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Abstract. Depending upon the drug and drug delivery platform, species-specific physiological differences
can lead to errors in the interspecies extrapolation of drug performance. This manuscript provides an
overview of the species-specific physiological variables that can influence the performance of parenteral
dosage forms such as in situ forming delivery systems, nanoparticles, microspheres, liposomes, targeted
delivery systems, lipophilic solutions, and aqueous suspensions. Also discussed are those factors that can
influence the partitioning of therapeutic compounds into tumors, the central nervous system and the
lymphatics. Understanding interspecies differences in the movement and absorption of molecules is
important to the interpretation of data generated through the use of animal models when studying

parenteral drug delivery.
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INTRODUCTION

Animal testing supports the early assessment of a
compound's therapeutic and toxicological potential. When
preclinical species are used in the evaluation of human drug
candidates, the accuracy of these predictions depends largely
upon the interspecies similarities in drug metabolism, physi-
ology, absorption, and distribution. Despite the availability of
reviews on interspecies differences in drug pharmacokinetics
(PK) (1-4), similar attention has not been adequately given to
the interspecies differences that can influence the perform-
ance of parenteral drug delivery platforms and to those
factors that may influence target site drug delivery

This manuscript provides an overview of the species-
specific factors that can influence the performance of
parenteral dosage forms such as in situ forming delivery
systems, nanoparticles, microspheres, liposomes, targeted
delivery systems, lipophilic solutions, and aqueous suspen-
sions. Also discussed are those factors that can influence the
partitioning of therapeutic compounds into tumors, the
central nervous system (CNS) and the lymphatics. In some
instances, literature discrepancies in interspecies differences
are reported and discussed. These controversies support the
goal of this review: to promote recognition of those variables
that can bias the clinical interpretation of animal model data.

1'US FDA/Center for Veterinary Medicine, Rockville, Maryland
20855, USA.

2To whom correspondence should be addressed. (e-mail: marilyn.
martinez@fda.hhs.gov)

1550-7416/11/0400-0632/0 © 2011 American Association of Pharmaceutical Scientists

632

To describe the diverse array of physiological variables
that can influence in vivo product performance, this manu-
script is organized as follows:

1. Factors that can influence parenteral drug absorption,
including interstitial tissue composition and the move-
ment of drug from the interstitium to the blood.

2. Factors that can influence drug partitioning into and
out of the blood, including interspecies differences in
plasma/serum composition, plasma protein binding,
and plasma lipoprotein composition.

3. Species-specific differences in inflammation and
immune system responses.

4. Factors that can influence target tissue delivery, with
the examples provided being tumor-directed drug
delivery and drug delivery to the brain.

While it is impossible for a single review to provide an
exhaustive summary of all factors that can influence drug
absorption and partitioning, this manuscript highlights the
many critical variable that can affect the inferential value of
data derived from preclinical species.

DIFFERENCES IN PARENTERAL DRUG
ABSORPTION

Interspecies differences in drug absorption have been
observed with even relatively simple injectable formulations
such as aqueous suspensions. For example, the comparative
bioavailability (expressed as area under the concentration
versus time curve, AUC) of two ampicillin formulations
(ampicillin trihydrate aqueous versus ampicillin oily suspen-
sion) following intramuscular (IM) injections was equivalent
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in calves but was not equivalent in swine (5). Similarly,
comparing two ivermectin formulations in swine versus cattle,
Lifschitz et al. (6) observed nearly identical time to peak
concentrations (Tmax) following subcutaneous (SC) injections
of two formulations in cattle, but markedly different Tmax
values when these two formulations were administered via SC
injection to swine. In another example, cattle and swine
exhibited very different in vivo drug release characteristics from
an SCimplant, even though these implants were administered in
the identical anatomical location and at the same milligrams per
kilogram dose (personal communication).

Tissue Fluid Volume

Depending upon drug aqueous solubility, differences in
fluid volume at the injection site may influence in vivo
dissolution characteristics and therefore, the rate at which the
drug is absorbed (7,8). Accordingly, when using animal
models to test the in vivo drug release characteristics of
parenteral formulations, it is important to appreciate site-
specific differences in local interstitial fluid volume (9). For
example, differences in the fluid volume per wet weight in
tissues of rats ranges from about 0.05 mL/g wet weight for
muscles (e.g., gastrocnemius, semimembranous, and tibialis
anterior muscle) to over 0.4 mL/g wet weight of skin
(hindlimb skin and back skin).

Interstitial Matrix Composition

Drug absorption following IM and SC administration of
solutions and suspension can be influenced by such factors as
capillary permeability, local blood flow, interstitial diffusivity,
and the characteristics of the tissue barrier to solute and
solvent spread. This point was demonstrated by the changes
in parenteral drug absorption occurring when the integrity of
the interstitial network was altered through the addition of
hyaluronidase, which degrades hyaluronic acid (HA), also
known as hyaluronan. Hyaluronidase-induced degradation of
HA at the IM injection site resulted in a marked increase in
the rate of atropine rate of absorption in guinea pigs (10).
Similarly, hyaluronidase significantly enhanced the absorption
of IM administered ['*CJinulin but had little influence on the
absorption of [PH] water in the gastrocnemius muscle of
rabbits (11). In fact today, hyaluronidase is used as an
adjuvant to increase the absorption and dispersion of some
injected drugs and radiopaque agents (12).

Along with collagen, the glycosaminoglycans (GAGs)
restrict molecular movement via exerting a size exclusion
function within the interstitial tissues. Among the GAGs, HA
(non-sulfated GAG) significantly influences the hydration
and physical properties of tissues, is integral to maintaining
tissue structure and assembly, and is one of the chief
components of the extracellular matrix. Although widely
distributed throughout connective, epithelial, and neural
tissues, HA content can differ across various anatomical
regions or across animal species (within an anatomical
region). Differences were observed in the HA content of rat
skin versus muscle (9). In terms of interspecies differences,
post-mortem HA content in the lamina propria of the vocal
folds of dogs, humans, pigs, and ferrets were compared (13).
The milligram amount of HA in pigs, dogs, and ferrets was
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approximately two-, three-, and fourfold greater than that
observed in people. The corresponding distribution of HA
across the top, middle, and lower-most layer of the lamina
propria also differed across species. A markedly lower
content was observed in the top layer of the lamina propria
of dogs. A greater fraction was located in the middle lamina
propria layer of the ferret. In contrast, the HA content is
relatively evenly distributed across all three layers in people.

Although the composition of HA appears to be consistent
across animal species, there may be differences in the molecular
weight of this polymer across anatomical regions within an
individual and between species (14,15). High-molecular-weight
HA occurs in the loose connective tissue and has the role of
maintaining cell integrity and water content. Whether or not IM
or SC drug absorption characteristics vary as a function of HA,
composition across animal species or administration site has not
been clearly demonstrated. Nevertheless, depending upon the
size, charge, and hydrophilicity of the drug molecule, an
influence of these compositional differences on drug movement
and absorption should not be discounted.

The smaller HA fragments form a highly complex
intercellular signaling system (16). HA interacts with cells
during healing, inflammation, and cancer by binding to cell
surface receptors such as cluster determinant 44 (CD44) and
receptor for HA-mediated motility. This HA-receptor inter-
action influences cell proliferation and movement and has
implications in inflammation, allergic responses, neutrophil
and T lymphocyte recruitment, atherosclerosis, injury repair,
and autoimmune diseases, (17-19). CD44 has recently gained
a great deal of attention owing to its apparent role in cell
migration, tumorigenesis, metastasis, and regulation of
immune responses (18,20). In fact, degradation of the HA
matrix by exogenously added hyaluronidase has been
observed to decrease tumor growth and facilitate anti-
tumor activity of cancer therapeutics, and antibodies that
block HA binding to CD44 can inhibit tumor growth and
invasion (21).

HA is currently being explored as a backbone to which
drugs (e.g., siRNA) can be conjugated with the purpose of
targeted drug uptake into tissues that over-express HA recep-
tors such as CD44. Once internalized, the drug can be released
from HA through hydrolytic processes. Drug-HA conjugation
can also be used to reduce drug toxicity, and to increase drug
aqueous solubility (21). Targeted drug delivery systems, such as
liposomes, dendrimers, micelles, and polymeric and ceramic
nanoparticles, are being developed that bind to over-expressed
CD44. Products are often formulated to provide an extended
duration of residence within the systemic circulation and tissues
or as extended release formulations, such as novel depot
delivery systems (22). The ability of cells to interact with and
internalize these systems will be a function of the magnitude of
CD44 expression at the cell surface (23).

Clearly, interspecies differences in CD44 expression and
binding affinity will influence the accuracy of preclinical
species data generated during product development.
Although published literature provided little insights into
the species differences in the affinities and activities of these
receptors, distinct area of low DNA sequence homology
(within the region coding for the extracytoplamsic domain)
has been identified when CD44 genes were compared in
bovine, human, and mouse (24). It is thought that the low
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similarity within this region may contribute to species-specific
types of cellular adhesion.

In addition to genetic coding, of importance to CD44
structure and function are species-specific splice variants and
protein posttranslational modifications. Theoretically, hun-
dreds of CD44 isoforms can be generated by alternative
splicing where exons are inserted in different combinations
between the two constant regions of the molecule. In addition
to these splice variants, posttranslational modifications by
glycosylation and GAG attachments can modify the function
of the CD44 isoform (25,26). Thus, it is interesting to consider
potential implications of the patterns of similarities and
differences in some of the splice variants observed both
across tissues of the same species (dog) or between species,
such as the rat, dog, and human (27). In recognition of the
potential involvement of CD44 variants in the progression of
various types of tumors, since CD44 function is ultimately
controlled by its posttranslational modifications (28), it is
important to question whether or not (and the conditions
under which) interspecies differences in CD44 primary
structure can influence the accuracy of therapeutic predic-
tions generated with preclinical species.

Movement of Drug from the Interstitium to Blood

Once a compound is solubilized, its uptake into the general
circulation (transcellular transport) is primarily controlled by
blood perfusion and not by the permeability of the capillary
membrane (perfusion-limited transport). Conversely, small
hydrophilic molecules are dependent upon paracellular trans-
port processes. Therefore, the rate of tissue uptake is controlled
by capillary membrane characteristics (e.g., pore diameter).
These situations reflect diffusion-limited transport. For the
latter, the magnitude of tissue uptake of the drug will vary
across animal species and the concentration of the small
molecule.

To demonstrate this point, Watson (29) modeled paired-
tracer data (lactate and mannitol) in an effort to predict the
likely differences in hindlimb skeletal muscle capillary
permeability-surface area product (PS) in cats (their unpub-
lished data) and rats (from previously published data).
Because mannitol (molecular weight=182) is twice the size
of lactate (molecular weight=89), mannitol is expected to
diffuse more slowly than lactate from the blood. That is,
mannitol is expected to have a lower permeability-surface
area (PS) than lactate. The higher the PS, the more readily a
drug will diffuse between blood and the interstitial fluids, and
vice versa. With the assumption that the intracapillary
concentrations equilibrate rapidly as compared with the
extravascular concentrations, the amount of drug moved
from the blood to the target tissue per unit time can be
described as follows:

Q(Cy — Cy) = Q(Cy — Cif) <1 _ e*PS/Q>

where Q=blood flow, C, and C, are the arterial and venous
tracer concentrations, and Cir is the tracer concentration
in the interstitial fluids (29). Applying this relationship,
Watson showed that the PS for lactate and mannitol was
approximately 2.6 times greater in the rat as compared to
cats.
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The relevance of capillary surface area in terms of its
effects on drug tissue penetration was exemplified in the
assessment of ciprofloxacin tissue to plasma ratios in lean
versus obese human subjects. Ciprofloxacin was administered
as a single intravenous (IV) infusion of 2.85 mg/kg over
20 min. Ciprofloxacin concentrations were measured both in
plasma and interstitial fluids (microdialysis in the middle third
of the anterior aspect of the right thigh). Markedly higher
tissue penetration (based upon the ratio of ciprofloxacin
concentrations in the interstitial fluids versus the plasma) was
observed in the lean versus the obese patients. Consequently,
the AUCjs5ue/ AUCpjasma Tatio, was lower in obese than in
lean subjects (0.45+0.27 vs 0.82+0.36, P<0.01, for obese
versus lean subjects, respectively). The comparative steady
state volumes of distribution (expressed as liters), when
corrected for kilogram body weight, were similar, indicating
that the overall distribution volume was markedly lower in
obese than in lean subjects. This difference in drug distribu-
tion volume was concluded to reflect differences in the
capillary surface to tissue volume ratio and accordingly, lower
tissue perfusion in the obese versus lean subjects (30).

Although interspecies differences in body composition
may likewise lead to differences in blood-tissue drug
exchange, less variability may be anticipated when compar-
isons are considered relative to lean body mass. Schmittmann
and Rohr (31) suggested that the PS of skeletal muscle
capillaries tends to be very similar across several species.
These investigators observed that in humans and animal
species, there is virtually the same negative linear correlation
between PS and molecular weight. However, interspecies
differences are seen in lymphatic drug absorption (32-34).
For example:

* Rats: Macromolecules tend to be absorbed primarily
via capillaries.

» Sheep, dogs, and pigs: Macromolecule uptake is often
highly dependent upon lymphatic absorption.

These observed interspecies differences may be attribut-
able to a variety of factors including (32-34):

* Site of administration (e.g., thigh of rat versus
interdigital space of the hind limb of sheep).

* Actual dose-corrected amount of drug (where higher
concentrations of molecules such as insulin used in
sheep can lead to aggregate formation, which then
encourages lymphatic absorption).

* Lymphatic vessel used for sampling.

» Use of anesthesia.

* Freedom of movement.

In regard to the impact of administration site, using
radio-labeled liposomes, Oussoren et al. (35) demonstrated
that in rats, the percentage of residual liposomes at the
injection site was highly dependent upon the site of injection
(flank, dorsal side of the foot, footpad). The greatest amount
of residual drug remaining at the injection site occurred when
the liposomes were administered into the flank region. The
highest percent absorbed occurred when the drug was
administered into the footpad. These differences reflected
the magnitude of lymphatic flow at the various sites. When
the pressure in the interstitial fluid increases above that
present within the lymphatic capillaries, the intercellular
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junctions in the lymphatic capillaries open up, leading to an
increase in lymph flow (36). The injected fluid itself can lead
to an increase in interstitial pressure. Therefore, the footpad
and dorsal aspect of the rat foot, which has little adipose
tissue, exhibits a substantial increase in interstitial pressure as
a result of the injection. On the other hand, the tissue in the
flank region is loose, allowing for negligible changes in tissue
pressure upon injection and therefore, a lesser degree of
liposomal uptake into the lymphatics.

Similarly, in sheep, injection site was associated with
substantial differences in the absorption rate of darbepoe-
tin alfa (37), a protein whose interstitial absorption occurs
primarily via the lymphatics. In fact, at least in part,
marked discrepancies between the time to peak systemic
darbepoetin alfa exposure in sheep versus humans appears
to be related to the difference in site of injection used in
the animal model (time to peak concentrations (Tmax)=
8 h) versus human subjects (Tmax=32-72 h). When
darbepoetin alfa was injected into the interdigitial space
(which is where it is usually administered when using the
sheep model) or in the shoulder, Tmax occurred at
approximately 8 h following SC injection. However, peaks
occurred within 18-72 h after SC administration into the
sheep abdomen. Human SC administration of this com-
pound is typically in the thigh, shoulder, or abdomen.
Moreover, comparing the relative fraction of the adminis-
tered dose absorbed over 90% was absorbed when
injected into the interdigital space while only about 67%
was absorbed after abdominal injection. Lymphatic uptake
remained the primary route of absorption at both
injection sites. It was hypothesized that this site-dependent
difference in uptake may reflect the level of muscle
activity associated with the various regions, with higher
blood and lymph flow occurring at sites with high muscle
activity. Thus again, we see the possible bias in drug
absorption kinetics occurring as a function of injection
site.

Site dependence also varies as a function of animal
species (36). For example, lymphatic absorption and lymph
node uptake after SC injection into the flank of guinea pigs is
much higher as compared to that observed when the lip-
osomes are injected into the flank region of rats. This
difference in lymphatic uptake is believed to reflect structural
differences in the interstitial tissue, where the rat provides
less dispersion area as compared to the guinea pig.
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Impact of Interstitial Differences on the Absorption of Large
Molecules

With this background in mind, it is not surprising that the
absorption characteristics of some human parenteral formu-
lations may be poorly predicted from data generated in
preclinical species. The PK of human recombinant-erythro-
poetin-p (tHEPO) following IV and SC injection was studied
in dogs, rats, and mice. These results were compared to data
previously collected in humans (38). Although the slow
absorption observed in dogs was the most similar to human
absorption kinetics, the estimated absolute bioavailability (F)
of the SC dose was markedly higher in dogs as compared to
humans. These relationships are presented in Table I.

As we examine the interspecies differences in Table I,
there are some important caveats to consider when assessing
the relevance of these reported interspecies differences. The
observed interspecies differences in F may be related to the
anatomical site of administration (note that the injection sites
used in the investigation by Bleuel et al. were not provided in
the study report). Furthermore, while these authors suggest
that the human bioavailability is only about 34.6%, Woo and
Jusko (39) suggest that F can go as high as 100% in humans
and monkeys when the SC dose of rHEPO-a>2,400 IU/kg.
Woo and Jusko observed that F in humans and monkeys
increase with dose. However, a similar observation was not
observed in rats (where F did not exceed 58%, regardless of
dose). Interestingly, the Woo and Jusko estimate of F for rats
was somewhat lower than the 76% estimated and reported by
Bleuel et al. (38). In this regard, it should be noted that the
two evaluations employed different forms of rHEPO.
Although the chemical characteristics of rHEPO-R, which
was used in the study by Bleuel et al., and rHEPO-a, studied
by Woo and Jusko (39), are highly similar (40); we cannot
exclude the possibility of differences in absorption kinetics of
the o and 3 forms of this recombinant proteins.

Nevertheless, the importance of potential mechanistic
differences in drug absorption, as a potential source of bias
when extrapolating bioavailability across animal species, was
underscored by the study of Woo and Jusko (39). In fitting
previously published PK data, they observed a biphasic SC
drug absorption process: a zero-order component which is
believed to be related to the lymphatic uptake of this
therapeutic protein and a first-order process that appeared
to be related to tissue size and blood flow. Unlike the zero-

Table I. PK of rHEPO Following IV or SC Injection (Values Fitted to a Simple One-Compartment Model)

T1/2 elimination (h)

Species Dog (IU/kg) Tmax (h) v SC %F T1/2 absorption (h)
Dog 500 (0.5 mL/kg) 18.1 6.7 24.6 80.3 27.7

Rat 1,000 (1 mL/kg) 12 13.8 12.6 76 54

Mouse 50 (10 mL/kg) 7 11 17.7 73 0.8

Mouse 150 (10 mL/kg) 3 7.7 9.7 68

Man® (see note in legend) 7.1 34.6 22.8

In all cases, serum concentration was corrected for background levels of endogenous erythropoietin. Animal results are compared against
published information on the PK of this compound in humans. Based upon the information provided by Bleuel et al. (7). Note that in reviewing
available information in the citations used to derive human dose, it would appear that most of the modeling was based upon doses of

approximately 250 IU/kg or less

“Weighted average of means from 13 publications (original data and calculations not provided)
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order component, the first-order process appeared to be
inversely related to body weight. However, the lymphatic
uptake was difficult to predict across animal species. Their
evaluation suggested that >68% of the SC dose was absorbed
by the zero-order process in rats and people but only about
35% of the total absorption was associated with a zero-order
process in monkeys. In sheep, about 75% of SC-administered
rHEPO-« is believed to be absorbed via the lymphatics (41).
Because lymphatic flow is highly dependent upon vessel
density and muscle movement, the zero-order absorption
component is likewise highly dependent upon animal species,
muscular activity, and site of drug administration.

Interspecies differences in SC absorption were also
observed when insulin aspart (IA) and human-soluble insulin
(HI) were administered via IV and SC injection to rats, dogs, and
pigs (42). Because of the degree of similarity of pig and human
SC lipid structure, it was predicted that pigs would provide a
satisfactory model of human drug absorption. Similar to what
was observed in people, the investigators note that swine SC IA
was absorbed more rapidly than SC HI. Although these two
insulins depleted at different rates both in swine and humans, the
terminal elimination half-lives (7'1/2) of IA and HI following SC
injection were nearly identical both in dogs and rats. It was
suggested that the interspecies difference in drug-related SC
absorption kinetics reflected the difference in amount of SC fat.
It was suggested that the lower amount of SC fat in dogs and rats
allowed for the faster absorption of IA as compared to what was
observed when 1A was administered to pigs.

FACTORS INFLUENCING DRUG MOVEMENT
INTO AND OUT OF THE BLOOD

Plasma/Serum Composition

Interactions between drugs and drug delivery systems
with host serum components can influence systemic drug
exposure which, in turn, can influence product safety and/or
effectiveness. Therefore, unique species plasma lipid and
protein characteristics can likewise lead to species-specific
differences in drug binding, serum transport, and ultimately
its PK. In this section, evidence supporting the importance of
recognizing the potential impact of these species-specific
plasma/serum attributes is discussed.

Interspecies differences in plasma composition include
the relative concentration of albumin and «l-glycoprotein
(43) (Fig. 1). Although total plasma protein content is

@Plasma albumin

Oal-glycoprokein

|| 0 Total plasma protein

o ~N & @

Concaentration (/100 mL plasma)
w
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|

Mouse Rat Rabbt Monkey Dog
Fig. 1. Interspecies comparison of plasma protein composition.

Based upon the information from Davies and Morris (43)
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greatest in the dog, the rat and mouse have much higher
levels of al-glycoprotein.

Brocks et al. (44) examined the lipoprotein cholesterol
(esterified and unesterified), triglyceride, and protein concen-
trations (milligrams per deciliter) in the various fractions of
fasted, normolipidemic human, dog, and rat plasma samples.
The dog possessed noticeably higher total protein levels in
the lipoprotein-deficient fraction (LPDP) and in the high-
density lipoprotein (HDL) fractions as compared to that
observed in rats and humans (Fig. 2). Differences in plasma
lipoprotein levels and the potential ramifications of these
differences are expanded upon later in this section.

Differences in the amount of total body water and
extracellular body water (expressed as milliliters) can be
explained on the basis of allometry. Because the observed
allometric exponent approaches a value of 1.0, it would
appear that extracellular and total body water varies in direct
proportion to species body weight.

Plasma Protein Binding

With the 80% homology of serum albumin amino acid
sequences of humans, rats, bovine, rabbit, and dogs, inter-
species differences in binding site activity has been observed.
Whether such differences are an experimental artifact or a
valid representation of in vivo binding differences remains a
point of debate. Using equilibrium dialysis for approximately
12 h, the binding of marker compounds (phenylbutazone,
ibuprofen, diazepam, and warfarin) were explored (45). The
binding to site 1 (by hydrophobic or by static interactions) for
warfarin and phenylbutazone appeared to be effectively
absent in dogs, a finding that was attributed to the canine
tertiary structure near that binding domain. However, site |
binding was high in humans. In contrast, with respect to site II
binding kinetics for drugs such as diazepam and ibuprofen,
the albumin derived from cattle, rats, and rabbits were
markedly different from that of dogs and humans. Canine
and human site II binding appeared to be very similar.

Interestingly, in some cases, observed interspecies differ-
ences in plasma protein binding may be an experimental
artifact. Sample processing can lead to the loss of CO, which
in turn can markedly increase the pH of ex vivo blood
samples. This progressive increase in the alkalinity can occur
within only a few hours after blood has been collected (46).
Kochansky et al. (47) showed that the pH of fresh rat plasma
(incubated at 37°C) increased from 7.2 at time zero to 8.0
(within 60 min of incubation), and it went up to 8.7 at 250 min
of incubation. Similar changes were observed in samples of
frozen human plasma.

Using plasma from humans, rats, and dogs, Kochansky et
al. (47) compared the relationship between the free fraction
(of 55 drugs in human plasma and 14 drugs in dog and rat
plasma) when the plasma samples were incubated with 10%
CO, versus the free incubated in air. Thus, in this study, the
fu,p ratio effectively examined the ratio of the unbound
fraction estimated at pH 7.2 versus 8.8. The effect of pH on
plasma protein binding of the drug (fu,p) showed greater
similarity between humans and dogs than it did between
humans and rats. The greater human-dog versus human-rat
correlation appeared to be primarily a function of the
unbound fraction at pH 7.2. The magnitude of correlation
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observed in both sets of interspecies comparisons decreased
substantially when the pH was allowed to increase to 8.6.
Thus, a failure to adequately control the pH of the incubated
samples may contribute to differences in the free faction of
drug observed in human versus animal plasma. Since anionic
compounds tend to present with lower fi,p ratio than do the
cationic compounds, this disparity may be a particularly
important source of bias when evaluating the percent protein
binding of anionic compounds.

In addition to the percent protein binding, for highly
bound compounds, binding affinities need to be considered. If
sufficiently low, the high protein binding could have a
beneficial effect, serving as a mechanism for systemic trans-
port of the drug. Conversely, a tightly bound compound could
render the drug molecule ineffective. Pistolozzi and Bertucci
(48) examined the relative binding affinities of a variety of
compounds to albumin derived from humans, dogs, rats, and
bovine. They observed that the relative binding affinities
varied both as a function of drug, binding site, and animal
species. They also observed a species-specific stereoselectivity
of drug binding to the albumin (which in turn is a function of
the protein conformational change induced by the ligand
binding). For example, the binding affinity of phenylbutazone
to the serum albumin of cattle and rats were approximately
tenfold greater than that of humans and dogs. Nearly
opposite relationships were observed for the binding affinity
of diazepam (where the binding to dog and human albumin
was approximately tenfold greater than that observed in
cattle and rats). The authors noted that the use of circular
dichroism spectroscopy enabled them to selectively monitor
binding to stereospecific sites on the albumin.

Other examples of differences in plasma protein binding
affinities are provided below.

Insulin

The prolonged residence of fatty acid-acylated insulin has
been attributed to its slow dissociation from host albumin. The
magnitude of this binding affinity varies markedly across animal
species. Comparing insulin binding to the albumin from humans,
pigs, and rabbits (expressed relative to the binding affinity to

human albumin), the relative binding varied from 1:1.5:35,
respectively. The much higher binding affinity of this compound
to the serum albumin of rabbits, as compared to that of other
species, is believed to be responsible for the diminished but
prolonged effects in rabbits as compared to those observed in
pigs following SC injection. These findings represent the
importance of species differences in ligand binding when
evaluating highly albumin-bound peptide derivatives (49).

Contrast Agents

Understanding interspecies differences in the binding
affinities to the various protein constituents is particularly
important when developing radiopharmaceuticals. For exam-
ple, the interaction between neutral lipophilic copper chelates
with serum albumin was found to be highly compound and
animal species specific. Using ultrafiltration binding assays,
Basken et al. (50) observed that binding of pyruvaldehyde bis
(N*-methylthiosemicarbazonato)copper (II) (Cu-PTSM) to
pig serum substantially exceeded the binding to pig albumin
(binding evaluations conducted under room air). There were
also tremendous interspecies differences in the relative drug
binding to the various serums versus to albumins (Fig. 3).
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Fig. 3. Interspecies differences in the relationship between in vitro
serum and serum albumin binding of Cu-PTSM. Based upon the data
from Basken et al. (50)
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These interspecies differences in protein binding affected not
only the tissue distribution and half-life of these compounds,
but also the signal to noise ratio associated with the use of
these contrast agents (51).

Propanfenone

Propanfenone is an anti-arrhythmic drug that binds largely
to al-glycoproteins. Markedly different in vitro protein binding
was seen in the plasma of eight mammalian species (including
humans). At concentrations of 250 ng/mL, in vitro free drug
concentrations ranged from as low as 1.5% (mouse, rat, dog, and
horse) to as high as 6% (rabbit). At that concentration, human
free drug fraction was approximately 2.5%. At higher drug
concentration (2,000 ng/mL plasma), in vitro free drug concen-
trations remained below 3% in the rat, dog, and cow, but rose to
as high as 14% in goats. Thus, nonlinear protein binding was
observed in some (e.g., mouse, goat, horse) but not in other (e.
¢g., human, dog, rabbit, bovine) species (52). All studies were
conducted under room air conditions.

Alendronate

Differences in serum drug—protein interactions may
also be attributable to the presence of substances that
compete for the protein binding site. Alendronate (an
inhibitor of osteoclast-mediated bone reabsorption) binds
both to plasma proteins and to bone. Irreversible binding
to bone constitutes the primary mechanism of drug
clearance from the central compartment (53). At pH 7.4,
relatively low plasma protein binding was seen in dogs,
but high protein binding was observed in rats. This
interspecies difference in protein binding was, at least in
part, attributable to the apparent presence of dialyzable
displacers(s) in dogs that were absent in the blood of rats
(based upon in vitro experiments). The addition of
calcium to the dog plasma sample diminished the effect
of the displacer(s).

It is interesting to note that this difference in factors
influencing drug displacement may affect not only interspe-
cies predictions but also predictions within species. For
example, in an abstract presented at the 2009 the Interna-
tional Conference on Antimicrobial Agents and Chemo-
therapy, Bonapace et al. (54) reported that there were
apparent differences between total calcium concentrations
versus ceftriaxone precipitation in the plasma of neonates
versus adults. In neonatal plasma, a substantially greater
proportion of drug precipitated in vitro as compared to that
observed in vitro in the plasma of human adults. Reasons for
this observed disparity were not determined.

Plasma Lipoprotein Composition

The various plasma lipoproteins include:

* High-density lipoproteins (HDL)

* Low-density lipoproteins (LDL)

* Lipoprotein-deficient plasma (LPDP)
* Triglyceride-rich lipoproteins (TRL)

The interaction between lipoprotein fraction and lip-
ophilic compounds can influence drug PK. This may be due to
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lipoprotein-drug binding, which can facilitate receptor-medi-
ated uptake of drug into tissues or can lead to restricted
availability to the various tissues (55). Thus, it can lead to
disease-related changes in PK in people or to interspecies
differences in drug PK. For example:

* Although still controversial, there is evidence sug-
gesting that hypolipidemia (particularly hypocholes-
terolaemia) can lead to increased cyclosporine
toxicity while hyperlipidemia can lead to a decrease
in drug effectiveness.

* Amiodarone and halofantrin exhibit significant

decreases in drug elimination rate and tissue distribution

in the presence of elevated plasma lipoprotein levels.

The renal toxicity of amphotericin B is increased in the

presence of hyperlipidemia, presumably due to

decreased drug tissue distribution and consequently,
increased amounts of drug being presented to the kidney.

Although free concentrations of nifedipine decreases

in the presence of hyperlipidemia, it also leads to a

prolongation of systemic residence time which, in

turn, allows for improved drug effectiveness.

These three drugs are discussed in more detail below.

Halofantrine

In studying the distribution of halofantrine (HF), a
highly lipophilic compound possessing a chiral center, marked
interspecies difference in the distribution pattern of R(—) and
S(+) enantiomers across the various lipoprotein fractions
were observed in fasted, normolipodemic people, dogs, and
rats (44). Although all three species had a majority of the (—)
HF enantiomer in LPDP, which includes a-glycoprotein and
albumin, far more (—)HF was present in the lipoprotein-
containing fractions of human as compared to that in dog. In
the HDL fractions of two out of the five rats examined,
concentrations of both enantiomers were below the analytical
limit of quantification (25 ng/mL). For the (+) enantiomer,
there were no consistent tends in the disposition within the
plasma of rat, dog, and human. While (+)HF was recovered
primarily in the lipoprotein rich fractions of dog and people, it
was recovered primarily in the LPDP fraction in rats. Across
all three species, the dog exhibited the greatest stereo-
specificity in drug distribution (Fig. 4a—c).

Nystatin

Interspecies differences in the lipoprotein composition of
the various plasma fractions can affect the partitioning of free
and liposomal nystatin concentrations across the various
lipoprotein fractions of rats, dogs, and humans (56). As the
amount of total triglyceride in the LDL fraction increased (rat
being lowest, human being highest), the amount of nystatin
recovered within the LDL fraction proportionally decreased.
In general, both free and liposomal nystatin distributed
primarily in the LPDP fraction. However, a greater percent-
age of nystatin was in the HDL when formulated as a
liposomal preparation as compared to when it was presented
as the free drug. Moreover, owing to differences in the
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Fig. 4. Distribution of halofantine (HF) enantiomers following in
vitro incubation in normolipodemic human, dog, and rat plasma
(values expressed as percent initial HF concentration at beginning of
incubation). a distribution of (+/-) HF; b distribution of (-)HF; ¢
distribution of (+)HF. Based upon the work by Brocks et al. (44).
HDL high-density lipoprotein; TRL triglyceride-rich lipoprotein.
LDL low-density lipoprotein. LPDP lipoprotein-deficient plasma

composition of the various lipoprotein fractions, statistically
significant differences between dogs and humans were
observed when examining the percent of free and liposomal
drugs in the LPDP (human greater than dog) and in the HDL
(dog greater than human) fraction (56).

Amphotericin B

It has been proposed that formulation-related differences
in drug partitioning across the various lipoprotein fractions
may, at least in part, be responsible for amphotericin B
formulation-related differences in drug safety and effective-
ness (55). The use of a liposomal formulation (consisting of
amphotericin B and dimyrystioylphosphatidyline glycerol,
ABLC) resulted in more than 90% of the ABLC being
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associated with the HDL fraction when incubated in human
plasma. In contrast, 75% of the amphotericin B, formulated
as a deoxycholate dispersion, was associated with the LPDP
when incubated in human plasma. When tested in rabbits, the
ABLC showed no evidence of renal changes but those
animals receiving the deoxycholate dispersion did present
with a decrease in renal function, suggesting a protective role
of the lipid formulation. Interestingly, the toxicity of the
deoxycholate dispersion was attenuated by the administration
of a high-cholesterol diet, suggesting that the decrease in
renal toxicity was associated with a re-distribution of the drug
from the LPDP to the TRL fraction.

Encapsulation of amphotericin B into unilamellar
vesicles resulted in higher plasma drug concentrations, a
lower volume of distribution, and a substantial reduction
in both renal and biliary amphotericin clearances (57). To
more fully explore the implications of this relationship,
Hong et al. (58) evaluated the in vitro and ex vivo
distribution of ABLC across the various lipoprotein
fractions, the plasma protein fraction distribution of the
deoxycholate formulation, and the in vivo PK character-
istics of the ABLC. These investigators found a statisti-
cally significant negative correlation existed between the
ABLC clearance and the fraction of the total amphoter-
icin in the HDL fraction. Conversely, a significant positive
correlation was observed between the ABLC clearance
and its distribution in the VLDL.

Self-Assembled Drug Delivery Systems

Interspecies differences in plasma composition can
influence the stability of novel drug delivery platforms. Jin
et al. (59) examined the relative stability of self-assembled
drug delivery systems (SADDS) as a potential mechanism for
enhancing the delivery of didanosine as a first-line defense for
the treatment of human immunodeficiency virus. The objec-
tive of the SADDS technology is to provide selective drug
delivery with high drug load, no drug leakage, and an
extended duration of drug release at the target site.

Jin et al. (59) studied the stability of cholesteryl-succinyl
didanosine nanoparticles, a type of SADDS, in the plasma
from five different species, including rats, mice, rabbits, dogs,
and human. The resulting 71/2 values in plasma varied from
217 h (rats) to 990 h (human), with dog plasma being the
species most similar to human (dog 71/2=866 h). This
species-specific degradation rate has also been observed by
Jamal and Hawthorne (60) who noted a tenfold higher
plasma esterase activity in rats versus humans. Similarly,
Minagawa et al. (61) found that for certain esters, the esterase
activity in rat plasma can be several hundredfold higher than
what is observed in humans. Clearly, such interspecies differ-
ences could bias predictions of product performance when
evaluating targeted drug delivery systems.

SPECIES-SPECIFIC DIFFERENCES
IN INFLAMMATION, IMMUNE RESPONSES,
AND TOXICITY

Regardless of the targeting mechanism used for site-specific
drug delivery, the interaction between a particle and the host
tissues will determine the successful delivery of drug to the site
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of action. Influencing the biological properties of these particles
(which, in turn, influences the safety and effectiveness of these
formulations) is the initiation of host immune-mediate
responses (such as complement activation and the uptake by
host phagocytic cells), the induction of hemolysis (which could
be immune-mediated or related to a direct drug-erythrocyte
interaction), or particle-induced thrombogenesis (which may
include a secondary immune-mediated component). Particle
uptake into host tissues can occur in the blood by the monocytes,
platelets, and leukocytes. Within tissues, particles can
interact with dendritic cells or with tissue-specific resident
phagocytes (62).

Immune System Physiology and Morphology

With regard to immune responses and hypersensitivity
reactions, large interspecies differences in lymphatic tissue
anatomy, histology, and cellular contents can lead to
challenges in extrapolating these responses across animal
species. Contradictory results in immune responses can
occur not only between human versus preclinical species
but also across such laboratory species as mice, rats, and
guinea pigs. Many of these differences are described in
the review by Haley (63). For example, the pulmonary
alveolar macrophages (PAMs) of humans are larger than
are those of the laboratory species examined, with human
macrophages having greater phagocytic capability (with
regard to size of particle) as compared to that of rodents,
dogs, or non-human primate species. The PAMs from
mice, rats, and dogs are morphologically similar, each
presenting with a narrow size frequency distribution. In
contrast, while the PAMs from humans are larger than are
those from the non-human primates, both species exhibit
a heterogonous size distribution. The number of macro-
phages per unit lung area may also account for the
greater ability of human PAMs to sequester foreign
particles. It further appears that for some compounds, the
greater the phagocytic activity, the greater the sensitivity to
potential cytotoxicity.

Immunogenic responses can present as hypersensitivity
reactions. These reactions often involve mass cell degranula-
tion, which can lead to potentially life-threatening responses.
Again, interspecies differences exist, with species-related
variations in mast cell contents and distribution (63). While
these cells have also been identified in the broncho-alveolar
lavage (BAL) of normal non-human primates, normal
humans, and dogs, an increase in mast cell numbers in
BAL samples have been seen only in people presenting
with pulmonary disease. In addition to cell number, cell
contents can all vary across species. Human mast cells
have the same amount of histamine regardless of anatom-
ical location, whereas in the rat, connective tissue mast
cells can have up to ten times the histamine content of rat
mucosal mast cells.

With regard to anaphylactic responses and delayed
hypersensitivity responses, species differences are seen in
the primary shock organ, responsible antibody, and vaso-
active amine (63). Thus, anaphylaxis represents a qualita-
tively different phenomenon across species. For example, the
principal shock organ of the rat is the intestine and liver, for
the mouse is vasculature and intestine, dogs are the splancnic
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blood vessels and for humans it is the lung, larynx, and
vasculature. While the primary vasoactive amine includes
histamine across all preclinical species and humans, the
involvement of other vasoactive amines exhibit species
specificity. In rabbits, mice, and mice, serotonin is an
important mediator (not a key player in human shock
response). Mice, human, guinea pigs, and rats (but not rabbits
or dogs) shock responses are associated with the slow reactive
substance of anaphylaxis. Kinins can also be involved in
human, dog, mouse, and rats. In terms of the pivotal
antibodies associated with shock, IgE is involved in all
species. However, in rodents, pivotal antibodies also included
various forms of IgG, the specific isoform varying in a species-
specific manner.

The Immunogenicity of Therapeutic Proteins

Brinks et al. (64) recently reviewed the use of animal
models to assess the immunogenicity of therapeutic
proteins, noting that while most therapeutic proteins can
elicit an antibody response, the clinical implications of
these responses can vary dramatically. Examples of types
of clinically relevant reactions include loss of compound
efficacy, neutralization of the endogenous counterpart, and
immune-mediated adverse events. One of the inherent
problems associated with the use of animal models is the
lack of cross-species protein conservation. To overcome
this problem, the use of the transgenic mouse model and
the use of non-human primates may be of value. How-
ever, even in these situations, the interpretation of
experimental results needs to proceed with caution, with
some types of predictions being more robust than others.
Transgenic mice and non-human primates may have a
positive predictive value for identifying the immunogenic-
ity of neo-epitopes, the relative immunogenicity of com-
pounds, and the breaking of tolerance (i.e., a cessation of
immunological non-reactivity to a protein, often due to
previous exposure to the endogenous counterpart of that
protein). However, despite efforts to maximize similarity
to the human, these animal models may render false
conclusions with regard to the immunosensitivity potential
in the patient population, the human population frequency
of immunogenicity reactions, or the clinical consequence
of an immune response.

Brinks et al. (64) also warned that the predictive value
of animal models may be linked to potential differences in
the mechanisms underlying the immune response and the
lack of genetic diversity of the animal model being
employed. In some case, the mouse genetic line itself
may render offspring that are immunologically insensitive
to a specific therapeutic protein. The authors also noted
the importance of considering the experimental design,
where dose, route of administration, dose frequency, and
protein impurities can alter experimental outcome. Sim-
ilarly, the formation of aggregates can influence immune
reactions, where aggregate formation tends to render
proteins more immunogenic as compared to that of the
original monomer. Lastly, the authors raise the issue of
antibody assays, which due to a lack of assay stand-
ardization, can (in and of itself) lead to interstudy
inconsistencies in experimental outcomes.
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The Complement System

Potential interspecies differences in immune responses
are important to consider when animal models are used to
examine the efficiency of methods for masking or camouflag-
ing nanoparticles and liposomes from reticuloendothelial
cells. Particle size and composition can lead to the binding
of organ-specific opsonins, resulting in organ-specific drug
sequestration (65,66). Opsonization involves the adsorption
of blood components to exogenous substance (e.g., particles,
micro-organisms). Complement proteins such as C3, C4 and
C5, and immunoglobulins are typically involved in particle
opsonization (66). Liposomal opsonins can include comple-
ment proteins and immunoglobulins (leading to uptake by the
macrophages) or non-immune opsonins, which serve as
ligands that interact with cellular receptors (e.g., on hepato-
cytes). Other variables that can influence particle immune
system uptake include vesicle morphology, surface curvature
and charge, lipid composition, bilayer packing, temperature-
dependent packing defects, and vesicle dose (67,68).

The relationship between liposome composition and its
clearance from the circulation was shown to be markedly
different in rats and mice (69). In mice, the circulation time
for different combinations of phosphatidylcholine (PC),
phosphatidylserine (PS) dioleolphosphatidylethanolamine-N-
(poly(ethylene glycol) 5000) (PEGS5000-PE), cholesterol
(Chol), and monosialoganglioside (GM1) was in the order
of PC/Chol/GMI > PC/Chol/PEG5000-PE > PC/Chol > PC/
Chol/PS. In these mice, liposomes containing 10% of GM1 or
PEGS5000-PE exhibited a single decline phase and terminal
half-lives of about 16 h. In contrast, the same formulations in
rats showed a biphasic decline (with an initial half-life of
about 10 min, followed by a secondary slower rate of decline).
Furthermore, at 4-h post-dose, there was a remarkable
species difference in the uptake of the various liposomal
formulations in the liver and spleen (Fig. 5), a finding that has
been attributed to interspecies differences in the mechanisms
stimulating phagocytic uptake. In mice, liver uptake did not
involve the presence of specific opsonins while in rats, uptake
was highly dependent upon liposomal opsonization. Further-
more, there appears to be an interspecies difference in the
opsonization activity of serum, as was demonstrated by
differences in the percent liver uptake in rats and mice when
the various liposomes were pre-incubated in serum from
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Fig. 5. Relationship between liposome composition and its hepatic
versus splenic uptake in rats versus mice at 4-h post-dose. Based upon
the work of Liu et al. (67)
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mouse, rat, human, or bovine. The degree to which serum
influenced uptake depended upon liposome formulation and
diameter.

Huong et al. (70) studied the relationship between
liposome diameter and cholesterol content versus comple-
ment fixation to the liposome and its subsequent systemic
(renal and hepatic) clearance when administered to rats and
guinea pigs (Fig. 6). Regarding in vitro interaction between
the liposomes and serum, degradation occurred rapidly in rat
serum but negligible in vitro degradation occurred in guinea
pig serum. In contrast, despite negligible in vitro degradation
in guinea pig serum, pronounced liposome degradation in
guinea pigs occurred after IV injection, and this degradation
was inversely related to cholesterol content (i.e., greater
degradation for low cholesterol liposomes). In contrast, the
IV injection of low cholesterol liposomes in rats remained in
the circulation for a longer duration than did the high-
cholesterol liposomes (sixfold difference in AUC values). To
understand reasons for these discrepancies, rats and guinea
pig liposomal clearances were evaluated with and without
prior IV injection of K-76, a compound that inhibits comple-
ment fixation (C5 and C3). Although K-76 successfully
exerted an anti-complement effect in both animal species, it
only impacted the renal and hepatic clearance of the lip-
osomes in rats, indicating that influence of C3 and/or C5 on
liposomal opsonization and systemic clearance differed in rats
and guinea pigs.

Species difference in the complement system can influ-
ence nanoparticles that are intended for targeted delivery of
anticancer therapies. Palmitoyl rhizoxin, a potent anti-tumor
compound, was prepared as an emulsion containing particles
of varying diameter. Although the clearance of the drug
(when administered as an IV colloidal solution) showed a
strong allometric relationship in rats, dogs, mice, and rabbits,
it was cleared far more rapidly in dogs as compared to the
other animal species when it was injected as an oil in water
emulsion. Nearly 100% of the injected emulsion accumulated
in the canine liver within 6 h after injection, while less than
20% of the administered dose was recovered in the livers or
mice and rats. The mechanism for this difference was
evaluated by comparing the process of emulsion opsonization
when incubated in fresh plasma from mice, rats, dogs, rabbits,
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Fig. 6. Parameter values associated with the administration of
liposomes in guinea pigs and rats. Based upon data by Huong et al.
(68). AUC (% administered dosexmin/mL), CL (milligrams per
minute); CLh hepatic clearance; CLr renal clearance; Low HC low-
cholesterol liposome, size=621-800 nm; composition ratio 6/2/1. High
HC high-cholesterol liposome, size=441-800 nm; composition ratio=
4/4/1. Ratio=hydrogenated egg phosphatidylcholine/cholesterol/diac-
etylphosphate
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and humans (5 min at 37°C). The resulting opsonized
particles were subsequently injected into rats or rabbits, and
the systemic clearance and tissue accumulation (liver and
spleen) was studied. Only those particles incubated in dog
plasma significantly increased particle clearance above that
observed when the emulsion was injected IV into rats and
rabbits. The accumulation of the canine-opsonized emulsions
in the liver of rats and rabbits paralleled that observed when
the emulsion was administered via IV injection to dogs,
suggesting that dog plasma, as compared to that of the other
species examined (including human), possessed strong opso-
nizing activities for the emulsion. Consequently, there are
marked interspecies PK differences when palmitoyl rhizoxin
is administered as an emulsion (71).

Formulation-by-species interactions can also result from
differences in complement-activation-related pseudoallergy
(CAPRA), a non-IgE-mediated hypersensitivity non-allergic
reaction that can lead to anaphylaxis. Interspecies differences
in CAPRA-mediated anaphylactic responses include (72,73):

* A much a greater hypersensitivity to Cremophor EL
(CrEl) and polysorbate 80 (Tween 80) in dogs as
compared to that observed in other species.

A substantially lower risk of CrEl-induced cardiovas-
cular distress in pigs, even when administered large
amounts of CrEl. However, pigs tend to exhibit the
greatest hypersensitivity reaction to multi-lamellar
phospholipid vesicles (liposomes) and liposome
encapsulated hemoglobin (e.g., cardiovascular reac-
tion, anaphylaxis, death).

* A dose-associated hypersensitivity reaction to lip-

osomal phospholipids (e.g., Doxil).

IV injection of some liposomal drugs, diagnostic agents,
micelles, and lipid-based nanoparticles are known to cause
CAPRA in some human patients due to activation of the
complement system, leading to C5a and C3a liberation.
Observed anaphylactic reactions happened rapidly after
injection. As shown in Fig. 7, in an interstudy comparison of
anaphylactic reactions to various doses of Doxil in rats, dogs,
people, and swine, it was found that rats were markedly less
sensitive to liposomal phospholipids as compared to dogs,
swine, and people (73). This assessment was based upon the
phospholipid to doxorubicin weight ratio in Doxil (7:1), the
range of doses tested (across multiple investigations within
each species) and the corresponding estimate of the total
amount of phospholipid in the circulation.

Liu et al. (74) studied interspecies differences in comple-
ment-mediated immune damage to hydrogenated phosphati-
dylcholine-based liposome by examining the damage to
liposomes (expressed as percent drug released) occurring
when liposomes (identical in terms of lipid composition,
surface property, size, and charge) were incubated in fresh
serum from rabbits, guinea pigs, mice, dogs, rats, bovine, and
humans. Obvious leakage occurred when the liposomes
were incubated in fresh rat or bovine serum. However,
when incubated with fresh serum from humans, rabbits,
guinea pigs, mice, and dogs, almost no liposomal leakage
was observed. Leakage in rat and bovine serum was
completely inhibited by heating at 56°C for 30 min or by
treatment with EDTA. However, neither was inhibited by
treatment with EGTA/Mg2+, suggesting that the liposomal
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Fig. 7. Interstudy comparison of reported phospholipid doses that
have been associated with hypersensitivity reactions. In contrast to
dogs, swine, and humans, rats do not exhibit anaphylactic responses
until the doses are markedly elevated. Figures are based upon data
reported by Szebeni et al. (73). The primary graph provides the lipid
dose dependence of hypersensitivity reaction to phospholipids
injection in humans, dogs, and pigs. Rats are not included in that
comparison to allow for visualization of the differences between these
three species. However, the insert is included to demonstrate the
relative insensitivity of rats to the injected phospholipids

lysis was attributable to complement activation via the
alternative pathway rather than via the classical pathway.
Furthermore, these same authors demonstrated that the in
vivo uptake of liposomes by liver Kupffer cells differed
among mice, rats, and rabbits due to species-related
differences in the uptake characteristics of the Kupffer
cells rather than to species-related differences in the
density of the Kupffer cells (75).

Biocompatibility and Inflammatory Responses

Upon product exposure to the interstitial fluids, the
excipient, N-methyl-2-pyrrolidone (NMP) precipitates into a
semisolid mass that traps the drug, leading to slow and
sustained drug release from this in situ-formed implant.
Although NMP is well tolerated in Rhesus monkey (only a
mild local tissue response without visual inflammatory
effects) it is very poorly tolerated when administered to dogs
and cats (76). The in situ polymer precipitating solution, NMP
plus dimethyl sulfoxide, exhibited myotoxic potential in rats
but not in rhesus monkeys (77).

Difference in inflammatory responses can influence the
viability and release characteristics of implanted drug delivery
systems. Using tissue cage models, Leppert et al. (78)
explored the relative plasma concentrations of cefoxitin
(hydrophilic) or ivermectin (lipophilic) following either sub-
cutaneous injection or drug release from an implanted tissue
cage that was primed with drug on days 11, 32, and 60
following its implantation in sheep, cattle, dogs, and rat.
Cefoxitin and ivermectin bioavailability from the tissue cage
progressively decreased in dogs and rats as a function of the
in vivo tissue cage residence time due to the formation of
dense, avascular fibrous tissue surrounding the interior
and exterior surfaces of the tissue cage. Conversely, the
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bioavailability of these two compounds was not compro-
mised in sheep. In fact, an increase in drug bioavailability
was observed in sheep, particularly in the case of
ivermectin. The authors suggest that the increase in ovine
drug absorption may reflect a high degree of neovascula-
rization during wound healing and during tissue growth
inside of the cage. Ultimately, these observed interspecies
differences in foreign body responses could have an
important influence on the interspecies extrapolation of
material biocompatibility.

FACTORS THAT CAN INFLUENCE ORGAN
AND TARGET TISSUE DRUG DELIVERY

Tumor-Directed Drug Delivery

One of the factors influencing drug delivery to tumors is
the difference between vascular hydrostatic pressure versus
the tissue osmotic pressure (i.e., the colloidal osmotic
pressure) within the tumor. In fact, it is the interstitial fluid
pressure (IFP) that is believed to be one of the primary
factors limiting the delivery of large therapeutic molecules to
solid tumors, including those in the brain (79). In humans, the
normal tissue IFP is approximately 0 mm Hg while that of the
various carcinoma types ranges from 14 to 30 mm Hg. This
pressure is uniformly high throughout the tumor core, but
drops precipitously towards the tumor periphery or in the
normal tissue immediately surrounding the tumor (80-82).
Therefore, understanding the pressure differentials between
interstitial versus microvascular spaces and how these differ-
ences vary across animal species and tumor types is one factor
to consider when using animal models to assess the targeted
delivery of cancer therapeutics.

Osmotic pressure is influenced by protein composition
and type. Normally, large proteins are trapped in blood and
cannot cross into the interstitium, thereby allowing for the
development of a blood-tissue osmotic pressure gradient.
However, the factors influencing pressure changes in cancer-
ous tumors are not simple and therefore will influence the
success of targeted drug delivery. The relationship between
protein molecular weight, protein concentration, and tumor
type was examined by Stohrer er al. (82) using implanted
human tumor cell lines in nude mice. Protein concentrations
(using a wick method) were evaluated when the resulting
tumors reached a diameter of 8.5 to 10 mm. Generally, a
gradient of the large protein molecules (>25,000 molecular
weight) remained between blood and tissue, with blood
concentrations tending to exceed that in tissues. However,
this gradient tended to be reversed (i.e., higher in tumor
tissues as compared to blood) for the very small protein
molecules (<25,000 molecular weight). The greater concen-
tration of smaller molecular weight proteins in tumors likely
reflected protein degradation within necrotic tumor regions
and other tumor-associated proteins. Osmotic pressure and
the molecular weight of the protein fraction tended to vary as
a function of tumor type.

One of the concerns expressed by Stohrers et al. (82) was
that literature examples of osmotic pressure in tumors were
previously examined using an empirical equation that failed
to acknowledge interspecies differences in the proportions of
the various proteins. Based upon work published in the 1970s
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it is clear that the relative amounts of the various proteins
(and therefore plasma osmotic pressure) tend to be animal
species specific. Across a variety of plasma samples including
that from cattle, horses, dogs, and cats, albumin exerted over
fourfold greater colloidal osmotic pressure as compared the
v-globuins. In fact, the concentration/pressure relationship of
both proteins tended to increase in a greater than linear
manner, with the relationship between albumin osmotic
pressure being markedly steeper than the corresponding
relationship is for the y-globulins. Nevertheless, for any given
total protein concentration, there was an apparent plateau in
the relationship between the albumin/globulin ratio and the
corresponding osmotic pressure (83).

Use of algorithms for estimating this osmotic pressure,
such as the Landis-Pappenheimer equation, relies upon an
assumption that this pressure varies only as a function of the
total protein content. Accordingly, it fails to consider
interspecies differences in plasma protein composition. This
resulted in flawed predictions when applied across animal
species. As shown in Fig. 8, for a variety of animal species,
plasma osmotic pressure varies from as low as 12 cm H,O in
the Himalayan tapir goat to as high 36 cm H,O in the
orangutan and dolphin. The colloidal osmotic pressure in the
plasma of cats, dogs, rabbits, and rats are lower than that of in
humans (84) In another study, the ratio of albumin to globulin
content of plasma samples and the colloidal osmotic pressure
from plasma samples derived from dogs, rats, and humans were
found to differ. The albumin: globulin ratio of rats, dogs, and
people were 1.4, 0.59, and 2.1, respectively, with corresponding
differences in colloidal osmotic pressure. The latter was
predicted to affect glomerular filtration dynamics (85).

Organ Blood Flow

The rate and extent of target site drug distribution may
be influenced by the blood flow characteristics to that organ.
A comparison of the percent cardiac output to various organ
systems of the rat, dog, and human is provided in Fig. 9
[based upon the data from Brown et al. (86)]. As seen in this
figure, with the exception of the brain where humans have the
highest distribution of cardiac output, dog, and humans have
similar proportions of their total cardiac output delivered to
the other organ systems. In this respect, less similarity is
observed between humans and rodents.

Direct Brain Administration of Therapeutics

Non-autologous somatic gene therapy is currently being
explored using genetically modified universal recombinant
cell lines that can be implanted into patients to deliver a
therapeutic product (87). To minimize rejection, micro-
encapsulation methods are used. Microencapsulated cells
are being explored as a mechanism for delivering genetic
products that can counteract deficiencies of these products
due to defective genes.

Microcapsule implantation is being tested as a method for
targeted delivery of these therapeutics to the CNS. For example,
animal models were used to explore the use of non-autologous
somatic gene therapy for counteracting congenital deficiencies
of a lysosomal enzyme that can occur in people, mice, and dogs.
When alginate-encapsulated engineered mouse myoblasts were
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Fig. 8. Estimates of colloidal osmotic pressure in plasma taken from venipuncture of anasthetized subjects
(zoo animals and humans) or from an arterial indwelling catheter of pentobarbital-anesthetized laboratory
animals (asterisk). Based upon data reported by Zweifach and Intaglietta (84)

implanted into the ventricles of the brain of affected mice, the
pathologic manifestations and neurologic performance of these
mice were dramatically improved (88). However, scaling from
small animal models to humans presented an array of challenges
due to variations in the development, and architecture of the
mouse CNS as compared to that of humans. Similar challenges
are associated with data extrapolation from mouse to animal
species such as dogs and cats.

As reviewed elsewhere (89), there is a substantial body of
research using large animal models to explore CNS-directed
gene therapies for a number of human diseases. When the same
laboratory that conducted the aforementioned mouse study
evaluated the identical therapy in dogs, similar successes were
not observed (90). Encapsulated Madin-Darby Canine Kidney
cells transfected with the canine gene for a-iduronidase was
encapsulated with poly-L-lysine and alginate. These cells were
introduced via stainless steel cannula, into the left and right
lateral ventricles of the brains of dogs expressing this deficiency

8

[mucopolysaccharidosis I (MPS I-dogs)]. Although the brains
appeared normal on microscopic examination, areas that were
in contact with the microcapsules exhibited mild to severe
inflammatory reactions. This immune response was not seen
with empty microcapsules, indicating that the reactions were
attributable to foreign antigens being introduced into the
brain of animals deficient in this enzyme. Barsoun et al.
(90) suggest that the results obtained in the canine study
may be indicative of a fundamental problem associated
with the introduction of gene product in large animals
expressing a null phenotype. They ascribe part of the
scale-up problem to the following:

* As compared to mice, the larger brain size of dogs
causes the surgery to be more invasive and less
precise. In this regard, it is noted that this problem
may be overcome by the more precise stereotactic
methods used during human CNS surgery.

o Mouse

R
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Fig. 9. Comparison of regional blood flow distribution expressed as percent cardiac output in
unanesthetized animals. Based upon the data from Brown et al. (86)
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» The gene product is less well dispersed in the brain of
larger animals due to diffusional difficulties associated
with the brain size of larger species (diffusional
distances) and the volume of cerebral spinal fluid
(CSF).

Thus, while intraventricular drug delivery was capable of
delivering drug to surrounding brain tissues of mice, delivery
distance appeared to emerge as a limiting factor in dogs. It
should be noted that similar failures in the targeted therapies
for MPS I-dogs was observed by others (91,92).

Interpretation of mechanisms underlying the observed
failure in dogs is challenged by variable outcomes in primate
(including human) studies. Implantation therapies have been
met with signs of therapeutic success in a cynomologous
model of Parkinson's disease (93). In addition, six human
amyotrophic lateral sclerosis patients were successfully
implanted into the lumbar intrathecal space with polymer
capsules containing genetically engineered baby hamster
kidney (BHK) cells releasing human ciliary neurotropic
factor (CNTF). The implants successfully released drugs in
all patients, although the clinical relevance of this therapy
could not be established. No evidence of bio-incompatibility
was observed (94). However, there were reports of adverse
responses (depression), even in the absence of obvious drug
toxicity (95). Bloch et al. (95) used intracerebral administra-
tion to deliver polymer-encapsulated BHK cell line. The
biological activity of the delivery system was variable and 13
of the 24 implanted capsules failed to release significant
amounts of CNTF after retrieval.

Blood-CNS Partitioning: Passive Versus Active Transport

Kawakami et al. (96) demonstrated a statistically signifi-
cant correlation in the log-log relationship of brain weight
versus CSF volume, brain weight versus bulk CSF flow rate,
and brain weight versus the weight of the choroid plexuses
based upon a literature review of data generated in rats,
rabbits, dogs, cats, and humans. With the exclusion of brain
weight, CFS volume, and bulk flow rate varied in direct
proportion to body weight (i.e., the allometric exponent was
approximately 1). Using published fluoroquinolone (FQ) data
on blood and CSF concentrations, Kawakami et al. (96)
employed physiologically based PK models to estimate the
diffusion of the FQ from the blood into the CSF and the
unidirectional drug efflux clearance from the CSF into the
blood. Based upon the estimated allometric relationships,
these investigators concluded that the transmembrane
diffusional surface area increased in proportion to brain
weight. This outcome suggests that the passive entry of
lipophilic molecules into the brain is governed by the
diffusional surface area which, in turn, is directly propor-
tional to brain weight. In contrast, the pseudoequilibrium
FQ concentrations in the CSF is less than the unbound
FQ concentrations in serum or plasma, suggesting that
clearance from the CSF was governed by active efflux
mechanisms (which, as discussed below, may differ in a
drug-dependent manner across animal species). The mag-
nitude of this efflux was observed to decrease as brain
weight increased. Thus, predicting human brain access of
therapeutic molecules needs to factor the possible involve-
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ment and interspecies differences in the activity and/or
tissue expression of influx and efflux transporters.

Examples of interspecies comparisons in CNS trans-
porter activity include the following:

* Interspecies differences (mouse, rat, and human) in the
various the gamma aminobutyric acid (GABA) trans-
porters were observed in terms of the transporter
primary sequence, distribution, and pharmacological
properties (97).

Although the binding kinetics (affinity and capacity)
of the striatal dopamine transport complex differed in
the dog, rat, guinea pig, and mouse, the rank order of
binding inhibitors was the same across all four animal
species (98).

In some cases, transporters may be confined to the
brain of one animal species but not in that of others.
The Glucose-3 Transporter (GLUT-3) is expressed
solely in the CNS of rodents, but can also be found in
some human peripheral tissues (99). In fact, there is
tremendous diversity in its distribution of this trans-
porter in people, with two- to threefold higher concen-
trations existing in the cerebral cortex of adults as
compared to neonates but similar adult-neonate levels
being observed in the cerebellum (100). GLUT-3 is a
high affinity glucose transporter that is most abundant
in those brain regions associated with high synaptic
density. In dogs, rodents, and people, it is primarily
located in the grey matter of the cerebral cortex,
portions of the hypothalamus, medulla, thalamus, and
the parallel fibers of the cerebellum. Species differences
in GLUT-3 distribution were also seen in blood brain
barrier (BBB) endothelial cells, being present in the
cerebro-vascular walls of dogs and people but absent in
the vascular walls of rats (99,100).

An overview of differences in the distribution of
various active transport systems in human versus rat BBB
and brain-cerebral spinal fluid barriers are summarized
elsewhere (101).

Exploring interspecies differences in those transporter
that may be involved in drug efflux at the BBB, Warren et al.
(102) measured mRNA expression of the various ABC
transporters (based upon quantitative PCR) in the brain and
brain microvessel endothelia cells from human, rat, mouse,
bovine, and pigs. Through this work, they identified 41
transporter genes in humans, 39 in rats, 38 in mouse, 21 in
cattle, and 21 in swine. These investigators concluded that
interspecies differences in transporter expression could be an
important consideration when selecting an animal model for
CNS drug development (102).

Beyond the issue of transporter distribution, the drug
affinities of homologous transporter proteins need to be
considered. Differences in substrate recognition and transport
efficiency was observed between human and mouse P-
glycoprotein (P-gp), leading to challenges in the use of the
mouse as a model for extrapolating the accessibility of
antiepileptic drugs to the CNS (103). Numerous substances
that are P-gp substrates in rodent brain tissues, and therefore
exhibit poor CNS penetration, achieve high concentrations
in the primate brain. Some radioligands that are P-gp
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substrates in rodents gain access to the primate CNS
(104). In fact, certain radioligands were found to have a
brain to plasma ratio that was 8.6-fold greater in human versus
rats, and threefold higher in humans versus cynomolgus
monkeys.

Even when P-gp activity is inhibited by the co-admin-
istration of cyclosporine, the large species differences in brain
concentrations for the various ligands were not abolished,
indicating that P-gp transporter capacity is not the sole
mechanism for the observed interspecies differences in
compound access into the CNS. Nevertheless, interspecies
differences in P-gp transporter efficiencies appear to be
largely responsible for the higher radioligand BBB penetra-
tion observed in humans as compared to rats, guinea pigs, and
cynomolous monkeys (104). Furthermore, despite the numer-
ous drug transporters that have been identified at the BBB,
P-gp continues to be considered the transporter which is
primarily responsible for limiting the access of drugs into the
CNS (105). Along those lines, it is of interest to note that
relative to the human, the percent homology in P-gp amino
acid composition is 82% (guinea pig), 85% (rat), 87% (dog
and mouse), 93% (rhesus monkey), and 97% (chimpanzee)
[104]. While percent amino acid homology alone does not
dictate the nature of the corresponding functional consequen-
ces in protein activity, it is interesting to note that it is
consistent with the greater similarity in radioligand efflux
observed between humans and non-human primates versus
humans and rodents.

Finally, active transport systems aside, species differences
in molecular size-dependent discrimination at the BBB
appears to have a role in some of the unique species BBB
characteristics. For example, as compared to the normal
guinea pigs, the normal human BBB exhibits greater size
discrimination (humans tend to exclude large molecules from
entering into the CNS). This point was evidenced by differ-
ences in brain/plasma ratios of IgG versus to albumin across
animal species (106).

Despite the many dissimilarity described above,
animal models remain invaluable for demonstrating poten-
tial noninvasive methods for CNS drug delivery in
humans. When intranasally administered, some CNS-
targeted peptides and proteins are proving to be effica-
cious in human clinical trials, an outcome that is consis-
tent with some rodent studies (107).

Rodent models may also provide valuable information
regarding the delivery of drugs to human patients suffer-
ing from conditions that alter the BBB. Human neuro-
logical disorders due to diseases such as glioma, multiple
sclerosis, viral encephalitis, traumatic brain injury, and
stroke are known to be associated with a leaky BBB. In
these situations, animal models can be used for evaluating
noninvasive drug delivery or the delivery of contrast
agents to human patients. The feasibility of distribution
of magnetic residence probes into the brain via the
lymphatic system was evaluated by administering contrast
agents by either intraperitoneal injection or eye drop
solution to the conjunctival sac of mice that had exper-
imentally induced BBB leakage. By evaluating the use of
BBB leakage in mice, the feasibility of using noninvasive
methods for the delivery of contrast probes to the human
brain via the lymphatic system was confirmed (108).

Martinez

Binding to CNS Tissues

Unlike the observed interspecies differences in plasma
protein binding there appears to be tremendous interspecies
similarity in the molecular binding of drugs to brain tissue
(109). This was demonstrated by examining the binding of 47
diverse compounds representing a range of physico-chemical
characteristics with a range of logD values ranging from —1.43
to 6.01. These compounds were incubated with brain
homogenates of derived from Sprague-Dawley rats, Wistar
Han rats, CD-1 mice, Hartley guinea pigs, beagle dogs,
humans, and cynomolous monkeys. Using an orthogonal
regression of the log transformed estimates of unbound
fraction (pairwise comparison across species), the correlation
coefficient was consistently greater than 0.90. It was suggested
that in contrast to the diversity of protein binding in plasma,
this species similarity the drug binding to brain homogenates
may be due to either the higher lipid content of the brain (as
compared to plasma), or to relatively low concentrations of
protein in the brain (thereby minimizing selective protein
binding for the compounds of interest).

CONCLUDING THOUGHTS

Depending upon the drug and drug delivery platform,
species-specific physiological differences can lead to errors in
the interspecies extrapolation of drug performance. Under-
lying these discussions is a simple question: can interspecies
differences in product performance alert us to possible
variation in product performance when administered to the
physiologically compromised human patient? Can the lessons
learned be instructional for product developers or prescribing
practitioners? Ultimately, as our drug delivery platforms and
therapeutic molecules become increasingly complex, the
ability to address potential sources of PK variation becomes
increasingly important. By viewing animal model data from
the perspective of enhancing our understanding of physio-
logical influences on drug delivery, we can acquire a greater
appreciation of those factors impacting drug formulation
development and the possible impact of pathophysiological
states on human drug product performance.
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