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A B S T R A C T

Botulinum toxin A (botox) is a toxin used for spasticity treatment and cosmetic purposes. Botox blocks the
excitation of skeletal muscle fibers by preventing the release of acetylcholine from motor nerves, a process
termed chemical denervation. Surgical denervation is associated with increased expression of the canonical
insulin-activated kinase Akt, lower expression of glucose handling proteins GLUT4 and hexokinase II (HKII) and
insulin resistant glucose uptake, but it is not known if botox has a similar effect. To test this, we performed a
time-course study using supra-maximal insulin-stimulation in mouse soleus ex vivo. No effect was observed in
the glucose transport responsiveness at day 1, 7 and 21 after intramuscular botox injection, despite lower ex-
pression of GLUT4, HKII and expression and phosphorylation of TBC1D4. Akt protein expression and phos-
phorylation of the upstream kinase Akt were increased by botox treatment at day 21. In a follow-up study, botox
decreased submaximal insulin-stimulated glucose transport. The marked alterations of insulin signaling, GLUT4
and HKII and submaximal insulin-stimulated glucose transport are a potential concern with botox treatment
which merit further investigation in human muscle. Furthermore, the botox-induced chemical denervation
model may be a less invasive alternative to surgical denervation.

1. Introduction

Since the late 1980's, botulinum toxin A (botox) has become widely
used in the treatment of spasticity and in the cosmetic industry [1,2].
Botox is a toxin produced by the bacterium clostridium botulinum
which blocks the release of acetylcholine from the nerve ending of the
motor neuron. It does so by cleaving the SNARE protein, SNAP-25,
which plays a role in the docking and fusion of acetylcholine-vesicles at
the surface membrane, thereby suppressing neurotransmission and
preventing muscle contraction [3–5]. When injecting botox into ske-
letal muscle, a dose-dependent decrease of neurotransmitter exocytosis,
termed chemical denervation is observed [6].

The general consensus is that the use of botox is safe, efficient and
without serious side-effects in human patients [7]. However, more in-
vasive and detailed studies in rodents suggest that botox injection
causes marked disruption of skeletal muscle tissue architecture, with

e.g. increased collagen turnover and inflammation [8,9]. Furthermore,
in relation to glucose metabolism, various acute models of rodent
muscle hind limb denervation have reported impaired insulin-stimu-
lated glucose uptake into muscle [10–14]. Chronically, rodent surgical
denervation of skeletal muscle has repeatedly been shown to decrease
the mRNA expression of the insulin-responsive glucose transporter 4
(GLUT4), with a more variable effect on protein expression [15–18]. In
contrast, the classical insulin-activated and glucose uptake-regulating
kinase Akt2 was reported to increase with surgical denervation both at
the protein expression and phosphorylation level [16,19,20].

It is currently undetermined if treatment of muscle spasticity with
botox affects metabolic regulation. Furthermore, chemical denervation
using botox might be a useful and minimally invasive research model in
which to study denervation-induced changes in skeletal muscle size and
function. We therefore conducted a botox denervation time course
study in mice a) to explore the utility of the botox denervation model as
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such and b) to specifically investigate the impact of botox denervation
on insulin-regulated Akt signaling, glucose uptake and glucose handling
proteins.

2. Materials and methods

2.1. Animals

All experiments were approved by the Danish Animal Experimental
Inspectorate and complied with the European Convention for the
Protection of Vertebrate Animals Used for Experiments and Other
Scientific Purposes. Female C57BL/6 mice (Taconic, Lille Skensved,
Denmark), aged 12–16weeks, were used for all experiments. The ani-
mals were maintained on a 12:12-h light-dark cycle and received
standard rodent diet and water ad libitum for at least one week before
experiments.

2.2. Botox injection procedure

Mice were anesthetized with ketamine/xylazine (20% of 100mg/
ml; 10% of 20mg/ml respectively, 0.1 ml/10 g). While anesthetized,
both hind limbs were shaved. Intramuscular (IM) injections of 0.5 U of
botox were performed through the skin based on previous publications
in mice [21–23]. Botox (Allergan Inc. Irvine CA) in 50-unit (U) vials
was dissolved according to the manufacturer's instructions, with 2ml
0.9% sodium chloride, resulting in a concentration of 2.5 U/100 μl
[24]. The soleus (SOL) and surrounding gastrocnemius muscle was in-
jected with botox or saline at the median of the dorsal side of the lower
leg approximately 5mm distal of the knee joint in a ~40° angle,
pointing the needle distally. The tibialis anterior (TA) muscles were
injected at a ~45° angle with the needle pointing medial distally on the
lateral side of the leg approximately 3–5mm beneath the knee joint
[25]. All botox injections were performed in the right hind limb with
saline control injections in the opposite leg. To control for botox spil-
lover to non-injected muscles and compensatory use of the contralateral
leg, a separate group of mice received saline injections in both legs.
Injections were made in a fixed volume of 20 μl using a sterile 30G
needle attached to a 300 μl syringe, at day 0 [24,26]. In the 7-day
follow-up experiment, the mice were injected with 0.5 U in the triceps
surae only. Only the SOL muscle was used for muscle incubation in the
present study due to its enriched expression of TBC1D4 [27].

2.3. Muscle incubation

The mice were sacrificed at day 1, 7 or 21. SOL muscles were ob-
tained from anesthetized mice (90% pentobarbital (50mg/ml) and 10%
xylocaine (20mg/ml) 100 g−1 body weight) and immediately pinned
with needles on custom-made plastic holders at their approximate
resting length in borosilicate glass culture tubes, 16×100 mm, 15ml
(Kimble, Rockwood, USA) [28,29]. They were then pre-incubated for
30min in 3ml Krebs-Ringer-Henseleit (KRH) buffer supplemented with
2mM pyruvate, and 8mM mannitol. The incubations were performed
at 30 °C in a water bath, and the buffers were gassed with 95% O2–5%
CO2 [28–30]. All reagents used for incubation and biochemical analyses
were from Sigma-Aldrich unless otherwise stated. The holders with
muscles were then transferred to new tubes for 10min ± insulin (dose:
60 nM, Actrapid®, Novo Nordisk, Denmark) followed by transferring to
new tubes for 10min+2-deoxy-D-glucose (2DG) tracer to measure
2DG transport± insulin. The 2DG tracer medium contained 2-[2,6-3H]
deoxy-D-glucose (1mM) and [1-14C] mannitol (8 mM) (Amersham
Biosciences; specific activities of the two tracers in the medium were
0.12 and 0.11 μCi ml−1, respectively). Lastly, the muscles were washed
in ice-cold KRH buffer, blotted dry and snap-frozen in liquid nitrogen,
trimmed and weighed in the frozen state before being stored at −80 °C
until further processing.

In the follow-up experiment examining submaximal insulin-

stimulation, 3 groups of mice were injected in the gastrocnemius at day
0 with saline or botox, or at day 6 with botox. Body weight and food
intake was monitored throughout. On day 7, the same ex vivo in-
cubation procedure as above was followed with the exception of
drawing a blood sample post-mortem for evaluation of fasting glucose
and insulin, the use of a submaximal 1.5 nM insulin-dose and the post-
mortem embedding of gastrocnemius muscle to determine fiber cross
sectional area. HOMA2-IR was calculated as previously described [31].

2.4. 2-Deoxyglucose (2DG) transport

Glucose transport was determined from the intracellular accumu-
lation of non-metabolizable 2-[3H]deoxy-D-glucose [32] using D-
[1-14C] mannitol to estimate the extracellular space. For analysis of
glucose transport, 100 of 300 μl muscle lysate were mixed with 2ml of
Ultima Gold™ scintillation cocktail (Perkin Elmer, MA, USA). 100 μl of
double distilled water and 50 μl of tracer medium were added to similar
tubes in duplicates, to subtract background activity and estimate the
specific activity in the medium. Tubes were vigorously shaken and
radioactivity was measured using liquid scintillation counting (Tri-Carb
2000; Packard Instrument, Downers Grove, IL) [32,33].

2.5. Muscle analysis

Muscles were homogenized in ice-cold lysis buffer (300 μl/muscle;
50mM Tris base, 150mM NaCl, 1 mM ethylene-diamin-tetraacetic-
acid, 1 mM ethylene-glycol-tetraacetic-acid, 2 mM sodium orthovana-
date, 1 mM dithiothreitol (DTT), 50mM sodium fluoride, 5 mM sodium
pyrophosphate, 1 mM benzamidine, 0.5% Protease inhibitor cocktail
(PIC; Sigma P8340), 20% NP-40, pH 7.4) lysed using a bead mill at
30 Hz for 1min (Tissue Lyser II -Qiagen). The homogenates were ro-
tated end over end for 30min at 4 °C. Lysates were generated by cen-
trifugation (Universal 320R, Hettich Zentrifugen) at 18.320 G for
20min at 4 °C. The pellet was discarded and the supernatant stored at
−80 °C for further analyses.

2.6. Immunoblotting

Lysate protein concentration was measured using the bicinchoninic
acid method in triplicate using known concentrations of BSA as stan-
dards (Pierce, Rockford, IL, USA). To determine total and phosphory-
lated levels of relevant proteins, equal amounts of protein were elec-
trophoresed on 5–16% self-cast SDS-PAGE gels (Biorad mini-PROTEAN)
and transferred by semidry blotting to polyvindylidenedifluoride
(PVDF) membranes (Immobilon Transfer Membrane; Millipore,
Copenhagen, Denmark). The primary antibodies used were phospho-
p38 MAPK Thr180/Tyr182 (Cell Signaling Technology (CST), 9211),
phospho-Akt Thr308 (CST, 13038), phospho-Akt Ser473 (CST, 4060),
phospho-TBC1D4 Thr642 (CST, 8881), phospho-ACC Ser212 (Millipore,
03303), Akt2 (CST, 2964), Hexokinase II (HKII) (CST, 2867), TBC1D4
(CST, 2447), GLUT4 (ThermoFisher Scientific, PA5–23052) and ACC1/
2 (DAKO DENMARK, P0397).

The blotted PVDF membranes were blocked for 30min in Tris-buf-
fered saline-Tween 20 (TBS-T) plus 3% skimmed milk powder at room
temperature and incubated with primary antibodies overnight at 40C,
followed by three brief washes in TBS-T before incubation with
horseradish peroxidase-conjugated secondary antibody (Jackson,
Maine, USA) for 45min at room temperature. Bands were visualized
using a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA)
and quantified using Image Lab Version 5.2.1 for PC (Bio-Rad soft-
ware). Coomassie staining of developed blots was used to validate even
transfer and quasi-equal loading of protein.

2.7. Fiber size analysis

Botox and saline-treated gastrocnemius muscles (n=5) were
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embedded in tissue-tek, frozen in liquid nitrogen-cooled isopentane and
stored at −80 °C. Frozen muscle was transferred to a cryostat chamber
and allowed to equilibrate to −25 °C. Transverse sections of 10 μm
were cut and mounted on positively charged glass slides (Thermo Fisher
Scientific). Samples were fixed in 2% paraformaldehyde for 10min,
followed by three washes in phosphate-buffered saline (PBS). Oregon
green-conjugated wheat germ agglutinin (WGA) (1:200) was used to
stain the basal lamina. Images were collected using a LSM710 confocal
microscope (Carl Zeiss, Oberkochen, Germany) with a 40×1.3 NA
objective lens. For quantification of fiber size, cross-sectional area
measurements were performed using the particle size tool in ImageJ
(National Institute of Health). Five areas in 1 mid muscle-belly cryo-
section were counted, on average>50 fibers/area All image collec-
tions and quantifications were performed blinded.

2.8. RT-qPCR analysis

The qPCR workflow was carried as described previously [34] with
the following modifications: RNA extraction was performed using
ISOGEN II (Nippon Gene, Tokyo, Japan), in accordance with the
manufacturer's instructions, total RNA measurement was performed
using Synergy HT (Bio Tek, Japan). The RT master mix was Prime-
Script™ RT reagent Kit with gDNA Eraser (Takara bio, Japan), RNA
content for RT was 300 ng, the PCR master mix was TB Green™ Premix
Ex Taq™ II (Takara bio) and the real time PCR instrument was TP850
(Takara bio).

Primer sequence were as follows: Akt1, forward: ATGAACGACGTA
GCCATTGTG, reverse: TTGTAGCCAATAAAGGTGCCAT; Akt2, forward:
ACGTGGTGAATACATCAAGACC, reverse: GCTACAGAGAAATTGTTCA
GGGG; Ncam1, forward: ACCACCGTCACCACTAACTCT, reverse: TGG
GGCAATACTGGAGGTCA; Gli1, forward: CCAAGCCAACTTTATGTCA
GGG, reverse: AGCCCGCTTCTTTGTTAATTTGA; Ptch1, forward: AAA
GAACTGCGGCAAGTTTTTG, reverse: CTTCTCCTATCTTCTGACGGGT;
Rps18, forward: CATGCAGAACCCACGACAGTA, reverse: CCTCACGCA
GCTTGTTGTCTA.

2.9. Statistical analyses and data presentation

Results are expressed as mean ± SD. Statistical tests were per-
formed using factorial ANOVA or repeated measurements ANOVA fol-
lowed by Tukey's post hoc test where appropriate using SPSS 25 and
GraphPad Prism 7. In cases where the data could not pass Levene's
equal variance test even after transformations, Mann-Whitney test, a
nonparametric test, as indicated in the figure legend, was applied to
evaluate effects of botox or insulin within sub-groups. The significance
level was set at p < .05. Number of observations is given in the figure
legend.

3. Results

3.1. Botox-treatment in mice reduced body and soleus muscle weight

Mice injected with a pre-determined botox dose lost weight acutely
and stabilized at ~ 1-g lower body weight compared to saline-only
injected mice for the remainder of the 3-week study period (botox x
time interaction, Fig. 1A). The data in Fig. 1 were compiled from sev-
eral independent pilot-experiments in addition to the main experiment,
accounting for the greater number of observations. At day 1 post-in-
jection, the weight of the SO L muscle was not different when com-
paring botox-injected mice (contralateral and botox) to mice receiving
saline injection in both legs (Fig. 1B). At day 21 post-injection, the
weight of SOL muscle from saline-only injected mice was not different
from the saline-injected soleus muscle from botox injected mice. In
contrast, the botox-injected SOL exhibited significant atrophy in rela-
tion to both the contralateral soleus from the same mice and mice re-
ceiving saline only, weighing ~4mg less (Fig. 1B). Since systemic botox

spillover and functional overload of the contralateral leg might have
affected our endpoints, we chose in the remaining analyses to use
muscles from the separate mice receiving saline-only as controls for the
botox-injected muscle, instead of the contralateral leg.

3.2. Insulin signaling and glucose handling proteins are dysregulated
21 days after botox treatment

No acute changes were observed on any total protein or phos-
phorylation measured on day 1 after botox-treatment (Fig. 2). In con-
trast, pronounced botox effects were observed after 21 days as de-
scribed below (Fig. 3).

Glucose uptake is governed by GLUT4 dependent transport across
the sarcolemma and T-tubular surface membranes followed by con-
version into glucose-6-phosphate by HKII and both proteins are in-
creased by exercise training and decreased by immobilization [35–37].
Here, both proteins exhibited ~60% lower expression in botox vs.
saline-only muscles at day 21 (Figs. 3A+B).

Insulin-stimulated glucose transport into skeletal muscle requires
the activation of the classical insulin signaling node Akt2, and de-
nervation was previously shown to affect Akt2 expression and phos-
phorylation [10,12,15,16]. Insulin-stimulated Akt Ser473 and Thr308
phosphorylation were markedly higher at day 21 in botox vs. saline-
treated muscle (Fig. 3C+D). The total protein expression of Akt2 was
~4-fold higher in botox vs. saline-only muscles at day 21 (Fig. 3E). The
increases in Akt phosphorylation were lost when normalizing to total
Akt protein (Fig. 3F+G), suggesting that the increased Akt phosphor-
ylations may be caused by the increased protein expression.

TBC1D4 is phosphorylated by Akt2 to stimulate GLUT4 transloca-
tion in adipose and muscle cells [38–40]. Interestingly, despite the in-
creased Akt phosphorylation, TBC1D4 Thr642 phosphorylation
(Fig. 3H) and total protein (Fig. 3I) were strikingly lowered to
~20–30% of saline-control levels at day 21. This difference persisted
after normalization for total protein (Fig. 3J), suggesting that botox
affects the ability for Akt to signal to TBC1D4 at day 21. Among stress-
induced phospho-proteins, ACC total was significantly lower and ACC
Ser212/total protein significantly higher in botox-treated muscles after
21 days (Fig. 3K–M). Phosphorylation of p38 MAPK was unaltered by
botox treatment (Fig. 3O).

3.3. Maximal insulin-stimulated glucose transport is not reduced by
chemical denervation

Based on previous studies [10–14], we anticipated that chemical
denervation by botox might acutely reduce insulin-stimulated glucose
transport in skeletal muscle. In particular, we hypothesized that the
reductions in GLUT4 and HKII would decrease the maximal insulin-
stimulated capacity for glucose transport. To test this, we compared
maximal insulin-stimulated 2DG transport in saline vs. botox-injected
muscles. At day 1, 7 and 21, insulin increased glucose transport simi-
larly in muscles receiving saline-only and botox (Fig. 4). Thus, despite
the lower GLUT4 and HKII protein expression and the altered Akt-sig-
naling, the maximal capacity for insulin-stimulated glucose transport
was unaltered.

3.4. Submaximal insulin-stimulated TBC1D4 signaling and glucose
transport were reduced by chemical denervation

Global KO of Akt2 in mice reduces submaximal, but not maximal
insulin-stimulated glucose transport in isolated SOL and extensor digi-
torum longus (EDL) muscle [41]. We therefore performed a follow-up
experiment looking at submaximal insulin-stimulated glucose transport
and cell signaling in SOL ex vivo after 1 and 7 days of botox or saline-
treatment. Given the marked effects on insulin-signaling, we also
measured fasting glucose and insulin and calculated the HOMA2-IR.
Body weight showed a main effect of botox but this reflected a tendency
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Fig. 1. Soleus (SOL) muscle mass decreased at day
21 post intramuscular botox injection.
A) Body mass of saline or botox injected mice was
recorded for 20 days. xxx p < .001 interaction effect
(botox x time). N= 10 and 18 for saline and botox
group, respectively. B) Weight of SOL at 1 and
21 days after botox-treatment. The number of ob-
servations is indicated on the bars. ***/###
p < .001 vs. saline/contralateral in Day 21 group.
Data are expressed as mean ± SD.

Fig. 2. Neither total protein nor insulin responsive-
ness changed in soleus (SOL) muscle at day 1 post
botox injection.
A–J) Protein expression and phosphorylation level of
SOL muscle incubated± 60 nM insulin for 20min
were determined by western blotting. The color le-
gend in A is shared with B-J. The proteins and
phosphorylated proteins measured were: GLUT4,
HKII, Akt Ser473, Akt Thr308, Akt2, TBC1D4
Thr642, TBC1D4, ACC2 Ser212, ACC1/2 total, p38
MAPK Thr180/Tyr182. For C, D & F), Mann-Whitney
test, a nonparametric test, was applied to evaluate
effect of insulin within saline or botox treated sub-
groups. ##, ### p < .01, 0.001. For G), #
p < .05, insulin main effect. K) Representative blots
for A–J. Coomassie stained membrane was used as
loading control. Data are expressed as mean ± SD.
n= 10–12.
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towards a baseline difference and an increase in body weight in the
saline-group rather than a decrease in the botox-group (Fig. 5A). Food
intake was not different (Fig. 5B). Fasting glucose (Fig. 5C) and insulin
(Fig. 5D) measured immediately post-mortem and the derived HOMA2-
IR (Fig. 5E) were on average slightly higher in the botox groups but this
was not significant. Submaximal insulin-stimulated glucose transport
was significantly reduced at day 1 and showed a tendency to be reduced
at day 7 (Fig. 5F). Akt expression, Thr308 and Ser473 phosphorylation
were increased and TBC1D4 expression and Thr642 phosphorylation
and GLUT4 were reduced at day 7 after botox-treatment (Fig. 6A–F).
Unlike at 21 days, HKII was not reduced at 7 days (Fig. 6G). ACC2
Ser212 was significantly increased at 7 days with no change in total
ACC protein expression (Fig. 6H–I).

3.5. Increased Akt protein is likely explained by increased mRNA expression
but likely independent of the Hedgehog pathway

Gastrocnemius muscle was collected at day 7 to verify atrophy of
the botox-treated muscle fibers and to perform PCR analyses. Fiber
cross-sectional area was significantly reduced by approximately 50% at
7 days after botox-treatment compared to the saline control (Fig. 7A–B).
Furthermore, Akt2 protein expression was greatly increased at day 7
(Fig. 7C). Akt1 and, to a lesser extent, Akt2 mRNA were also increased
at day 7 but not day 1 after botox (Fig. 7D–E). Consistent with de-
nervation, the denervation marker Ncam1 was also upregulated at day 7
(Fig. 7F). We hypothesized the increased Akt mRNA expression to be
driven by increased Hedgehog signaling but found the two Hedgehog-
signaling pathway regulated genes, Gli1 and Ptch1, not to be increased
by botox (Fig. 7G–H).

Fig. 3. Marked changes occur in total pro-
tein and insulin-responsiveness in soleus
(SOL) muscle at day 21 post botox injection.
A–J) Protein expression and phosphoryla-
tion level of SOL muscle incubated±60 nM
insulin for 20min were determined by
western blotting. The color legend in M is
shared with A-O. The proteins and phos-
phorylated proteins studied were: GLUT4,
HKII, Akt Ser473, Akt Thr308, Akt2,
TBC1D4 Thr642, TBC1D4, ACC2 Ser212,
ACC1/2 total and p38 MAPK Thr180/
Tyr182 (A-E, H, I, K, L & O). For A, B, E, F,
H-J, L and M, *, **, *** p < .05, 0.01,
0.001 botox main effect. ### p < .001
insulin main effect. a, aaa p < .05, 0.001
vs. non-insulin and non-botox treated
muscle. bbb p < .001 vs. insulin but non-
botox treated muscle. For C, D and G,
Mann-Whitney test, a nonparametric test,
was applied to evaluate effect of botox
within control or insulin treated subgroups.
**, *** p < .01, 0.001. P) Representative
blots for A–O. Coomassie stained membrane
was used as loading control. Data are ex-
pressed as mean ± SD. n= 7–10.
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4. Discussion

We currently tested the impact of chemical denervation by botox on
insulin signaling and glucose transport in mouse muscle. Botox treat-
ment decreased submaximal but not maximal insulin-stimulated glu-
cose transport. Furthermore, botox profoundly influenced multiple
steps of the insulin signaling cascade regulating GLUT4 translocation, in
addition to the glucose handling machinery itself. Depending on the
time point, botox-treatment increased Akt protein expression and
phosphorylation, decreased TBC1D4 expression and phosphorylation

and decreased GLUT4 and HKII expression. These changes demonstrate
the scientific utility of botox-injection as a minimally invasive de-
nervation model and suggest disturbed muscle insulin-signaling and
glucose metabolism to be likely side-effects of clinical botox-treatment.

The reduced submaximal insulin-stimulated glucose transport in our
study is in agreement with a another study which used unilateral sur-
gical sciatic axotomy of mouse hind limbs and observed reduced glu-
cose transport measured ex vivo after in vivo IP injection of insulin
[16]. The reduction in submaximal and not maximal glucose transport
may seem surprising given the alterations observed in Akt2 and the
reductions observed in GLUT4 and HKII in botox-treated muscles.
However, as stated reduced submaximal, but not maximal insulin-sti-
mulated glucose transport ex vivo has been previously reported in Akt2
KO mice [41]. Similarly, muscle-specific disruption of the Akt Ser473
kinase complex mTORC2 by conditional KO of Rictor does not reduce
maximal insulin-stimulated glucose transport ex vivo despite abolishing
insulin-stimulated Akt Ser473 phosphorylation (Maximillian Kleinert
and Erik Richter – unpublished data). Thus, insulin-stimulated Akt2
signaling may not be necessary for the glucose transport in response to
a maximal insulin dose ex vivo. As for GLUT4, these data would suggest
that a ~60% reduction in GLUT4 protein does not influence the max-
imal capacity for insulin-stimulated glucose transport ex vivo, either
because the remaining ~40% of GLUT4 is sufficient to facilitate max-
imal glucose transport or because other transporter proteins are in-
volved, as suggested recently for synergist ablation overload-induced
glucose uptake [42]. As for HKII, this protein may be less critical to
glucose uptake ex vivo, where transport rather than phosphorylation by
HKII is proposed to be rate-limiting for insulin-stimulated glucose
transport [43].

Increased Akt2 expression has been reported previously in the
context of surgical denervation. Hence, recent rodent studies using
unilateral mouse hind limb surgical denervation found Akt2 protein
expression to be stably increased by ~40% from day 3 to 2months after

Fig. 4. Maximal insulin-stimulated glucose transport was not affected by botox
injection in soleus (SOL) muscle.
Insulin stimulated 2-deoxy glucose (2DG) transport (60 nM, 2DG tracer last
10min of 20min insulin-stimulation, 1 and 21 days are the same muscles as in
Fig. 2+3) in ex vivo incubated SOL was assessed 1 day, day 7 or 21 days post
botox-injection. ### p < .001 insulin main effect. Significance level was set
to 0.05. Data are expressed as mean ± SD. n=7–10.

Fig. 5. Submaximal insulin-stimulated glucose
transport was reduced by botox injection in soleus
(SOL) muscle. A & B) Individual body mass and food
intake per cage measured as indicated during the
experimental period. The color legend in A) is shared
with B). C-E) Fasting glucose, fasting insulin and
HOMA2-IR index derived from C &D. F) Submaximal
insulin stimulated 2-deoxy glucose (2DG) transport
(1.5 nM, 2DG tracer last 10min of 20min insulin-
stimulation) in ex vivo incubated SOL was assessed
1 day or 7 days post botox injection. For A), ***
p < .001 Botox main effect; a p < .05 at given day.
For F, only the insulin-stimulated groups were con-
sidered in the statistical analysis. * p < .05 vs saline
+ insulin; number stated above given bars indicates
a tendency towards significance. D, day. BTX, Botox.
Data are expressed as mean ± SD. n= 8.
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denervation and onwards in one study [16] and ~11-fold at 3 weeks
after denervation [19]. Interestingly, the increase in Akt protein was
only observed in mouse TA with denervation and not forced im-
mobilization by surgical stapling [19], suggesting that the increased
Akt expression does not relate to the functional muscle activity, but
rather to the lack of neural innervation. Consistent with the notion that
muscle activity does not regulate Akt2 protein expression, Akt2 protein
expression is generally minimally responsive to various modes of ex-
ercise training in rodents [44–47] or humans [48,49].

The actual mechanism behind the increased Akt expression is un-
known. Akt is frequently hyper-activated in cancer cells and tran-
scription of the 3 distinct genes for Akt isoforms 1–3 appears to be
coordinately regulated by the Hedgehog signaling and the transcrip-
tional activator GLI1 [50]. Interestingly, Hedgehog signaling in cell-
surface emanating organelles termed primary cilia was transiently up-
regulated during myogenesis and necessary for differentiation of C2C12

mouse myoblasts [51]. Thus, we hypothesized that the currently ob-
served increase in Akt protein might be part of a Hedgehog signaling-
dependent myogenesis response. However, our mRNA data do not
support this conclusion (Fig. 7E–F). It is worth noting that Akt1 and
Akt2 KO both display reduced cross-sectional area in fast-twitch gly-
colytic EDL muscle, but that neither model shows reduced cross-sec-
tional area in slow-twitch oxidative SOL muscle [52]. The absent phe-
notype could indicate that Akt is not essential to development and
growth of SOL muscle. On the other hand, regeneration of adult muscle
may be different. Degradation of Akt is also highly regulated by mul-
tiple mechanisms including the ubiquitin-proteasome pathway and
caspase-mediated cleavage [53] which could contribute to the in-
creased Akt protein.

A significant decrease in total body weight was observed in the
botox-injected mice compared to the saline-only injected mice, in par-
ticular in our initial study injecting botox into both TA and triceps

Fig. 6. Marked changes occurred in total
protein and submaximal insulin signaling in
soleus (SOL) muscle at day 7 post botox
injection.
A–I) Protein expression and phosphoryla-
tion level of SOL muscle
incubated± 1.8 nM insulin for 20min (the
same muscles used in Fig. 5 F) were de-
termined by western blotting. The proteins
and phosphorylated proteins studied were:
Akt2, Akt Thr308, Akt Ser473, TBC1D4,
TBC1D4 Thr642, GLUT4, HKII, ACC2
Ser212 and ACC1/2 total. For A-I, only the
insulin-stimulated groups were considered
in the statistical analysis. *** p < .001 vs.
saline + insulin. ##, ### p < .01, 0.001
vs. D1 BTX+ insulin. Number stated above
given bars indicates a tendency towards
significance. D, day. BTX, Botox. J) Re-
presentative blots for A–I. Coomassie
stained membrane was used as loading
control. Data are expressed as mean ± SD.
n=8.
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surae. This is supported by earlier findings of weight loss after injection
in mice with the same dosage of botox as our study, with a peak after
14 days, which then reverted to the normal weight after 21 days [24].
In contrast, no body weight difference was found between mice injected
with half the dosage of botox compared to saline injected mice [54].
This is also consistent with the absence of decreased body weight in our
follow-up study injecting triceps surae only (i.e. half the dosage). To our
knowledge, no human studies have reported body weight loss as a side
effect of botox treatment. Although the initially used dosage was based
on previous studies in mice, the negative effect of botox-treatment on
body weight in mice is likely reflective of over-dosing. We fully ac-
knowledge this limitation in our experimental setup and do not re-
commend a 1 U total botox dosage for future chemical denervation
experiments. Nonetheless, only the botox-treated SOL muscle, but not
the contralateral leg, was reduced in mass compared to the saline
control, suggesting that the loss of muscle mass resulted predominantly
from the chemical denervation and not from general loss of body mass.

In summary, chemical denervation by local botox injection elicits a
phenotype reminiscent of surgical denervation with marked muscle

atrophy. This was accompanied by increased Akt expression and
phosphorylation and, depending on the time-point, reduced expression
of muscle activity-dependent proteins such as GLUT4 and HKII and
phosphorylation and expression of the GLUT4 translocation-regulating
TBC1D4 protein. Importantly, botox-induced insulin resistance was
evident at submaximal but not maximal insulin concentration ex vivo.
The marked alterations in Akt-TBC1D4 signaling, GLUT4 and HKII and
glucose transport are potential concerns with botox treatment which
warrant further investigation in mice and humans.
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