12 Cells

We next investigated which periods of the cell cycle were
affected by lidocaine. After incubating C2C12 cells for 24
h with different concentrations of lidocaine (0, 0.02, 0.04,
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Figure | Lidocaine (LID) induces apoptosis in C2C|12 cells. (A) C2CI2 cells were treated with different concentrations of lidocaine ranging from 0% to 0.25% for 8 or 24
h and cell viability was determined with use of the CCK8 assay. Lidocaine inhibited cell viability in a concentration-dependent manner. (B) C2C12 cells were treated with
different concentrations of lidocaine ranging from 0% to 0.25% for 8 h and the percent of live and apoptotic cells were determined with use of flow cytometry. (C) Bar graph
representation for quantification of results from (B) showing that cell apoptosis increased in a concentration-dependent manner to lidocaine. Each experiment was repeated
three times. For lidocaine: 1%=34.6mmol/L (*P<0.05, **P<0.01, ***P<0.001, n=3, bars represent SD).
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0.06, 0.08, 0.10%), these cells were stained using PI/
RNase Staining Buffer. Flow cytometry was then used to
measure the percent of C2C12 cells within the different
cycles. With lidocaine concentrations of >0.08%, we
found, that the cell cycle was arrested at the GO/Gl
phase (Figure 2A and B). Lower concentrations of lido-
caine failed to significantly alter these cell cycles.

Low Concentrations of Lidocaine Inhibit
Migration of C2CI2 Cells and Human

Extraocular Primary Myoblasts

As migration of myoblasts represents a critical component for
muscle regeneration, we were interested in examining the
effects of lidocaine in this process. C2C12 cells were planted
in 12-well plates and a wound was induced at the density of
80%. For this experiment, lidocaine concentrations from 0%
to 0.06% were used to preclude the possibility for C2C12 cell
apoptosis and proliferation and the FBS was reduced to 3%.
Photos were taken at 0, 24 and 48 h post-lidocaine treatment
(Figure 3A), and the area occupied by the cells was calculated
within each photo (Figure 3B). We found that C2C12 cell
migration was inhibited by lidocaine at these low concentra-
tions. Similar results were obtained when testing these effects
of lidocaine in primary culture myoblasts of human EOMs
(Figure 3C and D). The myogenic differentiation test was used

A cell cycle
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GOG1336
$93
G2M09

DNA CONTENT INDEX

to verify that the primary culture cells were myoblasts

(Figure S1).

Low Concentrations of Lidocaine Inhibit
C2C12 Cell Differentiation

As an approach to determine whether differentiation of myo-
blasts would be affected by this local anesthetic, a differential
experiment was performed. For this experiment, we changed
the growth medium to differentiation medium (3% horse
serum in DMEM), then treated these cells with 0%, 0.01%
or 0.02% lidocaine and assessed the morphology of these
cells. Photos were then taken on the fourth day of differentia-
tion. In the control group, cells gradually merged into mature
myotubes and, morphologically, achieved the shape of
mature myotubes with large and long bars, instead of spindle-
shaped mononuclear cells. In the treatment group, many
mononuclear cells and immature myotubes remained pre-
sent. These results suggest that even at quite low concentra-
tions, incapable of affecting apoptosis and proliferation in
these C2C12 cells, lidocaine inhibited the differentiation of
these cells (Figure 4A). To investigate the promoter activity
of differentiation marker genes potentially associated with
this effect, including Mef, Myogenin, Mef2c and MCK, we
performed a luciferase assay (Figure 4B). We found that the
priming of genes, Mef, Mef2c and Myogenin, were
decreased by this lidocaine treatment.

Cell cycle
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Figure 2 Lidocaine induces cell cycle arrest. (A) Flow cytometric analysis of the cell cycle. (B) Bar graph representation for quantification of results from (A). At
concentrations 20.08%, lidocaine arrested the cell cycle at the GO/GI phase (*P<0.05, n=3, bars represent SD).
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Figure 3 Low concentrations of lidocaine inhibit migration of C2C12 cell and satellite cell (SC). (A) Planted C2CI2 cells in 24-well plate and created wound at the density
of 80%. The cells were then treated with lidocaine at concentrations ranging from 0 to 0.06% and photos were taken at 0, 24 and 48 h post-lidocaine treatment. (B) Area
occupied by C2CI2 cells within the two black lines was calculated from images. (C) Extraocular muscle satellite cells in 24-well plate and created wound at the density of
80%. The cells were treated with lidocaine at concentrations ranging from 0 to 0.06% and photos were taken at 0, 24 and 48 h post-lidocaine treatment. (D) Area occupied
by extraocular muscle satellite cells within the two black lines was calculated from images. (*P<0.05, **P<0.01, ***P<0.001, n=3, bars represent SD).

Subsequently, RT-PCR was used to measure mRNA
levels of Myodl and Myog, two critical differential con-
trol genes. Both showed significant decreases in response
to lidocaine, even at a concentration of 0.01%. At the
protein level, results of Western blot of MYH3, a marker
of muscle differentiation, confirmed that the myogenic
differentiation was inhibited.

Low Concentrations of Lidocaine May
Maintain Quiescence of Myoblasts via the
Notch Signaling Pathway

To further investigate the mechanisms involved through
which lidocaine inhibits differentiation of myoblast, the
effects of lidocaine on immunofluorescence of C2C12 cells
were assessed. After 2 days of treatment with differentiation
medium (with or without lidocaine), myosin antibodies were
used to mark differentiated cells. In response to 0.02% lido-
caine, many myoblasts remained undifferentiated
(Figure 5A). Luciferase assay results revealed and found

that the priming of Csl, the Notch effector, increased when

treated with a low concentration of lidocaine (Figure 5B).
RT-PCR was then used to investigate the relative expression
levels of Notch signaling pathway genes. We found that
Notchl, Notch2, Hesl, Csl and D114 were all expressed in
high levels (Figure 5C), while levels of Mmall, Heyl, DIl1
and Jag1 showed no such changes (Figure S2) after treatment
with low concentrations of lidocaine. Similar findings were
obtained from results of Western blot assays (Figure 5D,
E and S4B). These results suggest that lidocaine may affect
myoblasts via the Notch signaling pathway. Moreover, to
figure out which molecule lidocaine acts on, we silenced
Dll4, Notchl and Notch2, respectively, with siRNA (pur-
chased from RiboBio, Guangzhou, China) to observe the
effect of lidocaine on Notch pathway. When we silenced
Dll4 (Figure S3A), the Notch ligand, the effect that low
concentration of lidocaine activates Notch pathway disap-
peared. On the other hand, when Notchl or Notch2, two
different types of Notch receptors, was silenced, the expres-
sion level of DIl4 could be up-regulated by lidocaine (Figure
S3B and C). These results showed that D114 is the most likely
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Figure 4 Low concentrations of lidocaine inhibit C2C12 cell differentiation. (A) C2C12 myoblasts as induced in differential medium and treated with or without 0.02%
lidocaine. Photos were taken on the fourth day. (B) 3xMef-luc, 3xMef2c-luc and Myog-luc were co-transfected with pRL-TK. At 24 h after transfection, lidocaine at
concentrations of 0, 0.01, 0.02% were added and luciferase activity was then determined after 48 h of incubation. (C) qRT-PCR was used to measure transcript levels of the
muscle-specific genes, Myog and Myod|. RNA samples were collected at two days after differentiation. (D) Two days after differentiation, protein levels of Myh3 were
determined using Western blot. (*P<0.05, ***P<0.001, n=3, bars represent SD).

932 submit your manuscript Drug Design, Development and Therapy 2021:15

Dove


http://www.dovepress.com
http://www.dovepress.com

Dove Ling et al
A Myosin Hoechst merge B D
c o
T §
R 2
o
c Csl-luc
T
R 0.6 Hes1
L
0.4~
-]
]
m .
0.2 B-actin
°
o
3
B
=t
5 .
> © Pax7
» S
& O o
C E Notch1 Notch2 Hes1 Csl D4
2 | oo : Y 0. 0
= wer e - " "
g 008 0015: E
O | ooz - g
3 e 0.06 0.010¢ 0.00002 #
* .0010
g 0.01 0.04 0.005 13 = V.
. X 0.00001
3 002 0005 5 = g.?;f,uo
o 3
2 | oo 0.00 0000 0.000 0.00000 = B
® RN N g e do e Y S e -
3 R & & &S &S g 0
4 -
o
i
F o ok
° Pax7 Pax3 Myf5 Six1 Six4 [ *kk
s Y 2 0.5
o |o 0. 04 =
= i i ]
- . * 0.000020 0034 i * )
ol ¥ ’  |o.02- ¥ 14
i 0.000015+
0 | o0.004 0.02 -
9 0.000010 0.0 ! ! I
2 | 5002 o014 0.014 Hes1 Notch1 Notch2 Pax7
z : 0.000005+ B
.g 0.000 0.000000- 0.00 0.00
- N o oo N o o IR R
% &S &S &S &S
14

Figure 5 Low concentration of lidocaine may inhibit activation of myoblasts via Notch signaling pathway. (A) Immunofluorescence was used to mark the differentiated cells.
Cells were fixed two days after differentiation. (B) Csl-luc were co-transfected with pEF-RL, respectively. 24 h after transfection, 0, 0.01, 0.02% concentration of lidocaine
was added. Luciferase activity was measured after 48 h incubation. (C) qRT-PCR was used to measure the transcript levels of Notch signaling pathway genes Notchl,
Notch2, Hesl, Csl, DIl4. RNA samples were collected two days after differentiation. (D) Protein level of Hes|, Notchl, Notch2, Pax7 was analyzed by Western blot. Protein
samples were collected two days after differentiation. (E) Bar graph is for quantification of figure 5D. (F) qRT-PCR was used to measure the transcript levels of muscle
lineage genes: Pax3, Pax7, Myf5, Six|, Six4. RNA samples were collected two days after differentiation. (#P>0.05, *P<0.05, ***P<0.001, n=3, bars represent SD).

molecule that lidocaine acts on. What is more, up-regulating
of DII4-Notch1-Cs1-Hesl axis was still observed with the
treatment of si-Notch2, which means that Notch2 is not
necessary when lidocaine activating Notch pathway (Figure
S3B). If Notchl is silenced, lidocaine only up-regulates D114
but does not up-regulate Hes1, the Notch target (Figure S3C).
This result reveals that Notchl is an indispensable molecule
in this pathway when myoblasts are treated with lidocaine.
To corroborate these results on the differentiation stages of
the myoblasts, RT-PCR was used to measure some of the
critical transcription factors regulating progression through
the myogenic lineage.”> We found that Pax3 and Pax7 showed
relatively increased expression levels in response to lidocaine
(Figure 5F), which suggests that more myoblasts remained
either undifferentiated or in the early stages of differentiation.

Discussion

The myotoxicity of local anesthetics (LAs), first described
in 1959 by Brun,” is a complication of peripheral nerve
blocks. Subsequent work as performed in animal models
was directed toward studying the means by which LAs
damage tissue.”’ In spite of this potential for damage,
treatment of EOMs with LAs has proved effective in
correcting strabismus. After injection with LAs, muscles
initially show degeneration and inflammation followed by
regeneration with increased diameters of muscle fibers.**
Satellite cells play a key role in this process. In this study,
we investigated how one specific LA, lidocaine, affects
satellite cells under laboratory conditions. First, we estab-
lished that this LA would induce apoptosis of C2C12 cells,
in a dose- and time-dependent manner, as had been
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reported by others.'*?> At a concentration of >0.08%, we
observed dramatic reductions in cell viability and the half-
maximal inhibitory concentrations (ICs,) were calculated
as 0.099%+0.004% (Figure S4A). These results were simi-
lar to that of Maurice et al'*> who reported an ICs, of
lidocaine to be 0.097%+0.015%. The novel findings of
our current study were the first demonstration that lido-
caine could inhibit the migration of C2C12 cells at con-
centrations as low as 0.02%, concentrations that would not
affect cell viability or the cell cycle. This result suggests
that even with the use of a dose considered safe, lidocaine
may inhibit the migration of myoblasts. Normally, skeletal
muscle repair requires migration of myoblasts, both to the
injury site and then within the wound.?® The inhibition of
migration by lidocaine, as observed here, indicates that
myoblasts would be incapable of the transport necessary
to promote muscle repair. Such an effect may explain the
basis for the incomplete repair accompanied by connective
tissue that sometimes occurs after LA injection.
Myogenic differentiation is critical for muscle repair.
Following acute injury, functional muscle fibers are usually
destroyed. Then, satellite cells, stimulated by pathogenic
factors or inflammation, are transformed into activated myo-
blasts which are transported to the injury site to initiate the
repair process. These myoblasts proliferate, differentiate, fuse
into mature multinucleated myotubes and finally form func-
tional fibers.” In this study, we demonstrated that lidocaine
could inhibit myogenic differentiation at concentrations that
would not affect cell viability or proliferation. In this way,
muscle repair would be perturbed, which may, in part, explain
the myotoxicity of LAs. The diplopia or strabismus compli-
cations that can sometimes occur with anterior and posterior
segment eye surgery”’ may result from the capacity of LAs to
inhibit the migration and differentiation of myoblasts.
According to Maurice’s study, activation of Akt and
ERK pathways is diminished obviously at a high concentra-
tion of local anesthetics.'® These findings can be linked with
our study since Kondoh™ revealed that Notch signaling
suppressed MAPK/ERK Activity in myoblasts and inhibited
the myogenic process. The Notch signaling pathway, which
plays an important role in cell development and differentia-
tion, is evolutionarily conserved in mammals.? It also plays
an important role in regulating both satellite cell homeosta-
sis in quiescent muscles and myoblast development during
muscle regeneration.’**' Following activation of Notch,
satellite cells can exit the cell cycle and return to
quiescence,>® which may then help to maintain their stem

cell function. In this study, we found that the D114-Notch-Csl
- Hesl axis was up-regulated, indicating that Notch signal-
ing was activated after treatment with lidocaine (Figure S5).
Notably, we found that the expression level of Pax7,
a marker of muscle stem cells, was significantly increased
after treatment with low concentrations (0.01% or 0.02%) of
lidocaine. Such events may promote a self-renewal and
enlargement or maintenance of the satellite cell pool,
which may have the effect of delaying future muscle repair.
When using local anesthetics for treatment of strabismus,
the tension of the EOMs sometimes increases after a long-
term recovery period.”* We propose that after the initial
damage, EOMs experience a delay in the repair of these
muscles due to a maintenance or even enlargement of satel-
lite cell pools. The subsequent repair may eventually form
muscle fibers of increased strength to provide the necessary
forces required for appropriate eye alignment. Based upon
the results of this study, a new perspective on the drug
therapy of strabismus is presented in which these drugs
can be applied to promote the pluripotent capacity of muscle
stem cells for the acute damage of EOMs. In this way, it
would be possible to remodel EOMs to achieve an appro-
priate eye alignment, while avoiding potential side effects of
surgery, such as conjunctival scars or limitations in ocular
motility.

In conclusion, here we investigated some of the cellu-
lar/molecular mechanisms through which lidocaine affects
myoblasts and the myotoxicity that results from local
anesthetics. We found that lidocaine can arrest C2C12
cells in GO/G1 phase of the cell cycle, inhibit myoblast
migration and myogenic differentiation, processes which
may be associated with activation and regulation of the
Notch signaling pathway. To our knowledge, this repre-
sents the first study to systematically describe some of the
mechanisms by which local anesthetics can affect muscle
regeneration and the maintenance of satellite cells as
demonstrated at cellular and molecular levels. Such an
information is essential for future studies and drug therapy
development in the treatment of strabismus.
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