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Antidepressivi Triciclici TCA

IMIPRAMINA

DESIPRAMINA

AMITRIPTILINA

NORTRIPTILINA

CLOMIPRAMINA
Azione farmacologica desiderata

(NA, 5HT)

Azione farmacologica indesiderata
(M, H1)

MECCANISMO D’AZIONE
•Inibizione della ricaptazione delle 

amine biogene, particolarmente NA e 
5HT

•Aumento del tempo in cui tali amine 
rimangono nello spazio sinaptico e 

quindi 
possono interagire con i rispettivi 

recettori

ccaarrddiioottooxxiicciittyy
Depressione miocardica, 
tachicardia ventricolare o 
fibrillazione ventricolare

Azione chinidino simile (blocco del 
flusso di Na+, produce una serie di 
effetti che compromettono il 
normale andamento del potenziale 
d’azione miocardico.
Rallentamento della conduzione 
ventricolare. Aumento del QT

P prima onda che si genera nel ciclo
Complesso QRS: si tratta di un insieme di tre onde che si susseguono l'una all'altra, e corrisponde alla 
depolarizzazione dei ventricoli
Onda T: rappresenta la ripolarizzazione dei ventricoli.
Onda U: ripolarizzazione dei muscoli papillari.
Tratto ST: rappresenta il periodo in cui le cellule ventricolari sono tutte depolarizzate e pertanto non 
sono rilevabili movimenti elettrici.
Intervallo QT: rappresenta la sistole elettrica, cioè il tempo in cui avviene la depolarizzazione e la 
ripolarizzazione ventricolare. La sua durata varia al variare della frequenza cardiaca, generalmente si 
mantiene tra i 350 e i 440ms.

Tachicardia sinusale per 
anticholinergic effect
Ipotensione: effetto frequente e 
grave di overdose da ADT
Gli effetti CV avvengono nelle 
prime sei ore

Le concrentrazioni plasmatiche 
sono poco attendibili perche non 
si evidenziano i metaboliti attivi. 
Tuttavia la soglia è 
indicativamente 1000ng/ml
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SNRI 

MILNACIPRAN ,  
LEVOMILNACIPRAM 
(non disp. in Italia) 

VENLAFAXINA 
DESVENLAFAXINA 

Inibitori selettivi della  
ricaptazione di serotonina e noradrenalina 

DULOXETINA 

48 

Sviluppati in seguito all evidenza che fluoxetina e desmetilimipramina determinavano  
insieme un efficacia superiore 
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AAnnttiiccoonnvvuullssiivvaannttii

• Utili nel dolore neuropatico periferico 
lancinante

• Carbamazepina 
• Fenitoina 

• Acido valproico
• Topiramato

GGaabbaappeennttiinnaa  ee  PPrreeggaabbaalliinnaa

• Introdotti in terapia come antiepilettici
• Utilizzati come adiuvanti nel trattamento del dolore 

neuropatico
• Attività antinocicettiva centrale, secondaria al blocco della 

sensibilizzazione dei neuroni delle corna dorsali del midollo 
spinale 

• Pregabalin analogo strutturale del GABA,
• Gabapentin si lega al sito subunità alfa-2-delta di un canale 

Ca++ Volt/dipendente

• Principali applicazioni nevralgia post-herpetica 
• dolore in corso di neuropatia diabetica

• dolore neuropatico da cancro
• dolore neuropatico post-poliomielite

• distrofia simpatica riflessa
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cognitive impairment and the onset of depression
(Autry and Monteggia, 2012; Smith, 2014).
3. Use of Botulinum Toxin. Botulinum toxin repre-

sents another means by which to control neurotrans-
mitter release. Although it is currently a fourth-line
treatment (Finnerup et al., 2015), there is increasing
interest in its use in the management of neuropathic
pain (Oh and Chung, 2015; Baron and Binder, 2016;
Park and Park, 2017; Yaksh et al., 2017). Botulinum A
cleaves the synaptic protein SNAP-25 and thereby
decreases the Ca2+ responsiveness of the secretory
machinery and attenuation of neurotransmitter release
(Trudeau et al., 1998). Because the toxin blocks the
release of both inhibitory and excitatory transmitters,
its mechanism of action has been debated (Baron and
Binder, 2016). Actions may include attenuation of

neurogenic inflammation in the periphery. The sugges-
tion that the substantia gelatinosa is “primarily an
excitatory network” (Santos et al., 2007) in which only
25% of the neurons are inhibitory (Boyle et al., 2017)
may account for the actions of botulinum toxin at the
spinal level.

D. Altered Sensory Processing and Generation
of Allodynia

Following nerve injury, attenuation of GABAergic
and/or glycinergic transmission leads to aberrant pro-
cessing of sensory information within the dorsal horn
(Baba et al., 2003; Torsney and MacDermott, 2006;
Prescott et al., 2014). In addition to changes in chloride
gradient (Coull et al., 2003, 2005) and decreased excit-
atory drive to inhibitory neurons (Balasubramanyan
et al., 2006; Lu et al., 2009; Leitner et al., 2013), this
may involve a loss of GABAergic terminals (Lorenzo
et al., 2014) or reduced glycine release (Imlach et al.,
2016). Tactile and innocuous information is carried byAb
fibers, which synapse primarily onto dorsal horn neurons
in laminae III and IV (Abraira et al., 2017), whereas
noxious information carried by C and Ad fibers is trans-
mitted to the superficial laminae I and II (Peirs and Seal,
2016) (Fig. 1C). GABAergic and glycinergic inhibition
normally separates these two modalities by suppressing
the activity of pre-existing excitatory synaptic circuits
(Lu et al., 2013). However, when this inhibition is
compromised, tactile and innocuous information travel-
ing to lamina III and IV gains access to the pain-
processing centers in lamina I and II. Thus, touch is
processed as pain, thereby providing a rational explana-
tion for the generation of allodynia. This idea is sup-
ported by the observation that impediment of inhibitory
transmission in the spinal cord with bicuculline and/or
strychnine produces allodynia and hyperalgesia in un-
injured animals (Yaksh, 1989; Sherman and Loomis,
1994; Loomis et al., 2001).

Anomalous distribution of tactile information is
reinforced by increased excitatory transmission be-
tween deep and superficial laminae. This involves
transient expression of the vesicular glutamate trans-
porter vesicular glutamate transporter 3 by a discrete
population of neurons that receive direct low-threshold
primary afferent input (Fig. 1C). The circuit extends to
nociceptive lamina I projection neurons and includes
lamina II calretinin neurons (Peirs et al., 2015).

In addition to being a substrate for allodynia, injury-
induced ongoing aberrant activity in Ab fibers (Devor,
2009), including large-diameter cutaneous afferents
(Cummins et al., 2000), would be expected to drive
persistent activation of the superficial laminae that
may contribute to chronic, stimulus-independent pain.

1. Mechanosensitive Ion Channels as Therapeutic
Targets. Because light touch instigates allodynia,
there is interest in pharmacological manipulation of
normally innocuous modalities as a means to alleviate

Fig. 4. (A) Diagram to illustrate increase in excitatory synaptic trans-
mission onto excitatory dorsal horn neurons following CCI and reversal of
these changes following GBP treatment. The inset shows the character-
istic delay-firing pattern of excitatory neurons. Red arrows illustrate
relative quantity of glutamate released onto control excitatory neurons,
onto neurons in animals subject to CCI, and onto CCI neurons following
treatment with GBP. The inset shows the characteristic delay-firing
pattern of excitatory neurons. (B) Diagram to illustrate decrease in
excitatory synaptic transmission onto inhibitory dorsal horn neurons
following CCI and restoration of glutamate release following GBP
treatment. The inset shows the characteristic tonic-firing pattern of
inhibitory neurons. Red arrows illustrate relative quantity of glutamate
released onto control-inhibitory neurons, onto neurons in animals subject
to CCI, and onto CCI neurons following treatment with GBP.
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It was shown recently, however, that the post-
translational cleavage of a2d-1 into the disulfide-
linked polypeptides a2-1 and d is an essential step that
permits voltage-dependent activation of plasma mem-
brane N-type Ca2+ channels (CaV2.2), and that
uncleaved a2d inhibits native calcium currents
(Kadurin et al., 2016). These authors showed that
voltage-dependent activation of CaV2.2 channels is
promoted following cell surface proteolytic cleavage of

a2d, and that this effect was independent from the role
of a2d trafficking. Trafficking of CaV2.2 channel com-
plexes into neuronal processes was not supported by
uncleaved a2d. This mechanism may maintain imma-
ture calcium channels in an inhibited state such that
proteolytic processing of a2d permits their voltage-
dependent activation. This may allow selective traffick-
ing of mature calcium channel complexes into neuronal
processes (Kadurin et al., 2016).

Fig. 5. (A) Diagram to illustrate the essential structural features of the a2d-1 protein. (B) Diagram to illustrate slow and fast transport processes
associated with a2d-1. When levels of a2d1 are normal, its accumulation in nerve terminals is controlled by transport along primary afferent fibers
from cell bodies to the dorsal horn, a distance of about 7.5 mm in a rat. When levels of a2d-1 are elevated after nerve injury, rapid cycling in nerve
terminals over distances of ,1 mm determines level at release sites. Gabapentinoids that inhibit transport of a2d-1 thus work slowly when a2d-1 levels
are normal, but rapidly when its levels are elevated in neuropathic pain.
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central sensitization as is seen in some types of in-
flammatory pain.
4. Source of ATP in Central Sensitization. After

peripheral nerve injury, increased spinal levels of ATP
reflect release from the dorsal horn neurons them-
selves and not from primary afferents, astrocytes, or
microglia. This increased release is brought about by
upregulation of the vesicular nucleoside transporter
(VNUT; Fig. 2, B and C) (Masuda et al., 2016).
Neurotransmitters are transported from the cyto-
plasm into synaptic vesicles via specific transporter
proteins: vesicular GABA transporter in inhibitory
neurons and various isoforms of the vesicular gluta-
mate transporter in excitatory neurons. Synaptic
vesicles in most, if not all, neurons contain ATP that
is released along with the primary neurotransmitter.
VNUT serves to transport cytosolic ATP into synaptic
vesicles. When it is upregulated after nerve injury,
vesicles contain a high level of ATP, which is released
and stimulates P2X4R on microglia. As mentioned
above, this promotes release of BDNF (Trang et al.,
2009). The mechanism whereby peripheral nerve in-
jury produces a trans-synaptic upregulation of VNUT
in dorsal horn neurons remains to be elucidated.

C. Increased Excitatory Drive to Excitatory Neurons
and Decreased Excitatory Drive to Inhibitory Neurons

Chronic constriction injury (CCI) or axotomy of the
sciatic nerve produces an electrophysiological footprint

of neuropathic pain in the substantia gelatinosa (Biggs
et al., 2010; Smith, 2014) (Fig. 3A). In this footprint,
neurons have been classified according to their firing
pattern as tonic, delay, irregular, phasic, or transient
(Balasubramanyan et al., 2006), and the effects of CCI
noted as increases or decreases in the amplitude and
frequency of spontaneous excitatory postsynaptic cur-
rent (sEPSC) or miniature excitatory postsynaptic
current (mEPSC). Given the established relationship
between neuronal firing pattern and its neurotransmit-
ter phenotype (Yasaka et al., 2010; Punnakkal et al.,
2014), the footprint reflects an increased excitatory
drive to putative excitatory delay-firing and transient-
firing neurons (Fig. 4A) and a decreased excitatory drive
to putative inhibitory tonic-firing neurons (Fig. 4B)
(Bailey and Ribeiro-da-Silva, 2006; Balasubramanyan
et al., 2006; Chen et al., 2009; Lu et al., 2009). Both of
these changes would be expected to produce an overall
increase in dorsal horn excitability. Decreased excitatory
drive to inhibitory neurons involves both pre- and post-
synaptic changes, including a decreased contribution of
Ca2+-permeable AMPA receptor to sEPSCs (Chen et al.,
2016). Increased excitatory drive to excitatory neurons
also involves presynaptic effects and a possible increased
contribution of Ca2+-permeable AMPA receptor to post-
synaptic events (Chen et al., 2013).

1. Role of Brain-Derived Neurotrophic Factor.
Treatment of substantia gelatinosa neurons in organo-
typic culture with BDNF for 5 to 6 days produces an

Fig. 2. (A) Diagram to illustrate some of the processes leading to central sensitization. Classic inflammatory mediators released at the site of injury
alter the properties of primary afferent fibers such that they become hyperexcitable and/or spontaneously active. CSF-1 released from primary
afferents changes the phenotype of microglia that they start to express new receptors, including purinergic ionotropic 2X4. ATP released from dorsal
horn neurons interacts with P2X4Rs on microglia to promote release of BDNF, which interacts with neurons to increase dorsal horn excitability. (B and C)
Diagrams to show how peripheral nerve injury increases ATP release from dorsal horn neurons by upregulating the vesicular nucleotide transporter VNUT.
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Opinion

Clodronate: A Vesicular ATP Release
Blocker

Yoshinori Moriyama1,2,* and Masatoshi Nomura3,*

Clodronate is a first-generation bisphosphonate used worldwide for antire-
sorptive therapy for osteoporosis. Although clodronate is analgesic in nature,
its mechanism and efficacy were unknown for some time. Recently, clodronate
was identified as a selective and potent inhibitor for vesicular nucleotide
transporter (VNUT), a transporter responsible for vesicular storage of ATP.
Clodronate inhibits vesicular ATP release from neurons and reduces chronic
neuropathic and inflammatory pain following blockade of purinergic chemical
transmission. Its effectiveness is stronger, faster acting, and longer lasting than
that of existing drugs such as pregabalin. Thus, clodronate might be a promis-
ing drug for attenuating chronic neuropathic pain and opens a new field of drug
discovery as a presynaptic blocker for purinergic chemical transmission.

Chronic Pain, Neurotransmission and Analgesia
Chronic neuropathic and inflammatory pain are common in clinical practice, and may result
from nerve injury, inflammation, viral infection, or other pathological processes [1–4].
Patients with chronic pain, which is estimated to affect 20–25% of people worldwide,
have impaired quality of life. Although various medications have been used in clinics to
relieve chronic pain [1,4], an optimal drug treatment regimen with fewer adverse effects has
yet to be developed. For instance, nonsteroidal anti-inflammatory  drugs are effective pain
relievers  but have many side effects including headache, dizziness, and gastrointestinal and
renal dysfunctions [5]. Injection of steroids is one of the best ways to decrease pain and
inflammation, yet they exhibit serious adverse effects including glaucoma, osteoporosis,
and worsening of diabetes [6]. Opioids can cause drug addiction, drowsiness and vomiting
[7]. Moreover, these drugs are ineffective for neuropathic pain. Gabapentin and pregabalin,
originally developed as antiepileptic drugs, are currently used for treatment of neuropathic
pain, but these drugs can also cause severe adverse effects, such as drowsiness and
edema, as they target voltage-gated Ca2+ channels, and thus suppress chemical trans-
mission nonselectively [8]. The gaps in available drugs set the stage for new drug develop-
ment, and targeting purinergic chemical transmission may be a viable strategy, because it
directly transmits pain perception.

Blockade of Purinergic Chemical Transmission
Purinergic chemical transmission regulates various physiological and pathological phenomena,
including pain perception, using ATP and its hydrolyzed products, such as ADP and adenosine,
as intercellular messengers [9]. ATP is released from epithelial cells by mechanical and chemical
stimulation, followed by the stimulation of receptors such as a transient receptor potential
vanilloid 4 [9–11]. Extracellular ATP is then rapidly hydrolyzed by ectonucleotidases and ecto-
alkaline phosphatase, and the resultant hydrolyzed products, such as ADP and adenosine, in
addition to ATP, activate purinoceptors, such as P2X or P2Y, and P1 adenosine receptor, on
subepithelial sensory nerves to initiate the transmission of pain perception (Figure 1) [9,10,12].

Trends
Patients with chronic pain are esti-
mated to be 20–25% of people world-
wide. However, an optimal drug
treatment regimen with few side
effects has yet to be developed.

Vesicular storage of ATP is the one of
the processes initiating purinergic che-
mical transmission. VNUT is responsi-
ble for vesicular storage of ATP, and its
genetic knockout diminishes vesicular
ATP storage followed by abolishing
vesicular ATP release.

Vesicular ATP release from the primary
afferent sensory nerves at the spinal
cord is essential in formation of neuro-
pathic pain syndromes. Thus, a VNUT
inhibitor may be a useful means to
control neuropathic pain.

Clodronate, a first-generation bispho-
sphonate, is analgesic in nature.
Ketone bodies are allosteric inhibitors
for VNUT. Clodronate may act as a
ketone bodies mimetic against vesicu-
lar ATP release.

1Department of Biochemistry,
Matsumoto Dental University, Shioziri
399-0781, Japan
2Department of Membrane
Biochemistry, Graduate School of
Medicine, Dentistry and
Pharmaceutical Sciences, Okayama
University, Okayama 700-0082, Japan
3Division of Endocrinology and
Metabolism, Department of Internal
Medicine, Kurume University School
of Medicine, Kurume 830-0011, Japan

*Correspondence:
moriya-y@okayama-u.ac.jp
(Y. Moriyama) and
nomura@med.kurume-u.ac.jp
(M. Nomura).

Trends in Pharmacological Sciences, January 2018, Vol. 39, No. 1 https://doi.org/10.1016/j.tips.2017.10.007 13
© 2017 Elsevier Ltd. All rights reserved.

Drosal root ganglion

Glutamate
ATP

Tumor cell

Endothelial cells
Langerhans cells

ATPH+

ADP

Spinal cord

VGLUT3

To the brain

Vesicular ATP accumula�on

Vesicular ATP release

ATP

VNUTV-ATPase

ADPATP AMP Adenosine

P1 receptorsP2Y receptorsP2X receptors

Channel-mediated release

(See figure legend on the bottom of the next page.)

14 Trends in Pharmacological Sciences, January 2018, Vol. 39, No. 1

Keton bodies
or clodronate

(A)

(B)

(C)

60

50

40

30

20

10

0 1 10

Cl- (mM)

Cl-

100

Keton bodies
or chlodronate

AT
P 

up
ta

ke
 (n

m
ol

/m
g 

pr
ot

ei
n)

ATP ATP

O

O O

O

O
O O O

OH
OH

OH OH
OH

OH

OH
OH

H3C

CH3
OH

P P

PP
C C

HO HO

Cl

Cl

Clodronate E�dronate Glyoxylate

IC50 (μM)

Acetoacetate

AcetoacetateTransporters Substrates Clodronate E�dronate Glyoxylate

VNUT (SLC17A9)
VGLUT1 (SLC17A7)
VGLUT2 (SLC17A6)
VGLUT3 (SLC17A8)

VEAT (SLC17A5)
VMAT2 (SLC18A2)
VGAT (SLC32A1)

VAChT (SLC18A3)

ATP
Glutamate
Glutamate
Glutamate
Aspartate
Serotonin

GABA
Acetylcholine

0.0156
34.6
43.0
28.6
NI
NI
NI
NT

20.8
78.6
32.8

6.30
NI
NI
NI
NT

4.1 190
NT
620
NT
52
NI
NI
NI

NT
 200

NT
300
NI
NI
NI

Off
Off

Off

On On
On

(See figure legend on the bottom of the next page.)

Trends in Pharmacological Sciences, January 2018, Vol. 39, No. 1 19



Del presente documento è severamente vietata ogni abusiva duplicazione, riproduzione, trasmissione o diffusione in pubblico, ai sensi della Legge n. 633/1941 e dell’Art. 25-novies, D.Lgs. n. 231/2001 #ForumRisk18

Keton bodies
or clodronate

(A)

(B)

(C)

60

50

40

30

20

10

0 1 10

Cl- (mM)

Cl-

100

Keton bodies
or chlodronate

AT
P 

up
ta

ke
 (n

m
ol

/m
g 

pr
ot

ei
n)

ATP ATP

O

O O

O

O
O O O

OH
OH

OH OH
OH

OH

OH
OH

H3C

CH3
OH

P P

PP
C C

HO HO

Cl

Cl

Clodronate E�dronate Glyoxylate

IC50 (μM)

Acetoacetate

AcetoacetateTransporters Substrates Clodronate E�dronate Glyoxylate

VNUT (SLC17A9)
VGLUT1 (SLC17A7)
VGLUT2 (SLC17A6)
VGLUT3 (SLC17A8)

VEAT (SLC17A5)
VMAT2 (SLC18A2)
VGAT (SLC32A1)

VAChT (SLC18A3)

ATP
Glutamate
Glutamate
Glutamate
Aspartate
Serotonin

GABA
Acetylcholine

0.0156
34.6
43.0
28.6
NI
NI
NI
NT

20.8
78.6
32.8

6.30
NI
NI
NI
NT

4.1 190
NT
620
NT
52
NI
NI
NI

NT
 200

NT
300
NI
NI
NI

Off
Off

Off

On On
On

(See figure legend on the bottom of the next page.)

Trends in Pharmacological Sciences, January 2018, Vol. 39, No. 1 19

KETONE BODIES ARE ALLOSTERIC INHIBITORS OF 
THE vNUT
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Clinical Pharmacology and Oncology, Department of Health Sciences, University of Florence, Florence, Italy; ‡Neurobiological Psychiatry Unit,
Department of Psychiatry, McGill University, Montreal, Quebec, Canada; and §Department of Pharmacology and Neuroscience, Texas Tech
University Health Sciences Center, Lubbock, Texas, USA

ABSTRACT:Themechanismsunderlyingneuropathic pain are poorly understood.Herewe show the unexplored role
of the hydroxyl carboxylic acid receptor type 2 (HCAR2) in 2models of neuropathic pain.Weused an oral treatment
with dimethyl fumarate and the HCAR2 endogenous ligand b-hydroxybutyrate (BHB) in wild-type (WT) and
HCAR2-null mice. We found an up-regulation of the HCAR2 in the sciatic nerve and the dorsal root ganglia in
neuropathic mice. Accordingly, acute and chronic treatment with dimethylfumarate (DMF) and BHB reduced the
tactile allodynia. This effectwas completely lost in theHCAR2-nullmice after a 2-d starvationprotocol, inwhich the
BHB reached the concentration able to activate the HCAR2-reduced tactile allodynia in femaleWTmice, but not in
theHCAR2-nullmice. Finally, we showed that chronic treatmentwithDMF reduced the firing of theONcells (cells
responding with an excitation after noxious stimulation) of the rostral ventromedial medulla. Our results pave the
way for investigating themechanismsbywhichHCAR2 regulates neuropathic painplasticity.—Boccella, S.,Guida,
F., De Logu, F., De Gregorio, D., Mazzitelli, M., Belardo, C., Iannotta, M., Serra, N., Nassini, R., de Novellis, V.,
Geppetti, P.,Maione, S., Luongo, L.Ketones andpain: unexplored role of hydroxyl carboxylic acid receptor type 2 in
the pathophysiology of neuropathic pain. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Thehydroxyl carboxylic acid receptors are a class ofGPCR
expressed on adipocytes and involved in lipogenesis and
fatty acid synthesis (1). In addition to adipocytes, hydroxyl
carboxylic acid receptor type 2 (HCAR2) has been recently
identified onperipheral immune cells andbrainmicroglia,
where it is involved in the regulation of inflammatory
processes (2, 3). Recently, the endogenous ligands of
HCAR2havebeen identified in the ketonebodies butyrate
and b-hydroxybutyrate (BHB), the small lipid-derived

molecules serving asa circulating energy source for tissues
(4, 5). In the brain, ketone bodies exert neuroprotective
effects by regulating the brain energy metabolism.

The activation ofHCAR2 represents a pharmacological
approach for the treatment of immune disorders, such as
psoriasis (6), atherosclerosis (7), and, recently, multiple
sclerosis (8). Previous findings suggest that the dimethyl
fumarate (DMF), which has been approved for the treat-
ment of relapsing/remittingmultiple sclerosis (9), owes its
anti-inflammatory and immunomodulatory properties to
HCAR2 activation (10, 11). Neuroinflammation occurs in
different pathologic CNS diseases, including neuropathic
pain (12). Neuroinflammation is a complex pain state as-
sociated with neuronal sensitization and immune system
dysregulation occurring at peripheral and central levels.
Indeed, resident microglia and infiltrating peripheral im-
mune cells participate in neuroinflammation by releasing
pronociceptive factors, cytokines, and chemokines (13).

Based on the lack of evidence for the possible role of
HCAR2 in the maladaptive neuroimmune processes as-
sociated with neuropathic pain, we investigated the po-
tential role ofHCAR2 in the induction andmaintenance of
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Short-term starvation transiently decreased
body weight in WT and HCAR2-null mice

The body weight of the mice was recorded at regular in-
tervals throughout the study (d 0, 2, 3, and7 after surgery).
Before starting the starvation protocol, the 2 groups of
mice showedameanbodyweight of 27.556 0.76 g forWT
and 22.116 0.66 g for HCAR2-null mice, but after 48 h of
starvation the lean body mass significantly decreased in
both groups of animals (21.336 0.55 g forWT and 18.76
0.35 g for HCAR2-null mice). In fact, 2-way ANOVA
revealed a significant effect of treatment (F1,10 = 57.59, P,
0.0001) and a significant effect of time (F3,30 = 27.34, P ,
0.0001) on body weight. The animals gradually recovered
their initial body weight, showing at 5 d after the end of
starvation similar values to those observed at the begin-
ning of the experiment (27.1 6 0.92 g for WT and 22.3 6
0.63 g for HCAR2-null mice) (Fig. 6D).

Fasting reduction of blood glucose and
ketones levels in WT and HCAR2-null mice

Blood samples for glucose and ketone level measure-
ment were collected for 7 d at regular intervals. WT and
HCAR2-null mice showed normal basal values (d 0) of
glucose (126.336 8.77 mg/dl for WT and 138.666 10.86
mg/dl for HCAR2-null mice) and ketones (0.13 6
0.02 mM for WT and 0.21 6 0.04 mM for HCAR2-null
mice). After a 48-h fast, WT and HCAR2-null mice

exhibited significantly decreased blood glucose levels
compared with basal values (81.0 6 5.77 mg/dl for WT
and 112.836 11.15mg/dl for HCAR2-nullmice). Indeed,
2-way ANOVA revealed a significant effect of genotype
(F1,10= 4.84;P=0.05) anda significant effect of time (F3,30=
16.84; P, 0.0001) on blood glucose levels (Fig. 6E). Con-
versely, their blood ketone levels were significantly ele-
vated (1.0 6 0.1 mM for WT and 0.85 6 0.2 mM for
HCAR2-null mice). Two-way ANOVA revealed a sig-
nificant effect of treatment (F1,10 = 0.08; P , 0.05) and a
significant effect of time (F3,30 = 28.46; P , 0.0001) on
blood ketone levels (Fig. 6F).

HCAR2 is overexpressed in the sciatic injured
nerve and the corresponding DRGs

In the sciatic nerve ofWTmice,HCAR2 immunoreactivity
was detected in Schwann cells (S-100+ cells), and within
DRG,HCAR2was localized in neurons (NeuN+ cells) and
in satellite glial cells (GS+ cells) (Fig. 7A, B). HCAR2 im-
munoreactivity was not detected in S-100+ cells in the
sciatic nerve trunk from HCAR2-null mice, which con-
firms the selectivity of the antibody (Fig. 7C). In samples
derived from mice at d 7 after CCI, HCAR2 staining was
increased in the injured nerve trunk and the percentage
of HCAR2+ neurons was increased in DRGs compared
with sham-operated mice (Fig. 7D). In addition, in CCI
mice, HCAR2 staining was detected in the infiltrated

Figure 4. Behavioral nocicep-
tive responses to single injec-
tion of different doses of BHB
in HCAR2-null and WT (CCI
female) mice. A) Withdrawal
thresholds [expressed as ap-
plied force (g)] of hindpaw
ipsilateral to the injury after
single injection of different
doses (125, 250, and 500 mg/kg)
of BHB female CCI mice. Two-
way ANOVAs for repeated
measures revealed a significant
effect of treatment (F3,16 =
8.32, P = 0.0029) and of time
(F6,96 = 50.06, P , 0.0001),
with a significant interaction
treatment 3 time (F9,96 = 4.7,
P , 0.0001) for single DMF
injection. B) Genotype-related
differences in the withdrawal
thresholds [expressed as ap-
plied force (g)] of hindpaw
ipsilateral to the injury after a
single injection of 250 mg/kg
of BHB female CCI mice. Two-
way ANOVAs for repeated
measures revealed a significant
effect of genotype (F1,8 = 93.72,
P , 0.0001) and of time (F7,56 =

22.71, P, 0.0001) with a significant interaction genotype3 time (F8,56 = 8.29, P, 0.0001). BHB 250 mg/kg failed to revert allodynia
in HCAR2-null CCI mice as compared with WT mice. Data are expressed as mean 6 SEM. °P significantly different vs. BL,
*P significantly different vs. d 7 after surgery, §P significantly different vs. vehicle. C, D) Tail withdrawal latency (C) and latency to
jump (D) to measure the effect on acute nociceptive responses of BHB single injection (250 and 500 mg/kg) in WT female mice.
Two-way ANOVAs for repeated measures did not reveal any significant effect of treatment (F1,8 = 0.26, P = 0.913 for tail flick test and
F1,8 = 0.32, P = 0.891 for hot plate test) or of time (F5,40 = 2.36, P = 0.061 for tail flick test and F5,40 = 1.12, P = 0.892 for hot plate test).
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CCI (15) and SNI (16) involve damage to the sciatic nerve
and result in mechanical and tactile allodynia, which
started fromd1 andpeaked1wkafter injury.We showed
that the oral administration of DMF, in both acute (single
administration) and chronic (repeated administration)
regimens, induced a partial protection against neuro-
pathic pain symptoms in both neuropathic models.
However, the effectiveness of DMF resulted in signifi-
cantly higher CCI as compared with the SNI model. This
difference could be due, at least in part, to the different
surgical procedures used (28). In fact, although the SNI is a
strong neuropathic pain condition generated by a pe-
ripheral nerve damage leading to the persistent pain sen-
sitivitystill detectable1yr later (29), in theCCIsciaticnerve
damage is associatedwith amore pronounced neurogenic
inflammation–mediated establishment of central sensiti-
zation (30). However, we also observed that antiallodynic
properties of DMF were more pronounced in female
mice as compared with male mice. In fact, whereas the
effective dose of DMFwas 150mg/kg inmalemice, a half
dose (75 mg/kg) significantly reduced tactile allodynia in
female mice. This finding was not surprising because
clinical (31, 32) and preclinical (33–36) evidence strongly
supports that sex differences are known to exist in neu-
ropathic pain disorders. In particular, the involvement
of both innate and adaptive immunity in neuropathic
pain pathophysiology has been indicated based on the

identification of different immune cell–driven allodynia
induction in male and female mice (36).

Despite the pharmacological evidence for the anti-
inflammatory and neuroprotective effects of DMF, its
mechanism of action is still poorly understood. In our
model, the antiallodynic effect exerted by DMF in both
acute and chronic regimens was likely to be mediated by
the HCA2 receptor because the drug lost its efficacy in
HCAR2-deficient mice. To further explore the HCAR2
involvement in neuropathic pain, pathophysiology was
assessed by administering BHB, the putative endogenous
ligand of the HCAR2 (37), to WT and HCAR2-null mice.
Consistently, intraperitoneal injection of BHB reduced
tactile allodynia, and its effect was completely lost in
HCAR2-null mice. These behavioral data suggest a pos-
sible, still unexplored, role of HCAR2 in the mechanisms
underlying the sensorial dysfunctions associated with
peripheral neuropathy. In fact, recent report suggests that
BHB promotes functional recovery and relieves pain hy-
persensitivity in mice models of spinal cord injury (38).
However, this study did not include the HCAR2 either as
target of the BHB or as a possible player in the patho-
physiology of the spinal cord injury–induced abnormal
pain. Here we show that chronic constriction injury of the
sciatic nerve induces a significant overexpression of the
HCAR2 in both sciatic nerve and dorsal root ganglia. We
found that the up-regulation of the HCAR2 in the sciatic

Figure 6. Mechanical withdrawal threshold, thermal nociceptive responses, body weight, glycemia, and ketosis after STS in
mutant (HCAR22/2) and WT (HCAR2+/+) CCI female mice. A) Experimental design of STS administration, induction of
neuropathic pain (CCI), and allodynia measurements in female mice. B) Genotype-related differences in the allodynia
development after preventive STS (48 h) between KO and WT female CCI mice. Two-way ANOVAs for repeated measures
revealed a significant effect of genotype (F1,6 = 7.72, P = 0.0098) and of time (F4,24 = 27.29, P , 0.0001) with a significant interaction
(F5,24 = 4.69, P = 0.0052). C) Thermal nociceptive responses after preventive STS in KO and WT female CCI mice. Two-way ANOVAs
for repeated measures revealed a significant effect of genotype (F1,6 = 13.92, P = 0.0009) and of time (F4,24 = 35.68, P , 0.0001) with
no significant interaction (F5,24 = 0.23, P = 0.9169). D–F) Body weight (g) (D), glucose (mg/dl) (E), and ketone level (F)
measurements during normal chow diet (d 0) at different time points after starvation (d 2, 3, and 7) in KO and WT female CCI mice.
Data are expressed as mean 6 SEM. *P significantly different vs. baseline (d 0) and °P significantly different vs. WT.

UNEXPLORED ROLE OF HCAR2 IN NEUROPATHIC PAIN 9

Downloaded from www.fasebj.org by Ospedale Fondazione Centro S Raffaele Biblioteca (192.167.192.170) on August 31, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

CCI (15) and SNI (16) involve damage to the sciatic nerve
and result in mechanical and tactile allodynia, which
started fromd1 andpeaked1wkafter injury.We showed
that the oral administration of DMF, in both acute (single
administration) and chronic (repeated administration)
regimens, induced a partial protection against neuro-
pathic pain symptoms in both neuropathic models.
However, the effectiveness of DMF resulted in signifi-
cantly higher CCI as compared with the SNI model. This
difference could be due, at least in part, to the different
surgical procedures used (28). In fact, although the SNI is a
strong neuropathic pain condition generated by a pe-
ripheral nerve damage leading to the persistent pain sen-
sitivitystill detectable1yr later (29), in theCCIsciaticnerve
damage is associatedwith amore pronounced neurogenic
inflammation–mediated establishment of central sensiti-
zation (30). However, we also observed that antiallodynic
properties of DMF were more pronounced in female
mice as compared with male mice. In fact, whereas the
effective dose of DMFwas 150mg/kg inmalemice, a half
dose (75 mg/kg) significantly reduced tactile allodynia in
female mice. This finding was not surprising because
clinical (31, 32) and preclinical (33–36) evidence strongly
supports that sex differences are known to exist in neu-
ropathic pain disorders. In particular, the involvement
of both innate and adaptive immunity in neuropathic
pain pathophysiology has been indicated based on the

identification of different immune cell–driven allodynia
induction in male and female mice (36).

Despite the pharmacological evidence for the anti-
inflammatory and neuroprotective effects of DMF, its
mechanism of action is still poorly understood. In our
model, the antiallodynic effect exerted by DMF in both
acute and chronic regimens was likely to be mediated by
the HCA2 receptor because the drug lost its efficacy in
HCAR2-deficient mice. To further explore the HCAR2
involvement in neuropathic pain, pathophysiology was
assessed by administering BHB, the putative endogenous
ligand of the HCAR2 (37), to WT and HCAR2-null mice.
Consistently, intraperitoneal injection of BHB reduced
tactile allodynia, and its effect was completely lost in
HCAR2-null mice. These behavioral data suggest a pos-
sible, still unexplored, role of HCAR2 in the mechanisms
underlying the sensorial dysfunctions associated with
peripheral neuropathy. In fact, recent report suggests that
BHB promotes functional recovery and relieves pain hy-
persensitivity in mice models of spinal cord injury (38).
However, this study did not include the HCAR2 either as
target of the BHB or as a possible player in the patho-
physiology of the spinal cord injury–induced abnormal
pain. Here we show that chronic constriction injury of the
sciatic nerve induces a significant overexpression of the
HCAR2 in both sciatic nerve and dorsal root ganglia. We
found that the up-regulation of the HCAR2 in the sciatic

Figure 6. Mechanical withdrawal threshold, thermal nociceptive responses, body weight, glycemia, and ketosis after STS in
mutant (HCAR22/2) and WT (HCAR2+/+) CCI female mice. A) Experimental design of STS administration, induction of
neuropathic pain (CCI), and allodynia measurements in female mice. B) Genotype-related differences in the allodynia
development after preventive STS (48 h) between KO and WT female CCI mice. Two-way ANOVAs for repeated measures
revealed a significant effect of genotype (F1,6 = 7.72, P = 0.0098) and of time (F4,24 = 27.29, P , 0.0001) with a significant interaction
(F5,24 = 4.69, P = 0.0052). C) Thermal nociceptive responses after preventive STS in KO and WT female CCI mice. Two-way ANOVAs
for repeated measures revealed a significant effect of genotype (F1,6 = 13.92, P = 0.0009) and of time (F4,24 = 35.68, P , 0.0001) with
no significant interaction (F5,24 = 0.23, P = 0.9169). D–F) Body weight (g) (D), glucose (mg/dl) (E), and ketone level (F)
measurements during normal chow diet (d 0) at different time points after starvation (d 2, 3, and 7) in KO and WT female CCI mice.
Data are expressed as mean 6 SEM. *P significantly different vs. baseline (d 0) and °P significantly different vs. WT.

UNEXPLORED ROLE OF HCAR2 IN NEUROPATHIC PAIN 9

Downloaded from www.fasebj.org by Ospedale Fondazione Centro S Raffaele Biblioteca (192.167.192.170) on August 31, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

nerve occurs mainly in cells positive for S100 and CD68,
selectivemarkers for the Schwann cells, andmacrophages,
respectively. Accordingly, recent data demonstrated that
Schwann cells mediate the neuroinflammation that sus-
tains macrophage-dependent recruitment at the site of
injury in a neuropathic pain model in mice through the
involvement of TRPA1 channel (39), suggesting a key role

of non-neuronal cells in driving the synaptic plasticity
associated with neuropathic pain. Intriguingly, we found
HCAR2 up-regulation in the DRGs in both neurons and
satellite glial cells. Despite the prevalence of HCAR2 in
peripheral immune cells and adipocytes, we found very
high expression of this receptor in the neuronal nuclei of
the DRGs. Evidence for a possible neuronal HCAR2

Figure 7. A, B) Representative images of double immunofluorescence staining of HCAR2 and S-100 (a specific marker for
detecting Schwann cells) in mouse sciatic nerve (A) and triple immunofluorescence staining of HCAR2, NeuN (a specific marker
for neuronal cells), and GS (a specific marker for satellite glial cells) in DRGs (B) from C57BL/6 mice. C) HCAR2 staining in the
sciatic nerve trunk from HCAR2/2 mice. D) Representative images and pooled data of HCAR2 staining in the injured nerve trunk
and percentage of HCAR2+ neurons in DRGs in sham and CCI mice. E) Triple immunofluorescence staining of S100, HCAR2,
and CD68 (a specific marker for macrophages) in the injured nerve trunk in CCI mice. Scale bars, 100 mm.
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Frankincense-Myrrh treatment alleviates neuropathic pain via the 
inhibition of neuroglia activation mediated by the TLR4/MyD88 pathway 
and TRPV1 signaling 

Yucheng Liao a,b,1, Chao Guo a,1, Aidong Wen a,1, Min Bai a,1, Zheng Ran b, Junping Hu b, 
Jingwen Wang a,*, Jianhua Yang b,c,**, Yi Ding a,* 

a Department of Pharmacy, Xijing Hospital, Fourth Military Medical University, Xi’an, China 
b School of Pharmacy, Xinjiang Medical University, Urumqi, China 
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A R T I C L E  I N F O   

Keywords: 
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TLR4/MyD88 pathway 
TRPV1 signaling 

A B S T R A C T   

Background: Neuroglia are important modulators of neuronal functionality, and thus play an integral role in the 
pathogenesis and treatment of neuropathic pain (NP). According to traditional Chinese medicine, Frankincense- 
Myrrh is capable of "activating blood and dissipating blood stasis", and as such these two biological compounds 
are commonly used to treat NP, however, the mechanisms underlying the efficacy of such treatment are unclear. 
Purpose: This study aimed to further elucidate the protective effects associated with the Frankincense-Myrrh 
treatment of NP. 
Methods: A chronic sciatic nerve compression injury (CCI) model of NP was established, after which animals were 
gavaged with Frankincense, Myrrh, Frankincense-Myrrh, or the positive control drug pregabalin for 14 days. 
Network pharmacology approaches were used to identify putative pathways and targets associated with the 
Frankincense-Myrrh-mediated treatment of NP, after which these targets were subjected to in-depth analyses. 
The impact of TLR4 blockade on NP pathogenesis was assessed by intrathecally administering a TLR4 antagonist 
(LRU) or the MyD88 homodimerization inhibitory peptide (MIP). 
Results: Significant alleviation of thermal and mechanical hypersensitivity in response to Frankincense and Myrrh 
treatment was observed in NP model mice, while network pharmacology analyses suggested that the patho-
genesis of NP may be related to TLR4/MyD88-mediated neuroinflammation. Consistently, Frankincense-Myrrh 
treatment was found to reduce TLR4, MyD88, and p-p65 expression in spinal dorsal horn neuroglia from 
treated animals, in addition to inhibiting neuronal TRPV1 and inflammatory factor expression. Intrathecal LRU 
and MIP delivery were sufficient to alleviate thermal and mechanical hyperalgesia in these CCI model mice, with 
concomitant reductions in neuronal TRPV1 expression and neuroglial activation in the spinal dorsal horn. 
Conclusion: These data suggest that Frankincense-Myrrh treatment was sufficient to alleviate NP in part via 
inhibiting TLR4/MyD88 pathway and TRPV1 signaling activity. Blocking TLR4 and MyD88 activation may thus 
hold value as a means of treating NP.   

Abbreviation: CCI, chronic constriction injury; CREB, cAMP-response element binding protein; c-Fos, proto-oncogene c-Fos; ELISA, enzyme-linked immuno 
sorbent assay; ERK, extracellular signal-regulated kinase; Iba-1, ionized calcium binding adapter-1; IL-6, interleukin-6; IL-1β, interleukin-1 beta; KEGG, kyoto 
encyclopedia of genes and genomes; MyD88, myeloid differentiation Factor 88; NP, neuropathic pain; NF-κB, nuclear transcription factor-kappa B; PWL, paw 
withdrawal latency; PWT, paw withdrawal threshold; POD, postoperative days; PPI, protein-protein interaction; p-P65, phosphorylated P65; TCM, traditional 
Chinese medicine; TLR4, toll-like receptor 4; TRPV1, transient receptor potential vanilloid 1; TNF-α, tumor necrosis factor-α. 
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including the HIF-1, TNF, TLR, and NF-kB signaling pathways. These 
analyses further identified Frankincense-derived acetyl-11-keto-beta--
boswellic acid, alpha-boswellic acid, and D-limonene as well as 
Myrrh-derived cinnamic acid, eugenol, and curzerenone as potential 
bioactive components of NP. Consistently, previous reports have high-
lighted the protective benefits of acetyl-11-keto-beta-boswellic acid, 
alpha-boswellic acid, and D-limonene in the context of NP (Araujo-Filho 
et al., 2020; Araujo-Filho et al., 2017; Caterino et al., 2021), with similar 
therapeutic efficacy also having been ascribed to cinnamic acid, eugenol, 
and curzerenone (Basu et al., 2021; Chae et al., 2019; Yeon et al., 2011). 
These compounds can pass through the blood-brain barrier, and may thus 
be key bioactive components of Frankincense-Myrrh preparations that 
can aid in the alleviation of NP. 

TLR4 was identified as a potentially relevant target associated with 
Frankincense-Myrrh treatment in these network pharmacology ana-
lyses. As a well-characterized innate immune pattern recognition re-
ceptor (Knoops et al., 2018; Paudel et al., 2020; Piao et al., 2018), the 
single transmembrane domain-containing TLR4 receptor plays a central 
role in coordinating inflammation and immune responses. Within the 
CNS, TLR4 is primarily expressed by neuroglialand serves as a trigger for 
activation associated with inflammation (Iannotta et al., 2021; Navia--
Pelaez et al., 2021). TLR4 thus represents an ideal target for efforts to 
regulate neuroinflammatory activity within the CNS. The upregulation 
of TLR4 can contribute to the enhanced activation of the NF-κB signaling 
pathway and the increased production of inflammatory mediators 
including IL-6, TNF-α, and IL-1β, thereby triggering disseminated 
inflammation (Kuang et al., 2012). This inflammation, in turn, can 
contribute to neuronal damage and TRPV1 upregulation, underscoring 
the potential utility of regulating the activity of TRPV1 as a means of 
combatting NP and associated inflammatory responses (Gao et al., 2016; 
Huang et al., 2020; Luo et al., 2018). Activation of TRPV1 can initiate a 
series of downstream signal transduction pathways, including extracel-
lular signal-regulated kinase (ERK), cAMP-response element binding 
protein (CREB), and c-Fos signaling. These downstream signaling 

molecules are closely related to pain sensitivity (Old and Malcangio, 
2012). These discoveries have led to the emergence of TRPV1 as a target 
for analgesia through the depletion of nociceptors through high-dose 
agonist treatment or through the pharmacological inhibition of the 
TRPV1 receptor. TRPV1 is not the only receptor capable of interacting 
with TLR4, and TLR4 signaling can proceed through both 
MyD88-independent and MyD88-dependent pathways. To that end, 
TLR4 and MyD88 were both individually inhibited via intrathecal in-
jection in an effort to clarify their relative contributions to the patho-
genesis and treatment of NP in this model system. The administration of 
either LRU or MIP was sufficient to protect against the onset of me-
chanical allodynia and thermal hyperalgesia in CCI model mice, while 
treatment with these compounds following initial NP onset reversed 
suppressed pain-related behaviors with long-lasting efficacy. In line with 
these changes in pain-related behaviors, the blockade of TLR4 or MyD88 
signaling additionally reduced neuroglial activation and TRPV1 
expression within the spinal dorsal horn in these NP model mice. These 
data thus suggest that TLR4/MyD88 pathway activation in the spinal 
dorsal horn contributes to the mechanical and thermal hypersensitivity 
that develops in NP model mice. 

Owing to the expression of many different cell surface receptors and 
other molecules on neuroglia, they can engage in bidirectional in-
teractions with neurons and other components of the central nervous 
system (Takata-Tsuji et al., 2021; Tsuda, 2018). Indeed, large volumes of 
information are transferred between neuroglia and neurons (Salvany 
et al., 2021; Soares et al., 2022), and many studies have explored the 
functional interactions between these cell types (Ronzano et al., 2021; 
Tozaki-Saitoh and Tsuda, 2019; Wei et al., 2022; Yu et al., 2019). In the 
present analysis, CCI model mice exhibited significantly increased 
TNF-α, IL-6, and IL-1β secretion within the spinal cord with concomitant 
neuroglial infiltration of the neuronal tissue. Treatment with 
Frankincense-Myrrh was sufficient to inhibit neuroglial infiltration and 
inflammatory cytokine release, as evidenced by decreased secretion of 
pro-inflammatory factors (IL-6, IL-1β, TNF-α) and increased secretion of 

Fig. 9. Schematic diagram of the treatment effect of Frankincense-Myrrh alleviates neuropathic pain via the inhibition of neuroglial activation mediated by the 
TLR4/MyD88 pathway and TRPV1 signaling. 
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Allosteric Activation of 15-Lipoxygenase-1 by Boswellic Acid
Induces the Lipid Mediator Class Switch to Promote
Resolution of Inflammation

Friedemann Börner, Simona Pace, Paul M. Jordan, Jana Gerstmeier, Mario Gomez,
Antonietta Rossi, Nathaniel C. Gilbert, Marcia E. Newcomer, and Oliver Werz*

Specialized pro-resolving mediators (SPM), primarily produced in innate
immune cells, exert crucial bioactions for resolving inflammation. Among
various lipoxygenases (LOX), 15-LOX-1 is key for SPM biosynthesis, but
cellular activation principles of 15-LOX-1 are unexplored. It was shown that
3-O-acetyl-11-keto-𝜷𝜷-boswellic acid (AKBA) shifts 5-LOX regiospecificity from
5- to 12-lipoxygenation products. Here, it is demonstrated that AKBA
additionally activates cellular 15-LOX-1 via an allosteric site accomplishing
robust SPM formation in innate immune cells, particularly in
M2 macrophages. Compared to ionophore, AKBA-induced LOX activation is
Ca2+- and phosphorylation-independent, with modest induction of 5-LOX
products. AKBA docks into a groove between the catalytic and regulatory
domains of 15-LOX-1 interacting with R98; replacement of R98 by alanine
abolishes AKBA-induced 15-LOX product formation in HEK293 cells. In
zymosan-induced murine peritonitis, AKBA strikingly elevates SPM levels and
promotes inflammation resolution. Together, targeted allosteric modulation of
LOX activities governs SPM formation and offers new concepts for
inflammation resolution pharmacotherapy.
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1. Introduction

The acute inflammatory response is cru-
cial for host defense to protect the body
from invadingmicrobes or physical injuries
and is pivotal for tissue repair and re-
turn to homeostasis.[1] Natural physiologi-
cal control of inflammation, especially ef-
fective resolution programs, are therefore
essential to avoid the progression to ex-
cessive inflammatory disease states.[2] Var-
ious environmental and lifestyle factors
can promote chronic systemic inflamma-
tion, contributing to widespread diseases
including obesity, atherosclerosis, type 2 di-
abetes, autoimmune, and neurodegenera-
tive ailments, which are the leading causes
of disability and mortality in the devel-
oped world.[2,3] Accordingly, therapeutically
targeting inflammation by inhibition of
the inflammatory mediators and concomi-
tant alteration of signaling is of great in-
terest. However, inflammatory mediators

contribute to many biological processes, including the function-
ing of the nervous system, tissue homeostasis, metabolism, and
thermogenesis,[4] as well as resolution of inflammation and tis-
sue restoration.[5] Classic inhibitors that block the production of
pro-inflammatory mediators can simultaneously impair the res-
olution phase of inflammation by inhibiting the enzymes com-
mon to both biosynthetic pathways in the production of pro- and
anti-inflammatory lipid mediators (LMs).[2]

LMs are produced from polyunsaturated fatty acids (PUFAs),
such as arachidonic acid (AA, 20:4, 𝜔𝜔-6), eicosapentaenoic acid
(EPA, 20:5, 𝜔𝜔-3), and docosahexaenoic acid (DHA, 22:6, 𝜔𝜔-3) pri-
marily by cyclooxygenases (COX) and lipoxygenases (LOX) in
complex interconnected biosynthetic networks (Figure 1A), and
crucially contribute to the onset and progression of inflamma-
tion and its resolution.[5b,6] While COX-derived prostaglandins
(PGs) and 5-LOX-derived leukotrienes (LTs) are produced from
AA and foster inflammation,[6b] the specialized pro-resolvingme-
diators (SPMs) are generated mainly from EPA and DHA, and
to a lesser extent from AA, possessing inflammation-resolving
activities[5b,6a,7] (Figure 1A). SPMs encompasses lipoxins (LX), re-
solvins (RV), protectins (PD), and maresins (MaR) which pos-
sess a huge potential as a new direction for therapy of diseases
with an unresolved inflammatory component: they promote
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Figure 1. Modulation of lipidmediator profiles in activated 5-LOX-expressing immune cells by AKBA. A) Simplified biosynthetic scheme of lipidmediator
(LM) formation from PUFAs involving COX and LOX enzymes and modulation by AKBA. B) Human monocytes, M1-MDMs, and M2-MDMs were
stimulated with E. coli (O6:K2:H1; ratio 1:50) for 90 min at 37 °C. Formed LM were isolated from the supernatants by SPE and analyzed by UPLC-
MS-MS and shown as means in a radar plot, n = 3–4. C–H) Human PMNL, monocytes, M1-MDMs, and M2-MDMs were preincubated with 10 µm
AKBA or vehicle (0.1% DMSO) for 15 min before stimulation with E. coli (O6:K2:H1; ratio 1:50) for 90 min at 37 °C. Formed LM were isolated from
the supernatants by SPE and analyzed by UPLC-MS-MS. C) Heatmap showing the fold changes in LM formation for AKBA- versus vehicle-pretreated
cells stimulated with E. coli, n = 3 – 4. D–G) Data are given as pg/106 cells n = 3 – 4 separate donors, each. D) PMNL, E) monocytes, F) M1-MDMs,
and G) M2-MDMs; bdata where values were below the detection limit (LOD, ≤3 pg/106 cells) are indicated “below LOD.” Statistical analysis was done
by ratio-paired Student’s t-test, *p < 0.05, AKBA versus vehicle control. 15-LOX products include 17-HDHA, 15-HETE, and 15-HEPE; 12-LOX products
include 14-HDHA, 12-HETE, and 12-HEPE; SPM include PD1, PDX, RvD2, RvD5, and MaR1; 5-LOX products include t-LTB4, LTB4, 5-HETE, and 5-HEPE;
COX products include PGE2, PGD2, TXB2, and PGF2𝛼𝛼 , and PUFA include AA, EPA, and DHA. H) The ratio of pro-resolving LM (sum of 15-LOX products,
12-LOX-products, and SPMs) against pro-inflammatory LM (sum of 5-LOX and COX-products) were shown in scatter dot plots for each distinct cell
type. Statistical analysis was done by paired Student’s t-test, *p < 0.05, AKBA versus vehicle control.

Adv. Sci. 2023, 10, 2205604 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2205604 (2 of 14)



Del presente documento è severamente vietata ogni abusiva duplicazione, riproduzione, trasmissione o diffusione in pubblico, ai sensi della Legge n. 633/1941 e dell’Art. 25-novies, D.Lgs. n. 231/2001 #ForumRisk18

Acmella Olaracea

Journal of Nutrition & Food Sciences
Research Article

1J Nutr Food Sci, Vol. 9 Iss. 5 No: 766

OPEN ACCESS Freely available online

Jo
ur

na
l o

f N

utrition & Food Sciences

ISSN: 2155-9600
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ABSTRACT

Background: Anti-inflammatory and analgesic properties are displayed by several natural products, in particular 
Acmella oleracea and Zingiber officinale. Literature data suggests that both botanical extracts can be useful as 
inflammation/pain modulators, so technological efforts have been made to associate them together in a unique 
delivery new food-grade formulation, Mitidol, with the purpose of improving their beneficial effects. 

Objective: The aim of the present work was to assess if Mitidol and its active ingredients are able to modulate the 
endocannabinoid 2 receptor system, one of the major systems responsible for positive effects of Cannabis treatment. 
Cannabinoid 2 receptor represents an attractive pharmacological target in obtaining an anti-inflammatory/analgesic 
effect with low central nervous system side-effects. 

Methods: The new food-grade Phytosome, together with all the botanical ingredients and active compounds, were 
tested in a cell-based assay in human recombinant Cannabinoid 2 Receptor cells, in order to evaluate a possible 
agonist effect on those receptors, and in a Fatty Acid Amide Hydrolase Inhibition Activity assay, to evaluate potential 
inhibition of that hydrolase, which is responsible for degradation of the endogenous cannabinoid anandamide. 

Results: Zingiber officinale showed potent activity in Fatty Acid Amide Hydrolase Inhibition Activity assay, being 
about six fold more effective than the flavonoid Kaempferol. Acmella oleracea proved to be highly active in Fatty Acid 
Amide Hydrolase inhibition and Cannabinoid 2 activation. 

Conclusion: Our data suggest a strong rationale for the use of Mitidol as a natural adjuvant in pain management.

Keywords: Mitidol; Phytosome; FAAH; CB2 receptors; Pain; Inflammation; Acmella oleracea; Zingiber officinale 

INTRODUCTION

Plant extracts were extensively used in medicine for several 
centuries to treat a variety of human discomforts, including pain 
and inflammation [1]. Both Zingiber officinale [2] and Acmella 
oleracea [3] are botanical extracts of well-known anti-inflammatory 
and analgesic actions, involving several pathways, enzymes and 
receptors. 

Gingerols and Shogaols, the major active principles of Zingiber 
officinale, inhibit crucial enzymes related to inflammation processes, 
including cyclo-oxygenase COX-2, prostaglandin synthetase, nitric 
oxide synthase iNOS and 5-lipoxygenase [4-6]. Gingerols are also 

potent agonists to the vanilloid receptor (TRPV1), a receptor 
involved in nociceptive pathways [7]. A significant reduction of 
allodynia and thermal hyperalgesia after intrathecal administration 
of [6]-gingerol in a peripheral neuropathic pain model in rats was 
described [8].

Regarding Acmella oleracea extract, the phytochemical profile is 
characterized by alkylamides, mainly represented by Spilanthol 
[9]. Acmella extract displayed down-regulating effects of 
lipopolysaccharide-induced inflammatory mediators, in particular 
COX-2, iNOS and proinflammatory cytokines, in an in vitro 
murine macrophage model [10]. Furthermore, antiallodynic and 
anti-oedematogenic activities in a carrageenan mouse model of 
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Table 2: Inhibitory potency (IC
50

) on FAAH inhibition assay.

Sample IC50 (95% CI)

Natural extracts Ppm

Acmella oleracea 28.55 (19.68-40.09)

Zingiber officinalis 10.33 (7.08-12.72)

Active principle µM

6-Shogaol 21.2 (19.0-24.4)

Standards µM

Kaempferol 60.99 (37.36-85.74)

JZL-195
(positive control)

0.044 (0.020-0.093)

Data are expressed as Mean IC50, with Confidential Interval (CI)

 

Figure 3: Dose response curves on the inhibitory potency on FAAH inhibition assay.

Mitidol, Acmella oleracea and Spilanthol showed an effect on human 
CB2 assay with EC50 values in the micromolar or µg/mL range. 
The effect of Mitidol and Acmella oleracea was not observed on the 
respective Mock cell line and appeared to be CB2 receptor-specific.

On the contrary, Spilanthol and Piper Nigrum were active in both 
human CB2 cells and Mock cells, suggesting an unspecific effect.

Zingiber officinale and 6-Gingerol showed no effects on that 
assay, as well as Myrrh dry extract and PEA, up to the maximal 
concentration tested (50 µg/ml). A positive effect was expected at 
least for PEA, which is reported to interact with other pathways/
mechanisms, like for example peroxisome proliferator-activated 
receptor PPAR [27].

DISCUSSION 

Given current interest in the use of natural products with analgesic 
and anti-inflammatory properties, the present study was designed 
to explore the possible mechanism of action of the new food-grade 
formulation of two highly standardized botanical extracts, Zingiber 
officinale and Acmella oleracea, in preclinical endocannabinoid 
receptor models. The results, obtained in a panel of two in vitro 
assays, indicated an interesting effect of Mitidol on both FAAH 
inhibition and CB2 receptor agonism, partially explaining its oral 
use as a natural adjuvant in pain management. 

It is well known that FAAH enzymes exist both in plants and 
animals. In plants FAAH inhibition induced stimulation of root 
growth [28], while in animals FAAH inhibition blocked the 
breakdown of the endogenous cannabinoid anandamide, with 
consequent prolonged cannabinoid receptor stimulation [29]. 
Therefore, the FAAH inhibition is considered as potential target for 
cannabinoid system modulation [30].  Several natural substances 
like N-isobutyl amides, particularly those from Echinacea spp, [31] 
have been studied both as activators of CB2 receptors and FAAH 
inhibitors [32,33].

N-isobutyl amides are also contained in Acmella oleracea, one of the 
extracts present in Mitidol. This paper reports for the first time that 
Acmella oleracea CO

2
 extract was able to inhibit FAAH with an IC

50
 

of 28 ppm, and is also active in CB2 cell-based assay (EC
50

 12 µg/
ml), confirming its modulatory activity on the endocannabinoid 
system, both in an indirect (via FAAH inhibition) and direct 
(CB2 agonism) way. The involvement of the CB2 system in the 
effect of Acmella oleracea is especially intriguing, because CB2 
receptor-mediated analgesic effects appeared mainly peripheral and 
devoid of the undesired CB1 receptors-related central effects [34]. 
Furthermore, recent evidence also suggested a CB2 protective role 
in neuroinflammation, in reducing proinflammatory factors and 
increasing anti-inflammatory cytokines [18].

Zingiber officinale extract did not directly activate the CB2 receptor, 
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Sample Human CB2 cells Mock cells

EC50 Dose response curves EC50 Dose response curves

Acmella oleracea 12  µg/ml N.E.

Spilanthol 3.66 µM 30.1 µM

Zingiber officinalis N.E. N.E.

6-Gingerol N.E. N.E.

Mitidol 44.4  µg/ml N.E.

HU210 1.35 nM N.E.

Table 3: Potency (EC
50

) on human CB2 cell based assay.
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L E T T E R T O T H E E D I T O R

Synergistic effects of Boswellia serrata and Acmella oleracea
extract combination for treating neuropathic pain in a
preclinical model of spared nerve injury

Dear Editor in Chief,

We would like to submit a Letter detailing our recent findings on the

pharmacological effect of a combination of Boswellia serrata and

Acmella oleracea (code 9100135 dry extract 25% triterpenic acids for

the Boswellia serrata and code 1136/45/A dry extract 3% alcylamides

for the Acmella oleracea) extracts in a mouse model of spared nerve

injury-induced neuropathic pain. The spared nerve injury was induced

as previously described by our group and others (Boccella, Cristiano,

et al., 2019). Our study aimed to assess the potential synergistic

effects of these extracts at different dosages and evaluate their antial-

lodynic efficacy in a peripheral neuropathic pain model. Neuropathic

pain is a debilitating condition resulting from damage or dysfunction

of the nervous system (Guida et al., 2020). The tactile allodynia,

defined as a painful sensation perceived following an innocuous stim-

ulus, is the major symptom that limit the quality of life of patients suf-

fering from neuropathic pain. Current pharmacological interventions

often provide limited relief and are associated with undesirable side

effects. Because of their analgesic qualities and excellent safety pro-

files, natural compounds have drawn interest as viable add on to phar-

maceuticals for the treatment of neuropathic pain.

For millennia, folk medicine has made use of the plant Boswellia

serrata. Among consumers, it has grown in popularity as a treatment

for a variety of chronic inflammatory disorders, including inflammatory

bowel disease, asthma, arthritis, particularly osteoarthritis and pain.

Boswellia serrata contains monoterpenes, diterpenes, triterpenes, tet-

racyclic triterpene acids, and pentacyclic triterpene acids, called bos-

wellic acids (BAs)(Riva et al., 2017).

Acmella oleracea (L.) is the most common cultured species of the

Acmella genus belonging to the Asteraceae family. It is native to South

America and has been used all over the world for several purposes

including pain management (Spinozzi et al., 2022). This plant contains

a wide array of secondary metabolites, the N-alkylamides, including

spilanthol, being mainly responsible for its biological and pharmaco-

logical properties. Intriguingly, recent report showed that the alkyla-

mides contained in the plant could also act through cannabinoid and

TRPV1 receptors (Yien et al., 2022).

To our knowledge, there are no data in the literature showing a

potential synergistic effect of these two natural compounds.

We have used the up and down method of the von Frey filament

test (Boccella, Guida, et al., 2019) to assess the allodynia. The analge-

sic activity of each substance was calculated as the percentage

inhibition of maximal possible effect (%MPE) and a dose–response

curve, through a non-linear regression analysis, was constructed to

determine the dose that produced 50% of the MPE (ED50)

(Tallarida, 2000). Finally, an isobolographic analysis was performed,

combining the ED50 values ​​of each substance, to obtain the line of

additivity, as previously described (Miranda et al., 2006;

Tallarida, 2000). As a first study we have used the male mice in order

to avoid, at this stage, the estrous effect on pain detection. Further

study in different models of pain will include female mice.

Briefly, C57BL/6J male mice (18–20 g, Envigo) were used and

each animal was subjected to the Von Frey test the day before the

induction of neuropathy (basal threshold). For acute therapeutic pro-

tocol, mechanical allodynia was repeated 7 days after the surgery,

before and after the intra-peritoneal administration of the single sub-

stances or their combinations. The paw withdrawal response (PWT)

was monitored in each group of animals, at different time intervals, up

to 300 min (5 h) post-dosing, as shown in Figure 1a. For chronic ther-

apeutic regimen, drug combination was daily administered for 25 days

starting from the day after the surgery and mechanical allodynia was

weekly monitored up to 30 days post-SNI (Figure 2a).

SNI mice were treated with a single administration of increasing

doses of Acmella oleracea (AO: 10, 30, 100 e 300 mg/kg, i.p.) or Bos-

wellia serrata (BS: 12.5, 25, 50, and 100 mg/kg, i.p.) at day 7 post-SNI.

The treatment groups were compared with the respective vehicle.

The vehicle per se did not exert any significant changes.

Single administration of AO induced a significant reduction of

mechanical allodynia at highest doses in SNI mice, as compared with

the vehicle-treated group (AO at 100 and 300 mg/kg were 0.72

± 0.16 g (p = 0.04) and 0.84 ± 0.23 (p = 0.049), respectively, 60 min

post-administration, Figure 1b). The corresponding %MPE were

34.25 ± 8.32% and 36.6 ± 11.57%, respectively (Figure 1c). On the

contrary, lowest doses of AO (10 and 30 mg/kg) showed a trend of

increasing mechanical threshold to 0.23 ± 0.09 g (p = 0.84) and 0.44

± 0.1 g (p = 0.84), respectively, in SNI mice (Figure 1b). The effective

dose value that produced 50% reduction of mechanical allodynia was

ED50: 29.37 mg/kg (slope factor = 1.43) with a corresponding 95%

confidence interval of (12.04–60.65), as shown in Figure 1d.

In BS-treated animals, an important reduction of mechanical allo-

dynia was observed at doses of 25 (0.86 ± 0.28 g, p < 0.05), 50 (1.0

± 0.20 g, p = 0.01) and 100 mg/kg (0.6 ± 0.1 g, p = 0.009), with the

maximum effect at 60 min after treatment (Figure 1e). The
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corresponding %MPE induced by BS (25, 50 and 100 mg/kg), were

34.8 ± 13.5%, 48.1 ± 10.7% and 28.6 ± 5.46%, respectively

(Figure 1f). In contrast, the 12.5 mg/kg dose induced no changes in

mechanical threshold (0.13 ± 0.05 g, p = 0.79) (Figure 1e). The effec-

tive dose value that produced 50% reduction in mechanical allodynia

was ED50: 17.75 mg/kg (slope factor = 5.25) with a corresponding

95% confidence interval of (12.79–24.64), as shown in Figure 1g.

Considering the analgesic effect following the single administration of

BS or AO, the possible synergism of the co-administration of the dou-

ble combination containing a fixed proportion of each substance (1:1),

was determined (Figure 2b). The isobolographic analysis via non-linear

regression showed that the co-administration of effective doses of

AO+BS resulted in a super-additive interaction ratio, as a significant

difference between Zadd and Zexp for each combination was

revealed by Student's t-test (for unpaired data). In particular, the AO

+BS combination had a Zexp of 13.91mg/kg and a Zadd of 23.55

mg/kg (p < 0.05), with an interaction index equal to 0.59 (I.I)

(Figure 2c). Our results revealed for the first time that combination of

BS and AO extracts exerts a significant synergistic action in reducing

neuropathic pain symptoms in both acute and chronic regimen

(Figure 2). The data clearly showed a significant anti-allodynic effect

of chronic administration of AO+BA starting from day seven up to

3 weeks post-administration, compared with vehicle-treated group. In

fact, the mechanical threshold 1 week after the beginning of treat-

ment was 1.28 ± 0.19 (p = 0.018) (Figure 2d), with an inhibition per-

centage of the maximum possible effect (%MPE) of 62.9±9.9%

compared to vehicle-treated group (0.51 ± 0.05) (Figure 2e)

These findings contribute to the understanding of potential treat-

ment options for neuropathic pain management. The combination of

Boswellia serrata and Acmella oleracea extracts demonstrated a syner-

gistic effect, suggesting a potential novel approach for enhancing the

analgesic effect of these natural products. Additionally, our study pro-

vides insights into the differential effects of the combination therapy

in acute and chronic administration regimens, highlighting the impor-

tance of considering the timing of treatment. However, we acknowl-

edge the need for further investigations to elucidate the precise

mechanisms underlying this synergistic effect and to optimize dosing

regimens for maximum efficacy and safety.

F IGURE 1 (a) Timeline of the experimental protocol of acute treatment with Acmella oleracea and Boswella serrata, outlining the periods of
spared nerve injury (SNI) surgery, animal behavior testing and drug administration. (b) Mechanical nociceptive threshold of the ipsilateral paw to
the lesion (expressed as applied force in grams), after the single injection of different doses of vehicle or of Acmella oleracea. (c) Percentage of the

maximum possible anti-allodynic effect (%MPE) on the mechanical nociceptive threshold of the ipsilateral paw to the lesion, after single
administration of different doses of vehicle or Acmella oleracea, 60 min post-administration. (d) Dose–response curve and ED50 value for Acmella
oleracea administration at increasing doses. (e) Mechanical nociceptive threshold of the ipsilateral paw to the lesion (expressed as applied force in
grams), after the single injection of different doses of vehicle or of Boswella serrata. (f) Percentage of the maximum possible anti-allodynic effect
(%MPE) on the mechanical nociceptive threshold of the ipsilateral paw to the lesion, after single administration of different doses of vehicle or
Boswella serrata, 60 min post-administration. (g) Dose–response curve and ED50 value for Boswella serrata administration at increasing doses.
Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ****p < 0.0001 indicate significant differences versus vehicle-treated SNI mice
(n = 7–8 per group).
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Because of the well-known safety profile of both plants, this let-

ter paves the way to investigate the antiallodynic properties of this

fixed combination also in patients.
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F IGURE 2 (a) Timeline of the experimental protocol of chronic treatment with Acmella oleracea and Boswella serrata combination, outlining
the periods of spared nerve injury (SNI) surgery, animal behavior testing and drug administration. (b) Mechanical nociceptive threshold of the
ipsilateral paw to the lesion (expressed as applied force in grams), after single administration of vehicle or AO + BS at increasing doses.
(c) Isobolographic representation of the interaction between the AO + BS combination. Empty circles indicate Zexp and full circles indicate Zadd.
Horizontal and vertical bars indicate standard errors of the mean (SEM). (d) Mechanical nociceptive threshold of the ipsilateral paw to the lesion
(expressed as applied force in grams), after repeated administrations of vehicle or AO + BS (29.37 + 17.75 mg/kg). (e) Percentage of the
maximum possible anti-allodynic effect (%MPE) on the mechanical nociceptive threshold of the ipsilateral paw to the lesion, after repeated
administrations of single dose of AO + BS (29.37 + 17.75 mg/kg), 60 min post-administration. Data are expressed as mean ± SEM. *p < 0.05,
**p < 0.01, and ****p < 0.0001 indicate significant differences versus vehicle-treated SNI mice. �p < 0.05 indicate significant differences vs pre-
SNI basal values (n = 7–8 per group).
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Del presente documento è severamente vietata ogni abusiva duplicazione, riproduzione, trasmissione o diffusione in pubblico, ai sensi della Legge n. 633/1941 e dell’Art. 25-novies, D.Lgs. n. 231/2001 #ForumRisk18

Conclusioni

• I farmaci cosiddetti adiuvanti spesso rappresentano farmaci 
di prima scelta nel trattamento di alcune forme di dolore 
resistente alle terapie convenzionali

• Alcuni nuovi integratori o »functional food» possono 
rappresentare dei validi strumenti come add on alle terapie 
convenzionali nel trattamento di alcune forme di dolore 



Delitti in materia di violazione del diritto d’autore (Art. 25-novies, D.Lgs. n. 231/2001) [articolo aggiunto dalla L. n. 99/2009] 

•	 Messa a disposizione del pubblico, in un sistema di reti telematiche, mediante connessioni di qualsiasi genere, di un’opera dell’ingegno 
protetta, o di parte di essa (art. 171, legge n.633/1941 comma 1 lett. a) bis)

•	 Reati di cui al punto precedente commessi su opere altrui non destinate alla pubblicazione qualora ne risulti offeso l’onore o la 
reputazione (art. 171, legge n.633/1941 comma 3)

•	 Abusiva duplicazione, per trarne profitto, di programmi per elaboratore; importazione, distribuzione, vendita o detenzione a scopo 
commerciale o imprenditoriale o concessione in locazione di programmi contenuti in supporti non contrassegnati dalla SIAE; 
predisposizione di mezzi per rimuovere o eludere i dispositivi di protezione di programmi per elaboratori (art. 171-bis legge n.633/1941 
comma 1)

•	 Riproduzione, trasferimento su altro supporto, distribuzione, comunicazione, presentazione o dimostrazione in pubblico, del contenuto 
di una banca dati; estrazione o reimpiego della banca dati; distribuzione, vendita o concessione in locazione di banche di dati (art. 
171-bis legge n.633/1941 comma 2)

•	 Abusiva duplicazione, riproduzione, trasmissione o diffusione in pubblico con qualsiasi procedimento, in tutto o in parte, di opere 
dell’ingegno destinate al circuito televisivo, cinematografico, della vendita o del noleggio di dischi, nastri o supporti analoghi o ogni 
altro supporto contenente fonogrammi o videogrammi di opere musicali, cinematografiche o audiovisive assimilate o sequenze di 
immagini in movimento; opere letterarie, drammatiche, scientifiche o didattiche, musicali o drammatico musicali, multimediali, anche 
se inserite in opere collettive o composite o banche dati; riproduzione, duplicazione, trasmissione o diffusione abusiva, vendita o 
commercio, cessione a qualsiasi titolo o importazione abusiva di oltre cinquanta copie o esemplari di opere tutelate dal diritto d’autore 
e da diritti connessi; immissione in un sistema di reti telematiche, mediante connessioni di qualsiasi genere, di un’opera dell’ingegno 
protetta dal diritto d’autore, o parte di essa (art. 171-ter legge n.633/1941)

•	 Mancata comunicazione alla SIAE dei dati di identificazione dei supporti non soggetti al contrassegno o falsa dichiarazione (art. 
171-septies legge n.633/1941)

•	 Fraudolenta produzione, vendita, importazione, promozione, installazione, modifica, utilizzo per uso pubblico e privato di apparati 
o parti di apparati atti alla decodificazione di trasmissioni audiovisive ad accesso condizionato effettuate via etere, via satellite, via 
cavo, in forma sia analogica sia digitale (art. 171-octies legge n.633/1941).
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