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PURPOSE. The aim of the present study was to evaluate the utility of the relatively hydrophilic
D9-tetrahydrocannabinol (THC) prodrugs, mono and di-valine esters (THC-Val and THC-Val-
Val) and the amino acid (valine)-dicarboxylic acid (hemisuccinate) ester (THC-Val-HS), with
respect to ocular penetration and intraocular pressure (IOP) lowering activity. THC, timolol,
and pilocarpine eye drops were used as controls.

METHODS. THC-Val, THC-Val-Val, and THC-Val-HS were synthesized and chemically character-
ized. Aqueous solubility and in vitro transcorneal permeability of THC and the prodrugs, in
the presence of various surfactants and cyclodextrins, were determined. Two formulations
were evaluated for therapeutic activity in the a-chymotrypsin induced rabbit glaucoma model,
and the results were compared against controls comprising of THC emulsion and marketed
timolol maleate and pilocarpine eye drops.

RESULTS. THC-Val-HS demonstrated markedly improved solubility (96-fold) and in vitro
permeability compared to THC. Selected formulations containing THC-Val-HS effectively
delivered THC to the anterior segment ocular tissues in the anesthetized rabbits: 62.1 ng/100
lL of aqueous humor (AH) and 51.4 ng/50 mg of iris ciliary bodies (IC) (total THC). The
duration and extent of IOP lowering induced by THC-Val-HS was 1 hour longer and 10%
greater, respectively, than that obtained with THC and was comparable with the pilocarpine
eye drops. Timolol ophthalmic drops, however, exhibited a longer duration of activity. Both
THC and THC-Val-HS were detected in the ocular tissues following multiple dosing of THC-
Val-HS in conscious animals. The concentration of THC in the iris-ciliary bodies at the 60- and
120-minute time points (53 and 57.4 ng/50 mg) were significantly greater than that of THC-
Val-HS (24.2 and 11.3 ng/50 mg). Moreover, at the two time points studied, the concentration
of THC was observed to increase or stay relatively constant, whereas THC-Val-HS
concentration decreased by at least 50%. A similar trend was observed in the retina-choroid
tissues.

CONCLUSIONS. A combination of prodrug derivatization and formulation development
approaches significantly improved the penetration of THC into the anterior segment of the
eye following topical application. Enhanced ocular penetration resulted in significantly
improved IOP-lowering activity.
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Glaucoma is an ocular neuropathy that is characterized by
progressive and irreversible loss of vision. It affects nearly

60 million people worldwide and is the second leading cause of
blindness.1 Intraocular pressure (IOP) has been identified as an
important risk factor in the pathogenesis of this disease.2

Elevated IOP leads to damage to retinal ganglion cell axons,
which causes progressive and irreversible vision loss.3

Prostaglandin derivatives, parasympathomimetics, b block-
ers, and carbonic anhydrase inhibitors are the major drug
classes that are used in the management of glaucoma.4,5

Prostaglandin derivatives, such as latanoprost and bimato-

prost, increase the aqueous humor (AH) outflow through the
uveoscleral pathway. Several mechanisms have been proposed
to explain how prostaglandin derivatives reduce the IOP.
Relaxation of the ciliary muscles, which causes the connective
tissue-filled spaces in the trabecular meshwork to widen, is
thought to be a factor that is involved in the initial drop in
IOP.6 Prostaglandin analogs also induce the release of matrix
metalloproteinase enzymes and cause the dissolution of types
I and III collagen within the connective tissue-filled spaces.7

This process also leads to an increase in the AH outflow
through the trabecular meshwork. Pilocarpine is a direct-
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acting cholinergic parasympathomimetic agent. It directly
stimulates the muscarinic receptors and smooth muscles of
the iris and secretory glands. Pilocarpine also contracts the
ciliary muscle by activating type 3 muscarinic receptors
through the Gq/11 signaling pathway. This releases Ca2þ ions
into the sarcoplasm. These ions bind to troponin molecules in
the thin filaments and cause the troponin molecules to
change shape. These thin filaments are pulled toward the
center of sarcomere and finally cause contraction of the
ciliary muscle, which increases the AH outflow.8 The b
blockers such as timolol and betaxolol reduce the production
of AH by reducing the blood flow to the ciliary process,9

thereby lowering the IOP. Carbonic anhydrase inhibitors
(brinzolamide and dorzolamide) reduce AH production by
blocking the formation of bicarbonate ions.10 Bicarbonate
ions are formed from carbon dioxide and OH� ions in the eye
through carbonic anhydrase enzymes. These newly formed
bicarbonate ions regulate the chloride ions, which in turn
regulate the aqueous humor production. By blocking the
formation of bicarbonate ions, carbonic anhydrase inhibitors
reduce the AH production and further reduce the IOP. The q
kinase inhibitors are new chemical agents that are currently
in phase II trials. The q kinase effector molecules (q kinase
ROCK I and II, which are expressed in trabecular meshwork
[TM] and ciliary muscle cells) are serine/threonine kinases
that regulate smooth muscle contraction. The q kinase
inhibitors are selective ROCK inhibitors that increase aqueous
humor drainage through the TM, which leads to a decrease in
the IOP. The q kinase inhibitors also cause a decrease in
myosin light chain phosphorylation, which leads to the
changes in cell morphology and aqueous outflow. This leads
to the widening of the spaces in the trabecular meshwork and
increases in the endothelial cell vacuoles and the AH
outflow.5

Regulation of IOP, however, is often not enough to prevent
or arrest the development of glaucoma-related optic neurop-
athy.11–13 Several hypotheses exist, but the complete mecha-
nism for retinal ganglion cell death has not yet been
elucidated.14–16 New classes of agents that can reduce IOP as
well as prevent or decrease the loss of retinal ganglion cell are
urgently needed.

D9-Tetrahydrocannabinol (THC; Fig. 1A), an active ingredi-
ent of the plant cannabis sativa, is an agonist of the
cannabinoid receptors CB1 and CB2 that could potentially be
such a dual-acting, antiglaucoma agent.17–19 The presence of
cannabinoid receptors in the ocular tissues have been recently
confirmed,20 which supports the concept that a localized IOP-
reducing mechanism, rather than the central nervous system,
is involved. What makes THC especially attractive is that in
addition to its IOP-lowering activity, THC has also demonstrat-
ed independent neuroprotective potential.21

In terms of the route of delivery, because glaucoma is a
chronic disease, noninvasive topical application would be the
most preferable means of drug delivery. The anatomy and
physiology of the eye, however, present a formidable barrier to
the intraocular delivery of drugs through the topical route. This
is especially true for delivery to the back of the eye, where a
drug is needed to provide neuroprotective activity. The
combination of precorneal and corneal barriers as well as
other physiological barriers results in only approximately 5% to
10% of a topically applied drug reaching the inner ocular
tissues.22–24 The development of THC as an eye drop is
especially challenging because of its poor aqueous solubility
(1–2 lg/mL) and high logP (6.42).25 In view of the challenges
in the topical delivery of THC, it is not surprising that there are
discrepancies in the literature with respect to the efficacy of
topically administered THC. Some reports have demonstrated
IOP-lowering activities of THC in normotensive rabbits,26

ocular hypertensive human participants,27 rabbit glaucoma
model,28 normotensive dogs,29 and rats,17 whereas several
other studies showed no IOP-lowering activity in healthy
human participants30 or models of glaucoma.31

A review of the literature revealed that in most of these
earlier studies that evaluated the efficacy of THC administered
through the topical route, the investigators used formulations
that involved mineral oil or surfactant-based solutions or
emulsions. Although these formulations improved the solubil-
ity of THC, they would not have altered its membrane-
permeation characteristics. Based on the formulations used
and the associated preclinical data, we hypothesized that by
virtue of its lipophilic characteristics, THC would rapidly
partition into the lipophilic corneal epithelia but would remain
trapped there and fail to efficiently partition out into the more
hydrophilic stromal layers, and thus would not reach the
intraocular tissues.32 Therefore, we evaluated various THC
prodrugs for the ability to demonstrate enhanced ocular tissue
permeation characteristics compared to THC.

We previously synthesized and studied dicarboxylic acid
prodrugs, the hemisuccinate (THC-HS) and the hemiglutarate
(THC-HG) esters, with respect to improved ocular bioavailabil-
ity.21 A significant improvement in aqueous solubility was
observed as a result of the ionization of the molecules at
physiological pH. Transcorneal permeability, however, re-
mained low at a physiological pH. The use of ion pairs, which
shielded the negative charge of THC-HG at physiological pH,
significantly improved the permeability at pH 7.4. The topical
administration of THC-HG in rabbits using these ion-pair
formulations delivered THC to the tissues at the front of the
eye, such as the aqueous humor and the iris-ciliary bodies.
However, the THC levels were below the detection levels in
the retina and vitreous humor.32

In contrast to the dicarboxylic acid prodrugs, the amino
acid THC prodrugs, especially the valine ester, exhibited
greater stability but low aqueous solubility at physiological
pH.33 Therefore, we evaluated THC-Val (Fig. 1B) and THC-Val-
Val (Fig. 1C) in this study. The ocular penetration and solubility
of these compounds in the presence of surfactants and
cyclodextrins were evaluated. However, as a result of poor
aqueous solubility, the Val and Val-Val forms were not further
evaluated. To overcome the disadvantages observed with the
dicarboxylic acid esters and the solubility limitations of the
amino acid prodrugs, a new amino acid–dicarboxylic acid
prodrug, THC-Val-HS (Fig. 1D), was designed. The preformu-
lation characteristics and ocular bioavailability as well as the
IOP-lowering activity of the most promising compound were
tested in the a-chymotrypsin–induced rabbit glaucoma model.
The therapeutic activity was compared with that of the
controls: THC, timolol maleate, and pilocaprine eye drops
(the latter two of which are currently marketed ophthalmic
formulations).

FIGURE 1. Chemical structures of (A) (THC), (B) THC-Val, (C) THC-Val-
Val, and (D) THC-Val-HS.
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MATERIALS AND METHODS

Materials

Hydroxypropyl methyl cellulose (4000 cps), 2-hydroxypropyl-
b-cyclodextrin (HPbCD), randomly methylated-b-cyclodextrin
(RMbCD), tyloxapol, and a-chymotrypsin (type II, lyophilized
powder, ‡40 units/mg protein) were purchased from Sigma-
Aldrich Corp. (St. Louis, MO, USA). Super Refined Tween 80
was received as a gift sample from Croda, Inc. (Mill Hall, PA,
USA). Samples of Pluronic F 68 (Poloxomer 188), Pluronic F
127 (Poloxomer 407), and Cremophor RH 40 were received as
gifts from BASF (Florham Park, NJ, USA). Tocrisolve 100 was
purchased from Tocris Biosciences (Minneapolis, MN, USA).
Timolol maleate eye drops (0.25% w/v) and pilocarpine HCl
eye drops (2% w/v) were currently marketed eye drops. All
other chemicals and solvents were purchased from Fisher
Scientific (St. Louis, MO, USA).

Buffer reagents used in the cannabinoid receptor binding
studies were purchased from Sigma-Aldrich Corp. All radioli-
gands and MicroScint were purchased from PerkinElmer
(Waltham, MA, USA). Nonlabeled controls were purchased
from Tocris Biosciences. The membrane preparation was made
using a Tris-HCl buffer (50 nM Tris-HCl), pH 7.4. Dilutions of
the membrane, radioligand, and control/test compounds were
made in a Tris-EDTA buffer (50 mM Tris-HCl, 20 mM EDTA, 154
mM NaCl, and 0.2% fatty-acid free BSA), pH 7.4.

The in vitro transcorneal permeability studies were carried
out using corneas from New Zealand albino rabbits (isolated
from whole-eye globes), which were delivered overnight on
wet ice in Hank’s Balanced Salt Solution from Pel-Freez
Biologicals (Rogers, AK, USA). The tissues were used on the
day of receipt.32

Animals

Male New Zealand albino rabbits (2–2.5 kg) were procured
from Harlan Laboratories (Indianapolis, IN, USA). All animal
experiments conformed to the tenets of the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research and
followed protocols approved by the University of Mississippi
Institutional Animal Care and Use Committee (IACUC protocol
14-005 [IOP efficacy studies] and 13-004 and 14-022 [in vivo
ocular bioavailability studies]).

Methods

Synthesis and Characterization of D9-Tetrahydrocan-
nabinol Prodrugs. THC-Val, THC-Val-Val, and THC-Val-HS
were synthesized according to previously established proto-
cols.33 The final products were purified using column
chromatography and characterized by mass spectroscopy in
the positive ionization mode. The identity and purity of the
synthesized prodrugs were established by spectral means
including 1H-NMR (proton nuclear magnetic resonance), 13C-
NMR (carbon-13 nuclear magnetic resonance), and 2D-NMR
(two-dimensional nuclear magnetic resonance spectroscopy).
such as correlation spectroscopy, heteronuclear single-quan-
tum correlation spectroscopy, and heteronuclear multiple-
bond correlation spectroscopy as well as other spectroscopic
means as reported earlier.33

Solubility and Stability Studies

The solubility was studied as a function of pH (3, 5, 7, and 9)
using the standard shake-flask method in buffers prepared
according to United States Pharmacopoeia 31 as well as in
cyclodextrin and surfactant solutions in isotonic phosphate

buffered solution (IPBS; pH 7.3) at 25 6 28C in a shaking
water bath for 24 hours. The solution stability was studied in
the presence of surfactants and cyclodextrins using solutions
prepared as described for the solubility studies. The stability
studies were carried out in glass vials maintained at 48C, 258C,
and 408C for a period of 2 weeks. Aliquots collected at
predetermined time points were diluted in the mobile phase
for analysis. The apparent degradation rate constants were
calculated from the slopes of semilogarithmic plots of the
percentage drug remaining versus time.

In Vitro Corneal Permeability Studies

Corneas from whole-eye globes were isolated according to
procedures described earlier.32 The isolated corneas were
placed between jacketed side-by-side diffusion cells (Perme-
Gear, Inc., Hellertown, PA, USA) that were maintained at 348C
using a circulating water bath. The donor solution (3 mL) was
added to the epithelial side of the cornea and 3.2 mL of 2.5%
w/v HPbCD in IPBS was added to the receiver chamber.
Aliquots (0.6 mL) were taken every 30 minutes for 3 hours and
replaced with an equal volume of fresh buffer. The samples
were analyzed by HPLC.

Stability of THC-Val-HS in Ocular Tissue
Homogenates

Tissue Preparation. The aqueous humor and vitreous
humor were used as collected. The retina choroid and iris-
ciliary bodies used in this study were homogenized in ice-cold
IPBS in an ice bath using a TISSUEMISER (Fisher Scientific). The
homogenates were then centrifuged at 17,000g at 48C for 15
minutes. The protein contents of the supernatants were
determined according to the method of Bradford34 and were
adjusted to approximately 1 mg/mL.

Hydrolysis Procedure. The tissue homogenates were
equilibrated for 30 minutes at 378C to activate the enzymes. To
1.9 mL of the supernatant, 100 lL of THC-Val-HS (2 mg/mL) in
ethanol was added and mixed. Aliquots of 100 lL of the
samples were withdrawn at specific time intervals up to 6
hours postinitiation. An equal volume of ice-cold acetonitrile
was added to each sample to terminate the reaction, and the
mixtures were centrifuged at 13,000 rpm for 15 minutes. The
supernatants were collected and analyzed using HPLC-UV.

Analytical Method for In Vitro Studies. An isocratic
HPLC-UV method was developed for the determination of THC-
Val-HS using a Waters 717 Plus autosampler (Milford, MA, USA),
a 600E pump controller, a 2487 UV detector, and an Agilent
3395 integrator (Santa Clara, CA, USA). Stock solutions of the
prodrugs were prepared in acetonitrile and used immediately.
A Phenomenex C8 4.6 3 250 mm column (Torrance, CA, USA)
was used with a mobile phase that consisted of 850 mL
methanol, 150 mL water, and 0.84 mL glacial acetic acid at a
flow rate of 1.2 mL/min. Detection was carried out at 226 nm.
The retention times for THC-Val-HS and THC were found to be
approximately 10.9 minutes and 9.3 minutes, respectively. The
retention times were approximately 8.5 minutes for THC, 11.5
minutes for THC-Val, and 13.5 minutes for THC-Val-Val.

In Vivo Ocular Bioavailability Studies

Formulations. A specific amount of THC and/or the
prodrug was dissolved in light mineral oil, National Formu-
lary, to prepare the mineral oil-based formulation. The
emulsion-1 formulations of THC were prepared according to
previously published protocols.35 The Tocrisolve emulsion
formulations were prepared by dispersing a known amount of
THC or the prodrug in the emulsion and sonicating for 30
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seconds followed by stirring for 2 minutes. Micellar solutions
were prepared by dissolving the drug/prodrug in the HPbCD
solution in IPBS (pH 7.4) for 24 hours, after which
Cremophor RH 40 was added and the solution was mixed
for 2 minutes. Weighed amounts of BAK and EDTA were also
added, and the mixture was brought to the final volume with
IPBS (pH 7.4).

Bioavailability Studies

Single-Dose Study in Anesthetized Model. The ocular
bioavailability was determined in male New Zealand albino
rabbits weighing between 2 to 2.5 kg. The rabbits were
administered ketamine (35 mg/kg) and xylazine (3.5 mg/kg)
intramuscularly and were maintained under anesthesia
throughout the experiment. Each rabbit was placed on its
side, and 50 lL of the formulation (micellar solution-1 for THC-
Val-HS) was placed in the cul de sac of one eye. The rabbits
were euthanized at 1 hour or 3 hours with an overdose of
pentobarbital administered through the marginal ear vein. The
surface of the eye was washed thoroughly with ice-cold IPBS,
and the eye was immediately enucleated. The ocular tissues
were separated and placed at �808C until further analysis. All
experiments were carried out in triplicate.

Multidose Study in Conscious Rabbits. These studies
were undertaken to evaluate the ocular tissue and plasma
concentrations after multiple dosing in conscious rabbits. A
total of 50 ll of THC-Val-HS in a Tocrisolve emulsion was
instilled topically in the cul de sac of the left eye of the rabbit
twice a day for 5 days (n ¼ 6). On day 6, the animals were
euthanized at one of two time points, 60 minutes or 120
minutes, following dosing (n ¼ 3 at each time point). Blood
samples were also collected. The rabbits were first anesthe-
tized by administering ketamine (35 mg/kg) and xylazine (3.5
mg/kg) intramuscularly. The rabbits were then euthanized with
an overdose of pentobarbital administered through the
marginal ear vein. The enucleation and tissue separation
processes remained the same.

Bioanalytical Method for the Determination of
THC in Ocular Tissues

Because UV-absorbing protein peaks were found to coelute
with THC and THC-Val-HS when the in vitro sample HPLC-UV
method was used, a different, previously described HPLC-
fluorescence method36 was used for the samples from the
bioavailability studies in anesthetized rabbits. In this method,
the total THC concentration was determined. The samples
from the multidose conscious animal studies were analyzed
using HPLC-MS, and the concentration of THC as well as THC-
Val-HS was determined in these studies.

Anesthetized Rabbit Samples. Propofol was added as an
internal standard. To generate the standard curves, the THC or
THC prodrug was spiked into the blank ocular tissues. After 15
minutes, ice-cold acetonitrile was added to precipitate the
proteins from the tissues. THC-Val-HS and other intermediates
were converted to THC by performing alkaline hydrolysis at
room temperature for 1 hour. The homogenates were
neutralized by the addition of hydrochloric acid and centri-
fuged. The supernatants were analyzed using the HPLC-
fluorescence method. To quantify the total THC in the ocular
tissues, standard curves were prepared with THC-Val-HS in
aqueous humor (10–200 ng/mL), vitreous humor (10–200 ng/
mL), cornea (20–200 ng/mL), iris-ciliary body (20–200 ng/mL),
retina choroid (20–200 ng/mL), and sclera (20–200 ng/mL).
The standard solutions were treated in the same manner as the
in vivo samples. The standard curves were plotted in terms of
total THC. All the standard curves generated had coefficients of

determination (r2) greater than 0.95. The average recovery
values were determined in cornea (97.4%), aqueous humor
(91.7%), iris-ciliary bodies (89.3%), vitreous humor (91.5%),
retina-choroid (99.9%), and sclera (89.8%).

Multidose, Conscious Model Study Samples. THC and
THC-Val-HS levels in the tissues were analyzed using an AB
Sciex QTrap 4500 (Framingham, MA, USA) LC-MS/MS quadru-
pole interfaced with Shimadzu Nexera HPLC (Kyoto, Japan).
Calibration curves were prepared by spiking THC and THC-Val-
HS into blank ocular tissues along with the internal standard,
D3-THC. Ice-cold acetonitrile was then added to precipitate the
proteins and to extract THC and THC-Val-HS. The samples
were vortexed and then centrifuged at 13,000 rpm, for 30
minutes. The supernatant was filtered through a 0.2-lm filter,
and the filtrate was analyzed for THC and THC-Val-HS content.
The calibration curves were prepared with both THC and THC-
Val-HS in aqueous humor (2.5–100 ng/ml), vitreous humor
(2.5–100 ng/ml), iris-ciliary bodies (2.5–100 ng/ml), retina-
choroid (2.5–100 ng/ml), and plasma (2.5–100 ng/ml). Tissues
collected from the bioavailability studies were also prepared
per this protocol. A Phenomenex Synergi Hydro Reverse
Phase, 100 A, 50 3 3 mm, 2.5-lm column was used with a
gradient elution method; the solvent phase was composed of
water and acetonitrile with 0.1% w/v formic acid.

Efficacy Studies

Open-angle glaucoma was induced in New Zealand white
rabbits that weighed approximately 2 to 2.5 kg. The rabbits
were anesthetized by intramuscular injection of xylazine (3.5
mg/kg) and ketamine (35 mg/kg). Chronic open-angle glauco-
ma was induced by a single injection of a-chymotrypsin (20
mg/mL, 50 lL) into the vitreal cavity.37,38 Care was taken to
avoid contact of the a-chymotrypsin with the surface of the
eye. Daily eye examinations were conducted for several days.
Following the intravitreal injection, one drop each of
ciprofloxacin, dexamethasone, and diclofenac sodium ophthal-
mic solutions were instilled each day for 5 days to prevent
inflammation. When the IOP was observed to be stable at
approximately 27 6 3 mm of Hg for 3 successive days
(approximately 14 days after the intravitreal injection of a-
chymotrypsin), the IOP-lowering efficacy studies were initiat-
ed.

For the IOP-lowering studies, approximately 50 lL of each
formulation was instilled into the lower cul de sac of the left
eye of the rabbits (n ¼ 3) while the right eye served as the
control. Immediately after instillation, the eye lid was closed
for 10 seconds to avoid loss of the preparation. The IOP was
measured using Tonovet tonometer (Reichert, Inc., Reichert,
Inc., Depew, NY, USA) before instillation (baseline IOP) and
after every 30 minutes postinstillation until the IOP returned to
90% of the baseline IOP. Each value in the results section is an
average of five concurrent IOP measurements at each time
point for each of the three animals. The IOP measurements at
each time point is reported as the percent baseline IOP (6
SEM), that is, measured IOP/baseline IOP 3 100.

Cannabinoid Receptor-Binding Assay

Cannabinoid receptor binding studies were carried out using
the methods previously reported,39,40 with suitable modifica-
tions to determine the affinity of the designed prodrug
compared with CP-55,940, a full agonist of CB1/CB2 receptors,
and THC, the parent molecule.

Cell Culture. HEK293 cells (ATCC, Manassas, VA, USA)
were stably transfected via electroporation with full-length
human recombinant cDNAs (OriGene, Rockville, MD, USA) for
the cannabinoid receptor subtypes 1 and 2. These cells were
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maintained at 378C and 5% CO2 in Dulbecco’s Modified Eagles’
Medium combined with F-12 HAM nutrient mixture (50/50),
which was supplemented with 2 mM L-glutamine, 10% fetal
bovine serum, 1% penicillin/streptomycin, and G418 antibiotic
solutions.

Membrane Preparation. Membranes were prepared by
washing the cells with cold IPBS. The cells were lysed and
scraped in cold Tris-HCl, pH 7.4, and then centrifuged at 5200g

for 10 minutes at 48C. The supernatant was discarded, and the
pellet was resuspended in the same buffer, homogenized using
a Sonic Dismembrator Model 100 (Fisher Scientific) for 30
seconds and then centrifuged at 1000g for 10 minutes at 48C.
The supernatant was saved, and the pellet was subjected to the
suspension and homogenization process twice more using the
same conditions. The supernatants were combined and
centrifuged at 23,300g for 40 minutes at 48C. The pellet was
resuspended in cold Tris-HCl buffer, aliquoted into 2 mL vials,
and stored at �808C. The total protein concentration was
determined using a Pierce BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL, USA) according to the manufacturer’s
instructions.

Method for the Cannabinoid Receptor-Binding Assay.
For each assay, nonspecific binding was determined using 10
lM CP-55,940 as a positive control, and the total binding was
ascertained using 0.1% dimethyl sulfoxide (DMSO) in Tris-
EDTA buffer. Each test well contained 50 lL of the radioligand
([3H]-CP-55,940), 50 lL of the test compounds, control or
vehicle, and 100 lL of the cell membrane preparation. The
assays were incubated for 90 minutes at 378C with gentle
agitation. The reaction was terminated by rapid filtration with
cold Tris-HCl containing 0.1% BSA through a UniFilter GF/C 96-
well plate presoaked with 0.5% polyethyleneimine. When the
filters were dry, 25 lL of MicroScint-20 was applied to each
filter, and the plates were read on a TopCount NXT HTS
Microplate Scintillation Counter (PerkinElmer) to record the
counts per minute.

The Kd for the radioligand for each receptor was established
through membrane evaluation and saturation-binding experi-
ments. For the membrane evaluation experiment, 1 to 10 lg of
membrane was incubated with 1 nM of [3H]-CP-55,940. For
the saturation assay, the optimal membrane concentration was
incubated with 0 to 10 nM of [3H]-CP-55,940 and 10 lM of a
nonlabeled CP-55,940 or 0.1% DMSO in buffer. The data were
analyzed using GraphPad Prism 5.04 software to perform
nonlinear curve fitting (GraphPad, La Jolla, CA, USA), and the
Kd value was calculated.

The competitive binding assay was performed using the
optimal concentration of membrane with a radioligand
concentration equal to the Kd and concentrations of each
compound ranging from 0.00032 to 100 lM. Each compound
was tested in triplicate. The assays were performed as stated

earlier. The IC50 and Ki values were calculated using GraphPad
Prism 5.0 software to perform nonlinear curve fitting.

Data Analysis

Statistically significant differences among multiple groups were
determined using one-way ANOVA. Tukey’s Honestly Signifi-
cant test was carried out to differentiate among the groups. A P

value less than 0.05 was considered to be statistically
significant.

RESULTS

Preformulation Studies

The predicted physicochemical properties of THC-Val-HS,
THC-Val, and THC-Val-Val as well as THC and THC-HG are
described in Table 1. Based on the critical physicochemical
properties, THC-Val-HS was expected to be more hydrophilic
and to demonstrate an improved LogDpH 7.4 and a higher polar
surface area than the other prodrugs.

The aqueous solubility of THC-Val-HS was also found to be
significantly higher (water 37.6 6 6.6 lg/mL; IPBS 96.3 6 1.1
lg/mL) than THC and the other prodrugs. The solubility of
THC-Val-HS was below the detectable levels at pH 3 (<1 lg/
mL), but increased with increasing pH.33 In the presence of
cyclodextrins and surfactants, the aqueous solubility increased
significantly (Table 2). Based on the markedly lower aqueous
solubility of THC-Val and THC-Val-Val, these two prodrugs were
not further evaluated.

The hydrolysis of THC-Val-HS followed apparent first-order
degradation kinetics. No degradation was observed in the
presence of HPbCD in the samples stored at 48C or 258C within
the time points tested (2 weeks). THC-Val-HS was found to be
more stable in the HPbCD solution than in Cremophor RH 40.
The half-lives of THC-Val-HS in Cremophor RH 40 at 258C and
408C were 65 days and 59 days, respectively.

Corneal Permeability Studies

The corneal permeability was studied in the presence of
HPbCD (1.5% w/v), RMbCD (1.5% w/v), Cremophor RH 40
(0.05% w/v), polysorbate 80 (0.05% w/v), or tyloxapol (0.05%
w/v) in IPBS (pH 7.4). Because THC-Val-HS demonstrated
significantly higher aqueous solubility, lower concentrations of
the solubilizers were used for the in vitro studies. The
permeability was found to be highest in the HPbCD (1.5% w/
v) formulations (14.3 6 0.63 3 10�6 cm/s). There were no
significant differences in the permeabilities among the RMbCD
(1.5% w/v) (6.5 6 2.3 3 10�6 cm/s), Cremophor RH 40 (3.2 6

0.21 3 10�6 cm/s), polysorbate 80 (4.1 6 0.2 3 10�6 cm/s), and

TABLE 1. Comparison of the Predicted Physicochemical Properties of the Dicarboxylic Acid Ester and Amino Acid–Dicarboxylic Acid Ester THC
Prodrugs Using Advance Chemistry Development, Inc./I-Lab 2.0 (Toronto, Canada)

Prodrug

ACD I-Lab 2.0 Predicted Values

Molecular Weight pKa logP logD, pH 7.4 Polar Surface Area

THC 314.2 9.6 6 0.6 7.68 6 0.4 7.07 29.46

THC-HG 428.26 4.6 7.77 4.66 72.3

THC-Val 413.6 7.5 6 0.3 6.7 6 0.4 6.3 61.6

THC-Val-Val 512.7 8.2 6 0.3 7.4 6 0.6 5.9 90.7

13.4 6 0.5

THC-Val-HS 513.6 4.53 6 0.1 7.65 6 0.5 3.97 101.13

13.3 6 0.5

pKa, dissociation constant; logP, partition coefficient; logD, distribution coefficient
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tyloxapol (3.11 6 0.40 3 10�6 cm/s) formulations. The
transcorneal permeability of THC was 5.6 3 10�6 cm/s (in
2.5% HPbCD). The addition of BAK (0.02% w/v) and EDTA
(0.1% w/v) did not produce a significant difference in the
permeability of THC-Val-HS (2.8 6 0.3 3 10�6 cm/s). The
permeability data are presented in Figure 2.

Stability of THC-Val-HS in Ocular Tissue
Homogenates

The apparent first-order degradation rate constants and the
half-lives of THC-Val-HS in the aqueous humor, vitreous humor,
iris-ciliary bodies, and retina-choroid homogenates are provid-
ed in Table 3. THC-Val-HS was rapidly converted to THC in the
ocular tissues.

In Vivo Bioavailability Studies

Single-Dose Study (Anesthetized Model). Based on the
in vitro permeability data, an emulsion formulation and a
cyclodextrin and surfactant solution (micellar solution 1)
formulation were selected for the in vivo ocular bioavailability
studies. The compositional data for all of the formulations are
presented in Table 4. Hydroxypropyl methyl cellulose (0.5% w/
v) was added to the selected formulations to increase the
viscosity and thus improve corneal residence time. In the first

set of studies, the animals were euthanized and the tissues
were collected 1 hour post–topical instillation. The improved
formulation was then studied for 3 hours postadministration.
As shown in Table 5, the administration of THC-Val-HS in the
cyclodextrin solution (2.5% HPbCD and 0.5% hydroxypropyl
methyl cellulose) led to a significant amount of THC (total
THC) reaching the aqueous humor (69.4 6 16.7 ng/100 lL)
and iris-ciliary bodies (65.8 6 15.9 ng/50 mg). THC, however,
was not detected in the back-of-the-eye tissues (retina-choroid
or vitreous humor) with this analytical method. Because
stability of THC-Val-HS in the cyclodextrin formulation was
markedly better than in the Cremophor RH 40 formulation, a
study for 3-hours postinstillation was carried out with the 2.5%
cyclodextrin formulation. The THC concentrations at 3 hours
decreased significantly in the aqueous humor, but were
maintained in the iris-ciliary bodies.

Multiple-Dose Study (Conscious Model). THC-Val-HS in
the Tocrisolve emulsion formulation was used for these
studies. Both THC-Val-HS and bioreversed THC concentrations
were seen in the iris-ciliary bodies and retina-choroid at the 60-
minute time point (Table 6). The concentration of THC was
significantly greater than that of THC-Val-HS. At the 120-minute
time point, 11.3 6 0.9 ng/50 mg of tissue of THC-Val-HS and
57.4 6 32.1 ng/50 mg of tissue of regenerated THC were
observed in the iris-ciliary bodies. However, in the retina-
choroid, THC-Val-HS was detected only in one of the three

TABLE 2. Solubility of THC-Val, THC-Val-Val, and THC-Val-HS in Different Surfactant Solutions Prepared in IPBS (pH 7.4) at 258C

Excipient Concentration, % w/v

Solubility, lg/mL

THC-Val THC-Val-Val THC-Val-HS

Plain IPBS – <1 lg/mL <1 lg/mL 96.3 (1.1)

HPbCD 2.5 32.2 (2.5) 32.3 (1.1) 2973.5 (108.1)

RMbCD 2.5 191.7 (1.1) 179.1 (1.9) 4266.1 (188.8)

Cremophor RH 40 0.1 181.6 (11.5) 178.1 (7.5) 2721.2 (198.9)

0.25 443.6 (7.9) 393.2 (10.1) 3371 (603.3)

0.5 676.5 (38.8) 632.1 (32.2) 4755 (355.4)

Poloxamer 188 0.1 0.85 (0.1) 1.4 (0.1) –

Poloxamer 407 0.1 26.4 (5.7) 4.9 (1.1) 677.8 (51.7)

Polysorbate 80 0.1 105.4 (17.9) 179.4 (4.1) 3163.3 (248.02)

Tyloxapol 0.1 67.4 (3.3) 130.4 (4.5) 3358.7 (177.3)

Results are depicted as mean (SD); n ¼ 3.

FIGURE 2. Permeability of THC (2.5% HPbCD in IPBS pH 7.4), THC-Val (2.5% RMbCD in IPBS pH 7.4), and THC-Val-HS from various surfactant
solutions prepared in IPBS pH 7.4 across isolated rabbit cornea at 34 6 0.58C. Receiver solution consisted of IPBS containing 2.5% HPbCD (pH 7.4).
Results are depicted as mean 6 SD.
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rabbits (7.6 ng/50 mg of tissue), whereas the levels in the
others were below the limit of quantification. Regenerated
THC levels were observed in two of the three rabbits at the
second time point.

Efficacy Studies

THC lowered the IOP in the glaucoma model animals, but not
in the normotensive rabbits (Fig. 3). The maximum percent
drop in the IOP from the baseline IOP and the time for the
peak reduction in the IOP varied with the THC dose. The
following two doses were tested: 0.5% and 0.8% w/v. With the
0.5% w/v THC in the Tocrisolve formulation, the IOP was
66.0% of the baseline at 30 minutes, but rapidly began to return
to the baseline IOP, reaching 89.2% (at 60 minutes). The short
duration of action observed with THC could have been a result
of poor penetration and rapid elimination of THC from the eye.
At 0.8% w/v, THC demonstrated a further improvement in IOP
reduction. The percent-baseline IOP was 64.8% at 30 minutes
and 66.6% at 60 minutes. The IOP began to revert to baseline
after 60 minutes, reaching 83.7% and 91.0% at 90 minutes and
120 minutes, respectively. The vehicle, Tocrisolve, did not have
any effect on the IOP.

With THC-Val-HS emulsion and micellar solution formula-
tions, improved IOP-lowering activities were observed (Fig. 4).
This is consistent with the bioavailability data. At a dose
equivalent to 0.6% w/v, THC (THC-Val-HS 0.99% w/v), an
improved IOP-lowering activity compared to THC was seen.
Although the onset of action was delayed as a result of the step
for bioconversion of the prodrug into THC, the duration of

action was prolonged. The maximum percent change in IOP
from the baseline was observed at 90 minutes and was
maintained until the 120-minute time point, reverting back to
the baseline IOP by the end of 240 minutes. The overall IOP-
lowering profile was more profound when compared with
THC, even at a lower THC-equivalent dose. THC-Val-HS
formulated in the cyclodextrin þ surfactant solution also
showed an improved IOP-lowering activity (THC equivalent
dose: 0.55% w/v). Although the duration of activity was slightly
shorter than that of the emulsion formulation, the overall
profile remained the same.

Timolol maleate eye drops had a prolonged IOP-lowering
activity that lasted for approximately 6 hours, with a
maximum percent IOP change from baseline of 59% (120
minutes). The IOP returned to baseline more gradually,
providing a longer duration of action. THC-Val-HS had a
slightly better IOP-lowering effect than timolol, although the
former showed a shorter duration of action. When compared
with another marketed antiglaucoma product, pilocarpine
eye drops, THC-Val-HS showed better IOP-lowering activity
(Fig. 5).

Receptor-Binding Studies

The receptor binding studies showed that the IC50 and Ki

values for THC-Val-HS were much higher than those for CP-
55,940 or THC for both the CB1 and CB2 receptors (Fig. 6).
The Ki of THC-Val-HS (0.960 6 0.174 lM) for the CB1
receptors was 320- and 21.8-fold higher than those of CP-
55,940 (0.003 6 0.0 lM) and THC (0.044 6 0.005),
respectively. For the CB2 receptors, the Ki for THC-Val-HS
(1.2154 6 0.0.082 lM) was approximately 607.5- and 38-fold
higher than those of CP-55,940 (0.002 lM) and THC (0.032 6

0.001), respectively. The CB1 receptor IC50 values for THC-Val-
HS (1.593 6 0.289 lM) were 318.6- and 20.6-fold higher than
those of CP-55,940 (0.005 6 0.001 lM) and THC (0.077 6

0.008), respectively, whereas the IC50 for THC-Val-HS at the
CB2 receptors was approximately 607.5- and 51.7-fold higher
than those of CP-55,940 and THC, respectively. The results
suggest that the prodrug (THC-Val-HS) had a much lower
affinity for the cannabinoid receptors than the controls and
would thus have significantly lower pharmacological activity,
necessitating reconversion to THC.

TABLE 4. Formulation Compositions of THC and THC-Val-HS Used in Bioavailability and IOP Efficacy Studies

Ingredients, %w/v

THC THC-Val-HS

Light Mineral Oil Emulsion

Micellar

Solution 1

Cycloodextrin

Solution

Micellar

Solution 1 Emulsion

Micellar

Solution 2

Drug, THC equivalent 0.1 0.37 0.125 0.26 0.25 0.6 0.55

Light mineral oil q.s – – – – – –

Soyabean oil – 14.0 – – – – –

Oleic acid – 6.0 – – – – –

Glycerine – 2.25 – – – – –

Poloxamer 188 – 2.0 – – – – –

Lipoid E 80 – 1.0 – – – – –

a-tocopherol – 0.02 – – – – –

Tocrisolve – – – – – q.s –

Cremophor RH 40 – – 0.1 – 0.1 – 0.25

HBbCD – – – 2.5 – – 15

HPMC – – 0.5 0.5 0.5 – 0.5

BAK – – 0.02 – 0.02 – 0.02

EDTA – – 0.1 – 0.1 – 0.1

HPbCD, (2-hydroxypropyl)-b-cyclodextrin; HPMC, hydroxypropyl methyl cellulose; BAK, Benzalkonium chloride.

TABLE 3. Apparent First-Order Rate Constants (k) and Half-Lives (t1/2)
of THC-Val-HS in Ocular Tissue Homogenates

Tissue

Protein

Concentration,

mg/mL K, min�1 t1/2, min

Aqueous humor 1.0 (diluted) 0.0105 (0.0005) 66.2 (3.2)

Vitreous humor 1.05 (undiluted) 0.015 (0.001) 46.4 (3.1)

Iris ciliary bodies 1.02 0.019 (0.005) 39.2 (10.3)

Retina-choroid 0.8 0.009 (0.003) 86.2 (26.9)

Results are depicted as mean (SD).
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DISCUSSION

We previously reported that 1 hour after the topical instillation
of the THC eye drops, which were formulated in light mineral
oil, nanoemulsion, or micellar solutions, the levels of THC in
the deeper ocular tissues, such as the aqueous humor, iris-
ciliary bodies, vitreous humor, and retina-choroid of anesthe-
tized rabbits were below the detection levels of the analytical
method used21 (data reproduced in Table 5 with permission). A
hydrophilic THC-ester prodrug, THC-HG, formulated as an ion
pair, significantly increased the ocular tissue concentrations in
anesthetized rabbits. However, THC-HG was not very stable in
the formulations tested.35 Initial studies with several amino
acid–ester prodrugs suggested that the valine ester prodrug
was significantly more stable. This is consistent with previous
literature reports.41,42 It had also been suggested that the
addition of an amide linkage to the ester link enhances the
stability of the ester bond.43 The combination prodrug THC-
Val-HS was thus conceived with the expectation that the valine
ester would be maximally stable and the stability of the ester
bond would be enhanced by the presence of the amide linkage
with the hemisuccinate. The hemisuccinate moiety was
selected based on the fact that it would have the minimum
chain length while providing enhanced solubility by virtue of
ionization at physiological pH. Thus, the overall objective of
this study was to evaluate THC-Val-HS as well as THC-Val and
THC-Val-Val in terms of their physicochemical characteristics,

transocular penetration characteristics, and in vivo IOP-
lowering activities.

THC-Val-HS was observed to be significantly more soluble
and stable than THC, THC-Val, THC-Val-Val, or THC-HG in
aqueous solutions. Cyclodextrins and surfactants increased the
solubility to varying extents. The aqueous solubilities of THC-
Val and THC-Val-Val were much lower than that of THG-HG at
physiological pH, although they were more stable than THC-
HG33 in aqueous solutions. In vitro permeability studies for
THC-Val and THC-Val-Val were carried out in the presence of
2.5% RMbCD, 0.5% Cremophor RH 40, 0.1% polysorbate 80,
and 0.1% tyloxapol. The permeability of THC-Val in the
presence of 2.5% RMbCD was found to be 4.75 3 10�6 cm/s
when the donor solution pH was maintained at pH 7.4. No
drug was detected in the receiver chamber from the other
THC-Val formulations. THC-Val-Val was not detected in the
receiver chamber with any of the formulations studied. For
these reasons, THC-Val and THC-Val-Val were not studied any
further.

At physiological pH in the presence of HPbCD, the corneal
permeability of THC-Val-HS was observed to be significantly
higher than that of THC-HG and THC. Although THC-Val-HS
was similar to THC-HG in terms of calculated (ACD/iLabs 2.0)
logP, pKa, and number of hydrogen-bond donors and
acceptors, its greater polar surface area and relatively lower
logD7.4 and an increased aqueous solubility probably resulted
in the higher transcorneal permeability of THC-Val-HS.

Consistent with the in vitro data, THC-Val-HS-loaded topical
eye drops were able to deliver significantly higher levels of
THC to the anterior segment ocular tissues, such as the
aqueous humor and the iris-ciliary bodies in the anesthetized
rabbits. At the 3-hour time point postadministration, the THC
levels resulting from the solution formulated with 2.5%
HPbCD, were lower in the aqueous humor but were almost
the same in the iris-ciliary bodies compared to the 1-hour time
point. The levels in the retina-choroid and vitreous humor
were below the detection limits of the HPLC-fluorescence
method.

These results thus emphasize the difficulty of delivering
therapeutic agents to the back of the eye through the topical
route. The significant vascular and lymphatic drainage in the
conjunctiva, sclera, and choroid and the barrier characteris-
tics of the RPE and Bruch’s membrane severely restrict the
passage of drug/drug candidates from the ocular surface into
the retina and vitreous humor.44–46 The THC concentrations
obtained in the ocular tissues with THC-Val-HS in this study
were similar to that obtained with the THC-HG ion-pair

TABLE 5. Total THC Concentrations Observed in Rabbit Ocular Tissues Post–Topical Administration of 50 lL of THC and THC-Val-HS Formulations

Tissue

THC THC Val-HS

Light Mineral Oil Emulsion

Micellar

Solution 1 Cyclodextrin Solution

Micellar

Solution 1

1 Hour 1 Hour 1 Hour 1 Hour 3 Hours 1 Hour

Drug concentration in terms of THC,

% w/v

0.1 0.37 0.125 0.26 0.25

Dose, lg 50 185 62.5 130 125

Cornea, ng/50 mg tissue 68.8 (14.5) 300.6 (79.6) 553.9 (87.4) 1677.1 (172.1) 1142.3 (415.9) 1191. 7 (231.1)

Aqueous humor, ng/100 lL ND ND ND 69.4 (16.7) 38.3 (10.2) 62.1 (12.6)

Iris-Ciliary body, ng/50 mg tissue ND ND ND 65.8 (15.9) 57.9 (16.1) 51.44 (19.5)

Vitreous humor, ng/mL ND ND ND ND ND ND

Retina-Choroid, ng/50 mg tissue ND ND ND ND ND ND

Sclera, ng/250 mg tissue 104.1 (36.1) 171.1 (66.6) 439.3 (280.2) 882.2 (185.8) 241.8 (106.6) 913.4 (432.9)

Results are depicted as mean (SD); n ¼ 3. ND, drug concentration below detection limit.

TABLE 6. Ocular Tissue Concentrations of THC-Val-HS and THC, 60
and 120 Minutes Post–Topical Application of 50 lL of 0.98% THC-Val-
HS (Equivalent to 0.6% w/v THC) in Tocrisolve Emulsion Formulation,
Dose: 490 lg of THC-Val-HS (Equivalent to 300 lg of THC)

Tissue

Molecule

THC-Val-HS THC

Time, min 60 120 60 120

Aqueous humor,

ng/ 100 lL

9.1* ND ND ND

Iris Ciliary bodies,

ng/50 mg

24.2 (8.8) 11.3 (0.9) 53.02 (50.1) 57.4 (32.1)

Retina-Choroid,

ng/50 mg

15.5 (11.6) 7.6† 5.2 (0.3) 5.3*

ND, drug concentration below detection limit.
* Tissue levels observed in two of three animals.
† Tissue levels observed in one animal only.
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formulations in our previous studies.35 The increased solution
stability of THC-Val-HS, however, provides a significant
advantage over THC-HG.

In the multidose studies (Table 6), THC-Val-HS was detected
in the iris-ciliary bodies at both 60 and 120 minutes. In the iris-
ciliary bodies, the THC-Val-HS was rapidly hydrolyzed to less
than half the levels observed at 60 minutes within the
subsequent hour. This was consistent with the in vitro tissue
hydrolysis studies (Table 3), which suggested that THC-Val-HS

has a half-life of 39.2 6 10.3 minutes in the iris-ciliary bodies.
The increased half-life (60 minutes) in the in vivo studies is
probably the result of continued absorption and distribution.
The regeneration of THC from THC-Val-HS was apparent from
the steady THC concentrations in the iris-ciliary bodies during
the rapid decline in the THC-Val-HS concentrations. The PK
data were consistent with the IOP versus Time profile in which
the IOP dropped from 64% at 60 minutes to 54% at 120
minutes. Because of the better permeation characteristics of

FIGURE 3. IOP–Time profile for THC in normotensive and a-chymotrypsin–induced rabbit glaucoma model. Numbers in brackets represent
concentration (%w/v) and dose (lg). Actual baseline values (mean 6 SEM in mm Hg) for IOP in the different formulations: THC (0.5% w/v) in
Tocrisolve (24.0 6 2.2), THC (0.8% w/v) in Tocrisolve (24.5 6 1.9), THC (0.8% w/v) in normotensive (normal) eyes (19.4 6 0.3), and Tocrisolve
(19.6 6 1.4).

FIGURE 4. IOP–Time profiles obtained with THC-Val-HS and THC in rabbit glaucoma model. Numbers in brackets represent concentration (%w/v)
and dose equivalent to THC (lg). Actual baseline values (mean 6 SEM in mm Hg) for IOP in the different formulations: THC-Val-HS in Tocrisolve
(26.8 6 0.4), THC-Val-HS in micellar solution (26.8 6 0.2), and THC (0.8% w/v) in Tocrisolve (24.5 6 1.9).
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the prodrug, we observed measurable THC-Val-HS levels in the
retina-choroid as well. However, within 1 hour, the prodrug
levels fell below the limit of detection, as indicated by the fact
that measurable THC-Val-HS levels were observed in only one
rabbit. In the in vitro bioreversion studies, the half-life in the
retina-choroid was observed to be greater than that in the iris-
ciliary bodies. This difference between the in vitro and in vivo
data, could be explained by the rapid elimination from the
retina-choroid tissue in vivo. Interestingly, the total THC-
equivalent levels in the iris-ciliary bodies in the multiple-dose
study in the conscious animal model, with values of 67.8 ng/50
mg of tissue at 60 minutes and 64.3 ng/50 mg of tissue at 120
minutes, were comparable to the total THC levels achieved
with the single-dose application of the cyclodextrin solution
(65.8 ng/50 mg of tissue at 60 minutes) and the micellar
solution (51.44 ng/50 mg of tissue at 60 minutes) in the

anesthetized model. Multiple dosing also resulted in penetra-
tion into the retina-choroid. THC was not observed in the
plasma following the multiple doses.

The a-chymotrypsin–induced rabbit glaucoma model was
used to evaluate the in vivo IOP-lowering activity of THC-Val-
HS.37,38 This model has been widely used to study the effects of
drugs and drug candidates on IOP. In an attempt to increase the
THC loading compared to that achieved with the formulations
used for the bioavailability studies (Table 4), Tocrisolve, a
commercially available optimized emulsion, was used. This
formulation achieved a 0.8% w/v THC loading. The duration of
the decrease in the IOP was, however, short, and the IOP
returned to the baseline within 2 hours. This was consistent
with the ocular distribution data, which showed poor THC
penetration into the intraocular tissues and/or rapid clearance.
These results are, however, different from those reported in an

FIGURE 5. IOP–Time profiles obtained with THC-Val-HS, timolol maleate, and pilocarpine eye drops (marketed) in rabbit glaucoma model. Numbers
in brackets represent concentration (%w/v) and dose equivalent to THC (lg). Actual baseline values (mean 6 SEM in mm Hg) for IOP in the
following different formulations: THC-Val-HS in Tocrisolve (26.8 6 0.4), timolol maleate eye drops (24.0 6 1.9), and pilocarpine eye drops (27.1 6
0.3). *IOP drop from timolol maleate is significantly different form THC-Val-HS and pilocarpine (P < 0.05). **IOP drop from THC-Val-HS is
significantly different from timolol maleate and pilocarpine (P < 0.05).

FIGURE 6. Cannabinoid receptor (CB1 and CB2) binding studies with THC-Val-HS, THC, and CP-55,940.

D9-THC Prodrugs for Improved Ocular Bioavailability IOVS j April 2017 j Vol. 58 j No. 4 j 2176



earlier study that evaluated the effect of D8-THC on IOP.28

These authors reported that 50 lL of a submicron-emulsion
formulation of 0.4% w/v D8-THC produced a decrease of 10.8
6 2.04 mm of Hg in the IOP in an a-chymotrypsin–induced
rabbit model of ocular hypertension. Moreover, the drop in the
IOP lasted up to 8 hours in the animal model.

THC did not produce any effect on the IOP in the
normotensive rabbits. This suggests possible differences in
ocular barrier properties between the two models that requires
further investigation.47 Muchtar et al.28 also reported that the
drop in IOP in normotensive rabbits induced by the 0.4% D8-
THC submicron emulsion formulation was not significant
compared to that observed in the hypertensive model. The
difference between the IOP in normotensive rabbits with and
without treatment after 2 hours was only 2 mm of Hg.
However, in ocular hypertensive rabbits, there was a drop of
6.5 mm of Hg. Crandall et al.17 reported that even systemic
administration of THC (5 mg/kg body weight) did not cause
any drop in normotensive control eyes when compared with
hypertensive eyes (approximately 6 mm of Hg drop).

In the case of THC-Val-HS, the formulations (2.5% cyclo-
dextrin and micellar solution 1) employed in the ocular
disposition studies (Table 4) could dissolve only up to 0.25%
w/v THC equivalent, which was significantly lower than the
THC concentration in Tocrisolve. Thus, a new formulation was
prepared in which HPbCD (15% w/v) and Cremophor RH 40
(0.25% w/v) were combined as solubilizers. This increased the
drug loading to a THC equivalent of 0.55% w/v (THC-Val-HS:
0.9% w/v). The Tocrisolve emulsion could load 0.6% w/v THC
equivalent (THC-Val-HS: 0.99% w/v). These formulations were
used to evaluate the effect of THC-Val-HS on IOP.

THC-Val-HS, administered topically to the a-chymotrypsin–
induced, high-IOP rabbits, produced a gradual onset of the IOP-
lowering effect and required a longer time to the achieve the
maximum effect compared to THC. THC-Val-HS also demon-
strated a much longer duration of activity, up to 4 hours, even
at a lower THC-equivalent dose (compared to the 0.8% w/v
THC dose). The significantly increased duration observed with
THC-Val-HS could have been a result of increased penetration
of the prodrug into the inner ocular tissues (as seen in the
ocular distribution studies) and, thus, the availability of higher
amounts of THC at the target tissues. The more gradual
development of the peak IOP reduction may have been
because of the requirement for the regeneration of THC from
the prodrug in the ocular tissues (Table 3). Although the
Tocrisolve emulsion and micellar solution-2 were similar in
their IOP-reduction profiles, the former was slightly more
effective than the latter.

The IOP-lowering action of THC-Val-HS was equivalent to
that of pilocarpine based on an equal or greater intensity and
duration of action when compared with the marketed
pilocarpine HCl and timolol maleate eye drops. Timolol
maleate eye drops produced a prolonged IOP-lowering activity
when compared with the THC-Val-HS emulsion; however, the
latter was better in terms of the maximal IOP reduction. The
IOP-lowering profiles observed for pilocarpine and timolol
were similar to those reported in earlier studies.48–50 THC-Val-
HS must be converted to THC by ocular tissue enzyme-
mediated ester hydrolysis (Table 3). This is consistent with the
gradual IOP-lowering profile and the delay in the maximal drop
in the IOP seen with THC-Val-HS when compared with that
obtained with THC. This suggests that THC-Val-HS is slowly
converted to THC in the eye.

The receptor-binding studies demonstrated that THC-Val-HS
did not have significant affinity for either the CB1 or CB2
receptors. Although the binding data did not rule out the
possibility that THC-Val-HS possesses some pharmacological
activity, considering that THC is several fold more potent than

THC-Val-HS and that THC-Val-HS is rapidly converted to THC in
the ocular tissues, it seems more likely that the cannabinoid
receptor-mediated action is dependent on THC. This is
consistent with the gradual IOP-lowering profile and the
delayed maximum drop in IOP seen with THC-Val-HS that are
the result of dependence on THC regeneration.

The THC prodrugs are still in the early stages of
development. In this study, our primary goal was to evaluate
an improvement in the pharmacological activity compared to
the parent molecule, THC. During these studies, no adverse
reactions such as irritation, increased tearing, or changes in the
blinking rates or redness of the eyes were observed. Thus,
although detailed cytotoxic studies of the prodrug have not yet
been initiated (but are being planned), the molecule appears
not to differ from the parent compound. Moreover, in earlier
studies, prodrugs that have employed valine and hemisucci-
nate as promoieties have been observed to be safe.

CONCLUSIONS

The present study demonstrated that a rational combination of
prodrug design and formulation strategy can effectively deliver
THC to the anterior segment of the eye. An increased
reduction in the IOP was achieved with the prodrug at a
lower THC-equivalent dose, which is consistent with improved
ocular penetration of the prodrug. Importantly, because most
of the conventionally developed antiglaucoma drugs have no
reported neuroprotective action, THC, an established neuro-
protectant, has the potential to become an effective glaucoma
medication. It is thus encouraging to see that THC and THC-
Val-HS reached the retina-choroid. THC-Val-HS is still some
distant away from being a clinically applicable agent, and
studies aimed at developing and optimizing various formula-
tions with safe and improved delivery of THC to the back of the
eye are currently underway.
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