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Simple Summary: Botulinum neurotoxins have been considered for therapeutic effects in different
animal species and for several conditions. However, a review of the reports and the identification
of the research priorities in this field is still lacking. This study provides an overview of the current
knowledge on the characteristics and the mechanism of action of the available botulinum neurotoxin
formulations applied in veterinary medicine, identifying critical issues and research gaps. Overall,
the literature largely supports the beneficial activity of such toxins to manage pain and to treat a
variety of dystonias and highlights the need for additional research.

Abstract: Botulinum neurotoxins (BoNTs) are emerging as multipurpose therapeutic compounds
for the treatment of several different syndromes involving peripheral and central nervous systems,
and muscular and musculoskeletal disorders both in human and veterinary medicine. Therefore, the
study of BoNTs is rapidly developing and identifying newly produced BoNT variants. Efforts should
be made to clarify the biological and pharmacological characteristics of these novel BoNTs as well as
the natural ones. The high potential of BoNTs as a therapeutic compound for medical syndromes
lies in its ability to reach a specific cell type while bypassing other cells, thus having mild or no side
effects. In this paper the recent developments in BoNTs are reviewed with the aim of analyzing
the current knowledge on BoNTs’ biological mechanisms of action, immunogenicity, formulations,
and therapeutic applications in the veterinary field, highlighting advantages and drawbacks and
identifying the gaps to be filled in order to address research priorities.

Keywords: Clostridium botulinum; botulism; neurotoxin; BoNT; therapeutic; antibodies; horse; dog;
cat; farm animals

1. Introduction

Botulinum neurotoxins (BoNTs) are proteins synthesized and secreted by neurotox-
igenic strains of anaerobic and sporogenous bacteria belonging to the genus Clostridium.
The BoNTs are conventionally classified into seven serological types, designated with al-
phabetical letters from A to G (BoNT-A through BoNT-G) [1] plus two recently discovered
serotypes (BoNT-H previously considered A/F chimera and BoNT-X) [2]. Only serotypes
A, B, E and F (possibly G and H) target humans causing poisoning, whilst serotypes C and
D are responsible for botulism in animals, mainly cattle, sheep, horses, birds, and fishes [3].
Neurotoxin producer C. botulinum strains are historically distinguished into four groups (I,
II, III and IV) according to physiologic and metabolic characteristics [4]. Nevertheless, C. bo-
tulinum is not the only BoNT-producer, since other bacteria belonging to the same genus
are BoNT-producers, such as C. butyricum (BoNT-E), C. baratii (BoNT-F), and C. argentinense
(BoNT-G) [4]. More recently, advanced molecular technologies enabled the discovery of

Vet. Sci. 2023, 10, 460. https://doi.org/10.3390/vetsci10070460 https://www.mdpi.com/journal/vetsci

https://doi.org/10.3390/vetsci10070460
https://doi.org/10.3390/vetsci10070460
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vetsci
https://www.mdpi.com
https://orcid.org/0000-0002-5330-4396
https://orcid.org/0000-0002-8542-9476
https://orcid.org/0000-0001-8849-2051
https://orcid.org/0000-0001-7457-3440
https://doi.org/10.3390/vetsci10070460
https://www.mdpi.com/journal/vetsci
https://www.mdpi.com/article/10.3390/vetsci10070460?type=check_update&version=1


Vet. Sci. 2023, 10, 460 2 of 16

novel BoNTs, which were clustered as subtypes within the existing serological types and
designated with the letter of the serotype accompanied by a number (e.g., for serotype
A: BoNT-A1, BoNT-A2, BoNT-An) [5]. BoNT subtypes vary in amino acid sequence and
therefore may differ in antigenic properties. Moreover, chimeric BoNTs were discovered
as a result of the recombination of bont genes and designated with both the letters of the
originating serotypes (e.g., BoNT/CD, BoNT/FA). In this way, the number of subtypes
has more than doubled and continues to grow. The increasing number of BoNT variants
has a relevant biological significance and may be explained by environmental pressure on
neurotoxigenic strains of Clostridia responsible for animal botulism. Novel BoNTs can also
be designed and produced via recombinant technology. Since even small differences in
the amino acid sequence can significantly change the activity and the toxicity, improved
and/or different BoNTs are expected to be obtained in the near future in a natural or
recombinant way.

The toxin induces muscle paralysis, a disease known as “botulism” in infected, un-
treated vertebrates, by inhibiting the release of the acetylcholine neurotransmitter at the
cholinergic neuromuscular junctions. In the most serious conditions, it may reach the limbs,
ending in systemic paralysis [6]. The paralysis of respiratory muscles causes respiratory
arrest and finally death. Botulism may take one of three main presentations. The first one is
a foodborne disease, which occurs after ingestion of toxin-contaminated food or drinks, the
second presentation is wound botulism, which arises after the entry of the toxin through
an open wound, and the third one is infant botulism, a less frequent form that results
after gastrointestinal infection of the infant immature gut by toxin-producing clostridia,
which release the toxin systemically causing a flaccid paralysis known as “floppy baby
syndrome”. In the absence of treatment, victims are immediately placed in intensive care
for a long time, usually under mechanical ventilation, up till the paralysis wears off. In the
case of infant botulism, antibiotic administration may be required to treat other dangerous
bacterial complications [7]. Despite the high toxicity, numerous preparations based on
BoNTs are commercially available and extensively used for therapeutic purposes to im-
prove conditions affecting neuromuscular or autonomic neuronal transmission. Botulinum
toxin can also be used for cosmetic purposes.

2. Structure of Botulinum Neurotoxin

The genes (bont) encoding for BoNT serotype A, B, E and F are carried by the bacterial
chromosome, the ones producing serotypes C and D by a phage genome, and the gene
for BoNT-G by a plasmid [1]. The bont genes encode for 150-kDa proteins that enfold in
a three-domain arrangement adjacent to a cluster of genes (ntnha) coding for accessory
proteins NTNHA (non-toxic non-hemagglutinin), which play the triple role of preserving
the core neurotoxin from low gastric pH upon oral introduction, promoting gastrointestinal
absorption, and shielding the BoNT molecule from proteolytic and other chemical attacks
while passing through the protease-rich gastrointestinal tract [8]. These functions are crucial
since the most common portal of entry of the ingested BoNTs into the body is the gut. The
bont and ntnha genes are located next to the ha genes that code for neurotoxin-associated
proteins with hemagglutination properties in some bacterial strains, while in other strains
they are proximal to genes orfX, whose functions are still under investigation [9]. HA is
involved in the disruption of the intestinal epithelial cell barrier, allowing botulinum toxin
to enter the body [10]. The key feature of the HA cluster proteins is the abundance of
carbohydrate-binding sites that can bind to the mucus layer and to the apical membrane
of polarized intestinal epithelial cells, or other cells of the gut wall, by which BoNTs
infiltrate the lymphatic and blood circulation [5]. BoNTs, along with their accessory non-
toxic proteins, generate large composite molecules named Progenitor Toxin Complexes
(PTCs). Such complexes, although not involving covalent binding, are stable at acidic
pH [7], but at neutral or slightly basic pH conditions (as in the inner intestinal polarized
epithelial monolayer and the intramuscular fluids) the “pH sensor” amino acids of the
NTNHA molecule trigger a conformational modification and cause the release of the core
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neurotoxin [11]. Although different in amino acidic composition and immunogenicity,
all BoNT serotypes display a similar molecular architecture. They are inactive when
produced as a single-chain (150 kDa) polypeptide but then they are cleaved by proteases to
generate the mature (and pharmacologically active) toxin, consisting of a light chain (LC,
50 kDa) joined by a single disulfide bridge to a heavy chain (HC, 100 kDa) comprising the
binding domain at the carboxy-terminus (Hc, 50 kDa) and the translocation domain at the
amino-terminus (Hn, 50 kDa) (Figure 1) [12].

Vet. Sci. 2023, 10, x FOR PEER REVIEW 3 of 17 
 

 

immunogenicity, all BoNT serotypes display a similar molecular architecture. They are 
inactive when produced as a single-chain (150 kDa) polypeptide but then they are cleaved 
by proteases to generate the mature (and pharmacologically active) toxin, consisting of a 
light chain (LC, 50 kDa) joined by a single disulfide bridge to a heavy chain (HC, 100 kDa) 
comprising the binding domain at the carboxy-terminus (Hc, 50 kDa) and the 
translocation domain at the amino-terminus (Hn, 50 kDa) (Figure 1) [12]. 

 

 
Figure 1. Schematic representation of botulinum neurotoxin type A. The toxin is generated as an 
inactive single chain protein; then it is activated by proteolytic cleavage to a double-chain form (HC, 
heavy chain; LC, light chain). Three primary domains, the receptor binding domain (Hc), the 
translocation domain (Hn) and the catalytic domain (LC) are present in the neurotoxin. 

3. Mechanism of Action 
BoNTs, after reaching the lymphatic and blood circulation (through gut absorption, 

inhalation, or injection), quickly reach the perineuronal fluid compartment (without 
crossing the blood–brain barrier) and bind to presynaptic neurons [6]. BoNT mainly 
works as a significant inhibitor of acetylcholine release by the presynaptic neurons. The 
normal release of neurotransmitters in brain synapses involves the fusion of synaptic 
vesicles with cell plasma membranes and requires a protein complex called SNARE 
(soluble N-ethylmaleimide sensitive factor attachment protein receptor) or SNAP receptor 
[13]. After binding with the carboxy-terminus of the heavy chain to the presynaptic nerve 
membrane, BoNTs are endocytosed into synaptic vesicles with the involvement of 
adenosine triphosphatase (ATPase) proton pumps [14]. The vesicular acidic pH triggers a 
conformational switch of BoNT, which favors the HN-mediated translocation of the light 
chain of BoNT across the endosomal membrane into the cytoplasm [15]. The reducing 

Figure 1. Schematic representation of botulinum neurotoxin type A. The toxin is generated as an
inactive single chain protein; then it is activated by proteolytic cleavage to a double-chain form
(HC, heavy chain; LC, light chain). Three primary domains, the receptor binding domain (Hc), the
translocation domain (Hn) and the catalytic domain (LC) are present in the neurotoxin.

3. Mechanism of Action

BoNTs, after reaching the lymphatic and blood circulation (through gut absorption,
inhalation, or injection), quickly reach the perineuronal fluid compartment (without cross-
ing the blood–brain barrier) and bind to presynaptic neurons [6]. BoNT mainly works as
a significant inhibitor of acetylcholine release by the presynaptic neurons. The normal
release of neurotransmitters in brain synapses involves the fusion of synaptic vesicles
with cell plasma membranes and requires a protein complex called SNARE (soluble N-
ethylmaleimide sensitive factor attachment protein receptor) or SNAP receptor [13]. After
binding with the carboxy-terminus of the heavy chain to the presynaptic nerve membrane,
BoNTs are endocytosed into synaptic vesicles with the involvement of adenosine triphos-
phatase (ATPase) proton pumps [14]. The vesicular acidic pH triggers a conformational
switch of BoNT, which favors the HN-mediated translocation of the light chain of BoNT
across the endosomal membrane into the cytoplasm [15]. The reducing cytosolic environ-
ment enhances disulfide bond cleavage, allowing the catalytic LC zinc protease domain of
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BoNT to freely act, cleaving the substrate represented by different polypeptide portions of
the SNARE complex depending on the BoNT serotype [8,16]. In particular, LC zinc pro-
teases of BoNT-A and BoNT-E breakdown SNAP25, proteases of BoNT-B, BoNT-D, BoNT-F
and BoNT-G hydrolyze VAMP/synaptobrevin (vesicle-associated membrane protein) and
BoNT-C degrades either SNAP25 (synaptosomal associated membrane protein of 25 kDa)
or syntaxin [14] (Figure 2). After the degradation of SNARE, the fusion of acetylcholine
vesicles with the plasma membrane is impeded and finally the neuromuscular transmission
is blocked [15], causing flaccid muscle paralysis and possibly death [7]. Neurospecificity,
binding affinity and catalytic activity, which characterize the biological mechanism of action
of BoNTs, are the bases for their toxicity on the one hand and their successful pharmaco-
logical and therapeutic applications on the other. For these potentialities, it is necessary to
deepen the knowledge of the mechanisms that regulate BoNTs activity.
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4. Immunogenicity and Formulations

The BoNT core neurotoxin, as well as the linked accessory proteins are potential
immunogens [17]. This feature represents a major disadvantage for their therapeutic
application, especially when requiring multiple administrations. Therefore, strategies have
been or are still being developed to prepare formulations with minimized immunogenicity
of the biological compound.

Accessory proteins do not play any therapeutic function, but at neutral pH they
dissociate from the neurotoxin and act as adjuvants [18] promoting both the synthesis of
neutralizing antibodies against the active BoNT [19] and the expression of inflammatory
cytokines [20]. They also bind to different cell types other than neurons, inducing undesired
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immune-mediated responses [21]. Consequently, a minimal presence of accessory proteins
in BoNT formulations is desirable.

Differing from the accessory proteins, the BoNT core neurotoxin exhibits low immuno-
genicity, particularly BoNT-A, which is the serotype currently mostly used as a drug [22].
Three BoNT-A and one BoNT-B preparations have been authorized for some time by the
FDA (Food and Drug Administration) and EMA (European Medicines Agency) for ther-
apeutic utilization, each having a different potency: onabotulinumtoxin-A (onaBoNT-A
or Botox®, Allergan Pharmaceuticals, Dublin, Ireland; former Oculinum®, Oculinum Inc.,
Irvine, CA, USA), abobotulinumtoxin-A (aboBoNT-A or Dysport®, Ipsen Biopharm Ltd.,
Paris, France, Galderma Ltd., Zug, Switzerland), incobotulinumtoxin-A (incoBoNT-A or
Xeomin®, Merz Pharmaceuticals GmbH, Frankfurt, Germany) and rimabotulinumtoxin-B
(rimaBoNT-B or Myoblock®, Solstice Neurosciences, Llc., Louisville, KY, USA); a fourth
BoNT-A more recently developed, daxibotulinumtoxin-A (daxiBoNT-A, Revance Ther-
apeutics, Pleasanton, CA, USA) [23] has been also approved. These formulations are
conventionally distinguished into first- and second-generation, and differ in components,
such as excipients and accessory protein content [8,14,24].

• First-generation BoNT-A formulations:

onaBoNT-A (first authorized by the FDA in 1989) consists of 0.73 ng of core neurotoxin
protein (a mix of active protein and inactive/denatured toxoid) complexed with about
4.3 ng of accessory proteins [25];
aboBoNT-A contains less core neurotoxin (0.65 ng) than onaBoNT-A complexed with
about 3.7 ng of accessory and other clostridia-derived proteins such as flagellin [26];
rimaBoNT-B consists of core neurotoxin complexed with accessory proteins [27].

• Second-generation BoNT-A formulations:

incoBoNT-A contains the therapeutic neurotoxin only (0.44 ng), free of any accessory
protein or any other bacterial-derived molecule [28];
daxiBoNT-A lacks bacterial accessory proteins, but the composition has not been
disclosed for therapeutic applications [29].

The second-generation products, compared with the first-generation ones, are lacking
the accessory proteins and display significantly lower immunogenicity along with high
clinical efficacy, better safety profile, and the possibility to be stored at room temperature.
The achievement of low immunogenicity is a clinically relevant feature to avoid treatment
resistance due to the action of neutralizing antibodies at the time of secondary adminis-
tration or further cumulative dosages. Nevertheless, immunogenicity is just one of the
potential risk factors linked to BoNT treatment. Other parameters need to be carefully
considered, such as cumulative dose, injection site, schedule of injections, duration of
treatment, protein load, patient status, and choice of BoNT formulation. More insight-
ful knowledge of the mechanisms involved in the development of the immune response
against BoNTs is undoubtedly needed to further improve the formulations and to prevent
or treat BoNT-related immune resistance by minimizing immune reactions and maximizing
the effect.

5. Therapeutic Applications in Veterinary Medicine

BoNT molecules are characterized by multiple beneficial pharmacological properties,
which make them particularly versatile drugs. They combine potent neurospecificity with
reversibility of their effect (temporary striated muscle paralysis) and limited diffusion
when locally injected. These features explain why the utilization of the purified form of
botulinum toxin from the anaerobic bacteria Clostridium botulinum is now well-established
both in human and veterinary clinical practice. BoNT is used to treat numerous chronic con-
ditions including neuromuscular syndromes such as dystonia, dysphagia, blepharospasm,
autonomic syndromes such as hyperfunction of parasympathetic nerves, gastrointestinal
(achalasia, gustatory sweating syndrome, anal fissure), secretory (hyperhidrosis) and uro-
genital (overactive bladder, benign prostatic hypertrophy) disorders. It is also used as a
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chronic pain killer for neuropathic and non-neuropathic disorders [16,30,31]. Many other
applications are being investigated.

5.1. Horse

When compared to other animal species including humans, horses are very susceptible
to BoNT, which can be poisoning and often deadly (foodborne or wound botulism) [32].
Nevertheless, encouraging results were obtained using BoNT-A and -B for therapy in this
species. Few pilot studies were conducted on horses demonstrating the efficacy and safety
of local injections of botulinum neurotoxin to cure stringhalt, laminitis, acute synovitis,
lameness and anal pressure.

• Stringhalt (equine reflex hypertonia) is a spasticity condition consisting of recurrent
hyperflexion of the tarsus potentially due to several reasons, among which are neu-
rogenic causes linked to dysfunctional or over-reacting upper motor neurons. Being
limited in the success of conventional remedies for stringhalt, BoNT-A (Botox) in-
jections in the extensor digitorum longus, extensor digitorum lateralis and lateral vastus
muscles were tested, and results showed diminished spastic movements and less
frequent hypermetric steps as early as 2 days post-inoculation, in absence of toxicity
signs and adverse side effects. The only partial success obtained with this trial (the
spasticity was not completely abolished) shows that dosage and type of muscles to be
injected are critical variables that need to be fine-tuned [33].

• Botulinum neurotoxin type A was also evaluated as a treatment for horse laminitis, an
extremely painful condition caused by inflammation of the laminae bonding the hoof
wall to the distal phalanx in the hoof. Laminitis may turn into a more severe condition
(founder and/or sinker) when the animal weight and locomotion forces applied by the
deep digital flexor (DDF) muscle on the distal phalanx (coffin bone), cause the failure of
the lamellar attachment between the coffin bone and the hoof capsule. In this condition
BoNT-A, causing paralysis of the DDF muscle, diminishes the shearing forces and
improves the sequelae of laminitis. Horses with different degrees of laminitis treated
with BoNT-A (Botox) in the muscle belly of the deep digital flexor muscle presented
no worsening of the disease and Obel scores improved by a few grades [34]. Further
studies have confirmed the potential of BoNT-A (Botox) in the treatment of horses with
laminitis by assessing the effectiveness of the intramuscular injection of neurotoxin on
the reduction in DDF muscle activity, increased range of motion of the metacarpus and
carpus and force distribution underneath the hooves in healthy, adult sport horses.
No significant changes were detected in the toe-heel force distribution, neither in gait
alterations upon walking [35,36].

• A horse model of lameness associated with acute synovitis was utilized to determine
the result of intra-articular injection of BoNT-A. Joint pain is one of the most frequent
lameness-triggering factors in horses. After induction of acute synovitis in horses with
normal carpi and BoNT-A (Botox) injection into the middle carpal joint, only a few of
them showed onset of lameness. These results indicate that BoNT has a pain-relieving
effect besides a neuromuscular blocking one. Intra-articular BoNT-A administration
can alleviate lameness in horses with acute synovitis without any adverse effect [37].
A similar study was recently published to demonstrate that the injection of BoNT-A
into the carpal joint of healthy horses does not cause any negative effect on synovial
and clinical parameters and is therefore safe for use in horses [38].

• Chronic forelimb lameness is often the result of pain from the navicular bone and
the soft tissue of the podotrochlear apparatus (PA) following degenerative disease
in horses. Since the PA is rich in unmyelinated nerve fibers, possibly transmitting
foot pain to the spinal cord, horses with severe PA radiographic and tomographic
abnormalities and lameness showed short-term clinical improvement after intrabursal
BoNT-B injection. BoNT-B, by binding the synovial nociceptor fibers of the PA, can
inhibit the release of other SNARE-dependent neuropeptides responsible for the trans-
mission of foot pain to the spinal cord. Horses intrabursally inoculated with BoNT-B



Vet. Sci. 2023, 10, 460 7 of 16

displayed improved lameness for more than 14 days and no adverse effects. However,
a total lameness-free condition was not achieved. Multiple injections or higher BoNT-B
doses/concentrations/volumes may be needed to optimize the analgesic effect before
the clinical application can be recommended in horses [39].

• Botulinum toxin type B has also been shown to reduce anal sphincter tone in horses.
Foaling is often the cause of perineal lacerations in mares that may dehisce after
surgical repair due to the high pressure exerted by the accumulation of stool in the
rectum. Local injection of BoNT-B into the external anal sphincter of mares before
surgical intervention to repair perineal lacerations showed a reduction in incisional
dehiscence due to induction of transient relaxation of the anus and lower anal tone. The
maximal efficacy was achieved in the first 15 days post-inoculation and disappeared
after about 6 months. Although not fully successful (only transient relaxation), this
treatment shows good potential for improvement [40].

Overall, the results obtained so far in horses, even if only partially positive, encourage
further investigations with larger animal cohorts and confirm that horses are more sensitive
to BoNT than other animal species and humans. Therefore, it should be emphasized that
careful optimization of doses, together with the timing of administration and guidelines on
injection sites, are crucial aspects for the successful outcome of the therapy.

5.2. Dog

According to one of the first available references, dogs are more resistant than humans
to all types of botulinum toxin, with a greater resistance to type C followed by type A [41].
Therefore, the onset of effects after BoNT inoculation is expected to be similar to that of
the natural toxin, but the efficacy is expected to be lower and of shorter duration at an
equivalent dose. In dogs, BoNT-A represents a reversible, safe, and effective alternative
to more invasive procedures, and has been used to treat otolaryngologist-head and -neck
problems, as well as gastrointestinal and urinary disorders, osteoarthritis and pain, atrial
fibrillation, myoclonus, myokymia and neuromyotonia, ocular complications and asthma.

• The first study known in dogs aimed to assess the potential benefit of BoNT in canine
patients with otolaryngological head and neck disorders and was performed more than
three decades ago. In this study, the BoNT-A (Oculinum) injection into the cricothyroid
muscle of a dog with bilateral abductor vocal cord paralysis caused muscle paralysis
and lowered the tension of the vocal cords, allowing it to move laterally and therefore
improving the airflow safely [42]. A second study published soon after by the same
research group, confirmed the efficacy of multiple BoNT-A (Oculinum) injections into
the laryngeal muscle to solve airway stenosis caused by bilateral abductor vocal cord
paralysis without morbidity, permanent damage to laryngeal muscles, dysphagia,
or mortality [43]. Additionally, canine laryngeal hyperadduction disorders, such as
spasmodic dysphonia, were temporarily treated with BoNT-A (Botox) injections into
the thyroarytenoid muscle with or without radiofrequency-induced thermotherapy
without severe side effects [44,45]. Finally, excessive salivation (ptyalism) in dogs was
significantly reduced by BoNT-A and -D (injections into submandibular glands, where
they could act in the neuroglandular junction by blocking acetylcholine secretion.
The parasympathetic postganglionic neurons innervating the canine submandibular
glands are sensitive to the anticholinergic effect of BoNTs (and particularly BoNT-D)
without side effects [46].

• Some dysfunctions of the canine gastrointestinal apparatus have been successfully
treated with BoNT. Functional obstruction of the lower esophageal sphincter (achalasia-
like syndrome) is due to the loss of inhibitory myenteric neurons leading to a lack
of relaxation after the pharyngeal swallow and altered esophageal motility (megae-
sophagus), with poor prognosis. This dysfunction was recently improved (although
only for about 40 days) with BoNT-A (Botox) injections at eight sites around the
esophagogastric junction coupled, or not, to surgical myotomy, without long-term
complications [47]. A canine model to study the relaxing effect of BoNT-A (Botox)
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injected into the ampulla of Vater, under endoscopy guidance, in alternative to bil-
iary stenting or sphincterotomy, showed a significant reduction in pressure gradient
between the common bile duct and the duodenum in case of dysfunctions of the
sphincter of Oddi, such as biliary fistulae or leaks. The effect that paralyzes the
muscular valve and therefore achieves relaxation of the sphincter started within 24 h
post-treatment and lasted at least 14 days, displaying low invasiveness and complexity
with no complications [48,49]. Finally, a case of delayed gastric emptying, a frequent
dog dysfunction caused by anatomic (foreign bodies or masses), functional (inflam-
mation, infection, or idiopathic) or emotional (stress) drainage block or by reduced
gastric motility, was successfully solved with laparoscopic BoNT-A (Botox) injections
into the pylorus [50]. In all these cases, the toxin exerted its blockage activity of
muscle/sphincter contraction with minimal or no adverse effects, justifying further
studies to optimize its use.

• Since dogs can naturally present benign prostatic hyperplasia (BPH, 80% of intact
5-year-old or older males), they represent a perfect target and a good animal model for
the application of botulinum neurotoxic treatment. The results of three separate studies
performed by transperitoneal BoNT-A (Botox or Dysport) injection into each lobe of
the prostate of BPH dogs demonstrated a prostate size and firmness reduction and a
glandular atrophy and apoptosis increase for more than 3 months in the absence of any
complication or side effect or a negative impact on the semen quality [51–53]. These
effects may be due to both relaxation of the prostatic muscle and alteration of growth
factors expression due to the toxin [54]. BoNT proved to be effective also in a canine
bladder reconstruction model in which gastrocystoplasty with demucosalized patches
coated by engineered urothelial mucosa together with BoNT-A (Botox) injection had a
clinical potential in bladder reconstruction in patients with non-compliant bladder [55].
Finally, urinary incontinence (UI) was successfully controlled in 70% of bitches with
the application of a dozen injections of BoNT-A (Botox) into different sites of the
bladder wall submucosa, with sustained benefit for about 5 months in the absence of
side effects [56]. Therefore, all of these studies provided robust information to support
the efficacy of BoNT. However, they highlight some critical points that need to be
addressed, such as the mechanism of BoNT interference with the urothelial functions,
the volume and site of administration and the duration of effect.

• Attempts were made to use BoNT for the most frequent joint disease in dogs, which is
osteoarthritis (OA), a painful life-quality impacting condition involving cartilage dete-
rioration and bone remodeling. It was hypothesized that, by inhibiting the liberation
of neuropeptides at the nociceptive nerve endings, BoNT-A may work as an analgesic
drug. In a preliminary study, performed on dogs with osteoarthritis secondary to hip
dysplasia, injections of BoNT-A (Dysport) failed to show significant improvement
probably because of insufficient dose or the OA severity of the enrolled dogs [57].
Another study confirmed the lack of significant benefit after intra-articular injection of
BoNT-A (Botox) and started to clarify the antinociceptive mechanism of action of the
toxin, finding that it is not bound to molecules that normally transmit signals in arthri-
tis such as substance P and prostaglandin E2 [58]. Nevertheless, another study from
the same research group had demonstrated that BoNT-A (Botox) inoculation into joints
of osteoarthritic dogs significantly lowered the pain, with efficacy peak at 12 weeks
post-injections and without remarkable systemic or local side effects [59]. Similarly,
a pilot study on a limited number of dogs with mild to severe osteoarthritis showed
augmented ground reaction forces in dogs after injection of BoNT-A (Botox) [60].
Overall, all these studies showed that the optimal therapeutic BoNT dosages still need
to be optimized and the inclusion criteria for the animals should also be carefully
defined because osteoarthritis is a complex disease involving numerous factors whose
mechanisms are largely unknown and for which efficacious therapies are continuously
searched for. Noteworthy, a recently published study demonstrated that intra-articular
injections of BoNT-A (Botox) in healthy dogs do not induce adverse (cytological,
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clinical, or histopathological) effects and can therefore be considered safe for use in
dogs [61].

• Other than for osteoarthritic pain, the analgesic effect of BoNT-A (Dysport) was
tested in post-operative bilateral radical canine mastectomy and showed usefulness
as an adjuvant antinociceptive agent to control pain, effective when injected prior
to surgery [62]. By inhibiting the release of neuropeptides at the nociceptive nerve
endings, BoNT-A lowers directly peripheral, and indirectly central sensitivity, provid-
ing analgesia.

• Dog heart, like the human heart, has three main epicardial fat pads abundantly
and asymmetrically innervated with ganglionated plexi of the autonomic nervous
system. Since atrial fibrillation depends on electrophysiological parasympathetic and
sympathetic stimuli, botulinum neurotoxin-induced denervation was investigated
in a canine model as an atrial fibrillation suppression strategy. The results of two
different studies demonstrated that the injection of onabotulinumtoxin-A (Botox) into
the two, or abobotulinumtoxin-A (Dysport) into the four major atrial ganglionated
plexi significantly lowered atrial fibrillation inducibility for three weeks and three
months, respectively [63,64]. These short- and long-term results demonstrate the
basics for an attractive non-invasive, transitory, but still effective procedure. Another
study performed in dogs to determine the potential effect of injections of BoNT-A
(Botox) into the left stellate ganglion in post-myocardial infarction, demonstrated the
inhibited function of the sympathetic nervous system, improved cardiac remodeling
and function and prevention of ventricular arrhythmias, ultimately showing beneficial
cardioprotective effects of the toxin [65].

• BoNT-A (Botox) showed a positive effect on dog myoclonus, a particularly debili-
tating disease with involuntary, irregular twitching of a part, an entire, or a group
of muscles that can hamper walking, eating, and dog health in general. Since my-
oclonus is produced by an aberrant firing pattern of lower motor neurons, injections of
toxin into the most severely affected muscles (nearby the motor end plate) resulted in
improved walking and other motor functions without severe adverse effects [66]. Sim-
ilarly, myokymia and neuromyotonia secondary to radiation therapy were effectively
treated in dogs by BoNT-A (Botox) injections (twice in 24 h) into the affected muscles,
safely and without side effects [67]. The drawback of this therapy is the duration of
the effect, which lasted up to 6 and 3 months, respectively, and therefore requires
repeated treatments.

• Canine ocular complications can occur following conjunctivitis, keratitis, entropion,
or foreign bodies. Protective ptosis may be temporarily necessary in some cases to
protect the cornea and allow healing of the ocular disease, to avoid surgery. From
this perspective, transcutaneous injections of BoNT-A in the anterior levator palpebral
superioris muscle allowed effective covering of the cornea for up to 3 weeks in a canine
experimental study [68]. Local subcutaneous injections of BoNT-A (Dysport) were also
effective in the treatment of primary dog blepharospasm, an abnormal, uncontrolled
contraction of the eyelid muscles [69]. In this case, injections of botulinum toxin A into
the orbicularis oculi muscle were repeated every 4 months without adverse signs for
over 3 years. Studies with a larger cohort of patients would be desirable to consolidate
these promising outcomes.

• An experimental study to reduce bronchial hyperreactivity in dogs tested the effect
of BoNT-A submucosal injections into the caudal lobe bronchus. Local injections of
BoNT-A resulted in a reduction of about 60% of the bronchial hyper-responsiveness,
chemically induced to mimic asthma, in a canine model for up to 6 months [70].

All studies on canine patients demonstrate that BoNT-A treatments bring remarkable
clinical improvement to diseases lacking efficacious treatments and characterized by high
morbidity and poor quality of life. More insights into dose-dependent effect, inoculation
sites and schedule would be needed to prolong the duration of treatment efficacy and to
better understand the BoNT-A mechanism of action.
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5.3. Cat

Although less documented than dogs and horses, cats have also been treated with
botulinum neurotoxins for severe contractures, and as animal models to study ocular
motility disorders.

• In a case of acquired limb deformity with severe muscle contracture, successful ap-
plication of BoNT-A (Botox) in a juvenile cat was reported as an alternative to limb
amputation. Botox injections into the triceps and flexor carpi and digit muscles,
relieved pain, and decreased muscle spasticity, facilitating physiotherapy and the
application of a brace [71]. Partial success was also previously reported for BoNT-A
(Botox) injections into the gastrocnemius muscle in an elderly cat presenting with
tarsal arthrogryposis [72]. The minimal improvement obtained in this case could
be explained by the lower dose of BoNT-A used and the congenital nature of the
deformity with severe joint contractures.

• Since cats are frontal-eyed species characterized by postnatal maturation of the pal-
isade endings of the extraocular muscles (axonal specializations that combine motor
and sensory features), they represent a good model to study the functional relationship
between sensory and motor features in the palisade endings. An initial study, a few
decades ago, showed that only one injection of botulinum neurotoxin into the ocular
retrobulbar orbit was sufficient to cause complete or partial reproducible paralysis of
the ocular musculature lasting up to one month [73]. This methodology has shown
promise for further studies of ocular motility. A few years later, injections of high doses
of BoNT-A into the lateral rectus muscle were shown to impair not only the electrical
activity and therefore eye movement, but also the firing rate of the abducens motoneu-
rons, while low doses only caused muscle paralysis of the lateral rectus [74]. This
finding supported the safe use of BoNT-A at low doses to induce therapeutic relaxation
of spastic eye muscles, avoiding functional perturbations of the motoneurons and
therefore of the central nervous system. Nonetheless, a study investigating possible
ultrastructural changes due to injections of BoNT-A (Botox) into the feline extraocular
muscles demonstrated ultrastructural changes (mild myelin separation at the proximal
part of the myotendinous nerve endings and an augmented number of neurofilaments
in the myelinated and unmyelinated nerve fibers axons) impacting the proprioceptive
function of the extraocular muscle, which should be taken into consideration [75].
More insights into the BoNT dose effect and mechanism of action were subsequently
clarified for Botox [76], and finally, it was demonstrated that the eye immobilization
but not the visual deprivation affects palisade ending development. Moreover, during
the development time, the palisade endings are subject to perturbations [77]. These
studies have a crucial impact on designing therapies for oculomotor dystonias.

Based on the outcomes of the few reported feline studies and the established and
extensive application of BoNT in human medicine, Botulinum-based neurotoxic treatments
warrant future investigations as a targeted therapy or therapeutic aid.

5.4. Farm Animals (Pig, Sheep)

Most studies performed with botulinum neurotoxin in farm animals involved pigs.
Only one study is reported on sheep.

5.4.1. Pig

Pigs, although naturally resistant to botulism, can harbor botulinum toxin types B
and C in their intestine [78]. However, they respond to direct administration of BoNT and
therefore they are frequently used as animal models for translational studies, targeting
masticatory musculature and gastrointestinal and urinary systems.

• A first original study was published a decade ago and was aimed at testing the effect of
intramuscular injection of BoNT-A (Botox) into masseter muscle of pigs, demonstrating
relevant alterations of the fiber composition and myosin expression (mRNA), therefore
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mainly resulting in an impact on the structure rather than on the functionality (very
bland local paresis) [79]. Another study comparing the effects of BoNT-A (Botox) and
BoNT-B (Myobloc) injections in the masseter muscle of minipigs showed no paresis or
atrophy with BoNT-A, but atrophy and paresis with BoNT-B [78].

The doses of BoNT administered to pigs are comparable to those used for humans
allowing useful information for human medicine.

• Newborn piglets have been utilized in pilot studies to investigate the effect of intramu-
ral esophageal injections of BoNT-A on the relaxation and elongation of the esophagus
as an animal model for pediatric esophageal atresia, a congenital defect, which requires
esophageal anastomosis. BoNT-A (Xeomin) injections into the muscular layer of the
esophageal wall followed 1 hour later by surgical removal of the entire esophagus and
an in vitro stretch-tension elongation test, showed a significant esophageal elongation
in treated vs. control animals [80]. When the time laps between BoNT-A injections and
the stress-tension test doubled to two hours, the elongation increased significantly [81].

Despite these encouraging preliminary results, issues persist with this animal model
because of differences between newborn humans and piglets’ esophagi. In particular,
the human esophagus is more fragile and elastic than that of piglets. This may strongly
impact the dose-effect curve and the timing of the effect. Furthermore, the effect of BoNT-
A on the esophagus is currently controversial, as a recent publication of a piglet study
showed no differences in the mechanical and histological characteristics of the esophagus
in BoNT-A-injected piglets compared to controls [82].

Sphincters of the porcine gastrointestinal apparatus, being anatomically similar to
those of humans, have been targeted as a model to enlighten the potential effect of bo-
tulinum neurotoxin.

• Different from the upper esophageal sphincter, which is composed of skeletal mus-
cles (on which BoNT has proven to be efficacious), the lower esophageal sphincter
is composed of smooth muscle. In the piglet model, the local (intrasphinteric) effect
of BoNT-A (Oculinum) injections into this gastrointestinal smooth muscle was inves-
tigated and showed a relevant (60%) muscle tone reduction in the absence of side
effects [83]. This study proved for the first time that BoNT has potential applications
in the treatment of gastrointestinal sphincter disorders such as achalasia and Oddi
dysfunction [83]. However, mucosal inflammation of the esophagus and fibrosis of the
lower esophageal sphincter in adult pigs injected with BoNT-A (Botox) was further
highlighted [84].

• BoNT-A has also been tested in the pig model to assess the effect on internal anal
sphincter dysfunctions such as achalasia and fissure. Injections of BoNT-A (Botox)
into the internal anal sphincter, at the anal skin and rectal mucosa interface of piglets,
induced a significant decrease in the internal anal sphincter tonicity, safely, reversibly,
and with no side effects. Hypertonicity is responsible for persistent obstructive symp-
toms, which may occur in children, for which piglets represent a suitable model [85].
The effect of BoNT-A (Botox) was also tested in the adult porcine model and showed
diminished myogenic tone and reduced contractions in response to sympathetic nerve
stimulation when injected into the internal anal sphincter or the intersphincteric
space [86]. These direct or indirect effects of BoNT on sympathetic nerves are similar
to the ones detected with Botox for urethra [87–89] and may therefore serve as a model
to treat chronic anal fissure.

• The effect of BoNT-A (Botox) on the morphological and chemical phenotype of the
autonomic nerve fibers, which innervate the urinary bladder wall, was tested by
injecting it into the urinary bladder wall of pigs. As a result, altered nerve fiber
distribution and frequency were observed, along with changes in the expression
pattern of adrenergic and cholinergic traits, ultimately indicating high plasticity and
adaptability of urinary bladder wall neurons [87]. The same research group clarified
the changes in the expression patterns of neurochemical molecules by cholinergic
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nerves (sympathetic ganglia) after multiple injections of Botox into the urinary bladder
wall and demonstrated that the therapeutic effect of the toxin on this organ is partly
due to sympathetic ganglia through their altered expression of neuropeptides [88,89].

BoNT-A was also evaluated in the pig model to possibly diminish the tone of the
ureteral detrusor muscle and therefore facilitate stone passage through the ureterovesical
junction and finally expulsion. Periureteral injections into three sites of the detrusor muscle
of BoNT-A (Botox) determined relaxation of the muscle and faster stone passage [90].

Lately, the application of BoNT has gained relevance in the treatment of urinary tract
syndromes, therefore the porcine model, highly similar to the human one, is suitable to
study such therapeutics.

Pigs are excellent models for translational studies to humans because they may con-
tribute relevant information on the use of BoNT, for instance on various orofacial movement
pathologies such as masseteric hypertrophy, temporomandibular joint disorders, muscu-
loskeletal pain, and bruxism. Finally, a recent study conducted on minipigs demonstrated
that BoNT-A injected into the panniculus carnosus shortened the expansion time of the
myocutaneous flap, reducing resistance, accelerating inflation, increasing the expansion
area, and minimizing contraction [91]. This could hold great potential for reconstructive
surgical procedures.

5.4.2. Sheep

In a study on subacute atrial fibrillation, BoNT-A (Botox) injections into right and left
atrial fat pads, pulmonary veins, and the anterior surface of the right and left ventricles
(two injections at each site) lowered the susceptibility to atrial fibrillation induction as early
as 7 days after injection and for 3 months, in absence of vagal stimulation and without
side effects [92]. This study, albeit with the limitations of a small number of animals, and a
one-week follow-up, showed the efficacy of BoNT-A in reducing the vulnerability of the
atrial myocardium to fibrillation.

6. Conclusions and Perspectives

Botulinum neurotoxins, by interfering with the release of acetylcholine at neuromus-
cular junctions, have emerged as beneficial therapeutic compounds for a broad panel of
syndromes including muscle, musculoskeletal and neuropathic disorders. While clinical
evidence supports BoNT treatments, unanswered questions persist, for example about the
functionality and potential immunogenicity of the formulations. Therefore, further research
is needed to elucidate the mechanism and duration of action of the toxin and how it triggers
the host immune response. This can then lead to the design and development of new
and improved engineered BoNT biomolecules, ideally selective for each, to better address
different clinical needs, including additional pathologies. For example, by modifying the
heavy chain it is possible to bind to different target cells, where the toxin itself can enter or
act as a vector, allowing the entry of other therapeutic proteins into specific cells. In this
way, a wider applicability for BoNTs can be achieved. Furthermore, additional preclinical
studies would be essential to define patient selection, indication, dose, delivery system and
safety. Animals, in addition to representing useful study models, are themselves targets of
the effect of BoNTs on disease symptoms. However, success in animal models may fail to
translate to humans, suggesting the need for caution.

The evaluation of therapeutic value must therefore consider not only the relief and
remission of symptoms but also the recurrence rate.

Finally, advances in knowledge have made the potent botulinum toxin a safe, effective,
minimally invasive, and reversible curative remedy with the potential to further enhance
the beneficial impact with the application of BoNT in vaccines or for the production of new
constructs [93].
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