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Background: Atopic dermatitis (AD), a persistent inflammatory condition of the skin, presents features of pruritus, skin barrier
dysfunction, and immune dysregulation, affecting millions globally with increasing prevalence. Acetate (Ace), a short-chain fatty
acid with immunomodulatory and barrier-protective properties, has been reported to enhance skin barrier integrity in AD, but its
precise molecular mechanisms remain unclear. This study aims to investigate the therapeutic potential of Ace and its underlying
mechanism in an AD mouse model.

Methods: An AD mouse model was established via repeated topical application of 2,4-dinitrochlorobenzene (DNCB) and treated
with Ace sodium. Macroscopic situation, AD severity, and dorsal tissue pathology were evaluated. Skin mRNA expression levels
of inflammatory factors, histone deacetylase 2 (HDAC2), and signal transducer and activator of transcription 1 (STAT1), as
well as HDAC2-STAT1 promoter correlation, were examined using chromatin immunoprecipitation. CD4™ T cells from healthy
mouse splenocytes were transfected with HDAC2/STAT1 overexpression plasmids, and treated under Th17-inducing conditions
with Ace. Th17/regulatory T (Treg) in splenocytes was assessed by flow cytometry.

Results: Ace mitigated DNCB-induced dryness, erosion of dorsal skin, and ear redness. Furthermore, Ace downregulated the
expression levels of pro-inflammatory factors and HDAC?2 in the dorsal skin tissue, reduced the proportion of Th17 cells in
the splenocytes, and promoted the expression of STAT1. Chromatin immunoprecipitation confirmed the binding of HDAC2
to the STAT1 promoter. Ace also suppressed the Th17 differentiation of CD4™ T cells, which was counteracted by HDAC2
overexpression, while STAT1 overexpression offset the regulatory effect of HDAC2 overexpression.

Conclusions: Ace mitigates DNCB-induced AD by inhibiting HDAC?2 to activate STAT1 and block Th17 differentiation, uncov-
ering a novel HDAC2-STAT1-Th17 regulatory axis and providing a promising metabolite-based therapeutic strategy for AD.
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Introduction

Atopic dermatitis (AD), commonly termed atopic
eczema, is a persistent inflammatory condition of the skin,
with recurrence, pruritus, erythema, xerosis, a positive
atopy history, and age-specific dermatitis distribution as
hallmarks [1]. Its pathogenesis is complex and multifacto-
rial, involving interactions between environmental/genetic
factors, the immune system, and the skin. These interac-
tions lead to impaired skin barrier integrity, skin micro-
biome dysbiosis, and dysregulated innate/adaptive immune
responses [2,3]. Thus, clarifying AD mechanisms is essen-
tial for developing novel therapeutic strategies.

CD47 T cells may differentiate into one of the lin-
eages of regulatory T (Treg) cells, as well as T helper cells
(Th1, Th2, and Th17) [4]. Treg cells are immunosuppres-
sive cells that attenuate immune responses by reducing the
levels of proinflammatory cytokines [5]. In contrast, Th17
cells are a subset of proinflammatory T helper cells that can
release many inflammatory cytokines to mediate acute in-
flammatory responses, and the differentiation and function

of Th17 cells are closely associated with the pathogene-
sis of AD [5-7]. Furthermore, the induction of Th17 cell
differentiation exacerbates psoriasis-like inflammation [8].
Therefore, inhibiting Th17 cell differentiation may repre-
sent a promising therapeutic strategy for alleviating AD.

Intestinal and skin microbial dysbiosis is associated
with immune response dysregulation and the development
of skin diseases like AD [9]. A previous study showed that
the content of bifidobacteria in the intestinal flora of AD
patients is decreased [9], and bifidobacteria are known to
produce acetate (Ace) [10]. Short-chain fatty acids (SC-
FAs) are generated in the gut microbiota via fermentation
of proteins, peptides and dietary carbohydrates [11]. SCFAs
are involved in regulating immunological function, inflam-
mation and intestinal permeability [12]. Ace is the most
abundant SCFA present in the plasma, followed by propi-
onate and butyrate [13]. Reportedly, Ace alleviates inflam-
mation in multiple diseases, including methionine/choline-
deficient diet-induced non-alcoholic steatohepatitis, alco-
hol use disorders, and polycystic ovarian syndrome [14,15].
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Additionally, gut-derived Ace improves skin barrier in-
tegrity [16], implying its potential role in treating AD. In
metabolic inflammation, the gut microbiota-derived Ace
and propionate effectively reverse high-fat diet (HFD)-
induced imbalances by reducing Th17 cell populations and
pro-inflammatory cytokines [17]. However, whether Ace
alleviates AD by inhibiting Th17 activation remains to be
investigated.

Ace has been identified as a histone deacetylase
(HDAC) inhibitor that reduces HDAC activity in T cells
[18]. HDAC is known as a group of enzymes remov-
ing the acetyl group from the lysine residues of histones,
which have a critical role in regulating gene expression, and
the inhibition of HDAC2 in the HDAC family can atten-
uate liver inflammation in acute liver failure [19]. Phar-
macological HDAC inhibition also enhances signal trans-
ducer and activator of transcription 1 (STAT1) expression
[20]. A study suggested that STAT1 participates in AD
progression [21], inhibiting STAT1 phosphorylation ame-
liorates AD-like skin lesions, and STAT1 activation sup-
presses Th17 differentiation [22]. Using hTFtarget, we pre-
dicted that HDAC2 can bind to STAT1, and further specu-
lated that increased Acetate (Ace) secretion by bifidobac-
teria inhibits T cell HDAC?2, activates STAT1, and further
alleviates Th17 differentiation in AD. Herein, we investi-
gated the role of Ace in AD via in vivo experiments and
explored how Ace modulates Th17 differentiation through
the HDAC2-STAT1 axis.

Materials and Methods

Animals

45 male BALB/c mice (8 weeks old, 21 & 1 g; Taiyuan
Central Hospital) were included, where 40 mice were sub-
jected to AD modeling, and the remaining 5 mice under-
went the isolation of CD4™ T cells. All animals were
housed in standard plastic cages with sawdust as bedding
material (23 + 1 °C, relative humidity of 50-60%, and
a 12-h light/dark circadian cycle). Animals were allowed
ad libitum access to standard laboratory chow and tap wa-
ter throughout the experimental period. All animal exper-
iments strictly complied with the Guidelines for the Care
and Use of Laboratory Animals of the China Council on
Animal Care and Use, and were approved by the Animal
Ethics Committee of Zhejiang Provincial Laboratory Ani-
mal Center (Approval No. ZJCLA-IACUC-20020213).

Animal Model Establishment and Administration

After a simple randomization procedure, the 40 mice
were allocated to four groups (10/group): control, AD,
AD+Ace-Low dose (L) and AD+Ace-High dose (H). The
dorsal skin of mice was shaved, and stimulated by 300 pL
of 1% 2,4-dinitrochlorobenzene (DNCB) (237329, Sigma-
Aldrich, St. Louis, MO, USA) dissolved in acetone
(179124, Sigma-Aldrich, St. Louis, MO, USA): olive oil

(HY-108749, MCE, Monmouth Junction, NJ, USA) (3:1)
on day 0 for AD modeling. From day 7 to day 48, 200 uL
of 0.3% DNCB was administered to the ears on alternat-
ing days [23]. Mice in the AD, AD+Ace-L and AD+Ace-
H groups were treated as described above. Sodium Ace
(CH3COONa, >99%, S2889, Sigma-Aldrich, St. Louis,
MO, USA) was dissolved in HoO. Mice in AD+Ace-L and
AD+Ace-H groups received pH-adjusted sodium Ace at a
low dosage (Ace-L, 250 mg/kg) or a high dosage (Ace-
H, 500 mg/kg) via intraperitoneal injection at 6 pm and
6 am the next day of AD construction [24], while those
in control and AD groups only received an equal volume
of phosphate-buffered saline (PBS, C0221A, Beyotime,
Shanghai, China). 4 h later, the macroscopic situation of
mice was observed, and the AD degree was evaluated [25].
The measurement of ear thickness was conducted with dial
calipers. After acclimation to the recording cage, mouse
scratching behavior was evaluated. An assessor blinded to
the experimental design manually recorded the total num-
ber of scratching bout over 10-minute periods. A scratch-
ing bout is defined as one complete sequence of lifting a
forepaw from the floor, scratching, and then returning the
paw to the floor or directing it toward the mouth. Dermati-
tis was assessed based on symptoms, including edema, ero-
sion, erythema and scaling, each of which was scored as 0
(no symptom), 1 (mild), 2 (moderate), or 3 (severe) [26].
All animals experienced general inhalation anesthesia us-
ing 3% isoflurane (792632, Sigma-Aldrich, St. Louis, MO,
USA) and oxygen, and were euthanized by cervical dislo-
cation. Dorsal skin, ear skin and splenic tissues were col-
lected, frozen in liquid nitrogen, and stored at —80 °C.

Splenocyte Isolation

The splenocytes were isolated from the spleens of
mice involved in in vivo experiments and healthy mice (n
= 5) after euthanasia as described above [27]. In brief,
spleens were smashed on a 60-mm cell culture dish with
2 mL of Roswell Park Memorial Institute 1640 medium
(RPMI-1640, A4192301, Thermo Fisher, Waltham, MA,
USA). The medium was transferred and left for the precipi-
tation of the insoluble cells. After centrifugation (316 xg, 5
min, 4 °C), the cell pellet was treated (10 min, room temper-
ature (RT)) with ammonium-chloride-potassium (ACK) ly-
sis buffer (A1049201, Thermo Fisher, Waltham, MA, USA;
1 mL ACK buffer/a spleen). The lysed splenocytes were
washed thrice with RPMI-1640 medium, and resuspended
in RPMI-1640 medium containing 5% fetal bovine serum
(FBS, 12483020, Thermo Fisher, Waltham, MA, USA)
and 1% penicillin-streptomycin (30-2300, ATCC, Manas-
sas, VA, USA).

Isolation, Transfection and Treatment of CD4+ T

cells

Fully automated cell labeling and separation of CD4™
T cells from the splenocytes of healthy mice was completed
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using a CD4™ T Cell Isolation Kit (130-104-454, Miltenyi,
Bergisch Gladbach, Germany) and the autoMACS® Pro
Separator (130-092-545, Miltenyi, Bergisch Gladbach,
Germany). CD4* T cells (5 x 10* cells/well) were cultured
(5 days, 37 °C, 5% COs) in a 96-well plate (CLS3922,
Sigma-Aldrich, St. Louis, MO, USA) with anti-CD3 (5
pug/mL, 746368, BD Biosciences, San Jose, CA, USA)
and anti-CD28 (5 pg/mL, 752543, BD Biosciences, San
Jose, CA, USA) for activation. For cell transfection,
Yunzhou Biosciences (Guangzhou) Co., Ltd. provided
plasmids overexpressing HDAC2 (pRP[Exp]-EGFP/Puro-
CAG>mHdac2[NM_008229.2]) or STAT1 (pRP[Exp]-
EGFP/Puro-CAG>mStat1[NM _001205313.1])

and its  negative  control (NC,  pRP[Exp]-
CAG>OREF_Stuffer:IRES:EGFP/Puro). Activated CD4™
T cells were transfected with the above plasmids/NC,
or co-transfected with plasmids overexpressing HDAC2
and STATI at a high density using Lipofectamine™ 3000
(L3000015, Thermo Fisher, Waltham, MA, USA). The
skewing condition of Th17 was as follows: 1 ng/mL
recombinant mouse transforming growth factor-betal
(TGF-g1, HY-P7117, MedChemExpress, Monmouth Junc-
tion, NJ, USA), 40 ng/mL recombinant mouse interleukin
(IL)-6 (rmIL-6, 406-ML, R&D Systems, Minneapolis,
MN, USA), 40 ng/mL rmIL-23 (1887-ML, R&D Systems,
Minneapolis, MN, USA), 20 ug/mL anti-IL-4 (BE0045,
Bio X Cell, West Lebanon, NH, USA), and 20 pg/mL
anti-interferongamma (IFN~) (BE0055, Bio X Cell, West
Lebanon, NH, USA). Treg stimulations were supple-
mented with 5 ng/mL TGF-1 (C16W, Novoprotein,
Suzhou, Jiangsu, China), 20 ng/mL IL-2 (CK24, Novopro-
tein, Suzhou, Jiangsu, China), 10 pg/mL anti-IL-4, and 10
pg/mL anti-IFN+~ [28]. The cells after transfection were
treated under a Th17 cell-inducing condition with/without
10 mM Ace (72 h) [24].

Hematoxylin-Eosin (H&E) Staining

Dorsal tissue was fixed in 10% formalin (G2161, So-
larbio, Beijing, China), decalcified using 5% nitric acid
(438073, Sigma-Aldrich, St. Louis, MO, USA), dehy-
drated in 70%-95% ethanol (E111991, aladdin, Shang-
hai, China), transparentized in xylene (X112054, aladdin,
Shanghai, China) and embedded in paraffin. Then, 8-um
sections were prepared, followed by deparaffinization and
treatment with 95%—-70% ethanol. Subsequently, sections
were stained with 1 mL hematoxylin (8 min; H8070, So-
larbio, Beijing, China), differentiated in 5% acetic acid so-
lution (A291611, aladdin, Shanghai, China) and rinsed in
running water. Following treatment with 0.5% Ammonium
Hydroxide (A299569, aladdin, Shanghai, China) and wash-
ing, sections were dyed with 0.5% eosin (3 min; E292725,
aladdin, Shanghai, China). Visualization of pathological
changes was conducted employing a light microscope (x40
magnification; WMS-1033, WUMO, Shanghai, China).
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Western Blot Analysis

Total protein from skin tissue using a radio-
immunoprecipitation assay (RIPA) lysis buffer (P0013C,
Beyotime, Shanghai, China) underwent concentration
determination exploiting the Pierce™ bicinchoninic acid
(BCA) Protein Assay Kit (23225, Thermo Fisher, Waltham,
MA, USA). Following protein separation using sodium
dodecyl sulphate polyacrylamide gel -electrophoresis
(SDS-PAGE, P0012A, Beyotime, Shanghai, China) and
electrotransferrence to polyvinylidene difluoride (PVDF)
membranes (88518, Thermo Fisher, Waltham, MA, USA),
blockage of membranes was performed with 5% skim milk
(2 h, RT). Next, membranes underwent incubation (4 °C,
overnight) with primary antibodies (Abcam, Cambridge,
UK), including HDAC2 (ab32117, 55 kDa, 1:2000),
STAT1 (ab92506, 87 kDa, 1:1000) and the inner control
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH,
ab8245, 36 kDa, 1:1000). The blots were subsequently
washed with Tris-buffered saline with 0.1% Tween-20
(TBST, T1081, Solarbio, Beijing, China) and incubated
with Goat Anti-Rabbit I1gG (AP132, 1:3000, Sigma-
Aldrich, USA) or Goat Anti-Mouse 1gG (AP124, 1:3000,
Sigma-Aldrich, USA) (RT, 1 h). Specific proteins were
detected using the Chemiluminescent Substrate (34577,
Thermo Fisher, Waltham, MA, USA). The signals were
captured on the Odyssey® M Imaging System (version 2.1,
LI-COR Biosciences, Lincoln, Nebraska, USA), and the
intensity of proteins was quantified with ImagelJ software
(version 1.8.0, National Institutes of Health, Bethesda,
Maryland, USA).

Chromatin Immunoprecipitation (ChIP)

The correlation between HDAC2 and STAT1 pro-
moter in AD, AD+Ace-H and control skin tissue, as well as
in Th17-polarized CD4™T T cells, was verified using ChIP.
Skin tissue was cross-linked (RT, 15 min) with formalde-
hyde (F111941, aladdin, Shanghai, China) and centrifuged
(5 min, 300 xg, 4 °C). The precipitant was collected,
added with PBS and centrifuged (5 min, 1000 rpm, 4
°C). The collected cells were resuspended in 1 mL lysis
buffer (NUC101, Sigma-Aldrich, St. Louis, MO, USA)
supplemented with proteases and phosphatases inhibitors
(PPC1010, Sigma-Aldrich, St. Louis, MO, USA) and in-
cubated on ice for 30 min, followed by sonication (20 min)
using a Bioruptor bath sonicator (Diagenode, Liége, Bel-
gium) at high power with 30 s on/30 s off pulse cycles.
DNA fragments ranging from 200 to1000 bp were obtained.
After centrifugation (15 min, 16,000 xg, 4 °C), the super-
natant was collected and diluted with IP buffer (20-153,
Sigma-Aldrich, St. Louis, MO, USA). One aliquot of su-
pernatant served as the input control. Each 500 pL sam-
ple was incubated overnight (4 °C) with 15 pL Protein A/G
Magnetic beads (88802, Thermo Fisher, Waltham, MA,
USA) pre-conjugated with 2 pug anti-HDAC2 (ab124974,
Abcam, Cambridge, UK) or control IgG (3900, CST, Dan-
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vers, MA, USA). The sample was washed with Tris-EDTA
buffer (93283, Sigma-Aldrich, St. Louis, MO, USA), fol-
lowed by elution with elution buffer (0.1 M NaHCO3,
1% SDS). Subsequently, DNA—protein cross-links were
reversed, and DNA was purified using a DNA Purifica-
tion Kit (D0033, Beyotime, Shanghai, China) and sub-
jected to qPCR analysis. Primer sequences for STAT1 pro-
moter were 5'-TTGGCTCTCTTATCCTGCCG-3’ and 5'-
ACGAGACATCATAGGCAGCG-3'.

Quantitative Reverse Transcription Real Time
Polymerase Chain Reaction (qRT-PCR)

Total RNA from mouse skin tissue and CD47" T cells
was isolated using an RNA extraction kit (R1200, Solarbio,
Beijing, China). The RNA was quantified using a UV
spectrophotometer (DR6000, HACH, Beijing, China) and
then converted to complementary DNA (cDNA) with a
Primescript™ RT reagent Kit (RR037A, Takara, Shiga,
Japan). qRT-PCR was performed with SYBR Premix
Ex Taq II (RR820A, Takara, Shiga, Japan) using the
StepOne Plus real-time PCR system (4376600, Thermo
Fisher, Waltham, MA, USA). The cycling conditions
were as follows: 5 min (95 °C); 10 s (95 °C), 20 s (60
°C) and 20 s (72 °C) for 45 cycles; and 10 min (72
°C). Gene expression was normalized to GAPDH, and
relative fold changes were calculated using the 2~2A4¢
method.  Primer sequences were listed below: IL-4,
forward (F): 5'-CCATATCCACGGATGCGACA-3’,
reverse (R): 5'-AAGCCCGAAAGAGTCTCTGC-
3';  IL-13, F: 5'-TGCCATCTACAGGACCCAGA-

3’, R: 5-CTCATTAGAAGGGGCCGTGG-3'; IL-
33, F: 5'-TCACTGCAGGAAAGTACAGCAT-
3, R: 5'-TTTGCCGGGGAAATCTTGGA-3’;

suppression of tumorigenicity 2 (S72), F: 5'-
TGTATTTGACAGTTACGGAGGGC-3/, R: 5'-
ACTTCAGACGATCTCTTGAGACA-3’; GATA binding
protein 3 (GATA3), F: 5'-CTGGCGCCGTCTTGATAGTT-

3, R: 5'-GCTCAGAGACGGTTGCTCTT-3;
IL-18, F: 5'-TGCCACCTTTTGACAGTGATG-
3, R: 5'-AAGGTCCACGGGAAAGACAC-
3’; tumor necrosis factor-alpha (TNF-o), F:
5'-ACCCTCACACTCACAAACCA-3, R: 5'-
ATAGCAAATCGGCTGACGGT-3/; 1L-17, F:
5'-CAGCAGCGATCATCCCTCAA-3, R: 5'-
TTTCCCTCCGCATTGACACA-3; 1L-10, F:
5'-AGGCGCTGTCATCGATTTCT-3, R: 5'-
GCTCTGTCTAGGTCCTGGAGT-3'; HDAC2,
F: 5'-GGCGGCAAGAAGAAAGTGTG-3’, R:
5'-CAGAGGCAGTGCACCCTAAA-3; STATI,

F:  5-TTGGCTCTCTTATCCTGCCG-3, R:  5-
ACGAGACATCATAGGCAGCG-3’; GAPDH, F:
5'-AGGTCGGTGTGAACGGATTTG-3, R: 5'-
GGGGTCGTTGATGGCAACA-3'.

Flow Cytometry Assay

CD47 T cells from healthy mice were transfected and
treated under a Th17 cell-inducing condition with or with-
out 10 mM Ace treatment (72 h). Phorbol 12-Myristate
13-Acetate (PMA, 50 ng/mL, 79346, Sigma-Aldrich, St.
Louis, MO, USA) and ionomycin (1 pg/mL, HY-13434,
MedChemExpress, Monmouth Junction, NJ, USA) were
used to stimulate mouse splenocytes from in vivo experi-
ments and CD47T T cells from healthy mice (4 h, 37 °C),
followed by stimulation with Golgistop (554724, BD Bio-
sciences, San Jose, CA, USA). Subsequently, all cells were
subjected to the following staining procedures.

Treg cells in mouse splenocytes were assessed us-
ing in vivo experiments. The single-cell suspensions were
first stained with anti-CD4-FITC (11-0041-82, Thermo
Fisher, Waltham, MA, USA) and anti-CD25-phycoerythrin
(PE) (12-0259-42, Thermo Fisher, Waltham, MA, USA)
(30 min, 4 °C). CD47% cells were gated at this step.
Following fixation and permeabilization, the CD4 ™ -gated
cells were then incubated intracellularly with anti-Forkhead
box protein 3 (FoxP3)-FITC (11-4777-42, Thermo Fisher,
Waltham, MA, USA) for 30 min at 4 °C to identify Treg
cells.

Th17 cells were identified in mouse splenocytes and
CD47 T cells. In brief, surface staining was performed us-
ing anti-CD4-FITC for 30 min at 4 °C. Then, intracellu-
lar cytokine staining was performed using anti-IL-17A-PE
(561020, BD Biosciences, San Jose, CA, USA) (30 min, 4
°C). The specificity of antibodies was ensured with isotype
controls in all staining procedures. Flow cytometry was
performed using the Attune NxT flow cytometry (A24860,
Thermo Fisher, Waltham, MA, USA) with FlowJo software
(version 10.8.2, Becton, Dickinson and Company, Ashland,
OR, USA).

Statistical Analysis

All statistical analyses were performed using Graph-
Pad Prism 8.0 (GraphPad Software, San Diego, CA, USA).
Data normality was assessed for all datasets. Data that were
not normally distributed are presented as the median with
interquartile range (IQR; P25, P75), while normally dis-
tributed data are expressed as the mean + standard devia-
tion (SD). Multi-group comparisons were performed using
the Kruskal-Wallis H test (non-normally distributed data)
or one-way analysis of variance (ANOVA) (normally dis-
tributed data), followed by Dunn’s test or Tukey’s test for
posthoc multiple comparisons, respectively. Comparisons
between two groups were conducted using the independent
samples ttest. p-values < 0.05 were considered statistically
significant.
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Fig. 1. Ace alleviated AD in a DNCB -induced AD mouse model. (A) The macroscopic situation of mouse skin and ear. (B) The
degree of AD in mice (dematitis scores, number of scratching and ear thickness). Data that were not normally distributed are presented
as the median with interquartile range (IQR; P25, P75), while normally distributed data are expressed as the mean =+ standard deviation
(SD). There were six biological replicates in each experimental group (n = 6). *p < 0.05, ***p < 0.001. Groups at both ends of the
horizontal lines in the figure were compared. Ace, acetate; AD, atopic dermatitis; DNCB, 2,4-dinitrochlorobenzene; Ace-L, sodium Ace

at a low dosage; Ace-H, sodium Ace at a high dosage.

Results

Ace Alleviated AD Symptoms in a DNCB-Induced
AD Mouse Model

To observe how Ace affects AD in vivo, mice were ex-
posed to 300 uL of 1% DNCB on day 0 and 200 pL of 0.3%
DNCB on alternating days for 48 days from day 7. Mice

received Ace-L (250 mg/kg) or Ace-H (500 mg/kg) twice
via intraperitoneal injection the next day of AD modeling,
followed by the observation of the macroscopic situation.
We found the dorsal skin of mice in the AD group showed
severe dryness, erythema, dandruff and erosion, and the
ears became red and swollen following DNCB treatment
(Fig. 1A). Interestingly, Ace treatment dose-dependently
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Fig. 2. Ace mitigated DNCB-induced dorsal AD lesions and skin inflammation in mice. (A) The pathological condition of mouse
dorsal tissues (H&E staining). Scale bar = 100 um, magnification, x40. (B) The expression levels of inflammatory cytokines, including
1L-4,IL-13, IL-33, ST2, GATA3, IL-1/3, TNF-«, IL-17 and IL-10 in mouse skin tissues using qRT-PCR. GAPDH was used as a loading
control. Data are expressed as the mean + standard deviation (SD). There were three or six biological replicates in each experimental
group (n =3 for A, n =6 for B). ***p < 0.001. Groups at both ends of the horizontal lines in the figure were compared. Ace, acetate;
DNCB, 2.,4-dinitrochlorobenzene; AD, atopic dermatitis; Ace-L, sodium Ace at a low dosage; Ace-H, sodium Ace at a high dosage;
H&E, hematoxylin-eosin; IL-4, interleukin-4; ST2, suppression of tumorigenicity 2; GATA3, GATA binding protein 3; TNF-«, tumor
necrosis factor-alpha; qRT-PCR, quantitative real time polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 3. Ace abrogated DNCB-induced increase of Th17/Treg in mouse splenocytes. Data are expressed as the mean =+ standard

deviation (SD). There were three biological replicates in each experimental group (n = 3). ***p < 0.001. Groups at both ends of the

horizontal lines in the figure were compared. Ace, acetate; DNCB, 2,4-dinitrochlorobenzene; Th17, T helper 17; Treg, regulatory T;

Ace-L, sodium Ace at a low dosage; Ace-H, sodium Ace at a high dosage; AD, atopic dermatitis.

alleviated the skin lesions in AD mice (Fig. 1A). Compared
with mice in the control group, mice after AD modeling had
higher dematitis scores, increased scratching frequency and
greater ear thickness (Fig. 1B, p < 0.05). Ace-H decreased
dematitis score in model mice (Fig. 1B, p < 0.05), while
both Ace-L and Ace-H significantly reduced the scratching
frequency and ear thickness (Fig. 1B, p < 0.05). Thus, Ace
may play a therapeutic role in a DNCB-induced AD mouse
model.

Ace Mitigated DNCB-Induced Dorsal AD Lesions
and Skin Inflammation in Mice

According to H&E staining data, DNCB-induced
mice presented the typical microscopic characteristics of
dermatitis, including thickened epidermal and dermal tis-
sues and inflammatory cell infiltration (Fig. 2A). However,
Ace treatment, especially Ace-H, restored epidermal and
dermal thickness and decreased cell infiltration in model
mice (Fig. 2A). The inflammatory cytokines, including /L-
4, IL-13, IL-33, ST2, GATA3, IL-18, TNF-a and IL-17,
were up-regulated in skin tissue from the AD mice (Fig. 2B,
p < 0.05), while IL-10 showed a downward trend (without
statistical significance) (Fig. 2B). Both Ace-L and Ace-H
could reverse the above trends of inflammatory cytokines in
AD mice (Fig. 2B, p < 0.05). Consequently, Ace mitigated
DNCB-induced dorsal AD lesions and skin inflammation
in mice.

Ace Abrogated DNCB-Induced Increase of
Thl7/Treg in Mouse Splenocytes

Then, flow cytometry was performed to assess the
Th17/Treg ratio in mouse splenocytes. The results exhib-
ited that the ratio was increased in splenocytes of mice after

modeling (Fig. 3, p < 0.05), while the increase was offset
upon treatment with Ace-L or Ace-H (Fig. 3, p < 0.05).

Ace Reversed DNCB-Induced Up-Regulation of
HDAC?2 and Down-Regulation of STATI, and
HDAC?2 Bound to the STAT1 Promoter in Mouse Skin
Tissues

The DNCB-induced AD mouse model presented
higher HDAC?2 levels and lower STAT1 levels in skin tis-
sue (Fig. 4A, p < 0.05), while both Ace-L (Fig. 4A, p
< 0.05) and Ace-H (Fig. 4A, p < 0.05) treatment signifi-
cantly down-regulated HDAC2 and up-regulated STAT1 in
the skin tissue from model mice. ChIP analysis data verified
that Ace treatment effectively reduced HDAC2 enrichment
at the STAT1 promoter. This effect was observed both in
skin tissue and in control CD4* T cells cultured in Th17-
polarizing medium (Fig. 4B,C, p < 0.05).

HDAC?2 Overexpression Offset Ace-Inhibited Thi17

Differentiation in CD4+ T Cells by Down-Regulating
STATI

Transfection with plasmids overexpressing HDAC2
or STAT1 evidently up-regulated HDAC2 (Fig. 5A, p <
0.05) or STAT1 (Fig. 5B, p < 0.05) in CD4™" T cells re-
spectively, indicating successful transfection. To explore
how HDAC2, Ace and STAT1 affect Th17 differentiation
of CD4™ T cells, the transfected cells were treated under a
Th17 cell-inducing condition with or without 10 mM Ace
for 72 h. The results of flow cytometry showed Ace sup-
pressed Th17 differentiation of CD4™ T cells (Fig. 5C,
p < 0.05). This inhibitory effect was partially counter-
acted by HDAC2 overexpression (Fig. 5C, p < 0.05) but
further enhanced by STAT1 overexpression (Fig. 5C, p <
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Fig. 4. Ace reversed DNCB-induced up-regulation of HDAC2 and down-regulation of STAT1, and HDAC2 bound to STAT1 pro-
moter in mouse skin tissues. (A) HDAC2 and STAT1 expression levels in mouse skin tissues using Western blotting. GAPDH was used
as a loading control. (B) The correlation between HDAC2 and the STAT1 promoter in mouse skin tissue using ChIP. (C) The correlation
between HDAC2 and the STAT1 promoter in CD4™ T cells using ChIP. (Control: Th17-polarized CD4™" T cells). Data are expressed
as the mean =+ standard deviation (SD). There were three biological replicates in each experimental group (n = 3). *p < 0.05, ***p <
0.001. Groups at both ends of the horizontal lines in the figure were compared. Ace, acetate; DNCB, 2,4-dinitrochlorobenzene; HDAC?2,
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at a high dosage; AD, atopic dermatitis; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ChIP, chromatin immunoprecipitation.

0.05), denoting that HDAC2 and STAT1 exert opposite ef-
fects in Ace-regulated Th17 differentiation, and that STAT 1
overexpression can partially offset the recovery effect of
HDAC?2 overexpression.

Discussion

AD has an increasing incidence with the development
of urbanization and industrialization, which affects 10% of
adults and 15-30% of children and brings a great economic
burden to patients worldwide [29-31]. Therefore, explor-
ing novel therapeutic strategies for AD is of great impor-
tance. BALB/c mice were topically treated with DNCB to
induce AD-like skin lesions in our in vivo study [32]. We
found DNCB induced AD symptoms, dorsal AD lesions
and up-regulation of proinflammatory factors in skin tissue
in mice.

Current research suggested that intestinal microorgan-
isms can affect other organs, and the gut and skin have in-
timate associations with changes in immune response and
AD development [9]. The content of bifidobacteria is re-
duced in the intestinal flora in AD patients, and bifidobac-
teria can produce Ace [9,10]. Ace has demonstrated anti-
inflammatory action in various models [14,33,34]. More
importantly, the association between lower acetate levels
in the breast milk and AD in infancy has been confirmed
[35]. Furthermore, Ace derived from the gut improves skin
barrier integrity via enhancing keratinocyte metabolism and
differentiation, which may limit allergen sensitization and
AD development [16]. However, the exact functions of Ace
in the pathogenic processes of AD are poorly defined.

Herein, Ace mitigated DNCB-induced AD symptoms
and dorsal AD lesions in mice, as evidenced by down-
regulation of IL-4, IL-13, IL-33, ST2, GATA3, IL-13, TNF-
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« and IL-17 levels, as well as up-regulation of IL-10 levels
in the skin tissues of AD mice. Th17 cells are proinflam-
matory T helper cells producing IL-17, inducing the pro-
duction of inflammatory cytokines [7]. Th17 activation and
Th17/Treg imbalance can result in prolonged inflammation
[36]. Additionally, Th17/Treg imbalance can contribute to

the pathogenesis and development of AD [37]. Herein, Ace
alleviated DNCB-induced increase of Th17/Treg in mouse
splenocytes, suggesting that Ace plays a therapeutic role in
DNCB-induced AD.

Ace can suppress HDAC and decrease the activity of
HDAC in T cells [18,38]. HDAC6 mediates AD via reg-
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ulating cellular interactions and expression levels of mi-
croRNA (miR)-9 and sirtuin 1 (SIRT1) [39]. HDAC2
is a class I histone deacetylase implicated in mediating
different cellular processes, including cell apoptosis, de-
velopment, differentiation, proliferation, senescence, cy-
cle and glucocorticoid function in inflammatory reactions
[40]. Feng et al. [41] reported that HDAC2 inhibitors
suppress respiratory syncytial virus (RSV) infection and
relieve virus-induced airway inflammation. Jiao et al.
[42] confirmed that HDAC2 inhibitor CAY 10683 reduces
lipopolysaccharide-induced neuroinflammation by attenu-
ating Toll-like Receptor 4 (TLR4)/NF-xB signaling path-
way. Nonetheless, the specific contribution of HDAC2
in Ace-mediated amelioration of AD remained unclear.
Herein, we identified HDAC?2 as a key target, overexpres-
sion of which reversed the inhibitory effect of Ace on Th17
differentiation in CD47T T cells.

Beyond confirming Ace as an HDAC inhibitor, this
study further elucidated its downstream mechanism. As
a previous study indicated, pharmacological inhibition of
HDAC activity promotes STAT1 expression [20]. hTF-
target predicted that HDAC2 can bind to STAT1, which
is consistent with our results. STAT1 is involved in AD
development [21]. In addition, STAT1 activation sup-
presses Th17 differentiation [43]. Impressic acid amelio-
rates AD-like skin lesions by inhibiting extracellular signal-
regulated protein kinase (ERK1/2)-mediated phosphoryla-
tion of NF-xB and STAT1 [22]. Nevertheless, the mech-
anism by which Ace modulates AD via Th17 differentia-
tion through the HDAC2/STAT1 pathway remains poorly
understood. In this study, we demonstrated that HDAC2
can bind to STAT1. Functionally, STAT1 overexpression
enhanced, whereas HDAC2 overexpression attenuated the
suppressive effect of Ace on Th17 differentiation, indicat-
ing the HDAC2/STAT1 axis as a central pathway through
which Ace exerts its function. While previous studies es-
tablished Ace as an HDAC inhibitor and separately estab-
lished STAT1 as a regulator of Thl7 differentiation, our
study integrated these findings by providing direct exper-
imental evidence that Ace inhibits HDAC2 to modulate
STAT1 activity, thereby restraining Th17 differentiation.
This represents a novel mechanistic insight into how a gut-
derived metabolite can epigenetically regulate T-cell polar-
ization to alleviate AD. Although AD is primarily driven by
a Th2-type immune response, our findings suggest that ac-
etate’s modulation of the Th17/Treg axis may interact with
Th2-mediated pathways. Emerging evidence indicates that
Th17 and Th2 responses can synergize to exacerbate skin
inflammation in AD [44]. Therefore, the regulation of Th17
cells by acetate may not only address a specific inflam-
matory arm but also indirectly influence the broader Th2-
dominated disease context, highlighting its potential as a
multi-faceted immunomodulator.

In this study, Ace was administered via intraperitoneal
injection to validate its systemic immunomodulatory func-

tion. While this peripheral route differs from the endoge-
nous physiological pathway where microbial-derived Ace
is absorbed via the portal vein, it effectively models sys-
temic exposure and provides direct mechanistic evidence
for the potential role of gut-derived Ace in the gut-skin axis.
Future studies measuring intestinally derived Ace are war-
ranted to validate its physiological transport and function.
However, this study has several limitations. First,
it relied solely on mouse models and in vitro cell experi-
ments, lacking clinical data from human subjects to validate
the findings. Second, detection of anti-inflammatory factor
was insufficient, as only /L-10 levels in skin tissue were as-
sessed, while AD’s inflammatory balance involves multiple
anti-inflammatory mediators (e.g., TGF-f3, IL-35). Future
research should explore Ace’s effects in human trials and
further investigate additional underlying mechanisms.

Conclusions

In summary, Ace alleviates DNCB-induced AD by
suppressing HDAC?2 expression, thereby activating STAT1
and inhibiting Th17 differentiation, which indicates its po-
tential anti-AD effects.
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