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Purpose

This primer aims to provide sufficient background to explain “Distribution of technetium-99m PEG-
liposomes during oligofructose induced laminitis development in horses,” and subsequently assist in
understanding the consequence of that paper on the field of laminitis research. Underwood, Pollitt,
Metselaar, Laverman, van Bloois, van den Hoven, Storm, and van Eps are leaders within this field of
research. Their experiment, being discussed in this primer, aimed to investigate the accumulation and
biodistribution of liposomes during an oligofructose experimental model of laminitis in equines. Radio-
labeling the liposomes allowed these researchers to identify that liposomes readily accumulate in the
lamellar tissue of laminitic horses. Liposomes have been used for drug delivery in other disease models,
due to their ability to carry aqueous solutions in their inner compartment. Knowing that they accumulate
in the lamellar tissue during laminitis development indicates that they may be useful for targeted drug
delivery to the lamellar tissue. This could provide the breakthrough in finding a clinical application for
pharmaceutical intervention of laminitis.

Corresponding
Author:

Tami Rahkola
rahko032@d.umn.edu

INTRODUCTION

Laminitis is a painful disease that affects equines of all breeds, all ages, and both genders.
It also impacts horse owners and veterinarians, contributing to $102 million in treatment
costs per year (Lameness 2000). Laminitis occurs when active tissue, called lamellar tissue,
inside the hoof swells. The lamellar tissue is an integral part of a complex arrangement of
tissues that hold the hoof wall to the distal phalanx (Katz et al. 2012; Pollitt 2004, 2010).
The distal phalanx is the lowest bone within the hoof (Figure 1A).

In minor laminitis cases, the horse will experience discomfort and may limp while
walking. In more serious cases, the distal phalanx may separate from the lamellar tissue.
This causes the bone to sink and the hoof wall to rotate away from its natural position
(Engiles et al. 2015; Holl et al. 2015; Li et al. 2015). In the most severe cases, the bone
may sink through the sole of the hoof (Laskoski et al. 2016) and cause the demise of the
horse (Katz et al. 2012; Gardner et al. 2015). Laminitis has no cure, and there are three
main schools of thought on what causes it: supporting limb, endocrinopathic, and sepsis-
related. These are briefly detailed within this primer.

This primer will first provide background information on the complex elements
that contribute to sepsis-related laminitis, and then this primer will provide an
explanation of Underwood et al. (2015b)’s research article, “Distribution of technetium-
99m PEG-liposomes during oligofructose induced laminitis development in horses.” The
purpose for this two-part layout is to assist in the reader’s understanding of the exciting
implications from the Underwood et al. (2015b) study.
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BACKGROUND

THE HOOF
Keratin: A fibrous The hoof is at the base of the leg, and the four hooves collectively support the weight of the
structural protein entire horse. The hoof wall is a hard keratin material that continually grows throughout

the life of the horse from the coronet band (Figure 1A), also protecting the inner hoof
structures (Pollitt 2004, 2010). The inside layer of the hoof wall begins a complex collection
of support tissue, proteins, enzyme/protein transport, and epidermal tissues that work to
make the hoof an integral part of the whole circulatory system and to provide support for
the entire body (Pollitt 2004, 2010; Katz et al. 2012). The epidermal cells of the lamellar
tissue within this complex are constantly being stressed by compaction and flexion of the
outer hoof wall (see primary lamellar, Figure 1B), so the health of these lamellar epidermal
cells is central to a healthy hoof (Pollitt 2004).
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Figure 1: Basic Inner Hoof Anatomy. A) The basic
structures within a lower horse leg. The distal phalanx is the third
phalanx, and is connected to the hoof wall via lamellar tissue on
the dorsal side. The coronet band is the site of new hoof growth.
B) Basic model of distal phalanx/ hoof wall complex region. The
distal phalanx is connected to the hoof wall via lamellar tissue.
The lamellar tissues are embedded in the white line and the sole
of the hoof. When seen from the ventral side of the hoof, the
SoRottoot white line looks like an actual white line along the inner edge of
the hoof wall. 1B adapted from Pollitt (2004).
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LAMINITIS

Laminitis is an inflammation of the lamellar tissue that connects the hoof wall to the
distal phalanx. The pathogenesis of laminitis is complex and not well understood. The
schools of thought on what causes this disease vary, though three main theories prevail:
endocrinopathic, supporting limb, and sepsis-related. Endocrinopathic laminitis is
linked to obesity and Equine Metabolic Syndrome, which is similar to Type 2 diabetes
in humans (Katz et al. 2012; Kaczmarek et al. 2016). Supporting limb laminitis is
defined as limited movement will lead to decreased blood flow and to an eventual
disruption of the lamellar/distal phalanx complex (Katz et al. 2012; Medina-Torres et
al. 2014). Sepsis-related laminitis is similar to sepsis-related diseases in humans, in that
sepsis is systemic inflammation in response to infection (Cawcutt and Peters 2014).

Laminitis has similar outcomes to that of sepsis-related organ failure and
of systemic inflammatory response syndrome (SIRS) in humans (Belknap and
Black 2012; Tadros et al. 2012; Cawcutt and Peters 2014; Underwood et al. 2015a).
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Neutrophil: Small
white blood cell that
is part of the immune
system

Inulin: Starchy
carbohydrate found in
many plants. Not to
be confused with the
hormone insulin

Phospholipid: Two
fatty acid chains
attached to a glycerol
head. See Figure 2
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Laminitis, in all forms, has expressions of inflammation, enzyme dysregulation, and
leukocytosis (van Eps and Pollitt 2006; Katz 2012; Tadros et al. 2012; Underwood
et al. 2015a; Laskoski et al. 2016). Some forms of laminitis also show the same process
of endothelial inflammation, leukocyte infiltration, and may lead to an increase in
enzymes related to inflammation, as sepsis in humans does (Underwood et al. 2015b).

The pathogenesis of endocrinopathic and sepsis-related laminitis is thought to
progress as follows: a high influx of fructose decreases hind-gut pH, causing the gram-
negative bacteria to die. This increases lipopolysaccharide concentration, which in turn
activates leukocytes (Li et al. 2015). This leukocyte activation, which is a common theme
in each form of laminitis, creates inflammation, which in turn leads to the disruption of
the hoof wall/lamellar tissue/distal phalanx adhesion complex (Gardner et al. 2015; Katz
et al. 2012; Li et al. 2015). Leukocyte activation also plays a role in the activation of matrix
metalloproteinases (MMPs).

MATRIX METALLOPROTEINASES

The activation of MMPs is linked to tissue inflammation within the sepsis-related laminitis
model. These MMP enzymes play a role in the breakdown of extracellular matrix (ECM)
proteins (Pollitt 2004; Katz and Bailey 2012; Visser and Pollitt 2012; Lietal. 2015; Underwood
et al. 2015a; Visser and Pollitt 2012; Kaczmarek et al. 2016). Two MMPs have been actively
studied in laminitis: MMP-2 and MMP-9 (Li et al. 2015; Kaczmarek et al. 2016). These two
are part of the gelatinase family of MMPs, which are located in neutrophil cells. This family
is known to play a role in vascular permeability and in the degradation of collagen and the
ECM. (Katz et al. 2012; Li et al. 2015; Kaczmarek et al. 2016). The uncontrolled breakdown
of ECM proteins may lead to inflammation and subsequent laminitis (Visser and Pollitt
2012). ECM proteins in the hoof wall are continually remodeled through the inhibition/
activation of MMPs; careful MMP regulation is part of what allows the distal phalanx to
remain attached to the hoof wall as the hoof wall moves (Pollitt 2004). Movement can be
from compression/flexion as the horse walks (Wattle and Pollitt 2004), or it can be from
movement as the new hoof wall grows down from the coronet band (Pollitt 2004).

OLIGOFRUCTOSE

The role of MMPs in laminitis pathogenesis is often investigated using the oligofructose
(OF) model of laminitis induction. OF is the most current method for laboratory study of
laminitis development because it consistently produces laminitis (Jian et al. 2015). A small
amount of OF consumption (by horses) does not negatively impact them, but consuming
large amounts of OF produces laminitis. OF is an inulin-like polymer of fructose, which is
commonly extracted from chicory (van Eps and Pollitt 2006; Tadros et al. 2013). This fructose
is similar to the fructans in pasture grass. Grass fructans can aggregate in high concentration
in the stems (van Eps and Pollitt 2006), which horses eat. An overload of carbohydrates, such
as too much high-fructose grass, is known to cause lamellar inflammation on short-time
scales, with the potential to cause laminitis if the overload is continued (Wattle and Pollitt
2004; Medina-Torres et al. 2015; Kaczmarek et al. 2016). Because OF induces laminitis, due
to its similar properties to carbohydrates, Underwood et al. (2015b) used OF in their study
in order to initiate laminitis.

LIPOSOMES

Using OF-induced inflammation, Underwood etal. (2015b) investigated a potential means of
blocking theinflammation withliposomes. Liposomes are nanoparticles with a phospholipid
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bi-layer structure (Figure 2). This structure allows them to penetrate the hydrophobicbarriers
of membranes that other small particles cannot pass through. Liposome structure has both
hydrophobic and hydrophilic components, which allows them to carry both hydrophobic
and hydrophilic particles. Liposomes can also be manufactured in the lab for the specific
requirements of an experiment, such as size, composition, surface characteristics, and charge
(Underwood and van Eps 2012). Some laboratory studies have investigated liposome use for
targeted drug delivery in difficult diseases such as cancer (Underwood and van Eps 2012).

Liposomes have also been used in medicine for topical, intravenous, and
intramuscular applications (Underwood and van Eps 2012), but they are prone to
reticuloendothelial system uptake. This means they can trigger the immune system defense
(Arulsudar et al. 2004), which can cause severe hypersensitive reactions (Szebeni et al. 2007).
Coating the liposome with an outer substance can reduce immune system recognition, the
subsequent reactions, and can increase liposome circulation time. A common coating used
is polyethylene glycol (PEG), due to its hydrophilic nature and proven ability to increase
liposome blood circulation time (Oyen et al. 1996; Laverman et al. 2000; Arulsudar et al.
2004; Underwood and van Eps 2012; Underwood et al. 2012). Liposomes were deemed safe
for use in equine lamellar studies at slow infusion rates (Underwood et al. 2012).
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Figure 2: A Liposome. These contain a liquid inner compartment which is surrounded by a bi-layer shell.
The bi-layer shell is composed of phospholipids which have a hydrophilic (water loving) outside layer and a
hydrophobic (water fearing) inside tail layer.

NUCLEAR RADIOLOGY

Tagging a liposome with a radioactive tracer can offer insight to how the liposomes disperse
in a study subject. Nuclear radiology accomplishes this by attaching a radioactive particle
to a component of interest, such as insertion into the aqueous part of a lipid particle (a
liposome) (Oyen et al. 1996; Arulsudar et al. 2004). Nuclear radiology has been employed
in medical research with cancer and inflammatory diseases (Oyen et al. 1996). Radioactive
tracers are made of radionuclides, or the nuclei, of unstable isotopes. These isotopes attempt
to stabilize by emitting radiation (charged particles) during their decay (Ziessman et al.
2013), which allows them to be traced with scintigraphic cameras as they move throughout
a system. Isotopes are chemical elements which consist of a different number of neutrons.
Elements decay at a rate specific to themselves, known as their half-life. This half-life is
the time it takes for one-half of the original amount to decay. Understanding isotopic
half-lives is essential to choosing the best isotope for a specific study. Medical studies use
a light radioactive element with a short half-life, which does not release beta emissions.
Using isotopes without beta emissions reduces the potential toxicity to the both subject and
researcher (Ziessman et al. 2013).

The sections listed above provide the necessary background for the full comprehension of
the Underwood et al. (2015b) paper, which is discussed below.

of Undergraduate Biology =~ 4  Progress in Laminitis Research



PRIMER

Volume 3: Spring 2016

Standardbred:
American horse breed
known for its trot
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“Distribution of technetium-99m PEG-liposomes during oligofructose
induced laminitis development in horses”i

Using the knowledge discussed above, Underwood et al. (2015b) applied these techniques to
investigate if liposomes would accumulate in lamellar tissues during laminitis development.
If the results of their investigation showed that liposomes did accumulate in the tissues, then
liposomes could possibly be approached as a drug delivery method for laminitis prevention.
The authors of Distribution are with, or connected to, the Australian Equine
Laminitis Research Unit (AELRU) at the University of Queensland, Australia. Since the
1990s, the AELRU has been a leader in the field of laminitis research, with two authors
of “Distribution” (Pollitt and van Eps) having been inducted into the International
Equine Veterinary Hall of Fame in Kentucky, U.S.A. The AELRU works closely with The
University of Pennsylvania, Ohio State University, and others in their pursuit of laminitis
knowledge. Another of AELRU’s 2015 papers won a prestigious award for influencing or
improving clinical practice (Australian 2015). “Distribution” is the first paper to explore
the dispersal of liposomes in a sepsis-related animal model (Underwood et al. 2015b).
In “Distribution,” Underwood et al. (2015b) used radio-labeled liposomes which
enabled them to determine the dispersion of the liposomes within the horse study
subjects. These subjects were given oligofructose (OF) to instigate laminitis. If the radio-
labeled liposomes accumulated in the lamellar tissue of the laminitic horses, then future
investigations could use liposomes to deliver MMP-inhibiting pharmaceuticals.

EQUINE SUBJECTS

The “Distribution” project was done under approval of the University of Queensland Animal
Ethics Committee, and complied with the Animal Welfare Act (2001) and The Code of
Practice for the care and use of animals for scientific purposes (Underwood et al. 2015b).

The project in “Distribution” used ten Standardbred geldings with healthy feet;
these horses were obtained and cared for, for one month prior to the start of the study. For
the experiment itself, the horses were kept in lead-lined stalls (to mitigate the effects of the
radiation used in the experiment). Six of these subjects were chosen for the oligofructose-
induced laminitis group (OFG), and the other four were maintained as the control group.
A nasogastric tube was used to administer either plain water (control group), or 10 grams
of oligofructose (OFG) for every kilogram of body weight, as detailed in van Eps and Pollitt
(2006). The horses in “Distribution” were monitored throughout the study for heart rate,
respiratory rate, temperature, and lameness. Once an Obel grade 2 lameness was evident
in the laminitis group (Table 1), one dose of phenylbutazone (a common equine pain
medication) was given intravenously.

Table 1: Obel lameness scoring chart. Used to assess lameness in horses. Adapted from Jiang et al. (2015).

Grade |Symptoms

1 Continual weight shifting when standing, no lameness at a walk, short gait when
trotting
2 Altered gait at a walk, horse easily yields hoof for assessor

Altered gait at walk and trot, will not yield hoof to assessor

4 Excessive lameness, will only walk if forced
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LIPOSOME PREPARATION, RADIO-LABELING, AND ADMINISTRATION

The liposomes used in “Distribution” were made from a phospholipid, Dipalmitoyl
phosphatidylcholine (DPPC), and coated with polyethylene glycol, PEG-(2000)-
distearoyl phosphatidylethanolamine (PEG-(2000)-DSPE). The liposomes were made
using the film hydration method (Underwood et al. 2012; Underwood et al. 2015b).

Generally this method is conducted by combining phospholipids, polyethylene
glycol, and a chloroform/methanol mixture. This combination would be spun at high rates
and then flushed with nitrogen to remove any solvent present, leaving only a very dry film of
lipids (SL Stevenson, personal communication, February 12,2016). The lipids would then be
added to areducing agent (GS-H in “Distribution”) to prevent clumping. A buftfer (HEPES in
“Distribution”) is then added to maintain the required pH. The lipid/GS-H/buffer solution
would then undergo dialysis to remove empty liposomes and un-entrapped GS-H, leaving
only GS-H filled liposomes. Combining the lipid/GS-H/buffer in solution would also result
in large multi-layer vesicles which need to be broken down to the correct sizes required
for the experiment at hand (SL Stevenson, personal communication, February 12, 2016).

In “Distribution,” this sizing was done using filters with sequentially smaller pore
sizes, until the average size of liposomes was 85 nm. Underwood etal. (2015b) then labeled the
finished liposomes with the radioactive tracer: 9mTc-hexamethylpropylene-amine-oxime
(HMPAO). This tracer is commonly used to determine regional physiological changes in
blood flow,and itis easily converted toalong-lasting hydrophilicstate (Isakaetal. 2000). When
the tracer is added to the liposomes containing the GS-H, the tracer will enter the liposome.
The GS-H then acts as a reducer on the oxide bond between the 99mTc and the HMPAO (SL
Stevenson, personal communication, February 12, 2016). The hydrophilic 99mTc is then
trapped within the aqueous core of the liposomes. Un-encapsulated 99mTc-HMPAO would
then be removed via gel filtration (Underwood et al. 2012). In the “Distribution” study, a
calibrator was used to discern the labeling efficiency by measuring the activity of the 99mTc-
HMPAOQ that was bound to the liposomes as well as that which was not bound to liposomes.

Upon completion of radio-labeling the prepared liposomes, all subjects in the
study received 300 pmol of the radioactively labeled liposomes (RLL) intravenously. An
additional 5.5 umol of non-labeled liposomes were added to ensure that the total liposome
concentration was above the level of rapid clearance, as liposomes can be endocytosed while
in circulation (Laverman et al. 2000). The subjects in the “Distribution” OFG were divided
into three sub-sections, and each section received the RLL, either 0, 12, or 18 hours after OF
dosing. To reduce the risk of hypersensitivity reactions common in liposome administration
(Szebeni et al. 2007), Underwood et al. (2015b) state that the dose was given slowly; heart,
respiratory rates, and temperature were monitored for one hour, beginning at the start of
the infusion.

POST-ADMINISTRATION EVALUATION

The “Distribution” study used a scintillation camera at 1, 6, and 12 hours after RLL
infusion was begun, to monitor the distribution of the RLL in every subject. Additional
scans of the 0-hour OFG were done at 18 and 24 hours post-infusion, and the final
12 hours of the 0-hour OFG were also used for analysis (Underwood et al. 2015b).

Images from every subject included the dorsal and lateral sides of both forefeet, as
well as of the hoof, fetlock, metacarpus, and the area between the hoof/metacarpus and
fetlock/metacarpus. Specialized software was used to display and analyze the images by
a blinded observer, and the measurements were done three times. The count density of
radioactivity was assessed, and adjustments for decay and the dosage given were made.
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Underwoodetal.(2015b) collectedbloodsamplesfrom thesubjectsat0,6,and 12hours
post infusion, and recorded the radioactivity of each sample via shielded well scintillation
gamma counter. They also performed the same adjustments for decay and dose. Using an Excel
add-on, they estimated the half-life of the radio-labeled liposomes. The radioactive decay of
technetiumaloneisknowntobearound6hours(Ziessmanetal.2016). Therefore, Underwood
et al. (2015b) calculated the radio-labeled liposomes (RLL) to understand changes to the
decay rate when liposomes are added. Following the last radioactivity assessments of each
group, the subjects were tested for lameness via the Obel system and were then euthanized.

Tissue samples were immediately taken from areas of interest, including forelimb
lamellar tissue. This collected tissue was assessed to discern the amount of the radioactive
liposomes present, again via shielded well scintillation gamma counter. Simultaneously,
Underwood et al (2015b) assessed a dose of the original RLL that they had kept to assist in
correcting for the known physical decay of the technetium within the RLL. Finally, dorsal
lamellar sections were obtained, fixed via paraffin embedding, and a blinded observer
assessed the subsequent laminitis pathology. All data was analyzed via statistical software.

“DISTRIBUTION” RESULTS

Each horse in the OFG had developed the outward symptoms expected from
oligofructose-induced laminitis (Szebeni et al. 2007; Table 1), though the liposome
infusion produced no hypersensitivity reactions (Underwood et al. 2015b). The average
radio-labeled liposome (RLL) concentration, activity, and radioactive decay, along with
the hoof wall surface temperature were consistent between the OFG and control groups.

The radioactivity within specific regions differed between the two groups. The
OFG showed an increase in tissue radioactivity, especially in the dorsal hoof, lateral
hoof, fetlock, lateral hoof/metacarpal, and fetlock/metacarpal. Conversely, the OFG
showed an overall decrease in blood RA, to the point of becoming lower than the
control group at 12 hours. The control group showed a radioactivity decrease in the
dorsal hoof, lateral hoof, fetlock, and metacarpal regions over time. Most importantly,
the OFG had higher RLL in their lamellar tissue than did the control horses; the
highest levels were seen in the group receiving the liposomes 18 hours after OF
induction. This level was over quadruple (4.8 fold increase) that of the control horses.

These results from “Distribution” support Underwood et al. (2012)’s findings
that liposomes do appear in lamellar tissue during oligofructose induced laminitis.
The concentration of liposomes in the OFG lamellar tissue at 12 hours supports
the idea that liposome-delivered pharmaceuticals could maintain prolonged
concentrations in lamellar tissue. Similarly, as no hypersensitivity reactions were
observed with liposome administration, this study further supports the benefits of
slow intravenous liposome delivery of pharmaceuticals (Underwood et al. 2015b).

By the end of the study, there was an overall increase in the liposome level present
in each successive “Distribution” OFG. The highest levels of liposomes occurred in the
18 hour post-infusion group. This finding indicates that there is a positive correlation
between time and liposome level (Underwood et al. 2015b). The 18 hour group was
already showing signs of significant lameness, which may be too late for pharmaceutical
intervention. However, Underwood et al. (2015b) suggest the dual use of liposomes and a
known inhibitor of laminitis development, such as cryotherapy (van Eps and Pollitt 2004)
On its own, cryotherapy is not a practical laminitis solution, as it is both time consuming
and needs to be repeated often and/or maintained for extended periods of time. However,
in order to establish an effective liposome delivery time line, it may be possible to combine
liposome administration with cryotherapy in future laboratory studies (Underwood et al.
2015b).
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IMPLICATIONS

The aim of “Distribution” was to discern if liposomes accumulate in lamellar tissue during
oligofructose-induced laminitis. If liposomes did, then future research could use them
as carriers for laminitis pharmaceuticals, which may intervene in laminitis development.
The Underwood et al. (2015b) experiment produced results which not only
showed that laminitis development incurs an accumulation of liposomes in the lamellar
tissue, but their data further supports the use of liposomes as a delivery method for
pharmaceutical intervention of laminitis. This support is due to the high levels of circulating
liposomes in the study groups, especially the OFG at 18 hours (Underwood et al. 2015b).
Underwood et al. (2015b) calculated that a significant concentration of a drug
may be attainable (specifically 332 ng/ tissue gram) twelve hours after administration.
These calculations exceed those found in the previous Underwood et al. (2015a)
experiment using regional limb perfusion to administer the MMP-inhibitor marmistat.
Underwood et al. (2015b)’s calculations indicate that there is a potential to inhibit
90% of the MMP-2 and MMP-9 in the lamellar tissue (Underwood et al. 2015ab).
Underwood et al. (2015b) go on to discuss other studies that produced results
indicating a potential for a continued increase in liposome level, past the 12 hour
cut-off in the “Distribution” study; along with the similarities and differences between
their results and the results from other infection-caused inflammation studies.
However, these other inflammation studies have a great many other variables to
consider, to the point that they are not directly comparable to the “Distribution” study.
Finally, Underwood et al. (2015b) state that the results of “Distribution” may provide
basis for further studies on liposome-delivered drugs in other species, due to the levels of
RLL accumulated in the samples taken. The high RLL level viewed in the lamellar tissue,
versus the other tissues sampled, indicate that the vascular permeability of these tissues are
different. Most important for this primer is Underwood et al. (2015b)’s data that supports
the potential for the first clinically applicable pharmaceutical intervention of laminitis.

CONCLUSION

Laminitis is a painful, debilitating disease that affects horses, horse owners, and veterinarians
all over the world. The complex pathogenesis of laminitis involves many potential pathways,
and the root of it is still being sought. Understanding how to treat the manifestations of
laminitis will not only provide relief for suffering equines, but it can assist in finding what
causes laminitis in the first place. The AELRU, along with their colleagues around the world,
have been making great strides in their laminitis research. Linking sepsis, liposomes, MMP
inhibitors, and laminitis is a remarkable start to reaching the end of this disease.
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