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Abstract

Background 1t has been reported that botulinum toxin type
A (BoNT-A) produces structural changes in masticatory
muscles. However, not all histomorphometric parameters
affected by BoNT-A parameters have been assessed. This
study investigated the histomorphometric changes in the
masseter muscle of rats after a single injection of BoNT-A.
Methods Forty-four adult animals were randomly divided
into control group (n = 22) and BoNT-A group (n = 22).
Controls received a single dose of 0.14 mL/kg of saline in
masseter muscles, and the BoNT-A group received a 7 U/
Kg of BoNT-A. The groups received the same volume of
injected substances. Animals were sacrificed on 7th
(n=75), 14th (n = 5), 21st (n = 5), 28th (n = 4) and 90th
(n = 3) days post-treatment. Histological masseter tissue
slides were obtained from hematoxylin—eosin treatment
and analyzed in optical microscopy regarding muscle
cross-sectional area, amount of connective tissue and
quantity and diameter of myocytes. For statistical analysis,
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generalized linear models were used to compare the data
(ANOVA). In all test, the significance level of 5% was set.
Results BoNT-A values of cross-sectional area of the
masseter muscle were significantly lower than controls
(p < 0.01) throughout the study. Regarding myocytes
quantity, BONT-A subgroups presented higher values than
controls (p < 0.0001) since the 14th day until the end of
the study; however, the diameter of myocytes was smaller
in all BoNT-A subgroups (p < 0.0001) in all assessment
points. The amount of connective tissue was higher in
BoNT-A subgroups (p < 0.0001) throughout the study.
Conclusion A single injection of BoNT-A altered the
structure of masseter muscle of rats, regarding its histo-
morphometric parameters.

No Level Assigned This journal requires that authors
assign a level of evidence to each article. For a full
description of these Evidence-Based Medicine ratings,
please refer to the Table of Contents or the online
Instructions to Authors www.springer.com/00266.

Keywords Botulinum toxin - Masticatory muscle -
Myocytes - Connective tissue - Adverse effects

Introduction

Botulinum toxin type A (BoNT-A) is one of seven neu-
romuscular blocking agents produced by the bacterium
Clostridium botulinum. It has an affinity for motor nerve
endings where it inhibits acetylcholine release, exerting its
paralytic effect on injected muscles [1-3]. Since the US
Food and Drug Administration (US-FDA) approved BoNT-
A for the treatment of various muscle disorders such as
dystonia and spasticity, it became an accepted and fre-
quently used therapeutic tool to chemically denervate
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muscles and disabling of neural transmission [1]. Further-
more, the analgesic effect of BoNT-A which have been
demonstrated by several experimental studies led to new
potential indications for pain conditions [1-3].

Local application of BoNT-A is considered to be safe by
the US-FDA [4]. In addition, a recent systematic review
pointed out that self-reported minor adverse effects with a
spontaneous resolution such as weakness in neighboring
non-target muscles and transient edema were the most
prevalent adverse effects [5]. However, it is known that
changes in muscle function (BoNT-A muscle-paralytic
effect) are followed by structural and morphological
changes in the muscles themselves, a diminish of masti-
catory performance and changes in bone tissue. Consider-
ing that the neuromuscular effect of BoONT-A is dose- and
muscle-size dependent [6], and because of its time limited
action, which leads to performed repeated injections at
intervals of 3—4 months, it could be hypothesized that
BoNT-A could have deleterious effects on muscle tissue
[7, 8].

In fact, experimental studies have demonstrated that a
single or multiple injections of BoNT-A produced a
decrease in muscle mass, histological changes in muscles
fibers, expression of apoptotic and muscle atrophy/regen-
eration markers and fatty infiltration [9-12]. Additionally,
clinical studies have demonstrated that multiple or even a
single injection of BoNT-A into masticatory muscles
diminished masticatory performance and masticatory
muscle size [13-15]. Notwithstanding, studies using
BoNT-A injection in masseter muscle of rodents have only
described a muscle volume reduction by visual inspection
[16], by measuring its width [17], by reporting diameter of
the fibers [10], without assessing other important parame-
ters such as morphometric effects and the amount of
myocytes.

Thus, the aim of this study was to evaluate the structural
changes caused by a single bilateral injection of BONT-A
on masseter muscle of rats. Morphometric effects, per-
centage analysis of substituting connective tissue and the
quantity of myocytes were assessed. The null hypothesis
was that BoNT-A does not alter the morphometric and
histological structures of the masseter muscle.

Methods
Animals

The present study was approved by the Ethics Committee
in Animals Research of the State University of Campinas
(CEUA/UNICAMP), Sao Paulo, Brazil under protocol n°.
4554-1/2017 and followed the National Council for Control
of Animal Experimentation (CONCEA) and the
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International Association for the Study of Pain (IASP)
guidelines [18].

Forty-four male Wistar rats (300-500 g) aged 60 days
were used in this study. Animals were obtained from the
University of Campinas Multidisciplinary Center for Bio-
logical Research (CEMIB-UNICAMP, Sao Paulo, Brazil)
and housed in standard clear polyethylene cages with a
maximum of five animals per cage and maintained in a
temperature-controlled room (24 £ 1 °C), with a 12-hour
light-dark cycle, with food and water ad libitum throughout
the experiment. The body mass of all animals was quan-
tified and assessed daily from day O (before the interven-
tion) to the end of the experiment (90 days).

Experimental Design

Animals were randomly divided into 2 groups of 22 rats:
group 1 (BoNT-A) received one single intramuscular
injection of 7 U/kg of BoNT-A (Bot0x®, Allergan, Inc.
Irvine, CA, USA; 100 units were reconstituted in 2 mL of
0.9% saline solution) in the masseter muscle and group 2
(Control) received a single intramuscular injection of a
total doses of 1.4 mL of sodium chloride at 0.9% also in
the masseter muscles [19]. Injections were applied bilat-
erally. The groups received the same volume of injected
substances. Then, groups were divided into five subgroups
according to the sacrifice period from the experimental
days since substance were injected (day 0): 7th day (n = 5),
14th day (n = 5), 21st day (n = 5), 28th day (n = 4) and
90th day (n = 3). All animals and cages were identified
according to their respective subgroups.

Tissue Extraction

Euthanasia of the animals was performed to remove tissues
for analyses, according to the experimental design. Briefly,
the animals were anesthetized with intraperitoneal injection
of a mixture of Dopalen® (50 mg/mL) and Rompun® (2 g/
100 mL), in a 1:1 ratio, at a dose of 0.3 mL/100 g body
mass. After presenting signs of general anesthesia, the
animals were infused with 60 mL of PBS solution (cardiac
perfusion). The masseter muscles of animals were
removed, dissected, weighed, and divided into two pro-
portional transverse parts intended for analysis in light
microscopy.

Histology and Morphometric Analysis

The muscle slides were prepared for histological and
morphometric analysis according to the predefined exper-
imental days of substances application. Briefly, masseter
tissue samples were fixed in 20 volumes of 10%
formaldehyde in Millonig buffer (pH 7.4) for 24h at 24 °C
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Table 1 Cross-sectional area of

the masseter muscle fibers Days Group

(5 pm) in function of the group Control BoNT-A

and the days from BoNT-A

application Mean (SD) Median (min.; max.) Mean (SD) Median (min.; max.)
7 75.86 (1.91) Ac 76.06 (72.87; 78.15) 68.71 (1.14) Ba 69.00 (66.89; 69.86)
14 78.79 (1.51) Ab 78.23 (77.36; 80.92) 60.34 (2.66) Bb 61.08 (56.64; 63.20)
21 80.62 (0.69) Ab 80.78 (79.70; 81.52) 54.95 (2.04) Bc 55.34 (52.77; 56.94)
28 82.29 (0.85) Aab 82.27 (81.39; 83.25) 49.41 (1.26) Bd 49.30 (48.32; 50.74)
90 84.39 (0.14) Aa 84.43 (84.23; 84.50) 48.99 (1.00) Bd 48.64 (48.22; 50.12)

Different letters (uppercase in horizontal) represent significant difference (p < 0.05) between groups

Different letters (lowercase in vertical) represent significant difference (p < 0.05) among evaluation

periods

p(groups) < 0.0001; p(days from BoNT-A application) < 0.0001; p(interaction) < 0.0001

and processed for inclusion of Paraplast™. Histological
slides of cross sections of the samples (5 pm) were stained
by the hematoxylin—eosin method for structural observa-
tion and morphometric analysis. The following morpho-
metric parameters were evaluated: cross-sectional area of
muscle fibers and presence of connective tissue (% per
10,000 umz), number (n per 10,000 umz) and diameter
(um) of myocyte. Five fields of each of the five sections
obtained from the mean region of the tissue collected in the
animals of each experimental subgroup/days from sub-
stances application were documented. The mean diameter
of the fibers was measured using 125 fibers of each
experimental group/time (n = 5/25 fibers per animal). All
images were analyzed in a Leica DM2000 photomicro-
scope. The measurements were made from the captured
images, using the Software Image Leica Measure and
Sigma Scan Pro 5.0 (SYSTAT, California, United States).

Statistical Analysis

The G*Power 3.1.9.2 software was used for sample size
calculation (Diisseldorf, Germany). Power calculation
showed that 22 animals per group would demonstrate more
than 90% power when = 0.05 with an effect size of 0.4 for
comparisons between two independent means (T-test).
Descriptive and exploratory analyses of the data were
performed. Descriptive data are presented as mean (SD)
and median (Min; Max). Generalized linear models were
used to compare the data (ANOVA). Subgroups and days
from substances application (day 0) were considered for
the statistical analyses, as well as the interaction among
them. In all test, the significance level of 5% was set. The
analyses were carried out with resources from the R Core
Team program (2019) (Language and Environment for
Statistical Computing. R Foundation for Statistical Com-
puting, Vienna, Austria).

Results

Regarding the weight of the animals, no significant dif-
ferences were found between BoNT-A subgroups
(p > 0.05). In the between-group comparisons, values of
the weight of the animals were significantly lower in the
BoNT-A subgroups compared to the control subgroups
(p > 0.05).

Cross-sectional Area of the Masseter Muscle Fibers
(CSAM)

Considering the CSAM values (Table 1), within-group
comparisons showed a significant decrease in CSAM in the
BoNT-A subgroups as soon as 7 days after the injection
and throughout the study (p < 0.0001); however, the con-
trol subgroups presented opposite results, showing a sig-
nificant increase in CSAM (p < 0.0001) until the last
follow-up. In the between-group comparisons, values of
CSAM were significantly lower in the BONT-A subgroups
compared to the control subgroups (p < 0.01) throughout
the study (Figure 1).

Quantity of Myocyte (MT)

Regarding MT data (Table 2), the withing-group compar-
ison showed a significant increase in the quantity of MN in
BoNT-A subgroups (p < 0.05); however, there were not
significant differences between the 21st, 28th and 90th day
BoNT-A subgroups. On the other hand, the quantity of MT
significantly diminished when the 7th day control subgroup
was compared with the other control subgroups (p < 0.05).
The between-groups comparisons found significant higher
values of MT for BoNT-A subgroups when compared with
the control subgroups from the 14th day of follow-up until
the end of the study (p < 0.0001).
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Fig. 1 Fibers in cross sections
of the masseter muscle (HE
staining), according to different
groups and periods of
assessment. Microscopic
enlargement: 40x (line = 5 pm).
Control: saline solution; BoNT-
A: botulinum toxin type A

@ Springer
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Table 2 Myocyte count ]

(10,000 umz) considering group Days Group

and the days from BoNT-A Control BoNT-A

application

Mean (SD) Median (min; max) Mean (SD) Median (min; max)

7 4.78 (0.74) Aa 4.84 (3.64; 5.52) 5.24 (0.47) Ab 5.44 (4.64; 5.80)
14 3.69 (0.23) Bbc 3.56 (3.48; 4.04) 5.39 (0.68) Ab 5.36 (4.76; 6.52)
21 4.07 (0.21) Bb 4.04 (3.80; 4.28) 6.73 (0.27) Aa 6.68 (6.40; 7.08)
28 4.05 (0.18) Bb 3.98 (3.92; 4.32) 6.45 (0.35) Aa 6.40 (6.08; 6.92)
90 3.28 (0.11) Be 3.32 (3.16; 3.36) 6.08 (0.59) Aa 6.36 (5.40; 6.48)

Different letters (uppercase in horizontal) represent significant difference (p < 0.05) between groups

Different letters (lowercase in vertical) represent significant difference (p < 0.05) among evaluation

periods

p(subgroups) < 0.0001; p(days of BoNT-A application) = 0.0009; p(interaction) < 0.0001

Table 3 Diameter of myocytes

(um) considering the group and Days Group

the days from BoNT-A Control BoNT-A

application

Mean (SD) Median (min; max) Mean (SD) Median (min; max)

7 9.50 (0.25) Ac 9.32 (9.32; 9.86) 8.09 (0.41) Ba 7.80 (7.80; 8.67)
14 10.37 (0.06) Ab 10.34 (10.34; 10.47) 7.20 (0.23) Bb 7.07 (7.07; 7.60)
21 10.66 (0.17) Ab 10.54 (10.54; 10.90) 6.64 (0.34) Bc 6.41 (6.41; 7.16)
28 11.00 (0.14) Ab 10.97 (10.88; 11.16) 6.06 (0.22) Bd 5.99 (5.89; 6.36)
90 13.71 (2.69) Aa 14.03 (10.88; 16.23) 6.01 (0.15) Bd 5.92 (5.92; 6.18)

Different letters (uppercase in horizontal) represent significant difference (p < 0.05) between groups

Different letters (lowercase in vertical) represent significant difference (p < 0.05) among evaluation

periods

p(subgroups) < 0.0001; p(days of BoNT-A application) = 0.0013; p(interaction) < 0.0001

Myocytes Diameter (MD)

Analyses of the MD (Table 3) showed in the withing-group
comparisons, a significant decrease in the MD values over
time for BoNT-A subgroups (p < 0.0001); however, there
were no significant differences between the 28th and 90th
day BoNT-A subgroups (p > 0.05). Differently, a signifi-
cant increase in MD was found when compared the 7th day
control subgroup with the other control subgroups; how-
ever, no differences were found between the 14th, 21st and
28th day control subgroups. In the between-group com-
parisons, the MD was significantly smaller in all BoNT-A
subgroups when compared with control subgroups
(p < 0.0001).

Connective Tissue (CT)

Results of the quantity of connective tissue (% in
10,000 um?, Table 4) showed in the within-group com-
parisons, a significant increase in the amount of CT in
BoNT-A subgroups (p < 0.05); however, no significant
differences were found between the 28th and 90th day

BoNT-A subgroups (p > 0.05). Among the control sub-
groups, there was a significant decrease in the amount of
CT over time (p < 0.05). The between-groups comparisons
showed, a significant higher quantity of CT in all BoNT-A
subgroups when compared with the control subgroups
(» < 0.0001) throughout the study.

Discussion

The present study demonstrated that a single injection of
BoNT-A produced structural changes in masseter muscle
tissue which included: a significant decrease in the cross-
sectional area of the masseter muscle, an increase in the
amount of connective tissue, an increase in the quantity of
myocyte nuclei, and a decrease in myocyte nuclei diameter.
Importantly, the weight of the animals did not influence the
results since there were no significant differences between
the BoNT-A subgroups.

It is known that biological tissues have the ability to
adapt through numerous functional demands, and muscle
tissue is one of the most affected when submitted to a
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Table 4 Amount of connective

tissue (% in 10,000 pm?) Days Group

considering the groups and the Control BoNT-A

days from BoNT-A application

Mean (SD) Median (min; max) Mean (SD) Median (min; max)

7 24.39 (2.13) Ba 24.42 (21.42; 27.09) 31.05 (1.41) Ad 31.00 (29.43; 33.11)
14 21.17 (1.48) Bb 21.77 (19.08; 22.48) 39.61 (2.63) Ac 38.92 (36.80; 43.40)
21 19.37 (0.67) Bc 19.18 (18.48; 20.22) 45.00 (2.08) Ab 44.50 (42.90; 47.23)
28 17.71 (0.85) Bd 17.74 (16.75; 18.61) 50.60 (1.29) Aa 50.70 (49.26; 51.76)
90 15.61 (0.18) Be 15.57 (15.46; 15.81) 51.03 (1.02) Aa 51.40 (49.88; 51.81)

Different letters (uppercase in horizontal) represent significant difference (p < 0.05) between groups

Different letters (lowercase in vertical) represent significant difference (p < 0.05) among evaluation

periods

p(subgroups) < 0.0001; p(days of BoNT-A application) = 0.0013; p(interaction) < 0.0001

stimuli [20]. Musculoskeletal tissue consists of elongated
cells with cytoplasmic filaments, in which myofibrils are
responsible for generating cell contraction. When changing
their biochemical, mechanical, and structural functions,
muscle atrophy is developed, in which a reduction in
myofibers number and diameter characterizes the decrease
in muscle mass [21]. Our study showed that the area of the
CSAM, which expresses the size of muscle fibers, was
significantly smaller for BONT-A than controls (p < 0.05)
in all days of evaluation. These findings are in line with the
results of Balanta-Melo et al, 2018 [10] which reported
masseter muscle atrophy, evidenced by Cav3 staining as a
reduction in individual muscle fiber cross-sectional area in
BoNT-A injected muscles. It is important to mention that
our findings could explain the results of clinical studies
reporting masseter atrophy by a decrease in masseter
thickness and its cross-sectional area of about 18-20%
after BONT-A injection [15, 22].

Many myoprogenitor cells merge and form several
peripheral nuclei to form new cells, which gives them great
exposure capacity of contrite proteins to form myofibers
[23]. Skeletal striated muscle fibers are multinucleated [24]
and alterations in the metabolism of these cells induce
changes in muscle regeneration and proliferation, as well as
in the amount and size of cell nuclei [25, 26]. In our study,
we observed, a significant increase in myocyte counts in
BoNT-A subgroups from the 14th day of evaluation until
the end of the study when compared with controls, whereas
the diameter of myocytes significantly decreased in BoNT-
A subgroups in all evaluation periods. If we consider the
increased myocyte count as an indicator of muscle repair,
our data differ from the study of Balanta-Melo et al, 2018
[10], since the latter did not find any indicator of muscle
repair, maybe due to the assessment periods performed in
the study that were limited to 14 days and related to the
injected doses. However, it is important to mention that this
finding could be just a consequence of the reduction in the
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diameter of the fibers; if they are smaller, there will be a
greater number per field. Moreover, it must be considered
that muscle tissue has great capacity for regeneration, even
when subjected to several cycles of aggression. Myocytes
play an important role in this process by proliferating and
dividing asymmetrically, to repair or replace damaged
muscle fibers as a response to the aggression [27]. There-
fore, it was expected that the inactivation promoted by the
BoNT-A paralytic effect which constituted a factor of
cellular aggression [27-29] would exhibit an evident
attempt to repair the inactivated cell tissues by increasing
the number of myocytes and their union, thus forming a
cluster of cells, which was evidenced over time. However,
it must be considered that the methods used in our study to
assess the quantity of myocytes before and after BONT-A
injection may have influenced our results. It is known that
muscle satellite cells are also activated by injury and are
located under the basal lamina of muscle fiber, but separate
from the muscle fiber itself [30]. Thus, it could be possible
that the increase in the quantity of myocyte reported in our
study and could be a mix of muscle satellite cells and
myocytes since our methods could not differentiate
between these two types of cells.

Interestingly, in addition to the structural changes in the
masseter muscle, our study found a significant increase
over time of connective tissue infiltrate in the BoNT-A
subgroups when compared with controls. These results are
in line with the study of Fortuna et al, 2011 [12] which
reported infiltration of adipose connective tissue (fatty)
after 3 months on the BoNT-A injected side which was
even more evident in the 6-month evaluation after repeated
injections. However, even though our study did not dif-
ferentiate the type of connective tissue present in BoNT-A
subgroups, we found an increase in connective tissue as
soon as 7 days after BoNT-A injection after a single
injection. A possible explanation of the proliferation of
intramuscular connective tissue after application of BoNT-
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A 1is related to decreased muscle activity. This observation
has a strong relationship with the biochemistry of the
muscle cell that precedes this effect. When there is no
muscle activity, important changes occur in mitochondria
and substances related to myocyte physiology, such as the
mRNA level of Atrogin-1/MAFbx, Muscle RING finger 1,
Muscle atrophy F-box, and Myogenin [10] that may
explain what happens in the chemical denervation pro-
moted by BoNT-A. In this way, the decrease in muscle
mechanical tension alters growth production and collagen
synthesis, while increasing the proliferation of connective
tissue. Thus, fibroblasts, which are subject to muscle ten-
sions, both active and passive, have altered their compo-
sition and metabolism [31] resulting in an increased
quantity of connective tissue.

Taking into consideration the results of the present
study, our research may contribute with preclinical data to
alert about the risk of adverse effects of BONT-A in mas-
ticatory muscles, since this intervention is becoming a
common therapy in dentistry for temporomandibular dis-
orders, bruxism, and dystonia [2] and for aesthetics indi-
cations such as masseter hypertrophy or even to treat
wrinkles. In fact, a randomized clinical trial that assessed
different doses of BoNT-A for masticatory myofascial pain
found that even a single injection of a median or high doses
of BoNT-A produced a decrease in masseter and anterior
temporalis muscle thickness and concluded that low doses
of BoNT-A must be used in patients that do not get relief
from conservative therapies in order to reduce the proba-
bilities of developing adverse effects in muscle and bone
tissue [13].

It is important to highlight some limitations of our study.
Even though our results are consistent, the staining by the
hematoxylin—eosin method could be considered not the most
adequate nowadays for this assessment since this method
present limitations especially in differentiating structures.
Also, we were not able to identify which type of connective
tissue increased after BONT-A injections in our study. We
recommend that future studies assess the histomorphometric
changes of a single and repeated injections of BoNT-A in
masticatory muscles with longer follow-ups, since the par-
alytic effect of BoNT-A last between 3 and 4 months and
muscle contraction could be recovered after this period of
time. Finally, the effects of BoNT-A in some muscular
proteins such us calsequestrin which plays an important role
in muscle contraction should be also evaluated.

Conclusions
The results of this study lead to the conclusion that a single

injection of BoNT-A into the masseter muscle of rats
produced histomorphometric alterations by diminishing the

cross-sectional area of the masseter muscle fibers,
increasing connective tissue formation, lousing contractile
tissue, and incrementing the number of myocytes but not
its diameter for at least 3 months.
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