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Therapeutic role of histone deacetylase inhibition
in an in vitro model of Graves' orbitopathy
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Abstract. Graves' orbitopathy (GO), a manifestation of
Graves' disease, is characterized by orbital fibroblast-induced
inflammation, leading to fibrosis or adipogenesis. Histone
deacetylase (HDAC) serves a central role in autoimmune
diseases and fibrosis. The present study investigated HDAC
inhibition in orbital fibroblasts from patients with GO to
evaluate its potential as a therapeutic agent. Primary cultured
orbital fibroblasts were treated with an HDAC inhibitor,
panobinostat, under the stimulation of IL-1p, TGF-f or adipo-
genic medium. Inflammatory cytokines, and fibrosis- and
adipogenesis-related proteins were analyzed using western
blotting. The effects of panobinostat on HDAC mRNA expres-
sion were measured in GO orbital fibroblasts, and specific
HDAC:Ss were inhibited using small interfering RNA transfec-
tion. Panobinostat significantly reduced the IL-1p-induced
production of inflammatory cytokines and TGF-f3-induced
production of fibrosis-related proteins. It also suppressed
adipocyte differentiation and adipogenic transcription factor
production. Furthermore, it significantly attenuated HDAC7
mRNA expression in GO orbital fibroblasts. In addition, the
silencing of HDAC?7 led to anti-inflammatory and anti-fibrotic
effects. In conclusion, by inhibiting HDAC7 gene expression,
panobinostat may suppress the production of inflammatory
cytokines, profibrotic proteins and adipogenesis in GO orbital
fibroblasts. The present in vitro study suggested that HDAC7
could be a potential therapeutic target for inhibiting the
inflammatory, adipogenic and fibrotic mechanisms of GO.
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Introduction

Graves' orbitopathy (GO) is a type of orbital inflammation that
occurs in 15-30% of Graves' disease cases (1,2). GO clinically
presents with eyelid retraction, exophthalmos and extraocular
muscle enlargement; notably, 3-5% of patients experience
a vision-threatening severe form, including compressive optic
neuropathy and corneal exposure (2,3).

Dysregulated orbital fibroblasts and infiltration of orches-
trated mononuclear cells, such as macrophage, T cells and B
cells, are pivotal to the pathogenesis of GO. Autoantibodies
targeting the thyrotropin and insulin-like growth factor 1
receptors initiate monocyte infiltration by T and B cells, as
well as macrophages (4). These activated monocytes release
cytokines that stimulate orbital fibroblasts, which also produce
proinflammatory cytokines that exacerbate and maintain
ocular inflammation (2,5). Stimulated orbital fibroblasts
proliferate to produce glycosaminoglycans and differentiate
into adipocytes or myofibroblasts, eventually leading to orbital
tissue swelling, enlargement and fibrosis (2,4,5).

In a previous study on the pathogenesis and potential
therapies for GO, no significant genotypic differences were
found between patients with GO and without GO (6,7).
Current research has focused on epigenetic and environmental
factors (8,9), highlighting histone deacetylases (HDACs) as
promising epigenetic molecules. HDACs are classified into
four groups based on their enzymatic domain organization.
Zn**-dependent HDACS, also known as classical HDACs,
include Class I (HDACs 1, 2, 3 and 8), Class Ila (HDACs 4, 5,
7 and 9), Class IIb (HDACs 6 and 10) and Class IV (HDACI1),
whereas Class III (sirtuins) molecules are NAD*-dependent.
HDACSs mediate the deacetylation of lysine residues on the
histone tail as a post-translational modification and inhibit
transcription factor access to the DNA (10). This modification
regulates gene transcription, controlling the cell cycle and
immunological pathways (11). In addition to histone proteins,
deacetylation occurs in several non-histone proteins, including
transcription factors, and proteins involved in metabolism
and the cell cycle (12). HDAC inhibitors (HDACis) have been
approved by the US Food and Drug Administration to treat
hematological tumors, such as cutaneous or peripheral T-cell
lymphoma, and multiple myeloma, by inhibiting various
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pathways involving cytokines, growth factors and protein
kinases (13).

Although extensive research has been conducted on the
role of HDACs in autoimmune diseases of the lungs and
synovium (14-21), their role in GO pathogenesis remains
largely unexplored (22). Among the HDAC:s that have been
approved for hematological antitumor activity, panobinostat
(LBHS589), an orally available pan-HDAC], was approved by
the US Food and Drug Administration in 2015 for the treatment
of multiple myeloma (13). Panobinostat has >10-fold higher
anticancer potency than vorinostat, another pan-HDACI,
and its half-maximal inhibitory concentration values are
lower than those of other pan-HDACis (23,24). Furthermore,
panobinostat has been shown to exert superior anti-fibrotic
effects on primary idiopathic pulmonary fibrosis compared
with pirfenidone, the only currently available treatment for the
condition (20).

The present study aimed to evaluate the effects of pano-
binostat on GO-induced inflammation, adipogenesis and
fibrosis. Additional experiments were performed to assess
which HDACs exert the therapeutic effects of panobinostat,
with a particular focus on HDAC7.

Materials and methods

Tissue and cell preparation. During orbital surgery performed
at Severance Hospital (Seoul, South Korea), orbital adipose
tissue was collected from 10 patients with GO and 8 controls
as a surgical byproduct (Table SI). The patients achieved
euthyroid status with a clinical activity score (CAS) (25) <3
for =6 months, and the control individuals did not have GO or
any other autoimmune diagnoses. The present study followed
the tenets of The Declaration of Helsinki and was approved by
the Institutional Review Board of Severance Hospital, Yonsei
University College of Medicine (IRB no. 4-2022-0244; Seoul,
South Korea). Written informed consent was obtained from
all patients. Patient samples were collected between May 2022
and December 2023.

Orbital fat tissues were stored in RNAlater (Invitrogen;
Thermo Fisher Scientific, Inc.) for RNA preparation. For
primary cell culture, orbital fat was minced and cultured in
Dulbecco's modified Eagle's medium/nutrient mixture F-12
(DMEM/F12; Welgene, Inc.) supplemented with 20% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and
1% penicillin/streptomycin (Welgene, Inc.) in a humidified 5%
CO, incubator at 37°C. As orbital fibroblasts proliferated, the
cells were serially passaged with trypsin/ethylenediaminetet-
raacetic acid. The cell strains were stored in liquid nitrogen
(-196°C). Cells between passages three and five were used for
the subsequent experiments.

Peripheral blood mononuclear cell (PBMC) preparation.
Peripheral venous blood (10 ml) from healthy donors (n=11)
and patients with GO (n=32) was collected with ethics approval
(IRB no. 4-2022-0244) (Table SII). Peripheral venous blood
sampling was performed together with orbital tissue sampling.
As peripheral venous blood was drawn prior to high-dose
steroid therapy, the inclusion criteria were not restricted to CAS
<3. Consequently, more samples were obtained from periph-
eral venous blood sampling than from orbital tissue samples.

PBMC isolation was performed via Ficoll-Paque (Cytiva)
density-gradient centrifugation at 1,000 x g for 20 min at
20°C. PBMCs were preserved in TRIzol® (Invitrogen; Thermo
Fisher Scientific, Inc.) at -80°C in a freezer.

Cell viability assay. Orbital fibroblasts were seeded into
24-well culture plates (1x10° cells/well) and exposed to
various concentrations of panobinostat (Selleck Chemicals)
(untreated control, 10, 30, 50, 70 and 100 nM) for 24 h at 37°C.
Subsequently, the cells were washed and incubated with MTT
solution (MilliporeSigma) for 2 h at 37°C. After solubilization
with dimethyl sulfoxide (MilliporeSigma), the dye absorbance
was measured using a microplate reader (BioTek Instruments;
Agilent Technologies, Inc.) at 560 and 630 nm. Cell viability
was expressed as a percentage of the untreated control cells.

Reverse transcription-quantitative PCR (RT-gPCR). Orbital
fat tissues were homogenized using a tissue homogenizer
(Precellys 24; Bertin Instruments) and were lysed with
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.) using
a Precellys lysing kit (hard tissue homogenizing CK28; cat.
no. PO0O0911-LYSKO-A; Bertin Instruments). RNA was
also extracted from primary cultured GO orbital fibroblasts
cultured with or without panobinostat (100 nM) for 24 h
using TRIzol. The RNA concentration was measured using
a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Inc.). cDNA was synthesized using a SensiFAST cDNA
Synthesis Kit (Meridian Bioscience, Inc.) according to the
manufacturer's protocol. gPCR amplification was performed
using a QuantStudio3 real-time PCR thermocycler (Applied
Biosystems; Thermo Fisher Scientific, Inc.) with specific
primers and SYBR green PCR master mix (Takara Bio, Inc.).
The thermocycling conditions were as follows: Activation at
50°C for 2 min and incubation at 95°C for 10 min, followed
by 40 cycles of denaturation at 95°C for 15 sec and annealing
at 60°C for 1 min, and a final melting curve analysis at 95°C
for 15 sec, 60°C for 15 sec and 95°C for 15 sec. The sequences
of primers targeting multiple HDAC genes (class I: HDACI,
2 and 3; class ITa: HDAC4, 5 and 7; class IIb: HDAC6 and 10)
are detailed in Table SIII. The results were normalized to
GAPDH and are displayed as fold change in cycle quantifica-
tion (Cq) value relative to that of the controls, using the 244
method (26).

Western blotting. Orbital fibroblasts were treated with
reagents, such as recombinant IL-1p (10 ng/ml), TGF-§3
(5 ng/ml) (both from R&D Systems, Inc.) and panobinostat
(100 nM), for various durations in a humidified 5% CO,
incubator at 37°C. The cells were then washed with DPBS
(Welgene, Inc.) and lysed using RIPA lysis buffer (Welgene,
Inc.) containing a Halt™ Protease Inhibitor Cocktail (Thermo
Fisher Scientific, Inc.). Protein concentrations were deter-
mined using the BCA assay (Pierce™ BCA Protein Assay Kit;
cat. no. 23227, Thermo Fisher Scientific, Inc.). Proteins were
boiled in sample buffer and equal amounts of protein (30 yg)
were then resolved by SDS-PAGE on 8-15% gels, and were
transferred to nitrocellulose membranes (MilliporeSigma).
Subsequently, the membranes were incubated with 5% skim
milk blocking buffer for 1 h at room temperature (25°C).
After overnight incubation with primary antibodies at 4°C
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(Table SIV), the bands were incubated with a secondary anti-
body [Pierce Goat Anti-Rabbit, (H+L), Peroxidase Conjugated
(1:5,000; cat. no. 31460; Thermo Fisher Scientific, Inc.) and
Pierce Goat Anti-Mouse, (H+L), Peroxidase Conjugated
(1:5,000; cat. no. 31430; Thermo Fisher Scientific, Inc)] for 1 h
at room temperature, after which, visualization was performed
using SuperSignal™ West Pico PLUS chemiluminescent
substrates (cat. no. 34580; Thermo Fisher Scientific, Inc.).
Band intensities, measured using ImagelJ software ver. 1.54 g
(National Institutes of Health), were standardized to [3-actin in
the same sample.

Adipogenesis. Orbital fibroblasts were differentiated into
adipocytes for 14 days using adipogenic solution as previously
described (27). Briefly, the adipogenic solution consisted of
DMEM (Welgene, Inc.) supplemented with 10% FBS (Thermo
Fisher Scientific, Inc.), 33 M biotin (Roche Diagnostics
GmbH), 17 uM pantothenic acid (Roche Diagnostics GmbH),
10 pg/ml transferrin (Roche Diagnostics GmbH), 0.2 nM T3
(Roche Diagnostics GmbH), 1 #M insulin (Roche Diagnostics
GmbH), 0.2 uM carbaprostaglandin (Calbiochem; Merck
KGaA) and 10 M rosiglitazone (Cayman Chemical Company),
and the medium was replaced every 2-3 days. For the first
4 days, 10 uM dexamethasone (MilliporeSigma) and 0.1 mM
isobutylmethylxanthine (MilliporeSigma) were added to
induce adipogenesis. Cells were co-treated with panobinostat
(10 nM) and/or IL-18 (10 ng/ml) for 14 days.

Oil Red O staining. Differentiated adipocytes treated with
panobinostat (10 nM) and/or IL-1f (10 ng/ml) for 14 days of
adipogenesis were washed with PBS, fixed with 10% formalin
for 1 h at 4°C and stained for 2 h at room temperature with Oil
Red O (cat. no. 01516; MilliporeSigma) working solution (Oil
Red O:deionized water=6:4, filtered). The plates were rinsed
with PBS and the cells were observed under an inverted light
microscope (IX73; Olympus Corporation) equipped with a
charge-coupled device camera (DP71; Olympus Corporation).
Oil Red O stain was solubilized with 100% isopropanol to
quantify lipid accumulation, and the optical density was
measured using a spectrophotometer at 490 nm.

Silencing of HDACs. Small interfering (siRNAs targeting
HDAC6 and HDAC7 (si-HDAC6 and si-HDAC7) were obtained
from Dharmacon Reagents; Revvity, Inc. (SMARTpool format;
cat. nos. L-003499-00 and L-009330-00), and a non-targeting
negative control No. 1 siRNA (si-con) was obtained from
Invitrogen; Thermo Fisher Scientific, Inc. (Table SV). siRNAs
(10 nM) were transfected into 80% confluent orbital fibroblasts
using Lipofectamine® RNAIMAX (Invitrogen; Thermo Fisher
Scientific, Inc.). After 24 h in a humidified 5% CO, incubator at
37°C, the medium was replaced with fresh complete medium
containing 10% fetal bovine serum and antibiotics, and the
cells were incubated for a further 48 h.

Statistical analysis. IBM SPSS Statistics for Windows v 29.0
(IBM Corp.) was used for statistical analysis. All experiments
were performed twice using cells from 3 different patients. The
results were averaged and expressed as the mean + SD. Normal
distribution was verified using the Kolmogorov-Smirnov test.
For comparisons between the experimental and control groups,

MOLECULAR MEDICINE REPORTS 30: 218, 2024 3

either unpaired Student's t-test or Mann-Whitney U-test was
used. When comparing multiple groups, Kruskal-Wallis test
was used, followed by Dunn's post hoc test. In the demo-
graphic analysis, Fisher's exact test was used to compare
two categorical variables. P<0.05 was considered to indicate
a statistically significant difference.

Results

mRNA expression levels of HDACs in orbital tissue and
PBMC. Basal levels of HDAC transcripts were analyzed using
RT-qPCR. A total of eight HDAC genes were assessed: Class I
(HDACI, 2 and 3), class IIa (HDAC4, 5 and 7) and class IIb
(HDACG6 and 10). The median mRNA expression levels of
HDAC3,4,5, 6 and 7 were significantly lower in orbital tissues
from patients with GO (n=10) than in those from the control
individuals (n=8) (Fig. 1). In addition, HDAC gene expression
patterns were detected in the PBMCs of patients with GO
(n=32) and normal controls (n=11). There were no significant
differences in the mRNA expression levels of HDACs between
patients with GO and normal controls (Fig. S1).

Effect of panobinostat on cell viability. An MTT assay was
performed to determine the non-toxic concentration of panobi-
nostat. In both normal and GO orbital fibroblasts, panobinostat
at concentrations between 10 and 100 nM did not reduce cell
viability to <95% over the course of a 24-h treatment (Fig. 2).

Suppression of HDACs by panobinostat in GO orbital
fibroblasts. Even with panobinostat, a non-selective HDACi,
not all HDAC genes were uniformly inhibited. Pan-HDACis
can have different effects on each HDAC depending on the
cellular context (28). To verify the selectivity of panobinostat
for GO orbital fibroblasts, the fibroblasts were incubated
for 24 h with and without panobinostat (100 nM), and the
expression levels of various HDAC transcripts were analyzed
using RT-qPCR. HDAC3 mRNA expression was found to
be upregulated, whereas HDAC6 and HDAC7 mRNA levels
were significantly downregulated in response to panobinostat
(Fig. 3).

Therapeutic effect of panobinostat on stimulated orbital
fibroblasts. The present study evaluated the therapeutic effects
of panobinostat on multiple GO-related pathogenic processes
(inflammation, adipogenesis and fibrosis) in primary cultured
orbital fibroblasts. GO and normal orbital fibroblasts were
pretreated with panobinostat (100 nM) for 30 min, followed
by inflammatory stimulation using IL-1f (10 ng/ml) for
24 h. Western blotting demonstrated that panobinostat
treatment suppressed the IL-1B-induced expression of the
proinflammatory cytokines IL-6 and IL-8 (Fig. 4).

The stimulus was changed to TGF-f (5 ng/ml) under the
same experimental conditions to investigate the anti-fibrotic
effects of panobinostat. The increase in expression of the
profibrotic cytokines fibronectin, collagen Ia and collagen
3 induced by TGF-f was significantly attenuated after
panobinostat treatment (Fig. 5).

Finally, the effect of panobinostat on the adipocyte
differentiation of orbital fibroblasts was examined. During
the 14 days of adipogenesis in an adipogenic medium,
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Figure 1. HDAC mRNA expression in GO and control orbital tissues. Orbital tissues from patients with GO (n=10) and controls (n=8) were analyzed to evaluate
the mRNA expression levels of HDACs (class I: HDAC1, 2 and 3; class IIa: HDAC4, 5 and 7; class IIb: HDAC6 and 10). Reverse transcription-quantitative PCR
was performed, and the results are presented as the median and interquartile ranges compared with normal controls. Statistical significance was determined
using Mann-Whitney U-test. "P<0.05 vs. normal control. GO, Graves' orbitopathy; HDAC, histone deacetylase.
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Figure 2. Cell viability after treatment with panobinostat. Orbital fibroblasts
from patients with GO (n=3) and controls (n=3) were seeded in 24-well culture
plates and treated with various concentrations of panobinostat (control, 10,
30, 50, 70 and 100 nM) for 24 h. The MTT assay was repeated twice for cells
from 3 different individuals. Results are presented as the mean + SD relative
to the untreated control. GO, Graves' orbitopathy.

GO orbital fibroblasts were also co-treated with pano-
binostat (10 nM) and/or IL-1f (10 ng/ml). Panobinostat
significantly mitigated IL-1B-induced adipogenesis (Fig. 6A),
as demonstrated by the spectrophotometric lipid quantifica-
tion (Fig. 6B). The expression levels of adiponectin, leptin,
HDACY7 and all the investigated adipogenic transcription
factors, including peroxisome proliferator-activated receptor
v, CCAAT-enhancer-binding protein (c/EBP)a, ¢/EBPf and
aP2, were reduced with panobinostat treatment compared with
in cells under adipogenic differentiation and IL-1f stimulation
(Fig. 6C and D).

Effect of panobinostat on signaling pathway molecules. The
present study further investigated the intracellular signaling
pathway molecules affected by panobinostat treatment.
Orbital fibroblasts pretreated with panobinostat (100 nM)
for 24 h were incubated with IL-1f (10 ng/ml) for 15 min.
IL-1B-induced JNK and Akt phosphorylation was significantly
reduced by panobinostat treatment in GO orbital fibroblasts,
but not in normal cells (Fig. 7).

As major transducers of TGF-f3, the SMAD pathway mole-
cules SMADI1/5/9, SMAD2 and SMAD3 were investigated to
determine the effect of panobinostat. Treatment with 100 nM
panobinostat for 3 h significantly reduced TGF-ff (5 ng/ml;
1 h)-induced SMAD3 phosphorylation in normal orbital fibro-
blasts, whereas this reduction was not significant in GO orbital
fibroblasts (Fig. 8A). As non-SMAD pathway molecules, Akt,
JNK, p38 and ERK expression levels were examined under
TGF-f stimulation (5 ng/ml; 1 h) after panobinostat (100 nM)
exposure for 3 h. Phosphorylation of Akt was attenuated in
both GO and normal cells, whereas phosphorylation of p38
was reduced in normal cells (Fig. 8B).

Role of HDAC?7 in GO orbital fibroblasts. Based on the results
showing that HDAC7 was notably suppressed by panobinostat
(Fig. 3), the effects of HDAC7 on GO orbital fibroblasts were
examined. Similar to the results showing significantly lower
HDAC mRNA levels in GO tissues than in normal tissues
(Fig. 1), western blot analysis revealed that HDAC7 protein
levels were also lower in GO tissues (n=7) than in normal
tissues (n=7) (Fig. S2). GO orbital fibroblasts were then treated
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Figure 3. Effect of panobinostat on the mRNA expression levels of HDACs. Orbital fibroblasts from patients with GO (n=3) were cultured with panobinostat
(100 nM) for 24 h. GO orbital fibroblasts cultured without panobinostat for 24 h were used as controls. mRNA expression levels of HDACs (class I: HDACI, 2
and 3; class Ila: HDAC4, 5 and 7; class IIb: HDAC6 and 10) were measured by reverse transcription-quantitative PCR. All experiments were conducted twice
on samples from 3 individuals. Results are presented as the mean + SD relative to the control. Statistical significance was determined using Mann-Whitney
U-test. "P<0.05 vs. untreated control. GO, Graves' orbitopathy; HDAC, histone deacetylase.
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Figure 4. Suppressive effect of panobinostat on proinflammatory cytokine
expression. Orbital fibroblasts from patients with GO (n=3) and controls
(n=3) were pretreated with panobinostat (100 nM) for 30 min and then
stimulated with IL-1f (10 ng/ml) for 24 h. Western blotting was performed
to examine the protein expression levels of the proinflammatory cytokines
IL-6 and IL-8. Representative gel images are shown. Densitometry was
performed and levels were normalized to -actin in the same sample. All
experiments were conducted twice on samples from three individuals. Data
are presented as the mean + SD. Statistical significance was determined
using Mann-Whitney U-test to compare the effect of panobinostat under
IL-1p stimulation. "P<0.05. GO, Graves' orbitopathy.

with IL-1p (10 ng/ml) and TGF-f (5 ng/ml) for 0, 5, 10, 30 and
60 min. Western blot analysis revealed that HDAC7 protein
levels were increased after 30 min of IL-1f stimulation and
after 60 min of TGF-f stimulation (Fig. 9).

To elucidate the role of HDAC7, HDAC7 was silenced
using siRNA (Fig. 10A). si-HDAC7 and si-con were trans-
fected into cells for 24 h, which were then stimulated with
IL-1f (10 ng/ml) or TGF-f (5 ng/ml) for 24 h to evaluate
the effects on inflammation and fibrosis. IL-6 levels, which

were increased following IL-1f treatment, were significantly
reduced in both GO and normal orbital fibroblasts transfected
with si-HDAC7, whereas IL-8 levels were only reduced in
si-HDAC7-transfected normal orbital fibroblasts (Fig. 10B).
HDACT silencing also significantly reduced the expression
levels of the TGF-B-induced profibrotic proteins fibronectin
and a-smooth muscle actin (a-SMA) in both GO and normal
orbital fibroblasts, as well as collagen Ia and collagen 3 in GO
cells (Fig. 10C).

Additional experiments were performed to determine the
effects of HDAC3 and HDACG6, which were significantly upreg-
ulated and downregulated by panobinostat, respectively (Fig. 3).
Firstly, HDAC6 was knocked down by siRNA transfection
(Fig. S3A), and the orbital fibroblasts were treated with IL-1{3
(10 ng/ml) or TGF-f (5 ng/ml). The protein expression levels
of the IL-1B-induced proinflammatory cytokines, IL-6 and
IL-8, did not differ between cells transfected with si-HDAC6
and si-con (Fig. S3B). Upon TGF-f stimulation, the expression
levels of profibrotic proteins, fibronectin and a-SMA, were
downregulated by si-HDACG6 transfection in normal cells;
however, the expression levels of Colla and Col3 in normal cells
and of all profibrotic proteins in GO cells showed no difference
in response to si-HDACG6 transfection (Fig. S3C).

Secondly, as shown in Fig. 3, HDAC7 mRNA expression
was decreased, whereas HDAC3 mRNA expression was
significantly upregulated by panobinostat treatment. As the
enzymatic activity of HDAC?7 in the nucleus is influenced by
HDAC3 (29), the effect of siHDAC7 on HDAC3 expression
was investigated. The effects of panobinostat on the protein
expression levels of HDAC3 and HDAC?7 in orbital fibroblasts
were confirmed by western blotting, demonstrating downregu-
lation of HDAC7 and upregulation of HDAC3, in accordance
with the mRNA results (Fig. S4A). However, silencing of
HDACY7 did not affect the protein expression levels of HDAC3
in orbital fibroblasts (Fig. S4B).
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Col, collagen; GO, Graves' orbitopathy.

Discussion

In the present study, the pan-HDACIi panobinostat was iden-
tified as a potent attenuator of orbital fibroblast activation.
Panobinostat suppressed the expression of proinflammatory,
profibrotic and adipogenic proteins induced by specific stimu-
lators in orbital fibroblasts. Furthermore, it selectively inhibited
different HDAC genes in GO orbital fibroblasts. Notably,
blockage of HDAC7 was revealed to be associated with the
therapeutic effect of panobinostat on GO pathogenesis.

The orbital tissues analyzed were primarily derived from
patients undergoing orbital decompression surgery, typically
performed during the inactive phase of GO. Most HDAC
genes in GO orbital tissues exhibited reduced mRNA expres-
sion compared with that in normal orbital tissues, possibly
due to negative feedback after the active phase. Additionally,
HDACT protein expression was increased in orbital fibroblasts
following stimulation with IL-1f and TGF-p3. However, the
present study revealed no significant differences in the mRNA
expression levels of HDAC genes in PBMCs between patients
with GO and healthy controls. This is in contrast to a previous

study that reported elevated mRNA expression levels of
HDACI1 and HDAC2 in PBMCs from patients with Graves'
disease, leading to histone H4 hypoacetylation (30). This
discrepancy could be because PBMCs are a mixed collection
of different cells, such as T cells, B cells, macrophages and
mast cells, which might obscure specific changes in HDAC
expression. Furthermore, a number of systemic inflammatory
diseases, such as rheumatoid arthritis and chronic obstructive
pulmonary disease, can influence HDAC mRNA expression
in PBMCs (31,32), while GO may represent a more localized
inflammatory manifestation in the orbit. Therefore, despite
the lack of differences in PBMC HDAC mRNA expression,
HDACSs may serve as specific biomarkers for tissue and local-
ized therapeutic targets in GO pathogenesis, as the present
study identified marked differences in HDAC expression in
GO orbital tissue, and HDAC inhibition in orbital fibroblasts
suppressed the expression of pro-inflammatory, adipogenic
and pro-fibrotic proteins.

A recent report showed that HDAC4 expression was
increased upon stimulation with platelet-derived growth
factor-BB (PDGF-BB) in GO orbital fibroblasts, whereas
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incubation in adipogenic medium. Panobinostat (10 nM) and/or IL-1f (10 ng/ml) was added during the adipogenesis. All experiments were performed twice.
(A) To evaluate adipocyte differentiation, cells were stained with Oil Red O, and cytoplasmic lipid droplets were examined under a microscope (magnification,
x40). (B) Stained cell lysates were solubilized, and absorbance was measured using a spectrophotometer at 490 nm. Data are presented as the mean + SD.
Statistical significance was determined using Mann-Whitney U-test to compare the effect of panobinostat under adipogenic stimulation with IL-1f. "P<0.05.
(C) Adipogenic transcription factors, including PPARY, c/EBPa, c/EBPf, aP2, adiponectin and leptin, and HDAC7 were analyzed by western blotting after
14 days of adipogenic differentiation of orbital fibroblasts. Representative gel images are shown. (D) Densitometric analysis results of western blotting. Data
are presented as the mean + SD normalized to f-actin. Statistical significance was determined using Mann-Whitney U-test to compare the effect of panobi-
nostat under adipogenic stimulation with IL-1B. “P<0.05. aP2, adipocyte protein 2; ¢/EBP, CCA AT-enhancer-binding protein; HDAC?7, histone deacetylase 7;
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Figure 7. Effect of panobinostat on signal proteins under IL-1f stimulation. Orbital fibroblasts from patients with GO (n=3) and controls (n=3) were pretreated
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significance was determined using Mann-Whitney U-test to compare the effect of panobinostat under IL-1f stimulation. "P<0.05. GO, Graves' orbitopathy;
p-, phosphorylated; t-, total.

HDAC4 silencing reduced collagen lal, a-SMA, hyaluronan  potential therapy for alleviating GO-related tissue remodeling.
synthase 2 and hyaluronic acid production (22). This aligns = However, unlike previous research that focused on hyaluronan,
with the present finding that HDAC inhibition could be a  the present study investigated proinflammatory cytokines,
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Figure 9. HDAC?7 expression under stimulation with IL-1$ and TGF-f in
GO orbital fibroblasts. Orbital fibroblasts from patients with GO (n=3) were
stimulated with IL-1$ (10 ng/ml) and TGF-f (5 ng/ml) for increasing time
intervals (0-60 min). HDAC7 release was measured at the indicated times
(0, 5, 10, 30 and 60 min) through western blot analysis. Representative gel
images are shown. 3-actin was used as a loading control. All experiments
were conducted twice on samples from 3 individuals. Data measured by
densitometry are presented as the mean + SD. Relative density was deter-
mined with respect to the 0-min time point. Each group was compared
using the Kruskal-Wallis test followed by Dunn's post hoc test. "P<0.05. GO,
Graves' orbitopathy; HDAC7, histone deacetylase 7.

which are the more fundamental causes of GO, including
IL-6 and IL-8 (2,33-36). Another focus of the current study
was fibrosis, which could potentially result in long-lasting
impairment. Lastly, although PDGF-BB serves a pivotal role
in GO pathogenesis, it stems from immune cells activated by
numerous cytokines, including IL-13, IFN-y and TGF-p (37);
therefore, Therefore, the inhibitory effects of panobinostat
on broader regulators, such as IL-1p and TGF-f3, which act
upstream of PDGF-BB, may have a more significant impact
on treating GO.

Despite their pan-inhibitory nature, the sensitivity of
each pan-HDAC: varies in different cellular contexts (28). In
myeloma cells, panobinostat has been shown to predominantly
upregulate HDACG6, uniquely reducing HDAC?7 (38). In the
present study, panobinostat exhibited a selective inhibitory
effect on the mRNA expression levels of HDACs in GO orbital
fibroblasts, reducing the expression of both HDACG6 and 7, while
elevating HDAC3 expression. Similarly, another pan-HDAC;H,
trichostatin A (TSA), has been reported to increase HDAC3
expression and decrease HDAC7 expression in the skin fibro-
blasts of patients with systemic sclerosis (39). The present
study explored the therapeutic mechanism of panobinostat
by targeting specific HDACs to mitigate the adverse effects
associated with pan-HDAC inhibition. Specific inhibition
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Figure 10. Anti-inflammatory and anti-fibrotic effects of silencing HDAC7 in orbital fibroblasts. HDAC7 was knocked down via transfection with siRNA
(10 nM) for 24 h and cells were maintained for 48 h. (A) Silencing efficiency of si-HDAC7 was demonstrated in both GO and normal orbital fibroblasts (n=3)
compared with si-con. (B) Cells were stimulated with IL-1p (10 ng/ml) for 24 h. Western blot analysis was performed to investigate the expression levels of the
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using si-HDAC6 and si-HDAC?7 confirmed that the downregu-
lation of HDAC7 was associated with the anti-inflammatory
and anti-fibrotic effects of panobinostat, in contrast to HDAC6
silencing, which showed no effect on the expression of inflam-
matory and fibrotic proteins. As the enzymatic activity of
HDACY7 in the nucleus is influenced by HDAC3, which binds
to silencing mediator of retinoic acid and thyroid hormone
receptor and nuclear receptor corepressor (29), the present
study examined whether the therapeutic effect of panobinostat
could occur directly through HDAC7 reduction, not medi-
ated by elevated HDAC3. Since HDAC7 reduction did not
induce HDACS3 elevation, it was concluded that HDAC7 may
independently mediate the therapeutic effect of panobinostat.

HDACT7 serves a crucial role in the pathogenesis of
inflammation-related diseases associated with fibrosis. One
study demonstrated that cytokine-induced type I collagen and
fibronectin levels were reduced by TSA treatment through the
inhibition of SMAD transcription factors in systemic sclerosis
skin fibroblasts (40). In a subsequent study, it was confirmed
that TGF-B-induced type I and type III collagen expression
was reduced by HDAC7 knockdown (39). In fibroblasts
derived from Peyronie's plaques, HDAC?7 silencing has been
shown to curtail fibroblast differentiation into myofibroblasts
and decrease fibrotic protein production (41). In the lung
tissue from a mouse model of ovalbumin-induced fibrosis,
nuclear-translocated HDAC7 upon endothelin-1 stimulation
promoted connective tissue growth factor production (42).
Another study deemed HDAC?7 pivotal for HDAC-dependent
deacetylation in the promotor region of the anti-fibrotic gene
PPARGCI1A under TGF-f stimulation (19).

Previous studies have suggested that HDAC inhibition
may affect the SMAD-dependent canonical TGF-f3 signaling
pathway (40,41). However, the findings of the present study
regarding the downstream target of panobinostat in orbital
fibroblasts suggested that Akt was a possible signaling
pathway molecule that may be present during both TGF-3
and IL-1f stimulation. In a few previous studies on idiopathic
pulmonary fibrosis, the PI3K-Akt signaling pathway was
observed. Tubastatin A, a selective inhibitor of HDAC6, was
shown to abrogate TGF-B-induced type I collagen expression
by suppressing Akt phosphorylation in lung fibroblasts (43,44).
Additionally, TSA treatment reduced a-SMA expression in
response to TGF-f3, which was dependent on HDAC4 mediated
by phosphorylation of Akt (45). Taken together, Akt signaling
may contribute to the therapeutic effects of HDAC inhibition
not only on inflammation but also on GO fibrosis.

The present study has several limitations. First, the
sample size for each experiment was limited and varied. The
discrepancy in sample numbers arose due to differences in the
invasiveness of collecting different types of samples, tissue or
blood. To address the limitations associated with pooled sample
analysis, subgroup analysis in patients with GO according to
CAS was conducted in PBMCs, which did not reveal any signifi-
cant differences (data not shown). Additionally, in the in vitro
study using orbital fibroblasts, primary orbital fibroblasts were
cultured from three different tissue samples in a randomized
manner and the experiments were performed twice to obtain
average results. This approach helped to minimize the limita-
tions of pooled sample analysis by incorporating controlled
variability and ensuring more representative results. Second,
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the experiments were limited to orbital fibroblasts. The present
study is a preliminary in vitro study using orbital fibroblasts.
Since a mouse model for GO is currently under investigation
and shows promising results (46), HDACis could potentially be
applied to in vivo systems. Lastly, unlike pan-HDAC:is, a specific
HDAC: could be used. Using a specific HDACi is desirable to
reduce the effects on other HDACs and to minimize the toxicity
associated with pan-HDAC inhibition. To date, only a few potent
HDACT7is have been identified. They exhibit high potency as
HDACT7is; however, they also affect other class Ila HDACs
(HDACH4, 5 and 9) (47). Notably, class IIla HDACs are associ-
ated with various immune cells, including macrophages and
lymphocytes (48). Furthermore, given that HDAC4, one of the
class ITa HDACsS, has been recognized as a target for hyaluronan
production in GO (22), HDACTis still have therapeutic potential
against GO even though they inhibit other class Ila HDACs in
addition to HDACY7. Further investigation is necessary when
considering the use of HDACT7is in vivo.

In conclusion, the present study on GO highlights the
therapeutic potential of HDAC inhibition. Specifically,
panobinostat was identified as a potent inhibitor of proinflam-
matory, adipogenic and profibrotic stimulation in GO orbital
fibroblasts, predominantly via the Akt signaling pathway. The
anti-inflammatory and anti-fibrotic actions of panobinostat
were evident through its downregulation of HDAC7 mRNA
expression. Considering the crucial role of HDACs in autoim-
mune processes and fibrosis, the present findings demonstrate
the potential of HDAC7-targeted interventions. As the under-
standing of GO pathogenesis advances, the current study
proposes epigenetic modulation, especially by targeting
HDACT7, as a promising therapeutic option. Further studies
should focus on elucidating broader molecular mechanisms
and validating these findings in vivo.
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