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  ABSTRACT 

Nerve growth factor (NGF) is a pleiotropic member of the neurotrophin family. Beside its 

neuronal effects, NGF plays a role in various processes, including angiogenesis. Mast cells release 

NGF and are among elements contributing to angiogenesis, a process regulated by arrays of factors, 

including the inhibitory cannabinoids. The possible inhibitory role of cannabinoids on mast cell-

related NGF mitogenic effect on endothelial cells was then investigated. Human mastocytic cells 

HMC-1, challenged with PMA to yield release of NGF, were preincubated with the 

endocannabinoid PEA. Then, conditioned media were added to HUVEC cultures. PMA-activated 

HMC-1 cells released substantial amounts of NGF, whereas PEA inhibited PMA-induced NGF 

release. HUVEC proliferation increased after treatment with media from activated HMC-1 cells, 

while was reduced with media from HMC-1 cells treated with PEA. To characterize receptors 

mediating such effects of PEA, RT-PCR and western blot analysis were performed on HMC-1 cells. 

None of the two cannabinoid CB1 and CB2 receptors was expressed by HMC-1 cells, which on the 

other hand expressed the orphan receptor GPR55.  PEA was ineffective in inhibiting NGF release 

from HMC-1 cells treated with PMA and transfected with positive GPR55 RNAi, whereas it 

induced significant reduction of NGF in cells transfected with the corresponding negative control 

RNAi. Results indicate that NGF released from inflammatory mast cells induces angiogenesis. 

Cannabinoids attenuate such pro-angiogenic effects of NGF. Finally, cannabinoids could be 

considered for antiangiogenic treatment in disorders characterized by prominent inflammation. 

 

 

Key words: Endocannabinoids, NGF-related inflammation, receptor, antagonist 

 

 



Page 3 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 3 

1. INTRODUCTION 

Nerve growth factor (NGF) is the prototype molecule for the family of neurotrophins [1], of 

primary relevance to neurogenesis [2], neuronal repair processes [3], as well as neuronal plasticity 

[4] and survival. 

Although neurotrophins are thought to exert their actions predominantly on neural cells [5], 

indeed some of them possess pleiotropic properties [6]. For example, NGF is able to exert pro-

inflammatory effects [7] and displays prominent pro-angiogenic properties in vitro and in vivo [8]. 

 Moreover, NGF can influence development and activation of an array of haematopoietic cell 

types, including basophiles and mast cells [9]. Interestingly, the latter can release substantial 

amounts of NGF stored in their granules [10]. Mast cells are derived from their haematopoietic 

precursors and represent critical effectors cells in allergic disorders and other IgE-dependent 

immune responses [11]. More recently, it has been shown that mast cells are also involved in the 

regulation of angiogenesis [12], the process leading to formation of new vessels starting from pre-

existing ones [13]. 

From the biologic point of view, angiogenesis is the result of the concerted, balanced action 

of an array of stimulatory factors, such as, for instance, VEGF or FGF [14], or inhibitory factors of 

various nature, including angiostatin [15], endostatin [16], and the family of ubiquitary lipid 

mediators known as endocannabinoids [17, 18]. 

Endocannabinoids usually induce inhibitory responses in different tissues and organs [18], 

their effects being mediated by specific membrane receptors, such as those belonging to the 

CB1/CB2 system [19-20], vanilloid receptors [21], and the TRPV1 receptor. Recently, a novel 

receptor, which is able to bind endocannabinoids, GPR55, has been identified and cloned [22]. 

In this paper, we describe the role of NGF released by noxious stimuli-activated mast cells 

in fuelling angiogenesis and, eventually, the modulating effects of the endocannabinoid PEA, an N-

acylamidic molecule that negatively influences mast cell functions sustaining an inflammatory 

response [23]. 
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To demonstrate the hypothesized angiogenic potential of mast cells, we first challenged the 

one-of-a kind human cell line, derived from a patient with mast cell leukaemia, mastocytic cells 

HMC-1 [24] with inflammatory stimuli and then measured NGF released in the media. 

Subsequently, human umbilical cord vascular endothelial cells (HUVEC) underwent challenge with 

conditioned media from activated mast cells. 

Finally, in light of the described inhibitory effects of cannabinoids upon inflammation [18], 

we evaluated possible inhibitory effects of PEA on mast cells-related NGF release. 
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2. MATERIALS AND METHODS 

2.1 Cell cultures and reagents. 

HMC-1 cells (kindly provided by Dr. Butterfield, Rochester, MN),  which are immature 

human leukemic mast cells, were cultured in Iscove’s medium, supplemented with 10% fetal calf 

serum (FCS) (Invitrogen Srl, San Giuliano Milanese, Italy), 10 mM monothiolglycerol (Sigma-

Aldrich, Milano, Italy), and antibiotics (streptomycin and penicillin) (Sigma-Aldrich, Milano, Italy). 

Stimulation of HMC-1 cells was performed in 24-multiwell plates (Falcon, Lincoln Park, NJ). 

Before stimulation, cells were cultured for 24 h in medium without FCS. After this time, 2x10
6
 cells 

were incubated for the times indicated in medium without FCS containing different concentration of  

PMA (Sigma-Aldrich, Milano, Italy), or PEA (kindly provided by Dr. Della Valle, Epitech, Italy) or 

combination of both substance. 

HUVECs were obtained from human umbilical cords from healthy women underwent 

uncomplicated term pregnancies, as described elsewhere [25]. 

Cells were grown in gelatin coated plastic in medium M199 (Invitrogen Srl, San Giuliano Milanese, 

Italy) (Invitrogen Srl, San Giuliano Milanese, Italy) supplemented with endothelial cell growth 

supplement (ECGS; 20 g/ml) (Sigma-Aldrich, Milano, Italy), heparin (1625 UI/ml) (Sigma-

Aldrich, Milano, Italy) and 20 % fetal calf serum (FCS) (Invitrogen Srl, San Giuliano Milanese, 

Italy) . 

2.2 ELISA 

The secretion of NGF in the culture media after different treatments was measured with growth 

factor specific ELISA kits (Quantikine, RD Systems Inc. Minneapolis, MN, USA), according to the 

instructions of the manufacturer. The lower detection limit for NGF was  5 pg/ml. Concentrations of 

NGF in the samples were calculated by interpolation from the standard curve. 

2.3 Western blot analysis 

Proteins obtained after different treatments, according to the experiment, were separated in 

acrylamide gels and electrotransferred to nitrocellulose blots (Amersham Italia S.r.l., Milan, Italy). 
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Membranes were incubated with 5% fat-free milk, 0.1% Tween-20 (Sigma-Aldrich, Milano, Italy) in 

PBS (Sigma-Aldrich, Milano, Italy) and incubated with the following antibodies: rabbit polyclonal 

anti NGF (Santa Cruz Biotechnology, Santa Cruz, CA, USA) rabbit polyclonal anti CB1 (Cayman 

chemical Ann Arbor, MI, USA), rabbit polyclonal anti CB2 (Cayman chemical Ann Arbor, MI, 

USA), rabbit polyclonal anti GPR55 (Abcam, Cambridge, UK), or rabbit polyclonal anti -tubulin 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA) . Peroxidase-labeled secondary antibodies and an 

enhanced chemiluminescence kit (Amersham Italia S.r.l., Milan, Italy) were used for 

immunodetection. For validation of blot data, densitometric analysis was performed on immunoblots 

by using ImageJ analysis software. 

2.4 Immunofluorescence. 

HCM-1 cells grown on tissue culture chamber slides after different treatments were fixed with 4%
 

paraformaldehyde (Sigma-Aldrich, Milano, Italy) for 15 min, followed by permeabilization with 

0.1% Triton X-100 (Sigma-Aldrich, Milano, Italy) and
 
blocking for 45 min with PBS-BSA 1% 

(Sigma-Aldrich, Milano, Italy). The cells
 
were consecutively processed with rabbit polyclonal anti 

NGF (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or rabbit polyclonal anti GPR55 (Abcam, 

Cambridge, UK) or isotype control antibody,  and anti-rabbit
 
antibody-fluorescein isothiocyanate 

(FITC) conjugate (Serotec
 
Ltd., Oxford, England). Cells were observed under fluorescence light 

microscope (DMIRB, Leica, Germany) and photographed. 

2.5 HUVEC proliferation assay 

For human umbilical endothelial cell (HUVEC) proliferation studies the conditioned medium (CM) 

of unstimulated and PMA 50ng/ml (Sigma-Aldrich, Milano, Italy) stimulated cells was used alone. 

For this purpose, HMC-1 cells were cultured for 24 h under the same conditions as described above. 

CM was concentrated 10-fold by ultrafiltration in Centriprep-10 filter units (Amicon, Beverly, 

MA), and supernatants were stored frozen at -80°C. HUVEC were seeded at 1 x 10
3 

cells/well into 

96-multiwell plates in M199 with ECGS, 20 % FCS and heparin. After 24 h, medium was replaced 

with fresh complete medium containing graded concentrations of CM (10, 20, 40 and 80 % of CM) 
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and incubated for 96 h. In other experiment NGF neutralizing antibodies (1 g/ml) (R&D Systems, 

Inc. Minneapolis, MN, USA) were added together with (10, 20, 40 and 80 % of CM) to HUVECs 

and incubated along the entire experiment. In other experiments HUVEC were treated with PEA  50 

g/ml, or PMA 50 ng/ml or with the combination of both substance. 

 At the end of experiments cells were stained with 0.5% crystal violet solution for 30 min, washed 

with bidistilled water and lysed in 10% acetic acid for 15 min. Optical density was read at 570 nm. 

2.6 Reverse transcriptase-PCR.   

Total RNA was extracted from cells grown to 80% confluence using TRIzol (Invitrogen Srl, San 

Giuliano Milanese, Italy), according to the manufacturer’s instructions. For first strand cDNA 

synthesis, 1 µg of total RNA was reverse-transcribed using 25 µg ml-1 oligo (dT)12-18  primer 

(Invitrogen Srl, San Giuliano Milanese, Italy) in a final volume of 20 µl, in the presence of 200 

units of M-MLV reverse (Invitrogen Srl, San Giuliano Milanese, Italy). The reaction was carried 

out at 37 °C for 1 h and heated at 95 °C for 10 min, and subsequently for 5 min at 4 °C. The 

reaction program for (a) human CB1 and human CB2 primers consisted of 35 runs of denaturation 

at 95 °C for 45 sec, annealing at 62 °C for 45 sec and elongation at 72 °C for 1 min.; (b) human 

GPR55 primers consisted of denaturation at 95° C for 45 sec, annealing at 56°C for 45 sec and 

elongation at 72°C for 1 min. The cycle program was preceded by an initial denaturation at 95 °C 

for 3 min and followed by a final extension at 72 °C for 7 min. PCR products were analyzed by 

1.0% agarose gel electrophoresis and visualized with ethidium bromide. The following RNA 

transcripts were detected via amplification of the corresponding cDNAs: the human CB1 using a 

primer pair composed of the sense primer 5’-CATCATCACACGTCTG-3’ and the antisense primer 

5’-ATGCTGTTATCCAGAGGCTGC-3’; the human CB2 using a primer pair composed of the 

sense primer 5’-TTTCCCACTGATCCCCAATG-3’ and the antisense primer 5’-

AGTTGATGAGGCACAGCATG-3’; the human GPR55 using a primer pair composed of the sense 

primer  5’- GAGTCAGCAAAACACCAGTGGGGAC -3’ and the antisense primer 5’- 

GTGGTCTCGGCGGCCCAGCAGGATC -3’.  



Page 8 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 8 

2.7 RNA interference (RNAi) analysis.  

GPR55-expressing HMC1 cells were transfected with duplex small interfering RNA (siRNA) 

(Invitrogen Srl, San Giuliano Milanese, Italy) for GPR55 using Lipofectamine RNAiMAX 

(Invitrogen Srl, San Giuliano Milanese, Italy) reagent according to the manufacturer’s instructions. 

Following transfection, the cells were incubated at 37 °C for 24 h. The sequences of the siRNA 

used were as follows; sense, 5’-AGGUGUUUGGCUUCCUCCUUCCCAU-3’; antisense, 5’-AUG 

GGAAGGAGGAAGCCAAACACCU-3’. The stealth RNAi negative control duplex, whose GC 

content is similar to that of the duplex siRNA, was used as a negative control. 

 2.8 Statistical analysis  

All experiments were perfomed in triplicate. Results were analyzed by the one-way ANOVA, 

followed by the least significance Duncan’s test. Vertical bars in figures are means + S.E of at least 

three separate experiments was set at a p-value <0.05.  
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3. RESULTS 

3.1 Nerve growth factor is substantially released by human mast cells challenged with 

inflammatory stimuli 

In order to assess the ability of the human mast cell line HMC-1, cultures were incubated 24 h with 

graded concentrations of the pro-inflammatory compound phorbol myristate acetate (PMA), an 

activator of protein kinase C. PMA induced robust release of NGF by HMC-1 cells in a 

concentration-dependent manner. The most effective NGF releasing concentration of PMA was 50 

ng/ml (fig. 1, panel A). The release induced by PMA (50 ng/ml) was also time dependent, as 

incubation of HMC-1 cells resulted in significantly increased levels of tissue culture media NGF 

after 8h, reaching a maximum after 24h incubation as assessed by ELISA assay of the tissue culture 

media. The expression of NGF was also assessed by western blot at identical time points in 

respective cell lysates; data obtained indicated that NGF content of HMC-1 cell was partially 

depleted after 8h incubation, and totally after 24 h incubation, in a way inversely proportional to the 

amounts of NGF released into the tissue culture media (Fig. 2, panels A and B). 

3.2 Endocannabinoids modulate NGF release by HMC-1 cells. 

 In view of the pro-inflammatory role of NGF contained in mast cells, as well as of the inhibitory 

effects of endocannabinoids upon various inflammatory parameters, the effects of the 

endocannabinoid derivative PEA was assessed in the model of PMA-induced NGF release, in 

cultured HMC-1 cells. Incubation of HMC-1 cells with graded concentrations of the cannabinoid 

related molecule palmithoylethanolamide (PEA) prevented the increase of NGF release in the tissue 

culture media determined by phorbol myristate acetate (PMA), as assessed by ELISA assay (Fig. 3). 

The most effective concentration of PEA was 50 g/ml. In the same line, previous results inverse 

pattern of NGF expression was found in HMC-1 cell lysates undergone western blot analysis (Fig. 

4, panel A and B) 

In addition to ELISA and western blot data, HMC-1 cells were incubated with PEA 50 g/ml, and 

then challenged with a specific anti-NGF fluorescent antibody. Data obtained indicate that, whereas 



Page 10 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 10 

treatment of cells with PMA depletes intracellular NGF from mast cells, pre-treatment of cells with 

PEA resulted in substantial prevention of NGF depletion from HMC-1 cells (Fig. 5). 

3.3 NGF release by activated mast cells is associated with proliferation of endothelial cells. 

Considering the role of mast cells in inflammatory phenomena of various origins [26], and 

that NGF contributes to angiogenesis processes [8], we attempted to establish a role for mast cell- 

released NGF in relation to different parameters related to endothelial cell biology. 

To do so, HMC-1 cells were first treated with PMA to allow de-granulation and consequent 

NGF release. Then, graded concentrations of supernatants were added to the usual incubation media 

of HUVEC cells.  

HUVEC treated with concentrated supernatants from PMA-challenged HMC-1 responded 

with increased proliferation (Fig. 6, panel A). The addition to the tissue culture media of either a 

NGF monoclonal antibody, or PEA prevented the increased mitogenesis of HUVEC cells observed 

after addition of  activated HMC-1 cell-conditioned medium (Fig. 6, respectively panels B and C). 

3.4 The blunting effects of PEA on mast cell NGF release are mostly mediated by the GPR55 

orphan receptor. 

In order to unravel molecular mediators and mechanisms underlying the effects of PEA on mast 

cell-dependent NGF release, investigation continued focusing on cannabinoid-related receptors 

pattern in HMC-1 cells. 

RT-PCR mRNA analysis for CB1 and CB2 receptors revealed that the human mast cell line HMC-1 

lacks both receptors, as compared to the control human neuronal cell line HNC (human neuronal 

cells)(Fig. 7, panel A) mRNA data corresponded with western blot analysis, which indicated the 

absence of both receptor protein in HMC-1 cells (Fig. 7, panel B). 

Thus, with the aim to elucidate the possible mechanisms responsible for PEA effects in PMA 

stimulated HMC-1 cells, a new member of the cannabinoid receptor family, the orphan receptor 

GPR55, was analyzed in HMC-1 cells. Either GPR55 mRNA (RT-PCR; fig. 7, panel C) or protein 

(western blot; fig. 7, panel D) were detected in HMC-1 cells. 
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3.5 The GPR55 orphan receptor is specifically relevant to pharmacological modulation of 

mast cell-dependent NGF release. 

To answer the question whether or not the GPR55 orphan receptor could play a functionally 

relevant role in mediating the inhibiting effects of PEA, we then investigated consequences of 

GPR55 receptor blockade on mast cell-related NGF release in HMC-1 cells. To do so, cells were 

first transfected either with the positive GPR55 RNAi
+
, or with its corresponding negative GPR55 

RNAi
-
. 

Incubation of HMC-1 cells with GPR55 RNAi
+
, resulted in time dependent decrease of 

GPR55 receptor protein expression. Western blot analysis of HMC-1 cell lysates revealed maximal 

effect of GPR55 RNAi
+
 occurred after 48 h incubation, whereas GPR55 protein expression returned 

to basal values after 72 h of incubation with the positive GPR55 RNAi
+
 (Fig. 8, upper and lower 

blots). 

Similar results were obtained by using immunofluorescence methods, using a specific 

GPR55 monoclonal antibody (data not shown). 

Moreover, to provide the proof of concept that GPR55 orphan receptor is functionally 

enrolled in mast cell-dependent NGF release, the latter was assayed in the tissue culture media of 

HMC-1 cells that had been transfected with either GPR55 RNAi
+
, or GPR55 RNAi

-
, in various 

experimental conditions. In fact, PEA was ineffective in lowering amounts of  NGF released into 

the media in HMC-1 cells treated with PMA, transfected with GPR55 RNAi
+
, whereas it was able 

to induce significant reduction of NGF in those transfected with the negative GPR55 RNAi
-
 (Fig. 

9). 
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4. DISCUSSION 

In this paper, we demonstrate that nerve growth factor release from mast cells activated by 

inflammatory stimuli is inhibited in the presence of PEA, a lipid molecule belonging to the 

endocannabinoid family. 

It is known that NGF is released by activated immunocytes and may mediate inflammatory 

reactions [27]. In this line, an increased number of polymorphonucleate cells are observed in animal 

models of inflammation [28], and the neurotrophin possesses hyperalgesic properties as assessed by 

various tests for pain score in laboratory species, as well as in humans. [29-30]. In addition, NGF 

has been shown to fuel the inflammatory angiogenic process through its mitogenic effects upon 

endothelial cells [8]. 

In line with these current literature reports, the application of the pro-inflammatory molecule 

PMA to cultured human mastocytic cells HMC-1 induces time-related release of NGF. Maximal 

release was observed after 24 h incubation with PMA. 

Now, evidence shows that inflammatory processes may be delayed after the occurrence of a 

noxious stimulus [31]. For example, mast cells increase their number and are activated following 

allergen or bacterial lipopolysaccharide challenge [32], as well as in increasing post-traumatic or 

post-ischemic inflammatory events [33]. It is in fact common notion that a quantitative evaluation 

of the real damage consequent to application of noxious stimuli is reasonable after one day or more 

from damage [34]. For example, in nervous trauma, this is the consequence of the progressive 

recruiting of neurons to apoptotic phenomena, which are triggered with the traumatic event and 

eventually progress in following hours [33]. Thus, it is plausible to hypothesize that mast cells 

activated by aspecific inflammatory stimuli release mediators of inflammation, including NGF, with 

a delayed schedule if compared to other cells, such as neutrophils that are instead promptly 

recruited to the inflammatory site shortly after application of noxae [35]. In our hands, 

immunofluorescence experiments indicated that granules of HMC-1 cells were depleted of NGF 

concomitantly with increased levels of the neurotrophin into the culture media. 
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Thus, as endocannabinoids have been proven to physiologically exert anti-inflammatory 

effects [33], it appears plausible that incubation of PMA-challenged HMC-1 cells with the 

endocannabinoid-related lipid molecule PEA, resulted in decreased release of NGF into the culture 

media and, in parallel, in decreased degranulation of mast cells, thus preventing detrimental effects 

of NGF and other mediators released abundantly following their activation during inflammatory 

processes [29]. 

Post-traumatic or - ischemic inflammation may be associated with progressive cell loss and 

proliferation of non-specific cell elements, such as fibroblasts [36], as well as with neoangiogenesis 

[37]. The latter would either take place in response to vasoactive stimuli which occur in the 

inflammatory process, or by hypoxia and is nevertheless fuelled by overproduction of  

proangiogenic molecules, such as NGF [37]. 

In this line, tissue culture media conditioned by mast cells activated with PMA were able to 

promote endothelial cell proliferation. The mitogenic potential of conditioned media was however 

blunted when endothelial cells had been pre-treated with a specific NGF monoclonal antibody, thus 

corroborating the NGF hypothesis of angiogenesis promotion. In fact, it has been reported that 

HUVEC express the NGF specific tyrosine kinase receptor trk140, which mediates mitogenesis of 

endothelial cells in vitro and formation of new vessels in vivo [2, 8]. 

When inflammatory angiogenesis is triggered, formation of new vessels is however the 

result of the balanced action of multiple factors of either stimulatory or inhibitory nature [13]. Thus, 

besides VEGF, FGF [14], or NGF [8], endothelial cells are under the influence of angiostatin [15], 

endostatin [16], or endocannabinoids [17]. 

We observed that the pharmacological endocannabinoid compound PEA eventually 

slowered HUVEC cell proliferation in a fashion similar to the anti-NGF monoclonal antibody. 

These data not only suggest that endocannabinoids exert antinflammatory effects [38], but that these 

molecules also restrain angiogenic processes eventually occurring during an inflammatory process. 

In addition, as cannabinoid derivative have been suggested and/or approved for clinical use in 
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various pathological conditions, such as multiple sclerosis (MS) [39] and gastrointestinal and liver 

diseases [40], one could envision their use as anti-mast cell/NGF component of inflammation. 

Now one reasons that anti-inflammatory effects of cannabinoids are mostly mediated by the 

CB1/CB2 family of cannabinoid receptors [41]. However, no expression of these two receptors was 

detected in HMC-1 cells [42]. Thus, in line with the hypothesis that some effects of 

endocannabinoids are mediated by the GPR55 receptor [22], either GPR55 mRNA and protein were 

detected in HMC-1 cells. These finding are in accordance with other work, describing GPR55 

expression in other cell type of the immune system, such as microglia [43], and led to the 

hypothesis that they could indeed play a functional role. 

Results showed that inhibition of GPR55 protein synthesis occurs in HMC-1 cells 

transfected with the GPR55 RNAi
+
, and that PEA is very ineffective in blunting NGF levels in the 

media from cells bearing the GPR55 RNAi
+
 transfection. These data strongly suggest that the 

GPR55 orphan receptor is responsible for the majority of the inhibiting effects of PEA on PMA 

induced release of NGF from activated mast cells. 

In synthesis, these data are suggestive for a substantial contribution of NGF to the 

inflammatory activity of mast cells in the human cell line HMC-1 and that, in particular, it also 

exerts a potent proliferative effect upon human endothelial cells, the first phase of angiogenesis. 

Cannabinoids, such as PEA, effectively inhibit NGF release from mast cells and consequent 

endothelial cell proliferation, an effect mediated by the orphan receptor GPR55. 

In conclusion, we hypothesize that inhibition of the GPR55 receptor might be envisioned as 

a novel candidate mode for treatment of human inflammatory disorders of various origins, by 

restraining the angiogenic component. 
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7. FIGURE LEGENDS 

Figure 1. Nerve growth factor (NGF) amounts measured in the tissue culture media of 

human mastocytic HCM-1 cells challenged with graded concentrations of the phorbol esther 

phorbol myristate acetate (PMA). Vertical bars are means + SE; *p <0.05 vs. CTRL (one-way 

ANOVA followed by the least significance Duncan’s test). CTRL: Untreated cells. 

 

Figure 2. Panel A: Time-dependent effect of the phorbol esther phorbol myristate acetate 

(PMA; 50 ng/ml) upon NGF release in the media from cultured human mastocytic HCM-1 cells. 

Vertical bars are means + SE; *p <0.05 vs. CTRL (one-way ANOVA followed by the least 

significance Duncan’s test). CTRL: untreated cells, time 0. Panel B: Time-dependent effect of the 

phorbol esther phorbol myristate acetate (PMA 50 ng/ml) upon NGF content of cultured human 

mastocytic HCM-1 cells. Western blot analysis of cell lysates measuring intracellular NGF. 

Panel C: Densitometric analysis from western blot for time-dependent NGF protein expression in 

HMC-1 treated with PMA 50 ng/ml. Results are expressed as percent variation versus control 

values. Vertical bars are means + SE; *p <0.05 vs. CTRL (one-way ANOVA followed by the least 

significance Duncan’s test). CTRL: untreated cells 

 

Figure 3. Inhibitory effect of graded concentrations of the cannabinoid palmytoyl-

ethanolamide (PEA) upon 24 hrs phorbol myristate acetate (PMA)-induced release of NGF from 

cultured human mastocytic HCM-1 cells. CTRL: untreated cells; PMA: PMA alone 50 ng/ml; PEA: 

PEA alone; PEA + PMA: combined treatment. Vertical bars are means + SE; *p <0.05 vs. CTRL; 

§
p <0.05 vs. PMA; (one-way ANOVA followed by the least significance Duncan’s test). 

 

Figure 4. Panel A: Effect of the cannabinoid palmytoyl-ethanolamide (PEA; 50 g/ml) on 

the phorbol esther phorbol myristate acetate (PMA; 50 ng/ml for 24 hrs)-induced NGF release from 

cultured human mastocytic HCM-1 cells. Vertical bars are means + SE; *p <0.05 vs. CTRL; 
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**p<0.05 vs. PMA (one-way ANOVA followed by the least significance Duncan’s test). CTRL: 

untreated cells. Panel B: Effect of the cannabinoid palmytoyl-ethanolamide (PEA; 50 g/ml) on the 

phorbol esther phorbol myristate acetate (PMA; 50 ng/ml for 24 hrs)-induced NGF release from 

cultured human mastocytic HCM-1 cells. Western blot analysis of cell lysates measuring 

intracellular NGF content. Panel C: Densitometric analysis from western blot for NGF protein 

expression in HMC-1 treated with PMA 50 ng/ml.  Results are expressed as percent variation versus 

control value. Vertical bars are means + SE; *p <0.05 vs. CTRL; and  vs. PEA + PMA  (one-way 

ANOVA followed by the least significance Duncan’s test). CTRL: untreated cells. 

 

Figure 5. Immunoflorescence analysis of NGF content in HMC-1 cells in culture, untreated 

(CTRL), treated with phorbol myristate acetate (PMA; 50 ng/ml), treated with palmytoyl-

ethanolamide (PEA; 50 ug/ml), or with a combination of the two substances (PMA + PEA). PEA 

was added to the cultures 1 h before  PMA. (Magnification: 20x). 

 

Figure 6. Panel A: Proliferation tests on human umbilical vein endothelial cells (HUVEC) 

treated with graded concentrations of conditioned media originating from HMC-1 cells challenged 

with phorbol myristate acetate (PMA; 50 ng/ml for 24 hrs). Panel B: Proliferation tests on human 

umbilical vein endothelial cells (HUVEC), preincubated with a NGF neutralizing monoclonal 

antibody and treated with graded concentrations of conditioned media originating from HMC-1 

cells challenged with PMA (50 ng/ml for 24 hrs); Panel C: Proliferation tests on human umbilical 

vein endothelial cells (HUVEC) treated with graded concentrations of conditioned media 

originating from HMC-1 cells challenged with PMA (50 ng/ml for 24 hrs) and pretreated with PEA 

50 g/ml. Vertical bars are means + SE; *p <0.05 vs. CTRL; **p<0.05 vs. PMA  (one-way 

ANOVA followed by the least significance Duncan’s test). CTRL: untreated HUVEC. 
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Figure 7. Upper panels: Reverse transcriptase polymerase chain reaction of the mRNA, 

either of the two cannabinoid receptors CB1 and CB2 (left gel), or the orphan receptor GPR55 

(right gel), in human mastocytic HMC-1 cells. 100 bp are markers columns. Lower panels: western 

blot analysis of the corresponding proteins. The human cortical cell line HNC was used as a 

positive control; bidistilled water (H2O) was used as a negative control. 

 

Figure 8. Upper panels: Time course of the effect of the transfection of human mastocytic 

HMC-1 cells with either the positive or the negative small interfering RNAs (respectively GPR55 

RNAi
+
 and GPR55 RNAi

-
) on GPR55 protein expression in cell lysates, measured by means of 

western blot analysis. Lower panels: Densitometric analysis from western blot for GPR55 protein 

expression in HMC-1 transfected with GPR55 RNAi
+
 and GPR55 RNAi

-
 . Results are expressed as 

percent variation versus control value 

 

Figure 9. Effects  of  the cannabinoid palmytoyl-ethanolamide ((PEA; 50 g/ml) on phorbol 

myristate acetate (PMA; 50 ng/ml for 24 hrs) -induced NGF release from HCM-1 cells transfected 

for 30 h with either  the positive (light grey histograms) or the negative (dark grey histograms) 

dominant small interfering RNAs (respectively RNAi
+
 and RNAi

-
). Vertical bars are means + SE; 

*p <0.05 vs. respective CTRL; **p<0.05 vs.  respective PMA alone  (one-way ANOVA followed 

by the least significance Duncan’s test). 
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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*Graphical Abstract
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