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PERSPECTIVE
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Abstract Considering the high selectivity at the cannabinoid
CB2 receptor of recently designed 1,8-naphthyridine deriva-
tives and the protective role of this receptor in neurological
disorders, in this study we investigated the immune-
modulatory and anti-inflammatory effects of these compounds
as well as their potential properties of intestinal absorption and
blood–brain barrier (BBB) permeability. We used peripheral
blood mononuclear cells (PBMC) known to express the CB2
receptor. We observed that test compounds, CB13, CB82 and
CB91 reduced PBMC proliferation. The anti-proliferative
effect of CB13 and CB91 was partially mediated by the
CB2 receptor. These compounds blocked the cells cycle and
CB91 reduced T cell activation. CB82 and CB91 down-
regulated the expression of phosphorylated proteins like
NF-κB, ERK, Akt and the enzyme Cox-2, CB91 blocked
the expression of the CB2 receptor and its inhibitory effect
was CB2 receptor mediated. We also investigated CB91 prop-
erties of intestinal absorption and BBB permeability in order

to suggest its potential efficacy on the infiltrating auto-reactive
lymphocytes at the level of the central nervous system. For
this purpose, CB91 was tested in drug-permeability assays on
Caco-2 cells to evaluate its oral bioavailability and on
MDCKII-hMDR1 cells to estimate its BBB permeability.
The results indicated that this compound possesses medium
level of intestinal absorption and BBB permeability. Our data
suggest that CB91, modulating the immune response by CB2
receptor mediated mechanism and showing medium level of
intestinal absorption and BBB permeability, might be devel-
oped as a potential orally delivered drug and might find
potential application in pathologies like multiple sclerosis.

Keywords CB2 receptor . Immune-modulation . Intestinal
absorption . Blood–brain barrier permeability

Introduction

The endocannabinoid system (ECS) consists of receptors,
transporters, endocannabinoids, and the enzymes involved in
synthesis and degradation of endocannabinoids. Two major
cannabinoid receptors, CB1 and CB2 have been described
(Matsuda et al. 1990; Howlett et al. 2002). The CB1 receptor
is preferentially expressed in the central nervous system
(CNS) (Pryce et al. 2003; Jackson et al. 2005; Loría et al.
2010), the CB2 receptor is predominantly expressed by im-
mune cells (Klein et al. 2003) although some reports showed
its expression in cells of the central nervous system (CNS)
(Van Sickle et al. 2005; Maresz et al. 2005; Gong et al. 2006).
Increasing reports suggest a major physiological function of
the ECS in the regulation of bone growth (Rossi et al. 2009),
pain (Bifulco et al. 2007), cancer (Malfitano et al. 2011a),
psychiatric disorders (Hillard et al. 2012) and immune-
mediated diseases of the CNS such as multiple sclerosis
(MS) (Sospedra andMartin 2005). Numerous studies reported
the beneficial effects of cannabinoid derived-drugs in MS
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(Malfitano et al. 2006, 2008; Bifulco et al. 2007). In the brain,
the anti-inflammatory and neuro-protective effects of ligands
of the CB1 receptor or the CB2 receptor or both, have been
demonstrated in animal models of MS, Alzheimer’s disease
(AD), stroke and amyotrophic lateral sclerosis (ALS) (Cabral
and Griffin-Thomas 2009; Zhang et al. 2009). However, the
use of CB1 receptor agonists has a limited therapeutic poten-
tial because ofmany adverse psychoactive effects mediated by
this receptor, (Pertwee 2009).

This evidence supports as alternative strategy for the use of
CB2 receptor agonists because of their minimal binding to CB1
receptor which makes them devoid of psychotropic effects.
Although the modulatory effects of the CB2 receptor on im-
mune cells have been studied, novel compounds like 1,8-
naphthyridine, pyridine and quinoline derivatives (Manera
et al. 2006, 2009; Ferrarini et al. 2004; Manera et al. 2007,
2012), endowed with higher CB2 receptor affinity and selec-
tivity versus CB1 receptor (Manera et al. 2006) have been
designed. Some of these compounds showed pharmacological
properties like inhibitory action on immunological human ba-
sophil activation (Manera et al. 2006, 2009), anti-proliferative
activity (Manera et al. 2012) andwe recently demonstrated their
effects on immune cells isolated frommultiple sclerosis patients
(Malfitano et al. 2013). Furthermore, the CB2 agonist CB13
reduced the growth of DLD-1 cells in a mouse model of colon
cancer inducing apoptosis (Cianchi et al. 2008) and the
naphthyridine derivative HLK-1 induces G2/M arrest and mi-
totic catastrophe in human leukemic HL-60 cells (Hsu et al.
2012). In this study, we tested the potential immune-
modulatory and anti-inflammatory effects of the 1,8-
naphthyridin-4-one derivatives CB13 and CB82 and 1,8-
naphthyridin-2-one derivative CB91 in peripheral blood mono-
nuclear cells (PBMC) isolated from healthy donors. In addition,
we evaluated the intestinal absorption and BBB permeability of

CB91 by assays performed in Caco-2 cell lines and MDCKII-
hMDR1 cell lines respectively. We found anti-proliferative
effects partially mediated by the CB2 receptor associated with
block of the cell cycle, down-regulation of T cell activation
markers and inflammatory pathways. Finally, the 1,8-
naphthyridin-2-one derivative CB91 showed a medium intesti-
nal absorption (apparent permeability coefficient, Papp = 29.6±
0.2 nm/s) and BBB permeability (Papp = 65.0±0.3 nm/s).

Methods

Drugs

1,8-naphthyridin-4-one derivatives: N-cyclopentyl-7-methyl-
1-(2-morpholin-4-ylethyl)-1,8-naphthyridin-4(1H )-on-3-
carboxamide (CB13, Table 1) (Ferrarini et al. 2004) and N-
cyclohexyl-1-benzyl-7-methoxy-1,8-naphthyridin-4(1H )-on-
3-carboxamide (CB82, Table 1) (Manera et al. 2007); 1,8-
naphthyridin-2-one derivative: N-(4-methylcyclohexyl)-1-(p-
fluorobenzyl)-1,8-naphthyridin-2(1H)-on-3-carboxamide
(CB91, Table 1) (Manera et al. 2009). Drugs and SR144528
were dissolved in dimethyl sulfoxide (DMSO). Vehicles per se
ineffective were used as controls (not showed).

Isolation of human PBMC from healthy donors

All donors were recruited at the University Hospital “Federico
II” of Naples and gave written informed consent in accordance
with the Declaration of Helsinki to the use of their residual
buffy coats for research purposes. PBMC derived from buffy
coats of healthy volunteers were isolated as previously de-
scribed (Benavides et al. 2009) and were used for proliferation,
flow cytometry assays and electrophoresis and immunoblots.

Table 1 CB13, CB82 and CB91 structures and their cannabinoid receptor affinity and CB2 mediated effects
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CB13 CB82 CB91

Drugs Ki (nM) % inhibition % recovery

CB2 CB1 (ratio) -SR144528 +SR144528

CB13 50 >1000 (>20) 62.8±17.9 37.2±8.2

CB82 11 560 (51) 64.1±13,4 5.2±3,6

CB91 0.9 200 (222) 65.8±13,1 40.7±2,6

The structure of CB13, CB82 and CB91 and the ki (nanomolar) values for the CB2 and the CB1 receptor of each compound are reported for the CB2 and
the CB1 receptor, their ratio is also reported in bracket. The statistically significant mean percent of inhibition ± standard deviation and the percent of cells
recovery ± standard deviation in the presence of SR144528 of five independent experiments are reported for each compound used at 10 μM



Assays were performed in RPMI 1640 (Life Technologies,
Paisley, UK) supplemented with penicillin/streptomycin (Life
Technologies), 2 mM L-glutamine (Life Technologies) and
10 % heat-inactivated FBS (Sigma Chemical Co., St Louis,
MO, USA).

Proliferation assays on human PBMC

PBMC isolated from healthy donors (1 × 105 cells per well)
were cultured in triplicate in round-bottomed 96-well plates in a
final volume of 200 μl of RPMI 10 % FBS. Cells were
stimulated with human myelin basic protein (MBP) (10 μg/
ml) (Sigma). Drugs were added to the cells to achieve final
concentrations of 0.3, 1, 3 and 10 μM. In combinatory assays,
cells were treated with the CB2 antagonist, SR144528 (0,5μM)
and the compounds were added at the concentration of 10 μM
after SR144528. After 6 days of incubation, cells were pulsed
for 18 h with 1 μCi of 3H-thymidine (Amersham-Pharmacia
Biotech, Cologno Monzese, Milano, Italy) that is incorporated
into the cells, after the incubation cells were harvested on glass-
fiber filters using a Tomtec (Orange, CT) 96-well cell harvester,
Liquid scintillation cocktail (Perkin Elmer) were added on or
dried filters that were counted in a 1205 Betaplate liquid scin-
tillation counter (Wallac, Gaithersburg, MD).

Sulphorhodamine B cytotoxicity assay

Chinese hamster ovary (CHO) cells (2 × 104 cells per well)
were cultured in the presence and in the absence of test drugs
used at the concentration of 10 μM for 24 h and 48 h. Protein
content and drug cytotoxicity were evaluated by the
sulphorhodamine B assay as previously described (Malfitano
et al. 2011b).

Flow cytometry assays

To quantify cell cycle progression and apoptosis, cells
(1x106cells) were cultured with MBP (10 μg/ml) and the
drugs at 10 μM in RPMI 10 % FBS for 6 days in 24-well
plates. 105cells from each experimental condition were stained
with propidium iodide (PI) or annexin V FITC to detect cell
cycle and apoptosis, respectively and processed as previously
described (Malfitano et al. 2006). To analyze T cell activation
markers cell were cultures as described above, 105cells from
each experimental condition were stained with CD4-Cy-
Chrome, CD54 (ICAM)-FITC, CD69-PE, or CD4-Cy-
Chrome and CD49d (VLA-4)-PE (BD–Bioscience) and incu-
bated in the dark at 4 °C for 15 min. Cells washed with PBS
were analyzed by flow cytometry. The analysis was performed
gating on the lymphocyte region of CD4 + T cells and the
expression of the markers in treated cells was compared to that
of activated and not treated cells. Flow cytometric analysis
was performed by Summit v4.3. (Dako) program.

Electrophoresis and immunoblots

Cell extracts derived from MBP activated PBMC treated with
the compounds at 10 μM for 6 days were processed as previ-
ously described (Santoro et al. 2009). CB91was also used at the
concentration of 1μMand at the highest concentration (10μM)
was added in combinationwith SR144528 (0,5μM) to evaluate
the expression of NF-κB p65 . Primary antibodies (1:1000)
(host species: rabbit) specific for NF-κB p65 (Cell Signaling
Technology Inc., Danvers, MA, USA) and its phosphorylated
form, pNF-κB p65 (Cell signalling), IKKα/β (Cell signalling),
pIKKα/β (Cell signalling), ERK (Cell signaling), pERK (Cell
signaling), Akt (Cell signalling), pAkt (Cell signalling), CB2
(Santa Cruz Biotechnology Inc.), CB1 (Abcam) and Cox-2
(Santa Cruz Biotechnology Inc.) were used. Immunodetection
of specific proteins was carried out with horseradish
peroxidase-conjugated donkey anti-rabbit IgG (Bio-Rad, Life
Science Research, Hercules, CA, USA), by enhanced chemilu-
minescence system (Amersham GE Healthcare). Actin (Santa
Cruz Biotechnology Inc., anti-rabbit) was used as control.

Statistical analyses

Results of the assays on PBMC and CHO cells were
analyzed by Student’s t-test; P values<0.05 were con-
sidered statistically significant.

In vitro prediction of intestinal permeability

The intestinal absorption of CB91 was measured with Caco-2
assay. The Caco-2 cell line was obtained from European
Collection of Cell Culture (ECACC). These cells were cultured
in Dulbecco’s modified Eagle medium (DMEM), with 10 % (v/
v) fetal calf serum (FCS), 1%nonessential amino acids (NEAA),
N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (Hepes)
buffer 10 mM and a mixture of Penicillin (50 U/mL)-
Streptomycin (50 μg/ml). The cells split at confluence by
trypsinization. For transport studies, 200,000 cells/well were
seeded on Millicell 24-well cell culture plates. After 24 h of
incubation at 37 °C and 5%CO2, themediumwas changedwith
Enterocyte Differentiation Medium with additives (Becton
Dickinson), which allows Caco-2 cells to establish within 3 days
a differentiated enterocyte monolayer. Transepithelial electrical
resistance (TEER), measured with a Millicell-ERS ohm-meter
(Millipore), was >1000 Ω. The transport across the Caco-2
monolayer was determined from apical to basolateral side (A→
B) by adding a 10 μM solution of test compound in DMEM
(1 % final concentration of DMSO) to the apical side. After 2 h
incubation period at 37 °C, 5 % CO2, the basolateral, the apical
and the starting solutions were analyzed and quantified by LC-
MS/MS using verapamil as internal standard. The experiments
have been performed using buffers at different pH (6.5 apical vs.
7.4 basolateral) to better mimic the physiological conditions.



In vitro prediction of BBB permeability

The propensity of CB91 to cross the BBB by passive diffusion
was examined using MDCKII-hMDR1 assay. Madin Darby
Canine Kidney cells stably transfected with the humanMDR1
gene (MDCKII-hMDR1) were purchased by Netherlands
Cancer Institute. They were grown in Dulbecco’s modified
Eagle medium (DMEM) with 10 % (v/v) fetal calf serum
(FCS) and a mixture of Penicillin (50 U/mL)- Streptomycin
(50 μg/ml), at 37 °C and 5 % CO2. The cells split at conflu-
ence by trypsinization. For transport studies, 100,000 cells/
well were seeded on Millicell 24-well cell culture plates
(EMD Millipore, well cell diameter 12 mm, filtration area
0.6 cm2). Transepithelial electrical resistance (TEER) was
measured using a Millicell-ERS ohm-meter (Millipore), be-
fore and after incubation to ensure monolayer integrity.
Monolayers with a transepithelial resistance of less than 150
Ω x cm2 were discarded. The transport across the monolayer
was determined from apical to basolateral side (A→B) by
adding a 10 μM solution of test compound in Dulbecco’s
Phosphate Buffered Saline (DPBS) (0.2 % DMSO final con-
centration) to the apical side. After 1 h incubation at 37 °C,
5 % CO2 the basolateral, the apical and the starting solutions
were analyzed and quantified by LC-MS/MS using verapamil
0.1 μM as internal standard.

Sample analysis

An UPLC (Waters) interfaced with a Premiere XE Triple
Quadrupole (Waters) was used for the analysis. Mobile phases
comprised 5% (v/v) acetonitrile in deionized water with 0.1%
(v/v) formic acid (Phase A) and 5 % (v/v) deionized water in
acetonitrile with 0.1 % (v/v) formic acid (Phase B). The
column was Acquity BEH C18, 50x1mm 1.7 μm at 50 °C
with flow of 0.25 ml/min (for intestinal permeability) or of
0.6 ml/min (for BBB permeability) and volume injection of
5 μl. The chromatographic method is reported in Table 2.
Samples were analyzed in Multiple Reaction Monitoring
conditions (MRM): electron spray ionization (ESI) positive,
desolvation temperature 450 °C, desolvation gas 900 l/h,
cone gas 50 l/h, collision gas 0.22 l/h. In particular for
CB91 MRM: 394.19→281.01, 394.19→109.05; Cone
Voltage: 32 V; Collision Energy: 22–40 eV. The apparent

permeability coefficient, Papp (nm×s-1), was calculated as
follows:

Papp ¼ dQr=dt=A� C0

dQr/dt is the cumulative amount in the receiver compartment
versus time; A the area of the cell monolayer; C0 the initial
concentration of the dosing solution. The mass balance, i.e. the
percentage of the amount of compound found at the end of the
experiment (sum of amount in the apical and basolateral cham-
bers) in respect to the amount of compound added at the begin-
ning of the experiment, has been calculated for the compound.
Papp of compound showingmass balances less than 60% should
be considered underestimated. Papp of compounds showingmass
balances more than 140 % should be considered overestimated.

Results

CB13, CB82 and CB91 inhibit PBMC proliferation

We performed a time course analysis ofMBP treatment used at
the beginning of the culture on PBMC derived from healthy
donors at several time points (2 days, 4 days and 6 days) to find
the best experimental condition of induction of proliferation
(not showed). We observed that after 6 days of culture, MBP
was able to induce an activation state in PBMCwith respect to
non treated cells (Fig. 1). Furthermore, in order to assess anti-
proliferative effects of test compounds, MBP activated PBMC
were cultured with CB13, CB82 and CB91 at concentrations
ranging from 10 to 0.3 μM for 6 days (Fig. 1a). The inhibition
of cell proliferation observed at 10 μM is reported for each
compound in Table 1. In particular, CB82 and CB91 inhibited
cell proliferation in a dose dependent manner (Fig. 1a). It was
previously demonstrated that these compounds show different
binding affinity for the CB2 and the CB1 receptor (Ferrarini
et al. 2004; Manera et al. 2007, 2009) and as reported in
Table 1 the affinity for the CB2 receptor is higher than that
observed for the CB1 receptor. Thus, in order to investigate if
these effects could be ascribed to the CB2 receptor, we used
the CB2 antagonist, SR144528 (0.5 μM) in the presence or in
the absence of test drugs (10 μM). There was no effect of
SR144528 used alone in resting PBMC or MBP activated
PBMC with respect to untreated cells (Fig. 1b). However, the
effect of CB13 and CB91 was partially reverted by SR144528
(Table 1, Fig. 1b), while there was no effect on CB82.

CB13, CB82 and CB91 do not inhibit CHO cell viability

To establish that these compounds affect proliferation and
viability by cannabinoid receptor mediated mechanisms, we
used the CHO cell line that is cannabinoid receptor deficient.
The effect of test compounds was evaluated on viability and

Table 2 Chromatograp-
hic method Time (min) %A %B

0 95 5

0.10 95 <5

0.15 0 100

1.10 0 100

1.15 95 5

1.50 95 5



proliferation of CHO cells. We observed that after 24 h and
48 h of culture, test drugs did not inhibit CHO cell viability
with respect to the control of CHO untreated cells (Table 3). In
the Table 3 we report the values corresponding to the optical
density obtained for untreated cells (CTR) and drug treated
cells by the sulphorodamine B cytotoxicity test.

Effects of CB13, CB82 and CB91 on cell cycle progression
and apoptosis in PBMC

Further investigations on the anti-proliferative effects of test
compounds were performed in PBMC. In particular, to assess
if the effects observed on proliferation could be ascribed to
regulation of the cell cycle, we analyzed by flow cytometry
the cell cycle profile following treatment with test compounds.
We found that treatment with test compounds enhanced the

percentage of cells in the subG0 phase with respect to the
control MBP activated cells, while the G1 phase was not
affected by the treatments. A decrease in the percentage of
cells in S phase was observed with CB13 and CB91 treatment

Fig. 1 CB13, CB82 and CB91 inhibit proliferation of MBP activated
PBMC. MBP activated PBMC were treated with the compounds at the
indicated concentrations from 10 μM to 0.3 μM in triplicate. The counts
per minutes (c.p.m.) ± the standard deviation of the triplicates of a
representative experiment out of five are shown (a). Cell proliferation
(MBP activated cells, MBP in the histograms) was statistically significant
($p <0.01) with respect to not activated cells (PBMC in the histograms).
The statistical significance for each compound was calculated with re-
spect to the MBP activated cells (*p<0.05). The histograms on the right

(b) represent the c.p.m of resting cells (PBMC), MBP activated cells
(MBP) and cells culturedwith the compounds at 10μM in the presence or
in the absence of SR144528. Cell proliferation in the presence of
SR144528 (MBP activated cells, MBP in the histograms) was statistically
significant ($p<0.01) with respect to not activated cells (PBMC) cultured
with SR144528. The effect of SR144528 reversion in the presence of the
compounds was calculated with respect to cell cultured with the com-
pounds in the absence of SR144528 (&p <0.05)

Table 3 CB13, CB82 and CB91 do not affect CHO cell line (CB1−/−
CB2−/−) viability

24 h 48 h

CTR 0.30±0.02 0.22±0.01

CB13 0.26±0.07 0.23±0.01

CB82 0.23±0.02 0.25±0.01

CB91 0.25±0.08 0.21±0.01

The values of optical density mean of three independent experiments ±
standard deviation are reported



indeed the latter compound also reduced the number of cells in
G2/M phase with respect to the control MBP activated cells
(Fig. 2a). The effects of CB82 were less pronounced with
respect to CB13 and CB91. We also observed that test com-
pounds showed a tendency to induce apoptosis (Fig. 2b) that
was in the limits of the statistical significance.

CB91 inhibits activation markers, CD69, CD54 adhesion
molecule and CD49d integrin on MBP activated PBMC

In order to investigate if the anti-proliferative effects observed
in PBMC could be associated with inhibition of cell activa-
tion, we analyzed the expression of specific T cell activation
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Fig. 2 Effects of CB13, CB82 and
CB91 on cell cycle progression,
apoptosis and T cell activation
markers. In this figure the cell cycle
progression of MBP activated
PBMC treatedwith the compounds
is showed. The flow cytometric
profile is showed along with the
histogram on the righ (a). The flow
cytometric profile is representative
of three independent experiments;
we reported the percentage of cells
in each phase of the cell cycle of a
single experiment in the table on
the right. The bars in the histogram
on the right are calculated as mean
of three independent experiments
and represent on the y axe, the
percent of cells in each phase of the
cell cycle. Since there is not a
significant change in G1 levels
between the drugs and the control,
the G1 phase is not reported in the
right histogram. The statistically
significant increase of the subG0
phase (*p<0.05) and the decrease
of the S phase ($p<0.05) and
G2/M phase (&p<0.05) following
treatment with the indicated
compounds are showed in the
figure and are calculated with
respect toMBP activated cells. The
histogram (b) represents the
percent of apoptosis induction of
CB13, CB82 and CB91 with
respect to MBP activated cells
(CTR). The bars are calculated as
mean of three independent
experiments (*p<0.05 calculated
with respect to CTR). The
histogram (c) shows the percent of
CD4 + T cells expressing
activation markers, CD69, CD49d
and CD54. The bars represent the
mean ± the standard deviation of
the values of four independent
experiments. (*p<0.05 calculated
with respect to MBP activated
cells)



markers. In particular, we evaluated the expression of CD69, a
molecule involved in lymphocyte proliferation, the adhesion
molecule CD54 and the integrin CD49d both involved in cell
trafficking and lymphocyte migration. We observed that
CB91 inhibited the expression of CD69, CD54 and CD49d,
CB82 inhibited the expression of CD49d while CB13 had no
effect on these markers (Fig. 2c). A significant inhibitory
effect of CB91 was also observed at the dose of 1 μM (data
not shown). The expression of these markers was analyzed
gating on CD4 + T cells.

CB82 and CB91 regulate NF-κB, IKKαβ, ERK, Akt, Cox-2
and CB2 receptor expression

Among the main molecular pathways involved in lymphocyte
proliferation, we investigated the expression of NF-κB, the
IKK complex that upon activation of its catalytic subunits
frees NF-κB, Akt signaling pathway that regulates important

immune cell functions and MAPK kinase activation by eval-
uation of its component ERK1/2 known to play relevant role
in driving T cell proliferation and activation. We analyzed by
western blot the expression of phosphorylated and total
NF-κB, IKKαβ, ERK1/2 and Akt. We observed induction
of NF-κB, IKKαβ, ERK1/2, Akt following MBP stimulation
with respect to inactivated cells (Fig. 3a, b). We found that
CB82 and CB91 down-regulated the levels of phosphoryla-
tion of NF-κB 65 kDa, IKKαβ, ERK1/2 and Akt (Fig. 3a, b).
The effect of CB91 was dose dependent since it was
maintained, although less pronounced, at the concentration
of 1 μM (Fig. 3b). No effects on these pathways were ob-
served following CB13 treatment with respect to MBP acti-
vated cells (Fig. 3a). The expression of the enzyme Cox-2 as
NF-κB target was also evaluated following treatment with
CB82 and CB91, we detected that Cox-2 was induced in
MBP activated cells and both the compounds reduced the
levels of Cox-2 with respect to MBP stimulation (Fig. 3c).
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Fig. 3 CB82 and CB91 control NF-κB, ERK, Akt, Cox-2 and CB2
receptor expression. Western blot and densitometric analysis of total
and phosphorylated NF-kB, IKKαβ, ERK and Akt proteins are showed
for CB13 and CB82 (a) and CB91 (b) alongwith the controls PBMC and
MBP activated PBMC (MBP in the figure), in the case of CB91 the
combined effect with SR144528 is also showed. In the panel C it is

reported the western blot and the densitometric analysis of Cox-2 for
CB82 and CB91. In the panel D the expression of the CB2 receptor is
reported along with the densitometric analysis. The blots are representa-
tive of three independent experiments while in the densitometric analysis
the mean of the values of all the experiments is reported



At the concentration of 10 μM CB91 was more efficient at
down-regulating Cox-2 with respect to CB82 used at the same
concentration. In order to assess if these signaling pathways
were mediated by the CB2 receptor, CB91, selected on the
basis of its higher affinity for the CB2 receptor, was used in
the presence of SR144528 to evaluate their combined effect
on NF-κB expression as downstream target of both Akt and
ERK1/2. We observed that after 6 days of culture, the inhib-
itory effect of CB91 used at 10μMonNF- κB expression was
completely reverted by SR144528 (Fig. 3b). In addition, to
further confirm the involvement of the CB2 receptor in CB91
effects, we analyzed the expression of this receptor on PBMC
after 6 days of incubation; we observed that MBP enhanced
the expression of the CB2 receptor with respect to un-
activated PBMC. CB91 blocked the expression level of the
CB2 receptor in MBP activated PBMC and this inhibitory
effect was completely reverted by SR144528 (Fig. 3d).
SR144528 per se slightly inhibited CB2 receptor expression
with respect toMBP activated cells effect that is likely due to its
inverse agonist properties. Furthermore, to exclude a potential
binding of test compounds to the CB1 receptor, we evaluated
the expression of the CB1 on PBMC, MBP activated PBMC
and following the treatment with test drugs. We observed that
after 6 days of culture the CB1 receptor was not expressed in
both controls and drug treated cells (data not showed).

CB91 exhibits a medium absorption from the intestine
after oral intake and a medium permeability across the BBB

Because CB13 and CB82 are potentially capable of binding to
and stimulating activity via the CB1 receptor, we selected
CB91 for our studies of intestinal absorption and BBB
permeability. For intestinal permeability the rank order
of apparent permeability of the test compound was
compared with that of known reference compounds test-
ed in the same experiment, including caffeine and ci-
metidine. Papp values below the limit of 10 nm/s were
classified as ‘low’, ‘medium’ when 10≤Papp ≤ 50 nm/s
and ‘high’ when Papp > 50 nm/s. The standard caffeine
showed a high permeability (174.1±22.3), while cimet-
idine had a low Papp (1.1±0.1), in agreement with
literature and in-house validation data. The Papp A→
B value for CB91 was 29.6±0.2 nm/s.

For BBB permeability the general absorption classification
is: high for Papp > 150; medium for Papp 50–150; low for
Papp < 50. As reference compounds tested in the same exper-
iment, we used caffeine with a high Papp value (207.8±16.6)
and amprenavir with a low Papp value (19.9±2,5) in agree-
ment with literature and in-house validation data. The Papp
A→B value for CB91 was 65.0±0.3 nm/s. The results
obtained showed that CB91 exhibited a medium absorption
from the intestine after oral intake and a medium permeability
across the BBB by passive diffusion.

Discussion

Recently, the research of new ligands of the cannabinoid CB2
receptors, led to the rational design of 1,8-naphthyridin-
4(1H)-on-3-carboxamide and 1,8-naphthyridin-2(1H)-on-3-
carboxamide derivatives, that are highly selective CB2 recep-
tor agonists. Some of these compounds showed CB2 receptor-
mediated inhibitory action on immunological human basophil
activation, decrease of cell viability on Jurkat cell line
(Manera et al. 2009), in vivo antinociceptive effects (Manera
et al. 2007) and we recently demonstrated their potential
application in multiple sclerosis (Malfitano et al. 2013). In
this study, we investigated the immune-modulatory properties
of these compounds on human PBMC expressing the CB2
receptor and, in particular, of a selected compound its intesti-
nal absorption and BBB permeability. We used three com-
pounds, CB13, CB82 and CB91 differing in their affinity for
the CB2 receptor despite a similar chemical structure
(Table 1). CB91 has higher affinity for the CB2 receptor and
higher CB2/CB1 ratio (Table 1), thus being presumably not
much affine for the CB1 receptor and therefore should not
induce the psychoactive side effects due to the CB1 receptor
activation.We observed that our three compounds blocked the
proliferative response of MBP activated PBMC, but only
CB82 and CB91did so in a dose dependent manner.
Furthermore, the anti-proliferative effects of CB13 and
CB91 were partially mediated by the CB2 receptor, since the
CB2 antagonists, SR144528 reverted their effects (Fig. 1).
The effect of CB82 was not reverted by SR144528, thus
suggesting a different mechanism of action of this compound.
Although the Ki values suggest higher affinity of CB82
(Manera et al. 2007) with respect to CB13 (Ferrarini et al.
2004) for the CB2 receptor, these values were calculated with
different methods thus it is not possible to correlate their
different affinities to different functional effects on PBMC.
Using CHO cells that are deficient of cannabinoid receptors
these compounds did not affect cell proliferation, thus further
suggesting their CB2 selectivity. The block of cell cycle, in
particular the reduced number of cells in the S phase, is more
pronounced using CB91 and CB13 and correlates with the
inhibition of cell proliferation. Indeed, the increased subG0
phase following treatment with test drugs is in agreement with
the tendency of these compounds to induce apoptosis, being
the subG0 phase commonly associated with apoptotic path-
ways; however the limited effect on apoptosis induction also
suggests that test compounds are not cytotoxic. Since cell
activation is a hallmark of autoimmune diseases like MS and
adhesion molecules are critical players in the regulation of
transmigration of blood leukocytes across the BBB in MS, we
investigated the effects of test drugs on specific T cell activa-
tion markers. Interestingly, CB91 was particularly efficient in
decreasing CD69, the CD54 adhesion molecule and the
CD49d integrin expressed on CD4 + T cells. Furthermore,



we analyzed the inflammatory pathways of NF-κB, ERK and
Akt. InMBP activated cells we found, as expected, increase of
NF-κB phosphorylation as consequence of IKK kinase acti-
vation. Activation resulted in up-regulation of ERK and Akt
phosphorylation. CB82 and CB91 down-regulated the expres-
sion level of the phosphorylated NF-κB, IKKαβ, phosphory-
lated ERK and Akt. The effect of CB91 on NF-κB expression
was mediated by the CB2 receptor. CB13 had no effects on
these pathways, thus suggesting a different mechanism of
action of this compound. Indeed, CB82 and CB91 down-
regulated the expression of the inflammatory enzyme Cox-2,
that is a target of NF-κB, thus further confirming their anti-
inflammatory properties. For the following assays CB91 was
selected for its anti-inflammatory properties and high affinity
for the CB2 receptor. In particular, the involvement of the CB2
receptor in CB91 effects was confirmed by the analysis of the
expression of this receptor that was down-regulated by CB91
and its inhibitory effect was completely reverted by SR144518,
this data strongly suggests a CB2 receptor mediated mecha-
nism. Indeed, potential effects due to the CB1 receptor were
excluded by the finding that this receptor was not expressed in
our cell system (data not showed). CB91 was also used for the
assays of intestinal absorption and of BBB permeability for its
higher affinity for the CB2 receptor over the CB1 receptor with
respect to CB13 and CB82. The potential unwanted side effects
mediated by CB1 receptor at the level of CNS should be lower
for CB91 with respect to the other compounds that have higher
Ki value for the CB1 receptor with respect to CB91 (Table 1).
Infiltration of auto-reactive lymphocytes at site of inflammation
is a common feature in MS. Currently, one of the strategies
against this disease is to target the CB2 receptor showed to
exert a protective role in this pathology, since the use of CB1
agonists is limited by psychoactive effects due to CB1 receptor
activation, following the passage through BBB at the CNS. In
addition, the transport of CB2 ligands through BBB may be
desired to maintain their beneficial effects on infiltrating lym-
phocytes at the levels of the CNS. The next step of this work
will stem from the results obtained in this study to investigate
the effects of test compounds on the migratory capacity of
leucocytes across the BBB by using for example brain micro-
vascular endothelial cells, it is known that endothelial signaling
cascade results in downstream effector mechanisms which
influence the progression of neuro-inflammation. Our tests of
drug-permeability and transporter assays in Caco-2 andMDCK
cell lines showed that CB91 has a medium intestinal absorption
and BBB permeability, thus suggesting potential therapeutic
application of this compound in pathologies like MS.
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