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ARTICLE INFO ABSTRACT

Keywords: Chronic pain is an enormous public health concern, and its treatment is still an unmet medical need. Starting

Drug-drug C°'C.rystal from data highlighting the promising effects of some nonsteroidal anti-inflammatory drugs in combination with

Iéet];’pr(’fe? lysine salt gabapentin in pain treatment, we sought to combine ketoprofen lysine salt (KLS) and gabapentin to obtain an
abapentin

effective multimodal therapeutic approach for chronic pain. Using relevant in vitro models, we first demon-
strated that KLS and gabapentin have supra-additive effects in modulating key pathways in neuropathic pain and
gastric mucosal damage. To leverage these supra-additive effects, we then chemically combined the two drugs
via co-crystallization to yield a new compound, a ternary drug-drug co-crystal of ketoprofen, lysine and gaba-
pentin (KLS-GABA co-crystal). Physicochemical, biodistribution and pharmacokinetic studies showed that within
the co-crystal, ketoprofen reaches an increased gastrointestinal solubility and permeability, as well as a higher
systemic exposure in vivo compared to KLS alone or in combination with gabapentin, while both the constituent
drugs have increased central nervous system permeation. These unique characteristics led to striking, synergistic
anti-nociceptive and anti-inflammatory effects of KLS-GABA co-crystal, as well as significantly reduced spinal
neuroinflammation, in translational inflammatory and neuropathic pain rat models, suggesting that the syner-
gistic therapeutic effects of the constituent drugs are further boosted by the co-crystallization. Notably, while
strengthening the therapeutic effects of ketoprofen, KLS-GABA co-crystal showed remarkable gastrointestinal
tolerability in both inflammatory and chronic neuropathic pain rat models. In conclusion, these results allow us
to propose KLS-GABA co-crystal as a new drug candidate with high potential clinical benefit-to-risk ratio for
chronic pain treatment.

Chronic pain
Neuropathic pain
Neuroinflammation

1. Introduction personal and economic burden [1] for which an effective therapy is
often not available [2]. Based on its etiology, chronic non-cancer pain is
Chronic pain is a complex condition that exerts an enormous usually classified as inflammatory, neuropathic or neuroplastic.
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Although their peripheral processes are different, all three types of pain
have common central pathophysiological mechanisms which can
converge over time [3]. Inflammatory pain can induce peripheral
sensitization and neuroinflammation (i.e., inflammation localized
within the nervous system) [4], the maintenance of which is associated
with central sensitization and neuropathic pain. Thus, neuropathic pain
is a chronic pain state that can involve both inflammatory and neuro-
pathic components [5]. Due to the multifactorial pathophysiology of
neuropathic pain, most of the existing single-target monotherapy ap-
proaches are inadequate for its treatment [6]. Combination therapies
using analgesics with different mechanisms of action [7] are becoming
increasingly popular for its therapeutic management [8,9]. However,
multimodal analgesia is primarily achieved only using open or
fixed-dose combinations of drugs in the current clinical landscape [10],
which can lead to decreased compliance, suboptimal dosing/overdosing
and increased side effects [11,12].

Co-crystallization is an innovative novel system of drug combination
that can be used to achieve multimodal therapy [13]. Co-crystallization
allows the aggregation of two or more different chemical entities
through non-covalent interactions in a single, unique crystal structure,
the co-crystal [14]. In pharmaceutical co-crystals, the active pharma-
ceutical ingredient (API) can be combined with a non-active former to
improve the physicochemical and biopharmaceutical properties of the
API [15], or with another (or more) API (drug-drug co-crystals) to
combine the pharmacological effects and change the solid-state prop-
erties of the parent solids [16] without altering the chemical identity of
the native molecules [17]. Interestingly, drug-drug co-crystals can also
modify constituent APIs pharmacokinetics and physicochemical char-
acteristics, such as solubility and dissolution rate, bioavailability,
biochemical stability, and permeability [18]. This can lead to synergistic
therapeutic effects between the co-formers [13] that are greater than
those achieved with the simple combination of the constituent APIs by
concomitant administration or fixed-dose combination of the drugs
[19].

Among the nonsteroidal anti-inflammatory drugs (NSAIDs), keto-
profen is widely used for the treatment of acute inflammatory and
painful conditions [20] and is usually marketed as a salt with lysine
(ketoprofen lysine salt, KLS), or other counterions, to improve its
physicochemical and pharmacological profile [21-23]. Gabapentin, on
the other hand, is an anti-epileptic (alpha2/delta blocking) agent that
has potent central and peripheral anti-allodynic activity in neuropathic
pain [24,25]. Previous studies have reported that gabapentin can exhibit
synergistic therapeutic effects in vivo when used in combination with
NSAIDs [26-28], showing increased anti-nociceptive effects at the pe-
ripheral level in models of inflammatory pain [27,28] and
anti-hyperalgesic effects at the spinal level in a rat model of post-
operative pain [26]. However, whether and how the combination of
ketoprofen and gabapentin could improve the anti-nociceptive effects
and ameliorate the safety profile of single drugs, has not been investi-
gated yet.

Thus, with the aim to develop a new potential therapeutic strategy
for the treatment of chronic pain, in this study we first investigated
whether the combination of KLS and gabapentin can lead to synergistic
effects in in vitro models, and, subsequently, we synthesized a novel
ternary salt co-crystal of R,S-ketoprofen, D,L-lysine and gabapentin
(LYSTKET-GABA salt co-crystal, henceforth KLS-GABA co-crystal). We
then investigated the physicochemical and pharmacokinetic character-
istics of the co-crystal, its effects in relieving inflammatory and neuro-
pathic pain as well as its gastrointestinal tolerability in vivo, and
elucidated aspects of its mechanisms of action.
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2. Materials and methods

2.1. Evaluation of protein kinase C epsilon type (PKCe) membrane
translocation

F11 hybridoma cells (ECACC 08062601) were chosen as a model of
DRG neurons and cultured as previously described [29]. Following
neuronal differentiation, differentiated F11 cells were treated for 24 h
with paclitaxel (Sigma-Aldrich, T7402, 10 nM final concentration) to
obtain a neuropathic pain in vitro model, and with KLS (Dompe Farm-
aceutici S.p.A., 800 uM), gabapentin (Dompé Farmaceutici S.p.A., 800
uM) and the combination of the two drugs. Translocation of PKCe from
the cytoplasm to the plasma membrane was visualized as previously
described [25]. Neurons in which intensity at the cell membrane was at
least 2.0x greater than the mean of cytoplasmic intensity were counted
as positive. In order to improve data reproducibility and signal/noise
ratio, a very large number of cells were counted (at least 3-4 coverslips
per culture). All experiments were analyzed in blind conditions.

2.2. Invitro gastric mucosa model with NCI-N87 cells

NCI-N87 cells (ATCC, USA) were used as a model of gastric mucosa
and cultured as previously described [30]. Cells were treated for 24 h
with 6% ethanol (Sigma), KLS, gabapentin and the combination of these
drugs with ethanol. KLS and gabapentin stock solutions (25 mM) were
freshly prepared by dissolving the powder in sterile water and then used
at the final concentration of 800 pM diluted in cell culture media. Cell
viability, cell index, cytotoxicity in live cells, immunofluorescence,
RT-PCR, western blotting and ELISA analyses were then performed as
described in the Supporting Information.

2.3. Synthesis and characterization of the co-crystal of ketoprofen, lysine
and gabapentin

The co-crystallization experiments were performed by applying
techniques of kneading, slurry, and controlled evaporation precipitation
by direct and indirect antisolvent addition. All techniques were per-
formed at various stoichiometric ratios in the range of 0.5-2 equivalents
of gabapentin. To obtain the co-crystal of ketoprofen (KET), lysine (LYS)
and gabapentin, ketoprofen lysinate (KLS) (3.028 g, 1.05 eq.) and
gabapentin (1.233 g, 1.0 eq.) were dissolved in 60 mL of boiling meth-
anol. The clear solution was cooled to room temperature, filtered and
then added to 240 mL of THF under stirring. The solid precipitation took
place in 30 min and the suspension was stirred at room temperature for
5 h. The solid product was isolated by vacuum filtration on a paper filter,
washed with methanol (2 x10 mL) and then squeezed under a nitrogen
flow for 10 min. The solid was gently ground and then dried at 40 °C and
30 mbar overnight yielding 3.57 g of the desired product as a white solid
(yield: 87%).

2.3.1. X-ray powder diffractometry (XRPD) and Thermal analyses

XRPD experiments were performed on a powder X-ray diffractometer
(Rigaku Mini-Flex600) using Cu Ka radiation (1.540598 10\). Samples
were scanned with a step size of 0.01° (26) and speed 10.0°/min (26)
from 3° to 40° 260. The tube voltage and amperage were 40 kV and 15
mA, respectively.

Thermal analyses were carried out using the Mettler Toledo TGA/
DSC1. Samples were weighed in an aluminum pan hermetically sealed
with a pierced aluminum cover. Samples were heated from 25 °C to
320 °C at 10 °C/min.

2.3.2. Physicochemical characterization and super-saturation assessment
The main physicochemical properties of the compounds were
determined by using the Sirius T3 apparatus (Pion Inc. Ltd., East Sussex,
UK) equipped with an Ag/AgCl double junction reference pH electrode,
a Sirius D-PAS spectrometer and a turbidity sensing device. The titration
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experiments were conducted in 0.15 M KCl solution (ISA water) under a
nitrogen atmosphere at a temperature of 25 + 1 °C. All tests were per-
formed using standardized 0.5 M KOH and 0.5 M HCI as titration re-
agents. The pKgs were determined by potentiometric titration in a
1.8-12.2 pH range using accurately weighted samples (1-2 mg) dis-
solved in 1.5 mL ISA water. The solubilities were determined by
potentiometric titration in a 1.8-12.0 pH range using accurately
weighted samples (10-15 mg) dissolved in 1.5 mL ISA water. Solubilities
were obtained using both the Sirius T3 Curve fitting method and the
Chasing Equilibrium method [31].

2.3.3. Imaging-based characterization of molecular aggregates

Molecular aggregation shape and counts of the aggregates were
measured with the Ipac 2 image analyzer (Occhio s.a.). A certain sample
volume was pumped through the measuring cell and irradiated with
monochromatic, collimated (parallel aligned) light (A = 440 nm). Im-
ages were taken with a high-resolution camera fitted with a motorized
telecentric lens, processed, and analyzed with Callisto 3D software. The
compounds were dissolved in PBS1X at 800 mg/mL and molecular
aggregate sizes from 0.3 to 1000 um were measurable depending on the
focus adjustment and the mounted spacer. A syringe diameter of 2060
um, cell thickness 100 pm, analysis quantity 0.05 mL was used. The Flow
Cell calculated the particle size distribution based on the size of each
detected particle.

2.4. Blood-brain barrier permeation in vitro

Ketoprofen and gabapentin BBB penetration was assessed in a human
blood-brain barrier model derived from induced pluripotent stem cells
[32]. KLS-GABA co-crystal (1.4 mg) and KLS+GABA mixture (1.4 mg)
were added directly to the apical compartments of Transwell™ plate and
ketoprofen and gabapentin penetration was assessed at 30, 60 and 90
min. The compound concentrations were determined by LC-MS/MS. The
integrity of the cell layers was assessed by measuring the trans-
endothelial electrical resistance (TEER) and by monitoring Lucifer Yel-
low (LY) permeation. Propranolol and prazosin were included as highly
permeable compound and as substrate of the efflux pump BCRP,
respectively.

2.5. Permeability in Caco-2 cells

Permeability assays in Caco-2 cells were performed according the
protocol described in https://www.eurofinsdiscoveryservices.com/cat-
alogmanagement/viewItem/A-B-permeability-Caco-2-pH-6.5-7.4/
3318. The test compounds (mixture or the co-crystal) were tested at 100
or 400 pM and the permeability was assessed after 120 min of
incubation.

2.6. Pharmacokinetic and pharmacology studies

2.6.1. Animals

Male Sprague Dawley rats (body weight 270-280 g at the time of the
treatment) were used for the pharmacokinetic and BBB penetration
studies. The animals were originally supplied by Charles River Labora-
tories, Italia S.p.A., Italy. Male Wistar rats (270-280 g) (Envigo, Italy) 8
- 9 weeks of age were used for in vivo pharmacology studies. Animals
were housed 2-3 per cage under controlled illumination and standard
environmental conditions for at least 1 week before experimental use.
Rat chow and tap water were available ad libitum. The experimental
procedures were approved by the Ministry of Health of Italy (approval
number 30/2021-PR) and the Animal Ethics Committee of University of
Campania “Luigi Vanvitelli”. Animal care was in compliance with Italian
Legislative Decree (D.L. 116/92) and European Commission Directive
(0.J. of E.C. L358/1, 18/12/86) regulations on the protection of labo-
ratory animals. All efforts were made to minimize animal suffering and
the number of animals used.

Biomedicine & Pharmacotherapy 163 (2023) 114845

2.6.2. Drug administration

In all in vivo studies, test compounds were orally administered to rats
in gelatin capsules size 9 (Torpac®). Vehicle 1 (Torpac capsule filled
with cellulose amid), KLS, gabapentin, KLS+GABA, KLS-GABA co-crys-
tal and gabapentin powder were provided by Dompé Farmaceutici S.p.A.
Capsules were individually filled, weighed with the substances and
closed. At the day of experiment, capsules were administered through a
stainless-steel dosing applicator provided by Torpac®.

2.6.3. Pharmacokinetic study and blood brain barrier permeation in vivo

Pharmacokinetic parameters were evaluated after single oral
administration of KLS-GABA co-crystal and KLS+GABA mixture at a
dose of 17.5 mg/kg in one gelatin capsule/animal (n = 4 rats/com-
pound). After administration, blood (approximately 250 uL) was
sampled from retroorbital plexus at the following timepoints: 30 min, 1,
2, 3, 6, 8 and 24 h after dosing.

To evaluate the blood brain barrier permeation of ketoprofen and
gabapentin in vivo, ketoprofen and gabapentin brain and plasma levels
were evaluated by LC-MS/MS after single oral administration of sub-
stances (KLS-GABA co-crystal and KLS+GABA mixture) in two gelatin
capsules/animal at a dose of 53 mg/kg. After 2 and 24 h, animals were
sacrificed, and blood and brain were collected.

2.6.4. Carrageenan-induced rat paw edema model

Peripheral inflammatory pain was induced in the left hind paw of
each animal by a single intraplantar injection of 1% A-carrageenan (100
uL for each rat in 0.9% NaCl) (Sigma- Aldrich, St. Louis, MO) as previ-
ously described [33]. KLS dose was selected based on the
anti-inflammatory and analgesic activity reported in the literature in
different models of pain [34,35], while the dose of gabapentin was
calculated accordingly based on the co-crystal stoichiometry ratio,
1:1:1. Vehicles or drugs were orally administered 1 h before (preventive
study) or 1 h after (therapeutic study) the carrageenan injection. For the
preventive study, a total number of 108 animals were divided into 7
experimental groups (n = 14-16 per group): vehicle 1 (Torpac capsules
filled with Avicel PH101, 2 cps), vehicle 2 (ethanol/0.9% saline, 1:19,
100 pL), indomethacin (10 mg/kg, 100 pL) in vehicle 2, KLS (47.1
mg/kg, 1 cps), gabapentin (20.4 mg/kg, 2 cps), KLS+GABA mixture
(47.1 +20.4 mg/kg, 2 cps) and KLS-GABA co-crystal (67.5 mg/kg, 2
cps). For the therapeutic study, a total number of 48 animals were
divided into the 7 experimental groups (n = 4 in each vehicle group and
n = 8 in each treatment group). The increase in paw thickness was
measured by Plethysmometer (Ugo Basile, Varese, Italy) or a digital
Vernier caliper, before (0 h) and after injection of carrageenan at
different time points. Edema was expressed as previously described
[36]. Behavioral evaluations were performed at time O before the
carrageenan injection and at 2, 4, 6, and 8 h post-carrageenan (1, 3, 5
and 7 h post-drug). At the end of the experiments, the animals were
sacrificed with a lethal dose of urethane and paws and stomachs were
dissected for morphological and biochemical evaluations.

2.6.5. Chronic constriction injury (CCI) model in rats

For this model, a total number of 52 animals were divided in 8
experimental groups (n = 4 in each sham/vehicle group and n = 8 in
each treatment group): sham, vehicle 1 (pyrogen-free water), vehicle 2
(torpac capsules filled with cellulose amid, 2 cps), gabapentin 100 mg/
kg (dissolved in sterile and pyrogen-free water), KLS (8.14 mg/kg, 1
cps), gabapentin (3.47 mg/kg, 1 cps), KLS+GABA mixture (8.14 +3.47
mg/kg, 1 cps) and KLS-GABA co-crystal (11.60 mg/kg, 1 cps).

Chronic constriction of the sciatic nerve was performed according to
the method of Bennett and Xie [37]. Control rats underwent a sham
procedure by exposure of the sciatic nerve without ligature. Vehicles or
drugs were administered once a day, by oral route, in solutions (gaba-
pentin) or in capsules from day 3 to day 10 post-CCI, and behavioral
evaluations were performed at baseline (0) and at 3, 7 and 10 days
post-CCI.
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2.6.6. Mechanical allodynia

Mechanical allodynia was assessed using the up and down method
[38] using von Frey filaments for rats (Stoelting, Wood Dale, IL, ranging
from 4 g to 100 g bending force) as previously described [39]. The
threshold was captured as the lowest force (g) that evoked scratching or
licking of the stimulated hind-paw. Animals were tested at baseline (0 h)
before the carrageenan injection and at different time points
post-carrageenan. Responses to drugs were reported as percentage
maximal effect (% MPE) as previously described [40]. The dose that
produced 50% of MPE (ED50) was calculated from the linear regression
analysis of the curve obtained by plotting log dose vs % MPE.

2.6.7. Thermal and mechanical hyperalgesia

Thermal hyperalgesia was evaluated using the hot plate test as
described by Eddy and Leimbach [41], while mechanical hyperalgesia
was determined using the Randal-Selitto paw pressure technique [42] by
measuring the hind paw withdrawal threshold to a noxious mechanical
stimulus (PWT). The stimulus intensity (in grams) that induced paw
withdrawal from mechanical stimulation, struggle reaction, or vocal
response from the animal was assessed.

2.6.8. Cytokine assay in rat spinal cord tissue

Rat paw tissues were homogenized in ice-cold PBS (1:9. v/w) to
obtain a homogenate suspension. Supernatants were then removed, and
levels of cytokines (IL-1f, TNF-a and IL-6) and PGE2 were quantified by
enzyme-linked immunosorbent assay (ELISA) according to the protocol
supplied by the manufacturer (Elabscience Biotechnology Inc. Huston.
Texas. USA or R&D Systems. Minneapolis. MN. USA).

2.6.9. Evaluation of macroscopic gastric mucosal lesions

At the end of behavioral experiments, all animals were sacrificed
with a lethal dose of urethane, and stomachs were removed. Ulcerogenic
activity in stomachs was then evaluated using the modified method of
Yamaura et al. Gastric lesions in each rat were evaluated under a dis-
secting microscope with square—grid eye by an arbitrary scale as follows:
0: no lesion, 1: hemorrhage erosion and damaged mucosa, 2: from 1 to 4
lesions under 3 mm, 3: over 5 lesions under 3 mm or a single lesion
above 3 mm, 4: over 2 lesions above 3 mm, 5: lesions with pore. After
ulcerogenic evaluation, n = 4 stomachs/group were snap-frozen and
used for western blotting and ELISA assays. The other n = 4 stomachs/
group were fixed in 4% buffered formaldehyde for histological and
immunohistochemical analysis.

2.6.10. Histological analysis and evaluation of inflammatory mediators in
stomachs

For histological analysis, stomach specimens were frozen in Optimal
Cutting Temperature compound (OCT) and sliced into 12 pm thick
sections by cryostat (Thermo, USA). Samples were then stained with
hematoxylin (diluted 1:5 in double-distilled water) for 5 min, washed in
double-distilled water and tap water, stained with eosin for 15 s, and
washed again in double-distilled water and tap water. Alternatively,
samples were soaked in double-distilled water, stained with Toluidine
blue Working Solution for 5 min and washed in double-distilled water, 2
changes for 3 min. For mucin expression analysis, frozen sections were
incubated in a 0.3% hydrogen peroxide solution for 10 min and then in
PBS 0.3% Triton X-100, 4% BSA for 1 h at RT. Sections were then
incubated overnight at 4 °C with mouse monoclonal anti-Mucin (1:100,
ab3649, Abcam, UK). After incubation for 2 h at RT with goat anti-
mouse IgG-HRP, 1:10000 in PBS containing 0.3% Triton X100,
immuno-complexes were revealed using 3,3'-diaminobenzidine (SIG-
MAFAST DAB with Metal Enhancer, Sigma) as the chromogen. After
extensive washing, sections were dehydrated and mounted using Eukitt
mounting medium and observed with Zeiss Axio Imager A2.

For western blotting analyses, the whole stomachs were subjected to
cycles of sonication (3 s) on ice in order to extract the proteins and then
centrifuged at 4 °C. The protein concentration was evaluated using a
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BCA kit. Protein lysates (20 pg) were separated on precast 8-12% SDS-
polyacrylamide gel and electroblotted onto polyvinyldifluoride mem-
brane (PVDF; Sigma-Aldrich). Membranes were then incubated over-
night at 4 °C with rabbit COX-1 (1:500; ab109025, Abcam) and rabbit
COX-2 (1:500; ab179800, Abcam) diluted in the blocking solution. As
secondary antibodies, peroxidase-conjugated anti-rabbit or anti-mouse
IgG (1:10000; Vector Laboratories) were used. Inmunoreactive bands
were visualized by Pierce ECL Substrate (ThermoFisher Scientific). The
relative densities of immunoreactive bands were determined and
normalized upon tubulin (Abcam), using ImageJ software. Values were
given as RU.

The active form of NFkB in gastric specimens was evaluated using the
ELISA assay (ab133112, Abcam). Briefly, nuclear extracts from tissue
were prepared, and the protein concentration was evaluated. The
Complete Transcription Factor Binding Assay Buffer was added to each
sample and loaded in each well and incubated for 1 h. Samples were
incubated for 1 h with NFkB antibody followed by the goat anti-rabbit
HRP conjugate. Data were analyzed using Graphpad and expressed as
ng/mL. IL-8 amount was evaluated using a rat IL-8 ELISA kit from
MyBioSource (#MBS9141543). Briefly, the samples were lysed, and the
protein amount was quantified using a BCA assay. The standard curve
was prepared following the manufacturer’s instructions. 100 pL of
sample or standards were added to the appropriate number of wells in
the supplied plate and then 50 pL of Enzyme Solution were added to
each well except the blank well. After gentle mixing, the plate was
covered and incubated 1 h at 37 °C in a humid chamber. After extensive
washes with the wash solution, 50 pL of Substrate A and 50 pL of Sub-
strate B were added and incubated for 12 min at room temperature
covered with foil. Lastly, 50 pL of Stop Solution was added to each well,
mixed, and immediately read at 450 nm in a microplate reader (Spark,
Tecan). The calculation of competitive ELISA results was performed
following the manufacturer’s instructions.

2.7. Data analysis

Data were analyzed using GraphPad Prism software version 9.4.0.
Data from all behavioral experiments are expressed as mean + SEM.
Two-way ANOVAs followed by Tukey’s post hoc tests were used to
analyze differences between groups, using treatment and testing time as
factors in the analysis. One-way ANOVAs followed by Dunnett post hoc
comparisons or Kruskal-Wallis and post hoc Dunn’s test were used to
assess differences within (post-drug vs pre-drug) or between groups
(using treatment as factor in the analysis) for behavioral evaluations.
One-way ANOVAs followed by Dunnett post hoc comparisons were also
used to assess significant differences between groups for cytokine level
measurements. The level of significance was set at P < 0.05.

3. Results

3.1. In vitro proof-of-concept of KLS and gabapentin supra-additive
effects in the modulation of key pathways in neuropathic pain and gastric
mucosal damage

3.1.1. Ketoprofen potentiates gabapentin-induced inhibition of protein
kinase C epsilon translocation in F11 cells

The exact mechanism by which gabapentin leads to relief of neuro-
pathic pain is still unclear. Recent studies have demonstrated that in
peripheral neurons exposed to pro-nociceptive peptides, gabapentin can
act by inhibiting the membrane translocation of the noxious effector
protein kinase C epsilon (PKCe¢) [25], and notably, gabapentin and
paracetamol showed an additive behavior in mediating this inhibition
[25]. Here, we analyzed the effects of KLS and gabapentin, given alone
or in combination, on PKCe membrane translocation in an in vitro model
of paclitaxel-induced nociception in F11 cells. Immunofluorescence
analysis showed no PKCe activation in neurons in control conditions,
while significant PKCe membrane translocation was induced following
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paclitaxel exposure (Figs. S1A, B and C). While KLS alone did not inhibit
the effect of paclitaxel, gabapentin moderately reduced it, showing an
inhibition comparable to that previously described [25]. Importantly,
the combination of KLS and gabapentin (KLS+GABA) significantly
inhibited PKCe translocation induced by paclitaxel, exerting the stron-
gest effect (Figs. S1A, B and C) and thus indicating a potential synergistic
effect of the two drugs on a key pathway of the neuroinflammatory
cascade and maintenance of pain.

3.1.2. Gabapentin improves ketoprofen tolerability in gastric epithelium by
inhibiting stress-induced inflammatory and oxidative pathways and inducing
mucosal repair mechanisms

NSAIDs treatment is typically associated with an increased risk of
gastric erosion and ulceration, and combination with other pain mod-
ulators, such as gabapentin, has been shown to be effective in alleviating
NSAID-induced adverse effects [43]. By using an in vitro model of the
gastric epithelium, we investigated whether and through which mech-
anisms gabapentin could improve ketoprofen’s gastrotolerability pro-
file. Although the presence of lysine has been previously reported to
protect against stress and NSAID-induced gastric damage [30,44,45], to
study the potential gabapentin-driven protective mechanisms, we chose
a KLS concentration known to still significantly reduce gastric cell
viability and to potentiate EtOH-induced damage. The viability of
NCI-N87 cells was analyzed following different treatments (Fig. S2A).
EtOH challenge significantly reduced cell viability, and neither gaba-
pentin nor KLS improved it in these experimental conditions. On the
contrary, the combined treatment with KLS and gabapentin effectively
counteracted EtOH effects (Fig. S2A). Notably, while KLS alone at the
chosen concentration reduced cell viability, this effect was not observed
using the KLS+GABA combination (Fig. S2A). Similar trends were
observed by analyzing the cell index (i.e., cell health state) (Fig. S2B)
and with a cytotoxicity assay for live-cell analysis (Fig. S2C), suggesting
a marked protective effect of gabapentin against EtOH- and
NSAID-induced injury.

To investigate the potential mechanisms underlying the protective
effects of KLS and gabapentin combination treatment, we then analyzed
the expression of a wide panel of genes involved in either mechanisms of
protection or mechanisms of damage to gastric epithelium (Figs. S2D-I).
The expression of genes involved in the repair and maintenance of
gastric epithelium was significantly reduced by EtOH and was not
affected by KLS in this setting (Fig. S2D). Gabapentin treatment instead
significantly induced the expression of these protective genes, and,
notably, this effect was more marked upon treatment with the
KLS+GABA mixture (Fig. S2D). On the other hand, KLS was able to
effectively counteract EtOH-induced upregulation of genes involved in
inflammatory pathways, and these effects were further amplified with
KLS+GABA mixture (Fig. S2F and G), as demonstrated in particular by
the significant increase of the expression of cytoplasmic NFkB and the
associated reduction of nuclear NFkB that were observed upon treat-
ment (Fig. S2G) relative to both EtOH-stressed and control unstimulated
epithelial cells.

Collectively, these data indicate that gabapentin can improve the
ketoprofen gastrotolerability profile by inducing gastric mucosa repair
and maintenance mechanisms and synergistically increasing the induc-
tion of anti-inflammatory signals by KLS at the gastric mucosa level.

3.2. Synthesis and characterization of KLS-GABA co-crystal

We carried out a wide screening of crystallization method with the
aim to obtain a new co-crystal of R,S-ketoprofen, D,L-lysine and gaba-
pentin (KLS-GABA co-crystal). We performed more than 100 experi-
ments (the most representative of which are summarized in Table S1),
analyzed all the collected solids via X-ray powder diffraction (XRPD)
analysis and compared them with the starting materials. Kneading and
slurry methods were ineffective, leading to isolation of a mixture
composed of KET-LYS and gabapentin or no solid to isolate (entries 1-5,
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Table S1). Similarly, all experiments performed using more than one
equivalent of gabapentin led to glass products or clear solutions with no
solid to isolate (entries 9, 10 and 14). The best results were obtained
performing several precipitation experiments by antisolvent addition
with methanol as solvent and ethyl acetate or tetrahydrofuran as anti-
solvents (entries 7, 8 and 11, Table S1). The obtained compound had a
molar ratio of 1:1:1 for KET, LYS and gabapentin, as confirmed by so-
lution NMR (Fig. S3A). Then, the new solid phase was analysed by dif-
ferential scanning calorimetry (DSC) and X-ray diffraction (XRPD)
(Figs. S3B and C) and fully characterized by solid-state nuclear magnetic
resonance (SSNMR) (data not shown) as a ternary salt co-crystal of
ketoprofen, lysine and gabapentin (KLS-GABA co-crystal) (Scheme 1).

3.3. Physicochemical and pharmacokinetic characterization of KLS-
GABA co-crystal

3.3.1. KLS-GABA co-crystal displayed higher ketoprofen solubility and
systemic exposure compared to the mixture of KLS and gabapentin
(KLS+GABA)

Co-crystallization can modify the physicochemical and pharmaco-
kinetic characteristics of the APIs, such as solubility and bioavailability
[18]. We analyzed the solubility of ketoprofen in KLS-GABA co-crystal
relative to that in the physical mixture (i.e., open combination) of KLS
and gabapentin (KLS+GABA) at pH values of blood and organs of the
gastrointestinal system (i.e., stomach, ileum and colon). Interestingly,
the solubility of ketoprofen in KLS-GABA co-crystal was higher
compared to the simple mixture of the APIs (KLS+GABA) at all tested pH
values, with an impressive 4.2-fold increase at gastric and colon pH
values. To further elucidate this effect, we studied the ketoprofen solu-
bility profile in both the co-crystal and the mixture for up to 5h in
gastric fluid (Fig. 1A). In the mixture, the solubility of ketoprofen
increased and remained stable for about 2 h, ultimately decreasing and
reaching a very low final concentration of ketoprofen (Fig. 1A, green
line). Although following a similar trend, the maximum solubility of
ketoprofen in KLS-GABA co-crystal was more than two-fold higher
compared to the mixture (5.5 x 102 Mvs 2.2 x10° M), and, notably, the
concentration peak was maintained for about 4 h, thus lasting much
longer when compared to that observed with the mixture (3.8 hvs 2.1 h)
(Fig. 1A, yellow line) and indicating a supersaturation process.

To further investigate the significance of the supersaturation phe-
nomenon, we evaluated the 3D aggregation state of KLS, KLS-GABA and
KLS+GABA solutions and compared both the number and shape using
an Ipac 2 image analyzer (Occhio s.a.). With KLS and KLS+GABA so-
lutions, we observed the presence of spherical aggregates with an
average inner diameter ranging from 17.56 to 86.12 pm and from 21.40
up to 54.75 um, respectively, and an average concentration of particles/
uL of 363 and 17, respectively (Fig. 1B). In contrast, analysis of KLS-
GABA co-crystal showed a background that was similar to that of mil-
liQ water (Fig. 1B), indicating no particle aggregation in the co-crystal
solution, and thus confirming a different aggregation state compared
to the mixture and KLS alone that accounts for a substantial change to
the physicochemical properties.

We then evaluated the impact of co-crystallization on the pharma-
cokinetic properties of the two drug components. Gabapentin displayed
the same pharmacokinetics in both co-crystal and mixture (orally
administered at 17.5 mg/kg to male Sprague Dawley rats [n = 4]). In
contrast, a modest but significant increase of ketoprofen systemic
exposure parameters, Cmax and AUClast, was observed with the co-
crystal compared to the mixture (Cmax, 13,200 + 3160 vs 9770
+ 2500, respectively) (AUClast, 166,000 + 17,000 vs 126,000
+ 20,900, respectively), with a statistical significance achieved for
AUClast (P = 0.025) (Fig. 1C and D). Notably, these results nicely fit
with the reported solubility increase and supersaturation effect observed
at the gastric and ileum pH and demonstrate that KLS-GABA co-crystal
has unique physicochemical and pharmacokinetic characteristics that
ultimately lead to a higher systemic exposure of ketoprofen after oral
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homogeneous salt co-crystal

Scheme 1. Graphic representation of the difference between the heterogeneous physical mixture of KLS with GABA (KLS+GABA mixture, left) and the homogeneous
crystal form of KET, LYS and gabapentin (KLS-GABA co-crystal, right). Coloured boxes represent domains of the crystal forms; dots stand for weak interactions

involving the components.
administration.

3.3.2. KLS-GABA co-crystal showed increased ketoprofen and gabapentin
penetration rate in both rat and human blood-brain barrier

Given that KLS potentiated the effect of gabapentin in the modula-
tion of PKCe translocation, we then investigated whether a synergy
could also improve the ability of gabapentin to penetrate the blood-
brain barrier (BBB), thus affecting its central nervous system (CNS)
distribution and its effects at the central level. To this aim, we admin-
istered KLS-GABA co-crystal or KLS+GABA mixture at oral dose of
53 mg/kg or gabapentin alone at 15.8 mg/kg to male Sprague Dawley
rats (n = 4) and measured the brain to plasma ratio (% B/P). After 2 h,
BBB penetration of gabapentin administered as KLS-GABA co-crystal or
mixture was considerably increased compared to that observed with
gabapentin alone (56.1 + 5.1%, P = 0.033, t4 =3.19and 58.8 + 7.8%,
P =0.035, t4 =3.15 vs 37.8 &+ 8.5%, respectively), indicating that KLS
synergistically improves the BBB penetration of gabapentin in both co-
crystal and mixture. Interestingly, the % B/P of ketoprofen for the co-
crystal and the mixture was also greater than that reported in the
literature for the drug alone [46] (2.8 + 0.1%, P < 0.0001, t4 =24.20
and 2.5 + 0.5%, P =0.057, t4 =5.38 vs 0.92 £ 0.09%, respectively),
demonstrating that synergistic improvement in BBB penetration was
observed for both KLS and gabapentin. It is worth noting that although
the % B/P of both gabapentin and ketoprofen are similar for the
co-crystal and the mixture, the plasma levels of ketoprofen were higher
with KLS-GABA co-crystal compared to the mixture (as demonstrated by
the pharmacokinetics). This suggests that a higher brain concentration
for ketoprofen can be reached with the co-crystal compared to the
mixture. Subsequently, we further investigated the mechanisms under-
lying the BBB permeability of ketoprofen and gabapentin in the
co-crystal and the mixture using an in vitro model of human BBB [32].
Apparent permeability values (Papp) showed that the permeability of
ketoprofen in this setting was medium, while that of gabapentin was
generally low, in both directions in the co-crystal and the mixture.
However, at early timepoints, both ketoprofen and gabapentin showed a
higher influx ratio and a lower efflux ratio when given in the co-crystal
compared to the mixture. In particular, ketoprofen influx ratio at 30 min
was 1.5+ 0.3 for the co-crystal and 0.5+ 0.03 for the mixture
(P = 0.0024, ty =6.2), while the efflux ratio at the same time was 0.7
+ 0.1 and 2.0 + 0.5 for the co-crystal and the mixture, respectively
(P =0.012, t; =5.68); similarly, gabapentin influx ratio at 60 min was
2.1 £ 2.5 for the co-crystal and 0.4 + 0.02 for the mixture, while the
efflux ratio at the same time was 0.5+ 0.1 and 2.8 + 0.8 for the

co-crystal and the mixture, respectively (P = 0.007, t; =1.17). Inter-
estingly, at later timepoints, this phenomenon was no longer observed
for gabapentin in the co-crystal, as the influx and efflux ratio were 0.55
+0.14 and 1.8 + 0.9 (P = 0.034, t, =5.25), respectively, suggesting
that gabapentin does not accumulate in the CNS long term.

Together, in vivo and in vitro BBB data indicate that KLS and
gabapentin can synergistically and mutually increase the BBB penetra-
tion of each other and that co-crystallization further boosts these effects,
possibly leading to a higher CNS permeation and central effects of both
ketoprofen and gabapentin.

3.3.3. KLS-GABA co-crystal showed increased permeability of ketoprofen
compared to the mixture KLS+GABA in the in vitro Caco-2 cell model

To investigate whether the co-crystallization could also boost the
beneficial effects of gabapentin on ketoprofen gastrointestinal tolera-
bility profile that we observed with the combination KLS+GABA, we
determined the permeability coefficient (Papp) of ketoprofen and
gabapentin in the co-crystal and the mixture in Caco-2 cells. The
permeability was low for gabapentin in both the items for all concen-
trations (0.8 and 0.5 cm-10/s for the co-crystal and 0.6 and 0.6 cm-10”
6/s for the mixture at 100 and 400 uM, respectively), while high
permeability was observed for ketoprofen for all the conditions.
Notably, however, the permeability of ketoprofen was significantly
higher in the co-crystal (26.8 and 23.7 cm-10"%/s at 100 and 400 yM,
respectively) compared to the mixture (19.6 and 18.7 cm-10%/s)
(P < 0.00001, t; =88.18 for 100 pM and P < 0.00001, ty =61.24 for
400 pM), suggesting another advantage of the KLS-GABA co-crystal
compared to the mixture in the context of in vivo gastrointestinal
tolerability. Collectively, these data prompted us to assess the potential
advantages of the KLS-GABA co-crystal in a set of relevant animal
models of inflammatory and neuropathic pain.

3.4. Anti-inflammatory and analgesic properties of KLS-GABA co-crystal
in an inflammatory pain in vivo model

Considering the supra-additive effects of gabapentin and KLS in
inhibiting crucial mechanisms involved in peripheral sensitization (i.e.,
PKCe translocation) that we observed in vitro, we first investigated the
anti-inflammatory and anti-nociceptive effects of KLS-GABA co-crystal
in a rat model of inflammatory pain induced by carrageenan intra-
plantar injection. Dose-response curves were obtained by adminis-
tering increasing doses of KLS or KLS-GABA (data not shown). For each
drug, the doses that produced 50% of antinociception (ED50) and its
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associated 95% confidence intervals (CL) were determined by linear
regression analysis of the log dose-response curve. Based on these an-
alyses, a single dose was selected for each drug and it was administered
1 h before carrageenan injection in the preventive study, and 1 h after
carrageenan injection in the therapeutic study, with indomethacin, used
as a reference drug [29,30].

3.4.1. KLS-GABA co-crystal has greater anti-inflammatory and anti-
nociceptive effects compared to KLS, gabapentin or KLS+GABA mixture in a
carrageenan-induced paw edema rat model

Carrageenan intra-plantar injection induced a time-dependent paw
swelling starting from 1 h post-carrageenan injection and reaching the
peak of edema after 6 h. A significant increase in the injected (left) paw
volume was observed in rats treated with both vehicles used (i.e., Avicel
PH101 cps or ethanol/0.9% saline, i.g.) compared to the untreated
contralateral paw. The anti-inflammatory and anti-nociceptive effects of
the drugs were evaluated both in a preventive (Supporting Information
and Fig. S4) and a therapeutic administration setting (Fig. 2 A).

In the therapeutic setting, KLS (47.1 mg/kg, cps), given 1h after
carrageenan injection partially reduced rat paw volume compared to
vehicle-treated animals at 4 h post-carrageenan and showed an anti-
inflammatory effect that was similar to that of indomethacin (10 mg/
kg) (Fig. 2B, C and D). Treatment with the mixture KLS+GABA caused a
significant time-dependent reduction of paw volume compared to
vehicle-treated group (Fig. 2B, C and D), while gabapentin alone
(20.4 mg/kg, cps) had negligible effect on the increasing pattern of paw
swelling (Fig. 2B, C and D). Strikingly, KLS-GABA co-crystal induced a
significantly greater reduction of the paw edema compared to all the
other drugs (p = 0.02 vs KLS, p = 0.0008 vs gabapentin, p = 0.0046 vs
KLS+GABA, at 7 h post-drug) with an inhibition of paw volume of
78.10% 3 h post-drug, and these effects lasted until 7 h post-drug
(Fig. 2B, C and D).

Two-way ANOVA followed by Tukey’s multiple comparisons post-
hoc test revealed a significant effect of time (F (4, 19¢) = 218.51), treat-
ment (F 6 49) = 60.44) and a significant interaction time X treatment (F
(24,196) = 15.78), on paw swelling in carrageenan-treated animals.

In another set of experiments, the effects of therapeutic administra-
tion of drugs were investigated on mechanical allodynia in carrageenan-
injected animals. Single oral treatment with KLS, indomethacin or
KLS+GABA mixture failed to revert mechanical allodynia in
carrageenan-injected rats (Fig. 2E and F), while gabapentin alone
increased the withdrawal threshold compared to vehicle-injected ani-
mals at 3 h post-drug injection (Fig. 2E and F). As observed in rat paw
edema and in line with the results obtained in the preventive study, KLS-
GABA co-crystal exerted the greatest effects in reducing mechanical
allodynia starting from 3 h and up to 5 h post-drug compared with all
the other drugs (p=0.017 vs KLS, p=0.023 vs Indomethacin,
p = 0.012 vs KLS+GABA, at 5 h post-drug), reaching a % MPE of 60.42
+ 5.2% at 5 h post-drug (Fig. 2E and F). Two-way ANOVA followed by
Tukey’s multiple comparisons post-hoc test demonstrated a significant
effect of time (F (4, 196) = 102.37), treatment (F (6 49) = 52.49) and a
significant interaction time X treatment (F (24,196) = 5.43), on mechan-
ical allodynia in carrageenan-treated animals.

Altogether, data from both the preventive and therapeutic studies
demonstrate that KLS-GABA co-crystal has greater anti-inflammatory
and anti-nociceptive effects compared to KLS and gabapentin given as
single drugs and as a physical combination (KLS+GABA) and, notably,
also compared to indomethacin in the described in vivo inflammatory
pain model.

3.4.2. KLS-GABA co-crystal reduced neuroinflammation most efficiently
compared to KLS and gabapentin given alone or in combination
(KLS+GABA)

Since the carrageenan-induced inflammatory pain model is charac-
terized by inflammation in the central nervous system (i.e., neuro-
inflammation) [47,48], which is mediated by the expression of cytokines
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that are involved in the transition from acute to chronic pain, we eval-
uated the spinal cord tissue expression of some neuroinflammatory
markers. Levels of interleukin-1p (IL-1p), tumor necrosis factor-o
(TNF-a) and interleukin-6 (IL-6) were significantly upregulated in spinal
cords of animals injected with carrageenan compared to those of control
rats, showing increased neuroinflammation in injured rats (Fig. 3 A - C).
Treatment with KLS or gabapentin alone slightly reduced the level of
IL-1p and TNFa, while a stronger reduction was observed with the
mixture KLS+GABA (Fig. 3 A and B). Notably, the most significant effect
in reducing the spinal expression of these cytokines was obtained with
KLS-GABA co-crystal (p = 0.0002 and F(s 1g) = 9.78 for IL-1p;p = 0.03
and F (518) = 6.91 for TNF-a as compared to vehicle). On the other hand,
none of the treatments significantly reduced the expression of IL-6
(Figures C).

These results indicate that the therapeutic effects of KLS-GABA co-
crystal in inflammatory pain could be due to its inhibition of expression
of crucial neuroinflammatory cytokines in the CNS and suggest that the
co-crystal could be effective also in treating neuropathic pain.

3.5. Analgesic properties of KLS-GABA co-crystal in a neuropathic pain in
vivo model

We next sought to investigate the potential therapeutic effects of
KLS-GABA co-crystal in a model of neuropathic pain induced by chronic
constriction injury (CCI) (Fig. 4 A). In vehicle groups, CCI induced a
significant reduction in paw withdrawal response (g) starting from 3
days and up to 10 days post CCI (the latest time point monitored in this
study) compared to the sham group (Fig. 4B and C). Since the two
vehicle groups did not differ from each other, they were merged into a
single group. Treatment with KLS or with gabapentin at the dose of
3.47 mg/kg did not significantly affect the mechanical threshold of rats
compared to vehicle-treated CCI group, while administration of the
mixture KLS+GABA induced a moderate analgesic effect until 10 days
post CCI as compared to the vehicle-injected CCI animals (Fig. 4B and
C). However, mechanical allodynia was significantly reduced after
repeated oral administration of KLS-GABA co-crystal as compared to all
other drugs (p = 0.0012 vs KLS, p = 0.0012 vs GABA, 7 days post-drug),
reaching a striking % MPE of 83.07 + 7.43%, higher than the efficacy of
gabapentin alone at 100 mg/kg that was used as reference drug [49]
(Fig. 4B and C). Notably, the stronger effect of co-crystal on mechanical
allodynia was still present 10 days post CCI, with mechanical threshold
values that were comparable to those observed in sham animals.
Two-way ANOVA followed by Tukey’s multiple comparisons post-hoc
test demonstrated a significant effect of time (F (3, 135) = 89.05), treat-
ment (F 45y = 18.43) and a significant interaction time X treatment (F
(18,135) = 5.79), on mechanical allodynia in CCI rats.

To further investigate the effects of KLS-GABA co-crystal in neuro-
pathic pain, we then assessed its potential efficacy on mechanical
hyperalgesia in the same CCI model. Paw withdrawal threshold (PWT)
was strongly reduced in vehicle (Avicel PH101 cps or sterile water)-
treated rats on day 3, 7 and 10 post CCI as compared to sham animals
(Fig. 4D). Gabapentin at 100 mg/kg reverted mechanical hyperalgesia
as compared to vehicle rats, and also gabapentin at 3.47 mg/kg signif-
icantly increased PWT until 7 days post CCI (Fig. 4D). Whereas neither
KLS nor, more surprisingly, the mixture KLS+GABA affected the reduced
mechanical threshold in CCI rats as compared to vehicle-treated ones,
the maximum anti-hyperalgesic effect was obtained with KLS-GABA co-
crystal administration (p =0.0001 vs KLS, p =0.0009 vs GABA,
p = 0.045 vs gabapentin, 7 days post-drug), which restored the PWT to
sham group values until 10 days post CCI (Fig. 4D). Two-way ANOVA
followed by Tukey’s multiple comparisons post-hoc test showed a sig-
nificant effect of time (F (3, 135) = 187.22), treatment (F (6 45y = 22.39)
and a significant interaction time X treatment (F (18135 = 9.50), on
mechanical hyperalgesia in CCI rats.

Lastly, we also tested the drugs’ effects on thermal hyperalgesia after
CCI. Starting from 3 days after surgery and until the end of observations
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Fig. 2. A) Experimental time of therapeutic effect of vehicle or KLS-GABA co-crystal, KLS+GABA combination, KLS, gabapentin and indomethacin in carrageenan-
induced edema in rat. B) Representative macroscopic photographs of paws from carrageenan-injected rats, treated with vehicle or different drugs, at 8 h post
carrageenan injections (7 h post-drug). C) Time-course of anti-inflammatory effect of KLS-GABA co-crystal or KLS+GABA combination compared with KLS, GABA,
Indomethacin or Vehicle on rat paw swelling (mL) injected 1 h after intra-plantar injection of 1% of carrageenan. D) % Inhibition of paw volume induced by KLS-
GABA co-crystal or KLS+GABA combination compared with KLS, gabapentin, indomethacin or vehicle 1, 3, 5- and 7-hours post-drugs injection (2, 4, 6 and 8 h post-
carr). E) Time-course of anti-allodynic effect of KLS-GABA co-crystal or KLS+GABA combination compared with KLS, gabapentin, Indomethacin or Vehicle on paw
withdrawal response (g) injected 1 h after intra-plantar injection of 1% of carrageenan. F) % of maximum possible effect (%MPE) of KLS-GABA co-crystal or
KLS+GABA combination compared with KLS, GABA, indomethacin or vehicle on mechanical allodynia. Each time point represents the mean + SEM of 4 rats for
vehicle and of 8 rats for each drug. P < 0.05 was considered as statistically significant and calculated by using two-way ANOVA followed by Tukey’s post-hoc test.
For paw swelling (C): at 1 h, vehicle showed * **p < 0.001 vs contra, KLS-GABA co-crystal *p < 0.05 vs vehicle and * **p < 0.001 vs KLS+GABA. At 3 h, vehicle
showed * ** *p < 0.0001 vs contra, KLS *p < 0.05 vs vehicle, KLS+GABA *p < 0.05 vs vehicle and KLS-GABA co-crystal * ** *p < 0.0001 vs vehicle, * *p < 0.01 vs
Indomethacin, *p < 0.05 vs KLS and * **p < 0.001 vs KLS+GABA. At 5 h, vehicle showed * ** *p < 0.0001 vs contra, indomethacin * **p < 0.001 vs vehicle, KLS
* *¥p < 0.001 vs vehicle, KLS+GABA * *p < 0.01 vs vehicle and KLS-GABA co-crystal * *p < 0.0001 vs vehicle, *p < 0.05 vs Indomethacin and * *p < 0.01 vs
KLS+GABA. At 7 h, vehicle showed *p < 0.0001 vs contra, indomethacin * **p < 0.001 vs vehicle, KLS * *p < 0.01 vs vehicle, KLS+GABA * **p < 0.001 vs
vehicle and KLS-GABA co-crystal * ** *p < 0.0001 vs vehicle, *p < 0.05 vs KLS, and * *p < 0.01 vs KLS+GABA. For mechanical allodynia (E): at 1 h, vehicle showed
* **p < 0.001 vs contra, Gaba *p < 0.05 vs contra and *p < 0.05 vs vehicle, and KLS-GABA co-crystal *p < 0.05 vs vehicle. At 3 h vehicle showed * ** *p < 0.0001
vs contra, Gaba * **p < 0.001 vs contra and *p < 0.05 vs vehicle, and KLS-GABA co-crystal * *p < 0.01 vs vehicle, *p < 0.05 vs Indomethacin and *p < 0.05 vs KLS.
At 5 h Vehicle showed * ** *p < 0.0001 vs contra, Gaba * **p < 0.001 vs contra and KLS-GABA co-crystal * **p < 0.001 vs vehicle, *p < 0.05 vs Indomethacin,
*p < 0.05 vs KLS and *p < 0.05 vs KLS+GABA. At 7 h vehicle showed * **p < 0.001 vs contra, Gaba * **p < 0.001 vs contra and KLS-GABA co-crystal * *p < 0.01 vs
\‘/ehicle, **p < 0.01 vs Indomethacin, *p < 0.05 vs KLS and *p < 0.05 vs KLS+GABA.
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Fig. 3. Expression of neuroinflammatory mediators (IL-1p (A), TNFa (B), and IL-6 (C)) in spinal cords of carrageenan-injected rats treated with vehicle, KLS+GABA
mixture, KLS-GABA co-crystal or single compounds. Analyses were carried out 6 h post-drug (7 h post-carrageenan) in 5 animals per group. P < 0.05 was considered
as statistically significant and calculated by using one-way ANOVA followed by Tukey’s post-hoc test. * *p < 0.01, * **p < 0.001 and * ** *p < 0.0001 vs contra,
#p < 0.05, #*p < 0.01, *#*#p < 0.001 and *#*##p < 0.0001 vs vehicle.

(10 days), paw latency significantly decreased in vehicle-treated CCI investigated the gastrolesive effect of the new KLS-GABA co-crystal

animals (Fig. 4E). KLS did not display a significant effect on thermal compared to that of KLS, gabapentin, indomethacin and the mixture
hyperalgesia whereas gabapentin as single administration at 100 and KLS+GABA by analyzing the stomachs of rats used for the CCI neuro-
3.47 mg/kg and KLS+GABA mixture significantly reduced thermal pathic pain model and in the therapeutic treatment in carrageenan-
hyperalgesia and increased hot plate latency until 10 days post CCI induced paw edema model.

compared to vehicles (Fig. 4E). Strikingly, KLS-GABA co-crystal induced
the highest increase (p = 0.0032 vs KLS, p = 0.013 vs GABA, 7 days 3.6.1. KLS-GABA co-crystal has lower gastrointestinal anti-ulcerogenic

post-drug) in the paw latency at 7 and 10 days compared to control rats activity in neuropathic and inflammatory pain rat models

(Fig. 4E), again demonstrating its greater therapeutic efficacy compared Histological analysis of the stomachs of CCI animals revealed that
to all tested treatments and drug combinations also studied using the in only KLS-treated rats had gastrointestinal damage, showing some
vivo model of neuropathic pain. Two-way ANOVA followed by Tukey’s hemorrhagic red spots on gastric mucosa, but no congestion, erosion or
multiple comparisons post-hoc test showed a significant effect of time (F ulceration (ulcer index: 2.25+0.4; p < 0.0001; Kruskal-Wallis
@3, 135) = 76.97), treatment (F (6 45) = 36.95) and a significant interac- statistic=37.14) (Fig. 5A, B and C). On the contrary, injured rats
tion time X treatment (F (15135) = 7.79), on thermal hyperalgesia in CCI treated with gabapentin at different dosages or KLS-GABA co-crystal did
rats. not display any gastric ulcerogenic signs, similarly to vehicle-treated

group, with an ulcer index of 0 (Fig. 5 A, B and C).
In the carrageenan-induced inflammatory pain model, KLS treatment

3.6. KLS-GABA co-crystal has increased gastrointestinal tolerability caused evident gastrointestinal damage, with hemorrhagic red spots on
compared to KLS, indomethacin and the mixture KLS+GABA gastric mucosa, but no congestion, erosion or ulceration, with a mean
value for ulcer index of 2.75+ 0.16 (p < 0.0001; Kruskal-Wallis

NSAID-induced gastrolesivity is a crucial limiting factor to the use of  statistic=39.11) that was similar to that obtained analyzing rats

this class of drugs in chronic therapeutic regimens. As such, we
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Fig. 4. A) Experimental time of effect repeated treatments of vehicle or KLS-GABA co-crystal, KLS+GABA combination, KLS, GABA and indomethacin in CCI rat.
Time-course of analgesic effect of repeated treatments (7 days) with ketoprofen lysine salt (KLS), gabapentin (GABA), KLS+GABA, KLS-GABA co-crystal and
Gabapentin (100 mg/kg, 100uL) compared to Vehicle-treated rats (CCI) on CCI-induced mechanical allodynia (B and C), mechanical hyperalgesia (D) and thermal
hyperalgesia (E) and each time point represents the mean + SEM of four (Sham)/eight (CCI+Veh/drugs) rats. Black arrows indicate surgery induction and empty
rectangle indicate the duration of treatment. P < 0.05 was considered as statistical significance and calculated by using Two-way ANOVA followed by Tukey’s post-
hoc test for comparisons between groups. For mechanical allodynia (B and C), at 3 days, vehicle showed *p < 0.05 vs Sham, KLS, Gaba, Gabapentin, KLS+GABA and
KLS-GABA co-crystal * *p < 0.01 vs Sham. At 7 days, vehicle showed *p < 0.05 vs Sham, KLS and Gaba * *p < 0.01 vs Sham, Gabapentin *p < 0.05 vs CCl/vehicle,
KLS-GABA co-crystal *p < 0.05 vs CCI/vehicle and *p < 0.05 vs KLS+GABA. At 10 days, vehicle, KLS and Gaba showed *p < 0.05 vs Sham, Gabapentin and
KLS+GABA *p < 0.05 vs CCl/vehicle, KLS-GABA co-crystal * ** *p < 0.0001 vs CCI/vehicle, *p < 0.05 vs KLS+GABA and * *p < 0.01 vs KLS. For mechanical
hyperalgesia (D), at 3 days vehicle, KLS, Gaba, Gabapentin, KLS+GABA and KLS-GABA co-crystal showed * **p < 0.001 vs Sham, and Gaba *p < 0.05 vs KLS+GABA.
At 7 days vehicle, KLS and Gaba showed * **p < 0.001 vs Sham, Gaba *p < 0.05 vs CClI/vehicle, Gabapentin * *p < 0.01 and KLS-GABA co-crystal * ** *p < 0.0001
vs CCI/vehicle and * ** *p < 0.0001 vs KLS. At 10 days vehicle, KLS and Gaba showed * *p < 0.01 vs Sham, Gaba *p < 0.05 vs CCl/vehicle, Gabapentin * *p < 0.01
vs CCl/Vehicle and *p < 0.05 vs Sham and KLS-GABA co-crystal * ** *p < 0.0001 vs CCl/vehicle, * **p < 0.001 vs KLS+GABA and * **p < 0.001 vs KLS.

For thermal hyperalgesia (E), at 3 days vehicle, KLS, Gaba, Gabapentin, KLS-GABA co-crystal and KLS+GABA showed * ** *p < 0.0001 vs Sham. At 7 days vehicle
and KLS showed * ** *p < 0.0001 vs Sham, KLS * ** *p < 0.0001 vs KLS+GABA, Gaba * *p < 0.01 vs CCI/vehicle and *p < 0.05 vs KLS+GABA, Gabapentin
* %% *p < 0.0001 vs CCl/vehicle, KLS-GABA co-crystal * ** *p < 0.0001 vs CCI/vehicle and * **p < 0.001 vs KLS, KLS+GABA * **p < 0.001 vs CCl/vehicle,
*p < 0.05 vs KLS. At 10 days vehicle * **p < 0.001 vs Sham, KLS * *p < 0.01 vs Sham, *p < 0.05 vs KLS+GABA, Gaba * **p < 0.001 vs CCI/vehicle, * *p < 0.01 vs
Sham and *p < 0.05 vs KLS+GABA, Gabapentin * ** *p < 0.0001 vs CCI/vehicle, KLS-GABA co-crystal * **p < 0.001 vs CCI/vehicle and * *p < 0.01 vs KLS,
ISLS-&-GABA * *p < 0.01 vs CCI/vehicle.

treated with indomethacin (Fig. 5D, E and F). Slight damage to the 4. Discussion
gastric mucosa was induced by KLS+GABA mixture in this model (ulcer

index 1.25 + 0.31); however,carrageenan-injected rats treated with Treatment of chronic pain is still an unmet medical need [8]. There
gabapentin or with KLS-GABA co-crystal did not display any gastric are no approved combination therapies with clear efficacy to treat
ulcerogenic signs (ulcer index 0 and 0.37 £ 0.18, respectively), similar chronic pain, and the development of new effective pharmacological
to vehicle-treated group (0) (Fig. 5D, E and F). approaches is of the utmost importance for clinical practice and health

These data demonstrate that in both chronic and acute treatment, care [50]. In this study, we demonstrated for the first time that the
KLS-GABA co-crystal has increased gastrointestinal tolerability combination of KLS and gabapentin can lead to supra-additive thera-
compared to the mixture KLS+GABA and, especially, KLS alone. peutic effects for pain treatment and an improved safety profile. Further,

we have synthesized a new ternary complex drug-drug co-crystal of
3.6.2. KLS-GABA co-crystal preserved gastric mucosa structure and ketoprofen, lysine and gabapentin (KLS-GABA co-crystal). KLS-GABA
inhibited gastric inflammation co-crystal showed higher ketoprofen gastric solubility and permeability

Since the ulcer index for both the co-crystal and the mixture was and increased BBB penetration of both ketoprofen and gabapentin
higher in carrageenan-injected rats, we further analyzed stomachs from compared to the monotherapies with the two drugs and to their mixture
carrageenan-injected animals to investigate the molecular mechanisms (KLS+GABA), and resulting in increased therapeutic efficacy in both
underlying the improved gastrointestinal tolerability of KLS-GABA co- inflammatory and neuropathic pain animal models as well as an
crystal observed with the macroscopic histologic analysis. improved gastrointestinal tolerability profile.

Mucin staining and toluidine blue analysis showed that indometh- The most crucial aspect when studying a drug combination is the
acin, KLS and KLS+GABA-treated rats had a compromised gastric mu- evaluation of the joint therapeutic effects and of the off-target in-
cosa structure and increased infiltration of mast cells, whereas in the teractions of the drugs [51]. Our in vitro data demonstrated initial
gabapentin and KLS-GABA co-crystal groups, the mucosa was preserved, proof-of-concept that KLS can improve gabapentin’s analgesic effects, in
and mast cells infiltration was considerably lower (Fig. S5). not merely an additive but in a synergistic way. Previous studies have

To further investigate the molecular aspects of the improved gas- shown that paracetamol can enhance the gabapentin-mediated effects
trotolerability of KLS-GABA co-crystal, we analyzed the gastric expres- on PKCe [25]. The membrane translocation of PKCe is induced by in-
sion of the two isoforms of cyclooxygenase (COX). COX-1 protein levels flammatory mediators in peripheral fibers and is crucial for pain
were significantly decreased in gastric specimens of rats receiving maintenance [52], and its inhibition results in antinociceptive effects
indomethacin compared to vehicle-treated rats, while no effect was that have been recognized as an important component of
observed analyzing stomachs of rats receiving KLS and the mixture gabapentin-mediated analgesia [25]. The combination of KLS and
KLS+GABA (Fig. 5 G). On the contrary, both gabapentin and KLS-GABA gabapentin produced a synergistic increase in the inhibition of PKCe
co-crystal treated rats showed COX-1 protein gastric levels that were membrane translocation greater than that observed with either KLS or
increased even compared to those of vehicle rats, thus suggesting a gabapentin alone, indicating a potentially greater antinociceptive effect
gastroprotective effect of these compounds (Fig. 5 G). Gastric levels of of this drug combination compared to each drug alone. In addition, the
COX-2 were significantly increased following indomethacin, KLS and overall protection of the gastric epithelium against inflammation and
KLS+GABA treatments, while co-crystal KLS-GABA administration led oxidative stress observed with the combination of KLS and gabapentin
to significantly lower COX-2 protein levels (Fig. 5 G). Modulation of not only confirms minimal off-target activity, but also suggests that
gastric COX-2 levels could explain the improved gastrotolerability of gabapentin can ameliorate ketoprofen’s gastrointestinal tolerability.
this compound and suggest a reduced inflammatory effect. Such effect Building on these data, we report here the synthesis and character-
was confirmed by ELISA assays for the gastric expression of IL-8 and the ization of a new compound with structural and chemical features of a
active form of NFkB (p-NFkB), the levels of which were significantly ternary salt co-crystal, in which ketoprofen, lysine and gabapentin have
upregulated upon indomethacin, KLS and KLS+GABA treatments a 1:1:1 stoichiometry ratio, and KLS and gabapentin interact through
compared to those of rats receiving gabapentin or KLS-GABA co-crystal, non-ionic bonds. KLS-GABA co-crystal is thus a unique, single-entity,
which were similar to those of vehicle-treated rats (Fig. 5H). solid form of ketoprofen, lysine and gabapentin, which is completely

The absence of gastric damage upon treatment with KLS-GABA co- different from the simple physical mixture of these APIs.
crystal demonstrates the ability of this compound to avoid the gastro- Co-crystal forms can enable greater solubility and subsequent ab-
intestinal side effects that are characteristic of NSAIDs while maintain- sorption of the constituent APIs compared to their physical combina-
ing, and also strengthening, the typical therapeutic effects. tions (mixtures) [15]. In KLS-GABA co-crystal, ketoprofen reached a

significantly higher gastric solubility compared to that observed with

12



Biomedicine & Pharmacotherapy 163 (2023) 114845

A. Aramini et al.

KLS-Gata

KLS+Gaba

ook
ook ok |

S 9
& ¥

KLS

\ehide Indomeacin
. -
o
N SRR e
* KK

D
E

GABA

KLS

KSeGa  KLSGaba
A \x L s

\ehide Gabagentn

A
B

" %, %,
\W\ 0,
L s S R
m X8pul J8a|n
@«
3
§ o
ez -
0 2
| %, %,
N [ — v.vp.ev
* v.e.v

KK |
T
o‘}e *5?

[
%, %,
S 5 3T & %Y
s399lqns jo soquunN
— 1 s,
9,
<> - e O
H e, &
|'¢ - A 0!9
: &r@ 2%
<~>=— I,
* <} o.v
"
* *I 0\\000‘
: %, 0
T T T T Y% O
-3 - o~ =3 o~ 7
8 xepuiiasn
@ ~
g5
1 -
S5 = . I e
a = D,
“o.
- = &, 8
OAVK +
1 By
v@vo %
Ry
* %
" I
- %,
. rFe 999
%
T T T T T T S,
e ) [ -t ~ o 7
s320lgns jo Joquunpy

CcOox1

CcoxX1
COX2
Tubulin

TL
!

%y | - vovo
by 9
a.@vo..wv
2 ®
. %5,
: b,
%,
. o 9
<,
\@
%,
r T T T 1 (2
) w o " ) ]
~N - o o @
o]
ny

p-NFKB ELISA

IL-8 ELISA

200+

(caption on next page)

13



A. Aramini et al. Biomedicine & Pharmacotherapy 163 (2023) 114845

Fig. 5. Chronic treatment (CCI model) A) Representative images of ulcerogenic activity in the stomachs of CCI rats 7 days after repeated treatment with vehicle,
gabapentin, KLS, GABA, KLS+GABA or KLS-GABA co-crystal. Black circles indicate areas of damaged mucous and spot lesions. B) Bar graph representing the number
of CCI animals showing gastric damage 7 days after repeated treatment with vehicle, gabapentin, KLS, GABA, KLS+GABA or KLS-GABA co-crystal (n = 8 per group).
P < 0.05 was considered statistically significant and calculated by applying Fisher’s exact test. C)Violin plot representing ulcer index in CCI rats 7 days after repeated
treatment with vehicle, gabapentin, KLS, GABA, KLS+GABA or KLS-GABA co-crystal (n = 8 per group). P < 0.05 was considered statistically significant and
calculated by Kruskal-Wallis test. Acute treatment (carrageenan model). D) Representative images of ulcerogenic activity in the stomachs of carrageenan-treated rats
7 h after single administration of vehicle, indomethacin, KLS, GABA, KLS+GABA or KLS-GABA co-crystal. Black circles indicate areas of damaged mucous and spot
lesions. E) Bar graph representing the number of carrageenan-injected animals showing gastric damage 7 h after single administration of vehicle, indomethacin, KLS,
GABA, KLS+GABA or KLS-GABA co-crystal (n = 8 per group). P < 0.05 was considered statistically significant and calculated by applying Fisher’s exact test. F)
Violin plot representing ulcer index in carrageenan-injected animals showing gastric damage 7 h after single administration of vehicle, indomethacin, KLS, GABA,
KLS+GABA or KLS-GABA co-crystal (n = 8 per group). P < 0.05 was considered statistically significant and calculated by Kruskal-Wallis test. G) WB analyses for
COX1 and COX2 of rat gastric specimens upon different treatments. One-way ANOVA, * p < 0.05; * ** p < 0.0005 vs. CTR (vehicle); + ++ p < 0.0005 vs. KLS
(N = 3). Stomachs were collected 7 h after the drugs administration. H) ELISA for p-NFKB of rat gastric specimens upon different treatments. One-way ANOVA,
* %% p < 0.0005, * * p < 0.005 vs. CTR (vehicle); + p < 0.05, + ++ p < 0.0005 vs. KLS (N = 3). Data are expressed as ng/mL. ELISA for rat IL-8 of gastric specimens
upon different treatments. One-way ANOVA, * ** p < 0.0005, * * p < 0.005 vs. CTR (vehicle); + + p < 0.005 vs. KLS (N = 3). Data are expressed as pg/mL. (CTR,
\Lehicle, carrageenan), indomethacin (INDO), gabapentin (GABA), KLS, KLS+GABA, and the co-crystal KLS-GABA.

the simple mixture of KLS+GABA in terms of both concentration peak effects of KLS and gabapentin observed on PKCe translocation in vitro.
and peak lasting time, a profile that is characteristic of a supersaturation Numerous studies have in fact demonstrated the coordinated role of
with “spring and parachute” phenomena [53,54]. Supersaturation has TNFa [60], and also IL-1p, with neuronal PKCe in inducing the hyper-
been described for co-crystals as a result of the high kinetic solubility of algesic priming in acute carrageenan-induced inflammation [61,62] and
thermodynamically high-energy forms of molecules leading to soluble in modulating chronic inflammatory processes [63]. In a CCI model of
concentrations higher than the equilibrium solubility of the thermody- neuropathic pain, TNFa and IL-1p were crucial factors in inducing and
namically stable form of the drug [53,55]. The supersaturated drug so- maintaining PKCe-mediated phosphorylation and sensitization of the
lution, however, is thermodynamically unstable and tends to crystallize transient receptor potential cation channel subfamily V member 1
as the stable form of the drug, leading to a rapid decrease of concen- (TRPV1), which is an important contributor to pain., This represents a
tration to the solubility level of the stable form (spring effect) [54]. The key pathway for the acute-to-chronic pain transition and its mainte-
addition of excipients functioning as precipitation inhibitors, such as nance [64] that can be targeted by KLS-GABA co-crystal.

polymers and surfactants [56], is generally used to stabilize the super- In light of this evidence, the superiority of the co-crystal in modu-
saturation state (parachute effect) [54,57,58]. For example, polymer lating the spinal expression of these neuroinflammatory modulators, in
excipients were used to maximize oral bioavailability and leverage the comparison not only with single agents but also with the mixture, is
therapeutic benefits of Entresto®, which is a drug-drug (valsartan/sa- consistent with the pharmacological effects obtained with the co-crystal
cubitril) co-crystal currently available on the market that is used for the in both inflammatory and neuropathic pain and suggests a higher central
treatment of heart failure [58]. Interestingly, the three-component distribution of the drug components in the co-crystal form. Although
KLS-GABA co-crystal showed both spring and parachute supersatura- BBB permeation studies failed to provide solid evidence of a significant
tion phenomena without the addition of any excipients, suggesting that difference between the co-crystal and the combination in this context,
lysine can behave as a supersaturation stabilizer. The reduced particle they clearly showed an increased central permeation of the two drugs
aggregation observed for the co-crystal compared to the mixture and the when administered in combination versus the single components. These
constituent drugs is consistent with the results of supersaturation studies data, together with the differences in BBB influx/efflux rate observed in
[59], and an improved oral bioavailability of co-crystals showing the vitro in favor of KLS-GABA co-crystal and with its marked effect on
“parachute effect” has been also previously reported [54,58,59]. spinal neuromodulation, still support the hypothesis that the striking
Together, these interconnected features of KLS-GABA co-crystal can also difference in the anti-nociceptive therapeutic effect could be attributed
explain the increased in vitro permeability and in vivo oral absorption of to a change in the central localization of the drug components driven by
ketoprofen in the co-crystal in comparison with the drug-drug the unique physicochemical characteristics of the co-crystal that facili-
combination. tate drug-drug synergy in the peripheral and/or central nervous

These characteristics of the KLS-GABA co-crystal led us to predict compartment.

several advantages for its therapeutic use, as they could mean higher Data reported here warrant additional studies to clarify the exact
efficacy with fewer side effects [15]. In a rat model of inflammatory mechanism underlying the striking efficacy enhancement associated
pain, KLS-GABA co-crystal had the highest preventive and therapeutic with the co-crystallization. However, our results outline a clear mech-
efficacy, exerting greater anti-inflammatory and anti-nociceptive effects anistic picture for the observed gastroprotective effect. In vitro data
compared to monotherapies with KLS and gabapentin, their combina- clearly show the ability of gabapentin to stimulate gastric mucosa repair
tion (KLS+GABA) and indomethacin. Similarly, in the CCI neuropathic and protection pathways, and the combination of KLS+GABA markedly
pain model, KLS-GABA co-crystal was the most efficient in reversing decreased the stress-induced pro-inflammatory signals. In particular, the
mechanical allodynia and hyperalgesia, and thermal hyperalgesia in ability of the drug-drug combination to synergistically inhibit the
comparison with gabapentin at 100 mg/kg (reference treatment [49]), a constitutive NFkB nuclear expression in gastric mucosa fits well with
dosage of gabapentin which was much higher than that administered findings from ex vivo studies. Indeed, in gastric biopsies from animals

through the co-crystal (3.5 mg/kg of gabapentin in 11.60 mg/kg of treated with the KLS+GABA mixture, and more evidently with the KLS-
KLS-GABA co-crystal). Notably, data from tolerability studies in GABA co-crystal, the NSAID-induced upregulation of NFkB and the
Gottingen minipigs orally treated with the co-crystal at 15 mg/kg daily consequent upregulation of IL-8 and COX-2 were significantly inhibited.

for 7 consecutive days did not highlight any gabapentin-associated side Ex vivo results with co-crystal also showed how the downregulation of
effects (e.g., sedation, data not shown). COX-2 expression was coordinated with an increased expression of the

A significant reduction of the spinal expression of neuromodulators, constitutive COX-1 protein, which is fundamental for the biosynthesis of
such as TNFa and IL-1p, was observed in animals treated with KLS-GABA prostaglandins responsible for the protection of mucosal barrier. Its in-
co-crystal in the carrageenan model experiments. This observation in- hibition mediated by NSAIDs in the gastrointestinal tract has been
dicates greater efficacy of the co-crystal relative to other treatments in proposed as one of the key mechanisms underlying their ulcerogenic
counteracting neuroinflammation and fits well with the supra-additive potential [65]. Thus, impressively, KLS-GABA co-crystal is devoid of the
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gastrointestinal side effects that are characteristic of NSAIDs, while it
maintains, and also strengthens, their typical therapeutic effects. Taken
in the context of NSAID-related side effects, this feature represents a
strong advantage of the KLS-GABA co-crystal which can therefore
potentially also be administered chronically without incurring gastro-
intestinal damage.

KLS-GABA co-crystal magnifies the in vivo the synergic effect of the
drug-drug combination. Its unique physicochemical characteristics have
been shown to improve and accelerate the solubilization process,
improving ketoprofen permeability and reducing its contact time with
the gastric epithelia. Notably, the inhibition of inducible and constitu-
tive NFkB activation that we observed in the stomachs could also explain
the reduction of TNFa and IL-1f expression observed at the spinal level,
thus setting the basis for additional studies directed to fully dissect the
mechanisms underlying the synergistic action of the combination and
the extraordinary potentiation of the in vivo efficacy associated with the
co-crystallization of the three components.

Although many studies have finely described how co-crystallization
can improve physicochemical properties of different APIs (including
NSAIDs) [13], the reports of synergistic pharmacological effects be-
tween APIs in drug-drug co-crystals are rare in the literature. The big
challenge for the development of pharmaceutically active drug-drug
co-crystals is the identification of APIs with complementary or syner-
gic mechanisms of action and appropriate physicochemical character-
istics and relative potencies, which could allow for optimal dosing
within the stoichiometric constraints created by the co-crystal structure
[66]. While few drug-drug co-crystals are currently in the early stage of
development for pain treatment [19,66], none are yet available in the
market in the pain area, and only one is in late-stage clinical develop-
ment for the treatment of acute pain [67]. This latter is a co-crystal of
tramadol, a synthetic opioid, and celecoxib, an NSAID, (co-crystal of
tramadol-celecoxib (CTC)) and has shown modified physicochemical
properties [68] and supra-additive antinociceptive effects without
additional adverse effects in preclinical and clinical acute pain [69,70].
The results of our studies with the KLS-GABA co-crystal in animal
models of inflammatory and neuropathic pain further support the ad-
vantages and potential benefits that drug-drug co-crystals can bring to
pharmaceutical development and in particular to the treatment of
complex multifactorial diseases such as acute, neuropathic and neuro-
inflammatory pain. KLS-GABA co-crystal is currently in Phase II clinical
evaluation, and, in light of its effects in both inflammatory and neuro-
pathic pain models, it is a drug candidate for the treatment of chronic
low back pain and other neuroinflammatory conditions.

5. Conclusions

KLS-GABA co-crystal is a new potential therapeutic treatment for
chronic pain. It originates from the co-crystallization of ketoprofen,
lysine and gabapentin (1:1:1) and has different physicochemical prop-
erties and improved pharmacokinetics compared to the mixture of KLS
and gabapentin. These features account for the higher gastrointestinal
permeability and systemic absorption of the APIs in the co-crystal that,
combined with the synergistic action of its components and higher BBB
permeation, resulted in greater anti-nociceptive and anti-inflammatory
effects in both inflammatory and neuropathic in vivo models. Notably,
potentiation of the anti-nociceptive effect was accompanied by a marked
increase of the gastrointestinal tolerability of KLS in comparison with
the single agents and with the physical combination of the constituent
APIs. The synergy between the constituent drugs, which is further
boosted by the co-crystallization, allows KLS-GABA co-crystal to reach
higher therapeutic efficacy and an improved safety profile at lower
dosages of the APIs and thus a potential higher clinical benefit-to-risk
ratio. While some aspects of the supra-additive effects of the co-crystal
have been defined (i.e., mechanisms underlying the improved gastro-
intestinal tolerability), the precise factors and mechanisms that are
involved and lead to its superior therapeutic efficacy in
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neuroinflammation and neuropathic pain need to be further investigated
and understood. KLS-GABA co-crystal is currently in Phase II clinical
evaluation for the treatment of chronic low back pain, and future
research will be aimed at more thoroughly investigating its mechanisms
of action.
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