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Introduction
Inflammatory responses are pivotally regulated at the cellular 
level by reversible acetylation of histones and non-histone pro-
teins. The tightly controlled equilibrium between acetylation 
and deacetylation of N-terminal lysine residues on histones, 
catalyzed by histone acetyltransferases (HATs) and histone 
deacetylases (HDACs), respectively, is a critical component of 
epigenetic regulation (Bannister and Kouzarides 2011). 
Dysregulation of this process contributes to pathology of many 
diseases caused by aberrant activation of the immune system: 
alterations in histone acetylation marks and HAT/HDAC bal-
ance have been reported in rheumatoid arthritis (RA), asthma, 
chronic obstructive pulmonary disease and systemic lupus ery-
thematosus (Zhang and Zhang 2015). The importance of pro-
tein acetylation in inflammatory responses has also been 
highlighted by the discovery that pathogenic bacteria target 
HDAC-dependent regulatory mechanisms to evade the host 
immune response (Grabiec and Potempa 2018).

Mammalian cells express 18 members of the HDAC family 
that consists of classical zinc-dependent HDACs and nicotinamide 
adenine dinucleotide (NAD)–dependent sirtuins (Sirt-1-7). 

Zinc-dependent HDACs are further divided into class I 
(HDACs 1-3 and 8), class IIa (HDACs 4-5, 7 and 9), class IIb 
(HDACs 6 and 10) and class IV (HDAC 11) that differ in their 
expression pattern, subcellular localization and enzymatic 
activity profile (Yang and Seto 2008). Small-molecule HDAC 
inhibitors (HDACi) have shown strong immunomodulatory 
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Abstract
Histone deacetylases (HDACs) are important regulators of gene expression that are aberrantly regulated in several inflammatory and 
infectious diseases. HDAC inhibitors (HDACi) suppress inflammatory activation of various cell types through epigenetic and non-
epigenetic mechanisms, and ameliorate pathology in a mouse model of periodontitis. Activation of gingival fibroblasts (GFs) significantly 
contributes to the development of periodontitis and the anaerobic bacterium Porphyromonas gingivalis plays a key role in driving chronic 
inflammation. Here, we analyzed the role of HDACs in inflammatory responses of GFs. Pan-HDACi suberoylanilide hydroxamic acid 
(SAHA) and/or ITF2357 (givinostat) significantly reduced TNFα- and P. gingivalis–inducible expression and/or production of a cluster of 
inflammatory mediators in healthy donor GFs (IL1B, CCL2, CCL5, CXCL10, COX2, and MMP3) without affecting cell viability. Selective 
inhibition of HDAC3/6, but not specific HDAC1, HDAC6, or HDAC8 inhibition, reproduced the suppressive effects of pan-HDACi on 
the inflammatory gene expression profile induced by TNFα and P. gingivalis, suggesting a critical role for HDAC3 in GF inflammatory 
activation. Consistently, silencing of HDAC3 expression with siRNA largely recapitulated the effects of HDAC3/6i on mRNA levels of 
inflammatory mediators in P. gingivalis–infected GFs. In contrast, P. gingivalis internalization and intracellular survival in GFs remained 
unaffected by HDACi. Activation of mitogen-activated protein kinases and NFκB signaling was unaffected by global or HDAC3/6-
selective HDACi, and new protein synthesis was not required for gene suppression by HDACi. Finally, pan-HDACi and HDAC3/6i 
suppressed P. gingivalis–induced expression of IL1B, CCL2, CCL5, CXCL10, MMP1, and MMP3 in GFs from patients with periodontitis. 
Our results identify HDAC3 as an important regulator of inflammatory gene expression in GFs and suggest that therapeutic targeting of 
HDAC activity, in particular HDAC3, may be clinically beneficial in suppressing inflammation in periodontal disease.
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properties in multiple cell types in vitro and in animal models 
of inflammatory diseases (Leoni et al. 2002; Leoni et al. 2005) 
suggesting that HDACi may be used to ameliorate pathology 
in conditions associated with acute or chronic inflammation 
(Grabiec et al. 2011). Importantly, the pan-HDACi vorinostat 
(suberoylanilide hydroxamic acid, SAHA) and givinostat 
(ITF2357) demonstrated a good safety profile and initial clinical 
efficacy in patients with graft-versus-host disease and systemic-
onset juvenile idiopathic arthritis, respectively (Vojinovic et al. 
2011; Choi et al. 2014).

Unrestrained production of inflammatory mediators by res-
ident gingival cells and infiltrating immune cells plays a cen-
tral role in the pathogenesis of periodontitis (Yucel-Lindberg 
and Båge 2013). Chronic inflammation is driven by microbial 
imbalance (dysbiosis) which triggers a local immune response 
to oral pathogens, among which the anaerobic bacterium 
Porphyromonas gingivalis plays a crucial role due to its high 
virulence and effective strategies of immune evasion 
(Hajishengallis 2014). In periodontitis, gingival fibroblasts 
(GFs), which are the most abundant resident gingival cells, are 
constantly exposed to oral pathogens and their products. This, 
in turn, leads to excessive production of cytokines, chemokines 
and matrix-degrading enzymes which significantly contribute 
to periodontal ligament destruction and alveolar bone resorp-
tion (Benakanakere and Kinane 2012).

Although meticulous studies on epigenetic and non-epigenetic 
HDAC functions and therapeutic potential of HDACi in chronic 
inflammatory diseases have been conducted, the involvement 
of HDACs in periodontitis pathogenesis remains poorly 
defined. HDAC expression profiling revealed elevated levels 
of HDAC1 colocalizing with tumor necrosis factor-α (TNFα)–
expressing cells in the gingival tissue from patients with 
chronic periodontitis compared to controls (Cantley et al. 
2016). In vivo, alterations in histone acetylation have been 
implicated in the development of ligature-induced periodonti-
tis (Martins et al. 2016) and HDACi protected mice from alve-
olar bone loss in P. gingivalis–induced periodontitis (Cantley  
et al. 2011). However, the role of HDACs in GF responses to 
oral pathogens remains unknown. In this study, we used a 
panel of global and selective HDACi in combination with a 
gene silencing approach to analyze the role of HDAC activity 
in inflammatory activation of GFs in periodontitis, and to 
delineate the contributions of individual HDAC family mem-
bers to this process.

Materials and Methods

Subjects, Cell Isolation, and Culture

Gingival tissue specimens were collected from patients with 
chronic periodontitis (n = 4) and from healthy individuals (n = 
9) undergoing orthodontic treatment at the Department of 
Periodontology and Clinical Oral Pathology, Faculty of 
Medicine, Jagiellonian University Medical College, Kraków, 
Poland. The study was approved by the Bioethical Committee 
of the Jagiellonian University (permit numbers 122.6120.337 
.2016 and KBET/310/B/2012). All subjects gave written 
informed consent in accordance with the Declaration of 

Helsinki before entering the study. Clinical characteristics of 
healthy donors and patients with periodontitis are shown in 
Appendix Table 1. Primary GFs were derived from gingival tissue 
samples and cultured as described previously (Maksylewicz et al. 
2019), and were used for experiments between passages 4 and 9.

Bacterial Culture, Cell Infection, and Treatment 
with HDAC Inhibitors

Wild-type P. gingivalis strain ATCC33277 and Fusobacterium 
nucleatum strain ATCC10953 were grown on blood agar anaer-
obically at 37°C as described previously (Gawron et al. 2014). 
Bacteria were next inoculated into brain–heart infusion (BHI) 
broth (Becton Dickinson) containing 0.5 mg/mL L-cysteine,  
10 µg/mL hemin and 0.5 µg/mL vitamin K. Following anaero-
bic (85% N2, 10% CO2 and 5% H2) overnight (o/n) culture, bac-
teria were resuspended in fresh BHI broth at optical density 
(OD)600nm = 0.1 and cultured for an additional 20 h. After cen-
trifugation and washing, bacteria were suspended in PBS to 
obtain a final concentration of 109 colony-forming units (CFU)/
mL and used for cell infection. GFs were treated with dimethyl 
sulfoxide (DMSO) (BioShop) or HDACi: SAHA (Abcam), 
ITF2357 (Italfarmaco), MS-275 (TargetMol) or a panel of 
selective HDACi synthesized at Italfarmaco: HDAC3/6i, 
HDAC6i(a), HDAC6i(b) or HDAC8(i). Details of HDACi 
specificity are shown in Appendix Table 2. After 30 min incuba-
tion with HDACi, cells were stimulated with TNFα (BioLegend) 
or infected with P. gingivalis or F. nucleatum at the indicated 
multiplicity of infection (MOI). In some experiments, protein 
synthesis was blocked with cycloheximide (TargetMol) before 
TNFα stimulation.

Statistical Analyses

Data are presented as the mean ± SEM of independent experi-
ments performed on GFs from different donors/patients unless 
otherwise indicated. Ratio paired t test or 1-way analysis of 
variance (ANOVA) followed by Bonferroni multiple compari-
son test were used for comparisons between groups. P values 
<0.05 were considered statistically significant.

Detailed descriptions of RNA isolation, quantitative poly-
merase chain reaction (PCR), Western blot analysis, enzyme-linked 
immunosorbent assay (ELISA), cell viability measurements, 
siRNA transfection, flow cytometry and colony-forming 
assays are provided in the online supplement and/or were 
described previously (Maksylewicz et al. 2019).

Results

HDACi Differentially Regulate Protein 
Acetylation without Affecting Viability of GFs

To identify the role of HDAC activity and involvement of indi-
vidual HDAC family members in GF inflammatory and anti-
microbial responses, we utilized a panel of pan-HDACi and 
inhibitors with distinct selectively profiles: MS-275 (class 
I-selective, but preferentially targeting HDAC1), specific 
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inhibitors of HDAC6 (HDAC6i(a) and HDAC6i(b)) and 
HDAC8 (HDAC8i), and a compound that is a potent inhibitor 
HDAC3 and HDAC6 (designated as HDAC3/6i, though it also 
targets other HDACs at higher concentrations). GF treatment 
with selective and pan-HDACi resulted in distinct profiles of 
changes in global protein acetylation. The pan-HDACi SAHA 
and ITF2357 induced hyperacetylation of histone 3 (H3) and 
tubulin (Fig. 1A). A similar acetylation profile was observed in 
GFs treated with HDAC3/6i, whereas both HDAC6i selectively 
induced tubulin hyperacetylation. In contrast, MS-275 and 
HDAC8i had no effect on tubulin acetylation and only moder-
ately increased the levels of acetylated H3 (Fig. 1A). Analysis of 
global protein acetylation using an acetyl-lysine antibody 
revealed a similar pattern of hyperacetylation upon HDACi 
treatment (Fig. 1A, top panel: 52kDa, 18kDa, and 11kDa bands 
correspond to tubulin, H3, and H4, respectively). Tubulin hyper-
acetylation was visible after treatment with 200 nM ITF2357, 
HDAC3/6i, and HDAC6i(a) and increased up to 500 nM or  
1 µM HDACi concentration, whereas ITF2357- and HDAC3/6i-
induced H3 acetylation was prominent at 200 nM and only mar-
ginally increased at higher concentrations (Fig. 1B, C). None of 
the tested HDACi affected GF viability after 24h treatment as 

determined by the lactate dehydrogenase (LDH) release assay 
(Fig. 1D) and annexin V binding (Appendix Fig. 1). These 
observations confirmed the pharmacological activity of the 
HDACi in GFs and excluded the possibility that compound 
cytotoxicity could influence our subsequent analyses.

Pan-HDACi and HDAC3/6i Suppress TNFα-
Induced Inflammatory Gene Expression in GFs

To assess the involvement of HDACs in GF inflammatory acti-
vation, we stimulated GFs from healthy individuals with TNFα 
in the absence or presence of the previously developed panel of 
HDACi and analyzed expression of a cluster of mediators that are 
sensitive to manipulation of protein acetylation (Maksylewicz  
et al. 2019). SAHA (5 µM) and ITF2357 (500 nM) reduced 
TNFα-induced mRNA expression of CCL2, CCL5, CXCL10, 
and IL1B by >80%. Both pan-HDACi also suppressed COX2 
expression by 60%, but had no effect on IL8 induction by 
TNFα (Fig. 2A). GF treatment with HDAC3/6i, but not with 
HDAC6i(a) or HDAC6i(b) (all at 500 nM), resulted in similar 
effects on inflammatory gene induction by TNFα as those 
observed with pan-HDACi. MS-275 moderately reduced 
CXCL10 expression induced by TNFα, while leaving other 
genes unaffected. In contrast, HDAC8i had no effect on any of 
the analyzed transcripts (Fig. 2A). To test whether HDACi 
effects on mRNA expression correspond to changes at the pro-
tein level, we treated GFs with increasing concentrations of 
ITF2357, HDAC3/6i, and HDAC6i(a) before stimulation with 
TNFα for 24 h. ITF2357 and HDAC3/6i dose-dependently 
reduced TNFα-induced CCL2 production, reaching >50% 
reduction of the CCL2 protein level at 1 µM (P < 0.001). 
HDAC6i(a) failed to affect CCL2 secretion regardless of the 
compound concentration (Fig. 2B). Consistent with mRNA 
data, ITF2357 and HDAC3/6i, but not HDAC6i(a) (all at  
500 nM), also significantly suppressed CCL5 and CXCL10, 
while IL-8 secretion remained unaffected (Fig. 2C). Together, 
these experiments identified a key role of HDAC activity in 
transcriptional induction of a cluster of inflammatory media-
tors in GFs and suggest that HDAC3/6i effects on GF activa-
tion can be predominantly attributed to its effects on HDAC3.

Anti-Inflammatory Effects of HDACi Are Not  
Caused by Induction of Corepressors  
or Modulation of Signaling Pathways

To verify whether the anti-inflammatory properties of HDACi 
are mediated by induction of transcriptional corepressors, we 
treated GFs with SAHA in combination with the protein trans-
lation inhibitor cycloheximide (CHX) prior to TNFα stimula-
tion. However, both in the absence or presence of CHX, SAHA 
reduced transcriptional induction of CCL2, IL1B, and COX2 to 
a similar degree (Fig. 3A), suggesting that gene suppression by 
HDACi does not require de novo synthesis of putative repres-
sors. Subsequently, we tested if HDACi affect signaling path-
ways critical for GF inflammatory activation: mitogen-activated 
protein kinase (MAPK) and NF-κB signaling, both of which 

Figure 1.  HDACi induce protein hyperacetylation without affecting 
viability of GFs from healthy donors. (A, B) Western blot analysis of 
total acetylated lysine (AcLys), acetyl-histone H3 (AcH3), acetyl-tubulin 
(AcTub) and total tubulin (Tub) in cell lysates of GFs (A) after 2 h 
treatment with DMSO or HDACi: SAHA (5 µM), ITF2357 (500 nM), 
MS-275 (2.5 µM), HDAC3/6i, HDAC6i(b), HDAC6i(a) or HDAC8i (all 
at 500 nM) or (B, C) after 2 h treatment with increasing concentrations 
(200 nM, 500 nM and 1 µM) of ITF2357, HDAC3/6i, HDAC6i(a). 
Results are shown as (A and B) representative of three independent 
experiments or (C) mean signal intensity from densitometric analysis 
(n = 3) +SEM. (D) Viability of GFs (n = 3) treated with DMSO or 
HDACi: SAHA (5 µM), ITF2357 (1 µM), MS-275 (2.5 µM), HDAC3/6i, 
HDAC6i(b), HDAC6i(a) or HDAC8i (all at 1 µM) for 24 h determined 
using LDH release assay and presented as % of control (cell lysate) 
+SEM. 1 µM staurosporine (STS) was used as a positive control. DMSO, 
dimethyl sulfoxide; HDAC, histone deacetylase; HDACi, HDAC 
inhibitor; GF, gingival fibroblast; SAHA, suberoylanilide hydroxamic acid.
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are acetylation-dependent. Neither ITF2357 nor HDAC3/6i, 
had any significant effect on TNFα-induced p38 and extracel-
lular signal-regulated kinase (ERK) MAPK phosphorylation, 
IκBα proteasomal degradation, and Ser536 phosphorylation of 
the p65 NFκB subunit (Fig. 3B), demonstrating that the observed 
anti-inflammatory activity of HDACi is not related to their direct 
effects on early signaling events in GFs.

HDAC3 Is a Key Regulator of Inflammatory 
Gene Expression in P. gingivalis–Infected GFs

In the inflamed gingival tissue, oral pathogens penetrate the 
epithelial layer and invade the connective tissue, directly inter-
acting with resident cells. We thus investigated HDAC 

contributions to inflammatory and antimicrobial responses of 
GFs from healthy donors to P. gingivalis infection. Treatment 
with the pan-HDACi ITF2357 or HDAC3/6i prior to P. gingi-
valis infection (MOI = 100) significantly reduced the induction 
of several inflammatory mediators that contribute to the patho-
genesis of periodontitis (Yucel-Lindberg and Båge 2013) and 
are regulated by P. gingivalis infection, including CCL2, 
CCL5, CXCL10, IL1B, COX2, and MMP3 mRNA (Fig. 4A). 
Trends towards reduced expression of MMP1 and IL8 were 
also noted, while IL6 mRNA levels were unaffected by HDACi. 
In contrast, HDAC6i(a) had no effect on any of the analyzed 
genes (Fig. 4A). Similar effects of ITF2357 and/or HDAC3/6i 
on gene expression were observed in GFs infected with P. gin-
givalis at lower MOIs or with another member of the bacterial 

Figure 2.  HDACi suppress TNFα-induced expression of inflammatory mediators in GFs from healthy donors. (A) qPCR analysis of CCL2, CXCL10, 
CCL5, IL1B, COX2 and IL8 expression in GFs (n = 5) stimulated with 10 ng/ml TNFα for 4 h after 30 min treatment with DMSO or HDACi: SAHA 
(5 µM), ITF2357 (500 nM), MS-275 (2.5 µM), HDAC3/6i, HDAC6i(b), HDAC6i(a), or HDAC8i (all at 500 nM). Results are shown as mean relative 
expression + SEM. (B) CCL2 secretion by GFs (n = 5) treated with DMSO or increasing concentrations (200 nM, 500 nM, and 1 µM) of ITF2357, 
HDAC3/6i, and HDAC6i(a) for 30 min prior to stimulation with 10 ng/ml TNFα for 24 h. (C) CCL5, CXC10, and IL-8 secretion by GFs (n = 4–5) 
treated with DMSO or HDACi: ITF2357, HDAC3/6i, and HDAC6i(a) (all at 500 nM) for 30 min before stimulation with 10 ng/ml TNFα for 24 h. 
(B) and (C) Data are presented as mean concentration + SEM. Dotted line in (A) indicates expression levels in control TNFα-stimulated samples. 
*P < 0.05, **P < 0.01, ***P < 0.001; 1-way ANOVA followed by Bonferroni multiple comparison test. DMSO, dimethyl sulfoxide; HDAC, histone 
deacetylase; HDACi, HDAC inhibitor; GF, gingival fibroblast; qPCR, quantitative polymerase chain reaction; SAHA, suberoylanilide hydroxamic acid.
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periodontal community, F. nucleatum (Appendix Fig. 2). 
Consistent with mRNA data, P. gingivalis-induced CCL2 pro-
tein secretion was dose-dependently suppressed by HDAC3/6i, 
but not by HDAC6i(a) (Fig. 4B). To exclude the possibility 
that the observed effects could be attributed to other HDACs 
targeted by HDAC3/6i, we silenced HDAC3 expression in GFs 
using specific siRNA. Knockdown efficiency was confirmed 
at the mRNA and protein level (Fig. 4C, D). HDAC3 silencing 
significantly suppressed P. gingivalis–mediated upregulation of 
the genes targeted by HDAC3/6i, including CCL2 and IL1B 
(Fig. 4E). A trend toward reduced MMP3 and COX2 induction 
was also noted, though it did not reach statistical significance 
(Fig. 4E). Notably, HDAC1 knockdown had negligible effect 
on P. gingivalis–induced inflammatory gene expression 
(Appendix Fig. 3), confirming the specific role of HDAC3 in 
this process.

We also tested if HDAC inhibition affects P. gingivalis adhe-
sion, invasion, and intracellular survival. Treatment of GFs with 
SAHA or ITF2357 failed to affect the load of the CFSE-labelled 
bacteria detected by flow cytometry, or the numbers of bacterial 
colonies determined using the colony-forming assay after 1 h of 
infection (Fig. 4F–H). Pan-HDACi also had no effect on the 
numbers of live bacteria detected in GF lysates 24 h post infec-
tion (Fig. 4H) or after 1 h of treatment with antibiotics to elimi-
nate adherent bacteria that were not internalized (Fig. 4I). 
Together, these results suggest that HDAC activity is not 
required for elimination of intracellular P. gingivalis, but iden-
tify HDAC3 as a prominent regulator of GF inflammatory 
activation.

GFs from Periodontitis Patients are Sensitive  
to the Anti-inflammatory Effects of HDACi

GFs isolated from the site of gingival inflammation maintain 
an activated phenotype in culture and are hyperresponsive to 
infection with P. gingivalis (Scheres et al. 2011; Baek et al. 
2013). To verify whether GFs extracted from the inflamed gin-
gival tissue were sensitive to the anti-inflammatory effects of 
HDACi, we treated GFs from 4 periodontitis patients with 
ITF2357, HDAC3/6i, or HDAC6i(a) prior to P. gingivalis 
infection. ITF2357 and HDAC3/6i, but not HDAC6i(a), sup-
pressed the induction of CCL2, CCL5, CXCL10, IL1B, MMP3, 
and MMP1 to a similar degree as in GFs from healthy individu-
als (Fig. 5). The effect of HDACi on P. gingivalis–induced 
COX2 expression was variable and patient-dependent, whereas 
IL8 and IL6 mRNA levels were largely unaffected by any of 
the tested HDACi, in line with data from healthy donor GFs 
(Fig. 5). Together, these findings demonstrate that HDAC 
activity is essential for transcriptional induction of an impor-
tant cluster of inflammatory mediators in GFs and suggest that 
selective targeting of HDAC3 could dampen the chronic 
inflammatory mediator production in periodontitis.

Discussion
The balance between protein acetylation and deacetylation is 
dysregulated in many chronic inflammatory diseases and tar-
geting these alterations with HDACi or acetylated histone 
mimetics that inhibit BET bromodomain proteins has strong 
immunomodulatory effects (Tough et al. 2016). In experimental 
periodontitis, HDACi and BET inhibitors were found to exert 
anti-inflammatory and/or bone-protective activity (Cantley  
et al. 2011; Meng et al. 2014), highlighting the importance of 
protein acetylation in inflammation and bone homeostasis. 
Here, we show for the first time that HDAC activity is essential 
for transcriptional induction of a plethora of inflammatory 
genes, including chemokines and MMPs, in GFs derived from 
healthy and periodontitis-affected individuals. Many of these 
mediators are present in large quantities in gingival crevicular 
fluid and/or the gingival tissue from patients with periodontal 
disease, significantly contributing to pathology (Yucel-
Lindberg and Båge 2013). Consequently, they represent impor-
tant targets for development of new host modulation therapies 

Figure 3.  MAPK and NFκB signaling is unaffected by HDACi and de 
novo protein synthesis is not required for anti-inflammatory effects of 
HDACi in GFs from healthy individuals. (A) qPCR analysis of relative 
mRNA levels of CCL2, IL1B and COX2 in GFs (n = 4) incubated with 
DMSO or 5 µM SAHA in the presence or absence of cycloheximide 
(CHX) for 30 min before stimulation with TNFα (10 ng/ml) for 4h. Data 
are shown as mean +SEM; % of suppression relative to DMSO control 
are depicted in each graph. (B) Western blot analysis of phospho 
(p)-p38, p-ERK, IκBα, p-p65(Ser536) and tubulin (Tub) in GF total cell 
lysates after treatment with DMSO, ITF2357 or HDAC3/6i (both at  
500 nM) for 30 min prior to stimulation with TNFα (10 ng/ml) for 5, 
20 or 60 min. Results representative of 3 independent experiments are 
shown. DMSO, dimethyl sulfoxide; HDAC, histone deacetylase; HDACi, 
HDAC inhibitor; GF, gingival fibroblast; MAPK, mitogen-activated 
protein kinase; qPCR, quantitative polymerase chain reaction; SAHA, 
suberoylanilide hydroxamic acid.
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aimed at amelioration of the destructive aspects of the host 
immune response to oral pathogens (Preshaw 2018). To this 
end, our data indicate that HDACi may be useful in suppress-
ing the excessive production of these mediators.

Individual HDAC family members play unique and non-
redundant roles in distinct immunological processes. In macro-
phages, specific inhibition of HDAC6 promotes killing of 
intracellular Salmonella enterica serovar Typhimurium 
(Ariffin et al. 2015), HDAC8 targeting restores immune 
responses during Bacillus anthracis infection (Ha et al. 2016) 
and HDAC1 silencing prevents intracellular propagation of 
Anaplasma phagocytophilum (Garcia-Garcia et al. 2009). 

However, important contributions of these HDACs to inflam-
matory responses seem to be largely restricted to immune cells. 
In our experiments, we found no evidence to support involve-
ment of HDAC1, HDAC6, or HDAC8 in GF activation, con-
sistent with observations in synovial fibroblasts showing that 
selective targeting of these HDACs had little effect on cytokine 
expression (Angiolilli et al. 2017).

HDAC3 has been previously identified as an important epi-
genetic regulator of inflammatory gene transcription. Genetic 
depletion of HDAC3 in macrophages suppresses LPS-
inducible gene expression and promotes an anti-inflammatory 
wound healing phenotype that is beneficial in the context of 

Figure 4.  HDAC3 inhibition or silencing suppresses inflammatory gene expression in GFs from healthy donors infected with P. gingivalis. (A) qPCR 
analysis of CCL2, CCL5, CXCL10, IL1B, COX2, MMP3, MMP1, IL8, and IL6 mRNA levels in GFs (n  =  6) treated with DMSO or HDACi: ITF2357, 
HDAC3/6i, HDAC6i(a) (all at 500 nM) for 30 min prior to 4 h infection with P. gingivalis (MOI = 100). (B) CCL2 production by GFs (n = 4) exposed 
to DMSO or treated with HDAC3/6i or HDAC6i(a) at 200 nM, 500 nM, or 1 µM for 30 min before P. gingivalis infection (MOI = 100) for 1 h, followed 
by washing and 23 h culture in fresh medium containing DMSO or HDACi (mean concentration + SEM). (C) HDAC3 mRNA (n = 4) and (D) protein 
expression in GFs transfected with transfection reagent alone (Dharmafect, DF), control non targeting siRNA (scrb) or HDAC3-specific siRNA 
(siHDAC3) in the absence (medium, med) or presence of infection with P. gingivalis (MOI = 100) for 4 h. Western blots for HDAC3 and tubulin (Tub) 
representative of 2 independent experiments are shown. (E) Relative mRNA expression of CCL2, IL1B, MMP3, and COX2 in GFs (n = 4-5) transfected 
with non targeting siRNA (scrb) or siHDAC3 prior to infection with P. gingivalis (Pg) (MOI = 100) for 4 h. qPCR data in (A), (C), and (E) are shown as 
the mean relative expression + SEM. *P < 0.05, **P < 0.01, ***P < 0.001; (A) and (C) one-way ANOVA followed by Bonferroni multiple comparison 
test; (E) ratio paired t test. (F, G) Adhesion and internalization of P. gingivalis by GFs treated with SAHA (5 µM) or ITF2357 (500 nM) for 30 min 
before infection with CFSE-labelled P. gingivalis (MOI = 100) determined by flow cytometry. (F) A representative histogram and (G) mean % of infected 
cells of two independent experiments are shown. (H) Adhesion and invasion of P. gingivalis in GFs after treatment with DMSO or 500 nM ITF2357 
prior to infection with P. gingivalis (MOI = 100) for 1 h determined by colony-forming assay immediately (1 h) or 24 h post infection. (I) Adhesion 
and invasion of P. gingivalis in GFs treated as in (H) followed by 1 h of infection with P. gingivalis and subsequent incubation for 1 h with or without 
antibiotics. (H, I) Results are shown as mean colony-forming units (CFU)/cell of 3 independent experiments. DMSO, dimethyl sulfoxide; HDAC, histone 
deacetylase; HDACi, HDAC inhibitor; GF, gingival fibroblast; MAPK, mitogen-activated protein kinase; qPCR, quantitative polymerase chain reaction; 
SAHA, suberoylanilide hydroxamic acid.
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atherosclerosis (Chen et al. 2012; Hoeksema et al. 2014). 
Selective HDAC3 inhibition has been shown to reduce cyto-
kine production by peripheral blood mononuclear cells and 
synovial fibroblasts from RA patients (Gillespie et al. 2012; 
Angiolilli et al. 2017). Our findings that HDAC3 knockdown 

and HDAC3/6i, but not HDAC6i, suppressed cytokine- and  
P. gingivalis–induced expression of a subset of inflammatory 
genes in GFs support a model in which HDAC3 is a primary 
regulator of transcription during inflammatory response. 
Although the cluster of analyzed genes was too small to draw 
any conclusions about specific gene networks regulated by 
HDAC3 in GFs, other reports suggest that the anti-inflammatory 
effects of HDAC3 targeting are partly dependent on the sup-
pression of the type I interferon autocrine/paracrine activity 
(Chen et al. 2012; Angiolilli et al. 2017). The involvement of 
interferon signaling could explain differential regulation of 
CXCL10 and IL8 expression by HDACi, which is surprising 
given that these genes are located on the same chromosome in 
close proximity. Future studies should verify whether this mech-
anism is operational in GFs, particularly in light of recent evi-
dence implicating excessive type I interferon production as the 
cause of alveolar bone loss in periodontitis (Mizraji et al. 2017).

HDACi mediate their anti-inflammatory effects through 
epigenetic and non epigenetic mechanisms. Proteomic studies 
identified acetylation sites on more than 1,700 proteins 
(Choudhary et al. 2009) and reversible acetylation of transcrip-
tion factors and components of the signal transduction machin-
ery plays a critical role during inflammation (Grabiec et al. 
2011). Acetylation-mediated MAPK phosphatase-1 activation 
suppresses p38 signaling (Cao et al. 2008), whereas NFκB 
function is regulated by acetylation of several distinct lysine 
residues on p65 and p50 subunits, affecting their nuclear reten-
tion, DNA binding affinity, and transcriptional activity 
(Ghizzoni et al. 2011). However, consistent with previous 
observations in synovial fibroblasts (Grabiec et al. 2012), we 
failed to identify any effect of HDACi on p38 and ERK phos-
phorylation, IκBα degradation, or NFκB p65 activation, argu-
ing against direct regulation of these pathways in GFs by 
HDACs. Our observation that blocking of de novo protein syn-
thesis had no effect on HDACi-mediated gene suppression also 
demonstrates that the identified effects could not be attributed 
to transcriptional induction of repressor proteins, which is a 
known indirect HDACi mechanism of action (Tang and 
Goldman 2006). Additional studies are needed to fully under-
stand the molecular events underlying the anti-inflammatory 
effects of HDACi in gingival cells, including analyses of local 
changes in the histone acetylation status at the promoters of 
HDACi-sensitive genes and posttranscriptional regulatory 
mechanisms. The latter will be of particular interest in light of 
studies demonstrating that changes in mRNA stability are 
partly responsible for the anti-inflammatory effects of HDACi 
in synovial fibroblasts (Grabiec et al. 2012; Angiolilli et al. 
2018). Notably, mRNA destabilization by HDACi is mediated 
by the RNA-binding protein tristetraprolin (Angiolilli et al. 
2018), which is an important regulator of alveolar bone homeo-
stasis (Steinkamp et al. 2018). The potential HDACi off-target 
effects also need to be considered. Although chemoproteomic 
profiling demonstrated selective targeting of HDACi to 
HDAC-containing protein complexes, these compounds may 
also affect other zinc-dependent metalloenzymes with a similar 
chemical ligand space (Bantscheff et al. 2011).

Figure 5.  GFs from patients with periodontitis are sensitive to the 
anti-inflammatory activity of global and HDAC3-selective HDACi. 
GFs from periodontitis patients (n = 4) were treated with DMSO, 
ITF2357, HDAC3/6i, or HDAC6i(a) (all at 500 nM) for 30 min prior to 
infection with P. gingivalis (MOI = 100) for 4 h and mRNA expression 
of inflammatory mediators was analyzed by qPCR. Data for individual 
patients (PD1–PD4) are shown on a heat map as row Z-scores 
calculated from ΔCt values relative to a housekeeping gene (RPLP0). 
DMSO, dimethyl sulfoxide; HDAC, histone deacetylase; HDACi, HDAC 
inhibitor; GF, gingival fibroblast; qPCR, quantitative polymerase chain 
reaction.
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While HDACi effects on GF activation require further char-
acterization with regards to the involvement of epigenetic and 
non epigenetic mechanisms, and should be studied in detail also 
in gingival epithelial cells (Yin and Chung 2011), the results 
presented here provide strong evidence that HDAC3 acts as a 
crucial regulator of inflammatory mediator expression. Our 
data suggest that HDACi, in particular selective HDAC3 inhibi-
tors (Bresciani et al. 2019), may ameliorate the excessive 
inflammatory response of gingival cells to periodontal patho-
gens, and their application could be clinically beneficial as an 
adjunct to the conventional treatment of periodontitis.
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