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Abstract
Acute pancreatitis is an inflammation of the pancreas that 
may lead to systemic inflammatory response syndrome 
and death due to multiple organ failure. Acinar cells, to-
gether with leukocytes, trigger the inflammatory cascade 
in response to local damage of the pancreas. Amplifica-
tion of the inflammatory cascade requires up-regulation 
of pro-inflammatory cytokines and this process is medi-
ated not only by nuclear factor κB but also by chromatin 

modifying complexes and chromatin remodeling. Among 
the different families of histone acetyltransferases, the 
p300/CBP family seems to be particularly associated with 
the inflammatory process. cAMP activates gene expres-
sion via  the cAMP-responsive element (CRE) and the tran-
scription factor CRE-binding protein (CREB). CREB can be 
phosphorylated and activated by different kinases, such 
as protein kinase A and MAPK, and then it recruits the 
histone acetyltransferase co-activator CREB-binding pro-
tein (CBP) and its homologue p300. The recruitment of 
CBP/p300 and changes in the level of histone acetylation 
are required for transcription activation. Transcriptional 
repression is also a dynamic and essential mechanism of 
down-regulation of genes for resolution of inflammation, 
which seems to be mediated mainly by protein phospha-
tases (PP1, PP2A and MKP1) and histone deacetylases 
(HDACs). Class Ⅱ HDACs are key transcriptional regula-
tors whose activities are controlled via phosphorylation-
dependent nucleo/cytoplasmic shuttling. PP2A is respon-
sible for dephosphorylation of class Ⅱ HDACs, triggering 
nuclear localization and repression of target genes, 
whereas phosphorylation triggers cytoplasmic localization 
leading to activation of target genes. The potential ben-
efit from treatment with phosphodiesterase inhibitors and 
histone deacetylase inhibitors is discussed.
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PATHOPHYSIOLOGY OF ACUTE 
PANCREATITIS
Acute pancreatitis (AP) is an inflammation of  the pancreas 
that often leads to systemic inflammatory response and 
complications. The mortality rate is approximately 5% but 
it rises to 17% in cases of  severe AP[1]. Mortality in AP 
is due to multiple organ failure induced by the systemic 
inflammatory response. 

The major causes of  the disease are alcohol and galls­
tones. Nevertheless, the precise mechanisms triggered 
by the etiological factors to induce tissue injury and an 
attack of  AP are still a matter of  debate. An early event 
in AP is the intrapancreatic activation of  trypsinogen and 
other zymogen enzymes[2]. However, pancreatic diges­
tive enzymes are not responsible for the conversion of  a 
local inflammatory process into a systemic inflammatory 
response. Numerous inflammatory mediators, such as 
pro-inflammatory cytokines, chemokines, free radicals, 
Ca2+, platelet activating factor, and adenosine, have been 
involved in the pathogenesis of  AP and its derived systemic 
inflammatory response[3-5]. Therefore, AP should be consi­
dered another pathological condition together with sepsis, 
trauma, burns and surgery, which may lead to the systemic 
inflammatory response syndrome and multiple organ 
failure.

AP is characterized by interstitial edema and inflam­
matory infiltrate of  macrophages and neutrophils. Ne­
vertheless, acinar cells also behave as inflammatory cells 
producing and releasing cytokines, chemokines and 
adhesion molecules[3,6,7]. Hence, acinar cells together with 
leukocytes trigger the inflammatory cascade in response 
to local damage of  the pancreas. Tumor necrosis factor 
α (TNF-α) and interleukin 1-β initiate and propagate 
almost all the consequences of  the systemic inflammatory 
response in AP[8]. Interleukin-6 (IL-6) is a mediator of  the 
acute-phase response and also a marker of  severity of  AP[9]. 
The role of  cytokines in AP has already been extensively 
reviewed[4,5].

Amplification of  the inflammatory cascade requires 
up-regulation of  pro-inflammatory cytokines and this 
process is mediated mainly by nuclear factor κB (NF-κB). 
Elucidation of  the role of  chromatin modifying complexes 
and chromatin remodeling in the inflammatory cascade is 
currently underway and is the focus of  the present review.

CHROMATIN MODIFYING COMPLEXES
Nucleosomes, the basic units of  eukaryotic chromatin, 
consist of  a histone core with two copies of  each core 
histones H2A, H2B, H3 and H4 and approximately 147 
bp of  DNA wrapped around the histone octamers. The 
nucleosomes are structured along the DNA polymer as 

“beads on a string”, further compacted in the presence 
of  the linker histone H1 to 30 nm solenoid, and finally to 
the metaphasic chromosome. Nevertheless, the chromatin 
structure creates an obstacle for the transcriptional ma­
chinery, as transcription factors must gain access to the  
compact DNA template. In order to bypass the transcri­
ptional constrictions, cells have organized the binding of  
transcriptional activators that target chromatin modifier 
enzymes to the promoters allowing changes in the chro­
matin structure and accessibility. 

The chromatin modifier complexes covalently modify 
the histones, either in the histone tails (acetylation, phos­
phorylation and methylation) or outside the histone tails 
(ubiquitylation, glycosylation, SUMOylation and ADP-
ribosylation), changing the overall charge or hydrophobicity 
of  histones, and modifying the chromatin structure[10,11]. 
This review focuses on the dynamics of  histone acetylation 
in acute inflammation, particularly in AP.

The combined action of  histone acetyltransferases 
(HAT) and histone deacetylases (HDAC) maintains, thro­
ugh a subtle balance, the steady-state levels of  histone 
acetylation. HAT are enzymes that catalyze the trans­
fer of  an acetyl group from acetyl-coenzyme A to the 
ε-amino groups of  conserved lysine residues mainly in 
histone N-terminal tails. This process is generally linked 
to transcriptional activity[12] as the neutralization of  the 
basic charge of  the histone tails favours the transcription 
process[13]. On the other hand, HDAC are enzymes that 
remove acetyl groups from lysine residues of  histones, 
and other non-histone proteins, and reverse the action of  
HAT[14].

Among the different families of  HAT[15,16], the p300/
CBP family seems to be particularly associated with the 
inflammatory process. It comprises the highly related 
p300 and CBP proteins that have a bromo-domain and 
three cysteine/histidine rich domains that serve as protein-
protein interacting domains. Members of  this family are 
co-activators for multiple transcription factors and they can 
also associate with other acetyltransferases, showing that 
multiple HAT enzymes can be recruited to the promoter 
to act synergistically during gene activation. 

HDACs have been classified into four different subfami­
lies (Ⅰ, Ⅱ, Ⅲ and Ⅳ). Class Ⅰ and Ⅱ HDACs contain a 
zinc cation in the catalytic site and they are sensitive to the 
inhibitor trichostatin A[17], whereas class Ⅲ HDACs are 
insensitive to TSA treatment and require the coenzyme 
NAD+ as a cofactor[18]. HDAC11 is so far the only class Ⅳ 
member. HDACs have to be localized in the nucleus to be 
active towards histones, but some of  them (class Ⅱ and Ⅲ 
HDACs) can also be found in the cytosol. Nuclear targeting 
of  HDACs takes place by a nuclear localisation signal or by 
interacting with other proteins that translocate them to the 
nucleus[19]. For instance, HDAC1, HDAC2 and HDAC3 
are exclusively nuclear, while HDAC 4, -5 and -7 are able 
to shuttle in and out of  the nucleus in response to cellular 
stimuli[20,21].

The lysine and arginine residues of  histones can be 
further modified by methylation. Histone methylation 
has been associated with both transcriptional activation 
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and repression depending on the methylated residue, the 
degree of  methylation and on the interplay with other 
modifications[11].

Histone H3 may be subject to MAP kinase-mediated 
phosphorylation in serine 10 and 28 by mitogen- and stress-
activated protein kinases MSK1 and MSK2, which trigger 
transcription of  immediate-early genes[22]. Other histones 
may also be phosphorylated leading to transcriptional 
activation.

TRANSCRIPTION ACTIVATION IN THE 
INFLAMMATORY CASCADE IS MEDI-
ATED BY HISTONE ACETYLATION AND 
METHYLATION
cAMP activates gene expression via the cAMP-responsive 
element (CRE) and the transcription factor CRE-binding 
protein (CREB). CREB can be phosphorylated and acti­
vated by different kinases, such as protein kinase A, MAPK 
and CaMKIV[23], and then it recruits the HATs co-activator 
CREB-binding protein (CBP) and its homologue p300. 
The recruitment of  CBP/p300 and histone acetylation is 
required for transcription activation[24]. CREB activation 
via phosphorylation and subsequent CREB-mediated gene 
expression seem to play an important role in the inflam­
matory cascade (Figure 1). Thus, CREB phosphorylation 
by protein kinase C-theta and DNA-CREB binding are 
required for up-regulation of  IL-2 in T-cells[25].

CBP and p300 are co-activators of  (NF-κB). Accordingly,  
NF-κB-induced gene transcription is mediated by histone 
acetylation. NF-κB is the major mediator of  TNF-α-
induced IL-6 gene expression, which requires CBP/p300 
histone acetyltransferase activity[26]. Similar findings were 
reported for other NF-κB-driven promoters, such as those 

of  IL-8 and endothelial leukocyte adhesion molecule. p300 
is also required for transcriptional activation of  cyclooxygena­
se-2 (COX-2) by interleukin-1 β or lipopolysaccharide in 
macrophages[27]. 

The E-selectin gene is rapidly and transiently expressed 
by endothelial cells upon inflammation and it promotes 
binding and extravasation of  leukocytes from the bloods­
tream. TNF-α induces NF-κB (p65) binding together with 
histone hyperacetylation via p300/CBP in the E-selectin 
gene in endothelial cells[28].

Histone H3 acetylation (H3K9 and H3K14), as well as  
histone H3 methylation (H3R17), are regulated at the 
promoters of  NF-κB-target genes in a CBP/p300 dependent  
manner[29]. Coactivator-associated arginine methyltransfer­
ase-1 (CARM1) is recruited to N-κB-target promoters and 
participates in NF-κB-mediated transcription through H3 
methylation at arginine 17 (H3R17)[29].

STAT 3 is the major signal transducer of  IL-6 and hence  
it mediates acute phase protein induction. IL-6-induced 
angiotensinogen expression is mediated by association of  
STAT3 with p300/CBP to trigger histone acetylation and 
chromatin remodeling[30]. Recently, it has been confirmed 
that STAT3 transactivates its target genes through recrui­
tment of  CBP/p300 co-activators[31]. 

SHP-1 phosphatase is a key negative regulator of  cell 
signaling. STAT3, DNA methyltransferase 1 and HDAC 
1 form complexes that bind to the promoter of  SHP-1[32]. 
Thus, STAT3 may induce methylation of  this promoter 
and epigenetic silencing of  SHP-1[32].

ATTENUATION OF THE INFLAMMATORY 
RESPONSE BY HDAC AND PROTEIN 
PHOSPHATASES
Transcriptional repression is also a dynamic and essential 
mechanism of  down-regulation of  genes for resolution 
of  inflammation. Chromatin modifying complexes act 
coordinately to regulate cAMP-dependent transcription 
during the activation phase but also during the attenuation 
phase. As pointed out by Canettieri et al[33], cAMP-media­
ted transcription exhibits burst-attenuation kinetics in 
parallel with PKA-dependent phosphorylation and subse­
quent PP1-mediated dephosphorylation of  CREB. PP1, 
but not PP2A, blocks CRE-regulated gene expression 
and transcriptional attenuation of  cAMP-induced gene 
expression requires CREB dephosphorylation by PP1[34].  
PP1 is targeted to CREB by binding with class-Ⅰ HDACs, 
such as HDAC1 and HDAC8, promoting CREB inactivation 
by dephosphorylation during pre-stimulus and attenuation 
phases of  the cAMP response[23,33]. Consequently, PP1 
and class-Ⅰ HDACs regulate the duration of  CREB-medi­
ated gene transcription (Figure 1). Nevertheless, nuclear 
PP2A might also be involved in the dephosphorylation of  
CREB[35].

Attenuation of  cAMP-dependent transcription also in­
volves other proteins, such as CRE modulator (CREM)-α, 
which is a ubiquitously expressed transcription factor respon­
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Figure 1  Role of histone acetyltransferases (HATs) and histone deacetylases 
(HDACs) in the regulation of the inflammatory cascade. HATs and HDACs 
play central roles, together other chromatin modifying complexes, such as histone 
methyltransferases, DNA methyltransferases, methyl DNA binding proteins, 
and heterochromatin proteins, in the activation and attenuation phases of the 
inflammatory cascade.
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sible for the termination of  IL-2 expression in T cells[36].  
CREM down-regulates the expression of  IL-2 via recrui­
tment of  HDAC1 and reduces acetylation of  histones[36].

PP2A comprises a family of  holoenzyme complexes 
with diverse biological activities, which mainly depend on 
individual regulatory subunits. PP2A holoenzymes may 
form complexes with IKK and negatively regulate NF-κB 
transcriptional activity[37]. Some PP2A regulatory subunits, 
such as PR55γ and PR55δ, are inhibitors of  JNK and 
c-SRC[38]. The PP2A heterotrimeric complex formed by the 
PR65 A subunit, the catalytic subunit (PP2Ac), and G5PR 
as a regulatory subunit exhibits phosphatase activity on 
histone H1[39].

Class Ⅱ HDACs are key transcriptional regulators whose 
activities are controlled via phosphorylation-dependent 
nucleo-cytoplasmic shuttling[40]. PP2A is responsible for 
dephosphorylation of  class Ⅱ HDACs triggering nuclear 
localization and repression of  target genes, whereas phos­
phorylation triggers cytoplasmatic localization leading to 
activation of  target genes[40,41]. Nitric oxide (NO) induces 
the formation of  a complex between HDAC4, HDAC5, 
and PP2A that triggers HDAC4 and HDAC5 nuclear 
shuttling[42]. Thus, NO enhances HDAC activity inhibiting 
serum-induced histone acetylation in endothelial cells[42].

HDAC3 is a member of  class Ⅰ HDACs involved in 
the regulation of  gene expression that is activated through 
phosphorylation[43]. HDAC3 seems to act as a scaffold 
protein for PP2A to dephosphorylate STAT3 and promote 
inactivation of  the STAT3-mediated signaling pathway[44]. 
In addition, HDAC3 forms a complex with serine/threo­
nine protein phosphatase 4 and its activity is inversely 
proportional to the cellular levels of  this phosphatase[43].

In addition, HDACs down-regulate other inflammatory 
mediators, such as E-selectin, in the attenuation of  the 
inflammatory cascade. Thus, repression of  E-selectin ex­
pression is associated with recruitment of  HDAC[28]. 

Dual specificity protein phosphatases, such as MAPK 
phosphatase-1 (MKP-1) and MKPM-M, also play an impor­
tant role in the attenuation of  the inflammatory cascade, 
mainly through inactivation of  MAP kinases. MKP1 
up-regulation is involved in the attenuating response to 
lipopolysaccharide (LPS) and its induction requires p38 
activity[45]. Histone H3 may be phosphorylated by signal 
transduction pathways and is a novel substrate of  MAPK 
phosphatase-1 (MKP-1)[46].

MKPM-M is rapidly induced by LPS in macrophages 
and leads to JNK inactivation and decreased TNF-α 
secretion. LPS causes acetylation of  histones H3 and H4 at 
the promoter of  the dual specificity phosphatase MKP-M 
gene and this effect seems to be mediated by the CREB/
CBP pathway[47].

Further studies are needed to elucidate the role of  
protein phosphatases and HDACs in severe AP in compa­
rison with the mild form of  the disease. Indeed, the mec­
hanisms responsible for resolution of  inflammation in 
AP should be identified in order to properly restrain the 
evolution of  the disease.

POTENTIAL BENEFIT FROM TREATMENT 
WITH PHOSPHODIESTERASE INHIBITORS 
AND HDAC INHIBITORS IN AP
So far, no specific effective treatment for AP has been 
reported in clinical trials. Thus the search for novel thera­
peutic strategies is still focused on experimental models. 
Phosphodiesterase inhibitors, such as pentoxifylline and 
rolipram, ameliorate AP in rodents[48-50]. Their beneficial 
effects seem to be mediated by inhibition of  leukocyte 
activation and migration reducing the up-regulation of  
TNF-α and IL-6[49,51]. Pentoxifylline exhibits marked anti-
inflammatory properties mainly ascribed to the blockade of  
ERK phosphorylation and inhibition of  TNF-α produc­
tion[48,49]. We have recently demonstrated that it prevents 
the remarkable loss of  serine/threonine phosphatase PP2A 
activity in pancreas early in the course of  AP[52]. This effect 
was associated with maintenance of  cAMP levels, reduced 
recruitment of  histone acetyltransferases and abrogation of  
up-regulation of  pro-inflammatory genes[52]. Consequently, 
phosphodiesterase inhibitors seem to be beneficial early in 
the course of  AP by down-regulation of  the ERK-pathway 
preventing histone acetylation and the resulting up-regula­
tion of  inflammatory mediators.

The action of  phosphodiesterase inhibitors may also be 
mediated by stimulation of  dual specificity phosphatases. 
Dipyridamole is a non-selective phosphodiesterase inhibitor 
that exerts its anti-inflammatory effect via transient activa­
tion of  MKP-1, which dephosphorylates and inactivates 
MAPK and particularly p38[53]. Dypiridamole inhibits 
the NF-κB signaling pathway blocking up-regulation of  
IL-6, monocyte chemoattractant protein-1, inducible NO 
synthase and COX-2 in LPS-activated macrophages[53]. 

The therapeutic window for treatment with phosp­
hodiesterase inhibitors should be limited to the very early 
stage of  the disease or to prevent the risk of  AP induced 
by endoscopic retrograde cholangiopancreatography. Since  
an increase in cAMP levels might trigger the PKA/CREB/
CBP pathway involved in cytokine up-regulation, the 
administration of  phosphodiesterase inhibitors could not 
be beneficial when the inflammatory cascade is already 
ongoing. 

Taken into account the involvement of  HATs in the up-
regulation of  pro-inflammatory cytokines and the role of   
HDACs in the attenuation of  inflammation, it seems parado­
xical that HDAC inhibitors may exhibit anti-inflammatory 
properties. Nevertheless, it has been recently reported that 
histone deacetylase inhibitors reduce inflammation and 
mortality in mice treated with LPS by blockade of  MAPK 
signaling due to MKP-1 acetylation[54]. Acetylation of  
MKP-1 is mediated by p300 upon LPS stimulation and it 
increases its phosphatase activity inhibiting innate immune 
signaling[54]. 

However, in the case of  AP, the therapeutic window for 
HDAC inhibitors should be limited to a late stage of  the 
disease in order to promote attenuation of  the inflammatory 
response because they may enhance CREB activity during 
the burst phase. Nevertheless, further studies are needed 
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to establish the therapeutic windows of  phosphodiesterase 
inhibitors and HDAC inhibitors.

CONCLUSION
In conclusion, amplification of  the inflammatory cascade 
requires up-regulation of  pro-inflammatory cytokines and 
this process is mediated not only by NF-κB but also by 
chromatin modifying complexes and chromatin remodeling. 
Transcription activation in the inflammatory cascade is 
mediated by histone acetylation through recruitment of  
HAT, particularly CBP and p300. On the other hand, 
attenuation of  the inflammatory response is also a dynamic 
mechanism that involves protein phosphatases, especially 
serine threonine phosphatases PP1 and PP2A, as well 
as recruitment of  HDAC. Phosphodiesterase inhibitors 
have exhibited beneficial effects in the treatment of  AP by 
preventing histone acetylation and the loss of  PP2A activity. 
Inhibitors of  HDAC are also proposed as potential therapy 
for AP. Nevertheless, the therapeutic windows of  these 
therapeutic agents should be established.
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