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Abstract: While the global market for veterinary products has been expanding rapidly, there is
still a lack of specialist knowledge of equine pharmaceutics. In many cases, the basic structure
of the gastrointestinal tract (GIT) and integumentary system of the horse shares similarities with
those of humans. Generally, the dosage form developed for humans can be repurposed to deliver
equine medications; however, due to physiological variation, the therapeutic outcomes can be
unpredictable. This is an area that requires more research, as there is a clear deficiency in literature
precedence on drug delivery specifically for horses. Through a careful evaluation of equine anatomy
and physiology, novel drug delivery systems (NDDSs) can be developed to adequately address
many of the medical ailments of the horse. In addition to this, there are key considerations when
delivering oral, topical, and parenteral drugs to horses, deriving from age and species variation.
More importantly, NDDSs can enhance the duration of action of active drugs in animals, significantly
improving owner compliance; and ultimately, enhancing the convenience of product administration.
To address the knowledge gap in equine pharmaceutical formulations, this paper begins with
a summary of the anatomy and physiology of the equine gastrointestinal, integumentary, and
circulatory systems. A detailed discussion of potential dosage-form related issues affecting horses,
and how they can be overcome by employing NDDSs is presented.

Keywords: equine; oral; topical; injection; NDDSs

1. Introduction

Horses are companion animals with temperamental and sensitive characteristics that
play an important role in the lives of many individuals. Therefore, the global demand and
market for equine healthcare products are rapidly increasing. However, comprehensive,
and intensive information on drug development relating to equine health is still very much
in its infancy. Delivering drugs to horses orally is a major challenge, as the physiology
and anatomy of the equine gastro-intestinal tract (GIT) can result in poor bioavailability
of some oral drugs. Additionally, due to their size, the dosages required are much larger
and higher cost compared to those of humans; with potential of adverse effects, especially
for antibiotics, following the administration of some drugs [1]. There are also differences
between various breeds, and ages (from foals to mature adults), resulting in more diverse
clinical requirements [1]. Unfortunately, there is no generalized treatment that is suitable
for all horses, as they may respond differently to the same treatment [2]. Therefore, a
thorough examination of each horse is required with/without an adjustment of the therapy
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regimen [2]. These challenges further limit the selection of drugs for equine treatment.
Moreover, due to the lack of literature precedence, together with the limited understanding
and research efforts in medical technology specifically for equines, the diagnosis of their
diseases can be slow, with low treatment success rates and extended recovery times. For
example, Mitchell et al. reported that insufficient knowledge and understanding of the
pathophysiology of laminitis, inadequate efforts for prevention and therapy, and the
absence of specific treatments for laminitis resulted in significant financial losses and
emotional tension for owners [2]. Therefore, timely diagnosis and better treatment options
are essential to ensure a higher likelihood of therapeutic success [2].

There is recent increased interest in novel pharmaceutical technologies applicable to
equine medications. These technologies will support the improvement of equine health
and well-being, through better treatment approaches. Apart from effective medications,
owners need to be educated to understand the benefits of the latest medical technology,
and they must be willing to accept the higher cost of new treatments. Veterinarians and
owners play critical roles in supporting the best treatments for equine health and welfare.
To the best of our knowledge, the key parameters concerning the development of NDDs
intended specifically for equines have not been previously reviewed.

To address the knowledge gap and deficiency in literature precedence, as well as
to expand the knowledge pool in equine health, this paper aims to provide thorough
and detailed insights into the anatomy and physiology of the equine gastrointestinal
system, skin structure, and injection sites. Most importantly, a detailed discussion of recent
advancements in NDDSs and key considerations to be considered in new drug developed
specifically for horses will follow. Finally, we will provide our insights into the challenges
and future trends in equine product development.

2. Equine Pharmacology

The use of therapeutic molecules is particularly challenging in the horse. Unlike small
animals such as dogs which often act as prototypical species for basic pharmacological
research before an intended use in humans; equines are not commonly incorporated in pre-
clinical testing during drug-development, leading to a lack of data regarding therapeutic
molecules for the treatment of different diseases in equines [3,4]. Additionally, the limited
understanding of the impact of equine anatomy and physiology on new drugs directly
contributes to the uncertainty and unpredictability of potentially therapeutically active
molecules [5].

2.1. Preferred Route of Administration

Generally speaking, oral administration of medications is the most common and pre-
ferred route [6,7] due to their convenience and they should be prioritized if therapeutically
appropriate. In addition to this, the GIT has the a natural immunological and physical
defense mechanism to cope with foreign materials [5,6]. Moreover, the cumulative cost of
formulating an oral drug is much less and more convenient, compared to the preparation
of a sterile parenteral product [5,8].

One of the most important factors to be considered when formulating an oral ad-
ministration is the bioavailability of therapeutic molecules [8]. There is a large body of
evidence demonstrating that for many drug substances oral bioavailability is relatively
acceptable in mono-gastric species but much less so in the horse. For instance, several
drugs including tramadol, furosemide, and acyclovir exhibit poor bioavailability as low
as 10% in equines, as a result of poor absorption, despite being adequately absorbed in
other species [5]. The oral bioavailability of medications can also be influenced by their
feeding times. This is demonstrated through a study in which the poor oral bioavailability
of ampicillin in horses was attributed to the extensive binding of ampicillin to hay, thereby,
subsequently causing an increased residence time in the gastric acidity of horses during
feeding, consequently reducing the drug stability and bioavailability [9]. While strategic
fasting can be employed to avoid the deleterious effects of feeding on oral bioavailability,



Pharmaceutics 2023, 15, 186 3 of 25

this can be very complicated in the cases of medications that are required to be dosed more
than once daily [5].

2.2. Metabolism and Prodrugs in Horses

In addition to oral bioavailability, it is also important to consider the differences in
equine metabolism and its implications on the administered medications. These differences
might hinder the application and extrapolation of human medications and other species to
horses [10]. An example is prednisone, a pro-drug that is bio-activated to prednisolone by
hepatic enzyme 11-β-hydroxy-dehydrogenase [11]. Unlike dogs and humans, horses do
not readily convert prednisone to its active form, as prednisone is poorly absorbed, and it
is inactive in its natural form when administrated to horses [5].

2.3. Parenteral Route of Administration

Parenteral routes, including intravenous (IV), subcutaneous (SC), and intramuscu-
lar (IM) injections, are used when the horse is unable to absorb the orally administered
drug adequately, due to reduced perfusion, shock, or suffering from colic [12]. It also
provides a means to overcome the first-pass metabolism, providing rapid onset of action if
administered intravenously [12]. However, with IV administration, without proper training
in injection technique, there is a risk of accidental injection into the carotid artery rather
than the jugular vein, resulting in severe Central Nervous System (CNS) effects such as
seizures [5,13].

Intramuscular (IM) injections can be performed to achieve a prolonged duration of
action, using a depot formulation [14,15]. Depot formulations are appropriate for med-
ications such as prednisolone a corticosteroid, which are also used in joints for their
anti-inflammatory effect [16]. Common sites for IM injections include the neck, rump, and
pectoral muscles; ideally, the site of injection should be rotated if frequent administration
is required, noting that the pharmacokinetic profiles of IM drugs may vary according
to the site of administration [5,17,18]. However, IM administration of several drugs has
been linked to clostridial myositis, including with the Nonsteroidal anti-inflammatory
drug (NSAID) flunixin meglumine [19]. Thus, special precautions and care are recom-
mended when administering drugs intramuscularly; and the IM administration of several
medications including NSAIDs should be avoided when possible [20].

According to Equine Formulary, there are 18 actives that can be given SC. However,
compared to IV and IM sites, SC route is less often employed as a site of injection, and
compounds which cause irritations should not be given through SC route to prevent tissue
damage [5,6].

In addition to the primary parenteral routes of administration such as IV, IM and SC,
there are other application-specific subtypes of parenteral administration such as intra-
articular, intracardiac, intra-arterial, intrathecal or peridural. However, with the lack of
in-depth literature precedence, the application of these routes in drug delivery is still
very much in its infancy. Besides these routes, regional limb approaches for antibiotic or
analgesia are a growing interest, though no products are specifically registered for this route.
Where a peripheral vessel is accessible, an effective tourniquet can be applied to isolate the
infected region. In this case, Intraosseous (IORLP) or intraarticular (IARLP) perfusion will
also provide a high concentration of antibiotic at the regional site of infection [21].

2.4. Pharmacokinetic and Pharmacodynamic Drug Interactions

The nature of drug interactions can be classified as pharmacokinetic or pharmacody-
namic. Pharmaco-dynamic interactions can either be beneficial or detrimental. Therefore, it
is important to cautiously administer a combination of medications, especially if there is a
lack of clinical evidence of safety and efficacy. One of the examples of synergistic combi-
national antibiotics is the co-administration of gentamicin and penicillin, where penicillin
can facilitate the access of gentamicin into the bacterial cells which subsequently results in
enhanced bactericidal activity [22]. In contrast, when some cephalosporins such as cefo-
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taxime and ceftriaxone are co-administrated with chloramphenicol, detrimental outcomes
can result. For instance, it was reported in a study that co-administrating chloramphenicol
at 8 µg/mL with cephalosporin resulted in a significant increase in the minimum bacte-
ricidal concentration (MBC) of Cephalosporin (0.28–21.5 µg/mL) [23]. Therefore, careful
consideration of combination treatment is warranted.

The majority of drug interactions are related to metabolism by the cytochrome (CYP)
P450 enzyme superfamily [24]. These interactions between drugs are triggered through
either the induction or inhibition of enzymes involved in metabolism. Induction is usually
caused by the upregulation of enzyme expression and synthesis of new enzymes [25]. Thus,
the induction effect is usually time-consuming and delayed. In contrast, the enzymatic
inhibition effect induces the clearance of a substrate metabolized by a specific enzyme, and
this inhibiting effect often occurs immediately [26,27]. In most cases, these pharmacokinetic
interactions can be overcome by altering the medication doses, ensuring that their required
concentrations remain at an effective and safe range in the body [28].

Furthermore, the CYP P450 superfamily consists of various isoforms, and it is further
divided into subfamilies based on their genotypic homology, including CYP1A, CYP3A,
CYP2D, and CYP3C [29]. The CYP3A4 isoform is responsible for the metabolism of most
therapeutic molecules in humans [30]. Unfortunately, the metabolism of therapeutics by
CYP families is highly specific for each substrate and species; therefore, the metabolism data
of xenobiotics metabolized by the CYP enzymes obtained in humans might not simply be
extrapolated to other mammals, including horses [31–34]. Even though some equine P450
enzyme isoforms have been sequenced and expressed in recombinant systems [31–34], they
are not widely available for routine testing. Consequently, there is a lack of data regarding
pharmacokinetic drug interactions in equines, specifical data from the CYP enzymes [5,33].

2.5. Differences between Foals and Adult Horses

Like humans and many other animal species, as foals are actively growing, they are
physiologically different from mature horses and are referred to as “moving” drug targets.
As a result, evidence of drug use in mature adult horses should not be directly applied and
extrapolated to foals. The key differences in adult horses and foals are therefore should
be taken in account in formulating equine medications. The important factors to consider
when treating foals are summarized in Table 1 below.

Table 1. Key differences between foals and adult horses.

Factor Observation Discussion Ref.

Body Weight

Foals can grow rapidly.
Weight gain ≈ 1.15 ± 0.17 kg/day;

however, bodyweight gain is
dependent on birth weight and breed.

Constant need to adjust doses of
medications that are dosed according

to weight.
This is especially important for drugs

with a low therapeutic index.

[35,36]

Oral Bioavailability

The bioavailability of oral drugs is
different in foals and mature horses.

Antibiotics such as ampicillin are
poorly absorbed in adult horses

compared to foals.

Gastrointestinal absorption, and/or
binding to feed might induce the

difference in oral
bioavailability

[36–38]

Volume of Distribution
Foals have a significantly higher
percentage of water to fat ratio,

compared to adult horses.

Foals may require higher doses of
hydrophilic drugs such as

aminoglycosides, due to a larger
apparent volume of distribution

in foals.

[36,39,40]
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Table 1. Cont.

Factor Observation Discussion Ref.

Serum Protein Concentration
Foals have lower serum protein

concentration compared to
adult horses.

Important for highly
protein-bound drugs.

Drug molecules that remain bound to
serum protein are therapeutically

inactive, hence
differences in serum protein

should be
considered and adjustments to the
medication dose should be made

if needed.

[36,41]

Metabolism & Excretion

Glomerular filtration rate and plasma
flow rate of foals can reach adult

values within 1–2 days of age.

There is a lack of information on time
taken for a foal’s kidney to achieve
maturity of transported mediated

tubular excretion, which is important
for renally cleared drugs.

[36,42]

Foals have underdeveloped hepatic
microsomal enzyme pathways,

compared to adult horses.

This can lead to prolong half-life for
medications that are primarily

metabolized by the liver.
The doses of drugs that are primarily

cleared by the liver need to be
modified, to achieve safe and

effective therapy in foals.

Urine The urine of an adult horse is
more alkaline.

Thus, acidic drugs are more likely
to be

reabsorbed in foals; while basic
drugs are

more likely to be absorbed in
adult horses.

[36]

3. Oral Administration in Horse
3.1. Anatomy and Physiology of the Gastrointestinal Tract (GIT) of the Horse

For a neonatal horse, the weight of their GIT and liver is around 35 g/kg of total body
weight [43]. The main function of the liver at this stage is the storage of nutrients. As the
horse reaches six months of age, the weight of the GIT has increased to around 60 g/kg of
total body weight [43]. The weight of the GIT eventually stabilizes at 45–60 g/kg when the
horse reaches one year of age [43]. Interestingly, the size of the liver continues to decrease
by approximately12–14 g/kg at six months and stabilizes at 10 g/kg at one year old [43].

Other factors can influence the weight of the GIT and the liver; however, the mech-
anisms for the changes in liver parameters are not fully understood. For example, the
ingestion of food can readily change the size of the liver, as its size increases quickly after
a meal, owing to increased glycogen production stored in the liver. This process requires
more blood to flow through the liver, therefore, leading to an increase in the perfusion of the
liver [43], resulting in an increase in postprandial liver size. The second factor contributing
to the anatomical change of a horse’s anatomy is physical activity. When a human exercises,
the perfusion to the GIT is reduced, and the blood flow is diverted to improve oxygen
delivery to the muscles [44]. Therefore, the activity of GIT consequently is stabilized [45].
As an extension of the human experience, this phenomenon can also occur when a horse is
trained/exercised [46].

The length of the small intestine does not change significantly after four weeks of age;
while the large intestine continues to grow until the horse reaches 20 years of age [43]. For
a 500 kg adult horse, the length of the small intestine is approximately 16 m, the caecum



Pharmaceutics 2023, 15, 186 6 of 25

is about 0.8 m, the ascending colon is 3 m and the descending colon is 2.8 m [43], and the
relative capacity is approximately 30.2%, 15.9%, 38.4% and 7.0%, respectively (Figure 1) [47].
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3.1.1. Anatomy and Physiology of the Horse’s Stomach

For an adult horse, the stomach is relatively small compared to the GIT, only com-
prising approximately 8% of the GIT [49]. Most digesta are held in the stomach for 2–6 h
only, however, the stomach is rarely empty. Liquid contents halve in volume after 30 min,
and solid contents halve in volume after around 1.5 h [50]. At the same time, some digesta
can pass to the duodenum when the ingesta reaches the stomach. This process stops when
the horse stops eating and there is no more ingesta entering the stomach [50]. When the
horse drinks water at the same time, the curvature of the stomach wall will induce the
mixing of water with the digesta, assisting the dilution of digested components within the
stomach [50–54].

3.1.2. pH Value of the Horse Stomach

Gastric pH is determined by the gastric acid secretion and gastric contents [55]. The
ventral portion of the equine stomach is lined by glandular mucosa; and the entire mucosa
is separated into two parts, fundic and pyloric regions [56] (Figure 2). The fundic mucosa
contains parietal cells and zymogen cells. Parietal cells can produce hydrochloric acid
(HCl), while zymogen cells secrete pepsin. The pyloric region can produce the polypeptide
hormone gastrin, and release it into the blood plasma [43]. This hormone secretion is
typically triggered by a meal, simultaneously with the production of gastric acid and
gastric juice for digestion. The pyloric region is the most acidic region of the stomach,
followed by the glandular fundus and the squamous mucosa [50]. HCl is constantly
secreted despite an empty stomach; this process is known as basal secretion. As reported
by Merritt and Jullian, horses secrete approximately ~200 µeq/kg/h of HCl mixed with
pancreatic and duodenal fluids [49].

The stomach pH value can be determined by various methods, such as gastric fluid
aspiration, gastric cannulation, or by using a pH electrode [56]. In a previous study
conducted by Murray and Grodinsky [57], the average pH of luminal contents was revealed
to be 1.8 in the stomach, and 3.5 in the antrum [57]. However, other studies have shown that
pH values can change and fluctuate in response to food. For example, Murray and Schusser
demonstrated that the basal pH of a horse is highly acidic, and the acidity decreases after
the horses were fed, causing fluctuations in stomach pH after a few hours, whereas in the
case of sham feeding, the stomach pH increases. Conclusively, feeding, and sham feeding
increase gastric acid secretions; while food consumption can provide a temporary buffer
effect [56].
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3.1.3. Motility of Gastrointestinal Tract

Most of the digesta are held in the stomach for around 2 to 6 h [58]. When fresh ingesta
enter the stomach, peristaltic contractions are initiated, and the existing digesta will move
into the duodenum. However, when the ingestion stops, the contractions will decrease,
hence, the movement of digesta into the duodenum will subsequently stop. Once they
reach the duodenum, transit time is rapid in the small intestine with a rate of approximately
30 cm/min, and this rate is largely affected by the distance to the pylorus [3]. The further
digesta is from the pylorus, the lesser the frequency of the contractions, hence, a longer
transit time [48]. The digesta moves from the ileum to the cecum through the ileocecal
valve which opens when the pressure in the ileum increases. This movement is initiated by
the distention of the stomach and the increased motility of the ileum. Contents are then
directed into the ceco-colic junction before arriving at the ventral colon, which is driven by
the strong peristaltic contraction in the cecum. In most cases, the majority of the digest will
reach the cecum and colon within 3 h of food consumption [48].

In the colon, there are 3 different types of contractions affecting the motility of the
large intestine that are rhythmic contractions, that move in an aboral direction; another
rhythmic contraction that propagates orally; and a third less intense isolated contraction
that does not propagate in any direction but is responsible for 90–95% of the motility from
the large intestine [48].

3.1.4. Gastric Emptying Time

The gastric emptying times for materials of solid, liquid, and oil nature occur at differ-
ent rates. Generally, liquids tend to exit the stomach much faster compared to other materi-
als [59,60]. Several methods can be used to access the gastric emptying time, such as gastric
radioscintigraphy, gastric ultrasonography, stable isotope breath test, Acetaminophen
absorption test, and marker dilution techniques [47].

Gastric radioscintigraphy involves the ingestion of a test meal labeled with a known
radionuclide of specific energy [61]. Once ingested, its movement through the intestinal
tract is then monitored using a gamma camera. Despite being considered an advanced
technique for assessing GIT motility, there are very few studies that employed gastric
radioscintigraphy [47]. For example, through the use of gastric radioscintigraphy in the
horse Bahr et al. [62] reported that the gastric emptying half time is 1.50 ± 0.17 h. This
result is in line with the finding of Levy and Sojka [63], reporting a gastric half-emptying
time of 1.50 ± 0.18 h.

The stable isotope breath test is another technique used to determine gastric emptying
time [64]. It involves the measurement of the rate of increments in the expiration of 13C:12C
ratio, following the ingestion of a meal labeled with a stable non-radioactive isotope,
13C [65]. The 13C:12C ratio can then be used as an indirect measure of the gastric emptying
rate for that particular meal. Sutton conducted several breath tests in the horse to assess
the gastric emptying of various solid and liquid materials [47]. In this study, bicarbonate
and acetate breath tests were performed to assess the gastric emptying and gastric half
emptying time of liquid materials, in which 1.13 ± 0.35 h and 1.72 ± 0.21 h were reported,
respectively. However, it was also important to notice the difference in gastric half emptying
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time between the bicarbonate and acetate test. The reason for this is that the 13C-acetate
requires time to be metabolized, hence, resulting in a slightly longer gastric emptying
time. 13C-octanoic acid breath test was also conducted to assess the solid material gastric
emptying and a gastric half emptying time, with a value of 3.79 ± 1.53 h observed [47].

Other factors that can influence the gastric emptying rate include the size of the meal
and the nutritional content. In a study conducted by Métayer et al., it was reported that
consuming a meal with low starch content increases gastric emptying time significantly [66].
Additionally, from this experiment, it was demonstrated that a calorie deficit and low-starch
meal with high insoluble fiber content emptied faster, compared to a high-starch meal [66].
However, differences in caloric content did not have a significant influence on the gastric
emptying rate. In addition to this, it was also revealed that larger meals have longer gastric
emptying times, compared to smaller meals [66].

3.1.5. Transit Time of GIT

Adequate control of digesta within the GIT is essential for proper digestion; other-
wise, gastrointestinal disorders can occur. There are many processes needed for complete
digestion following ingestion. For example, the GIT will mix the ingesta with the GI
secretion; the ingesta is then hydrolyzed by digestive enzymes; non-digestible materials
are then fermented by commensal bacteria within the GIT, producing by-products that
can be absorbed [43]. Feed type is also another major factor that can influence GIT transit
time [67,68], especially the rate at which the digesta passes through the small intestine. It is
found that high-fiber diets have a much shorter transit time compared to low-fiber diets of
the same size [43].

Whole Gut Transit Time

Whole gut transit time is the time taken for foods to exit the body following inges-
tion [69]. Whole gut transit time can be assessed using indigestible/radiopaque marker
techniques, where the time from ingestion of the markers to the appearance in the feces
is measured. Markers that are commonly used are radioactive or heavy metals, such as
cobalt EDTA and chromium [70]. In a study conducted by Milne et al., it was reported that
the mean whole gut transit time for 20 healthy horses on an alfalfa forage diet was about
29 h [71]. Pearson and Merritt also assessed the whole gut transit time of ponies on a hay
diet using the same technique, and the mean retention time for chromium mordanted fiber
and coEDTA-labelled liquid were reported to be 29.9 h and 31.3 h, respectively [72].

Several modifiable and non-modifiable factors can affect the GI passage rate of horses.
These include breed, animal weight [73], level of exercise [59], and composition of feed [59,74].

Several studies have shown that light-weight horses have a faster mean whole gut
transit time compared to heavy horses, thus, it can be concluded that mean retention
time increases with increasing body weight [73]. However, there were also other studies
in which the relationship between animal weight and mean retention time could not be
established [75].

During exercise, there is a reduction in blood flow to the small intestine, this results in
lower digestibility and an increase in passage rate. In an experiment conducted in horses
by Weyenberg et al. [59], it was concluded that during exercise, there is longer retention
times for the fluid phase marker and shorter retention time for the particle phase marker.
This could be due to the increase in voluntary intake of feed or water, increasing gut
motility. Hence, it is shown that exercise can have different effects on the retention time as
digestibility is affected by the type of exercise as well as the amount of fluid and particles
in the feed [59].

Feed particle size can also affect transit time. Weyenberg and colleagues also reported
that transit time increases with decreasing feed particle size, and that passage rate increases
with increasing bulk consumption of the long hay [59]. The passage rate is also affected by
the water holding capacity of the feed. Feed consisting of hydrophilic polysaccharides can
absorb water and hold it in the gut, hence, increasing transit time and retention time [59].
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The composition of feed has also been shown to affect the gastrointestinal retention
time, and the type of feed processing can also influence the digestibility of the feed, due
to the gelatinization of starch and the denaturation of proteins [74]. For example, in a
study carried out by Rosenfeld and Austbø [74], three (3) different types of grains–barley,
maize, and wheat were used, and four different processes were performed on each type
of grain, including ground, pelleted, extruded and micronized. It was found that maize
had the longest retention time among the 3, and transit time was not significantly affected
by the type of grain. It was also observed that pelleted grains had a longer transit time
compared to ground grains, and their retention time was not significantly altered by the
type of processing method. Thermal treatment can improve the digestibility of the starch
and protein; thus, thermally treated grains tend to have longer transit and retention times.
As transit time can be affected by particle size [59], grinding grains can minimize the
differences in particle sizes, thereby, increasing feed utilization. However, it is noted that
different experiments yield different results and the estimated retention times have large
variations, indicating that external factors, such as the breed, and bodyweight of the horse
can significantly affect their GIT transit time [74].

Orocecal Transit Time (OCTT)

Sutton et al. [76] utilized the lactose 13C-ureide breath test (LUBT), a safe and non-
invasive way to evaluate the orocecal transit time in equines. The test was conducted using
3 different methods: an induced LUBT, non-induced LUBT, and a dual-isotope test [76,77]
(Table 2). An induced LUBT was performed by administering a priming dose of 12C-LU
to optimize equine lactose 13C-ureide (13C-LU) digestion [77]. A non-induced LUBT was
conducted in the same fashion without the priming dose, and the dual-isotope test was
always done following the same procedure but with an addition of 13C-octanoic acid. OCTT
was evaluated by analyzing the 13C:12C ratio of breath samples using a mass spectrometer.
Compared to non-induced LUBT test, the induced LUBT method has an excellent specificity
due to sensitivity for lactose [76,77], however, the interpretation for the latter can be trickier
due to the presence of by-products. The dual isotope test is also reliable method, but more
complicated setup process is needed to make it operational.

Table 2. The OCTT value measurement.

Method OCTT (h) Method of OCTT Measurement Ref.

1 3.24 ± 0.65 Induced LUBT
[76]2 5.12 ± 1.01 Non-induced LUBT

3 3.66 ± 0.6 Dual isotope test

3.2. Key Considerations for Oral Drug Delivery Development for Horses

The GIT of the horse and humans has many similarities, with differences between
the two species lying at the organ level, rather than the molecular. The most obvious
difference is the size of the gastrointestinal system. Humans have a significantly smaller
large intestine compared to the large intestine of the horse which is multi-component and
highly capacious [78]. There is also a major difference in the function of the cecum between
humans and horses. For humans, the cecum’s main function is to absorb fluid and salts that
remain after the completion of intestinal digestion [79]. While for horses, the cecum as part
of a large intestine is a highly important site that provides an environment for the growth
of microorganisms which favors fermentation, production of volatile fatty acids for energy,
and synthesis of important vitamins. Fermentation products can change due to changes
in the micro-environment of the bowel, such as changes in the pH of the large intestine as
the gut microbiota can be affected [80]. Thus, there must be careful considerations when
administering oral drugs that can cause significant changes to gut pH and GI microbiome
in horses.

As mentioned before, the overall GIT function of the horse is like that of humans,
thus, in some cases, oral formulations developed for humans with slight modifications can
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be bioequivalent when administered to horses. In a recent study [81], the use of human
meloxicam tablets compounded into a form of molasses was investigated for improved
palatability and ease of administration. It was found that essential pharmacokinetic param-
eters such as the area under the curve (AUC) and maximum concentration were within the
defined limits of 80–125%, thus, this formulation was considered bioequivalent [81] to the
reference tablet.

Horses can exhibit neophobia—a natural and genetic response that protects them
against unknown poisonous substances [82]. However, this can be a barrier when oral drugs
that are odorous need to be delivered, especially when voluntary ingestion is required.
These medications have to be administered via nasogastric intubation, or mixed with
feeds to facilitate voluntary ingestion [83]. There may be a need to use taste modifiers to
improve the acceptability and palatability of odorous medications for horses. There can
also be potential issues when administering the medication with food, for example, when
administering tablets with a special coating such as enteric-coated (EC) tablets, the coating
can be compromised through the mastication process. EC is to enable drugs to bypass the
stomach (low pH) without disintegration; the EC then disintegrates and releases the active
drug when pH is higher such as in the intestines. When the enteric coating is compromised
for dosage forms delivering acid-labile drugs such as erythromycin, the bioavailability can
significantly decrease [84]. Alternative dosage forms would have to be used instead or a
different method of administration, to effectively deliver these kinds of medications. While
administering the drug within the feed is a convenient method to deliver oral drugs, it
might not always be the most appropriate method.

Compared to other species, the length and volume of the GIT in horses are much larger,
approximately over 30 m and 150 L, respectively [85]. This can result in longer passage
time and delay the absorption of orally delivered drugs. These may potentiate the need to
modify dosage regimens in horses. For example, a single oral dose of anthelminthic drugs in
horses such as albendazole is considered an effective treatment because of longer GI transit
time, while smaller animals such as dogs with shorter GI transit time require multiple
dosing [86]. The bioavailability of orally delivered drugs can also vary between individual
horses [87]. Variation in oral bioavailability could be due to drug–drug interactions; for
example, several studies demonstrated that pre-treatment of horses with ivermectin can
decrease the oral bioavailability of fexofenadine. As when fexofenadine was administered
IV with pre-treatment of ivermectin, no reduction in its AUC was observed [88]. The
life-stage of the horse can also result in varied bioavailability. For example, oral absorption
of amoxicillin in adult horses ranges from 2–10%; while in foals it is much higher, at
36–42% [1,89].

The pharmaceutical food effect is extensively researched in human pharmaceutics [90];
while much less is known in equines. It is, however, logical to apply this concept to
veterinary pharmaceutics as well. The amount of feed and type of feed can potentially
impact the absorption of oral drugs in horses, leading to erratic pharmacological responses.
For example, in a fed state, the absorption of micro-encapsulated erythromycin was much
lower when compared to the fasted state in horses [1,89]. More research must be conducted
on the pharmaceutical food effect of oral dosage forms in horses to address this gap of
knowledge. In Table 3, some information about the commercially available oral medicines
for horses is listed.

3.3. Novel Oral Drug Delivery Systems and Technologies Developed for Horses

Doxycycline is an antibiotic that possesses many pharmaceutical advantages compared
to its parent drug. However, a horse-customized formulation containing doxycycline is
currently unavailable in the market. Zoyada et al. formulated 2 oral long-acting doxycycline
hyclate formulations and evaluated their pharmacokinetics in horses [91]. It was concluded
that the oral paste formulation can optimize the usage of doxycycline hyclate in horses,
and enhance compliance due to ease of administration [91].
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Table 3. Examples of Marketed/Registered equine oral products and their indications.

Product Name Active Constituent Indication Holder/Manufacture Registration
Year

Sedalin oral gel Acepromazine Sedative agent in horses
Relieve pain and distress

Vetoquinol Limited
(UK) 1996

Griseofulvin powder
(microsized) Griseofulvin Treatment for ringworm Bimeda Inc.

(USA) 2014

GastroGard® Omeprazole

Inhibition of gastric
acid secretion.

Healing gastric ulcers and
preventing their recurrence.

AstraZeneca Pty Ltd.
(UK) 2005

Pergoscend
film-coated tablets Pergolide Equine Cushing’s Disease Dechra Veterinary

Products (UK) 2021

EQUIOXX® tablets Firocoxib

Control of pain and
inflammation.

First and only approved NSAID
for horses.

AUDEVARD
(UK) 2017

Resvantage Equine® Resveratrol

Promote overall wellbeing
of horses

Increase energy and endurance
Enhance

anti-inflammation activity

Advantage Biosciences
Inc.

(USA)
N/A

Gastropell Forte
Oral Paste Omeprazole Treatment and and prevention of

gastric ulcers in racehorses
RANDLAB Pty Ltd.

(Australia) 2013

PULSE-8 liquid
vitamin supplement Vitamins

Enhanced utilisation of high
energy diets

Performance enhancement
in racehorces

VIRBAC (Australia) Pty
Ltd.

(Australia)
2020

UlcerGard® (for horses) Omeprazole

Inhibition of gastric
acid secretion.

Healing gastric ulcers and
preventing their recurrence.

Merial Ltd.
(USA) 2004

Enteric coating is a novel technology that is widely applied in human pharmaceu-
tics [92]. Its purpose is to minimize the drug release in an acidic condition and to allow
the release of the drug in an alkaline environment [92,93]. There have been several studies
involved investigating the pharmacokinetics and pharmacodynamics of enteric-coated
omeprazole in horses, and it was found that a dose of 1 mg/kg body weight (bwt) is effec-
tive in treating and preventing squamous gastric ulcers [94]. However, other studies show
that the effect of enteric-coated omeprazole on its absorption is not significant, and thus,
the effect of feeding on bioavailability may vary from different formulations. Due to the
lack of available resources, further investigation in this area is required [93]. Birkmann [94]
conducted a study evaluating the efficacy of two formulations, including the enteric-coated
formulation and the powder paste formulation; and the results showed that the enteric-
coated formulation was not significantly superior to the powder paste formulation. It is
also worth noting that there was a 300% increase in AUC in fasted horses with the powder
paste formulation, indicating that the timing of meals and omeprazole administration can
affect drug absorption. GastroGard® is a product containing omeprazole with an alkaline
buffer used to protect the active drug from acid-mediated degradation [94]. The buffered
paste can neutralize the acid in the stomach to prevent degradation of the drug. Despite
being a useful formulation, this is a very costly product, and hence, it is not commonly
used. However, there are other generic formulations containing omeprazole available in
the market at a much lower price; despite results from some studies demonstrating that
these generics are not as efficacious [95]. Plain omeprazole without acid protection is also
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available in the European market. However, there is no further study around these formu-
lations. This gap in knowledge can open new doors to research into utilizing omeprazole
through the art of equine drug formulation. Therefore, a further study with more focus on
stable formulations of proton pump inhibitor (PPI) such as omeprazole will be useful.

Other NDDS that have potential to be administered orally to the horse include mod-
ified capsules, devices, or tablets utilizing osmosis for a prolonged release effect [96,97].
Principally, osmotic DDSs involves the expansion of the delivery system, followed by
control expulsion of therapeutic agents in the GIT [96–98]. An example of such technology
is the Elementary Osmotic Pump [98,99]. It consists of a therapeutic agent compressed into
a tablet that is coated with a semi-permeable membrane; a designed orifice is generated
in the membrane [98]. When the tablet is submerged within an aqueous medium, water
permeates, and enters the tablet through osmosis and solubilizes the active agent [98]. As
the semi-permeable membrane is non-extensive, the influx of water causes an increase in
volume, resulting in an overall increase in hydrostatic pressure [98]. This pressure drives
the saturated solution of the drug within the tablet out through the orifice, delivering the
drug at a constant rate until the entire active agent is completely solubilized [98].

4. Topical and Intradermal Administration in Horse
4.1. Anatomy of Horse Skin

In mammalian species, the integumentary system plays an essential role in forming a
physical barrier that ensures protection of homeostasis. Despite the high susceptibility to
skin-related diseases experienced by domesticated animals, there is incomplete investiga-
tion of horse dermatology, and this appears to be an ongoing challenge for pharmaceutical
development [100]. For that reason, the majority of the data and information related to
equine skin features were extrapolated from other mammalian species, including humans,
dogs, and cats [100].

The skin comprises the epidermis and dermis, which provides a physical barrier
between the internal and external environment (Figure 3A) [101]. Similarly, the skin also
plays an important role in the horse, specifically thermoregulation, and provides pigmen-
tation. The outermost layer of the skin in the equine is the epidermis [100] containing
multiple layers of cells, with an average thickness of about 0.0053 mm. Depending on the
body region, the thickness of the epidermal layer is as thick as 6 mm, in areas such as the
head, back, and rump [100]. The epidermis layer (Figure 3B) is composed of five layers
of keratinocytes that undergoes constant proliferation, differentiation, and keratinization,
contributing to the formation of the stratum corneum (SC) or the outermost layer. These
three processes occur at a reasonable rate to maintain the mechanical barrier. According
to Buechner-Maxwell and colleagues [100], the shedding cycle of a horse lasts for about
17 days, during which cell mitosis and superficial migration occur [100]. The keratinocytes
are also surrounded by the intercellular lipid bilayers which helps prevent fluid loss upon
any transdermal penetration [102]. Furthermore, the horse epidermis also consists of other
cell types (or non-keratinocyte), namely Merkel cells, Langerhans’ cells, and Melanocytes.
The roles of these specific cell types within the mammalian epidermis are generally the
same across all species of mammals (e.g., Langerhans’ cells act as antigen-presenting cells
that initiate cutaneous immune responses) [100].

Horses share similar histological arrangements with other mammals regarding the
dermal layer. In the majority of mammalian species the dermal layer is divided into the
superficial and deep dermis, which are highly vascularized with collagen-rich connective
tissues, and intensive nerve supply [103]. The horse dermis also contains similar appendage
features, such as hair follicles, sebaceous glands, sweat glands, and lymphatic vessels.
Unlike other mammals, horses appear to have an extra layer that contributes to the increased
thickness in the dorsal, croup, and back areas, where the thinnest (medial thigh and external
genitalia) are on the ventral and medial surfaces of the limbs [100]. Due to the variations
within the dermal layer the choice of injection site and needle placement should be carefully
considered when administering injectables by the subcutaneous or intramuscular routes.
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Moreover, the horse integumentary structure also contains the subcutis layer (also
known as hypodermis or subcutaneous), primarily formed by adipocytes, loose fibroblasts,
and collagen that aids in anchoring the dermis to the underlying tissues [102]. A typical
structure of equine skin is illustrated in Figure 3 below [100].
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4.2. The Key Considerations for Topical and Intradermal Drug Delivery Development for the Horse

The skin is the major protecting interface between the internal organs and the external
environment; it is also considered the largest organ and is highly innervated. A high level
of innervation allows horses to respond to external stimuli, demonstrating implications
for their general well-being. Several similar obstacles are faced in the development of both
human and equine formulations for topical/transdermal administration. While the basic
skin anatomy is similar in all mammals; the thickness of the epidermis and dermis layer
varies between species. Hence, the rate of percutaneous absorption is different between
humans and horses, causing more challenges in developing topical products for systemic
delivery in the horse [104].

Topically applied products come in different physical forms, including dusting pow-
ders (solid), creams ointments (semi-solids), and liquids (suspo-emulsion). One of the
primary key concerns in equine topical/transdermal formulation development is the rate
and extent to which active ingredients can penetrate into and through the skin [105]. This
varies among many intended applications of topical formulations, such as (i) locally acting
(corticosteroids and ectoparasiticides), (ii) systemic acting (oestradiol and testosterone
patches); (iii) surface(sunscreens), or (iv) deep tissue targeting (NSAIDs) [105]. Hence,
manufacturers must be aware of their intended indications for equine topical products,
preparing an appropriate approach for a specific application.

Like the case of human products, for a systemic effect through topical formulation
the drug needs to penetrate the SC or the major barrier of the skin [105,106]. Different
regions of the equine body have different skin thicknesses, the density of hair follicles and
glands, as well as vascularity and metabolic enzymes. In other words, differences in skin
properties can result in regional differences in percutaneous drug penetration through
equine skin [105]. Therefore, the site of application for topically applied formulation plays
an important role, and they should always be carefully considered. For example, topical
application of anti-inflammatory hydrocortisone and methylsalicylate on equine legs was
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found to have a quicker rate and higher level of absorption, compared to when it was
administrated in other parts of the body [105].

Enhancing drug penetration through equine skin can be achieved using chemical and
mechanical permeation enhancers. Chemical penetration accelerants interact with the lipid
components of the skin, increasing its fluidity and causing the SC to swell [107,108]. These
substances can also reduce the skin binding of drug molecules, hence, promoting their
transportation through the skin. For a chemical to be considered a suitable penetration
accelerant, the compound needs to be chemically stable; cutaneous waterproof, non-irritant,
non-toxic, and compatible with other ingredients within the formulation [107]. Stah and
Kietzmann [109] investigated the effects of six different permeation enhancers, as well as
the effect of needle lengths on the delivery of transdermal lidocaine to equine skin. The
study demonstrated the beneficial effects of equine skin micro-needle pretreatment, on
topically applied lidocaine [109].

For effective delivery of topical products, adequate contact time between the for-
mulation and equine skin is required [110]. To address issues with contact time, a few
micro-vesicle formulations have been developed. For example, Novosomes Vétoquinol was
fabricated into an extremely stable micro-vesicle, with the ability to resist hydrolysis caused
by enzymatic activities, and with improved stability at higher temperatures up to 80 ◦C.
Moreover, the negatively charged Vétoquinol product can form a stable attachment with
the positively charged equine hairs, preventing the products from being removed due to
rinsing or sweating [110]. Spherulites® is an equine cleansing product that consists of 1 µm
microparticles of plant-derived surfactants. This product contains chitosan and chitosanide
which assist in forming a tightly bound film coating over the equine hair and skin. The
tightly bound film increases the contact time of active ingredients with the skin, enhancing
the topical drug delivery of active ingredients [110].

As many of the USA FDA-approved equine products are systemically absorbed, veterinar-
ians need to consider systemic side effects when prescribing a topically applied product [111].
The systemic effect is a major challenge when obtaining the biowaiver/bioequivalent approval
for topical products intended for localized effects [111]. Drug transportation across various
epidermal layers is also affected by the skin absorption mechanism. This can be different
between species; and within a species, chemical absorption from the skin could vary between
seasons, and is also induced by the effects of sex hormones [104]. In other words, applying the
percutaneous penetration data of one species to another without considering these interspecies
variations is a risky and impractical approach. In addition to this, if the drug molecules from
topical formulations are not well absorbed systemically, bioequivalence cannot be accessed
from blood samples; instead, the in vivo efficacy and safety endpoints must be utilized. In
this case, a higher number of test subjects need to be used to evaluate the dose–response
relationship, instead of the typical dose–blood concentration relationship obtained from blood
samples [112]. A number of these preparations available in the market are presented in
Table 4 below.

4.3. Novel Topical and Intradermal Drug Delivery Systems and Technologies Development
for Horses

One of the most common forms of skin neoplasia in the horse is the Equine sarcoid—
Bovine papillomavirus (BPV) induced tumours commonly found in horses [113]. One of
typical treatments for sarcoid involves the use of acyclovir topically [113], as it is easy for the
owner to apply, and the drug is known to have minimal side effects. The topical application
of acyclovir in humans is well understood, however, in horses it is not well studied
and documented. Haspeslagh et al. [114] conducted a study to evaluate the transdermal
delivery of acyclovir in both normal and sarcoid equine skin. The study revealed that drug
penetration into the deeper dermal layers was significantly less in sarcoid skin, compared
with normal skin [114].
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Table 4. Examples of Marketed/Registered equine topical/transdermal products and their indications.

Product name Active Constituent Indication Manufacture Registration
Year

ExCellR8TM

Proteins
Cytokines

Anti-Inflammatory
molecules

Protein cream for legs and joints
Anti-Inflammatory caused by

injuries to muscles, joints,
tendons, and ligaments

Equi-Stem
Biotechnologies LLC

(USA)
2016

Laminil© cream Cromolyn Nedocromil
Treatment for early laminitis,
inflammation, and retarded

hoof growth

Willowcroft Pharm Inc.
(USA) 2009

Surpass® cream Diclofenac Sodium Control of osteoarthritis-induced
pain and inflammation.

Boehringer Ingelheim
Vetmedica, Inc. (USA) 2004

Fungazol Cream® Econozole Nitrate Anti-fungal Ranvet Pty Ltd.
(Australia) 2016

Equiwinner™ Electrolytes
Elimination of bleeding (EIPH),

non-sweating (anhidrosis)
headshaking.

Signal Health group
(USA) 2003

Mills and Cross [115] conducted a study to evaluate the differences in drug penetration
of fentanyl patches applied to different areas of equine skin. Skin samples were collected
from the thorax, groin, and legs. It was demonstrated that drug penetration was better
when the patch was applied to the thorax or the groin regions, compared to the leg. This
could be due to the differences in cutaneous blood flow, appendageal density, and the
thickness of the SC layer in the various regions of the skin [115].

In other studies, penetration enhancers (PEs) are included in topically applied formu-
lations, to increase the drug permeation rate through the barrier membrane. This effect can
be achieved via interactions with different components of the skin, as PEs are thought to
increase fluidity in the intercellular lipid lamellae, as well as cause the SC to swell [109]. An
example of a penetration enhancer is limonene, a substance that increases the percutaneous
absorption of lipophilic and hydrophilic drugs. Ferrante et al. conducted a study evaluating
the effects of 3 types of PEs–limonene, urea, and oleic acid, on diclofenac diethylamine
(DD) permeation across equine skin [116]. Results obtained from this study revealed a
significant increase in DD permeation, and all 3 types are equally useful in enhancing DD
transdermal absorption.

However, it is challenging to develop ideal topical DDSs for horses. One of the
main obstacles associated with the use of topical medications is the uncertainty of drug
penetrability, which influences the degree/extent of the drug that entered the systemic
circulation. Drug penetration is dependent on several factors, such as the extent of perfusion
of the skin, and the number of hair follicles [117]. As a result, an important aspect to consider
when applying topical formulation is the integrity of the horses’ SC layer. Pretreatments
such as shaving, cleaning, or disinfection can irritate and damage the SC, which may
cause changes to the drug efficacy, and systemic bioavailability and induce adverse effects.
For example, Mills and Cross [102] conducted a study to demonstrate the effects skin
pretreatment has on drug penetration. It was concluded that the destruction of the SC
will reduce the skin’s barrier function, leading to an increase in systemic exposure [102].
Therefore, practitioners should be aware that the destruction of the SC layer increases
systemic absorption, heightening equine pharmacological response, and increasing the risk
of side effects.

Another potential issue is the extensive range of body sizes across and within equine
species. Consequently, the ratio of the patch area to body weight restricts the number of
drugs that can be delivered with this technology. As a result, equine patch development is
not as feasible compared to patches devised for small animals like cats or dogs. However,
patch development containing very potent drugs such as fentanyl, or other compounds
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where minimal exposure is required, might be possible for use in larger animals such
as horses [118]. Therefore, the choice of incorporated drugs is important and should be
considered during the development of equine patches.

5. Administration by Injection in the Horse
5.1. Anatomical Features

Intravenous administration can be applied to horses in various clinical situations, such
as for anesthetic purposes before castration surgery, or for local analgesia in the treatment
of acute laminitis [119]. Repeated treatments can sometimes be employed instead of a
simple intravenous (IV) administration, such as in the case of lameness [120].

IV administration is often used with a catheter when there is a large volume of therapeu-
tic compounds, electrolyte solutions or nutritional fluids to be delivered [120,121]. Catheter
placement in this case can either be for short or long-term use, depending on the condition
of the horses. Placement of the catheter is a complex process, with strict aseptic practice
required, and thus, requires suitably trained personnel to perform the procedure [121,122].
Therefore, having a thorough anatomical understanding of the injection sites are very crucial.

Generally, the most common site of IV injection is the jugular vein, as demonstrated in
Figure 4. Lorello and Orsini [121] reported that in emergency situation or under anaesthesia
the cephalic vein and thoracic vein can also be used by most veterinarians, for the placement
of various types of catheters with different lengths, diameters, and materials.

For medications that need to be administrated in large doses such and are deemed
not suitable for IV route, it is often practical and convenient to administer them via the
intramuscular (IM) route, into the large muscles actively used by the horse [123]. This
enhances the drug absorption and reduces the risks of discomfort, such as pain and
swelling at the site of injection. Moreover, the choice of muscles to inject must be carefully
determined, allowing deep placements of needle tips without damaging adjacent ligaments,
nerves, or blood vessels. Therefore, relatively safe injection sites with large muscle mass for
IM route in horses include the rump are often chosen [123]. The other common anatomical
site for equine intravenous administration is demonstrated in Figure 4.
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The skin is another factor that can interfere with the action of injectable formulations,
especially for intradermal and subcutaneous injections. The skin is the largest body organ
in the horse, composing up to 12–24% of the total body weight, with thickness ranging
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from 1.47 to 4.57 mm [125,126]. The outer layer of the skin or the stratum corneum
acts as a protective barrier against the movement of drug molecules across the skin into
the body; hence, the disruption of the stratum corneum will thereby affect the barrier
function of the skin [127]. The integrity of the SC in horses can be compromised before
injections to improve drug penetration. This can be done simply by shaving the site of
application, to eliminate the initial barrier [118,128,129]. Disinfecting the skin of horses
with formulations containing alcohol before injecting could also help disrupt the stratum
corneum [118,128,129].

5.2. The Key Considerations of the Injective Drug Delivery Development for Horse

When preparing immunogenic formulations, if horses are injected with sizable water-
in-oil immunogens at one or two sites, there is a possibility that adverse local effects might
occur [130]. Indeed, they might induce skin disruption, which might necessitate additional
surgeries to remove the affected mass [130]. Therefore, the amount of administrated
formulation is very crucial. For instance, emulsified immunogen preparation should be
injected only in small volumes, such as 0.1–0.2 mL at multiple sites, reducing the risk of
adverse local reactions at each site [130].

Various studies in cattle have demonstrated that decreasing the volume of active
agents injected at a given IM site, by splitting the total volume and administering them
into two separate sites, will significantly reduce muscle irritation and the extent of tissue
damage [131]. This phenomenon can be attributed to the reduction of oil-based suspensions
injected at the given location, consequently reducing local irritations [132]. Moreover, by
spitting the dose, as well as distributing the total dose volume over more than one injection
site, the absorption of the drug was delayed, prolonging the drug elimination process as
compared to injecting a complete dose at one single site [132].

In addition to this, the ideal properties of injectable anesthetic formulations devised for
the horses should have rapid onset of action, relatively short duration of action, the absence
of biologically active metabolites, and a good quality of anesthesia recovery [133,134].
Furthermore, the total dose of epidural injections for local analgesia is determined by
various factors, including the site of injection, the conformation of the animal skin, and the
distance of the needle tip to the spinal cord of horses [135].

The type of surfactants or surface-active phospholipids (SAPLs) used as boundary
lubricants in intra-articular administrations for horses should also be carefully consid-
ered. Two of the most commonly injected SAPLs in horses are phosphatidylcholine and
hyaluronic acid (HA); which are well known for their anti-inflammatory and lubrica-
tive properties, without causing significant adverse effects when injected into a horse’s
joints [136]. Interestingly, large quantities of prilocaine could be deposited within the
horse joints with minimal synovitis when SAPLs are incorporated within propylene glycol
(PG), a polymer commonly used in oral, topical, intravenous, and intramuscular formula-
tions [136].

In addition to this, it is well established that various manufacturers have included
preservatives in their equine formulations, to prevent possible bacterial and fungal con-
tamination. Thus, it is essential to consider the effects that these chemicals might have on
the physicochemical properties of active ingredients [137], eliminating the risk of inducing
adverse reactions in horses. Most importantly, information regarding the safety profile
and tolerability of the injected materials used to prepare injectable formulations must
be thoroughly studied. Finally, the completed injections must not damage the structural
components of horses’ organs, nor cause granulomatous synovitis and/or any other forms
of overt inflammation [138–140].

With a continuously growing demand for injectable formulations for horses, man-
ufacturers around the globe have invested intensively to produce safe and effective
products. A number of these preparations available in the market are presented in the
table below (Table 5).
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Table 5. Examples of Marketed/Registered equine injectable products and their indications.

Product Name Active Constituent Indication Manufacture Registration
Year

NV Glucosamine
200 Injection Acetyl-D-Glucosamine

Anti-Inflammatory,
Anti-Arthritic, and

chondroprotective Agent

Ceva Animal Health
Pty Ltd. (Australia) March 2013

NV Pentosan Equine
Injection

Pentosan
Polysulfate Sodium

Anti-inflammatoryjointand
stimulant of cartilage synthesis

Ceva Animal Health
Pty Ltd.

(Australia)
March 2016

Arti-Cell Forte
Suspension
for Injection

Equine peripheral
blood-derived
mesenchymal

stem cells

Reduction of recurrent lameness
associated with

joint inflammation

Boehringer Ingelheim
Vetmedica GmbH

(UK)
March 2019

HY-50 VET Hyaluronate Sodium
Intra-articular and IV treatment

of joint dysfunction
induced lameness

Dechra Limited
(UK) January 2016

Batphol®
Vitamin B complex

Choline
Vitamin B complex and

choline supplements
Ranvet Pty Ltd.

(Australia) July 2017

Recocam Meloxicam Treatment of
musculoskeletal disorders

Bimeda Pty Ltd.
(Australia) August 2015

Banamine® Flunixin Meglumine Injectable nonsteroidal
anti-inflammatory

Merck & Co. Inc.
(USA) July 2011

Trivetrin® Trimethoprim
Sulfadoxine Antibacterial (slow IV injection) Vet Pharma Friesoythe

GmbH (Germany) N/A

5.3. Some Novel Injective Drug Delivery Systems and Technologies Development for Horses

Besides marketed products, the research efforts to fabricate novel injective formula-
tions for horses continue to grow. For instance, a long-acting IM injection has recently been
formulated to administer a once-per-week single dose of 2 g omeprazole (LA-OMEP), for
the treatment of equine squamous and glandular gastric disease [141]. This non-irritant
formulation successfully increased equine gastric pH by suppressing acid production. It
was also found after the administration of LA-OMEP, gastric pH levels exceeded 4, for
up to 7 days during the pilot pharmacodynamic studies, without dietary modification
as required when oral omeprazole is used. Most importantly, this formulation has good
stability at room temperature for extended durations, even though omeprazole is known to
be extremely unstable.

In a study conducted by Rhodin and colleagues [138], a new sustained-release formu-
lation of diclofenac (SYN321) was successfully developed for intra-articular administration
to horses. Diclofenac release from SYN321 was quantifiable for approximately 4 days
to at least 7 days, in plasma and urine, respectively. Clinical examination and objective
lameness demonstrated the promising effect of SYN321 as a local joint NSAID treatment,
without oblivious clinical evidence of side effects. Similarly, Petit et al. successfully
fabricated an intra-articular and sustained release hydrogel composed of acetyl-capped
poly(ε-caprolactone-co-lactide)-b-poly(ethylene glycol)-b-poly(ε-caprolactone-co-lactide)
(PCLA-PEG-PCLA) copolymer loaded with celecoxib to inject into horse joints [138]. The
extended-release profile of celecoxib for 4 weeks was also achieved [138]. Most impor-
tantly, there were no signs of damage in cartilage, demonstrating that these formulations
were well tolerated and could be a promising approach for intra-articular drug delivery
in horses [138]. In another study, single-dose long-acting polyethylene glycol (PEG) carry-
ing oxytetracycline was developed into IV and IM formulations [142]. Pharmacokinetic
results demonstrated that the long-acting oxytetracycline-PEG can be injected into horses
at 20 mg/kg IM on a long-term basis, without altering microbial flora or inducing adverse
gastrointestinal effects.
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In the case of parenteral delivery, the drug is generally released continuously, however,
in some scenarios, a pulsatile release is more effective. Such technology is commonly used
to deliver substances such as estradiol and corticosteroids. Moreover, implantable devices
are easily inserted and are less likely to cause tissue irritation at the site of administration.
For example, the Alzet osmotic pump is an implantable delivery system that allows drug
release to be programmed to follow zero-order kinetics or pulsatile dose release at fixed
time intervals [143]. Thrombophlebitis or local cellulitis is inevitable in long-term venous
access, regardless of the exact form used, including catheterization or intramuscular. In
addition to this, there is difficulty in choosing an appropriate-sized needle/catheter [12,121].
This is an area where implants provide an advantage over catheterization.

Rezende et al. conducted a study to investigate the possibility of propofol application
as a primary anesthetic for extended periods [144]. In this study, 5% micellar microemulsion
propofol formulation was given to all subjects on two occasions: starting with a single bolus
followed by a 3 h continuous infusion (phase II) [145]. During anesthesia and recovery,
the researchers monitored cardiovascular, respiratory, and biochemical parameters [144].
Based on the anesthetic induction and recovery characteristics, the microemulsion propofol
formulation demonstrated similar results compared to commercially available propofol
preparation, after being administered as a continuous infusion for 3 h [145]. However,
further studies are required to evaluate the limits of safety and clinical applicability of these
formulations [144].

6. Challenges in NDDS Development for the Horse

Dosage forms for horses are essentially like those used in humans; yet in some cases,
the unique biological characteristics of horses might cause different outcomes. Controlled
release drug delivery technology in horses provides many advantages, such as minimizing
animal handling, reducing stress to horses and owners and carers, as well as reducing the
cost of treatment. However, despite these advantages, there are relatively few products
that successfully reach the marketing stage. Indeed, Rathbone and Brayden attributed
this obstacle to the complexity of the environments animals are exposed to, resulting in
undesired and unexpected effects on stability, release characteristics as well as the physical
and chemical behaviors of drug substances [144].

One of the main challenges faced by a veterinary pharmaceutical company is the lack
of financial incentives. Generally, the final sales of a product represent its success; therefore,
product development must be tailored accordingly, to achieve an effective product at an
affordable cost. In addition to this, the weight of an animal will change throughout its
life; hence, different strengths and volumes of drugs must be carefully catered to meet
these variations.

Finally, the lack of literature precedence and expertise in this specific field of phar-
maceutics remains a primary obstacle during the development of veterinary products.
Even with a cross-over knowledge in the development of human products and veterinary
products, the research specifically into veterinary NDDs is still in its infancy. Therefore,
expending the pool of knowledge through innovative research in this field will be highly
beneficial. However, this is not always easy, as the pharmaceutical specialists and tools to
achieve this goal are still lacking [144].

7. Conclusions and Authors’ Insight into the Future Trends of Veterinary Formulations

Extensively researched areas in veterinary drug delivery mainly revolved around
convenient dosing, long-acting formulations, and needle-less injections [146]. As a result,
convenience has always been a top priority in veterinary formulations, ensuring the ease of
dosing and administration. Less frequent dosing, e.g., once-a-day, is usually considered
ideal. However, due to variations in gastric retention and intestinal transit time among
animal species, the sustained-release oral formulations for once-a-day may not always
be feasible. Topical formulations become a popular option for convenient administration;
however, the efficacy of drug delivery is highly dependent on the pharmacokinetics and
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pharmacodynamics profiles, and environment impacts of washed off antiparasitic formula-
tions if becoming a key concern. Taking all this information into account, an opportunity for
veterinary NDDSs arises through the enhancement of current delivery platforms, allowing
less frequent dosing formulations to be developed [146].

There is currently an increasing interest in developing NDDSs that can minimize tissue
residues and lower the risk of local irritation. However, delivering such technologies to
animals can be challenging, and they often require specialized equipment. To address this
issue, novel polymers and therapeutic molecules can be modified in a fashion that enables
their administration by conventional syringes [146]. This will greatly reduce the risks and
costs of specialized equipment and experts needed.

In addition to this, the use of needles in animals has always been unfavorable, due to
the risk of injury and unnecessary stress put upon the treated animal. Needleless injectors
are gaining global attention for use in humans, some of which have obtained regulatory
approvals. In addition to this, the use of needleless injections in animals is very complex,
due to the variations in skin thickness regionally and changes with age.

One example of the cutting-edged delivery systems is Aservo EquiHaler–the first in-
tranasal product developed to deliver ciclesonide-an anti-inflammatory medicine [147].
The product demonstrated promising outcomes in reducing the severity of asthma and it
is very well-tolerated in equines. Despite the initial success and a growing interest in this
route of delivery systems, there is still very limited evidence for the wider application of
such technologies in equines. In spite of these obstacles, it is very likely more novel delivery
methods like this will be commercialized in the coming years, enhancing the compatibility
and efficacy in equines health.
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