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Background/Aims: The purpose of the current study was to examine the anti-inflammatory ef-
fects of CKD-506, a novel histone deacetylase 6 inhibitor, on human peripheral blood mono-
nuclear cells (PBMCs) and CD4+ T cells and to explore the relationship between CKD-506 and 
gut epithelial barrier function.
Methods: Lipopolysaccharide-stimulated human PBMCs from inflammatory bowel disease 
(IBD) patients were treated with CKD-506, and tumor necrosis factor (TNF)-α expression was 
measured using an enzyme-linked immunosorbent assay. The proliferation of CD4+ T cells from 
IBD patients was evaluated using flow cytometric analysis. The effects of CKD-506 on gut bar-
rier function in a cell line and colon organoids, based on examinations of mRNA production, 
goblet cell differentiation, and E-cadherin recovery, were investigated using quantitative reverse 
transcription polymerase chain reaction, immunofluorescence, and a fluorescein isothiocyanate-
dextran permeability assay.
Results: Secretion of TNF-α, a pivotal pro-inflammatory mediator in IBD, by lipopolysaccharide-
triggered PBMCs was markedly decreased by CKD-506 treatment in a dose-dependent manner 
and to a greater extent than by tofacitinib or tubastatin A treatment. E-cadherin mRNA expres-
sion and goblet cell differentiation increased significantly and dose-dependently in HT-29 cells in 
response to CKD-506, and inhibition of E-cadherin loss after TNF-α stimulation was significantly 
reduced both in HT-29 cells and gut organoids. Caco-2 cells treated with CKD-506 showed a 
significant reduction in barrier permeability in a dose-dependent manner.
Conclusions: The present study demonstrated that CKD-506 has anti-inflammatory effects on 
PBMCs and CD4 T cells and improves gut barrier function, suggesting its potential as a small-
molecule therapeutic option for IBD. (Gut Liver 2023;17:766-776)
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INTRODUCTION

Inflammatory bowel disease (IBD) represents a group 
of chronic immune-mediated diseases of the gastrointes-
tinal tract, characterized by recurrent inflammation and 
consequential damage of the gastrointestinal tract.1,2 IBD 
includes Crohn’s disease and ulcerative colitis (UC),3 which 
show both overlapping and distinct clinical and pathologi-
cal characteristics.4 IBD is associated with lifelong relaps-
ing inflammatory symptoms and disabling complications. 

However, the pathophysiology of IBD has not been clearly 
elucidated.5 Various therapeutic options are available,6 but 
the current medical treatments including aminosalicylates, 
corticosteroids, immunomodulators, and biologics such 
as anti-tumor necrosis factor (TNF)-α have shown limited 
clinical efficacy as well as a high incidence of side effects, 
such as increased infectious complications and drug resis-
tance.7-9 Recently, tofacitinib, a Janus kinase inhibitor, has 
emerged as a small-molecule drug used for treating UC 
and has been found to be effective in inducing and main-
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taining remission.10 Tofacitinib decreases the proliferation 
of CD4+ T cells, inhibits the production of cytokines, such 
as interleukin (IL)-17 and interferon-γ,11-14 and increases 
the gut barrier by suppressing CLAUDIN2.15 Notwith-
standing, the use of tofacitinib in IBD has several limita-
tions including an increased risk of infection and long-
term safety concerns.16 Thus, more efficacious and safer 
small-molecule medicines for IBD are necessary.17,18

The influence of epigenetics on the pathogenesis of 
IBD has been an area of intense interest for the past few 
decades.19 Histone deacetylases (HDACs) are a family of 
mostly ubiquitous enzymes that remove acetyl groups from 
lysines on histone proteins to regulate gene transcription.20 
Various types of HDACs have been found to be closely as-
sociated with intestinal inflammation, and the specific func-
tions of individual HDACs have been investigated through 
studies on HDAC inhibitors.21 Pan-HDAC inhibitors, or 
non-selective HDAC inhibitors, such as givinostat and 
suberoylanilide hydroxamic acid (also known as vorino-
stat), were the first to be studied.22 Although non-selective 
HDAC inhibitors show anti-inflammatory potential in vitro 
and in murine models, they have not been clinically used 
due to various adverse effects including diarrhea, nausea, 
and vomiting.1 In addition, the discovery of more severe 
adverse effects, such as bone marrow suppression, which 
leads to hematologic complications including neutropenia, 
anemia, and thrombocytopenia, have restricted the use of 
non-selective HDAC inhibitors to potential treatment of 
patients with malignancies.18,19 These issues have spurred 
the idea of blocking specific isoforms of HDAC instead of 
non-selective blocking of several HDACs. HDACs target 
numerous nuclear and cytoplasmic proteins that regulate 
the cell cycle, DNA repair, and inflammation. While the 
nuclear targets of HDAC are closely related to drug side 
effects of HDAC blockers, the cytoplasmic targets play a 
promising role in ameliorating inflammation with minimal 
side effects.1 Therefore, research on selective HDAC block-
ers that exclusively inhibit cytoplasmic targets is ongoing.19 
Consequently, multiple studies have investigated isoform-
specific HDAC inhibitors and have highlighted their thera-
peutic potential in intestinal inflammation.23,24 Among the 
18 isoforms of HDAC, HDAC6 has been recognized as me-
diating tumorigenesis, neurodegeneration, and inflamma-
tion.1 HDAC6, which is localized to the cytoplasm, appears 
to be a promising candidate in IBD treatment. Several stud-
ies have shown that HDAC6 inhibitors exhibit remarkable 
anti-inflammatory and anti-cancerous effects both in vitro 
and in vivo.19,23-26 Tubastatin A is a representative HDAC6-
selective inhibitor that has been widely studied for its 
potential in the treatment of neurodegenerative disorders, 
cancer, and chronic obstructive pulmonary disease and has 

not been found to elicit any obvious adverse reactions.27 

However, its poor pharmacokinetic properties, potential 
genotoxicity, and tedious synthesis have limited its success 
in clinical trials.26-28 On the contrary, CKD-506, a novel 
HDAC6 inhibitor, has been found to show excellent isotype 
selectivity (>100-fold over other HDAC family members).25 
Moreover, several reports showed that HDAC6 inhibitors 
confer protection in dextran sodium sulfate-induced colitis 
in mice.1,23 However, the effects of HDAC6 inhibitors on 
IBD have been unclear.29,30

CKD-506 is a HDAC6 inhibitor that shows highly spe-
cific anti-HDAC6 activity and is expected to show better 
efficacy than previously developed HDAC6 inhibitors in 
managing immune-mediated inflammatory diseases.31 
CKD-506 was previously reported to decrease the pro-
duction of numerous pro-inflammatory cytokines in the 
serum and kidneys in a murine systemic lupus erythe-
matosus model.31 A phase I clinical trial of CKD-506 did 
not reveal notable safety issues (EudraCT number: 2016-
002816-42). Previous studies have investigated the efficacy 
of CKD-506 in a murine colitis model and murine cell 
lines.1 However, the effects of CKD-506 on immune cells 
including T cells and on intestinal barrier function, which 
prevents unwanted excess immune response by protecting 
from contact of luminal antigens, have not been examined. 
Moreover, to the best of our knowledge, there has not yet 
been a study on the anti-inflammatory effect of CKD-506 
using samples of IBD patients, although there are clear dif-
ferences between mouse and human models in terms of 
drug responses.32 Therefore, we conducted an ex vivo and 
in vitro study with human blood samples and human cell 
lines to determine the efficacy of CKD-506 as an HDAC6 
inhibitor in comparison with tubastatin A and tofacitinib, 
which are a widely-studied HDAC6 inhibitor and small-
molecule drug for IBD, respectively.

Based on the necessity of exploring the mechanism of 
action of HDAC6 inhibitors in IBD treatment, the purpose 
of this study was to examine the effects of CKD-506 on im-
mune cells including T cells and on gut barrier function in 
vitro. We explored the effects of CDK-506 on proliferation 
and inflammatory cytokine production in human CD4+ T 
cells and the effects of CKD-506 on barrier integrity and 
goblet cell differentiation in intestinal epithelial cells (IECs) 
and intestinal organoids.

MATERIALS AND METHODS

1. Study subjects
Samples were collected from disease-involved proximal 

colon specimens from patients with active UC at Severance 
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Hospital, Seoul, Korea. Colon biopsy samples that were ob-
tained from UC patients by colonoscopy (n=3) were used 
for establishment of colon organoids. Blood samples were 
obtained from UC (n=3) or Crohn’s disease (n=2) patients 
who had been newly diagnosed with IBD and had never 
been treated by immunosuppressants or anti-TNF drugs. 
Healthy control blood samples (n=4) were obtained from 
patients during medical checkups. All patients were free of 
other diseases including arthritis. The study was approved 
by the Institutional Review Board of Severance Hospital 
(IRB number: 4-2012-0302). All patients and controls 
provided written informed consent, and all methods were 
performed in accordance with relevant guidelines and 
regulations. Patient characteristics are described in Table 1.

2. Peripheral blood mononuclear cell (PBMC) 
isolation, cell culture, and enzyme-linked 
immunosorbent assay
Blood samples were centrifuged with Ficoll Paque Plus 

(GE Healthcare Life Science, Uppsala, Sweden) and Leu-
cosep (Greiner Bio-One, Kremsmünster, Austria). Red 
blood cells were removed with RBC Lysis Buffer (Bio-
Legend, San Diego, CA, USA). Separated PBMCs were 
cultured in 12-well plates (Corning, NY, USA) at a density 
of 1×105 cells per well in Roswell Park Memorial Institute 
medium (RPMI) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) and 1% penicillin/streptomycin 
(Thermo Fisher Scientific, Pittsburgh, PA, USA) in a hu-
midified 37℃ incubator in 5% CO2 and stimulated with 
lipopolysaccharide (LPS). All drugs (tofacitinib, Janus ki-
nase inhibitor, and tubastatin A) were kindly provided by 
Chong Kun Dang Pharmaceuticals (Seoul, Korea).

To evaluate cytokine levels, PBMC cultured media was 
collected and processed using the human TNF-α enzyme-
linked immunosorbent assay kit (BioLegend). All proce-
dures were performed according to the manufacturer’s in-
structions. Human colon carcinoma cell lines HT-29 (HTB-
38TM; Korea Cell Line Bank, Seoul, Korea), HT29-LuciaTM 
AhR cells (InvivoGen, San Diego, CA, USA), and Caco-2 
(HTB-37TM; American Type Culture Collection, Manas-
sas, VA, USA), which are widely used intestinal epithelial 
cell lines in vitro, were maintained at 37°C in RPMI 1640 
(SH30027.FS, HyCloneTM, Logan, UT, USA) or Dulbecco’s 
modified Eagle’s medium (SH30243.FS, HyCloneTM) con-
taining 10% heat-inactivated FBS (26140-079; Ab Frontier, 
Seoul, Korea) and 1% penicillin-streptomycin solution 
(CA005-100; GenDEPOT, Katy, TX, USA) in a humidified 
37℃ incubator with 5% CO2, respectively.

3. T cell proliferation test and flow cytometric analysis
CD4+ T cells were enriched with CD4 MicroBeads, Hu-

man (Miltenyi Biotec, Bergisch Gladbach, Germany) and 
stained with CellTrace Violet (Thermo Fisher Scientific). 
After staining, CD4+ T cells were activated by pre-coated 
anti-human CD3 antibody (clone: OKT3) (Thermo Fisher 
Scientific) for 5 days in RPMI medium supplemented with 
10% heat-inactivated FBS and 1% penicillin/streptomycin 
in a humidified 37℃ incubator of 5% CO2. Cells stained 
with anti-CD3 APC-Cy7 antibody and anti-CD4 fluores-
cein isothiocyanate (FITC) antibody (Thermo Fisher Sci-
entific) were analyzed by FACSVerse (BD Bioscience, San 
Jose, NJ, USA).

4. RNA extraction and quantitative real-time reverse 
transcription polymerase chain reaction
Total RNA was extracted using TRIzol Reagent (Thermo 

Fisher Scientific) and reverse-transcribed using a High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher 
Scientific) according to the provided protocol. Amplifica-
tion was performed using SYBR Green Master Mix (Ther-
mo Fisher Scientific) for 45 cycles using the following ther-
mocycling steps: 95℃ for 30 seconds, 60℃ to 63℃ for 30 
seconds, and 72℃ for 40 seconds. All real-time polymerase 
chain reactions were performed using the relative stan-
dard curve. Results are presented as fold change compared 
with the control sample after normalization to the level of 
β-actin mRNA. Primers are listed in Table 2.

5. Organoid culture
After at least six biopsy samples were collected, washed 

with ice-cold phosphate-buffered saline, and stripped of 

Table 1.Table 1. Clinical and Demographic Characteristics of Inflammatory 
Bowel Disease Patients and Healthy Controls

Characteristic UC CD Healthy control

No. of patients 6 2 4
Male/female 4/2 1/1 2/2
Age, mean±SD, yr 31.2±11.2 30.2±12.6 31.3±8.5

UC, ulcerative colitis; CD, Crohn’s disease.

Table 2.Table 2. Human Primers Used for qRT-PCR

Gene Sequence (5'-3')

β-Actin F: CTCTTCCAGCCTTCCTTCCTG
R: CAGCACTGTGTTGGCGTACAG

KLF4 F: CGGACATCAACGACGTGAG
R: GACGCCTTCAGCACGAACT

E-cadherin F: AGCCATGTACGTTGCTATCC
R: CGTAGCACAGCTTCTCCTTAAT

LL37 F: AGGATTGTGACTTCAAGAAGGACG
R: GTTTATTTCTCAGAGCCCAGAAGC

qRT-PCR, quantitative reverse transcription polymerase chain reac-
tion; F, forward primer; R, reverse primer.
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the underlying muscle layers with surgical scissors, tissues 
were chopped into approximately 5-mm pieces and further 
washed with ice-cold phosphate-buffered saline. Organoid 
culture was performed as previous study.33,34 Briefly, crypt 
isolation was performed using Gentle Cell Dissociation 
Reagent (Stemcell Technologies, Vancouver, BC, Canada). 
Isolated crypts were embedded in Matrigel (Corning) at a 
density of 1,000 per 50 µL Matrigel and seeded in 12-well 
plates. Matrigel was incubated at 37℃. After the Matrigel 
hardened, crypts were cultured with IntestiCult Organoid 
Growth Medium (Human) (Stemcell Technologies) supple-
mented with Y-27632 dihydrochloride (Sigma-Aldrich, St. 
Louis, MO, USA).

6. Immunofluorescence and Alcian blue staining
Organoids and HT-29 cells were stained with Alexa 

Fluor 488-conjugated anti-E-cadherin antibody (24E10) 
(Cell Signaling Technology, Berkeley, CA, USA) and Al-
exa Fluor 488-conjugated Zo-1 antibody, and nuclei were 
counterstained with 4',6-diamidino-2-phenylindole (DAPI; 
Thermo Fisher Scientific). Images were obtained at Yonsei 
Advanced Imaging Center in cooperation with Carl Zeiss 
Microscopy, Yonsei University College of Medicine, using 
an LSM780 confocal microscope (Carl Zeiss, Oberkochen, 
Germany).

Alcian blue staining was performed using an Alcian 
Blue Stain Kit (ab150662; Abcam, Cambridge, MA, USA) 
according to the manufacturer’s instructions.

7. Fluorescein isothiocyanate-dextran permeability 
assay
Caco-2 cell monolayers cultured on transwell chambers 

(0.4 µm pore, 3460, Corning) were stimulated with recom-
binant human TNF-α (40 ng/mL) (R&D Systems, Minne-
apolis, MN, USA) and treated with CKD-506, tofacitinib, 
or tubastatin A. After 48 hours of exposure, FITC-dextran 
(4 kDa) was applied to the transwell chambers. The baso-
lateral media was collected after 2 hours and transferred to 
96-well microplates (Berthold Technologies, Bad Wildbad, 
Germany). The fluorescence intensity of basolateral media 
was measured with Thermo Fisher Scientific Varioskan® 
Flash.

8. Luciferase assay for AHR promoter activity
HT29-LuciaTM AhR cells were plated into 96-well plate 

at a density of 1×105 cells and pre-treated with CKD-506 
(0.1, 1.0, or 3.0 µM), tofacitinib (1.0 µM), or tubastatin A 
(1.0 µM) for 18 hours. Luciferase assay was measured ac-
cording to the manufacturer’s protocol, and the results are 
expressed in terms of relative luciferase activity.

9. Statistical analysis
Experimental results were expressed as mean value 

and standard error of the mean. GraphPad software (La 
Jolla, CA, USA) was used for statistical analysis. We tested 
normality of data and the significance of the differences 
between the test conditions was assessed using Mann-
Whitney test or Tukey's multiple comparisons post-test. 
The p-values <0.05 were considered statistically significant.

Fig. 1.Fig. 1. CKD-506 suppresses CD4+ T-cell proliferation and potentially inhibits tumor necrosis factor (TNF)-α production in lipopolysaccharide (LPS)-
stimulated peripheral blood mononuclear cells (PBMCs). (A) CD4+ T cells were isolated from blood samples of newly diagnosed inflammatory bowel 
disease (IBD) patients who had never been treated with immunosuppressants or anti-TNF drugs (n=5) and of healthy controls (n=4) using T-cell 
isolation kit and were stimulated with an anti-CD3 antibody (1 µg/mL) for 5 days with or without CKD-506 (0.1, 1.0, or 3.0 µM), tofacitinib (1.0 µM), or 
tubastatin A (1.0 µM). Cell proliferation was examined using cell trace violet and analyzed by flow cytometric analysis after staining with anti-CD3 
and anti-CD4 antibodies. (B) TNF-α production by PBMCs from IBD patients was measured by an enzyme-linked immunosorbent assay after LPS 
stimulation and treatment with CKD-506, tofacitinib, or tubastatin A for 24 hours. TNF-α secretion was significantly reduced by CKD-506 in LPS-
stimulated PBMCs in a dose-dependent manner (n=2/group). Data are expressed as the mean±standard error of the mean . Statistical significance 
was assessed using the Mann-Whitney test.
DMSO, dimethyl sulfoxide. *p<0.05, †p<0.01.
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Fig. 2.Fig. 2. CKD-506 induces expression of genes related to intestinal epithelial barrier function. (A-C) mRNA expression in HT-29 cells (intestinal 
epithelial cell line) was measured by quantitative reverse transcription polymerase chain reaction 4 hours after treatment with CKD-506 (0.1, 1.0, 
or 3.0 µM), tofacitinib (1.0 µM), or tubastatin A (1.0 µM). (A) mRNA expression of junction proteins (E-cadherin, OCCLUDIN, and CLAUDIN1). (B) 
mRNA expression of goblet cell differentiation-related genes (AHR and KLF4). (C) mRNA expression of an antimicrobial peptide (LL37). Data are 
expressed as the mean±SEM (n=3/groups). (D-G) HT-29 cells were treated with CKD-506 (0.1, 1.0, or 3.0 µM), tofacitinib (1.0 µM), or tubastatin A (1.0 
µM) for 24 hours, after which immunofluorescence, Alcian blue staining, and a reporter assay were performed. (D, E) The intensity of Zo-1 stain-
ing in HT-29 cells with fluorescent antibodies against Zo-1 (green color) in groups treated by CKD-506, tofacitinib, or tubastatin A was analyzed by 
ZEN software. Nuclei were counterstained with DAPI (blue). Data are expressed as the mean±SEM (n=3/groups). Representative images of Zo-1 
immunofluorescence staining (original magnification, ×1,600). (F) The intensity of mucin production in HT-29 cells according to Alcian blue staining 
in groups treated by CKD-506, tofacitinib, or tubastatin A was analyzed by ImageJ. Data are expressed as the mean±SEM (n=2/groups). (G) Rep-
resentative images of Alcian blue staining (original magnification, ×200). (H) Reporter assay for AHR promoter activity. Statistical significance was 
assessed using the Tukey's multiple comparisons post-test.
DMSO, dimethyl sulfoxide; AHR, aryl hydrocarbon receptor; KLF4, Krüppel-like factor 4; SEM, standard error of the mean. *p<0.05, †p<0.01, ‡p<0.005.
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RESULTS

1. CKD-506 suppresses CD4+ T cell proliferation 
and strongly inhibits TNF-α production in LPS-
stimulated PBMCs of IBD patients
As CD4+ T cells, which are involved in the pathophysi-

ology of IBD, are a major source of TNF-α production, we 
evaluated the relationship between CD4+ T cells and CKD-
506. To determine the effects of CKD-506 on CD4+ T cell 
proliferation, cells were evaluated by flow cytometeric 
analysis after treatment with CKD-506 (0.1, 1.0, or 3.0 µM)  
or positive controls (tofacitinib, Janus kinase inhibitor, 
and tubastatin A, HDAC6 inhibitor) (Fig. 1A). A dose-
dependent inhibition of T cell proliferation by CKD-506 
was shown in the IBD patient group as well as the healthy 
control group. T cell proliferation was drastically inhib-
ited when treated with tofacitinib at 1.0 µM but not when 
treated with tubastatin A.

Defects in barrier function of the intestinal epithelium 
allow penetration of pathogenic bacteria through the epi-

thelium, which eventually invade the bloodstream and 
cause systemic inflammation.35 LPS, which is an endotoxin 
found in the outer membrane of Gram-negative bacteria, 
induces TNF-α production by stimulating PBMCs in 
blood.36 To examine the influence of CKD-506 on LPS-
triggered inflammatory cytokine production in PBMCs of 
IBD patients, TNF-α level was measured by enzyme-linked 
immunosorbent assay after LPS stimulation and CKD-506 
treatment. TNF-α secretion was reduced by CKD-506 in 
LPS-triggered PBMCs in a dose-dependent manner (Fig. 
1B).

2. CKD-506 induces expression of genes related to 
intestinal epithelial barrier function and goblet cell 
differentiation in IECs
IECs, which are involved in the initial pathogenesis of 

IBD-associated inflammation,2,37 were identified as a main 
target of HDAC6 inhibitor in previous studies.1,2 To evalu-
ate the effects of CKD-506 on IECs, mRNA expression of 
genes associated with gut barrier function in HT-29 cells 

Fig. 3.Fig. 3. CKD-506 restores intestinal epithelial barrier function in HT-29 cells by increasing E-cadherin expression. (A) Immunostaining for E-cadherin 
in HT-29 cells. HT-29 cells were treated with CKD-506 (0.1, 1.0, or 3.0 µM), tofacitinib (1.0 µM), or tubastatin A (1.0 µM) with or without tumor necro-
sis factor (TNF)-α (40 ng/mL) for 48 hours. (B) Representative images of E-cadherin staining. E-cadherin and nuclei are stained with Alexa Fluor 488 
(green) and DAPI (blue), respectively (original magnification, ×400). (C, D) mRNA expression in HT-29 cells was measured by quantitative reverse 
transcription polymerase chain reaction 4 hours after treatment with CKD-506 (0.1, 1.0, or 3.0 µM), tofacitinib (1.0 µM), or tubastatin A (1.0 µM). 
(C) mRNA expression of CLAUDIN1. (D) mRNA expression of goblet cell differentiation-related genes (AHR and PPARγ). Data are expressed as the 
mean±standard error of the mean (n=3/groups). Statistical significance was assessed using one-way analysis of variance followed by the Tukey's 
multiple comparisons post-test.
AHR, aryl hydrocarbon receptor; PPARγ, peroxisome proliferator-activated receptor γ. *p<0.05, †p<0.01, ‡p<0.005.
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(an IEC cell line) was measured (Fig. 2A-C). The mRNA 
expressions of E-cadherin, OCCLUDIN, and CLAUDIN1 
increased in a dose-dependent manner in cells treated with 
CKD-506 (Fig. 2A). Consistently, immunofluorescence 
stain showed that Zo-1 was increased in CKD-506-treated 
groups, compared to control or tofacitinib groups (Fig. 2D 
and E). mRNA expression of aryl hydrocarbon receptor 
(AHR) and Krüppel-like factor 4 (KLF4), transcription 
factors that induces IL-22 and goblet cell differentiation, 
respectively, was also increased, in a dose-dependent man-
ner, in HT-29 cells treated with CKD-506 but not those 
treated with tofacitinib or tubastatin (Fig. 2B). We noted 
no significant changes in gene expression of peroxisome 
proliferator-activated receptor γ (PPARγ) in the normal 
state of HT-29 cells (data not shown). The mRNA of cathe-
licidin (LL-37), an antimicrobial peptide, was expressed at 
higher level after CKD-506 treatment compared with to-
facitinib or tubastatin A treatment (Fig. 2C). These results 
suggest that CKD-506 induces expression of genes related 
to intestinal epithelial barrier function.

To further investigate the relationship between CKD-
506 and differentiation of goblet cells, mucin production 
was analyzed after Alcian blue staining. The integrated 
density of mucin significantly increased in a dose-depen-
dent manner in cells treated with different doses of CKD-
506 (Fig. 2F and G). HT-29 cells treated with 1.0 µM CKD-

506 and 1.0 µM tubastatin A produced more mucin than 
cells treated with 1.0 µM tofacitinib, although the differ-
ence was not statistically significant.

AHR, an important transcription factor for barrier 
function, blocks epithelial-mesenchymal transition and 
E-cadherin reduction in epithelial cells.38 To confirm the 
regulation by AHR, we performed AHR-promoter assay 
using HT29-AHR-reporter cells. We found that CKD-506 
significantly induced the gene expression and promoter 
activity of AHR in HT-29 cells (Fig. 2H). Taken together, 
these results indicate that CKD-506 enhances intestinal 
epithelial barrier function and improves the function of 
goblet cells.

3. CKD-506 maintains intestinal epithelial barrier 
function in IECs and intestinal organoids
E-cadherin is a key component of the adherens junction 

that is essential to maintaining normal gut epithelial barrier 
function.39 The increase in mRNA expression of E-cadherin 
in HT-29 cells treated with CKD-506, as shown in Fig. 2, led 
us to investigate the association between CKD-506 and gut 
barrier function. For a closer examination of the influence 
of CKD-506 on E-cadherin, the expression of E-cadherin in 
HT-29 after TNF-α stimulation followed by CKD-506 treat-
ment was analyzed using immunofluorescence. Under the 
same condition of TNF-α stimulation, HT-29 cells treated 
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Fig. 4.Fig. 4. CKD-506 restores barrier function in the colon and inhibits permeability. HT-29 cells were treated with CKD-506 (0.1, 1.0, or 3.0 µM), tofaci-
tinib (1.0 µM), or tubastatin A (1.0 µM). (A, B) The effect of CKD-506 on restoration of gut barrier function was examined using immunofluorescence 
analysis of colon organoids. Organoids were treated with CKD-506 (0.1, 1.0, or 3.0 µM), tofacitinib (1.0 µM), or tubastatin A (1.0 µM) with or without 
tumor necrosis factor (TNF)-α (40 ng/mL) for 24 hours. (A) Representative images of E-cadherin staining. E-cadherin and nuclei are stained with 
Alexa Fluor 488 (green) and DAPI (blue), respectively (original magnification, ×400). (B) Densitometric analysis of E-cadherin staining. (C) A fluo-
rescein isothiocyanate (FITC)-dextran permeability assay was performed on Caco-2 cells treated with CKD-506, tofacitinib, or tubastatin A with or 
without TNF-α for 24 hours. Data are expressed as the mean±standard error of the mean (n=3/groups). Statistical significance was assessed using 
one-way analysis of variance followed by the Tukey's multiple comparisons post-test. *p<0.05, †p<0.01, ‡p<0.005.
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with a high dose (3.0 µM) of CKD-506 showed significantly 
higher E-cadherin expression than HT-29 cells without 
small-molecule treatment (Fig. 3A). The representative im-
munofluorescence results from each group are demonstrated 
in Fig. 3B. Treatment with CKD-506 (1.0 µM) showed better 
efficacy of barrier function restoration than did tubastatin A 
of the same concentration.

Intestinal organoids are three-dimensional tissues that 
have epithelial regenerative capacity and exhibit the same 
in vivo functions, including mucus production and ab-
sorptive and secretory functions, in vitro.40 Therefore, we 
further examined the effect of CKD-506 on gut barrier 
function using an immunofluorescence study with colon 
organoids. When given the same concentration (1.0 µM) 
of treatment after TNF-α stimulation, organoids treated 
with CKD-506 showed significantly higher E-cadherin res-
toration than those treated with tofacitinib (Fig. 4A and B).

To identify the intestinal epithelial barrier function in 
another cell line, we stimulated Caco-2 cells with TNF-α 
and investigated related gene expression. Interestingly, 
HDAC6 inhibitors CKD-506 and tubastatin both signifi-
cantly increased AHR expression, whereas tofacitinib did 
not. Meanwhile, only CKD-506 significantly increased 
CLAUDIN1 and PPARγ expression, while tofacitinib and 
tubastatin did not (Fig. 3C and D).

To investigate the direct impact of CKD-506 on cell 
permeability, a FITC-dextran permeability assay was per-
formed on Caco-2 cells, in which permeability was trig-
gered by TNF-α, followed by treatment with CKD-506, to-
facitinib, or tubastatin A. All groups treated with different 
concentrations of CKD-506 showed restoration of barrier 
function (Fig. 4C). A dose-response relationship regarding 
the restoration of epithelial barrier function was demon-
strated with high statistical significance. Taken together, 
these results suggest that CKD-506 has the potential to 
restore gut barrier function.

DISCUSSION

A previous study suggested that HDAC6 affects CD4+ T 
cell activation, while another study suggested that HDAC6 
deficiency had no obvious effect on CD4+ T cell develop-
ment in murine models.41,42 To investigate the influence of 
HDAC6 on CD4+ T cells, we conducted an ex vivo study 
on CD4+ T cells from IBD patients and healthy controls, 
stimulating CD4+ T cells with CD3 antibodies and exam-
ining proliferation. Tofacitinib has been shown to suppress 
CD4+ T cell proliferation by modulating critical pathways 
involving IL-2 and IL-7 signaling.38,43 Therefore, we inves-
tigated whether CKD-506 would have a similar effect on 

CD4+ T cell proliferation. CKD-506 showed notable ef-
ficacy in inhibiting CD4+ T cell proliferation in a dose-de-
pendent manner. The inhibition on T cell proliferation by 
CKD-506 was clear in the ex vivo study using samples of 
IBD patients as well as a healthy control group; in contrast, 
tubastatin A did not inhibit T cell proliferation. However, 
tofacitinib at the same concentration (1.0 µM) showed 
higher efficacy than CKD-506 in all groups. However, 
comparing the efficacy of CKD-506 and tofacitinib at the 
same concentration might not be accurate due to the pos-
sible difference in target pathways and mechanisms of the 
two small-molecules. We found that a higher concentra-
tion (3.0 µM) of CKD-506 demonstrated a similar efficacy 
to that of tofacitinib at a lower concentration (1.0 µM).  
Interestingly, we found that CKD-506 inhibits the produc-
tion of inflammatory cytokines in LPS-stimulated PBMCs. 
TNF-α secretion of LPS-triggered PBMCs was significantly 
decreased by CKD-506, while tofacitinib and tubastatin A 
did not considerably inhibit TNF-α production. This is in 
line with the finding that tofacitinib is a non-TNF-α inhib-
itor that is used for treatment of patients with inadequate 
response to TNF-α inhibitors.39,44 IECs are the key struc-
ture of an intact mucosal barrier, and damage to epithelial 
barrier function is considered the main pathogenesis event 
in IBD.40,45 In addition, previous studies have shown that 
pan-HDAC inhibitors, such as givinostat and vorinostat, 
are beneficial to gut barrier function by facilitating tissue 
regeneration and barrier protection.2 Therefore, we investi-
gated the relationships between CKD-506 and IECs. In our 
in vitro study with HT-29 cells, CKD-506 treatment dose-
dependently increased the mRNA expression of tight-
junction molecules (E-cadherin, OCCLUDIN, and CLAU-
DIN1), antimicrobial peptide (LL37), and transcription 
factors (AHR, KLF4, and PPARγ), all of which are related 
to intestinal epithelial barrier functions. HDAC6 inhibitors 
exert their effects by acting on transcription factors.46 Re-
searchers have reported that epigenetic changes by HDAC 
inhibitor, such as MS-275 (an HDAC1 and HDAC3 inhibi-
tor), can change the splicing pattern of E-cadherin.47 The 
gene expression of AHR, a basic-helix-loop helix transcrip-
tion factor involved in cell adhesion, is also epigenetically 
regulated by pan-HDAC inhibitors  such as trichostatin 
A.48,49 HDAC inhibition by HDAC inhibitors such as TAS 
and SK7041 induces KLF4 in IECs.50,51 PPARγ, a subgroup 
of ligand-activated nuclear receptors, plays critical roles in 
cell differentiation and apoptosis. PPARγ directly binds to 
the PPAR response element within the KLF4 promoter and 
upregulates the expression of KLF4 transcription factors 
that induce goblet cell differentiation.52,53 Interestingly, in 
this study, the increase of mucin production in cells treated 
with CKD-506 was even greater than that of cells treated 
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with tofacitinib or tubastatin. Therefore, the increase of 
mucin production in human IEC cell lines as well as the 
increase in expression of mRNA related to gut barrier 
function by CKD-506 observed in this study suggests that 
CKD-506 could positively affect gut barrier function.

Pro-inflammatory cytokines such as TNF-α and 
interferon-γ affect the expression of tight-junction proteins 
in IECs and disrupt intestinal barrier function.54,55 The 
mRNA expression of E-cadherin was highly increased in 
cells treated with CKD-506. E-cadherin is a key component 
of the adherens junction, making it essential in normal gut 
barrier function.35,39 Our in vitro study showed that TNF-
α-stimulated HT-29 cells recovered E-cadherin produc-
tion more drastically when treated with CKD-506. Similar 
results regarding CKD-506 and E-cadherin were shown in 
our ex vivo study with intestinal organoids. After TNF-α 
stimulation, organoids treated with CKD-506 showed 
significantly inhibited E-cadherin loss, while those treated 
with tofacitinib or tubastatin A showed no significant sup-
pression of E-cadherin loss. Consequently, we investigated 
the impact of CKD-506 on the epithelial barrier itself. By 
conducting a FITC-dextran permeability assay on Caco-
2 cells triggered by TNF-α, the direct impact of CKD-506 
on tight-junction was demonstrated. Caco-2 cells treated 
with CKD-506 showed suppression of permeability in a 
dose-dependent manner with high statistical significance, 
and CKD-506 showed better efficacy than tubastatin A. 
Therefore, the current study provides in vitro and ex vivo 
evidence that CKD-506 accelerates E-cadherin recovery in 
IECs damaged by inflammation, possibly promoting epi-
thelial barrier restoration.

Many previous studies have demonstrated that HDAC6 
inhibitors suppress pro-inflammatory cytokine production 
in vitro, and several studies have shown that HDAC6 in-
hibition suppresses murine CD4+ T cell activation in vivo. 
However, to our knowledge, the current study is the first to 
provide ex vivo evidence on the effect of an HDAC6 inhib-
itor on human CD4+ T cell proliferation of IBD patients. In 
addition, we provided evidence, both in vitro and ex vivo, 
regarding the influence of HDAC6 inhibitors on the resto-
ration of gut epithelial barrier function. Most importantly, 
our findings revealed the anti-inflammatory and barrier-
restoring potentials of CKD-506, showing comparative re-
sults with those of tofacitinib and tubastatin A. While our 
study focused on the short-term effects of CKD-506, the 
long-term effects of CKD-506 and the duration of the anti-
inflammatory and barrier-restoring effects of CKD-506 
remain to be investigated. Further research on the long-
term effect and duration of effect of CKD-506 should be 
conducted.

In conclusion, we showed that CKD-506 suppresses 

TNF-α production in immune cells and CD4+ T cell pro-
liferation and has potential in restoring intestinal epithelial 
function to a more effective level than other HDAC6 in-
hibitors. Our findings indicate that CKD-506 is a promis-
ing and competent candidate for small-molecule medicine 
for IBD treatment.
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