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Abstract

Many gaps exist in our understanding of species differences in gastrointestinal (Gl) fluid composition and
the associated impact of food intake and dietary composition on in vivo drug solubilization. This information
gap can lead to uncertainties with regard to how best to formulate pharmaceuticals for veterinary use or
the in vitro test conditions that will be most predictive of species-specific in vivo oral product performance.
To address these challenges, this overview explores species-specific factors that can influence oral drug
solubility and the formulation approaches that can be employed to overcome solubility-associated
bioavailability difficulties. These discussions are framed around some of the basic principles associated with
drug solubilization, reported species differences in Gl fluid composition, types of oral dosage forms typically
given for the various animal species, and the effect of prandial state in dogs and cats. This basic information
is integrated into a question-and-answer section that addresses some of the formulation issues that can
arise in the development of veterinary medicinals.

©2022 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http.//creativecommons.org/licenses/by/4.0/).
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Introduction

Drug thermodynamic solubility (Cs) is one of the determinants of drug oral bioavailability. The US
Pharmacopoeia (USP) general chapter, GC<1236> [1], defines Cs as “the maximum quantity of a substance
that can be completely dissolved at a given temperature, pressure, and solvent pH”. It is only upon in vivo
solubilization that a drug can penetrate biological membranes. Once traversing the enterocyte membrane, it
is either effluxed back into the intestine, metabolized within the enterocyte, or transported into the portal
(or lymphatic) circulation [2,3].

# The contents of this manuscript reflects the views of the author and should not be construed to represent FDA’s views or policies
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The conditions influencing in vivo drug solubility can differ markedly across an individual’s gastrointestinal
(GI) tract, between individuals of a given species or between species. Unfortunately, as compared to humans,
there remain many gaps in our understanding both of species-specific differences in Gl fluid composition and
the impact of food intake and dietary composition on in vivo drug solubilization. Furthermore, with the
exception of cattle, there is little to no published information on Gl fluid composition as a function of animal
age, breed, or diet (see details below). These gaps can lead to uncertainties with regard to how best to
formulate pharmaceuticals for veterinary use or the in vitro test conditions most predictive of in vivo product
performance.

This overview describes species-specific factors that can influence in vivo drug solubility and potential
formulation approaches to overcome bioavailability challenges. Discussions focus on the “major” target
animal species within the US (dogs, cats, horses, pigs, swine, cattle and chickens and turkeys)
www.farad.org/us-food-animals.html.

General considerations

The first step in understanding how species differences in Gl fluid composition can influence in vivo
product performance and drug solubility is to appreciate the difference between dissolution rate and
substrate solubility (Cs). In that regard, variables influencing dissolution rate can be described by the Nernst-
Brunner equation:

D.
dc =—5(c5 -C) (1)
dt Vh
where C is the solubilized concentration at time t, Cs is the solubility of the substance in question, S is the
surface area of the dissolving particle, D is the diffusion coefficient, h is the thickness of the diffusion layer,
and V is the volume of the diffusing medium [4]. With regard to h and D, the species differences in fluid

viscosity need to be considered. V can also vary as a function of species and prandial state.

To appreciate how Gl fluid composition may influence in vivo values for Cs, it is necessary to recognize the
factors that can influence the interaction between a drug, its salt form, drug solid-state characteristics, and
the aqueous environment within which the drug molecule will dissolve [5]. In vivo factors to consider include:

e Fluid viscosity [6]. As discussed later, this can be a particularly important factor affecting oral drug
bioavailability in dogs and cats when administered in the fed versus fasted state.

e Solubility-enhancing surfactants (including those incorporated into the formulation and natural

surfactants [7-9]. In this regard, the differences in bile salt composition may influence the nature of drug
solubilization across the various veterinary species (an important gap remaining in our understanding of
physiological differences as a function of species, diet and breeds).

e Fluid volume versus dose. Within veterinary medicine, formulations are typically approved for

administration on the basis of an animal’s body weight (BW). However, BW and gastric fluid volume may
not scale directly. This issue can be particularly problematic in dogs where although the body size can
range from small miniature breeds to giant breeds (a range that can span 4 to 230 Lbs), residual gastric
fluid volume is typically limited to the small amounts of water consumed. Estimates of gastric fluid
volumes in food-producing animal species and horses as provided in CVM’s GFI #171 [10] are included
in Table 1.
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Table 1. Estimates of gastric fluid volumes of food-producing species and of the horse

Species Gastric Fluid Volume, L Gastric Residence Time, hr ~ Temperature, °C
Cattle Rumen: 47 8 36.7-39.3
Swine 0.5 1 38.7-39.8
Horse 1.5 0.25 37.2-38.2
Chicken 0.01 (proventriculus + ventriculus) 2 40.6-43.0
Turkey 0.04 (proventriculus + ventriculus) 2 40.6-41.5

Oral dosage forms

The development of species-specific formulations necessitates adapting dosage forms to species-specific
constraints in drug delivery, whether attributable to palatability issues, husbandry practices or pet owner
compliance. Examples of veterinary dosage forms for the various species have been described in the Merck
Veterinary Manual [11] and are listed in drug formularies and handbooks [12].

Dogs and cats: Tablets, capsules, solutions, and suspensions. Given the upsurge of interest in chewable
dosage forms, this topic is further discussed in detail later in this review.

Horses: Solutions, suspensions (typically administered by nasogastric tubes), pastes (applied to the tongue),
syrups, and granules (as medicated feed).

Cattle: Medicated feed, drinking water, and oral boluses.

Pigs: Medicated feed and oral solutions.

Poultry: Medicated feed and drinking water.

Unique dosage considerations in veterinary medicine

Administered dose

In contrast to human medicine where the dose is titrated to effect, veterinary pharmaceuticals are
typically administered on a mg/kg basis. An exception is the cat, where oral formulations are typically
designed to be administered as either one tablet or capsule per cat or as liquid formulations that deliver a
specific fluid volume (e.g., 1 mL) per cat.

In both the mg/kg and unit/cat dosing paradigms, the importance of recognizing the relationship between
gastric fluid volume and BW is underscored. In veterinary species, the fasted gastric fluid volume reflects
residual liquid plus ad libitum water consumption. In contrast, the human gastric volume is assumed to reflect
the consumption of 8 ounces (240 mL) of water. Because the Biopharmaceutics Classification System (BCS)
drug solubility assessments (typically expressed as a “dose number” (D,)) are based on the highest approved
human oral dose in 240 (or 250) mL of fluid, where Do = (dose strength/240mL)/drug solubility, we cannot
simply extrapolate human BCS drug solubility classifications to non-human species (e.g., Papich and Martinez,
2015) [13].

Another challenge confounding veterinary therapeutics is that upon occasion, the same medication (same
formulation) may be administered to cats and dogs. However, the substantial anatomic and physiologic
differences between these two species can result in differences in drug solubility and the fraction of
administered dose absorbed. Examples of how this may influence drug oral drug solubility and absorption
are discussed later in this review.

Canine-specific BCS challenges

Given the wide range of canine body weights (approximately 4 Ibs for a Chihuahua or Pomeranian to 230
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Ibs for a male English Mastiff), the question is whether Do needs to be determined on a breed-specific basis.
The percent contribution of the Gl tract to total BW can differ as a function of dog breed. For example,
considering the miniature Poodle versus the Great Dane, the Gl tract comprises 3-4 % of the total BW of large
breeds but comprises 6-7 % BW in smaller breeds [14]. Moreover, breed differences in intestinal length may
affect the relationship between the rate of in vivo dissolution and the concentration of solubilized drug
driving absorption across the intestinal segments. We note that a significant positive correlation was
observed between BW and fecal water content in 60-week-old dogs [15], raising the question of whether
there may, in fact, be some difference in the fraction of drug dissolved within the colon of large versus small
breed dogs (especially if rapid intestinal absorption is not available to maintain in vivo sink conditions).

While puppies have been observed to exhibit a longer orocecal transit time (OCTT) than adults, this
difference was only statistically significant in large canine breeds [16]. Body size did not significantly influence
the OCTT across breeds of adult dogs. In that study, OCTT was defined as the interval from ingestion of the
meal to the time at which a marker compound was detectable in plasma. Thus, it primarily reflected the
duration of gastric emptying and small intestinal transit. In contrast, when measuring mean total
gastrointestinal transit time (TTT, time from consumption to defecation), Hernot et al. (2005, 2006) observed
a positive correlation to canine BW [16,17]. This was attributable to size-associated increases in large
intestinal transit time. Assuming that most drug absorption occurs in the small intestine, it is likely that canine
differences in BW, TTT, and fecal quality will not lead to drug solubility-associated differences in oral
bioavailability (with the exception of situation involving colonic absorption as noted above).

Fed versus fasted state

Similar to humans, the canine and feline Gl tracts can exist either in a fed or fasted state. While we know
that canine intestinal transit times tend not to be influenced by the presence or absence of food [18,19], to
date, there is an absence of published information on the postprandial Gl fluid composition of dogs or cats.

When evaluating human drug products, the US FDA recommends that formulation effects be considered
under both fed and fasted conditions because, in some cases, food can magnify formulation-associated
differences in product bioavailability [20]. However, due to constraints encountered in veterinary medicine,
in vivo bioequivalence studies are typically conducted in fasted dogs and cats (VICH GL52) [21]. Exceptions
are those drug products specifically labeled for administration in the fed state. Furthermore, certain oral
dosage forms for dogs and cats are formulated as chewy treats or are administered in treat-like pouches,
which itself is likely to induce a fed or semi-fed state upon ingestion.

Although formulation comparisons are typically generated in fasted animals, we know that a prandial
state can alter feline and canine oral drug absorption. Frequently, food will increase drug solubilization
(reasons discussed below). However, as summarized by Watson (1979, 1986) [22,23], food can negatively
influence the oral bioavailability of penicillins, cephalosporins, and tetracyclines. Hernot et al. (2015) showed
that feeding significantly decreased the oral absorption of minocycline in dogs (Figure 1) [24].

In cats, the absorption of chloramphenicol from the palmitate ester pro-drug was significantly impaired if
the cats fasted, while that of chloramphenicol tablets was not [25]. As discussed below, these two molecules
exhibit similar solubility characteristics. These observations point to a range of factors that my influence
postprandial differences in product bioavailability.
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Figure 1. Minocycline oral absorption in dogs; comparison of fed vs. fasted. All dogs were administered the
same dose in a crossover study (based upon data from Hnot et al. 2015) [24].

Examples of potential reasons for positive or negative food effects include [26,27]:

Positive: food-associated increase in gastric pH enhances drug solubility (e.g., weak acids); bile salts
enhance drug solubility; food-induced increase in hepatic blood flow leads to saturated 1% pass metabolism
(e.g., propranolol); food-induced enhancement of lymphatic uptake, thereby bypassing first-pass hepatic
metabolism.

Negative: food-associated increase in pH decreases drug solubility (e.g., weak bases); prolonged gastric
residence time and drug instability in gastric fluids; increased fluid viscosity, which limits drug diffusion from
dissolving tablet (retarding drug dissolution process); food-drug interaction (e.g., calcium and tetracycline);
higher drug affinity for the bile micelle than for the intestinal unstirred water layer (micellar entrapment).
The extent of the negative dissolution will depend upon the magnitude of the counteracting force imposed
by the release of bile salts. The fats or fiber in a meal can lead to drug entrapment for certain compounds.
Note that these effects are independent of pH-associated influences on in vivo drug solubilization.

When considering the decrease in free water and increase in fluid viscosity associated with a meal,
humans tend to exhibit a decrease in tablet disintegration due to the decreased free water content. The
meal-induced higher fluid viscosity (80 to 800-fold greater than that in the fasted human stomach) and the
resulting decreased diffusivity can negatively impact in vivo dissolution [27,28]. Similarly, fluid viscosity can
affect oral drug bioavailability in dogs. The nature of this viscosity-induced change varies as a function of the
aqueous drug solubility and its site of absorption. Reppas et al. (1998) [28] observed that for highly soluble
compounds absorbed primarily in the upper part of the small intestine, an increase in luminal viscosity would
lead to a reduction both in peak concentrations and extent of absorption (drugs administered with guar gum
to fasted dogs). In contrast, highly soluble compounds but absorbed throughout the Gl tract are likely to
exhibit a reduction in Cmax Without a decrease in AUC. However, the addition of guar gum had minimal impact
on the AUC and Cmax of poorly soluble compounds. We can anticipate similar effects in cats.

Regarding the other veterinary species, although fed/fasted studies may be published in horses [29] and
swine [30], species such as cattle, horses, poultry, and swine typically have levels of residual material within
their stomachs throughout the day. In nature, horses rarely exist in a fasted state [31]. Moreover, for food-
producing species, much of the oral medications are administered either in drinking water or in medicated
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feed. Thus, for these species, oral drug bioavailability is generally determined by conditions prevailing during
the fed state (note that equine oral bioavailability comparisons are accepted under fasted conditions by
several non-US countries as evidenced by published equine papers) [32].

Palatability

Dogs and cats: bad tasting or high dose drugs are a challenge to formulate into tablets that are freely
accepted by dogs and cats. In addition to initial taste, mouth-feel and after-taste must also be considered.
This has resulted in research efforts to support taste-masking technologies.

From an evolutionary perspective, it has been suggested that the canine ancestors may have relied not
only upon animal prey but also upon plant materials when prey was scarce [33]. For this reason, dogs often
consume foods containing either animal-derived or vegetable-derived flavors. While they prefer meat-based
or complex flavor mixtures (including animal protein digests and hydrolysates, animal proteins, emulsified
meats, amino acids, animal fats), they can also be attracted to sugars such as sucrose, glucose, fructose, and
lactose (but not maltose) [34,35]. This behavioral observation is consistent with the neurophysiological
response to these substances, the intensity of which is influenced by the presence of monovalent cations
(e.g., Na*), divalent cations (e.g., Ca®*), and the amount of these ions relative that of the sugar [36].

In contrast, from an evolutionary perspective, cats remained dependent upon frequent meals of small
prey. While both dogs and cats exhibit a carnivore pattern of taste preferences, cats further display a
differential response pattern to certain animal acids (e.g., stimulated by L-lysine but inhibited by 2-
tryptophan) [33]. They prefer flavors such as fish, liver, meat, sour/acidic flavors (pH range of 4.5-5.5),
Brewer’s yeast, yeast extract, dairy (milk and cream), and amino acids [34]. They neither have an attraction
nor aversion to sweet carbohydrates [37]. Based upon studies of taste-induced electrophysiological nerve
activity, as with dogs, this behavior is consistent with a lack of neuronal stimulation [37].

Thombre, 2004 [34] noted that dosage form texture, shape, and size are considered to be more important
to cats than dogs. This appears to be related to a cat’s tendency to nibble their food, while it is chewed and
rapidly consumed by dogs. Cats prefer the “‘cheerio” or “star’”’ to a “fish” shape, a finding that influences the
manufacture of cat food more so than it does medicinal products.

Unlike the flavorants used in human medicine, many of those used for dogs and cats are lipophilic and
may impose manufacturing and stability problems. This is particularly problematic when large amounts of
the flavorants are needed to cover a very bitter drug substance [38]. Even when artificial flavors are used,
many continue to pose lipophilicity concerns. In that regard, the greater the amount of lipophilic flavorants
integrated into the tablet (particularly chewable formulations), the greater the risk of negatively impacting
drug product dissolution (and stability).

Flavorants can either be natural or artificial. These terms are defined in 21 CFR 101, 22(a)(3).

Horses: the general preference tends toward sweet and salty flavors [39]. However, an in-depth analysis
shows that taste preferences can be influenced by the animals' breed and sex. For example, pellets containing
molasses were consumed more willingly by mares than stallions. Feeds with the addition of apples or carrots
were the favorite treats of all tested breeds [40]. Although medications are frequently administered to horses
as oral pastes or suspensions, tablet formulations have been approved. For example, in a study comparing
firocoxib oral paste to an oral tablet, the peak exposure and time to peak exposure were slightly greater after
the paste as compared to the tablets, although the extent of firocoxib oral bioavailability from these two
formulations was comparable (NADA 141- 458, https://www.equioxx.com/).
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Cattle, Pigs, and Poultry: with regard to these other target animal species, the types of dosage forms used
(see discussion above) limit the importance of palatability concerns to drug formulation.

Prescribing practices

Due to human food safety concerns, it is not legally permissible to administer drugs in an extralabel
manner to food-producing animal species such as cattle, swine, and poultry. In contrast, it is legal (and
common) to prescribe drugs in an extralabel manner to dogs and cats [41]. Moreover, it is not unusual to find
human generic drug formulations prescribed for administration to companion animals or for drugs approved
for use in dogs to be prescribed for similar indications in cats. Therefore, it is important to appreciate
potential interspecies differences in oral bioavailability and in vivo product performance.

Differences in gastric acid secretion can be particularly important in the solubilization and subsequent
absorption of weak bases [42]. Since the dissolving free base can neutralize gastric acid, drug solubility may
decrease during the gastric residence of a basic drug substance. This issue can be particularly problematic
when extrapolating human drug solubility estimates because gastric acid secretion in dogs and cats is
markedly lower than that of humans [43,44].

Examples of recognized in vivo differences in oral drug bioavailability are provided below.

Examples of dog-cat differences in oral bioavailability

There are many factors influencing oral drug absorption across veterinary species, including drug
solubility, Gl transit time, absorptive surface area, active transporters, and metabolizing enzymes (enterocyte
and the liver). While it is not always possible to distinguish the magnitude of which solubility versus
permeability and presystemic metabolism contribute to these dog/cat bioavailability differences, some
published examples show that drug solubility may have had an important role. Please note that the studies
reported below have been conducted either using experimental formulations or drugs that may not have
been FDA approved for use in the investigated species. The drugs discussed below were used solely to explore
pharmacokinetic (PK) differences between dogs and cats and are not intended to characterize or imply
therapeutic uses.

e Chloramphenicol: chloramphenicol is a neutral molecule with an estimated water solubility of 2.5
mg/mL. Similar solubility characteristics are associated with the palmitate ester. However, the
palmitate oral suspension is associated with markedly lower oral bioavailability as compared to
chloramphenicol tablets. This is particularly evident when administered to fasted cats [25]. In contrast,
equivalent palmitate and crystalline chloramphenicol doses produce comparable blood levels in the
fasted dog [45]. The author suggests that, at least in part, the poor bioavailability of chloramphenicol
from chloramphenicol palmitate in fasted cats might be due to reduced secretion of digestive enzymes
in the fasting state and consequently impaired hydrolysis of the ester. Since the dog and the cat were
both dosed with chloromycetin palmitate suspension by Parke Davis and Company, the observed
species differences could not be attributed to potential differences in chloramphenicol palmitate
polymorphic form.

e Cannabidiol (CBD): there is tremendous interest in the use of CBD in pets. However, poorly soluble CBD
has lower oral bioavailability in cats than dogs. When administered to dogs in the form of oral chews
(soft chew treat made with a glycerol/starch/fiber base), CBD had markedly higher oral absorption
than CBD-infused fish oil capsules administered to cats. Both formulations were administered at a dose
of 2 mg/kg. But the mean maximum concentration (Cmax) Was 301 and 43 ng/mL in dogs and cats,
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respectively. The time to maximum plasma concentration (Twax) values were 1.4 + 0.2 hr (dog) and 2.0
+ 0.6 hr (cats). Species differences in terminal elimination half-life (T) could not explain these
outcomes as the Ty, in dogs was 1 hr while that of cats was 1.5 hr. The corresponding area-under-the-
curve (AUC) was 1297 and 164 ng hr/mL for dogs and cats, respectively [46]. The extent to which
formulation versus species impacted this tremendous difference in absorption is unclear. However,
since CBD itself is a highly lipophilic substance, at least in part, one may expect that differences may
have been associated with a higher affinity of the CDB for the fish oil in the feline capsule (thereby
preventing its solubilization within the Gl fluids), than for the fluids in the feline Gl tract. Other
possibilities to consider include species differences in Gl fluid composition, or, due to the use of an
extruded formulation in dogs, could have induced a fed in the dog (thereby improving drug oral
bioavailability).

e |traconazole: this compound is notorious for its poor oral solubility. Oral absorption of this azole
antifungal is highly affected by its solubility in the Gl tract. In dogs, the oral absorption of oral
itraconazole capsules and the oral solution (Sporanox, which is drug complexed in a hydroxylpropyl-B-
cyclodextrin vehicle) are comparable (Figure 2). Relative bioavailability of the oral capsules vs. solution
in dogs was 85 % [47]. In cats, there was a much greater difference between the oral bioavailability of
the two dosage forms (Figure 2), likely reflecting species difference in Gl pH, Gl fluid volume (smaller
in the cat) and potentially differences in endogenous surfactants (note that we currently lack
information on bile salt composition in the cat). When the oral solution (Sporanox) was administered
to cats, the bioavailability was approximately 5x higher than the oral capsule [48]. The pKa of
itraconazole is 3.7 (a weak base).

e Fluoroquinolones: problems associated with the solubilization of ciprofloxacin in small fluid volumes is
more pronounced in cats than in dogs. Accordingly, ciprofloxacin oral bioavailability in cats (10 mg/kg
of ciprofloxacin powder in hard gelatin capsules) was only 22 % (%CV=50), rendering it unsuitable for
treating most feline bacterial infections [49]. In dogs, dosing the oral solution (approximately 7.5
mg/kg) resulted in an oral bioavailability of about 78 % (%CV 26.4 %) and about 61 % (%CV=57.7 %) for
an immediate release tablet formulation (dosed at approximately 20 mg/kg) [50].

e Selamectin: in contrast to the other two examples, selamectin has markedly higher oral bioavailability
in cats than in dogs [51]. The oral formulation contained 24 mg selamectin/mL in sesame seed oil. A
single dose of 24 mg/kg was given by oral gavage to cats or by a stomach tube in dogs. As compared
to an intravenous dose, oral bioavailability was 109 % in cats but only 62 % in dogs. Nevertheless, Tmax
(7 hrs cat, 8 hrs dog) was comparable. Again, whether permeability/presystemic metabolism versus in
vivo solubility was a primary cause of these differences is unclear. Selamectin is a P-gp substrate. While
one may deduce the potential impact of species differences in intestinal P-gp, this appears unlikely
since the tissue distribution of P-gp appears to be similar in dogs, humans, and cats [52].

Summary of factors influencing drug solubility within the Gl track the US major veterinary species

Dog

A primary incentive for the amount of published research available on the canine Gl tract relative to that
available in other veterinary species has been the use of dogs as a preclinical species for the assessment of
oral absorption, formulation strategies and the PK of medications being developed for human use [53].
However, because these preclinical studies are typically performed in fasted Beagle dogs of approximately
10 kg BW, there is a lack of information on how the canine Gl fluid environment may vary as a function of

8 (e |
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age, breed, diet, and prandial state.
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Figure 2. Oral absorption of itraconazole capsules vs. solution in cats (left) and dogs (right) From Hasbach et

al. 2017, and Mawby, et al. 2018 [47,48].

Under fasted conditions, the fluid volume of the Beagle stomach tends to be low. Using magnetic

resonance imaging from 12 Beagle dogs weighing 9-12 kg (6 male and 6 female), the average gastric fluid

volume was found to be 24.0 + 4.2 mL [54]. That estimate is within the range of volumes (6 mL to 35 mL)

used to examine the applicability of the human BCS system application for dogs [13].

The oral absorption of fluoroquinolone antimicrobials illustrates the impact of human-canine solubility

differences and, at least in part, its contribution to species differences in oral bioavailability.

Ciprofloxacin tablets are formulated for people and not for dogs. Although they can be administered
extralabel manner, the oral absorption in dogs was shown to be lower and much more variable than
that observed in people [55,56] (keep in mind that as discussed above, even lower oral bioavailability
is expected to be associated with oral ciprofloxacin administration to cats). The authors suggest that
one explanation for the low and variable oral absorption in dogs is their low gastric volume. The canine
oral dose was administered with a 12 mL water flush. Although ciprofloxacin is classified as a highly
soluble drug (based on BCS criteria), this assumes a fluid volume of 250 mL. Since its solubility is
approximately 10 mg/mL, for even the largest sized human tablet (750 mg), the dose number (Do) for
humans = 0.3. A Do < 1.0 is considered highly soluble [57]. Clearly, a different situation exists in dogs
when they consume the tablet with a water volume of 12 mL (the volume of the oral flush). With that
small fluid volume, the calculated Do for ciprofloxacin in dogs was 2.08, which would classify
ciprofloxacin as a poorly soluble drug in dogs. In contrast, when ciprofloxacin was administered as an
oral solution in the same study, it was dissolved in a much larger volume of water (37 mL). The Do
calculated for this volume was 0.68, rendering it highly soluble. Accordingly, a markedly higher fraction
of administered dose was absorbed. The finding from that study is consistent with the work of Martinez
et al., 2017 [50], where it was observed that unless the ciprofloxacin dose had been fully solubilized by
the time it reaches the upper portion of the small intestine, it bypasses the canine absorption window,
leading to poor oral bioavailability.

A different situation exists for levofloxacin [58]. Levofloxacin tablets formulated for humans and not
for dogs were nearly 100 % absorbed in dogs and did not exhibit the variability seen in the previous
studies using ciprofloxacin. The higher and more predictable oral absorption of levofloxacin can be
explained by its higher water solubility. With a reported water solubility of approximately 200 mg/mL,
levofloxacin succeeds in meeting the Dq criteria of highly soluble in dogs.

doi: http://dx.doi.org/10.5599/admet.1140 9
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There is little published information available on the composition of fluids in the canine Gl tract in the fed
state. However, there is evidence that in contrast to humans, canine food consumption does not produce an
initial increase in stomach pH. This human-canine difference may be attributable to the lower basal peak acid
secretion known to occur in dogs [53].

The USP GC<1236> provides the components and composition of biorelevant media describing the gastric
and intestinal fluids of the fasted dog. Due to the variations in reported canine gastric pH values, the fasted
gastric fluids are described for a pH range of 1.2 — 2.5 or 2.2 — 6.5. This is somewhat different from the pH
range of 0.9 to 2.5 found using the Bravo® capsule in dogs [59,60]. This range of variable results (particularly
if it reflects within and between-dog variability) can affect our predictions of canine drug solubility.

The canine small intestines tends to exhibit a higher pH than that of humans. Accordingly, weak acids are
typically more soluble in the canine vs human fasted intestinal fluids. For neutral molecules and weak bases
with a pKa of less than 3, the difference is largely a function of the species-specific extent of bile micellization.
Above pH 4, the human-canine differences in the solubility of weak acids appear to be associated with the
extent to which solubilization occurs when the drug is in both its ionized and its unionized forms [61].

A comparison of human and canine bile acid composition was reviewed by Martinez et al., 2021 [7]. A
fundamental difference between these two species is that while the ratio of human bile acid conjugation to
glycine (primary) versus taurine (glycine/taurine) is 3, there is negligible conjugation to glycine in dogs. Nearly
all of the canine bile acid conjugation is to taurine. Under fed conditions, intestinal bile salt and phospholipid
content tend to be markedly higher in the dog (estimated in Labradors as 18mM and 19.4 mM, respectively)
as compared to humans (11.8 mM and 4.31 mM, respectively). One might anticipate that these differences
in intestinal components could lead to a greater ability to solubilize certain lipophilic drugs in dogs as
compared to humans [9]. Furthermore, the intestinal buffering capacity (mM/ApH) of the fasted dog is
slightly higher than that of fasted humans (13.8 versus 12 for dog and human, respectively) and the osmolality
(mOsmol/kg) tends to be higher in humans as compared to dogs (181.6 versus 270 for dogs and humans,
respectively) [61].

Cats

Medication issues in cats have been reviewed by Papich (2006) [62] and Herve Lefebvre CVM Ph.D.
DECVPT and Brice Reynolds DVM) [63]. These reviews note that less is known about the Gl fluid composition
of cats as compared to dogs. However, recent evidence shows that in addition to differences in Gl fluid
composition and gastric volume, the gastric pH of cats differs from that of dogs. For example, Tolbert et al.
(2017) estimated the gastric pH of unanesthetized cats using Bravo capsules that were retained in the
stomach, permitting measurements for a duration of 12 hrs [64]. When averaged over the 12-hr test period,
the gastric pH of healthy cats was approximately 1.6. Although the cats were fed prior to capsule
administration, there did not appear to be a change in gastric pH over the 12 hr period, even though cats
fasted during this time.

Slightly different results were observed by Telles et al. (2021) when using a Bravo capsule to capture
feline GI pH under fasted and fed conditions. In their study, the gastric and intestinal pH’s were higher under
fasted versus fed conditions [65]. In addition, tremendous inter-animal variability was observed both for the
gastric and intestinal pHs (Table 2).

Although not directly related to drug solubility, the following additional points need to be considered
when formulating poorly soluble, slowly dissolving compounds for cats and may be of value to consider when
developing in vitro dissolution procedures for feline solid oral dosage forms:
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e The gastric emptying rate of 1.5 — 5 mm beads in the fed state is markedly longer than that in the
fasted cat. The time to 90 % emptying (T90) was 0.74 hrs (1.5 mm bead) and 1.02 hrs (5 mm bead) in
sedated fasted cats. In the fed state, the T90 of sedated cats was 6.65 hrs and 9.06 hrs for the 1.5 mm
and 5.0 mm beads, respectively [66].

e The short intestinal transit time of 1.5 — 5 mm beads is unaffected by the prandial state and may be
slightly longer in the cat than the dog [63].

e |ncats, itis essential tablets are administered in a manner that prevents esophageal retention, which,
in turn, can lead to esophageal stricture or esophagitis. This has been cited as an important problem
for drugs formulated as acidic hydrochloride salts. The most often cited example is doxycycline hyclate
(hydrochloride), which can cause severe esophageal lesions (Figure 4) [67,68].

Table 2. Gl pH estimates in fed and fasted cats using a Bravo capsule monitoring system [65]

Fasted Fed
Median Range Median Range
Esophageal pH 7 3.5-7.8 4.5 2.9-6.4
Gastric pH 2.7 1.7-6.2 2 1.1-8.6
Small intestine 8.2 7.4-8.7 8.3 7.9-8.6
Large Intestinal pH 8.5 7.0-8.9 7.8 6.3-8.7

When employing the Bravo capsule monitoring system to estimate Gl transit times (TT) in fasted and fed
cats (crossover study), Telles et al. (2021) [65] obtained the results given in Table 3.

Table 3. GI TT estimates in fed and fasted cats using a Bravo capsule monitoring system [65]

Fasted Fed
Median Range Median Range
Esophageal TT (min) 11 1-317 2 1-379
Gastric TT (min) 94 1-4101 1068 484-5521
Small Intestinal TT (min) 1350 929-2961 1534 442-2538
Total GI TT (min) 1733 1115-5741 2796 930-6590

Note that while the direction of differences in fed versus fasted states was comparable to that described by
Chandler et al., 1997 [66], the observed transit times were somewhat different. This comparison is consistent
with the influence of particle size and Gl transit times.

e The maximum fluid volume (L) in the small intestine and colon of the cat is markedly less than that of
the dog (Table 4) [69]. In addition, because of their inherent feeding habits (discussed above), cats
have smaller stomachs and drink less water than dogs.

Table 4. Small and large intestinal maximum fluid volumes of dogs and cats (BWs not provided) [69].

Species Absolute, L Relative% Gl volume
Cat Small intestine 0.11 14.6

Colon 0.12 15.9
Dog Small intestine 1.62 23.3

Cecum 0.09 1.3

Colon 0.91 13.1
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Cattle

Forage and feeds mix with the bovine saliva that contains sodium, potassium, phosphate, bicarbonate,
and urea. The resulting bolus moves from the mouth to the reticulorumen, which can hold approximately 5
gallons of material in the mature cow (liquid plus food). The latter compartment acts in a manner similar to
that of a fermentation vat, containing microbes, carbohydrates, and a variety of volatile fatty acids (refer to
USP GC <1236>). The abomasum is the “true stomach” of a ruminant. It is the compartment that is most
similar to a stomach in a nonruminant, with a pH of approximately 3.5 to 4.0 due to hydrochloric acid
secretion [70].

When considering drug solubility in ruminants, conditions in the rumen are typically the predominating
factor. For example, in a study conducted on sulfamethazine oral boluses, ruminal conditions, including the
slow transit of material through the rumen, allowed for formulations exhibiting markedly different in vitro
dissolution profiles to produce nearly identical oral bioavailability [71].

Rumen pH is best measured at its lowest value (i.e., 2-4 hours after feeding a concentrate meal or 4-8
hours after offering a fresh total mixed ration). Rumen pH can be determined using a portable pH meter. The
normal pH of grass-fed ruminants is 6-7. A pH value of 5.5-6 is seen in cattle on high-grain diets or pasture-
fed cattle with early lactic acidosis [72].

As noted in USP GC <1236>, the normal pH of a healthy reticulo-rumen is in the range of 5.5-6.8. High
grain diets typically result in a lower ruminal pH (~5.5), whereas high-forage diets result in a higher ruminal
pH (~6.8). The USP GC <1236> also states that the pH of the abomasum (true stomach) is about 2-3 and that
their intestinal pH is similar to that observed in monogastrics and humans. The pH at the pylorus is about 3.0
and increases to about 7.5 in the ileum ( USP GC <1236>).

Swine

An extensive study on the postmortem gastric and intestinal fluid contents of fasted Landrace pigs was
published by Henze et al. (2020) [73]. This information will soon be incorporated into USP GC <1236>. Pigs
were fasted for 24-hours prior to euthanasia. The authors compared the information obtained in their study
to that published in dogs and humans (for references describing the Gl fluid contents for humans, dogs, and
minipigs to which the swine data were compared, please refer to the manuscript by Henze et al, [73]). They
observed the following:

e pH

— Gastric fluids: Similar to humans, porcine fasted state pH varies from 1.7 to 3.4, with a mean value of
2.2 + 0.7 (median: 1.9). These values are slightly higher than the fasted pH reported in Yucatan
minipigs (0.3-1.7).

- Intestine fluids: Values ranged between 6.3 and 7.9, with a mean pH of 7.0 £ 0.5 (median: 7.0). The
observed inter-subject variability was low, indicating a consistent and well buffered intestinal pH.

e Buffer capacity

- Gastric fluids: Swine gastric buffer capacity is 6.1 + 3.5 mmol * It * ApH™?, which is lower than that
reported for humans (14.3 = 9.3 mmol* I'* *ApH1).

- Intestinal fluids: Swine small intestine buffer capacity is 19.4 + 2.9 mmol* I *ApH?, which is 3.4-
fold higher than humans and 6.9- fold higher than dogs.
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e Osmolality

- Gastric fluids: The osmolality in the swine stomach is 99.33 + 53.08 mOsm kg™, which is lower than
that of the human (mean of about 220 mOsm kg™) but higher than that of dogs (74.9 mOsm kg™)

- Intestinal fluids: The osmolality in the swine small intestine is 387 + 61 mOsm kglsamples of landrace
pigs was 2-fold higher than that reported for humans (about 197 mOsm kg™) and that of dogs (69-
207 mOsm kgl).

e Bile: a major difference between the bile acids of humans versus pigs is that in humans, hyocoholic
acid is only present in small amounts, whereas, in pigs, it is one of the key bile acids. In addition, while
the most common bile acids in humans are cholic acid, chenodeoxycholic (CDC) and deoxycholic acid,
in pigs, CDC and hyodeoxycholate acid are the major bile acids. 97.2 % of pig bile is conjugated with
either glycine (69.3 %) or taurine (38.2 %). The total intestinal bile salt concentration ranged from 19.43
to 38.44 mM (median human estimate = 3.30 mM). Henze et al. (2020) [73] provide highly detailed
supplemental information on the specific amounts of each bile acid contained in gastric and intestinal
fluids.

- Gastric fluids: Total bile acid content=2.5+ 1.7 mM
— Intestinal fluids: Total bile acid content = 28.3 + 9.6 mM

e Phospholipids: The most prevalent phospholipid in the swine Gl tract is phosphatidylcholine, which is
hydrolyzed to lyso-phosphatidylcholine in the small intestinal lumen. The swine phospholipid
concentration is somewhat lower than that of humans.

— Gastric fluids: Total phospholipids = 0.20 £ 0.18 mM
- Intestinal fluids: Total phospholipids = 0.37 £ 0.20 mM

e Cholesterol: The high cholesterol intestinal content was interpreted as a function of enterohepatic
recirculation of bile juices that contain bile salts and cholesterol. It is similar to that reported in
humans.

— Gastric fluids: Total phospholipids = 0.051 + 0.060 mM
- Intestinal fluids: Total phospholipids = 1.442 + 0.772 mM.

Regarding Gl transit time, this was estimated in pigs in a semi-fasted state. The pigs were administered
either labelled solution, tablets or pellets and the transit time was monitored via gamma scintigraphy. Tablets
and pellets were administered in a crossover study design. Furthermore, the pigs were administered a drink
of 200 mL strawberry milkshake containing a colloidal Tc-99m colloidal solution. With this preparation, the
time for 50 % gastric emptying of the liquid was approximately 1.4 hr, that of pellets was 2.2 hr, but the
tablets movement from the stomach ranged between 5 and 6 hrs for 2 pigs and between 1.5 — 2 hr for
another pig. The estimated total transit time for the various dosage forms was about 24-48 hours, except for
one pig whose tablet total transit time was 72-96 hr [74].

Horses

Horses are unique regarding oral absorption of medications. Although this topic was reviewed several
years ago, the author’s observations remain relevant today [75].

Being herbivores, the equine Gl tract is adjusted to a high carbohydrate and fiber diet. Regarding the time
for gastric emptying of tablets in fasted horses, a range of values have been reported. For example, the Tvax
of acetaminophen plasma concentrations (which is used as a marker to reflect gastric emptying across a
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range of species, including humans) was estimated as 30 minutes in one study [76], but much between-
animal variability was observed. In another study, corresponding fasted Tuax values were estimated to range
from 28 -87 minutes [77]. Using nuclear scintigraphy, the time to 50 % versus 90 % gastric emptying was 30
and 138 minutes, respectively [78]. With respect to water, nearly complete movement from the stomach into
the small intestine occurs within 10 minutes [79]. With regard to other sections of the Gl tract, the small
intestine comprises 30 % of the total digestive tract, but the passage of food is rapid at approximately 1
foot/minute going from duodenum to cecum. The hindgut is comprised of the cecum, large colon, small
colon. Of primary importance are the fermentation activities occurring in the hindgut, where volatile fatty
acids (acetic, propionic, and butyric acids) are produced, and water is reabsorbed [80]. Therefore, the
“forgiving” solubilization conditions seen in cattle would not be applicable to the horse. The stomach of adult
horses secretes approximately 1.5 liters of gastric juice per hour and has an acid output ranging from 4 to 60
mM hydrochloric acid per hour. The pH of gastric contents ranges from 1.5 to 7.0, depending on the region
measured [81].

Bermingham et al. (2020) discussed some of the issues associated with bioavailability/bioequivalence
studies in horses. They note that horses are typically fed a high fiber diet (e.g., hay) which increases gastric
emptying time, affects gastric pH and potentially adsorbs administered drugs [31]. Specific values for gastric
emptying time in fed horses depend upon what is being measured. Based upon information posted online by
an equine nutritionist, the horse’s stomach is mostly empty by about six hours after being fed, with nearly all
the larger fibrous particles passing within 12 hours [82]. Moreover, although it is possible to hold horses off-
feed overnight to create a fasted state, intermittent feeding schedules that produce an empty stomach
periodically may be one of the risk factors for equine gastric disease syndrome. Nevertheless, while some in
vivo bioequivalence studies employ fasted horses (typically fasted for 8 — 12 hours), such studies do not
replicate product oral bioavailability under actual field conditions (see the previous discussion on the prandial
state). Care to avoid over-estimating oral drug bioavailability due to the tests being conducted in fasted
horses rather than replicating prandial state under normal use conditions may be particularly important for
antimicrobial agents where such over-estimations could potentially lead to ineffective treatments under field
use conditions.

An additional problem is a tendency for some drugs to adsorb onto ingesta (hay, feed), preventing its
aqueous solubilization and delaying its oral absorption until the ingesta reach the cecum, where it can be
released upon digestion. This phenomenon can lead to the “double peaks” sometimes observed in the PK
profile of drugs administered to horses. Baggot (1992) suggested that the double peak may reflect partial
drug solubilization and absorption in the small intestine, while other portions require fermentative digestion
prior to absorption in the colon or caecum [75].

Water-soluble drugs have been examined for bioavailability in the equine [83]. The study focused on
cephalexin, marbofloxacin, metronidazole, and fluconazole (providing a wide range of physicochemical
properties). The investigators observed that drug solubility had little influence on the drug’s oral absorption
in horses. Rather, the authors noted that oral absorption was correlated more with the drugs’ lipophilicity
(and ability to undergo transcellular absorption) than with its aqueous solubility. The exception was
metronidazole which has a very low molecular weight and is likely absorbed by paracellular transport. Thus,
the magnitude to which drug solubilization influences the observed fraction absorbed remains unresolved.

Another difference unique to the horse is that of its bile flow. Since horses lack a gall bladder, their bile
flows continuously through the biliary tract into the duodenum. Food undergoing digestion leaving the
stomach will quickly rise to a pH of 7.0 or slightly above [84].
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Poultry

Although the majority of poultry research has been conducted in chickens, for the most part, the
information generated for the chicken GI tract can be applied to turkeys. A description of the chicken
stomach, which consists of two chambers (proventriculus and gizzard), has been summarized by Zootecnica
International [85]:

e Proventriculus: the site of acid secretion. Its thick walls are lined with gastric glands that secrete
hydrochloric acid, pepsin, and mucus. This is the primary site of drug solubilization.

e Gizzard: the site of the physical digestion phase where most gastric proteolysis occurs. The muscles of
the gizzard are arranged to allow for both a rotary and crushing action during contractions, thereby
grinding the ingested feed. The gizzard epithelium is coated with a koilin layer which protects it from
acid, proteolytic enzymes, and physical damage. The flow of feed particles into the small intestines is
regulated by the pyloric sphincter, which restricts exit based upon particle size. The retention time of
feed in the gizzard is about 30-60 minutes. In a review by Svihus (2011), he notes that the threshold
size for being constrained from leaving the gizzard in chickens is between 0.5 and 1.5 mm [86]. He later
notes that the gizzard content pH of broiler chickens varied between 1.9 and 4.5, with an average value
of 3.5. However, due to the high calcium carbonate content in the diet, pH values for gizzard contents
are commonly between 4 and 5 for layer hens, although a pH around 3.5 has also been reported for
laying hens [87]. Note that the transfer of digested materials between the proventriculus and the
gizzard can occur up to 4 times per minute.

Clearly, the Gl environment can vary as a function of poultry breed and diet. Nevertheless, for estimation
purposes, generalizations are often made based on broiler chickens. Gauthier (2002) summarized the pH and
transit time (min) of poultry Gl segments [88]. Table 5 represents the pH and mean transit time duration of
all mash feed in different compartments of the broiler gut after 6-weeks of ad libitum feeding. Additional
information on the enzymes within each section is based upon a symposium presentation by Rob Porter,
2012 [89].

Table 5. pH, transit time, and enzymes associated with the various portions of the broiler Gl tract [88,89]

Gl Segment Transit time, min pH Enzymes

Mouth - 7-7.5 Amylase

Crop 50 5.5 None - mucous secretion

Plfoventriculous and 90 2.5-35 Pepsin, lipase

Gizzard

Duodenum 5.8 5.6 Amylase, trypsin, collagenase,
bile, lipase

Jejunum 20-30 6.5-7 Maltase, lactase, peptidases

lleum 50-70 7-7.5 -

Impact on formulation strategies: how species Gl fluid differences may impact formulation and how
formulation can influence in vivo product performance

With these species-specific differences in mind, the following questions and answers provide perspectives
on how formulations may need to be adjusted to optimize drug solubility (and therefore oral bioavailability)
in veterinary medicine.

It should be noted that unlike the literature available for formulation optimization in human medicine,
there is negligible corresponding information published for veterinary species. Therefore, this section reflects
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the perspectives of the authors based upon general published information and formulation principles. Where
possible, we include citations to support our perspectives.

How might poor drug solubility influence tablet formulation for dogs and cats?

Typically, formulation approaches used in human medicine [90] can be used to enhance the oral solubility
of drugs administered to dogs and cats. However, the shorter Gl tract and corresponding reduced time for
drug absorption in dogs and cats introduce an additional challenge associated with formulation development.
The other challenge is the smaller volume of fluid in the Gl tract available for drug dissolution. This problem
is even more pronounced in cats as compared to that of dogs.

Because solubilization must occur within a much shorter timeframe in dogs [7,91] and cats (see above),
compounds exhibiting poor oral solubility may fail to attain the bioavailability needed to achieve therapeutic
plasma drug concentrations. In these situations, it may be appropriate to administer the therapeutic moiety
in a more readily soluble salt form [6] or as a prodrug. An example of this is the veterinary use of enrofloxacin
versus ciprofloxacin [92]. Ciprofloxacin is known to exhibit inconsistent and poor oral bioavailability in dogs
[55,56] and cats [49], while orally administered enrofloxacin is almost completely bioavailable in both species
(https://bayer.cvpservice.com/product/basic/view/1040011).

What are special formulation and manufacturing considerations needed when forming chewy, treat-like
formulations?

Although we do not have information available on tablet hardness preferences for dogs, we do have some
insights on that subject for cats.

IM

When formulating feline chewable tablets, the generalized “ideal” hardness is in the range of 3—6 Kp.
When hardness exceeds 6 Kp, tablet palatability tends to decrease. For example, while a tablet with a
hardness of 6 Kp may be associated with a 95 % free choice acceptance, this value is reduced to 50 % free

choice when formulated with a 12 Kp tablet hardness [93].

The texture is an issue for chewable medications and can make the tablet appealing or unappealing to
dogs and cats. Although chewable tablets can be made by direct compression, wet granulation (using either
water or alcohol), dry granulation (slugging or roller compaction), extrusion, or a forming machine [93],
frequently, the “edible soft chew” is made using an extrusion or forming process. Both processes involve the
mixing of the drug with tablet excipients (which include polymer, solvents such as polyethylene glycol (PEG)
30, glycerin, vegetable oil), binder, filler, stabilizer and flavorant) prior to the introduction of this mixture into
an extruder or forming machine. The critical differences between these two processes pertain to the
temperature and pressure at which the chews are produced, both being much higher for the extruder than
the forming machine. These can be important considerations for heat-labile drugs or when using heat-
sensitive solvents. However, both processes can be incorporated into the generation of tablets of varied sizes

and shapes.

With regard to shape preferences, refer to the earlier discussion on tablet palatability.

How might flavorants influence in vivo drug solubility?

Flavorants are available as commodity items from houses specializing in flavors for cats and dogs. Some
potential flavorants are water-soluble (e.g., apple flavor or sugar or butter scotch flavor or lactose). However,
others are poorly soluble, such as beef, liver, pork, chicken flavor, wheat germ, vegetable oil, or gelatin [94].
Species specific taste preferences have been discussed above (see the section on palatability).

The use of lipophilic flavorants can negatively impact the solubility of some compounds. In contrast, it

16 (e |


https://bayer.cvpservice.com/product/basic/view/1040011

ADMET & DMPK 10(1) (2022) 1-25 Veterinary gastrointestinal differences influencing solubility

could also potentially enhance the solubility of certain lipophilic compounds by inducing a semi-fed state and
a release of bile salts. In that case, the positive or negative effect on in vivo dissolution will depend upon
fed/fasted factors, as previously discussed.

How might flavorants be incorporated into the formulation?

The manner in which the flavoring agents are integrated into the formulation depends upon the dosage
form. For compressed tablets, if the flavorant comprises only a small percentage of the total tablet weight,
no special manufacturing considerations are needed. However, the technique for taste masking may not
simply be its addition as one of the tablet ingredients. For example:

e If the active agent is extremely bitter, taste-masking may need to be accomplished by drug
encapsulation. This may involve additional manufacturing steps to coat the tablet with a polymer,
adding complexity to the drug formulation.

e Alternatively, the addition of more flavorant may be needed to encourage consumption of chewable
products manufactured by such processes as extrusion or forming machines. If the formulation is hard
chewable, it can be made by direct compression, wet granulation (using either water or alcohol), or
dry granulation (slugging or roller compaction). In that case, the flavoring agents can be applied using
techniques similar to that used for human tablets.

Are there excipients that may behave differently in dogs versus cats?

Of particular concern is the effect that interspecies differences in Gl pH and volume can have on the
choice of disintegrant. Zhao and Augsburger [95] studied the effect of the pH on the disintegrant and
concluded that an acidic medium significantly reduces the liquid uptake rate and capacity of sodium starch
glycolate (Primojel) and croscarmellose sodium (Ac-Di-Sol) but not of crospovidone NF (Polyplasdone XL10).
Tablets containing croscarmellose sodium were less affected by the acidic medium than were those
formulated with sodium starch glycolate. Therefore, given the tendency towards a lower gastric pH in the cat
than in the dog, disintegrants such as sodium starch glycolate and croscarmellose sodium may not function
well when included in formulations intended for administration to cats. Furthermore, since many
formulations are used both in dogs and cats, it may be preferable to use a disintegrant such as crospovidone.

It should also be noted that while excipients associated with enteric coating have been explored for use
in dogs [96,97], the pH at which drug release occurs needs to be carefully evaluated to insure the ability to
withstand fluctuations in canine gastric pH and the location of drug release does not compromise oral
bioavailability (when considering the relatively rapid transit through the small intestine). Clearly, more work
is needed on this topic, with a focus on the relationship between formulation selection and the drug
molecule. With regard to cats, although there have been discussions of nutraceuticals such as enteric-coated
S-adenosylmethionine (SAMe) in cats [98], there is a lack of PK-based evaluations of the impact of excipient
selection on the in vivo performance of enteric-coated formulations. Therefore, more data are needed to
ascertain whether the optimal choice of enteric coating for a given drug will be the same for dogs and cats.

How can crystalline form and particle size influence the drug solubility and in vivo performance of medicated
premixes?

Given the effect of crystalline form on drug solubility [99], it is important to consider retention time in the
stomach, rumen, or gizzard. While a food-induced delay in gastric emptying and release of bile salts may
reduce the impact of this effect in ruminants and swine, it may be a concern in poultry, particularly if the
particle size is about 1 mm or less (thereby enabling it to leave the gizzard undissolved [86]). Should this
occur, it could be associated with decreased therapeutic effects. An example of where this issue could be
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problematic is coccidiosis in poultry where the locally acting drug needs to be fully solubilized upon entering
the duodenum [100]. Alternatively, given the prevailing conditions in the bovine rumen, in vivo drug
solubilization may be more forgiving for formulations administered to cattle [101].

What are issues to be considered with regard to species differences in critical formulation variables

With the possible exception of the dog, little work has been published on the influence of species-specific
Gl fluid environments on drug solubilization or on in vivo drug product performance. However, by combining
what is known about the Gl fluid conditions of each species, along with information obtained from studies
supporting human drug development, we can anticipate some of the challenges that may be worthy of
consideration.

For horses, ruminants, and pigs, medications are often administered to fed animals or in medicated feed.
Therefore, drug adsorption onto the Gl contacts may influence in vivo drug solubilization [102,103]. On the
one hand, adsorption of drug molecules onto the surface of excipients or materials such as hay can reduce
drug particle size and increase the surface area of the drug available to the dissolution medium. Conversely,
if the forces of attraction are high, desorption may be retarded, and absorption compromised. Accordingly,
the potential for drug adsorption may need to be considered when formulating dosage forms such as oral
suspensions for horses or medicated articles for cattle and swine.

For drugs administered in medicated feeds to poultry, drug particle size and crystalline form will be
essential considerations in product manufacture.

For dogs and cats, many of the critical formulation variables have been discussed above.
Additional points to consider are:

Ruminants: given the relatively high pH present in the rumen, there should be no problems in terms of
the solubilization of acids. However, depending upon its pKa, weak bases may exist in an unionized form. For
the latter, the presence of endogenous surfactants may be anticipated to enhance drug solubilization. In
addition, the long residence time of material within the rumen may help promote the solubilization of the
drug. Unless there is an excipient present that can affect drug permeability, intestinal transit time, or
presystemic drug metabolism, once the dissolved medication moves into the small intestines, oral
bioavailability will likely depend primarily on the drug’s PK properties.

Horses: in contrast to the other veterinary species, the horse has the capability to ferment food (with the
corresponding presence of surfactants and volatile fatty acids) in the hindgut, which comprises more than 50
% of the Gl tract capacity. Therefore, along with its acidic pH, one may expect that additional solubilization
can occur with this region [104]. The question is then the pKa of the compound, the magnitude to which the
drug has already been absorbed in the upper portion of the Gl tract, and the extent to which drug absorption
can occur within the lower Gl tract of the horse.

Another key issue that has been explored in the horse is the efficiency of various types of formulations to
prevent drug gastric exposure. For example, omeprazole can be degraded by gastric acids. In a study of 5
formulations, it was observed that while the enteric-coated formulations tended to have modestly higher
Cmax and AUC values as compared to buffered suspensions when administered fasted horses, these
differences were not statistically (or clinically) significant [105].

Closing comments

While species differences in Gl fluid volume and composition can affect drug solubilization, this
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constitutes only one of the factors influencing species-specific drug absorption characteristics. Other
variables include Gl transit time (dictating the time available for drug solubilization/product dissolution), and
permeability. Moreover, the absorption process itself can promote the presence of in vivo sink conditions by
reducing the amount of dissolved drug within the gut, thereby promoting the dissolution of products
containing drugs with borderline solubility. In addition, although not a topic for this review, enterocyte
metabolizing enzymes, intestinal influx and efflux transporters, and the possible influence of microbial gut
flora can impact the amount of free drug remaining within the Gl tract (i.e., affecting the fraction absorbed).
When considered in combination with species-appropriate dosage forms and palatability, these physiological
characteristics influence the formulation and manufacturing considerations to be incorporated into the
development of veterinary orally administered drug products.

Important information gaps continue to influence our ability to generate in vivo solubilization predictions.
This includes:

1. Little to no information on breed differences in physiological surfactants, buffers, ionic composition,
pH, and fluid volume. Studies to generate this information are greatly needed.

2. More information is needed on the influence of diet on Gl fluid composition under fed conditions for
nearly all veterinary species. This is particularly important for dogs and cats, where most oral
bioavailability studies are conducted in the fasted state.

3. Since the human-pet interaction with dogs, cats and horses can cover their entire life span, more
information is needed on changes in companion animal Gl fluid composition with age.

4. There is also the need for information on intestinal fluid composition as a function of the specific
segment of the Gl tract.

While many of these issues will have less importance in species where oral drug products are administered
in drinking water or in medicated feed, it will be an important consideration for dogs and cats. Furthermore,
it would be helpful to have more information generated on the Gl fluid composition in food-producing species
and potential variability as a function of breed and diet. Such information could be of value in understanding
how components of medicated feed or drug crystalline characteristics and particle size may influence in vivo
drug absorption.

Within animal health, funding limitations challenge opportunities to explore these critical questions.
Clearly, each of these points can influence drug and species-specific formulation optimization or improve the
prediction of oral bioavailability difficulties that can occur when dogs and cats are administered oral
formulations in a manner other than that indicated on the FDA-approved drug label. Hopefully, there will be
a greater emphasis on filling these information gaps in the future.

Conflict of interest: Dr. MN Martinez, R Fahmy, and MG Papich have no conflicts of interest to declare.

References

[1] USP General Chapter <1236> Published 12/2019.

[2] D.R.Brocks, N.M. Davies. Lymphatic Drug Absorption via the Enterocytes: Pharmacokinetic Simulation,
Modeling, and Considerations for Optimal Drug Development. J. Pharm. Pharm. Sci. 21 (2018) 254s-
270s. https://doi.org/10.18433/jpps30217.

[3] S.A. Peters, C.R. Jones, A.L. Ungell, O.). Hatley. Predicting Drug Extraction in the Human Gut Wall:

Assessing Contributions from Drug Metabolizing Enzymes and Transporter Proteins using Preclinical
Models. Clin. Pharmacokinet. 55 (2016) 673-696. https://doi.org/10.1007/s40262-015-0351-6.

doi: http://dx.doi.org/10.5599/admet.1140 19



http://dx.doi.org/10.5599/admet.1140
https://doi.org/10.18433/jpps30217
https://doi.org/10.1007/s40262-015-0351-6

Martinez, Papich and Fahmy ADMET & DMPK 10(1) (2022) 1-25

[4]

(5]

6]

(7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

A. Dokoumetzidis, P. Macheras. A century of dissolution research: from Noyes and Whitney to the
biopharmaceutics classification system. Int. J. Pharm. 321 (2006) 1-11. https://doi.org/10.1016/j.-
iipharm.2006.07.011.

A. Avdeef, E. Fuguet, A. Llinas, C. Rafols, E. Bosch, G. Volgyi, T. Verbic, E. Boldyreva, K. Takacs-Novak.
Equilibrium solubility measurement of ionizable drugs — consensus recommendations for improving
data quality. ADMET & DMPK 4 (2016 117-178. https://doi.org/10.5599/admet.4.2.292.

A.T. Serajuddin. Salt formation to improve drug solubility. Adv. Drug. Deliv. Rev. 59 (2007) 603-616.
https://doi.org:10.1016/j.addr.2007.05.010.

M.N. Martinez, J.P. Mochel, S. Neuhoff, D. Pade. Comparison of Canine and Human Physiological
Factors: Understanding Interspecies Differences that Impact Drug Pharmacokinetics. AAPS J. 23 (2021)
59. https://doi.org/10.1208/s12248-021-00590-0.

T.S. Wiedmann, L. Kamel. Examination of the solubilization of drugs by bile salt micelles. J. Pharm.
Sci. 91 (2002) 1743-1764. https://doi.org/10.1002/jps.10158.

N. Pavlovi¢, S. Golocorbin-Kon, M. Dani¢, B. Stanimirov, H. Al-Salami, K. Stankov, M. Mikov. Bile Acids
and Their Derivatives as Potential Modifiers of Drug Release and Pharmacokinetic Profiles. Front.
Pharmacol. 9 (2018) 1283. https://doi.org:10.3389/fphar.2018.01283.

CVM GFI #171 - Demonstrating Bioequivalence for Soluble Powder Oral Dosage Form Products and
Type A Medicated Articles Containing Active Pharmaceutical Ingredients Considered to Be Soluble in
Aqueous Media, 2021. https://www.fda.gov/regulatory-information/search-fda-guidance-docu-
ments/cvm-gfi-171-demonstrating-bioequivalence-soluble-powder-oral-dosage-form-products-and-
type-medicated (accessed 09/18/21).

P.T. Reeves, C. Roesch, M.N Raghnaill (2015). Routes of administration and Dosage forms. In Merck
Manual Veterinary Manual, https://www.merckvetmanual.com/pharmacology/pharmacology-
introduction/routes-of-administration-and-dosage-forms. Merck & Co., Inc., Kenilworth, NJ,
USA (accessed 09/18/21).

M.G. Papich. Papich Handbook of Veterinary Drugs, 5" Edition. Elsevier, St. Louis. 2020. 1056 pages.
ISBN 98780323709576. https://www.elsevier.com/books/papich-handbook-of-veterinary-drugs/-
papich/978-0-323-70957-6.

M.G. Papich, M.N. Martinez. Applying Biopharmaceutical Classification System (BCS) Criteria to Predict
Oral Absorption of Drugs in Dogs: Challenges and Pitfalls. AAPS J.17 (2015) 948-964.
https://doi.org/10.1208/s12248-015-9743-7.

H. Meyer, E. Kienzle, J. Zentek. Body size and relative weights of gastrointestinal tract and liver in dogs.
J. Vet. Nutr. 2 (1993) 31-35. https://pdfs.semanticscholar.org/b4fb/829d3ff7f4abe988592b17163f-
ba42a13803.pdf

M.P. Weber, L.J. Martin, V.C. Biourge, P.G. Nguyen, H.J. Dumon. Influence of age and body size on
orocecal transit time as assessed by use of the sulfasalazine method in healthy dogs. Am. J. Vet.
Res. 64 (2003) 1105-1109. https://doi.org/10.2460/ajvr.2003.64.1105.

D.C. Hernot, V.C. Biourge, L.J. Martin, H.J. Dumon, P.G. Nguyen. Relationship between total transit time
and faecal quality in adult dogs differing in body size. J. Anim. Physiol. Anim. Nutr. (Berl) 89 (2005) 189-
193. https://doi.org/10.1111/j.1439-0396.2005.00544.x.

D.C. Hernot, H.J. Dumon, V.C. Biourge, L.J. Martin, P.G. Nguyen. Evaluation of association between
body size and large intestinal transit time in healthy dogs. Am. J. Vet. Res. 67 (2006) 342-347.
https://doi.org/10.2460/ajvr.67.2.342.

M. Koziolek, M. Grimm, T. Bollmann, K.J. Schafer, S.M. Blattner, R. Lotz, G. Boeck, W. Weitschies.
Characterization of the Gl transit conditions in Beagle dogs with a telemetric motility capsule. Eur. J.
Pharm. Biopharm. 136 (2019) 221-230. https://doi.org:10.1016/j.ejpb.2019.01.026.

M. Koziolek, F. Schneider, M. Grimm, C. Modep, A. Seekamp, T. Roustom, W. Siegmund, W. Weitschies.
Intragastric pH and pressure profiles after intake of the high-caloric, high-fat meal as used for food
effect studies. J. Control. Release 220 (2015) 71-78. https://doi.org/10.1016/j.jconrel.2015.10.022.

20

(e |


https://doi.org/10.1016/j.ijpharm.2006.07.011
https://doi.org/10.1016/j.ijpharm.2006.07.011
https://doi.org/10.5599/admet.4.2.292
https://doi.org:10.1016/j.addr.2007.05.010
https://doi.org/10.1208/s12248-021-00590-0
https://doi.org/10.1002/jps.10158
https://doi.org:10.3389/fphar.2018.01283
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cvm-gfi-171-demonstrating-bioequivalence-soluble-powder-oral-dosage-form-products-and-type-medicated
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cvm-gfi-171-demonstrating-bioequivalence-soluble-powder-oral-dosage-form-products-and-type-medicated
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cvm-gfi-171-demonstrating-bioequivalence-soluble-powder-oral-dosage-form-products-and-type-medicated
https://www.merckvetmanual.com/pharmacology/pharmacology-introduction/routes-of-administration-and-dosage-forms
https://www.merckvetmanual.com/pharmacology/pharmacology-introduction/routes-of-administration-and-dosage-forms
https://www.elsevier.com/books/papich-handbook-of-veterinary-drugs/papich/978-0-323-70957-6
https://www.elsevier.com/books/papich-handbook-of-veterinary-drugs/papich/978-0-323-70957-6
https://doi.org/10.1208/s12248-015-9743-7
https://pdfs.semanticscholar.org/b4fb/829d3ff7f4abe988592b17163fba42a13803.pdf
https://pdfs.semanticscholar.org/b4fb/829d3ff7f4abe988592b17163fba42a13803.pdf
https://doi.org/10.2460/ajvr.2003.64.1105
https://doi.org/10.1111/j.1439-0396.2005.00544.x
https://doi.org/10.2460/ajvr.67.2.342
https://doi.org/10.1016/j.ejpb.2019.01.026
https://doi.org/10.1016/j.jconrel.2015.10.022

ADMET & DMPK 10(1) (2022) 1-25 Veterinary gastrointestinal differences influencing solubility

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Guidance for Industry. Food-Effect Bioavailability and Fed Bioequivalence Studies, CDER, 2002.
https://www.fda.gov/files/drugs/published/Food-Effect-Bioavailability-and-Fed-Bioequivalence-
Studies.pdf (accessed 09/18/21).

Guidance for Industry, Bioequivalence: Blood Level Bioequivalence Study, GL52, 2016.
https://www.fda.gov/media/89840/download (accessed 09/18/21).

A.D.J. Watson. Some factors affecting bioavailability of antimicrobial drugs given by mouth in small
animals. The Veterinary Annual, 19th Issue, Eds. G.S.C. Grunsell, F.W.G. Hill (eds). 1979, 217-222.

A.D. Watson. Influence of food on absorption of antimicrobial drugs. In: Comparative Veterinary
Pharmacology, Toxicology and Therapy, A. S. J. P. A. M. Van Miert, M. G. Bogaert, M. Debackere (Eds).
Springer, Nature, Switzerland, 1986, pp. 93-104. ISBN: 978-94-009-4153-3.
https://link.springer.com/book/10.1007/978-94-009-4153-3.

M.L. Hnot, L.K. Cole, G. Lorch, M.G. Papich, P.J. Rajala-Schultz, J.B. Daniels. Evaluation of canine-specific
minocycline and doxycycline susceptibility breakpoints for meticillin-resistant Staphylococcus
pseudintermedius isolates from dogs. Vet. Dermatol. 26 (2015) 334-338, e70-1. https://doi.org/-
10.1111/vde.12227.

A.D. Watson. Effect of Ingesta on Systemic Availability of Chloramphenicol from Two Oral Preparations
in Cats. J. Vet. Pharmacol. Ther. 2 (1979) 117-121. https://doi.org/10.1111/j.1365-
2885.1979.tb00363.x.

C. Pentafragka, M. Symillides, M. McAllister, J. Dressman, M. Vertzoni, C. Reppas. The impact of food
intake on the luminal environment and performance of oral drug products with a view to in vitro and
in silico simulations: a PEARRL review. J. Pharm. Pharmacol. 71 (2019) 557-580. https://doi.org/-
10.1111/jphp.12999.

C. Pentafragka, M. Vertzoni, J. Dressman, M. Symillides, K. Goumas, C. Reppas. Characteristics of
contents in the upper gastrointestinal lumen after a standard high-calorie high-fat meal and
implications for the in vitro drug product performance testing conditions. Eur. J. Pharm. Sci. 155 (2020)
105535. https://doi.org10.1016/j.ejps.2020.105535.

C. Reppas, G. Eleftheriou, P. Macheras, M. Symillides, J.B. Dressman. Effect of elevated viscosity in the
upper gastrointestinal tract on drug absorption in dogs. Eur. J. Pharm. Sci. 6 (1998) 131-139.
https:/doi.org/10.1016/s0928-0987(97)00077-8.

F.J. Mendoza, J.M. Serrano-Rodriguez, A. Perez-Ecija. Pharmacokinetics of meloxicam after oral
administration of a granule formulation to healthy horses. J. Vet. Intern. Med. 33 (2019) 961-967.
https://doi.org/10.1111/jvim.15433.

P. Nielsen, N. Gyrd-Hansen. Bioavailability of oxytetracycline, tetracycline and chlortetracycline after
oral administration to fed and fasted pigs. J. Vet. Pharmacol. Ther. 19 (1996) 305-311. https://doi.-
0rg/10.1111/j.1365-2885.1996.tb00054..x.

E. Bermingham, J.L. Davis, T. Whittem. Study design synopsis: Designing and performing
pharmacokinetic studies for systemically administered drugs in horses. Equine. Vet. J. 52 (2020) 643-
650. https://doi.org/10.1111/evj.13312.

B.W. Sykes, C. Underwood, R. Greer, C.M. McGowan, P.C. Mills. Pharmacokinetics and bioequivalence

testing of five commercial formulations of omeprazole in the horse. J. Vet. Pharmacol. Ther. 39 (2016)
78-83. https://doi.org/10.1111/jvp.12240.

J.W. Bradshaw. The evolutionary basis for the feeding behavior of domestic dogs (Canis familiaris) and
cats (Felis catus). J. Nutr. 136 (2006) 19275-1931S. https://doi.org/10.1093/jn/136.7.1927S.

A.G. Thombre. Oral delivery of medications to companion animals: palatability considerations. Adv.
Drug Deliv. Rev. 56 (2004) 1399-1413. https://doi.org/10.1016/j.addr.2004.02.012.

T.S. White, J.C. Boudreau. Taste preferences of the cat for neurophysiologically active compounds.
Physiol. Psychol. 3 (1975) 405-410. https://doi.org/10.3758/BF03326850.

T. Kumazawa, K. Kurihara. Large enhancement of canine taste responses to sugars by salts. J. Gen.
Physiol. 95 (1990) 1007-1018. https://doi.org/10.1085/jgp.95.5.1007.

doi: http://dx.doi.org/10.5599/admet.1140 21



http://dx.doi.org/10.5599/admet.1140
https://www.fda.gov/files/drugs/published/Food-Effect-Bioavailability-and-Fed-Bioequivalence-Studies.pdf
https://www.fda.gov/files/drugs/published/Food-Effect-Bioavailability-and-Fed-Bioequivalence-Studies.pdf
https://www.fda.gov/media/89840/download
https://link.springer.com/book/10.1007/978-94-009-4153-3
https://doi.org/10.1111/vde.12227
https://doi.org/10.1111/vde.12227
https://doi.org/10.1111/j.1365-2885.1979.tb00363.x
https://doi.org/10.1111/j.1365-2885.1979.tb00363.x
https://doi.org/10.1111/jphp.12999
https://doi.org/10.1111/jphp.12999
https://doi.org10.1016/j.ejps.2020.105535
https://doi.org/10.1016/s0928-0987(97)00077-8
https://doi.org/10.1111/jvim.15433
https://doi.org/10.1111/j.1365-2885.1996.tb00054.x
https://doi.org/10.1111/j.1365-2885.1996.tb00054.x
https://doi.org/10.1111/evj.13312
https://doi.org/10.1111/jvp.12240
https://doi.org/10.1093/jn/136.7.1927S
https://doi.org/10.1016/j.addr.2004.02.012
https://doi.org/10.3758/BF03326850
https://doi.org/10.1085/jgp.95.5.1007

Martinez, Papich and Fahmy ADMET & DMPK 10(1) (2022) 1-25

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

(53]

[54]

X. Li, W. Li, H. Wang, D.L. Bayley, J. Cao, D.R. Reed, A.A. Bachmanov, L. Huang, V. Legrand-Defretin,
G.K. Beauchamp, J.G. Brand. Cats lack a sweet taste receptor.J. Nutr. 136 (2006) 1932S-1934S.
https://doi.org/10.1093/in/136.7.1932S.

R. Fahmy, D. Danielson, M.N. Martinez. Quality by Design and the Development of Solid Oral Dosage
Forms. In: Advances in Delivery Science and Technology, Ed: M.J. Rathbone, A. McDowell. 2013, 107-
129. Springer, New York. http://doi.org/10.1007/978-1-4614-4439-8 1.

K. Apfel, Horse Canada. December 25, 2019. Accessed https://horse-canada.com/magazine/-
miscellaneous/10-amazing-facts-equine-sense-taste/.

I. Janczarek, I. Wilk, S. Pietrzak, M. Liss, S. Tkaczyk. Taste Preferences of Horses in Relation to Their
Breed and Sex. J. Equine. Vet. Sci. 64 (2018) 59-64. https://doi.org/10.1016/].jevs.2018.02.010.

Animal Medicinal Drug Use Clarification Act of 1994 (AMDUCA). https://www.fda.gov/animal-
veterinary/guidance-regulations/animal-medicinal-drug-use-clarification-act-1994-amduca (accessed
09/18/2021).

N. Matsumura, A. Ono, Y. Akiyama, T. Fujita, K. Sugano. Bottom-Up Physiologically Based Oral
Absorption Modeling of Free Weak Base Drugs. Pharmaceutics 12 (2020) E844. https://doi.org/10.-
3390/pharmaceutics12090844.

S. Emads, M.l. Grossman. Comparison of gastric secretion in conscious dogs and
cats. Gastroenterology 52 (1967) 29-34. https://www.gastrojournal.org/article/S0016-5085(67)800-

97-0/pdf.

J. Tibbitts. Issues related to the use of canines in toxicologic pathology--issues with pharmacokinetics
and metabolism. Toxicol. Pathol. 31 (2003) 17-24. https://doi.org/10.1080/01926230390174896.

A.D. Watson. Plasma chloramphenicol levels in dogs after the administration of four different oral
preparations of chloramphenicol. Aust. Vet. J. 49 (1973) 460-462. https://doi.org/10.1111/j.1751-
0813.1973.tb09292.x.

K.A. Deabold, W.S. Schwark, L. Wolf, J.J. Wakshlag. Single-Dose Pharmacokinetics and Preliminary
Safety Assessment with Use of CBD-Rich Hemp Nutraceutical in Healthy Dogs and Cats. Animals
(Basel) 9 (2019) E832. https://doi.org/10.3390/ani9100832.

A.E. Hasbach, D.K. Langlois, E.J. Rosser, M.G. Papich. Pharmacokinetics and Relative Bioavailability of
Orally Administered Innovator-Formulated Itraconazole Capsules and Solution in Healthy Dogs. J. Vet.
Intern. Med. 31 (2017) 1163-1169. https://doi.org/10.1111/jvim.14779.

D.l. Mawby, J.C. Whittemore, L.E. Fowler, M.G. Papich. Comparison of absorption characteristics of
oral reference and compounded itraconazole formulations in healthy cats.). Am. Vet. Med.
Assoc. 252 (2018) 195-200. https://doi.org/10.2460/javma.252.2.195.

G.A. Albarellos, V.E. Kreil, M.F. Landoni. Pharmacokinetics of ciprofloxacin after single intravenous and
repeat oral administration to cats.J. Vet. Pharmacol. Ther. 27 (2004) 155-162. https://doi.org/10.-
1111/j.1365-2885.2004.00573.x.

M.N. Martinez, B. Mistry, V. Lukacova, K.A. Lentz, J.E. Polli, S.W. Hoag, T. Dowling, R. Kona, R.M. Fahmy.
Exploring Canine-Human Differences in Product Performance. Part Il: Use of Modeling and Simulation
to Explore the Impact of Formulation on Ciprofloxacin In Vivo Absorption and Dissolution in Dogs. AAPS
J.19 (2017) 712-726. https://doi.org/10.1208/s12248-017-0055-y.

S P. Sarasola, A.D. Jernigan, D.K. Walker, J. Castledine, D.G. Smith, T.G. Rowan. Pharmacokinetics of

selamectin following intravenous, oral and topical administration in cats and dogs. J. Vet. Pharmacol.
Ther. 25 (2002) 265-272. https://doi.org/10.1046/}.1365-2885.2002.00415..x.

S. Van Der Heyden, K. Chiers, R. Ducatelle. Tissue distribution of p-glycoprotein in cats. Anat. Histol.
Embryol. 38 (2009) 455-460. https://doi.org/10.1111/j.1439-0264.2009.00972.x.

J.B. Dressman. Comparison of canine and human gastrointestinal physiology. Pharm. Res. 3 (1986)
123-131. https://doi.org/10.1023/A:1016353705970.

C. Wang, B. Zhai, H. Guo, P. Wang, Z. Liu, J. Gu, H. Ho, P. Langgut, K. Li, C. Wang, Z. Hao, In Vivo
Measurement of Gastric Fluid volume in Anesthetized Dogs, J. Drug Deliv. Sci. Technol 55 (2020)
p.101488. https://doi.org/10.1016/j.ijddst.2019.101488.

22

(e |


https://doi.org/10.1093/jn/136.7.1932S
https://scholar.google.com/citations?user=lVtS-2cAAAAJ&hl=en&oi=sra
http://doi.org/10.1007/978-1-4614-4439-8_1
https://horse-canada.com/magazine/miscellaneous/10-amazing-facts-equine-sense-taste/
https://horse-canada.com/magazine/miscellaneous/10-amazing-facts-equine-sense-taste/
https://doi.org/10.1016/j.jevs.2018.02.010
https://www.fda.gov/animal-veterinary/guidance-regulations/animal-medicinal-drug-use-clarification-act-1994-amduca
https://www.fda.gov/animal-veterinary/guidance-regulations/animal-medicinal-drug-use-clarification-act-1994-amduca
https://doi.org/10.3390/pharmaceutics12090844
https://doi.org/10.3390/pharmaceutics12090844
https://www.gastrojournal.org/article/S0016-5085(67)80097-0/pdf
https://www.gastrojournal.org/article/S0016-5085(67)80097-0/pdf
https://doi.org/10.1080/01926230390174896
https://doi.org/10.1111/j.1751-0813.1973.tb09292.x
https://doi.org/10.1111/j.1751-0813.1973.tb09292.x
https://doi.org/10.3390/ani9100832
https://doi.org/10.1111/jvim.14779
https://doi.org/10.2460/javma.252.2.195
https://doi.org/10.1111/j.1365-2885.2004.00573.x
https://doi.org/10.1111/j.1365-2885.2004.00573.x
https://doi.org/10.1208/s12248-017-0055-y
https://doi.org/10.1046/j.1365-2885.2002.00415.x
https://doi.org/10.1111/j.1439-0264.2009.00972.x
https://doi.org/10.1023/A:1016353705970
https://doi.org/10.1016/j.jddst.2019.101488

ADMET & DMPK 10(1) (2022) 1-25 Veterinary gastrointestinal differences influencing solubility

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

M.G. Papich. Ciprofloxacin pharmacokinetics and oral absorption of generic ciprofloxacin tablets in
dogs. Am. J. Vet. Res. 73 (2012) 1085-1091. https://doi.org/10.2460/ajvr.73.7.1085.

M.G. Papich. Ciprofloxacin Pharmacokinetics in Clinical Canine Patients. J. Vet. Intern. Med. 31 (2017)
1508-1513. https://doi.org/10.1111/jvim.14788.

L.X. Yu, G.L. Amidon, J.E. Polli, H. Zhao, M.U. Mehta, D.P. Conner, V.P. Shah, L.J. Lesko, M.L. Chen, V.H.
Lee, A.S. Hussain. Biopharmaceutics classification system: the scientific basis for biowaiver
extensions. Pharm. Res. 19 (2002) 921-925. https://doi.org/10.1023/a:1016473601633.

M. Madsen, K. Messenger, M.G. Papich. Pharmacokinetics of levofloxacin following oral administration
of a generic levofloxacin tablet and intravenous administration to dogs. Am. J. Vet. Res. 80 (2019) 957-
962. https://doi.org:10.2460/ajvr.80.10.957.

K. Sagawa, F. Li, R. Liese, S.C. Sutton. Fed and fasted gastric pH and gastric residence time in conscious
beagle dogs. J. Pharm. Sci. 98 (2009) 2494-2500. https://doi.org//10.1002/jps.21602.

M. Akimoto, N. Nagahata, A. Furuya, K. Fukushima, S. Higuchi, T. Suwa. Gastric pH profiles of beagle
dogs and their use as an alternative to human testing. Eur. J. Pharm. Biopharm. 49 (2000) 99-102.
https://doi.org/10.1016/s0939-6411(99)00070-3.

P.L. Walsh, J. Stellabott, R. Nofsinger, W. Xu, D. Levorse, K. Galipeau, F. Kesisoglou. Comparing Dog and
Human Intestinal Fluids: Implications on Solubility and Biopharmaceutical Risk Assessment. AAPS
PharmSciTech 18 (2017) 1408-1416. https://doi.org/10.1208/s12249-016-0611-2.

Papich MG. Drug therapy in cats: Precautions and guidelines. In: Consultations in Feline Internal
Medicine, August J.R. (editor), Elsevier Saunders, St. Louis, MO. Chapter 31. page 279-290, 2006. ISBN:
9780721604237

H.P. Lefebvre, B. Reynold. A Cat is Not a Dog: Specific Therapeutic Considerations https://www.vin.-
com/apputil/content/defaultadvl.aspx?pld=11242&catld=31922&id=3860757. (accessed
09/18/2021).

M.K. Tolbert, S. Olin, S. MaclLane, E. Gould, J.M. Steiner, S. Vaden, J. Price. Evaluation of Gastric pH and
Serum Gastrin Concentrations in Cats with Chronic Kidney Disease. J. Vet. Intern. Med. 31 (2017) 1414-
1419. https://doi.org/10.1111/jvim.14807.

N.J. Telles, B.T. Simon, E.M. Scallan, E.N. Gould, M.G. Papich, Y. He, M.T. Lee, J.A. Lidbury, J.M. Steiner,
A. Kathrani, K.M. Tolbert. Evaluation of gastrointestinal transit times and pH in healthy cats using a
continuous pH monitoring system. Journal of Feline Medicine and Surgery December (2021).
https://doi.org/10.1177/1098612X211062096.

M.L. Chandler, G. Guilford, C.R. Lawoko. Radiopaque markers to evaluate gastric emptying and small
intestinal transit time in healthy cats. J. Vet. Intern. Med. 11 (1997) 361-364. https://doi.org/10.1111-
/i.1939-1676.1997.tb00481 .x.

B. Carlborg, O. Densert. Esophageal lesions caused by orally administered drugs. An experimental study
in the cat. Eur. Surg. Res. 12 (1980) 270-282. https://doi.org/10.1159/000128132.

B. Carlborg, O. Densert, C. Lindqvist. Tetracycline induced esophageal ulcers. a clinical and
experimental study. Laryngoscope 93 (1983) 184-187. https://doi.org/10.1288/00005537-198302000-
00011.

T.T. Kararli. Comparison of the gastrointestinal anatomy, physiology, and biochemistry of humans and
commonly used laboratory animals. Biopharm. Drug Dispos. 16 (1995) 351-380.
https://doi.org/10.1002/bdd.2510160502.

Understanding the Ruminant Animal Digestive System. http://extension.msstate.edu/publications/-
publications/understanding-the-ruminant-animal-digestive-system (accessed 09/18/2021).

M.N. Martinez, J.C. Kawalek, K.D. Howard, J.L. Ward, P. Marroum, W. Marnane, D. Bensley, F.R. Pelsor,
S. Hoag, A.S. Tatavarti, L. Xie, R. Fahmy. Comparison of bovine in vivo bioavailability of two
sulfamethazine oral boluses exhibiting different in vitro dissolution profiles. J. Vet. Pharmacol.
Ther. 29 (2006) 459-467. https://doi.org/10.1111/j.1365-2885.2006.00781..x.

doi: http://dx.doi.org/10.5599/admet.1140 23



http://dx.doi.org/10.5599/admet.1140
https://doi.org/10.2460/ajvr.73.7.1085
https://doi.org/10.1111/jvim.14788
https://doi.org/10.1023/a:1016473601633
https://doi.org/10.2460/ajvr.80.10.957
https://doi.org/10.1002/jps.21602
https://doi.org/10.1016/s0939-6411(99)00070-3
https://doi.org/10.1208/s12249-016-0611-2
https://www.vin.com/apputil/content/defaultadv1.aspx?pId=11242&catId=31922&id=3860757
https://www.vin.com/apputil/content/defaultadv1.aspx?pId=11242&catId=31922&id=3860757
https://doi.org/10.1111/jvim.14807
https://doi.org/10.1177/1098612X211062096
https://doi.org/10.1111/j.1939-1676.1997.tb00481.x
https://doi.org/10.1111/j.1939-1676.1997.tb00481.x
https://doi.org/10.1159/000128132
https://doi.org/10.1288/00005537-198302000-00011
https://doi.org/10.1288/00005537-198302000-00011
https://doi.org/10.1002/bdd.2510160502
http://extension.msstate.edu/publications/publications/understanding-the-ruminant-animal-digestive-system
http://extension.msstate.edu/publications/publications/understanding-the-ruminant-animal-digestive-system
https://doi.org/10.1111/j.1365-2885.2006.00781.x

Martinez, Papich and Fahmy ADMET & DMPK 10(1) (2022) 1-25

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

(86]

[87]

(88]

W. Griinberg, P.D. Constable, CHAPTER 6 - Function and Dysfunction of the Ruminant Forestomach. In:
Food Animal Practice (Fifth Edition), D.E. Anderson, D. M. Rings (eds), W.B. Saunders, Missouri, 2009,
Pages 12-19, ISBN 9781416035916, https://doi.org/10.1016/B978-141603591-6.10006-5 .

L.J. Henze, N.J. Koehl, R. Jansen, R. Holm, M. Vertzoni, P.D. Whitfield, B.T. Griffin. Development and
evaluation of a biorelevant medium simulating porcine gastrointestinal fluids. Eur. J. Pharm.
Biopharm. 154 (2020) 116-126. https://doi.org:10.1016/j.ejpb.2020.06.009.

S.S. Davis, L. lllum, M. Hinchcliffe. Gastrointestinal transit of dosage forms in the pig.J. Pharm.
Pharmacol. 53 (2001) 33-39. https://doi.org/10.1211/0022357011775163.

J.D. Baggot. Bioavailability and bioequivalence of veterinary drug dosage forms, with particular
reference to horses: an overview.J. Vet. Pharmacol. Ther. 15 (1992) 160-173. https://doi.org/-
10.1111/j.1365-2885.1992.tb01003.x.

T.J. Doherty, F.M. Andrews, M.K. Provenza, D.L. Frazier. Acetaminophen as a marker of gastric
emptying in ponies. Equine. Vet. J. 30 (1998) 349-351. https://doi.org/10.1111/j.2042-
3306.1998.tb04109.x.

K.L. Lohmann, A.J. Roussel, N.D. Cohen, D.M. Boothe, P.C. Rakestraw, M.A. Walker. Comparison of
nuclear scintigraphy and acetaminophen absorption as a means of studying gastric emptying in horses.
Am. J. Vet. Res. 61 (2000) 310-3155. https://doi.org/10.2460/ajvr.2000.61.310.

A.M. Stokes, N.L. Lavie, M.L. Keowen, L. Gaschen, F.P. Gaschen, D. Barthel, F.M. Andrews. Evaluation
of a wireless ambulatory capsule (SmartPill®) to measure gastrointestinal tract pH, luminal pressure
and temperature, and transit time in ponies. Equine Vet. J. 44 (2012) 482-486. https://doi.org/-
10.1111/j.2042-3306.2011.00533.x.

S.J. Baker, E.L. Gerring. Gastric emptying of four liquid meals in pony foals. Res. Vet. Sci. 56 (1994) 164-
169. https://doi.org/10.1016/0034-5288(94)90099-x.

Digestive Anatomy and Physiology of the Horse. https://www.extension.iastate.edu/equine/blog/dr-
peggy-m-auwerda/digestive-anatomy-and-physiology-horse. (accessed 09/18/2021).

F.M. Andrews. Equine Gastric Ulcer Syndrome. American Association of Equine Practitioners.
https://aaep.org/horsehealth/equine-gastric-ulcer-
syndrometf:~:text=High%20acid%20in%20the%20stomach%20may%20predispose%20foals,from%20
1.5%20t0%207.0%2C%20depending%200n%20region%20measured. (accessed 09/18/2021).

C. Thune. Ideal feed frequency for horses. https://thehorse.com/182673/ideal-feed-frequency-for-
horses/. Accessed 10/07/2021.

J.L. Davis, D. Little, A.T. Blikslager, M.G. Papich. Mucosal permeability of water-soluble drugs in the
equine jejunum: a preliminary investigation.) Vet Pharmacol Ther29 (2006) 379-385.
https://doi.org:10.1111/].1365-2885.2006.00757..x.

M. Van Den Berg. Anatomy of the horse’s digestive tract, Part 2: the small intestine. (dated September
20, 2020). https://horsesandpeople.com.au/anatomy-of-the-digestive-tract-part-2-the-small-
intestine/ (accessed 09/18/2021).

A. Sacranie. The Relationship Between Fee Particle size, gizzard development and broiler performance.

In: Zootechnica Internation. https://zootecnicainternational.com/poultry-facts/relationship-feed-
particle-size-gizzard-development-broiler-performance/. Accessed 09/18/21.

B. Svihus. The gizzard: function, influence of diet structure and effects on nutrient availability. Worlds
Poult. Sci. J. 67 (2011) 207-224. https://doi.org/10.1017/S0043933911000249.

B. Svihus. Function of the digestive system. J. Appl. Poult. Res. 23 (2014) 306—314. https://doi.org/-
10.3382/japr.2014-00937.

R. Gauthier (2002). Intestinal health, the key to productivity: The case of organic acids. Presented at
Precongreso Cientifico Avicola IASA, Puerto Vallarta, Jal. Mexico, 30 April, 2002.
https://www.researchgate.net/publication/313391701 Intestinal health the key to productivity T
he case of organic acids#fullTextFileContent Accessed 09/18/2021.

24

(e |


https://doi.org/10.1016/B978-141603591-6.10006-5
https://doi.org:10.1016/j.ejpb.2020.06.009
https://doi.org/10.1211/0022357011775163
https://doi.org/10.1111/j.1365-2885.1992.tb01003.x
https://doi.org/10.1111/j.1365-2885.1992.tb01003.x
https://doi.org/10.1111/j.2042-3306.1998.tb04109.x
https://doi.org/10.1111/j.2042-3306.1998.tb04109.x
https://doi.org/10.2460/ajvr.2000.61.310
https://doi.org/10.1111/j.2042-3306.2011.00533.x
https://doi.org/10.1111/j.2042-3306.2011.00533.x
https://doi.org/10.1016/0034-5288(94)90099-x
https://www.extension.iastate.edu/equine/blog/dr-peggy-m-auwerda/digestive-anatomy-and-physiology-horse
https://www.extension.iastate.edu/equine/blog/dr-peggy-m-auwerda/digestive-anatomy-and-physiology-horse
https://aaep.org/horsehealth/equine-gastric-ulcer-syndrome#:~:text=High%20acid%20in%20the%20stomach%20may%20predispose%20foals,from%201.5%20to%207.0%2C%20depending%20on%20region%20measured
https://aaep.org/horsehealth/equine-gastric-ulcer-syndrome#:~:text=High%20acid%20in%20the%20stomach%20may%20predispose%20foals,from%201.5%20to%207.0%2C%20depending%20on%20region%20measured
https://aaep.org/horsehealth/equine-gastric-ulcer-syndrome#:~:text=High%20acid%20in%20the%20stomach%20may%20predispose%20foals,from%201.5%20to%207.0%2C%20depending%20on%20region%20measured
https://thehorse.com/182673/ideal-feed-frequency-for-horses/
https://thehorse.com/182673/ideal-feed-frequency-for-horses/
https://doi.org/10.1111/j.1365-2885.2006.00757.x
https://horsesandpeople.com.au/anatomy-of-the-digestive-tract-part-2-the-small-intestine/
https://horsesandpeople.com.au/anatomy-of-the-digestive-tract-part-2-the-small-intestine/
https://zootecnicainternational.com/poultry-facts/relationship-feed-particle-size-gizzard-development-broiler-performance/
https://zootecnicainternational.com/poultry-facts/relationship-feed-particle-size-gizzard-development-broiler-performance/
https://doi.org/10.1017/S0043933911000249
https://doi.org/10.3382/japr.2014-00937
https://doi.org/10.3382/japr.2014-00937
https://www.researchgate.net/publication/313391701_Intestinal_health_the_key_to_productivity_The_case_of_organic_acids#fullTextFileContent
https://www.researchgate.net/publication/313391701_Intestinal_health_the_key_to_productivity_The_case_of_organic_acids#fullTextFileContent

ADMET & DMPK 10(1) (2022) 1-25 Veterinary gastrointestinal differences influencing solubility

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]
[101]

[102]

[103]

[104]

[105]

R. Porter. Avian Digestive System (dated March 2012). https://www.pheasant.com/Portals/0/-
Avian%20Digestive%20System%20-%20Robert%20Porter%20PDF.pdf?ver=2019-09-05-135223-670.
(accessed 09/18/2021).

D.P. Elder. Effective formulation development strategies for poorly soluble active pharmaceutical
ingredients (APl. American Pharmaceutical Review October 2010. https://www.american-
pharmaceuticalreview.com/Featured-Articles/114950-Effective-Formulation-Development-
Strategies-for-Poorly-Soluble-Active-Pharmaceutical-Ingredients-APIs/

E. Eckernds, C. Tannergren. Physiologically based biopharmaceutics modeling of regional and colonic
absorption in dogs. Mol. Pharm. 18 (2021) 1699-1710. http://doi.org/10.1021/acs.molpharmaceut-
.0c01201.

C.C. Cester, P.L. Toutain. A comprehensive model for enrofloxacin to ciprofloxacin transformation and
disposition in dog. J. Pharm. Sci. 86 (1997) 1148-1155. https://doi.org/10.1021/is9603461.

R.M. Fahmy, M.N. Martinez. Principles of pharmaceutics and veterinary dosage forms. In: Veterinary
Pharmacology and Therapeutics, J.E. Riviere and M.G. Papich, eds., John Wiley and Sons, Inc., Hoboken,
N.J., (2018) pp 87-110.

F. Banova, Flavoring options for veterinary compounding. https://www.pccarx.com/Blog/flavoring-
options-for-veterinary-compounding Accessed 12/03/2021.

N. Zhao, L.L. Augsburger. The influence of swelling capacity of superdisintegrants in different pH media
on the dissolution of hydrochlorothiazide from directly compressed tablets. AAPS
PharmSciTech. 6 (2005) E120-126. https://doi.org/10.1208/pt060119.

C. Cui, J. Sun, X. Wang, Z. Yu, Y. Shi. Factors Contributing to Drug Release From Enteric-Coated
Omeprazole Capsules: An In Vitro and In Vivo Pharmacokinetic Study and IVIVC Evaluation in Beagle
Dogs. Dose Response 18 (2020). https://doi.org/10.1177/1559325820908980.

A. Gaier, J. Price, L. Grubb, S. Fitzgerald, M.K. Tolbert MK. A prospective, randomized, masked, placebo-
controlled crossover study for the effect of 10 mg omeprazole capsules on gastric pH in healthy dogs.
J. Vet. Intern. Med. 35 (2021) 887-891. https://doi.org/10.1111/jvim.16061.

S.A. Center, J.F. Randolph, K.L. Warner, J. McCabe-McClelland, P. Foureman, W.E. Hoffmann, H.N. Erb.
The effects of S-adenosylmethionine on clinical pathology and redox potential in the red blood cell,
liver, and bile of clinically normal cats. J. Vet. Intern. Med. 19 (2005) 303-314.
https://doi.org/10.1892/0891-6640(2005)19[303:teosoc]2.0.co;2.

S.R. Byrn, R.R.Pfeiffer, J.G. Stowell (1999). Solid-State Chemistry of Drugs (2nd ed). SSCI, Inc., West
Lafayette, Indiana.

S. Nath. Coccidiosis in poultry. Coccidia of Poultry (ndvsu.org). Accessed 12/03/21.

M.N. Martinez, M.D. Apley. Drug solubility classification in the bovine. J. Vet. Pharmacol. Ther. 35 Suppl
1 (2012) 93-97. https://doi.org/10.1111/].1365-2885.2012.01369.x.

R.l. Senderoff, M. Mahjour, G.W. Radebaugh. Characterization of adsorption behaviour by solid dosage
form excipients in formulation development. Int. J. Pharm. 83 (1992) 65-72.
https://doi.org:10.1016/0378-5173(82)90009-6.

S.M. Alsaidan, A.A. Alsughayer, A.G. Eshra. Improved dissolution rate of indomethacin by adsorbents.
Drug Dev. Ind. Pharm. 24 (1998) 389-394. https://doi.org/10.3109/03639049809085635.

lowa State University Extension and Outrach: Digestive Anatomy and Physiology of the horse.
https://www.extension.iastate.edu/equine/blog/dr-peggy-m-auwerda/digestive-anatomy-and-
physiology-horse. Accessed 12/06/2021.

B.W. Sykes, C. Underwood, R. Greer, C.M. McGowan, P.D. Mills. Pharmacokinetics and bioequivalence
testing of five commercial formulations of omeprazole in the horse. J. Vet. Pharmacol. Ther. 39 (2016)
78-83. https://doi.org/10.1111/jvp.12240.

©2022 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article distributed under the terms and

conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/)

doi: http://dx.doi.org/10.5599/admet.1140 25



http://dx.doi.org/10.5599/admet.1140
https://www.pheasant.com/Portals/0/Avian%20Digestive%20System%20-%20Robert%20Porter%20PDF.pdf?ver=2019-09-05-135223-670
https://www.pheasant.com/Portals/0/Avian%20Digestive%20System%20-%20Robert%20Porter%20PDF.pdf?ver=2019-09-05-135223-670
https://www.americanpharmaceuticalreview.com/Featured-Articles/114950-Effective-Formulation-Development-Strategies-for-Poorly-Soluble-Active-Pharmaceutical-Ingredients-APIs/
https://www.americanpharmaceuticalreview.com/Featured-Articles/114950-Effective-Formulation-Development-Strategies-for-Poorly-Soluble-Active-Pharmaceutical-Ingredients-APIs/
https://www.americanpharmaceuticalreview.com/Featured-Articles/114950-Effective-Formulation-Development-Strategies-for-Poorly-Soluble-Active-Pharmaceutical-Ingredients-APIs/
http://doi.org/10.1021/acs.molpharmaceut.0c01201
http://doi.org/10.1021/acs.molpharmaceut.0c01201
https://doi.org/10.1021/js9603461
https://www.pccarx.com/Blog/flavoring-options-for-veterinary-compounding
https://www.pccarx.com/Blog/flavoring-options-for-veterinary-compounding
https://doi.org/10.1208/pt060119
https://doi.org/10.1177/1559325820908980
https://doi.org/10.1111/jvim.16061
https://doi.org/10.1892/0891-6640(2005)19%5b303:teosoc%5d2.0.co;2
http://ndvsu.org/images/StudyMaterials/Parasitology/coccidiosis-in-poultry-ppt.pdf
https://doi.org/10.1111/j.1365-2885.2012.01369.x
https://doi.org/10.1016/0378-5173(82)90009-6
https://doi.org/10.3109/03639049809085635
https://www.extension.iastate.edu/equine/blog/dr-peggy-m-auwerda/digestive-anatomy-and-physiology-horse
https://www.extension.iastate.edu/equine/blog/dr-peggy-m-auwerda/digestive-anatomy-and-physiology-horse
https://doi.org/10.1111/jvp.12240
http://creativecommons.org/licenses/by/3.0/

