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Schematic Representation of the Key Processes
Thought to Underlie Chronic Pain States

(A) Changes in brain function: a network of cortical and
subcortical areas is involved in processing nociceptive
signals and the sensation of pain.

(B) Abnormal amplification of pain signals in DRG and spinal
cord neurons: sensory neurons display hyperexcitability as
a result of altered neurotrophic support and extensive
changes in the expression of relevant genes, most notably
ion channels and nociceptors. Second-order cells exhibit
central sensitization as a result of several processes
including immune and glial cell recruitment in the CNS.

(C) Peripheral inflammation and sensitization of nociceptors:
tissue damage activates and recruits immune cells (e.g.,
mast cells, macrophages and neutrophils). These cells will
release or stimulate the production of a variety of
cytokines (e.g., IL-6, IL-1β, TNFα) and proinflammatory
mediators (e.g., NGF and prostaglandins). This process will
result in sensitization of the nociceptive neuron.



Schematic Illustrating One Possible Mechanism by which Epigenetic Processes Could Impact Development of 
Chronic Pain

(A) Acetylation at relevant nociceptive genes (Pain Gene, PG) could lead to a more
open chromatin conformation through the negative charge of acetyl groups and the recruitment of transcription
factor complexes (TF complex) containing bromodomain (bromo) readers. This would then lead to increased
transcription of the genes in question, as is indeed observed in chronic pain states, where a large number of loci
show abnormal upregulation.

(B) In contrast, in a non pain state, HDACs may be present to deacetylate the nociceptive promoters thus
leaving the region in a heterochromatic, silenced state.























Scheme showing that neurological and psychiatric disorders involve epigenetic modifications of key

neuronal genes and intervention by HDAC inhibitors

Neurodegenerative diseases (Huntington’s disease, Parkinson’s disease and ischemia), psychiatric disorders

(depression, stress and anxiety) and neurodevelopmental disorders can involve aberrant acetylation and

methylation of histones and/or DNA methylation. These epigenetic modifications can be influenced by

experience and determine the transcriptional state of regulatory genes critical to synaptic plasticity, cognition

and mood. Histone deacetylase inhibitors amelioration of plasticity and cognitive deficits.



Scopolamine administration drastically up-regulated DNA methyltransferases (DNMT1) and

HDAC2 expression. HDAC inhibitor sodium butyrate and DNMT inhibitor Aza-20deoxycytidine

recovered scopolamine-impaired hippocampal-dependent memory consolidation with concomitant

increase in the expression of synaptic plasticity genes Brain-derived neurotrophic factor (BDNF) and Arc

and level of histone H3K9 and H3K14 acetylation and decrease in DNA methylation level.







In normal cells, CpG island promoters are generally unmethylated and when active, as in the case of tumor

suppressor genes, are accompanied by active histone marks such as acetylation and H3K4 methylation (green

circles, 4) allowing for a transcriptionally active open chromatin structure.

However, repetitive regions, transposons, CpG poor intergenic regions and imprinted gene promoters are

heavily methylated and accompanied by repressive histone marks such as H3K9 methylation (red circles, 9) that

together form a silent chromatin state. During tumorigenesis, tumor suppressor gene promoters with CpG

islands become methylated, resulting in the formation of silent chromatin structure and aberrant silencing

(indicated by the red arrow). In contrast, the repetitive sequences, transposons and imprinted gene promoters

become hypomethylated resulting in their aberrant activation (indicated by the green arrow).

DNA methylation changes in cancer



in conclusione

❖ farmaci capaci di “reverse” queste alterazioni epigenetiche

❖ inibire DNMTs per contrastare ipermetilazione DNA

❖ inibire HDACs per contrastare ipoacetilazione istoni
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most inhibitors are at different stages of clinical trials, SAHA 
and depsipeptide have been approved by FDA for cancer 
chemotherapeutic intervention.

HDAC inhibitors currently under clinical investigation.



SNL spinal nerve ligation

CCI chronic constriction injury

PSNL partial sciatic nerve ligation

CFA complete Freund’s adjuvant

WAS water avoidance stress

CORT corticosterone

E2 estradiol

MS, maternal separation



Neuropathic pain

pro-nociceptive factors

Thermal
hyperalgesia

Mechanical
allodynia





Somatica Pain
Inflammation induces epigenetic modifications: both by dysregulation of
HATs/HDACs and also by DNA hypermethylation

Azacytidine = demethylant agent
5'-aza-2'



Double immunofluorescence
staining of 

p300/CREB binding protein 
(CBP) and BDNF or COX2

ipsilateral spinal dorsal 
horn of CCI rats



A, repeated injections of LAC (100 mg/kg, s.c., twice daily) induces analgesia
in intact rats subjected to an acute thermal stimulation in the plantar test.
Note that a treatment with LAC of at least 5 days is required for the induction
of analgesia. Data are means S.E.M. from six animals and are expressed as
percentage of maximum possible effect (%MPE) .
B, a single injection of LY 341495 (1 mg/kg, i.p.) reduces LAC-induced
analgesia in a time-dependent manner.

The analgesic activity of a 24-day treatment with LAC
(100 mg/kg, s.c., once daily) against mechanical
allodynia in CCI rats is prevented by a single injection
of LY 341495 (1 mg/kg, i.p.). Animals were tested for
mechanical allodynia 45 min after the acute injection
of LY 341495 or saline.

The analgesic effect of a 24-day treatment with 

LAC was prevented by a single injection of LY 

341495 (1 mg/kg, i.p.) a potent and systemically

active mGlu2/3 receptor antagonist.

LY 341495 did not affect allodynia in CCI rats that

had not been treated with LAC.

Repeated injections of LAC (100 mg/kg, s.c., twice daily

for 7 days) induced thermal analgesia in intact rats, as

reflected by an increased latency in the plantar test.

Analgesic Activity of LAC



A, Representative immunoblots of mGlu1, -5, and -2/3 receptors in the lumbar spinal cord of sham
operated animals (SO), SO animals treated with LAC (100 mg/kg, s.c., once daily for 24 days), CCI animals,
and CCI animals treated with LAC. Densitometric analysis of immunoblots is shown in B, where values (n6–
8) were normalized by the expression of-actin. Note that LAC treatment selectively up-regulates the
expression of mGlu2/3 receptors in both SO and CCI animals., p0.05 (Student’s t test) versus values
obtained in animals treated with saline for 24 days.

Expression of spinal mGlu2/3 

receptors was markedly up-

regulated by LAC treatment in 

both sham-operated and CCI rats.



A, representative immunoblot of mGlu2/3

receptors in the dorsal root ganglia of intact

rats treated with saline for 7 days or with

LAC (100 mg/kg, i.p., twice daily) for 5 or 7

days. Densitometric analysis of immunoblots

is shown in B, where values (n=4) were

normalized by the expression of-actin.,

p<0.05 (Student’s t test) versus the

corresponding values obtained from animals

treated with saline.



Effect of LAC on mechanical pain

thresholds in the CFA mouse model 

of chronic inflammatory pain.

Increased levels of acetylated histone

H3 bound to the Grm2 gene promoter 

in the dorsal root ganglia of mice with 

inflammatory pain treated with LAC



LAC has the unique property to induce a long-lasting analgesia in the

CFA model of chronic inflammatory pain. Mice were injected i.p. with

CFA and treated i.p. once a day for seven days with either saline, LAC

(100 mg/kg), pregabalin (30 mg/kg), amitryptiline (10 mg/kg), pregabalin

(30 mg/kg), ceftriaxone (200 mg/kg) or NAC (100 mg/kg). Pain

thresholds measured under basal conditions, at the end of treatments, and

then 7 and 14 days after drug withdrawal are shown in (a), where values

are meansS.E.M. of 8 determinations.

Comparative effects of LAC and other analgesic drugs

on pain thresholds in the CCI model of neuropathic

pain.

LAC was less efficacious than pregabalin

in enhancing mechanical pain thresholds

in CCI mice, but its effect persisted after

five weeks of drug withdrawal



HDAC inhibition produces analgesia by up-regulating mGlu2
receptor expression in the DRG, an effect that results from
the amplification of NF-κB transcriptional activity



Transcriptional regulation of the Grm2 gene by acetylation mechanisms. 

Transcription of the Grm2 gene encoding the mGlu2 receptor is regulated by transcription

factors of the NFkB family. These factors translocate into the cell nucleus when the inhibitory

IkB subunit is phosphorylated and degraded (IKK = IkB kinase). Acetylation of Lys310

mediated by the coactivator, p300, is required for full transcriptional activity of p65/RelA.

LAC enhances Grm2 transcription by acting as a donor of acetyl groups to NFkB

p65/RelA.

HDAC inhibitors, including SAHA and MS275, enhance Grm2 transcription by preventing

deacetylation of p65/RelA

• LAC causes analgesia via an epigenetic

mechanism mediated by acetylation of

p65/RelA, a member of the NFkB family of

transcription factors.

• Acetylation of p65/RelA leads to an enhanced

expression of type-2 metabotropic glutamate

(mGlu2) receptors in the dorsal root ganglia

and dorsal horns of the spinal cord with an

ensuing reduction of glutamate release from

primary afferent sensory fibres.





(A) The endogenously produced molecule acetyl-l-
carnitine(LAC) is critical for hippocampal function and
several behavioral domains. In rodents with
depressive-like traits, LAC levels are markedly
decreased and accompanied by abnormal hippocampal
glutamatergic function, decreased expression of the
neurotrophic factor BDNF, and dendritic plasticity as
well as by systemic inflammation, including insulin
resistance. LAC supplementation rescues those deficits
and induces rapid and lasting epigenetic
antidepressant-like effects via acetylation of histones.

(B) (B and C) Plasma LAC (B) and free-carnitine (C)
concentrations in HC and in patients with MDD in acute
depressive episodes during study participation as
assessed by ultraperformanceliquid chromatography–
electrospray–tandem mass spectrometry(UPLC-
MS/MS).

Decreased Acetyl-l-carnitine (LAC) Levels in 
patients with MDD compared with HC



Somatic Pain

GAD65 is an 
antinociceptive gene.  

Glutamic Acid 

Decarboxylase

(GAD)

Persistent inflammatory and neuropathic pain epigenetically suppresses
gad65 activities through histone deacetylase (HDAC)-mediated histone
hypoacetylation, resulting in impaired GABA synaptic inhibition

HDAC inhibitors overwhelmingly increase
gad65 activities, restore GABA synaptic
function and relieve the sensitized pain
behavior



Epigenetic regulation of gene expression in pain. 

(a) In normal conditions hystonic tails are acetylated at GAD2 gene

promoter in the nucleus raphe magnus.

(b) After treatment with Freund Adjuvant (CFA), GAD65 expression is

supresses by the hypoacetylation of GAD2 promoter, thus leading to

the loss of descending inhibiting nociceptive system (Crown, 2013).



Chronic visceral pain

combination of hystone modifications and DNA methylation in pain neuraxis.

CRF modulation

GR modulation

WAS=water avoidance stress

Psychoneuroendocrinology.2013 Jun;38(6):898-906. doi: 10.1016/j.psyneuen.2012.09.016.























HDAC inhibitors currently 
under clinical investigation.

most inhibitors are at 
different stages of clinical 
trials, SAHA and 
Depsipeptide have been 
approved by FDA for 
cancer chemotherapeutic 
intervention.
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HISTONE MODIFICATIONS
In CCI model of 
neuropathic pain

BDNF

0.0

0.5

1.0

1.5

2.0

2.5
sham CCI

H3K4me3            H3K27me3

H
3
 m

o
d

if
ic

a
ti

o
n

/i
n

p
u

t

fo
ld

 c
h

a
n

g
e
s
 v

s
 c

o
n

tr
o

l

BDNF

0.0

0.5

1.0

1.5

2.0

2.5 sham CCI

    H3K9ac               H3K9me2

H
3
 m

o
d

if
ic

a
ti

o
n

/i
n

p
u

t

fo
ld

 c
h

a
n

g
e
s
 v

s
 c

o
n

tr
o

l

0.0

0.5

1.0

1.5

2.0

2.5

sham CCI 7days CCI 14days

NOP ppN/OFQ pDYN pENK BDNF

p<0.05 vs sham
Dunnett test

*

*

*

R
E

L
A

T
IV

E

G
E

N
E

 E
X

P
R

E
S

S
IO

N

Romualdi, unpublished data

….E studi clinici in corso….di metilazione del OPRM1 
nel dolore cronico postoperatorio
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