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Abstract

Many drugs have decreased therapeutic activity due to issues with absorption, distribution,
metabolism and excretion. The co-formulation or covalent attachment of drugs with fatty acids has
demonstrated some capacity to overcome these issues by improving intestinal permeability,
slowing clearance and binding serum proteins for selective tissue uptake and metabolism. For
orally administered drugs, albeit at low level of availability, the presence of fatty acids and
triglycerides in the intestinal lumen may promote intestinal uptake of small hydrophilic molecules.
Small lipophilic drugs or acylated hydrophilic drugs also show increased lymphatic uptake and
enhanced passive diffusional uptake. Fatty acid conjugation of small and large proteins or peptides
have exhibited protracted plasma half-lives, site-specific delivery and sustained release upon
parenteral administration. These improvements are most likely due to associations with lipid-
binding serum proteins, namely albumin, LDL and HDL. These molecular interactions, although
not fully characterized, could provide the ability of using the endogenous carrier systems for
improving therapeutic outcomes.
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1. Introduction

When a drug is absorbed or administered parenterally to an adult patient it is immediately
diluted throughout 6 liters of blood and potentially 15 L of interstitial volume. The site of
action for the drug will typically encompass only a very small fraction of total body volume
so concentrations of drug at the target will be minimal. This dissipative nature of distribution
poses a major problem for drug formulation leading to poor efficacy and high toxicity,
particularly when drugs are hydrophobic and tend to distribute around the entire body. Being
principally composed of water, the body has had to develop methods to promote the
absorption and distribution of poorly soluble materials as they are critical for energy storage
and membrane formation. Enterocytes in the lumen have specific fatty acid receptors to
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facilitate uptake. The body also developed specific carriers to store lipid, LDL/HDL, and
distribute fatty acids, albumin. Many investigators have then rationally designed prodrugs or
formulations to utilize these systems for increasing solubility, promoting absorption, or
facilitating distribution of their therapeutics. This review will focus on a subset of
technologies utilizing fatty acids and triglycerides to improve the absorption, distribution,
metabolism and excretion profiles for oral and parenteral administration. The use of
medium-chain fatty acids for promoting intestinal permeation of hydrophilic drug molecules
was the subject of an excellent review in 2009 [1] so only a cursory discussion is presented.

2. Formulations to Improve Oral Absorption

Ingested lipids are highly insoluble and thus aggregate as micelles or emulsions depending
on composition. The presence of these lipids in the intestines triggers the release of lipases,
phosphoplipases and bile salts designed to solubilize and hydrolyze triglycerides at the 1 and
3 positions to 2-monoacylglycerides and free fatty acids. The fatty acids and glycerides can
then partition into the membranes or bind fatty acid binding proteins on enterocytes for
cellular uptake. Glycerides and long-chain fatty acids bind apical fatty acid binding proteins
which deliver them to the endoplasmic reticulum (ER) of the enterocyte [2]. Shorter fatty
acids, which exhibit higher solubility, can bind monocarboxylic acid transporters [3]. Short-
and medium-chain fatty acids can be transported to the portal vein for first-pass transfer to
the liver, presumably via albumin binding. Alternatively, long-chain fatty acids tend to be
reacylated into triglycerides and incorporated in chylomicrons which are delivered to the
lamina propria and eventually the systemic circulation via the thoracic duct [2]. Most of the
triglycerides in chylomicrons are hydrolyzed by epithelial lipoprotein lipase and the
chylomicron remnants eventually mature into very low-density lipoprotein (VLDL) then
low-density lipoprotein (LDL) or high-density lipoprotein (HDL) if they contain a large
quantity of phospholipids. Although its practical utility remains to be seen due to low level
of availability, lymphatic uptake is a potentially useful mechanism for oral drug delivery to
the systemic circulation as it bypasses the first pass clearance of the liver altogether.

2.1. Caprates

One method to promote paracellular diffusion of high solubility, low permeability molecules
such as peptides is co-formulation with medium-chain fatty acids such as caprylates (C8:0)
and caprates (C10:0). The mechanism of action for these fatty acids is not well established.
Potentially the fatty acids modulate tight junctions through phospholipase C induced release
of CaZ* and subsequent protein kinase C activation [4,5]. Alternatively they may affect lipid
rafts that anchor the occludin proteins [6] although it is unclear whether or not this is a
caprate-specific effect as increased paracellular transport has been associated with a variety
of fatty acids [7]. However, caprates specifically have been examined for increased
paracellular diffusion in Caco-2 cell culture [8] as well as intact rat ileum via an Ussing
chamber [9] and demonstrated up to a 7-fold increase in paracellular transit as well as
occludin restructuring via immunohistochemistry. These fatty acids are considered non-toxic
and have been used successfully in numerous formulations [1]. A series of basic studies
have been streamlined for development through GIPET (Gastrointestinal Permeation
Enhancement Technology) [10,11]. The technology involves formulating the drug along
with caprate and caprylate salts in tablets and, to a lesser extent, enteric soft gel capsules.
Application of the technology to low molecular weight heparin resulted in a doubling of the
bioavailability in humans; however this number is still quite low at approximately 8%. The
relative bioavailability of oral acyline, a gonadotropin hormone releasing antagonist,
increased up to 16-fold in beagles [1] and showed some activity in humans [12] despite a
very modest total bioavailability. The addition of sodium caprate to a suppository containing
ampicillin also showed a 2-fold increase in serum area under the curve in human volunteers
although biopsy showed reversible damage to the mucosa [13]. The total absorption of these
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small and large molecules dose seem to increase consistently in the present of surfactants
but the total increase may still be sub-optimal to translate into the clinic for most molecules.
Of course, increased paracellular uptake to the portal vein is only half the issue as hepatic
first-pass metabolism is sure to play a large role in clearance. Potentially then if the small
molecules or peptides are being delivered to the liver this methodology could be effective
enough to lead to a major pharmaceutical product.

2.2. Triglyceride formulations

Alternatively fatty acids can be used to elude first-pass metabolism by disguising a drug as a
triglyceride. Valproic acid was esterified at the s7-2 position on the glycerol backbone of
lysophosphatidylcholine [14]. This molecule showed an ability to absorb across the gut
lumen of rats and get packaged into chylomicrons for distribution to the lymphatics. The
drug, as this molecule is more active than valproic acid itself, was able to achieve 9%
bioavailability but 60% of absorption was due to lymphatic uptake. The drug showed great
resistance to lipases /in vitro although this was highly dependent on the chemistry involved
in attaching the drug to the 2-position of glycerol. The bioavailability appears dependent on
several other factors including the triglyceride vehicle and the pre/postprandial state; in both
cases, the presence of other lipids. Formulation in peanut oil containing mostly palmitic
(C16:0), stearic (C18:0), oleic (C18:1), and linoleic (C18:2) ester triglycerides promoted an
increase in bioavailability. This is consistent with several other reports of small hydrophobic
molecules formulated with long-chain triglycerides [15-17]. Alternatively, formulation with
medium-chain triglycerides containing caprate and caprylate esters provided lower
bioavailabilities. Interestingly the caprates and caprylates from the medium-chain
triglyceride vehicle group don’t appear to show any effect on bioavailability of the drug, yet
40% of the drug is estimated to be absorbed via the portal vein. Considering this the intact
drug must be absorbed nearly exclusively transcellularly due to the poor solubility.

In addition to formulation with long-chain triglyceride, the postprandial state increased
bioavailability compared with the starved state. Standard rat chow is about 3% lipid, a vast
majority of which are long-chain w-3 fatty acids [18]. In both successful scenarios the
common denominator is the presence of long-chain fatty acids. This observation has been
noted in several other reports on known lymphatically absorbed drugs as well [19-21].
Long-chain fatty acids have been associated with an increase in chylomicron formation in
the Golgi apparatus of enterocytes [21] which could solubilize the hydrophobic drugs and
promote increased lymphatic delivery. The increase in bioavailability via the lymphatics
then is not very large. In general, the improvement in bioavailability of most hydrophobic
drugs observed with concomitant administration of long-chain fatty acid seems to peak
around 20% including acylated aspirin [22], an acylated prodrug of L-Dopa [23] while even
smaller increases are seen with hydrophobic drugs like lapatinib [24]. This is still impressive
considering under normal conditions, the absorption of the natural hydrophobic molecule
cholesterol is only about 50% [25]. However these low bioavailabilities may only be
acceptable for the most potent drugs. Just as with GIPET® It may be economically feasible
to reduce the dose of drug while supplementing the formulation with long-chain fatty acid.
Even from a nutritional standpoint this could be beneficial if the lipid contained w-3 or w-6
fatty acids and the possible benefits associated with them; particularly putatively lowering
serum triglyceride levels [26]. This would require proving the w-3 and w-6 fatty acids still
promoted increases in bioavailability and finding alternative sources of these fatty acids
such as transgenic plants [27].

2.3. Submicron lipid particles

Submicron particles have been the subject of oral delivery recently due to their ability to
carry a multitude of cargoes as well as their stability and targetability. Being too large for
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significant paracellular diffusion and lack of membrane permeability, these formulations
require a different approach. The gastrointestinal tract is lined with a plethora of cells. M
cells are associated with a great deal of lymphatic drainage due to their function of sampling
antigen from the intestines and passing it to the various antigen presenting cells within the
lymph [28]. M cells have a thin glycocalyx and undergo frequent macropinocytosis making
them more amenable to taking up particles. It is hypothesized that intact particle uptake from
the intestines may occur through M cells and enterocytes considering M cells are devoid of
lysosomes [29]. Targeting to Peyer’s Patches therefore could present an opportunity for
increased lymphatic delivery of particles, particularly for inducing mucosal immunity for
oral vaccines.

The common mucosal immune system is an autonomous system of immunity protecting
various mucosal organs, most notably the airway, gut, eye and genitals [30]. It is estimated
about 80% of immune-competent cells are involved in the common mucosal immune system
which is designed to protect the vast area of mucosal organs thus preventing systemic
infection. Lipid particles are commonly examined for use in vaccine delivery due to the
nature of lymphatic uptake of lipids [29]. Formulation of antigen with cholera toxin in w/o/
w multiple emulsions containing squalene dispersed in saline with nonionic poloxamer
surfactants allowed successful stabilization and delivery of a recombinant fusion protein
from E. colito Peyer’s Patches [31] in mice. The fusion protein itself was unable to induce
mucosal immunity subsequent to parenteral administration. In another preclinical study in
guinea pigs, an orally viable tuberculosis vaccine was examined for mucosal immunization
[32]. When formulated with vegetable oil, this strain of the mycobacterium was stabilized in
the gastrointestinal tract for uptake. Formulation with vegetable oil improved the efficacy of
the vaccine leading to greater protection when challenged with aerosolized tuberculosis
compared to the standard subcutaneous vaccine. Despite this, there are no approved oral
vaccines that are designed for epithelial adsorption although many are being developed. To
this date only live attenuated or killed whole cell vaccines have been approved [33].

3. Acylation of Therapeutic Molecules with Fatty Acids

Pharmacokinetics and accompanied pharmacodynamics of parenterally administered drugs
can be improved via acylation with various fatty acids. Lipidized therapeutics exhibit greater
half-lives allowing less frequent dosing. This provides an alternative to the ubiquitous
concept of pegylation for prolonging circulatory life. Being lipophilic, these therapeutics
will most likely be solubilized by albumin or serum lipoproteins, both of which can
contribute to stabilization and increased circulatory half-life. When unbound from proteins,
the fatty acids can be removed based on chemistry due to pH or reductive glutathione as
well as biochemical cleavage from peptidases or esterases. The chemistry is cost-effective,
straightforward and the myriad of potential fatty acids allows tailoring of prodrugs for a
specific purpose.

3.1. Non-reversible lipidization

In non-reversible methods of lipidization, peptide or proteins are typically modified with
activated fatty acids (e.g., fatty acid chloride or anhydride) at the a-amino or the g-lysyl
amino groups, resulting in a stable amide bond [34-37]. One example is the non-reversible
lipidization of cystatin, a 13 kDa protein isolated from chicken albumen that is a known
inhibitor of cathepsin-B. Palmitoylation of the amino groups in this protein increased the
membrane adsorptive or partitioning proclivity of the protein for endocytic internalization
and subsequent inhibition of lysosomal cathepsin-B [38]. As expected, partitioning was
dependent on the tail length of the fatty acid resulting in increased inhibition with increased
tail length [39]. The maturation of the late endosome to lysosome would promote binding of
the internalized cystatin molecules to cathepsins that are commonly found in these vesicles,
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assuming the palmitoylated protein survives the conditions of the lysosome. While
successful /in vitro, membrane adsorption is non-specific, so systemic administration would
conceivably benefit from the use of a carrier such as a liposome or lipoprotein for targeted
accumulation and release. Additionally, acylation could affect secondary or tertiary
structures of proteins such that this is not a generally applicable method.

3.2. Albumin binding

The merits for binding albumin as a drug carrier are well established [40,41]. Albumin is a
highly soluble protein which can confer solubility to hydrophobic drugs [42]. It has a 19-day
half-life in humans [43] and it is extremely abundant at 40-50 mg/mL in the vasculature. It
can thus greatly retard elimination from the system. While the primary function of albumin
is plasma expansion, it is also a carrier for fatty acids [44]. Albumin has 6-7 fatty acid
binding sites for long-chain fatty acids [45] with affinities in the nanomolar dissociation
constant range [46]. The high affinity for the fatty acid binding sites is due to hydrophobic
channels in the protein which cradle the aliphatic tail and cationic lysine or arginine residues
at the apex of the channel which anchor the anionic carboxylate electrostatically [47,48].
The hydrophobic interactions within the binding pocket are primarily entropy-driven while
the electrostatic interaction is both entropy and enthalpy-driven. Consequently, an attempt to
utilize these pockets via fatty acid conjugation of a drug could disrupt the electrostatic
interaction at the surface of albumin thereby decreasing the affinity.

To test this hypothesis, in an unpublished study, a drug surrogate fluoresceinamine (FLA)
was derivatized with a short diethyleneglycol linker. The surrogate was subsequently
attached to stearic acid (SA) and 3-pentadecylglutaric (PDG) acid via an amide as shown in
Fig. 1. The only difference between the two molecules is the carboxymethyl moiety on the
PDG acid which is hypothesized to anchor the conjugate to the protein. Both conjugates
were subject to isothermal titration calorimetry analysis at 30°C, from which the binding
parameters could be extracted. The results show a 3.5-fold increase in affinity of PDG-FLA
for delipidated human serum albumin. This is derived from greater than twofold increase in
enthalpy for the PDG conjugate compared to the SA conjugate. Interestingly the SA-FLA
conjugate does show 1.5-fold higher entropy compared to the PDG conjugate. This could be
a result of the carboxymethyl group on PDG preventing the proper seating of the conjugate
in the binding pocket. While studies to examine this effect are ongoing, the data is presented
as it seemingly confirms other data in the literature, specifically the increase in affinity
observed by acylating insulin.

The seminal use of fatty acids for this purpose was myristoylated insulin detemir (Levemir®,
Novo Nordisk, Denmark), which was approved by the FDA in 2005. Insulin is a 5.8 kDa
polypeptide consisting of two chains linked by three disulfides. In Levemir®, the
polypeptide is myristoylated at the penultimate lysine residue (B29) [49]. Intact insulin
polypeptide is terminated with threonine (B30); however in Levemir® the terminal threonine
is removed. It was found removal of the terminal threonine increased the affinity of
Levemir® for albumin by approximately 3-fold, similar to the fluoresceinamine conjugate
above [50]. The reason for this change in affinity is most likely due to how the molecule fits
in the albumin binding pocket. It is presumed the myristoyl amide as well as the whole
lysine side chain fit in the pocket [50]. If true, the binding pocket would accommodate 20
atoms from the w-position of the myristic acid to the a-carbon branching point of lysine.
Assuming the amide does not perturb binding in the pocket, this distance would be
comparable to arachadic acid (C20:0) which is known to bind albumin [51]. Therefore in
detemir, the C-terminus of the lysine likely sits atop the pocket for electrostatic interactions
with the cationic lysine or arginine on albumin. If threonine is not cleaved, as with native
insulin, the C-terminal carboxyl group would shift one amino acid away from the binding
pocket making formation of the salt-bridge less likely. The result of this higher affinity
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albumin conjugate is an increase in the half-life of insulin from 2.8 h to 8.8 h and no loss of
activity when administered subcutaneously [49,52].

More recently, a second lipidized peptide drug, liraglutide (Victoza®, Novo Nordisk), was
also approved by the FDA in 2010 [53]. Victoza® is an analog of glucagon-like peptide
(GLP-1), a 37-amino acid native peptide hormone that has a short pharmacological half-life
of about 1 h. Victoza® differs from GLP-1 in the substitution of Lys34 to Arg34, and in the
palmitoylation at Lys26 via a y-glutamic acid spacer. This modification results an improved
pharmacokinetic profile, which is attributed to albumin-binding of liraglutide following
administration. Due to the long half-life of 11 — 15 h following subcutaneous injection, this
lipidized analog is suitable for once-daily injection. Another insulin analog, insulin
degludec, is also in development by Novo Nordisk. Similar to Victoza®, insulin degludec is
palmitoylated at an e-lysyl amino group (B29) via a y-glutamic acid spacer, and also has the
terminal threonine removed. Promising results from phase Il clinical trials of insulin
degludec have shown that subcutaneous administration three times a week produced
glycemic control comparable to insulin glargine, an FDA approved long-acting basal insulin
analogue in patients with Type | [54] and Type Il diabetes [55].

3.3. Reversible lipidization

The non-reversible lipidization of protein or peptide drugs has some limitations including
the incompatibility between lipidization reagents and proteins/peptides in solution, and the
loss of biological activity of the protein or peptide drug following modification. One
technology to promote the half-life of the protein as well as maintain activity is reversible
aqueous lipidization (REAL technology) [56]. This methodology involves the use of water-
soluble acylation reagents thus circumventing the requirement of organic solvents used in
non-reversible lipidization. Additionally, /n vivo reversible bonds (e.g. disulfide or pH-
sensitive bonds) are utilized to link the lipid moiety to the protein or peptide allowing
regeneration of free protein or peptide following administration. In this prodrug approach
the disulfide bonds between cysteine residues in the protein are reduced, and the resultant
free thiols are reacted with an activated disulfide of palmitoylated cysteine [57]. The weakly
reducing conditions of the serum can then slowly delipidate the modified protein allowing
refolding and providing a controlled release of intact, bioactive protein. Reversible
lipidization using a pH-sensitive linkage involves the modification of free amino groups on
the protein using an amine-reactive lipidization reagent. The free protein is then slowly
regenerated /n vivo by hydrolysis at physiological pH [58].

REAL technology has been applied to both peptides and proteins demonstrating increases in
half-life as summarized in Table 1. When applied to Tyr3-octreotide (TOC), a ~1 kDa
somatostatin analog for controlled delivery to the liver [59], the half-life of 125]-labeled
TOC and REAL-TOC increased from 4.2 h to 6.6 h [59]. When REAL was applied to the
diuretic desmopressin (~1 kDa) [60], an increase in stability, potency and half-life was
observed [61]. Similar improvements in pharmacokinetics, stability, and bioactivity have
been observed for other proteins and peptides, including enkephalin (~0.5 kDa) [58],
calcitonin (~3.4 kDa) [62], interferon alpha (~20 kDa) [63] and Bowman-Birk protease
inhibitor (~8 kDa) [64]. These benefits are most likely the result of binding to serum
albumin. Similar to insulin detemir where palmitoylation is occurring through an amide of a
terminal amino acid, the carboxylate on cysteine should be readily available for fulfilling the
electrostatic interaction involved in albumin binding. In support of this hypothesis, changing
the REAL technology’s cysteine to cysteamine by decarboxylation or masking the charge
with a methyl ester caused drastic decreases in the efficacy of the drug [65]. Both
modifications would eliminate the electrostatic interaction thus disrupting the high-affinity
nature of albumin binding.
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In addition to the improved stability and pharmacokinetic profile, both reversible and
irreversible lipidization techniques have been utilized as an approach to facilitate the oral
delivery of protein and peptide drugs. Although there are many reports on the oral
administration of lipidized peptides, including insulin [66], tetragastrin [67], DADLE [68],
calcitonin [62], and enkephalin [58], none of them has been further developed into an
advanced development stage. One of the limitations of using lipidized peptides for oral
delivery is the lack of a systematic study of the mechanism of enhanced oral absorption. In
addition, there are many factors, such as the linker used in lipid-conjugation, the
formulations for oral administration, and the presence of other excipients that can influence
the oral bioavailability of a lipidized peptide [67—70]. Nevertheless, all of the studies have
shown that, compared to unmodified peptide, the lipidized peptidyl drugs exhibited
improvements in the pharmacological activity as well as an increased mucosal permeability,
plasma concentration, and area under the curve (AUC). Therefore, lipidization can be
considered as an alternative approach in oral protein or peptide delivery but not a solution to
the underlying issues in absorption [71-73].

4. Lipoproteins as Carriers

Aside from albumin, the other major family of natural lipid carriers is the lipoproteins.
Lipoproteins are particles formed by the aggregation of triglycerides, phospholipids,
cholesterol and cholesteryl ester. The whole complex is stabilized by a massive
apolipoprotein. The LDL molecule has been modeled very thoroughly. It is believed to be a
discoid particle (Fig. 2) [74] consisting of 40% cholesteryl ester, 9% free cholesterol, 25%
phospholipid, 7% triglyceride and 21% protein by mass [75]. The particles differ by
composition, size and stabilizing proteins yielding several classes; chylomicrons, VLDL,
intermediate density lipoprotein (IDL), LDL and HDL [76,77]. Primarily, VLDL/LDL/HDL
are used as drug carriers. VLDL receptors are commonly expressed in the capillary
endothelium of muscle, heart and adipose tissues while LDL receptors tend to be expressed
highly in the liver as well as many tumor tissues [76,78]. HDL is also cleared primarily by
the liver using the scavenger receptor SRB1 but is also heavily consumed by various
cancerous cells [79]. The particles are stable with biological half-lives of several days, as
well as an assumed protection from reticuloendothelial clearance [76,80]. Lipoproteins
provide competition for the binding of fatty acid substrates with albumin with comparable
delivery potentials [81], although how long the complex remains intact /n vivo is not clearly
understood. The triglyceride on the surface is available for hydrolysis, as was the case with
chylomicrons, so ideally the drugs will partition to the core of the LDL which is typically
reserved for cholesteryl ester. To do so, the drug will likely have to be very insoluble. This
would make the drug easier to control and it would likely be taken up in tissues containing
the highest levels of LDL receptor which could be particularly useful in cancer treatment.

4.1. Lipoproteins in gene delivery

In an exemplary study using various acylated siRNAs, it was found cholesterol and
longchain fatty acid, including stearic and behenic (C22:0) acid, conjugated siRNAs show
preferential binding to lipoproteins. Conversely, myristoylated, palmitoylated and oleoylated
SiRNA bind exclusively to albumin [82]. The behenic and stearic derivatives bound HDL/
LDL with “dissociation constants” of 100 uM and 300 puM, respectively. The affinity was
estimated by the ratio of bound/unbound cholesterol siRNA at given concentrations of
lipoprotein. Rather than a dissociation constant, this may be better described as a partition
coefficient as there is no specific binding site provided by the lipid aggregates but rather a
propensity to partition into the particle. This can be further confounded by the significant
variability in composition of natural lipoprotein particles as opposed to the well
characterized structure of albumin. The behenic and stearic derivatives bound albumin with
dissociation constants of approximately 200 uM and saturated the protein at 3.6 molar
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equivalents. These values are in stark contrast to the free fatty acids which bind in the low
nanomolar dissociation range with ~6 binding sites for stearic acid and 4 for behenic acid
[46,51]. Here again, the acylation chemistry eliminates the carboxylate moiety of all fatty
acids so albumin binding is expected to decrease. In this instance the loss of affinity is
several orders of magnitude. This large decrease may also be due to the size and hydrophilic
nature of the attached nucleic acid coupled with the electrostatic repulsion between the
phosphodiester backbone and the anionic surface of albumin.

A major concern for these complexes is /n vivo stability. The higher the “affinity”, the more
the drug’s pharmacokinetics should mimic that of the carriers themselves. These proteins are
all catabolized throughout the body and hence the respective ratio of catabolism in various
tissues is also important in terms of both efficacy and toxicity. The steady-state
accumulation rates and degradation profiles for these carriers are well understood and
consistent. This raises the question, can drug conjugates be designed to utilize these carriers
for protracted serum half-life? To examine this, the investigators analyzed the
pharmacokinetics of a cholesterol conjugate of SiRNA (Fig. 3) in mice using a dual label
following intravenous administration; 1221 on the carrier (LDL, HDL, or albumin) and 32P
on the cholesterol siRNA. All three carriers exhibited their natural half-lives whereas the
SiRNA conjugates were completely cleared from the vasculature within 5 hours clearly
reflecting the relatively weak association of the conjugates for the carriers. This is
undesirable as the conjugates are not effectively utilizing the potential of the carriers’
increased circulatory half-life due to weak interactions with the carriers; the very
hydrophilic siRNA is incompatible with the lipophilic LDL/HDL carrier and the cholesterol
ligand is incompatible with albumin due to very weak binding interactions. As a result, the
weakly bound conjugates cannot be expected to take advantage of the differential tissue
accumulation of these carriers for selective tissue delivery. Designing conjugates with
increased specificity, affinity and compatibility for the respective carriers could allow for
better efficacy profiles.

4.2. HDL as a drug carrier for cancer

Delivery via HDL has recently focused on cancerous cells. The carriers used are
recombinant, formed by suspending triglycerides with bacterially expressed Apolipoprotein
Al (Apo-Al) followed by heating and sonication [83]. The advent of Apo-Al fusion
proteins delineated two possibilities; the fusion protein could be therapeutic or, since the
Apo-Al sits at the interface, the fusion protein could include a targeting peptide [84]. In one
instance, interleukin-11a was selected as a targeting peptide as the receptor is highly
expressed in various cancer cell lines [85,86]. These particles showed selective targeting to
osteosarcoma masses and the addition of a cytotoxic peptide demonstrated efficacy /in vitro.
Efficacy was also demonstrated in mice by fusing the cell penetrating TAT peptide from the
human immunodeficiency virus to Apo-Al carrying unmodified doxorubicin in the particle
and administering intravenously [84]. The particles release about 40% of the encapsulated
doxorubicin within 5 h in normal saline containing 0.1% bovine serum albumin.
Intratumoral injection of the recombinant rHDL showed efficacy of about 30% reduced
tumor volume compared to the untreated control. The results were comparable regardless of
the presence of the TAT peptide or the rHDL itself, as free doxorubicin had comparable
efficacy. Considering the release rate, most of the doxorubicin is probably released quickly
into the tumor. To prevent this leakage or dissociation, the doxorubicin could be acylated,
which would greatly increase the permeability into rHDL. Here again w-3 fatty acids, such
as docosahexaeoic acid and linolenic acid, could be used as these not only promote
membrane permeability but are hypothesized to increase sensitization in a variety of tumor
cells [87-89]. A similar approach involved using a recombinant Apo-Alpmijano Mutant with
higher affinity for the HDL receptor [90]. These particles were loaded with 10-
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hydroxycamptothecin at up to 80% efficiency and showed a controlled release of 25% of the
dose over 24 h when dialyzed in buffer. Biodistribution in naive mice shows primarily
uptake in the kidneys and to a lesser extent the liver and spleen. Biodistribution was not yet
performed on tumor bearing mice at the time of this writing.

4.3. LDL as a drug carrier for cancer

As with HDL, small synthetic LDL particles have been developed. Coined “nano-LDL”, the
synthetic lipoprotein combines a peptide fragment that binds the LDL receptor anchored to
the particle via a lipid for the purpose of targeting cancerous cells; specifically glioblastoma
multiforme [91]. The particle was formed with phospholipids and triglycerides as well as an
oleic acid derivative of paclitaxel [92] which mimics the cholesteryl ester. The nano-LDL
was able to solubilize the paclitaxel prodrug at 0.33 mg/mL (6% of total mass) and was
shown to be very toxic to multiple glioblastoma multiforme cell lines expressing variable
amounts of the LDL receptor. It is suggested most neurons do not express high levels of the
LDL receptor, which could make this vehicle highly selective for glioblastoma multiforme
cells in the brain. The difficulty for LDL to cross the blood-brain barrier coupled with the
ubiquitous expression of the LDL receptor systemically will preclude the use of this
approach for parenteral administration. The quantity of drug that can be stored in these
particles is low, 6%, compared with the 40% composition of cholesteryl ester in LDL.
However the overexpression of LDL receptors in many different tumors could make this
particle very useful for the treatment of a variety of systemic tumors. The largest issue here
would be the synthesis of large scale quantities of nano-LDL as well as its potentially short
shelf-life. Without the full Apo-B100 protein, the emulsion itself may be too unstable for
storage although the issue of stability was never mentioned.

4.4. LDL as adrug carrier for atherosclerosis

Aside from cancer, LDL is often associated with atherosclerosis. An excess of oxidized
LDL, due to high concentrations of blood-borne lipid and cholesterol, leads to consumption
in aortic vasculature by macrophages transforming them into foam cells [93]. Over time,
more macrophages are attracted and the vasculature becomes congested and the excess
cholesterol forms plaques. Oxidized LDL may bind these plaques more tightly than native
LDL facilitating undesirable accumulation of the lipoprotein [94] although this appears to
decrease with progression of the disease. This spontaneous accumulation of LDL at the
target site makes it an ideal carrier for a therapeutic [95]. The steroid dexamethasone has
been shown to prevent transformation into foam cells. Palmitoyl dexamethasone was then
partitioned into human LDL collected by ultracentrifugation from serum. Biodistribution in
atherosclerotic mice following intravenous injection showed a decrease in distribution to the
liver and increase to the target site, the aorta [96]. Accumulation persisted for 7 days and
successfully protected early atherosclerotic lesions from worsening, however it did not
affect the underlying dyslipidemia. Due to the difficulty in isolating large quantities of
human LDL, the potential for transferring blood-borne pathogens and variability in particles,
native LDL may be a difficult vehicle to use systemically [92]. The ex vivo synthesis of
LDL using recombinant Apo-B100 could be promising, but only on a very small scale due
to difficulty isolating significant amounts of protein. Synthetic LDL-like emulsions, as in the
case nano-LDL, may prove the most efficient for development [92,97] if they can be
stabilized and incorporate larger quantities of drug.

5. Concluding Remarks and Future Directions

For parenteral administration, drug development has begun to focus on drug delivery which
has recently become synonymous with nanotechnology. The focus is on the development of
drug carriers with long circulatory lives that may render targeted delivery feasible. There
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have been some major accomplishments in the field such as the FDA approval of liposomal
doxorubicin, Doxil® and the approval of aloumin-paclitaxel particle Abraxane®. Both
formulations are more efficacious than free drug, however Doxil® is not primarily indicated
as a stand-alone therapy while Abraxane®, outside of ovarian cancer, is only primarily
indicated in combination therapy. The significantly higher cost of these formulations is
partly responsible for their indications. The high cost is likely derived from difficulty in
scaling up production and minimizing batch to batch variability. The infrastructure exists to
scale up synthesis of specific chemical entities, but nanotechnology involves additional
formulation; e.g. reconstitution and remote loading of liposomes or the aggregation of
purified serum albumin with paclitaxel. These extra excipients and specialized
manufacturing can be costly and dilute the drug/carrier ratio. Additionally by virtue of being
synthetic, these carriers have inherent issues. Despite being made of biologically-inert
materials, nanocarriers are not inherently biologically-compatible in that many formulations
are seen as foreign and cleared by the RES. Methods such as PEGylation have been
implemented to slow RES clearance, however this has been shown to lead to even faster
clearance of liposomes upon subsequent injections through accelerated blood clearance
(ABC) kinetics [98]. The mechanism for this is potentially an immune reaction to PEG-
lipids which tends to be weak for 1gG but strong for IgM [99]. As expected, it is difficult to
impose tolerance on a biological system predicated on being intolerant to foreign bodies.
One alternative is to start with carriers the body already tolerates.

The human body takes in a variety of essential nutrients from gases to solids, large to small,
hydrophobic to hydrophilic. These nutrients need to be transported throughout the body and
thus endogenous carriers were evolved that are selective, efficient and biologically
compatible. This selectivity can offer a great service in the field of drug delivery [100].
Erythrocytes carry oxygen and have a life span of 120 days [101]; hypotonic loading of
these cells with therapeutic proteins can allow controlled serum release [102]. Monocytes
travel to sites of inflammation and even traverse the BBB, as such they are being examined
as carriers for gene transfer in the brain [103]. On a sub-cellular scale are the nutrient
carriers; albumin for fatty acids, lipoproteins for triglycerides and cholesterol, and
transferrin for iron. In the case of the albumin binding insulin detemir the modification is
purely chemical, and only a single step so the infrastructure for scale-up of this product is
already present in the industry. Because of the simplicity the cost-effectiveness is
comparable to the recombinant basal insulin glargine [104]. This methodology has worked
well for three peptides in diabetes so conceivably the methodology could be expanded into
controlled release of peptides for other indications. However, as a targeted drug carrier,
albumin and the lipoproteins may be better suited for delivery to cancerous tissues [76].

Both albumin and lipoproteins have been observed to accumulate and degrade readily in
many human tumors [105,106]. This is not surprising because rapidly dividing cells will
need a great deal of lipid and energy for expansion and division. The use of native albumin
for cytotoxic delivery of doxorubicin is in clinical development [107] with preclinical
evaluation being examined for several other drugs [108,109]. Theoretically then, acylation
of cancer drugs for albumin binding or LDL incorporation could also result in simple but
cost-effective improvements to treatments as well. A major concern for using protein
complexation is the stability of the complex /n vivo. Most every, especially water-insouble,
drug binds albumin due to its relative abundance, but dissociation of these molecules is
expected to rapid compared to the dissociation of tightly bound fatty acids. Therefore if the
complexation is strong enough, selective albumin binding could be a general method to
reduce the toxicity of cytotoxic agents. While targeted drug delivery has been a major focus
in nanotechnology in recent decades, it is important to reflect that nature has been designing
drug carriers for millennia.
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Figure 1.
A%chematic presentation of the hydrophobic and electrostatic interactions involved in fatty
acid-albumin binding (A). The addition of a drug, or surrogate such as fluoresceinamine
(blue), may utilize only the hydrophobic interaction (B) or both hydrophobic and
electrostatic (red) interactions (C) depending on the modification chemistry.
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Figure 2.

Artwork depicting the LDL particle. The outer shell contains mostly triglyceride and free
cholesterol while the internal core contains mostly cholesteryl ester with some triglyceride.
The particle is held together by Apo-B100 which wraps around the particle equatorially.

SM, sphingomyelin; PC, phosphatidylcholine; TG, triglyceride; CE, cholesteryl ester; UC,
unesterified cholesterol. [Reprinted from, Biochimica et Biophysica Acta (BBA) -
Molecular and Cell Biology of Lipids, 1488, Tiia Hevonoja, Markku O Pentikéinen, Marja T
Hyvonen, Petri T Kovanen, Mika Ala-Korpela, Structure of low density lipoprotein (LDL)
particles: Basis for understanding molecular changes in modified LDL, 189-210, Copyright
(2000), with permission from Elsevier]
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Figure 3.

The serum pharmacokinetics of a cholesterol derivative of 32P-labeled SiRNA and
various 12°|-labeled serum components that are known to bind cholesterol. Note that the
relatively weak binding of the cholesterol-esterified sSiRNA to the serum components
resulted in a significantly different profile compared to the carriers alone. [Reprinted by
permission from Macmillan Publishers Ltd: Nature Biotechnology [82], copyright (2007)]
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Table 1

Improved pharmacokinetic properties by reversible lipidization with palmitic acid.

Lipidized peptide/protein Linkage | Administration FO:’L'J”:;%SE (vs. r:;:::f;ed)
Bowman-Birk Protease Inhibitor [64] Disulfide iv. 11 2
Desmopressin [61] Disulfide iv. 7 nab
Octreotide [59] Disulfide iv. 8 5
Interferon-a [63] Disulfide iv. na. 5
Calcitonin [62] Disulfide s.C. 4 na.
Calcitonin [62] Disulfide p.o. 19 na.
Enkephalin [58] pH-sensitive p.o. 21 na.

a . .
AUC, area under the concentration versus time curve

b .
n.a., data not available
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